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Summary 

Heterogeneous photocatalysis is a class of chemical transformation of significant interest in the 

fields of Chemistry and Materials Engineering. It is because sunlight is an abundant energy 

source, and its utilization fits perfectly into the current trends, including the UN in the 

Sustainable Development Goals Agenda for 2030. However, to date, no significant progress 

has been made in the development of large-scale heterogenous photocatalytic systems. In short, 

the process of heterogeneous photocatalysis is as follows: When a semiconductor is illuminated 

with photons of energy equal to or higher than Bandgap Energy, the absorption of these photons 

and the creation of electron-hole charge carriers pairs occurs. These, in turn, can drive the redox 

reaction on the surface of the photocatalyst, which is desired in a given process (e.g. 

decomposition of pollutants by their oxidation). The current, most important milestones 

towards the production of the applicable photocatalysts are the increase of the overall process 

efficiency, large-scale suitability, improving stability and recyclability. These topics are very 

willingly taken up by scientists, as evidenced by, among others, a dynamically increasing 

number of scientific publications on this subject year by year. However, despite these research 

efforts, existing systems are limited to academic laboratory scales. 

In turn, as the TiO2 photoactivity has been reported since the early part of the 20th century, it is 

still one of the most widely investigated promising photocatalyst materials, together with 

another transition metal oxide- ZnO. Their photocatalytic capabilities are being improved in 

many ways, e.g., by doping them with other elements (e.g. Nitrogen) and creating functional 

heterojunctions with other semiconductors. These strategies aim primarily to reduce the band 

gap and limit unfavorable photo-electric effects, such as recombining photo-generated charges. 

One recent, very promising strategy is the construction of organic/inorganic heterostructures. 

There are many indications that such systems are the best candidates for large-scale solutions 

because the ability to obtain polymers on large surfaces is one of their basic advantages. 

Laminar nanometrically thin heterostructures are an exciting solution because two active 

materials have a vast interface surface. At the same time, the volume of bulk materials is small 

enough to transport the photogenerated charge carriers to the surface of the photocatalyst. In 

this context, free-standing polymer films with a nanometer thickness seem particularly 

attractive, but they would have to meet extremely stringent requirements regarding mechanical 

resistance and the ability to adhere to functional surfaces on a large (>1 cm2) scale. 

One prominent candidate is Polydopamine (PDA), a biomimetic polymer with superior 

adhesive properties. The structural and mechanical properties of PDA nanostructures vary 

between synthesis strategies. However, a novel synthesis path towards 2D-like layered 

polydopamine films was presented very recently. It is based on the spontaneous oxidation of 

PDA at the air/water interface (a/w-PDA). Moreover, polydopamine has interesting 

semiconductor properties and has been previously used to create core-shell heterojunction 

nanoparticles with inorganic semiconductors. This all inspired this doctoral project and opened 

up a possibility for a real application, i.e. obtaining a new class of hybrid organic/inorganic 

large-scale laminar nanocomposites. 

The main goal of this work was to develop a novel, efficient, large-scale, laminar 

nanocomposite for photocatalysis based on polydopamine and inorganic semiconductors: TiO2 

and ZnO. The project addresses the current limitations in the field of materials for 

photocatalysis by proposing a new, advanced, and tailored system.  



6 
 

My work here presented, consists of six thematically related scientific articles that were 

published between 2021 and 2024 in internationally peer-reviewed journals listed in the JCR 

database, and they garnered a combined impact factor of 43.6 as indicated by the Web of 

Science Database.  

I have formulated four main research theses, which have been confirmed in my research: 

(1) Photocatalytic-relevant properties of the polydopamine make it an attractive candidate for 

a new hybrid organic/inorganic photocatalyst type. The recent developments in the field of 

construction of PDA/semiconductor hybrids indicate an early stage of advancement but a great 

applicational potential. However, current film-production approaches based on 

electrochemistry are insufficient for large-scale applications in photocatalysis. 

(2) Polydopamine free-standing films from the air/water interface with layered-like structure 

possess promise for this work because, provided the synthesis process is highly controllable, 

they can be obtained on a macro scale and exhibit superior mechanical stability.  

(3) Effective ex-situ transfer of the large-scale PDA films from the air/water interface to the 

TiO2 or ZnO surfaces will lead to the formation of a heterojunction at the organic/inorganic 

interface, as would be in the case of in-situ deposition of polydopamine films, directly from the 

solution.  

(4) The novel approach of ex-situ transferring of the a/w-PDA films onto the semiconductor 

surfaces enables the formation of advanced architectures, e.g. large-scale multilayer laminar 

nanostructures. 

Verifying the above theses was completed by 3 work packages, and the subsequent 4th work 

package was to collect information and write this thesis. 

The first package aimed at a comprehensive summary of the current state of the art by collecting 

the latest developments and studies on novel nanocomposites for photocatalysis based on 

different semiconductors and polydopamine. Overall, this information was embedded in 

Review Publications 1 and 2 (P1) and (P2), which provide an in-depth description of the 

literature research and conclusions and perspectives for the future. The P1 clearly shows that 

polydopamine has appropriate physicochemical, optical and electrochemical properties that 

enable its effective use for a new type of nanolaminates for photocatalysis. I also showed that 

there are already working and highly efficient PDA-based nanocomposites that have great 

potential for application in the field of heterogeneous photocatalysis; however, they are only 

available at the laboratory scale. In turn, P2 is not concerning photocatalysis directly, but it 

enables to understand the limitations resulting from the previously used methods of depositing 

PDA films. The subsequent Work Packages aimed to apply this knowledge to construct a next-

generation large-scale nanometrically thin photocatalyst. 

In Work Package 2, I started with the recently reported 2D-like layered PDA films from the 

air/water interface. To be able to synthesize them on a large scale (> 1cm2) with a high quality 

and precise thickness control, I conducted an extensive study to find the most beneficial 

synthesis conditions. Moreover, in P3, I studied their formation dynamics and control of the 

morphology, all to increase their application potential. During this Work Package, it was crucial 

to investigate the influence of synthesis conditions on a/w-PDA film growth in real-time and 

preferably in-situ. Therefore, in collaboration with experts from the field, I designed (P3) and 
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later upgraded (P4) the novel type of apparatus for Spectroscopic Reflectometry measurements. 

Later, within P4, I was able to drive the oxidation path towards a more physically cross-linked 

polymeric structure using oxidation agents, which resulted in superior elastic properties of the 

obtained ultra-thin free-standing a/w-PDA films. Overall, work package 2 resulted in the 

production of tailored high-quality films that could be effectively used to construct new types 

of organic/inorganic heterostructures on a large scale. 

Work Package 3 was implemented in a step-like manner, where P5 was a fundamental study of 

whether a functional heterojunction could be produced in such an ex-situ transferring method, 

and P6 was intended to propose a new, advanced nanoarchitecture. Starting from P5, an ex-situ 

transfer of the large-scale PDA films onto functional substrates was tested. Transferring 

procedures were also examined to refine the best method. The effective formation of the 

PDA/TiO2 and PDA/ZnO heterojunction was investigated in terms of 1) bandgap shifting, 2) 

improving the ability to photogenerate charge carriers, 3) increasing their stability and finally, 

4) reducing the electron transfer resistance at the electrolyte/photocatalyst interface. This led to 

more efficient photodegradation of the methylene blue in comparison to bare semiconductors. 

The exact mechanism was investigated by executing a test with scavengers, and the stability of 

the obtained nanocomposite was tested during 4 subsequent cycles of photodegradation. In turn, 

P6 was the culmination of this project, where I showed that it is possible to repeatedly transfer 

PDA onto semiconductor surfaces to produce nanometrically thin multilayers with very sharp 

interfaces and excellent quality. Moreover, I discovered a new technique for doping oxide 

layers with nitrogen during the experiment. Each of the subsequent nanostructures (1, 2 and 3 

layers) was characterized by increasingly better photoelectrochemical properties, which proves 

the unique capabilities of the PDA/semiconductor interface.  

In conclusion, based on the results obtained, which were described in publications 1-6, I state 

that the veracity of the assumed theses was confirmed. Moreover, this project's scope was very 

broad, but it was possible to expand it even further during the experiments. The obtained 

multilayered nanocomposites already have significant application potential on a large scale, but 

it is expected that their further development is possible. At the end of the work, I presented 

future perspectives that may serve as a guide for other research groups dealing with similar 

topics. 
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Streszczenie 

Fotokataliza heterogeniczna to klasa przemian chemicznych ciesząca się dużym 

zainteresowaniem w dziedzinie chemii i inżynierii materiałowej. Dzieje się tak dlatego, że 

światło słoneczne jest obfitym źródłem energii, a jego wykorzystanie doskonale wpisuje się w 

panujące trendy, m.in. w Agendę ONZ Cele Zrównoważonego Rozwoju na rok 2030. Jednakże, 

dotychczas nie nastąpił znaczący postęp z wykorzystaniem heterogenicznych systemów 

fotokatalitycznych na dużą skalę. W skrócie, proces fotokatalizy heterogenicznej można 

przedstawić następująco: gdy fotony o energii równej lub większej niż energia potrzebna do 

pokonania pasma wzbronionego padaja na powierzchnie półprzewodnika, następuje absorpcja 

tych fotonów i utworzenie par nośników ładunku elektron-dziura. Te z kolei mogą uczestniczyć 

w reakcji redoks na powierzchni fotokatalizatora, która jest pożądana w danym procesie (np. 

rozkład zanieczyszczeń poprzez ich utlenienie). Obecne, można zdefiniować najważniejsze 

kamienie milowe w kierunku produkcji odpowiednich fotokatalizatorów, jest to: wzrost ogólnej 

wydajności procesu, możliwość prowadzenia procesów w dużej skali, poprawa stabilności i 

możliwości recyklingu. Tematyka ta jest bardzo chętnie podejmowana przez naukowców, o 

czym świadczy m.in. dynamicznie rosnąca z roku na rok liczba publikacji naukowych na ten 

temat. Jednak pomimo tych wysiłków badawczych, istniejące systemy ograniczają się do skali 

laboratoryjnej. 

Z kolei, w związku z doniesieniami o fotoaktywności TiO2, od początków XX wieku jest on 

jednym z najlepiej zbadanych i najbardziej obiecujących materiałów dla fotokatalizy, podobnie 

jak inny tlenek metalu– ZnO. Ich właściwości fotokatalityczne są udoskonalane na wiele 

sposobów, np. poprzez domieszkowanie ich innymi pierwiastkami (np. azotem) i tworzenie 

funkcjonalnych heterozłączy z innymi półprzewodnikami. Strategie te mają na celu przede 

wszystkim zmniejszenie energii potrzebnej do pokonania pasma wzbronionego i ograniczenie 

niekorzystnych efektów fotoelektrycznych, takich jak rekombinacja fotogenerowanych 

nośników ładunków. Jedną z najnowszych, bardzo obiecujących strategii jest produkcja 

heterostruktur organiczno/nieorganicznych. Wiele wskazuje na to, że takie układy hybrydowe 

są najlepszymi kandydatami do rozwiązań wielkoskalowych, gdyż możliwość otrzymywania 

polimerów na dużych powierzchniach jest jedną z ich podstawowych zalet. Laminarne, 

nanometrycznie cienkie heterostruktury są ekscytującym rozwiązaniem, ponieważ w takiej 

konfiguracji, dwa aktywne materiały mają ogromną powierzchnię styku. Jednocześnie objętość 

takich materiałów jest na tyle mała, że umożliwia transport fotogenerowanych nośników 

ładunku na powierzchnię fotokatalizatora. W tym kontekście szczególnie atrakcyjne wydają się 

wolnostojące cienkie warstwy polimerowe o grubości nanometrów, jednak musiałyby one 

spełniać niezwykle rygorystyczne wymagania dotyczące wytrzymałości mechanicznej i 

możliwości przylegania do powierzchni funkcjonalnych w dużej skali (>1 cm2). 

Jednym z czołowych kandydatów jest polidopamina (PDA), polimer biomimetyczny o 

doskonałych właściwościach adhezyjnych. Właściwości strukturalne i mechaniczne 

nanostruktur PDA różnią się w zależności od strategii syntezy. Jednakże niedawno 

zaprezentowano nową ścieżkę syntezy cienkich wolnostojących warstw polidopaminowych o 

strukturze zblizonej do 2D. Niniejsza strategia opiera się na spontanicznym utlenianiu PDA na 

granicy faz powietrze/woda (a/w-PDA). Ponadto, polidopamina ma ciekawe właściwości 

półprzewodnikowe i była już wcześniej wykorzystywana do tworzenia heterozłączy z 

półprzewodnikami nieorganicznymi w formie nanocząstek typu rdzeń-powłoka. To wszystko 

zainspirowało powstanie niniejszego projektu doktoranckiego i otworzyło możliwość  



9 
 

otrzymania nowej klasy hybrydowych organiczno-nieorganicznych wielkoskalowych 

nanokompozytów laminarnych dla rzeczywistych zastosowań w fotokatalizie. 

Głównym celem pracy było opracowanie nowatorskiego, wydajnego, wielkoskalowego, 

laminarnego nanokompozytu do fotokatalizy na bazie polidopaminy i półprzewodników 

nieorganicznych: TiO2 i ZnO. Projekt uwzględnia obecne ograniczenia w dziedzinie 

wykorzystywania materiałów półprzewodnikowych do fotokatalizy, proponując nowy, 

zaawansowany i wysoce modularny system. 

Prezentowana tutaj praca składa się z sześciu powiązanych tematycznie artykułów naukowych, 

które zostały opublikowane w latach 2021–2024 w recenzowanych czasopismach 

międzynarodowych wymienionych w bazie danych JCR i uzyskały one łączny współczynnik 

wpływu wynoszący 43.6, jak wskazuje baza danych Web of Science. 

Sformułowałem cztery główne tezy badawcze, które znalazły potwierdzenie w wynikach moich 

badań: 

(1) Właściwości fotokatalityczne polidopaminy czynią ją atrakcyjnym kandydatem do 

opracowania nowego typu hybrydowych fotokatalizatorów organiczno/nieorganicznych. 

Najnowsze osiągnięcia w dziedzinie konstrukcji hybryd PDA/półprzewodniki wskazują na 

wczesny etap zaawansowania, ale duży potencjał aplikacyjny. Jednak obecne podejścia do 

produkcji cienkich warstw PDA oparte na elektrochemii są niewystarczające do zastosowań w 

fotokatalizie na dużą skalę. 

(2) Wolnostojące cienkie warstwy polidopaminowe wytworzone na granicy faz powietrze/woda 

o warstwowej strukturze są obiecujące dla tej pracy, ponieważ pod warunkiem, że proces 

syntezy jest w dużym stopniu kontrolowany, można je otrzymać w skali makro i wykazują 

doskonałą stabilność mechaniczną. 

(3) Skuteczny transfer ex-situ wielkoskalowych cienkich warstw PDA z granicy faz 

powietrze/woda na powierzchnie TiO2 lub ZnO doprowadzi do powstania heterozłącza na 

granicy faz organiczna/nieorganiczna, tak jak miałoby to miejsce w przypadku osadzania in-

situ powłok z polidopaminy, bezpośrednio z roztworu. 

(4) Nowatorskie podejście polegające na przenoszeniu ex-situ cienkich wolnostojących warstw 

a/w-PDA wprost na powierzchnie półprzewodników umożliwia tworzenie zaawansowanych 

architektur, m.in. wielkoskalowych wielowarstwowych nanostruktur laminarnych. 

Weryfikację powyższych tez przeprowadzono w ramach 3 pakietów zadań, a kolejnym 4 

pakietem było zebranie informacji i napisanie niniejszej pracy. 

Pierwszy pakiet miał na celu kompleksowe podsumowanie obecnego stanu wiedzy poprzez 

zebranie najnowszych osiągnięć i badań nad nowatorskimi nanokompozytami do fotokatalizy 

w oparciu o różne półprzewodniki i polidopaminę. Ogólnie rzecz biorąc, informacje te zostały 

zawarte w Publikacjach Przeglądowych 1 i 2 (P1) i (P2), które zawierają szczegółowy opis 

badań literaturowych oraz wnioski i perspektywy na przyszłość. P1 wyraźnie wskazuje, że 

polidopamina posiada odpowiednie właściwości fizykochemiczne, optyczne i 

elektrochemiczne, które umożliwiają jej efektywne wykorzystanie do konstrukcji nowego 

rodzaju nanolaminatów do fotokatalizy. Pokazałem także, że obecnie istnieją działające i 

wysokowydajne nanokompozyty na bazie PDA, które mają ogromny potencjał zastosowania w 

dziedzinie fotokatalizy heterogenicznej; są one jednak dostępne tylko w skali laboratoryjnej. Z 

kolei P2 nie dotyczy bezpośrednio fotokatalizy, ale pozwala zrozumieć ograniczenia 
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wynikające z dotychczas stosowanych metod otrzymywania cienkich warstw PDA. Celem 

kolejnych pakietów zadań było zastosowanie tej wiedzy do skonstruowania nowej generacji 

fotokatalizatorów – wielkoskalowego i nanometrycznie cienkiego. 

W pakiecie zadań nr 2, punkt wyjścia stanowiły niedawno zaprezentowane wolnostojące 

cienkie warstwy PDA z interfejsu powietrze/woda, które posiadają strukturę zblizoną do 2D. 

Aby umożliwić ich syntezę na dużą skalę (> 1cm2) przy zachowaniu wysokiej jakości i 

precyzyjnej kontroli grubości, przeprowadziłem szeroko zakrojone badania w celu znalezienia 

najkorzystniejszych warunków syntezy. Ponadto w P3 badałem dynamikę ich powstawania i 

przeprowadziłem kontrolę morfologii, aby zwiększyć ich potencjał aplikacyjny. Podczas tego 

pakietu zadań, kluczowe było zbadanie wpływu warunków syntezy na formowanie się cienkich 

warstw a/w-PDA w czasie rzeczywistym (in-situ). Dlatego też, we współpracy ze specjalistami 

w tej dziedzinie, zaprojektowałem (P3) a następnie udoskonaliłem (P4) nowatorską aparaturę 

do pomiarów reflektometrycznych. Następnie, w ramach P4, udało mi się ukierunkować 

ścieżkę utleniania w kierunku bardziej korzystnej, usieciowanej struktury polimerowej. 

Dokonałem tego przy użyciu modyfikatorów utleniania, co zaowocowało lepszymi 

właściwościami mechanicznymi otrzymanych ultracienkich, wolnostojących warstw a/w-PDA. 

Ogólnie rzecz biorąc, w ramach pakietu zadań nr 2 wytworzyłem materiały wysokiej jakości, 

które można skutecznie wykorzystać do konstruowania nowych typów heterostruktur 

organicznych/nieorganicznych na dużą skalę. 

Pakiet zadań nr 3 wdrożono etapowo. P5 stanowiła fundamentalne badanie tego, czy 

funkcjonalne heterozłącze może zostać otrzymane poprzez przenoszenie wytworzonych 

warstw polidopaminowych ex-situ. Z kolei, P6 miała na celu zaproponowanie nowatorskiej, 

zaawansowanej nanoarchitektury. Począwszy od P5, testowałem dwie metody transferu ex-situ 

wielkoskalowych cienkich wolnostojących warstw PDA na podłoża funkcjonalne, aby wybrać 

najbardziej korzystną. Następnie, badałem efektywność utworzenia heterozłącza PDA/TiO2 i 

PDA/ZnO pod kątem: 1) przesunięcia energii potrzebnej do pokonania pasma wzbronionego, 

2) poprawy zdolności do fotogeneracji nośników ładunku, 3) zwiększenia ich stabilności, 4) 

zmniejszenia oporu przenikania elektronów na interfejsie elektrolit/fotokatalizator. 

Doprowadziło to do bardziej wydajnej fotodegradacji błękitu metylenowego w porównaniu z 

samymi półprzewodnikami TiO2 oraz ZnO. Dokładny mechanizm zbadałem wykonując test z 

wychwytywaczami rodników, a także sprawdziłem stabilność otrzymanego nanokompozytu 

podczas 4 kolejnych cykli fotodegradacji błękitu metylenowego. Z kolei P6 było zwieńczeniem 

tego projektu, w którym pokazałem, że możliwe jest wielokrotne przeniesienie a/w-PDA na 

powierzchnie półprzewodników w celu wytworzenia nanometrycznie cienkich wielowarstw o 

bardzo ostrych interfejsach i doskonałej jakości. Ponadto w trakcie eksperymentu odkryłem 

nową technikę domieszkowania warstw tlenkowych azotem. Każda z kolejnych nanostruktur 

(1, 2 i 3 warstwy) charakteryzowała się coraz lepszymi właściwościami 

fotoelektrochemicznymi, co świadczy o unikalności interfejsu PDA/półprzewodnik. 

Podsumowując, na podstawie uzyskanych wyników, które zostały opisane w publikacjach 1-6, 

stwierdzam, że prawdziwość przyjętych tez została potwierdzona. Co więcej, zakres tego 

projektu był bardzo szeroki, ale w trakcie eksperymentów udało się go jeszcze bardziej 

rozszerzyć. Otrzymane wielowarstwowe nanokompozyty mają już znaczny potencjał 

aplikacyjny w dużej skali, ale oczekuję, że możliwy jest ich dalszy rozwój. Na zakończenie 

pracy przedstawiłem perspektywy na przyszłość, które mogą posłużyć jako wskazówka dla 

innych grup badawczych zajmujących się podobną tematyką.  
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Résumé 

La photocatalyse hétérogène représente une catégorie de transformations chimiques d'un intérêt 

significatif dans les domaines de la chimie et du génie des matériaux. L'utilisation de la lumière 

solaire comme source d'énergie est particulièrement pertinente dans le contexte des tendances 

actuelles, notamment celles de l'Agenda des objectifs de développement durable à l'horizon 

2030 établi par l'ONU. Toutefois, malgré cette importance, le développement de systèmes 

photocatalytiques à hétérojonction à grande échelle n'a pas encore connu de progrès 

significatifs. Pour résumer, le processus de photocatalyse hétérogène implique l'illumination 

d'un semi-conducteur avec des photons dont l'énergie est égale ou supérieure à l'énergie de 

bande interdite. Cette illumination entraîne la création de paires de porteurs de charge électron-

trou, qui peuvent ensuite déclencher des réactions redox à la surface du photocatalyseur, telles 

que la décomposition des polluants par oxydation. Les avancées majeures nécessaires pour 

rendre les photocatalyseurs applicables à grande échelle incluent l'amélioration de l'efficacité 

globale du processus, l'adaptation à des volumes importants, ainsi que l'augmentation de la 

stabilité et de la recyclabilité. Ces défis sont activement étudiés par les chercheurs, comme en 

témoigne la croissance constante du nombre de publications scientifiques sur ce sujet chaque 

année. Cependant, malgré ces efforts de recherche, les systèmes actuels restent limités à 

l'échelle des laboratoires universitaires. 

Par ailleurs, étant donné que la photoactivité du TiO2 est signalée depuis le début du 20e siècle, 

il demeure l'un des matériaux photocatalyseurs les plus prometteurs, aux côtés d'autres oxydes 

de métaux de transition tels que le ZnO. Leurs capacités photocatalytiques sont sujettes à de 

multiples améliorations, notamment par le dopage avec différents éléments tels que l'azote, 

ainsi que par la formation d'hétérojonctions fonctionnelles avec d'autres semi-conducteurs. Ces 

approches visent principalement à réduire la largeur de la bande interdite et à atténuer les effets 

photoélectriques indésirables, tels que la recombinaison des charges photo-générées.  

Une stratégie récente et prometteuse consiste en la construction d'hétérostructures 

organiques/inorganiques. De nombreux indicateurs suggèrent que de tels systèmes représentent 

les meilleurs candidats pour des applications à grande échelle, en raison notamment de la 

possibilité d'étendre des polymères sur de vastes surfaces, ce qui constitue l'un de leurs 

principaux avantages. Les hétérostructures laminaires nanométriquement minces sont 

particulièrement attrayantes, car elles offrent une large interface entre deux matériaux actifs, 

tout en maintenant un volume suffisamment réduit pour faciliter le transport des porteurs de 

charge photo-générés jusqu'à la surface du photocatalyseur. Dans ce cadre, les films polymères 

autoportants d'une épaisseur nanométrique se révèlent particulièrement intrigants, mais leur 

utilisation nécessite de répondre à des exigences strictes en matière de résistance mécanique et 

d'adhésion à des surfaces fonctionnelles à grande échelle (>1 cm2). 

Un acteur important dans ce contexte est la polydopamine (PDA), un polymère biomimétique 

doté de remarquables propriétés adhésives. Les propriétés structurelles et mécaniques des 

nanostructures PDA varient selon les méthodes de synthèse employées. Cependant, une 

nouvelle voie de synthèse a récemment été proposée pour obtenir des films de polydopamine 

en couches de type 2D, basée sur l'oxydation spontanée du PDA à l'interface air/eau (a/w-PDA). 

En outre, la polydopamine présente des propriétés semi-conductrices intéressantes et a déjà été 

exploitée pour créer des nanoparticules à hétérojonction cœur-coquille avec des semi-

conducteurs inorganiques. Ces caractéristiques ont inspiré le présent projet de doctorat, ouvrant 



12 
 

la voie à une application concrète : la conception d'une nouvelle classe de nanocomposites 

laminaires hybrides organiques/inorganiques à grande échelle. 

L'objectif principal de ce travail était de développer un nouveau nanocomposite laminaire 

efficace à grande échelle pour la photocatalyse, en utilisant la polydopamine et des semi-

conducteurs inorganiques tels que le TiO2 et le ZnO. Ce projet répondait aux défis actuels dans 

le domaine des matériaux pour la photocatalyse en proposant un système avancé et sur mesure. 

Le travail présenté ici se compose de six articles scientifiques thématiquement liés, publiés 

entre 2021 et 2024 dans des revues internationales à comité de lecture répertoriées dans la base 

de données JCR. Ces articles ont obtenu un facteur d'impact combiné de 43,6, selon la base de 

données Web of Science. 

J'ai établi quatre thèses de recherche fondamentales, lesquelles ont été corroborées au cours de 

mes études : 

(1) Les propriétés photocatalytiques de la polydopamine en font un candidat attrayant pour un 

nouveau type de photocatalyseur hybride organique/inorganique. Les progrès récents dans la 

création d'hybrides PDA/semi-conducteurs indiquent un début de développement mais un 

potentiel d'application considérable. Néanmoins, les méthodes actuelles de fabrication de films 

basées sur l'électrochimie se révèlent insuffisantes pour des applications à grande échelle en 

photocatalyse. 

(2) Les films autosupportés de polydopamine, issus de l'interface air/eau et structurés en 

couches, sont prometteurs pour ce projet. Sous réserve d'une synthèse rigoureusement 

contrôlée, ils peuvent être obtenus à une échelle macroscopique tout en présentant une stabilité 

mécanique supérieure. 

(3) Un transfert ex situ efficace des films de PDA à grande échelle de l'interface air/eau vers 

les surfaces de TiO2 ou de ZnO conduira à la formation d'une hétérojonction à l'interface 

organique/inorganique, similaire à celle obtenue par le dépôt in situ de films de polydopamine 

directement à partir de la solution. 

(4) La nouvelle approche de transfert ex situ des films a/w-PDA sur les surfaces semi-

conductrices permet la formation d'architectures avancées, telles que des nanostructures 

laminaires multicouches à grande échelle. 

La validation de ces thèses a été entreprise à travers trois ensembles de travaux, tandis qu'un 

quatrième ensemble de travaux a été dédié à la collecte d'informations et à la rédaction de cette 

thèse. 

Le premier ensemble de travaux visait à fournir un résumé exhaustif de l'état actuel de la 

technique en rassemblant les derniers développements et études sur les nouveaux 

nanocomposites pour la photocatalyse, basés sur différents semi-conducteurs et la 

polydopamine. Ces informations ont été intégrées dans les publications de revue 1 et 2 (P1) et 

(P2), qui ont offert une description approfondie de la recherche documentaire ainsi que des 

conclusions et perspectives pour l'avenir. Le P1 a clairement démontré que la polydopamine 

possède des propriétés physicochimiques, optiques et électrochimiques appropriées pour une 

utilisation efficace dans un nouveau type de nanolaminés pour la photocatalyse. J'ai également 

présenté des nanocomposites à base de PDA, déjà très fonctionnels et efficaces, avec un grand 

potentiel d'application dans le domaine de la photocatalyse hétérogène, bien qu'ils ne soient 
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disponibles qu'à l'échelle du laboratoire. En ce qui concerne P2, bien qu'il ne soit pas 

directement lié à la photocatalyse, il a permis de comprendre les limitations résultant des 

méthodes de dépôt de films PDA précédemment utilisées. 

Les travaux suivants visaient à appliquer ces connaissances pour construire un photocatalyseur 

nanométriquement mince à grande échelle dans le cadre du Work Package 2. J'ai commencé 

avec les films PDA en couches de type 2D récemment obtenus à partir de l'interface air/eau. 

Pour les synthétiser à grande échelle (> 1 cm2) avec une qualité élevée et un contrôle précis de 

l'épaisseur, une étude approfondie a été menée pour identifier les conditions de synthèse les 

plus bénéfiques. De plus, dans le cadre de P3, j'ai étudié leur dynamique de formation et le 

contrôle de la morphologie pour augmenter leur potentiel d'application. Les travaux ont 

également impliqué la conception (P3) et l'amélioration (P4) d'un nouvel appareil pour les 

mesures de réflectométrie spectroscopique, afin d'étudier l'influence des conditions de synthèse 

sur la croissance du film a/w-PDA en temps réel. Plus tard, dans P4, j'ai pu améliorer la structure 

polymère des films a/w-PDA pour obtenir des propriétés élastiques supérieures. Dans 

l'ensemble, ce lot a permis de produire des films sur mesure de haute qualité qui pourraient être 

efficacement utilisés pour construire de nouveaux types d'hétérostructures 

organiques/inorganiques à grande échelle. 

Le Work Package 3 a été mis en œuvre par étapes, avec P5 consistant en une étude fondamentale 

visant à déterminer la possibilité de produire une hétérojonction fonctionnelle dans une méthode 

de transfert ex situ, et P6 destiné à proposer une nouvelle nanoarchitecture avancée. À partir de 

P5, un transfert ex situ des films PDA à grande échelle sur des substrats fonctionnels a été testé, 

avec une analyse des procédures de transfert pour affiner la meilleure méthode. L'efficacité de 

l'hétérojonction PDA/TiO2 et PDA/ZnO a été étudiée en termes de déplacement de la bande 

interdite, d'amélioration de la capacité à photogénérer des porteurs de charge, de stabilité 

accrue, et de réduction de la résistance de transfert d'électrons à l'interface 

électrolyte/photocatalyseur. Ces travaux ont conduit à une photodégradation plus efficace du 

bleu de méthylène par rapport aux semi-conducteurs nus. Enfin, P6 a permis de démontrer la 

possibilité de transférer de manière répétée du PDA sur des surfaces semi-conductrices pour 

produire des multicouches nanométriquement minces avec des interfaces très nettes et de 

grande qualité. En outre, j'ai découvert une nouvelle technique permettant de doper des couches 

d'oxyde avec de l'azote, renforçant ainsi les propriétés photoélectrochimiques uniques de 

l'interface PDA/semi-conducteur. 

En résumé, en se basant sur les résultats obtenus et décrits dans les publications 1 à 6, je 

confirme que la validité des thèses proposées a été vérifiée. Les nanocomposites multicouches 

obtenus démontrent déjà un potentiel d'application significatif à grande échelle, mais leur 

développement ultérieur reste envisageable. En conclusion de ces travaux, j'ai présenté des 

perspectives futures qui pourraient guider d'autres groupes de recherche travaillant sur des 

sujets similaires.   
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1 
Introduction 

While sunlight is a crucial and abundant source of energy, only a small fraction of its total 

power reaching planet Earth is utilized. For most of humankind's history, natural photosynthesis 

has been the main method utilized for converting solar energy via agriculture and forestry [1]. 

Then, the era of dynamic photovoltaic technologies growth has arrived, which today is one of 

the pillars of obtaining clean and renewable electricity [2]. However, the broader perspective 

analysis (e.g. life-cycle analysis) shows, that photovoltaic systems alone cannot be considered 

zero-emission solutions due to the potential environmental damage effects e.g. land and water 

use, the inclusion of hazardous materials, possible noise/visual pollution, the need to maintain 

the transmission infrastructure and others [3]. Therefore, while photovoltaics is a nearly ideal 

solution for the direct production of clean electricity, it must be complemented with other 

technologies, allowing for direct implementation of other key processes for industrial 

transformation like hydrogen production and environmental remediation [4]. A prime example 

of the synergy effect is utilizing photocatalysis and photovoltaics, which transform light energy 

within different application areas [5].  

Heterogeneous photocatalysis is one of the most unique and recently progressing classes of 

chemical transformation [6,7]. Remarkably, the development of this field fits perfectly into 

today's trends, e.g. those defined by the UN in the Sustainable Development Goals Agenda for 

2030. As this plan aims to define the most important challenges of the current era, the basic 

research and development of technologies that fit well into it is particularly justified. Potential 

applications of heterogeneous photocatalysis include emerging topics such as sustainable 

energy production (photocatalytic water splitting) and environmental remediation, i.e., the 

degradation of pollutants [8]. Regardless of the potential application field, numerous obstacles 

are encountered that must be overcome by developing new strategies to produce novel classes 

of functional materials for photocatalysis [9]. This is because the material on the surface on 

which the process takes place is the pivotal element of the system. An exemplary and very 

important approach is the ecologically friendly production of photocatalysts, e.g., using 

biomimetic and bioinspired materials [10]. Other important aspects are enhancing the overall 

process efficiency, successfully transferring technology from the laboratory scale to the 

industrial scale, improving stability, and possibly recovering the photocatalyst material.  

The above challenges and prospects are addressed currently through advanced engineering of 

functional materials and progress in chemistry, especially in obtaining new compounds and 

nanomaterials. There are many strategies for obtaining advanced photocatalysts, but none of 

them has proven promising enough to move this field beyond the laboratory scale. In order to 

understand the contemporary directions of development that directly influence the objective of 

this work, the theoretical foundations and the current state of the art will be discussed later in 

the introduction section.  
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1.1. Heterogenous Photocatalysis Principles 

Photocatalysis is a subclass of catalysis. Overall, the process can be decomposed into five steps 

(Figure 1), while the major difference between conventional catalysis and photocatalysis is the 

photonic mode of activation in step 3. When a semiconductor is illuminated with photons of 

energy equal to or higher than Bandgap Energy (hv ≥ Eg), the absorption of these photons and 

the creation of electron-hole pairs occurs. Next, these pairs dissociate into photoholes (h+) in 

the valence band and photoelectrons (e-) in the conduction band[11]. Photoholes, as they accept 

electrons, host an oxidation reaction, while photoelectrons would host a reduction reaction by 

donating electrons. Schematically, it is shown in Figure 1.  

 

Figure 1. Photocatalytic reaction steps (left) and graphical explanation of step 3 (right). 

However, generating photoholes and photoelectrons alone is not sufficient because undesirable 

effects may occur, reducing the reaction efficiency, such as charge carriers recombination, too 

short lifetimes (not sufficient to carry out a chemical reaction on the surface), low mobility of 

charge carriers and others[12]. In order to counteract these effects, various strategies based on 

advanced materials engineering are used, such as doping the semiconductors, creating 

heterostructures, providing efficient charge transport layers, and others[13]. We can describe 

all these activities under the common term band engineering. This will be described in more 

detail later in this work. 

Therefore, the heterogeneous photocatalysis process requires electromagnetic radiation (light) 

and a semiconductor material with an appropriate band structure on the surface on which the 

chemical reaction will occur. When it comes to the first of these needs, sunlight can be a 

virtually unlimited source; this is where current trends are heading[14]. In turn, the dynamic 

development of functional materials engineering in recent years provides prospects for 

obtaining and using new classes of semiconductors for photocatalytic processes. Indirect proof 

that the topic of photocatalysis is being developed in a complementary way both in the field of 

materials science and in the other fields (environmental chemistry, chemical engineering, 

energy and others) is the number of scientific publications from the last 30 years in the SCOPUS 
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database, what was shown in Figure 2. The chart shows a dynamic and parallel increase in 

publications from year to year in both defined categories. 

 
Figure 2. Number of Scientific Publications available in the SCOPUS database from 1993 to 

2023, concerning “photocatalysis” (title or keywords or abstract).   

Despite the mentioned research efforts, existing heterogeneous photocatalytic systems are 

limited to academic laboratory scales [7]. These laboratory-scale studies, however, provided 

answers to many important questions, such as what should characterize a good photocatalyst 

material [15]. These features include high surface area, homogeneity, efficient light absorption, 

efficient charge separation, long lifetime and high mobility of photogenerated charge carriers, 

and selectivity [13]. To date, no single semiconductor material can yield a high-efficiency 

(industrially acceptable) of the overall photocatalytic reaction [16]. Therefore, hybrid materials 

with 2 or more components offer a promising alternative. Currently, there are many materials 

investigated as candidates for the multicomponent systems in the field of heterogeneous 

photocatalysis (Table 1), they can be categorized based on various criteria, e.g. composition 

[17] and structure [18], reaction mechanism [7], generation (time of appearance) [19,20], 

application field [17].  

Table 1. The most important groups of heterogenous photocatalyst components 

Group Examples 

Transition Metal Oxides 

(TMOx) [21,22] 

Unary Oxides (ZnO, TiO2), Binary Oxides (SrTiO3, BiVO4), 

Tertiary Oxides (CoxZn1-xFe2O4), Doped Oxides (N:TiO2, , 

GaN:ZnO, Au@SiO2) 

Metal Sulphides [23,24] ZnS, CdS, CdZnS, SnS, Cu2ZnSnS4, Co3S4, ZnInS4 

Perovskites [25,26] 
LaFeO3, LaMnO3, LaCoO3, SrTiO3, BaTiO3, BiFeO3, CaTiO3, 

CsPbI3, CsPbBr3, CsSnI3, Cs2BiAgBr6, AgBi2I7 

Nitrides [27–29] BN, Mo2N, MoN, CoxN, TiN, Ta3N5, FexN, Ni3N, C3N4 

Elemental or Metal 

Nanoparticles (NP) [30,31] 
Ag, Cu, C, Au, Al, Pt, Bi, Co, Fe 

Organic and other Carbon-

based [32–34] 

Graphene, Carbon nanotubes, graphene oxide (GO), reduced 

graphene oxide (rGO), graphene Quantum dots, MXene, 

Conducting/Semiconducting Polymers, Metal-Organic 

Frameworks (MOFs), Covalent Organic Frameworks (COFs) 
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It would seem that since the field of materials for photocatalysis is already well developed, the 

transition to large-scale should be underway. However, numerous limitations arise, including 

the large-scale synthesis and deposition of photocatalysts on solid supports, the development 

of an optimal design, utilizing advanced architectures (characterized by efficient photon 

absorption), and reactant mass transfer to the interface and from the interface [35]. The 

following will briefly discuss selected benchmark material groups and recent advances. The 

focus was on TMOx, carbon-based, and hybrid materials, and the reason these groups were 

selected will be explained. 

 

1.2. Transition metal oxides (TMOx) 

TMOx is a semiconductor, among which the most famous and widely investigated are TiO2 and 

ZnO. Historically, this is the group of materials from which the field of heterogeneous 

photocatalysis originates. TiO2 photoactivity has been reported since the early part of the 20th 

century. During that time, it was shown that UV absorption produces reactive oxygen species 

on the TiO2 surface, causing the photobleaching of dyes-rich paints. Moreover, it was noticed 

that TiO2 itself does not change the photoreaction, indicating that the process is a specific type 

of catalysis [36]. Since then, despite reports of using other groups of materials (Table 1), TMOx 

is still at the forefront regarding application potential. One big advantage is that they can be 

produced through various industrial-scale methods, such as hydrothermal, sol-gel, Atomic 

Layer Deposition (ALD), Sputter coating and others [37]. As these are extremely promising 

materials, significant progress has been made in their preparation and modification, which 

translates into increasingly advanced structures. However, they also exhibit several limitations, 

such as photo-corrosion, rapid charge carriers recombination rate, wide band gap (utilization of 

the UV spectrum only), and low quantum efficiency [38]. Thus, various strategies were used to 

modify these materials. Krishnan et al. [21] Proposed the classification of the TMOx-based 

photocatalyst into 4 generations: 1- single TMOx suspended in solution, 2- doped single TMOx 

and binary TMOx composites suspended in the solution, 3- same as generation 2, but supported 

(e.g. on silica), 4- supported many-components composites based on TMOx, doped TMOx, 

plasmonic materials, polymers, MOFs and others. The 4th generation utilizes many 

photocatalytic-related properties improvement approaches. 
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1.3. Doping  

This strategy is employed to enhance the optical absorption of TMOx, by introducing the 

additional energy level into the forbidden band of the semiconductor photocatalyst, which was 

schematically shown in Figure 3. This is because doping atoms (X) cause structural defects (in 

particular oxygen vacancies or reduced M sites) or the formation of new M-X or M-O-X bonds 

[39–41]. The most common doping agents are non-metals like nitrogen, sulfur and metals e.g. 

aluminum, and copper.  

 

Figure 3. Scheme of the new energy level formation in the band electronic structure of the 

semiconductor due to doping. 

The possible strategies for doping of TiO2 and ZnO with nitrogen are chemical modification of 

the sol-gel method [41] and hydrothermal synthesis [40], nitridation reaction [42], plasma 

enhanced ALD in N2/H2 rich atmosphere [43], and the use of ammonium hydroxide as an 

additional precursor in the ALD process [44]. More sophisticated methods like Chemical Vapor 

Deposition [45], ion implantation [46,47] or magnetron sputtering [48,49] were also reported. 

However, their use on the industrial scale is currently impossible due to high costs and 

demanding technical facilities requirements.   

Doping can be problematic because it is difficult to control the concentration of dopants in the 

material precisely. While their concentration on the TMOx surface is the most beneficial 

(because light absorption takes place there), too high a concentration of dopants in the bulk of 

the material is detrimental because the additional energy levels introduced may constitute a 

recombination center for charge carriers. Therefore, solutions such as gradient-like doping 

exhibit great promise but require highly advanced surface engineering [50]. 
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1.4. Heterojunction formation 

It is a phenomenon when an interface is formed between two dissimilar semiconductors or 

between a semiconductor and metal (e.g. plasmonic metal nanoparticle). Consequently, it 

significantly improves visible light absorption, increases the number of active sites and 

enhances photogenerated charge carrier separation [41]. Regarding semiconductor-

semiconductor heterojunctions, several types can be indicated based on the band positions and 

charge transfer mechanism (Figure 4).  

 

 

Figure 4. Classification scheme of different types of heterojunctions based on the charge 

transfer mechanism. 

In type I, a semiconductor (S1) is interfaced with a greater bandgap's second semiconductor 

(S2). Thus, the Conduction Band and Valence Band levels of the S1 lie between those of the 

S2, resulting in a straddling band alignment. This causes charge carrier accumulation in the 

component with the lower Eg value. In heterojunction type I, the charge separation efficiency 

is relatively low [51–53]. Type II is similar to Type I; however, the charge carriers flow in 

opposite directions due to the alternating CB and VB bands of components S1 and S2. This 

leads to more effective charge carrier’s separation [51–53]. In the Z-scheme (the sub-type of 

Type II), there is electron–hole interaction between the CB of the S1 and VB of the S2 levels. 

This makes the respective charge carriers occupying higher CB and lower VB levels available 

for ROS generation, resulting in higher oxidation and reduction potentials. There is also an S-

scheme, a specific type of Z-scheme, wherein an internal band alignment-generated electric 

field causes higher charge separation efficiency [51–53]. Finally, the Type III heterojunction 

resembles the type II, but the CB and VB levels are positioned so that the band gaps of the 

semiconductor components do not intersect. Consequently, a stronger driving force is required 

for the charge transfer, e.g. the presence of a 3rd component [52,53]. 
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However, the novel approaches in nanocomposite design often utilize sophisticated 

multicomponent architectures, leading to the more complex charge transfer mechanism, which 

could not be directly classified into one of these groups [53]. Moreover, the possibility of 

obtaining efficient heterojunctions has been limited to tightly adjacent in-situ generated 

nanocomposites (e.g., core-shell nanoparticles). Heterotypic materials in heterojunction, if only 

connected through electrostatic interaction, Van der Waals force or hydrogen-bond interactions, 

show limited improvement of photocatalytic performance due to large ohmic resistance at the 

interface and low stability [54,55]. So far, heterojunctions have not been successfully created 

on a macro scale and by ex-situ transfer of one material to the surface of another. 

In turn, as opposed to TMOx-based multicomponent systems, polymers-based semiconductors 

can be obtained easily at a large scale and possess other advantages, such as optical stability, 

low costs and structural tunability [56]. This created a promising photocatalysis trend, namely, 

the construction of the Organic/Inorganic Hybrid structures.  

 

1.5. Organic/Inorganic Hybrid Materials 

There are two classes of organic components in hybrid organic-inorganic materials. First, small 

molecules such as dyes and molecular catalysts are mainly applied to sensitize the inorganic 

component [57]. This is a slightly different approach than heterojunction formation. Namely, 

the photosensitizers get excited from the ground to an excited state due to light absorption and 

then initiate the photochemical process by injecting excited electrons into the semiconductor's 

conduction band [58]. The second class is organic macromolecules or polymers. The latter is 

used for various modifications of the photocatalytic-related properties of the inorganic 

components, among others- heterojunction formation [57,59]. They are further promising for 

application because, apart from enhancement of photoelectronic properties, they offer benefits 

such as surface hydrophilic/hydrophobic modification and photo corrosion protection [57,59]. 

This class can be further divided into 4 subclasses depending on the base element of the 

composition: 1) g-C3N4. 2) Conjugated Polymers. 3) Graphene (GN), Graphene Oxide (GO), 

reduced Graphene Oxide (rGO). 4) Covalent Organic Frameworks (COFs), Metal Organic 

Frameworks (MOFs) and their composites. Some selected and relevant examples are presented 

in Table 2. Although other  particularly interesting groups of carbon-based materials, MOFs 

and COFs were not taken into account, as their development in the field of photocatalysts is in 

the early stages. Compared to other systems, the photocatalytic efficiency of COFs-based 

composites is still significantly lower [57,60]. 
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Table 2. Selected hybrid photocatalyst solutions 

Base material Hybrid Photocatalyst Scheme1 

Poly(pyrrole) (PP) 
PP/TiO2 [61,62] 

PP/ZnO [63] 

Poly(3,4-ethylene dioxythiophene) 

(PEDOT) 

PEDOT/TiO2 [64,65] 

TiO2/PEDOT:PSS1 [66] 

PEDOT@ZnO@GQDs2 [67] 

Polyaniline (PANI) 

PANI/TiO2 [68,69] 

PANI/ZnO [70,71] 

ZnFe2O4/TiO2/PANI [72] 

rGO/ZnFe2O4/PANI [73] 

Cu2O/ZnO-PANI [74] 

PANI@TiO2/GN [75] 

PANI-rGO-MnO2 [76] 

g-C3N4/TiO2@PANI [77] 

Chitosan (CS) 

CS-TiO2 [78] 

CS/ZnO [79,80] 

CS/ CdS [81] 
CS–ZnSe [82] 

CuO@CS-H 4 [83] 

g-C3N4 

g-C3N4/TiO2 [84] 

g-C3N4/TiO2@PANI [77] 

CoO/g-C3N4 [85] 

g-C3N4/SnS2 [86] 

g-C3N4/ZrS2 [86] 

Ni-Sn3O4/g-C3N4 [87] 

Cu2O/g-C3N4 [88] 

Graphene, Graphene Oxide, reduced 

Graphene Oxide  

TiO2–rGO [89] 

PANI@TiO2/GN [75] 

PANI-rGO-MnO2 [76] 

rGO-ZnO [90] 

PEDOT@ZnO@GQDs2 [67] 

rGO/ZnFe2O4/PANI [73] 

CdS–rGO [91] 

MoS2/GN [92] 
1. The methodology for naming the composite structure schematically (e.g. @, /, - symbols, direction) was taken from 

source articles and was not agreed upon 

2. PSS – Polystyrene sulfonate 

3. GQDs – Graphene Quantum Dots 

4. CS-H is Chitosan Hydrogel 

 

As can be seen in Table 2, various configurations were developed and tested. However, some 

aspects of the fabrication and interaction of organic-inorganic heterojunction are still unclear. 

Therefore, despite their numerous advantages, the inorganic-organic hybrids are far from 

practical applications. Most importantly, developing green, low-cost and large-scale 

preparation methods is essential. Next, the focus on the stability of hybrid materials and 

photocatalytic performance should be set [93].  

  



22 
 

None of the organic-inorganic hybrid systems mentioned above (Table 2) are of a layered 

nanocomposite type. In comparison with zero-dimensional (0D) and one-dimensional (1D) 

nanocomposites, layered nanocomposites exhibit several extraordinary advantages, among 

which the most important is efficient interfacial charge transfer due to the large contact area at 

the materials’ interfaces [94] (Figure 5). Moreover, the conventional powdered photocatalytic 

materials (0D, 1D) need attention to be handled at all levels of the photocatalytic process [95]. 

Therefore, they are usually deposited on supports, which minimizes their main advantage (i.e. 

large surface-to-volume ratio). Finally, nanoparticles and 1D materials are hazardous to the 

environment if they get away from the reaction vessel and enter groundwater, soil or air, so 

instead of contributing to the green transformation, they may cause further environmental 

pollution.  

 

Figure 5. Scheme of the different types of the hybrid nanocomposites. 

Therefore, taking into account that layered nanocomposites are the most promising for hybrid 

organic-inorganic photocatalysts and that large-scale (industrial scale) solutions are sought, 

attention has been directed to organic nanometrically thin films obtained on a large scale. 
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1.6. Thin organic films at the large scale 

A thin film is a layer extending virtually infinitely along two directions but is restricted along 

the third. By definition, its thickness ranges from several nanometers to a few micrometres [96]. 

However, films with a thickness ranging from a few nanometers to several hundred nanometers 

are anticipated for applications in photocatalysis. In turn, when it comes to the dimensions in 

the remaining two directions, they should be macrometric, even above 1 cm [95]. Later in this 

work, each time the term "large-scale" is mentioned, it refers to the dimensions in these two 

remaining directions (not thickness), i.e., the surface-size scale.  

Currently, many thin film deposition methods are in use (Figure 6). The possibility of obtaining 

large-scale layers on relatively large surfaces, at the moment, is only offered by chemical 

methods, especially sol-gel [96]. Moreover, the morphology control of the organic thin film is 

significantly more complicated than the control of inorganic materials.  

 

Figure 6. Classification of the thin film deposition methods 

Of course, films could also be produced by processing 0D, 1D or 2D nanomaterials, e.g., 

by filtering a nanoparticle suspension solution and pressing the precipitate [97]. However, 

it has been repeatedly reported that the difficulty of processing powders into films is a 

significant obstacle in developing thin organic large-scale films [98]. Nevertheless, several 

systems based on hybrid organic-inorganic materials have been developed so far, the scale 

and performance of which can be described as large-scale or industrial-scale (Table 3). 
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Table 3. Reported Large-scale Hybrid Organic-Inorganic Photocatalytic systems  

Photocatalyst 
Reactor 

volume (L) 

Application  Light source 
Efficiency 

Stability/ 

Reusability 

TiO2-rGO 

(nanoparticles 

suspension) 

[99] 

35 
Pesticides 

Photodegradation 

Sunlight, 

30 W m−2 

7 mg /  

25 min 
No data 

CNTs/MOF-

808 (Thin 

Film) [100] 

0.2 
Carbamazepine 

Photodegradation 

400 W metal-

halide lamps, 

511 nm 

0.9 mg / 

90 min 

8.5% 

efficiency 

drop during 

5 cycles 

CNTs/MOF-

808 (Thin 

Film) [100] 

0.2 
Diazinon 

Photodegradation 

400 W metal-

halide lamps, 

511 nm 

1 mg / 

90 min 

7.6% 

efficiency 

drop during 

5 cycles 

C-TiO2- 

polymer 1 

(supported 

nanoparticles) 

[101] 

4 
Diclofenac 

Photodegradation 

(8000 lux) 27 

vis-LEDs > 

400 nm 

0.2 mg / 120 

min 

~0% 

efficiency 

drop during 

6 cycles 

TiO2-GN 

(nanopillars 

suspension) 

[102] 

0.1 
Bisphenol A 

Photodegradation 

350 W Xe 

lamp 

0.006 mg / 

30 min 

5% 

efficiency 

drop during 

5 cycles 

N-TiO2/PS 2 

(nanoparticles 

supported on 

PS spheres) 

[103] 

0.5 
Methylene blue 

Photodegradation 

vis-LEDs, 

780 Wm−2, 

400–700 nm 

0.5 mg / 120 

min 

~0% 

efficiency 

drop during 

5 cycles 

Pt/g-C3N4 

(nanoparticles 

supported on 

the flat metal 

plate) 3 [104] 

10 H2 production 

UV-Vis 

(sunlight 

spectrum) 

800 Wm−2 

121 mL / 60 

min 
No data 

1. C-TiO2 refers to Carbon doped TiO2 nanoparticles, polymer was not specified (it was used only for 

support) 

2. N-TiO2 refers to Nitrogen-doped TiO2 nanoparticles, PS –polystyrene. 

3. g-C3N4 nanoparticles were decorated with Pt nanoparticles. Additionally, Triethanolamine (10 vol%) 

was used as a sacrificial agent. 

 

Based on the table above, it should be noted that none of the proposed applications are 

comprehensive. First, most of the solutions utilize artificial and powerful light sources, 

while there is a scientific consensus that efforts need to be directed toward the efficient use 

of free and abundant sunlight energy [35]. Moreover, efficient mass transfer of 

photocatalytic reaction products relies on separating the photocatalyst and reactants, which 

is hardly viable when the photocatalyst is in the form of nanoparticles or nanopillars slurry. 

Finally, as mentioned above, some of the organic materials applied in the systems are 

reduced to the role of supports and do not functionalize inorganic photocatalysts in any way.  

Furthermore, in the case of repeated use of industrial-scale photocatalysts, the key property 

is mechanical stability, as they are prone to deformations and damage in reactor-operating 

environments (e.g. large water/air flux) [35]. Polymeric ultra-thin films may exhibit 

colossal differences in their mechanical properties (e.g., elasticity) compared to the bulk 

state [105–107]. For polymer to act as a versatile functionalization platform, it should be 
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easily transferable on macro-scale surfaces. Moreover, it should protect surfaces of sensitive 

and easily degradable photoactive materials.  

Therefore, it is crucial to identify areas where progress is possible and find a material suited 

for the construction of large-scale hybrid organic-inorganic photocatalysts. A desirable 

candidate for polymer material element in the system should be characterized by good 

adhesion to virtually any other material from the groups listed in Table 1, high chemical 

resistance, non-toxicity, relatively low cost of preparation, sensitivity to UV-vis radiation, 

possibility of large-scale preparation and Hydrophilicity [57]. 

 

1.7. Polydopamine 

One prominent candidate is Polydopamine (PDA), a biomimetic polymer discovered in 

2007 [108]. The properties of PDA nanostructures vary between synthesis strategies, which 

were described later in this work. Notably, one of the most attractive general aspects of 

polydopamine is its organic semi-conductive character and behavior as an organic catalyst 

[109]. Therefore, it was studied in terms of creating hybrid heterojunctions with inorganic 

materials such as TiO2[110], ZnO[111], ZnS[112], and CdS[113] for photocatalytic 

applications (all systems were based on nanoparticle suspensions). However, so far, no 

large-scale system has been developed. There has been no effective method for obtaining 

high-quality nanometrically thin PDA layers on large surfaces, although PDA can be 

deposited on virtually any type of substrate, even on a large scale, due to its very simple 

synthesis path [114]. In short, the material to be coated is placed in a dopamine solution, 

and after some time (the longer the time, the thicker the layer), it is pulled out. This creates 

an amorphous, hydrophilic black polymer with a rather irregular surface and poor 

mechanical properties. Alternatively, the electrochemical formation of polydopamine may 

be applied, it is oxidation of the dopamine in the presence of electric current. All the 

mentioned PDA-based hybrid systems relied on these approaches. However, the 

breakthrough discovery was a novel synthesis path based on the spontaneous oxidation of 

PDA at the air/water interface (a/w-PDA), where, through the use of specific synthesis 

conditions, the molecules are organized into a 2D-like layered film with exceptional 

mechanical properties [115]. It was previously known that a thin amorphous PDA film with 

quite poor mechanical properties could be formed at the air/water interface in the 

autooxidation process [116], but this was considered an attractive polydopamine property 

with no real application potential. The mentioned groundbreaking study, which revealed 

layered a/w-PDA, opened up the search for real applications, i.e. obtaining a new class of 

hybrid organic/inorganic large-scale laminar nanocomposites.  
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1.8. Broader Perspective 

The previously mentioned information appears as a logical sequence that can be presented 

in the diagram (Figure 7) 

Figure 7. Scheme of the thought process that is the starting point for this work 

As can be seen from the Figure above, taking up the topic of producing and transferring 

ultrathin free-standing a/w-PDA films onto functional semiconductor surfaces is 

highly justified and may contribute to significant progress in the field of modern 

materials for photocatalysis. 
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2 
Main Goal and Research theses 

The main goal of my work was to develop a novel, efficient, large-scale, laminar nanocomposite 

for photocatalysis based on polydopamine and selected transition metal oxides – TiO2 and ZnO. 

At the same time, I set myself the goal of addressing the current limitations in the field of 

materials for photocatalysis by proposing a new system rather than improving the currently 

existing ones. 

 

Thesis I: Photocatalytic-relevant properties of the polydopamine make it an attractive 

candidate for a new hybrid organic/inorganic photocatalyst type. The recent developments 

in the field of construction of PDA/semiconductor hybrids indicate an early stage of 

advancement but a great applicational potential. However, current film-production 

approaches based on electrochemistry are insufficient for large-scale applications in 

photocatalysis. 

 

Thesis II:  Polydopamine free-standing films from the air/water interface with layered-like 

structure possess promise for this work because, provided the synthesis process is highly 

controllable, they can be obtained on a macro scale and exhibit superior mechanical 

stability.  

 

Thesis III:  Effective ex-situ transfer of the large-scale PDA films from the air/water 

interface to the TiO2 or ZnO surfaces will lead to the formation of a heterojunction at the 

organic/inorganic interface, as would be in the case of in-situ deposition of polydopamine 

films, directly from the solution.  

 

Thesis IV: The novel approach of ex-situ transferring of the a/w-PDA films onto the 

semiconductor surfaces enables the formation of advanced architectures, e.g. large-scale 

multilayer laminar nanostructures. 
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3 
Research Methodology 

As specified in the Individual Research Plan, to verify the Theses 1-4, I planned the experiment 

which was based on 3 fundamental packages (WP 1-3). Each of them was carried out separately, 

but to be able to complete the experiment within 3 years, I decided to conduct parallel research 

in each of these directions. It was possible because the studies that were conducted were 

complementary, which led to the synergy effect. The last and fourth work packages were for 

writing this thesis (WP4). The workflow is presented in the diagram (Figure 8) 

 

Figure 8. Scheme of the workflow 
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3.1. Comprehensive literature review on polydopamine photocatalytic-related 

properties and applications – WP1 

This package aimed to summarize the current state of the art by collecting the latest 

developments and studies on photocatalytic nanocomposites with different semiconductors 

based on PDA. Implementing this package in the first year of the doctoral project duration was 

necessary because it allowed the selection of the best inorganic candidates for subsequent 

functionalization with PDA films at a large scale, thus creating a novel type of Hybrid Organic-

Inorganic Photocatalyst. Moreover, it also helped to collect information about photocatalytic-

related properties of the polydopamine in-situ deposited coatings and thus to select the most 

important features that large-scale polydopamine films from the air/water interface should 

exhibit.  

Therefore, the literature review was divided into two main categories: 3.1.1. Photocatalytic-

related properties of the polydopamine coatings and 3.1.2. Recent advances in the production 

of PDA-based nanocomposites for photocatalysis 

 

3.1.1. Photocatalytic-related properties of the polydopamine coatings 

The intrinsic properties of polydopamine from the point of view of heterogenous photocatalysis 

were derived into the following subcategories: chemical structure, color, optical absorption, 

fluorescence, Raman scattering, mechanical properties, wettability, electrical conductivity and 

other electrochemical properties. Next, the synthesis mechanisms concerning the synthesis 

strategies for nanocomposite creation were summarized. Finally, the air/water interface aspect 

was introduced, together with morphology control of the a/w-PDA strategies. However, until 

that time, no report about photocatalytic-related application of the a/w-PDA was reported.  

 

3.1.2. Recent advances in the production of PDA-based nanocomposites for photocatalysis 

Although polydopamine generates hydroxyl free radicals under UV irradiation [117], 

considering photocatalytic activity, PDA itself does not exhibit significantly interesting 

properties. However, it can synergize with other photocatalysts and create a charge transfer 

surface at the material’s interface to enhance the photocatalytic performance of many 

semiconductors. The review was focused on the transition metal oxides (TiO2, ZnO) and 

sulfides (ZnS, CdS). To expand the scope of this review, other emergent yet promising materials 

like MXenes, VdW materials (MoS and MoSe2) and FexOx were also included.  

Overall, Publication (1) provides an in-depth description of the literature research and 

conclusions and perspectives for the future. Apart from its value, it was the basis for starting 

the tasks envisaged in WP 2-3, as it helped establish the input knowledge.  
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3.2. Polydopamine electrochemical films production and electronic related 

properties, literature review – WP1 

The following review publication P2 was prepared to summarize information on the formation 

and application of polydopamine films and thin coatings. As described in P1, the application of 

PDA in the field of photocatalysis was mainly limited to nanoparticles. Therefore, a similar 

application area was chosen, where there was possible to find a numerous information on PDA 

films application. To date, electrochemical methods were employed for this purpose and the 

main application area was electrochemical sensing. Again, as in the case of P1, the aim was to 

take advantage of the current state of the art and to find the most desired features for the large-

scale polydopamine films.  

This literature review was divided into three main categories: 3.2.1. Fundamentals of the 

electrochemical dopamine oxidation 3.2.2. Electrochemical-related properties and deposition 

methods of the polydopamine thin films, 3.2.3. Recent advances in the production of PDA-

based nanocomposites for electrochemical sensing 

3.2.1. Fundamentals of the electrochemical dopamine oxidation 

This section provides the general mechanism of dopamine oxidation under the influence of 

electric current, followed by the summary of the electrochemical oxidation methods. Next, the 

information about the influence of pH was provided, together with different conditions which 

are influencing the process. Finally, the kinetics of electrochemical dopamine oxidation is 

explained.  

3.2.2. Electrochemical-related properties and deposition methods of the polydopamine thin 

films 

The number of publications on the electrochemical production of large-scale PDA films is very 

limited, concerning real free-standing films, to date, there was only one experiment described. 

Therefore, in this section, the information on the methods used, along with their advantages and 

disadvantages are summarized. This section was primarily intended to answer the question 

whether the use of electrochemical methods would be an alternative approach than a/w-PDA 

for applications in photocatalysis. 

3.2.3. Recent advances in the production of PDA-based nanocomposites for electrochemical 

sensing 

Polydopamine is often an important element of composites used in analytical chemistry. 

However, due to the specific electrochemical properties leading to the undesired effects, PDA 

does not stand as the standalone solution for electrochemical sensing. The purpose of this 

section was to indicate how many combinations and advanced architectures can be obtained 

using PDA, and what role it can play in these solutions. 

Overall, P2 provides an in-depth description of the literature research and conclusions and 

perspectives for the future. Although this literature review is not concerning photocatalysis 

directly (as in the case of P1), it was necessary to understand the limitations resulting from the 

previously used methods of depositing PDA films. 
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3.3. Large-scale in-situ control and synthesis of the a/w-PDA layered free-

standing films – WP2 

This work started with the recently reported 2D-like PDA films from the air/water interface 

(Section 1.3.2). These films were particularly interesting, as their mechanical resilience and 

layered-like structure held promise for successful application in large-scale surface 

functionalization. At the end of WP2, we needed to be able to synthesize them on a large scale 

(> 1cm2) with high quality and precise thickness control. To achieve this, we conducted an 

extensive study to answer fundamental questions regarding the most beneficial synthesis 

conditions, their formation dynamics and control of the morphology, all to increase their 

application potential. 

 

3.3.1. Synthesis in various conditions 

As mentioned above, the formation of the amorphous free-standing PDA thin films at the 

air/water interface has already been well described in the literature. Moreover, it was shown, 

that the thickness of the dopamine-melanin coating and free-standing films relied on two main 

factors: concentration of dopamine in the reaction solution and reaction time. However, a 

recently shown 2D-like arrangement of PDA in a way, that put the state of the art of the 

synthesis conditions back at the beginning.  

As in previous experiments, the a/w-PDA free-standing films were obtained at the air/water 

interface by a direct polymerization from solution in a Petri dish, allowing a large water surface 

area. As a novelty in relation to previous experiments, soft stirring was also applied. Control of 

the oxidation process, was performed multiple times and the following differential aspects were 

taken into account - concentration of dopamine, pH of the Tris buffer and stirring conditions 

i.e. speed (RPM value) and size of the stirrer. The polymerization time was up to 72h, but in-

situ reflectance was held during all synthesis time. 

