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Abstract

Two-dimensional materials exhibit wide range of advantageous phisico-chemical properties
making them great candidates for sensing, energy storage materials or (opto)electronics.
Moreover, 2DMs provide great base for nano-composites considering the ease of their
modification possibilities. The application of 2DMs and their hybrids or composites for
modern electronic devices have enormous impact on development of novel synthetic
methods, characterization of nanomaterials and interdisciplinary exploitation of unique
properties. Currently scientific community is still seeking for new efficient sensory materials
that will allow fabrication of chemical sensors with improved sensitivity and selectivity
focusing especially on 2DMs based structures. The Review article (P1) highlights broad
range of chemical sensors targeting gaseous analytes, metal ions and biologically active
molecules where electrochemical sensors represent a major group. It includes current 2D
materials and their composites including graphene, transition metal dichalocegenides,
hexagonal boron nitride or black phosphorous, and considers several important parameters
such as type of sensor, target analyte, limit of detection or linearity range. The article was
inspiration for further research and exploiting electrochemical properties of modified 2DMs.

The research objectives of this dissertation entitled “Electrochemical investigations
of modified two-dimensional materials and its application in supercapacitors” include
synthesis of a new class of two-dimensional based materials by chemical functionalization
of graphene oxide, the detailed characterization of synthesized materials and preparation
of supercapacitors electrodes and electrochemical investigation in various conditions which
was presented in articles P2 and P3 and electrochemical investigations of material provided
by collaborators in P4.

The article P2 describes the use of polyhedral oligosilsesquioxane (POSS) equipped with
terminal -aminopropyl groups to modify graphene oxide (GO) to enhance porosity and
extend interlayer space between the GO sheets, allowing efficient electrolyte transport.
Additionally, the material was chemically reduced to restore electrical properties and
to moderate oxidation degree. The rGO-POSS hybrid was used to prepare freestanding
electrode which was investigated in three-electrode system demonstrating a high specific
capacitance of 174 F g in aqueous 1M H2SO4 electrolyte which surpasses over twice the
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performance of reference material (rGO). Notably, the electrode exhibited great efficiency
with no loose while charge-discharge investigations and very low resistance indicating fast
charge transfer during the energy storage process, good conductivity, and excellent
electrolyte ion transfer. The power density reached 2.25 W c¢m™ and energy density was
estimated at 41.4 mW h cm. Additionally, the electrodes showed excellent durability with

over 98% retention of initial capacitance after 5000 cycles.

Article P3 deals with the synthesis of polymer with thioamide unit and covalent
functionalization of graphene oxide towards introducing enhanced amount of heteroatoms
(S,N) which are beneficial providing active redox centers and additional pseudocapacitance.
Final oxygen content in GO-THA composite allowed to use material as prepared for further
electrochemical experiments. The porous nanocomposite was used for preparation symmetric
two electrodes coin-cell type device and investigated in agueous and organic electrolytes.
The experiments in aqueous electrolyte (LM H>SOs4) revealed specific capacitance
of 221 F gt at 1 A g, while the use of organic media allows the specific capacitance to be
boosted up to 340 F g1. Additionally, the wider operating window together with high porosity
and mixed energy storage mechanism facilitates high energy densities up to 94.4 Wh kg,
exceeding most state-of-the-art GO-based materials for supercapacitors. Furthermore, the
symmetric devices exhibit great robustness in both aqueous and organic electrolytes
as evidenced by an excellent stability after 5000 working cycles (>98% in H.SO4 and>90%
in TEABF4/ACN).

The remarkable results obtained in P3 have highlighted the importance of simple, yet
effective functionalization of low-dimensional materials with thioamide-based polymer.
To explore further such approach, we have decided to decorate conductive copper nanowires
(CuNWs) with thiourea utilizing sulphidation reaction and present our finding in form
of article P4. Well characterized compound in terms of composition, optical properties,
structure and morphology was used to prepare symmetric supercapacitor in two-electrode
cell. The use of organic electrolyte: 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide in propylene carbonate allowed to extend the potential
window up to 2.5 V. The circular voltammetry indicated significant presence of oxidation

and reduction peaks suggesting minor co-participance of pseudocapacitance in energy
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storage mechanism. The highest specific capacitance was estimated at 324 F g, while
volumetric capacitance and energy density of the device reached 60.5 F cm™ and 52.5 mWh
cm3. The capacitance retention reached 70% after 5000 cycles, however it includes
significant drop while first 2000 cycles when the protective layer of copper oxides is created
on the surface preventing further degradation. Although, unlike articles P1-P3 article P4
deals with one-dimensional material, we believe that the approach presented there represents

a natural extension of research describe in P3.

Streszczenie w jezyku polskim

Materialty dwuwymiarowe same w sobie stanowig zwigzki wykazujace niezwykle
wilasciwosci fizyko-chemiczne, co przektada si¢ na ich ogromny potencjal aplikacyjny
w takich obszarach jak: sensory, materialty do przechowywania energii oraz elektronika.
Ponadto, 2DMs stanowig doskonalg podstawe dla materiatdow kompozytowych bioragc pod
uwage ogromne mozliwos$ci ich funkcjonalizacji. Zastosowanie 2DMs oraz ich zwigzkow
hybrydowych w nowoczesnych technologiach z uwzglednieniem elektroniki ma wielki
wplyw na dalszy rozwoj metod syntezy materiatdéw hybrydowych, ich charakterystyki oraz
badania aplikacyjne majace czesto charakter interdyscyplinarny. Obecnie naukowcy wcigz
poszukuja nowych wydajnych sensoréw z polepszonymi parametrami dotyczacymi np.
limitu wykrywalnos$ci, limitu oznaczalno$ci czy specyficzno$ci urzadzenia skupiajac si¢
w szczegOlnosci na materiatach opartych o 2DMs. Artykul przegladowy (P1) poréwnuje
szeroki zakres nowoczesnych sensorow chemicznych do wykrywania czasteczek gazow,
jonéw metali oraz zwigzkdw aktywnych biologicznie, z ktorych wigkszo§¢ oparta jest
na sensorach elektrochemicznych. W pracy opisano wykorzystanie popularnych
nanomateriatow dwuwymiarowych oraz ich materialow kompozytowych z uwzglednieniem
grafenu, dichalkogenkéw metali przejsciowych, heksagonalnego azydku boru, czy czarny
fosfor bioragc pod uwagg takie parametry jak rodzaj sensora, rodzaj analitu, limit
wykrywalnosci czy zakres liniowy wykrywalnos$ci. Ten artykut byt inspiracja do dalszych
badan oraz rozwijania niezwyklych wiasciwosci elektrochemicznych modyfikowanych

materiatow dwuwymiarowych.
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Cele naukowe rozprawy doktorskiej zatytutowanej: ,,Elektrochemiczne badania
modyfikowanych materiatow dwuwymiarowych i ich wykorzystanie
w superkondensatorach” uwzgledniajg synteze nowej klasy materiatow opartych na 2DMs
poprzez chemiczng funkcjonalizacje tlenku grafenu, szczegotowa charakterystyke
przygotowanych materiatow oraz skonstruowanie elektrod do superkondensatorow oraz
badania elektrochemiczne w r6znych warunkach co zawarto w artykutach P2 i P3, a takze
elektrochemiczne badania materialu w ramach wspoétpracy — nanorurek siarczku miedzi

uwzglednione w artykule P4.

Artykul P2 obejmuje wykorzystanie oligomerycznego silseswioksanu (POSS)
wyposazonego w terminalne grupy propyloaminowe do chemicznej modyfikacji tlenku
grafenu (GO) celem zwickszenie porowato$ci oraz zwigkszenia dystansu pomiedzy
warstwami GO aby zapewni¢ lepszy transport jonéw w trakcie procesow
elektrochemicznych. Ponadto, po modyfikacji materiat zostal zredukowany chemicznie przy
uzyciu hydrazyny celem polepszenia wiasciwosci elektrycznych oraz zapewnienia
optymalnego poziomu zawarto$ci grup tlenowych. Material hybrydowy rGO-POSS zostat
uzyty do przygotowania elektrody, ktéra badana byla w uktadzie trdjelektrodowym
wykazujac pojemno$é whasciwg rowna 174 F gt w elektrolicie kwasowym — 1M H2SOs4,
co ponad dwukrotnie przewyzsza wartosci otrzymane dla materiatu referencyjnego
przygotowanego w analogiczny sposob (rGO). Na uwage zastuguje fakt, ze przygotowana
elektroda cechuje si¢ doskonala wydajnoscia, efektywnym roztadowywaniem oraz niska
rezystancja co $wiadczy o dobrej przewodnosci 1 sprawnym transferem tadunku. Gestos¢
mocy przygotowanej elektrody zostata oszacowana na 2.25 W cm a gesto$é energii wynosi
41.4 mWh cm3. Ponadto elektroda cechuje sie wysoka stabilnoscig zachowujac ponad 98%
poczatkowej pojemnosci po 5000 cyklach.

Badania zawarte w artykule P3 uwzgledniajg synteze polimeru z jednostkg tioamidowg oraz
kowalencyjng funkcjonalizacj¢ tlenku grafenu celem wprowadzenia znaczacej ilosci
heteroatomow, w tym siarki i azotu, co pozytywnie wptywa na wydajno$¢ urzadzenia dzigki
dodatkowemu wspotudziatowi mechanizmu pseudopojemnosciowego. Ze wzgledu
na optymalng zawarto$¢ tlenu w probce, uzyto materiat do dalszych badan bez koniecznos$ci

dodatkowej redukcji. Porowaty material GO-THA zostal uzyty do przygotowania urzadzenie
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w symetrycznym uktadzie dwuelektrodowym typu coin-cell i byt badany przy zastosowaniu
dwoch elektrolitow. Badania wykonane w 1M H,SOs wykazaty pojemnoéé 221 F g przy
gestosci natezenia 1 A g, natomiast uzycie organicznego elektrolitu (1M TEABFsw ACN)
pozwolito na otrzymanie pojemnosci 340 F g. Ponadto duze okno potencjalu w drugim
przypadku w polaczeniu z porowatoscig materiatu oraz hybrydowym mechanizmie
przechowywania energii pozwolito otrzyma¢ wysoka warto$¢ gestosci energii do
94.4 Wh kg, co znacznie przewyzsza wartosci literaturowe dla materiatéw bazujacych na
tlenku grafenu. Material wykazat si¢ znakomitg stabilnoscig zachowujac ponad 98%
poczatkowej pojemnosci przy zastosowaniu 1M H2SO4 oraz ponad 90% przy zastosowaniu
TEABFs w ACN po 5000 cykli.

