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Abstract

Polydopamine is a recently discovered biomimetic polymer with outstanding applications in
surface engineering, biomedicine, and environmental remediation. It has been proven to create
heterojunctions with several semiconductors, ameliorating their phalgitatbehavior by
boosting charge separation and decreasing the recombination rate. Apart from semiconductors,
it has also been combined with plasmonic materials to improve their characteristics. However,
the mechanism leading to that behavior has nat deeply explored in the literature. Here, a
semiconductor and a plasmonic material have been combinegalyitopamine PDA), and

the interfaces have been studiedRtnodamine 6GRh6G photodegradation.

In the first situation, severgbld nanorods/polydopamin&iiNRs/PDA nanocomposites with
different characteristics were synthesized and the interface plasmonic material/PDA was
studied. Initially, seednediated growth was carried out to obtain differgatd nanorods
(AuNRs) samples with varying sizes afatalized surface plasmon resonanc8RR) values.

After selecting one of the samples, through-peliymerization of dopamine, a PDA layer
surrounding the AuNRs was synthesized. Therefore, anothefie6edif AUNRS/PDA samples

were obtained with AuNRs with the same characteristics but different PDA shell thicknesses
going from & 4 nm to & 30 nm. Three of them
toward Rh6G was studied undgitraviolet-Visible (UV-VIS) irradiation ([Au] = 7.4 ug mt,

[Rh6G] = 2.5 pug mtl). After identifying the sample with the better performance
(AUNRs/PDAG), its consistency and reproducibility were studied. Hence, two additional cycles
after recovering the nanocompositesaction with the same cataltstorganic dye ratio, and
reactions with the same catalyst concentration but different Rh6G concentrations were carried
out. Additionally, the kinetics of the reaction were studied usind-#mgmuirHinshelwood

(L-H) method. During the reactions, the temperature was followed up, unveiling a significant
increase, so additional photocatalytic experiments with different power densities were
performed to relate the degradation to the temperature increment. Besidese exjipements,

the influence of the source of irradiation was also studied by compariady¢adyusedUV-

VIS lamp to a NearInfrared (NIR) laser. After discarding the hypotheses of a thermal
mechanism of photodegradation, the experimental results were compared with theoretical
results calculated by using COMSOL Multiphysics, and the behavior of the hot electrons at the
interface was studiedy Femtosecond Transient Absorption Spectroscégyff AS). Finally,

the Reactive Oxygen SpecieRQS production was meared by scavengers, unveiling their

Xi



influence on the degradation mechanism. Here, it was demonstrated that the combination of the
plasmonic properties of Au with the properties of PDA resulted in a strong-fitestoal effect
where the PDA provides slow thermalization, enhancing the chagesrctransfer and

reducing the recombination rate.

In the second situatiorzinc Oxide Tetrapods/polydopamiignOT/PDA) composites were
synthesized, and the interface semiconductor/PDA was studied. By inducing the self
polymerization of PDA, two ZnOT/PDA samples were obtained differentiating by smooth and
rough PDA layer. The photocatalytic behavior was studied toward& @#] = 2.5 mg mL

! [Rh6G] = 5.0 ug mi2) under 1 sun irradiation. ZnOT/PDA1 (smooth PDA layer) depleted
97% of the initial concentration of Rh6G within 30 minutes of irradiation. b\aeg this
photocatalytic yield was maintained for another 2 consecutive photodegradation cycles after
recovering the photocatalysts. Additionally, varying concentrations of organic dye (2.5, 7.0,
and 10.0 pg mt}) were tested to unveil the consistency of the degradation, and the kinetics of
the reaction were studied by theH_.method. Finally, photo(sono)catalysis experiments were
carried out at different output frequencies (10, 15, and 45 KHz) and output elgmbiers (3

W and 30W) unveiling promisingesults. BareZinc Oxide tetrapod$ZnOT) were able to
degrade the organic dye much faster than in the photocatalysis, however, that was not the
scenario for the ZnOT/PDAL composites. A complex situation where (at the used sonication
power and frequency) the PDA layer blocks the effect of theeatbon waves in the ZnOT
unveils a new area of study where further steps must be taken.

Xii



Streszczenie

PolidopaminaPDA) jestni edawno o dkr y tpglimerembiomjmBtycknpmy g m
zastosowaniach w i nUyni echionieSpodowir skhni Udbio

Ue tworzy ona hetergpgRewadnri kndmik,t -pgmpmi awi a

fotokatalityczne popruze3nikwivi k &k grensaigym separ
spowolnieniem procesu iche k ombi nacj i . Opr - c zaom- §rp rwne weold r
pogNczomateri agami pl azmonicznymi w Ueeel u p

odpowiedzitny zatomechantmn i e gaktdgdt Nd dogdifibnie zbadany
W niniejszej pracyp - g pr zewodni k i materiag plazmoni c:
powstage W ntteerr fsegssy- bz 0st d cyh  zbdaodoodeegdarpch d ok Nt
Rh6G.

W pierwszym przypadkuzsyntetyzowano kilkaodzajéw nanokompozytéw AuNR/PDA o
r-Unych wdgaSciwoSciaichgiplkzéoadamioczimykePDA] sNam
wzrostnanocz Nst ek za po Swceldunziycstkwaenmi az arr-oldnky-cwh, pr
r-Uni Ncych sin r o z ndlokalizewanegad rezowaasr plaziSanéwa mi
powierzchniowych(LSPR. Po wyselekcjonowaniyednej zgrup probek zsyntetyzowano

war st wn PDA o tpepzezatpulanibiniedpamiiy. Wvyniku tego,otrzymano

k ol ej n gch dgrup probékmAuNRs/PDA z AuNRs o tej samej charakterystyce, ale o
r-Unych gruboSciach powgdkais tMpArdnedzy Anicdi nm d ¢
zbadano ichwydaj noSi w fotokatal Rhg Gz npegd rwepagkycw ¢
promieniowania UWIS ([Au] = 7,4 ug mL?, [Rh6G] = 2,5 pg mt). Po zidentyfikowaniu

j aki rodzaj pr-bek c¢har ak {ANRs/PRAP)ezbadanonichnaj | e
stabilnoSi i powtarzalwoSWwi NekdiajznoSgin peaé&p
dodatkowe cyklefotodegralacji, po odzyskaniu nanokompozytéavroztworu reakcyjnego.
Przeprowadzonoeakcjn z tym samym stosunkiem katal.
reakcje z tym samym stfinUeniem katalizatora,
kinetykn reakcj.i b dahgnmuig Hinshrelvgod(LuH). yPodizas reakejt o d y
monitorowand e mperc @t wj @wni go | ej znac preepronadzono st . W
dodat kowe eksperymenty f ot ok atlagerai taybcy nowi Nz
proces degradacyie wzrostem temperaturifonadto, w niniejszycbksperymentagtbadano
r-wnieU wpJymwo ifirerdigowasi as owwcazmeNSwai roggj VSV

laserem NIR. Po odrzuceniu hipogen termicznym mechanizmie fotodegradacji, wyniki

Xiii



eksperymental ne por-wnano z wyni k grogramti eor et
COMSOL Mul ti phygsoircNsc,ycanh wvep@Ekwron-w na interf
ultraszybkiej spektroskopii laserowds{TAS). Wreszcie, powstawanieeaktywnych form

tenu ROSzostagjo zbadane za po,moygN Sarcihg tNapcgzyyw (nse

mechanizm degradacNa skutek tegovy k az an o, Ue pogNczenie wgas
Auzinnymiwg aSci woSci ami PDA skutkowago silnym ef
zapewnia powolnN termalizacjn, zwi fkszaj Nc
szybkoSi rekombinacji

W ramach kolejnego eksperymenusyntetyzowano kompozytyetrapody z tlenku cynku
/polidopamina ZnOT/PDA) i zhadana a k pawstteaFyej s p-gprzewodni |
pol i mePDAzoraypanodwieptok i ZnOT/ PDA r - Uni Nce sin ct
PDA.Wy d aj fotocSkat al i t ycznN badaRG @{@nr=eEmgmLi f ot c
1 [Rh6G] =50 ugmt) pod wpgywem ipmiotnmijeNdegwanp aomi €
sgoneczna&OT/PDALs ng)adka warstwa PDA) doprowad
Rh6Gw por -wnaniu z poawz Nitzhelwigdnd sntimlietnineanswi et |
wi fckawydeaanoSi f atosk atjaal iuttyrczzymmana prpoez 2 k
odzyskaniu fotokatalizatorow ponownym ich wykorzystaniuDodatkowo przetestowano
r-Une stnUenia barwnika oMganakynehgaddi2, powt
ki netyki deghadarmr( |-kt komidt Prizeprowadzono eksperymenty
foto(sono) katcdl iczzyl sp rogrocasuvsorifiikagjid@, A5 i 45KHz) i

wyj Sciowych mocach el ekt rzysxkmuyjdNt (0Di &\ uij N@
NiemodyfikowaneZ n OT by gy w stanie degradowal bar wni
w przypadku samej fotokatalizy e d na k i n ac z e jkonpgzgtanv ZaOT/PDAALY p a d K L
WyjaSnienie tego zj awi ska preysstosowagepnbcy i e , pr
czhistot !l i wondrstwa PPAbIoKujk efeki fal sonicznyclv ZnOT, co odkrywa
Zzuepnmwye obszar bada® w kt badgmeenal eUy podj N
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Résumeé

La polydopamine est un polymére biomimétique récemment découvert qui a des applications
remarquables dans l'ingénierie des surfacesbitamédecine et la gestion durable de
I'environnement. Il a été prouvé qu'il pouvait créer des hétérojona@imtsplusieurs semi
conducteurs, améliorant ainsi leur comportement photocatalytique en stimulant la séparation
des charges et en diminuant le taux de recombina®atre les semconducteurs, il a
€également été combiné avec des matériaux plasmoniques afin ddlamélics caractéristiques.
Cependant, le mécanisme conduisant a ce comportement n'a pas été étudié en profondeur dans
la littérature. Ici, un sermtonducteur et un matériau plasmonique ont été combinés avec de la
polydopamine (PDA), et les interfaces ofte étudiées pour la photodégradation de la
rhodamine 6G (Rh6G).

Dans la premiere situation, plusieurs nanorods d'or/polydopamine (AuNRs/PDA)
nanocomposites avec différentes caractéristiques ont été synthétisés et l'interface matériau
plasmonique/PDA a été étudiée. Dans un premier temps, une croissance induite par des germes
a été réalisépour obtenir différents échantillons de nanorods d'or (AuNRSs) de tailles et de
valeurs de résonance plasmonique de surface localisée (LSPR) variables. Aprés avoir
sélectionné I'un des échantillons, une couche de PDA entourant lesaAéfdRynthétisée par
autopolymérisation de la dopamine. Par conséquent, 6 autres échantillons AuNRs/PDA
différents ont été obtenus avec des AuNRs ayant les mémes caractéristigues mais différentes
®pai sseurs de coquil |l es #&ddentraduk antrété sétbeiondés 4 n
et leur réponse photocatalytique au Rh6G a été étudiée sous irradiation ultravisilelte
(UV-VIS) ([Au] = 7,4 ug mL?Y, [Rh6G] = 2,5 pg mtd). Aprés avoir identifié I'échantillon le

plus performant (AUNRs/PDAG), smnsistance et sa reproductibilité ont été étudiées. Ainsi,
deux cycles supplémentaires apres récupération des nanocomposites, une réaction avec le
méme rapport catalyseur/colorant organique, et des réactions avec la méme concentration de
catalyseur maisifférentes concentrations de Rh6G ont été réalisés. En outre, la cinétique de la
réaction a été étudiée a l'aide de la méthode Langtinghelwood (H). Pendant les
réactions, la température a été suivie, révélant une augmentation significative, daesdes
expériences photocatalytiques supplémentaires avec différentes densités de puissance ont été
réalisées pour relier la dégradation a l'augmentation de la tempéiatumtre, dans ces
expériences, l'influence de la source d'irradiation a également été étudiée en comparant la lampe

UV-VIS déja utilisée au laser proche infrarouge (NIR). Apres avoir écarté I'hypothése d'un
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mécanisme thermique de photodégradation, les résultats expérimentaux ont été comparés aux
résultats théoriques calculés a l'aide de COMSOL Multiphysics, et le comportement des
électrons chauds a linterface a été étudié par spectroscopie d'absorptigtoirgans
femtoseconde (f§AS). Enfin, la production d'espéces réactives de I'oxygene (ROS) a été
mesurée par des piégeurs, dévoilant leur influence sur le mécanisme de dégradation. Ici, il a été
démontré que la combinaison des propriétés plasmoniquesudaviés les propriétés du PDA
résulte en un effet photthermique fort ou le PDA fournit une thermalisation lente, améliorant

le transfert de porteurs de charge et réduisant le taux de recombinaison. Dans la deuxieme
situation, des composites tétrapodesxytie de zinc/polydopamine (ZnOT/PDA) ont été
synthétisés et I'interface segonducteur/PDA a été étudiée. En induisant I'‘gaaiymérisation

du PDA, deux échantillons ZnOT/PDA ont été obtenus en différenciant la couche lisse et la
couche rugueuse du PDRe comportement photocatalytique a été étudiéawis du Rh6G

([Zn] = 2,5 mg mLY, [Rh6G] = 5,0 ug mi) sous une irradiation simulant la lumiére solaire
standard. ZnOT/PDAL (couche lisse de PDA) a réduit 97% de la concentration initiale de Rh6G
dans les 30minutes d'irradiation. De plus, ce rendemphbtocatalytique a été maintenu
pendant deux autres cycles consécutifs de photodégradation aprés récupération des
photocatalyseurs. En outre, des concentrations variables de colorant organique (2,5, 7,0 et 10,0
ug mL?1) ont été testées pour dévoiler la cohérence de la dégradation, et la cinétique de la
réaction a été étudiée par la méthodl.LEnfin, des expériences de photo(sono)catalyse ont

été réalisées a différentes fréquences de sortie (10, 15 et 45 KHz) ehgrassizctriques de

sortie (3 W et 30V), dévoilant des résultats prometteurs. Les tétrapodes d'oxyde de zinc nus
(ZnOT) ont été capables de dégrader le colorant organique beaucoup plus rapidement que dans
la photocatalyse, mais ce n'était pas le cas pour les composites ZnOT/PDAL. Unensituatio
complexe dans laquelle (a la puissance et a la fréquence de sonication utilisées) la couche de
PDA bloque I'effet des ondes de sonication dans les ZnOT dévoile un nouveau domaine d'étude

dans lequel d'autres mesures doivent étre prises.
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1. Introduction

Nanoscience refers thestudy of molecules and structurgghin the nanometric scalbeing

a nanometer one thousand millionth of a mekee prefixhano é comes from t he
Onanusd and & i addhmeanikgd o o aTihd piactical application of this

science is known as nanotechnolofjyrecent yearsnpanoscience and nanotechnology have

gained a prominent place in actual society and research, generating a huge research area

involving structures, systems, and devieath novel properties and applicatiof8.

1.1.Polydopamine

Polydopamine®DA) is a biomimetic polymediscovered and described in 2JO710] It is the
major pigmentn natural melaninandbeyond biocompatibility, ishows appealing features
including outstandingadhesionand remarkable opticapropertied11,12] The characteristic
functional groupof PDA areamine, iming and catecholwhich playan essentiatole inits
chemical reactivity.These functional groupsnable PDA tdind to transition metal ions or

undergaocovalent modification with molecules

b) o c)

HO NH,
OH H,N
OH

NH; HO

a)

HO

HO

Figure 1: Structure of a).-DOPA. b)L-Lysine. c) Dopamine

PDA is closelyrelated to musselsvhose adhesioproperties have begrimariy studied It
has been found th&;4-dihydroxy-L-phenylalaningDOPA) (Figure 1a) and lysineenriched

proteins(Figure 1b) arethereasorbehindthese remarkable adhesion properidq.