 

3.3.2. In-situ reflectance measurements 

The development of spectroscopic and microscopic methods, has made it possible to observe 

ongoing chemical and physical processes in real-time. Therefore, simply showing the final 

result of a chemical synthesis is often insufficient, and it is more desirable to track the in-situ 

mechanism accurately. Specifically, it is applicable to the processes that occur at surfaces and 

interfaces. Moreover, in chemistry, materials engineering, and physics, we observe an 

increasing importance of the integration of individual processes, which helps analyze data faster 

and more accurately. Therefore, in our study, an in-situ experimental setup was designed to 

investigate synthesis conditions' influence on a/w-PDA film growth and allow further control 

of the obtained film thickness and morphology. Specifically, the in-situ method was applied to 

control of the thickness growth at the air/water interface without damaging the film. For this 

purpose, a specially designed spectroscopic reflectometry (SR) apparatus was used. It was a 

much more handy, reliable and advanced approach than taking a sample of the film and 

performing profilometry measurements. This setup version's lower PDA film thickness 

detection limit was ~50 nm. This was possible due to cooperation with Prof. Jacek Gapiński 

and dr hab. Mikołaj Pochylski, prof. UAM, from the Faculty of Physics of AMU. 
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3.3.3. Physico-chemical characterization 

A set of research methods based on spectroscopy (Raman Spectroscopy, X-ray photoelectron 

spectroscopy), diffractometry (X-Ray diffractometry), topography and microscopy (Atomic 

Force Microscopy) was applied to examine differences in the physical and chemical properties 

of the obtained a/w-PDA films. The analysis of the results focused on finding differences 

between films obtained using different synthesis conditions. Of the available, tested 

combinations, the most promising one was selected. This was intended to select the synthesis 

conditions that would be used in the production of films needed to make WP3, but also 

constituted a starting point for further research within WP2. 

 

3.3.4. Molecular dynamics simulations 

As mentioned in section 3.2.2, I wanted to understand the polydopamine 2D-like films self-

assembly at the air/water interface process, rather than simply showing a final product. 

Therefore, molecular dynamics studies were performed by using Yasara software version 

21.6.17, which was possible thanks to cooperation with dr hab. Kosma Szutkowski, prof. AMU. 

The precise analysis of the process of formation and aggregation of the macromolecules at the 

air/water interface exceeds the capabilities of SR equipment, which is why it was necessary to 

perform molecular dynamics simulations. The goals were set as follows: first, to identify the 

interaction sites for the growing aggregates with planar stacking. Next, the interaction of the 

macromolecules with the air/water surface will be investigated, and finally, the immobilization 

of the initially pre-arranged set of 80 macromolecules will be studied. 

The methodology, results, and conclusions of the research mentioned above are 

comprehensively described in Publication 3. 
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3.4. Tuning of the mechanical properties of the large-scale a/w-PDA free-

standing films – WP2 

In the final conclusions of Publication 3, I specified that improving the transferring strategy of 

the a/w-PDA free-standing films to various functional substrates and improving their 

mechanical properties in the future was important. While transfer strategies are covered in 

Publication 4 (section 3.4), this section concerns tuning the mechanical properties.  

Since, in our method, polydopamine is produced in the autoxidation process at the air/water 

interface, I decided to check the effect of the use of oxidation agents that would slow down or 

accelerate the oxidation process. Therefore, I applied a strong oxidant (Cu2+ ions) and a strong 

anti-oxidant (Boric Acid). However, for this experiment, it was also necessary to improve the 

SR apparatus because I assumed that the effect of oxidants and antioxidants would be most 

important in the initial hours of the synthesis, when the film on the interface is still too thin to 

observe its growth using the previous set-up. 

 

3.4.1. Upgrade of the SR setup 

By avoiding glass parts and using commercially available units: deuter-halogen light source 

AvaLight-DHc (Avantes) and AvaSpec-Mini2048CL spectrometer (Avantes) we developed a 

new version of the SR apparatus. It was crucial to reach the UV range of the reflectance 

spectrum to reduce the film thickness limit of detection. Another important modification was 

the application of the optical fiber in the all-closed setup, which is capable of operating in the 

broad UV–vis spectrum (220–800 nm). This all allowed us to obtain a reliable reflectance 

function for 30 nm thick PDA film. 

 

3.4.2. Oxidation agents 

The film synthesis was generally held in conditions determined in Publication 3. A standard 

dopamine oxidation medium (Tris buffer) was used for unmodified PDA films and Boric Acid- 

modified PDA films. In turn, for Cu2+ modification, a sodium acetate buffer was applied, 

because it is not possible to use Cu2+ as an oxidant at basic pH ~ 8. In such pH conditions, a 

spontaneous formation of Cu(OH)2 occurs. Oxidant and antioxidant were used in three different 

concentrations to achieve various molar ratios of the dopamine/agent and thus, select the most 

appropriate formulation. The selection of oxidation agents was based on previous literature 

experiences regarding the preparation of standard amorphous PDA coatings and PDA 

nanoparticles. Specifically, there was indirect evidence that Cu2+ might reduce the degree of 

PDA macromolecule self-organization, while BA could increase the share of non-covalent 

cross-linking of the resulting thin films structure.  

 

3.4.3. UV-Vis spectroscopy of the reaction liquid 

UV–vis spectra were measured from 200 to 600 nm, as numerous absorption bands are in the 

given range for the dopamine oxidation products. The spectrum was measured at time 
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intervals from the start of the reaction of 1, 2, 4, 8, 24, 48 and 72 h, which allowed tracking 

the dynamics of dopamine oxidation with and without oxidation agents. 

 

3.4.4. Dynamic Light Scattering and Transmission Electron Microscopy 

As mentioned above, spherical PDA nanoparticles form in the reaction solution during the 

autoxidation of dopamine. Concerning a/w-PDA free-standing films, these nanoparticles are 

considered as a by-product of oxidation and they cause numerous problems: 1) they are sticking 

to the lower surface of the a/w-PDA films, decreasing its morphological homogeneity, 2) they 

damage the film during transferring from the air/water interface. To investigate the influence 

of the oxidation agents on spontaneous PDA nanoparticle formation, we performed DLS of the 

reaction liquids and TEM images of the nanoparticles formed in the solutions during oxidation 

transferred on the TEM grids.  

 

3.4.5. Physico-chemical characterization of the modified films 

The same set of research methods as in the case of Publication 3 was used (Section 3.2.3), but 

the aim was to determine the impact of oxidation agents on the obtained chemical structure of 

the a/w-PDA films. XPS spectroscopy was particularly important because it was intended to 

provide information on the final effects of the modified dopamine oxidation pathways. 

 

3.4.6. Young’s modulus of the a/w-PDA free-standing films 

To extract the Young's Modulus, we performed 1) Nanoindentation tests- mainly by analyzing 

the unloading curves and 2) BLS spectroscopy- by probing thermally excited acoustic 

waves/phonons- in cooperation with dr hab. Bartłomiej Graczykowski, prof. UAM and dr 

Adam Krysztofik, from the Faculty of Physics of AMU. This was important from the point of 

view of the reliability of the obtained data, because we expected that the results obtained for 

a/w-PDA films would be extraordinarily good, compared to other free-standing thin polymeric 

films. Moreover, from the point of view of methodology, the measurements differed in that for 

nanoindentation, the measurement concerned films after transferring them to a Si(100) 

substrate, while in the case of BLS measurements, free-standing a/w-PDA films were actually 

measured because they were deposited on special Si3N4 membranes with cavities. The cavities 

were large enough that the a/w-PDA film filling them could certainly be described as free-

standing. 

The research mentioned above methodology, together with a description of the results and a 

comparison to other polymeric free-standing films and conclusions, is comprehensively 

described in the Publication 4. 
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3.5. Transferring of the a/w-PDA films onto semiconductor large surfaces – 

WP3 

As mentioned earlier, only in-situ deposited PDA coatings have been proven to enhance the 

photocatalytic performance of the semiconductor materials. After achieving successful large-

scale a/w-PDA free-standing film synthesis (as described in publication 3) I planned to move 

on to the key stage of this doctoral project, i.e. ex-situ transferring of the large-scale PDA films 

onto functional substrates. Due to the fundamental nature of this research, I wanted to choose 

semiconductors that could be considered a benchmark. My choice was transition metal oxides, 

specifically amorphous TiO2 and ZnO, which are still one of the most promising candidates for 

real applications in photocatalysis. Moreover, they are also very well-researched and have a 

huge database of comparative literature, incl. successful in-situ heterojunction formation with 

PDA nanocoatings, which was crucial from the point of view of this experiment.  

 

3.5.1. Transferring procedure 

Two different transferring approaches were examined- scooping and stamping, and the names 

refer to the mechanical activities they resemble. It was to investigate both sides (surfaces) of 

the obtained films and check which method would generate higher-quality nanolaminates and 

better photocatalytic properties. Importantly, there was one important difference: the scooping 

method causes the side of the a/w-PDA film that was resting on the water to adhere to the 

semiconductor surface, while the stamping method makes the side of the a/w-PDA film that 

was exposed to the air to adhere to the semiconductor surface.  

As the method of deposition of amorphous TiO2 and ZnO thin films, I chose Atomic Layer 

Deposition (ALD), because the European Institute for the Membranes has highly modular, 

custom-made equipment, which allowed me not only to deposit the layers but also to gain 

operator and even service skills. The studies described in the following sections aimed to 

indicate which transferring procedure was more beneficial for applying the obtained 

nanolaminates in photocatalysis. 

 

3.5.2. Physico-chemical characterization of the large-scale heterostructures 

Water contact angle measurements were utilized to investigate wetting of the upper and lower 

surfaces of the a/w-PDA films. X-ray Diffractometry in standard and Grazing Incidence 

configurations was applied to examine the presence of a layered-like structure of the films after 

transferring. Profilometry data of the obtained nanolaminates were investigated via Atomic 

Force Microscopy. This was to provide information on the thickness of the a/w-PDA films and 

the roughness of the upper and lower surfaces. Finally, XPS and Raman Spectroscopy were 

scheduled to examine the presence of a key chemical moiety after transferring. 

 

3.5.3. Photocatalytic-related properties of the large-scale laminates  

The effective formation of the PDA/TiO2 and PDA/ZnO heterojunction was examined in terms 

of 1) changing the photon absorption energy- bandgap change, 2) improving the ability to 
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photogenerated charge carriers and 3) increasing their stability. Moreover, 4) reducing the 

electron transfer resistance at the electrolyte/photocatalyst interface. To achieve this the 

following methods were applied 1) UV-Vis transmission spectroscopy 2) Ultrafast-Laser 

Transient Absorption Spectroscopy- which was possible due to cooperation with dr hab. Marcin 

Ziółek, prof. UAM, from the Faculty of Physics AMU- and Linear Sweep Voltammetry under 

chopped UV-vis light illumination, 3) The room temperature stationary Photoluminescence 

(PL) and 4) Electrochemical Impedance Spectroscopy with and without UV-vis illumination. 

The literature review provided within Publication 1 showed that it is possible to create an 

effective PDA/semiconductor heterojunction, but in this doctoral project, I had to demonstrate 

it anew, because the prospect of ex-situ functionalization with polydopamine, by transferring a 

large-scale a/w-PDA film to a large-scale surface semiconductor was an unknown. Therefore, 

the applied research was aimed at complementary characterization of the so-obtained 

heterojunction. 

 

3.5.4. Photocatalytic performance of the large-scale heterostructures 

The prime importance of publication 4 was the test of the photocatalytic performance of the 

obtained large-scale laminar heterostructures. Again, my idea was to choose a reliable 

benchmark application. Therefore, the photocatalytic degradation of the methylene blue test 

was conducted under moderate power UV-Vis light illumination. Methylene blue poses a real 

threat to the natural environment because it is widely used, for example, by the textile industry. 

However, what was even more important was that the photodegradation mechanism of the 

methylene blue uses both oxidation and reduction reactions on the photocatalyst surface. 

Therefore, the increase in efficiency would be due to photogenerated electrons and electron 

holes. The exact mechanism was investigated by executing a test with scavengers, and the 

stability of the obtained nanocomposite was tested during 4 subsequent cycles of 

photodegradation. 

Publication 5 contains the mentioned research methodology together with a description of the 

obtained results and conclusions. 
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3.6. Preparation of the large-scale nanolaminates with advanced architecture – 

WP3 

In publications 3-5, I showed that a/w-PDA large-scale free-standing films from the air/water 

interface can be ex-situ transferred to virtually any desired substrate due to their extraordinary 

mechanical and adhesive properties. Moreover, the efficient heterojunction is formed after 

transferring onto semiconductor surfaces (ZnO and TiO2). Because TiO2 turned out to be a 

more promising substrate for this type of modification, I decided to use this TMOx to produce 

multilayer nanostructures. The idea was that since the beneficial photocatalytic effects occur at 

the material’s interface, increasing the number of interfaces by creating multilayer 

nanostructures will allow for even more outstanding performance.  

 

3.6.1. Production of the nanolaminates 

Taking advantage of the previously utilized a/w-PDA ex-situ film transferring and the TiO2 

Atomic Layer Deposition, a first layer of the nanocomposite i.t. TiO2/PDA was obtained. Next, 

for the formation of 2nd and 3rd layers, the method involved alternate layering of high-quality 

a/w-PDA nanometrically thin free-standing films with atomic layer deposition of the TiO2 

layers onto the polymer surface to obtain TiO2/PDA/TiO2/PDA (2 layers) and 

TiO2/PDA/TiO2/PDA/TiO2/PDA (3 layers). It is worth emphasizing that all nanolaminates were 

produced on a large scale (about 1 cm2 of surface). 

 

3.6.2. Raman Spectroscopy and X-ray Diffractometry 

As described earlier, I conducted these structural tests for a/w-PDA films numerous times 

before (as described in publications 3-5), but it was also crucial in the case of Publication 6. 

The aim was to investigate whether the increased temperature in the ALD process (200°C) 

would affect the structural properties of the layered-like PDA films (for samples 2 and 3 layers).  

 

3.6.3. Multilayer Structure Imaging 

High-resolution transmission Electron Microscopy was combined with in-depth Secondary Ion 

Mass Spectroscopy- (SIMS was possible thanks to cooperation with dr hab. Paweł Piotr 

Michałowski from Łukasiewicz Institute of Microelectronics and Photonics) to investigate 

whether the preparation of the large-scale multilayers with sharp interfaces was successful. 

Initially, the Ti, C, N, and O content profile spectra were supposed to confirm sharp interfaces 

of the perfect and uniform layered nanostructure of the PDA/semiconductor multilayers, as 

indicated via HRTEM images. However, the nitrogen content in the TiO2 layers grown by ALD 

on the PDA surface was significant and exhibited a gradient-like nature. As described in section 

1.3, nitrogen-doping of the TiO2 is one useful modification to increase its photocatalytic 

efficiency by reducing bandgap, broadening the light absorption, and raising the number of 

photogenerated charge carriers. At this stage, I knew that this type of doping mechanism 

(nitrogen sourcing from the polymer substrate in the ALD deposition process) had never been 

described before, so a thorough study would need to be conducted to confirm the SIMS 

observations. 
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3.6.4. X-ray Photoelectron Spectroscopy deep-profiles 

We employed the XPS in-depth profile mode, by etching the sample with Ar+ ions and 

measuring spectra after 5 different times (0, 3, 21, 36, 53 min). By analyzing simple atomic 

elements content (Ti, C, N, O) it was possible to determine the speed of the Ar+ ion etching 

process and the location where each measurement was made. In this manner, an etching profile 

was prepared, revealing successful sampling of the 5 different regions, enabling 

characterization of a/w-PDA films, PDA/TiO2 interface, bulk TiO2 with low nitrogen content 

and bulk TiO2 with significant nitrogen content. Then, Ti 2p, N 1s, O 1s and C 1s high-

resolution spectra were analyzed in these regions to provide information about interface 

formation, doping mechanism and chemical changes. 

 

3.6.5. Optical properties of the nanolaminates  

Apart from the key importance of optical-properties tests for the application potential of the 

obtained nanocomposites (bandgap reduction), it was crucial to confirm the results of SIMS 

and XPS tests using optical methods. Namely, it is known that the formation of the PDA/TiO2 

interface and nitrogen doping of the TiO2 significantly affect the optical properties, therefore, 

UV-vis spectroscopy and ellipsometry were performed. Ellipsometric examination of such 

complex multilayer nanolaminates was difficult, but the developed model allowed the analysis 

of TiO2 and PDA layers separately, which provided excellent insight into the opto-electrical 

changes. 

 

3.6.6. Photo-electrochemical properties of the nanolaminates  

Photo-electrochemical tests consisted of linear sweep voltammetry, Chronoamperometry, Open 

circuit photopotential (OCP) and Open circuit photocurrent (OCC) measurements. This rather 

modest but comprehensive set of tests made it possible to investigate the differences between 

1, 2 and 3-layer nanocomposites in terms of their photogeneration of charge carriers efficiency, 

response time, stability and other similar photocatalyst-like behaviour.  

Publication 6 contains the mentioned research methodology together with a description of the 

obtained results and conclusions. 

To sum up, six thematically related works, two of which (P1, P2) are review articles and four 

(P3-P6) are research articles, were prepared within this doctoral thesis. 
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4 
Results  

The following section provides the results published in the scientific articles and organized by 

the research Theses. 

The indicators for all mentioned publications are also provided (as of March 15, 2024), they 

were taken from the Web of Science database. 

Thesis I - Photocatalytic-relevant properties of the polydopamine make it an attractive 

candidate for a new hybrid organic/inorganic photocatalyst type. The recent developments in 

the field of construction of PDA/semiconductor hybrids indicate an early stage of advancement 

but a great applicational potential. However, current film-production approaches based on 

electrochemistry are insufficient for large-scale applications in photocatalysis. 

The Thesis I is addressed in the Publications 1-2 

 

Publication 1 

The Author's contribution to this publication includes Literature Review, Writing – original 

draft, Writing – review & editing, and Visualization. Moreover, selecting figures from cited 

publications and preparing collective figures (Figure 1-6 of the Publication 1).  

Journal: CATALYSIS TODAY  

ISSN: 0920-5861 

Publisher: Elsevier 

Journal Impact Factor: 5.3 

Publication Date: 12.05.2022 

Number of Citations: 27 

 

 
Figure 9. Graphical abstract of the P1  
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Recent developments in polydopamine-based photocatalytic 
nanocomposites for energy production: Physico-chemical properties 
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A B S T R A C T   

Light-driven photocatalysis might address many global energy concerns due to its implications for hydrogen 
production and the imperative need to reduce fossil fuel dependency. Polydopamine (PDA) is a popular mussel- 
inspired material with extensive applicability in biomedical and drug delivery fields, which has recently been 
gathering attention in the fields of catalysis and photocatalysis. PDA is highly attractive for catalysis due to its 
large number of functional groups and its easy polymerization on virtually any surface. In photocatalysis, 
however, its properties have not been well described and strongly depend on the generation of heterojunctions 
(PDA/Semiconductor). In this review, we summarize the latest developments and studies on photocatalytic 
nanocomposites based on PDA. We will introduce general aspects such as structure and polymerization control. 
Then, we will focus on aspects of relevance for photoactive materials, such as chromatic control and electrical 
properties. We will present and discuss the recent literature on metal oxides and metal sulfides and some 
emergent materials focusing on photoactive and photocatalytic applications. Finally, we will outline some of the 
opportunities in the field. We hope this review serves as a reference for researchers and allows the growing 
community to focus on future developments for PDA-based photocatalytic nanocomposites.   

1. Introduction 

Polydopamine (PDA) is a biomimetic polymer that has made a 
sizable impact in nanotechnology, biomedicine, and other fields, 
although relatively new in material chemistry. In recent years, bio
mimetics has become one of the most exploited trends in science, and 
this phenomenon does not only apply to materials science [1–3]. In 
response to this trend, polydopamine was developed and described for 
the first time in 2007 [4,5]. The inspiration came from the interest in 
replicating and understanding the mussel adhesive properties, where 
one of the proteins - responsible for this phenomenon -was rich in 
dopamine and lysine units. Further works were carried out with a strong 
focus on dopamine polymerization, which resulted in the preparation of 
polydopamine – a new, biocompatible polymer with strong adhesive 
properties and a relatively simple polymerization process [6]. 

Soon after the discovery of PDA, and in significant part due to its 
exceptional adhesive properties, which allow it to attach to virtually any 
surface, many composites were developed. These materials have been 

tested in several applications, as previously mentioned; however, they 
all share an essential aspect, the constants search for new green solutions 
in chemistry in order to diminish our environmental impact [6]. Among 
these, water remediation and photocatalysis have gained significant 
attention, especially in recent years [7–9]. The enormous consumption 
of dyes and other chemical reagents contributed to the increment of 
environmental pollution, and in an attempt to deal with this problem, 
solar-driven photocatalytic decomposition has shown promising results 
as a sustainable solution [7]. On the other hand, in the energy sector, the 
demand for new functional materials is still growing, as new perspec
tives and challenges appear, especially in those fields where the need for 
environmental protection meets fast development [10–13]. 

Polydopamine, with its versatile properties and biomimetic nature, 
may address many engineering and scientific issues. Up to date, poly
dopamine has been used in many fields, e.g. preparation of the Li-ions 
batteries, synthesis of antibacterial materials, biosensors engineering, 
molecular imprinting, tissue engineering and bioimaging [14]. How
ever, one emerging aspect that still has not been thoroughly reviewed in 
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the literature is the photocatalytic applications of PDA. Polydopamine 
shares many essential features with an amorphous organic semi
conducting polymer such as Melanin [15–18], making it a powerful ally 
in band structure engineering and electron transfer processes. However, 
most of the physical-chemical properties of PDA are still elusive, and its 
role in efficient photocatalysis has been mainly phenomenologically 
described. Therefore, much research is expected in the following years 
in the field, aiming to understand the properties of PDA and its role at 
the interface of PDA/Semiconductor nanomaterials for photocatalytic 
water splitting. 

In this review article, the most critical applications and finding on 
the photocatalytic performance of PDA will be described. First, we will 
focus on the most relevant properties for the photocatalytic process, 
such as color, morphology, synthesis control, and catalytic pathways. 
We will discuss the inherent properties of PDA from the point of view of 
photocatalytic applications and describe the most critical developments 
in this field to date. Finally, some of the possible developments in the 
field and current challenges are addressed to provide a clear and 

comprehensive view of the importance of PDA-based nanocomposites in 
photocatalysis in the following decades. 

1.1. Structure and physico-chemical properties 

1.1.1. Structure 
It is essential to take a step back and explain what the melanin group 

is to discuss the structure of polydopamine. Melanin is a systematic 
name for a family of heterogeneous, polymeric pigments widely found in 
biology. This name originates from the Greek word “melanos”, which 
means black or very dark, which is the most characteristic property of 
melanin [19]. A division into further subgroups is as follows, eumelanin, 
pheomelanin, and neuromelanin, mainly found in animal tissues, 
whereas allomelanin and pyomelanin are primarily found in microor
ganisms and plants (Fig. 1a) [20]. Describing the structure of individual 
compounds belonging to this group turns out to be difficult due to its 
high chemical complexity, poor solubility in most common solvents and 
high molecular weight [19,21,22]. However, over the past two decades, 

Fig. 1. (a) Five categories of melanin: eumelanin, neuromelanin, pheomelanin, pyomelanin and allomelanin (color: purple, yellow, pink, blue and green, respec
tively), (b) chemical structures of eumelanin monomers: tyrosine, l-3,4-dihydroxyphenylalanine (L-DOPA), dopamine, 5,6-dihydroxyindole (DHI), 5,6-dihydroxyin
dole- 2-carboxylic acid (DHICA), and tyramine. Adapted with permission from W. Cao, X. Zhou, N.C. McCallum, Z. Hu, Q.Z. Ni, U. Kapoor, C.M. Heil, K.S. Cay, T. 
Zand, A.J. Mantanona, A. Jayaraman, A. Dhinojwala, D.D. Deheyn, M.D. Shawkey, M.D. Burkart, J.D. Rinehart, N.C. Gianneschi, Unraveling the Structure and 
Function of Melanin through Synthesis, J. Am. Chem. Soc. (2021). https://doi.org/10.1021/jacs.0c12322. Copyright 2021 American Chemical Society [19] (c) Some 
structures of PDA proposed in the literature, (d) general structural proposal for PDA (only two possibilities out of other tautomers are shown) at the top of the picture 
and less likely alternative possibilities of bridging in PDA in the bottom of the picture. Adapted with permission from J. Liebscher, R. Mrówczyński, H.A. Scheidt, C. 
Filip, N.D. Haìdade, R. Turcu, A. Bende, S. Beck, Structure of polydopamine: A never-ending story?, Langmuir. 29 (2013) 10539–10548. https://doi.org/10.1021/ 
la4020288. Copyright 2021 American Chemical Society [23]. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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significant progress was made in the synthesis and investigation of 
eumelanin based materials, especially in the case of PDA [6,20,23–28]. 
It is important to remark that PDA itself has been considered as the 
conventional stand-in for synthetic eumelanin. 

Meanwhile, recent investigations suggest that PDA is distinct from 
natural eumelanins. Firstly, an essential characteristic of the structure of 
natural eumelanin is the 5,6-dihydroxyindole- 2-carboxylic acid 
(DHICA) unit. Certain eumelanins have more than 50% of these subunits 
[17,29]. In turn, PDA-based eumelanin contains mainly 5,6-dihydrox
yindole (DHI) subunits, but this content is even further increased with 
the use of a Tris buffer, a commonly used base in synthetic routes 
(described in Sections 1.2.1 and 1.2.1.1) [19]. The chemical structures 
of eumelanin monomers, including those of which polydopamine is 
made, are shown in Fig. 1b. Secondly, PDA has more planar oligomeric 
structures due to the lack of the pendant –COOH responsible for a larger 
energy barrier of rotation and the inter-unit bond between adjacent 
moieties in DHICA [30]. Finally, ultrafast fluorescence spectroscopy and 
theoretical studies suggest that intramolecular excited-state proton 
transfer (ESPT) can only proceed in a DHICA (not in a DHI) dimer [31]. 
Therefore, the superior photoprotection based on ESPT is mainly absent 
in PDA-based materials [19,31]. 

Various studies have been performed on PDA, including chemical 
spectroscopy and mass spectrometry [19]. As a result, several hypoth
eses for the structure of PDA were described. However, two general 
categories can be distinguished. The first one is that PDA is a supra
molecular aggregate of monomeric and/or oligomeric species– e.g. 
consisting of dopamine-quinone, dopamine, DHI, or eumelanin-like 
derivatives– that are held together through the weak interactions such 
as hydrogen bonding, p–p stacking, p–cation assembly and charge 
transfer [21,32–34]. The second category of hypotheses states that PDA 
is polymeric in nature and is formed by covalent coupling of the oxidized 
and cyclized dopamine monomers via aryl–aryl linkages [23,24]. Some 
PDA structures proposed in the literature are shown below (Fig. 1c and 
d). 

Two great works are worth mentioning here. It was demonstrated 
that PDA could not consist of single indoline units just held together by 
hydrogen bonding [23]. Instead of this, the occurrence of the C− C 
connections between the monomer units was postulated. The presence 
of PDA oligomers in a different state of saturation (or unsaturation) was 
proved by high-resolution mass spectrometry (HR-MS). Moreover, this 
method evidenced that aminoethyl chains were found more likely than 
five-membered N-heterocycles in the oligomer PDA chain. Finally, a 
structural model of polydopamine was drawn, as composed of mixtures 
of different oligomers, with the occurrence of indole units and 
open-chain dopamine units [23]. 

In another recent paper, atomic force microscopy (AFM)-assisted 
single-molecule force spectroscopy (SMFS) was applied to investigate 
the structure of PDA [24]. SMFS is a technique that has been recognized 
as a powerful approach to study noncovalent and covalent interactions 
at a single-molecule level or intramolecular interactions. In the cited 
work, SMFS was used to study the cohesive and adhesive interactions of 
polydopamine, and it was shown that PDA films contain polymer chains 
of high molecular weight, with covalently connected subunits [24]. In 
turn, the intramolecular interactions included in PDA chains are 
non-covalent, which makes them weak and reversible. In addition, 
time-dependent force spectroscopy was applied during the early stages 
of the PDA coating formation. This study revealed that the film forma
tion starts with the adsorption of a small oligomeric species, which then 
undergoes further polymerization to form higher-molecular-weight PDA 
chains finally. Researchers considered this as evidence of the polymeric 
nature of polydopamine [24]. Despite the ongoing controversy on the 
final structure of PDA, it is easily tailored, resulting in many optical 
properties, which are of great interest for photocatalytic and surface 
engineering applications. 

1.1.2. Optical properties 
Among some of the most striking and recently explored aspects of 

PDA, nanocomposites are their optical properties strongly dependent on 
their nano and microstructure. This section will describe some of the 
essential aspects and recent findings regarding the interaction of PDA 
membranes and coated materials with visible light. 

1.1.2.1. Color. The majority of the PDAs materials are dark-black solids 
in color. There have been attempts to explain this feature based on the 
supramolecular arrangement of PDA chains, as described in the litera
ture [23]. However, some studies indicated that the absorption spectrum 
of eumelanin material was derived from the subunits of its primary 
structure. Therefore, a characteristic black color was not a consequence 
of any higher-order organization [25]. In another study, the first 
demonstration of the deposition of PDA nanoparticles onto human hair 
was presented [35]. The influence of oxidation conditions on the 
resulting color was also investigated. Increasing concentration of base 
(ammonium hydroxide) resulted in a darker color, whereas the addition 
of H2O2 yielded warmer colors and orange/gold shades [35]. Melanin is 
a black component of human hair. Different content of melanin and its 
compositions are known to result in different individual colors [36]. It is 
puzzling that the same group of substances is responsible for the entire 
palette of countless colors in the natural world because melanin is 
essential for the structural color of organisms. Structural colors can be 
found in the vivid coloring of organisms such as birds and insects 
[37–39]. A famous example is the peacock feathers– inside them, 
rod-shaped melanin granules form a periodic microstructure that ab
sorbs scattered light and provides its bright color. 

In recent years, a significant contribution to the subject of structural 
colors was carried out, the obtained variations have been well described 
and documented in the literature [40–42]. In 2015 a method for 
obtaining non-iridescent bright structural color materials from black 
PDA particles that mimic black melanin granules was reported [43]. In 
this case, amorphous structures for non-iridescent structural colors and 
nanostructural elements for bright ones were combined. The normalized 
reflection spectra peaks of the materials obtained using PDA from 130 to 
256 nm particles increased with the particle size from deep blue, blue, 
green, yellowish-green, orange to red. The experiment proved that the 
structural colors could be created by matching the size of the PDA black 
particles [43]. In another study, the formation of dopamine-melanin 
films of thickness range 50− 200 nm, at an air/dopamine solution 
interface under static conditions was described [44]. Underneath these 
films, spherical melanin granules were formed in a bulk liquid phase. 
Firstly, the described structure colors were obtained as follows: the film 
edge and dish wall connections were cut off. Then, the solutions (under 
the films) were slowly pumped off using a small syringe to settle down 
the dopamine melanin film onto the dish bottom. Finally, the full 
dopamine-melanin thin-film reflectors were obtained after a drying 
procedure (Fig. 2a). The dependence of the dopamine concentration and 
reaction time on the film thickness was investigated, described in detail 
in Section 1.2.2. Thin film and granules with a double-layered structure 
were transferred onto a solid substrate in order to mimic the structures 
present in birds plumage (keratin layer)/(melanin granules) (Fig. 2b). 
The reflectance of the resulting surfaces was measured in the range of 
the visible light spectrum, and they exhibited a maximal reflectance 
value of 8− 11%, which is comparable to that of bird plumage, around 
11% (Fig. 2c) A different color spectrum of reflectors was obtained, 
depending on the film thickness. (Fig. 2d) [44]. 

Furthermore, the preparation of magnetically- responsive PDA par
ticles using holmium-bearing surfactants (DDAH) was demonstrated in 
2016. The PDA/DDAH particles were successfully collected by a mag
netic field, causing a change in the structural colors of the resulting 
sediments [45]. In another study, the change in the structural color of 
hairy PDA particles caused by the increase in the distance between the 
PDA particles by modifying them with PHEMA-bearing “hairs” was 
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described. The reflection peaks for the samples of the hairy PDA were 
red-shifted to 487 nm from the 473 nm reflection peak of the reference 
[46]. 

Significant progress has also been made in structural colouration 
based on thin films engineering by assembling PDA nanoparticles. 
Structural color change dependence on the film’s thickness by utilizing 
the hygroscopicity of PDA particles [47,48] or controlling the thickness 
of multilayer films by the layer-by-layer (LBL) method [49] were 
investigated, and a variety of iridescent colors were obtained. PDA thin 
films can also be created via the self-polymerization of dopamine at the 
water/air interface (which will be explained in Section 1.2.2). With an 
appropriate synthesis procedure, a composite of nanoparticles with a 
thin film on their top can be created. This thin film act as a 
light-absorbing layer [44], or the structural colouration effect is ob
tained due to the hierarchical structure of the PDA membrane [41]. 
Later, uniform PDA thin film deposition on a silicon wafer resulted in 
large-scale and angle-independent structural colors with a high refrac
tive index and uniformity [50]. Structural color engineering by coating a 
uniform polydopamine film of a precise thickness (from 30 to 250 nm) 
on a silicon nitride substrate was also investigated [51]. With the 
described procedure, one could tailor the reflectance of the surface along 
with the visible wavelength range. The color, a consequence of the 
interferential phenomenon, is uniform and easily tunable from blue to 
red by increasing the polydopamine thickness [51]. In another study, the 
method to tune color visibility and mechanical properties of 
angle-independent colloidal amorphous arrays (CAA) coating on a 
textile substrate with PDA was proposed. Both factors were improved, 
especially the visibility of the light colors [52]. 

1.1.2.2. Optical absorption. The optical absorption of PDA has been 
extensively studied and is well described in the literature, especially in a 
recent review that combines color, emission and absorption mechanism 
[53]. As already mentioned, PDA shares many characteristics with 
Melanin, which is a ubiquitous dark pigment widespread in many living 

organisms, is well known for protection against ultraviolet (UV) radia
tion due to its unique optical properties, primarily refractive and ab
sorption specificity [53]. It is worth mentioning the role of the 
imaginary part of the refractive index (κ), which defines the bulk ab
sorption property of a material. The imaginary index is linearly related 
to the absorption coefficient (α) according to the equation κ = αλ

4π where λ 
is a wavelength in meters. The imaginary refractive index of synthetic 
melanin nanoparticles monotonically decreases with a wavelength, from 
0.33 (λ = 400 nm) to 0.09 (λ = 800 nm), while the light absorption of 
solid films depends on the parameters of the fabrication process [53]. 
Despite this, the PDA coatings/films have been much better tested for 
their optical properties. Different values of κ were reported, depending 
on the experimental preparation and aims of a given study. Firstly, from 
0.286 (λ = 400 nm) to 0.083 (λ = 800 nm) [54]. Secondly, 0.064 for 
λ = 500 nm [55]. Finally, κ ≈ 0.2 at λ = 260 nm and κ ≈ 0 for 
λ > 460 nm [51]. 

The refractive index (n) is a significant parameter that affects the 
light scattered by a material. The Light scattering ability is increasing 
with the increment in the n parameter. Melanin’s refractive index is 
higher than most polymers and biomaterials [53,56]. Reported values 
were 1.7 < n < 1.8 in the 400–800 nm region [47,57,58], ~1.7–1.85 in 
the 400–1000 nm region [59] and ~1.55 in the 400–800 nm region for 
PDA and melanin particles [60]. In turn, for thick PDA films, the value 
~1.5 in the 300–900 nm region was reported [51]. Also, the real part of 
the refractive index was found to be 1.74 at a wavelength of 589 nm 
[48]. In general, the refractive index of PDA depends on the materials’ 
microstructure and particle shape or size and thus the preparation 
method [61]. 

In recent years, the influence of various factors on the optical 
properties of PDA has been noted. According to the cited study, one can 
control these parameters by using UV radiation [59]. PDA exhibits a 
peak (~500 nm) in the real part (n) of RI with the highest values 
reaching 1.81 ± 0.01 for before UV treatment and 1.88 ± 0.01 for after 
UV treatment. Moreover, this treatment increases n, up to 4.5%, from 

Fig. 2. (a) Scheme of the film-production procedure, (b) SEM photography of film and granules with a double-layered structure, (c) charts of the reflectance of the 
resulting surfaces in the range of the visible light spectrum, (d) Comparison of different colors of reflectors, depending on the Tris-buffer concentration - resulting in 
different thickness. Adapted with permission from T.F. Wu, J.D. Hong, Dopamine-melanin nanofilms for biomimetic structural colouration, Biomacromolecules. 16 
(2015) 660–666. https://doi.org/10.1021/bm501773c. Copyright 2021, American Chemical Society [44]. 
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360 to 1700 nm and around 25% increment in the imaginary (κ) 
component for both regions below 600 nm (~36% especially 
< 400 nm). The increase in the κ component is exciting as melanin 
becomes a more efficient UV blocker after UV exposure. Surprisingly, 
the melanin absorbs more light (< 600 nm) after intense UV exposure, 
which could be a mechanism to explain melanin’s photoprotective 
behavior [59]. 

1.1.2.3. Fluorescence. Synthetic eumelanins have meager radiative 
quantum yields and, simultaneously, efficient UV and visible energy 
dissipation characteristics [62]. It has been postulated that the high 
degree of polymerization and the complex molecular structure, leading 
to intramolecular or intermolecular stacking of backbones, was unfa
vorable for their fluorescent properties [63,64]. In turn, in a chemical 
disorder model with non-covalent self-assembly, the oligomers of DA 
were the primary source of a strong fluorescence. Therefore, the 
reduction in π–π bondings between the structural units in PDA seems to 
be a significant improvement for fluorescent properties [65,66]. 
Different groups have proposed four (iv) fabrication strategies during 
the most recent years: oxidation and degradation (i and ii), which aim at 
regulating π–π stacking interaction; conjugation (iii), in order to 
decrease intermolecular or intramolecular coupling, and carbonization 
(iv) by introducing sp2 carbon inside the nanoparticles [67]. 

For PDA coatings, the same principle also applies. Investigation of 
the quenching efficiency (QE) of PDA of protein-PDA films have been 
done and described [68]. The thicker was the film, the more prominent 
was quenching effect, most possibly due to an increase of density of the 
conjugated chain in the PDA film. The fluorescence of a labeled protein 
was significantly quenched (up to 80% QE) when attached to thick PDA 
film. The influence of pH value and deposition time factors turned out to 
be as follows: a higher pH value or longer deposition time resulted in 
thicker PDA film (see Section 1.2.1.1) and simultaneously lowered 
fluorescent efficiency [68]. 

In the case of nanoparticles, their size significantly influences their 
fluorescence properties. Varying the DA concentration and NaOH:DA 
ratio in synthetic melanin nanoparticle synthesis could be used to ach
ieve satisfactory control of batch mean diameter in the sub-100 nm 
range (from 28 to 117 nm) [69]. A method for synthesizing fluorescent 
PDA NPs with a diameter of less than 10 nm was developed [70]. Above 
mentioned structures were formed by oxidative polymerization in NaOH 
solution (pH 11) with magnetic stirring for 30 min at room temperature 
and then introducing the hydrochloric acid to reduce the polymerization 
speed. The prepared solution was filtered using a 0.22 µm aperture to 
remove large nonfluorescent PDA NPs and achieve even higher purity 
[70]. 

A different experiment showed that fluorescent PDA nanoparticles 
have an exciting potential to work under extreme conditions [71]. It was 
the first reported strategy for the large-scale synthesis of fluorescent 
PDANPs at room temperature via self-exothermic redox reaction in a 
rapid, facile, and green process. The following synthesis conditions were 
proposed as the optimum conditions to prepare fluorescent PDANPs.: 
the buffer pH value at 6.0 and DA concentration with 7.0 mg ml-1. The 
as-prepared nanoparticles could be used in a wide pH range and shown 
good performance to resist high ionic strength. Moreover, their corre
sponding fluorescence intensity almost remained constant for 120 min 
[71]. Further and in-depth explanations of PDA properties can be found 
in an extensive and recently published review article [67]. 

1.1.2.4. Raman scattering and infrared spectroscopy. Despite the amor
phous nature of PDA, several studies have been able to probe some of the 
structural arrangements of PDA by optical methods allowing for the 
identification of the organic constituents of PDA, most of which show 
strong similarities with Eumelanin. Some of them will be mentioned in 
this chapter. It is essential to mention that most of the Raman studies 
have been performed on coatings and thin films, while the infrared 

spectra have been observed in both coated nanoparticles and films/ 
coatings. In the case of Eumelanin, it shows two characteristic broad 
Raman peaks, similar to the G and D bands in graphene and graphite. 
They were originating at around 1380 cm− 1 from the linear stretching of 
C–C bonds within their aromatic rings and at around 1580 cm− 1 from in- 
plane stretching of the aromatic rings [72]. For a further, more in-depth 
analysis, deconvolution of these broad peaks can be performed. The 
deconvolution of a wide peak at 1596 cm-1 by two components via 
Lorentzian fitting shows the following values: 1525 and 1596 cm-1. 
Furthermore, the analysis showed a clear relationship correspondence of 
the present peaks 1206 to C–OH or/and C–O, 1386 cm-1 to N–H and 
C––O, 1528 to C––C, and 1595 to C–N [73]. Table 1 below summarizes 
the respective frequencies for the characteristic signals from PDA in the 
most cited and/or recent publications. 

The following experiment can be cited as an exciting example of 
studying the interaction of polydopamine with infrared. Characteriza
tion of the growth of polydopamine thin films (on Si substrate) was 
carried out by means of in situ IR spectroscopic ellipsometry [76]. The 
amplitude of vibrational bands increased with the ongoing oxidation 
process from time t = 1 h to t = 22 h. It was additionally shown that the 
PDA films are stable in air conditions as the infrared spectra (bands 
assigned to polydopamine) did not change significantly over 30 days. 
Moreover, the influence of the different oxidation processes with the 
KIO4 as an oxidant was investigated in this study. This was achieved by 
recording the spectrum of the DPA films, which showed a strong ab
sorption around 1724 cm-1 assigned to the formation of C––O groups in 
the PDA film, probably in place of numerous ─OH groups occurring in 
PDA film achieved in Tris buffer [76]. Table 2 below summarizes the 
respective frequencies for the characteristic signals from PDA in the 
most cited and/or recent publications. 

When considering the signals originated from polydopamine-based 
photocatalytic nanocomposites, in the majority of cases, the resulting 
Raman or infrared spectra are a combination of the stacked materials 
[80]. For example, it was shown that when comparing the Raman 
spectra of MoS2 and PDA, the spectrum of MoS2@PDA nanoparticles was 
essentially the “sum” of the two. In this case, the two more substantial 
peaks at 385 cm− 1 and 409 cm-1 originate from MoS2 and the two 
weaker ones at 1353 cm-1 and 1583 cm− 1 correspond to PDA [80]. 
Nevertheless, some interesting effects were recently reported, which we 
will discuss briefly. As it was described in the other study, before 
modification of ZnO nanorods with the PDA, composites had specific 
FTIR peaks at 400 cm-1 and 560 cm-1, which correspond to ZnO vibra
tional modes. The formation of ZnO/PDA composites resulted in a shift 
of the FTIR peaks position by 12–20 cm-1 to lower values of wave
numbers [81]. In another study, CdTe@PDA-MPA QDs were synthesized 
following a standard method reported in the literature by using mer
captopropionic acid (MPA) as a capping agent. Raman spectroscopy 
measurements revealed the differences in the structure of the 
CdTe@MPA-PDA particles with respect to PDA, namely, the signal 
corresponding to C-N is noticeably enhanced by using the laser of 
532 nm. Thus, according to these results, the authors concluded that it is 
possible to suggest that CdTe@MPA-PDA particles possess a higher 
number of indole moieties than pure PDA particles. Moreover, the 

Table 1 
Exemplary, frequently cited polydopamine-derived peaks recorded by Raman 
spectroscopy with references to the literature.  

Peak origin Peak position [cm-1] 

C––C Vibration in the aromatic ring 1607, 1581 and 1543 [74]  
1528 [73] 

Deformation of catechol groups 1581 [75] 
N–H bending vibrations 1516 [74] 
C––C or N–H 1386 [73] 
Stretching of catechol groups 1370 [75] 
Aromatic C–N stretching mode of the indole structure 1337 [74] 
C–O or C–OH 1206 [73]  
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relative intensity of the FTIR band corresponding to -OH stretching 
mode for CdTe@MPA-PDA particles was higher than that for PDA. 
Furthermore, the shifts of the FTIR bands corresponding to the aromatic 
ring, C-N vibrational modes, and a new intense band assigned to ϒC-H (at 
648 cm− 1) suggested the modification of the polymeric structure for 
CdTe@MPA-PDA particles [82]. 

1.1.3. Mechanical properties 
Although typically disregarded as merely an engineering aspect of 

materials, the mechanical properties of PDA are of crucial importance 
towards application. The adhesive nature of PDA and its mussel-inspired 
origin suggest a robust mechanical performance. However, it was shown 
that the PDA functional coatings exhibit rather poor mechanical per
formance [83]. The first data was reported for melanin in dry conditions, 
incited study Young’s Modulus was equal 3,2 ± 0,53 GPa [84]. For 
Polydopamine coatings, this value was measured both experimentally 
(from 4,3 to 10,5 GPa) and in silico (5,0 ± 1,7 GPa) [85,86]. Other 
experimental works have investigated the mechanical response experi
mentally by nanoindentation, showing a soft response of 2.3 ± 0.8 GPAs 
[87]. Thin films of PDA have been recently investigated in both 
free-standing [88] and supported manner [89], with values of 6–12 GPa 
and 13 ± 4 GPAs, respectively. Despite the differences, many attempts 
to enhance the mechanical properties of PDA have been reported (i.e. by 
incorporation of oxidizing agents, cross-linkers, or carbonization of the 
films at ultrahigh temperatures) [83]. 

A computational model of the heterogeneous PDA system by 
mimicking the polymerization process of 5,6-Dihydroxyindole via 
controlled in silico covalent cross-linking between DHI monomers was 
proposed [86]. It was found that simulated Young’s Modulus was a 
function of the degree of crosslinking, and the value was in a range of 
4.1–4.4 GPa. At the highest degree of cross-linking (equal to 70%) the 
model mimicked and supported the previously proposed averaged 
tetrameric (linear and cyclic) structures for poly(dopamine) and 
melanin and resulted in mechanical properties in agreement with 
experimental and simulation studies on natural melanin. The possibility 
of tuning the chemical structure and the mechanical properties of PDA 
coatings by controlling the extent of polymerization was also demon
strated (via in silico). Based on these experiences, conclusions can be 
drawn that in order to achieve enhanced mechanical properties of the 
PDA coatings, longer reaction time or more oxidative agents should be 
applied to introduce more cross-links in the system [86]. 

In turn, a straightforward way to improve the mechanical properties 
of PDA coatings turned out to be a thermal treatment process at 130 ◦C 
[83]. Changes in properties such as resistance to dissolution (under 
solvent conditions that usually dissolve PDA coatings) and scratch 
resistance were observed. Molecular mechanical analysis performed by 
single-molecule force spectroscopy (SMFS) revealed significant changes 
that suggest enhanced intermolecular interactions in the structure. Thus, 
these results suggest that thermal treatment causes chemical and 
structural changes in the bulk PDA coating and simultaneously 
improving its mechanical performance [83]. 

Another physical method of improving the mechanical properties of 
the PDA coatings relied on the Blue diode Laser Annealing (BLA) [90]. A 

partial graphitization process plays a significant role in the mechanical 
strengthening of polydopamine films and can be easily controlled by 
modulating the laser power (Fig. 3a). In this experiment, the laser 
annealed PDA coatings (LAPDA) were obtained. It was shown, that the 
roughness of LAPDA film can be reduced from ~230 to ~15 nm by 
means of selective nanoparticles ablation during the BLA process 
(Fig. 3b). It is visible in the diagram that the roughness decreases 
(Fig. 3c). However, the authors stated that the main contributor for 
roughness is the randomly agglomerated PDA NPs, not the initial film 
thickness. During the scratch test with a diamond tip, the average 
scratch depth for the pristine PDA was 18.5 ± 1.1 nm under 50 μN 
average load, whereas the LAPDA films were still undamaged at this 
load (Fig. 3d). Scratches in LAPDA films were only observed at a much 
higher load, 500 μN (Fig. 3e). Herein, the scratch depth of a 37 nm thick 
LAPDA film was only 2.1 ± 0.8 nm, whereas the scratch depth of a new 
PDA film was equal to the whole film thickness (248 nm). This result is 
more than a 100 times increase in scratch resistance [90]. For better 
reference, the authors performed scratching experiments on bare sub
strates (TiO2 and quartz) at a load of 500 μN, resulting in average 
scratch depths of 16.8 ± 1.2 nm for TiO2 and 10.5 ± 1.0 nm for quartz 
(Fig. 3e). This indicated that the scratch resistance of the organic LAPDA 
film is even better than hard inorganic solids. Moreover, the described 
procedure did not adversely affect the secondary advantages of the PDA 
coatings, such as antifouling properties [90]. 

The stability and adhesion strength of polydopamine free-standing 
films may depend on many factors [91]. Such nanomembranes are sta
ble under gentle mechanical manipulation and can be laminated un
derwater, in an orientation-dependent manner, to polydimethylsiloxane 
(PDMS) elastomer substrate. Two morphologically different surfaces of 
the PDA membrane can be distinguished, the basal side, which readily 
adheres to PDMS in underwater environments, and the apical side, 
which does not adhere. In the cited study, characteristic delamination 
rates were independent of the PDA thickness. Moreover, the delamina
tion process is slower for films synthesized from more highly concen
trated precursor solutions (e.g., 10 mM dopamine). This may be 
explained by the cooperative adhesive action of primary amines in the 
PDA films, i.e. these prepared from low aqueous concentrations of 
dopamine (e.g., 0.5 mM) contain lower concentrations of primary 
amines. Also, delamination of the PDA films is significantly accelerated 
by solutions containing group I cations. The time for complete delami
nation is 12 h in the absence of NaCl and 1 min in the 200 mM NaCl 
solution (pH 10) [91]. 

During their synthesis, the adhesion of polydopamine thin films to 
the metals oxides substrates is multimodal. It was experimentally shown 
that hydrogen bonding between PDA and SiO2 is disrupted in mono
valent salt solutions [91]. Metal cations (e.g. sodium) may competitively 
adsorb to the silica surface and thus, disrupt interfacial hydrogen bonds. 
Raising the pH of the NaCl solution from pH 9–10 has deprotonated 
catechols. However, adhesion may be stabilized by increasing the pre
cursor’s concentration during film synthesis or by adding multivalent 
cations in the delamination buffer (i.e. Ca2+, Fe3+). Thus, it was stated 
that catechol groups within a PDA network are necessary but not suffi
cient for underwater adhesion [91]. 

In the case of nanoparticles, a suspicion may appear that the me
chanical properties are not that important as in the case of coatings. 
However, it has been proven that they depend on the size of the NPs 
[92]. In a recent study, the impact of NH4OH / dopamine ratio on the 
NPs diameter and further on the Young’s Modulus was investigated. 
Indeed, NPs hydrodynamic diameter was strongly dependent on the 
ratio mentioned above, with the NPs size decreasing from around 
300 nm (for the ratio 10) to approximately 60 nm (for the ratio 50). It is 
worth underlining that the Young’s Modulus of NPs decreased with their 
size. PDA nanoparticles with a mean diameter of 290 ± 2 nm, 
161 ± 2 nm, 131 ± 2 nm and 106 ± 2 nm, exhibited a Young’s modulus 
of 480 ± 108 MPa, 365 ± 59 MPa, 313 ± 76 MPa and 188 ± 42 MPa 
respectively. A given explanation suggested that PDANPs with different 

Table 2 
Exemplary, frequently cited polydopamine-derived bands recorded by mid- 
infrared spectroscopy with references to the literature.  

Band origin Band position [cm-1] 

Methylene groups in PDA(─CH3) 2870, 2940 [77]  
2930 [78] 

─C––O in the quinone-like structure 1728 [76] 
C––C stretching in the ring or ─NH2 1596, 1608 [76] 
C─C stretching in the benzene ring or ─NH in the heterocycle 1510, 1518 [76] 
C––C in rings 1450 [76] 
O-H vibrational bending in catechol groups 1350 [79] 
C-O stretching vibrations 1275 [79]  
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sizes shows different geometric pecking orders of the oligomers/pol
ymers in the core of NPs. Compared to other polymeric nanomaterials, 
the Young’s modulus values for PDANPs are relatively low [92]. This 
could be related to the nature of the polymer but also their self-assembly 
process. As mentioned before, PDA exhibits a complex and heteroge
neous structure, being the main reason behind the continued studies and 
debate in its polymerization mechanism [23]. 

Despite the mechanical differences and still open debate on the 
elastic modulus of PDA, the literature suggests that PDA shows a rather 
significant wear resistance, which combined with their inherent toler
ance to water, provides essential protection for sensitive or easily 
degradable photoactive materials, as it will be shown in Section 2.3. 

1.1.4. Wettability 
Despite a variety of available materials for energy production and 

water remediation described in the literature, a large number of them 
suffer from poor water wettability, which is a critical aspect of their 
application. As expected, the high hydrophilic behavior of the surfaces is 
highly desirable [93,94]. The modification with PDA coatings may give 
rise to new perspectives by tuning their hydrophilic properties. In a 
pioneering study in 2011, Haeshin Lee and coworkers used the adhesive 
properties of PDA to increase the hydrophobicity of different surfaces by 
using PDA as an interfacial process [95]. However, detailed studies were 
reported recently, exploring the wettability of PDA-modified melanine 
foam (PDA-MF) by analyzing their water contact angle. Water droplets 
could be quickly absorbed into the PDA-MF, and it was spread over the 
surface within 0.5 s, indicating the super hydrophilic properties of the 
PDA-MF surface. Authors suggest that this can be ascribed to the 
abundant catechol and amine groups originating from the PDA coating 
[96]. In another work, MoS2 was facilely modified by hydrophilic pol
ydopamine (PDA) coating in a self-polymerization process. In that study, 
the samples were denoted as MoS2/PDA-t, wherein t stands for the soak 
time. The wettability was characterized by the water contact angle 
measurement, revealing a typical hydrophobicity of the MoS2 surface 
with an angle equal 71.0◦. Importantly, with the coating of PDA, 
MoS2/PDA-4, MoS2/PDA-12 and MoS2/PDA-24 showed decreased 
values of 60.50◦, 52.00◦ and 42.50◦, respectively [97] Moreover, PDA 

was also used to modify the surface of steel [98], polymers [99] and 
carbon [100,101] materials into more hydrophilic. In one study, 
graphite carbon/PDA (GC/PDA) electrodes- to be used as electro
chemical biosensor interfaces- were prepared in another study, and 
again, the PDA coating turned out to be highly beneficial in terms of 
tuning the hydrophilic properties. The measured water contact value for 
the bare GC was 80 ± 2◦, while for all samples from GC/PDA group, it 
was below 50◦ [101]. 

1.1.5. Electrical conductivity 
In the 1970s, reversible electrical switching properties of eumelanin 

were discovered [15]. Since then, melanin, and in particular eumelanin, 
has been widely regarded as an amorphous organic semiconductor. In 
this model, the Highest Occupied Molecular Orbital (HOMO) level cor
responds to the valence band in semiconductor whereby the Lowest 
Unoccupied Molecular Orbital (LUMO) level correspond to the con
duction band in semiconductors [14]. As it was mentioned in Section 
1.1.1, the eumelanin structure is composed of aromatics and conjugated 
molecules stacked by the π-bondings [23]. As a result, both HOMO and 
LUMO levels in eumelanin are characterized by the π-system. The 
movement of charge carriers through this system would lead to con
ductivity and semiconducting properties in eumelanin [14]. Without 
moisture, eumelanin and polydopamine show typically low values 
across 10− 13 S m-1 in a vacuum, while under a humid atmosphere 
(relative humidity = 100%), it was reported to increase up to 10− 5 

S m-1. These variations in humidity would change the local dielectric 
constant, as water is being absorbed by eumelanins [102]. In turn, 
another model describes eumelanin as an electronic-ionic hybrid 
conductor rather than an amorphous organic semiconductor. It was 
demonstrated that upon the absorption of water, free carriers would be 
generated according to the comproportionation reaction. Simultaneous 
production of extrinsic free radicals (electrons) and hydronium ions 
(protons) gives rise to hybrid ionic-electronic behaviors [18]. 

The method of preparation may be necessary for the electrical con
ductivity of polydopamine [103]. By using oxidative chemical vapor 
deposition (o-CVD) it was possible to generate conjugated and conduc
tive PDA from dopamine [103]. The experimental setup of the o-CVD in 

Fig. 3. (a) Mechanical strengthening via partial graphitization induced by the Blue diode laser scheme, (b) charts of the roughness of the sample with a clear 
improvement after BLA process, (c) thickness and roughness dependence on the laser power, (d) results of the scratch resistance tests with a diamond tip under the; 
(d) 50 and (e) 500 μN loads (the scale bar is 2 µm) [90]. 
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the tube furnace was shown (Fig. 4a). During the described procedure, 
PDA was deposited on glass substrates in the presence of the DA 
monomer, oxidation agents and under N2 atmosphere at a reaction 
temperature of 300 ◦C. O-CVD method induces rapid growth of PDA, 
with a deposition rate of 5–6 nm per minute (Fig. 4b). In order to 
investigate the surface properties, i.e. topography and roughness, the 
authors applied atomic force microscopy. The images revealed homo
genously formed, pinhole-free surfaces (Fig. 4c). To examine the struc
tural variety of o-CVD PDA, thus the influence of discrete structural 
designs on the electronic properties, Fourier transform infrared spec
troscopy, and Raman spectroscopy studies were applied (Fig. 4d and e, 
respectively). For a better comparison, o-CVD PDA was placed on the 
charts together with the actual monomer dopamine hydrochloride and 
solution-polymerized PDA. The obtained polydopamine layer not only 
turned out to be chemically consistent with the reference but also 
showed interesting electrical properties with a conductivity of 40 S m-1 

at 300 K, which was measured by using 4-probe specimen, over a 
representative time scale and in inert conditions (Fig. 4f) [103]. 

Moreover, PDA can be carbonized by pyrolysis (heat treatment in the 
atmosphere of protective gas) as a result, carbonized PDA (cPDA) is 
created and exhibits high electrical conductivity [104–106]. Reported 
values of electrical conductivity of cPDA, were as high as 1.2 × 105 

S m-1 [107] and 2.6 × 105 S m-1 [105]. Further research was carried 
out to investigate the influence of pyrolysis temperature on Seebeck 
coefficient, electrical conductivity, and power factor respective to 
annealing temperature (600, 700, 800 and 900 ◦C) [104]. For all tem
peratures, Seebeck coefficients showed negative values, indicating that 
cPDA is an n-type semiconductor. The highest electrical conductivity 
(1 × 104 S m-1) was reported for a sample pyrolyzed at 800 ◦C [104]. In 
another study, graphene films (GFs) were fabricated by vacuum filtra
tion of graphene oxide-polydopamine (GO-PDA) solutions and graphi
tization of the obtained GO-PDA films. The thermal annealing 
temperature had a significant effect on the electrical properties of the 
materials. The high-temperature thermal annealing fully repaired the 
defects of GO sheets and increased the grain size, leading to the increase 

of the electrical conductivity, up to 9 × 105 S m-1 (Fig. 5: a) [108]. 
Simultaneously, according to other research, PDA and cPDA films 
heat-treated below 600 ◦C were electrically insulating; thus- no Seebeck 
voltage could be measured. In turn, for samples heat-treated between 
600 and 900 ◦C, a significant increase in electrical conductivity was 
observed with increasing temperature of treatment, reaching 1 × 104 

S m-1 (Fig. 5: b) [104]. 
There are available reports about composites modification with the 

PDA towards better electrical properties, and some of the latest will be 
described briefly. In one of them, composite fibers were prepared 
through PDA modification and electroless plating with the Ag nano
particles. The deposition rate of PDA onto the fiber surface was signif
icantly improved by using CuSO4/H2O2 as an oxidative mixture. The 
electrical resistance of PET/PDA/Ag fibers was measured by a two-point 
multimeter, exhibiting a value of 0.76 Ω over a length of 1 cm, indi
cating good conductivity after deposition of silver nanoparticles. After 
five cycles of standard washing, the electrical resistance of the fibers 
increased to 1.78 Ω over a length of 1 cm, indicating good stability of 
obtained composites [109]. Carbonized delignified wood/ polydop
amine composite (CDW/PDA) embedded in epoxy was designed, where 
the most beneficial pyrolysis temperature was 1200 ◦C. This exhibits 
higher EC (0.46 S m-1) than its counterpart filled with plain CDW (0.32 
S m-1). Authors state that the nitrogen atoms introduced to the 
graphite-like lattice served as electron donors, simultaneously promot
ing the n-type conductivity and improving the overall electrical con
ductivity [110]. In turn, PDA/rGO/Cu/STA (stearic acid) cotton was 
prepared by immersing the cotton fabric in PDA/rGO and copper 
ion-containing solutions. According to the authors, PDA/rGO cotton is 
nonconductive. However, after in situ growth of the copper nano
particles, the resistance of PDA/rGO/Cu decreased to 0.85 Ω. After 
modification with stearic acid, the resistance increased slightly to 
0.95 Ω. In order to investigate the stability of the electrical properties of 
the fabric, the bending test was carried out for 1000 cycles, with a slight 
increase in the resistance noted. However, the resistance was still lower 
than 4 Ω after 1000 bends [111]. 

Fig. 4. (a) Experimental setup of the o-CVD in the tube furnace for preparation of conjugated and conductive PDA, (b) deposited polydopamine layer growth rate 
presented on the chart, (c) AFM image of the obtained surface, (d) Fourier Transform Infrared (FTIR), (e) Raman spectra of the obtained samples with clear bands 
originating from PDA, (f) electrical conductivity vs temperature chart for obtained coating. Reprinted from Thin Solid Films. 645, H. Coskun, A. Aljabour, L. 
Uiberlacker, M. Strobel, S. Hild, C. Cobet, D. Farka, P. Stadler, N.S. Sariciftci, Chemical vapor deposition - based synthesis of conductive polydopamine thin-films, 
320–325, Copyright (2021), with permission from Elsevier [103]. 
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Another work revealed the effect of three metal ions, i.e., Cu2+, Mg2+

and Na+, on PDA synthesis and its further conversion to cPDA. Both 
Cu2+ and Mg2+ interacted with PDA, which therefore influenced the 
electrical properties of heat-treated thin films. However, the effect was 
neither clear nor stable. Depending on the pyrolysis temperature, the 
presence of cations increased or decreased the effect. In contrast, the 
presence of Na+ ions during the synthesis of PDA did not show any 
significant effect [106]. 

It is important to remark that the previous results pose a critical case 
towards polydopamine as a carrier extractor and conductive junction. 
Moreover, the variations of electrical conductivity, which are increasing 
with hydration levels, provide an essential benchmark for their use in 
environmental remediation and photocatalysis. 

1.1.6. Other electrochemical properties 
Although, as described earlier in this article, there is no scientific 

consensus yet on the structure of polydopamine, important properties 
resulting directly from its structure have been identified, e.g. bandgap 
energy value. In the cited study, the electronic properties of polydop
amine and the influence of electron beam irradiation (EBI) were studied 
[112]. In order to achieve this, PDA powders and films were exposed to 
an electron beam with various doses to investigate the effect of radiation 
on morphology, structure, and bandgap – which is the most important 
from the point of view of this review. The bandgap energy was desig
nated with the UV Vis absorption spectra, and by Using the Kubelka-
Munk function, the obtained value was 1.56 eV. The energy of the 
HOMO and LUMO levels were calculated as − 4.85 eV and − 3.29, 
respectively. The most significant influence of the EBI modification was 
assigned to the irradiation dose equal to 50 kGy [112]. 

The changes in bandgap (and other properties) were attributed to the 
influence of EBI on the conjugation system. In addition, the distortion of 
phenyl rings, irradiation-induced ring-opening reaction, the formation 
of the intramolecular hydrogen bond, and the enhanced interaction 
between PDA and substrate could be another reason for these changes 
[112]. Furthermore, PDA exhibits interesting electrical properties when 
combined with systems with various types of materials. According to the 
current state of the art, it behaves differently in combination with 
organic and inorganic materials [112–114]. 

1.2. Synthesis mechanism for nanocomposite 

1.2.1. Direct polymerization 
Since the discovery of polydopamine [4], its exact polymerization 

has not been unveiled, and its actual structure is still unknown. Thus, 
different theories about the structure and the polymerization process 
have been proposed in the past 10 years [23]. As a reminder, it should be 
emphasized that in this review, we shortly summarize some of them, and 
we aim to explain their main contributions to the PDA field and its 
current state of the art, especially towards the application of PDA in 
photocatalysis. It is indubitably that having a clear picture of the mo
lecular structure of PDA would make any attempt to understand its 
electronic, catalytic and physicochemical properties a more manageable 
task; nevertheless, by carefully compiling experimental results, a few of 
the structural properties of PDA can be inferred and analyzed. 