Wyniki zaprezentowane w P3 ukazaly jak wazna moze by¢ stosunkowo latwa
funkcjonalizacja materialéw niskowymiarowych np. czasteczkami polimerow. Dlatego tez
postanowiono zmodyfikowa¢ przewodzace nanorurki miedziowe przy pomocy tiomocznika,
co zaprezentowano w artykule P4. Uzycie -elektrolitu 1-etylo-3-metyloimidazol
bis(trifluorometylsulfonyl)imid w weglanie propylenu pozwolito na zastosowanie duzego
okna potencjalowego do 2.5 V. Podczas badanh woltamperometrii cyklicznej zaobserwowano
znaczacy udziatl reakcji redox w trakcie procesoOw elektrodowych. Pojemno$¢ wiasciwa
oszacowano na 324 F g! wowczas, gdy pojemnos$¢ objetosciowa oraz gesto$é energii
wyniosty odpowiednio 60.5 F cm™ oraz 52.5 mWh cm, Po 5000 cykli elektrody zachowaty
okolo 70% poczatkowej pojemnosci warto zauwazy¢, ze znaczny spadek podczas
pierwszych 1000 cyklow spowodowany jest zuzywaniem si¢ materiatu jednak po tym okresie

wytworzenie ochronnej warstwy pasywnej na powierzchni zapobiega dalszej degradaciji.
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Description of publications included in dissertation

1. General introduction and motivation

Nanomaterials are a category of materials characterized by having at least one dimension
within the nanoscale range, usually between 1 and 100 nanometers. Due to their distinct size
and the ratio of surface area to volume, they often exhibit unique properties that differ from
those of larger bulk materials. The reduced dimensions of nanomaterials result
in significantly larger surface areas and enhanced reactivity compared to their bulk
counterparts, making them highly attractive in various scientific fields. Nanomaterials
encompass a wide range of structures, including naturally occurring ones like spider webs,
animal horns, or human bone matrix, as well as engineered structures such as nanoparticles,
nanotubes, or layered materials. In recent times, there has been significant interest in two-
dimensional (2D) materials, which belong to a distinct category of nanomaterials. These
materials are composed of atomic or molecular layers and possess an extremely thin
thickness, usually measuring less than 10 nanometers. Due to their structure, 2D materials
exhibit exceptional properties in terms of electronics, optics, and mechanics, making them
highly suitable for a wide range of applications. These applications encompass fields such
as electronics, sensing, energy conversion and storage, biomedicine, optoelectronics, and
numerous others..’® Several examples of two-dimensional are in particular interest
of science as a perfect candidates for emerging technology issues: Transition metal
dichalcogenides (TMDs), hexagonal boron nitride (hnBN), transition metal carbides/nitrides
(MXenes), black phosphorous and graphene which became one of the most investigated
nanomaterials since firstly isolated in 2004 by Andre Geim and Konstantin Novoselov.[5-]

In general, there are two main approaches considering synthesis of modern nanomaterials:
bottom up and top down. The bottom up method is a popular approach that involves
assembling materials from smaller, molecular building blocks to create a larger, more
complex structure. This method relies on the interactions between the building blocks, which
can include atoms, molecules, and nanoscale particles, to self-assemble into the desired

structure. There are several techniques used in the bottom up method of synthesis, e.g., self-

25



Adam Mickiewicz University in Poznan

assembly, template synthesis, colloidal synthesis, or chemical vapor deposition.
The nanomaterials obtained using this method benefit form high quality, minimal amount
of defects and relatively more homogenous structure.*® The top down method of synthesis
involves starting with a larger material and breaking it down into smaller components
to create the desired structure or material. This process involves various techniques that use
mechanical, thermal, or chemical energy to reduce the size of the raw material. There are
several top down methods used in materials science, including milling, lithography, chemical
etching or wet methods which include the exfoliation with the use of solvents and sonication
of electrochemical processes. Overall, the top down method of synthesis offers an effective
method for creating relatively vast amount of materials at low cost.[!214]

One of the most emerging nanomaterials is graphene which is a fascinating structure with
unique chemical and physical properties. It is known as two-dimensional allotrope of carbon,
consisting of a single layer of sp? hybridized carbon atoms arranged in honeycomb lattice.
Graphene's chemical properties are remarkable, despite fact it is one of the thinnest material,
it is incredibly strong, with a tensile strength of around 130 GPa, which is greater than steel.
Moreover, graphene is also an excellent conductor of both heat and electricity due to its high
electron mobility, which is approximately 100 times greater than that of traditional
semiconductors such as silicon. Its high surface area which exceeds 2600 m? g and high
transparency also make it an attractive material for use in energy storage, supercapacitors,
and solar cells.[*>1"] The material also exhibits unique physical properties. It is an exceptional
barrier to gases and liquids, making it potentially useful for applications such as water
filtration, gas separation, and drug delivery.[*3% |ts mechanical flexibility and low density
also make it desirable for use in flexible electronics and composite materials. The attractive
alternative which offers wide range of functionalization properties is graphene oxide (GO)
which is created by the chemical oxidation of graphene, resulting in the addition of oxygen-
containing functional groups such as hydroxyl, epoxy, and carboxyl onto the graphene
sheet.?”l The amount of oxygen present in graphene oxide can vary depending on the degree
and duration of oxidation used during its production. Typically, the oxidation process results
in a material containing between 20-30% oxygen by weight.?l The presence of these
functional groups has significant effects on the chemical and physical properties of graphene

oxide. The functional groups on the surface of graphene oxide make the material hydrophilic,
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allowing it to easily disperse in polar solvents such as water and ethanol. Graphene oxide can
also form stable suspensions in organic solvents, making it highly versatile and easy to work
with.[22231 In terms of its physical properties, graphene oxide is a highly heterogeneous
material, with a highly disordered structure that contains regions of partially oxidized
graphene, highly oxidized graphene, and fully oxidized graphene oxide.!**! This can result in
variations in the properties of graphene oxide based on its synthesis process. Its mechanical
properties, however, are significantly reduced due to the presence of oxygen-containing
functional groups, resulting in a lower tensile strength compared to pure graphene.[?52¢]
Functionalization of graphene oxide involves the modification of its surface chemistry by
introducing new functional groups or attaching various molecules or nanoparticles to its
surface.?l This can change or enhance its properties and functionality, potentially leading
to new applications. There are several approaches of modification methods considered
in case of GO: i) covalent functionalization, which involves the attachment of a molecule to
the surface of graphene oxide by forming a covalent bond. This method ensures a strong
attachment, and the functional groups introduced on the surface of the graphene oxide can
change its chemical stability, mechanical properties or chemical reactivity;?%2 ii) non-
covalent functionalization, where the weaker interactions such as van der Waals forces are
used to attach molecules or nanoparticles to the surface of graphene oxide. This method
is reversible, and the attachment of the molecules or nanoparticles can be easily
controlled;%-*21 iii) hybrid functionalization, which involves combining graphene oxide with
other materials such as semiconducting materials, metallic nanoparticles or carbon nanotubes
or biomolecules such as DNA, proteins, and carbohydrates that allows the development of
highly sensitive and specific biosensors.[33:34]

There are several important methods of characterization of porous nanomaterials which
should be considered while planning synthesis and modification of nanomaterials with
desired physico-chemical properties. X-ray diffraction (XRD) is a powerful characterization
technique used to study the structural properties of materials. It is a widely used method
in the research and development of nanomaterials including graphene.®31 XRD works by
shining a beam of X-rays onto a material and then measuring the angles at which the X-rays
are scattered. These scattered X-rays can provide valuable information about the atomic

arrangement within a crystalline material. By analyzing the XRD patterns, scientists can
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determine the crystal structure, lattice parameters, and orientation of the sample. Therefore
it is significant technique allowing to monitor the functionalization process.*¢-38 Moreover,
it can also be used to study the porosity of materials, which is an important parameter that
affecting further properties and allow to calculate the pore size distribution, total pore
volume, and specific surface area of a porous material. In addition to studying the porosity
of porous materials, XRD can also be used to analyze the structural properties of non-porous
materials such as ceramics, alloys, and polymers.F*#1 Especially it brings a valuable
information about the degree of crystallinity as well as the size and shape of crystalline
domains.*?l The other important measurement of modified nanomaterials is BET, which
stands for Brunauer-Emmett-Teller, is a common technique used to characterize the specific
surface area and porosity of nanomaterials. The BET method works by analyzing the
adsorption of gas molecules on the surface of a solid material - typically nitrogen, at different
pressure range, and the amount of gas adsorbed is measured. This data can then be analyzed
using a mathematical model, known as the BET isotherm, which relates the amount of gas
adsorbed to the pressure of the gas. From this analysis, the specific surface area of the
nanomaterial can be determined. In addition, the pore size and pore volume of the
nanomaterial can also be determined using the BET technique by incorporating other gas
adsorption methods, such as the Barrett-Joyner-Halenda (BJH) or the Dollimer-Healy (DH)
methods.[**3 The adsorption and desorption isotherms obtained from BET analysis can
exhibit different types of hysteresis, which can provide information about the pore structure
and surface properties of the nanomaterials. Hysteresis refers to the differences between the
adsorption and desorption curves, which can result from the formation of capillary
condensation in mesopores or micropores, or from differences in the strength of adsorbate-
substrate interaction. i) Type | hysteresis - the most common hysteresis pattern observed
in nanomaterials with uniform and cylindrical pores, such as mesoporous silica nanoparticles.
The adsorption and desorption isotherm curves overlap, forming a "loop" and indicating
a narrow distribution of pore sizes; ii) type Il hysteresis - where pattern is associated with
non-cylindrical, mesoporous materials with irregular pore shapes, such as metal oxides. The
adsorption and desorption curves do not overlap, and the hysteresis loop is an inverted "S"
shape indicating a wide distribution of pore sizes; iii) type Il hysteresis - this pattern