Based orthesefindings PDAwith astructure similar to DOPA&merges san importantoating
material It is stabk and can be depositenh almost alltypes of substrates with tunable
thickneses PDA canbe synthesizedhrough a straightforward sgbolymerizationprocess
from dopamingDA) (Figure 10 in analkaline mediunexposedo the air creatinguniform

coatingson varioussubstrate§l 3]

Because of tkse characteristicspolydopamine has beearcentlyapplied indiverse fields
including chemical, medical, biological, materagineering, applied science engineerargl
technolog.[14] Nevertheless, to understand hBWA works it is first necessario take a look

at its structurend polymerization process

1.1.1.Polydopamine $ructure

To better understand what polydopamine is,is necessaryto first considermelanin[15]
Melaninrefers to a diversgroup of heterogeneous polymeric pigments largely present in the
biology field. Allomelanin and pyomelaniare present in microorganisrand plantswhereas
pheomelanin, eumelanirand neuromelanin are primarily found in animal tisEL@&s
Historically, becausef their poor solubility inthe most used solvents, high molecular weight,
and high chemical complexityhe precise structure of these melanins has been challenging to
determind4,15,17] Neverthelesstecent advancelave significantly enhancetie synthesis

and structure insightparticularlyin the case of PDAL,18 21]

PDA is consideredsynthetic melanin, and recent studies suggest that it differs from natural
eumelanins fothree main reasenFirst, in natural eumelaninghe 5,6-dihydroxyindole2-
carboxylic acid (DHICA)unit (Figure 24) is predominantconstitutingmore tharb0 % of tle
structural unit§22] In contrast PDA-based eumelanimainly contains 5,@lihydroxy indole
(DHI) (Figure 2b) subunitsand this proportion even increasgben Tris buffer is used to

trigger thepolymerization15]

Secontly, since PDA mainlycontainsDHI rather tharDHICA, a reduction ofCOOH units
conforming oligomeric structures exgskeading to anore planaconformation Thesependant
COOH partsyith a largempresencén natural eumelaningacilitate interunit bondingoetween
neighboringmoieties in DHICA angrovide a higherotation energy barrig23]



The thirdandfinal differences thatDHICA dimers can underganintramolecular excitetate
proton transfer (ESPTprocessthereforegranting a superior photoprotectjonhich is not

preseneédin PDA-based materialsince the majority unit founid DHI.[15,24]

HO HO

N coon N
HO N HO N

Figure 2: Structure of 2 DHICA. b) DHI.

PDA ha been studiedusing different techniques including mass and chemical
spectrometry14] unveiling two main hypotheses about its structufée first hypothesis
proposes that PDA is a polymer formed from covalently bondets from oxidized and
cyclized dopamine monomers. Converselye second hypothesidaims that PDA is a
supramolecular aggregate made by monomeric and/or oligomeric suiciis asdopamine,
dopaminequinone, DHJ or eumelanidlike derivativesThese unitgare joined together because
of weak interactionsincludinghydrogen bonding,-pation assembly,-p stackingand charge
transfer[3,4,25,26]

Neverthelesstecent research has shown that PD#ght not besolely constructed by single
indoline units jusheld together by hydrogen bondeherefore the hypothesis that only weak
interactions link these units is challeng&fiConsequentlythe idea of having €€ connections
holding the monomersstrongly arses High-resolution mass spectrometry (HRS)
demonstratedhat PDA oligomers presenarying degree®f saturation revealing a higher
prevalence of aminoethyl chains thive-membered Mheterocycles in the oligomer PDA
chain.Theseresuls suggest aevised PDApossible structureeaturing oligomers composed of

indole units and opeahain dopamine unitg-igure 3).[1]
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AFM-assisted single molecule forcgpectroscopy (SMFS) has aldmeen employed to

investigatePDA pdential covalent and nowovalent interaction at & intramolecular and

singlemolecule levelSMFSanalysisdetermined thaPDA films are made byigh molecular

weight polymer chains that interact througlon-covalentweak and reversible interactions

However,it hasalsobeendemonstratedhat these polymeric chains are indeed compos$ed

covalently bonded unifd 9]

Furthermoreit has been observedth time-dependent force spectroscopy twahin the early

stages of PDA comtg formation the film starts with the adsorption of small oligomeric species

that can polymerize and eventually create these higher molecular w&ghthainsthereby

supportingthe possiblepolymeric nature of PDAL9] Despitethe ongoing debate about its

precise final structure, PDA presents many propeftied make it suitable for surface

engineering and photocatalytic applications.

1.1.2. Polydopamine polymerization

As previously mentionedthe PDA structure is still unknowrnthe same as its exact

polymerization proces€onsequentlyseveral theories have been proposed, not only about its

structure but also about its direct polymerization prdéésalthougha few different methods

exist to polymerizeand create PDA coatingsuch aselectrodepositioj27] or enzymatic



oxidation procesgl1] direct polymerization ishe mostcommonlyuseddue to itssimplicity

and coseffectivaness.

Inanopento-airal kal i ne me dDAspontangoiisigedf-po8/mesideso PDAwith
oxygenservingasthe oxidantwithout requiringthe use oEomplex instrumentgechniquesor
harsh condibns Typically, dopamine hydrochloride is used @a®A precursoy andthe pH
value is set with the action btifferssuch asodium periodate, sodium perchlorate, ammonium
persulfate,tris buffer ((tris(hydroxymethyl)aminomethajeor metal iong11,28] Once the
process startthe color gets darkefrom colorless to dark blagkandit is possible to cover
different substrates or nanopartic|6sl4,29] Besides,the PDA film/shell thicknessan be

tunedby controlling the polymerization timendbr the DA concentratiaf6,28]

Even thoughthe DA polymerizationreaction itself is quite straightforwarthe mechanism
leading to the formation ofPDA is still under researchDA polymerizationinvolves the
generation oseveral intermediated complex redoyrocessegesulting in several proposed

mechanisms

It was initially thought to share important similarities with the melanin biosynthesis pathways
where dopamine suffers axidative process into DHI toontinue with other polymerization
steps Thus a possible initial PDA structure composed of DHI dimers, trimers, or tetramers
[30i 32] covalently bondedariseqd9] In this mechanism(Figure 4), DA is oxidized to
dopaminequinone Subsequentlythrough intramolecular cyclizationvia 1,4 Michaletype
addition leucodopaminechrome (LDAC) is form§&B] LDAC experimentxidization and
further rearrangement to finally form DHI that catso be further oxidized to 56-
indolequinone Both products,5,6-dihydroxyindole and 5,8ndolequinone can complete
branching reactionat positions 2, 3, 4, and @reatingmultiple isomers of dimers antinally,
higher oligomersThese structures cael-assemble through the reverse dismutation reaction
between catechol andquinore, forming thecrosslinked polymer11] FTIR analysis showed
changes ircharacteristigpeaks unveiling the formation of intramolecular cyclization ahe
formation ofindole derivativeg34] As a resultjt is possible to unveil possiblehighly cross
linked PDA final structurebasecdbn polymeric chains whereovalent bonds bond the aparts

of the monomers
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Figure 4: Melaninelike synthesis of PDAZ2]

Apart from the covalent bonds, another structhed is similar to a supramolecular synthetic

or biological polymer can be proposdtdmight beformed by an aggregate ofosslinked
monomers througinon-covalentforcessuch ashydrogen bonding;,-~ stacking and charge
transfer Moreover,the formation of cyclized nitrogenous specaiessfurtherratified bysolid-
state'>N nuclear magneticesonance (NMR)Besidesan additional onalimensional solid
state’>C NMR analysis revealed that these species were related more to indoline units than to

indole unitscreating the final possible structukgdure 5).[3]
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Figure 5. Polymerization ofDA into PDA formed by intra and interchain noncovalent interactions
i ncludi ng c fstadkingeand hydeoges boadifg].

In addition toboth pathways, is possible to formulate a combisgdthetic route where the
covalent polymerization and the roovalent seHassembly camo-exist High-performance
liquid chromatography coupled with mass spectrometry analysis (HWP&) linveiled amounts
of dopamineaunable to polymerizavhich cancreate a selassembled complex with DHk the
first steps of the selbolymerization procesShus, two molecules of PDA and one of DHI
mi ght i nteract by hsytdarkatomegntrimerm patailel thepathway
shown inFigure 4 cancontinuewith the covalenbondcreation The key here is that these two
paths are natontradictoryandboth can ceexist in the selpolymerization of DAbeing part
of the final structurewhere covalent bonds create a solid framework andcogalent

interactions contributby adding stability and aggregatidRigure 6).[4]

Besides, by using®C NMR, ®N NMR, and ultraviolewisible (UV-VIS) spectrait has been
found thatthe final structure may vary influenced by different conditions like the amount of
DA and the buffer employed. It was possible to determine that quinone is generated slowly for

low amounts of dopamine, showing a higher proportion of DHI units.
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However, when the DA concentration is higher, an increase in the amount of uncyclized
elements is observed. Moreover, the buffer type also influences the final structure. When Tris

buffer is used at low DA concentration, Tris molecules can be includeth\\2t]



In addition tothe type of buffer used, the final pH value atemtributedo the polymerization
procesg35] For high values oxidationproduced hydrogen protons are more likely to be
neutralized by the medium, and the equilibrium shifts toward the product. Moreaygen
availability is also important since it triggers the initial oxidation of dopamine and transforms
DHI into the corresponding quinone through hydrogen abstraddmer oxidantsuch as
sodium periodate, sodium perchlorate, ammonium persulfate, or metal ions can also be
used11,28]

In the case of ammonium persulfate and copper ions used as oxidants, it is possible to obtain
PDA films even in acidic conditions (pH = 4), a phenomenon which is not yet explained since

the equilibrium would not bdisplacedoward the formation of the produ¢g6]

Regarding these findings, it seems tlatadentbond interactioms more important at the initial

steps of the processneanwhile, norcovalentbonds might be more important once the
oligomerization reaction has taken plags. well as severadtructures and functional groups

such as amino, catechajuinone, carboxylic acid and i nd o |-systemgaset e c h ol
integrated into polydopamind is possible to explaithe PDA's strong adhesion capabilitg

almost all kinds of surfaces. Thipositionates polydopamine asremarkable material for

surface engineering and foovering structuresuch as semiconductors, plasmonic materials,

or MXenes Annex ).

1.2. Plasmonic materials

The materials' chemical, physical, and optical properties depend on the electrons'\Wioéon
plasmonic materials such as gold, copper, or siarer downsized from the bulk tine
nanoscalgtheir electrons suffer from spatial restrictionkhis phenomenn, known as the
confinement effecinfluenceshe reponse of the material to incident ligh¥hena plasmonic
nanoparticle ixposed to light witlalongerwavelengththan the dimensions presented by the
metallic materiglthe free electronsmthe surfacdbecomeasymmetrically distributedeading

to charge separatiohis separation generatesulomb forces between the electrons and the

nuclei triggering the electron cloud's oscillations the surfac§37,38]

These collective oscillationsf electrons in the conduction baark called_ocalized Surface

Plasmon (LSR)localized at the metal/dielectric interfd88] When incigntlight matches the
9



LSP frequency the plasmonic nanomateribighly absorbst, creatingstrongly localized and
amplified electric fields in theicinity of the particle surfac& his phenomenon is called LSPR
resonance (LSPR)yhere part of the light is scattered and anothksorbed40,41] The
properties of LSPRare highly dependent on the particle surfegiege, shape surrounding

medium,thedensity of electrons, arttle dielectric properties of the mef@7,38,40,42]

Once the light is absorbed and is highly energetic, tz8BRlecayadiatively or norradiatively.
The first decay generates the reemission of ligl2] the seconddecay generatesot
electrond43] Hot electronsare not in thermal equilibrium with the atoms in the matdnahe
case of noblanetal nanostructuresuch as Authe nonradiative decay can take place via
intraband excitations inside the conduction band or interband excitabetvgeen the
conduction band and other bar(@g. dbands) For gold, thed-bandenergy level2.4 eV)is
below the Ferménergy hence, interband excitations are more unlikely to occurittieaband
excitationg44] The rest of the photoexcited electrons are finplyducing heat due to their

relaxation proceswhich includeslectrorphonon and electreelectron collision$45]

After nonradiative surface plasmon decalectrons are excited above the Fermi energy level.

In the case of Ausurface plasmons can transéeergiedo hot electronsKigure 7a). Around

1 to 4 e\, depending on the size and shape of the nanostructures and the carrier concentration
It is possible to create a structure with an appropriate semiconductor forming a Schottky barrier
to capture these hot electronldustrated inFigure 7b. An ntype semiconduor with high

density of statesDYOS) in its conduction banénsuredast electron injectionTherefore, the
generated hot electrons whose ener gjcande ar e
injected into the semiconductor. Moreoviemnelingacross the barrieran also occur but with
alower probability.In this system, thenergy needed for hot electrons to overcome the energy

barrieris found to be smallghanthat of thesemiconductor band gapdjg46]
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Figure 7: Plasmonic energy conversia) Electrons from th@arabolicDOSin aconduction band of a
plasmonic nanostructuteeing excited about thieermi energy (E.). b) Schottky barriecreated by a
plasmonic material and atgppe semiconductor. Hot electrons withergies above the Schottky barrier
energy( 4= mtiGs) areinjectedinto the conduction ban¢E.) of the semiconductoss is the electron
affinity of 1t haeistewakfurctodaftbanett] and

In summary, f@asmonic nanostructuresarise as promising materials fghotocatalytic
applications since LSPR can be exploited to drive chemical reactibesombination of hot
electrons and thermal effects can impriwe atalyticbehavior [471 49] Moreover tuning the
wavelength of the LSPR makegpiissible to drive the catalytic reaction under VIS or IR light
illumination. Furthermoreit is possible to develop photocatalytic nanoplatforrhens all the
carriers generatedome fromsurface plasmons (SH) metalsinsteadof electronhole in

semiconductor{8]

1.2.1.Au/PDA applications

Apart from being combined with semiconductors, polydopamine has also been integrated with
plasmonic nanoparticlesreating hybrid nanostructures. Pipased plasmonic nanostructures

show significant potential in many plasmonicapplications including photocatalysis and
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photothermal therapyAu and PDA can play several roles in the different devices created with

other materia

Au/PDA nanocompositeRave shown potential ienvironmentalremediationby degradhg
several organic dyes in different conditions. For instancethyh orange (MO) has been
photodegrade@nd 4-nitrophenol has been reduced with NaBa$ a reducing ageibty an
Au/PDA composite on a glass substf4®. Additionally, 4-nitrophenolcan also be depleted
by a synthesized gold catalyst (PIJAC3N4/Au) wherePDA acts as both aductant and
stabilizer for AUNPs Furthermore,this compositeachieves good catalytic performance
targeting othernitroaromaticssuch as methyl orange,-rtrophenol, 2, 4initrophenol,
Erichrome Black TandCongo red50] Moreover under IR irradiation, 4itrophenol can be
reduced byPTC Au@PDA nanoreactors withssembled block copolymers of polystyrdne
poly(2-vinylpyridine). A synergistic effect existoetween gold and PD#vhere the Au NPs
preserve the higher surface temperature when irradipt®tdR laserdue to the PDA layers

Thistriggers a notable acceleration of the reduction reaffibp

Within nanomediine, PDA and golebased structureare employed irvariousapplications
with outstanding resultsespecially in civilization diseases such ascer.Regardingits
treatment, f@asmonic properties of gold combined with PDA iayérby-layer Au-
PDA(core)@PDA(shell) sandwichese usedn photathermal cancer therag$2] Moreover,
Au/PDA nanoplatforms can be loaded with several drugs diffdrent tumortargeting
molecules to combine spécity with photothermabnd drug delivery propertieBor instance,
Gold and PDA can createnano complexvith folic acid (PDA@Au@FAXhat can be loaded
with 5-Fluorouracilwhere blic acidbinds withits receptorwhich is remarkably overexpressed
in breast cancer cellBue topH sensitivity PDAactsas a gatekeeper andntrolsdrug release
meanwhile AUNPs act as drug delivery platform and a source for photothermal effé&k.
Other tumortargeting molecuke and drugsuch as hyaluronic acid (HA) and doxorubicin
(DOX) can be loaded in gold and PDA devic@heir combination creates BRDA-
Au@HA/DOX device thatombines the phototherm@agrformance of PDA and Au under NIR
irradiationto destroy tumoral cells and release D{BA] Moreover Au/PDA compositesaside
from drug carrierscan also induceéhe production ofreactive oxygen species (RO&hd
hyperthermigd55]

Beyondcancer treatmen#u/PDA nanostructures can also bged inNIR-II photothermal

antibacterial treatmentere, thered blood cell membrargearepeeled and coated onto the
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surface of the Au/PDA nanoparticlesntaining amaptamer This enableshe elimination of

bacteria from infected blood atminishesthe level of bacteria in severalgang56]

1.2.2. Gold nanorods AuNRS)

As previously seennanostructuredjold presents plasmonic propertiggat areuseful in
photocatalyticapplications(among others)LSPR of gold nanoparticles isfluenced by the
particle size, shape, surrounding environment, and surface charge distr[But@$40,42]
Nowadays thereis the possibility of synthesizing mardifferent nanostructures for gold
nanoparticleshexagons, octahedra, triangles, boxes, squares, spaedesod457] Among
them,Au spheresre thegold nanopatrticles that are most studi&g] However their spherical
structure presentsnly one not very tunabld SPR mode confinedwithin the visible range
(Figure 8a).