PDA can be synthesized in the laboratory by an oxidative polymer
ization of dopamine hydrochloride induced by alkaline pH, typically 8 
or 8.5. In the overwhelming majority of the experiments carried out so 
far, Tris buffer (tris(hydroxymethyl)aminomethane) is used to obtain 
the previously mentioned appropriate pH. The molecular mechanism of 
formation of the polymer mentioned above is supposed to share several 
characteristics with that of melanin biosynthesis [115–117]. Dopamine 
is transformed through an oxidative pathway into 5,6 dihydroxyindole 
to continue through further polymerization steps in such a process. Due 
to those similarities, this shows a possible initial PDA structure based on 
melanine possible structure, which units are DHI dimers, trimers or 
tetramers [118–120] that are covalently bonded [4]. Despite that, it has 
been reported that aside from this covalent polymerization way, some 
studies show possible physical self-assembly between dopamine and 
DHI forming a physical trimer made by one molecule of DHI and two of 
PDA that interacts by π stacking and hydrogen bonds, which could play 
an important role in the PDA creation [21]. Those two pathways are not 
mutually exclusive, and in fact, both of them could contribute to PDA 
formation. C-C connections that hold the PDA units were demonstrated 
by using several analytical methods [23]. Also, it was shown that those 
units are not made only by DHI and dopamine dimers or trimers. 
Instead, they could be made by DHI and indoledione units with different 
degrees of saturation. Additionally, by HR-MS it was proved that also an 
open chain of dopamine units appears in the structure. These results are 
in agreement with previous theories regarding the existence of covalent 
polymerization with real C-C bonds holding the units, this does not 
ensure that units can not interact by hydrogen bonding and π-π stacking 

Fig. 5. (a) Electrical (black) and thermal (red) curves representing conductivities of GF-2 thermally annealed at different temperatures. Reprinted from Carbon N. Y, 
149, R. Zou, F. Liu, N. Hu, H. Ning, X. Jiang, C. Xu, S. Fu, Y. Li, X. Zhou, C. Yan, Carbonized polydopamine nanoparticle reinforced graphene films with superior 
thermal conductivity, Copyright (2019), with permission from Elsevier [108]. (b) Seebeck coefficient, electrical conductivity, and power factor respective to 
annealing temperature. Adapted with permission from H. Li, Y. V. Aulin, L. Frazer, E. Borguet, R. Kakodkar, J. Feser, Y. Chen, K. An, D.A. Dikin, F. Ren, Structure 
Evolution and Thermoelectric Properties of Carbonized Polydopamine Thin Films, ACS Appl. Mater. Interfaces. 9 (2017) 6655–6660. https://doi.org/10.1021/acsam 
i.6b15601, Copyright 2017 American Chemical Society [104]. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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but according to the opinion of these authors, it is unlikely to happen 
[23]. 

Polydopamine presents a high degree of disorder and amorphous 
character and is insoluble in polar and nonpolar solvents. As standard 
analytical techniques typically need to solubilize the sample in a solvent, 
insolubility is an essential issue as it presents enormous limitations when 
analytical techniques are used; thus, the experimental results are not 
conclusive. As a possible solution, non-invasive techniques like (FTIR) 
[121], electron paramagnetic resonance (EPR) [121], X-ray photoelec
tron spectroscopy (XPS) [34] or ultraviolet spectroscopy (UV) [23] can 
be carried out, and some characteristics of the structure can be 
confirmed. However, they do not offer an entirely accurate result. 
Regarding more invasive mass spectroscopy techniques, the results are 
ambiguous, and it is not easy to provide a clear view of the PDA struc
ture. For instance, m/z peaks values up to 1226 were obtained by using 
electrospray ionization mass spectrometry (ESI MS) [119]. Meanwhile, 
matrix-assisted laser desorption/ionization mass spectrometry (MAL
DI-MS) showed m/z peaks until 402, which shows that the results are not 
compatible [122]. 

A combined 13C/1H/2H solid-state NMR on deuterated samples was 
carried out for more accurate results and looking to overcome those 
analytical limitations. Its results show that more than half of the phenyl 
ring positions are protonated in the final material, and most phenyl/ 
indole rings are rigid due to the already said π-π interaction, which could 
be the reason why aggregation in PDA oligomers occur [123]. Also, it 
was found that water molecules experiment a slow diffusion inside PDA 
so, when the polymerization process is prepared in deuterated solvents, 
appears an exchange between deuteron (D) from D2O and –OH labile 
protons of the PDA structure. This exchange competes with the poly
merization process, and it is supposed that –OH groups from catechol are 
involved at the beginning in hydrogen bonds during PDA oxidation 
addressing poor deuteron incorporation to the final structure. Thereby, 
this phenomenon could be used to study the polymerization mechanism 
and the role of different molecules caged in the final PDA sample [123]. 

1.2.1.1. Thickness control. Nowadays, PDA has established itself as an 
essential surface modification polymer [6], the presence of 3,4-dihy
droxy-L-phenylalanine leads to a high 3,4-dihydroxybenzene (catechol) 
content. Furthermore, PDA includes a high primary and secondary 
amine amount because of lysine (Lys) and histidine residues [115]. 
Combining these two compounds (catechol and amine) seems to be why 
PDA exhibits such excellent adhesion properties [4]. On the one hand, 
with a straightforward polymerization method and incredible adhesion 
capabilities, this substance can cover almost every inorganic or organic 
substrate regardless of size and shape by a simple dip-coating process or 
an ultrafast sprayable easy method [124]. On the other hand, high ve
locity and difficulties in conducting the polymerization process raise 
thickness and aggregation control complexity. 

Based on the classical coating processes [4] (which provides the 
following conditions, 2 mg of dopamine hydrochloride per Tris buffer 
milliliter (10 mM), pH 8.5), some synthesis parameters have been 
studied for the last years to know their influence on the final coating. 
Results show that PDA surface energy is not dependent on dopamine 
concentration, but PDA film cover thickness increases when concen
tration flows from 0.1 to 5 mg ml-1. Also, in general, roughness increases 
with thickness when dopamine concentration increases between 3 and 
5 mg ml-1 [6]. By applying a lower concentration of dopamine to 
different substrates like particles [6,34,125–127], fibers [128] or 
nanotubes [129], it is possible to reduce PDA particle formation and, 
therefore, to reduce aggregation and surface roughness [130]. However, 
the thickness is going to be compromised due to its dependence on 
dopamine concentration. Aiming to solve this issue, another proper 
method to reduce roughness is to decrease the immersion time of the 
substrate [131]. If more thickness is required, it is possible to repeat the 
process as many times as necessary to achieve the final needful thickness 

with the appropriate roughness [132]. Despite that, another parameter 
that affects film thickness is pH. Thickness is higher when pH increases 
from pH 5–8.5. Thus, achieving a final PDA coated structure with the 
roughness and thickness required by controlling these parameters is 
possible. A reported concentration influences the kinetics of PDA 
deposition, surface energy, thickness, and roughness [120]. 

Beyond roughness and thickness control, the solvent choice can also 
affect the final polymer composition. While in most of the previous re
ports about PDA, aqueous solvents were used, there are other solvent 
possibilities with lower surface tension that can modify or alter the 
properties of the substrate. Besides, during the PDA polymerization 
process, the possibility of having unreacted dopamine [21] and surplus 
tris buffer [33] unavoidably and unfortunately will be added to the 
coating. This can be an issue because depending on the final compound 
added to the resulting PDA structure, and its physicochemical properties 
can be altered. In the case of having unreacted dopamine in the final 
structure, the resulting PDA compound starts to show cytotoxic effects 
[21]. However, in other circumstances, incorporation of -CH2-OH 
groups from Tris buffer could provide to PDA significant antibacterial 
properties [133]. To avoid Tris buffer incorporation [134,135] another 
buffer can be used, such as amine-free organic ones or inorganic sol
vents, but on the other hand, this can aggravate and boost the creation of 
PDA aggregates [6]. 

1.2.2. Air/water interface 
The use of conventional solution processing methods to prepare 

large-scale homogeneous melanin thin films is an arduous task, mainly 
due to the insolubility of natural and synthetic melanin [16]. Never
theless, several attempts have been made to prepare DOPA melanin thin 
films by room temperature solvent evaporation (casting) or spin coating 
[16,26,136]. 

Meanwhile, during the autopolymerization of dopamine, three types 
of polydopamine can be distinguished, the membrane at the surface of 
the solution, the nanoparticles embedded in the solution, and the thin 
layer deposited on a substrate immersed in the solution [137]. However, 
no membrane formation can be observed on the surface of the vigor
ously stirred dopamine solution. The increased supply of oxygen and the 
higher concentration of reagents do not affect this observation. This 
effect originates from intense shear stress (due to magnetic stirring of the 
solution), removing PDA aggregates at that interface by applying 
stresses sufficient to disrupt the forming films [138]. However, by use of 
the appropriate static or soft-stirring conditions, It is possible to obtain 
nanofilms formed at an air/solution interface during the development of 
dopamine-melanin aggregates in a dopamine solution [138]. As was 
explained before in Section 1.1, the oligomers assemble in an ordered 
manner through π− π stacking to form small fundamental aggregates 
(size approximately 2− 20 nm) in a supramolecular architecture. It has 
been reported that the oxygen-rich region at the air-water interface 
significantly enhances the crosslinking of PDA [139]. The aggregates 
become trapped at the air/water interface due to their hydrophobicity 
[140] and form the dopamine-melanin nanofilms. Additionally, a crucial 
aspect of controlling is the rapid water evaporation, which must be 
avoided during the preparation of dopamine-melanin films. This is 
because convective flows disturb the stationary state at the interface and 
hinder the formation of a homogeneous film. A widely used and 
cost-effective method to reduce evaporation or avoid the appearance of 
inhomogeneities is the use of a partial covering lid on the reaction vessel 
[44]. 

Due to solid adhesive forces between dopamine-melanin structures 
and solid surfaces, such a membrane is continuous and smooth, with a 
uniform thickness and can be easily transferred to other substrates or 
supports. Studies performed by AFM on the dopamine-melanin films 
reveal that the top surface is relatively smooth with a roughness of 
36.0 ± 1.2 nm [44]. 

PDA thin films (50− 200 nm thick) are formed at an air/solution 
interface under static conditions as described in the literature [44]. The 
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thickness of dopamine-melanin films relied on the concentration of 
dopamine solution and the reaction time, which increased linearly with 
both of these factors [44]. The film thickness increased linearly with the 
reaction time within 24 h with the determined growth rate of 3.2 nm h-1 

using an aqueous dopamine HCl solution with concentrations of 10 mM. 
The average thickness of obtained PDA films from 10 mM, 20 mM, 
40 mM solutions within 24 h were determined to be 105, 132, and 
179 nm, respectively. Moreover, UV-Vis absorption spectra for thin 
films and nanoparticles formed in a liquid were investigated. The 
absorbance at 280 nm in both spectra was attributed to phenolic groups 
on the dopamine. The PDA film exhibited a monotonic broad absorption 
band, compatible with natural and synthetic melanins [44]. 

Later studies describe the fabrication of a humidity sensor with rapid 
response and high sensitivity by self-assembling PDA thin films at the 
air/solution interface. Unlike in the previously described procedure, this 
time, aniline was used as the deprotonating agent. Two milliliters of 
aqueous dopamine⋅HCl solution (10 mM) containing 5 mM aniline was 
poured into a plastic Petri dish (35 mm × 10 mm) at room temperature 
and lidded. The polymerization time was maintained for 6, 12, 18, and 
24 h [141]. Once again, the film thickness was controlled at the nano
scale range by adjusting the reaction time. However, although the 
conditions were similar to those reported above [44], the growth rate 
was 7.9 nm h− 1. 

Fully formed films from the air/water interface with a continuous, 
smooth surface and uniform thickness at the nanoscale level were re
ported and studied employing Field Emission Scanning Electron mi
croscopy (FE-SEM) [141]. Further examination of the film surface 
morphology was carried out using AFM revealed that the surface was 
compact and smooth (Rms = 0.46 ± 0.09 nm) at the nanoscale level, 
on the 250 × 250 nm area [141]. In the same study, the electrical 
resistance of melanin self-assembled films was measured as the absolute 
humidity increased from 0% to 100%. The measured value decreased by 
more than two orders of magnitude, indicating that PDA films are sus
ceptible to environmental humidity with an excellent response (5–7 s) 
and recovery (6–9 s) times [141]. This effect can be attributed to charge 
carriers (protons) production in melanin by water-involved compro
portionation reaction, as previously mentioned in Section 1.1.4. Thus, 
increasing the water content in melanin will change the above
mentioned process, leading to a high charge carrier concentration and 
increased conductivity [141]. 

The surface properties of a polydopamine layer at the air-water 
interface were examined by dilatational surface rheology, ellipsom
etry, and Brewster angle microscopy (BAM) [142]. The studies evalu
ated the dynamic surface elasticity, film thickness, refractive index, and 
lateral film heterogeneity. When the concentration increased (from 
0.75 mg ml-1 to 2 mg ml-1), a significant increase in the dynamic surface 
elasticity was observed, with approximately a maximum value of 
approx. 60 mN m-1 (at a concentration of 1 mg ml-1). When further 
increasing the concentration of the initial solution was carried out, 
decreased dynamic surface elasticity (in the concentration range from 
2 mg ml-1 to 5 mg ml-1) was noted. The refractive index at a concen
tration of 5 g l-1 was increasing for 16 h after the surface formation, 
approaching 1.706. Meanwhile, the corresponding maximum value at 
the concentration of 2 g l-1 solutions was only 1.662 [142]. That was 
probably due to the inaccuracy of the BAM, caused by polydopamine 
layer incomplete coverage, which could not be detected below the 
spatial resolution of the apparatus. For all samples – except the highest 
initial concentrations of dopamine – the surface film has not reached 
complete homogeneity. A state of separate close-packed domains is 
present for lower concentrations after a long surface lifetime, while the 
high concentration samples show a transition from this state to a ho
mogeneous uniform film. Lower concentration films have low surface 
elasticity due to the loss of their integrity during deformation [142]. 

Finally, a very recent study has shown the apparition of a supra
molecular ordering that resembles 2D-like ordering, which opens a 
whole new field to investigate PDA selforganizing thin films [89]. 

1.2.2.1. Control of morphological properties. A critical observation was 
the fact that the properties of PDA films have been changed after post- 
incubation in solutions containing redox-inactive metal cations (NaCl, 
MgCl2 and CaCl2). However, in the mentioned study, PDA films oxidized 
in bulk solutions were investigated [143]. A comparison between 
free-standing polydopamine films generated at the air/solution interface 
in the presence of various metallic cations (Na+, Ca2+, Mg2+ and Co2+) 
was demonstrated [144]. These results were enriched with a comparison 
between obtained films and PDA nanoparticles generated in the solution 
phase. For preparing PDA (Na/Mg/Ca/Co) films and nanoparticles, the 
standard procedure described earlier in Section 1.3.1 was used, with an 
additional 100 mM of appropriate salts dissolved in water (NaCl, 
MgCl2⋅6H2O, CaCl2, CoCl2⋅6H2O). What is interesting, the reactions 
were separatable from each other by different color changes [144]. 

The addition of ions induced different effects on the speed of 
oxidative polymerization of dopamine. Sodium ions showed no influ
ence, calcium and magnesium ions slightly accelerated polymerization, 
while cobalt (II) ions significantly speeded it up [144]. Another inter
esting observation was the different colors of the PDA films. A 
blue-green color for Ca-PDA films, mirror-like shiny for an Mg-PDA film, 
and black for others. Scanning electron microscopy of the samples’ 
cross-sections has proved previously mentioned dependence, that the 
color of PDA films is related to the films’ morphology and thickness: 
which is equal to 145 nm, 195 and 270 for Na-PDA, Mg-PDA and 
Ca-PDA, respectively (Fig. 6) [144]. Moreover, a difference between the 
upper and lower surfaces of the membrane was noted. 

The results show a smooth upper surface and a less smooth lower 
surface with different size nanoparticles on it. All upper surfaces pre
sented a larger water contact angle than the lower surfaces, and this may 
result from a higher crosslinking degree of PDA in upper sections [144]. 
AFM characterizations of PDA films at different reaction times have been 
conducted. The growth of film thickness using AFM has been investi
gated, for all groups of samples approached its limit in several days. A 
study of 20 days on the thickness of membranes provided the following 
results: 800 nm for Co-PDA film, 500 nm for Ca- PDA film, and 400 nm 
for pristine PDA, Na-PDA or Mg-PDA films [144]. 

One of the possible ways to obtain films with improved stability is 
the enzyme oxidation by laccase, a multicopper-containing polyphenol 
oxidase [145,146]. The formation of such a modified film can be divided 
into numerous stages. Firstly laccase adsorbs at the interface, forming a 
dense layer. Secondly, the subsequent interaction of DA with laccase 
results in the rapid formation and growth of a PDA domain. Finally, the 
concentration of PDA in the film increases gradually, leading to an in
crease in the surface elasticity up to values that are about seven times 
higher than those for pure laccase or pure PDA films. In the following 
experiment, the mixed films demonstrated higher stability under 
deformation than a fragile film of pure PDA. A uniform continuous film 
with higher surface elasticity was formed even at low DA concentrations 
(0.1 g l-1 and 0.5 g l-1). The improved stability of PDA-laccase films 
results most probably as a consequence of the formation of additional 
links between the PDA building blocks during polymerization [146]. 

2. Applications in photocatalysis 

2.1. Application in catalysis (catechol chemistry) 

Because of its adhesive property [4], PDA can be firmly attached to 
many substrates like metal, metal oxide, or metal sulfide surfaces [147]. 
The attaching process consists of an “in-situ” oxidative polymerization 
of dopamine under alkaline conditions whereby tuning synthesis pa
rameters such as dopamine concentration or dipping time, among others 
[148]. Using this process, it is possible to achieve a final structure made 
by a nanoparticle surrounded by a PDA shell. It is generally considered 
that this PDA layer will induce to the nanomaterial a biocompatible 
character and it is not going to serve only as a coating material but can 
also act as a template for future nano construction. For instance, a new 
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method where PDA acts as a template allows immobilizing TiO2 nano
particles on cotton fabrics by in situ reductions [149]. 

Dopamine monomers are supposed to interact first with the surface 
of the nanomaterial to be coated, catechol units exhibit a strong affinity 
towards several kinds of metal ions, and then take part in the self- 
polymerization to obtain the final PDA shell. This self-polymerization 
is pH sensible. Some studies based on ultraviolet-visible absorption 
spectra exhibit that catechol is reduced at pH 7, therefore the coordi
nation complexes are not crosslinked [150], but at pH 8.5, this 
self-polymerization process is taking place, and covalent bonds between 
the rings are created [151]. Additionally, dopamine is known to present 
a redox nature as it can reduce metal nanomaterials and induce the 
creation of “seeds” without using any conventional seeding material or 
redactor [147]. This leads to an exciting way of creating nanoparticles 
that use PDA-NPs as templates to grow, for instance, AuNPs [152], and 
achieving a pomegranate-like structure where there are gold nano
particles embedded into a PDA sphere. This strategy is also compatible 
with other metals like Cu or Ag [153] and has also been used to prepare 
spiky FeOOH structures [154–159]. Regarding the type of interaction 
between catechol and metals, a bonding study revealed that 
cross-linkage strength and stiffness are similar to a covalent bond that 
depend on the type of metal and the coordination state [160]. For 
instance, studies carried out with (AFM) and surface force apparatus 
(SFA) exhibit that a single L-Dopa residue can contact a wet TiO2 surface 
with a reversible non-covalent interaction but with high strength 
(0.8 nN) [161]. 

Besides the biocompatibility mentioned above induced by PDA, it is 
possible to combine metal ions, metal oxides, metals, or plasmonic 
materials with PDA to improve their catalytic behavior [147]. Addi
tionally, the functionalization of nanoparticles with PDA improves their 
colloidal stability [153], thus avoiding aggregations that can compro
mise the catalytic activity in the final suspension. Since the discovery of 
these hybrid materials, although several initial applications have been 
proposed, to this day, biomedicine and environmental remediation 
fields have gathered much attention. Those fields have attracted this 
recognition because of PDA’s biocompatible and nonpoisonous charac
teristics, so in terms of biomedicine, it can be used in antibacterial 
coatings or drug transport and delivery [130,162–164]. In turn, 
regarding environmental issues, it is possible to apply PDA to separate 
and deplete poisonous and biological materials [165,166]. Within those 
fields, PDA-based composites have shown the capability of carrying out 
different reactions encompassing several reactants, such as thiols or 
amines as nucleophiles [167]. Moreover, PDA has the possibility of been 

used in other applications, PDA can act as an immobilization platform 
for some biomolecules or enzymes like polyethylene glycol or vascular 
endothelial growth factor [168–170], paramagnetic metal ion chelates 
as PDA-Mn2+, Mn3+ or Fe3+ can be used as T1 contrast agents [171, 
172]. At last, catechol/o-quinone moieties provide redox properties that 
allow reduction and deposition or collections of several metals such as 
Ag, Cu or Au [173–175]. Therefore transition metal oxides can be loaded 
on carbonized PDA working electrodes aiming for oxygen reduction 
reaction [176,177]. 

Nevertheless, although most of those reactions and applications are 
focused on being employed in biological and medical scenarios due to 
the non-poisonous character of PDA, the amino groups and the phenolic 
hydroxyl groups can be used in organocatalyst behavior in aldol re
actions, which, although in some cases, can create undesirable side ef
fects [178], advocate for the unique catalytic capabilities of PDA. 

2.2. Applications in light-driven environmental remediation 

As a typical carbon-based material, PDA itself does not have photo
catalytic activity. However, numerous studies prove that PDA can syn
ergize with semiconductor photocatalysts and create additional π-π* 
electron transfer channels to enhance photocatalytic performance [14]. 
Since polydopamine has been used and studied in many fields and en
vironments [28], we focused only on the latest literature reports in this 
review. 

Numerous functional groups in polydopamine, including catechols, 
amines, and imines, can serve as anchors for efficient organic contami
nant removal. Moreover, due to excellent adhesive properties and hy
drophilicity, it can modify various materials. PDA has demonstrated 
good light-harvesting ability and photothermal conversion perfor
mance, beneficial to solar-driven water desalination [179–181]. A 
bilayer structure composed of two environmentally sustainable mate
rials, polydopamine (PDA) particles and bacterial nanocellulose (BNC), 
was proposed to obtain both superb optical/photothermal activity 
(~98% light absorption) and high porosity (~93%). A permeate flux of 
1.0 kg m-2 h− 1 under 1 sun irradiation (1 kW m-2) and a high solar 
energy-to-collected water efficiency of 68% were achieved [181]. Be
sides, the interfacial photothermal disinfection activity of the membrane 
under solar light was reported, leading to the effective killing of adhered 
bacteria, thus reducing microbial accumulations and prolonging the 
membrane life by stopping the biofilm formation [181]. A renewable 
and bioinspired PDA functionalized cellulose aerogel (PDA-CA) for 
soluble contaminant adsorption, and oil-polluted for seawater and 

Fig. 6. Scanning electron microscopy images of the upper and lower surfaces and cross-sections of PDA coatings were obtained with the influence of various ions 
(sodium, magnesium, calcium and cobalt, respectively). The layer thickness was also marked for the first four cross-sections images [144] - Published by The Royal 
Society of Chemistry. 
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wastewater purifications was proposed [182]. Due to the porous struc
ture of CA, broad sunlight absorption spectrum in PDA, and excellent 
photothermal conventional effect, the proposed hybrid material 
exhibited an extraordinary water steam generation rate of ~1.36 kg m-2 

h− 1 of ~86% efficiency illuminated by 1 sun. Moreover, due to its 
enhanced hydrophilicity and underwater lipophobicity, the PDA-CA 
also showed promising anti-oil-fouling behavior [182]. 

Since the first report showing that the photocatalytic activity of TiO2 
can be significantly improved with the coating of PDA [183], similar 
hybrid materials have been studied in photocatalytic environmental 
remediation [14]. A core-shell nanostructure of TiO2@PDA leads to 
much better catalytic activity for TiO2 under visible light, while both 
pure PDA and TiO2 nanospheres show no significant photocatalytic ac
tivity under visible light irradiation. During the described experiment, it 
was identified that a 1 nm PDA surface coating over TiO2 nanospheres 
exhibits relatively high conversion efficiency of solar energy for the 
photodegradation of organic dyes, i.e. Rhodamine B (RhB). This study 
was described in details in Section 2.4.1. 

Composite nanomaterials based on polydopamine was reported to be 
an excellent reducing agent, which can convert Fe3+ to Fe2+. For this 
purpose, magnetically recyclable multi-functional Fe3O4@PDA nano
composites were prepared. In such a procedure, Fe3O4 nano-cores were 
introduced to promote magnetic recycling. Reductive polydopamine 
(PDA) shells were introduced to improve the recycling efficiency of 
Fe3+/Fe2+ and avoid sludge formation. According to this study, what is 
essential is that the Fe3O4@PDA system can operate in a wide pH range, 
from 3 to 9. Even after the 10th recycling run, it still achieved over 99% 
degradation efficiency with a total organic carbon degradation rate of 
80% [184]. 

Another variation of a similar composite turned out to be a novel 
Fe3+ -stabilized magnetic polydopamine composite (Fe3O4/PDA-Fe3+). 
The described system was constructed, systematically characterized, 
and subsequently applied, which was reported for the first time. The 
proposed solution turned out to be a versatile adsorbent for the treat
ment of Methylene blue (MB) in complex wastewater over a wide pH 
range (3− 10). The maximum adsorption capacity of the adsorbent 
(qmax) was as high as 608.8 mg g-1. The enhanced catalytic performance 
compared with Fe3O4/PDA composite results from the introduced Fe3+

ions, which act as MB sorption sites through the process of complexing 
Fe3+ with electronegative atoms (such as N and S) in Methylene blue. 
The authors also stated that MB could be selectively adsorbed and 
separated by Fe3O4/PDA-Fe3+ from complex wastewater (e.g. mixed dye 
solutions of MB/Methylene orange (MO), MB/RhB, or aqueous solution 
with high salinity). Finally, this composite could be repeatedly used 
without significant loss of adsorption performance, thus indicating its 
satisfactory stability and renewability [185]. 

Other materials have also been studied, and this is the case of 
CdS@PDA composite nanoparticles (described in detail in Section 2.5.2) 
with tunable inorganic patchy densities via different Cd2+ amounts 
(1.5 wt% for CdS@PDA-1 and 8.4 wt% for CdS@PDA-2) was reported. 
The purpose was to overcome numerous drawbacks of a CdS photo
catalyst, described in detail in the above-mentioned (Section 2.5.2). 
After 3 h of photocatalytic MB degradation reaction progress, at the 
weight of catalyst equal 0.03 mg ml-1, 33% and 67% of total organic 
carbon (TOC) were removed with CdS@PDA-1 and CdS@PDA-2, 
respectively. Meanwhile, the removal of TOC with a pure CdS reached 
only 15% within the same time. This result confirmed that the modifi
cation with PDA enhanced the catalytic ability of CdS for MB photo
degradation. The photostability and reusability of both CdS@PDA-1 and 
CdS@PDA-2 catalysts were further evaluated by collecting and reusing 
them, and it was noted that they maintained their photocatalytic ac
tivities even after three rounds of testing [186]. 

Indirectly, PDA has been used as a multifunctional platform, as in the 
case of polydopamine/graphitic carbon nitride (PDA/g-C3N4) photo
synthetic systems. Herein PDA played multiple roles: a light absorption 
substance, an electron transfer acceptor, and an adhesive interface. The 

photocatalysts’ light-harvesting ability was gradually improved with 
increasing PDA/substrate ratio. In particular, the 10% PDA/g-C3N4 
composite has shown high efficiency in degrading organic dyes methy
lene blue (MB), Rhodamine B (RhB), and phenol under visible light 
irradiation. The degradation efficiency of MB was around 98% after 3 h, 
and even after four cycles, the catalysts could remain degradation effi
ciency higher than 90% [187]. 

A novel strategy to construct a visible-light-driven 2D–2D hetero
junction catalyst comprising graphitic-carbon nitride (g-C3N4) and 
calcined ZnAl-Layered double hydroxide (ZnAl-LDH) had been estab
lished via the polydopamine cross-linking method. The goal was to 
achieve photocatalytic activity for p-nitrophenol under visible-light 
(> 420 nm). In order to explain the charge separation observed in the 
heterojunction, a z-scheme charge transfer mechanism via PDA bridges 
was proposed. This mechanism relies on the recombination of photo- 
induced electrons directly on the ZnAl-LDH valence band through the 
PDA channel, and the holes capture at the conduction band energy level 
of the g-C3N4. The PDA on the interface caused strong light harvesting 
and electron transport capabilities by improving visible-light absorption 
and regulating the photo-generated carriers for efficient separation 
through π-π* electron transfer [188]. Because the inorganic photo
catalytic layer and polymeric membrane typically exhibit poor 
compatibility [189] and thanks to polydopamines’ versatile adhesive 
properties, ultra-thin membranes modified with laminar PDA in recent 
years coating gained much attention in many fields, also in water 
remediation [28,190–192]. However, in this review, we mainly focus on 
studies where photocatalytic performance is evaluated. 

Interestingly enough, a strategy to execute heterogeneous photo
catalytic coupling reactions using PDA and a noble metal nanoparticles 
catalyst was described [193]. In this model, a PDA nanofilm acted as a 
light-harvesting and transformation interface. To achieve a multicom
ponent system, authors first decorated PDA nanofilm onto the surface of 
silica gel (SG) or polyurethane sponge (PS). Secondly, noble metal 
nanoparticles (catalysts) were applied onto the resulting PDA surface 
through an in situ nucleation and growth process. In principles, 
electron-hole pairs, photogenerated in the PDA under irradiation of 
visible light, are separated along with the PDA networks. Then, the 
electron transfers to the catalyst nanoparticle’s conduction band, 
resulting in the enhanced catalytic activity [193]. Described systems 
were used for photocatalytic Suzuki coupling reactions involving a 
broad range of aryl bromides/iodides and arylboronic acid substrates 
[193]. 

Despite the leading role of nanoparticulate materials in photo
catalytic applications, some studies have use membranes or pseudo-2D 
structures for filtration and water remediation. Nanofiltration mem
branes were used to provide self-cleaning properties. Thus, a new type of 
composite was developed using PDA as a multipurpose element [189]. 
In the first step, a polydopamine/polyethyleneimine intermediate layer 
was fabricated on a polyacrylonitrile substrate via a co-deposition 
method. In the second step, the mineralization of a photocatalytic 
layer consisting of β-FeOOH nanorods took place. Apart from a suitable 
filtration property, the β-FeOOH nanorods provided photocatalytic ef
ficiency for dye degradation under visible light irradiation in the pres
ence of hydrogen peroxide (H2O2). Moreover, the β-FeOOH layer 
exhibits good stability during cyclic photocatalytic filtration. Finally, 
the bio-glue effect of the PDA–PEI layer immobilizes the β-FeOOH 
nanorods via strong coordination complexes between Fe3+ and catechol 
groups, providing extra stability to the β-FeOOH nanomaterials [189]. 

In another study, the multi-scale, hierarchical PDA@M-PAN/TiO2 
membrane was developed [190]. The fabrication process was as follows: 
firstly, electrospinning of hydrophilic polyacrylonitrile (PAN) nano
fibers. Then, modification with electrospray PAN/TiO2 spheres, and 
finally, coating by the polydopamine membrane via in-situ growth. The 
flux and efficiency of the PAN-based membrane increased after poly
dopamine deposition, which was due to the enhanced wettability. This 
approach led to a membrane with superhydrophobic (with a water 
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contact angle ~ 0◦), and underwater superoleophobic (with an oil 
contact angle of around 152◦) properties. The tested and described 
photocatalytic efficiency is of great importance. An excellent value for 
the organic pollutant (~98%) was achieved. It is worth emphasizing 
that after 5 cycles, the water flux still maintained a high level, simul
taneously showing good recyclability. Additionally, this membrane 
showed enhanced water permeation and hydrophilic properties in 
comparison with a pure PAN membrane. Finally, the membrane shows 
good mechanical stability and water transportability [190]. 

2.3. Applications on photocatalysis 

It is generally accepted that PDA is not directly exploitable as a 
photoactive material and that its photocatalytic properties are relatively 
marginal (see optical properties, Section 1.1.2.). It is necessary to know 
and control the nanomaterial characteristics to achieve a suitable and 
efficient photocatalytic activity. Like adsorption rate or photo stability, 
some of them are strongly dependent on the material structure, so 
controlling it is possible to tune these characteristics into the desirable 
ones. However, the most crucial attribute could be the capacity of the 
catalysts to produce electron-hole pairs (charge separation rate) and 
their ability not to recombine the carriers. These two phenomena can be 
enhanced by surface modification with PDA, thus ameliorating photo
catalytic behavior by PDA incorporation in a nanocomposite can pro
voke different types of concentrations defects that can affect optical and 
electronic properties of the catalyst, thus leading to changes in excitonic 
(e-h pair) (See Section 1.1.2.2. and Section 1.1.2.4.). In short, an exciton 
is an electrically neutral quanta of electronic excitation energy that 
travels in a periodic structure of a crystal transporting energy but not 
charge [194]. Under appropriate light irradiation, photoactive material 
absorbs a photon that excites an electron of the valence band, moving it 
to the conduction band. As a direct consequence, it will leave a posi
tively charged hole placed in the valence band, whereby this hole will 
interact via coulombic forces with the moving electron. The necessary 
excitation energy to produce an electron-hole pair forming a bound 
stationary state is not related to any particular parent atom (ion), and it 
can be transferred from one ion to the next one. When this takes place 
along the crystal, it creates “excitation waves” called excitons [195]. 
PDA can contribute to this exchange by enhancing the e-h charge sep
aration and simultaneously decreasing the recombination rate by of
fering additional bands where electrons or holes can be placed. As a 
result, it improves the composites’ catalytic behavior [196,197]. In 
order to achieve these objectives, among others, like e.g. tuning bandgap 
value, creating a heterojunction, improving redox, and colloidal stabil
ity, a strategy that has recently gathered attention is to combine PDA 
with a photoactive semiconductor material such as TiO2, ZnO, ZnS, 
Fe3O4. As a result, the photocatalytic response of the as-obtained com
posites is enhanced, and in some cases, it is possible to shift the ab
sorption spectra from ultraviolet towards the visible region [188]. 

The photocatalytic behavior of PDA/Semiconductor hybrids can be 
enhanced by creating core-shell nanocomposites. This effect is present 
because, like in the case of melanin, PDA posses semiconducting prop
erties. These nanocomposites can be understood or investigated as 
semiconductor junctions. It is well known that direct contact between 
two semiconductors with different bandgaps is resulting in the creation 
of a heterojunction in which the final behavior strongly depends on the 
energy band alignment at the interface (straddling gap, staggered gap 
and broken gap) [114,188]; hence the final bandgap is modified or 
tuned. Consequently, the final nanostructure may exhibit improved light 
absorption capabilities and electron/carrier flux, influencing its 
biocompatibility, electrical conductivity, electron transfer rate. 

Moreover, in photocatalytic applications, it can decrease the 
recombination rate of photogenerated electrons and holes. Furthermore, 
an additional aspect of PDA, is that by creating a PDA-shell, PDA can 
also act as an “environmental isolator” that protects photocatalysts from 
stoichiometry losses and environmental damages [198–200], improving 

their lifetime and efficiency (Section 1.1.3.). The most widespread ap
plications architecture mentioned above is found on metal-oxides/PDA 
nanocomposites, which are typically used in the reduction of organic 
pollutants, direct aldol reaction, catalytic transfer hydrogenation (CTH), 
oxygen reduction reaction (ORR), MRI contrast agents, Li-ion Batteries, 
therapy and theranostics or Suzuki couplings [147]. 

An application that can fully exploit PDA composites’ capabilities is 
their use in proton exchange membrane fuel cells (PEMFCs). PEMFCs are 
promising energy converting devices due to their high power density, 
efficiency, low or zero emissions, robust performance, and their possi
bility of using different kinds of fuels [201,202]. PEMFCs have just 
opened a promising field in the clean energy industry by their active role 
in generating renewable hydrogen gas, one of the most essential and 
promising energy vectors for the future. In order to understand a bit 
more this mechanism, here we shortly introduce the reactions that occur 
in the cell are; hydrogen oxidation at the anode, showed in Eq. (1), and 
oxygen reduction at the cathode, showed in Eq. (2) [203]. 

Anode H2 →2H+ + 2e− (1)  

Cathode
1
2

O2 + 2 H+ + 2e− → H2O (2)  

H+ + e− →H∗ (3)  

H+ + e− + H ∗ → H2 (4)  

H ∗ + H ∗ → H2 (5)  

H2O (l)+ ∗ → OH+ + e− + H+ (6)  

OH+→ O ∗ + e− + H+ (7)  

H2O (l)+ O ∗ → ∗ OOH + H+ + e− (8)  

∗OOH → O2(g)+ e− + H+ (9) 

The advantage over direct combustion of O2 and H2 is that it pro
duces thermal energy. Meanwhile, PEM fuel cells transform the chemi
cal energy, which is liberated from the reaction of hydrogen and oxygen, 
into electrical energy. In general, two different mechanisms for 
hydrogen evolution reaction (HER) in acid media are postulated; 
Volmer-Heyrovsky and Volmer-Tafel. The initial solution protons 
adsorption to create H* (H+ + e- →H*) is the Volmer reaction shown in 
Eq. (3), which is considered to be quick (* is referred to as the active site 
of the catalyst). From this point, two possibilities appear, Herovsky and 
Tafel (see Eqs. (4 and 5), respectively). For the first one, one solvated 
proton from the solution reacts with the adsorbed intermediate H* to 
create H2 (H+ + e- + H*→ H2), on the other hand, the second option 
proposes that H2 is being created from two adsorbed intermediates 
placed next to each other which are going to react (H* + H* → H2) 
[204–207]. Regarding oxygen evolution reaction (OER) involves four 
elementary electron steps represented in Eqs. (6–9) [205,206,208]. 
Firstly, the H2O molecule is dissociated on the surface of the catalysts 
giving. As a result, H+ and *OH. Secondly, *OH is dissociated into H+

and *O. Thereby, in third place, another H2O is reacting with *O pro
ducing H+ and *OOH. Finally, in the fourth step, *OOH is dissociated 
into H+ and O2, releasing oxygen molecules from the catalyst’s surface 
[209]. It should be noticed that hydrogen oxidation reaction (HOR) and 
oxygen reduction reaction (ORR) can be treated as the reverse of HER 
and OER [207]. Those reactions can be carried out efficiently on Pt 
electrocatalysts [210,211], but they suffer from the general drawbacks 
of Pt catalyst and architectures. Moreover, they are expensive, not 
abundant in nature and own insufficient durability. Recently, consid
ering these disadvantages, non-noble metal-based electrocatalysts have 
attracted attention [212,213] as a promising new way to obtain better 
results with low cost-effective nanocatalysts. 
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Despite the limitations, it is possible to improve the efficiency of 
these catalysts by tuning their composition and morphology [214]. 
However, the slow kinetics of the cathodic oxygen reduction reaction 
(ORR) is a drawback in terms to obtain a low cost-effective non-noble 
metal catalyst that gives an adequate performance. Despite the ad
vances, a standard method to enhance the activity of PEMFCs and 
decrease the Pt load amount, many works have focused on dispersing Pt 
nanoparticles on carbon support [215,216]. There exists an optimum 
size of Pt nanoparticles for the maximum hydrogen oxidation reaction 
(HOR), and oxygen reduction reaction (ORR) activity showed by elec
trochemical studies [217]. Another strategy is to substitute carbon 
materials with nitrogen-doped carbon because due to electronegativity, 
nitrogen atoms can create charged sites that will improve the charge and 
mass transfer during the ORR process [218]. 

Meanwhile, the main drawback should be noted, that the precursor 
synthesis such as polypyrrole and polyaniline need to be catalyzed in 
harsh conditions [147]. By trying to avoid that, recent studies have 
successfully tried to use polydopamine as the nitrogen-doped carbon 
precursor because of the facility to create coordination bonds with 
metallic ions and covalent bonds with thiol or/and amine groups via 
Schiff base reactions and/or Michael addition [4,14,219]. In this way, 
successful nitrogen-doped carbon sheets designed as an anode material 
for sodium-ion batteries were efficiently synthesized by using poly
dopamine as a carbon precursor [220]. 

A widely used and quite simple approach is based on the carbon
ization of PDA to achieve active nitrogen sites, which show a high level 
of electroactive graphitic and pyridinic enhanced electroconductivity, 
thereby efficient ORR activity [221]. In this case, metal catalysts can be 
quickly loaded into PDA and then metal oxides supported by 
nitrogen-doped carbon materials with catalytic efficiency to ORR. 
Furthermore, high stability can be achieved by a further carbonization 
process [147]. For instance, carbonized PDA-Fe3O4 spheres were syn
thesized using a one-pot fabrication method and were tested as ORR 
catalysts in a Zn-air battery. High ORR activity of carbonized PDA-Fe3O4 
was demonstrated by cyclic voltammetry (CV) measurements, which 
exhibited a cathodic peak at − 0.27 V. The number of electrons trans
ferred per oxygen molecule was close to 4, and the stable discharge 
voltage was over 200 h [222]. Those results carbonized metal-PDA is a 
rather stable, low-cost and efficient material for ORR in fuel cell and 
battery performance. Finally, due to the similar electronic structure, 
larger atomic radius and smaller electronegativity, it is possible to add 
sulfur into the N-doped carbons and thus improve the catalytic activity 
[223]. Studies have shown that CdS NPs can be used as a sulfur source 
and template; meanwhile, PDA can be a nitrogen and carbon source 
[224]. However, templating and carbonizing studies are not inherent in 
photocatalytic applications. Therefore, in the following sections, we 
compile the most important developments on PDA/Semiconductors and 
compile some of the key studies (Table 3). 

2.4. Metal oxides 

2.4.1. TiO2/PDA composites 
Titanium oxide (TiO2) is a direct bandgap n-type semiconductor with 

an energy gap larger than 3 eV [225] (i.e. 3.0 eV for rutile and 3.2 eV for 
anatase) which presents an absorption edge around 410 nm [226], 
photoactive response under 400 nm [227]. These values have limited to 
a certain extent the development of TiO2 photocatalysts. However, other 
properties such as large availability and rather well-understood elec
tronic structure and environmentally friendliness have sustained its in
terest in the literature [227–232]. Despite its limitations, TiO2 has been 
used as an efficient photocatalyst and more importantly, it is a material 
that is considered a model photocatalyst in the field. 

Several TiO2 nanoparticles of different shapes and sizes can be syn
thesized through a solvothermal method using titanium (IV) tetrafluo
ride as a titanium precursor. By modifying the reaction environment, 
capping agents and parameters, it is possible to obtain octahedral, 

decahedral, 2D anatase and rectangular prisms structures with different 
crystalline and exposed planes, which strongly influence their photo
catalytic activity under UV light irradiation [233]. However, its bandgap 
properties and its necessity for UV light have limited many of the 
large-scale applications of TiO2 [234]. In order to address these draw
backs, several methods have been proposed and tested to shift its per
formance towards visible light. Among the most common approaches 
are phase control [235], atomic doping [236], and surface modification 
[232], being this latter the most popular one. However, it still presents 

Table 3 
Examples of several catalysts and the PDA coating process or the PDA role in 
synthesizing the final material and its reported applications.  

Catalyst PDA coating process/PDA role 
at the synthesis 

Applications 

TiO2/PDA  • Self-polymerization on the 
TiO2 substrate [183]  

• Electrochemical 
polymerization on the TiO2 

substrate [343]  
• Photoelectric 

polymerization on the TiO2 

substrate [240]  

• Organic dyes depletion (MB 
[240], MO, MV and RhB 
[199])  

• Pentachlorophenol 
photodegradation [252]  

• Selective oxidation of 
sulfides with aerial O2 [247] 

ZnO/PDA  • Self-polymerization on the 
ZnO substrate [81]  

• Photocatalytical CO2 

reduction [275]  
• Solar cells [273,276] 

ZnS/PDA  • Self–polymerization on the 
ZnS substrate [114]  

• Photocatalytic H2 production 
[114] 

CdS/PDA  • Self–polymerization on the 
CdS substrate [342]  

• Photoelectrochemical water 
splitting [342] 

PDA/MXene  • Direct reaction between 
MXene and PDA 
microspheres [344]  

• Wastewater remediation and 
seawater desalination [344] 

PEG@MPMF  • Self–polymerization on 
melamine foam and further 
addition of MXene 
dispersion [345]  

• Solar to thermal energy 
conversion [345] 

MoS2@sponge  • Self-polymerization on the 
sponge [346]  

• Solar desalination [346] 

MoS2/PDA  • Self-polymerization on 
MoS2 [97]  

• Capacitive deionization [97] 

MoS2/PDA/ 
TiO2  

• Self-polymerization on 
TiO2 nanotubes [347]  

• Hydrogen evolution reaction 
[347] 

MoSe2  • Self-polymerization on 
polystyrene fibers used as a 
hard template for 
synthesizing MoSe2 [348]  

• Hydrogen evolution reaction 
[348] 

MC@MoSe2  • MC obtained from PDA 
calcination [349]  

• Hydrogen evolution reaction 
[349] 

TiO2/MoS2/ 
PDA/RGD  

• Self-polymerization on 
TiO2/MoS2 NAs [350]  

• Antibacterial activities [350] 

WS2/black- 
TiO2  

• Self-polymerization on B- 
TiO2/CoA/AuNPs/WS2/ 
ITO electrode [351]  

• Photoelectrochemical 
biosensor for detecting 
histone acetyltransferase 
[351] 

MoSe2@PDA- 
Dox  

• Self-polymerization on 
MoSe2@PDA-Dox [352]  

• Chemo-photothermal 
synergistic therapy [352] 

Fe3O4/PDA  • Self-polymerization on 
Fe3O4 [163,184]  

• Enrichment of polycyclic 
aromatic hydrocarbons from 
environmental water 
samples [163]  

• Co-catalyst for Fe3+

reduction in advanced 
oxidation processes [184] 

Fe3O4/PDA- 
Fe3+

• Self-polymerization of 
dopamine on Fe3O4 

surfaces under an aerobic 
atmosphere in the presence 
of Fe3+ [185]  

• Selective adsorption and 
separation of Methylene blue 
from complex wastewater 
[185] 

Fe3O4/C-PDA  • FeCl3 and dopamine 
reaction to achieve Fe(III)/ 
DOPA which was further 
calcinated to achieve 
Fe3O4/Carbonized-PDA 
[222]  

• Oxygen evolution reaction 
and cathode at Zn-Air battery 
[222]  
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some complications since commonly employed surface modifiers, like 
Ag, Au or [Ru(bpy)3]3+, can improve TiO2 catalytic behavior, but they 
present low stability and are expensive [237–239]. 

An additional possibility is using PDA as a surface modifier in TiO2/ 
PDA nanocomposites, which has shown the capability of shifting the 
bandgap and achieving visible light absorption, thus maximizing its 
solar light spectrum absorption and providing a more efficient nano
catalyst [183]. It is worth mentioning the first studies of TiO2 as a 
photocatalyst. In 1972 it was discovered that TiO2, could work as an 
electrode, and in fact, could drive the water-splitting reaction under UV 
light [225]. The TiO2/PDA nanostructures, due to the combination of 
optical properties from their constituents, can enlarge the absorption 
range, improving the photocatalysis of splitting water reaction, making 
it accessible under solar light conditions. TiO2/PDA nanocomposites, for 
example, nanorods, can be synthesized via “in situ” self-polymerization, 
electropolymerization or photoelectric polymerization, of which the last 
one is providing the most uniform and percolated layers [240]. The 
preparation of PDA layers was also found to be thickness dependent, 
with the most suitable PDA shell thickness at around 1 nm (in photo
degradation of organic dyes) [183]. Interestingly enough, thicker layers 
do not hinder performance but tend to show a similar response to bare 
TiO2. 

Regarding these studies, it has been proved that PDA modifies the 
surface of TiO2, thus appearing as a new hybrid system, combining the 
photo-electronic properties of bare TiO2 and those of, yet to be correctly 
described, PDA materials. Despite the uncertainty of the true origin of 
these improvements, PDA shells show an enhancement in light 

absorption, accelerating the photogenerated electrons and their transfer, 
thus improving photocatalytic behavior and decreasing the recombi
nation rate [197]. In order to understand the first phenomenon, it is 
necessary to know the characteristics of the interactions between PDA 
and TiO2. However, unfortunately, an accurate representation of the 
TiO2 and PDA heterojunction mechanism is not known, although some 
theoretical approaches have been proposed [241]. The main idea of this 
theory is that in TiO2/PDA nanocomposites, the polydopamine units are 
bonded to Ti atoms through catechol linkers. Also, the reaction between 
different metal oxides and enediols have been studied. It was suggested 
that a dipole moment between Ti-ligand could be induced by the 
interaction between TiO2 and dopamine [242]. Therefore, the optical 
properties and electronic structure of TiO2 could be changed in this 
manner. These assumptions mean that TiO2/PDA nanocomposites, with 
a homogeneous layer of PDA, show a new p orbital, which allows elec
trons generated under visible light excitation to be transferred directly 
from the edge of this new p-orbital to the conduction band of TiO2. In 
this case, PDA is used as a “photosensitizer” that allows the excitation of 
TiO2 under visible light and enhanced the carrier separation. This can 
also be understood as a Type II heterojunction (staggered gap), which is 
created when a direct pathway for electron transport through a photo
injector is made [183,243] (Fig. 7a). Considering the second phenom
enon, PDA induces spatial separation of photogenerated charges (holes 
placed on dopamine) and electrons within the TiO2 lattice, effectively 
enhancing the photocatalytic behavior by denying charge recombina
tion [244]. 

Overall, the experimental research has shown that the bandgap of 

Fig. 7. (a) Creation, through an in-situ polymerization process, of TiO2/PDA structure from TiO2 and polydopamine precursor. A heterojunction between TiO2 and 
PDA is created and stimulated by visible light, (b) UV–vis absorption spectra of PDA, pristine TiO2, TiO2/DA and TiO2/PDA varying PDA coating thickness. TEM 
images: (c) TiO2/PDA nanocomposite with a 1 nm uniform layer of PDA, (d) TiO2/PDA with 2 nm PDA uniform layer, (e) TiO2/PDA with 4.5 nm PDA uniform layer, 
(f) pristine Anatase TiO2. Reproduced from Ref. [183] with permission from the Royal Society of Chemistry. Photocatalytic degradation study of (g) Methyl orange 
(MO) under UV-Vis light irradiation, (h) methyl violet (MV) under UV-Vis light irradiation, (i) Rhodamine B (RhB) under Vis light irradiation, (j) Rhodamine B (RhB) 
under UV-Vis light irradiation. Reprinted from Colloids and Surfaces A: Physicochemical and Engineering Aspects, 570, X. Sun, L. Yan, R. Xu, M. Xu, Y. Zhu, Surface 
modification of TiO2 with polydopamine and its effect on photocatalytic degradation mechanism, (2019) 199–209. Copyright (2021) with permission from Elsevier. 
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TiO2 Anatase of 3.2 eV was shifted to 2.35 eV by covering it with PDA 
([PDA] = 4 mg ml-1 during 2 h), thus showing a significant shift to
wards visible light and allowing for the exploitation of both UV and Vis 
spectra (Fig. 7b). Additionally, as mentioned before, it was shown that 
this enhancement was thickness dependent. Different PDA thickness 
TiO2/PDA nanocomposites are shown in Fig. 7c (1 nm), Fig. 7d (2 nm), 
Fig. 7e (4.5 nm) and basic pristine anatase TEM image shown in Fig. 7f, 
having significant photocatalytic performance when PDA thickness was 
~1 nm [244]. The photoelectrochemical studies comparing bare TiO2 
with TiO2/PDA nanocomposites reported the photocurrent for the 
different shells. This behavior is increased at low overpotential values. 
Otherwise, below 0.3 V at the coated photoanode, it is possible to notice 
spike-like peaks that suggest a higher recombination rate at this elec
trode. The PDA coated material showed a ≈ 35% increased photocurrent 
compared with bare TiO2, a stable photocurrent density of 3.1 x 10-3 

mA cm-2 [245]. This thickness dependency suggests tunneling and 
confinement effects presence, although the possibility of ordinated early 
stages ordinated growth and critical thickness is not discarded. 

In other studies, TiO2@PDA photocatalysts examined under UV-Vis 
light irradiation showed faster methyl orange (MO) and methyl violet 
(MV) depletion rates, when compared with bare TiO2. The improve
ments are from 87.1% (bare TiO2) to 95.2% for methyl orange, 
improving the catalytic efficiency by 8.1% (Fig. 7g). Regarding methyl 
violet, the catalytic behavior improved 9.9% from 85.7% (bare TiO2) to 
95.6%, (Fig. 7h). Additionally, by modifying the TiO2 surface with PDA, 
the photocatalytic efficiency of degrading Rhodamine B (RhB) showed 
an improvement of 35.0% under Vis light irradiation (Fig. 7i). However, 
it is improved only by 4,86% under UV-Vis light (Fig. 7j), showing that 
the functionalization of TiO2 with PDA exhibits an immediate 
improvement in the visible spectra [244]. 

Additional strategies have been investigated in order to improve the 
photocatalytic performance of TiO2 composites further, for example, 
improving the surface area and available active sites. All of them aiming 
to achieve better photo-degradation performance of the already en
hances TiO2/PDA nanocomposite. Among these examples, we find a 
study in which a soft catalytic adsorbent is combined with PDA-modified 
bacterial cellulose (BC) in the shape of a nanofiber BC/PDA/TiO2. The 
results were successful in fulfilling all these essential requirements 
allowing 6,4. 5.7 and 4.8 times faster photo-degradation of MO, RhB and 
methylene blue (MB) (respectively) than commercial P25 and other 
TiO2- based photocatalysts. Also, BC/PDA/TiO2 showed excellent sta
bility and reusability with only a 5.5% of decrement in the degradation 
efficiency after 5 cycles [246]. Another interesting result was achieved 
by the combination of TiO2 and PDA with another catalyst such as 
TEMPO. It has been shown that a strong synergistic effect between 
TEMPO and PDA exists and helps to achieve better conversion for se
lective oxidation of sulfides with aerial O2 [247]. 

Overall, core-shell nanocomposites have large possible applications 
in different fields like biology, catalysis, energy conversion or storage 
device [248]. TiO2 is a promising material with several applications in 
different fields related to photocatalysis, photovoltaics, sensors or pho
to/electrochromic [231,249–251]. Many applications can be enhanced 
or improved by modifying them with different inorganic and organic 
dyes [228]. PDA can also unveil new utilities, for instance, the regula
tion of toxic intermediates in hazardous waste depletion reactions. In the 
pentachlorophenol (PCP) photodegradation process, 2 toxic in
termediates are created, 1,4 benzoquinone (TCBQ) and 
trichlorohydroxy-1,4- benzoquinone (OH-TrCBQ), unveiling a new issue 
by inducing a second pollution source. As the PDA layer can promote 
electrons transfer from H2O2 and O2

.- to the P25 (TiO2) conduction band, 
ROS can be synthesized at the surface of the photocatalyst P25@PDA 
provoking TCBA and OH-TrCBQ synthesis. As ROS are the reactive 
compounds that lead to the synthesis of the toxic intermediates, their 
dynamic control can be regulated by P25/PDA control [252]. 

2.4.2. ZnO/PDA composites 
Zinc Oxide (ZnO) is an n-type semiconductor with a broad bandgap 

of 3.4 eV, which presents an absorption edge around 380 nm [253] and 
remarkable room-temperature luminescence [196]. ZnO is composed of 
oxygen and zinc atoms which are tetrahedrally bonded (wurtzite type 
unit cell). The positive charge and negative charge center can be dis
placed by external forces triggering lattice distortion, unleashing 
piezoelectric properties [254]. Regarding the radiative routes, both UV 
and Vis maxima have a strong dependence on the particle size [255, 
256], and by studying this parameter, it was shown that visible emission 
is due to the transition of photo-generated electrons from the conduction 
band to a lower band [255]. Another possible explanation is that oxygen 
vacancies are responsible for the recombination centers that allow 
visible luminescence of ZnO [257–259]. 

Several ZnO nanoparticles can be synthesized, allowing for many 
morphologies and superior levels of control. Among them, ZnO nano
spheres or nanobundles can be obtained by thermal decomposition or 
thermolysis using N.N’-bis(salicylaldehyde)ethylenediamine)zinc(II) as 
a precursor [260]. Also, several nanostructures like nanotubes [261], 
nanowires/nanorods [262,263] or nanotretapods [264] can be grown 
by multiple methods, including thermal evaporation, electrodeposition 
or vapor deposition. This large availability and versatility of morphol
ogies have positioned ZnO among the most widely studied photoactive 
materials. Furthermore, as a part of its electronic and optical properties, 
ZnO nanoparticles have been used as antibacterial material and have 
shown the ability of light-driven processing wastewater. Although its 
optical activity can be compared with TiO2, its absorption edge is 
broader, extending to part of the visible region, thus resulting in better 
performance under sunlight [265,266]. Nevertheless, ZnO is sensible to 
photo-corrosion, presenting low stability and experimenting with a fast 
recombination rate. These drawbacks have been addressed by coupling 
ZnO with other semiconductors, doping it with metals or functionalizing 
its surface with different organic polymers, effectively increasing its 
applicability [267]. Therefore, functionalizing the ZnO surface with 
PDA can result in overcoming those issues. PDA incorporation in a 
nanocomposite can provoke different types of concentration defects that 
can affect optical and electronic properties of ZnO, thus leading to 
changes in excitonic (e-h pair) and photoluminescence [81]. 

Studies on ZnO/PDA materials have shown similar trends observed 
in TiO2/PDA materials. For example, bandgap values of ZnO/PDA 
nanorods (Fig. 8a) were influenced by dopamine concentration showing 
saturation at concentrations of 0.5–0.7 mg ml-1, HRTEM images of 
different dopamine concentration ZnO/PDA interfaces are shown in: 
Fig. 8b (0.3 mg ml-1), Fig. 8c (0.5 mg ml-1), Fig. 8d (0.7 mg ml-1) [81]. 
Studying several concentrations of PDA, it was found that all the values 
were lower than the one for ZnO single crystal, for instance, an average 
value of 3.22 eV for [PDA] = 0.3 mg ml-1 or 3.18 eV for [PDA] =

0.5 mg ml-1 (Fig. 8e). Therefore a clear trend appeared, in which lower 
bandgap values were observed at higher PDA concentration (thickness), 
as shown in Fig. 8f. Additionally, the reduction of vacancies and charge 
transfer from ZnO towards PDA could lead to this behavior. Similar ef
fects are exhibited by acceptor-doped ZnO nanostructures or 
Schottky-type junction [268]. Typically, photoluminescence emission 
spectra is a simple method that can be used to detect surface defects 
[269,270]. In such cases, the emission vs excitation power plot enables 
us to know the quantum efficiency and the defect concentration [271, 
272]. The authors reported on the PL spectra ZnO/PDA nanorods at 
room temperature, which showed 2 peaks located in the UV and Vis 
region corresponding with exciton and defect emission (Fig. 8g) [73, 
269]. After variations in thickness (Fig. 8h) of the PDA, the PL spectra 
exhibited a small peak shift. The UV peak at 378 nm was downshifted to 
a shorter wavelength while, the Vis peak was shifted to a longer 
wavelength. 

As a result, PDA deposition over ZnO was demonstrated to decrease 
oxygen vacancies from 1.5 x 1015 cm-3 to 1.2 x 1014 cm-2 resulting in a 
photoluminescence quantum efficiency decrease, from 0.28 to 0.12, 
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respectively. The PDA coating also modified the activation energies in 
ZnO/PDA decreasing exciton binding energy from 0.053 to 0.044 eV. 
Moreover, the PDA layer influenced photoluminescence quenching. The 
increment of PDA thickness enhanced PDA light absorption, thus 
increased the quenching effect [81]. Furthermore, the changes in the 
thickness of the PDA layer and the decreasing defect concentration can 
explain the reduction of PL intensity; meanwhile, the decreasing of 
activation energies and the peak shifting could be due to forming an 
additional local electrical field between PDA and ZnO [73]. Addition
ally, photo-induced electron-hole pair recombination kinetics has a 
strong influence on the catalytic efficiency of photocatalysts. PL emis
sion arises by recombining free carriers and having lower emission in
tensity sign that the recombination rate is low with higher separation 
efficiency [274]. Moreover, regarding ZnO/PDA composites, catechol, 
besides being the PDA group that attaches to the surface of ZnO (binding 
hydroxyl groups from PDA with ZnO surface oxygen vacancies), can act 
as an electron trap due to their electron-withdrawing nature, avoiding 
the recombination of electron and holes (e-h pairs) decreasing the fast 
recombination rate and improving the photocatalytic behavior [196]. 
The available results agree with the direct Z-scheme ZnO/PDA photo
catalyst, which favors charge separation and enlarges light-harvesting 
for photocatalytic performance, such as in the case of the CO2 reduc
tion reaction [275]. As a newfangled application, PDA can be used in 
solar cells and enhance photovoltaic performance. The strong adhesive 
properties of PDA combined with the strong chelating behavior towards 
metal ions leads to the construction of low-defect and uniform PDA thin 
films on ZnO, with enhanced electron transfer performance. Because of 

those characteristics, ZnO/PDA nanocomposites can be used as an 
electron transfer layer (ETL). Studies that implement ZnO/PDA as ETL in 
inverted non-fullerene organic (PBDBT:ITIC) solar cells [273] and pol
ythieno[3,4-b]-thiophene/benzodithiophene:[6,6]-phenyl-C70-butyric 
acid methyl ester (PTB7:PC70BM) bulk heterojunction solar cell [276], 
have shown an increased photovoltaic behavior when PDA is imple
mented along ZnO for electron transport. Regarding PBDBT:ITIC solar 
cells, several devices (Fig. 8i) were designed varying PDA thickness, 4, 
10 and 22 nm, showing ZnO/PDA (10 nm PDA thickness) the best re
sults in current vs voltage measurement (Fig. 8j and k) and external 
quantum efficiency (Fig. 8l). It produced the highest efficiency; 
Jsc = 17.86 mA cm-2, Voc = 0.88 V and FF = 70.91% allowing 
PCE = 11.14% obtaining an enhanced electrical conductivity, which 
evidences that the PDA layer improves carrier lifetime, charge extrac
tion and decreases charge recombination [273]. About PTB7:PC70BM 
solar cells, samples with PDA thickness about 30–40 nm and 80–100 nm 
showed an increment of 9.8% for Voc, 23.2% in case of FF and 13.8% for 
PCE. However, the trend was not the same for Jsc, which decreases with 
DPA. Even so, devices with ZnO/PDA showed a higher photoelectric 
conversion efficiency over the full absorption spectra than the one with 
only bare ZnO as ETL [276]. 

2.5. Metal sulfides 

Metal sulfides are excellent candidates for photocatalysis due to their 
large availability and optical properties. However, they suffer from 
many drawbacks as photocatalytic aqueous environments strain their 

Fig. 8. (a) TEM image of ZnO/PDA nanorod (0.5 mg ml-1). HRTEM images of: (b) ZnO/PDA interface (0.3 mg ml-1), (c) ZnO/PDA interface (0.5 mg ml-1), (d) ZnO/ 
PDA interface (0.7 mg ml-1) [81] Optical characterization of ZnO/PDA nanorods varying PDA concentration, (e) bandgap estimation graphical representation, (f) 
Bandgap variation with dopamine concentration, (g) PL spectra, (h) Change of the PL peak position for UV and Vis range [81], (i) Organic solar cell device structure, 
(j) Current density vs voltage (JV) characteristics PBDT-ITIC with different PDA/ZnO ETLs under AM 1.5 G solar irradiation (100 mW/cm-2), (k) various ETLs in 
optimal conditions J-V curves of PBDT-ITIC solar cells, (l) External quantum efficiency spectra. Reproduced from Ref. [273] with permission from the Royal Society 
of Chemistry. 
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chemical stability [277]. Here we present some of the recent advance
ments in the field of metal sulfides and PDA nanocomposites, 

2.5.1. ZnS/PDA composites 
ZnS is an n-type semiconductor that presents a direct bandgap energy 

value between 3.6 and 3.9 eV [278]. Its high reduction potential and the 
fast production of photocarriers allows ZnS based nanocatalysts to be 
employed in photochemical applications like the reduction of CO2, H2 
production or purification of wastewater [279–283]. Different shapes 
and sizes have been synthesized, like rods, tubes, spheres or wires, and 
as in the case of other semiconductor materials, they can be prepared 
with several methods. In general, the shape and final structure of the 
nanomaterials strongly depend on the characteristics of the organic 
stabilizers, like concentration or molecular weight. The most employed 
methods in the literature are; a one-pot process that uses ZnCl2 and 
ZnSO4 as zinc precursors and Na2S as sulfur precursor, sol-gel method 
[278] and hydrothermal synthesis with zinc nitrate, zinc acetate and 
zinc chloride as zinc precursors [284,285]. 