is related to non-porous materials, such as amorphous silica, and indicates strong interactions
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between the adsorbate and the adsorbent. The adsorption and desorption curves do not
overlap, and there is no hysteresis loop; iv) type IV hysteresis — which is observed
in microporous materials, such as zeolites, and indicates capillary condensation. The
adsorption and desorption curves overlap only slightly, and the hysteresis loop is a horizontal
"L" shape.*¥! Subsequently, X-ray photoelectron spectroscopy (XPS) is the next profitable
technique for characterization of nanomaterials. It provides valuable information about the
chemical composition, electronic structure, and surface chemistry of materials at the
nanoscale. In XPS, a sample is bombarded with X-rays of a known energy, and the ejected
photoelectrons are collected and measured as a function of their kinetic energy. By analyzing
the kinetic energies of the photoelectrons and their intensities, it is possible to determine the
elemental composition of a sample and the oxidation states of the elements.[*5461 XPS
is particularly useful for the study of nanomaterials because their properties, including their
high surface area and reactivity, can be strongly influenced by their surface chemistry. This
information can be used to determine the presence of impurities, surface functionalization,
and adsorbate interactions. For example, if graphene oxide, a significant changes in the C 1s
and O 1s peaks in the XPS spectra can be observed reflecting the type of covalent attachment
of functional molecules.?®3%471 Another important tools for investigating functionalization
of nanomaterials include microscopic techniques such as scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). SEM provides high-resolution images
of the surface of a material by scanning it with an electron beam. SEM can be used for both
elemental and structural analysis of materials, providing information about surface
topography, morphology, particle size and shape, and elemental composition. By operating
in different modes, SEM can also be used to provide information about the chemical bonding
and electronic structure of functionalized materials. TEM, on the other hand, is a technique
that provides high-resolution images of the internal structure of a material. In TEM,
an electron beam is transmitted through a thin sample to produce magnified images of the
structure. TEM can provide information about crystal structures, defects, particle size and
shape, and other structural features.[*¥l It can also be used to study the functionalization
of materials, by examining the distribution and location of functional groups within a material
at a sub-nanometer scale. Together, SEM and TEM are powerful tools for the characterization

of nanomaterials and functionalized materials, providing a wide range of complementary
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information on the structural, compositional, and electronic properties of the material.*’]
Another example of beneficial technique for characterization of nanomaterials is Raman
spectroscopy which bases on non-destructive measurement used to identify the unique
vibrational energies of molecules in a sample. It works by measuring the scattered light from
the sample when it is illuminated with a monochromatic light source, and the scattered light
reveals information about the molecule’s vibrational energies, thus producing a Raman
spectrum. This spectrum can provide precise information about the composition and structure
of materials in solid, liquid, or gas phases. Conventional Raman spectroscopy is a sensitive
technique that can identify and quantify chemical and biological substances in a sample. !
Surface-enhanced Raman spectroscopy (SERS) amplifies the Raman signal by orders
of magnitude and can be used to study analytes in extremely low concentrations. Resonant
Raman spectroscopy, on the other hand, detects Raman scattering from molecules that are
resonant with the laser frequency. Particularly this spectroscopy can be used to determine
number of layers for nanomaterials, its electronic structure, doping level, functionalization
degree as well as for mapping of morphology and determination of homogeneity.*52]

Energy storage devices are becoming increasingly important as the world transitions towards
a more sustainable and renewable energy systems. These devices are designed to store energy
that can be used later and are instrumental in providing a stable and reliable source of power
for homes, businesses, and other energy-consuming devices. There are several types
of energy storage devices, including batteries, supercapacitors, and others. At present
batteries are perhaps the most used energy storage devices, and they are found in many
consumer products such as smartphones and laptops, as well as in larger systems such
as electric cars and grid-level storage solutions. Supercapacitors, also known
as ultracapacitors, are another type of energy storage devices, which unlike batteries,
supercapacitors can charge and discharge rapidly and have a long cycle life.[3-561 They are
commonly used in applications where a burst of power is needed, such as in electric vehicles
and regenerative braking systems. There are many different types of energy storage
mechanisms, each with their own unique properties and applications. Electrochemical double
layer capacitors store energy by separating the charge between two conductive surfaces,
creating a double layer of charge at the interface. The separation of charge is maintained by

an electrolyte, which allows ions to move between the two surfaces to maintain the
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electrostatic separation of charge. This mechanism results in a high-power density, fast
charging/discharging cycles, and a long cycle life, making electrochemical double layer
capacitors ideal for applications such as regenerative braking in electric vehicles, and
smoothing out power-peaks in renewable energy systems.’”5% On the other hand,
pseudocapacitors store energy through reversible redox reactions that involve surface
adsorption processes. The redox reactions enable the formation of metal oxide/hydroxide
films on the electrode surfaces resulting in an increase in capacitance beyond the electrostatic
double layer. Pseudocapacitors are characterized by high energy density compared
to traditional capacitors, long cycle-life, and high charge/discharge rates. These properties
make pseudocapacitors especially useful in applications such as portable electronics, power
tools, and emergency power supplies.l®-¢% A good candidate for supercapacitors application
should be considered through the prism of several main issues: i) specific surface area:
nanomaterials have a high surface area-to-volume ratio, which allows them to store more
energy per unit of weight or volume which results in higher capacitance and energy
density;[%43 i) faster charge and discharge rates possibility: the materials with shorter
diffusion distances, provide quicker charge and discharge processes. This is particularly
useful in high-power applications, such as electric vehicles and grid-level energy storage;©°l
iii) improved durability: many nanomaterials are more durable and resistant to degradation
compared to conventional materials. This means that they can maintain their performance
over a longer period, which is important for long-term energy storage applications(®” 8! iv)
tunable properties, which are especially available in case of nanomaterials can be tuned by
controlling their size, shape, and composition. This allows researchers to design materials
with specific properties that are optimized for different applications;®% v) compatibility with
existing manufacturing processes.[’® The most important parameters determined while
characterization of novel supercapacitors include: i) capacity which refers to the amount
of energy that can be stored in the device; ii) cyclability that relates to the number
of charge/discharge cycles that a device can undergo before its performance starts to degrade;
iii) efficiency which describes the percentage of the energy input that is actually stored in the
device; iv) power density reflecting the amount of power that can be supplied by the energy
storage device over a given period of time. High power density devices are required for quick

charging or powering devices with high peak loads; v) energy density which describes how
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much energy is stored within a given volume or mass of a materials.["*72 Moreover, the
safety and environmental impact of the potential material should be considered to provide
non-hazardous use of the device and reduce or exclude potential pollution from electrical

waste.[3]

2. Research objectives of dissertation

In conclusion modern nanomaterials, including graphene have a significant impact on the
field of nanoscience and technology and its wide potential of functionalization offers multiple
possibilities of application. The thesis entitled "Synthesis and functionalization of low-
dimensional materials towards high performance supercapacitors™ aligns with described
assumptions. The dissertation focuses on following objectives: design and fabrication of new
hybrid materials based on low-dimensional nanomaterials, multiscale characterization
of prepared hybrids and electrochemical investigation of synthesized materials and its
application in supercapacitors as electrodes. A schematic representation of these objectives
IS summarized in Figure 1. The research was motivated by wide review on modern
nanomaterials and its application presented in P1, which considers graphene-based materials

and other two-dimensional structures as highly efficient sensors.

REVIEW OF 2D-BASED SENSORS

Gas sensing

Metal sensing
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PREPARATION OF SYMMETRIC SUPERCAPACITORS

Figure 1 Schematic representation of research objectives presented in dissertation.
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Obijectives included in the dissertation represent a high level of innovation, presenting
a unique opportunity to acquire significant information with potential for advancement in the
field of nanotechnology. Through an innovative graphene composite design that incorporates
functional molecules, novel composites were generated, and their properties were improved
remarkably for tailor-made applications and wide spectrum of electrochemical investigations

additionally affirm great potential of prepared materials for energy storage systems.

3. Results and discussion
3.1 Synthesis

The fabrication of novel porous nanostructures based on graphene with desired
physicochemical properties is in the great interest of scientific community in recent years.
Graphene oxide — based hybrid materials were prepared according to the bottom up method

by introduction of synthesized and commercially available molecules into the GO structure.

[P2] rGO-POSS the synthesis of rGO-POSS was performed using commercially available
aqueous suspension of graphene oxide (4 mg/mL) and octaammonium POSS (octa(3-
aminopropyl)silsesquioxane hydrochloride) using simple nucleophilic ring opening reaction
to provide covalent attachment of POSS molecules. A significant excess of POSS was
applied to maximize functionalization degree and to avoid nonhomogeneous structure
resulting from random attachment. Notably, we assume reaction of primary amines with
epoxides while the terminal amines are present as hydrochloride salt. We compared the direct
use of POSS in the form of the salt as well as the reaction with prior treatment with NaOH
and no significant changes were observed as the -~NHs*Cl" species undergo hydrolysis itself
in the conditions of functionalization reaction. The functionalization was followed
by chemical reduction with the use of hydrazine to provide optimal amount of oxygen in the
final product (rGO-POSS), additionally the NH2NH: treatment allowed to get rid of loosely

connected excess of POSS, mainly interacting electrostatically.
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Figure 2 Schematic representation of octaammonium POSS and rGO-POSS composite.