Thus AuNRs have gainednportant attention because of their tunable morpholtggely
adjustable plasmon wavelengtnd extraordinary anisotropic plasmonic propef&$ This
last characteristic, the anisotrogyrovidestwo LSPR modes to thed-shapedhanoparticle

transverse and longitudingfigure 8b and8c).

The longitudinal dipole plasmamavelength of AuUNR experiments a linear increase from the
VIS to the IR region when the lengtb-diameter aspect ratio is increased. At this wavelength
extremely large extinction cross sections and high electromagnetic losses (EMPJrise
Besides, increasingthe diameter of the nanoparticle increases their light scatt&ring

absorption ratig58]
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Figure 8. Plasmonic modes representation. a) AuNPs. b) AuNR longitudinal LSPR. c) AuNR
transversal LSPR

The properties of AUNRs are highly dependent on their shape, asidghe rest of the
aforementioned characteristidhereforeto study and control the SP propertiesecessary

to design and develop effective synthetic methods to generate AUNRs with a narrow size

distribution, high purityand controlled morphologyAuNRs synthesis methods can be divided
into two maincategoriesThe first one iswet-chemical synthesjsncluding photochemical,
electrochemicakeedless growtlandeventually seedmediated growthwhich isthe most used
method The second main category is physical preparatidgrich includes electrcheam
lithography (ELB)and focusedon beam (FIB).

In this research, seedediated growth has been carried duiis techniquenvolvestwo main
steps thecreationof g o | sdeds&followed bythe controlled growth of #se seedsduced by
the addition of thgrowth solutionSeveral factordike the seed type, concentration of reagents,

andenvironmental contibns, strongly influencehe proces§s,60/ 62]

1.2.3. AuNRs/PDA nanocomposites

Among the possible structures of AUNRs/PDA nanocompasttes mostcommoninclude
Janus nanostructuresoresatellite nanostructuregoreshell nanostructures, PDA films

decorated with plasmonic gold nanoparticles aaltassembled nanostructures in multiple
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dimensionf63]. In this projectanonporousAuNRs/PDA coreshell structure was synthesized
This procedure involves DA shell formation bypolymerization of DAat the plasmonic
materialsurface[6,64,65]Thecharacteristics of the final PDlayercan be tuned by controlling
the pH value, temperatyreéme of reactionandbr DA concentratiof66]. Besides, th coating
can provde plasmonic NPs with structural stabil@y], enhancediocompatibilityj68], and

NIR absorptiof69] without hindering the intrinsic plasmonic properties of the .core

Taking advantage of these combined properties, several studies unveil different applications
where AuNRs/PDA structures can be us®&hodamine 123 (R123tan be loaded at
AuNRs/PDA nanocomposites and be functionalized for enhanced cellular uptake with folic
acid[70] The nanocomposite selectively accumwsatefolate-positive HeLacells but not in
folate-negative HEK293 thus targeting cancer ceBgsidesnearinfrared (NIR) light can
activate the compositegsulting inphototherapy70,71]Moreover hybrid nanosheets made by
AuNRsembeddeih PDA on PEGylated graphene oxaeo havepplicationsn photothermal
therapyandas drug carrietf’2] Finally, AUNRsS/PDA have been employed in the creation of
fastresponsive lightriven liquid crystal elastomer actuatdue to theenhanced photothermal
effect that PDAprovides to AUNR$73]

1.3. Semiconductas

Semiconductor (SEGased photocatalysffers outstanding potential to addseshallenges
such as environmental remediation and eneetpted applicationgacing them in an eco
friendly and sustainable waileverthelessthe application of this technolodgr largescale
purposes remains a challengéhe main limitation is their relatively low photocatalytic
performancelue to the high recombination rate of electhare (e€/h™) pairs Moreover,other
crucial aspectike the light absorption ability, redox capagciand density of active sitedso

have a lot of room for improvement

Typically, thephotocatalytic process constituted bylifferent stepslnitially, charge carriers
(electrons and holegye photogenerate@hen these charge carrietgssociate and migrate
the surface of the catalysd finally undergoreductionoxidation (redox)reactions at the

mentionedsurface[74]
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For a semiconductor to be effective in photocatalgpplications it needs tgproduce the
maximum possible flux of chargecarriers enhanced bya broader range of absorbed
wavelengthg75] The band gap of the semiconductor gives the limit of this light absorption
Therefore as band gap energgcreasesthe effectiveness of the liglabbsorption decreases
making the semiconductor lessitable for photocatalysig.his light harvesting capacity is
translated into photgenerated charge carrieasd onceéhee/h* pairsare photogeneratethey

musttravelfrom the bulk to the catalyst surfaimecarry out redox reactions

The process proceeds as follow e located in the valence band (VB promoted to the
band gap of the catalyst atrdnsit to the conduction band (GCB)eanwhilgethe K remains in
the VB. Generation of charge carrietakes from femtoseconds (fs) to picosecond}, @
then the transition to the surface is in the ranfi@anoseconds (ns) to microseconds.({46}

During this whole process, charge carrieen berecombinedwith the bulk during their
movement to/or at the surfaoéthesemiconductqrreleasng heat.The recombinatiomate of
e/h"is believed to be within psto nehich ismuch fastethan the transferatethey undergo to
the surface to be part ttie redox reactioi77] As the recombinatiomvithdrawsthe charge
carriers from the possibility otindergoingredox reactionsseveral methodssuch as

heterojunctionsare designed to prevent it.

1.3.1. Heterojunctions in photocatalysis

Heterojunctios arise as amffective methodto ameliorate thephotocatalytic behavior of
semiconductors by increasing taeount ofphotogenerated charge carriers awtreasing

thar recombination ratg78,79] As mentioned before, a Schottkype junction is created when
a metal is combined with a semicondudfeigure 7b). In contrastwhen two semiconductors

are involvedaheterojunction is formed.

Heterojunctionscan be classified according to itheonstituent semiconductors (SCs) type
There are two types dbCs p-typeand ntype. In the first one, holes are the majority of charge
carriers in the second typeelectrons arghe majority of charge carriers. Regarding this
classification, lhere are three possible combinatiem$orm heterojunctiong-p, nn, and pn

type
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Moreover,heterojunctions can also be classified from the structural point of Viey.can be
constituted by layeby-layer stacking of different 2limensional materialsnaking a van der
Waalstype heterojunctionin addition,they can beonstituted by different crystalline phases
of the same chemical compositjaesulting infacettype heterojunctionLastly, they canbe
formed by different crystal facets of a single semiconductorown as aphase
heterojunctiori80,81]

The last possible classification is about thyge of band alignmen82] Three different types
of banddiagramsare possibletype | or strddling gap Figure 9a), type Il or staggered gap
(Figure 9b), and type Ill or broken gapFigure 90. In a semiconductor/semiconductor
heterojunctionglectronsare believed to transport to the less negativea@Bholes to théess
positive VB In type | alignmentexcitonsaccumulate in the semiconductor walsmaller
bandgap, in this situationC&2. Hence, there are more possibilities to recombioe leading
to a substantial photocatalytic performantethe case of type Il alignmente situation
changs; electrons and holes asplit up in twosemiconductorsoa better separation of charge
carriers is reached. Nevertheless, in type Il alignmeoth electrons and holeannot move
to the other semiconductstaying in only one and being ainle to create a heterojunction
between themThe Fermi level gives the total chemical potential of the semiconductor
electrons, and the value is normall§ferent for different semiconductors. Hentee flow of
charge carriers ifavoredin one direction and hindered in the oth&milar to a Schottky

Junctionwhereaninternalelectricfield is created.
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Figure 9: Heterojunction structure regarding the band alignment between them. a) Type | (straddling
gap). b) Type Il (staggered gap). c) Type Il (broken gap).
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Therefore each type of heterojunctidrasits characteristig soit is important t&knowhow the
semiconductors create the heterojunction, the type of band aligrementheposition of the
bandedges Thesecan unveil for instancethe stronger reduction strength when the CB band
is more negative or the most powerful oxidation ability when the \fBaise positivg82]

1.3.2. ZnO

Zinc Oxide is a rtype semiconductonith awideb and gap ,afemaikab®.robm e V
temperature luminescer{88] and an absorption edge around 380 4] ZnO typically
displays avurtzite-typeunit cell where oxygen and zinc atoms are tetrahedrally bqiRagare

10a) moreover the crystalline structure &nO canalso be zinc blend@-igure 10b). This
materialpresents lack ofsymmetrycenterand astrongelectromechanical couplingvhen an
external force is appliedhe positiveand negative charge centeen be displacedinleashing
lattice distortionand triggeringpiezoelectric properties along the [0001] direct{®igure
100).[85,86]

Piezoelectricity ishe ability to convennechanical energy into electrical eneegy vice versa.
Among the VI compoundswith the same wurtzitstructure the piezoelectric tensoifffered
by ZnO is at least two times higher than materials such as CdSoZ88Se making ZnO an
appealing material forapplicationswhere piezoelectric properties are requirgach as
piezoelectric sensor enechanicahctuator486] Besidesthe piezoelectricity shown by ZnO
hasalso beerapplied in catalysis. ZnO nanosheet microspslave been proven to Iphoto
andpiezocatalytic active toward the degradation of MO, RhB, and [B@]/Moreover, ZnO

NPs and ZnONRBavealso beesuccessfully used imepiezoatalytic degradation of MB38]

Particle size is crucial argteatly influenceshe UV and VIS maxim&9,90]presenting visible
emission due to the transition of phaienerated electrons from the conduction band to a lower
band[89] or/and because there iscanterrecombination because of the oxygen vacancies
allowing ZnO visible luminescend@1,92]
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Figure 10 a) Wurtzitetype unit cellstructure b) Zinc blende unit cell structure. Representation of
how the structure is compressed by a mechanical force and expanded displaying piezoelectricity.

A large number of ZnO nanoparticles can gnthesized with several morphologiesing
different methods It is possible to use electrodepositiomgpor deposition, or thermal
evaporation, among others, to grow nanowires/nand8&j84] nanotetrapod495] and
nanotube$96] Furthermore, other techniques like thermolysis or thermal decomposition can
also be used to obtain ZnO nanobundles or nanosp&ies.has been compared with TiO
because of its optical similitudeldowever, its absorption edge is brogdaking a part of the
visible region, thereby offering a better performance under sunggha9]

Unfortunately, ZnO suffers from phetmrrosion and low stabilitymoreovey it also shows a
quick recombination rate. To overcome these disadvantages, ZnO can be coupled with other
semiconductors, doped with metals, or its surface can be functionalized with different organic

polymers[100]

1.3.3. ZnO tetrapods

A wide variety ofdifferentshapesand morphologiefor ZnO nano and microstructurean be
synthesizefl01,102] by using different methods. Within these methadst chemical and
biological have lst attention compared with physical synthesisceit doesnot need strong
chemical reagentdHowever,the possible morphologies are limifdd3] Threedimensional
(3D) materials like tetrapods or multiposlsow different characteristics than t@nventional
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0D, 1D, and 2D nanostructureZnO structurepresentappropriatestability and high free

volumevery usefulin varyingapplicationd104]

ZnO tetrapodsgrowth mechanisnmhas been reported &tart from the creation of octahedral
seed nucl¢il05] or zincblend corg106] However, itis still not cleayand there is a lack of

information intheliterature[104]

Classic synthesis methods have some drawbdokthe case of wat chemistry synthesis
involves strong reagentbatare hazardoufr both humans and the environme8trategies
involving catalytic nanoparticles do not present a straightforward mdtirodchievinga
reduced synthetic yield. Besidghysical synthesis such as vagiguid-solid, microwave, or
vapor deposition even possibly a largecale ZnO tetrapod production (microwave and
combustion), has limitations because of its high economic costifindlty in controllingthe

size, shapeor quantity

However flame transport synthesis (FT8an create micro and nanostructures of different
metal oxidesthat are solvenfree and coseffective, making brgescale production of micro
and nanoscale ZnO tetrapopisssibleg/103,107,108]The FTS method is based on a further
simplified version of the combustion methodside the muffle furnace, the metallic Zn
microparticles, becausd theaction of the flameand high temperaturare directlyconverted
into ZnO tetrapodshrough a solidvaporsolid (SVS) growth proces3etrapodsize can be
tailoredfrom nano tomicro andfrom low to high aspeatatio by changing the experimental
condition in the FT$103] As no chemicals areisedin this method, the tetrapod surface

properties are natompromisednd can be used in several applicatid3,108]

The tetrapod shape is made of four arms with a wurtzite phase connected by & ndsitnatl
core(Figure 10b)[109]at angl es g o i n gconternimgreach ttifes Because of1 1 0 A
the central core, ZnO tetrapods show significant differences in semiconducting, mechanical,
and electrical featurd404,109,110]Moreover, the shape plays a pivotal role since the
mechanical forces applied are transferred between the Badéng to higher stabilityand

offering good endurance in unpleasant conditions and harsh environments. Additionally, they

can gather and build an interconnected structure with high porosity and a large surface area.

Regarding piezoelectricity, tetrapods mainly share characteristics with ZnO nanorods but with
some changes. The highest and lowest piezoelectric potential occur in the central core when the

20



nanotetrapods are pulled or compresgdure 10¢. Simulations have shown that thinper
taller, and more uniform nanotetrapods produce larger strains and potemtiadsliing that

shape factors influence their piezoelectric behg\id@]

ZnO tetrapodsanbe used for large variety oensing applicationfd03,111,112Jantkviral
infection and otherdisease$113,114] They can createhighly porous materialswith
applicability in the fabrication of flexible ceramjt87,108]andbe combined with polymers
to createfibers for advanced biomedical applicatiojid5] Moreover they can constitute
sacrificial templatébased strategies to develop new materials by combmetglsandoxides

with organic compounds.

1.3.4. ZnO/PDA composites

As explained before, polydopamibased ZnO nanocomposites are a good option to overcome
semiconductodrawbacks PDA, as an organic semiconducftf 6] createsheterojunctions
with ZnO. Moreover, itcan act as a photosensitizer apiebtective material ZnO/PDA
compositeexhibit similarities toother semiconductor/PDA hybrid materials lik€2/PDA.

The bandgapvalues of ZnO/PDA nanorodsave been foundo be directly influenced by
dopamine concentration, leading to a decrease when the PDA concentration intireases
move from3.22 eV when [PDA] = 0.3 mg mtto 3.18 eV when [PDA] = 0.5 mg mt[117]

This behavior can be produced by theceaseof vacancies and charge transfer from ZnO
toward PDA and acceptordoped ZnO nanostructures also observe similar sffadth a
Schottkytype junction[118] PDA depositionin ZnO decreases oxygen vacancies from
1.5¢10" cm® to 1.2*10H cm® triggering the photoluminescence quantum efficiency decrease
from 0.28 to 0.12 respective]§l7] Moreover, the PDA coating can also alter the activation
energy in ZnO/PDA by reducing the exciton binding energy, potentially due to the formation

of an additional local electrical field between ZnO and RDKQ]

Within catalysis,its efficiency is strongly influenced bghotoinduced electrofinole pair
recombination kineticsA lower recombination ratameliorateshe photocatalytic behavior
When combined with ZnO, tteatechol from the PDA can act as an electronliemqausef its

electronwithdrawing natureThis catecholis attached to the surface of ZnO by binding the
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hydroxyl group with the ZnO surface oxygen vacancies decreasing. This way, the composite's

recombination rate and photocatalytic behavior are imprf8&d

These results enforce the idea of having a diresth&mefavoring charge separation and
enlarging lightharvesting120] Enhanced electron transfer caeo be achieved by combining
two factors the strong adhesive properties of PDA and the strong chelagimgviortoward
metal ionsAs a consequenclw-defect and homogeneous PDA filresn be synthesizeash
ZnO and act as an electron transfer layer (ETlgs shown in polythieno[3,4b]-
thiophene/benzodithiophene:[6;6henytC70-butyric acid methyl ester (PTB7:PC70BM) bulk
heterojunction solar caltl21] and inverted norfullerene organic(PBDT:ITIC) solar
cell§122]. Hence it shows an ameliorated photovoltaic performance when PDA is

implemented in the composite.