Though ZnS photocatalysts have appropriate characteristics to act as 
a straightforward catalyst, it has shown instability induced by the 
oxidation of sulfide ions, which is mainly caused by photogenerated 
holes. This photo corrosion is a drawback to the applicability of many 
sulfides, including zinc sulfides, since they do not meet photocatalytic 
and environmental stability requirements [286–289]. Several strategies 
have been developed to minimize those problems and increase the 
photochemical activity of sulfides, like doping with metal or metal/ions, 
use of sacrificial agent/layers or surface modification, and coating with 
conductive polymers [278,290–294]. The surface modification with 
PDA has been posed as a solution to this instability issue. Additionally, 
ZnS/PDA nanocomposites present a doubly staggered heterojunction, 
which is beneficial for the efficiency of the composites. This type II band 

alignment generates a considerable reduction of the bandgap (Fig. 9a). 
Studies have shown that coating ZnS by PDA, adds a layer of ZnSO to the 
nanocomposite, as a direct consequence of this band alignment, 
photoexcited electrons will be trapped in ZnSO conduction band; 
meanwhile, counter holes will be placed in the valence states of PDA. 
Recombination of charge carriers is going to be prevented by the charge 
separation between ZnSO (also ZnS) and PDA. 

Additionally, the interface between ZnS/ZnSO presents a type I iso
type heterojunction (n-n), which enhances the accumulation of photo
generated carriers in the ZnSO end of the interface (Fig. 9b). By all of 
these features, photocatalytic activity is enhanced [114]. Researched 
studied the influence of PDA shell in the final bandgap value, several 
samples with different thicknesses were synthesized i.e. ZnS/PDA1 
(1.2 nm), ZnS/PDA2 (2.1 nm), ZnS/PDA3 (3.5 nm). The calculated 
bandgaps values using Kubelka-Munk function [292] provided values of 
3.64, 3.57 and 3.54 eV, respectively, respectively, with a pristine ZnS 
bandgap value of 3,73 eV [114]. 

A recent H2 production experiment by exploiting ZnS and PDA 
interface showed results in agreement with that theory. 1.2 nm PDA 
shell in ZnS/PDA1 nanocomposites exhibited a maximum hydrogen 
production rate of 2162.5 µmol h-1 g-1, maintaining 78.7% of its pho
toactivity after 24 h of continuous irradiation, see Fig. 9c and d, [114] 
what it makes ZnS/PDA competitive with other high-performing pho
toactive composites [295,296]. The transient photocurrent was also 
studied and compared with bare pristine ZnS (Fig. 9e). In this scenario, 
ZnS/PDA nanocomposites showed higher photocurrent density than 
pristine ZnS due to the higher charge efficiency given by the 
well-organized heterojunction interface. Fast charge-carrier recombi
nation through direct bandgap for bare ZnS provoked a fast decay in 
photocurrent, not the same situation for ZnS/PDA nanocomposites that 
showed stable photocurrent during visible light irradiation. Finally, 

Fig. 9. (a) ZnS, ZnS1− xOx (ZnSO) and 5,6- dihydroxyindole (DHI) electronic band structures. Black and red lines represent filled and unfilled states, respectively, (b) 
Representation of ZnSO, ZnS and PDA heterojunction and photocatalytic process considering charge carrier transfer. Oxygen incorporation in ZnSO decreases the 
conduction band edge, enlarging the light absorption region. Meanwhile, the LUMO of the DHI has an energy of 2.38 eV and is located above the conduction band 
edge of pristine ZnS, and its HOMO energy is around 1.5 eV above the fermi level of pristine ZnS [114]. Photocatalytic study for different PDA shell thickness values: 
ZnS/PDA1 (1.2 nm), ZnS/PDA2 (2.1 nm), ZnS/PDA3 (3.5 nm), (c) Photocatalytic H2 production, (d) Time-dependent photocatalytic activity, (e) transient photo
current response with and without light illumination, (f) electrochemical impedance spectra. Reprinted from Applied Catalysis B: Environmental, 280, Y. Kim, E. Coy, 
H. Kim, R. Mrówczyński, P. Torruella, D.W. Jeong, K.S. Choi, J.H. Jang, M.Y. Song, D.J. Jang, F. Peiro, S. Jurga, H.J. Kim, Efficient photocatalytic production of 
hydrogen by exploiting the polydopamine-semiconductor interface, 119423. Copyright (2021) with permission from Elsevier. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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electrochemical impedance spectroscopy (EIS) measurements were 
done to investigate charge transfer. As a result, more considerable 
charge transfer resistance for pristine ZnS (17.48 Ω) than for ZnS/PDA 
(6.62 Ω) showing a superior efficiency and reaction rate for the PDA 
nanocomposite (Fig. 9f) [114]. 

Overall, researchers have demonstrated that PDA attaches covalently 
on ZnS surfaces, adding a thin oxide layer, which enhances the photo
activity of the composite. Moreover, the efficiency of the ZnS/PDA was 
boosted as well as its chemical stability. The results are essential since 
they are one of the first studies showing direct bandgap reduction on a 
none metal oxide semiconductor, and at the same time, show similar 
trends on thickness dependence and bandgap tuning, which advocates 
for intrinsic PDA electronic effects [114]. 

2.5.2. CdS/PDA nanocomposites 
Another excellent sulfide material, which, although extremely 

promising, has suffered from its somewhat hazardous degradation in 
aquatic media, is Cadmium Sulfide (CdS). CdS is an n-type semi
conductor that presents a narrow gap of 2.4 eV [297], making it one of 
the most prominent photocatalysts for photocatalytic H2 production 
[298–300]. CdS photocatalysts can absorb light in the visible region at 
shorter wavelengths than 516 nm, where it shows excellent photo
chemical properties and quantum efficiency [301]. Moreover, it also 
presents a good carrier transportation capacity, producing photo
generated electrons and holes within a considerable period. This effect 
extends the photogenerated carriers life, thus improving photocatalytic 
activity [302]. Due to these properties, CdS is employed in photo
catalytic hydrogen production, degradation of pollutants and reduction 
of CO2 [303,304]. 

Different structures have been studied in the case of CdS, and their 
influence on photocatalytic performance was evaluated. First, zero- 
dimensional structures (0D) can be obtained through several methods, 
i.e. combustion method, biogenic synthesis, complex thermolysis, 
sonochemical method or chemical precipitation, among others 
[305–311]. Even though it presents a large surface area, it tends to 
agglomerate in an aqueous solution, thus decreasing photocatalytic ef
ficiency. One-dimensional nanostructures (1D) such as nanowires, 
nanorods and tetrapods can be synthesized by using ligand assisted 
growth [312–315], metal particle seed growth [316–318], ion exchange 
[298] and ligand-assisted growth [315,319]. Those structures exhibit a 
large specific surface area/volume ratio, fast separation of photo
generated carriers, and quantum confinement effects in radial and 
bulk-like carrier transport in the axial direction [318,320–322]. 
Recently, 2-dimensional CdS nanosheets have shown excellent photo
catalytic properties [322–324]. It is possible to obtain two-dimensional 
structures (2D) from the one-step chemical solvothermal method [325], 
which show higher photocatalytic efficiency than 0D and 1D CdS 
nanoparticles [326]. 3-dimensional structures present a high surface/
volume ratio and low density [324,327,328]. Different kinds of such 
structures exist, e.g. hierarchical dendritic CdS, hollow spheres or 
porous nanosheet-assembled flowers [326]. Most of these structures can 
be created by a self-assembly process and the accumulation of CdS in 
different structures, granular or nanosheets [329]. Moreover, these 
structures have shown to be more conducive and exhibit improved 
photocatalytic activity [326]. 

Although the aforementioned CdS properties make it a promising 
catalyst, it is also common for the CdS nanocatalyst to suffer from photo 
corrosion during the photocatalytic process, directly affecting the 
application of CdS and CdS-based photocatalysts in the industrial field. 
Three different aspects cause this photo corrosion. The first one is 
because sulfur ions are going to be combined with the photogenerated 
electron-hole pairs created during the process and are going to be 
oxidized into sulfur. The second one implies that photogenerated holes 
on the surface of CdS provoke anode corrosion during the catalytic 
process. The last one is that the photocatalytic process leads to the 
emergence of defects on the surface of the CdS photocatalysts which 

contribute to photogenerated e-h pairs being trapped and causing redox 
reactions on the CdS surface under aerobic conditions. As a consequence 
of photocorrosion, photocatalysts become unstable and catalytic per
formance is decreased [330]. This situation is worsened by Cd’s rather 
hazardous effect on aquatic life and human health [331,332]. 

Aiming to decrease photocorrosion several strategies have been 
studied in recent years. Strategies such as combining CdS with micro 
[333] and mesoporous materials [333,334], create composites with 
other layered oxides [335], coupling with metallic or non-metallic cat
alysts [334], creating core/shell structures [336], or building hetero
junctions [337]. As expected, one of the most efficient ones is the 
preparation of passivating layer, which, although it tends to hinder some 
of the performance, retains most of the material’s properties. 

A photoelectrochemical (PEC) water splitting study using CdS/PDA 
nanoarrays synthesized on FTO substrate as catalysts compared the bare 
CdS and CdS/PDA/Co-Pi photocatalytic behavior. Linear sweep vol
tammetry (LSV) under AM 1.5 G simulated sunlight illumination 
(100 mW cm-2) was performed to study CdS, CdS/PDA and CdS/PDA/ 
Co-Pi (Fig. 10a). Photocurrent intensities showed firstly an increment 
which, while PDA deposition was higher, turned into a decrement. This 
provoked the largest photocurrent density at 1 h for CdS/1PDA, exhib
iting that the heterojunction built between CdS and PDA (Interface is 
shown in Fig. 10b and c) can promote charge separation of photo
generated carriers and the remain of PDA in this particular case could 
stand against this phenomenon [338]. EIS was used to check this, giving, 
as a result, smaller charge transfer resistance for CdS/1PDA than for 
bare CdS. 3063 Ω vs 3359 Ω respectively (Fig. 10d) agreement that the 
charge transfer is improved when exists an interface between CdS and 
DPA [339,340]. Two different effects explained this. Firstly, when the 
thickness is relatively large, as the effective transfer length of charge 
carriers is limited, they might not be transferred to the surface [114, 
341], and secondly, the light that reaches the surface of CdS/1PDA is 
reduced because of the absorption of the dark PDA layer which becomes 
darker with time [342]. Regarding photocurrent density, for CdS/1PDA, 
nanocomposite obtained a value of 1.08 mA cm-2 (0.28 V vs RHE), 
which is 2.4 times more than the one for bare CdS. Also, photocurrent 
stability studies showed that it decreased for bare CdS more than for 
CdS/1PDA, indicating that the interface between CdS and PDA could 
promote the hole concentration in CdS by creating a built-in field, thus 
ameliorating the photoelectric performance. 

Aiming to promote the PEC performance of the nanocomposite, Co- 
Pi co-catalyst was added on the surface of the CdS/1PDA photoanode 
(Fig. 10e) before, several Co-Pi thicknesses, controlled by different times 
of photoelectric deposition (2.5 min, 5 min, 7.5 min, and 10 min), CdS/ 
1PDA/Co-Pi nanocomposites were synthesized. CdS/1PDA/5Co-Pi 
showed the smallest radius leading to the best transfer and charge sep
aration, decreasing the e-h recombination due to the Co-Pi catalyst. 
Moreover, photocurrent stability was enhanced, and it exhibited 
photocurrent density value up to 2.68 mA cm-2 at 0.28 V vs RHE, which 
is 5.7 times higher than bare CdS and 5.87 times higher than CdS/1PDA 
[342], see Fig. 10f. 

The resulting heterojunction with PDA showed an increment in 
photocatalytic behavior due to the appropriate match of bandgap edges 
between CdS and PDA, making charge separation more efficient [200] 
and decreasing the recombination rate [245]. Furthermore, by adding 
another co-catalyst, those improvements can be enhanced and used in 
water splitting reactions [342] (see Fig. 10g). 

2.6. Emergent materials 

Despite being used as a surface modifier that can create hetero
junctions with well-known semiconductor metal oxides, polydopamine 
can be incorporated into another material, creating a photosensitizer 
shell and acting on another purpose such as, for instance, templates. 
Here we summarized the most recent and promising emergent materials, 
which contain PDA in their structure for such diverse applications as 
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environmental remediation, fight against cancer or antibacterial per
formance in artificial implants. 

Solar light can be used as an environmental-friendly and renewable 
energy source for wastewater purification and seawater desalination. 
Nevertheless, its use to achieve water steam is restricted by several 
factors like low energy conversion efficiency, low solar spectrum ab
sorption or complex synthesis. 

2.6.1. MXenes 
A new material made by PDA and MXene has been developed, 

achieving overcoming these issues. It is an exciting example of a rela
tively new family of materials bases on transition metal carbide, nitride 
or carbonitrides (MXene). Since their discovery in 2011, they have 
become widely studied photocatalytic materials [353]. MXene has the 
following formula: Mn+1XnTx where M represents the early transition 
metal (e.g. V, Ti, Zr and Nb), X symbolizes carbon and/or nitrogen, and 
T stands for the surface functional groups (such as –O, − OH and –F) 
[354]. The n range from 1 to 3, resulting in M2XTx, M3X2Tx and M4X3Tx 
structures, respectively [354]. To improve the photocatalytic properties 

of MXenes they might be combined with polydopamine for two main 
reasons. Firstly, it was demonstrated that the bandgap alignment of 
MXene could be modulated by means of surface chemistry. Secondly, the 
surface of the MXenes is terminated by functional groups (-OH, -O, and 
-F), which are beneficial for creating the contact interfaces between 
MXene and other semiconductors. Moreover, a layered structure with 
the conductive metal cores in MXene ensures an excellent metallic 
conductivity and electron acceptance ability [355]. To date, there were 
a few reports in the literature that a PDA/MXene heterojunction has 
been manufactured [191,344,356]. Interestingly, the PDA@MXene 
photothermal layered heterojunction in combination with a PVDF filter 
membrane exhibited outstanding water solar to-vapor generation per
formance with an efficiency of 85.2% under 1 sun illumination. Un
doubtedly, significant light absorption (~ 96%) and great photothermal 
conversion were the essential features. This can be accomplished by the 
characteristics of the composite where; MXene amplifies the light ab
sorption range of PDA, and the wrapping structure creates water 
transportation channels whiting the holes of the microspheres. On the 
other hand, the PVDF membrane allows water transportation towards 

Fig. 10. (a) LSV plot for CdS, CdS/1PDA and CdS/1PDA/5Co-Pi photoanodes under AM 1.5 G illumination, (b) TEM image of CdS/1PDA, c) HRTEM image of CdS/ 
PDA where the thickness of the PDA layer is shown, (d) EIS plot for CdS, CdS/1PDA and CdS/1PDA/5Co-Pi photoanodes, (e) Top-view SEM image of CdS/PDA/Co-Pi, 
(f) Photocurrent-time (I-T) graphical representation of CdS, CdS/1PDA and CdS/1PDA/5Co-Pi photoanodes at 0.28 V vs RHE under simulated sunlight illumination 
for a consistent 3600 s, (g) Proposed mechanism for CdS/PDA/Co-Pi acting as photoanodes for photoelectrochemical (PEC) water splitting, The interface between 
CdS and PDA as mentioned promotes charge separation which decreases the charge concentration and corrosion of CdS achieving an improvement of PEC activity 
besides the photoanode stability. Once Co-Pi OER is co-catalyst, it can act as a hole transfer channel where Co2+ can be oxidized by the photogenerated holes towards 
Co3+ or Co4+, species that can improve the photostability of the composite by banning charge recombination and promoting water oxidation kinetics. Reproduced 
from Ref. [342] with permission from the Royal Society of Chemistry. 
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the heating surface meanwhile, the hydrophilicity of MXenes and PDA 
contributes to the properly wettability of the photothermal membrane 
[344]. Moreover, considering the high solar absorption of PDA and 
MXene composites, they can be combined with phased change materials 
(PCMs) to enhance solar to thermal energy conversion as another 
possible application. New composite PCM (CPCM) has been developed 
recently by caging polyethylene glycol (PEG) with combining melamine 
foam (MFO) and Mxene under the action of PDA. As a result, PEG/MPMF 
CPCM (PEG@MPMF) showed a melting enthalpy value up to 186.2 J/g, 
representing 99.5% of pure PEG, good heat storage properties improved 
light absorption and outstanding shape stability and reusability after 
100 thermal cycles [345]. These results show an improvement in solving 
classical PEC thermal material issues like liquid phase leakage, poor 
photothermal conversion efficiency and low thermal conductivity 
[357], presenting possible applications of these materials in 
energy-saving buildings or solar energy storage systems. 

Besides PDA/MXene, another recent material developed for solar 
desalination applications is the MoS2-based evaporator (MPU-PPU). It is 
formed by a double layer structure (DLS) where there are two layers. The 
bottom layer originated from a polyurethane (PU) sponge that has been 
coating with PDA that will act as an insulation layer and water pump due 
to its hydrophobicity. The top layer is made of MoS2 nanoparticles 
embedded onto 3D porous PU sponge frameworks. In this case, it is 
going to be responsible for solar light absorption and photothermal 
conversion. The final result was achieved with a straightforward con
struction process and exhibited good mechanical flexibility, high evap
oration efficiency of 85% under low illumination of 1.0 kW m-2 and high 
evaporation efficiencies over 90% when the illumination was solar 
(1.5–2.5 kW m-2). These fantastic results were achieved because of the 
high photothermal efficiency, localized heating effect, hydrophilic bot
tom layer, which can promote fluid flow to the hot region above and 
finally, a porous structure that allows adequate water supply and vapor 
channel. Superior desalination performance, joined with excellent 
recyclability, provides great potential in possible commercial use [346]. 

2.6.2. VdW materials (MoS and MoSe2) 
Molybdenum disulfide (MoS2) is a semiconductor that possesses an 

indirect bandgap of 1.3 eV in bulk. It is considered unsuitable for 
inducing photocatalytic reactions due to the impossibility of separating 
charge carriers properly [358]. Nevertheless, MoS2 2-dimensional 
nanoparticles, like nanosheets, modify indirect bandgap to a direct 
bandgap of 1.9 eV, turning the MoS2 2D bandgap into a suitable VIs light 
harvesting. This fact, added to the high disponibility of MoS2 on earth, 
turns it into a promising VIS responsive photocatalyst [359]. Among the 
different applications reported in the literature are hydrogen production 
[360], photosynthesis [361] and environmental remediation [362,363]. 

2D-MoS2 nanoparticles or sheets can be synthesized by several 
methods classified into mechanical exfoliation, chemical exfoliation and 
bottom-up approaches [364,365]. All of them have their advantages and 
drawbacks. Among them, to create MoS2 nanosheets, chemical exfolia
tion is one of the better options because it can provide a large amount of 
mono or few-layered nanosheets with higher carrier mobility than other 
methods, like mechanical exfoliation, making it suitable to scale up 
[366,367]. 

However, photogenerated e-h pairs suffer from fast recombination, 
difficulties in separating the photocatalysts after the reaction and a 
limited amount of active edge sites, thus decreasing the practical 
application of MoS2 based nanocatalysts. Some strategies have been 
developed in order to minimize those problems. It is well known that the 
size and shape of MoS2 influence photocatalytic performance [368]. 
Therefore by using different precursors like (NH4)2S, Na2S or CH4N2S, it 
is possible to obtain different morphologies, as the transition from bulk 
to nanostructures has a strong influence in the catalytic behavior, for 
instance, in MoS2 nanosheets, bandgap shifts from indirect 1.2 eV to 
direct 1.9 eV by decreasing the number of layers from 8 to 1 [369]. 
Changes in bandgap values help minimize photogenerated charge 

carriers’ recombination rate improving photocatalytic performance 
[370]. Besides the varying morphology, other techniques can be used to 
modify bandgap energy. Decorate MoS2 catalysts with chemical dopants 
is one of them, wherein impurities introduced by dopants can trap 
photogenerated charge carriers [371], and as a direct consequence, 
Visible light absorption will be increased [372,373]. Typical used 
metallic dopants are Ni [374], Co [374], Ag [371] or Fe [375] and the 
most common non-metallic dopants include P [376] and N [377,378]. 
Apart from doping, another ingenious method to alter bandgap values is 
to create heterojunction between MoS2 and other semiconductors 
[379–381]. Creating MoS2@PDA nanocomposites can be a suitable 
nanostructure to enhance the photocatalysis performance of MoS2. 
Hitherto MoS2@PDA nanocomposites have not been deeply studied. 
There is a lack of literature about properties and applications. A study 
about how MoS2@PDA nanocomposites can be used in capacitive 
deionization (CDI) exhibits lower inner resistance because of their better 
wettability, and much higher specific capacitance bared MoS2. As a 
result, the electrosorption rate and desalination capacity are amelio
rated. These facts added to the electrochemical stability given by PDA 
place MoS2@PDA nanocomposites in a promising material for the CDI 
process [97]. 

Continuing within the environmental remediation field, water- 
splitting devices incorporation is a promising method to obtain H2 and 
O2 usable in energy applications. However, their large-scale production 
and commercial applications need to develop low-energy and high- 
efficiency photoelectrocatalysts able to catalyze its reactions without 
the use of expensive noble metal catalysts, which present several eco
nomic drawbacks (see Section 2.3). Regarding hydrogen evolution re
action (HER), recent research has led to the development of a self- 
sustained photo-driven PMFC which can be fabricated with MoS2 
nanomaterial and, thus, the construction of an electrode made by MoS2/ 
PDA/TiO2 towards HER is possible. This nanocomposite can increase 
charge separation of photogenerated carriers through bio-electrons 
assistance, and under neutral conditions, it provides special dual- 
electrons (ebio/epho) route for nanomaterials synthesis and HER. The 
amorphous MoS2/PDA/TiO2 electrode perform outstanding catalytic 
and photoelectrochemical behavior, low overpotential, 351 mV vs SHE 
and an astonishing H2 evolution rate up to 0.003 m3 m-3 min-1 in com
parison with the sample without the biosynthesis. Boosting continuous 
hydrogen generation can be achieved due to the ameliorated electricity 
energy from the PEMFC reactor by serving as a built-in bias [347]. 
Another interesting material is molybdenum diselenide (MoSe2), which 
has recently received lots of attention due to its mechanical changes in 
confiment [382]. 

Using polystyrene (PS) fibers covered with PDA as a rigid template is 
possible to obtain a photocatalyst towards HER made of molybdenum 
diselenide, which is decorated by porous carbon fiber (MoSe2-PCF). PDA 
covered PS fibers by in-situ polymerization, and PDA carbon fiber holds 
a highly conductive framework and nanoscale channels with a highly 
textured surface responsible for facilitating nucleation and growth of 
MoSe2 nanosheets uniformly. Because of the synergistic effects of MoSe2 
and porous carbon fiber substrate, MoSe2-PCF was able to perform good 
HER activity with a small onset potential of about 70 mV, low Tafel 
slope (65 mV dec-1) and better long-term stability in acidic media if 
compared with another non-precious metal catalyst. As a final result, 
MoSe2-PCF nanocomposite appears as a promising catalyst to HER 
[348]. Apart from being incorporated as a final material, PDA can be 
used during the synthesis process and be modified to achieve the final 
structure. In the particular case of MC@MoSe2 hierarchical hollow 
nanoboxes, PDA is calcinated during the synthesis achieving a final 
N-doped carbon (NC) layer that will act as a hollow template and highly 
conductive substrate. Enhanced catalytic performance towards HER is 
accomplished due to the combination of functional and structural ad
vantages of NC and two-dimensional layered transition metal dichal
cogenides (TMDs), endowing MC@MoSe2 nanoboxes with abundant 
active edges and high conductivity. The optimal thickness of MoSe2 shell 
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MC@MoSe2 nanoboxes showed a low onset potential of 61 mV, 
extremely small overpotential of 164 mV vs RHE at 10 mA cm-2, great 
reduced Tafel slope value of 55 mV dec-1 and a higher exchange current 
density of 0.102 mA cm-2. Finally, by density functional theory (DFT) 
calculations and experimental results, strong electronic coupling be
tween NC and MoS2 has been proved, allowing to an increased carrier 
density placed around Fermi level and activating H* adsorption places 
with reduced ∆GH making MC@MoSe2 nanoboxes a promising material 
towards HER catalysis [383]. 

Besides environmental remediation, polydopamine-based materials 
are of great importance in another actual and global concern application 
that is aimed to solve and eradicate health problems. Recently, new 
hybrid materials with PDA have been developed to sort out problems 
with artificial implants, specifically to fight against cancer or achieve an 
early diagnosis of several diseases. After implantation, the major issues 
of artificial implants are possible infections provoked by bacteria and 
insufficient bone tissue integration, leading to a possible implant failure 
[384,385]. A common method to enhance antimicrobial properties of 
implants is to release antimicrobial agents like Zn, Ag or Cu [386–388], 
but a principal and severe drawback appear, associated with toxicity 
aggravated by high concentrations [389,390]. The suggested method to 
overcome this disadvantage is a new bio-functionalized titanium dioxide 
(TiO2)/molybdenum disulfide (MoS2)/polydopamine (PDA)/arginine-
glycine-aspartic acid (RGD) nanorod arrays (NAs) prepared on Ti. The 
composition of TiO2/MoS2/PDA/RGD NAs, both in vitro and in vivo, 
under 660 nm (vis light) and 808 (NIR light) irradiation possess aston
ishing antibacterial activity. By applying those light wavelength dual 
irradiation, MoS2- doped NAs are generating a hyperthermia and reac
tive oxygen species (ROS) which synergistic effects enhance the bacte
rial membrane permeability, killing almost all the bacteria within 
10 min and also destroying the biofilm. This material not only has 
antibacterial activity,moreover, it promotes the osteogenic activity. Cell 
experiments shows that TiO2/MoS2/PDA/RGD encourage proliferation 
and differentiation of osteoblasts, accomplishing a big potential in the 
noninvasive treatment of post-implantation infection [350]. 

PDA can be part of nanoplatforms designed for diagnosis. As a part of 
histone post-translational modification, histone acetylation works by 
genome stability regulation in repairing DNA damages, controlling 
nutrient metabolism and chromosome transcription [391,392]. Histone 
acetylation has been associated with several human diseases, like can
cer, Alzheimer’s, leukemia or cardiovascular [393]. This process is 
catalyzed by histone acetyltransferase (HAT) using coenzyme A as an 
acetyl group donor. Therefore the content of histone acetyltransferase 
has a strong influence on the expression level of histone acetylation. By 
developing a fast, sensitive and selective method for histone acetyl
transferase detection, it is possible to obtain an early diagnosis about 
histone HAT-based diseases and the discovery of HAT-based drugs. 
Novel heterojunction made by black TiO2 and WS2 with photo
electrochemical activity was enhanced with a solid-state electron donor 
PDA, acting as a photoelectrochemical biosensor. The final result 
showed a wide linear range from 0.01 to 500 nM for HAT detection with 
a detection limit of 0.0033 nM (S/N = 3), good selectivity, reproduc
ibility and stability being a great potential platform for the detection of 
the abovementioned diseases [351]. 

Regarding cancer, standard procedures to treat it such as radiation 
therapy, chemotherapy or surgery are accompanied by rather severe 
damage to the patient health. Therefore, a significant number of recent 
advances in nanotechnology have been focused on cancer diagnosis and 
therapy [394–396]. Within these applications, photothermal therapy 
has attracted much attention due to being a low-invasive technique. It 
consists of creating a high located and controlled hyperthermia by using 
optical energy and photothermal agent, thus leading to reactions inside 
the tumor and achieving cancer cell depletion as a result. Carbon-based 
materials [397–399] and gold nanoparticles-based materials [400–402] 
have been the most investigated for these applications, but other pos
sibilities based on materials combined with PDA have appeared. The 

photothermal nanocarrier is made of selenide molybdenum coated by a 
PDA shell, and anticancer drug doxorubicin (Dox) loaded in it 
(MoSe2@PDA-Dox) has been studied. By adding PDA onto the surface of 
MoS2 nanosheets, the anchor places for loading Dox are being provided, 
and it is possible to enhance MoS2 photothermal effects, simultaneously 
decreasing cytotoxicity. The final MoSe2@PDA nanocomposite showed 
good biocompatibility, stability and high photothermal conversion ef
ficiency, while it was possible to load doxorubicin in it, thus creating an 
efficient therapeutic agent capable of releasing Dox induced by pH and 
heat control. In vivo experiments, MoSe2@PDA-Dox exhibited severe 
damage to tumor tissue by NIR-induced high located hyperthermia and 
fast drug release appearing as a great platform to combine chemical and 
PTT for anti-cancer treatment [403]. 

2.6.3. FexOx/PDA composites in photocatalysis? 
Several iron oxides are existing, with different crystalline structures 

and properties. These magnetic materials have found extensive appli
cability in several fields, e.g., a drug carrier, hyperthermia and cancer 
therapy, magnetic resonance imaging (MRI), magnetic separation, pro
ton exchange membranes, or sensors. Among others, the most common 
structures are magnetite (Fe3O4), hematite (α-Fe2O3) and maghemite 
(γ-Fe2O3) [404]. However, despite the typical application of Iron oxides 
in catalysis [405–407] and photocatalysis [408], not many studies 
explore PDA’s enhancement or interactions with Iron Oxides. Instead, 
most of the studies focus on the fabrication advantages of PDA in order 
to anchor or template metal oxides in functional architectures [154,159, 
189,198,409]. Nevertheless, here we summarize some of the most 
exciting properties of different iron oxides, which we believe can be 
studied in a combination of PDA heterojunctions. 

Magnetite is a semiconductor material with a narrow optical gap that 
presents high carrier mobility durability and a cheap-straightforward 
fabrication method [410]. Previous studies about finding a value for 
optical gap reported its range between 0.1 and 1 eV [411], but more 
recent studies show that magnetite nanoparticles present a direct and 
indirect bandgap of 2.40 eV and 2.45 eV, respectively [412,413]. 
Meanwhile, thin films prepared by chemical vapor deposition (CVD) 
present values of 2.78 eV for direct and 2.17 eV for indirect bandgaps 
[414]. It is possible to assert that the crystallite size influences optical 
properties of magnetite due to the confinement effect [415–417]. 
Among those changes are optical properties, which affect nano
materials’ photocatalysis behavior [414]. 

Magnetite nanoparticles can be synthesized by several methods, 
whereby controlling the synthesis parameters it is possible to tune their 
shape and size. For instance, it is possible to obtain spherical particles up 
to 25 nm [418]. In turn, with the hydrolysis method, it is possible to 
obtain larger particles up to 50 nm with cubo-octahedral structures 
[419], among other morphologies and sizes obtained with other 
methods like sol-gel technique [420] or thermal decomposition [421]. 
Although the literature in this aspect is too vast to be summarized very 
briefly, it is essential to remark that these nanoparticles’ general 
applicability and tunability are well established. 

Another material is α-Fe3O4, which is an n-type semiconductor, that 
presents a narrow bandgap (2.2 eV) [422], lower than TiO2 and ZnO. 
This property, combined with its chemical stability, high surface area, 
and capacity to absorb light up to 600 nm (collects 40% of the solar 
spectrum energy), makes it a promising material for photocatalytic ap
plications. Due to the bandgap value and VB edge located lower than the 
water oxidation potential, its most promising application is photo
electrochemical water splitting (PEC). It presents a theoretical photo
current of Jsc = 12.6 mA cm-2 under AM 1.5G solar irradiation allowing 
a PCE = 15.5% [423,424]. Nevertheless, a high concentration of iron 
ions is produced in the used bulk, requiring secondary treatment [425]. 
Moreover, it possesses a high e-h recombination effect, short 
excited-state lifetime (~1 ps) [426–428], and low diffusion length 
(~2–4 nm) [429,430], so its efficiency in collection and charge sepa
ration as PEC anode is limited. Also, the conduction band of hematite is 
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below H2 evolution potential, so an external bias is required [431]. 
Despite these aspects, no studies have explored the PDA/ α-Fe3O4 for 

photocatalytic applications. Nevertheless, this research has much room 
since several methods and techniques to synthesize α-Fe3O4 nano
particles are available. All of which can provide a large variety of 
morphologies and nanoparticle sizes. Nanoparticles, nanotubes, nano
wires, nanoflowers and hollow spheres have been synthesized through 
solution-based methods like hydrothermal [432–434], sol-gel [435,436] 
and solvothermal [437,438], also is possible to create nanorod arrays, 
nano-dendritic structures, nanowires and thin films with gas-phase 
deposition technique [439–444]. 

Finally, regarding maghemite, a sharp absorption below 600 nm is 
observed. The experimentally reported bandgap is 2.0 eV [445]. How
ever, it is possible to find other different values for other kinds of 
structures such as nanofibers which reported bandgap is ~4.2 eV [446]. 
To obtain different shapes and sizes of maghemite nanoparticles several 
methods can be performed. For example, maghemite particles of average 
diameter 8 nm can be grown by a coprecipitation method by using Fe2+

and Fe3+ salts as an iron precursor in an alkaline medium. Moreover, it is 
possible to obtain smaller particles using this method, even down to 
2 nm, by adding citrate during γ-Fe2O3 crystal growth [447]. Another 
possible method to obtain maghemite nanoparticles is to synthesize 
maghemite nanoparticles before, by coprecipitation method (average 
diameter of 7 nm) or modified Massart method (13 nm of average 
diameter) and in a further step transform them into maghemite by 
aeration oxidizing [448]. 

Until now, there is a shortage of information about FexOy/PDA and 
its applications in photocatalysis, because most of the applications 
exploit them as co-catalyst or in the biomedical field [159,163,184,185, 
222]. Although the field has not been fully explored yet, many nano
materials are available. Nanometer to micrometer magnetic particles 
have recently attracted attention because of their possible applications 
on magnetic recording and in a large of different biological and medical 
applications (vide supra). Here, hematite and magnetite present suitable 
characteristics for acting as proper photocatalysts. By surface modifi
cation via PDA, it would be possible to enhance their photocatalysis 
activity by solving problems like low diffusion length and high recom
bination rate aggregation or low chemical stability. 

3. Conclusions and further perspectives 

Many new findings related to polydopamine can be expected in the 
future. As it was shown here, there are several unexplored possibilities 
and architectures, which are waiting for their exploitation and investi
gation. In general terms, we would like to mention, e.g. variations of the 
original oxidation methodology, chemical post modifications of PDA, 
and the use of DA-derivatives or analogs [27]. However, in this review, 
we emphasize the photocatalytic performance and energy applications 
of PDA-based nanocomposites. Most of the referenced works addressed 
these issues directly or indirectly, showing the growing interest in these 
materials. Based on the presented literature, we can foresee the incre
ment of studies and projects in this field PDA-based photocatalysis, 
emphasizing the control of its Physico-chemical properties. Among these 
studies, the following areas could be of high interest. 

• Metal Sulfides like ZnS, MoS2, CdS and others, are n-type semi
conductors with appropriate bandgap structures what makes them a 
great candidate for photocatalytic applications [278–281,298–300, 
358]. However, they suffer from photocorrosion and fast charge 
carriers recombination [297,300,358]. But the latest studies have 
revealed the following relationship when preparing a composite 
from them and PDA, such heterojunctions are advantageous for 
photocatalytic reactions with respect to the charge transport, charge 
separation, and cycle stability [114,342]. That is why one should 
expect a significant increase in publications describing such 
solutions.  

• Further research and development on the abovementioned MoS2 and 
MoSe2 and other materials with a 2D structure known as the van der 
Waals system raise the possibility of new types of quantum hetero
structures with atomically sharp interfaces between 2D layers of 
dissimilar materials [449]. Especially, the family of transition-metal 
dichalcogenides (TMDs) is worth mentioning here because it in
cludes several semiconductors with bandgaps ranging from 0.5 eV to 
3 eV. Various heterostructured electrocatalysts have been obtained 
and tested, namely: MoS2/MoSe2 [450], MoS2/rGO [451], MoS2/VS2 
[452], MoS2/WS2 [453]. But in order to fully exploit the potential of 
van der Waals heterostructures for photocatalytic applications, huge 
progress in material science is needed. This can be achieved by 
further modification with polydopamine coatings or interfacial 
membranes. Moreover, laminar heterojunction between polydop
amine and semiconductors may prove to be an interesting direction, 
especially those including 2D materials and stacked composites. 
However, the procedure for obtaining PDA thin layers at the air/
water interface should be improved [138,142,454], especially 
focusing on the control of truly 2D-like PDA structures [89]. One of 
the possible ways to obtain films with improved stability is enzyme 
oxidation, but only the laccase enzyme has been investigated so far 
[146], opening further opportunities and studies.  

• Moreover, different properties of the upper and lower surfaces of the 
membrane were noted (e.g. roughness and probably water contact 
angle), which is a challenge for surface engineering [144]. Also, in 
the experiments described in Section 1.2.2, films have not reached 
complete homogeneity, which might be an essential aspect to 
explore in the future, as large scale transferable systems are more and 
more needed. Furthermore, no conclusive method for transferring 
membranes to a pre-prepared substrate has been systematically 
described, except for the rather rudimentary straightforward 
scooping from the solution surfaces. Nevertheless, more complex and 
sophisticated methods such as Langmuir Blodgett/Schaefer might be 
more featured in the following years.  

• Considering metal oxides, some of which have already been well 
described, for instance, for TiO2 and ZnO [114,225,229,254], but for 
other materials, it is not so well studied (i.e. FexOy). Heterojunction 
between metal oxides and PDA has already been described, but at 
this point, most of the studies report on experimental enhancements 
without providing much understanding of the fundamental mecha
nism and their complex interplay [73]. For example, ZnO nano
particles have already shown applicability in wastewater treatment, 
thanks to their photocatalytic activity. Though the ZnO optical ab
sorption edge is wider, reaching even a part of the visible region, thus 
resulting in better performance under sunlight, this advantage has 
not been well explored, especially in view of the PDA enhancements 
reviewed here [265,266]. Furthermore, the coupling of the pizo
electric response and PDA/ZnO composites is also still missing in the 
literature. It is known that the PDA layer decreases e-h pairs 
recombination, influences photoluminescence quenching, decreases 
activation energies, and shifts the absorption peak of ZnO semi
conductors, thus improving photocatalytic performance [73,275]. 
This could also prove to be one of the more exciting research areas 
over the PDA in the coming years.  

• An exciting group of metal oxides are magnetic particles because 
such nano or microparticles with photocatalytic properties could be 
used in many different fields, e.g. remediation, biological or medical 
applications [422]. So far, in the literature, there is little information 
about FexOy@PDA heterojunctions and their applications in photo
catalysis. Whereas, modification of hematite or magnetite surface 
with PDA influences and eliminates some disadvantages, such as low 
diffusion length, high recombination rate, the tendency to aggrega
tion or low chemical stability. Nevertheless, most of the studies are 
focused on the applications of FexOy@PDA nanomaterials on 
biomedicine [154,189,198,409], especially in photothermal therapy 
[455]. However, the inherent overlapping between electron transfer, 
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catalysis, physical properties and biocompatibility of these com
posites has yet to be fully explored, which could provide novel 
functionalities or a deeper understanding of the applicability of these 
composites. 

Finally, several studies are needed in order to shed some light on the 
PDA/Semiconductor interface, for example, studies controlling the 
chromatic and crosslinking level of PDA layers from different reducing 
agents and their influence on the photocatalytic performance of such 
nanocomposites. Also, studies in which the PDA shells’ hydration and 
conductivity are studied, perhaps in combination with diffusion exper
iments in deuterated media. Moreover, the investigation of hot electrons 
or piezoelectrically generated carriers on PDA-based composites might 
bring novel functionalities in piezo-catalysis and PDA applications. 
Overall, several studies can be sketched and outlined for the following 
years, especially those focusing on polydopamine’s electronic and op
tical properties. 
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[73] V. Fedorenko, R. Viter, R. Mrówczyński, D. Damberga, E. Coy, I. Iatsunskyi, 
Synthesis and photoluminescence properties of hybrid 1D core–shell structured 
nanocomposites based on ZnO/polydopamine, RSC Adv. 10 (2020) 
29751–29758, https://doi.org/10.1039/D0RA04829A. 

[74] D. Chen, Y. Mei, W. Hu, C.M. Li, Electrochemically enhanced antibody 
immobilization on polydopamine thin film for sensitive surface plasmon 
resonance immunoassay, Talanta 182 (2018) 470–475, https://doi.org/10.1016/ 
j.talanta.2018.02.038. 

[75] S. Kianersi, A.A.A. Varjani, Atefeh Solouk, J. Ai, B.P. Lee, Mussel-inspired 
polydopamine-coated silk fibroin as a promising biomaterial, Bioinspired 
Biomim. Nanobiomater. 9 (2020) 147–154, https://doi.org/10.1680/ 
jbibn.19.00045. 

[76] G. Sun, F. Zu, N. Koch, J. Rappich, K. Hinrichs, In situ infrared spectroscopic 
monitoring and characterization of the growth of polydopamine (PDA) films, 
Phys. Status Solidi Basic Res. 256 (2019) 1–8, https://doi.org/10.1002/ 
pssb.201800308. 

[77] X. Geng, J. Wang, J. Ye, S. Yang, Q. Han, H. Lin, F. Liu, Electrosprayed 
polydopamine membrane: surface morphology, chemical stability and separation 
performance study, Sep. Purif. Technol. 244 (2020), 116857, https://doi.org/ 
10.1016/j.seppur.2020.116857. 

[78] N.K. Khanzada, S. Rehman, S.Y. Leu, A.K. An, Evaluation of anti-bacterial 
adhesion performance of polydopamine cross-linked graphene oxide RO 
membrane via in situ optical coherence tomography, Desalination 479 (2020), 
114339, https://doi.org/10.1016/j.desal.2020.114339. 

[79] U. Farooq, J. Zhuang, X. Wang, S. Lyu, A recyclable polydopamine-functionalized 
reduced graphene oxide/Fe nanocomposite (PDA@Fe/rGO) for the enhanced 
degradation of 1,1,1-trichloroethane, Chem. Eng. J. 403 (2021), 126405, https:// 
doi.org/10.1016/j.cej.2020.126405. 

[80] Z. Xia, G. Liu, Y. Dong, Y. Zhang, Anticorrosive epoxy coatings based on 
polydopamine modified molybdenum disulfide, Prog. Org. Coat. 133 (2019) 
154–160, https://doi.org/10.1016/j.porgcoat.2019.04.056. 

[81] D. Damberga, V. Fedorenko, K. Grundšteins, Ş. Altundal, A. Šutka, 
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A B S T R A C T   

Polydopamine is one of the most promising biomimetic polymers for environmental, biomedical and energy 
applications. This review presents the current state of the art in the electrochemistry of polydopamine nano
materials and its applications in the electrochemical analysis and sensing field. First, the mechanism of elec
trochemical oxidation of dopamine is given concerning the influence of the electrodeposition method and 
processing conditions, e.g. the pH value is presented, as well as the particularities of polydopamine in electro 
impedance spectroscopy studies. The electrochemical formation of the polydopamine free-standing thin films is 
also discussed. Moreover, literature examples of polydopamine for construction or functionalization of the 
electrochemical sensors for drug traces, disease markers and pesticide contaminants detecting, potentiometric 
sensing, and wearable strain sensors construction are presented. Finally, we outline the future developments and 
perspectives of the field.   

1. Introduction 

Polydopamine (PDA) is a biomimetic polymer, developed and 
described for the first time in 2007 [1]. The marine mussel adhesive 
properties inspired the investigation of the mechanism, where one of the 
proteins - responsible for this phenomenon -was found to be rich in 
dopamine (DA) and lysine units. Interest in replicating and under
standing this mechanism resulted in the fabrication of polydopamine – a 
new, biocompatible polymer with strong adhesive properties [2]. PDA 
has made a sizable impact in nanotechnology [3–6], biomedicine 
[3,7,8], catalysis [9], photocatalysis [10], water remediation [9,11] and 
other fields, especially in recent years [4,6,9–13]. To date, PDA films 
and nanoparticles are predominantly formed via autoxidation in slightly 
alkaline aqueous dopamine solution (>pH 7.4). In this process, the 
formation of the PDA is triggered by the oxidation and self- 
polymerization in the presence of oxidizing species, where the film 
thickness or the nanoparticles’ size and other properties rest on the 
condition used [1,2]. As a versatile and relatively simple method, 
autoxidation has gained much attention; however, this method suffers 
from low-efficiency selectivity and is hard to control in situ [4]. 

Moreover, the real-time detection of dopamine is a critical issue in 
analytical chemistry and medicine [14–18]. Fortunately, electro
chemical techniques stand as an affordable and accurate solution for 
dopamine’s real-time in-vivo detection [15,18]. However, a significant 
problem with these techniques is the fouling of the working electrode 

(where the interaction between analyte and sensing probe takes place), 
which is considered to be the main reason for biosensors’ ineffectiveness 
in vivo [19,20]. The electrochemical fouling process forms an insulating 
layer on the electrode due to the reaction used for the detection. This is a 
typical aspect of DA, as its oxidation products are very reactive and 
moreover - it is well known that under a proper environment (pH > 7.5), 
polydopamine formation occurs spontaneously [10,21]. Fortunately, 
this property of dopamine does not have to be viewed solely as a 
disadvantage. Therefore, researchers decided to use the mechanism of 
electrochemical oxidation of dopamine to obtain thin polydopamine 
layers on the electrodes’ surface. Electrochemically induced polymeri
zation is a relatively novel strategy of the PDA thin-film deposition at 
conductive or semiconductive substrates [22]. This procedure allows 
faster deposition times than autoxidation, being capable of reducing the 
duration of the process to a few seconds [22]. Fortunately, PDA is 
recognized as an organic semiconductor, thus allowing the layer to grow 
even after the substrate is completely covered [10]. Moreover, high 
spatial control and selectivity are achieved during the electro- 
polymerization occurring at the interface between the solution and 
electrode. In other words, the possible electro-oxidation of dopamine on 
different electrode materials and/or under divergent conditions leads to 
relatively good control over the process compared with autoxidation, as 
explained in Section 3 [23]. Finally, a more homogenous morphology 
with less particulate material of the deposited films is obtained, pre
cisely controlling the film thickness [23]. 
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As described until now, there are strong prospects for exploiting the 
electrochemical methods in detecting dopamine and obtaining the PDA 
thin films and coatings. Nevertheless, polydopamine can also be utilized 
to produce electrochemically active composite electrodes. Significant 
many applications remain without dedicated or appropriate sensors, e. 
g., measuring hazardous chemicals like pesticides in water [20]. 
Simultaneously, some of the properties of conducting polymers (CP) 
based composites make them promising competitors in electrochemical 
sensor device manufacturing. Furthermore, the functionalization of CP 
with biochemical molecules has been utilized to monitor drug transport 
and bioimaging approaches [24]. Also, the development of novel elec
trochemical sensors exploiting nanomaterials’ superior properties has 
recently gained significant attention [25]. The careful selection of the 
active material in a given sensor is critical for sensor performance [26]. 
Polydopamine combines both the properties of CP and nanomaterials, 
acting as a versatile and promising candidate for a multifunctional 
component of the electrochemical sensor for numerous applications. 
Moreover, PDA addresses crucial concerns in constructing and applying 
smart wearable sensors for humans, considering its excellent adhesion to 
virtually any type of substrate [1], biocompatibility [27,28], and semi
conducting electrical nature [21,29]. 

This review aims to explain and summarize the current state of the 
art on the electrochemical deposition of the PDA thin films and shed 
light on some selected, novel applications of the PDA for the construc
tion of electrochemical and intelligent wearable sensors. As expected, 
we build upon relevant reviews on electrodeposition of catecholamines 
and PDA based coatings [30], Sensors [31] and surface chemistry [32], 
to provide a general view of the current panorama of PDA sensing films/ 
coatings. We start with a detailed description of the mechanism un
derlying the electrochemical oxidation of dopamine. Next, the PDA 
deposition by cyclic voltammetry (CV), pulsed electrochemical and 
galvanostatic methods are described, focusing on the examples 
described in the literature. Moreover, the influence of the pH value, 
deposition method, and deposited coating thickness on the dopamine 
oxidation process is shown, focusing on the electron transfer process 
insights revealed by electro impedance spectroscopy. Then, a few 
available reports about free-standing PDA ultrathin films fabricated 
using electrochemical deposition methods are described, showing 
promising achievements in this recent and unexplored field. Finally, a 
chapter about the novel and highly applicable sensors based on poly
dopamine or modified with this material for electrochemical analysis 
methods, enriched with the latest wearable strain sensors for motion 
monitoring. This review shows a comprehensive picture of 

electrochemical-related studies and applications for PDA materials, 
schematically shown in Fig. 1. 

2. Electrochemical deposition of the PDA films 

This section discusses the general mechanism of polydopamine 
deposition under the influence of electric current, which is similar to the 
self-assembly of melanin in solution [33]. It also shows how this process 
occurs depending on the electrochemical deposition technique used, pH 
value and dopamine concentration. Moreover, a detailed look into 
dopamine oxidation process insights is provided. 

2.1. Mechanism 

In 1967, electrochemical techniques were applied to study cate
cholamines’ oxidation pathways in vitro for the first time [34]. In turn, 
the first report on dopamine electro oxidation was made in 2006 [35]. 
Two mechanisms of electrochemical catecholamine oxidation could be 
distinguished: the so-called ECC (electron transfer- chemical reaction- 
chemical reaction) and ECE (electron transfer- chemical reaction- elec
tron transfer) [13,34]. The slow cyclization rate for dopamine suggests 
DA has a greater tendency for “primary recombination” and thus follows 
the ECE mechanism [34,36]. Therefore, the polymerization goes 
through the following steps: the generation of o-dopaminoquinone after 
an interchange of two electrons and protons (1), o-dopaminoquinone 
intramolecular cyclization via 1,4-Michael addition, which leads to 
leucodopaminochrome (2) and oxidation to dopaminochrome (3), 
which is likely to transform into the material of interest, namely- 
melanin polymer [13,37]. Moreover, the full pathway for DA oxidation 
and further polymer growth carries out three (3) more steps: isomeri
zation (a second “C” step), redox reaction (a third “E” step) and final 
oxidation, followed by polymer deposition (the last “E” step) thus 
ECECEE mechanism [35], as shown in Fig. 2a. Therefore, the DA 
oxidation may be regarded as a series of processes where the total 
number of exchanged electrons and protons is equal 6 + x and depends 
on the final “E” step (x is the number of protons/electrons involved in 
the last step). 

A further in-depth explanation of the electrochemically enhanced 
PDA formation process depends on the technique used. Predominantly, 
cyclic voltammetry in alkaline and oxygen-free dopamine solution is 
applied. Moreover, the literature has also described galvanostatic and 
pulsed deposition methods. In the following sections, we describe these 
approaches. 

Fig. 1. Graphical overview displaying the most important subjects of the review i.e. mechanism of the dopamine electrochemical oxidation and importance of the 
polydopamine in prime electrochemical sensing applications. 
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2.1.1. Cyclic voltammetry towards dopamine oxidation 
Cyclic voltammetry is a powerful and widely-used electrochemical 

technique to investigate molecular species’ reduction and oxidation 
processes [39]. A detailed description of this method can be found in the 
literature [39–41]. Nevertheless, here we discuss the critical elements 
for the deposition of polydopamine thin films using this approach. The 
CV setup presented in Fig. 2b is a typical example of the set-up used; in 
this system, the probed process occurs on the working electrode. In the 
case of deposition of PDA layers, it is the electrochemical oxidation of 
dopamine. 

Coating with PDA was applied for the working electrodes made out 
of stainless steel [38], Gold [35,38,42,43], Titanium alloys [44], poly
crystalline platinum [45], tetrahedral amorphous carbon [45], TiO2 
[46] and ITO coated glass [47]. In turn, Ag/AgCl (KCl saturated) or 
standard Calomel reference electrodes and steel plate [38], platinum 
wire [23], or gold wire [45] counter electrodes were used in all the 
above-described experiments. The electrolyte solutions used in the re
ported experiments were acetate buffer [48], phosphate buffer saline 
[35,49,50], buffered NaCl solution [38] and Tris-buffered saline [47]. 
Moreover, an inert gas (argon or nitrogen) atmosphere is crucial, as the 

oxygen is forming a radical anion (superoxide, O2
•− ) within a reversible 

one-electron reduction process. 
What is of great importance is that the dopamine-containing elec

trolyte is not disposable. Instead, it serves for multiple electro- 
polymerization processes [46]. The number of CV cycles can be 
employed to control the thickness of the polymer film. As the poly
merization proceeds, each cycle deposits more PDA on the electrode; 
consequently, the current decreases (Fig. 2c). After numerous cycles 
(depending on the literature source cited numbers are: 5, 10 [23], 15 
[46], 20 [51], 25 [23]), the increasing amount of deposited polydop
amine leads to the insulation of the working electrode, until almost 
complete insulation (Fig. 2d) [23]. An average deposition of 82 ng cm− 2 

was observed in the first cycles, decreasing to 36 ng cm− 2 in the 25th 
cycle with an average increase of 60.2 ng cm− 2 and 4.1 nm per CV cycle. 
In this way, precision thin films of required thickness can be created on- 
demand rapidly, offering potential applications in templating, molecular 
imprinting, ultra-thin protective coating, electro-polymerization of 
synthetic dopamine derivatives, and functional membranes [23]. 

Cyclic voltammetry experiments support the aforementioned 
electro-polymerization mechanism of PDA. Fig. 2e shows the repetitive 

Fig. 2. a) Scheme of the ECECEE mechanism. Reprinted with permission from [35]. b) Scheme of the pouch cell used for anodic coating of stainless steel plates. Left: 
top and side view. Two stainless steel plates form the anode, and counter electrode (1), (Ag/AgCl, 3 M KCl) reference electrode (2) Adapted with permission from S. 
Schindler, N. Aguiló-Aguayo, U. Dornbierer, T. Bechtold, Anodic Coating of 1.4622 Stainless Steel with Polydopamine by Repetitive Cyclic Voltammetry and Gal
vanostatic Deposition, Ind. Eng. Chem. Res. 59 (2020). https://doi.org/10.1021/acs.iecr.9b05603. Copyright 2021 American Chemical Society [38]. c) CV mea
surements during the electro-polymerization of dopamine d) CV measurements for characterization after polymerization [23]. e) Cyclic voltammograms of electro- 
polymerization of PDA nanofilm at the surface of GCE. Concentration of dopamine solution was 5 mM in 0.1 M acetate buffer solution pH = 5. The scan rate was 0.05 
V s− 1. Reprinted from Sensors Actuators, B Chem, 228, M. Amiri, E. Amali, A. Nematollahzadeh, H. Salehniya, Poly-dopamine films: Voltammetric sensor for pH 
monitoring (2016) 53–58. Copyright (2021) with permission from Elsevier. 
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cyclic voltammograms obtained after the electrodeposition of a 5.0 mM 
DA solution onto a glassy carbon electrode (GCE). Starting from 0 and 
moving to the oxidation direction, the first anodic peak (a1) located at 
0.28 V is assigned to the anodic oxidation of dopamine. Once the direct 
scan has finished, the reverse scan shows two cathodic peaks (c1 and c2) 
at 0.23 V and − 0.16 V, which corresponds to the reduction of dop
aminechrome (DAC), dopaminequinone (DAQ), and the product of its 
intramolecular cyclization leucodopaminechrome (LDAC). Finished the 
complete oxidation–reduction scan and starting the second one, the 
already formed LDAC is going to be oxidized, showing a new anodic 
peak (a2) at 0.12 V. Further oxidation–reduction cycles will decrease a1 
and c1 peaks and increase a2 and c2 due to the growth of the PDA film 
on the GCE [52]. DA can be successfully electropolymerized onto the 
surface of the GCE by cyclic potential scanning in a repetitive manner 
ten (10) times in a range from − 0.4 to + 1.5 V at 50 mV s− 1 in 0.1 M 
acetate buffer (pH = 5.0) containing 5.0 mM DA [52,53]. 

2.1.2. Pulsed electrochemical PDA deposition 
Compared with the direct current electrochemical deposition, pulsed 

electrochemical deposition (PED) offers enhanced process control by 
employing additional variables: pulse on-time (ton) and pulse off-time 
(toff).. In the pulsed reverse electrochemical deposition, short anodic 
pulses are present alongside the cathodic ones (Fig. 3a). Fig. 3b shows an 
exemplary setup, where a scanning electrochemical microscopy (SECM) 
apparatus was applied for the PED deposition of a PDA coating. SECM is 
considered an appropriate tool for in-situ localized surface modifica
tions. It is helpful in creating microscopic or nanoscopic structures f 
metals, conductive polymers and insulative materials [54]. In order to 
achieve this, feedback mode [55], or direct mode [56] is usually applied. 
In direct mode, the Pt SECM tip was used as the counter electrode, gold- 
coated Si substrate as the working electrode and the standard Ag/AgCl 
(3 M KCl) electrode as the reference. In this study, polydopamine was 
deposited from a solution of dopamine hydrochloride concentration 1 
mg mL− 1 in 0.01 M PBS (pH 7.4), which was purged with argon for 20 
min before the deposition [57]. Elsewhere, PDA thin films were 

deposited onto the conductive colloidal AFM-SECM golden coated probe 
[49], and the other parameters (reference, counter electrode and 
dopamine solution used) were similar as previously described [57]. 

The other type of PED setup for obtaining PDA coatings, which was 
not based on SECM apparatus, was applied and reported only once, to 
the best of our knowledge. However, the obtained film was a multilayer 
nanocomposite of hydroxyapatite (HA) and polydopamine [58]. 
Nevertheless, a fascinating approach was presented, where the working 
electrode was a Ti foil as the counter electrode was a Pt plate, and the 
reference was a saturated calomel electrode. The electrolyte was an 
aqueous solution containing Ca(NO3)2, NH4H2PO4 and dopamine [58]. 
The electrochemical process included two pulses. During tc pulse, the 
potential was set at 1 V with reference to the SCE with a pulse width of 
50 s and the growth of the PDA layer was achieved employing oxidative 
reaction (Fig. 3c). In turn, during ta pulse, the potential was changed to 
− 1.5 V with a pulse width of 600 s. Thus, the growth of the HA layer was 
ongoing through a reductive reaction. 

2.1.3. The galvanostatic PDA deposition 
Unlike the previously described methods, galvanostatic deposition 

refers to a technique where a constant direct current is applied. Anodic 
formation of polydopamine involves the transfer of at least two electrons 
per dopamine molecule. Therefore, the obtained film thickness is related 
proportionally to the charge transmitted through the electrode [38,47]. 

Two detailed descriptions of the PDA galvanostatic deposition can be 
found in the literature. At first, anodic coating of the 1.4622 stainless 
steel with the polydopamine was reported. A potential for galvanostatic 
deposition in this experiment was set as +1100 mV, the current was 
− 15 mA, while the active area of the anode was 45 × 60 mm, thus 
corresponding to a current density of 5.5 μA cm− 2. Steel plates were 
coated in 5 mM dopamine solution at pH 5.0 (acetate buffer) and pH 6.5 
(phosphate buffer). As a result of the coating of the anode surface, an 
increase in anode potential is observed. In this study, a threshold value 
for the anode was set as the electrode potential of +1100 mV. Then, the 
deposition was stopped. When a current of − 15 mA was applied for a 

Fig. 3. a) Pulse profile for the PED ongoing process. Reprinted with permission from [57]. b) Scheme of the SECM direct mode approach for micro-structured PDA. c) 
Oxidation reaction of the PDA coating growth via PED-LbL. Reprinted with permission from C. Xie, X. Lu, K. Wang, H. Yuan, L. Fang, X. Zheng, C. Chan, F. Ren, C. 
Zhao, Pulse Electrochemical Driven Rapid Layer-by-Layer Assembly of Polydopamine and Hydroxyapatite Nanofilms via Alternative Redox in Situ Synthesis for Bone 
Regeneration, ACS Biomater. Sci. Eng. 2 (2016). https://doi.org/10.1021/acsbiomaterials.6b00015. Copyright 2021 American Chemical Society [58]. 
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time of 280 s, a charge flow of 4.2 ◦C was obtained, which corresponds to 
oxidation of 2.2 × 10− 5 mol or 3.3 mg of dopamine. Assuming an 
average density for polydopamine of 1.5 g cm− 3, the thickness of a 
uniform polydopamine coating on a stainless steel electrode was 820 nm 
[38]. However, the thickness would be reduced accordingly if higher 
oxidation states were formed during the anodic polymerization of 
dopamine. Thus a value of 820 nm must be considered as an upper limit 
for the thickness of the polydopamine layer [38]. 

Elsewhere, a constant current density of 20 μA cm− 2 was applied to 
ITO electrodes (~1 cm2) until high potential values (~2 V) were reached 
to deposit different catechol-based polymer films: 3-(3,4-dihydrox
yphenyl)-L-alanine, (L-DOPA), 5-hydroxytryptophan (L-5-HTP), and 
(±)-epinephrine hydrochloride (Adrenalin). Moreover, the behaviour of 
these four compounds was investigated, and differences in the electro
chemical process were revealed. The potential of the ITO electrode rose 
quickly (>600 s) to a high value in the L-5-HTP solution, while this 
process took approximately 3000 and 6000 s in the DA and L-DOPA 
solutions, respectively (Fig. 4a). The resultant polymeric films had a 
thickness in the order L-DOPA > PDA > L-5-HTP, confirmed by the AFM 
measurements (Fig. 4b). No film formation for Adrenalin was noted. The 
AFM images of the polymeric coatings indicate that all obtained films 
were relatively uniform, and the surface roughness increased with 
increasing film thickness (Fig. 4c) [47]. 

2.1.4. Influence of pH on anodic oxidation and polymerization 
The distribution of dopamine species is directly influenced by the pH 

value of the surrounding environment. Different distributions of species 
can influence the electro-polymerization process. The molecular struc
ture of dopamine presents two phenolic groups that can be deprotonated 
and one primary amino group that can be protonated, making possible 
the appearance of three dissociation constants(pKa) [59]. Regarding 
these pKa values, a species distribution scheme at different pHs in an 
aqueous solution is shown in Fig. 5a and b. Typically, pH values 
employed to induce self-polymerization of dopamine are under 8.5 [10]. 
In conditions as shown in Fig. 5a, until pH ≈ 7.5, all the dopamine has its 

primary amine protonated. Meanwhile, hydroxyl groups are not disso
ciated (DPAH3

+). As the pH value approaches 9, the most acidic hydroxyl 
group will dissociate, and an equilibrium appears, as shown in Fig. 5b 
(DAPH2). The proposed mechanism for anodic oxidation, under pH = 9, 
of polydopamine (Fig. 5c), is explained through an electron transfer 
reaction that creates a semiquinone radical at the anode. This will be 
further transformed into 5,6 dihydroxyindole and 5,6 indolequinone, 
which will polymerize, creating polydopamine [60]. At pH values 
higher than 9, the non-protonated amino groups start to have a strong 
presence. Thus, another possible mechanism appears where the amine 
group acts as a nucleophile [35,48,61–63]. 

Cyclic voltammograms (Fig. 6a) at pH = 5.8 and pH = 7.0 using gold 
as an electrode and a dopamine concentration of 5 mM were used to test 
the proposed mechanism for anodic oxidation of dopamine. The vol
tammograms show a shift towards lower potentials for both peak po
tentials (anodic and cathodic), due to the action of protons in redox 
reactions when pH is increased from 5.8 to 7.0 [60]. This trend is in 
agreement with another study where the oxidation peak potential shif
ted from 449 mV to 341 mV when the pH was modified from 2.10 to 
3.94. Similar shifts are observed after a pH increase from 6.12 to 7.93, 
with a change in potential from 234 mV to 128 mV. Finally, the study 
showed that when the pH is modified from 10.10 to 11.70, oxidation 
peak potential shifts from 0 mV to − 101 mV [52]. 

On the one hand, at 50 mV s− 1 the anodic peak decreases from − 48 
µA to − 41 µA when pH decreases. On the other hand, the cathodic peak 
presents a higher pH dependence decreasing from 23 µA to 3µA when pH 
increases from 5.8 to 7.0 [60]. Variation of pH means that different 
species have to be considered. At the suitable pH, the protonated I- 
DPAH3

+ is the most likely to be present, as shown in Fig. 5c, the anodic 
oxidation towards the corresponding semiquinone (II-DPAH2

+⋅) is the 
proposed first part. This process is divided into two steps. The first one 
consists of a fast single-electron oxidation (E), leading to the formation 
of the semiquinone radical intermediate, followed by the second and 
final step, which consists of fast deprotonation (C) that will stabilize the 
proton placed in between the two phenolic oxygen atoms, in agreement 

Fig. 4. a) Comparison of the potential 
profiles of the ITO electrodes during the 
electrodeposition of PDA, PL-DOPA, PL- 
5-HTP, and PAdrenalin polymer films 
using the galvanostatic method. b) 
thickness of the PDA, PL-DOPA, and PL- 
5-HTP films by AFM measurements. c) 
surface morphology of the PDA, PL- 
DOPA, and PL-5-HTP films by AFM 
measurements (scale bar is 50 nm for 
each image). Reprinted with permission 
from S. Li, H. Wang, M. Young, F. Xu, G. 
Cheng, H. Cong, Properties of Electro
polymerized Dopamine and Its Ana
logues, Langmuir. 35 (2019). https://doi 
.org/10.1021/acs.langmuir.8b01444. 
Copyright 2021 American Chemical So
ciety [47].   
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Fig. 5. a) Different dopamine species distribution (αi) at an aqueous solution as a function of pH with pKa values given by literature [59]. b) pH-dependent 
equilibrium at aqueous solution between the different DA species. c) Possible anodic oxidation mechanism at the electrode and further polymerizationReprinted 
from J. Electroanal. Chem. 836, S. Schindler, T. Bechtold, Mechanistic insights into the electrochemical oxidation of dopamine by cyclic voltammetry (2019) 94–101. 
Copyright (2021) with permission from Elsevier. 