[P3] GO-THA The synthesis of thioamide polymer (THA) involved a complex three-step
process. Initially, the Hofmann rearrangement reaction was applied, wherein 2,2'-
(ethylenedioxy)bis(ethylamine)'s terminal diamines underwent substitution with carbon
disulfide, forming dithiocarbamid salt. This reaction was conducted under basic conditions.
Subsequently, the dithiocarbamid salt was trnasformed into diisothiocyanate. Finally, the
condensation between diisothiocyanate and 2,2'-(ethylenedioxy)bis(ethylamine) was
performed to obtain the thioamide polymer (THA). The reaction time for this condensation
process was limited to one hour to prevent complete polymerization and the concomitant

precipitation of insoluble polymer (Fig. 3).
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Figure 3 Scheme representing synthesis of THA polymer and representation of porous GO-THA
composite.

Subsequently, the prepared polymer was used to modify GO. The functionalization relied on
the condensation between the primary terminal amines of THA and the epoxide on the
surface of GO. Notably, the minor esterification of carboxyl moieties present primarily
on GO sheet edges was also observed. In like manner the functionalization was performed
utilizing a significant excess of THA polymer with respect to GO to provide efficient

functionalization (10:1 m/m). Naturally a vast amount of DMF was used to rinse prepared 3-
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dimensional nanostructure to make sure that all unreacted polymer was removed from the

precipitate.

[P4] The preparation of CuNWs was performed using controlled reduction of copper(Il)
chloride with glucose in the presence of octadecylamine. Final product of ultralong CUNWSs
was subsequently separated by centrifugation and transferred into organic phase (ethanol).
The synthesis was followed by further modification of CuNWs surface taking advantage
of the presence of thin layer of copper oxide, which was successfully functionalized with
thiourea molecules at higher temperature (80° C). Interestingly, it was noticed that when the
reaction was conducted in water instead of ethanol, the nanowires fragmented significantly.
Finally, the mixture of two main crystalline phases was distinguished: a covellite (CuS) and

roxbyite (Cu1.8S) with the length in the range 20-200 pm and average diameter of 98+17 nm.
3.2 Characterization

The detailed multiscale characterization of modified low dimensional materials has been
performed to get better insight into interactions between graphene oxide/CuNWs and
functional molecules and provide explanation of its further electrochemical performance.
The most important techniques were gently described in General introduction and motivation

section and most important aspects are presented below.

The functionalized nanostructures included in P2-P4 were thoroughly investigated in terms
of porosity, homogenously and elemental composition and distribution. Powder X-ray
diffraction measurement provided information about intercalation of POSS into the 3D
structure and the orientation changes due to functionalization. Wide-angle X-ray scattering
(WAXS) results revealed that characteristic sharp peak of pristine GO at approximately
10.01°, which corresponds to an interlayer spacing of 0.87 nm due to the (002) reflection of
the stacked GO sheetsl™ is significantly shifted due to the intercalation towards the lower
angle values of 7.65° (Fig. 4a). Such shift corresponds to increased interlayer spacing of 1.15
nm, which was presumably due to the modification with POSS particles with sizes of
approximately 0.5 nm. Further analysis revealed that after chemical reduction with
hydrazine, a new peak appeared at 27.96°, suggesting the presence of new crystalline

domains, which corresponded to the partially restored graphitic domains and n-r interactions
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with a significant shift compared to rGO that resulted from the presence of POSS species.
Similarly, the functionalization of GO with THA polymer presented in P3 was monitored
by the shift of GO’s peak towards 8.15°, suggesting an increased interlayer spacing between
adjacent GO sheets up to 1.05 nm (Fig. 4b).*®) Moreover, due to functionalization a new
broad peak at 23.4° originating from an amorphous THA phase can be identified. The
functionalization was additionally confirmed by Raman spectroscopy as an increase in Ip/lc
ratio from 0.87 to 1.14 which is visible on Fig. 4f. On the other hand, in case of copper sulfide

nanowires presented in P4,
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Figure 4 a) XRD diffractograms of GO, GO-POSS, rGO and rGO-POSS presented in P2; b) XRD
diffractograms of GO, THA polymer and GO-THA composite presented in P3; c) XRD diffractograms
of Cu2-xS material and reference minerals; d) BET adsorption-desorption curve for rGO-POSS; e)
BET adsorption-desorption curve for GO-THA; f) Raman spectroscopy spectra of GO and GO-THA
composite.
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XRD was used to identify different crystalline phases. The diffractograms of the nanowires
reveal the presence of two types of minerals: covellite (CuS) and roxbyite (CuysS).["™
Moreover, the absence of the Cu(111) peak at 20 = 43.31 and Cu(200) peak at 50.41, typical

of metallic CUNWs, indicates a complete conversion of copper(0) to Cu.«S (Fig. 4c).

Subsequently the specific surface area (SSA), pore size, and distribution were quantified
using the Brunauer—Emmett—Teller (BET) model. The rGO-POSS hybrid material exhibited
a high SSA reaching 180 m? g%, roughly twice the accessible surface area of pristine rGO
(Fig. 4d). During the functionalization, a new type of pores with the size of 4 nm and
an average pore volume of 0.54 cm® g~* were created, which facilitate effective electrolyte
transport during electrochemical measurements. The functionalization of GO with THA
yielded a threefold increase in specific surface area of 371 m? g and slit-like mesopores
present in the material with an average pore diameter of 3.1 nm according to BET (Fig. 4e).
Notably, we can clearly observe that the reduction process, despite its positive influence
on the electronic structure of GO-based materials, might result in lower SSA.

The presence of introduced functional molecules into the low-dimensional materials was
monitored using XPS studies. Typically, GO itself represents a few characteristic peaks
on high resolution C1s spectra corresponding to the C—C (284.6 eV), C-O (286.4 eV), C=0
(287.5 eV), and COOH (288.3 eV) bonds (Fig. 5a).[1 Comparably, the functionalization
of GO with POSS molecules result in appearance of peaks at 284.6 eV, 285.5 eV, 286.4 eV,
and 287.5 eV, which can be assigned to C-C, C-N, C-0, and C=0 bonds, respectively (Fig.
5b). Notably, the C 1s spectra of rGO—POSS exhibit a significant decrease of C—-O bonds
indicating the successful reduction of unreacted oxygen groups on the surface of GO-POSS
(Fig. 5¢). As expected, the high-resolution N 1s spectra of the GO sample does not show the
presence of a nitrogen signal. Conversely, signals observed in the GO-POSS sample can be
deconvoluted into two peaks, i.e. at 398.9 eV and 401.2 eV, which can be attributed to the
secondary (N-sp® bonds) and —NHs", respectively. Therefore we assume a major covalent
functionalization process with a small amount of electrostatic interactions of protonated
amine groups with carboxylic species present on GO’ surface. In case of functionalization
with THA polymer (P3) the analysis of high resolution C1s spectra reveals two new peaks:

the C—N bond (287.3 eV) arising from the covalent attachment of terminal primary amines
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of THA to epoxides present on the surface of GO, additionally the band at 285.5 eV which
is assigned to C—S bond present in thioamide polymer itself (Fig. 5d). On the other hand, the
N 1s spectra of GO-THA provided valuable insight into the composition of obtained material.
While the major peak at 399.5 eV can be ascribed to N-C bond of thioamide and secondary
amine grouping, the existence of a peak at 398.1 eV is indicative of a resonance effect taking
place in the thioamide moiety [Ri—NH-C(=S)-NH-R2]«>[R1—HN-C(SH)=N-R2] (Fig. 5e).
Interestingly, the sulfur—carbon bonds exposed in the S2p spectra of GO-THA indicated that
partial oxidation of sulfides to sulfones occurred simultaneously during functionalization,
beneficial for the measurable and reversible redox reactions (Fig. 5f). The functionalization
of copper nanowires (P4) was confirmed by observing the Cu 2ps/2 peak on high resolution
XPS spectra which indicated chemical shift of 932.4 eV, which is assigned to Cu(l) in both
CuS and CuzS. There are also weak satellite peaks at 945 and 963 eV, while the pronounced

tails of Cu 2pz2 and 2pu2 are due to the metallic properties of copper sulphides (Fig. 5g).
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Figure 5 XPS results, high resolution C1s spectra of a) GO; b) GO-PQOSS; c) rGO-POSS d) GO-
THA; e) S 2p spectra of GO-THA; f) N 1s spectra of GO-THA; @) Cu 2p spectra and h) S p spectra
of Cuo.xS NWs.
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The high resolution spectra of sulfur reveals components at 161.3 and 162.8 eV belong to the
species S?"and S»?, which can be found in all copper sulphides. Another peak visible at 167.9
eV is due to the presence of sulfate, perhaps from the decomposition of thiourea, present

on the nanowires' surface (Fig. 5h).

Subsequently, Interestingly, TEM, SEM and EDS analysis provided insights into the
morphology and elemental distribution of the final material. In case of functionalized
graphene oxide, we can clearly observe porous structure with corrugated nature (Fig. 6a-b).
Notably, Cu2.xS NWs exhibit homogenous, long structure with smooth surface (Fig. 6¢). All
presented functionalized materials exhibit equal distribution of expected elements in the
whole volume of the samples suggesting efficient functionalization utilizing all available
active centers (Fig. 6d-f).

Figure 6 SEM pictures of a) rGO-POSS; b) GO-THA and ¢) Cux«xS NWSs; with EDX mapping of the
most important elements for each sample (d-f).