Moreover,the processes that occur at the interface of2h®/PDA composites towardB»
productionhavebeen exploredThreedimensional ZnO@PDA with inverse opstructures
exhibited the presence of a buiiit electric fieldpointing from PDA to ZnCbhecausef the
electron transfer after their contathe internal electric field (IERJrivesthe recombination of
the photoinduced electron$ the ZnO CB with théoles placed at the PDA HOM@rawing
an S-schemecharge transferThis type of heterojunction is responsilite enhanced light
absorptionahigher lifetime, and strong redox ability inotogenerated carriefSurthermore,
the inverse opasdtructure becauseoft he supposed A sombined withthée o n O
scattering and Bragg diffraction triggers lighdrvesting The Sscheme and the ameliorated
light harvesting are responsibler better performancen photocatalytic HO> productionif
compared with bare PDA and ZjC23]
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2. Objectives

2.1. AuNRs/PDA

The principal aim is to study the interface between a plasmonic material and an organic
semiconductor toward an organic dye photodegradation. Gold is chosen as plasmonic material,
while PDA is selecteds the organic semiconductor and rhodamine 6G (Rh6G) as the organic

dye. The progress assessment is organized as follows.

1 Synthesis of AuNRs:
o To produce AuNRs with controlled shape, size, stability, and reproducibility.
0 To self-polymerize DA on the AuNR surface to create a nanocomposite with a
PDA shell.
1 Control of AuNRs Characteristics:
0 To achieve AuNRs with a specific LSPR
o0 To aeate comparable samples with varying PDA shell thicknesses.
1 Study of Rh6G degradation:
o To examine how different PDA shell thicknesses influence the ability to degrade
Rh6G.
o To measure temperature changes during degradation using a thermal camera.
0 To determine th&®OS production with different scavengers.
1 Kinetics and concentration measurement:
o To use additional Rh6G to calculate reaction kinetics via the Langmuir
Hinshelwood method.
o0 ToRecover and measure the total organic carbon (TOC) concentfitothe
experiments.
1 Experimental setup:
o Conduct two sets of experiments:
A First setTo uilize a xenon lamp (UWIS) as the energy source.
A Second sefTo use a NIR laser (808 nras the energy source.
1 Additional studies and comparisons:
0 To gudy AuNRs/PDA with femtosecond transient absorptidse-TAS)

spectroscopy.
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o To compare experimental results with theoretical calculations using COMSOL

Multiphysics.

2.2.ZnO/PDA

Apart from gold, the other objective is to study the interface between Pdb#samiconductor.
The elected semiconductor is ZnO in a tetrapod shape.

1 Synthesis of PDACovered ZnO Tetrapods:
o To aeate samples of ZnO tetrapods with varying roughness and thickness of the
PDA layer.
1 Photocatalytic Performance Evaluation:
o To identify which PDAcovered ZnO composite offers the best photocatalytic
performance under UWIS irradiation.
1 Reusability and Stability Testing:
o To measure the reusability and stability of the optimal composite over three
consecutive photocatalytic rounds.
o0 To caalculate the yield of the photocatalytic reaction.
1 Kinetics of the Reaction:
o To dudy reaction kinetics using the Langmtimshelwood method with
different concentrations of Rh6G
1 Piezoelectricity and Photocatalytic Performance:
o To investigate whether the composite exhibits enhanced photocatalytic
performance when its piezoelectricity is triggered.
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3. Materials and methods

3.1. Chemical/Reagent#Materials

Dopamine Hyrochloride (DA) (98%), Poly(Ethylene Glycol) Methyl Ether Thiol (Mrs
6000SH-PEGCH3) (PEG) and PEG (Mn = 800y, HAuCl4 ( 09%),. 9
Cetyltrimethyl ammonium bromide (CTABr) (098%
( 09 9 #hylenediaminetetraacetic acid (EDTAP9.4100.6%) p-benzoquinone (BQ)
(synthesis gradedRhodaminegs G ( &, TAzBh&®) Bas€99.9%) Poly(vinylidene)fluoride

(PVDF), Polyvinypyrrolidone (PVP), Polycaprolactone (PCIDymethylfomamide (DMF)

( 09 9 Wietone( O B%), Ethanol( ©9 9 . Acktir acidglacial ( © 9%),. Chlorform

( 09 9&h) Methanol O 9 9 .were purchasedfom SigmaAldrich. NaBH; (99%) was

purchased from Acros Organid4Cl (35-38%)andHNOs (65%) werepurchased fron.P.H

i St an Ida& b.oPol&nd Isopropyl alcohol (IPAY O 9%) was purchased from Avantor

Performance Materials Poland.

Different sizes and shap£s0O tetrapods4AnOT) were obtained in collaboration withe Smart
Materials, Nano SYD, Mads Clausen Institute atliméversity of Southern DenmagSDU).
Senderborg, Denmark

3.2. Characterization methodsand instruments

This chapter includes an overview of the instruments we have used to charactdrszady
our sampleshow the different methods have bedvelopedand the information we have

obtained.

3.2.1. Transmission Electron Microscope TEM)

TEM was used toamage theAuNRs and AuNRs/PDAlanocompositesThe analysis of the
sample interaction with a beam of electrons obtains those snidgemicroscopes constituted
by a vacuum chamber, an electron gun, electromagnetic lenses, a sample holder, and detectors

The electron gugeneratesn electron beamwith energesbetween the 16800 kV rangelt is
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focused by thdens systermand directed toward the sampthat isplaced on a holder in a
chamber. Inside the chambearhigh vacuum exists to ensure movenmeamd prevent the air
moleculedrom provoking electron scattering. After the beam intei@c with the samplethe

image is created. The interaction between the beam of electrons and the sample depends on the
composition, densityand thicknessTo generatea highresolution imagegontrastgenerated

by different processeme used.

The transmitted electrons generate the ntagkness contrasThese electronpass through
the sample without a significant deflectjiamveiling brighter areas for less demsets of the
sample Moreover electrons passing through the samgi®suffer from phase shiftsesulting
in interferences when the electron waves are recombined to gepleast contrasFinally,
depending on the crystallographarientation, phase, or defectslectrons are elastically

scatteredforming the diffraction contrast.

A high-resolution image is obtained by combining the results of these prodBesatespther
signals can be used in other techniques within the TEM maooletain more information about

the samplelnelastically scattered electrons are used in EELS to obtain information about the
electronic structure, bonding structure, and chemical composiioays are used in EDX for
elemental analysid.24i 126]

TEM images were selected from several representative samples observed with a JEOL 1400
microscope operating at 120 KV. From the images, it was possible to unveil the morphology of
the AuNRs, AuNRs/PDAand PDA NPghereforemeasuing their average longitudinal and
transversal distancélhe sampleunderwentdrop-casting (dispersed in MiQ water) in a
copper TEM grid (FormvatCarbon 200 mesh from Ted Pelta)e furtherdried in a vacuum
desiccator.

3.2.2. Scanning Electron SpectroscopySEM)

In scanningElectron Microscopythe work is similaito that in TEM, but the electron beam
scans the surface instead of passing through the saffpMimagesarisefrom differences in

the thickness, densitand atomic composition of the samyle the case of SEMmages are
primarily generated from variations in surface topography and elemental composition through

signals like secondary electrorbaracteristicX-rays,and backscattered electrons.
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SEM isformed by an electron gun, condenser lens, scanning coils, sample chamber, detectors
and vacuum system. Similarly to TE&Ibeam of electrons is generat@e30 kV) and focused

due to the condenser leridevertheless, in SEM, the beam is not conducted to the samntple

is directed by the scanning coilsgoan the sampl&he sample is placed in a chamber with

conditions similar to TEMhowever, different signals are used to produce the image.

Inelastic scattering of the incident electrggreduces secondary electrons emitbexin the
surface of the sampl&heseprovide high-resolution topographical informatioBesides, the
elastically scatteredelectrons (backscattered electrong)rovide information about the
compositional contrasHere, theslements with higher atomic numbers unveil brighter areas

the image.

Finally, an energydispersive Xray spectroscopy detector can detect characteristiayX
allowing for detailed elemental analysis and compositional mappimgy are produced when
the electron beam ejects electsérom theinner shell levels of theample and electrons from
higher energy levels occupy these vacanaestting X-rays. The collected signals are then
converted into electrical signalsvhich will subsequenthye processed to create a high

resolution image of the surface of the sanjpBE¥]

ZnOT and ZnOT/PDASEM images were selected from different representatamaples
observed with a JEOL JSWVOO1F A carbon doublesided tape attached samplis the
adequate holdeand gold was sputterexh it to make it conductive

3.2.3. Ultraviolet-visible (UV-VIS) spedroscopy

UV-VIS spectrometer was used to assess the Rb@Gentratiorevolutionduring the different
reactions.Apart, it was also used to unveil the LSPR spectra of the differenbased

nanoparticles and nanocomposites.

The instrument isonstituted bya light source, monochromatayvette holder, and detector.

The light is typically generated lilie combination of deuterium lamgUV) and atungsten
halogen lamgVIS). Once generated, the light is dispersed by a monochrothatefore the

operational wavelength or range of wavelengths can be sel&uibdequently, the light is
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directed toward the sampd@dthe intensity of the transmitted ligistcollected by the detector.

The difference between the initial and the transmitted inteqddis the final absorption
spectrum Finally, absorbance can be related to the concentration of the sample through the
BeerLambert law Equation 1).[128]

o Wi - (1)

o

Where Abs is the absorbance, U i s the mol ar
sample, and | is the path length.

Thesamples were placed in a 1%quartz Suprasil cuvette with a 10 mm light path (Hellma
analytics 10110-40), and results were obtained using a Lambda 950 (Perkin Elmer)
spectrometer. An Ocean Optics QEPro hginformance spectrometer was also used in several
experiments. In the caséRh6G, its absorbance is around 530 nm, so a scan between 420 and
600 nm was carried out to unveil the peak, which shows its concentration, for AUNRs and
AuNRSs/PDA, a scan between 400 and 1100 nm was carried out to unveb®te values.
Moreover, longitudinal LSPR absorbance intensity was related to the concentration of gold in

the samples since it was also analyzed by 8.

3.2.4. Inductively Coupled Plasma MasqICP-MS) Spectroscopy

The gold content in AUNRs and AuNRs/PIAd the zinc content in ZnOT and ZnOT/PDA
compositesnvere determined bYCP-MS spectrometry in collaboration with the Soft Matter
Nanotechnology Centre for Cooperative Research in Biomaterials (CIC biomaGUNEEBasq
Research and Technology Alliance (BRTA) in DonoStan Sebastian, Spain.

ICP-MS is usedto detect and quantifsnetals at trace level$he instrument is constitutemf
different partsTheion source (the ICP), a mass spectrometer (dd8)posed of a quadrupole
a detectoravacuum chamber where tMS works, a vacuum interface, and ion lenses to focus

the ions through the system.
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Initially, the sample is converted into an aerosol by a nebaimisprayed into the 1B, where
the sample is ionized usirfggh-temperature argon plasnfaubsequently, the ionized sample
is introduced to the MS through the interfacenposeaf two cones. Thérst coneis in contact
with the plasna, called the sample conand thesecond cones calledthe skimmer coneDue

to the comes, photons, neutral atorrendmolecules arbanned from entering the mass analyzer.
Finally, within the MS, ypically a quadrupole mass filter, ions a&parated regarding their

massto-charge ratiand detected by an ion detector, normally an electron multjhR&.

In our case, AUNRs were previously digestisthg HNQ and HCI to dissolve all the samples
fully and convert the gold into a measurable form. Gold was broken into its constituent ions,
primarily in the A" state. Subsequently, the sample was nebulized into an aerosol and
introduced into a Perkin ElImer Analyst 800 K8/5. The gold underwent atomization and
ionization due to the higtemperature plasma transforming it into*Aans. These ions were
separated based on their makarge ratio at the mass speateter and finally, a detector
measured the ions and provided quantitative data on the gold caht@€Abased composites
followed the same procedutgere, ZnO was broken into Znto further analyze the ions.

3.2.5. Fourier Transform Infrared ( FTIR)

FTIR spectra were used tanalyze the functional groupsf PDA in AuNRs/PDA
nanocomposites. Bydentifying them, it was possible to corroborate the correct DA
polymerization on the surface of tR®A-containing composite$TIR uses a broaspectrum
NIR light directed to an interferometesplit into two different beanthattravel different paths.
One beam travels through a fixed padhd the other undergoes a variable patteéombine
them and create an interference pattern. This recombined light interacts with the sduncple
absorbs specific wavelengths due to the different molecular bondsletétormeasures the
nonabsorbed lightunveiling an inérferogranthat Fourier will transfornmto the final infrared
absorbancespectrum. Thusthe spectrumwill show the peaks corresponding to specific
wavelengths absorbed by the molecular bonds in the sample with the possibility of identifying
functional group$130]
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A single dropof synthesized nanocomposites was analyrdg an FT/IR 4700LE (Jasco)
spectrometer in the transmittance mode within the range of400@m'. AUNRs, PDA, and

AuUNRs/PDA nanopatrticles were compared

3.2.6. Thermal camera

The IR radiation emitted by objects is correlated with their temperature. Thermal cameras
convertinfrared (R) radiation into electrical signalsy using detectors capable of generating
electrical signals witleach pixel of the thermal image. The signals then can be processed by
the camera to provide a visual representation where different temperatures are represented with

varying intensities and colors.

Thermal images were taken with a thermal camera Soné&3dTplacedB0 cm away from the
cuvette during the irradiation experiments. Images were takmaticallyevery 3 minutes

during the duration of the experiments

3.2.7. Femtosecondlransient Absorption spectroscopy(fs-TAS)

With fs-TAS is possible to observe temporal changes in the absorbance properties of the
materials hence studying the dynamics of excited sfltésis achieved by using a probe pulse,
this method excites the sample with an initial pump pulse to subsequently measure the
absorbance at various time delay®, analyzing absorbance changes over time makes

possible to shed some light thelifetimes and pathways of excited states and intermediates.

A femtosecond laser generates ukhrt laser pulsesyhich will be split into a pump and a
probe beam by a beam splitt€he pumppulseexcites the sampl&hile the probe pulsis sent
throughit with a small delayconcerningthe pump pulseOncethe sample interacts with the
pulsesthedifference between the absorptsas measured. For example, the difference between
the excited sample and the sample in the ground Batehanging the time delay between the
pulsesit is possible to shed some light on the dynamic processes that fuch as lectron
and/or proton transfer processes, isomerization, excited state energy mjgratioriersystem
crossing131]
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In our situation, when AuNRs are excited by the pump pulse, electrons can be promoted to
higher energy levels and transferred to PDAwhich can act as an electron accepitie time
resolved spectra can provide information on the kinetics of the electron trdiksféine rate
constant and the efficiency unveiling the interaction between gold and PDA. Hot electrons were
investigated employing a Helios Spectrometer and a Sgebirsics femtosecond laser system.
The instrument had a response function of approxisna@® fs (full width at hakmaximum),

and transient absorption data were collected over a time rarggedayg up to 3 ns. Samples
were suspended in water and analyzed using a quartz cuvette with a thickness &f glotal.
analysis was performed over a broad spectral range of8380nm to determine the
characteristic time constants of the observed ultrafast procé&isgsilar value (SV) kinetic
vectors were evaluated with Surface Explorer software (Ultrafast Systems). The primary SV
kinetic vector was chosen for analysis, as other vectors were largely attributed to solvent

artifactsand randomnoise.2u t o t he spectrometer’'s | imitat:.i
2 nm in length and 8420 N 3 nm in width) wer
plasmon resonance fell within the detectable range. These measurements were conducted in
collaboraton with Professor Marcin &gk from the Faculty of PhysicsAdam Mickiewicz

University, Pozna® (Pol and) .