Fig. 6. a) CV at different scan rates, pH = 5.8 and pH = 7.0, [DA] = 5 mM. Reprinted from J. Electroanal. Chem. 836, S. Schindler, T. Bechtold, Mechanistic insights 
into the electrochemical oxidation of dopamine by cyclic voltammetry (2019) 94–101. Copyright (2021) with permission from Elsevier. b) Leucodopaminochrome 
formation from dopamine through semiquinone and quinone intermediates. 
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with 13C NMR data published [64]. This pathway will result in II- 
DPAH2

+⋅. The small influence of the pH on the anodic peak values ob
tained and the electrochemical reversibility of the electrode process 
suggest a fast and pH-independent EC mechanism. Once the II-DPAH2

+⋅ is 
formed, the second part starts; it consists of the dissociation of II- 
DPAH2

+⋅, leading to the irreversible polydopamine formation (in agree
ment with the literature [65]). This part is a fast pH-dependent equi
librium reaction because it depends on the semiquinone (II-DPAH2

+⋅) 
radical concentration, which depends on pH, and it is higher (in this 
case) at pH = 7.0. Semiquinone radical acting as an intermediate in the 
process justifies the creation of oligomers based on catecholamine as 
precursors in the formation of polydopamine. Once semiquinone is 
formed following the mechanism mentioned above, it can go to a 
quinone form that can suffer a cyclization reaction and polymerization 
[66–69] (Fig. 6b). This process is not favoured at low pH values because 

the deprotonation is strongly disadvantaged, and Michael type reaction 
between or within oxidized dopamine molecules is hard to carry out 
[60,70]. 

2.2. Electron transfer and electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a well-recognized 
technique for understanding the electrochemical properties of mate
rials, led by applying an AC potential through the electrochemical cell 
and measuring the excitation signal from current floating through the 
cell [71]. EIS measurements at different pH values and electrodeposition 
methods can unveil their influence on the electron transfer (ET) 
behaviour [22]. For example, the pulsed deposition is less likely 
employed to obtain electrodeposited polydopamine than CV, despite 
some undoubted advantages of the PED process over CV, which can be 

Fig. 7. a) Pulse deposition (100 cycles) I-t curve. 1 mg cm− 3 DA, pH = 7 at Au macro electrode. Nyquist plots at pH = 2.9 and pH = 10. Impedance spectra were 
recorded with a bias potential of − 200 mV, an amplitude of 10 mV using hexaammineruthenium (III) chloride as a redox probe. b) PDA deposited by CV (10 cycles). 
c) PDA deposited by pulsed deposition (100 cycles). Figures reproduced from ref. [22]. d) Rct obtained from the fitting Randles circuit model of the impedance data. 
e) PDA coating on amorphous carbon electrodes Nyquist plots. 1 h electropolymerization time for several dopamine concentrations; 0 mg cm− 3 (red colour), 0.5 mg 
cm− 3 (black), 2 mg cm− 3 (white) and 5 mg cm− 3 (blue). Additional data for 12 h reaction (2) mg cm− 3 (pink). f) maximal PDA film deposited on silicon substrates in 
the presence, at pH = 8.5, of several dopamine concentration thickness variations. (●, left-hand scale) and of the rate constant (k) (—○—, right-hand scale). Fitting 
parameter values are calculated by using Eq. (1). The straight full line is due to the linear fit to the maximal thickness compared with the initial dopamine con
centration. Dotted lines are the confidence interval (95%), and error bars are because of the standard deviation on the value of the fitted parameters. Reprinted from, 
J. Colloid Interface Sci. 386, V. Ball, D. Del Frari, V. Toniazzo, D. Ruch, Kinetics of polydopamine film deposition as a function of pH and dopamine concentration: 
Insights in the polydopamine deposition mechanism, (2012) 366–372. Copyright (2021) with permission from Elsevier. g),h),i) Equivalent electrical circuits (EECs), 
where: testing solution resistance is represented by Rs; the resistance and capacitance which are associated with the charge transfer process occurring at the surface of 
the substrate are given by Rct and Qdl; Rf and Qf are the parameters related with the resistance and the capacitance of the forming films. Capacitive elements are 
reported as modelled by Constant Phase elements. Reprinted from J. Mol. Struct. 982, F. Yu, S. Chen, Y. Chen, H. Li, L. Yang, Y. Chen, Y. Yin, Experimental and 
theoretical analysis of polymerization reaction process on the polydopamine membranes and its corrosion protection properties for 304 Stainless Steel, (2010) 
152–161. Copyright (2021) with permission from Elsevier. 
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explained based on the EIS data. Fig. 7a shows a pulsed electrodeposited 
PDA film. After 30 cycles, the faradaic current decreases by 86%, hinting 
that the redox reaction that leads to DA’s electrodeposition is reaching 
its end. Is it possible to notice that the capacitive current contributes to 
the current response due to the darkening effect it induces at the faradaic 
contribution for the higher numbers of the cycle pulses. The advantage 
that it brings compared with CV is the concentration of the monomer at 
the electrode surface that is restored after each pulse, as the resting 
interval allows the diffusion of dopamine which, at pH around 8.5, 
should be fully protonated (Fig. 5a, b) and will experience different 
reactions towards film formation as evidenced by the linearly decreasing 
current [22]. 

2.2.1. The influence of the pH, electrodeposition methods and the PDA 
thickness. 

The charge transfer resistance (Rct) can be calculated by studying the 
diameter of the semicircle at Nyquist plots [72]. Nyquist plots for the 
deposition on Glassy Carbon Electrodes (GCE) of PDA using CV and 
pulsed deposition techniques at different pHs are shown in Fig. 7b and 
7c. The Randles circuit with a constant phase element (CPE) was used 
for modelling, and it revealed, in the chosen frequency range, that 
heterogenous ET is mainly driven by the resistance, unveiling the 
kinetically controlled process nature of the electrode reaction at the film 
interface. Rct values (Fig. 7d) differ more between different pH values 
than with different electrodeposition techniques. At pH = 2.9, the 
dominant species is I-DPAH3

+ (Fig. 5b), where the amino group is pro
tonated; thus, dopamine has a positive charge. However, at pH = 10 it 
appears to be an equilibrium between IIa-DPAH2 and IIb-DPAH2 where 

Fig. 8. Nyquist and phase angle-log (frequency) plots at different exposure times. a,b) 3.5% NaCl solution for 304 SS electrodes. c,d)24 ◦C PDA/304 SS electrodes. e, 
f) 34 ◦C PDA/304 SS. Electrodes Reprinted from J. Mol. Struct. 982, F. Yu, S. Chen, Y. Chen, H. Li, L. Yang, Y. Chen, Y. Yin, Experimental and theoretical analysis of 
polymerization reaction process on the polydopamine membranes and its corrosion protection properties for 304 Stainless Steel, (2010) 152–161. Copyright (2021) 
with permission from Elsevier. 
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dopamine, apart from having a positive charge in the protonated amino 
group, has also a negative charge at the deprotonated hydroxyl group 
ameliorating charge transfer in a 50% [22]. Fig. 7b and 7c show this 
trend and compare different deposition methods (CV and pulsed depo
sition) exhibiting a similar behaviour for the same film thickness but 
different deposition methods. Rct values obtained for different pH and 
deposition techniques are shown in Fig. 7d. A more concentrated 
dopamine solution shows higher impedance data and bigger semicircles, 
revealing that more impermeable and compact films are deposited onto 
amorphous carbon electrodes [73]. When the electropolymerization 
time is the same (1 h), semicircles of the Nyquist plot are longer for 
higher DA concentration in the solution (Fig. 7e), revealing that the 
electron transfer resistance is higher for thicker and more compact films 
(which have been achieved with higher DA concentrations as shown in 
Fig. 7f). These more compact films can also be obtained with lower 
concentrations of PDA but with more significant deposition times. As 
shown in Fig. 7e, Nyquist plot radius are pretty similar when dopamine 
concentration is 5 mg cm− 3 and the time of electrodeposition is 1 h 
compared with the experiment where 2 mg cm− 3 of dopamine and 12 h 
of reaction have been carried out. These impedance spectra follow a 
clear trend. When the thickness of the film increases, Nyquist plots 
cannot be adequately fitted in a single model like in Randles equivalent 
circuit [73,74]. Electron transfer resistance behaviour regarding the 
thickness of the PDA films deposited onto GCE and amorphous carbon 
electrodes is similar to other substrates like indium tin oxide glass, for 
example [75]. 

Finally, the long-term impedance characteristics of PDA can also be 
studied by EIS. In this case, PDA films were made by self-polymerising 
dopamine precursor at the surface of 304 stainless steel (304SS) cou
pons which acted as working electrodes. The corrosion behaviour 
studied by EIS was carried out by submerging the electrodes in 3.5% 
NaCl solution at different temperatures and for different days. The three 
other Equivalent Electrical Circuits (EECs) proposed to model the 
impedance spectra data are shown in Fig. 7g, h and i. All the results 
agree between the experimental data and the fitting, although the 
exponent alpha of the constant phase elements might have been re
ported incorrectly as per their value > 1. [76] Fig. 8 shows experimental 
and fitting data of Nyquist, and corresponding phase angle-log (fre
quency) plots for blank SS and SS covered with PDA electrodes on 
various days. For the bare 304 SS, charge transfer resistance experienced 
an increment during the first 5 days of exposure (Fig. 8a). This behav
iour can appear because of the passivation films that are formed on the 
electrode. The maximum is reached on day 5, and from here, the charge 
transfer resistance decays. In the Bode plot (Fig. 8b), it appears two-time 
constants, one is for the charge transfer resistance, and the other is for 
the passivation of films. The semicircle observed in the Nyquist plot 
decreases when time passes. This behaviour hints that the passivation 
films are broken due to the aggressiveness of the Cl-; however, Rct and 
the resistance of the film (Rf) remain steady due to the reparation of the 
broken passivation films during the following exposure times. The 
electrode covered by PDA at 24 ◦C exhibits higher Rct values than the 
bare sample. Also, the PDA layer protects the samples decreasing the 
corrosion rate and showing a better resistance than the non-surface- 
functionalized. Finally, because of water penetration, Rct value de
creases in the next 5 days [77]. In Fig. 8c, the impedance semicircle is 
gradually larger in the Nyquist plot, and Rf also increases during the 
next 10 days. This can be attributed to the redox capacity of PDA [69]; 
after 20 days, the changes shown in the Nyquist plot and Bode plot 
(Fig. 8d) are attributed to the penetration of Cl- and water within the 
PDA film. Hence, Rct and Rf values show a decrease, meaning that the 
protection given by PDA is being hidden. 

Finally, the PDA membrane created at 34 ◦C shows the most pro
tective capacity (Fig. 8e). 

The Bode plot in Fig. 8f, shows one time constant due to the strong 
binding between the 304 SS electrode and PDA. As in the previous 
electrode, Rct value decreases in 5 days because of the interactions of the 

liquid. Nevertheless, from 10 to 40 days, the electrode still exhibits high 
Rct and Rf values [77]. It is considered that the corrosion mechanism 
during the experiment is stainless steel pitting corrosion [78–80]. It is 
interesting to note that the PDA modified electrode presents an open- 
circuit voltage. Under the voltage, dopamine and polydopamine, by 
losing electrons, can protect the metallic electrode from corrosion 
damage. PDA modified electrodes present a high anti-corrosion behav
iour; considering the experimental data, the sample prepared at 34 ◦C 
the one with the highest performance. Taking into account the EIS 
studies, there are two possible explanations. On the one hand, PDA at 
34 ◦C is thicker than at 24 ◦C, ameliorating the anti-corrosion properties. 
Or on the other hand, much more binding strength and binding sites 
exist between PDA and/or DA and 304 SS [77]. 

2.2.2. Kinetics of the dopamine deposition 
As explained before, EIS experiments show that the initial concen

tration of dopamine in bulk is directly related to the thickness of PDA 
film. Higher concentration means that thicker, compact and imperme
able films are obtained. It is possible to propose a model for PDA 
deposition based on a rate equation that takes into account different 
interactions between PDA aggregates placed on the surface and on the 
solution [73]. Eq. (1) shows the deposition kinetics fitted with an 
exponential decay function where dmax is the maximum thickness and k 
is the kinetic constant. The deposition rate formula is its derivative as a 
function of time (Eq. (2)). 

d(t) = d0 + dmax
(
1 − e(− kt) ) (1)  

d
d(t)
dt

= dmaxke(− kt) (2)  

dmax = αc (3)  

d
d(t)
dt

= αkce(− kt) (4) 

Having in consideration experimental data relating to film thickness 
and dopamine concentration (Fig. 7f) it is defined that the maximum 
thickness is equal to the dopamine concentration (c) multiplied by a 
constant (α) (Eq. (2)). Eq. (4) is obtained by combining Eqs. (2) and (3), 
showing that the deposition rate is proportional to the concentration and 
decreases exponentially when time passes. k is dependent on the dopa
mine concentration at the bulk (Fig. 7f). It slightly decreases when the 
concentration increases. The exponential term shows a fast decrement 
with time in the probability for a small oligomer or oxidized dopamine 
to attach to the surface. This can be because of steric hindrance effects 
and repulsive forces that suffer the aggregates already deposited on the 
surface or are at the solution. As PDA at pH = 8.5 is negatively charged, 
electrostatic repulsions could contribute to these repulsive forces. In Eq. 
(4), the deposition rate increases with dopamine molecules that are 
present in the solution, this behaviour is expected for first-order kinetics 
with respect to the precursor molecule. However, the concentration of 
free dopamine decreases with time (as the reaction is taking place), and 
the effect is not very meaningful because the concentration of species is 
almost constant because there is much more dopamine in the solution 
than in the electrode surface where the reaction occurs. Considering all 
of these hypotheses, the deposition rate of polydopamine appears from 
the competition between two antagonistic effects; one because of the 
attractive forces and the other one because of repulsive forces. Higher 
initial dopamine concentration means higher attractive forces between 
the aggregates in solution and on the surface, leading to higher film 
thickness for a given deposition time. 

Nevertheless, at a dopamine concentration of 2 mg cm− 3, aggregates 
are significant and play a minor role in the deposition process, unveiling 
that only small aggregates grow the film. The assumed attractive forces 
that appear between these small aggregates (of unknown nature) are 
enough to balance the influence of electrostatic repulsive forces that 

J. Szewczyk et al.                                                                                                                                                                                                                               



European Polymer Journal 174 (2022) 111346

10

appear between the aggregates either in solution or at the surface. This 
scenario agrees with data shown in Fig. 7e where the impedance of the 
film increases with the increment of the initial dopamine (and film 
thickness) concentration due to the insulating behaviour of polydop
amine [73]. 

3. Ultrathin PDA free-standing films 

Due to their unique properties, ultrathin PDA free-standing films 
gained much attention in recent years. However, several developments, 
especially in their preparation and transfer onto the desired substrate, 
fully exploit their potential, e.g. for constructing the new van der Waals 
heterostructures or a laminar heterojunction between polydopamine 
and semiconductors is needed [10]. Unfortunately, due to the insolu
bility of natural and synthetic melanin, the use of conventional solution 
processing methods to prepare large-scale homogeneous melanin thin 
films is challenging [81]. Notably, it was reported that the PDA free- 
standing thin films (50–200 nm thick) are being formed at an air/solu
tion interface under static or soft-stirring conditions during a simple 
autoxidation of dopamine [82–86]. A very recent study has shown the 
apparition of what appears to be a supramolecular ordering that re
sembles 2D-like ordering. Although not fully understood till now, this 
might allow investigating several aspects of PDA self-organizing thin 
films [87,88]. However, to the best of our knowledge, there were no 
reported experiments on obtaining the polydopamine thin film from the 
air/water interface, where the growth rate or control over the process 
was enhanced with electrochemical methods. Moreover, the informa
tion about the electrochemical formation of the PDA free-standing 
membranes, in general, is minimal. This low number of publications 
might be attributed to the language freedom among authors regarding 
membrane/films. While strictly speaking, membranes provide perme
ability and filtration capabilities, many authors address them as free- 
standing structures. Therefore, this section will explain the 

mechanisms behind these studies and summarize the recent de
velopments in related fields. 

3.1. Electrochemically generated free-standing PDA ultrathin films 

To this day, the direct formation of a free-standing PDA membrane 
via electrochemically enhanced oxidation has been reported only once 
[89]. The procedure, schematically presented in Fig. 9a, started from the 
deposition of the PDA thin coating layer by dipping the gold substrate 
into the dopamine solution and sweeping the potential for several cycles 
from − 0.5 to +0.5 V. Then, to remove the film from the surface of the 
substrate, the sample was immersed for 30 min into a carbonate buffer of 
pH equal 10, to promote cross-linking of the dopamine species- that is, 
oligomers and monomers- absorbed into the film, making it more stable. 
Subsequently, the sample was immersed in phosphate buffer, and 
another three CV cycles were carried out over a wider range of potential 
(from − 800 to 1200 mV). The goal was to over oxidize the system, thus 
forming an oxide layer on gold to reduce the adhesion between the 
coating film and substrate to allow the PDA’s detachment by reducing 
the Au–N coordination. In the corresponding Cyclic Voltammogram 
(Fig. 9b), the PDA film’s effective removal and the PVA layer are visible. 
Next, the polydopamine film was coated with a PVA layer to ensure 
adhesive and mechanical support. Finally, the coating was carried out by 
drop-casting of a PVA solution in water, followed by drying the layer at 
40 ◦C for 25 min. Then, the PDA thin film was stripped off the substrate 
and the PVA film. Lastly, PVA was removed by immersing the PVA–PDA 
film in water. The ultrathin PDA film floating at the air/water interface 
was then transferred to various substrates (e.g. nylon mesh) and char
acterized by scanning electron microscopy (Fig. 9c). Therefore obtained 
film could stand freely without needing other supporting material, 
owing to their relatively high mechanical resilience, Young’s modulus of 
about 12 GPa [89]. 

Remarkably enough, the films prepared by this method have recently 

Fig. 9. a) Schematic procedure of the removal and transfer procedure of free-standing PDA films (grey) on gold substrate (yellow), scheme of the three main steps 
(top) and Photos recorded of each sample during the corresponding procedure (bottom). b) CV voltammogram of the golden electrode before PDA deposition (green), 
PDA-coated golden electrode (blue) and the golden electrode after the PDA detachment (brown). c) SEM image of PDA film on a nylon mesh. Reprinted with 
permission from [89]. d) Scheme of the difference between fabrication process and morphology of the electrospray and immerse coated polydopamine. e) Chemical 
and electrostatic character of ePDA for a PDA formation. Reprinted with permission from [90]. 
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shown outstanding light-driven motion [91]. The results show excep
tionally applicability for sensing, as they are sensitive to moisture and 
heat, while many other applications can be developed in the future. The 
question of whether the electropolymerization method is somehow 
involved in this feature or an inherent property of PDA will need to be 
addressed. Significantly, the formation of thin PDA coatings on a high- 
surface-area boron-doped carbon nanowall electrodes has been studied 
very recently [92], providing important insights into the polymerization 
dynamics and control of PDA layers. These results may be helpful in 
further experimental works toward free-standing films. On the other 
hand, other methods utilize the potential differences to produce thin 
free-standing films (albeit with a different morphology), such as elec
trospinning and electrospraying. We will briefly discuss this topic in the 
context of a polydopamine in the next sections. 

3.2. Electrospraying polydopamine films 

In the electrospray process, the charged liquid is forced out of the tip 
of a needle and then is sprayed into fine droplets with diameters ranging 
from micrometre to nanometer. Due to the mutual repulsion, the emitted 
droplets are well self-dispersed in the space without aggregation during 
the flight to the collector. The flying droplets are gradually solidified due 
to the evaporation of the solvent. Predominantly, this method is being 
used for surface functionalization and interface construction [93,94]. 
Recently, an electrospray method for PDA coating with zero wastewater 
discharge and the feasibility of dopamine polymerization during elec
trospray was demonstrated [94]. 

Elsewhere, double-layered membranes were obtained via electro
spraying of the PDA as a coating onto Polyethersulfone (PES) membrane 
as a substrate [90]. This modification was named as ePDA. For com
parison, Immersion PDA (iPDA) membrane was prepared through the 
substrate coating by simple immersion in dopamine/tris solution and 
simultaneously the autoxidation process. This differentiation was sche
matically shown in Fig. 9d. The ePDA provided a fast and controlled 
coating growth way, which produced a relatively smooth and uniform 
structure, enhanced chemical stability, higher water flux and dye/salt 
selectivity compared with iPDA. This approach is the closest to the free- 
standing PDA ultrathin membrane obtained via electrospraying, above 
all others found in the literature. Therefore, a conducted method will be 
briefly explained. Firstly, a standard 10 mM Tris aqueous buffer was 
prepared, and the pH value was adjusted to 8.5. Then, the solution was 
bubbled with nitrogen for 30 min to remove dissolved oxygen. After 
that, dopamine hydrochloride was added to achieve a concentration 1.0 
g dm− 3 or 2.0 g dm− 3. Such freshly prepared mixture solution was sealed 
in the syringe with a metal needle. Next, the syringe was mounted to the 
equipment for electrospraying, and a high voltage of about 10 kV was 
applied. The collector was a metal roller mounted with a PES membrane. 
The distance between the needle and corrector was 10 cm. The rolling 
rate of the collector was set at 80 rpm, and the feed rate of the elec
trospraying solution was about 0.75 ml h− 1. The obtained composite 
membrane via ePDA strategy was detached from the collector and kept 
in the air for further use. The thickness of ePDA coating at 8 h was 
determined to be 37 nm by using a spectroscopic ellipsometer [90]. 

Notably, significant structural differences between iPDA and ePDA 
were reported. XPS results suggested that more dopamine molecules 
were prone to cyclization in ePDA process. In other words, more 5,6- 
dihydroxyindole (DHI) and 5,6-indolequinone (IDQ) components exis
ted in ePDA. This might be the main reason that ePDA exhibited 
enhanced stability compared to iPDA due to the critical role of DHI in 
cross-linking of PDA. The explanation relies on the characteristics of the 
electrospraying method. Namely, electrospray dopamine droplets car
ried a certain amount of positive charges due to applied positive high 
voltage during electrospraying. Simultaneously, the positively charged 
character of the electrosprayed dopamine droplet benefits the removal 
of electrons released from the dopamine oxidation process. Therefore, 
more dopamine molecules were prone to be oxidized due to enhanced 

oxygen availability and electron removal based on chemical equilibrium 
theory [90,95]. Schematically, the difference between iPDA and ePDA is 
shown in Fig. 9e. 

3.3. Electrospinning polydopamine films 

Electrospinning is a widely used technique for the fabrication of 
micro-and nano-fibrous membranes for several applications in different 
fields like electrocatalytic degradation [96] or biomedical field (e.g. 
tissue engineering and drug delivery [97]). Generally, the basis is the 
application of a high voltage at the tip of a needle containing a polymer 
in the form of a solution, suspension, melt or blend. The solvent evap
orates from the charged solution during the time of flight, and the ob
tained fibres are collected on the grounded target [97]. Unfortunately, 
no experiment was described in the literature concerning electro
spinning of the pure PDA to the best of our knowledge. Instead, 
numerous reports about direct PDA coating from the solution of the 
substrates made of electrospinning membranes are available [98–103]. 

However, there is one study about PDA-based composite obtained 
via electrospinning described hitherto. Namely, the konjac gluco
mannan (KGM)/PDA nanofibers have been prepared via the electro
spinning technique [104]. PDA changed the macrostructures of the KGM 
nanofiber membrane due to the strong hydrogen-bond interaction be
tween KGM and PDA. Moreover, the as-prepared nanofiber membrane 
showed high moisture adsorption and good drug release ability, making 
it an attractive candidate for drug delivery. 

Nevertheless, this approach did not explore the potential of electro- 
oxidation of the PDA. Instead, the polymerization had already taken 
place in the starting solution before the start of the electrospinning 
procedure. Therefore, there is still a need for research on possible PDA or 
PDA-based fibres production via this technique. However, until now, 
only droplets and aggregates have been formed [90]. In the future, the 
development of high-performance and multifunctional bio-based elec
trospun nanofiber membranes will become a significant research di
rection [105]. 

4. Electrochemical sensing using PDA 

Recently, numerous approaches have been proposed to improve 
selectivity or the other characteristics of the electrochemical analysis 
methods. Most of these techniques are based on the modification of 
electrodes, e.g., creating selective electroactive sites on their surfaces 
[106]. Moreover, the modifiers have an electrocatalytic or redox effect 
on the investigated substance, as well as they could show a different kind 
of electrochemical interaction. Simultaneously, nanomaterials have 
gained much attention because of their increasing sensitivity by 
enlarging the active surface area of the electrodes [107]. Another 
emergent topic is the biocompatibility of the sensors for analysis of the 
clinical samples [108]. A very recent and popular research direction is 
also the construction of strain sensors for motion monitoring [109,110]. 
Due to its unique properties- like biocompatibility [27,28,111], envi
ronmental friendliness [112,113], catalytic performance [10], electrical 
(semi)conductivity [114], hydrophilicity [114,115]- polydopamine ad
dresses many of these issues. However, the PDA coating is not a panacea 
for any complications related to analytic applications. For example, PDA 
has a high affinity to protein adhesion which might lead to the risk of 
thrombus formation when analyzing blood samples. Therefore, further 
surface functionalization may be needed on the PDA-modified com
posites. Thus, PDA often does not stand as the standalone solution [116]. 
Taking it all into account, in this section, we will present recent de
velopments in the application of PDA or PDA-based composites for the 
construction of novel electrochemical sensors, starting from the table 
(Table 1) summarizing chosen articles in the field. Later on, some ex
amples will be explained, focusing on PDA’s role in constructing such 
sensor elements. In this work, we will not explain the latest applications 
for polydopamine in other fields, although many interesting examples 
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could be found e.g. nanoscale actuators [91], adsorption promotion 
[117,118] and metacomposites preparation [119]. We focus on elec
trochemical sensing applications. 

4.1. Drug traces detection 

Chlorpromazine (CPZ) is a first-generation antipsychotic drug in the 
family of phenothiazine derivatives and has been widely applied to treat 
different psychic diseases. However, the over usage and excess con
centration of CPZ can create severe health issues. Therefore, monitoring 
its concentration in biological fluids or environments [138,139]. Highly 
selective, amperometric detection of CPZ was achieved employing the 
RGO@PDA composite electrode, prepared via a simple electrochemical 
method. This process was schematically shown in Fig. 10a [120]. The 
resulting electrode showed significantly higher electrochemical and 
electrocatalytic activity towards CPZ than other modified electrodes 
(GO, GO@PDA, and RGO) that were investigated by cyclic voltammetry. 
The analytical sensitivity defined as the slope/electrode active surface 
area ratio of the CPZ sensor was higher than the graphene paste elec
trode, carbon nanotube-polyethyleneimine electrode, poly-3-methyl 
thiophene combined with the γ-cyclodextrin composite electrode, and 
Alizarin Red modified electrode. In turn, to assess the selectivity of the 
RGO@PDA composite electrode, the amperometric i-t method was used. 

A clear amperometric response was reported repeatability with the 
addition of 1 μM CPZ, while additions of potentially interfering drugs in 
relatively high amounts (100 μM) did not result in any amperometric 
response on the electrode of interest. 

4.2. Sensing of pesticides in food and environmental samples 

An important field where PDA-based electrochemical sensors found 
numerous applications is sensing of pesticides in food and environ
mental samples. A detailed and recent review work concerning this topic 
is available [140]. Therefore, only the most recent and important studies 
will be mentioned here. Acetylcholinesterase (AChE) biosensors are 
among the PDA-based sensors that researchers most commonly used to 
detect some pesticides in food and environmental matrices. However, 
the AChE enzyme should be immobilized on the sensor’s electrode to 
function correctly. Thus, many researchers are now resorting to the use 
of PDA-based immobilization techniques [50,136,137]. These ap
proaches show promising real-applicational perspectives, e.g., detecting 
malathion in cauliflower and cabbage samples in a concentration range 
from 0.5 to 600 ng/L with a relative standard deviation of less than 
6.14% [50]. The use of dopamine as a functional monomer resulting in 
the formation of PDA-based Molecularly imprinted polymers (MIP) 
sensors is, gaining popularity among researchers. PDA-based magnetic 

Table 1 
The summary of the chosen, recent examples of the development in electrochemical sensors construction using PDA-based or PDA-modified functional composites.  

Field Specific application Detection method Nanostructure Ref. 

Drug traces detection Chlorpromazine detection amperometric GCE1/PDA@RGO [120] 
Metronidazole detection CV, DPV GCE/MWCNTs - COOH2/PDA [121] 
chloramphenicol CV, DPV GCE/PDA-VGCF3 [122] 
sodium diclofenac DPV CCE4-PDA@Fe3O4-Aptamer5 [123] 
atenolol CV, DPV GCE/PDA [53] 

Detection of biocompounds in 
biological fluids 

dopamine, acetaminophen, xanthine CV, DPV GCE/PDA-MWCNTs6 [124] 
ascorbic acid CV CFE7/SBMA8-PDA [125] 
dopamine and uric acid in the presence of ascorbic 
acid 

DPV GCE/MWCNTs/  

PDA@Graphene 

[126] 

Disease markers detection carcinoembryonic antigen DPV Cu-MOFs9-TB10/PDA [127] 
DPV GCE/PDA-PSBMA11 [128] 

Human epidermal growth factor receptor 2 DPV rGO-PDA-Fc12/  

Au@Ag NSs13 and Ni@PtNi HNCs- 
Thi14 

[129] 

pancreatic cancer-associated microRNA, miR- 
196b 

CV PDA-Au@SPCE15 [130] 

Ion sensing Pb2+ and Cd2+ ions SWV16,  

SWASV17 

GCE/PDA@Fe3O4 [131] 

Ca2+ Potentiometric GCE/PEDOT18-PSS19/PDA [132] 
Skin-attached wearable sensors motion monitoring Function of the RCR (ΔR/R0) vs 

Strain (%) 
PU20-nanofiber /graphene/PDA/ 
PFDT21 

[133] 

CB22/NBR23/PDA [134] 
Function of the RCR (ΔR/R0) vs 
time 

PS24-PAM25/PDA hydrogel [135] 

Sensing of pesticides in food and 
environment 

dichlorodiphenyltrichloroethane EIS PDA@Fe3O4 MIP-MNPs26 [136] 
Organophosphorus compounds CV, DPV AuPt-PDA hydrogel [137] 
Malathion DPV GCE/PDA-AuNPs/CP27/MCH28/  

Aptamer 

[50]  

1- glassy carbon electrode 
carboxylic multi-walled carbon nanotubes 
vapor-grown carbon fiber 
carbon ceramic electrode 
A diclofenac single-strand DNA amino functionalized aptamer 
multiwalled carbon nanotubes 
carbon fiber electrode 
zwitterionic sulfobetaine methacrylate 
Metal-organic frameworks 
toluidine bluepoly 
(sulfobetaine methacrylate) 
polydopamine-grafted-ferrocene 
Au@Ag nanoshuttles 
Ni@PtNi yolk-shell nanocages-thionine  

2- screen-printed carbon electrodes 
Squarewave voltammetry 
Square-Wave Anodic Stripping Voltammetrypoly 
(3,4-ethylenedioxythiophene)Poly 
(sodium 4-styrenesulfonate) 
polyurethane 
1H,1H,2H,2H-perfluorodecanethiol 
Carbon black 
Nitrile butadiene rubber 
polystyrene particles 
polyacrylamide 
Molecularly imprinted polymer magnetic nanoparticles 
Ferrocene modified capture probe 
6-mercapto-1-hexanol  
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MIP sensor formation for dichlorodiphenyltrichloroethane (DDT) 
detection in food samples was achieved by using Fe3O4 magnetic 
nanoparticles, bisphenol molecules as dummy templates, and dopamine 
as the functional molecules. The detection of DDT by the sensor was 
based on the fact that the electrochemical impedance of PDA@Fe2O4 
MIP magnetic nanoparticles increased with the adsorption of DDT. Thus, 
the PDA-based MIP sensor they developed showed a relationship be
tween the electrochemical impedance response and the concentration of 
DDT in the samples [136]. PDA can also play a role in the preparation of 
electrochemical aptasensors. The PDA-based electrochemical apta
sensors involve using an aptamer, an oligonucleotide or peptide that 
binds to a specific molecule [141]. 

4.3. Detection of Bio-Compounds and disease markers in biological fluids 

Electrochemical detection of disease markers in complex biological 
fluids is frequently used to diagnose, prevent, and treat many diseases. 
However, a remarkable drop in current response due to nonspecific 
binding of coexisting species to the electrode surface is reported 
frequently [142,143]. Moreover, nonspecific binding of proteins onto 
the tissue-implantable sensing interface could cause a numeric unde
sirable immune response [125]. To overcome these drawbacks, a novel 
bio-interface was recently developed using PDA, which enables inter
facial tailing of zwitterionic sulfobetaine methacrylate (SBMA) mole
cules by Michael Addition. The fabrication process is schematically 
shown in Fig. 10b. 

Furthermore, PDA can act as an intelligent scavenger of free radicals 
and a strong adhesive primer. To evaluate the electron transfer and mass 
transport property of SBMA-PDA the cyclic voltammetry (CV) perfor
mance of ferrocenylmethanol (FcMeOH) at the SBMA-PDA-coated car
bon fibre electrode (CFE) was investigated. Results suggested that the 
SBMA-PDA does not impede either electron transfer or mass transfer 
in the electrochemical process, which might be ascribed to the ultrathin 
feature of the SBMA-PDA membrane. Moreover, the SBMA-PDA-coated 
CFE demonstrates exceptional electrochemical stability attributed to the 
strong adhesion of the PDA primer on the electrode surface. The main 
features of the obtained electrode are shown in Fig. 10c. Described 
composite has an excellent ability to prevent nonspecific protein binding 

while retaining the electrochemical performance of the electrode in 
complex biological fluids [125]. 

Elsewhere, a novel strategy for constructing sensitive and antifouling 
biosensors capable of detecting typical tumour markers, carcinoem
bryonic antigen (CEA), was developed [128]. The fabrication method 
was a simple one-step copolymerization of polydopamine (PDA) and 
poly(sulfobetaine methacrylate) (PSBMA) process. Importantly, this 
biosensor was able to work in complex biological media [128]. 

4.4. Potentiometric ion sensing 

In numerous clinical applications, potentiometry with polymeric 
membrane ion-selective electrodes (ISEs) has become the standard 
technique in the analysis of electrolyte ions such as Na+, K+, Ca2+, and 
Cl− [132,144]. However, when these sensors are continuously in contact 
with samples (e.g. in vivo analysis), they suffer from biofouling, which 
leads to a decrease in electrochemical performance and biocompati
bility, affecting both the functionality of the material and the patient’s 
life quality [145]. It was reported that biocompatibility might be 
increased by simply coating with hydrophilic materials, but improved 
adhesion of these coatings to membranes was desired. In response, a 
facile approach via polydopamine coating was proposed (see Fig. 11a). 
The hydrophilic surface modification of poly(vinyl chloride) (PVC)- 
based polymeric membrane Ca2+-was simply achieved by immersion of 
the sensor in a dopamine solution at pH 8.5. Significantly, the 
improvement in sensor biocompatibility should not influence the 
analytical performance. Therefore, the potentiometric response of 
modified and unmodified membranes was tested in the concentration 
range of 10− 8 − 10− 2 M. The results are shown in Fig. 11b. No signifi
cant difference could be observed between both electrodes, which in
dicates that the polydopamine modification has little effect on the 
electrode performance of the polymeric membrane. Indeed, the response 
slope and the detection limit remain almost the same. However, the 
response time of the modified electrode appears to be significantly 
longer than that of the classical unmodified one. In turn, nearly all 
potentiometric selectivity coefficients of the modified membrane are 
comparable to those of the unmodified classical membrane. As illus
trated in Fig. 11c, the hydrophobic membrane surface becomes 

Fig. 10. a) Schematic representation for the electrochemical fabrication of RGO@PDA composite. Reprinted with permission from [120]. b)Illustration of tailing 
SBMA on PDA-engineered bio-interfacing by Michael Addition. c)Illustration of SBMA-PDA on electrode surface for antifouling and the strong adhesion of PDA 
primer on almost all types of the electrode surface. Reprinted with permission from [125]. 
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hydrophilic with a significant decrease in the contact angle after poly
dopamine deposition from 77.9◦ ± 3.5◦ to 33.5◦ ± 1.5◦. Thus, it can be 
demonstrated that the hydrophilic modification does not influence the 
selectivity coefficients. Moreover, a significant decrease in platelet 
adhesion is observed for the polydopamine-modified hydrophilic 
membrane, which stands as proof of biocompatibility improvement. 
Also, the proposed electrode has good reproducibility and long-term 
stability for Ca2+ ions detection. In summary, the proposed PDA- 
modified hydrophilic sensor can be successfully used to detect trace- 
level Ca2+ ions in the presence of a high protein background, while 
the data obtained by the unmodified PVC-based sensor seriously deviate 
from the real values, indicating that the hydrophilic sensor shows an 
excellent anti-biofouling ability [132]. 

4.5. Strain-sensors for motion monitoring 

High-performance, wearable, and flexible strain sensors for motion 
detection have been widely investigated recently for body motion 
detection, health monitoring, and smart clothing. Conductive polymer 
composites (CPCs) are in the spotlight, as they combine excellent me
chanical and electrical properties with low fabrication costs. In princi
ples, a mechanical strain applied to the CPC either forces the embedded 
conductive particles to come closer to each other, resulting in higher 
conductivity or vice versa. The most crucial parameters of strain sensor 
materials are sensitivity, applied strain range, repeatability, and stabil
ity [134]. PDA does not act as a conductor in these composites but rather 
ensures appropriate mechanical or biocompatibility properties. Never
theless, this topic is highly important and can significantly influence the 
revolution in electronics. Therefore it is worth mentioning here a few 
examples of PDA-based composites for a strain sensors construction. 

A flexible and super-hydrophobic PFDT/PDA/graphene/PU nano
fiber composite was synthesized by using graphene decoration onto 
polyurethane (PU) nanofibers, followed by PDA modification and then 

1H,1H,2H,2H-perfluorodecanethiol (PFDT) fluorination [133]. With the 
introduction of PDA, a similar “brick and mortar” structure was con
structed, with graphene as the brick and PDA as the mortar. The e
longation at break was improved from around 352% for TPU nano- 
fibrous membranes to 449% for the nanofiber composite. The ΔR/ 
R0 curve for each cycle was almost identical, and the response intensity 
(defined as the maximum value ΔR/R0 for each cycle) maintained stable 
with the value of 0.8 during all 1000 cycles test. In summary, the 
nanofiber composite could serve as a strain sensor with excellent 
stretchability, controllable sensitivity, high durability and good cyclic 
stability [133]. 

In a different work, a simple direct coating with polydopamine from 
the solution was introduced again to develop a sandwich-shaped strain 
sensor with nitrile butadiene rubber (NBR) as the polymer matrix and 
carbon black (CB) as the conductive filler [134]. The purpose of the 
modification was to reduce the loss of CB particles during stretching, 
preserve the mechanical and electrical properties of the films, and 
endow biocompatibility to the film. Uniaxial strain-sensing tests showed 
that the NBR/CB and PDA/NBR/CB composites are characterized by 
high sensitivity and a wide sensitivity range, whereas cyclic electro
mechanical tests revealed good stability and reproducibility. Moreover, 
compared to the NBR/CB composite, the PDA/NBR/CB strain sensors 
are more biocompatible and thus, they can be used to detect detailed 
bending motions (e.g. for human fingers, elbows, and knee joints) with 
higher sensitivity [134]. 

Due to the advantages of stretchability and biocompatibility, 
hydrogel-based strain sensors have been greatly expanded in recent 
years [147]. However, to adhere to the skin, traditional hydrogels 
require additional adhesives, increasing the size of the device and thus- 
reducing comfort. Simultaneously, hydrogels that lack self-healing 
properties are challenging to repair and reuse after damage, which re
duces their service lifetime. However, PDA-based hydrogel sensors with 
biocompatible, self-healing and highly stretchable properties were 

Fig. 11. a) Schematic Illustration of One-Step Hydrophilic Conversion of the PVC Membrane ISE. b) Potentiometric responses of (black) unmodified and (red) 
polydopamine-modified polymeric membrane Ca2+-ISEs. c) Contact angles of the water drops for (left) the classical unmodified and (right) polydopamine-modified 
PVC Ca2+-selective membranes. Reprinted with permission from [146]. d) Electrical conductivity changed with the concentration of LiCl increased. e) Luminance 
change of LED when the double-layer hydrogel was stretching. f) LED could light again when the gel self-healed. Reprinted with permission from [135]. 
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described in the literature [148,149]. Elsewhere, a double layer 
hydrogel containing a tough (duct) layer and the adhesive layer was 
prepared [135]. Because of the addition of Li+ and Cl− ions in the PS- 
PAM layer, the hydrogel was conductive to light up a blue LED when 
connected to the circuit (Fig. 11d). After stretching the hydrogel, the 
LED light was significantly dimmed due to the increase in electrical 
resistance. Subsequently, the LED lights were extinguished when the 
hydrogel was cut into two parts. However, after the two parts of the 
broken gels were re-contacted, the LED light immediately relit, proving 
that the developed material can rapidly self-healing (Fig. 11e). The 
electrical conductivity of double-layered hydrogel was related to the 
concentration of LiCl. As shown in Fig. 11f, when the concentration of 
lithium chloride was 1.2 mol dm− 3, the conductivity of the hydrogel 
could reach 0.03 s cm− 1 [135]. 

5. Conclusions and future perspectives 

This review aimed to introduce the reader to the topic and summa
rize the current state of the art on the electrochemical formation of 
polydopamine. We have described selected novel applications of the 
PDA for the construction of the electrochemical sensors and provided a 
general view of their mechanism. Firstly, a detailed ECECEE mechanism 
has been explained, representing the current state of the art (see Section 
2.1). To better understand the process, the electrochemical deposition 
technique and conditions must be taken into account. Therefore, avail
able reports from the literature concerning cyclic voltammetry (Section 
2.1.1), pulsed electrochemical deposition (Section 2.1.2.) and galvano
static deposition (Section 2.1.3.) towards the production of the poly
dopamine were summarized. Their development in itself is an important 
aspect that can bring significant advances in the preparation of PDA and 
other related materials. Thus a deeper understanding of PDA’s deposi
tion mechanism and structure is still needed. 

To summarize the current state of the art and to build possibly the 
most comprehensive picture of the dopamine electrochemical oxidation, 
the pH-dependency (Sections 2.1.4. and 2.2.1.), electron transfer in
sights (Section 2.2.1.) and the kinetics (Section 2.2.2.) of the process 
were described. Significantly, based on the cyclic voltammetry experi
ments, the aspect of the pH dependence of the electrochemical PDA 
deposition process was explained. Namely, the first stage (anodic 
oxidation) can be described as pH-independent, while the second stage 
(polydopamine irreversible formation) is fast and pH-dependent. In 
turn, electrochemical impedance spectroscopy reveals that the electron 
transfer resistance is higher for thicker and more compact films (ob
tained with higher dopamine concentration or longer deposition times). 
This observation is similar for different types of substrates (e.g. ITO or 
GCE), and, although this behaviour is expectable, it correlates well with 
other catecholamines [30]. Moreover, it was reported that EIS was used 
for corrosion resistance studies by submerging the electrodes in 3.5% 
NaCl solution at different temperatures and at different times. PDA 
modified electrodes presented a high anti-corrosion behaviour, and the 
influence of the temperature at which the PDA was obtained was sig
nificant. Also, the EIS studies about the kinetics of the dopamine 
oxidation were shown to indicate higher attractive forces between the 
aggregates in solution and on the surface, leading to higher film thick
ness for a higher initial dopamine concentration. All the facts mentioned 
above helped build a complete picture of the impact of individual factors 
on the polydopamine EC deposition process and allow for better future 
planning of experiments. 

Next, the topic of thin PDA membranes was introduced (Section 3), 
which surprisingly shows a relatively small number of publications on 
this matter. Nevertheless, we show the first report about the successful 
production of free-standing PDA films (Section 3.1) and a few works 
concerning PDA-based composite membranes obtained with the use of 
electrospraying (Section 3.2) and electrospinning (Section 3.3.), which 
sheds some light on these promising aspects. Considering the presently 
increasing interest in ultrathin free-standing film applications and 

relatively simple EC polydopamine deposition methods, significant 
progress in the fabrication of the PDA and PDA-based ultrathin mem
branes should be expected. 

Furthermore, the application of polydopamine for the construction 
or tuning of the electrochemical sensors is another prominent topic. 
Thus, we summarized recent examples of developing electrochemical 
sensor construction using PDA (Table 1). Based on the table, it can be 
noted that most experiments rely on the CV and DPV methods. There
fore, it can be concluded that the prospectives of e.g. potentiometric or 
EIS measurements, using PDA-based composites as the working elec
trode, have not been fully discovered. Later, we mention five very 
promising directions in different fields, exploiting the potential of the 
PDA modified and based electrochemical sensors, namely: drug traces 
detection (Section 4.1), sensing of pesticides in food and environmental 
samples (Section 4.2), disease markers detection (Section 4.3), poten
tiometric ion sensing (Section 4.4) and strain sensors construction 
(Section 4.5). Advances in these areas require the use of new functional 
materials, e.g. polydopamine. Among all the positive effects of PDA, the 
increase of electrocatalytic activity, selectivity enhancement (binding to 
specific molecules), adhesion promotion, intelligent scavenging of free 
radicals, biocompatibility, hydrophilicity and mechanical strength 
enhancement should be emphasized. 

Based on the literature review, it is clear that there is still a vast space 
for undertaking polydopamine based solutions in various analytic and 
analytics-related fields. Here we mention a few of the main aspects in 
which we expect the PDA research field to develop in the following 
years. 

• One of the key advantages of PDA is its easy attachability or “stick
iness”, which might also become one of its drawbacks for specific 
applications. Many of the devices or methodologies here presented 
are of a single application. This might not be a problem, given the 
relatively straightforward polymerization of PDA and its affordable 
manufacturing process. However, we can expect that this aspect will 
limit some of the applications of PDA films, signalling a certain 
maturity of the topic.  

• Electrochemical methods for producing polydopamine films produce 
high quality and reproducible PDA coatings, which, as shown here, 
are exploitable in free-standing structures. However, the self poly
merizing mechanism at the air/water interface might still have much 
to offer in this field. The main advantage of this method is its rela
tively large scalability and, perhaps, transferability, which can be 
even more cost-effective in the fabrication and integration of large- 
area sensing or bioactive surfaces. We consider this aspect a signif
icant player in the years to come, especially if PDA based solutions 
can effectively be transferred to industrial applications.  

• The recent discovery of PDA fast photoactuation [91] provides a 
fascinating opportunity for its implementation in transducers and 
other light-activated architectures. The strong dependence on the 
humidity of PDA and the rapid reaction observed in the study opens 
the door for many applications in which PDA is the active sensing 
platform and the transductor. This new effect, combined with PDA 
composites’ inherent chromatic and photoactive response, might 
dominate the organic and hybrid electronics fields.  

• The study of PDA analogues compounds and catecholic derivatives in 
similar applications, such as thin-film synthesis, sensing and other 
functional strategies, is expected. Not only because of the similarity 
of chemical compounds but the possible insights into the polymeri
zation pathways of PDA [150]. 

To conclude, further research and nanostructures based on poly
dopamine and other functional materials should be expected, as well as 
chemical modifications and enhanced control of the PDA deposition 
process. Although we are slowly reaching the maturity of the PDA field, 
there are plenty of fundamental questions on this “miracle” polymer that 
wait for answers, and, as is often the case, much research is still needed 

J. Szewczyk et al.                                                                                                                                                                                                                               



European Polymer Journal 174 (2022) 111346

16

and very welcomed. 
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[23] B. Stöckle, D.Y.W. Ng, C. Meier, T. Paust, F. Bischoff, T. Diemant, R.J. Behm, K.- 
E. Gottschalk, U. Ziener, T. Weil, Precise Control of Polydopamine Film 
Formation by Electropolymerization, Macromol. Symp. 346 (2014) 73–81, 
https://doi.org/10.1002/MASY.201400130. 

[24] S.A. Alqarni, M.A. Hussein, A.A. Ganash, A. Khan, Composite Material-Based 
Conducting Polymers for Electrochemical Sensor Applications: a Mini Review, 
Bionanoscience. 10 (2020) 351–364, https://doi.org/10.1007/s12668-019- 
00708-x. 

[25] A.S. Agnihotri, A. Varghese, M. Nidhin, Transition metal oxides in 
electrochemical and bio sensing: A state-of-art review, Appl. Surf. Sci. Adv. 4 
(2021) 100072, https://doi.org/10.1016/j.apsadv.2021.100072. 

[26] L. Qian, S. Durairaj, S. Prins, A. Chen, Nanomaterial-based electrochemical 
sensors and biosensors for the detection of pharmaceutical compounds, Biosens. 
Bioelectron. 175 (2021) 112836, https://doi.org/10.1016/j.bios.2020.112836. 

[27] D. Hauser, D. Septiadi, J. Turner, A. Petri-Fink, B. Rothen-Rutishauser, From 
bioinspired glue to medicine: Polydopamine as a biomedical material, Materials 
(Basel). 13 (2020) 1730, https://doi.org/10.3390/ma13071730. 

[28] P. Zhang, Q. Xu, J. Du, Y. Wang, Polydopamine-based nanoparticles with 
excellent biocompatibility for photothermally enhanced gene delivery, RSC Adv. 
8 (2018) 34596–34602, https://doi.org/10.1039/C8RA06916F. 

[29] A.B. Mostert, B.J. Powell, F.L. Pratt, G.R. Hanson, T. Sarna, I.R. Gentle, 
P. Meredith, Role of semiconductivity and ion transport in the electrical 
conduction of melanin, Proc. Natl. Acad. Sci. USA 109 (2012) 8943–8947, 
https://doi.org/10.1073/pnas.1119948109. 

[30] V. Ball, Electrodeposition of coatings made from catecholamines, polyphenols 
and aminimalonitrile: Common features, perspectives and challenges, Prog. Org. 
Coatings. 131 (2019) 441–447, https://doi.org/10.1016/j.porgcoat.2019.02.027. 

[31] A. Prabhu, R.D. Crapnell, K. Eersels, B. van Grinsven, A.K. Kunhiraman, P. Singla, 
J. McClements, C.E. Banks, K. Novakovic, M. Peeters, Reviewing the use of 
chitosan and polydopamine for electrochemical sensing, Curr. Opin. Electrochem. 
32 (2022) 100885, https://doi.org/10.1016/j.coelec.2021.100885. 

[32] H.A. Lee, E. Park, H. Lee, Polydopamine and Its Derivative Surface Chemistry in 
Material Science: A Focused Review for Studies at KAIST, Adv. Mater. 32 (2020) 
1907505, https://doi.org/10.1002/adma.201907505. 

[33] V. Ball, D. Del Frari, M. Michel, M.J. Buehler, V. Toniazzo, M.K. Singh, J. Gracio, 
D. Ruch, Deposition Mechanism and Properties of Thin Polydopamine Films for 
High Added Value Applications in Surface Science at the Nanoscale, 
Bionanoscience. 2 (2012) 16–34, https://doi.org/10.1007/s12668-011-0032-3. 

[34] M.D. Hawley, S.V. Tatawawadi, S. Piekarski, R.N. Adams, Electrochemical 
Studies of the Oxidation Pathways of Catecholamines, J. Am. Chem. Soc. 89 
(1967) 447–450, https://doi.org/10.1021/ja00978a051. 

[35] Y. Li, M. Liu, C. Xiang, Q. Xie, S. Yao, Electrochemical quartz crystal 
microbalance study on growth and property of the polymer deposit at gold 
electrodes during oxidation of dopamine in aqueous solutions, Thin Solid Films. 
497 (2006) 270–278, https://doi.org/10.1016/j.tsf.2005.10.048. 

[36] E. Walaas, The chemical transformation of the catecholamines induced by UV 
irradiation, Photochem. Photobiol. 2 (1963) 9–24, https://doi.org/10.1111/ 
j.1751-1097.1963.tb08115.x. 

[37] T. Łuczak, Preparation and characterization of the dopamine film 
electrochemically deposited on a gold template and its applications for dopamine 
sensing in aqueous solution, Electrochim. Acta. 53 (2008) 5725–5731, https:// 
doi.org/10.1016/j.electacta.2008.03.052. 
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M. Romero-Romo, M. Palomar-Pardavé, On the electrochemistry of dopamine in 
aqueous solution. Part I: The role of [SDS] on the voltammetric behavior of 
dopamine on a carbon paste electrode, J. Electroanal. Chem. 609 (2007) 17–26, 
https://doi.org/10.1016/J.JELECHEM.2007.05.021. 

[62] F. Zhang, G. Dryhurst, Oxidation Chemistry of Dopamine: Possible Insights into 
the Age-Dependent Loss of Dopaminergic Nigrostriatal Neurons, Bioorg. Chem. 
21 (1993) 392–410, https://doi.org/10.1006/BIOO.1993.1033. 

[63] J. Yang, M.A.C. Stuart, M. Kamperman, Jack of all trades: versatile catechol 
crosslinking mechanisms, Chem. Soc. Rev. 43 (2014) 8271–8298, https://doi. 
org/10.1039/C4CS00185K. 

[64] S. Corona-Avendaño, G. Alarcón-Angeles, G.A. Rosquete-Pina, A. Rojas- 
Hernández, A. Gutierrez, M.T. Ramírez-Silva, M. Romero-Romo, M. Palomar- 
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The possible 2D-like arrangement of monomers in polydopamine films obtained by autoxidation of the
dopamine at the air/water interface was recently reported. Therefore, the morphological and chemical
properties should be controllable by tuning the synthesis conditions. In this work, to optimise the
synthesis conditions, films were obtained at the air/water interface with different dopamine concen-
trations, various pH and stirring speeds. The growth of the films was monitored in situ by spectroscopic
reflectometry. The obtained films were transferred onto Si(100) substrates, and their morphological
parameters were examined by Atomic force microscopy. X-ray diffractometry, Raman spectroscopy, and
X-ray photoelectron spectroscopy allowed studying the chemistry of the films. The control of the growth
process was achieved at the centimetre-scale level in terms of thickness homogeneity, chemical and
structural characteristics of the obtained films. Transfer of the films onto substrates did not affect the
homogeneity, foreshadowing an opportunity for large scalability of the process. Structural and chemical
studies revealed successful synthesis of a clear 2D-like ordered structure without unreacted dopamine
moieties. Finally, molecular dynamics simulations showed a good agreement with the literature infor-
mation and revealed new insights on the self-assembly process at the air/water interface.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Since its initial development in 2007 [1], Polydopamine (PDA)
has become one of the most famous and well-researched synthetic
melanin (specific eumelanin). The interest in replicating and un-
derstanding the mussel adhesive properties can be regarded as the
primary source of inspiration for the researchers who developed
PDA [2]. Further studies focused on dopamine polymerisation
processes resulted in preparing a new, biocompatible polymer with
strong adhesive properties [3]. Up to date, polydopamine has been
applied in many fields, e.g. synthesis of antibacterial materials,
preparation of the Li-ions batteries, catalysis [4], corrosion protec-
tion [5,6], and biomedicine [7e14]. Moreover, eumelanin has been
widely regarded as an amorphous organic semiconductor [15e17].
One of the most important features associated with PDA that have
r Ltd. This is an open access article u
recently been gathering attention is its unexpected photocatalytic
performance. This property is observed when combined with
semiconductor nanomaterials [18e21]. Polydopamine was used
both as an intermediate layer in composites [22,23] and as a direct
functional surface coating in catalytic applications [24].

Undoubtedly, one of the most important reasons polydopamine
has gained so much attention is its straightforward preparation.
PDA can be synthesized by oxidative polymerisation of dopamine
hydrochloride (DA) induced by alkaline pH, most often achieved
through the use of Tris buffer (tris(hydroxymethyl) aminomethane)
[1]. During the auto-oxidation process in solution, three types of
polydopamine-based nanomaterials can be obtained, each one of
them unique in terms of properties and potential applications.
These are films on the air/water (a/w) interface, nanoparticles
embedded in the solution, and a thin layer deposited on a substrate
immersed in the solution [25,26]. In the oxygen-rich region at the
a/w interface, oligomers assemble in an ordered manner through
p�p stacking to form small (2e20 nm) fundamental aggregates
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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[27]. Due to the removal of these aggregates from the surface by
shear stresses, no film formation can be observed in a vigorously
stirred dopamine solution, and this effect is even independent of
the dopamine concentration and the oxygen supply. On the con-
trary, using the appropriate static or mild stirring conditions
resulted in the formation of nanofilms at the a/w interface. More-
over, to avoid disturbance from convective flows, rapid water
evaporation must be avoided during the preparation of homoge-
neous film [27]. The special properties of the a/w interface as a
medium include two main features. First, the water's surface is
exceptionally well defined due to its flatness and homogeneity.
Secondly, molecules' mobility at the interface is limited to the
horizontal plane and therefore, the effective dimensionality of the
assembly process is reduced to two dimensions only [28]. In gen-
eral, interfacial synthesis is promising approach for a thin free-
standing films formation, allowing for precise control of the size
and thickness of the synthesized thin film. Moreover, the films
produced on a liquid surface show substantial motional freedom,
due to the flexibility of liquid surfaces [29]. As was found in the
literature [30], the formation of PDA thin films at an a/w interface
under static conditions showed a linear dependence of the thick-
ness (in the range 50e200 nm) on the concentration of dopamine
solution and on the reaction time. Further studies concerned the
relationship between the dopamine concentration and the films'
mechanical properties (surface elasticity), showing a maximum
value of approx. 60mN/m at a concentration of 1mg/mL [31]. It was
also reported that the humidity level influences the electrical
conductivity of these films, as the measured resistance value
decreased by more than two orders of magnitude with the hu-
midity increasing in the range from 0% to 100% [32]. One of the
ways to improve the PDA film formation efficiency and stability is
the use of enzymes. Such films were obtained using laccase, a
multicopper containing polyphenol oxidase. The enzymatically
tuned films demonstrated higher stability under deformation than
the one reported for pure PDA [33,34].

The aforementioned studies focused on the growth process [30],
control of physical parameters [33,34] and the general properties of
free-standing PDA films [31,32]. Nevertheless, so far, no higher
supramolecular ordering has been described in the present films,
suggesting a somewhat amorphous nature, with little or no long-
range ordering. However, a recently published study shows that
PDA films from the a/w interface have a 2D-like structure [35], with
clear similarities to graphite or graphene oxide materials. These
findings have openedmuch interest in determining towhich extent
such 2D-like polymer films could be developed. Moreover, we also
described their mechanical properties, indicating a satisfactory
Young's modulus (E ¼ 13 ± 4 GPa) and hardness
(H ¼ 0.21 ± 0.03 GPa) values, enabling the transfer of these films to
substrates of relatively large areas [35]. The PDA films from a/w
interface with a highly ordered structure and macroscopic di-
mensions could find many interesting applications, such as
different 2D-like free-standing interfacial films [29]. For example, if
the 2D-like supramolecular ordering is present, combining them
with other Van der Waals materials (MoS2, MoSe2, MXenes, among
others) is very attractive for many electronic and catalytic appli-
cations. Moreover, 2D-like PDA films seem to be promising candi-
dates for the development of the new type of composites, such as
the heterojunction between conductive polymers and semi-
conductors, which have been recently proposed [18]. They can also
address an area gaining popularity, namely hybrid 2De3D archi-
tecture materials with a high catalytic activity [36]. Very recently, it
was reported that free-standing PDA membranes without any
additional mechanical or photothermal components exhibit pho-
toactuation, with the ultrafast response time [37]. Moreover, au-
thors reported contraction and expansion of these membranes
2

driven by heat and moisture. Taking it into account, these materials
have potential to be used as multistimuli building blocks for soft
micro- and nanodevices [37]. Importantly, in the mentioned study,
the membranes were obtained by a more sophisticated-
electropolymerization- method. We believe that it is worth
exploring the less researched and equally promising path, i.e.
autoxidation at the interface. Nevertheless, conclusive evidence of
these films' tunability, growth dynamics, physico-chemical aspects
and a proper outline of their self-assembly mechanism beyond
their structural characterisation needs to be addressed.

In this work, we expand upon the recently reported 2D-like PDA
films from the a/w interface and conduct an extensive study in
order to answer fundamental questions regarding their formation
dynamics and morphology and to increase their application po-
tential. Here we use a combination of spectroscopic, x-ray diffrac-
tion and atomic force microscopy techniques, combined with
molecular dynamics simulations to shed some light on the growth
dynamics and the apparition of the 2D-like structure in the films.

2. Materials and methods

2.1. Chemical reagents

Materials of analytical purity level were used in all synthesis
procedures without any further purifications. Dopamine hydro-
chloride (s, >98%), Trizma® base (s, >99%), Hydrochloric acid (l,
25%) from Sigma-Aldrich and ultrapure deionised water from a
Hydrolab Ultra UV system.

2.2. PDA 2D-like films synthesis

The synthesis of films was carried out in a Petri dish (8 cm in
diameter, 2 cm in height) containing Tris buffer solution (10 mmol,
65 mL) followed by the addition of dopamine hydrochloride. The
size of a Petri dish was chosen to minimize the influence of the
meniscus generated, thus change of the profile of the water surface
[38]. Another limitation was the maximum travel of the translation
stage in the Spectroscopic Reflectometry set-up (see section 2.3).
Stirring took place on a magnetic plate throughout the whole
synthesis time (72 h), and a glass lid covered the vessel with a small
gap to allow air exchange. The goal of the experiment was to
optimise synthesis conditions. Therefore, different configurations
were examined. The effects of dopamine concentration (2 mg/mL,
1 mg/mL and 0.5 mg/mL), pH value (8.5, 8.0 and 7.5), size of mag-
netic stirrer (12� 4.5 mm and 20 � 6 mm) and its revolutions per
minute (RPM) ratio (300, 250, 200 and 150) were checked. The
following conditions were taken as a reference e dopamine con-
centration 1 mg/mL, pH value 8.0, 150 RPM, and stirrer size equal
12� 4.5 mm. Only one of the parameters was modified during each
synthesis to investigate their impact on the morphology and
structure.

2.3. In-situ reflectance measurements

In order to measure the thickness of the growing films without
damaging them, a spectroscopic reflectometry (SR) set-up was
designed (Fig. 1a).

The white light from a halogen bulb was introduced into
multimode fibre through a lens C1. The other end of the fibre served
as a quasi-point light source. The light emitted from a fibre was
collimated using lens L1 (f ¼ 160 mm), and after passing through a
50:50 beam-splitter (BS) was focused onto the sample with a lens
L2 (f ¼ 200 mm). The mirror M was used to direct the beam
perpendicular to the sample surface. The use of lenses L1 and L2
allowed for the illumination of a circular area of the sample with a



Fig. 1. a) Scheme of the SR set-up. LS is halogen lamp light source, F are fibres, L's are collimating and imaging lenses, C's are fibre coupling lenses, BS is beam-splitter, M is a mirror,
A is an aperture, S is the sample on 2D translation stage. b) Schematic presentation of the striking and reflected beams for a PDA film on the surface of the water. Ri and Ti are the
reflection and transmission coefficients at i-th interface, respectively. E1 and E2 denote the electric field values of the beams reflected from the upper and lower surface of the PDA
film. Interference of E1 and E2 leads to the Ir value of the resultant reflected beam intensity (IR ¼ |E1þE2|2).
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diameter of about 1 mm. The light reflected from this area was
directed back with mirror M and collected by lens L2. After passing
through a beam-splitter, the reflection from the samplewas imaged
by lens L3 (f ¼ 120 mm) on a circular aperture (300 mm), the pur-
pose of which was to eliminate excess background light. The light
which passed through the aperture was coupled into the fibre
connected with Avantes AvaSpec spectrometer (HSC1024x58TEC-
EVO). Recorded spectra can be used to estimate the thickness of the
film from the illuminated area. For this purpose, a proper model
describing the wavelength dependence of reflected light intensity
is required.

We consider a beam of light striking perpendicular on a PDA film
of thickness d resting on the surface of the water (Fig. 1b). In the
scheme, the inclination of the rays is introduced only for clarity. For
a beam perpendicular striking an interface between media 1 and 2
the reflection coefficient is given by Equation 1a, where n1 and n2
denote the refractive indices of media 1 and 2, respectively.

R¼
�
n1 � n2
n1 þ n2

�2

(1a)

R1 ¼
�
n� n0
nþ n0

�2
(1b)

R2 ¼
�
n� nw
nþ nw

�2

(1c)

T1 ¼1� R1 (1d)

In the case of a PDA film resting on water, reflection coefficients
from its upper and lower surfaces are given by Equations 1b and 1c,
respectively, where n0, nw and n are the refractive indices of air,
water and PDA film, respectively. Taking nw ¼ 1.33 [39], n0¼ 1.0 and
n¼ 1.80 [40], we obtain R1 ¼0.0816 and R2¼ 0.0225. As the higher-
order reflections will be orders of magnitudeweaker, it is enough to
calculate the interference of the two reflected beams, which is
indicated in Fig. 1b. The relative intensity of light reflected from the
whole film is given by Equation (2), where d denotes film thickness
and l is the light wavelength.