Another important characterization method indicating presence of new types of bonds
present in the samples and allowing more detailed determination of molecular interactions
is FT-IR. The spectrum rGO-POSS revealed a strong absorption peak at 1573 cm™
corresponding to N-H stretching vibration was observed, along with a broad peak at 3276
cm ™ corresponding to N-H vibration of secondary amines, suggesting that most of the -NH.
groups took part in covalent bonding to the surface of graphene oxide. The formation of the

rGO-POSS composite was further evidenced by the appearance of bands characteristic
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of siloxane groups (i.e., Si-O-Si at 1130 cm™ and Si-C at 908 cm™) coming from the core
of the POSS cage. The decreased intensity of peaks corresponding to the C-O bonds resulted
from the functionalization and chemical reduction of the final material, and was previously
reported while cross-linking GO with amine-based functional molecules. While the
functionalization of GO with THA polymer resulted as a strong peak appeared at 1568 cm™
that can be ascribed to C=N—H stretching vibrations which is characteristic for thiourea
resonance structure. Moreover, we can observe typical -CH>— symmetric and asymmetric

stretching at 2864 and 2923 cm?, arising from ethylene grouping present in the polymer.
3.3 Application in supercapacitors

There are several different approaches considering measurements of supercapacitors
performance, e.g., the electrode material can be investigated in 2- or 3-electerode setup, also
there are symmetric and asymmetric configurations where both electrodes are constructed
with the material or other type of materials is applied as a counter electrode. The 3-electrode
system is beneficial in terms of more detailed signature of applied material and allows
to minimalize the resistance due to presence of vast amount of electrolyte, while 2-electrode

system represents more reliable approach in terms of practical applications.

The electrochemical performance of electrode rGO-POSS was investigated in the three
electrode setup after deposition of the active material on Au-covered PET substrate with Pt
counter electrode and Ag/AgCl reference electrode (Fig. 7a). Firstly, cyclic voltammetry was
utilized to investigate the electrochemical performance of the rGO-POSS electrode
in an aqueous H2SO4 (1 M) electrolyte over a potential window ranging from 0 to 1 V. The
CV curves demonstrated a quasi-rectangular shape with slight peaks at lower scan rates
(1-100 mV s1), displaying successful electrolyte ion transport and indicating effective
electrochemical performance (Fig. 7d-f).
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Figure 7 a) prepared electrode for 3-electrode system; b) galvanostatic charge-discharge
measurements for rGO-POSS and reference material at 1 A g*; c) electrochemical impedance
spectroscopy of prepared electrode and reference material; d-f) cyclic voltammetry profiles of rGO-
POSS at different scan rates.

The presence of redox peaks also suggests presence of pseudocapacity phenomena in energy
storage mechanism. In fact, the specific capacitance achieved at a scan rate of 1 mV s *was
179 F g, which is relatively high compared to chemically reduced graphene oxide-based
materials and significantly surpasses the reference material (rGO) performance which
specific capacitance reaches 94 F g. Additionally, experiments revealed that the prepared
electrode demonstrated good areal capacitance of 350 mF cm2 and volumetric capacitance
reaching 115 F cm~3, along with a power density of 2.25 W cm™3. Furthermore, the electrode
displayed excellent cyclability with over 98% initial capacitance remaining after 5000 cycles
tested at a scan rate of 100 mV s~*. The Warburg resistance of the rGO-POSS electrode was
estimated at 1.75 Ohm, indicating fast charge transfer during the energy storage process,
good conductivity, and better ion transfer between the electrolyte-electrode than that
of hydrazine-reduced graphene oxide (Fig. 7c). The prepared electrode demonstrated
a volumetric energy density of 41.4 mW h cm™3, making it an important parameter for
potential real-world applications in electric vehicles and mobile devices. Another approach
was presented in P3 for GO-THA composite which was investigated in symmetric two

electrode device in coin cell type setup. Notably, the use of aqueous electrolyte (1M H2SO4)
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improved the wettability due to the presence of electronegative atoms (O, N, S) in the GO-
THA hybrid, which is confirmed by a good conductivity (reaching 140 S cm™). The electrode
performance was showcased through cyclic voltammetry (CV) and galvanostatic charge-
discharge (GCD) curves, indicating good reversibility and effective charging and discharging
of the electrodes (Fig. 8a-b). Additionally, the electrode did not show any IR drop,
confirming a negligible charge loss due to resistance effect. Moreover, the CV profiles
represent peaks at 0.4 and 0.5 V indicating co-participation of redox reactions taking place
on introduced heteroatoms while electrochemical performance. The GO-THA-based device
exhibited high specific capacitance of 221 F g at current density of 1 A g%, which decreases
to 120 F gt at 20 A g%, presenting good capacitance retention. The performance after 5000
cycles, is almost sustained as the decrease of the initial capacitance reaches around 2%. The
use of 1 M TEABF; in acetonitrile as the electrolyte widened the potential window up to 2
V and results in greater specific capacitance of 371 F g* as well as excellent energy density
up to 94.4 Wh kg and a power density reaching 333 mWh cm3, making this a standout
performance among other GO-related materials (Fig. 8d-e). Moreover, the electrodes
exhibited relatively low impedance in both electrolytes which confirms effective charge

transfer while electrochemical processes (Fig. 8c,f).
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Figure 8 The electrochemical measurements for GO-THA in 1 M H,SO4: a) cyclic voltammetry in
the range 1-1000 mV s*; b) galvanostatic charge-discharge in the range 1-10 A g*; ¢)
electrochemical impedance spectroscopy; and electrochemical measurements for GO-THA in
organic electrolyte (IM TEABF, in ACN): d) cyclic voltammetry in the range 1-1000 mV s?; e)
galvanostatic charge-discharge in the range 1-10 A g*; f) electrochemical impedance spectroscopy;

Lastly, the electrochemical performance of Cuz.xS NWs was investigated in symmetric coin
cell setup with ionic liquid type electrolyte. Cyclic voltammetry (CV) analyses were
performed between 0 and 2.5 V at various scan rates, from 5mV s to 2000 mV s, indicating
pseudocapacitive behavior due to the significant contribution of faradaic reactions in the
storage mechanism (Fig. 9a-b). The highest specific capacitance of 324 F g™ was obtained
at lower scan rates of 5mV s, which is similar to that of previously reported supercapacitors
based on copper sulfide NWs. The volumetric capacitance and energy density of the electrode
were estimated at 60.5 F cm™ and 52.5 mWh cm3, respectively. The material showed
moderate capacitance retention of 70% of initial capacitance after 5000 cycles at 100
mV s, which suggests the formation of an irreversibly oxidized passivation layer protecting
the rest of the active material over the first 1000 cycles. The GCD curves also confirmed this
pseudocapacitive behavior showing disturbed shape, while the Nyquist plot revealed
a relatively low resistance with the Warburg resistance corresponding to ion transfer on the
electrolyte-Cu>xSNWs electrode interface, indicating good ion migration through the
electrode (Fig. 9c-d).
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Figure 9 Electrochemical measurements of Cu2+S NWSs in ionic liquid electrolyte a) cyclic
voltammetry at 5-2000 mV s™; b) CV curve at 10 mV s*; c) galvanostatic charge-discharge at 1-10
A g*; d) Nyquist plot.

4. Conclusions

This dissertation includes four thematically coherent scientific articles (P1-P4) representing
innovative approach to the design and functionalization of low-dimensional materials

(graphene oxide, copper nanowires) and application in supercapacitors.

The bottom up strategy was applied for functionalization of graphene oxide with
octaammonium POSS (rGO-POSS) and thioamide-based polymer (GO-THA) and copper
nanowires with thiourea (Cu2xS NWSs). The synthesis is based on simple reactions such
as the use of primary amines towards nucleophilic epoxide ring opening and metallic surface
modification. The use of commercially available raw materials represents low-cost and
scalable process allowing fabrication of vast amounts of hybrid nanomaterials with well-

defined structure and composition with excellent electrochemical properties.
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The detailed characteristics of prepared materials provides information about the types
of interaction between low-dimensional materials and functional molecules, as well as the
degree of functionalization and confirms homogeneity of prepared nanomaterials. It was
proven that high porosity, large specific surface area and optimal pore types and size and
introduction of molecular spacers and heteroatoms provide excellent features for further

electrochemical properties investigation.

Application in supercapacitors was investigated in vary device configurations and conditions
such as applied electrolyte providing valuable information about -electrochemical
performance, good conductivity, and effective charge transfer while charge-discharge cycles.
The rGO-POSS revealed capacitance of 174 F g significantly exceeding value obtained for
reference material. Morevoer, it exhibited power density of 2.25 W cm and energy density
was estimated at 41.4 mW h cm™ as well as great capacitance retention after 5000 cycles
(<98%) which can be attributed to increase of interlayer spaced provided by introduction
of the POSS molecules. The porous GO-THA nanocomposite, which was investigated
in symmetric two electrodes coin-cell revealed specific capacitance of 221 F gt at 1 A g*
(1M H2S0g4), while the use of organic media allows the specific capacitance to be boosted up
to 340 F g 1. As a result of wider operating window combined with high porosity and mixed
energy storage mechanism facilitates high energy densities up to 94.4 Wh kg™. Lastly, copper
sulfide nanowires were investigated in ionic liquid electrolyte, where significant
pseudocapacitive behavior was observed reaching 324 F g* and volumetric capacitance
of 60.5 F cm™, with stability limited to 70% of initial capacitance after 5000 cycles as a result
of surface passivation while first electrochemical cycles.

Even though the high performance of energy storage devices was achieved in this
dissertation, they are still far from real practical applications. There is plenty of room
to explore new electrode composites for supercapacitors. In future works, it will be of interest
to investigate low-cost high-performance novel low-dimensional based electrode materials
and explore their electrochemical performance to construct hybrid batteries with higher
energy and power densities, moreover, the strategies for improving the performance of low-
dimensional material based electrodes should be demonstrated in full cells for practical

applications
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Chemical sensing with 2D materials

Cosimo Anichini,#* Wtodzimierz Czepa,t° Dawid Pakulski,1°°¢
Alessandro Aliprandi,® Artur Ciesielski (2 *® and Paolo Samori (2 *?