3.2.8. X-Ray Photoelectron SpectroscopyXPS)

XPSwas used tanalyzethe elemental composition of ZnOT and ZnOT/P&inpositesThe

aim wasto determinghe DA polymerization on the surface of the tetrapodsroborating the

correct formation of the PDA layeitially, the samplas placed in a vacuum chamband
irradiated with Xrays exciting the cortevel electronsWhen theX-ray energy is higher than

the binding energy of these electrons, tlagejected from the sample surface as part of the
photoelectric effect. Then, the kinetic energy of these emitted photoelectroeasared by an
electron energy analyzetypically concentric hemispherical analyzens cylindrical mirror
analyzersThis kinetic energy (KEFan be related to the binding energy (BH)erefore, the

X-ray (hv) energyis equal to th&8E plus theKE plust he s pectr ometsgyaswor k

represented ikquation 2. Thus the binding energy of the electr@ncalculated.
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Each elemengxhibitscharacteristic binding energies for its core electrblesice thesample's
elemental compositiocan be unveiled from the position of the peakhespectravioreover,

small shiftscan reveal information about the chemical state oétbment§132]

ZnOT and ZnOT/PDA samples were analyzed in collaboration withgfaB a bia | ir om t he

Faculty of Chemistry f Adam Mi cki ewicz University, Pozn
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4. Experimental

4.1. Synthesis andfunctionalization protocols

4.1.1.AuNRs-basednanocomposites

Before the synthesis, glassware was treated with Aqua regia (HCI/HNOS3 3:UNvapure
water (Milli-Q, 18. 2 Mq c¢m, 'Y as8s8d tifoughoubtie pnodss m

4.1.1.1. Synthesis of AUNRs

AuNRs were synthesized bgllowing a seeemediated growth method. First, a seed solution
was prepared at 37 °C by adding HAu(@.01 M, 0.25 mL) to CTABr (0.1 M, 9.75 mL). This
mixture was then combined with an-celd NaBH, solution (0.01 M, 0.60 mL) with vigorous
stirring for a few secondsBefore use, it was kept at room temperature for 2 hours.
Subsequently, the growth solution was prepared by mixing, in order, CTABr (0.1 M, 40 mL),
HAuCls (0.01 M, 2.0 mL), AgN@ (0.01 M, 0.40 mL), HCI (1.0 M, 0.80 mL), and iceld
ascorbic acid (0.1 M, 0.32 mL). After mixing, 0.040 mL of the seed solution was added to the
growth solution. The growth process occurred at3P7°C. The final mixture was stirred
briefly, covered wih aluminum foil, and left at room temperature for 24 hodditional
AuNRs with different dimensions and LSPR valuesre synthesized by varying tlseed

solution and silver nitrate amouam$ shown imable 1.

Table 1 Synthesized AuNRsamples detailing the volumes of seed solution and silver nitrate used.

Sample V (seed)(HUL) V (agNo3) (ML)
AuNRs A 400 440
AuNRs B 15 440
AuNRs C 100 330
AuNRs E 60 400
AuNRs F 100 400
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4.1.1.2. Synthesis of AUNRS/PEG

Beforeachievingthe final structurean intermediate nanocomposu@ssynthesizeavith PEG
substituting the capping agent (CTAB4D mL of AuNRs vascentrifuged twice at 1200RPM

for 12 minutesand he obtainedpellet wasredispersed in 25 mL of an aqueous P&gRution

(2 mg mLt, MW = 6000) Subsequentlyit was vortexed for a few minutes and stirred for 20
hours to ensure a thorough coatifige resultingAUNRSs/PEG werésolatedby centrifugation
(10000RPM, 10 min x2) and rinsed twice with Milkq water Thewhole process was repeated
againto achieve a successful PEG coatiAdditional synthesis using other molecular weight
PEG (Mn = 800) was carried out to study the effect of the PEG in the final coating

4.1.1.3. Synthesis of AUNRs/PDA

AuNRs/PEGwerer edi sper sed i n T byl sonicdiianf fér® minutes H
Subsequentlyan aqueous solution &YA was addedvith varyingconcentratioa (Table 2 to
achiee different PDA shell thicknessefhe mixture wadirst vortexed and thesonicated for
30 minutesFinally, the final product was collected by centrifugat{@@00RPM, 10 min, x2)

and rinsed wittMilli -Q water.

Table 2: Synthesized AUNRBDA nanocomposites detailing the concentration of iDAhe initial

aqueous solution and the concentration of DA in the final mixture

AuNRs/PDA nanocomposite [DA]i (mg mL™Y) [DA]+ (mg mL™Y)
AuNRs/PDA1 0.025 0.012
AuNRs/PDA2 0.1 0.050
AuNRs/PDA3 0.1 0.085
AuNRs/PDA4 0.29% 0.125
AuNRs/PDA5S 0.5 0.250
AuNRs/PDA6 1.0 0.500
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4.1.1.4. Electrospinning fibers

Moreover synthesized\uNRswere embedded ipolymeric fiberdy using the electrospinning
technique The possible electrospinningplution was prepared by dissolvitige polymer in a
mixtureof solvents Several polymers and solvents were usatisgdayed inTable 3. Different

trials varying the final volume of the mixture and the concentration of the AuNRs were also
carried outFinally, the successful mixture waesmposedf 80 mg of PCL dissolved in 1 mL

of chloroform/methanol (3:15ubsequentlyAuNRswith a final concentration 00 pg mL

L were dispersed in tH@nal electrospinning solution

Table 3: Polymers and solvents used in the preparation of the possible electrospinning solution.

Polymer Solvent
Poly(vinylidene)fluoride (PVDF) DMF/Acetong133]
Polyvinylpyrrolidone (PVP) Ethanol/Acetic acifl34]
Polycaprolactone (PCL) Chloroform/MethandlL35]

The process was carried out in a homemade electrospinning instnaems composedf

a chamber where it can be foumthmpanda coil that rotateOutside the chamber, thexvere

a needle placed in a pump system and a-tajtage power supplgystem(Figure 11). The
electrospinning solution was placed inside needlgand by the pump actiomé solutionvas
introduced from the needle to the chamber witlorastant flow rate of 0.5 mLh Between the
needle and thetatingcoil inside the chambgea voltage of 20 kV was generated usingigh
voltage power supplyTherefore, the polymeric fibemsere created around the rotating coll
which is wrapped in aluminum faijlto further collect thefibers by unwrapping the foil.
Additionally, ahigh-temperaturdamp is used tancrease the temperature inside the chamber

and help the solvents &vaporate.
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Figure 11: Homemade electrospinning used to create the polymeric fibeeschamber contains the
rotating coil and the lamp. Outside the chamber and pointing to the coil through a hole in the chamber
it is possible to find the needle inserted in the pumping system. Fioaltize rightis the highvoltage

power supply system.

4.1.2. ZnO-basedcomposites

Ultrapure water (MiliQ, 18 . 2 Mq c¢ m, '%was@é&d thbughautth procéss m

4.1.2.1. Synthesis 0ZnOT/PDA

210 mg of ZnOtetrapods were dispersed in 50 mL of Tris buffer in a Petri, diskl
continuously, 180 mg of DA hydrochlorideasadded. The mixture was gently shaler250
RPM withouta magnetic dipole nd er UV 3nmpdaring differenBréactionmes (L
min, 5 min, and 15nin), obtaining several PDA layer thicknesses. Finally, the prodast
collected and rinsed withlilli -Q waterat leastl4 timesbefore drying at 60 °C fot8 hours.

36



4.1.3.Synthesis of PDA NPs

200 mg ofDA wasdissolved infL00 mL ofMilli -Q water Subsequently, theolution was heated
to 50 °C under magnetic stirringaddNaOH (1M, 0.07 mL) Thefinal solution was stirred for
3 h and the PDA NPs were collected by centrifugaB#000RPM, 20 min) and rinsed with

water3 times

4.1.4. Synthesis of MXenes/PDA

To functionalize the surface of tihdXenes with PDATisC2TxMXene(1 mg mL?, 1 mL) was
dispersedn Tris buffer (0.01 M30mL,pH & 8. 5) . Ttheasomcatedtfon 20e wa s
minutesbefore addind 10 mg ofDA. By varying the time of reaction tband 2 hourst was

possible to synthesize finglomposites withdifferent PDA coating thicknesses. The final
products were collected by centrifugati®@@ORPM, 8 min, x2) and rinsed withlilli -Q water.

4.2.Irradiation experiments

This chapter includgsreparing and developirige experiments carried out und#v-VIS and

NIR irradiation, either focomposites made by ZnOr AUNRs

4.2.1. AuNRs-basednanocomposites

4.2.1.1. AuNRs/PDA photocatalysis photothermal behavior, and
photostability under UV-VIS irradiation

The experiments were conducted in a  gmartz Suprasil cuvette with a 10 mm light path
(Hellmaanalytics101-10-40) placed over a magnetic stirrer. The samples contained Rh6G as
the targeted organic dye mixed with one of the synthegaeiiclesas a potential catalyst.
Samples were stirred with a magnetic dipole atRP®Mto prevent precipitation and to have a
homogeneous sample dispersion (total volum&rmL). The cuvette was irradiated with UV

VIS light using a Xenon Sciencetech lamp ¢E300X) for 60 minutesand the absorbance
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spectrum was measured every 5 minutes usm@a@eanOptics QE Pro highperformance
spectrometerPlaced before the detector, a Thorlabs lens was used to prevent the saturation in
the spectromete(Figure 12). The parameters were settled down to haseying power
densites over the sampl€0.02, 0.45, 1.1and2.5 W cn¥). Moreover,the temperature was
recorded every minute with a thermocouple and every 3 minutes with a thermal camera (Sonel

KT-650)placed 30 cm awalyom the sample

¢ e 7 —‘_.\ -—
Qg stics.com
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Figure 12 Light setup. Light is directederpendicularlytoward the cuvette which is placed above the
magnetic stirrer with a dipole stirring the sample. The detector is immediately placed after the cuvette
protected by a lens.

Preliminary experiments studied AUNRs/PDA withPBA el | t hi cknesses goi
to & 30 nm, as pot enThdcententratidrisvare[fuyt B4 ugmibar d R
and [Rh6G]= 2.5 ug ml*. Moreover, as control experiments, Rh6G, bare AuNRs, and PDA
nanoparticles (average size of 90 + 10 nm) were also tesgel the same conditions and
concentrationAs a result, the nanocomposite with the biggest PDA shell (AUNRSGP&A
average PDA shell of &un®.5Wmn? iradiatioe, hemathet he b e

rest of the nanocomposites were excluded for further experiments.

Once AuNRs/PDA were selected, the photocatalytic yieldtability, and photothermal
responsevere studied durintheother twoconsecutiveounds.To complete the reproducibility
results, a complementar h photodegradation wherdne concentration of Rh6G and

AuNRs/PDA6was increased up to 3 times was carried (same total volume of 3 mL)
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BesidesadditionalRh6Gconcentrations of 1.2, 2.8nd 7.5 ug mt! were tested to study the

reaction kinetics through the Langmiimshelwood method.

4.2.1.2. AuNRs/PDA photocatalysisand photothermal behaviorunder NIR

irradiation

The experimentsvere conducted in a 1 émuartz Suprasil cuvette with a 10 mm light path
(HellmaAnalytics101-10-40) placed over a magnetic stirr@ihe samplesontainedRh6G as

the targeted organic dyaixed with AUNRS/PDA6 asa catalyst. Samplewere stirred with a
magnetic dipole at 70&RPM to prevent precipitation and to have a homogeneous sample
dispersion(total volume of3 mL). The cuvette was irradiatagith NIR 808 nm wavelength
laser light (Changchun New Industri@ptoelectronics Tech. Co., LTD., Chirfaj 60 minutes
andthe initial and finalabsorbance spectrum was measurgdising a Lambda 950 (Perkin
Elmer) instrumentTheparameters were settled down to hese/ingpower densiesover the

sample 0f0.02, 0.45, and 2.5 W cfn The temperature wagcorded every 3 minutes with a

thermal camera (Sonel K850)placed 30 cm away from the sam(ffégure 13).

Figure 13 Laser setup. NIR laser is perpendicularly directed toward the cuwabiteh is place@dbove
the magnetic stirrer with a dipole that stlie sampleThe thermal camera is placed 30 cm away pointing
to the sample to assess its temperature.

AuNRs/PDAG6 photocatalytic yield and phototherrhahaviortoward Rh6G, under 2.5 W ¢m
2 jrradiation, with final concentrations of [Au} 7.4 pg mL*and [Rh6G]= 2.5 pg mL! were
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studied and compared with the control experiments (bare AUNRs and PDA NPS under the same

conditions).

4.2.1.3. AuNRs/PDA photocatalytic ROS production

The experiments wergonducted in a 1 chguartz Suprasil cuvette with a 10 mm light path
(Hellma Analytics 101-10-40). The cuvette was placed over a magnetic stirrer. The samples
contained Rh6G as the targeted organic dye mixed with AUNRSRBA catalyst. Samples
were stirred with a magnetic dipole at 78PM to prevent precipitation and to have a
homogeneous sample dispersion (total volum8 wiL). ROS production was studied using
UV-VIS and NIR irradiation. For the UVIS irradiation, The cuvette was irradiated with UV
VIS light using a Xenon Sciencetech lamp (E300X) for 60 minutes and the absorbance
spectrum was measured the endof the irradiation using a Lambda 950 (Perkin Elmer)
instrument. The parameters were settled down to have a power density aanfie of 2.5

W cm2.

In the case of NIR irradiationhé cuvette was irradiated with NIR 808 nm wavelength laser
light (Changchun New Industries Optoelectronics Tech. Co., LTD., China) for 60 miantes

the absorbance spectrum was measafted 60 min of irradiatiomising a Lambda 950 (Perkin
Elmer) instrument. The parameters were settled down to have a power density over the sample
of 2.5 W cn?.

The selected RO® assess werkoles (), hydroxyl radicals TOH), and superoxideQ,F)
guenched byhe scavenger§DTA, IPA, and BQrespectivelyAll the scavengers were added
to thesolution(10 mM), and their effect on the degradation of Rh6G was studied.
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4.2.2. ZnOT-based composites

4.2.2.1. ZnOT/PDA photocatalysis and photstability under UV-VIS

irradiation.

Photocatalytic and photostability experiments were conducted in Aduamz Suprasil cuvette
with a 10 mm light patiiHellmaAnalytics101-10-40). The cuvette waattached to a rotpand
during the photocatalysis, it wastatedat 35 RPM to havea homogeneous dispersion of the
ZnO/PDA compositegtotal volume of 4 mL)UV-Vis irradiaion was carried outor 30 min
with aXenon lamp from Instytut Fotonowy Sp.Z.0g&rial numbel-00107 Theabsorbance
spectrum was measureglery 5 minutesising a Lambda 950 (Perkin Elmer) instrum@8ifte
distance and parameters were settled down to have a power density of 1 su&06%)m

ZnOT, ZnOT/PDAL and ZnO/PDAZomposites were tested in a final concentratiofZof =
2.5 mg ml! toward Rh6G photodegradation ([Rh6G] = 549 mL™). Moreover, aditional
Rh6Gconcentratiosof 2.5, 7.5, and 10.0 ug miwere also tested to study the kinetics of the

reaction.

4.2.2.2. ZnOT/PDA photo(songcatalysis

Photosonocatalysis experiments were conducted in & hjeantz Suprasil cuvette with a 10
mm light path(HellmaAnalytics101-10-40). The cuvette was placed $everakystemswhich
will be explained lateHowever, for all of themJV-Vis irradiationwas carried ouior 30 min
with a Xenon lamp from Instytut Fotonowy Sp.Z.0.0, serial numbefQEO7 and the
parameters were settled down to have a power density of 1 sun (L@@HW heabsorbance
spectrum was measurevery 5 minutesusing a Lambda 950 (Perkin Elmer) instrument
Besides, during the photocatalysiayying output sonicatiorfrequengesand outputlectrical
powers were applied to the samplevo boneconductor speakeand an ultrasonic bath were
used asultrasonic sources3 sets of experiments wemdnducted where thsonic wave
frequency and output electrical power were: 10 KHz and 3W, 15 KHz anad@¥inally, 45
KHz and 30 WZnOT, and ZnO/PDA1 composites were tested in a final concentration of [Zn]
= 2.5 mg mL! toward Rh6G photodegradation ([Rh6G] = 5.0 ughL
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5. Results and discussion

5.1. AuNRs-basednanocomposites

This chapter includebe work published in Advanced Functional Mate{&ilsnd theextended

research we carried out with gold and PDA.