Irefl
I0

¼R1 þR2T
2
1±2T1

ffiffiffiffiffiffiffiffiffiffiffi
R1R2

p
cos

�
2p

2nd
l

�
(2)

where the sign before the last term depends on the difference nwater

e n. As it is negative in our case, the “e” sign should be taken.
In fact, it is the dependence of Irefl on l that makes the mea-

surement of d possible. Quasi-white light from a halogen bulb, used
3

as a light source, had a working spectral range of 350e1000 nm
after passing through all optical components. To extract the actual
form of Irefl(l), a series of three measurements had to be made: so-
called “dark” intensity Idark(l) resulting from readout noise of the
detector and ambient light in the lab, the reference spectrum of the
light source measured as a reflection from the clean water surface,
Iwater(l), and the actual measurement of the intensity of light re-
flected from the film Imembr(l).

The true reflected intensity IreflðlÞ ¼ ImembrðlÞ�IdarkðlÞ
IwaterðlÞ�IdarkðlÞ and such ob-

tained spectrum was fitted with Equation (2) by adjusting the
thickness d and the scaling factor, which accounted for the effect of
unknown light absorption. The major feature of the measured
curve that allowed for extracting the film thickness was the
occurrence of the first minimum of the cosine function. The cor-
responding maximum in the Irefl(l) curve could be found with an
accuracy better than 5%. It is important to realise that within the
available spectrum range and for the assumed value of n ¼ 1.80,
film thickness had to exceed 50 nm to produce thismaximum at the
position of lmax ¼ 4nd. For thicker films (d > 100 nm in our system)
multiple extrema are produced in the measured spectrum and
d could be estimated with much better accuracy (<1%). As the
measurement of d is based on finding the position of lmax, ab-
sorption of light by PDA should not disturb this measurement.
Therefore, it was not included explicitly in the model and its in-
fluence on the amplitude of the cosine function was accounted for
by an adjustable scaling factor.

The reference measurement was made each time the experi-
ment was started. For this purpose, a small cut was made me-
chanically in the film, and the light beam reflected from pure water
was recorded. Similarly, the background measurement was per-
formed each time to limit the influence of external factors. Stirring
was stopped during optical measurements.

All reflectometric measurements were executed after 72 h of
polymerisation, excluding the final measurements of the optimised
film, which were executed from time t ¼ 8 h to t ¼ 24 h in the 1 h
intervals and then, after 48 h and 72 h. A Petri dish was placed on a
2-axis translation stage to allow scanning of the film and radial
spacing, with an angle of 90⁰. In preliminary test measurements,
full scans of the whole film were performed, and it was found that
for the films produced in our set-up an excellent radial symmetry of
their thickness was preserved in all cases, results shown compre-
hend statistics for more than 10 samples, with negligible disper-
sion. Therefore, for final samples, the scanning was conducted by
starting from the centre (0,0) point and moving with a 1 mm step
through the dish radius until reaching the curved region close to
the border of the dish. The border regions presented a concave
shape due to the adhesion forces to the dishwall and evaporation of
liquid. The set-up prepared in this way allowed for in-situ control of
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the thickness growth of the polydopamine film, described in detail
in Sections 3.1 - 3.4.

2.4. Physico-chemical characterisation

All structural characterisation studies were performed on the
films obtained after 72 h of polymerisation. X-ray diffraction
(XRD) and grazing incident X-ray diffraction (GiXRD) character-
isation were executed with the use of MRD-X'pert 3 diffractom-
eter (PANalytical), working in 45 kV and 40 mA (Cu source). Films
were scooped onto clean Silicon (100) wafers substrates, dried
and placed in holders designated for XRD measurements. The
scheme of the scooping procedure is shown in Fig. S1. Raman
studies were performed using a 633 nm laser in backscattering
geometry in an NT-MDT (Renishaw) set-up. For Raman spectro-
scopic measurements, films were scooped onto clean Si/Au sub-
strates, dried and placed in dedicated holders. Park Systems XE7
atomic force microscope was used to evaluate the results ob-
tained by spectroscopic reflectometry and determine the films'
roughness. Complementary Gwyddion software was used for
general height field and image processing, specifically for the
analysis of profilometry data and thickness [41]. After completing
the spectroscopic measurement, AFM samples were simply
scooped from the film surface onto the silicon Si (100) substrates.
The thickness of films was determined from the average of 10
measurements on randomly selected sections crossing the crack
in the film on which the substrate was exposed. The roughness
was determined from the average of ten measurements of the
root mean square (RMS) value in the area of 10 � 10 mm of the
films. X-ray photoelectron spectroscopy (XPS) was performed by
a SPECS Surface Nano Analysis GmbH equipped with an Energy
analyser PHOIBOS 150 MCD and an Al monochromatic source.
The base vacuum was 4 � 10�10 mbars. The PDA samples were
transferred to clean silicon wafers and measured without flood
gun or sputtering cleaning. Peaks fitting and analysis were per-
formed in CasaXPS while spectra were corrected by the spurious
carbon method. High-Resolution Transmission Electron Micro-
scopy (HR-TEM) experiments were performed by a JEOL-
ARM200f (200eV) microscope. Samples were prepared by
scooping the PDA films on the Holley carbon-Cu, and vacuum
drying them overnight.

2.5. Molecular dynamics simulations

Molecular dynamics simulations were performed using Yasara
version 21.6.17 [42,43]. The simulations were carried out in an HP
GL380 Gen8 server with 32 Intel Xeon cores and the Nvidia Tesla
K20 OpenCL/CUDA computing GPU. We divided our simulations
into three major parts. First, we wanted to identify the interaction
sites for the growing aggregates with planar stacking. The inter-
action energies and dissociation constants Kd between larger mo-
lecular stacks and single tetramer molecules were performed using
the VINA docking algorithm [44]. The docking analysis searched for
a maximum of 5 receptor sites, and each docking analysis was
iterated 32 times. The ligand molecule (single tetramer) was not
rigid and was allowed to adopt its conformation. The temperature
was set to 298 K, and AMBER03 forcefield was used to calculate
interaction energies. After docking, 16 structures were generated
with the highest interaction energies (VdW only). The structure
with the highest energy score was then used as an input for the
subsequent docking of larger stacks (chain-like manner).

In the second, we focused on the interaction of tetramers with
the water-air surface. The simulation box was 150 � 92 � 116 Å3

(periodic boundary conditions), in which around 150 tetramer
molecules were placed at the water-air interface. The water phase
4

consists of around 28,000 molecule atoms, and the simulation box
contained around 93,000 atoms. Naturally, the air interface is
simply a vacuum since adding a few nitrogen and oxygenmolecules
will not change the nature of the interactions at this molecular
scale. Simply speaking, at this scale, the simulation of air does not
differ much from a vacuum. At this stage of the simulation, we used
the AMBER15IPQ force field. The electrostatic interactions were
limited to 12 Å (Cut-off), and long-range Coulomb forces were
calculated using particle-mesh Ewald summation (PME method).
The simulation temperature was set to 298 K, and the simulation
step was 1 fs.

The third phase of the simulation included analysing the initially
pre-arranged set of 80 tetramer molecules immobilised at the edge
of the simulation box of size 103 � 60 � 108 Å 3. The periodic
boundary conditions were not applied. Therefore pre-ordered
tetramer molecules were immobilised directly by the edge of the
simulation box, e.g. only the parts within the box are allowed to
move and interact, the parts outside of the box are immobilised. In
this way, the molecular dynamics of interacting parts of the immo-
bilised tetramer molecule was maintained. The electrostatic in-
teractions cut-off distancewas set to 10.5 Å and thewater phase was
treated as a continuous medium using NOVA2 force field. Given the
circumstances, we have minimized the potential problems with the
addition of the following tetramermolecules into thewater phase in
the case of regular simulations. The addition of molecules into the
equilibrated water phase poses severe problems in equilibrating the
system, and the simulation usually cannot be performed correctly.
This way, any newmolecule was easily placed within the simulation
box without interference with other molecules.

This NOVA2 force field was very successful for protein studies. It
uses knowledge-based potentials of interactions with implicit
water that accelerates the calculations manifold [45,46]. Having
said that tetramer molecule is very similar to the tryptophan
molecule Trp (although the precursor for L-Dopa/Dopamine is
phenylalanine Phe). In the course of the simulation, a single
tetramer molecule was introduced into the simulation box one by
one. This way, we wanted to prevent two effects: (1) immediate
aggregation of monomers, (2) interaction of an ordered layer with
oligomers. We simply introduced single tetramer molecules into
the system and then observed how they interact with the pre-
ordered layer of tetramers. At this point, it should be noted that
the simulations do not take into account the buoyancy force. A
lower density than water characterises the ordered layer of tetra-
mers; therefore, it remains on the surface of the liquid, as we
showed in the previous publication [35].

3. Results and discussion

As indicated in Fig. 2, the starting point is the film synthesis (see
section 2.1 and 2.2) and in-situ thickness growth process control,
for which a specially designed apparatus is used (see section 2.3).
There are reports about the use of spectroscopic reflectometry (SR)
for a thin film thickness measurement [47,48]. However, no such
experiment has been carried out so far to investigate the thickness
of the polydopamine films, especially those formed at the a/w
interface. We show the conditions under which the films obtained
are the most homogeneous in terms of thickness, quality and
roughness. Subsequently, utilising X-ray diffraction (XRD), X-ray
photoelectron (XPS) and Raman Spectroscopy, we confirm the
presence of the 2D-like ordering of the structures. Finally, a mo-
lecular dynamics (MD) study on the possible self-assembly sce-
narios leading to the apparition of the structure of the 2D-like PDA
films is presented, supporting our experimental observations.

Films were grown and examined in-situ using the set-up and
methodology presented in the experimental section (see section



Fig. 2. Scheme of the workflow. We start with the synthesis of a/w films, their growth monitoring by SR method and their further control according to the relevant experimental
parameters. Additionally, the growth mechanism and the influence of the a/w in the PDA films' structure is studied by MD simulations.
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2.2). In the experiment, a slow increase of film thickness was
recorded over the entire surface of the Petri dish over time. This
procedure aimed at maintaining the film integrity during its whole
growth process, thus avoiding the damage introduced by me-
chanical taking (scooping) samples if the AFMmeasurements were
to be used. For this purpose, a spectroscopic method based on the
interference of incident and reflected beams was applied as a direct
and non-destructive technique. Such methods can be applied to
determine film thickness on smooth surfaces, taking only the
refractive indices of all components as input parameters. Although
in general, both transmittance and reflectance measurements can
be performed [49], due to our set-up specificity (the solution
quickly becoming non-transparent due to the presence of poly-
dopamine nanoparticles and the additional PDA film on the surface
of the Petri dish), only the reflectance version was applicable. It is
worth noting that the growing undisturbed films had mirror-like
properties. Several aspects of the synthesis conditions influence
the growth dynamics of the films. In order to control and under-
stand these aspects, we have divided the important parameters
into three (3) groups and investigated their influence implausible
on the thickness andmorphology of the films. A comparative figure
of the produced films after 72 h of polymerisation was prepared
(Fig. S2).

3.1. The influence of dopamine concentration

The first aspect we investigated was the concentration of
dopamine in the Tris buffer solution. In the literature, values
ranging between 10 mg/mL and 0.5 mg/mL can be found
[27,30,34,35,50,51]. However, the most common value is 2 mg/mL,

and most of the sources indicate that lower concentrations result in
lower thickness and roughness of the PDA. Therefore, in this study,
concentrations of 0.5, 1.0 and 2.0 mg/mL were chosen for the ex-
periments. In Fig. 3a, the graph shows the values of the thickness of
the films obtained by AFM (box chart) and SR (point graph).

It was found that the films obtained from the lowest dopamine
concentration were characterised by a thickness of about
70 ± 12 nm. For higher concentrations, the films were thicker, with
a median value around 125 and 160 nm and a mean value around
120 ± 35 and 175 ± 50 nm for 1.0 and 2.0 mg/mL, respectively. This
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observation is consistent with previous reports about the influence
of dopamine concentration on film thickness [30,31]. Dopamine is a
substrate in the oxidative film formation reaction, and therefore, an
increase of film thickness is expected for higher dopamine con-
centrations. The remarkable similarity of the thicknesses measured
with the SR with the AFM results should be emphasised. Fig. S3a
summarises the roughness results measured with the AFM,
where a surprisingly low value (mean and median around 12 nm)
was obtained for the lowest concentration. Relatively low rough-
ness was also obtained for the concentration of 1.0 mg/mL, with 24
and 26 nm for median and mean values, respectively. Simulta-
neously, the sample obtained using the highest concentration was
characterised by high roughness with a median and mean value of
50 ± 15 nm. The plots in Fig. 3b and c were generated only on the
basis of SR results. They illustrate the thickness uniformity and thus
the quality of the films. Moreover, they show the potential of this
method for the in-situ observation of films formed at the a/w
interface. Fig. 3b shows the film thickness mapping made with a
resolution of 1 mm in plane. A clear dependence on molar con-
centration is visible, suggesting that the increment in dopamine
content influences the thickness uniformity of the film. Fig. 3c
shows thickness profiles from the centre of the dish outwards
across the entire radius. It is important to note that two (2) different
regions are distinguishable for all concentrations: one region closer
to the centre and one closer to the dish borders (starting around
20 mm from the centre). The latter one is more homogeneous than
the central region. For the highest concentration, a step-like vari-
ation in thickness of around 100 nm was found on the border re-
gion, while for the concentration of 1 mg/mL, the thickness changes
by a maximum of 20 nm and only by 5 nm for the lowest con-
centration. As a partial conclusion, we have shown that the lower
the dopamine concentration, the more homogeneous films are
grown within the studied concentration range. The reason behind
this may be the higher ratio of oxygen to dopamine in the reaction
mixture, whose oxygen supply is not hindered by the rapidly
growing film observed for higher dopamine concentrations.
Although further research is needed, this observation is supported
by the strong influence of oxygen on the dopamine oxidation ki-
netics in aqueous media in solution [52]. The higher O2 supply
results in the increased concentration of the fully conjugated



Fig. 3. a) Box (AFM) and point (SR) comparative charts of film thicknesses for different dopamine concentrations. b) Mapping of film thickness for different dopamine concen-
trations along film radius with a resolution of 1 mm by SR method. c) Line chart (SR) of film thickness for different dopamine concentrations along the radius of the film. d)
Comparative charts of film thicknesses for different pH values of the Tris buffer. e) Mapping of film thickness for different pH values of the Tris buffer. f) Line chart of film thickness
for different pH values of the Tris buffer.
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polydopamine products that provide homogenous and smooth PDA
coatings [52]. Photographs of the actual films produced at the air/
water interface for different dopamine concentrations are shown in
Figs. S2a-c.

3.2. The influence of pH of the tris buffer

The second synthesis parameter being studied was the pH of the
Tris buffer solution. In the literature, values of 8.0 and 8.5 are found
most often [27,31,35,50,53]. However, the most common value is
8.5 and the synthesis performed at lower pH shows larger inte-
grability on other chemical processes. Therefore, we have chosen
7.5, 8.0 and 8.5 for the following experiment. In Fig. 3d the influence
of pH on the thickness of the films is not as dramatic as the one
observed for dopamine concentration. However, there is a slight
trend towards increasing film thickness as the pH value increases.
The film thicknesses measured by SR are as follows: 104, 120 and
125 nm for pH of 7.5, 8.0 and 8.5, respectively. These variations in
thickness are expected, as the initial reactions (formation of dop-
aminequinone and leucodopaminechrom) that trigger the dopa-
mine oxidation process are strongly pH-dependent [54,55]. Overall,
the oxidation reaction rate is inversely proportional to the
hydrogen-ion concentration [56], explaining the higher thickness
of the films obtained with a higher pH of the solution. Fig. S3b
shows a roughness comparison and indicates slightly lower
values (24 and 26 nm formedian andmean, respectively) for the pH
of 8.0 with respect to others. The highest value was 35 ± 13 nm for a
pH value of 8.5. Fig. 3e gives an overview of the film thickness
mapping and seems to indicate that the film obtained using
pH¼ 8.0 is themost homogeneous. The uniform colour distribution
proves this on the thickness map without sharp transitions. Fig. 3f,
shows the thickness profiles confirming the aforementioned
dependence with the film prepared at pH 8.0, showing fewer var-
iations. The differences in thickness between the central and
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external regions of the films weremeasured as 40, 30 and 20 nm for
the samples 7.5, 8.5 and 8.0, respectively. Photographs of the actual
films generated at the air/water interface in solutions of different
pH are shown in Figs. S2d-e.

3.3. The influence of the size of the stirrer and stirring speed

The chosen type of stirrer was a round cylindrical bar suited for
the flat-bottomed vessels. Petri dishes were selected for the syn-
thesis of the films to obtain a large a/w interface area, however,
their low height allows the use of small stirrers only. Accordingly,
two sizes of stirrers were tested (12 � 4.5 mm and 20 � 6 mm). Of
the two, the larger stirrer dragged the film toomuch, most probably
by producing a large funnel (b), a change of local fluid level (Dh)
(see Fig. S4a) and generating too strong flow. This phenomenon is
illustrated by the photography of the actual funnel generated by the
magnetic stirring in water in the same Petri dish like the one used
in our experiment (see Fig. S4b). Consequently, PDA on the surface
took the form of loosely moving “islands” of small dimensions
without forming any continuous layer (Fig. S2f). A significant in-
crease in length and diameter of the stirrer led to critical defor-
mation of the solution surface on which a uniform continuous film
could not be formed. Therefore, we focused on further in-
vestigations on the smaller size stirrer (12 � 4.5 mm).

After choosing the stirrer size, the influence of stirring speed
was studied. Note, that no influence of the static (non-stirring)
conditions was investigated, as it has been described in the
literature [30,31,50]. Fig. 4a shows thickness variations of the
films, both measured by the SR and AFM methods, as a function
of the stirring speed. The exact results obtained by SR are as
follows: 122, 117, 124, 131 nm for 150, 200, 250 and 300 RPM,
respectively. AFM measurements confirmed these values. Slightly
more significant variation occurs in the case of roughness mea-
surements (Fig. S3c). The highest value of both median (38 nm)
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and mean (37 ± 12 nm) was reported for the 250 RPM sample,
while the results of the remaining samples were somewhat
smaller. Very promising results were obtained by mapping the
film thickness using the SR method, as shown in Fig. 4b. A
perfectly uniform film thickness was obtained with 300 RPM.
Stirring speeds of 150 RPM and 200 RPM turned out to be less
beneficial towards thickness uniformity, and the speed of 250
RPM was very unfavourable due to the increase of funnel and
drag in the fluid. This RPM resulted in a largely uneven surface
when compared with the rest of the samples. This is well illus-
trated in Fig. 4c, where the difference in the film thickness was
up to 70 nm between internal and external areas. It is worth
remarking that for 250 RPM, the films show an almost twofold
variation of thickness between the external and internal regions.
In turn, from this chart, it can be concluded that the film ob-
tained at a mixing speed of 300 RPM is perfectly uniform in
thickness. Therefore, the stirring speed of 300 RPM was selected
as the optimum value. There is no clear reason behind the larger
thickness variation for 250 RPM sample as compared to the 300
RPM one. The mechanism of self-assembly of the PDA film air/
water interface at these conditions is complex and most likely
interdependent on several parameters, which are not even
considered here. Further studies are in progress to understand
the variations observed. Photographs of the actual films gener-
ated at the air/water interface with the use of different stirring
speeds are shown in Figs. S2g-i.

3.4. Kinetics of film growth in the optimised conditions

Based on the results described above (Sections 3.1e3.3), the
optimised conditions for the preparation of the films were
determined as: pH 8.0, dopamine concentration 0.5 mg/mL, and
stirring speed of 300 RPM. Using these parameters, the kinetics
of film growth was followed using spectroscopic reflectometry
Fig. 4. a) Comparative charts of film thicknesses for different stirring speeds. b) Mapping of
stirring speeds. d) Box chart (AFM) and point chart (SR) of the optimised film thicknesses for
optimised samples. f) Comparative image (AFM) of the optimised and reference film surfac
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during the period of 72 h. Due to the limitations of the method,
the first valid measurement could be made when the film
thickness reached ~55 nm, which took place after ~8 h from the
start of the polymerisation reaction. The next three points were
taken in 2 h intervals to follow the fast initial kinetics of growth.
The last three points were taken after 24, 48 and 72 h from the
start of the reaction to check if growth saturation occurs (Fig. 4d).
Due to the low thickness of the film, a measurement error of
±2 nm (sþ and s-) was determined based on a comparison of 15
series of measurements. As can be seen in the chart, the fastest
thickness increase was observed in the range of 8e14 h. How-
ever, after extrapolation in this range, the extrapolation line does
not cross the point (0,0) within the experimental error, which
suggests that at the beginning of the process (t < 8 h), the layer
growth is much faster (Fig. S5). Further, in the range of 14e24 h,
we see a slight decrease in the speed of thickness increase.
Eventually, film growth was stopped after 24 h, reaching the
thickness of 62 ± 2 nm. This observation is consistent with the
AFM test, which showed the mean and median film thickness
after 72 h as 60.5 and 61.5 nm, respectively. To evaluate the
quality in terms of the roughness, thickness uniformity and ho-
mogeneity of the obtained film, a reference sample was obtained
under the following conditions: pH 8.0, dopamine concentration
2 mg/mL, and stirring speed of 150 RPM. The AFM roughness test
showed that the so-called “optimised” film had the mean and
median RMS values 5 times lower than the reference sample
(Fig. S3d).

The use of scanning spectroscopic reflectometry allowed to
show the films’ thickness uniformity in the centimetre-scale, over
the entire radius equal 33 mm (Fig. 4e). A photograph of the actual
optimised film generated at the air/water interface before trans-
ferring onto substrates is shown in Fig. S2j. The comparative AFM
image of the surfaces of pairs of samples scooped from the refer-
ence (R1 and R2) and the optimised (O1 and O2) films are presented
film thickness for different stirring speeds. c) Line chart of film thickness for different
different times of polymerisation. e) Line chart (SR) of film thickness for reference and
es.
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in Fig. 4f. Despite the few holes and discontinuities, the optimised
film is homogeneous and tightly covers the substrate, while the
reference film surface is wavy and irregular. The visible bright spots
in the AFM images are the polydopamine nanoparticles and their
aggregates that have been “stuck” to the film during the process of
applying it to the substrate, or “scooping”. The larger aggregates of
the nanoparticles were also indicated via optical microscopy,
visible as black inclusions (Fig. S6a). From the AFM data can be
concluded that they contribute to a significant increase in the
roughness parameter, well explaining its values for films obtained
with higher dopamine concentrations (section 3.1). The trans-
ferring process is being currently under optimisation and refine-
ment. However, despite the presence of nanoparticles, it is clearly
seen that the ultrathin films are continuous in the millimetre-scale
(Fig. S6b, c). After transferring onto atomic-flat mica substrate, a
photograph of the film is shown in Fig. S6d, showing centimetre-
scale tight coverage.

3.5. Influence of the growth conditions on the structure of PDA

To elucidate the influence of the growth conditions on the
physicochemical properties of the PDA films, we performed grazing
incidence X-ray diffractometry, X-ray photoelectron spectroscopy
and Raman spectroscopy measurements. As a result, we have
shown that the 2D-like structure and other fundamentally unique
features of the PDA films reported in the literature are preserved
after optimisation procedures [35].

3.5.1. X-ray diffractometry
The first diffractogram (Fig. 5a) was obtained using the gonio-

metric set-up. It reveals a set of peaks at the 2q angle equal 10.9�

(d ¼ 8.11 Å), 21.8� (d ¼ 4.07 Å) and 32.9� (d ¼ 2.72 Å). These results
are similar to those obtained in our previous study on PDA films
from the air/water interface [35]. Moreover, it was concluded that
the peak at ~32.9� can be assigned to both the substrateesilicon
wafer [57] and part of the in-plane periodicity of PDA [58]. How-
ever, the intermittent apparition of the peak makes it inconclusive
for interpretation. Therefore it has been omitted in the description
of the results [57,59].

Interestingly, the number of peaks decreases with increasing
film thickness, indicating most probably an amorphous structure
without any peaks for the film obtained with the highest dopamine
Fig. 5. a) Diffractogram (goniometric set-up) of the films on Si substrates, obtained with diff
red) and with the optimised conditions (blue). b) Raman spectra of the films on gold sub
solution and with the optimised conditions. c) N 1s high-resolution spectra of standard an
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concentration. This observation is of great importance, especially
while considering that there is evidence in the literature about the
influence of the thickness of the PDA layer onto its structure. It has
been shown that despite the observed differences during the initial
stage of layer formation on various substrates, the structure of a
thick layer of PDA was, in essence, identical in all cases and inde-
pendent of the underlying surface [60]. In turn, the determination
of grain (layer) size from the XRD pattern was inspired by the
recently published study and the geometric adjustment was based
on this publication [61]. Thus, these sizes calculated from the
Scherrer equation for the optimised film were 69.9 (10.9�) and
49.3 nm (21.8�). These calculated grain sizes are similar or smaller
than the thicknesses of the optimised film (62 ± 2 nm). The posi-
tions of XRD peaks and the calculated grain sizes suggest the
presence of structural order, resembling the ones found in 2D
carbon-based materials, graphene oxide (~10�) and reduced gra-
phene oxide (~20�) [62e65].

Regarding previously described results for 2D-like PDA films, a
peak located near 41� should be visible. However, therein a set of
peaks was characterised by a reduction in their intensity at higher
2q angles [35]. Therefore, due to the very low thickness of obtained
films, a peak of very low intensity may be present. The second
diffractogram (Fig. S7) was obtained with the grazing incidence
angle of diffraction set-up, revealing only two positions of peaks at
the 2q angle equal 10.6� and 39.5�. For the film obtained with the
highest DA concentration (2 mg/mL) only one peak (39.5�) is pre-
sent, once again showing a more amorphous nature of this
particular sample. The optimised film also shows only one peak
(10.6�), which is probably attributed to the lower thickness of this
sample.
3.5.2. Raman Spectroscopy and X-ray photoelectron spectroscopy
As shown in Fig. 5b, the normalised Raman spectra for the four

films show identical features compared to those from our previous
studies [35]. All four spectra show the clear presence of the D
(~1430 cm�1) and G (~1550 cm�1) peaks, which are typical for sp2

carbonaceous materials and commonly observed in PDA-based
materials [66,67]. The D band is associated to the presence of
structural defects in the hexagonal carbon lattice and to edge ef-
fects. The G band, in turn, corresponds to the in-plane vibration of
the sp2 carbon atoms [68,69]. To investigate the level of disorder of
the graphene-like structure, the intensity of these peaks was
erent concentrations of dopamine hydrochloride in starting solution (purple, green and
strates, obtained with different concentrations of dopamine hydrochloride in starting
d optimised films. Dashed lines show the shift of binding energy in the R2-NH.
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compared by calculation of the ID/IG ratio which was equal to
0.9259, 0.8488, 0.8212 and 0,8608 for 0.5, 1 and 2 mg/ml and
optimised sample, respectively. The important conclusion is that
disorder increases as PDA film thickness decreases, but by using
optimised synthesis conditions this effect can be minimized. Some
vibrations reveal a resemblance to the experimental and theoretical
results for eumelanin and can be attributed to the CeH, OeH, and
OeH deformations (~980 cm�1), and the stretching of CeC, CeOH,
CeH, and NeH bonds present in amide, phenolic, and possibly
pyrrole groups (~1190 cm�1). Other vibrations at lower frequencies
are in the spectral region that is typical for skeletal vibrations of
nitrogen-containing aromatic rings [70]. Most probably, the typical
peak of g-C3N4, is located at ~750 cm�1 [71]. The strong peak
located near 400 cm�1 (~450 cm�1) was previously described in the
literature for the PDA, but simultaneously the peaks at these fre-
quencies cannot be detected in 5,6-dihydroxyindole (DHI) melanin
materials samples. All these features seem to prove that obtained
films are composed of polydopamine exclusively [72]. A very crucial
observation is the presence of G’ (2D) peak near 2500 cm�1 and
diversity in its intensity. It was reported that the G-peak intensity
tends to increase with the number of layers, so it is sensible to
assume that more layers are stacked due to the increasing thickness
of the obtained films [73].

The permanence of the PDA functional groups was investigated
by XPS (see also Fig. S8), as shown in Fig. 5c. The high-resolution
spectra of the core level N 1s show the presence of the R2-NH from
secondary amine functionalities both in the optimised and in
standard samples. In turn, the ReNH2 (primary amine function-
alities) component is present in the standard sample only. The
presence of this component was reported in the previous study
[35] and might come from the open etylamino chains reported
already in the PDA structures [74,75]. We still cannot exclude that
this moiety belongs to the (dopamine)2/DHI 5,6-(dihydroxyindole)
complex [76]. It is worth noting that in the samples containing
free amino groups the peak of the R2-NH component is shifted
with regard to its position in pure PDA samples to higher binding
energy (D0.5 eV) values. That strongly suggest influences on the
electronic and chemical environment of the R2-NH moiety. Thus,
the presence of (dopamine)2/DHI 5,6-(dihydroxyindole) complex
is highly probable in the obtained material, and this complex may
be responsible for more homogenous surfaces with better thick-
ness control [76]. For a supplement, we have also obtained the
spectrum of O1s and C1s and have included them in the supple-
mentary information (Fig. S8). As expected, for these two com-
ponents, the spectra of standard and optimised samples do not
differ.

Until here, we have studied the thickness growth of PDA films
and, most importantly, have shown that the attractive 2D-like
structure remains undisturbed during this process. However,
despite this section's broad chemical and structural characteri-
sation, several aspects of PDA from the a/w interface remain
elusive. Therefore, in the following section, we will provide a
growth and self-organization scenario that closely resembles the
experimental conditions for our films, which we believe should
consider the a/w interface and the XRD insights described pre-
viously [35].

4. Growth and self-organising mechanism

In our recent study of PDA films, we discussed the possible
origin of the XRD results in the context of PDA similarities to
eumelanin [35]. In short, we proposed that the interplanar dis-
tances observed in the XRD experiments corresponded to the
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distance between indole-5,6-quinone stacks ~21.6� (d ¼ 4.1 Å)
[77e84]. Additionally, we associated the XRD diffraction peak at
~10.7� (d ¼ 8.3 Å) to both the height of the molecule [78,81] and its
partial destacking [77] and the peaks ~32.4� (d ¼ 2.8 Å) and ~41�

(d ¼ 2.2 Å) to the in-plane periodicity observed at the mesoscale
[58,85]. Despite the feasibility of the models and supramolecular
ordering, the mechanism behind the co-assembly of quasi ordered
structures and quasi textured arrangement of the PDA films is still
unclear. Transmission Electron Microscopy (TEM) studies on our
films (Fig. S9a), show a similar amorphous structure as the one
reported in our previous study [35]. However, high-resolution TEM
images suggest the presence of p� p stacked sections (Fig. S9b),
without clear crystalline planes (Fig. S9c). Molecular dynamics
studies on eumelanin and PDA structures have shown the feasi-
bility for self-organising layered aggregated via p� p interactions
[86]. Moreover, recent studies have shown that protomolecules of
indole-5,6-quinone form covalent bonds of tetra- or pentamers
[87]. These aggregates can generate graphite-like layered struc-
tures thanks to their stability and planar arrangement
[72,86,88e90].

Because of the shear flow induced by the magnetic stirrer, it is
plausible that flattened molecules of tetramers and other proto-
molecules are constantly exposed to shear and thus tend to align
along the solution surface. The flow and shear forces create a
continuous source of new DA molecules in a planar configuration,
ready for stacking on the surface. Additionally, as dopamine oxi-
dises, it has been shown that it starts the oligomerisation process,
where the assembled species quickly migrate to the a/w interface,
anchoring to the surface and, more importantly, serving as “semi
crystallisation” seeds for the development of PDA films [50].
Further studies on the growth dynamics of PDA layers on different
substrates showed that in the absence of negatively charged oxide/
hydroxide anchoring points (covalent linkers), the PDA layer shows
a higher presence of quinone groups C (sp2)-H, which leads to more
robust p� p interactions [60]. Moreover, the growth of aggregates
without templating was shown to generate a mixture of p� p in-
teractions leading to cluster forms, which tend to be spherical in
gas and ill-defined in liquid [91]. Therefore, in our simulations, we
used nearly planar tetramers in a liquid solution as they have
shown to be the most stable ones [86]. The superior stability is also
associated with their planarity and thus their easy p� p stacking,
which is an additional reason behind the selection of tetramers as
main protomolecule [91]. Therefore, with the help of MD we aim to
find similarities between the observed 2D-like structure of the
films, using the insights here described from XRD, Raman and TEM,
and the stablished PDA polymerisation pathways in the presence of
a air/water interface.

4.1. Molecular docking

In the course of our computational research, we focused on
simulations of one of the stable tetramers studied already by Chen
et al. [86]. Molecular dynamics simulations of these systems are
challenging since every collision described by Smoluchowski
equation upon thermally driven self-diffusion leads to an imme-
diate “sticking” and subsequent stacking. Using VINA docking
analysis, we have determined the receptor-ligand interaction sites,
where the receptor for the following docking is taken from the prior
docking result. The docking structures are shown in Fig. 6a. On the
course of analysis, we have determined three (3) specific interac-
tion sites related to three types of possible aggregate growing
schemes: normal stacking as depicted in Fig. 6b and c and two side
types of interactions where tetramer interacts with one of the faces



Fig. 6. a) Tetramer-tetramer VINA docking experiments. The interaction energies vary from around 26 to 34 kJ/mol. An average structure shows the preferable stacking order. b)
Cluster size-dependent interaction energy between the cluster and additional tetramer molecule as the total number of clusters (Na) (derived from VINA docking calculations. c) The
normal stacking and 3:1/4:1 types of stacking as depicted. d) Selected MD equilibrated structures resulting from VINA docking showing that 3:1 type of stacking promotes the
stabilisation of the typical stack structure.
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of the already grown aggregate. Due to the specific arrangements in
the latter cases, we named them 3:1 and 4:1 (also shown in Fig. 6b).
The first type of stacking has already been identified previously
[86].

Interestingly, the interaction energies for normal stacking vary
with respect to the number of molecules in the aggregate. The
smallest interactionenergy is calculated for two interactingmolecules
and gives the interaction energy around 26e32 kJ/mol (dissociation
constant Kd z 2 mM). The interaction energy for two tetramer mole-
cules (2x) varies slightly due to many possible molecular rearrange-
ments and ligand conformations. The corresponding values of
dissociation constants Kd for dimers range from 0.26 up to 2.17 mM,
which means that the majority of the tetramer molecules form ag-
gregates, and this aggregation is weakly reversible.

Following the arguments mentioned above, the energy of ag-
gregates was calculated as a function of the number of units (n). The
energy turned out to be an increasing function of n and reached a
plateau at ~38 kJ/mol for n ¼ 5 molecules in the aggregate, which is
in agreement with former studies [35,77,78,83,90]. Interestingly,
once the cluster size reached 5 molecules (four molecules for re-
ceptor and one for ligand), a new assembly type was observed,
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namely one of those mentioned above as 3:1 or 4:1 type of as-
sembly (Fig. 6c). The difference between those two types of stack-
ing is the orientation of the tetramer molecule with respect to the
side face of the growing stack (11x in Fig. 6a). In the 3:1 configu-
ration, the tetramer molecule is oriented across the stack while in
the 4:1 the longer axis of the tetramer molecule is kept along with
the stack. The interaction energy observed for longer stacks and the
4:1 type of stacking was around 35 kJ/mol and 34 kJ/mol for the 3:1.
Although these are theoretical values for a perfectly ordered stack
of tetramers, these are good starting points for further simulations
and structure optimisations, and as we show in Fig. 6d, some of the
3:1 interactions stabilise the typical stacking structure. For this type
of stacking (planar tetramer molecules), only one face of the
growing stack interacts with the tetramer molecule: the one with
the largest width. Small folding occurs at the end of the aggregates
due to p-p interactions that are not limited only to the parallel
alignment of the quinone rings but also to perpendicular orienta-
tion. Additionally, we observed a different stacking pathway for the
tetramer molecules (results for docking not shown) where the
molecule is not entirely planar in shape. These interactions would
need further investigation and study.
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4.2. Effects at the air-water interface

MD simulations at the air-water surface can be complex due to
the quick aggregation and lack of buoyant force that holds the ag-
gregates afloat and close to the air-water surface. Because of this,
during the simulation time, the aggregate eventually drifts towards
the water phase while maintaining its structure. In Fig. 7a, we show
the MD simulation snapshots and the resulting aggregates orien-
tation. We can observe that the size of aggregates with stacked
units varies. Their size is not uniform, and the stacking alignment
deviates slightly from ideal parallel ordering. What can be observed
is that aggregates (normal stacking) create quasi-ordered struc-
tures resembling the house-of-cards model.

Simulations were carried out using implicit water NOVA2
forcefield without saving the MD trajectory. A tetramer was added
to the simulation environment every time a molecule ‘docked’ to
the oligomerised surface layer to simulate the growth of the PDA
layers. Subsequent molecules were added one by one at a sufficient
distance so that the initial setting did not determine its orientation.
We believe that this process represents a more realistic view with
respect to the diffusive collision probability, given by the Smo-
luchowski equation, at a given concentration. While simultaneous
addition of all molecules at once will result in structures very
similar to those obtained fromMD with water as in Fig. 7a, the one
by one addition results in a lack of pre-aggregates and only a single
molecule approach to the air-water interface.

Interestingly, the interaction energy for any stacking configu-
ration exceeds 30 kJ/mol. Therefore, it is unlike traditional MD that
might resolve these structures at realistic concentrations. More-
over, the simulation results in chaotic aggregates, which might not
evolve during the simulation time, as shown in Fig. 7a. Accordingly,
we may propose an arrangement of the tetramer molecules as
shown in Fig. 7b, where a semi-smectic-c arrangement
Fig. 7. a) Selected structures resulting from MD simulations at the air-water interface. b)
arrangement on the air-water surface. The right panel shows a zoom-in of the layers with
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characterises the air-water interface. Our experiments show that
the tetramer structures form a sort of “semi-smectic c” phase at the
surface, albeit with defects, and the order range is limited to very
few molecules due to bending forces, e.g. the stacking distance
without bending is less than 10 molecules. The structure can be
observed already in Fig. 7a at 11 ns. The proposed stacking
arrangement and Radial Distribution Function (RDF), shown in
Fig. 7b and c, respectively, are compatible with those previously
observed and studied in similar systems [35,77,78,83,90].

The results show that the supramolecular ordering observed in
our experiments can be attributed, of course not exclusively, to the
following aspects. On the one hand, the tetramers at the a/w
interface quickly trap other planar molecules due to the strong p�
p interactions. On the other hand, molecules can stack in a ‘house of
cards’ configuration, with similar propagation limitations, as the
growth is still dominated by p� p interactions. However, the
layered aggregates are more energetically preferable, as also shown
in the literature [77,86,91]. The initial orientation on the a/w
interface is most likely a single layer of smectic-c alignment,
perhaps similarly to the early growth stages of PDA on Au surfaces
[60].

5. Final remarks and conclusions

Previously, the PDA film formation description at the air/water
interface under static conditions was evaluated via ellipsometric
and Brewster angle microscopy observation of the water surface
[31]. Noteworthy, an important conclusionwas the reduction of the
oxygen access from the air to the dissolved dopamine hydrochlo-
ride due to polymerisation progress and the film growth [31]. This
determines the consistency of mentioned experiment with our
study because we previously confirmed a smaller amount of
unreacted dopamine moieties in the optimised (i.e. thinner) film
Selected snapshot from MD simulation with implicit water showing semi-smectic C
the interplanar distance. c) the RDF function for two different simulation snapshots.



Table 1
Summary of the related previous approaches towards the production of the free-standing PDA thin films from the air/water interface and outcoming structures characteristics.

Dopamine
conc. (mg/mL)

Thickness (nm) and
growth control1

Functional agent Described structure or nanostructure Conditions2 Ref.

2 50 after 3 h �/� e coalescence of small islands3 static [50]
~1.53
~3.06
~6.13

105 after 24 h
132 after 24 h
179 after 24 h

þ/� e Double-layered dopamine-melanin
thin films and granules4

static [30]

~1.53 151 after 24 h þ/� Aniline5 Continous uniform films at the
nanoscale level6

static [32]

2 600 after 24 h þ/� PEI7 Continous uniform Janus-faced films4 static [92]
1
2
5

40 after 10 h
50 after 10 h
80 after 10 h

þ/� e coalescence of aggregates8 Static/compressed water
surface

[31]

0.1
0.5
1
2
3
5

~40 after 6 h
~60 after 6 h
~75 after 6 h
~65 after 6 h
~50 after 6 h
~55 after 6 h

þ/� Laccase9 continuous composite films8 Static/compressed water
surface

[34]

~1.53 144 after 48 h
400 after 480 h
145 after 48 h
400 after 480 h
195 after 48 h
400 after 480 h
270 after 48 h
500 after 480 h
e

800 after 480 h

�/� e

NaCl
MgCl2$6H2O
CaCl2
CoCl2$6H2O

Continuous smooth film of PDA
aggregates10

static [51]

2 55 for each monolayer
after 24 h

�/� e Continuous films at the nanoscale level
of 2D-like layered structure11

Soft-stirring [35]

0.5 62 ± 2 after 72 h þ/þ - Continuous films at the centimetre
scale of 2D-like layered structure12

Soft-stirring This study

1- Thickness vs time or dopamine concentration dependence/thickness homogeneity control (supra nanoscale)
2- Dynamic or static conditions applied to bulk liquid and/or water surface
3- Evaluated with Brewster angle microscopy, scanning electron microscopy
4- Evaluated with field-emission scanning electron microscopy
5- Aniline e deprotonating agent
6- Evaluated with field-emission scanning electron microscopy, atomic force microscopy
7- PEI- poly (ethlyenimine) e crosslinking agent
8- Evaluated with Brewster angle microscopy, ellipsometry
9- Laccase - enzyme laccase e as an accelerator of the polymerisation process
10- Evaluated with scanning electron microscopy
11- Evaluated with X-ray diffractometry, transmission electron microscopy, atomic force microscopy, scanning electron microscopy, Raman spectroscopy
12- Evaluated with X-ray diffractometry, atomic force microscopy, Raman spectroscopy
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(see section 3.4). However, to date, without the use of additional
agents (e.g. cross-linking agents) homogeneity and continuity of
the obtained free-standing films at the nanoscale only were noted
[27]. Moreover, it was believed that the loose domains of poly-
dopamine are formed at the interface when initial dopamine con-
centration is very low (<1 mg/mL), and they do not form a
continuous layer [31]. However, the real extend and origin of the
observed supramolecular ordering is still unknown and detailed
structural studies are on their way to understanding the origin of
the XRD diffraction peaks and the associated PDA ordering [35]. For
clarity and to underline the novelty of this work, Table 1 is provided
below, which helps to see the similarities and differences of the
experiments concerning PDA free-standing films from the air/water
interface. From this comparison, we can conclude that the main
innovation in this work was obtaining continuous, homogeneous
and ordered structures of the 2D-like type PDA films of a large
(centimetre) scale, using a considerable low concentration of
dopamine and without functional agents.

In summary, we successfully controlled the synthesis of poly-
dopamine from the air/water interface with a centimetre scale.
Therefore, a new approach towards the production of ultrathin
free-standing polydopamine films was proposed, opening up the
possibility of entirely new applications for this multifunctional
12
material [18]. Moreover, as another important innovation, we
designed and applied a spectroscopic reflectometry set-up dedi-
cated to the in-situ and live observation of the growth of the films
over the entire surface during polymerisation, which allows for
large scalability and integration. The research hypothesis was
examined, namely-the morphological properties and chemical
structure should be controllable by tuning the synthesis conditions.
During the experiment, the following optimised conditions for the
preparation of the films were attained: pH 8.0, dopamine concen-
tration 0.5 mg mL-1, and stirring speed of 300 RPM. The resulting
film had ~5 times lower roughness (root mean square factor), and
~3 times lower thickness compared to the reference sample, ob-
tained using so-called “standard” conditions. Further optimisation,
if needed, could be planned using appropriate procedures-the
response surface methodology and the central composite design
(CCD). In turn, structural characterisation suggests a 2D-like
structure of the films, with multiple layers and more amorphous
character in the thicker (standard) film. Moreover, apparent simi-
larities to the graphene-based materials with our films can be
postulated by the Raman and XRD studies [61e65]. X-ray photo-
electron spectroscopy analysis showed that the R2-NH moiety is
shifted to lower binding energy values by D0.5 eV under controlled
synthesis conditions, which can indicate the presence of
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(dopamine)2/5,6-Dihydroxyindole complex in the structure of the
2D polydopamine films [74e76].

Finally, molecular dynamics were performed to understand
better the polydopamine 2D-like film self-assembly process, and a
new concept was proposed. Using VINA docking analysis, the
receptor-ligand interaction sites were determined, which are related
to the three types of possible aggregate growing schemes, among
which only one was previously identified in the literature, and the
other two stand as a new concept [86]. The size of aggregates is not
uniform, and the stacking alignment deviates slightly from ideal
parallel ordering. Moreover, it was concluded that the initial orien-
tation on the a/w interface is most likely a single layer of smectic-c
alignment, p� p interactions dominate further growth and the
layered aggregates are energetically preferable [60,77,86,91].

Nevertheless, to increase the application potential of the ob-
tained free-standing films, their roughness and the number of
cracks and damages after transferring them to functional substrates
should be reduced. Therefore, it is imperative to improve the
transferring of films to functional substrates and improve their
mechanical properties in the future.
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ABSTRACT: Aggregation of the polydopamine (PDA) molecular
building blocks at the air/water interface leads to obtaining large
surface nanometric-thin films. This mechanism follows two
possible pathways, namely, covalent or non-covalent self-assembly,
which result in a different degree of structure order and,
consequently, different structural properties. Control of this
mechanism could be vital for applications that require true self-
support PDA free-standing films, for example, electrochemical
sensing or membrane technology. Here, we are considering the
impact of boric acid (BA) and Cu2+ ions on the mentioned
mechanism exclusively for the free-standing films from the air/
water interface. We have employed and refined our own
spectroscopic reflectometry method to achieve an exceptionally
high real-time control over the thickness growth. It turned out that BA and Cu2+ ions significantly impact the film growth process.
Reduction of the nanoparticles size and their number was examined via UV−vis spectroscopy and transmission electron microscopy,
showing a colossal reduction in the mean diameter of nanoparticles in the case of BA and a moderate reduction in the case of Cu2+.
This modification is leading to significant enhancement of the process efficiency through moderation of the topological properties of
the films, as revealed by atomic force microscopy. Next, applying infrared, Raman, and X-ray photoelectron spectroscopy, we
presented small amounts of metal (B or Cu) in the final structure of PDA and simultaneously their vital role in the oxidation
mechanism and cross-linking through covalent or non-covalent bonds. Therefore, we revealed the possibility of synthesizing films via
the expected self-assembly mechanism which has hitherto been out of control. Moreover, modification of mechanical properties
toward exceptionally elastic films through the BA-assisted synthesis pathway was shown by achieving Young’s modulus value up to
24.1 ± 5.6 and 18.3 ± 6.4 GPa, using nanoindentation and Brillouin light scattering, respectively.
KEYWORDS: dopamine, oxidation, self-assembly, air−water interface, Brillouin light scattering

1. INTRODUCTION
Polydopamine (PDA) is a nature-inspired polymer that gained
exceptional attention in chemistry due to its unique adhesive
properties and multiple surface functionalization ability.1 A
relatively simple synthesis can produce various forms of this
material or its analogues,2−4 that is, directly deposited
coatings,5,6 functional nanoparticles,7−9 or free-standing films
from the air/water interface.10−13 The latter is particularly
interesting due to the self-assembly of PDA macromolecules at
the interface, leading to high-quality nanometric-thin polymer
films that can be transferred to various functional substrates.14

When applied to the modification of functional materials,
PDA exhibits exceptional properties, such as hydrophilicity,
anti-fouling,15 the enhancement of photocatalytic perform-
ance,16 and the increase of electrocatalytic activity,17 among
others. Moreover, PDA thin coating on the transition-metal
oxide-based electrode surface was recently shown to decrease
charge-transfer resistance at the electrode−phosphate-buffered

saline solution interface.18 However, so far, surface modifica-
tions with PDA leading to the improvement of the above-
mentioned properties have been based on the in situ
deposition of coatings by oxidizing dopamine (DA) directly
on the surface of the targeted material, preventing the
integration on sensitive substrates. Nevertheless, an attractive
alternative methodology is the possibility of ex situ
functionalization of surfaces by PDA transferring, especially
those that can tackle large-area functionalization.

Electrochemically grown PDA films have significant
applicability in many fields, including sensing and electronics.17
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However, their main drawback resides in the relatively small
lateral side of the film produced by this method. The size of
these films is directly limited by the size of the electrode used
to oxidize DA. Conversely, the self-assembly of DA by
oxidation at the air/water interface does not suffer from this
limitation since the main limiting aspect is the water surface
exposed to the air, typically in the range of tens of centimeters.
Our recent work determined the influence of synthesis
conditions for these PDA films to be transferable to functional
substrates,19 showing similar thickness and roughness control
as in the electrochemical deposition of PDA films but with the
added value of retaining the so-called 2D-like ordering of the
films.14,19 Molecular dynamics simulations have provided some
insights into the macromolecular self-assembly at the air/water
interface. However, it has not yet been shown how to control
this process.

There are two possible pathways of aggregation of PDA
molecules: (i) non-covalent self-assembly of the subunits
forming H-bond and π−π interaction,20 (ii) covalent oxidative
polymerization of the monomer subunits,21 and these
pathways are simultaneously co-contributing to PDA for-
mation.22 For potential applications of free-standing PDA
films, to have the possibility of tuning the degree of
supramolecular order is crucial, for example, toward obtaining
a polymer more conjugated with π−π interactions, for the
construction of even more efficient heterojunctions for
photocatalytic applications.23 In turn, the covalent organic
frameworks (COFs)�highly ordered structures with cova-
lently linked organic units that can be topologically grown into
various architectures�stormed the world of chemistry and
functional materials in recent years.24−26 Moreover, it has
already been proven that PDA can be obtained as COF, but
only for nanoparticles, not for functional free-standing films.27

Therefore, we resolved to find chemical agents that would
allow us to direct the synthesis toward covalent or non-
covalent intramolecular interactions.

Boric acid (BA) was very recently successfully used to tune
the diameter of PDA nanoparticles.28 Here, we are considering
what impact BA can have on free-standing films from the air/
water interface. Interestingly, at pH = 8.0, adding BA leads to
reversible catechol-boron monocomplex formation, signifi-
cantly increasing the share of non-covalent cross-linking of
the structure.29 In turn, metallic ions (Na+, Ca2+, Mg2+, and
Co2+) were used to modify free-standing PDA films, which
greatly impacted the growth dynamics, interaction with
nanoparticles suspended in the solution, and particulate
properties such as hydrophilicity.30 However, in that study
authors did not verify if metal ions (in particular Cu2+) could
direct the DA oxidation process toward the desired intra-
molecular ordering type. Indeed, it was previously shown that
Cu2+ might influence the structure of the colloids obtained in
DA oxidation, reducing the degree of their self-organization.31

In this article, we analyze the impact of these two promising
agents�BA and Cu2+ ions�on the synthesis and the resulting
structure of free-standing PDA films from the air/water
interface. The influence on thickness growth dynamics and
mechanical properties of PDA films obtained at the air/water
interface using BA and Cu2+ was further investigated. More
importantly, we discovered that two divergent oxidation
pathways lead to more favorable covalent or physical self-
assembly of the molecules in the resulting material. Especially,
the later ones are leading to exceptionally elastic films, with
tuneable mechanical response. As mentioned above, the ability

to precisely influence the structure of this material is crucial
from the point of view of its application in photocatalysis,
photovoltaics,32,33 and other emerging fields.

2. MATERIALS AND METHODS
2.1. Chemical Reagents. Materials in all synthesis procedures

were used without any further purifications. DA hydrochloride (CAS:
62-31-7, s, >98%), trizma base (CAS: 77-86-1, s, >99%), hydrochloric
acid (CAS: 7647-01-0, l, 25%), copper(II) sulfate pentahydrate (CAS:
7758-99-8, s, ≥98.0%), acetic acid (CAS: 64-19-7, l, ≥99%), sodium
acetate (CAS: 127-09-3, s, ≥99%), BA (CAS: 10043-35-3, s,
≥99.5%), sodium hydroxide (CAS: 1310-73-2, s, ≥98%), and silicon
wafer (Si 100, CAS: 7440-21-3, s) from Sigma-Aldrich and ultrapure
deionized water from a Hydrolab Ultra UV system were used.

2.2. Synthesis of the PDA Free-Standing Films. The film
synthesis was carried out based on the optimized conditions
determined in our previous work.19 DA (0.5 mg mL−1) in the form
of DA hydrochloride powder was added to a Petri dish (7.5 cm in
diameter, 2 cm in height) containing Tris buffer (10 mmol, 45 mL,
pH = 8.0) or sodium acetate buffer (10 mmol, 45 mL, pH = 4.5) and
an oxidation agent (BA or CuSO4, solid) in three different
concentrations to achieve molar ratios of the DA/agent equal 1:1,
1:3, and 1:6. This is corresponding to 0.52, 1.56, and 3.12 mg mL−1

for copper(II) sulfate pentahydrate and 0.20, 0.60, and 1.20 mg mL−1

for BA, respectively. For clarity, all mixtures are summarized in Table
1. Stirring (300 rpm) occurred on a magnetic plate throughout the

synthesis time (72 h), and a glass lid covered the vessel with a small
gap to allow air exchange. The use of a buffer with an acidic pH of 4.5
in the case of Cu2+ as an oxidant is justified by the mechanism of DA
oxidation in an acidic environment. Utilizing these ions in the
presence of chloride ions and dissolved oxygen assumes an increase of
the Cu(II)/Cu(I) redox potential.34 Note that it is not possible to use
Cu2+ as an oxidant at basic pH = 8 because according to Pourbaix’s
diagram of copper, the spontaneous formation of Cu(OH)2 occurs in
that case.35,36 The optimized synthesis path (as mentioned above)
allowed us to obtain homogeneous films with a size corresponding to
the diameter of a Petri dish (7.5 cm). During the synthesis of all
samples, an identical reaction was simultaneously carried out in the
second vessel to collect the solution for UV−vis and dynamic light
scattering (DLS) tests. After the desired oxidation time, the films were
transferred in pieces to a silicon substrates (1 × 1 cm) using the
simple scooping technique (Figure S1) that is a deposition of a
fragment of the free-standing film on a substrate immersed in the
solution using the gravity force. No additional washing was done, and
purification of the samples of the so-transferred films was carried out.
Although films obtained in the experiment are structurally PDA (not
DA), for clarity, while describing all experimental results, we will be
using the same nomenclature for mixtures and for films obtained from
them.

Table 1. Composition of the Mixtures Used in the
Experiment

name buffer pH
oxidation

agent
DA/agent

molar ratio

DA tris 8.0 none n.a.
DA/BA

1:1
tris 8.0, readjusted by

NaOH
BA 1:1

DA/BA
1:3

tris 8.0, readjusted by
NaOH

BA 1:3

DA/BA
1:6

tris 8.0, readjusted by
NaOH

BA 1:6

DA/Cu
1:1

acetate 4.5 CuSO4
(Cu2+)

1:1

DA/Cu
1:3

acetate 4.5 CuSO4
(Cu2+)

1:3

DA/Cu
1:6

acetate 4.5 CuSO4
(Cu2+)

1:6
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2.3. Physico-chemical Characterization. In our former
publication,19 we described a home-made instrument for spectro-
scopic reflectometry (SR) built to study the dynamics of the free-
standing film thickness growth at the air/water interface. Based on
that experience, we have designed an improved and more compact
version of such an instrument using commercially available units and
avoiding glass parts to reach the UV range necessary to reduce the
lower membrane thickness limit of detection. It is composed of the
deuter-halogen light source AvaLight-DHc (Avantes), AvaSpec-
Mini2048CL spectrometer (Avantes), and an optical fiber capable
of operating in the broad UV−vis spectrum (220−800 nm).
Previously, it was possible to determine with high accuracy the
thickness of films starting from 50 nm. Lowering the wavelength to
200 nm allowed us to reveal the first maximum of the reflectance
function already for 30 nm thick PDA film, as shown in Figure S1. For
atomic force microscopy (AFM) measurements, we used an ICON-
Bruker microscope with complementary Gwyddion software to
analyze profilometry data, thickness, and roughness.37 To investigate
the thickness of films after 72 h, we calculated the average of 10
measurements on randomly selected sections crossing the crack in the
film with the exposed substrate. For roughness determination, we
calculated the average of 10 measurements of the root-mean-square
(rms) factor value in the area of 2 × 2 μm of the films. Transmission
electron microscopy was performed with JEOL 1400 TEM. Samples
were drop-cast on a copper grid (Lacey/Carbon film 200 mesh made
by Ted Pella) directly from the reaction solution mixture and dried in
a vacuum desiccator without any centrifugation. UV−vis measure-
ments were performed using a LAMBDA 950 spectrophotometer
(PerkinElmer). DLS and zeta-potential measurements were per-
formed on the Zetasizer Nano ZS (Malvern Panalytical). The mean
size of the nanoparticle hydrodynamic diameter was calculated basing
on the number-based distribution. Due to the low DA concentration
used in the experiment (0.5 mg mL−1), the samples for UV−vis and
DLS measurements were not further diluted. The photograph of the
remaining nanoparticle aggregates at the bottom and walls of the Petri
dish was taken with a digital Xiaomi 50MP AI Quad Camera without
additional intervention, after all liquid was slowly removed from the
vial with a syringe. Raman spectroscopy was carried out employing a
Renishaw instrument equipped with microscope enclosure RE04, 532
nm laser source, and Leica N PLAN 50×/0.5 objective lens. Exposure
time was set to 0.1 s with 0.1% of the power of the laser source
(corresponding to 20 μW), and the number of accumulations was 3.
X-ray photoelectron spectroscopy (XPS) was performed in an ultra-
high vacuum chamber (Specs) using a monochromatic X-ray source
(Al anode). The vacuum in the analysis chamber was in 10−9 mbar
range. The pass energy for the survey was set to 60 eV, while the high-
resolution regions were collected for the pass energy of 20 eV. Data
analysis was performed using the CasaXPS program. X-ray diffraction

(XRD) characterization was executed with the use of an MRD-X’pert3

diffractometer (PANalytical), operating at 45 kV and 40 mA with a
Cu Kα radiation source (wavelength of 1.54 Å). Nanoindentation of
the film’s experiment was performed using a TI-950 (Hysitron)
triboindenter with a Berkovich tip. Load and displacement curves
were analyzed according to the Oliver and Pharr method.38,39 The
methodology is described elsewhere.40 Finally, Brillouin light
scattering (BLS) measurements were performed in the p−p
backscattering geometry using the high-contrast tandem type
Fabry−Perot interferometer (table stable) and the solid-state laser
(Excelsior, Spectra-Physics, λ = 532 nm). The incident and
backscattered light were focused and collected, respectively, using
the microscope objective with a 10× magnification and a numerical
aperture NA = 0.25. The incident power of the laser light was 0.8
mW. The spectrometer mirror spacing was set to 33 mm, and the
scanning amplitude was 200 nm, allowing measurements in the ±1.7
GHz frequency range. All the spectra were recorded at a room
temperature of 296.5 K (23.3 °C) and relative humidity of 39%. Ultra-
thin films (below 30 nm) were needed for this experiment; therefore,
the oxidation time was 12 h. When presenting data in the graphical
form, error bars were included, except for the SR and UV−vis
methods, where the error bars are smaller than the data point
symbols.

3. RESULTS AND DISCUSSION
As illustrated in Figure 1, the work was divided into the
following steps. We started with the production of DA, DA/
BA, and DA/Cu free-standing films at the air/water interface.
To follow the oxidation process, we measured the change in
UV−vis absorbance of the solution and the growth dynamics
of nanoparticles using the DLS and TEM methods. It was of a
great importance because nanoparticle inclusions negatively
affect the efficiency of the process and the quality of the PDA
films at the air/water interfaces. At the same time, we studied
the growth kinetics of films in situ at the interface using the
non-destructive SR method. In the next step, we transferred
the PDA thin films on silicon substrates to perform their
topological (AFM) and structural and chemical (Raman,
FTIR, and XPS spectroscopies) characterization. Moreover, we
performed nanoindentation tests to check the flexibility and
hardness of the obtained films. Finally, the elastic properties of
the free-standing films were examined by BLS. Additionally, we
present photographs of the films at the air/water interface and
after transferring on the Si substrates (Figure S3).

As mentioned above, we investigated the growth of the films
in situ via SR (Figure 2a). In the first 24 h, the influence of BA

Figure 1. Scheme of the workflow�the synthesis proceeded under close observation of the oxidation, nanoparticles, and film growth dynamics,
followed by a structural, chemical, and nanomechanical examination of the obtained films.
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and Cu2+ is not significant, except for DA/BA 1:6, where the
growth of the film was almost completely inhibited. The last
finding is in agreement with a recent observation that when the
BA to DA ratio is higher than 3:1, the autoxidation of DA into
PDA both in solution and at interfaces is terminated.41 In the
next 24 h (24−48 h), in a mixture of DA and DA/Cu 1:1, 1:3,
and 1:6, an almost linear increase in film thickness continues,
while the growth rate of films DA/BA 1:3 and 1:6 slows down.
Finally, in the last 24 h (48−72 h), we note a slow film
thickness increase for all samples except for DA/Cu 1:6, where
the growth rate is still significant. From our previous work, it
follows that in the first step at the air/water interface, the
forming DA tetramers quickly trap other planar molecules by
physical forces (preferably π−π interactions), which induces
quasi-ordered stacking of subsequently supplied molecules in
the second step.19 For now, it can be concluded that Cu2+, as a
good oxidant in these conditions, increases the efficiency of
stacking the subsequent molecules to the already formed film
at the air/water interface but does not significantly affect the
efficiency of initial layer formation.

After 72 h, films from the air/water interface were
transferred on a Si wafer and investigated via AFM for
subsequent examination of the thickness (Figure 2b). The
results are consistent with those obtained with SR. Using AFM,
we managed to measure also the thickness of the DA/BA 1:6
film, which was not possible with SR due to the thickness
detection limit (see Section 2.3). It turned out that an ultra-
thin, continuous, easy-to-transfer film with a thickness of less
than 20 nm was obtained in these conditions. It was
completely transparent and colorless, almost invisible when
transferred to silicon.

To study the DA oxidation and growth of the nanoparticles
in the reaction solution, first, UV−vis spectra were measured in
the range from 200 to 600 nm (Figure S4). The full spectrum
of the DA oxidation mixture after 72 h shows broad absorption
in this range because of the formation of the DA oxidation
products that is 5,6-dihydroxyindole (DHI).42 The absorption
at ∼350 nm corresponds to the quinone units in the PDA
structure,43,44 providing evidence that a mixture of DHI and
5,6-indolequinone (IDQ) was obtained as assumed by the DA
oxidation model. The absorption corresponding to boron-
catechol bonds typically shows up at 490 nm, but here it is not
visible due to the reversible boron-catechol interactions at pH
= 8.0.29 Two wavelengths were chosen for plotting absorbance
kinetics: 305 nm (Figure 2c) and 600 nm (Figure 2d). A
strong peak at about 305 nm originates from the conversion of
o-quinone to dopaminochrome,45,46 indicating an important
intermediate oxidation step. Note that this step is so fast for
DA and DA/BA samples that absorbance at t = 0
(corresponding to about 1 min) is significantly elevated, but
this effect is limited for DA/Cu samples as the cyclization rate
of o-quinone at acidic pH is slower.34 At 600 nm, only PDA
nanoparticles are responsible for light absorption.28,30 At both
wavelengths, DA alone with no agents shows fast absorbance
change during the first 24 h and then plateau-like behavior.
This suggests the fast and spontaneous generation of the PDA
nanoparticles, consistent with the observed rapid color change
of the solution. At λ = 305 nm, both the addition of BA and
Cu2+ (except DA/Cu 1:1) resulted in a smoother curve and a
similar final absorbance after 72 h, enabling to control the
process. However, the very rapid increase in absorbance at t =
0 did not occur for Cu samples. This first step of the DA
oxidation reaction may be partially coursed by aminochrome

Figure 2. (a) In situ thickness growth of the films at the air/water interface measured by SR, (b) final thickness of the films transferred on Si
substrates after 72 h measured by AFM, (c) UV−vis absorbance change during 72 h of the DA oxidation at the wavelength 305 and (d) 600 nm,
and (e) DLS examination of the mean diameter of the PDA nanoparticles in the solution during 72 h of the DA oxidation modified with BA and (f)
Cu2+. All dashed lines connecting data points on graphs are guide to the eye of the viewer only.
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synthesis directly from active redox metal−DA adducts.47

Different mechanisms were reported for polyaniline film
formation in the presence of Cu2+ ions, where deprotonated
imine and amine nitrogen atoms form complexes with
coordinating Cu2+ ions.48 This difference is due to the unique
catechol-chemistry of DA, causing redox active metal ions to
ligate to the adjacent hydroxyl groups of DA.49 BA (1:3 and
1:6) caused the λ = 600 nm curve to change shape and
indicates the inhibition of the formation of nanoparticles,
especially in the first 24 h. BA in a molar ratio 1:1 does not
alter this behavior drastically. This is consistent with literature
reports which indicate that for a drastic inhibition of DA
oxidation to PDA, the required BA/DA ratio is higher than
3:1.41 Nevertheless, inhibition of the increase in absorbance at
the wavelength 600 nm was achieved using Cu2+, which seems
contrary to the assumptions as it should accelerate the
oxidative generation of the PDA nanoparticles. To explain
this feature, DLS measurements were performed (Figure 2e,f).
The unexpected drop in the mean size of the nanoparticles in

the case of pure DA after 24 h is caused by sedimentation of
the large nanoparticle aggregates to the bottom and walls of
the Petri dish (Figure S5). Aggregation of the PDA
nanoparticles and increase of the stability of the nano-
particles/solution colloid can be achieved by positive ζ (zeta
potential).50 Using Cu2+ as an oxidant in pH 4.5 leads to
positively charged nanoparticles, as reported in the liter-
ature31,51 and confirmed in our study (Figure S6). Moreover,
in the following sections, we will provide AFM and TEM
evidence of the presence of large (>500 nm) nanoparticles in
the pure DA reaction solution after 72 h. Back to the DLS
results, in case of BA (Figure 2e), an appearance of 200 nm
PDA aggregates and their slight growth within 72 h was
observed for low concentration (1:1), but no such big
aggregates of the nanoparticles throughout the whole oxidation
time were noted for DA/BA 1:3 and DA/BA 1:6 mixtures.
Based on the UV−vis and DLS results, it can be concluded that
the increase in the diameter of the nanoparticles is stopped
below 50 nm at the beginning of the oxidation. The slow

Figure 3. AFM topography images of the films after 72 h of oxidation at the air/water interface of the (a) PDA, (b) DA/BA 1:3, and (c) DA/Cu
1:3 solutions.