During the last decade, two-dimensional materials (2DMs) have attracted great attention due to their
unique chemical and physical properties, which make them appealing platforms for diverse applications in
opto-electronic devices, energy generation and storage, and sensing. Among their various extraordinary
properties, 2DMs possess high surface area-to-volume ratios and ultra-high surface sensitivity to the
environment, which are key characteristics for applications in chemical sensing. Furthermore, 2DMs'
superior electrical and optical properties, combined with their excellent mechanical characteristics such as
robustness and flexibility, make these materials ideal components for the fabrication of a new generation
of high-performance chemical sensors. Depending on the specific device, 2DMs can be tailored to
interact with various chemical species at the non-covalent level, making them powerful platforms for
fabricating devices exhibiting a high sensitivity towards detection of various analytes including gases, ions
and small biomolecules. Here, we will review the most enlightening recent advances in the field of
chemical sensors based on atomically-thin 2DMs and we will discuss the opportunities and the challenges
towards the realization of novel hybrid materials and sensing devices.

1 Introduction

Since the ground-breaking experiments by Geim and Novoselov
on the isolation and study of the outstanding physical properties

@ Université de Strashourg, CNRS, ISIS, 8 alleé Gaspard Monge, 67000 Strashourg, of graphene in 2004, the research endeavour on two-dimensional
France. E-mail: samori@unistra.fr, ciesielski@unistra.fr materials (2DMs) has grown exponentially, becoming a flagship in
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many classical fields of research such as chemistry and condensed
matter physics, and it is particularly blooming in the inter-
disciplinary realms of nanoscience and materials science.

f These authors contributed equally to this work. One-atom thick graphene is arguably the most glorified material
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of the last decade; its fascinating physico-chemical properties
have spread beyond the academic community and drawn the
attention of world-leading chemical and materials oriented
companies as well as public institutions, especially since
graphene-based products are going on sale.” This so-called
‘graphene rush’ has triggered the pursuit of atomically thin
sheets of other layered materials, such as semiconducting
transition metal dichalcogenides (TMDs),® boron nitride and,
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more recently, MXenes, which include transition metal carbides,
nitrides and carbonitrides,* and phosphorene.>” The chemical
and structural diversities of these 2DMs, whose properties
are indeed dictated by their dimensionality,® offer immense
opportunities for fundamental and applied research. Different
optical and electronic properties may be achieved ranging from
the exceptional semi-metallic conductivity of graphene®'® to
the semiconducting characteristics of some TMDs that possess
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sizeable and tuneable bandgaps, which change from indirect
(bulk material) to direct (single layer form).'* This also results
in unique photoluminescence properties,*> thus making such
materials suitable for diverse applications such as transistors,
photodetectors, electroluminescent devices and luminescent
probes. The richness of their electronic and optical properties,
which can also be engineered by chemical functionalization,
combined with their 2D nature, i.e. their extremely high surface
area-to-volume ratios, makes such materials extremely appealing
in the field of sensing, ranging from the quantitative detection of
gases and metals (alkali and heavy metals) to biologically
relevant molecules (e.g. glucose and DNA). Noteworthily, unlike
classical digital sensors, 2DM-based sensors do not possess
physical gates for selectively reacting with the targeted species
(gas molecules,'®'* metal ions or biomolecules'>"®).

The interaction between 2DMs’ sheets and molecules/ions is
accompanied by the adjustment of the properties of both the
initial components. Such interaction can occur via the physical
adsorption, i.e. physisorption, of molecular units onto the basal
planes of 2DMs’ sheets through non-covalent interactions,
or through the chemical adsorption, ie. chemisorption, of
reactive species undergoing chemical reactions with 2DMs to
form covalent bonds onto their basal planes. In the field of
sensing, non-covalent interactions may be preferred when a quick
response and a fast recovery rate are required (ie. real-time
monitoring), yet the weakness of the supramolecular forces
can be disadvantageous when biomolecules (i.e. enzymes) need
to be immobilized on the surface and to be stable during the
assay (i.e. in buffered saline solution), thus making covalent
linkages more suitable.

The physisorption of molecules onto a surface depends on
the nature of both the analyte and surface; for example,
graphene is an extended honeycomb network of sp> hybridized
carbon atoms characterized by a long-range m-conjugation.
Consequently, non-covalent intermolecular interactions invol-
ving m-systems are pivotal in the recognition events since subtle
changes in the electronic characteristics of the n systems can
lead to modifications of the structure and properties,'”'® as
well as they may enhance the stability of the physisorbed
compounds as observed for proteins, and enzyme-drug and
DNA-protein complexes.'>?° The understanding of the nature
of m-complexes has indeed high importance for graphene based
sensors since the gas-m interaction,”® H-rn interaction,>* >’
n-n interaction,>®! cation-n interaction,**>° and anion-n
interaction®**°7® possess different strengths, which are deter-
mined by a combination of attractive and repulsive forces.
Compared to graphene, the family of TMDs, which includes
molybdenum disulfide (MoS,), tungsten disulfide (WS,), molyb-
denum diselenide (MoSe,) and tungsten diselenide (WSe,) as the
most studied, has not been investigated extensively from this
point of view. However, in the case of MoS, it has been demon-
strated that the physisorption onto its basal plane is mainly
driven by electromagnetic interactions (e.g. electrostatic and
van der Waals).”"*> More generally, 2DMs produced by means
of different methods can be very different due to the presence
of structural defects, which leads to different behaviours, and
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consequently different performances in the final sensing
device. In the past years the term “defects”>*” has become a
keyword in the field of 2DMs since the presence of defects plays
a major role in modifying the properties of 2DMs. Although
defects might have a negative implication when one targets
applications in fast opto-electronics, well-designed defects
might lead to new and tuneable properties, opening a wide
range of interesting applications that pristine materials cannot
afford such as enhanced electron transfer rates and electro-
chemical activity as observed for graphene based electrochemical
sensors.”® Lattice vacancies affect the electronic properties of the
TMD sheets, by lowering their charge carrier mobility and
density’”®® as well as triggering photoluminescence®*> and
modifying chemical reactivity.®® In graphene the defects within
the honeycomb network of C—C, whose number depends mainly
on the protocol employed for its fabrication, typically consists of
point defects, i.e. the absence of some sp> carbon atoms, and/or
the presence of carbon atoms with sp® hybridization. The carbon
atoms surrounding these defects are electronically perturbed;
thus they exhibit different electronic structures; therefore, they
are chemically activated for further chemical reactions. In other
words, the presence of point defects enhances the chemical
reactivity of graphene.®* The sp” carbon atoms of graphene can
react with highly reactive free radicals, such as those produced by
diazonium salts®*™®” or benzoyl peroxide;°® as well as dienophiles
which react with the C=—C of graphene through a 1,3-dipolar
cycloaddition.®® However, a massive introduction of defects can
be achieved by exposing graphite to strong oxidizing agents,”®
resulting in the formation of graphite oxide (GO). The latter when
immersed in water tends to spontaneously exfoliate into single
layers of graphene oxide due to the negative charged oxygen
functionalities decorating both the basal plane and edges.”* Such
material is probably the most investigated 2DM in the field of
sensing”>7® because of its ease of functionalization. The negative
charges on its surface can interact non-covalently with a wide
range of positively charged molecules; for example, outstanding
sorption properties for heavy metal cations have been
reported.””””® Moreover, the oxygen functionalities, which consist
mostly of hydroxyl and epoxy groups exposed on the basal plane
and carboxy and carbonyl functionalities located at the sheet
edges,””®" are extremely reactive, thus allowing further modifica-
tion of GO.2"*? Importantly, the electrical conductivity can be to a
great extent restored and tuned during the reduction step of the
functionalized graphene oxide (fGO),*> making it an extremely
versatile material for sensing with electrical readouts. The use of
defects to introduce functionalities has also been successfully
extended to the family of TMDs, where the presence of chalcogen
deficiency can be used to decorate the surface of the 2DM with
different functionalities. For example, reactive sulphur vacancies
in MoS, may simply arise during the exfoliation process®>** or
be introduced on purpose electrochemically®® or by ion-beam
irradiation.® These reactive sites can readily react with sulphur-
containing moieties such as alkanethiol molecules, resulting
in the formation of covalent bonds.®*®® Alternatively, defects
can be further expanded into (sub)-nanometre sized pores,
transforming the 2DMs into permselective membranes® or

This journal is © The Royal Society of Chemistry 2018
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ultrasensitive sensors even able to sequence DNA.°>°" Such a
property can be further tuned and harnessed to achieve
enhanced permselectivity by controlled chemical functionaliza-
tion of both pore edges and the surface in a post-process
chemical treatment.® As already anticipated, the 2D nature of
such materials offers several advantages in the field of sensing
since the atomic thickness provides a direct interaction of all
the atoms with the analyte, while the large lateral size not only
guarantees a large active surface for the sensing event, but
also facilitates the assembly of the device, as demonstrated for
field-effect transistors (FETs), i.e. by enabling better contact
with metal electrodes and better control over the channel
structures.’” Obviously, the architecture of the sensing device
depends on which properties of the 2DMs the analytes affect
mostly as well as on the nature of both the 2DM and the
analyte. Electrochemical sensors based on graphene have been
probably the most investigated so far since they provide a direct
electrical response. Graphene® offers indeed a large electro-
chemical window (up to 2.5 V),”” thus enabling the detection of
molecules with high reduction or oxidation potentials (e.g.
nucleic acids), and good electrocatalytic activities for many
redox reactions.”® Furthermore, due to its ambipolar character,
the functionalization with both electron withdrawing and
donating groups can lead to chemical gating, resulting in a
change in the conductivity of the material.”> The combination
of the atomic thickness of the 2DMs with the chemical gating
that results when the surface potential is changed due to the
binding of molecules has led to the generation of new FET
sensors based on 2DMs, as recently reviewed by Mao et al.®>
Interestingly, in such kinds of sensors, 2D semiconducting
materials outperform their conducting counterparts since the
presence of a finite band gap decreases the initial conductance
inside the channel, thus improving the signal-to-noise ratio.
Consequently, the performance of the device is mainly dictated
by the band gap, which can be tuned by defect engineering and
doping, as well as by playing with the thickness of the material,
opening a wide range of opportunities, as recently demon-
strated by Cui et al.’® in a phosphorene-based FET gas sensor.