5.1.1. Synthesisand functionalization

5.1.1.1. Synthesis of AUNRs

The synthesis of AUNRs involves a seaddiated growth methodtheretiny Au nucleation

centers are initiallcreated to further grow themntil the final NR shapéFigure 14). In the

firststept he seed solution was prepared by mixing
bor ohydr i .dBesidésbetylBiethylammonium bromide (CTABwas added as a

capping agentAfter mixing, the solutiorwas heatedup to 37 °C and maintained for 120

minutes. During tap r o ¢ e s s redudesARI Kl int on Au , thef aimedgaldn g

fiseeds.
a Au/CTABEr seeds 1) HAuCl,
Cl O 2) AgNO,
S Au./ g+ 1) NaBH, OOOO 3) HCI
/ Cl 2) CTABr OO OO 4) Ascorbic Acid
Cl ‘ OOO o
HAuCl, (M B “_ o__o  AuNRs/CTABr

|
H3C (HyC)ys —TJ*-('uj H()J\;*f
CH,

HO OH

Figure 14: Seedmediated growth method to synthesize AUNRS' is reduced by NaBk creating the
i s e e dustltergtow the final AuNRstructure by adding the growth solution

In the second step, the growth solutieas added to # seed solutigririggering thenanorod

shapedyrowth This solution contaiedmoreA u | i ons, ascorbic acid,

42



hydrochloric acid (HCI), and CTAB Ascorbic acidslowly reduce A u |

ani sotropic

tcantrobing
Sarebdgoebeanto specHic facétgof the gbldd o m A
seedspromoting the rodike shape and banning the growth into other directiBesides, the

gr owt h.

HCl wasincluded to adjust the pH anleionic strength of the solutiomfluencingthe shape
and size of th&lRs Finally, CTABTr, as in the seed solution, acts as a capping agent, preventing

agglomeration and ensuring tbelloidal stability of thgprocess and the final product.

Within this methodthe amount of almost all the reagents usidngly influenceshe aspect
ratio, shape, and size of the final AuNR%$erefore, v @mnducteddifferent experiments
modifying theadded volumeof AgNOs and seed solutioto obtain AuNRs with different
dimensions,aspectratios, and LSPR values Table 4 describe the amount used and the
obtained sizes, LSPR, and aspect ratio

Table 4: Samples characteristics (diameter, length, LSPR, and aspetand the volume of seed
solution and silver nitrate used to synthesize them.

AUNRS V(seed) | V(agno3) d?:n,:lcljt:r ?:n,\ghs Transversal Longitudinal Aspect

(uL) (uL) (nm) (nm) LSPR (nm) LSPR (nm) ratio
A 400 440 11.3+£2.6 59.4+75 550 912 5.3
B 15 440 40.3+8.3 1109 523 728 2.8

14.0

C 100 330 26.5+ 4.8 76.5+8.7 518 704 2.9
D 40 400 18.0+£2.4 81.6 +£9.3 510 790 4.5
E 60 400 17.2+29 | 65.8+10.8 514 803 3.8
F 100 400 21.7+3.1 743+£7.9 511 842 3.4

Firstly, AuUNRs A and AuNRs Bvere synthesizely varying the amount aseed solution but

keepingthe same amount of AgN§J440 uL) for both syntheseonsequentliytheimpactof

the seed solutioanthe AUNR growthwas studied
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Figure 15: TEM images of AuNRs A and histograms displaying the average length and diameter.

As revealed by the TEM images and the histograntagare 15, AUNRs A exhibieda very
thin and short structure i@dneter= 11.3 + 2.6 nm,dngth= 59.4 + 7.5nm)resulting in a high
aspect ratio (5.3)in contrastpbtainedAuNRs Bwerelarger and thicker (idmeter= 40.3 £
8.3 nm, éngth=110.9 £ 14.0 nmyvith a thick and elongated structuresulting in a compact
structure and an aspect ratio of gF&yjure 16). Therefore there were significardifferences in

size and shape between the two types of.rods

The observed morphologyuld be attributed to the number of nucleation centers present in the
reaction which is directly proportional to the addadount of seed solutionn the case of
AuNRs A, because of the higher concentration of seed solutimre nucleation centers
resulted in thinner and shorter rods due to the possibility of growingMiRseConverselythe
number of nucleationentersdecreased because of the lower seed solution concentration used
in AUNRs B Hence Jarger and thicker rodsere formedand a decrease in the aspect ratis

observed
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Figure 16: TEM images of AUNRs B and histograms displaying the average landtdiameter.

AuNRSsA are significantlythinner and shortehan AuNRs A, with digheraspect ratio. As a
result, both the transverse dodgitudinalLSPR valuesverehighly redshiftedcomparedvith
AuNRs B Figure 17). Specifically, AUNRs A shoed a transverse LSPR at 550 nm and a
longitudinal LSPR at 912 nm, while AuNRs B exhdafa transverse LSPR at 523 nm and a
longitudinal LSPR at 728 nm.

Theoretically, the transverse plasmdoes not experimemith a significant changen the
morphology of the NR. Converselyjs strongly affected by the longitudinal plasnj@86] A

higher aspect ratio means that the longitudinal axis of the rod is significantly larger than the
transverse axis within the proportions of the NIRerefore, the fieldnduced charges are
separated over a larger distanoesulting in a smaller restoring for@d promoting the
redshift[137] The observed redshift in LSPR values for AuUNRs A aligns with existing
literature, which typically indicates that LSPR valuedshift with increasing aspect rafit38]

Once the limits were established, the objective for AUNRs C was to synthesize AuNRs with
dimensions and LSPR values intermediate between those of AUNRs A and AuNRs B.
volume of seed solution was adjusted to 100 yL aiming to create more nucleation centers than

in AUNRs A synthesignducing the growth of longer rods.
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Figure 17: LSPR values of AuNRs A and AuNRs B

Nevertheless, the volume was kept lower than in the second synthesis to prevent AUNRs C from
becoming as long as AuNRs B. Additionally, the added amount of silver nitrate was adjusted
to 330 pL.As can be noticed by the TEM images and histograms shofigune 18 AuNRs

C meets the intended specifications with an average diameter of 26.5 £ 4.8 nm and an average
length of 76.5 + 8.7 nm. These dimensions are between those achieved with AuNRs A and

AuUuNRSs B.
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Figure 18: TEM images of AuNRs C artiistograms displaying the average length and diameter.
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Figure 19: LSPRvalues ofAuNRs C
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Regarding LSPR, a coherent behavior was expected when compared with the previous
synthesizedHowever, the values obtained were 518 nm for the transverse and 704 nm for the
longitudinal LPSR, as shown Figure 19. These values are lower than the observed for the
previous two nanocomposites, and despite having a similar aspect ratio (2.9) to AUNRs B (2.8),
AuNRs C exhibit a blueshifted longitudinal LSPR. This discrepancy may be attributed to
aggregation within theample and/or the presence of other unintended morphologies, such as
spheres or squares. These factors can contribute to the broademhilngshift of the LSPR

peak.
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Figure 20: TEM images of AuUNRs D and histograms displaying the average length and diameter.
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Moving forward, it was decided to standardize the amount of silver nitrate at an intermediate
value of 400 pL. Subsequently, three additional syntheses were conducted with varying
amounts of seed solution, narrowing the differences betwe@ndhieus amounts used. At this

stage, our goal was to produce reproducible gold nanorods for further experiments with a
controlled LPSR and dimensions. The searched length and width were between 75 and 100 nm
and within 15 and 25 nm, respectively, withoaditudinal LSPR around 800 nm. Apart from
studying their properties, these desired characteristics were settled down to enlarge the possible
applications of the nanocomposites. Not only for organic dye photodegradation but also for
biomedical applicationsuch as photothermal therapy and photodynamic th¢i3gy.
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Three different batches of AUNRs were synthesiZaedNRs D, E, and F were produced by
using 40, 60, and 100 pL of the seed solutr@spectively As a resultAuNRs with varying
dimensions and LSPRere obtainedThe average diameters of the AUNRs wéa&0 = 2.4
nm for AUNRs D(Figure 20), 17.2 £ 2.9 nm for AUNRs Erigure 21), and 21.7 + 3.1 nm for
AuNRs F(Figure 22). Besidesthe average lengtifer AuNRs D, E, and kvere 81.6 £ 9.3
nm, 65.8 £ 10.8 nm, and 74.3 + 7.9 maspectively
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o
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100 nm ‘.5
Figure 21: TEM images of AuNRs E and histograms displaying the average length and diameter.
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These dimensionalong with the varyingamount of seed solutioexhibited a behavior that
agrees with the previously synthesized AuNRs A and B. Howewtr,the fixed amount of
silver nitratein the currentset of experiments, it snveiledthatthe seed solution is the main
influence on the diameter and length of the AuNBsthe one hand, a lower volume of seed
solution appears to favor the growth of longer nanorods, as observed with AyNREDhad
the smallest seed amount of alled synthesesand the largest length. On the other hand,
increasing the seed solution volume results in shorter nanasdsown in AUNRS Bossibly
becausehe higher nucleation rate limitee growth phaseroviding morenucleation centers

to create moreods that arshorterand thnner.
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Figure 222 TEM images of AUNRs F and histograms displaying the average length and diameter.

Interestingly, AuNRs F, synthesized with the largest volume of seed solution, exhibited an
increase in both diameter and lengtitaimpared to AuNRs E. This, could be due to a more

complex interplay between nucleation and growth processes.

Figure 23 shows thdongitudinal LSPR values measured for each batch. The peaks appear at
790 nm for AuNRs D, 803 nm for AuNRs E, and 842 nm for AuNRs F. The longest nanorods
(AuNRs D), with the higher aspect ratio, displayed the shortest LSPR,wahereas AUNRS

F, with the lowest aspect ratio, exhibited the most significaghift

This behaviordisagrees with the theoretical understanding that an increase in aspect ratio
promotes the redshifting of LSPRhis can be due to several factdike the presence of
undesired materialé s qu ar e s , addegtb thenleom@ggneity of the AuNRs length
Althoughit is not significantly large10%for AUNRs Dand F and16% for AuNRs Eit can
slightly contribute tdoroadeningand shifting the peaks.
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Figure 23: LSPR valuesglisplayed byAuNRs D, E, and F.

For the subsequent experiments, whictolve coating the AuNRs with PDA, which will
induce a redshift, we selected AUNRs D with a longitudinal LSPR of 790 nm. Between the three
samples, the lower longitudinal LSPR value, the narrow peak, and the lowest inhomogeneity

were presented.

5.1.1.2. Synthesis of AUNRS/PEG

To finally achieve the hybrid nanocomposite (AuNRs/PXAyasnecessary to synthesize an
intermediate compound where the PDA has been substitutddotgted polyethylene glycol
(PEG)as shown irFigure 24. CTABr, asa capping agenstabilizes the AUNRs in the aqueous
solution creating a bilayer around theithe main property of PDA is its remarkable adhesion

but, the electrostatic nature of CTABr can interfere with the formation of the PDA coating.
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However, PEG is a nonionic surfacfdriO] and can provide steric stabilization to the solution
instead of electrostatic stabilization. Therefore, it can maintain the colloidal stability of the
AuNRs without having issues with the ionic interactigm®viding a better environment for

the deposition of PDA at the AuNRs surface.

H3C 0
{\OA/} \/\SH

Poly(ethylene glycol) methyl

AuNRs/CTABr ether thiol AuNRs/PEG
(Mn = 6000)

Figure 24: Substitution of CTABr by PEG

In the AuNRSs solution, the excess of CTABr tends to precipitate at room temperature. Prior to
initiating the procedure, it is necessaryréaissolvethe CTAB by heating the solution to
approximately 37°C. Subsequentbgntrifugation carries out the septon resulting in two
different phases. The AuNRsecipitateat the bottom of the tube while the CTABr remains
dissolved in the supernatant. The AuNRs are rinsed with yaatdrthe procedure is repeated
again Then, the PEG is added, and mhigture is stirred for 24 hours. The whole process needs
to be repeated another time.

PEG can exhibit different average molecular weight (Mn). Typically, PEG fluidity and viscosity
vary with Mn, resulting in higher viscosity and lower fluidity at higher Mn values. Higher Mn
can create a more robust and stable PEG layleich isbeneficial for surface modification
However, it can be more difficult to dissolve in water. In our case, using high Mn PEG can be
beneficial since it is used in a competitive process with CTMBrch needs to be efficiently

removed to avoid interferences in the PBdating process.

Hence, we utilized two different molecular weights of PEG. Mn = 800 and Mn = 6000. In both
instances, AUNRs were successfully coated with PDA. However, the coating process was more
effective with Mn = 6000 Kigures 25a and 25b). In contrast, when Mn = 800 was used
(Figures 25c and25d), there was a higher degree of aggregation of AUNRs/PDA, and more DA
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polymerized in the bulk rather than on the AuNR surface hence, PEG (Mn = 800) was discarded

for further use.

Figure 25 TEM images of AuUNRs/PDAa) and bwvhen PEG (Mn = 6000)as used. cand d when
PEG (Mn = 800Wwas used.

AuNRSs/PEG (Mn= 6000) were also analyzed by WMEto studythe thickness of the layer
Neverthelessit was not thick enough tbe measurd (Figure 263. Moreover,AUNRS/PEG
(Mn = 6000)longitudinal LSPR value for AuNRs/PE@xperimergd a small redshifvith a
broademeak(Figure 26b). However, thisdoesnot indicatethat the PEG layanfluencesthe
LPSR valuesince the broadening and shifting of the peak is almost negligible. The feason
theseslight changes might bexternal conditions like agglomeration or the use of another

synthesized batch.
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Figure 26. a) TEM image of AuNRsS/PEG (Mm 6000). b) Comparison between AuNRs and
AuNRs/PEG LSPRalues.

5.1.1.3. Synthesis of AUNRs/PDA

The final PDA coating was achieved bgl-polymerizing DA on the AuNRS' surfaceas
illustrated inFigure 27. The previously synthesized AUNRS/PEG were dispersed in tris buffer
( pH a8. 5)andsonzatet ®nd enith before the addition Bffaaqueous solution. The
mixed final solution was vortexed and sonicated for 30 minoltect the final product by

centrifugation

HO NH,
D Ho;©/\/ﬁla
Dopamine hydrochloride

AuNRs/PEG pH=8.5 AuNRs/PDA

Figure 27: Final self-polymerization of DAat the surface of the AuUNRs

In this procedure, the final PDA shell thickness can be tuned by modifying the time of reaction

or the dopamine hydrochloride concentration. Thus, it is also possible to tune the values of the
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LSPR since it depends on the surrounding media of the plasmonic material. The effect at the
PDA layer and LSPR of different DA final concentrations was studiadlé 5).

Table 5: Dopamine final concentration relatamithe PDA shell thickness and LSPR values.

sample [DA]+  (mg PDA shell Transversal Longitudinal

mL1) thickness (nm)| LSPR (nm) LSPR (nm)
AuNRs - - 510 790
AuNRs/PDA1 0.012 - 510 790
AuNRs/PDA2 0.050 47+6.1 510 847
AuNRs/PDA3 0.085 41+1.7 514 806
AuNRs/PDA4 0.125 12.2+2.6 514 815
AuNRs/PDA5 0.250 182+22 518 846
AuNRs/PDA6 0.500 30.4+438 526 917

Theoptimal thicknesef PDA coatingswhich createa heterojunction with semiconductaes

achieve the best performandgs,believedto be afew nanometerfl41] In this study the

working material is not aemiconductor but a plasmonic materfawever since there was a

lack of information about the optim&DA coatings in plasmonic materiathe aimwasto

obtain a few nanometeo PDA layerto be comparable with the semiconductor case

Smallamounts of DA final concentration were used for the three initial sets of nanocomposites,
AuNRs/PDAL, 2, and .3n the first situation, AUNRs/PDAZhe final DA concentration was

0.012 mg mt?, obtaining a final composite here thePDA layer is negligible and almost

invisible (Figure 28). Hence, the nanocomposite was discarded for further experiments.