Figure 4. TEM images of the nanoparticles suspended in the (a) DA, (b) DA/BA 1:3, and (c) DA/Cu 1:3 solutions, after 72 h.
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further change in the color of the solution is caused only by the
increase in the number of suspended nanoparticles. By
analyzing graphs for Cu2+ containing samples (Figure 2f), we
can see that for all mixture compositions, the growth of
nanoparticles stopped at a level of a diameter below 200 for 1:1
and 400 nm for 1:3 and 1:6. This further confirms the weaker λ
= 600 nm absorbance compared to pure DA that was observed
in UV−vis tests. To conclude, based on the SR, UV−vis, and
DLS results, we found that BA is a moderate inhibitor of the
PDA free-standing film growth rate at the air/water interface
and an exceptional inhibitor of the PDA nanoparticle size
growth. Cu2+ ions in acidic pH (4.5) are slightly inhibiting the
growth of the PDA nanoparticles but simultaneously
accelerating the PDA free-standing film growth rate at the
air/water interface.

AFM was also applied to investigate the topography of the
films (Figure 3). BA led to smooth and continuous film
formation, showing an almost two times lower rms roughness
coefficient than pure DA (Figure 3a,b). Although the
nanoparticles in the DA/Cu 1:3 solution were smaller than
that in pure DA, as demonstrated by UV−vis and DLS, these
films’ roughness is the highest (Figure 3c). The reason is the
scaly structure of the films. All films AFM topography images
after transferring on the Si substrate (Figure S7) and
corresponding roughness rms parameters (Table S1) are
shown in Supporting Information.

Transmission electron microscopy images of the nano-
particles formed in the solution and transferred dropwise on
the TEM grids after 72 h of oxidation (Figure 4) confirm UV−
vis and DLS findings. Note that no special protocol for
obtaining and centrifuging nanoparticles was used. Therefore,
all nanoparticles visible in the pictures were generated

spontaneously. DA solution contains large single nanoparticles
of a diameter >500 nm and numerous aggregates of the smaller
nanoparticles (Figure 4a). In the DA/BA 1:3 mixture, there are
very small nanoparticles (<50 nm), as shown before, but some
nanoparticle aggregates can also be found, which, however, do
not exceed 100 nm (Figure 4b). Electrostatically positively
charged nanoparticles from the DA/Cu 1:3 mixture did not
deposit so evenly on the TEM grids, but there were a lot of
them on the grid rim. Therefore, the images are not perfectly
sharp, but they still confirm previous observations, showing
that the diameter of 200 nm dominates for the observed
nanoparticles (Figure 4c).

To investigate the influence of oxidation agents on the
chemical structure of the PDA, we performed an XPS study
(Tables S2−S4). The most important (C 1s and N 1s) spectra
are shown in Figure 5a−c,d−f, respectively. Others (O 1s, Si
2p, Cl 2p, B 1s, Cu 2p, and S2p) can be seen in the Supporting
Information (Figures S8 and S10). The first and most
important observation is the presence of π−π bonds for DA
and DA/BA 1:3 films, especially for the latter. This is an
important indicator of the non-covalent self-assembly mech-
anisms of PDA aggregation through π−π and hydrogen
bonds.52 Note that no π−π bonds presence was noted for
DA/Cu 1:3, but on the other hand, a much larger contribution
of sp2 carbon compared to sp3 carbon was detected. The
occurrence of oxygen and hydrogen atoms bonded to carbon
inside the graphene-like domains increases the C(sp3)/C(sp2)
ratio.53,54 We have strong evidence that using BA promotes
PDA aggregation through physical (non-covalent) self-
assembly. This observation is supported by Table S5
summarizing sp2 and sp3 carbon XPS subpeaks areas, showing
that sp2/sp3 ratio for DA/Cu 1:3 is almost 15 times higher

Figure 5. (a) X-ray photoelectron high-resolution spectra of the C 1s region for the DA, (b) DA/BA 1:3, and (c) DA/Cu 1:3 films, (d) high-
resolution spectra of the N 1s region for the DA, (e) DA/BA 1:3, and (f) DA/Cu 1:3 films.
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than that for DA/BA 1:3. The PDA subunits form the
hydrogen bonds and π−π interactions via the catechol groups
and aromatic skeleton. In turn, strong oxidant Cu2+ promotes
covalent oxidative polymerization of the monomer subunits,
forming long chains with only rare connections through
physical interactions. This is further confirmed by the analysis
of N 1s high-resolution spectra of the films since the primary-
amine part of the spectrum (N−C) is less significant for the
DA/Cu 1:3 sample. A very recent study showed that primary
amine contribution decreases with the oxidation time; thus, the
decreased level indicates a higher oxidation level.55 Simulta-
neously, secondary amine abundance in the DA oxidation
products indicates the elevated intramolecular cyclization
rate.56,57 Therefore, the effect of the Cu2+ ions appears in
both intermolecular and intramolecular interactions. Moreover,
XPS showed that copper is present in the obtained films only
in the form of the +2 ion (Figure S10). The structural units
that make up the PDA can bind to Cu2+ via catechol
groups.49,58 Apparently, catechol−Cu2+ complexes are not the

basis of the structure of the obtained material because the EDX
analysis showed a very small signal from copper (Figure S11).
However, we believe that such complexes are present, but in
low numbers, because the N 1s spectrum for DA/Cu 1:3 has
an increased (�N−C) to (C−N−C) signal ratio in
comparison to the other films (Figure 5d−f), and it was
previously postulated that such effect could be due to the
complexation of the catecholate group with a metal cation.59

Correspondingly, the presence of Cu2+ is confirmed also by the
presence of a satellite (shake up) in the binding-energy range
of 939−963 eV.31 No well-developed hybrid nanostructures
resulting from the complexation process were formed, as
shown in Figure 4c. This is due to weak metallic ion
incorporation into the polymer structure. To change this
behavior, a PBS buffer with a pH above 5 would be required.60

In turn, the boron-catechol mono-complexes trace amount in
obtained DA/BA 1:3 film is credible on account of the mild
XPS peak at around 192 eV, as previously reported.28,61 At this
point, it is worth emphasizing that utilizing XPS we did not

Figure 6. (a) Transmission Fourier-transform infrared spectra of the films, (b) Raman spectra of the films, (c) nanoindentation load−unload curves
and box charts (inset) of the real Young modulus and hardness of the films, dispersion relations (d) f(q) and (e) v(q) of fundamental
antisymmetric Lamb (flexural) waves measured with BLS spectroscopy for BA (blue points) and PDA (black points) membranes. The dashed lines
represent the fit according to eqs 1 and 2. Inset images in (d,e) present optical microscopy images of the free-standing membranes DA/BA 1:3 and
DA, respectively.
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detect any signs of metallic boron or copper in the resulting
material. Finally, our observations point out that the
contribution of C−O and C−N bonds is almost identical for
all films, which confirms the catechol and eumelanin chemistry
of the obtained films.

The FTIR spectra of our PDA films are shown in Figure 6a.
The broad peak between 3200 and 3500 cm−1 indicates
hydroxyl and N−H bonds in the catechol groups.62 However,
this broad peak consists of individual bands,63 that is, “free”
O−H stretch at ∼3525−3600 cm−1 and “bound” O−H stretch
at 3360−3430 cm−1. For DA/Cu 1:3, the proportion of “free”
O−H seems to be much higher, which can be seen in the
deconvoluted part of the spectrum in the range 2800−3700
cm−1 (Figure S12). “Bonded” O−H is associated with the
occurrence of hydrogen bonds. In turn, the presence of the
2950 cm−1 band is associated with CH2 stretching vibrations.64

Its low intensity for the DA/Cu 1:3 sample suggests weak H-
bonding of the CH2 groups.65 In the case of DA/BA 1:3, it is a
significant band, suggesting a large number of hydrogen bonds,
while for DA, its intensity is moderate. Next, we can see a
whole set of bands typical for PDA: 1613 cm−1 (shifted to
1586 cm−1 in the Cu sample) and 1505 cm−1 (shifted to 1493
cm−1 in Cu) corresponding to C�C resonance vibrations in
the benzene rings66 and N−H vibration of the amine group,64

respectively. Importantly, C�C resonance vibrations are much
stronger for DA/Cu 1:3 than that for DA/BA 1:3, while N−H
vibration is similarly intensive. This confirms previous XPS
observations. Moreover, 1111 and 1169 cm−1 bands originate
from C−O stretching vibration.64 Finally, the peaks at 1425
and 1266 cm−1 are assigned to the phenolic C−O−H bending
and stretching vibration, respectively.67 Additional peaks for
DA/Cu 1:3 at lower frequencies, especially 819 cm−1, most
probably originate from Cu−O stretching.68,69

Raman spectroscopy (Figure 6b) indicated the existence of
two very important bands for all samples, namely, D band
(1400 cm−1) attributed to structural defects in the hexagonal
carbon lattice and G band (1575 cm−1) band linked with the
in-plane vibration of the sp2 carbon atoms.70 The ID/IG ratio
was also calculated, showing less similarity to nanocrystalline
graphite of DA/Cu samples, which suggests probably less
planar-oriented structure than DA and DA/BA films.14,71,72

The peak at about 965 cm−1 indicates the C−H or O−H out-
of-plane deformations. It is much less intense for DA/Cu,
which confirms the lower impact of hydrogen bonds in the
created structure. The band around 1190 cm−1 is assigned to
the NH in-plane deformation mode originating from the
pyrrole ring in the PDA structure and is the strongest for the
DA/Cu 1:3 sample. Pyrrolic rings may participate in the
formation of π−π or O−H interactions, which would weaken
or shift the band. In the covalent structure, these rings are the
basic elements of the construction of structural units (DHI,
indolequinone). Moreover, the shape of so-called 2D (G′)
peak was compared for DA and DA/Cu 1:3 films (Figure S13).
DA/BA 1:3 was excluded from the analysis due to the low
thickness of the films and thus significantly less intense bands
in the whole spectrum. We can see that this peak is more
intense for the DA sample, suggesting more planar interactions
resulting from π−π bonding. Moreover, the peak for DA/Cu
1:3 is shifted toward lower wavenumbers, suggesting a higher
oxidation level.73

X-ray diffractometry was performed to confirm the above
information (Figure S14). As reported before, diffractograms
for DA and DA/BA 1:3 show characteristic diffraction peaks

for PDA free-standing films produced at the air/water
interface.14,19 On the contrary, DA/Cu 1:3 diffractogram
does not show any peaks which is in accordance with the lack
of π−π interactions,74 as revealed by XPS.

To perform nanoindentation tests, we took advantage of the
experience gained in our previous experiment.14 As our goal
was to compare the effects of chemical environment (BA vs
Cu2+) in the first place, we decided, as in previous chemical
and structural studies, to compare samples prepared with
identical molar ratios (1:3) and the same oxidation time (72
h). The film thicknesses were equal to 82.5, 48.7, and 93.2 nm
for DA, DA/BA 1:3, and DA/Cu 1:3, respectively. The loading
curves (Figure 6c) clearly indicate that the films deform in
different ways. The DA film deforms the least, the DA/BA 1:3
film has a moderate deformation susceptibility, and the DA/Cu
1:3 film is almost plastic. The unloading curve can provide
more information because we can extract sample Young’s
modulus from its shape and slope. The highest Young’s
modulus (24 GPa) was estimated for the film DA/BA 1:3. It is
almost twice as high as the one obtained for DA (14 GPa);
additionally, the load vs displacement curves show the high
recovery of the DA film, with an almost ≈80% of elastic
recovery, followed by DA/BA 1:3 with ≈40% and DA/Cu 1:3
with ≈25%. The shape of the curves also shows the higher
plastic deformation on the DA/Cu 1:3 with respect of the
other samples, despite the similar mechanical response. The
average Young’s modulus for the DA/Cu 1:3 film (15 GPa) is
slightly higher than that for the DA film, however within the
measurement error (see the left inset in Figure 6c). In turn, the
highest average hardness value was achieved for the DA film
(0.26 GPa). The mean values for DA/BA 1:3 and DA/Cu 1:3
films were 0.16 and 0.05 GPa, respectively.

The elastic properties in the GHz frequency ( f) range of BA
and PDA membranes grown for 12 h were measured in a
contactless and non-destructive manner by means of BLS
spectroscopy probing thermally excited acoustic waves/
phonons. By changing the scattering angle θ from 30 to 46°,
the magnitude of the acoustic wavevector q was varied in the
range of ∼12−17 μm−1 according to the formula q = 4π sin θ/
λ, where λ = 532 nm is the wavelength of the probing laser
light. Such obtained dispersion relations f(q) (Figure 6d)
correspond to the antisymmetric, flexural Lamb waves (A0
mode). To determine the Young modulus E and the residual
stress σ0, the experimental data were fitted with the eq 175

f
q E d

q
2 (1 ) 122

2
2 0= +

(1)

where vp = 2πf/q, is the phase velocity, d is the membrane
thickness, ρ = 1750 kg m−3 is the film mass density, and ν =
0.25 stands for the Poisson ratio.76 For film thickness, we
adopted the values estimated from AFM topography maps
(Figures S15 and S16), dBA = 10.5 ± 1.5 nm and dPDA = 23 ± 3
nm for DA/BA and DA membranes, respectively. For the DA/
BA 1:3 membrane, we obtained E = 18.3 ± 6.4 GPa and σ0 =
47 ± 6 MPa, while for the PDA membrane, E = 14.4 ± 4.0
GPa and σ0 = 0 as in this case, the data had not indicated any
statistically significant residual stress. This last observation is
better illustrated in the vp vs q dependence since for q → 0, the
eq 2 is

v /q
p

0
0= (2)
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(Figure 6e), and it is compatible with optical microscopy
images shown in the insets in Figure 6d,e. The determined
values of the Young modulus are in a reasonable agreement
with the nanoindentation results. Unfortunately, the DA/Cu
samples could not be measured by means of BLS because of
their poor stability in free suspension. Membranes transferred
on the substrates broke even when suspended over the smallest
holes (1 μm), which confirms their poor elasticity, as observed
in nanoindentation.

From this study, it can be concluded that the DA/BA 1:3
sample has competitive elastic properties, with a moderate
elastic recovery, the highest Young’s modulus, and inter-
mediate hardness. In turn, the DA/Cu 1:3 film does show low
elastic recover, high plasticity, and low hardness. Noteworthy,
it was shown that a more complex molecular structure
promotes increasing hardness for the tested polymers,77 in
agreement with the results of our experiment. Weakly physical
cross-linked polymer materials more likely undergo a
deformation induced by a reduction in molecular order
under external stimuli,78 as observed for DA/Cu 1:3 films.
More importantly, it was shown that the boron-catechol mono-
complexes prevent oxidative covalent cross-linking and
promote non-covalent cross-linking, resulting in a higher
elasticity modulus of the obtained materials, which is
confirmed in our experiment.

Polymeric thin films can display colossal differences in their
mechanical properties when compared to the bulk state.79−81 It
was shown that the PDA in situ deposited coatings poses
rather poor mechanical performance,82 and the techniques
used to improve these properties such as thermal treatment
process82 and blue diode laser annealing83 are unlikely to be
applicable to PDA films from the air/water interface. For a
versatile-functionalization platform, PDA free-standing films
should be easily transferable on macro-scale surfaces and
protect sensitive and easily degradable photoactive materials.16

Therefore, evaluating the mechanical property test results
obtained for the PDA ultra-thin films to be transferred on the
multifunctional substrates is important. To put these
information in context, we have compared Young’s modulus
values for various ultra-thin polymer films reported in the
literature and this experiment (Figure 7). It can be seen that
PDA free-standing films have a particularly high modulus of
elasticity, especially DA/BA 1:3, when compared to available
data for other similar materials.

The lack of error-bars for some materials in Figure 7 means
that the measurement error was not given in the publication or
its value was so small that the error-bar is smaller than the data
point symbol. The comparison indicates that except PDA free-
standing films, no polymeric nanometric-thin film exceeds the
value of 10 GPa of Young’s modulus, including poly(methyl
methacrylate) (PMMA) nanoscale thin films which are widely
used in the emerging two-dimensional material nanotechnol-
ogy applications.84−86 In particular, the outstanding properties
of DA/BA 1:3 films should be emphasized here, which, within
the measurement error, showed more than 2x higher Young’s
modulus, with a similar thickness to PMMA.

For clarity, information presented in Figure 7 is summarized
in Table 2 below. Importantly, the measurement techniques
used were also specified.

Finally, in Figure 8, we present a scheme of DA oxidation
pathways with respect to used agents�BA (Figure 8a) and
Cu2+ ions (Figure 8b). Although the final structure of the
obtained materials results from various intermolecular

interactions, the diagram is intended to detail the moderation
properties of BA and Cu2+. The diagram shows the DA
oxidation reaction, which proceeds according to a mechanism
well-described in the literature,6,52,95,96 but the first step, that is
the conversion of DA to o-quinone and subsequently to
dopaminochrome, can be partially coursed by direct amino-
chrome synthesis through Cu−DA adducts or can be partially
coursed and reversed by boron-catechol mono-complexes
formation. Then, from the final products of the oxidation
reaction, that is DHI and IDQ (and intermediate products in
case of DA/BA films), PDA is formed as a result of different
intermolecular processes, namely, covalent self-assembly and
non-covalent self-assembly (π−π interactions and hydrogen
bonds). Although very small amounts of metal ions (B and
Cu) enter the final structure of PDA, their influence on the
oxidation mechanism and cross-linking through covalent or
coordination bonds is crucial.

4. CONCLUSIONS
In summary, we produced free-standing PDA films at the air/
water interface with the use of two oxidation agents�BA and
Cu2+ ions. We have effectively limited the arbitrary production
of nanoparticles and aggregates of PDA nanoparticles
suspended in a solution, especially for the films modified
with BA. It is of great importance because these inclusions
were previously reported to negatively affect the homogeneity
and physico-chemical properties of the obtained films. Next,
we showed, from the chemical point of view, the build from the
nature-inspired polymer−PDA, but they show significant
structural differences that is favored macromolecule aggrega-
tion type-through covalent (Cu2+) or non-covalent (BA)
interactions, namely, π−π interactions and hydrogen bonds.
Importantly for the oxidation mechanism, the conversion of
DA to dopaminechrome through o-quinone can be partially
coursed by direct aminochrome synthesis from Cu−DA
adducts or can be partially coursed and reversed by boron-
catechol mono-complex formation. Therefore, the agents used
in the synthesis pose a vital role in the oxidation mechanism,
with only small amounts of metals (B or Cu) detected in the
final structure of PDA. XPS and FTIR revealed that catechol−
Cu complex structural units are present in the Cu2+-modified

Figure 7. Comparison of Young’s modulus of selected thin (thickness
less than 200 nm) polymeric films reported in the literature and
obtained in this study, evaluated via different techniques.
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films, while catechol-boron monocomplexes are unstable and
are not embedded in the PDA structure. A here-only trace

amount of boron was present in the free form. This allows for a
better understanding of the self-assembly mechanism of

Table 2. Summary of Young’s Modulus Measurements Data for Different Thin Polymer Filmsa

polymer thin film thickness (nm)b Young’s modulus (GPa)b measurement method refs

PMMA 40 7.8 ± 0.3 BLS 87
19 3 ± 0.3 tensile tester 88
5.8 9 AFM deflection test 89
11.2 6
35 3.70

poly(ethyl methacrylate) (PEMA) 9.8 ± 1.3 0.08 ± 0.03 surface wrinkling measurements 90
poly(n-propyl methacrylate) (PnPMA) 22.2 ± 2.7 0.039 ± 0.020
poly(benzyl methacrylate) (PBzMA) 21.6 ± 1.5 0.042 ± 0.020
poly(isobutyl methacrylate) (PibMA) 20.7 ± 1.9 0.05 ± 0.020
polystyrene (PS) 30 2.8 ± 0.3 tensile tester 91

40 5.7 ± 0.3 BLS 87
100 5.6 ± 0.3

polystyrene-b-polybutadiene-b-polystyrene block copolymer (SBS) 20 0.7 tensile tester 92
polyamide (PA)/cross-linked 200 1.50 ± 0.53 surface wrinkling measurements 93
PDA/genipin cross-linked 59.4 ± 4.0 7.9 ± 1.7 tensile tester 94
PDA 10 ± 1 12.5 ± 2.5 BLS 76

13 ± 1 13.5 ± 2.5
23.3 ± 3.0 14.4 ± 4.0 t.s.
55 ± 2 13 ± 4 nanoindentation 14
82.5 ± 9.9 14.1 ± 4.5 t.s.

PDA/BA modified 10.5 ± 1.5 18.3 ± 6.4 BLS t.s.
48.7 ± 6.1 24.1 ± 5.6 nanoindentation

at.s.�this study. bError values are given as in the reference publications, without standardization.

Figure 8. Scheme of the DA oxidation pathways with respect to used agents: (a) BA and (b) Cu2+ ions.
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molecules at the air/water interface and the formation of the
thin free-standing films.

Furthermore, nanoindentation and BLS experiments re-
vealed advantageous mechanical properties of BA-modified
films, specifically its relatively large Young’s modulus and a
finite residual stress. We postulate that they result from the
favorably occurring non-covalent self-assembly mechanism. In
combination with the results of our previous research, we have
achieved exceptional control over the manufacturing process of
these materials, that is, a precise measurement of their
thickness growth in real-time, reduction of impurities, and
selective self-assembly mechanism toward specific mechanical
properties.

So far, the exploitation of PDA-thin films in applications
such as photocatalytic enhancement and hierarchical archi-
tectures has been limited to in situ deposited PDA coatings,
which are inherently mechanically poor and lack homogeneity
and smoothness. Our study opens new perspectives for using
mechanically resilient, free-standing films, with large-scale
perspective, especially in applications in such as phononics,
thermoelectrics, or nanometric-thin-layered composites for
energy applications, which are applications where robust self-
supporting functional PDA films might be needed. Addition-
ally, due to the air/water nature of the films, large scalability
can be achieved, reaching lateral sizes in the 10 s of
centimeters, suitable for industrial photovoltaics or other
energy applications.

Finally, our work provides unique insights into the
mechanical (plastic and elastic) response of PDA films and
the relationship between the structure, oxidation, and
functionality of these films. It paves the way for future
applications in layered nanocomposite engineering, where
mechanically different but chemically compatible polymeric
films can be integrated easily with other prospective materials,
such as 2D van der Waals materials, resulting in the
development of unique hybrid laminar architectures.
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Control of Centimetre-Scale 2D-Like Polydopamine Films with Large
Scalability. Mater. Today Chem. 2022, 24, 100935.

(20) Chen, C. T.; Martin-Martinez, F. J.; Jung, G. S.; Buehler, M. J.
Polydopamine and Eumelanin Molecular Structures Investigated with
Ab Initio Calculations. Chem. Sci. 2017, 8, 1631−1641.

(21) Ding, Y. H.; Floren, M.; Tan, W. Mussel-Inspired Polydop-
amine for Bio-Surface Functionalization. Biosurf. Biotribol. 2016, 2,
121−136.

(22) Hong, S.; Na, Y. S.; Choi, S.; Song, I. T.; Kim, W. Y.; Lee, H.
Non-Covalent Self-Assembly and Covalent Polymerization Co-
Contribute to Polydopamine Formation. Adv. Funct. Mater. 2012,
22, 4711−4717.

(23) Kim, S.; Moon, G. h.; Kim, G.; Kang, U.; Park, H.; Choi, W.
TiO2 Complexed with Dopamine-Derived Polymers and the Visible
Light Photocatalytic Activities for Water Pollutants. J. Catal. 2017,
346, 92−100.

(24) Jiang, D. Covalent Organic Frameworks: An Amazing
Chemistry Platform for Designing Polymers. Chem 2020, 6, 2461−
2483.

(25) Geng, K.; He, T.; Liu, R.; Dalapati, S.; Tan, K. T.; Li, Z.; Tao,
S.; Gong, Y.; Jiang, Q.; Jiang, D. Covalent Organic Frameworks:
Design, Synthesis, and Functions. Chem. Rev. 2020, 120, 8814−8933.

(26) Côté, A. P.; Benin, A. I.; Ockwig, N. W.; O’Keeffe, M.; Matzger,
A. J.; Yaghi, O. M. Chemistry: Porous, Crystalline, Covalent Organic
Frameworks. Science 2005, 310, 1166−1170.

(27) Gao, P.; Wei, R.; Liu, X.; Chen, Y.; Wu, T.; Shi, M.; Wang, M.;
Li, N.; Tang, B. Covalent Organic Framework-Engineered Polydop-
amine Nanoplatform for Multimodal Imaging-Guided Tumor Photo-
thermal-Chemotherapy. Chem. Commun. 2021, 57, 5646−5649.

(28) Huang, C.; Wang, X.; Yang, P.; Shi, S.; Duan, G.; Liu, X.; Li, Y.
Size Regulation of Polydopamine Nanoparticles by Boronic Acid and
Lewis Base. Macromol. Rapid Commun. 2023, 44, 2100916.

(29) Wang, B.; Jeon, Y. S.; Park, H. S.; Kim, Y. J.; Kim, J. H. Mussel-
Mimetic Self-Healing Polyaspartamide Derivative Gel via Boron-
Catechol Interactions. Express Polym. Lett. 2015, 9, 799−808.

(30) Han, X.; Tang, F.; Jin, Z. Free-Standing Polydopamine Films
Generated in the Presence of Different Metallic Ions: The
Comparison of Reaction Process and Film Properties. RSC Adv.
2018, 8, 18347−18354.

(31) Ball, V.; Gracio, J.; Vila, M.; Singh, M. K.; Metz-Boutigue, M.
H.; Michel, M.; Bour, J.; Toniazzo, V.; Ruch, D.; Buehler, M. J.
Comparison of Synthetic Dopamine-Eumelanin Formed in the
Presence of Oxygen and Cu2+ Cations as Oxidants. Langmuir
2013, 29, 12754−12761.

(32) Malinkiewicz, O.; Yella, A.; Lee, Y. H.; Espallargas, G. M.;
Graetzel, M.; Nazeeruddin, M. K.; Bolink, H. J. Perovskite Solar Cells
Employing Organic Charge-Transport Layers. Nat. Photonics 2014, 8,
128−132.

(33) Raj, A.; Kumar, M.; Anshul, A. Recent Advancement in
Inorganic-Organic Electron Transport Layers in Perovskite Solar Cell:
Current Status and Future Outlook. Mater. Today Chem. 2021, 22,
100595.

(34) Salomäki, M.; Marttila, L.; Kivelä, H.; Ouvinen, T.; Lukkari, J.
Effects of PH and Oxidants on the First Steps of Polydopamine
Formation: A Thermodynamic Approach. J. Phys. Chem. B 2018, 122,
6314−6327.

(35) Bernsmann, F.; Ball, V.; Addiego, F.; Ponche, A.; Michel, M.;
Gracio, J. J. D. A.; Toniazzo, V.; Ruch, D. Dopamine-Melanin Film
Deposition Depends on the Used Oxidant and Buffer Solution.
Langmuir 2011, 27, 2819−2825.
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Thesis III - Effective ex-situ transfer of the large-scale PDA films from the air/water interface 

to the TiO2 or ZnO surfaces will lead to the formation of a heterojunction at the 

organic/inorganic interface, as would be in the case of in-situ deposition of polydopamine films, 

directly from the solution. 
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e Gulf University for Science and Technology, GUST, 32093 Hawally, Kuwait   

A R T I C L E  I N F O   

Keywords: 
Polydopamine 
Functional surfaces 
Interfaces 
Electron transfer 
Metal oxides 
Photo degradation 

A B S T R A C T   

Polydopamine (PDA) films, when combined with model nanometric semiconductor substrates like titanium di
oxide (TiO2) and zinc oxide (ZnO), enhance photocatalytic performance, generating a unique ex-situ functional 
heterojunction. We investigate PDA air/water films transferred onto large surfaces, revealing Janus-like films 
with strong chemical attachment. Spectroscopic methods confirm a functional hybrid heterojunction, while 
electrochemical studies show significant improvements with transfer resistance enhancement of ~2250 %. This 
opens doors to various practical applications for hybrid heterojunctions.   

1. Introduction 

Polydopamine (PDA) is a biomimetic material of constantly 
increasing interest since its discovery in 2007 [1]. Its biomimetic char
acter comes from imitating the eumelanin-based biopolymer responsible 
for marine mussel adhesive properties [1–4]. One of the main advan
tages of this material is its straightforward production pathway, namely 
the autooxidation of dopamine in a solution of slightly basic pH [1,5] or 
electrodeposition of the PDA from the dopamine solution [6]. These are 
typical procedures for generating PDA nanoparticles [7,8] or functional 
PDA coating on various materials, resulting in all types of composites: 
0D (0 dimensional) [9–12], 1D [13–18], 2D [19] and 3D [20,21]. It is 
worth noting that in the case of in-situ growth, the structure of the 
polymer depends on the substrate [22]. However, a breakthrough dis
covery was the observation of a free-standing polydopamine film 
generated at the air/water (a/w) interface during the autooxidation 
process [23]. [24,25]. Moreover, structures with 2D or 2D-like laminar 
features in these PDA a/w films were observed in a recent study [26]. 
Apparent similarities to graphite or graphene oxide materials have been 
shown using X-ray diffractometry (XRD) and Raman spectroscopy. Since 
no known synthetic pathway leads to such materials from dopamine 

solution, the hypothesis of a 2D-like supramolecular ordering of PDA is 
the most plausible scenario. Further studies have attempted to control 
the synthesis of the a/w films, aiming to produce thin, homogeneous and 
chemically pure films. As a result, high-quality material on a centimetre 
scale was obtained [27], and the production process seems to be easily 
scalable. Importantly, we have shown their superior mechanical 
strength and stability, allowing them to act easily as transferable free- 
standing films [28]. An additional fascinating aspect of the a/w films 
is the possible difference between the water and air-exposed surfaces, 
resembling Janus films or Janus membranes, as observed by Hong et al. 
in catecholamine microfilms from the air/water interface [29], howev
er, no such studies have been performed for a/w PDA films so far, 
despite growing interest in the field of Janus films [30]. 

Another interesting aspect to investigate is the application potential 
of the a/w films in energy and remediation-related fields. For example, a 
recent review article discussed the application and perspectives of 
polydopamine-based composites for photocatalytic processes [31]. One 
of the most exciting applications in this field is the solar-driven photo
catalytic decomposition of dyes and other chemical reagents for water 
remediation [32]. It has been shown that several disadvantages char
acterizing pure TiO2, ZnO and other wide bandgap semiconductors e.g. 
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ZnS composites, could often be minimized or eliminated by modifying 
their surface with polydopamine, e.g. reduction of photoluminescence 
[33] decrease of the bandgap [34], increased effectiveness of transport 
and tunneling of charge carriers [14]an enhancement of the light ab
sorption in vis range (redshift), and efficient separation of photo
generated charge carriers [35]. Finally- it was previously shown that the 
charge–discharge property of polydopamine induces electron backflow 
following the S-scheme heterojunction mechanism between TiO2 and 
PDA. Briefly, the interfacial electron transfer (electron charge) occurs 
when the light is on, while the backflow of accumulated electrons from 
PDA to TiO2 (electron discharge) happens when the light is turned off 
[36]. Nevertheless, these nanocomposites were obtained by direct 
polymerization of PDA in solution, and the effect of enhanced photo
catalytic properties was mainly observed in nanoparticles, porous 
meshes and nanorods. No similar effect has been described for laminar 
nanocomposites based on PDA transferable films deposited on the 
photocatalyst surface. In general, the electronic properties of PDA 
nanomaterials are quite different from those of PDA/semiconductor 
interfaces, and the observed enhancement is often attributed to the in- 
situ polymerization and, possibly, to the quasi-ordinated growth of PDA 
on crystalline materials. Thus, the ex-situ growth of PDA films and the 
transfer of ready products on functional substrates might allow the 
exploitation of the properties of PDA/semiconductor interfaces in many 
fields. In this sense, there are many questions to be answered. For 
example, thin films of PDA grown in-situ (<5 nm) typically exhibit 
higher performance than thicker ones. Whereas PDA films from a/w, are 
an order of magnitude thicker (>15 nm) than their in-situ counterparts. 
Therefore, it is important to answer whether ex-situ transferring of fully 
polymerized PDA films onto functional substrates also results in pho
tocatalytic enhancement. If so, How does it scale with achievable film 
thickness (>15 nm)? This would ultimately allow the proposal of a 
model for the light interaction at the polydopamine-inorganic semi
conductor interface. 

Taking it all into account, here we provide a comprehensive study of 
the following aspects: i) the differences between the chemical and 
physical properties of the upper and bottom surfaces of the laminar 2D- 
like thin PDA films from the air/water interface and their different 
application potential, ii) thickness dependence to evaluate its influence 
onto physicochemical and electrochemical properties and determine the 
most promising candidate for ex-situ transferring towards electro
chemical experiments, iii) whether ex-situ transferred PDA films carry 
with them the previously observed photocatalytic enhancement, 
boosting the efficiency of photocatalytic degradation of the methylene 
blue (MB) in comparison to the TiO2 thin films on a centimetre-scale. 
The latter is also an important application aspect because MB is a 
widely used dye in the textile industry. It is toxic, carcinogenic, and non- 
biodegradable and thus poses a health threat to living organisms [37]. 
Our results bring us closer to the practical application of relatively cheap 
and easy-to-obtain large-size materials for photocatalytic applications, 
e.g. organic pollutants degradation, an emerging topic [38–41]. 

2. Materials and methods 

2.1. Chemical reagents 

Materials of analytical purity level were used in all synthesis pro
cedures without any further purifications. Dopamine hydrochloride 
(CAS: 62-31-7, s, >98 %), Trizma® base (CAS: 77–86-1, s, >99 %), 
Hydrochloric acid (CAS: 7647-01-0, l, 25 %), Diethylzinc (CAS: 557-20- 
0), Titanium tetrachloride (CAS: 7550-45-0), Sodium sulfate (CAS: 
7757-82-6, s), Methylene Blue hydrate (CAS: 122965-43-9), Silicon 
wafer (Si 100, CAS: 7440-21-3, s), Quartz (fused, thickness: 1.0 mm) 
from Sigma-Aldrich and ultrapure deionized water from a Hydrolab 
Ultra UV system were used. 

2.2. Synthesis of the polydopamine films 

The synthesis of films was carried out in the optimised conditions 
determined in our previous work [27]. Dopamine (0.5 mg ml− 1) in the 
form of dopamine hydrochloride was added to a Petri dish (7.5 cm in 
diameter, 2 cm in height) containing Tris buffer solution (10 mmol, 45 
mL). Stirring (300 RPM) took place on a magnetic plate throughout the 
whole synthesis time (10 and 24 h), and a glass lid covered the vessel 
with a small gap to allow air exchange. The purpose of using two 
different synthesis times was to obtain PDA a/w films of various 
thicknesses. 

2.3. Transfer of the films 

Two different transferring methods were applied to investigate both 
sides (surfaces) of the obtained films. By the use of the first procedure 
(scooping), the bottom surface of the film was in contact with a sub
strate, and the upper surface was exposed. Scooping is a simple pro
cedure of immersing the substrate under the previously cut fragment of 
the floating film at a low angle (~30◦) and withdrawing the substrate, 
utilizing gravity force to attach the film to the substrate, shown sche
matically in Fig. 1a. Although much less known than the Langmuir- 
blodgett technique, this method has several advantages, such as 
simplicity and lack of influence on the structure of the material [42]. 
Films transferred by employing this method will be denoted with the 
“sc” abbreviation. The stamping procedure seems much more elusive, 
and to the best of our knowledge, we applied it for the first time to 
transfer films from the water surface. Again, a fragment of the floating 
film is being cut, but the substrate is reversed upside down and slowly 
touches the film’s upper surface. The film is adhesively attached to the 
substrate and can be detached from the water surface by lifting the 
“stamp”. As shown in Fig. 1b, it is the bottom surface of the film that is 
exposed by using the stamping procedure. Films transferred by 
employing the stamping procedure will be denoted with the “st” 
abbreviation. 

2.4. Substrates and coatings 

Depending on the characterization method, different substrates were 
prepared, such as: bare Silicon (100) wafers, Si wafers covered by a thin 
(<100 nm) coating of TiO2 or ZnO (denoted as Si/TiO2 and Si/ZnO, 
respectively) and quartz glass covered by a thin (<100 nm) coating of 
TiO2 (denoted as Q/TiO2). TiO2 and ZnO layers were deposited by the 
atomic layer deposition (ALD) method, which is described in detail 
elsewhere [43–45]. Thin amorphous films were deposited to obtain a 
continuous layer with low roughness [45]. For clarity, the differentia
tion and naming of the samples are summarised in Table S1. 

2.5. Physico-chemical characterization 

Water contact angle (θ) measurements were performed using SEO – 
Phoenix 300 Touch Automatic Contact Angle Analyzer equipped with 
the industrial zoom lens Navitar TV zoom 7000 and SurfaceWare soft
ware. The test was performed two times for each sample (for each group, 
there were four samples, so x8 tests for each group) by using 50 uL of 
deionized water. The result of each measurement is the average of 10 
automatically determined values of the θ angle after t = 5 and 300 s. All 
structural characterization studies were performed on the polydopamine 
films obtained after 10 h and 24 h of oxidation, deposited on silicon Si 
(100) substrate using both transferring techniques and coded Si/PDA/ 
10sc, Si/PDA/10st, Si/PDA/24sc and Si/PDA/24st, respectively. Graz
ing Incidence X-ray diffraction (GIXRD) characterization was executed 
with the use of an MRD-X’pert3 diffractometer (PANalytical), operating 
at 45 kV and 40 mA with a Cu Kα radiation source (wavelength of 1.54 
Å). Films were transferred via scooping or stamping onto clean Si wafers, 
dried and placed in the appropriate holders. Atomic Force Microscopy 
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measurements (AFM) were performed using an ICON–Bruker micro
scope. Complementary Gwyddion software was used for general height 
field and image processing, specifically for the analysis of profilometry 
data and thickness [46]. The thickness of films was determined from the 
average of 10 measurements on randomly selected sections crossing the 
crack in the film on which the substrate was exposed. The roughness was 
determined from the average of ten measurements of the root mean 
square (RMS) value in the area of 2 × 2 µm of the films. The roughness 
factor (r’), defined as the ratio between the actual and projected surface 
area, was appointed as the average of 10 measurements for each sample 
with the implemented functions of Gwyddion software. Raman Spec
troscopy was performed using a Renishaw instrument equipped with 
microscope enclosure RE04, 633 nm laser source and Leica objective 
lens × 50. Exposure time was set to 1 s with 0.1 % of the power of the 
laser source (corresponding to 60 mW), and the number of accumula
tions was 10. Raman spectra of each sample are an average from 5 
measurements in different areas. X-ray photoelectron spectroscopy 
(XPS) was performed using KRATOS:AXIS Ultra DLD, X-ray source: Al- 
Kalpha, 1486.6 eV - FWHM resolution 0.45 eV, acquisition time 0.1 s. 
High-resolution spectra of the regions corresponding to Si2p (112–92 
eV), C1s (290–274 eV), O1s (540–520 eV) and N1s (408–390 eV) were 
investigated. 

2.6. Spectroscopy and electrochemical studies 

The room temperature stationary Photoluminescence (PL) properties 
of the bare and PDA-modified Si/ZnO were measured after excitation by 
IK Series Helium-Cadmium HeCd Laser Systems (325 nm) and collected 
by spectrometer Ocean Optics QE65 Pro. Stationary transmission 
UV–Vis spectroscopy was applied to investigate the bare and PDA- 
modified glass/TiO2 bandgap using Ocean Optics DH-2000 Deuterium- 
Halogen lamp as a light source and Ocean Optics QE65 Pro Scientific- 
grade spectrometer. Obtained spectra of TiO2 (an indirect band gap 
semiconductor) and ZnO (a direct band gap semiconductor) were 
transformed according to [47] and plotted against the photon energy. 
For transient absorption spectroscopic analysis of the bare and PDA- 
modified quartz/TiO2 samples, a Helios spectrometer (Ultrafast Sys
tems) and Spectra-Physics fs laser system were used. Measurements 
were performed in the spectral ranges of 300–900 nm and in the time 
range of up to 3 ns. Time evolution curves (kinetics) of differential ab
sorption spectra were obtained. The excitation beam fell on the sample 
from the TiO2 or PDA side. The pump pulses were set at 310 nm, and the 
pump pulse energy was 0.2, 1 and 5 μJ, corresponding to low, medium 
and high energy levels, respectively. Those energies correspond to en
ergy densities between 100 and 2500 μJ cm− 2. To assign individual 
components of the decay signal, a mathematical fit was made, using the 
following function for the mixed first and second-order decay [48] 
ΔA(t) = An0k1

k1exp(k1(t− t0))+n0k2(exp(k1(t− t0))− 1 )
where n0 is a dimensionless 

quantity proportional to the pump pulse energy, A is relative absor
bance, t0 is the time of maximum A, and k1, k2 are first and second order 
decay rate constants, respectively. The superior or satisfactory fit was 
obtained for all presented kinetic curves, which is summarized in 
Table S3. The global analysis was performed to obtain wavelength- 
dependent amplitudes of the indicated time constants using Surface 
Explorer software from Ultrafast Systems, described in detail elsewhere 
[49]. All electrochemical studies were carried out using Autolab PGStat 
302 N potentiostat–galvanostat systems (Metrohm, Autolab) in a three- 
electrode system where the investigated sample served as a working 
electrode, Pt-mesh as a counter electrode and Ag/AgCl/0.1 M KCl as a 
reference electrode in 0.5 M Na2SO4 electrolyte solution. Light sweep 
voltammetry (LSV) experiments were developed in a potential range 
from − 0.7 to +1 V where the linear increase of potential was equal 10 
mV/s, and the light/dark cycle length was 5 s. Two types of irradiation 
were used UV–vis and Vis. Cyclic amperometry (CA) experiments were 
developed during 300 s when the light/dark cycle length was equal to 5 
s. Cyclic voltammetry (CV) experiments were developed from − 1 to +1 
V, where the increased potential speed was 50 mV/s. Electrochemical 
impedance spectroscopy (EIS) measurements were carried out in the 
range from 20 kHz to 0.1 Hz, where the amplitude was 10 mA. Before 
each measurement, 2 min conditioning time was ensured. The experi
ment was carried out in conditions without irradiation (dark) and when 
the working electrode was exposed to UV–vis and Vis radiation. The LV 
curves and EIS spectra were recorded in different light conditions using 
the solar simulator (Oriel), which was equipped with the optical filter to 
eliminate the radiation < 420 nm. 

2.7. Photocatalytic performance 

To evaluate the beneficial effect of the PDA a/w films deposition on 
the photocatalytic performance of the TiO2 nanofilms, the experiment 
on the photocatalytic degradation of the methylene blue (MB) was 
planned. The concentrations of the MB solution were 2, 3 and 5 ppm, 
and it was stored in a Quartz cuvette of the volume 3 cm3; it was placed 
on a stirrer to allow the solution to mix during the experiment. The 
surface size of the catalyst was 1 cm2. The photodegradation light source 
used in the experiment was a 300 W Xe arc lamp of Sciencetech’s 
Tunable Light Source with 0.01 W cm− 2 intensity and a spectral range 
300–1800 nm. A filter was set to cut out the infrared radiation - a quartz 
cuvette filled with distilled water. The experiments were run for 1 h, for 
the stability test experiment was run 4 times, including changing the 
solution with a new one every hour and using the same photocatalyst 
sample. A spectrum of the solution illuminated with Ocean Optics DH- 
2000 Halogen lamp was measured every 5 min and the decrease in 
the maximum absorbance of the UV–Vis spectra of the methylene blue 
(658 nm) was measured via Ocean Optics QE65 Pro Scientific-grade 
spectrometer. A photo of the cuvette with the photocatalyst placed in 

Fig. 1. Scheme of the (a) scooping (b) stamping transferring procedure.  
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it, the beam of light falling on its surface for driving photocatalytic 
degradation, and the perpendicularly mounted optical fiber directed to 
the spectrometer for recording the spectrum of the solution were shown 
in Fig. S1. Before and after the photodegradation experiment, the sur
face of the catalyst was examined via an optical microscope Keyence 
VHX 7100. The photograph of the MB solution before and after the 
photodegradation experiment was taken with a digital Xiaomi 50MP AI 
Quad Camera. 

Additionally, methylene blue filtration efficiency was investigated 
on PVDF membrane filters (0.1 μm) and PDA/PVDF modified filters. The 
test was performed in a 10 mL omicon 8010 closed system under an 
applied pressure of 0.2 bar. Filtration efficiency was measured in the 
same manner as photodegradation efficiency. 

3. Results and discussion 

As indicated in Fig. 2, the work was divided into three steps. Firstly, 
polydopamine films were synthesized at the air/water interface using a 
previously optimized procedure (see section 2.2), and different pro
cedures were applied to transfer films from the a/w interface on the 
surface of the Si(100) wafer, Si/TiO2 and Si/ZnO (see section 2.3). The 
morphological, chemical and structural divergence resulting from 
varying dopamine oxidation time and transferring techniques were 
investigated with the use of the AFM, water contact angle measure
ments, XRD, Raman Spectroscopy, FTIR and XPS (see section 3.1). Next, 
within step II, thin TiO2 and ZnO coatings were deposited on the Silicon 
substrate via ALD method, and the polymer was deposited on top using 
the most promising PDA transferring procedure. Finally, in the last step, 
we investigated the effect of the PDA/semiconductor interface on the 
optical and electrochemical properties and photocatalytic MB degra
dation efficiency (see section 3.2). 

3.1. Morphological, chemical and structural properties 

To investigate the influence of the transferring procedure and syn
thesis time on the thickness and roughness of the transferred PDA a/w 
films, Atomic force microscopy was applied. In Fig. 3a the box chart 
shows the results of film thickness obtained for the films transferred on 

three types of substrates- Si, Si/ZnO and Si/TiO2. Regardless of the 
substrate type, the mean thickness of the films transferred after 10 and 
24 h of the synthesis was ~17.5 and ~30 nm, respectively. Certainly, 
this is not a linear increment, which is consistent with the former studies 
suggesting a faster thickness increase in the first hours of synthesis 
[25,27]. Notably, the transferring procedure had a negligible influence 
on the film thickness obtained after 10 h growth (random variations), 
but after 24 h all the films transferred with the stamping procedure were 
significantly thicker than the scooping ones. We speculate that capillary 
forces and stretching of the films, which are more effective in the 
scooping procedure, might compress the films. Moreover, the chemical 
environment of both surfaces could play a role in their attachment and, 
therefore, their compression. In turn, the roughness (RMS) of the ob
tained composite surfaces clearly depends on the transferring procedure 
regardless of the growth time (Fig. 3b). For Si/ZnO and Si/TiO2 samples, 
stamping resulted in higher roughness compared to scooping, in contrast 
to Si/PDA sample, where a reverse effect was found. We think the degree 
of hydrophobicity determines this c because the water contact angle on 
the bare Si is around 10◦ lower than on Si/ZnO and Si/TiO2. That leads 
to the conclusion that the scooping technique is the best choice to 
maintain low film roughness after its transfer onto a more hydrophobic 
substrate. As previously reported, using the optimised synthesis condi
tions (stirring speed, pH, dopamine concentration) provides minimum 
achievable roughness of the PDA a/w film before transfer [27]. Inter
estingly, there is no significant influence of the thickness of the film on 
its roughness after transfer. 

Water contact angle measurements estimated the wettability of the 
samples. Due to finite samples’ surface roughness, the measured angles 
had to be corrected using the Wenzels equation with the r′ roughness 
parameter values taken from AFM results (see Supplementary Infor
mation for details). The results of direct measurements and the correc
tion effects are shown in Table S2 of Supplementary Information. The 
final (true) values of water contact angles for all samples are shown in 
Fig. 3c-e. They are only slightly higher than the directly measured 
values, resulting from relatively small surface roughness and the 
respective correction. Three main observations can be made from the 
results of contact angle measurements: i) the same PDA film transferred 
on different substrates may reveal different hydrophilicity, ii) 

Fig. 2. Scheme of the workflow. We start with production and transfer of the PDA thin films, followed by their morphological, structural and chemical investigation 
before executing optical, electrochemical and photocatalytic experiments to investigate composites properties. 
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hydrophilicity of transferred films depends on film growth time, and iii) 
scooping and stamping identical films transferred onto identical sup
ports have different water contact angles (scooping always higher). All 
these findings are very interesting. The first one confirms that the 
interaction of the substrate surface with the PDA film modifies the film 
properties. Si/PDA and TiO2/PDA samples seem to be quite similar, 
especially for the film grown for 24 h, but the ZnO/PDA samples are 
much more hydrophobic. The hydrophilicity of polymers is complex, but 
one of the most important factors is surface energy [50]. The question 
arises: what is the reason for the lower surface energy of the PDA/ZnO 
interface? All substrates- acidic SiO2, amphiphilic TiO2 and ZnO- can 
accept electrons from electron-donating PDA catechol groups at the 
interface [51,52]. Probably due to the fewer adsorption sites on the ZnO 
surface, less electron-donor interaction occurs, affecting electron 
transfer through the interface [53]. This will be investigated later in the 
article. The second finding suggests that either the films change with the 
growth time or their interaction with the substrates depends on the film 
thickness or roughness. The third finding is very interesting because it 
provides a strong argument that the film is strongly asymmetric with 
regard to the chemical or structural composition of the bottom and top 
surfaces. During the self-assembly at the air/water interface, the hy
drophilic parts of structural units building PDA films are directed toward 
the water to minimize the creation of a new interface and stabilize the 
structure [50,54,55]. Therefore, the stamping transferring method leads 

to more hydrophilic composites’ surfaces (smaller water contact angle 
on the bottom surface). From Table S2 in the Supporting Information, 
we read that the difference between contact angles of the scooping and 
stamping samples equals 7.8◦ for Si/TiO2/PDA/10, 14.3◦ for Si/TiO2/ 
PDA/24, 11.1◦ for Si/ZnO/PDA/10, 17.1◦ for Si/ZnO/PDA/24, 21.7◦ for 
Si/PDA/10, and 18.1◦ for Si/PDA/24. The AFM thickness and roughness 
data suggest that the bottom side of the PDA thin films is characterised 
by different chemical or structural arrangements, leading to a more 
hydrophilic character than the upper side, which was revealed by the 
water contact angle measurements. These chemical and structural di
vergences were investigated and described below. They show a clear 
picture, which, together with different hydrophilicity of the upper and 
lower side, suggest that we have obtained Janus PDA free-standing 
films. 

Thanks to the discrete form of XRD spectra from crystalline sub
strates, the presence of a thin layer of the substrates can be detected and 
analyzed from XRD measurements. Especially if their characteristic 
peaks appear at angles different from those from the substrate and their 
crystalline phases are out-of-plane. We focus on the 2D-like structure of 
the films in different samples by evaluating their XRD data compared 
with the spectra from pure substrates (Fig. S2 of the Supplementary 
information). 

Fig. 4a shows the results of such an experiment performed on the Si/ 
PDA/24 samples (scooping and stamping). The peak at ~33.1◦ can be 

Fig. 3. (a) Thickness of the transferred PDA films on various substrates measured with AFM. (b) Roughness (RMS) of various samples surfaces measured with AFM. 
(c) Hydrophilic properties expressed by Water contact angle measurements before and after transfer of the PDA films on different substrates: Si, (d) Si/ZnO, (e) 
Si/TiO2. 
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assigned to both the substrate–silicon wafer [56] and part of the in-plane 
periodicity of PDA [57]. Therefore, it will be omitted from the analysis. 
In addition, the diffractograms for ZnO and TiO2 coatings do not show 
any additional peaks, which confirms their assumed amorphous char
acter (Fig. S2). The presence and positions of XRD peaks for Si/PDA/24 
samples (Fig. 4a) suggest the presence of structural order resembling the 
ones found in 2D carbon-based materials, graphene oxide (~11◦) and 
reduced graphene oxide (~22◦) [58–61]. Moreover, the weak but 
noticeable diffraction peaks located near 47◦ may resemble peaks pre
viously assigned to the (101) planes of graphite carbon [62–64], how
ever, a similar peak is present in the spectrum of the pure Si substrate. 
Finally, there is a peak close to ~28◦ only in the scooping sample, 
originating most probably from the ordering similar to (002) face of 
graphitic crystals [65], indicating a more 2D-resembling structure. 

The presence of certain chemical groups in Si/PDA samples was 
verified by means of Raman spectroscopy experiments (Fig. 4b). In all 
samples, the characteristic for carbonaceous materials peaks sp2 can be 
observed: the D peak (~1410 cm− 1), which is attributed to structural 
defects in the hexagonal carbon lattice, and the G peak (~1570 cm− 1) 
linked with the in-plane vibration of the sp2 carbon atoms [66–69]. 
There is a clear increase in these peaks intensity as the thickness of 
polydopamine films increases with the growth time, which is an ex
pected observation and confirms the thickness differences as shown by 
the AFM method. Moreover, their intensity also slightly depends on the 
transferring method: it is lower for stamping. As the scattering signal 

comes from the whole membrane thickness present in the microscope 
confocal volume, this difference may originate either from membrane 
compression/expansion specific for its orientation-dependent interac
tion with the substrate or from the reduction of the number of freely 
oscillating carbon bonds due to the contact of the upper PDA surface 
with the silicon substrate. The ID/IG ratio was also calculated, which was 
used to assess the disorder level of the graphene-like structure. The 
slight differences 0.916 for Si/PDA/10sc, 0.922 for Si/PDA/10st, 0.914 
for Si/PDA/24sc, and 0.913 for Si/PDA/24st do not indicate any trend. 
However, thanks to the appropriate laser wavelength (633 nm) and 
relatively high energy used, the lower part of the spectrum (below 1000 
cm− 1) can provide more information about the structural disorder 
employing the double-resonance (DR) Raman scattering mechanism 
[70,71]. Weak yet significant characteristic bands assigned to layer 
breathing vibrations (~825 cm− 1) were revealed [72], resembling the 
ones characteristic of defective and twisted carbons [71–73]. The peak 
at the wavenumber ~940 cm− 1 indicates that the C–H and/or O–H out- 
of-plane deformations [60] are significantly stronger compared to pre
vious studies [27]. 

Similarly to the band around 302 cm− 1, it can be observed in the 
spectrum of pure Si subjected to the cleaning procedure in acetone and 
ethanol (Fig. S3), so they probably come from Si-H and Si-O bonds on 
the silicon surface. Another important observation is the presence of the 
~1180 cm− 1 band, which is assigned to the NH in-plane deformation 
mode originating from the pyrrole ring in PDA structure [74], but it is 

Fig. 4. (a) X-ray diffractogram of Si/PDA/24sc and Si/PDA/24st samples. (b) Raman spectra of Si/PDA/10sc, Si/PDA/10st, Si/PDA/24sc and Si/PDA/24st. The lines 
are shifted vertically for clarity. (c) X-ray photoelectron spectra for C1s region of the Si/PDA/24sc sample (upper) and Si/PDA/24st (lower), (d) N1s region of the Si/ 
PDA/24sc sample (upper) and Si/PDA/24st (lower). (e) Transmission UV–Vis Tauc Plot of Quartz/TiO2, Quartz/TiO2/PDA/10sc, Quartz/TiO2/PDA/24sc and 
samples, inset: zoom to photon energy 2.95–3.15 range. (f) Transmission UV–Vis Tauc Plot of Quartz/ZnO, Quartz/ZnO/PDA/10sc, Quartz/ZnO/PDA/24sc and 
samples, inset: zoom to photon energy 3.20–3.30 range. 
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only visible for samples from the 24-hour series. The peak located at 674 
cm− 1 originates from the stretching and deformation of aromatic rings 
[70] and remains visible in all samples, as these rings are the basic 
building blocks of PDA [75]. 

The position of 2D (G′) peak (for Si/PDA/24sc and Si/PDA/24st 
samples) is shifted towards higher wavenumbers in comparison to pre
vious studies of thicker PDA a/w films [27]. As this type of shift is 
characteristic of PDA-based samples with lower oxygen content [76], it 
should be concluded that this is related to the oxidation time of dopa
mine. For much thinner Si/PDA/10 samples, 2D peak is very weak due 
to the much smaller scattering volume of these films and presumably, it 
is further shifting towards higher wavenumbers. 

FTIR spectroscopy of the Si/PDA/24sc sample was performed to 
further confirm the chemical nature of the obtained polymer (Fig. S4). 
The broad band at 3190 cm− 1 indicates the presence of the hydroxyl and 
N–H groups [77]. At 1640 cm− 1 - The bending vibration peak of N–H 
[77] overlaps with C=O band [78]. Bands at 1300 cm− 1 and 1500 cm− 1 

were assigned to C–O bonds and C=C ring stretching, respectively 
[77,78]. Finally, the strong absorption band at 1105 cm− 1 originates 
from Si-O bonds (PDA-substrate through catechol groups or native SiO2 
on Si substrate surface) [79]. 

To fully understand the difference between the top/and bottom faces 
of the PDA films, we performed XPS measurements, as shown in Fig. 4c 
and d. To properly understand the XPS results, it is important to remark 
that native oxide was not removed from the Si substrates (Fig. S3). 
Furthermore, it is important to keep in mind that other peaks originating 
from Silicon are visible at the Si2p spectrum of all PDA-deposited 
samples (Si-O), indicating the presence of the silane moieties (Figs. S5, 
S6, S7 and S8) [80], which proves the fact of binding of functional 
groups present in polydopamine to the silicon substrate. Importantly, 
the Si-O component has the largest share of the spectrum for the Si/ 
PDA/10sc sample, followed by the Si/PDA/24sc. The stamping samples 
have a lower share of this component, which may indicate a weaker 
bond to the Si substrate. Due to the low penetration depth of the coating 
in the XPS test, the Si-O component is higher for thinner PDA layers in 
Si/PDA/10sc than for thicker one in Si/PDA/24sc. Furthermore, 
considering the C1s spectrum (Fig. 4c), there is a minor yet significant 
advantage in the sp2 bonded carbons (C=C) subpeak area for scooping 
samples compared to the stamping, suggesting a more significant pro
portion of sp2 hybridization rings in the structure of the obtained ma
terial. Nevertheless, the C–C and C–H bonds are related to sp3 carbon, 
implying the presence of branched chains not subjected to pure 2D 
symmetry [81]. The presence of C–O and C=O subpeaks suggests that 
both catechol and quinone functional groups are formed, thus con
firming the obtained PDA structure [82]. 

The C-NH and C-NH2 peaks in the N1s spectrum (Fig. 4d), repre
senting the final and intermediate dopamine oxidation products, are 
slightly stronger for the scooping samples. In turn, C-NH3 most probably 
represents the protonated amino group (–NH3

+) which is expected in 
basic pH as side chains contain nitrogen and resemble ammonia [81]. 
This component level is higher for stamping samples, which may be a 
result of the impurities contribution. The C1s, N1s and O1s spectra for 
the pure Si substrate and the Si/PDA/10 samples are presented in sup
plementary info (Figs. S3-S7). 

3.2. Optical, photocatalytic and electrochemical properties 

To investigate the influence of PDA films (particularly the method of 
transferring) on the semiconductor’s optical properties, especially the 
bandgap value, UV–vis transmission spectroscopic measurements were 
carried out. Fig. 4e and 4f show Tauc Plots for TiO2 and ZnO, respec
tively. The plots are compared with bare metal oxides and PDA samples 
of different thicknesses. For both experiments, the introduction of 
PDA24sc film showed a greater impact on the bandgap value, shifting it 
by 0.14 eV (TiO2) and 0.03 eV (ZnO) towards lower photon energy. This 
effect is of minor importance for ZnO, because such a small shift cannot 

significantly affect the optical and photocatalytic properties of the ma
terial, although it remains consistent with the effect observed in ZnO 
NWs (~0.1 eV) [34]. However, thanks to a significant shift after depo
sition of the PDA, TiO2 can exploit a part of the Vis spectrum (blue re
gion of irradiation) for photocatalytic reactions. The presence of 
PDA10sc film also induces a smaller value shift, around 0.08 eV. 
Nevertheless, the possible mechanism was investigated using the tran
sient absorption spectroscopy method described later in this section. To 
confirm whether the observed change in the bandgap energy value is not 
a result of the stationary absorption effect, Fig. S9 shows the measured 
absorbance spectra for the samples with TiO2 and PDA. As it can be seen, 
a thin PDA film does not dramatically increase the absorption of radi
ation in the investigated spectrum, which is advantageous because most 
of the radiation can reach the surface of the semiconductor/PDA 
interface. 

Fig. 5a presents the photoluminescence spectrum for bare Si/ZnO 
substrate and samples of different thicknesses and transferring tech
niques of the PDA films onto Si/ZnO. This substrate was selected 
because ZnO-based nanostructures are known for their photo
luminescent properties [83], which reduces their suitability as photo
catalysts [34]. The ZnO bright UV emission (near-band emission, NBE) is 
close to its absorption edge and produced by excitonic or band-band 
recombination [84]. Focusing on the literature reports, the room- 
temperature PL spectrum of ZnO is dominated by the free-exciton lon
gitudinal optical (LO) phonon replica emissions [83,85]. This effect – 
exciton-phonon coupling – affects the stability of excitons [86]. In 
Fig. 5a, the position and intensity of the single NBE peak differ for 
various samples. As PDA shows significant light absorption in the UV 
region, the bands’ intensity was normalized to compare their maximum 
positions (inset in Fig. 5a) [87]. A significant shift of the maximum of the 
peak towards higher photon-energy should be noted. It is ~0.03 and 
~0.06 eV for thinner (10 h) and thicker (24 h) PDA films, respectively. 
Although it was found that the crystalline size (dsize) of the ZnO nano
structures greatly influences the photon energy of the emission peak 
[86], this cannot explain the shift observed in our experiment since the 
deposition of the PDA film could not affect the crystalline size of the 
ZnO. Instead, we postulate that the PDA coating increases energy 
required for electron–phonon recombination, which positively affects 
the stability of excitons in ZnO nanostructures. 

In turn, deep-level emissions (DLE) in the visible-NIR range (from 
3.1 eV to 1.653 eV) originate from crystalline defects and different film 
stoichiometry (Fig. 5 b and c), indicating the low ZnO’s surface ther
modynamic stability [88]. Three major types of emission can be 
distinguished, namely: green (2.19–2.48 eV), yellow-orange (1.98–2.19 
eV), and red (1.65–1.98 eV) [84,89]. The differences in emission en
ergies originate from different defect-related transitions. Orange and red 
luminescence bands that were observed in our experiment are assigned 
to oxygen interstitials (Oi) [90–93]. Deconvolution of the spectra 
showed that the functionalization of the surface with PDA film, 
compared to ZnO itself, must have influenced the concentration of de
fects, as it significantly quenched the appearance of bands close to 1.70 
and 1.91 eV. Note that in the Fig. 5 b-c, the area under the peaks (a.u.) 
was embedded at each peak. It can also be concluded that the thicker the 
PDA coating (and thus the longer oxidation time), the stronger the ef
fect. In turn, the band at ~2.15 eV is ascribed to the transition of an 
electron from the conduction band to deeply trapped holes in the oxygen 
interstitials [93–95]. The surface functionalization with a thin film of 
PDA did not significantly affect this type of emission. In short, poly
dopamine, with a high degree of oxidation by bonding through func
tional groups, had a positive effect on stoichiometry and the reduction of 
ZnO surface defects, contributing to the increase of its stability. 