While a direct electrical response is generally preferred for
practical applications, the interactions of 2DMs with analytes
give rise to interesting optical phenomena such as the modula-
tion of their photoluminescence properties, opening up a wide
range of opportunities. Graphene and GO are known to be
highly efficient fluorescence quenchers compared to organic
compounds; thus Forster resonance energy transfer (FRET)
sensors have attracted increasing interest in the past few years
especially for biomedical applications since they can be used to
measure precisely nanometre-scale distance and changes both
in vivo and in vitro,” resulting in nanobiosensors with excellent
sensitivity, selectivity, and biostability.”® Even a single-layer
MoS, nanosheet possesses high fluorescence quenching efficiency,
and by taking advantage of such a characteristic, it has been
exploited as a sensing platform for the detection of DNA and small
molecules.”® However, the use of 2DMs in FRET is not limited to
energy acceptors since an appropriate functionalization may result
in photoluminescent flakes, which can act as energy donors and
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be quenched by more electron deficient molecules such as nitro
compounds, which are common constituents to prepare powerful
explosives.'®

The use of 2DMs as substrates for enhancing the Raman
signals of adsorbed molecules represented a major breakthrough
in the field of sensing.'®"'* Different Raman vibrational modes
can be enhanced depending on which layered material the mole-
cule is adsorbed onto. Surface enhanced Raman spectroscopy
(SERS) is mainly employed to explore the detection of chemical
and biological species'®™® due its high sensitivity (even down to
single molecules)'*”'°® and the bar-code like reading that comes
from the narrow vibrational bands in the Raman spectrum.
Different Raman enhancement mechanisms have been proposed
for different 2DMs; however, like in the previous examples, surface
modification'” and the thickness''® play fundamental roles in
terms of selectivity and Raman signal enhancement.

The intensive research on 2DMs for sensing application has
been further motivated by their intrinsic mechanical properties
such as robustness, flexibility, and lightweight, which make the
realization of portable and wearable sensors with tremendous
impact on our society possible, enabling the monitoring of wearers’
health, fitness, and their surroundings."*" The development of
wearable chemical sensors faces multiple challenges on various
fronts such as power, analytical procedures, communication,
data acquisition, processing and security. Nevertheless, several
examples of flexible graphene-based wearable gas and chemical
sensors have been recently reviewed,'"> and a wearable patch for
sweat-based diabetes monitoring and feedback therapy has also
been reported,™® which combines a heater and temperature,
humidity, glucose and pH sensors.

Looking forward to the emergence of portable and ultra-
sensitive sensors based on 2DMs, in this Review article we
discuss the recent advances in gas, alkali and heavy metal
sensing as well as relevant chemical entities, emphasizing the
performances of the different sensor devices based on 2DMs in
terms of sensitivity, selectivity, robustness and response times,
by focusing on the device preparation and their suitability as
wearable sensors. Each section will start with a general intro-
duction to the sensing towards a specific analyte (gases, metals
or chemically relevant molecules), and will be followed by a
detailed discussion on the smartest approached strategies
and the best recent achievements obtained for various 2DMs
ranging from graphene to MXenes. For each 2DM we classify
the sensors on the basis of the type of signal transduction;
in particular, we focus on electrochemical, FET, fluorescent
and SERS sensors. While presenting remarkable examples of
chemical sensors, we will pay specific attention to the most
important figures of merit such as their sensitivity, selectivity,
robustness, and response time, and to the use of strategies to
minimize and ideally exclude the effects of interfering analytes,
with the final aim of developing flexible sensors for wearable
technology (Fig. 1).

1.1 Overview on the properties of 2DMs

Graphene is an atomically thin, planar membrane of carbon
atoms arranged in a honeycomb lattice whose unique properties
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Fig.1 Schematic representation of the different molecular chemical
sensors based on 2DM approaches that have been explored over the past
few years.

were first investigated by Geim and Novoselov in 2004."
Graphene can be seen as a single layer of graphite, and while
the latter behaves metallically, graphene is a semi-metal featuring
a unique zero band gap."* In addition, graphene exhibits
remarkable thermal and electrical conductivity and an impressive
mechanical strength superior to steel.” Graphene is particularly
promising for sensing by virtue of its extremely high conductivity,
and its large surface area. Despite being only one atom thick,
graphene is impermeable in its pristine form, effectively blocking
the passage of even the smallest molecules.""> The impermeable
nature of graphene has triggered extensive studies on its applica-
tion as a barrier for liquid and gas permeation,****'” as well as on
its use as a shielding material protecting metallic surfaces against
corrosion.'™® Such a unique property of graphene has triggered
extensive efforts towards the use of graphene and other 2DMs
for the design of ultrathin water-separation membranes and as
platforms to absorb (heavy) metal ions. Hitherto the highest
quality graphene flakes have been obtained using a top-down
approach relying on mechanical exfoliation. The graphene
layers are most commonly exfoliated from the bulk graphite
via the “Scotch tape” method.'” Unfortunately, the flakes
produced with such a method have high quality, yet very
limited lateral size. Large area and high-quality mono- and
few-layer thick graphene sheets can be obtained by two bottom-
up approaches: chemical vapour deposition (CVD) and epitaxial
growth. CVD graphene is usually obtained through a catalytic
decomposition of hydrocarbons (usually methane) on a hot
(~1000 °C) metal surface (Cu, Ni and Co) under vacuum."?°
Since the graphene grows directly onto the metal surface,
different techniques have been developed to transfer it onto
dielectric substrates.™"
to obtain large and uniform high-quality graphene films.
Typically, SiC is heated under high vacuum at high temperature
(>1200 °C); this allows the surface silicon atoms to evaporate,
yielding the rearrangement of the carbon atoms to form a

Epitaxial growth is another method
122

graphene layer. Mechanical exfoliation makes it possible to
obtain high quality graphene monolayers, but the very low
throughput and yield of the so-obtained graphene flakes hinder
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any industrial application, while CVD and epitaxial growth
allow obtaining large-area graphene monolayers, although the
production costs remain high. The production of GO followed
by its reduction is a high throughput, easily scalable and cheap
method to obtain a large amount of graphene.'?® It is, however,
fair to note that reduced graphene oxide (rGO) is less conductive
and has numerous structural defects and residual functional
groups compared to pristine graphene, yet its presence could
offer a clear route for improvement of the sensing capabilities
as already discussed.'*® Similarly, GO has a higher number
of oxygen functional groups, but it is an electrical insulator."*?
A compromise in terms of the quality of the flakes and yield
is offered by the liquid-phase exfoliation (LPE) of graphite:
graphene flakes dispersed in water/surfactants or organic solvents
can be obtained with the aid of ultrasonication,'**'?¢ shear
mixing'®” or an electrochemical approach.'?®

Alongside graphene, transition metal dichalcogenides are
the most studied 2DMs. TMDs are semiconductors of the type
MX,, where M is a transition metal atom (such as Mo, W, Re
and others belonging to groups 4, 5 and 10) and X is a
chalcogen atom (such as S, Se or Te); these materials that exist
in the bulk form can be exfoliated, yielding 2D monolayers
in which one atomic layer of the metal is sandwiched between
two layers of X atoms. TMDs are promising materials for use
in electronic devices,"?>"*° energy storage’*' and sensors*****
due to their unique chemical and physical properties, including
semiconducting properties, high surface area-to-volume ratios
and absorption coefficients, adjustable and direct band gaps
and availability of reactive sites for redox reactions.'*®> The
chemical versatility of TMDs and their reactivity together with
their natural abundance result in the ever growing interest
in those materials."**> Although a majority of TMDs exhibit
similar structures, their opto-electronic properties are diverse.
In particular, the band gaps of TMDs range from insulating
HIfS, to conductive VSe,."**> Noteworthily, 2D TMDs exhibit two
different crystal phases: a trigonal prismatic and an octahedral
phase, usually denoted as 2H and 1T phases, respectively. In
Mo- and W-based TMDs the 2H phase is thermodynamically
stable and has semiconductive properties, while the 1T phase
displays metallic properties. Other TMDs present a stable distorted
octahedral phase, usually referred to as a 1T’ phase.’*® The
most investigated TMDs are MoS,, MoSe,, WS,, WSe,, ReS, and
ReSe,. Among them, MoS, is considered as the most promising
material as it exhibits various physico-chemical properties
including fast electron transfer, good conductivity and a
quenching ability and it is abundant in nature as molybdenite.
Multiple preparation techniques have been reported to obtain
nanosized MoS, including LPE,"*” chemical vapour deposition,'?%'3°
and lithium intercalation.”>'*>*" LPE makes it possible to
obtain dispersions of MoS, nanosheets and other TMDs in
higher yield and low cost. However, the obtained materials are
usually quite thick and feature limited lateral dimensions.'*?
Larger mono- and few layers thick MoS, of good quality can be
produced by CVD'*? directly on various substrates, including
Si/Si0,."***” Semiconducting MoS, exhibits a thickness-dependent
band gap, ranging from 1.3 eV for bulk MoS, to 1.9 eV for
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isolated monolayers,"** good conductivity and fast electron transfer.
MoS, is currently considered as one of the most preferable materials
for chemical sensing applications, predominantly due to available
edges that facilitate electron transfer.>'*® Moreover, it can be easily
produced on a large scale and dispersed in numerous solvents to
obtain desired structures.””"*® Layered tungsten disulphide (WS,)
nanosheets are one among the newly emerging TMDs, which consist
of S-W-S sandwich structures. WS, nanosheets have been the focus
of intense research effort as a catalyst, a semiconducting material for
field-effect transistors, an active material in lithium-ion batteries, etc.
Ambipolar WSe, has a similar trigonal lattice and a 1.6 €V band gap
(in the monolayer). Finally, ReS,, ReSe, and PtSe, are recently
explored TMDs, characterized by a highly distorted triclinic structure
which endows them with extremely anisotropic optical, mechanical
and electrical properties."”* Mono- and few-layer ReS, and ReSe, can
be obtained by mechanical exfoliation and CVD.">

Similar in structure to TMDs, SnS, is a layered material
possessing a triclinic structure, which can be exfoliated into
mono- and few-layers with semiconducting properties.*
Compared to TMDs, SnS, exhibits a higher electronegativity,
which can potentially enhance the absorption sites and the
sensing capabilities.