50 nm

100 nm

Figure 28: AUNRs/PDAL1 TEM images
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For AUNRs/PDA2thefinal concentration of DA was increasarl0.050 mg mt, showing a
thicker PDA layer than AUNRs/PDAL. Alkustratedin Figure 29, polymerization occurredut
it was notfavored in the faces of the AuNRseating a very inhomogeneous coatihtgtead,
DA polymerizedin the bulk causingthe gatheringof AuNRs around amophous PDA
aggregatesThe PDA average shell thicknebsstogramindicates thateventhoughtherewasa
large amount of small PDAayers, therewas also asignificant presencef bigger PDA

amoiphous agglomeratesith a larger dispersiti4.7+ 6.1 nm).
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Figure 29: AUNRs/PDA2 TEM images and statistical PDA shell length distribution.

Finally, the DA final concentration for synthesizing AUNRs/PDA3 was increased up to 0.085
mg mL?. These nanocomposites exhibited a similar coating to AUNRs/PDA2. However, the
AuNRs/PDA3 coating was homogeneous. As shown in TEM pictures and histdggure(

30), a uniform and single PDA layer coated all the nanorods, and the distribution at the

histogram follows a Gaussian profile, with an average PDA shell thickness of 4.1 + 1.7 nm.
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Figure 30: AuNRs/PDA3 TEM images and statistical PDA shell length distribution.

It is evidentfrom the three initial sets of nanocompositieat only AUNRs/PDA3possessa
proper PDA shellThis should influence the LSPRigure 31, shows the LSPR values of
AuNRSYPDAL, 2, and 3 compared with bare AuNREhe LSPR value of AUNRs/PDA1 does
not differ fromthe value of the bare AuNRSs. Since the PDA layer is negligisléfiuence so

it is, it might not provide a sufficient change in the dielectric environment to induce a noticeable
redshift The peakbroadening observeday result fronthe aggregation of the rodshich is
potentially promoted by the small PDA layaating as a glue between the AuUNRsnversely
AuNRs/PDA2 exibited the three nanocomposites' largest redshift, up to 847 Sinte the
PDA coating is not unifornrand incompletethe dielectric environment near the AUNRs may
not change consistentlprovoking this irregular shift. FinallydespiteAuNRs/PDA3having
themost homogeneou®ating theyunexpectedlylisplayedthe broadesandinconsistenpeak
This phenomenon can be attributed to AUNHBA aggregatiorleadingto coupling effects

between the nanorodsiggering shits that not only depend on the coating

Summarizing, AuNRs/PDA1 coating waegligible and AUNRs/PDA2 did not achieve a
uniform and homogeneous coatimgading to a large redshift. However, AUNRs/PDA3 were
successfully coatedut their peak was broad and unconsist@unsidering those results
another set of three nanocomposites was synthedmgdhe amount of DA was increased

trying to stabilize the coating of the nanocomposite and the LSPR.
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Figure 31: LSPR values for AUNRs/PDAAUNRS/PDA2, andAuNRs/PDAS.

AuNRs/PDA4 were synthesized using a final @Ancentration of 0.125 mg mL This
concentration made it possible to homogeneously coat the AuNRs with a uniform PDA layer
(Figure 32). The average 12.2 + 2.6 nm thickness presented a thicker shell than the previously
synthesized nanocomposites. Besides, the concentration was increased up to 0.250img mL
the synthesis of AUNRs/PDAS leading to an increase in the PDA shell thickness of 6.0 nm up
to an average value of 18.2 + 2.2 riagUre 33). Moreover, both nanocomposites PDA shell

thickness dispersiofit in a Gaussian bell as it is shown in their respective histograms.
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Figure 322 AUNRs/PDA4 TEM images and statistical PDA shell length distribution.
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Figure 33: AUNRs/PDAS5 TEM images and statistical PDA shell length distribution.

Finally, AUNRs/PDA6 were synthesized using the largest amount of DA (0.5 m§), mL
showingthe biggest PDA shell thicknes&s shown inFigure 34, AUNRs were successfully
coated with an individuaPDA shell of 30.4 + 4.8 nnTaking into account thencrement in
thickness of AUNRs/PDA4, and 6 compared between themselves possible to unveil a

relation between thadded amoumntif DA and the final increment in thickness.
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Starting from AuNRs/PDA4, in both cases (AuNRs/PDA5 andNR&/PDAG6) the final
dopamine hydrochloride concentration added was incremented df@gédto the previous
nanocomposite This, triggered PDA shell growth of about 66% more in AuUNRS/PDADS,
compared with AuNRs/PDA4, and 60% in AuNRs/PDA6, compared with AuNRs/PDAS.

Hence, when the DA final concentration is doubketinal increment o& 3/5 in the PDA shell

is achieved.
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Figure 34: AuNRs/PDA6 TEM images and statistical PDA shell length distribution.

This set ofnanocompositepresentd a PDA uniformly coated AuNRwith controlled sizes.
Moreover, br all of the nanocompositdsoth transversal and longitudinal LSPR redshithas
PDA layer becomes biggeas showrn Figure 35a. Thisbehaviorcan be attributed to different
factors related to the dielectric environment surrounding the AuiNRish can be altered by
the PDA coatingleadng, in this situationto a reduction in LSPR energghifting the peak to
longer wavelengthd.he dectronic interactions at the AUNRs surface can be affect&Dgys
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homogeneous and dense coating, which influetiesesonance conditiorStartingfrom the
longitudinal LSPR 0610 nm and a transverse LSPR of 790fanbare AuNRs, the redshift is
minimal for AUNRs/PDA4being4 nm for the longitudinal modé14 nm) and 5 nm for the
transvers€815 nm) It was increased for AUNRS/PDAS up 8&nm for the longitudinal LSPR
(518 nm) and56 nm for the transverse LSP®46 nm). FAnally, AUNRs/PDA6presengédthe
largest redshiftreaching 16 nm for the transverse mo&26( nm) and 12 nm for the
longitudinal mode (92 nm). It is noticeable thateven though the redshiftas carried out in
both plasmonsthe increment of the transverse mode is almost negliginepared tahe
incrementin the longitudinal modeAs it has been explained, this madenore sensitivea the
shape and size of the NR. Moreouie strong interaction with the PDA she&bntributesto
the redshift.
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Figure 35: a) LSPR values o AUNRs, AUNRs/PDA, AuNRs/PDAb, and AUNRs/PDA6. b) FTIR
spectra for AUNRs and AuNRs/PDA

BesidesFTIR spectroscopy was employed to verify the successful polymerizatiba ain
the surface ofAuNRs resulting ina PDA shell. The FTIR spectrunfigure 35b, of the
AuNRs/PDA compositesdiffers from the bare AuNRs spectrubty the exhibition of
characteristicasignalscorresponding to organgroupbondspresentd by thePDA shell.

It is possible to observeDH and NH groupsstretching vibrationsndicated by thebroad
absorption band around 326012. In addition,the presence of C=N, C=C, and C=0 bonds is
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shown by the peaksbserved in the region between approximately 1500 and d630142]

The obtention of these signgdsoved the successful PDA formation around the AuNRs.

5.1.2. Determination of Au concentration by ICP-MS

ICP-MS analyzed the concentration of Au in all the different samplesllaboration withProf

Sergio Moya's grouptthe CICBiomagune in San Sebastian (Spain).
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Figure 36: a) ElementalAu concentration (mg £) of AuNRs related to thebsorbance. Linear fit
equation in the inset.he blank signal was not included in thelfif ElementalAu concentration (mgL
1 of AuUNRs/PDAGrelated to thebsorbance.inear fit equation in the inset.

The AuNRs, AuNRs/PDA3, AuNRs/PDA5, and AuNRs/PDA6 samples were dissolved by
acids to first vaporize and then atomize the solution into its elemental components.
Subsequently, these elemental components are ionized to further be determined by the mass
spectometer as PDA might intervene in the absorbance of the samples, bare AuNRs and

AuNRs/PDA nanocomposites were analyzed separately.

In the case of bare AuNRthreealiquots fromthreedifferent synthesized batches were taken,
and their maximum absorbance (at the longitudinal LSPR) was measured usiniSUV
spectra. Subsequently, these aliquots were analyzed W& Punveiling the total Au

concentration of each samplegure 363 plots the absorbance of the sample versus the Au
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concentration and shows the linear equation obtained, which relates the Au concentration of the

final sample to its absorbance.

For the AUNRSs/PDA, a similar procedure was carried out; however, in thistwasajquots

from two different batches were taken. Two batches of every synthesized nanocomposites
(AuNRs/PDA3, AuNRs/PDA5, and AuNRs/PDA@jigure 36b). The results show consistent
behavior among all the samples. As expected, Abs increases with AUNR concentration for both.
With the calculated equation, it is possible to know the Au concentration in both bare AuNRs

and the synthesized nanocomposite afteasuring its absorbance

5.1.3. Synthesis ofPDA NPs

To correctly evaluate the photocatalytic behavior of the AUNRs/PDA nanocomposites, It was
necessary to compare their efficiency with their components by themselves. Since uncovered
AuNRs were already synthesized, PDRswerealso synthesized. The proceduomsistedf
selfpolymerizingDA by using NaOHo trigger the reaction.

Spherical PDA NP¢Figure 37a) were obtainedvith an average diameter &35.0 + 5.0 nm
(Figure 37b). The sizebetween the bare AuNRs and the RPa@vered AuNRs makes it

possible to compare their behavior efficiently.

25

Frequency (events)

50 60 70 80 90 100 110 120 130 140 150
Diameter(nm)

Figure 37: PDA NPs a) TEM image. b) Diameter statistical distribution. PDA sphere at the inset.
Reprintedwith permissiorfrom ref.[6]
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5.1.4. Irradiation experiments

Preliminary photocatalytic experiments were carried ontRh6G using a xenon lamp as a light
source with a power density of 2.5 W€énand the irradiation time was getlh, The first step
was to identify the PDA shell thickness that offered the best performateece,
representativaeproduciblenomogeneouskgoatedand stable nanocompositesreselected
AuNRs/PDA3 presented the thinneomogeneou$ DA layer AUNRS/PDAG6 presented the

thicker, and AUNRs/PDA showed an intermediate value.

The photocatalytiperformance of these nanocomposites compared between themselves
and their components aloriEhe usedcconcentrations wer2.5 pg mL!for Rh6G and7.4 ug
mLfor the possible catalysts, AUNRs/PBAAUNRS/PDAS, AUNRs/PDAG, AuNRand PDA

NPsin 3 mL of total volume
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Figure 38: a) Rh6G degradation when AUNRs/PBAAUNRS/PDAS, andAuNRs/PDA6 are used and
their components by themselvé3 Absorbance spectra of Rh6G every 5 minutes wheXRs/PDA6
triggers degradation

Figure 38a shows tle photocatalytic result$he Rh6G degradation when PDA NPs were used

as a possible catalyst and Rh6G tested alone was less than 5%. For bare AuNRs, it did not reach

mo r e t hanmostthe sant® degradation as when AuNRs/Bingre usedThese findings
revealthat the thinner PDA layer did not improve thbotocatalyticbehavior of the bare

AUNRSs.
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However, as the PDA shell became bigger, the degradation also did. When AuNRs/PDA5 were
used, degradation increased to almdso,land finally, for AUNRs/PDAG, with the biggest
shell, a final degradation afiore than 5@% of the initial concentration of Rh6G was achieved

as can be seen at the absorption spectra displayédure 38b. Since the best performance

was achieved by the composite with the biggest PDA #h@NRs/PDA6 were used for further
experimentshence the rest dhe nanocomposites (AuNRs/PR2and AuNRs/PDAS) were
discarded.These reglts unveiledthat the largerPDA shell's larger thickness improves the

nanocomposite's photocatalytiehavior

5.1.4.1. Photoreproducibility, consistencyTOC, and kinetics

The photocatalyticperformanceof AuNRs/PDA6 wasfurther evaluatedio assess the
reproducibilityand consistencgf the degradatiorprocessAn additional 3h experiment was
carried out in which the concentratitor both the catalyst and the organic dye were increased
up 3 times to 22.2 and 7.5 ug mlrespectively. The aim was to assess whether the behavior
and trendof the photodegradation remained the same for larger amounts while preserving the
same catalysto-organicdye ratio.

In the absorbance spectri@iqure 39d), it is noticeable that the extended photodegradation
follows a similar trend as the previous experiméngyre 38b), unveiling more than half of

the initial Rh6G concentration %) depleted within 1 h. Eventually, the photodegradation
consistently moved forward, achieving 85% degradation after 2 h of irradiation, reaching 95%
after 3 h.

Additionally, the total organic carbon (TOC) removal was also investigated after 1h, 2h, and 3h
cycles, and the stability of the nanocomposites was evaluated by the observation of the
nanocomposites through TEMiQure 39b). Total organic carbon content decreased to 74 %
after the first round, continued with the same trend, decreasing to 62 % after the second round,
and finally, achieved a mineralization of 56% at the end of the three cycles. TEM images at the
insets ofFigure 39bshow that AUNRs/PDAG were stable after each cycle (1h, 2h, and 3h), and

their structure remained undamaged.
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Besides, once it was demonstrated that the AUNRs/PDAG resist the photocatalytic cycles and
that their structure remained unaltered, their performance toward different concentrations of

Rh6G was also evaluated. The results will also be used to study ¢tieskiof the reaction.
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Figure 39 a) Assessment of the photocatalytic activity of AUNRs/PDAG6 ([Au] = 22.2 ug)rdward

Rh6G ([Rh6G] = 7.5 pg mt) during 3 h of irradiation. b) Total organic carbon removal percentage of
three photocatalytic cycles of 1h, 2h, and 3h with AuNRs/PDA6 as a catalyst. TEM images of
AuNRs/PDAG after each run at the insets. b) Reprinted with permission frojd]ref.

Figure 40ashows the catalytic activity of AUNRS/PDAG ([Au] = 7.4 pg Mifor the additional

Rh6G concentrations of 1.2, 5.0, and 7.5 pgiiChe process was faster when the Rh6G initial
concentration was reduced to 2.5 pg tlreaching 87% degradation in 60 minutes of
irradiation. Conversely, higher Rh6G concentrations of 5.0 and 7.5 pfdetreased the
photocatalytic efficiency to 39% and 26%, respectively. These consistent results demonstrate

that degradation occurs faster when the concentration of Rh6G diminishes.

To shed some light on this trend, #ieetics of the reaction were studied through the Langmuir
Hinshelwood model since it is the most useddel for the degradation of Rh6@nd many

otherorganic dyes whemradiated by ligh{143,144]

P - —— 0 & (3
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ThelL-H equations are illustrated Bquation 3 andEquation 4.[143,144]In both equations,

ro displaysthe initial degradation rate of the reactant (ughmin?), o showsits initial
concentratior(ug mL?Y), t refers to the reaction time (min), k is the reaction rate constant (ug
mL* min?), Ky is the adsorption coefficiemf the reactant (ug mt), C shows the reactant
concentrationwith regards to theme (t), and Kppis the apparent firstrder rate constant (min

1. In the case ahe study, the low organic dyeconcentrationsllow usto reduceEquation 3

to an apparerntseudefirst-orderkinetic modelasdisplayed inEquation 5.

The dataobtained with thevarying concentrations of Rh6G and the fixed concentration of
AuNRs/PDAG6can beplottedin Equation 5, accomplishing dinearbehaviorthatsupportshe
pseudefirst-order model as illustrated inFigure 40b. Moreover,in the inset, theplotting

1/KappversusCo displays a linear behaviounveiling the consistency of the phoaalytic

process.
Y®O g aE— o@zpm p@Zpm O ¢@Zpm p@Zpm (6
Y®O g Gi— pzpm vdZpT O p@ZpTM p@Zpm (7)
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The calculated linear correlation equation$-igfure 40b are shown irEquations 6, 7, 8, and

9. It is possible to observe a noticeable trend wheyg #ecreases as Rh6G concentration
increasesThis phenomenounveilsthatsince thecatalyst concentratiois the same for all the
experimentsphotodegradation occufaster for lower concentrations of Rh6G
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Figure 40: a) Assessment of the photocatalytic activity of AUNRS/PDAG6 ([Au] = 7.4 pg)rtdward
different concentrations of Rh6G (1.2, 2.5, 5.0, and 7.5 pug)rmt) LangmuirHinshelwood equation
andlinear fit obtained with the results of the photocatalysis depicted in (a). Linear relation between
1/Kappand [Rh6G] is shown at the inset.