To measure the excitation’s photogenerated excited state absorption 
energies and associated lifetimes, the time evolutions of differential 
absorption changes (kinetics) were obtained (Fig. 6a–c). Transient ab
sorption changes were measured upon excitation at 310 nm for the 
samples with TiO2 on quartz (to avoid direct excitation of the substrate 
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with UV irradiation). Kinetics at 590 nm (Fig. 6a-c) represent the decay 
of the population of holes in TiO2 [48]. No signals from PDA alone or 
quartz alone were observed. The excitation from either the coating or 
the quartz side allows selective probing of different interfaces due to the 
small penetration depth of TiO2 at the excitation wavelength of 310 nm. 
The kinetics were fitted with mixed first and second-order decay func
tions (Table S3). This model does not take into account the charge 
diffusion component, but high R2 values and more or less constant 
values of A for different pump pulse energies are strong evidence of a 
good fit of the model (Table S3). For all samples and both excitation 
sides, a dominant share is of the second-order decay, even for the lowest 
pump pulse energies. The values of the first-order rate constant (k1) are 
either very small compared to the temporal range of the experiment or 
fitted with high relative error (reaching 100 %) for all samples; there
fore, no conclusions can be drawn. When excited from the quartz side, 
similar radiative, second-order recombination rate constant (k2) values 
are observed for the samples with and without PDA. On the contrary, 
when excited from the coating side, the constant rate k2 is higher for 
samples with PDA sc and PDA st of about 35 % and 37 %, respectively 

(Table S3 and Fig. 6a–c), than that for the control samples with only 
TiO2. This proves that PDA indeed affects the properties of TiO2 close to 
its interface. Possible reasons for these significant differences will be 
discussed later in this paragraph. Importantly, a shorter excitation life
time does not necessarily mean inferior photocatalytic properties. It was 
previously shown that despite the almost 10 times slower recombination 
kinetics of rutile than anatase, the photoactivity and catalytic properties 
of rutile were lower due to the deficit of surface electron holes [96]. It 
can also be noted that strong second-order recombination conditions are 
usually not fulfilled at typical sunlight intensities for photocatalysis but 
rather observed only with laser pulses. 

For easy comparison, the spectrum at 10 ps after excitation was 
plotted to investigate trapped species contribution, and for clarity, 
spectra were presented in the range 320–600 nm in Fig. 6 d-f. It was 
previously reported that due to relaxation through deep sites, absorption 
bands in the transient absorption spectra of TiO2 shift towards blue as 
deeply trapped carriers absorb photons of shorter wavelengths [97–99]. 
Oxygen vacancies (Vox) can induce shallow defects when the thermo
dynamic effects of the structural relaxation are taken into account 

Fig. 5. (a) Photoluminescence spectra of the bare Si/ZnO and after deposition of PDA films. Inset: zoom to the NBE region, normalized. (b) PL spectra broadband in 
the visible- NIR range deconvoluted for bare Si/ZnO and (c) Si/ZnO/PDA/24st. 

Fig. 6. (a) Representative emission decay traces for Q/TiO2, (b) Q /TiO2/PDA/24sc, (c) Q /TiO2/PDA/24st. (d) Representative transient absorption spectra for a 10 
ps time delay between pump and probe pulses for low energy, (e) medium energy, (f) high energy. 
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[100–102]. Perhaps PDA passivates oxygen deficiency, which may affect 
the surface charge properties of the TiO2 [103]. 

For a deeper analysis of the previously described kinetic differences, 
global fitting was performed using the approximation of the two- 
exponential plus constant offset function. Pre-exponential factor 
spectra of the components τ1 and τ2, that is, the amplitude spectra 
associated with the individual fitted time constants, were plotted along 
with the constant offset (const. offset), which stands for constant 
component, i.e. the final spectrum after 3 ns (Fig. S10). On the one hand, 
it was found that each decay curve has a fast component of a time 
constant between 0.86 and 6.1 ps standing for quenching of the pho
togenerated electrons (e.g. transfer, recombination or trapping). Note 
that for samples illuminated from the coating side, regardless of the 
energy used, this component is always faster for PDA-coated samples, as 
the heterojunction boosts the transfer of electrons from TiO2 conduction 
band to PDA through the π-conjugated structure and functional groups. 
A slow component with a time constant between 14 and 230 ps is 
standing for the relaxation of trapped electrons. Further analyzing the 
spectra, we notice that samples with PDA (measured from the PDA side) 
show a smaller and shorter-wave share of the negative signal, which in 
samples with TiO2 alone stretches up to ~500 nm. This signal may come 
from the steady-state absorption of the trap states in TiO2 [104–106]. 
The method of PDA deposition is of little importance for this effect. In 
turn, the strong signal with a maximum of 340–350 nm, originating 
most probably from the direct hot transition in TiO2 [48], is decreased 
for PDA- coated samples, which may indicate that local heating at the 
interface is lowered due to heterojunction. This is most probably caused 
by the difference in trapped holes (O− ) concentration, as postulated 
above [104]. The above differences around 350 nm for the TiO2 samples 
with and without PDA can also be noticed in the transient absorption 
spectra at 10 ps (Fig. 6 d–f). 

Considering all the previously obtained results, PDA films from 
group 24sc were selected as the most promising and they were subjected 
to electrochemical tests after deposition onto Si/TiO2 and Si/ZnO. Cyclic 
Voltammograms of Si/ZnO/PDA (Fig. 7a) and Si/TiO2/PDA (Fig. S11) 
indicate an increase in reduction peak in the cathodic regime; this is a 

promising indicator of the positive performance impact of PDA-modified 
composites compared to pure inorganic semiconductors. Next, the linear 
sweep voltammograms were generated by measurements under chop
ped illumination of visible (Fig. 7b) and UV–vis (Fig. S12a) light, 
showing higher photocurrent density (PD) for the TiO2 samples with 
deposited PDA films in negative and positive potentials range. For ZnO, 
a positive effect can be seen for the VIS light illumination (Fig. S12b) 
and, partially, for the UV–vis illumination experiment (Fig. S12c). This 
experiment provides information on the photoelectrochemical activity 
of samples and shows that PDA enhances efficient charge separation, 
generating functional heterojunction, thus reducing electron-hole 
recombination. 

The results of the EIS measurements are presented in Fig. 7c and d, 
where the significant influence of PDA on the curves can be seen. To 
analyze this effect, a fitting procedure (Table S4) and equivalent electric 
circuits (Fig.s S13 and S14) have been proposed and described in detail 
in the supplementary information (see pages S16-S21). Firstly, the 
models show that the real part of the impedance is higher for both TiO2 
and ZnO without irradiation (dark) and under the influence of light in 
the visible range. On the other hand, it decreases under the influence of 
UV–vis radiation. This indicates the correctness of the models and is 
fully in line with the theoretical assumptions, as both TiO2 and ZnO are 
active in the UV range and not active in the visible range. More 
importantly, PDA greatly impacts the decrease in the real impedance 
component, representing charge transfer resistance. The mentioned 
decrease is reaching an extremely high value, especially for TiO2, i.e. 
~1920 % (dark), ~1080 % (UV–vis) and ~2250 % (Vis) in comparison 
to bare TiO2. This is a higher result than previously described in the 
literature ~613 % (dark) for in-situ deposited PDA on TiO2 nanorods 
[107]. Simultaneously, the results obtained for ZnO/PDA are also very 
promising. It is a 310 % (dark), 215 % (UV–Vis) and 216 % (Vis) 
decrease in comparison to bare ZnO. The most important result obtained 
in the present experiment proves that thin PDA films have particularly 
favorable photoactive properties (in a wide range from UV to Vis), but 
are also electrochemical (dark- no irradiation), positively influencing 
the electrochemical performance of inorganic semiconductor materials. 

Fig. 7. (a) Cyclic voltammogram of Si/ZnO and Si/ZnO/PDA/24sc samples. (b) Light sweep voltammogram of Si/TiO2 and Si/TiO2/PDA/24sc samples under vis 
irradiation c) Electrochemical impedance spectra under different irradiation conditions of Si/TiO2, Si/TiO2/PDA/24sc, (d) Si/ZnO and Si/ZnO/PDA/24sc samples. 
(e) Cyclic light sweep amperometry under vis irradiation of Si/TiO2, Si/TiO2/PDA/24sc, (f) Si/ZnO and Si/ZnO/PDA/24sc samples. 
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However, the model of TiO2/PDA taking into account charge transfer 
resistance at the PDA/electrolyte interphase (Fig. S12) indicates that the 
irradiation (vis and UV–Vis range) reduces impedance by ~60 % in 
comparison to dark conditions. In this case, a significant influence of 
irradiation is of great importance. 

The j–t graphs for TiO2 (Fig. 7e) and ZnO (Fig. 7f) show the amper
ometric response for the visible light on/off cycles. A significant 
contribution from the pyroelectric potential indicated by the sharp 
peaks (spikes) is visible. The pyro-phototronic effect was described in 
detail elsewhere [108–110]. It originates from the nanosecond-scale 
process of vis light-induced rapid temperature increase [109], as it 
was previously described that coupling of light and cooling of the device 
could enhance photocurrent stability [111]. Within this process, a 
charge carrier transport across the heterojunction is enhanced; hence, 
numerous recombinations occur, and a transient high output current is 
observed. After a short time, the photocurrent is stabilized due to the 
relatively slow photoexcitation process in comparison to trap states 
induced leakage current [109,112]. PDA caused a significant reduction 
in the intensity of these spikes, flattening the photocurrent density chart, 
which is further evidence of its positive effect on reducing the charge 
carrier’s recombination rate [111]. Oxygen vacancy in amorphous TiO2 
could promote hole conduction by providing a “leaky” channel [113]. 
The oxygen vacancy defects in the amorphous ZnO films and their 
contribution to hole conduction were also reported [114]. Therefore, 
considering the amperometric responses of TiO2/PDA and ZnO/PDA, we 
postulate that oxygen deficiency at the surface was modified by PDA 
film. The low photocurrent density was caused by the poor contact 
electrical contact with TiO2 or ZnO, but in consistency with literature 
reports, polydopamine modification contributed to an increase in its 
value through efficient electron extraction [115]. 

Finally, the photocatalytic degradation of the methylene blue effi
ciency was investigated, and the mechanism was drawn as follows. 
Light-induced generation of the electron (e− ) hole (h+) pairs (1). Gen
eration of the hydroxyl radical through the hole (2). The reaction of the 
MB with the hydroxyl radical, degradation of the methylene blue (2b). 
Alternatively, the generation of the superoxide radical (3) and the re
action of the MB with the superoxide radical, thus, degradation of the 
methylene blue (3b).  

TiO2 + hv → h+ + e− (1)                                                                        

h+ + OH– → OH•(2a)                                                                             

OH• + MB → CO2 + H2O(2b)                                                                 

O2 + e− → O2
•− (3a)                                                                                

O2
•− + MB → CO2 + H2O(3b)                                                                

The results of the photodegradation test are shown in Fig. 8a (pho
todegradation efficiency) and Fig. S16 (optical digital photographs). 
After the deposition of the PDA a/w films, the photocatalytic 

performance of the TiO2 was significantly enhanced beyond 14 % after 
1 h. Moreover, this trend was maintained during the four stability test 
cycles (Fig. 8b). In subsequent cycles, the increase in efficiency was 
lower yet significant. In addition, the stability of the composites was 
evaluated by providing optical microscopy photographs of the surface of 
the samples before and after the test (after drying under normal condi
tions) presented in Fig. S17. An important factor is the kinetics of pho
todegradation, here, we determined the rate constants by fitting the 
results to the first-order mechanism (Fig. S18). For MB solution with a 
concentration of 2 ppm, the constant k was equal 9.2 × 10− 3 ± 5 x 10− 4 

and 5.2 × 10− 3 ± 4 × 10− 4 for Si/TiO2/PDA and Si/TiO2 respectively. 
This corresponds to degradation rates (DR) 3.31 and 1.87 (ug h− 1 cm− 2), 
confirming significant TiO2 photocatalytic performance improvement 
by ex-situ transfer of the polydopamine film. We developed additional 
tests to exclude the major influence of other effects like heat and MB 
adsorption on the PDA film. As can be seen in Fig. S19a, the photo
degradation of the MB for the reference Si sample was 12.22 % after 1 h 
under UV–Vis. In turn, a filtration test was performed to investigate the 
possible adsorption of MB on PDA film (Fig. S19b). The filtration effi
ciency of the PVDF filter was slightly increased by modification with 
polydopamine by 12.45 %. Therefore, taking into account the large 
surface area of the filter (4.9 cm2) and pressure-forced flux of molecules, 
the adsorption of MB at the PDA surface is a relatively minor effect. 
Next, we performed tests with scavengers to investigate the contribution 
of photogenerated electrons and electron holes in the photocatalytic 
decomposition of MB. The ethylenediaminetetraacetic acid (EDTA), p- 
benzoquinone (BQ) and isopropyl alcohol (IPA) were applied as h+, 
superoxide radicals and hydroxyl radicals scavengers, respectively. A 
significant decrease in process efficiency was noted for EDTA and BQ. 
Indicating a slight advantage of the share of electron holes over electrons 
(Fig. S20). A moderate decrease was noted for IPA since hydroxyl rad
icals are produced indirectly by TiO2 and directly by PDA [116]. Small 
but noticeable degradation efficiency for the reference sample (Si sub
strate) is related to the absorption of the IR spectrum in the range of 
which Si(100) exhibits low photoactivity [117]. Ex-situ transfer of the 
polydopamine film onto TiO2 surface enhances photocatalytic MB 
degradation efficiency. First, a bandgap energy value is lowered, leading 
to the broader light spectrum utilization in a photocatalytic reaction. 
Secondly, oxygen deficiency at the semiconductor materials surface is 
modified by PDA film, and shallow defects concentration is decreased, 
resulting in less probable electron-hole recombinations on the trap 
states. Generated heterojunction promotes charge transfer and separa
tion. Finally, when presented to the water, the composite shows a more 
hydrophilic character in comparison to the bare TiO2 surface, enabling 
more water molecules to reach the surface and undergo reactions of the 
hydroxyl radicals generation. 

Fig. 8. (a) Graph of the photocatalytic degradation of the Methylene blue efficiency under UV–Vis light illumination. (b) Photocatalysts stability evaluation during 4 
photocatalytic MB degradation cycles. 
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4. Conclusions 

In summary, we successfully enhanced the ZnO and TiO2 photo
catalytic and photocatalytic-related properties using easy-transferable 
and centimetre-scale polydopamine films from the air/water interface. 
Starting from the previously developed optimised strategy, we prepared 
films of different thicknesses it is ~17.5 nm and ~30 nm. Next, have 
conclusively shown that PDA free-standing films can be successfully 
transferred on multiple functional substrates and resemble Janus 
structure with two distinct surfaces without losing the exceptional 
electronic properties observed in PDA/semiconductor interface in 
nanoparticles. 

UV–Vis spectroscopy has shown a 0.14 eV bandgap value shift to
ward lower photon energies in TiO2 thin coating using ~30 nm scooping 
PDA thin film. Photoluminescence spectroscopy has shown that PDA 
thin films are quenching the photoluminescence bands assigned to the 
oxygen defect-assisted recombinations in ZnO. Transient absorption 
spectroscopy in the femtosecond range provided insights into the 
mechanism of the enhancement of the electrical properties of the com
posites after PDA deposition by passivating the shallow defect states, 
boosting the electron transfer at the interface and lowering the local- 
heating effect in TiO2 nanofilms. Finally, electrochemical studies were 
carried out. Most importantly, Electrochemical impedance spectroscopy 
revealed that PDA films have particularly favorable photoactive prop
erties (in a wide range from UV to Vis), but are also purely electro
chemical (dark- no irradiation). The postulated equivalent 
electrochemical circuit poses an exceptional drop in the charge transfer 
resistance component at the electrode/electrolyte interface after PDA 
deposition, reaching a ~2250 % drop for TiO2 in Vis irradiation and 
~310 % without irradiation for ZnO. Moreover, cyclic light sweep 
amperometry revealed a significant quenching of the pyro-phototronic 
effect, which in bare TiO2 and ZnO originates from photogenerated 
electron-hole recombination. Further, the photocatalytic degradation of 
the methylene blue efficiency was investigated, and remarkable effi
ciency enhancement for the Si/TiO2/PDA composite was noted, 14 % 
after 1 h in comparison to Si/TiO2. Higher efficiency was also obtained 
in the subsequent four cycles. These benefits result from the creation of a 
functional organic/inorganic heterojunction. 

Finally, although we have focused mainly on the photocatalytic as
pects of such composites as a benchmarking of the transferring method, 
our findings can be easily applied to biomedicine, electronics and water 
remediation. 
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ogy. Fida Tanos: Investigation, Methodology. Jacek Gapiński: 
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ABSTRACT: The evolving field of photocatalysis requires the
development of new functional materials, particularly those suitable
for large-scale commercial systems. One particularly promising
approach is the creation of hybrid organic/inorganic materials.
Despite being extensively studied, materials such as polydopamine
(PDA) and titanium oxide continue to show significant promise for
use in such applications. Nitrogen-doped titanium oxide and free-
standing PDA films obtained at the air/water interface are
particularly interesting. This study introduces a straightforward
and reproducible approach for synthesizing a novel class of large-
scale multilayer nanocomposites. The method involves the
alternate layering of high-quality materials at the air/water interface
combined with precise atomic layer deposition techniques,
resulting in a gradient nitrogen doping of titanium oxide layers with exceptionally sharp oxide/polymer interfaces. The analysis
confirmed the presence of nitrogen in the interstitial and substitutional sites of the TiO2 lattice while maintaining the 2D-like
structure of the PDA films. These chemical and structural characteristics translate into a reduction of the band gap by over 0.63 eV
and an increase in the photogenerated current by over 60% compared with pure amorphous TiO2. Furthermore, the nanocomposites
demonstrate excellent stability during the 1 h continuous photocurrent generation test.
KEYWORDS: atomic layer deposition, free-standing films, photocatalysis, bandgap, heterojunction

1. INTRODUCTION
Heterogeneous photocatalysis shows great potential in many
fields of large interest, such as water remediation,1 air
purification,2 and renewable energy conversion and storage,
e.g., water splitting and solar fuel production.3 However, for
heterogeneous photocatalysis to become widespread, cost-
effective methods of production of high-performance photo-
catalytic materials at a commercial scale need to be developed.4

One particularly promising class of materials is hybrid organic/
inorganic composites. In particular, oxide/polymer composites
combine the advantages of both inorganic materials offering
proper optoelectronic properties and polymers offering ample
parameter tunability, flexibility, and stretchability.5 An addi-
tional advantage of polymers is that they can often be obtained
from natural resources, i.e., biomass, or using environmentally
friendly reagents. One of the most exciting polymers
considered in the context of hybrid materials for photocatalysis
is polydopamine (PDA), which was discovered from the
inspiration of sea shells.6 PDA has catechol and amine
functional groups, which enables it to adhere strongly to
virtually any surface, and at the same time exhibits the
properties of an organic semiconductor, which makes it a
powerful surface modification material in band structure

engineering and electron transfer processes.7 PDA has also
an outstanding ability to generate photocatalytic hetero-
junctions with plasmonic,8 transition metal oxide,9,10 and
sulfide11,12 nanoparticles. PDA might seem to be a supreme
candidate for obtaining large-scale layered nanocomposites
serving both as an adhesive interlayer13 and heterojunction-
promoting functional coating.

We have previously shown that PDA free-standing films
produced at the air/water interface (a/w-PDA) are charac-
terized by a 2D-like laminar structure,14 which can be obtained
on a large scale (up to several cm) while maintaining
homogeneity and continuity,15 and are easily transferable to
any desired substrate due to their extraordinary mechanical
properties.16 Ex situ transferred PDA is a thin layer of PDA
that is free-standing on the water surface and can be
transferred to another desired surface. Such nanometrically
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thin a/w-PDA films transferred ex situ to the surfaces of
semiconductors (ZnO and TiO2) can create efficient and
stable heterojunctions useful in photocatalytic reactions.17

On the other hand, TiO2 is a promising photocatalyst that
constitutes the basis for the construction of novel hybrid
nanomaterials with high application potential,18−20 but
simultaneously it suffers from poor efficiency due to a
relatively large bandgap and fast charge recombination rate.
TiO2 nitrogen doping is one useful modification to increase the
efficiency of this inorganic semiconductor by reducing the
bandgap, broadening the light response, and increasing the
number of photogenerated carriers.21,22 However, there are
still challenges associated with the formation and utilization of
N-TiO2. First, the exact mechanism of band gap reduction by
N doping of TiO2 is still unclear and needs further research.
Also, control of the N doping concentration is essential and
achieving successful optimization within various process
conditions and nitrogen sources is challenging. Finally, the
stability of N-TiO2 is still questionable; therefore, it is desirable
to protect the N-TiO2 films against decomposition, e.g.,
passivation with a tight protection layer.23 The production
method of N-TiO2 with superior photocatalytic activities
utilizing simple facile techniques through the green routes is an
emerging research topic.24

Atomic layer deposition (ALD) is one of the most
commonly used titanium oxide (TiO2) deposition methods
due to several advantages, such as precise thickness and
composition control of the obtained conformal oxide layers�
particularly important aspects in the production of advanced
hybrid nanoarchitectures.25 Using mild temperatures (below
200 °C), an amorphous, high-quality thin TiO2 film can be
obtained. Additionally, it can be deposited on virtually any
selected substrate, e.g., polymer, as in this experiment�on
PDA. In turn, during the thermal annealing of PDA, the
reported product is nitrogen-doped graphene rather than
graphite or graphene.26,27 This is because PDA, as a polymer
with rich pyrrolic-N groups, serves as a nitrogen source.
Profoundly, the positive correlation between the content of
graphitic nitrogen, enhanced conductivity, facilitated electron
transfer, and improved specific capacity was found.27,28

Whether PDA subjected to mild temperature treatment can
be an efficient nitrogen source is unknown. However, previous
reports on ALD processes on polymer substrates show that
precursors can penetrate and react with them.29,30 Importantly,
it was shown that the degree of this reaction can be increased
by extending the precursor exposure cycle time in the ALD
sequence.29 Predictions should be made that the growth of the
layer with each ALD cycle will decrease the exposure of the
polymer substrate, consequently leading to gradient-like phase
formation.

Bearing in mind PDA’s ability to create a functional
heterojunction on the surface of the inorganic semiconductor,
we decided to arrange several layers alternately, thanks to
which the number of interfaces obtained could be multiplied,
thus the effect of heterojunction. The semiconductor chosen
for modification was TiO2 due to several key features of the
TiO2 nanofilms�a flat surface, excellent adhesion to diverse
substrates’ surfaces, very well described band structure, and
nontoxic behavior.31 However, another aspect was the most
important, i.e., the possibility of obtaining a completely new
type of heterogeneous organic/inorganic nanocomposite. We
hypothesized that the ALD of TiO2 on the PDA layer may lead
to the formation of a gradient interface, i.e., PDA/N-TiO2/

TiO2. Additionally, PDA should act as a protective layer for
unstable N-TiO2, and multiplying the number of layers will
create a larger number of functional interfaces between the
polymer and doped titanium oxide. Considering that
amorphous TiO2 contains more defects and disorder than
crystalline TiO2, it is predicted to be more likely to accept
nitrogen.32 Therefore, we used a low process temperature (200
°C) and an extended ALD cycle time. Ultimately, the
conductive properties of PDA have not yet been well
described, and it is not known whether it would ensure good
electrical contact with the substrate.33 Therefore, the first layer
of the multilayer composite should be TiO2, while the
outermost layer should be PDA, which will increase the
stability of the entire multilayer structure. In this way, we have
developed a simple and reproducible path for obtaining a new
type of multilayer composite, which we obtained on a large
scale. Moreover, we present strong evidence for gradient-like
nitrogen doping of TiO2 layers, which opens up many
possibilities for constructing intelligent organic/inorganic
interfaces.

2. MATERIALS AND METHODS
2.1. Chemical Reagents. Materials in all synthesis procedures

were used without any further purifications. Dopamine hydrochloride
(CAS: 62-31-7, s, >98%), Trizma base (CAS: 77-86-1, s, >99%),
hydrochloric acid (CAS: 7647-01-0, l, 25%), silicon wafer (Si 100,
CAS: 7440-21-3, s), titanium tetrachloride (CAS: 7550-45-0), sodium
sulfate (CAS: 7757-82-6, s), quartz (fused, thickness: 1.0 mm), and
quartz/indium tin oxide (ITO) substrates (CAS: 50926-11-9)
purchased from Sigma-Aldrich and ultrapure deionized water
obtained from a Hydrolab Ultra UV system were used.

2.2. Synthesis of the PDA Free-Standing Films. The synthesis
of PDA free-standing films was carried out in the specific conditions
that we have determined in our previous work to achieve
homogeneous and large-scale thin films with nanometer-scale control
of the thickness and easy transfer onto the desired substrate.15

Dopamine in the form of dopamine hydrochloride was added to a
Petri dish (8 cm in diameter and 2 cm in height) containing tris buffer
solution (10 mM, 45 mL) to obtain a dopamine concentration equal
to 0.5 mg mL−1. Stirring (300 rpm) took place on a magnetic plate
throughout the synthesis time, and a glass lid covered the vessel with a
small gap to allow oxygen flow and, thus, air exchange.

2.3. TiO2 Film Deposition. TiO2 layers were deposited by the
ALD, which is described in detail elsewhere.34−36 Briefly, process
conditions were as follows: temperature: 200 °C, purge gas: Argon,
TiO2 precursors: H2O and TiCl4, number of cycles: 400, and process
time: ∼12 h. The relatively long ALD time was related to longer
breaks between cycles for the individual precursors. The aim was to
keep the samples at a higher temperature and vacuum for longer so
that the nitrogen diffusion process at the PDA/TiO2 interface could
occur. To see the thickness profile of all the obtained layers, see the
Results and Discussion section. Substrates were prepared to enable
different characterization methods, such as bare silicon (100) wafers
for the chemical and structural characterization, quartz glass for the
UV−vis transmission spectroscopy, and quartz glass covered by ITO
for the photo-electrochemical tests. All substrates had dimensions of
no smaller than 1 × 1 cm.

2.4. Physicochemical Characterization. Raman Spectroscopy
was performed using a Renishaw instrument equipped with
microscope enclosure RE04, 633 nm laser source, and Leica objective
lens ×50. The number of accumulations was 3. Exposure time was set
to 0.1 s with 0.1% of the power of the laser source. X-ray diffraction
(XRD) characterization was executed with the use of an MRD-X’pert3

diffractometer (PANalytical), operating at 45 kV and 40 mA with a
Cu Kα radiation source (wavelength of 1.54 Å). The lamellae for
high-resolution transmission electron microscopy (HRTEM) inves-
tigations were prepared by focused ion beam (FIB) JEOL, JIB-4000.
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The procedure is described in detail elsewhere.37 HRTEM was
performed with a JEOL ARM 200F (200 kV). Secondary ion mass
spectrometry (SIMS) measurements were performed with the
CAMECA IMS SC Ultra instrument. To ensure sub-nanometer
depth resolution, cesium with ultralow impact energy (100 eV) was
used as primary ions, and the polarity of the detector was negative.38

X-ray photoelectron spectroscopy (XPS) was performed using
KRATOS/AXIS Ultra DLD, X-ray source: Al Kα, 1486.6 eV; fwhm
resolution 0.45 eV; acquisition time 0.1 s. Stationary transmission
UV−vis spectroscopy was applied to investigate the bandgap, using
deuterium−halogen light source AvaLight-DHc (Avantes), AvaSpec-
Mini2048CL spectrometer (Avantes) and an optical fiber capable of
operating in the broad UV−vis spectrum (220−800 nm). Obtained
spectra of TiO2 (an indirect band gap semiconductor) were
transformed39 and plotted against the photon energy. To obtain the
optical constants of PDA and TiO2 films, spectroscopic ellipsometry
analysis was performed using the SENTECH GmbH SER800
ellipsometer at incidence angles of θ = 60, 65, and 70°. This analysis
covered the spectral range from 400 to 1000 nm with a scanning
interval of 1 nm. In order to extract the refractive index and extinction
coefficients of the layers, we employed the Bruggeman effective
medium approximation. The TiO2 layers in the nanolaminates were
described by using the Tauc−Lorentz dispersion function, while the

PDA layers were characterized by using an advanced combination
layer dispersion, consisting of Tauc−Lorentz and Brendel oscillator
dispersions. During the regression analysis, the optical constants of
the nanolaminates were determined, with the initial thicknesses of the
layers being fixed.

2.5. Photo-electrochemical Experiments. Photo-electrochem-
ical studies were carried out using a Gamry Reference 620
potentiostat in a three-electrode system where the investigated
sample was a working electrode, Pt-mesh was a counter electrode, and
Ag/AgCl/0.1 M KCl was a reference electrode in 0.5 M Na2SO4
electrolyte solution. Linear sweep voltammetry (LSV) experiments
were carried out in a potential range from 0.5 to +1 V where the linear
increase of potential was equal to 10 mV/s, and the light/dark cycle
length was 1 s. Chronoamperometry (CA) experiments were
developed by switching potential in a step-manner from 0 to 1 V
and later keeping the system at a target voltage of 1 V for stabilization
during 100 and 3600 s. Open circuit photopotential (OCP) and
photocurrent (OCC) measurements were executed in the following
manner: 20 s dark, 40 s illumination (excitation), and 60 s dark
(decay). During all photo-electrochemical experiments, the light
source was a 300 W Xe arc lamp of ScienceTech’s Tunable Light
Source, and the used irradiation was characterized by 100 mW cm−2

power density and spectral range of 300−1800 nm. Additionally, a

Figure 1. Scheme of the workflow−synthesis of the multilayer composites through ALD of the TiO2 layers and transfer of the PDA film from the
air/water interface alternately until three-layer composites are obtained. Then structural, chemical, and electrochemical tests were carried on.

Figure 2. Raman spectra of the multilayer TiO2/PDA nanocomposites (a) and X-ray diffractogram of the Si substrate, Si/TiO2, and multilayer
composites in the 2θ range from 10 to 65° (b) and 10 to 35° (c).
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filter was set�a quartz cuvette filled with distilled water to cut the
infrared radiation.

3. RESULTS AND DISCUSSION
Our first goal was to obtain multilayer nanocomposites.
Another goal was to generate a variable (gradient) nitrogen
content in the TiO2 layers deposited on the PDA surfaces. To
the best of our knowledge, such a method of doping TiO2 with
nitrogen has not yet been described. Therefore, we conducted
a series of experiments to investigate this phenomenon. First,
Raman spectroscopy and XRD provided valuable information
on the structural arrangement of PDA films obtained at the
air/water interface and transferred ex situ to semiconductor
surfaces. Then, cross sections (lamellas) of the samples were
cut using the FIB. HRTEM showed the quality of the obtained
interfaces and the thickness of individual layers. SIMS provided
information on the element content in individual layers,
allowing us to determine the gradient nature of doping and the
layer interfaces. XPS was performed in the depth profiling
mode, meaning that the etching of the sample surface preceded
the spectrum’s collection to reach deeper layers. In this way,
we thoroughly examined the chemical nature of the interface
between PDA and nitrogen-doped TiO2 layers. Optical tests
using UV−vis spectroscopy and ellipsometry showed a
reduction in the band gap with each subsequent layer and a
change in the optical properties of TiO2 due to nitrogen
doping. Finally, LSC and CA showed multilayer composites’
more significant application potential than TiO2 and single-
layer composites. Schematically, the course of the experiment
is presented in Figure 1.

Starting from Raman spectroscopy (Figure 2a), the band
around 1190 cm−1 indicates an important PDA structural unit;
it is NH in-plane deformation mode originating from the
pyrrole rings.16 As we presented earlier,14,15 the occurrence of
2D, D, and G bands is typical for this type of PDA films
transferred ex situ from the air/water interface. Interestingly,
the increasing number of layers showed no significant shift of
the D and G peaks. Their centers are around 1380 cm−1 (D)
and 1570 cm−1 (G). In turn, the ID/IG intensity ratio, widely
used to evaluate the defect density in graphene or graphite-like
carbon-based materials,40 varies. The comparison demon-
strates the decreasing defect density with increasing number of
layers. It has previously been described that high temperature40

or laser annealing41,42 of the PDA may reduce defect density.

However, this result was unexpected since the low temperature
used in the ALD process (for deposition of TiO2 layers)
should not lead to PDA graphitization. Notwithstanding, a
dehydration reaction occurring normally in this temperature
range in the PDA layer would reduce the concentration of
hydroxyl groups present at the PDA surface,43 thus converting
the more GO-like structure into a more rGO-like one.
Moreover, the 2D peak is shifting toward lower wavenumbers
with increasing layers, further suggesting transformation into
rGO-like structure.44

The XRD patterns are dominated by peaks originating from
the Si wafer used as the substrate. In turn, the lack of clear
peaks that could be assigned to crystalline TiO2 confirms the
amorphous nature of these layers (Figure 2b). Therefore, a
close-up of the 2θ angle section from 10 to 30° was made and
shown in Figure 2c to study a region of peaks typical for
materials such as GO and rGO. The one-, two- and three-layer
composites show GO-like and rGO-like peaks, but the latter is
most significant in the case of the three-layer composite, which
confirms the previous observations based on Raman spectros-
copy. However, attention should be paid to the lack of a peak
typical for N-rGO,45,46 i.e., nitrogen-doped reduced graphene
oxide, in the case of two- and three-layer composites. Once
again, the relatively low temperature and generally mild
conditions of the TiO2 ALD process should not lead to the
decomposition of the N-rGO.47 Instead, we postulate that a
new N-TiO2 species may be formed at the PDA/TiO2
interface, as further results show.

A HRTEM image of the three-layer composite cross-section
is shown in Figure 3a, and a close-up is shown in Figure 3b.
Unfortunately, the top layer of the PDA was significantly
damaged during the FIB cutting process (see the Materials and
Methods section); therefore, it is not presented in the image.
However, six extremely sharp and perfectly defined layers (Si/
TiO2/PDA/TiO2/PDA/TiO2) can be seen; their thickness is
approximately 25 nm (PDA) and 40 nm (TiO2). The structure
of the obtained laminar composite consists of alternately
arranged thin, large-surface layers separated by clear sharp
boundaries with no irregularities. It would be impossible to
obtain such structures using the in situ PDA deposition
method because the layers deposited in this way are
amorphous and morphologically irregular.

Figure 3. HRTEM image of the cross-section of the TiO2/PDA three-layer nanocomposite (a), close-up of the interface regions (b), and SIMS
depth profile of the TiO2/PDA three-layer nanocomposite together with the HRTEM image of the cross-section in the background for better
illustration of the multilayer structure (c).
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Figure 3c shows the obtained SIMS depth profile of the
three-layer composite sample, superimposed on the HRTEM
image to better visualize the element content in individual
layers. For clarity and better visualization, the depth profile
starts from the top PDA layer, i.e., the one deposited last on
the composite surface. Going deeper, we reach subsequent
layers. The second and third TiO2 layers (in the order in which
they were obtained) were deposited on the PDA surface. The
titanium spectrum can be used as a benchmark to precisely
determine the interfaces between PDA and TiO2. It is also
visible that the TiO2 layer has a higher oxygen signal intensity
than PDA, further confirming sharp boundaries. The carbon
signal in the TiO2 layers is very low and is related to the
presence of residual contamination, but its concentration was
estimated to be in the part-per-million range. In the case of
mixing of phases or carbon doping, we would note a gradient
of its content in the TiO2 layer, which we do not observe. On
the other hand, a clear gradient of nitrogen content can be seen
in the TiO2 layer’s growth on the PDA surfaces, starting from
high content at the interface, decreasing gradually deep into
the TiO2 layer, until rapidly increasing close to the next
interface with PDA deposited onto the TiO2 surface. We
postulate nitrogen migration from PDA during the TiO2

growth process using the ALD method, where PDA acts as a
polymeric nitrogen source. As a reminder, the conditions of the
ALD process were as follows: temperature 200 °C, time about
12 h, and the atmosphere was a vacuum alternating with argon
(for a more detailed description, see the Materials and
Methods section). In the later paragraphs, we show further
evidence of TiO2 N doping via ALD with polymer nitrogen
sourcing.

We used the XPS in-depth profile mode for two purposes.
First, we examine the elemental content in the two top layers
of the three layer sample. This helped us determine the speed
of the Ar+ ion etching process and the location where each
measurement was made (Figure 4). Figure 4a schematically
shows the multilayer composite with etching depth, which will
be helpful when discussing the XPS spectroscopy results.

Five spectra were analyzed, for which the etching time was 0,
3, 21, 36, and 53 min. Figure 4b shows the atomic elemental
content of each spot reached after a given etching time. It was
possible to deduce the penetration depth using this
information and the previously described results (HRTEM
and SIMS). Therefore, for an etching time of 0 min, the
analyzed spot is on the surfaces of the top PDA layer; for 3
min, the bulk PDA layer; for 21 min, the PDA/TiO2 interface;

Figure 4. Scheme of the TiO2/PDA three-layer nanocomposite structure and etching depth (a), XPS in-depth profile of the atomic percentage in
the two top layers (b), and visualization of the etching depth (c).

Figure 5. XPS high-resolution spectra of the Ti 2p (a) and N 1s (b) regions for etching times 21, 36, and 53 min.
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for 36 min, bulk TiO2 (low N content); and finally, for 53 min,
bulk N-TiO2 with high nitrogen content. It is schematically
shown in Figure 4c.

Then, with this knowledge, we analyzed the high-resolution
spectra of the key regions (Figure 5). However, bearing in
mind the main drawbacks of the ion-etching method, it is
preferential sputtering (e.g., oxygen in metal oxides), a mixture
of nonuniform sputtering (e.g., cratering) and chemical
reduction due to sputtering,48 we mainly focus on the analysis
of Ti 2p (Figure 5a) and N 1s (Figure 5b) regions. Oxygen and
carbon from the first PDA layer undergo many of the effects
mentioned above (etching of polymers results in their chemical
degradation49), contaminating the TiO2 layer and affecting the
measurement. However, Supporting Information includes full
XPS spectra for all samples and high-resolution spectra of the
O 1s and C 1s regions (Figures S1−S5). In turn, the
interactions between nitrogen and titanium should be
exclusively caused by forming some new species at the
interface and, therefore, nitrogen migration into the TiO2
layers. The information about peaks in the Ti 2p and N 1s
regions is also summarized in Table 1 below.

Starting from fitting the Ti 2p high-resolution spectra, T1
and T3 peaks were assigned to 2p1/2 and 2p3/2 energy levels of
Ti4+, respectively.50−52 Next, T2 and T4 were appointed to
2p1/2 and 2p3/2 energy levels of Ti3+, respectively.50−52 The
latter suggests the formation of oxygen vacancies53 or TiNx
species.54 However, this can be partially or exclusively the
effect of the Ar ion etching process.55 In turn, the T5 and T6
pair is originating most probably from titanium oxynitride.56

This observation is also supported by the decrease in the
overall area of Ti4+ peaks, which indicates Ti−O−N formation
by substituting transition metal ions.57 The N4 peak is present

only for the spectra after 21 min of etching, as described earlier
(Figure 4); in this region, the PDA/TiO2 interface is present. It
most likely indicates the coordination of nitrogen to titanium
atoms on the TiO2 surface.58,59 This is particularly reasonable
because PDA adheres to surfaces via catechol and amino
groups containing nitrogen. The peaks N2 and N3 cannot be
assigned with certainty because they overlap with peaks typical
for PDA (primary and secondary amine groups),16 which are
also visible for shorter etching times (Figures S1 and S2).
However, it is visible that the intensity of N1 increases with an
increasing etching time. According to the literature, it should
be associated with N−Ti−O formation,60 and it is nitrogen
doping via interstitial position occupation. Therefore, we
showed that TiO2 is doped through both substitutive and
interstitial nitrogen atoms and that the doping is gradient in
nature (as previously shown by using SIMS). It is worth
emphasizing that the multiple N doping types might induce the
formation of new energy levels in the forbidden band of
titanium oxide, resulting in shifting the absorption edge to
lower photon energies and thus reducing the band gap of TiO2.

Therefore, the value of the band gap was examined. Figure
6a shows the Tauc plot for bare TiO2 and one-, two- and three-
layer TiO2/PDA composites.

It is visible that with each layer the band gap value is lowered
due to the phenomena described in the previous paragraph.
The difference in the obtained value between subsequent
samples is ∼0.15 eV, but the exception is the difference
between one and two layers (0.33 eV). This is because for two
layers, nitrogen doping already introduces new energy levels in
the forbidden band of TiO2, unlike in the case of a one-layer
composite where the only enhancement effect is the formation
of the PDA/TiO2 interface.

To confirm these observations, we performed ellipsometric
tests. The refractive index (n) describes the speed of light
propagation through the material and strongly correlates with
the electrical properties. Generally, the bandgap energy and
refractive index values are inversely proportional for semi-
conductors.61 Moreover, it was previously shown that doping
of titanium oxide can increase its refractive index.62,63 Our
model calculated the refractive index for the TiO2 layers in
each nanocomposite. For the record, two- and three-layer
composites are characterized by gradient nitrogen doping of
the TiO2 layer. This is visible in Figure 6b because the n value
is higher within the entire investigated spectrum (from 400 to
1000 nm). This further confirms the postulated doping
mechanism and the reduction of the bandgap energy. We
also determined the real part of the refractive index (Figure
S6a) and extinction coefficient (Figure S6b) for PDA layers.
According to our knowledge, these values were determined for
the first time for this type of thin PDA film from the air/water
interface, which may constitute essential reference data for
other experiments. The extinction coefficient has not changed
significantly, but the real part of the refractive index of PDA
increases with the increasing number of layers. This is related
to the XRD results, which showed that PDA in three-layer
composites shows structural features more similar to rGO than
in the case of one-layer and two-layer composites. It was
previously shown that rGO coatings have a higher n value than
GO.64

The band gap reduction should positively affect the
photochemical properties of the obtained composites, which
is why we conducted LSV under chopped light illumination
and CA under chopped light illumination tests (Figure 7).

Table 1. XPS Depth Profiles�Area Percentage, Binding
Energies, and FWHM Values for Ti 2p and N 1s Regions for
Etching Times 21, 36, and 53 min

etching time peak binding energy (eV) fwhm area %

21 min T1 465.27 1.95 8.0
T2 463.63 3.32 21.1
T3 459.58 1.46 21.5
T4 457.97 2.92 49.4
N1 403.06 2.31 10.1
N2 400.62 1.55 27.0
N3 398.86 1.85 56.2
N4 397.08 1.28 6.7

37 min T1 466.22 2.54 14.2
T2 464.10 2.84 15.5
T3 460.89 1.65 22.0
T4 458.99 2.83 48.3
N1 401.89 2.28 27.0
N2 399.87 2.03 34.9
N3 398.39 1.14 38.1

53 min T1 466.85 3.20 16.2
T2 464.94 2.72 13.4
T3 463.77 1.34 4.0
T4 461.52 2.52 28.5
T5 459.55 2.53 32.1
T6 457.85 1.23 5.7
N1 402.86 2.07 39.5
N2 400.33 1.89 30.4
N3 399.11 1.16 30.1
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LSV was performed in the positive potential region (0.5−1
V) under chopped UV−vis light illumination (Figure 7a) to
measure the photogenerated current increase. A significant
change was observed, as shown in the close-up of the ∼0.8 V
region (Figure 7b). The percentage increase in photogenerated
current was calculated and is presented in Table 1; as observed,
there is a particularly big difference between TiO2 vs TiO2/
PDA and between TiO2/PDA one layer vs TiO2/PDA two
layers. As we described previously, this is related to forming a

functional TiO2/PDA interface and the nitrogen doping of the
TiO2 layer. The highest photocurrent was obtained for a three-
layer composite.

The same phenomena were confirmed via the CA scan
(Figure 7c). After reaching the equilibrium at the constant
potential set on 1 V, the photocurrent induced again by
chopped light illumination was measured. Again, there was a
significant increase in the photocurrent, as presented in Table
2. The results obtained with the LSV and CA methods are very

Figure 6. Tauc plot (UV−vis spectroscopy) of the quartz/TiO2 and quartz/TiO2/PDA multilayer composites (a) and the real part of the refractive
index (n) vs wavelength graph of the TiO2 layers in Si/TiO2/PDA multilayer composites (b).

Figure 7. LSV under chopped illumination (a), close-up of the ∼0.8 V region (b), close-up of the 80−100 s region of the CA under chopped
illumination (c), CA equilibrium during 100 s (d), and stability during 1 h (e).
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similar. A more detailed discussion of the CA results is
provided in the next paragraph. The LSV photocurrent does
not exhibit a significant increase as the applied potential
becomes more positive. This is probably due to the lack of an
efficient electron transport layer in the system and provides a
perspective for future research.

In CA, the current was recorded under chopped UV−vis
illumination for 100 s while the sample approached an
equilibrium state after increasing the potential from 0 to 1 V
(Figure 7d). After the initial rapid current increase, the current
density drops exponentially due to the electrical barrier at the
solid/electrolyte interface. The switching time was determined
as the time for a system to reach 90% of its full current density
drop. Calculated times were 0.42, 0.27, 0.14, and 0.12 s for
TiO2, one layer TiO2/PDA, two layers, and three layers,
respectively. In the course of previous tests, the three-layer
composite sample showed the most outstanding performance
(smallest band gap, largest photocurrent, and shortest
switching time). Therefore, we decided to test its stability
(Figure 7e) by applying a constant potential (1 V) while
maintaining chopped illumination for 1 h (3600 s). After an
initial exponential decay, the current density is stabilized at
values around 1 μA cm−2 (light off) and 3 μA cm−2 (light on)
and remains at this level throughout the experiment, as shown
in the inset graph. This indicates the excellent stability of the
multilayer composites. Lastly, we investigated the OCP and
OCC of the three-layer nanocomposite, to provide data for
future experiments or comparative analyses. For clarity, OCP
and OCC under the dark conditions have been subtracted. In
Figure S7, the typical behavior of a photocatalyst can be
observed, i.e., rapid step after illumination and a noticeably
slower decay after turning off the light, depending on
photogenerated charge carriers’ lifetimes. The maximum
OCP immediately after illumination was −55 mV, while the
maximum OCC was 7 nA.

4. CONCLUSIONS
Overall, this study introduced an innovative approach to
nitrogen doping in amorphous TiO2 thin films and the
production of polymer/oxide nanocomposites tailored for
photocatalytic applications. Central to this advancement is the
utilization of a unique method for creating PDA free-standing
films at the air/water interface combined with ALD of the
oxide layer. This technique enhances the efficacy of the
nitrogen doping process and significantly improves the
structural and functional qualities of the resultant polymer/
oxide nanocomposites, making them more suitable for a range
of uses. We obtained TiO2 layers with gradient nitrogen
doping by ALD with polymer nitrogen sourcing at low
temperature (200 °C). This approach allowed us to preserve
the amorphous structure of TiO2 (which crystallizes at higher
temperatures) and the 2D-like layered structure of the PDA
films from the air/water interface, which undergoes carbon-
ization at higher temperatures. We showed with XPS depth

profiling that TiO2 is doped through both substitutive and
interstitial nitrogen atoms, which is remarkably important from
the point of view of applications in photocatalysis because it
provides new energy levels inside the forbidden band and thus
lowers the semiconductor band gap, allowing for a larger range
of light absorption. Additionally, there is a synergistic effect of
the previously mentioned phenomenon and PDA/TiO2
interfaces, which are well preserved in our method, as
evidenced by sharp interfaces visible in the HRTEM images
and SIMS profiles. The mere presence of the PDA/TiO2
interface contributed to reducing the bandgap energy by 0.15
eV (for the one-layer sample), while obtaining multilayer
composites with nitrogen-doped titanium oxide layers resulted
in a further reduction of this value by another 0.33 and 0.15 eV
for the second and third layers, respectively. The total
reduction for the three-layer composite compared to TiO2
was 0.63 eV.

Furthermore, we showed that our layered nanocomposites
are characterized by greater photo-electrochemical activity
because in both the case of LSV and CA under chopped light
illumination, the photogenerated current was increased by
more than 60% for two- and three-layer composites in
comparison to bare TiO2. The stability of these materials
was also proven as there was no significant reduction in the
photocurrent value during the 1 h CA experiment. At the same
time, we perceive much room for further improvement of the
photocatalytic properties of the materials we presented. We
anticipate that the critical development direction is to enrich
the composite with an electron transport layer and a surface
catalyst (e.g., nanoparticle decoration) to increase the photo-
electrochemical activity. However, the simple, cheap, and
effective method we have presented for obtaining gradient
nitrogen-doped TiO2 opens new perspectives for nanomateri-
als based on polymer/inorganic semiconductor heterojunc-
tions, especially those where it is required to significantly
reduce the band gap without damaging the delicate interface
structure.

Finally, further studies should address optimization and
design aspects of the architecture here, such as the influence of
layer thickness on the total N doping migration, deposition
temperature, and other postannealing effects. We also
anticipate that the methodology presented here could be
exploited in other N-accepting photoactive oxides and ceramic
materials.
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Table 2. Photogenerated Currents of the Multilayer Composites and Increases in Their Value Compared to Bare TiO2
a

method LSV (at ∼0.8 V) CA (at ∼80 s, 1 V)

sample 1L 2L 3L 1L 2L 3L

photocurrent (μA) 3.062 3.567 3.635 2.664 3.025 3.054
photocurrent increase vs TiO2 (%) 39.95 63.03 66.13 42.08 61.33 62.88

a1L, 2L, 3L�PDA/TiO2 one layer, two layer, and three layer composites, respectively.
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XPS atomic percentage and binding energies of the
elements for etching times 0, 3, 21, 36, and 53 min; XPS
area percentage, fwhm, and binding energies of high-
resolution regions for etching times 0, 3, 21, 36, and 53
min; XPS full spectra and high-resolution spectra for
etching times 0, 3, 21, 36, and 53 min; real part of the
refractive index and the extinction coefficient for the
PDA; and OCP and OCC curves for the three-layer
nanocomposite (PDF)
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5 
Final Conclusions  

The main goal of my work was to develop a novel, efficient, large-scale, laminar nanocomposite 

for photocatalysis based on polydopamine and selected transition metal oxides. Based on the 

information presented in the Publications 1-2 and the original research results obtained 

in the Publications 3-6, I conclude that I have achieved the intended goal.  

This work exploits hybrid organic/inorganic nanostructures, a promising trend in photocatalysis 

materials. However, using a biomimetic polymer - polydopamine- allowed me to overcome the 

current limitations of this type of system.  

The first milestone was to demonstrate that polydopamine has properties that make it suitable 

for constructing organic/inorganic hybrid nanolaminates with various inorganic materials. An 

extensive literature has provided convincing evidence that a PDA/semiconductor 

heterojunction can be successfully formed. Based on available data, I selected the Transition 

Metal Oxides as a benchmark photocatalyst for the development of a new system, i.e. large-

scale nanocomposite films. 

Next, I successfully controlled the synthesis of the a/w-PDA free-standing films within a 

centimetre scale, utilising a novel Spectroscopic Reflectometry approach. Detailed 2D maps of 

the thickness of the films during their formation were generated, and they show how changing 

synthesis conditions influenced the homogeneity of the obtained materials. Moreover, the 

summary of the previous approaches towards producing the a/w-PDA free-standing thin films 

makes it clear that obtaining layered-like large-scale a/w-PDA films during this PhD project 

was a breakthrough discovery.  

Control of the dopamine oxidation path using boric acid allowed for obtaining ultra-thin a/w-

PDA with better mechanical properties (higher Young's modulus). Chemical and structural tests 

have shown that in the structure of the polymer thus obtained, physical interactions between 

macromolecules are more important than covalent bonds. The mechanical property 

measurements can certainly be considered reliable because they were confirmed using two 

completely different techniques. Finding the data for comparison was challenging because 

measurements of mechanical properties for such thin, free-standing polymer films are rare. 

However, the study shows that both unmodified and, in particular, modified a/w-PDA have 

phenomenal mechanical properties. Due to the very wide scope of these studies, it was not yet 

possible to use boric acid-modified films (a/w-BAPDA) for the construction of large-scale 

organic/inorganic hybrid nanolaminate. However, as mentioned in the Future Perspectives 

section, we are currently conducting such experiments.  

Having high-quality, large-scale a/w-PDA free-standing films at my disposal after the previous 

stages of the project, I started the production of the nanolaminates. Importantly, an ex-situ 

transfer of the polydopamine onto large surfaces of ZnO and TiO2 resulted in the effective 

formation of functional heterojunctions. The most important conclusions from a very extensive 

study indicated a significant (0.14 eV) bandgap value shift toward lower photon energies in 

TiO2 thin coating, quenching of the ZnO photoluminescence bands assigned to the oxygen 
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defect-assisted recombinations, passivating the shallow defect states (which are responsible for 

unfavorable recombination effects), boosting the electron transfer at the interface and lowering 

the local-heating effect in TiO2 nanofilms, drop in the charge transfer resistance component at 

the electrode/electrolyte interface after PDA deposition. Moreover, there is a significant 

quenching of the pyro-phototronic effect. Finally, the remarkable efficiency enhancement in 

the photocatalytic degradation of the methylene blue process is 14 % after 1 h, with better 

stability, compared to unmodified TiO2 films. Certainly, all this can be considered a significant 

improvement in the photocatalytic properties of the TMOx films. 

In order to multiply the effect occurring on the interface and show the superior quality of the 

ultrathin layered-like large-scale a/w-PDA films, I prepared multilayer TiO2/PDA structures. 

During this experiment, we discovered that a new, previously undescribed mechanism for 

doping TiO2 with nitrogen occurred. The mechanism must be examined even more thoroughly 

in subsequent experiments (Section: Future Perspectives), but the obtained results suggest that 

the PDA layers on which TiO2 layers grow provide nitrogen atoms (from amino groups) during 

the ALD  and the thicker Oxide layer, the effect disappears. Therefore, the doping is gradient-

like. In this approach, nitrogen atoms occupied both substitution and interstitial positions of the 

TiO2 lattice, which contributed to introducing more than 1 new energy level and significantly 

reducing the band gap. Undoubtedly, this is one of the most important discoveries in this 

doctoral project. Moreover, we have shown through optical and photoelectrochemical studies 

that multilayer structures are even more interesting for applications in photocatalysis than the 

single-layer TiO2/PDA laminate itself. The obtained nanocomposites can be characterized as 

ideal laminates where the large-scale interfaces between layers are very sharp, the thickness of 

the layers is uniform, and the uniformity of the nanocomposite structure over the entire surface 

(1 cm2) is impressive. In addition, they are characterized by electrochemical stability because 

the preparation method is suitable for such real applications, unlike nanoparticles, which 

quickly lose their properties and are difficult to recover. 

  



47 
 

6 
Future Perspectives 

The real origin and extent of the observed supramolecular ordering in the a/w-PDA layered-

like free-standing films is still unknown, especially at the very beginning of the film's formation. 

Currently, in the Hybrid Materials and Interface Group of the NanoBioMedical Center, together 

with collaborators from Physics Faculty of the Adam Mickiewicz University, we are 

investigating this issue using technologies such as cryoSEM, cryoTEM, in-situ Raman 

spectroscopy and others. In more detail, we are interested in the morphology of these films 

during their formation, and the question is whether the structural changes occurring as a result 

of oxidation, transfer and drying are of reversible character. The results are quite exciting, and 

we plan to share them as soon as the entire study is concluded. 

Since a/w-PDA can be used to create advanced nanoarchitectures, other potential systems 

should also be tested. In cooperation with Southern Denmark University (SDU), we are at an 

advanced stage of preparing publications on a/w-PDA passivation of the active layer of Organic 

Photovoltaic (OPV) laminar nanocomposites. In this case, functionalization with polydopamine 

through standard in-situ deposition from solution would not be possible because the blend of 

conductive polymers forming the active layer (PM6:Y6), before applying the passivation layer, 

is not resistant to long-term stay in an aqueous environment. There are particurarly interesting 

signs, for which we already have partial evidence, that PDA in such a system may serve not 

only as a passivation layer, but also be an effective layer for transporting electron holes - which 

results from the developed band-alignment schemes. 

Moreover, as part of cooperation with the Christian-Albrecht University (CAU) in Kiel, we are 

preparing publications on obtaining H:TiO2/BAPDA nanocomposites. In this case, for the first 

time, we used a/w-PDA films modified with boric acid (Publication 4), which was necessary 

because the H:TiO2 layers have the form of nanopillars, and the polymer film deposited onto 

their top surface must exhibit extremely good flexibility. In this study, we also predict that due 

to the more cross-linked structure of BAPDA compared to PDA, the electrochemical properties 

of the produced heterojunction may be even better 

Concerning novel doping mechanisms within the ALD oxide layers deposition onto PDA films, 

a further studies are needed to address several questions like: What is the influence of different 

polymer substrates? Will the same effect occur for the growing crystalline phase (non-

amorphous)? What about other non-metal atoms that may be sourced from (other) polymers 

(e.g. F, S...)? We anticipate that the methodology presented in the article could be exploited in 

other systems. 

Finally, the increase in studies and projects in the field of PDA-based photocatalysis is foreseen. 

This assumption can already be partially confirmed given the increasing number of citations for 

publications 1-3, which is significant, especially considering their recent publication dates, in 

2021 and 2022, respectively.  
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7 
Scientific Achievements 

List of Publications included in the thesis 

J. Szewczyk, I. Iatsunskyi, P.P. Michałowski, K. Załęski, C.Lamboux, S. Sayegh, E. Makhoul, 

A. Cabot, X. Chang, M. Bechelany, E. Coy, TiO2/PDA Multilayer Nanocomposites with 

Exceptionally Sharp Large-Scale Interfaces and Nitrogen Doping Gradient, ACS Applied 

Materials & Interfaces 2024, XXXX, XXX, XXX-XXX (DOI: 10.1021/acsami.3c18935) 

J. Szewczyk, M. Ziółek, K. Siuzdak, I. Iatsunskyi, M. Pochylski, D. Aguilar-Ferrer, M. 

Kempiński, F. Tanos, J. Gapiński, M. Bechelany, E. Coy, Ex-situ transferring of polydopamine 

films on semiconductor interface: Evidence of functional hybrid heterojunction, European 

Polymer Journal 2024, 206, 112781 (DOI: 10.1016/j.eurpolymj.2024.112781) 

J. Szewczyk, V. Babacic, A. Krysztofik, O. Ivashchenko, M. Pochylski, R. Pietrzak, J. 

Gapiński, B. Graczykowski, M. Bechelany, E. Coy, Control of Intermolecular Interactions 

toward the Production of Free-Standing Interfacial Polydopamine Films, ACS Applied 

Materials & Interfaces 2023, 15, 30, 36922–36935 (DOI: 10.1021/acsami.3c05236) 

J. Szewczyk, M. Pochylski, K. Szutkowski, M. Kempiński, R. Mrówczyński, I. Iatsunskyi, J. 

Gapiński, E. Coy, In-situ thickness control of centimetre-scale 2D-Like polydopamine films 

with large scalability, Materials Today Chemistry 2022, 24, 100935 (DOI: 

10.1016/j.mtchem.2022.100935) 

J. Szewczyk, D. Aguilar-Ferrer, E. Coy, Polydopamine films: Electrochemical growth and 

sensing applications, European Polymer Journal 2022, 174, 111346 (DOI: 

10.1016/j.eurpolymj.2022.111346) 

D. Aguilar-Ferrer, J. Szewczyk, E. Coy, Recent developments in polydopamine-based 

photocatalytic nanocomposites for energy production: Physico-chemical properties and 

perspectives, CATALYSIS TODAY 2022, 397–399, 316-349 (DOI: 

10.1016/j.cattod.2021.08.016)  

First author (first authors contributed equally and are listed in alphabetical order) 

Total impact factor of the publication included in the thesis: 43.6 

 

List of Publications not included in the thesis 

M. Bik, J. Szewczyk, P. Jeleń, E. Długoń, W. Simka, M. Sowa, J. Tyczkowski, J. Balcerzak, 

E. Bik, K. Mroczka, M. Leśniak, M. Barańska, M. Sitarz, Optimization of the formation of 

coatings based on SiAlOC glasses via structural, microstructural and electrochemical studies, 

Electrochimica Acta 2019, 309, 44-56 (DOI: 10.1016/j.electacta.2019.04.080) 

Total impact factor of all publications: 50.2 
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Other achievments 

Conferences 

 

First Author of the oral presentation (1st place award) at the international conference:  

 Optimization of 2D-like polydopamine thin films from the air/water interphase: 

morphology, hydrophobicity and electrochemical properties, 6th International 

Symposium on Surface Imaging/Spectroscopy at the Solid/Liquid Interface, 8th June 

2021, Kraków, Poland 

 

First Author of the oral presentation (2nd place award) at the international conference: 

 Corrosion resistance studies of aluminum doped silicon oxycarbide coatings, XXI 

International Students Session on Materials and Technologies of the XXI century, 3rd 

May 2019, Katowice, Poland 

 

First Author of the oral presentations at the international conferences: 

 Optimization of 2D-Like Polydopamine membranes from the Air/Water Interphase: 

towards morphological and hydrophilic properties improvement, 4th Conference 

"Nanotechnology and Innovation in the Baltic Sea Region", 4-6 August 2021, Kiel, 

Germany (on-line event) 

 

 2D-Like Polydopamine membranes from the Air/Water Interphase: towards the 

improvement of their morphological properties and successful transfer on 

multifunctional substrates, 4th International Meeting on Materials Science for Energy 

Related Applications, 23th September 2021, Belgrade, Serbia (on-line event) 

 

 A novel, ultrathin 2D-like polydopamine membranes from the air/water interphase – 

tuning polymerization process towards better understanding of their nanostructure, 7th 

Young Polymer Scientists Conference and Short Course, 27th September 2021, Łódź, 

Poland (on-line event) 

 

 Application of biomimetic polydopamine 2D-like thin films for a significant 

enhancement of ZnO and TiO2 photocatalytic properties, 'Functional Materials and 

Nanotechnologies' and 'Nanotechnology and Innovation in the Baltic Sea region' - 

FM&NT – NIBS 2022, 3-6 July 2022, Riga, Latvia 

 

 Investigation of the novel, nature-inspired PDA/TiO2 laminar composites- 

photocatalytic properties and multilayer approach, EMRS 2022 Fall Meeting, 19 - 22 

September 2022, Warsaw, Poland 

 

 Production of the Exceptionally Elastic and Ultra-thin Free-standing Polydopamine 

Films, Nanotechnology and Innovation in the Baltic Sea Region, 3-5 July, 2023, 

Sønderborg, Denmark 
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First Author of the poster presentations at the international conferences: 

 Optimization of the morphological properties of the centimeter-scale 2D-Like 

Polydopamine membranes from the Air/Water Interface, 12th International Conference 

NanoTech Poland 2022, 1-3 Jun 2022, Poznań, Poland 

 

 Breakthrough Control of Intermolecular Interactions Towards the Production of Super-

elastic Free-standing Polydopamine Films, 13th International Conference NanoTech 

Poland 2023, 14th – 16th June 2023, Poznań, Poland - distinction award 

 

 Super-elastic Free-standing Polydopamine Films for various applications, 2nd 

Symposium on Polydopamine, 11-12 October 2023, Poznań, Poland 

 

Author of the oral presentation (3rd place award) at the national conference 

 Optimization of the process of obtaining layers from black glasses, as the key factor 

determining their functional properties, 55th Conference of Students Research Groups, 

Metallurgical Division, 11th May 2018, Kraków, AGH University of Science and 

Technology 
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Scientific Projects 

 

Principal Investigator in research project: 

 PRELUDIUM20: Development and chemical tuning of novel 2D-like polydopamine 

ultrathin membranes – National Science Centre NCN (2021/41/N/ST5/00211) – 

NanoBioMedical Centre, Adam Mickiewicz University, Poznań, Poland 

 

Participation in research projects: 

 OPUS 18: Understanding the Interface of Polydopamine and Semiconductor 

Nanomaterials for Photocatalytic Water Splitting – National Science Centre NCN 

(2019/35/B/ST5/00248) – NanoBioMedical Centre, Adam Mickiewicz University, 

Poznań, Poland 

 

 OPUS 13: Polysiloxane layers modified with carbon nanotubes on metallic substrates – 

National Science Centre NCN (2017/25/B/ST8/02602) - AGH University of Science 

and Technology, Kraków, Poland 

 

 Diamond Grant: Black glasses as a protective coating for heat-resistant alloys under 

high-temperature corrosion - Polish Ministry of Science and Higher Education (DI2016 

004046) - AGH University of Science and Technology, Kraków, Poland 
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Awards  

 Scholarship for Doctoral Students of the AMU Foundation (2022) 

o For scientific achievements during doctoral studies 

 

 French Government Scholarship (2021) 

o For participation in a double PhD cotutelle program 

 

 Scholarship of the Minister of Science and Higher Education for Students (2019) 

o For scientific achievements in the academic year 2018/2019 

 

 Scholarship of the AGH UST Rector 

o For scientific achievements in the academic year 2017/2018 and 2018/2019 

 

 Finalist of the ABB Competition for the Best Thesis (2020) 

o For a master’s thesis that stands out for its high-quality  

 

Research internships abroad 

 European Institute for the Membranes, University of Montpellier, France (12 months, 

Febuary – June 2022, 2023 and 2024) 

o Thin free-standing polymeric films production and transferring methods 

o Atomic Layer Deposition of ZnO, TiO2 thin films. Principles of operation and 

rector maintenance 

 

 Catalonia Institute for Energy Research (IREC), Barcelona, Spain (1 week, May 2023) 

o Electrochemical performance tests (e.g. specific capacitance measurement) of 

the multilayer organic/inorganic composite materials 

 

 Technical Faculty of Christian Albrecht University, Kiel, Germany (2 weeks, 

September 2023) 

o Reactive Magnetron Sputtering of highly crystalline TiO2 films 

o Principles of operation of the Chemical Vapor Deposition  

o Photocatalytic activity performance tests towards water remediation, 

degradation of dyes   
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