5.1.4.2. Photostability and photothermal response

AuNRs/PDAG photocatalytic activity[Au] = 7.4 pg mL! and [Rh6G] = 2.5 pg mt) was
reproducible anaonsistentproving thatthe nanocomposite was able to degrémeorganic
dyeand resist the proces#&/henscaled uB times the trend of the degradation was maintained
for 3 hours of irradiation untélmost the total degradati§g@5%) of the organic dye. Besides,
the consistency was maintained for different Rh6G concentratitability tests were carried

out to complete the reproducibility and consistency study of the composite

After the mainphotocatalysigxperimeni{[Au] = 7.4 pg mL* and [Rh6G] = 2.5 ug mt, 1 h
irradiation), the AuNRs/PDA6 nanocomposites weseovered by centrifugation @min,
7500 RPM x2) and redispersed in fresh Rh6G solutionperform another two additional
photocatalytic rounds.
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Figure 41: a)Rh6G concentration for three consecutive photocatalysis cycleswttithe same reused
sample of AUNRs/PDAG as the catalyihe eraporation rate of each cycle at the insef3.emperature
increment during 1h of irradiation or AUNRs, PDA NPs, and Rh6G without catalyStemgerature
increment of the three consecutpieotocatalysis cycles of 1h with the same sample of AUNRs/PDAG6
reused as the catalydData was measured witha thermocoupleat the insetsand the maximum
temperature reached each rouwvaktaken with ahermal camera snapshot.

Figure 41lashows the results where AUNRs/PDAG remain stable for both additional cycles;
however, the yield of the reaction decreases
respectively. The cleaning process may not be straightforward under these yieisdemnts.

The next chapter will discuss a possible solution to this problem.

During the cycles, each cycle's weight loss and evaporation rate (ER) were also studied. During
the first round, the weight loss was 2.63% with an ER of 888 ug.riath values decreased

for the second cycle, showing a 2.05% weight loss and an ER of 656 figanieventually,

further decreasing to 1.91% weight loss with an ER of 643 pg-niihese findings can be
related to the thermal properties of the AunRs/PDA6 nanocompb48el46]

The temperature increase during each photocatalytic cycle was followed up by using a
thermocouple and a thermal camera to prove that the relatively high evaporation rate is due to

the thermal properties of the Au/PDA nanocomposite.

Initially, a control experiment was carried out to settle down the temperature behavior in the
absence of a catalyst and when the components of the nanocomposite act separately. The results
plottedinFigure4lbs how a t emperature increment (&) of
6°C for bare PDA NPs, and 7.5 °C for bare AuNRs.
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However, when AuNRs/PDAWas addeasa catalysfthe temperatureoseharshly for the first
a 17 utes, maching amaximum temperaturdefore stabilizingfor the rest of the
photocatalysisResults are shown iRigure 41c where this behavior is noticealderossall
cycles. Inthefirst cycle the maximum temperature reacheds56.2 °C with an increment of
@3 2 ., th&Jgecond cycle the maximuemperaturelecreased t48.3 °Cwith an increment
of 1.1 °C and finally the maximum temperature in the last cydkcrease even more
reachingd 4. 7 UC wi t h 1a%h°C.i ncrement of e

Even though the temperature incremg@iminishesduring each newycle, thsevaluesremain
significantly highetthan the temperature increment observed by PDA NPs and s\lldBse
results show that the temperature increment is attributable to a combinafonaoid PDA
propertieslt is known that fasmons can drive photocatalypicocessefgL47,148]buttypically,
they might be combined with semiconductor matgidi8,150]since plasmonic materials offer

a relatively low catalysis performance.

In our study, the mainhypothesisat this pointwas thathe synergy between the properties of
the two materials increade the bulk temperature thereby triggering the Rh6G
photodegradatiarHence further experiments were carried outvadidate this hypothesis.

5.1.4.3. Electrospinning fibers

As has been said before, tAeUNRIPDAG cleaning procesafter each reactioms not
straightforward. Due to the dispersiofithe nanoparticleand the sticky nature of PDA, the

loss ofnanocatalystduring centrifugation could bmaused by the decreasehe photocatalytic

yield. At high centrifugation speedthe nanocomposites attach at the bottom of the, tube
whereasat lower speedsheforcemay be insufficient to have two separated and-defined
phasesWe came across the idea of embedding our nanocomposites inside polymeric fibers
synthesized by electrospinning as asgible solution The aim was to immobilize the
nanocomposites in a polymeric meshé¢ooverthe whole amount afised nanoparticlesfter

the photocatalysis

Severapolymers and solvents were ugedrepresented ifable 6 to create the fiber8esides,
several concentrations of AUNRs, AUNRs/PDA, and PDA NPs were mixedheithto include

the nanocomposites in the final fiser
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Table 6. polymers used and solvent mixture with the proportion used.

Polymer Solvent Solvent proportion
Poly(vinylidene)fluoride (PVDF) DMF/Acetong133] 3:2
Polyvinylpyrrolidone (PVP) Acetic acid/Ethan$l34] 31
Polycaprolactone (PCL) Chloroform/MethandlL35] 3:1

Although allthe naneompositesvere suspended when thalventsvereaddedo the mixture,
the PDAcontaining mixturesurned into a solid pastehen the polymewas addedFigure
42a). Converselythe bare AuNRsvere suspended the final solutiorbut, even for different
concentrations of AuUNRs ampmlymersthe solutiordid not work for obtainingolymeric fibers
with embedded AuNRwhen the polymers used were PVDF and PVP

Finally, AuNRs([Au]: = 100 ug mL'), were suspenddd 1 mL of chloroform/methanol (3:1)
and80 mg of PCLwasadded to the solutioisubsequently, theolymericsolution underwent
electrospinningobtaining uniform fibeis with embedded AuNRd={gures 42b, 42c, and42d).
Theconcentration of AUNRs were much higher thi@tused inphotocatalysisand the process
was successfulHowever, he loss of almost all thenanoparticle in the process and the
incapabilityto determine thénal concentratiorof nanoparticles, either AUNRs, AUNRs/PDAG
or PDA NPsmadethis techniqueand resultainuseful for our purpose.
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Figure 42: a) AuUNRs/PDAGfdispersed in chloroform/methano(3:1). b) ¢) and d)TEM images of
PCL fibers with AUNRs embedded.

5.1.4.4. Thermal response and degradation at different power densities

Hitherto, the degradation observedhs likely attributed to the relatively high increase of the

temperature as it has been proved thaiperature can trigger organic dyes degradtibh]

AuNRs/PDAGexhibit longitudinal andransversglasmon TheoreticallyunderUV-VIS lamp
irradiation, the excitationis predominantly targeted #te transvemsplasmon vinich hasless
intensity than théongitudinalplasmonThe anisotropic shape of the AuNRs results in different
oscillation modes of conductidior the electronsConsequentlythe oscillation of electrons
along theods' long axis (longitudinal) allows a larger dipole moment and a stronger interaction
with the electromagnetic fieldgsulting in a stronger and more intense plasmonic behavior than
in the short axis (transversé)nder NIR irradiation, we expected to target the longitudinal

plasmon and study itafluence orRh6G degradation and temperature

Experiments were carried out with the same conditions as the previotlegradatio{Au]
= 7.4 pg mLt, [Rh6G] = 2.5 ug mtt, 1 h,and 2.5 W crif) but under NIR irradiation instead
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of Uv-VIS. As expected, the temperature increment igherthanthat with the lampas can
be seen irFigure 43a. Here,the maximum T achieved by AUNRs/PDA6 was 74.6(°@9.5
°C) significantly exceeding that dfare AUNRSs (58.6 °G¥33.5 °C) and AuUNR#$PDAG under
UV-VIS irradiation
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Figure 43: a) Temperature increment when laser and lamp irradiation for AudEsAUNRS/PDAG.
The maximuntemperature reachéslshownon the insetstliermal camera). lormalized absorbance
for Rh6G when lamp and laser irradiation.

Surprisingly, this increment in temperature did not correlate with the degradation rate. As
shown inFigure 43b, Rh6G degradation reache@% under UVVIS irradiation but under

NIR, the degradtion onlyreached25%.As can be noticed iRigure 43b andFigure 39bthe
achieved degradation when AuNRs/PDAéreirradiated by lights 6% and8% higher than in
Figure 38a Severalphotodegradation experimer({féu] = 7.4 pg mL! and [Rh6G] = 2.5 ug

mL, 1 hlampirradiation),were carried out obtaining values betw&éfo and 59%-However,

from here, we decided to be conservative andausegradation dd1%to comparewith further
experiments.

Regarding those findings, set of experimentsasplannedwhere the temperaturadarement
and the organic dye degradatiemder U\VIS and NIRirradiationwerecompared foseveral
powerdensitiestable 7). The aim of these experimengpart fromunveilingif the temperature
increment is responsibléor photodegradation, was also to collect more data to perform

theoretical simulations furtheBy combining the experimental results and the theoretical
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simulations it washoped to shed some light on how the nanocomposite behaves at the interface
how the temperature is incrementaddcorroboratef finally, the temperature is not the driving

force behind the depletion of the organic dye

Table 7: Relation between the power densities used and the final Rh6G degradation and temperature
increment whenhtelamp or the laser reached the power density

Final [Rh6G]% p T(°C)
Power density (W cm?) Lamp Laser Lamp Laser
0.02 91 88 1.6 5.9
0.45 82 88 54 13.2
1.1 83 - 8.1 -
2.5 51 25 32.4 49.5
ControF 96* 92* 56.2* 74.6*

Figures 44a, 44b, andTable 7, present the obtained results. Initially, a power density of 0.02

W cmi? was chosen. ill further simulate how the single AuUNR and AuNR/PDA6 behave
under lamp and laser irradiation at this power densitycafallate the EM losses. The results
indicated that the final degradation achieved was 9% under lamp irradiation and 12 % under

|l aser irradiation, with corresponmcdpectyvelt e mper

When power density was increased up to 0.45 W, alegradation with the lamgoubled to
18 %, but it did not have any effect on the laser degradation, washmaintained at 12 %.
The temperature rise under these conditions

laser.

Further increment of the power density up to 1.1 W2cahowed a negligible change in the
degradation under the lamp irradiation (17%) but the temperature continued rising, in this case,
up to & 8.1 UC.

Finally, when the power density was set to the used power density of 2.53\ttenfinal
degradation was186 for the lamp and 25 % with the laserh i | e t he &T was &3
®49.5 UC. Mor eover, a control experiment was

temperature is the main force behowt degradation. The solution was heated up untibtber
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and the lamp reached the maximum temperature at their maximum power density (2.5 W cm
2), and the concentration of Rh6G was measured after 1h. Degradation for the lamp temperature
(56.2 °C)was 4 % and 8 %with the maximum temperature reached with the 165&6 °C)
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Figure 44: a) Rh6G final concentratioim percentage aftekuNRs/PDA6photocatalysis[Au] = 7.4 ug
mL?, [Rh6G] = 2.5 pg mt?) under lamp and laser 1 h irradiation at different power densities. b)
Temperature incremeaél (°C) after AUNRs/PDAG photocatalysis ([Au] = 7.4 ug mlRh6G] = 2.5
g mL?) under lamp and laser 1 h irradiation at different power densities. *Control experiments,
[ Rh6G] % a nTds sett® thé nthmum temperature achieved in the previous experforehts
hourwith no catalystANo data.

These findings clearly show that, while temperature plays a role in the degradation process
under UMVIS (lamp) and NIR (laser) irradiation, it is not the main force driving the
photodegradation. Although a clear correlation exists between increasirayhiedensity and

the rise in temperature, particularly under laser irradiation, it is inexistent for degradation.

The depletion of Rh6G can not be attributed to a thermal effect, as it is evidenced by the control
experiments, which induced minimal degradation. Higher rates of degradation were achieved
by lamp irradiation, suggesting that the thermal mechanism is h&otrégason for this
photodegradation.
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5.1.4.5. Modelling of thermal behavior

Theoretical calculations were carried out in collaboration with dr Thomas Vasileiadighieom
Faculty of Physics (Adam Mi cThenodelingotthebmali ver si
behavioraims tounderstandand correlatehe macrosopic temperature behaviowith the

characteristics of theanoparticles

Initially, the extinction spectravere examined.The experimental value isimilar to those
expected from AuNRs with a length of 85 nm and a diameter of 24(Figure SJ).
Nevertheless, #hlengthof the synthesized AuNR&igure 30, Figure 33, andFigure 34) is
slightly smaller than the ongerived fromthe optical propertiesThis discrepancy might arise

from the nonlinear increase in lightattering efficiency as a function of nanoparticle size.

In the case oPDA's wavelengtidependent real and imaginary refractive indigatues from
the literature were usefinding the best results from rfif52] The calculated extinctiocross

section spectra of the AUNRs/PDA nanocompositeglotted irFigure 45a. As the PDA shell
thickness becomes bigger, the LSRIshiftsagreewith previous studiefl53] Besidesour
experimental resultagree withthe calculationswith less than a 5% erroFigure 45a and
Table S1).

The mismatch between the theoretical and experimental resulbea@aused by aggregation
between the nanoparticlesggregation can triggehe blueshift of longitudinal plasmdi$4]
andtheirasymmetric broadening to longer wavelend#sst has occurredn several occasions

in the chapters aboyeNext, the plasmonic enhancement was calculasatustrated ifrigure

45b top. The norm of the EM field relative to the incident field amplitugigches a maximum

val ue forfa 3GAnmZPDA shell thickness, 520 nm laser wavelength,trandverse
polarization (with the electric field perpendicular to the AUNRSs long aXisjis at the Au/PDA
interface, the EM field reaches the maximéacilitating the charge transfer or direct interfacial
optical transitionsNevertheless, although the use of resonant light, the plasmonic enhancement

remains limited

Under the same conditions of wavelength and polarization, the EM losses, depleitparen
45b downare in the order of £8W m™ for 20 mW power and 1 cm of focus diameter. These

EM losses are primarily localized in the Au; however, the PDA shell also contributes to the
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absorption, especially at shorter wavelengtigyre 45¢ top) and offresonant wavelengths

(Figure 45¢ down).

Simulations were repeated for both polarizations (with the incident electric field parallel to the
AunRs long axis) in the 300 to 1100 nm range for all wavelengths. According to the spectrum
and intensity of the lamp, the power distributed to each wawvleves calculated, and the total

EM losses determined with this approach are showRignre 45d. The total absorption
increases as the PDA layer becomes thicker, primarily due to the significant absorption of PDA

near the peak of thEiguleSMp spectrum (& 550

EM losses can be used as heat sources for heat transfer calculations and thereby estimate the
temperature risgl55] Here, light intensities are insufficient to induce significant localized
ultrafast heating in the AuNRs vicinitfFigure S3). Nevertheless, the complete action of NRs

induces a noticeable global heating of the bulk solution in the 60 min irradid&tigare S4).
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Figure 45: Plasmonic heating in aqueous AUNRSs/PDA dispersion finite element method simukgtions.
Results of the calculateatinction crosssectionspectra of AUNRs/PDA nanocomposites with varying
PDA coatings 0, 4, 12, and 30 nm). Blasmonic enhancement (uphd EM losses (downypatial
distribution for an AuNR with 30 nm PDA thickness, 520 nm laser wavelength and transverse
polarization 20 mW power, and 1cm focus diameterE#) losses at 400 (up) and 800 nm (down)
spatial distribution withransversgolarizationd) Total EM losses in picdVatt per AUNR as a function

of the PDA thickness. Lamp power 20 mW and 1 cm focus diangdtEmal temperature increment of
the AuNRs/PDAGqueoudispersionas a function of the irradiation power for the lamp and the NIR
laser Theoretical results are depicted as circles and experimental results as iqueafigtng line of

the calculated data with an intercept at &also shown in the grapReprinted with permission from
ref[6]

With an Au concentration of 7 pg rhlit is possible to estimate that the concentration of NRs

is around 40 * 1DNRs mL?* allowing us to convert the EM losses per nanostructure to EM
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