Among the emerging 2DMs, black phosphorus (BP) has been
recently re-discovered as a 2DM under the commonly used
name of phosphorene. This material, which is, in analogy to
graphene, a single honeycomb layer of the layered phosphorus
allotrope can be obtained via mechanical or liquid exfoliation
and presents remarkable electrical properties of a tuneable
direct band gap and high mobility.">* BP exhibits a relatively
low energy band gap, which depends on the number of layers
and ranges from 0.3 to 1.5 eV.">*'>®> BP exhibits fascinating
optical and electronic properties such as size dependent optical
response and anisotropic electrical conductivity, which simpli-
fies characterization and segregation methods and makes BP a
promising material for various electrical applications.'**'>” BP
has already found several applications as FETs, photodetectors,
solar cells and gas sensors."”®'®' However, its application in
devices is limited by the very low material’s stability when
exposed to air or water."®> Such a negative characteristic can
become an advantage when fabricating chemical sensors.

Hexagonal boron nitride (hBN) is a synthetic polymorph of
boron nitride with a layered structure analogous to graphite.
Similarly to graphene, hBN WS, exhibits a two-dimensional
honeycomb-like structure with strong covalent bonds in the
plane. It is characterized by a relatively high band gap ranging from
3.6 to 7.1 €V, which determines its insulating properties."®*'** This
feature provides transparency in the visible and near-IR regions,
extending its application potential.'®> The weakly bonded layers
can be exfoliated down to monolayer hBN, which has not only
electrical insulating properties, but also high thermal conductivity,
mechanical strength, hardness and chemical stability."®® The
production method strictly determines the 2D hBN nanosheets’
crystallinity, structure and other physical and chemical proper-
ties. Multiple methods have been exploited for hBN production
including mechanical exfoliation,"*”"*® liquid exfoliation*”***~*"*
and chemical vapour deposition.'”**”* Features such as good
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thermal conductivity, low toxicity, high mechanical strength,
and atomically smooth surface makes BN a good candidate for
sensing applications.

The large family of 2DMs also includes early transition metal
carbides/nitrides (MXenes). This novel class of 2DMs shows
promising properties toward a range of applications. MXene
nanosheets originate from the MAX phases which constitute a
class of nitrides and carbides, in which M is an early transition
metal, A is an element from group 13 or 14 of the periodic table,
X is C and/or N. The MXene layers are obtained from the MAX
phase by the removal of the element A, which is intercalated
between MXene layers of the crystal, by treatment with HF
and further sonication.'”> MXenes display good electronic
conductivity and a unique morphology, making them suitable
for energy storage,'”® electrochemical capacitors'’” and chemical
sensors.'7%17°

In the field of sensing it is generally preferred to make use of
non-covalent interactions between the sorbent, i.e. the active
material, and the analyte to ensure a quick response and a fast
recovery rate (i.e. real-time monitoring). The use of pristine
2DM nanosheets has some drawbacks. A major limitation
is their poor porosity, which limits the number of available
recognition sites. In particular, 2DM nanosheets produced
via LPE exhibit a strong tendency to self-aggregate and form
even micron-sized stacked structures. Moreover, nanosheets
produced via LPE exhibit low charge carrier as well as low
field-effect mobility.

Alongside the capacity of pristine 2DMs to detect various
analytes, extensive efforts have been devoted towards the devel-
opment of 2DM-based sensors through the non-covalent func-
tionalization of 2DMs with both inorganic and organic moieties
which act as spacers/pillars imposing a certain distance between
adjacent sheets. This results in an enhanced porosity of 2DM-
based composites, which determines a greater sensitivity for the
analyte of choice. Such an approach enables the tailoring of the
properties of 2DM-based sensors, which could preserve many of
the unique characteristics of the individual 2DM sheets and
benefit from the presence of (in)organic moieties. Such moieties,
besides acting as separators, can by design incorporate the
receptor of the analyte of choice, endowing the highest selectivity
in the recognition and sensing process. In this context, the
fabrication of 2DM-based sensors through non-covalent inter-
actions between individual 2DM sheets is extremely appealing,
as it could result in structures exhibiting a remarkable enhance-
ment of sensitivity towards specific analytes.

2 Applications in gas sensing

A gas sensor is a device that can detect the presence and
quantify the concentration of a specific gas in the atmosphere
such as water vapour (humidity), organic vapours and hazardous
gases.'®® Gas sensors have attracted strong interest and are
widely employed in environmental monitoring and emission
control,'®" personal and military safety,'®* production control
in agriculture and industry and medical diagnostics.'®**5°
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Among the variety of materials used for gas sensing devices,
metal oxides have been largely considered for their high
sensitivity and low cost; however, their crucial drawbacks such as
high temperature operation and large energy consumption, as well
as poor selectivity, have hindered their practical application.'®®
Therefore, many efforts have been devoted towards developing new
gas sensors with high sensitivities and low operating temperatures.
Numerous active materials have been considered including
conducting polymers'®” and carbon nanotubes (CNTs),"*® which
possess interestingly low operating temperatures but suffer from
long response and recovery times, poor stability, degradation
and difficult processing.

In the past few years 2DMs have emerged as new materials
for gas sensing by virtue of their unique properties, which
promise to largely improve the sensitivity of the sensors.
Among 2DMs, graphene is particularly appealing, because of
its low resistivity and electrical noise."®® Such characteristics
enable the detection of small changes in the intrinsic resistance
resulting from the interaction of graphene with gaseous species.
Alongside graphene, its analogues such as TMDs (MoS,,"** %
WS,,' 919 MoSe,, etc), layered metal oxides (MoO;,'*°
Sn0,'”'*%), phosphorene,"®® h-BN,'” etc., have also been
employed for gas sensing by exploiting their thickness dependent
characteristics and semiconducting properties. Indeed, the
presence of a band gap that can be modulated by the interaction
with gases is a tool that enables enhanced sensitivity. Furthermore,
the semiconducting properties of these materials render them
suitable for integration as active components in FETs, allowing
realization of low power consumption and miniaturized devices."*’
In these devices, the adsorption of gases on the semiconducting
material determines a change in their conductivity, which can be
measured as a variation in the drain current.'** Other common
gas sensing devices are chemiresistors'®> and chemi-capacitors,”
in which the sensing material is interposed between two
electrodes, and the gas molecules adsorbed on the surface of
the material induce a change in the resistance or capacitance,
which can be directly quantified.

The performances of gas sensors are usually characterized
by various figures of merit, with the most important being
sensitivity, selectivity, stability, response and recovery times,
cost, dimensions and flexibility. In this section we will define
the response R(%) of a given device as the ratio between the
difference in resistance (or another output) when it is operating
in the presence and in the absence of the sensed gas, and the
resistance in the absence of the sensed gas:

_RG) =Ry

R(%) R
0

100 (1)

In this part of review we will provide an overview of the gas
sensing mechanism for devices containing active 2DMs, and we
will present the most interesting and up-to-date gas sensing
applications of graphene, its derivatives, TMDs and other 2DMs.

2.1 Graphene-based gas sensing

2.1.1 Gas sensing with pristine graphene. A graphene sheet
exhibits two exposed surfaces without a bulk separation; thus it
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has all its atoms exposed to the environment; such a structure
makes it an ideal building block for the detection of gas
molecules.?* Furthermore, the high variability of its resistance
and the low electrical noise of some devices make it possible to
detect even extremely small changes in the number of carriers
generated by the interaction with gas molecules."** The most
frequent detection mechanism of graphene, as well as many
other 2DMs, is based on the charge transfer process, in which
the sensing material and the gas molecules behave as charge
donors or acceptors.” In particular, Leenaerts et al.”*® used
density functional theory (DFT) calculations to demonstrate
that gas molecules adsorbed on the surface of graphene act as
dopants changing the carrier density of graphene. The inter-
action energies of H,0, CO, NO, NO, and NH; with graphene
were calculated, which shows that H,O and NO, molecules
behave as strong electron acceptors for graphene, thereby
resulting in a decrease of charge carriers in the latter, while
NH;, NO and CO behave as electron donors, enhancing
the concentration of charge carriers. Upon exposure of the
graphene surface to air or to an inert gas the sensed gas
molecules are promptly desorbed and the initial conductivity
of graphene is recovered.

The first application of graphene as a gas sensor was
reported in 2007 by Novoselov et al.>*’ A micromechanically
exfoliated graphene flake supported on a Si/SiO, substrate was
first etched in a bar shape and patterned with top gold contacts
exploiting electron-beam lithography (EBL) (Fig. 2a) and later
exposed to H,0, NO,, NH; and CO gases. It was shown that the
presence of gas molecules causes a doping in the graphene,
changing the concentration of charge carriers. In particular, it
was demonstrated that H,O and NO, decrease the charge
carrier concentration, while an increase of the carrier concen-
tration was observed when NH; or CO was employed (Fig. 2b).
Furthermore, exploiting the Hall resistivity, changes in the
number of carriers of just a single electron were investigated
in the vicinity of the Dirac point. In this way, by exposing the
device to very diluted NO, gas, it was possible to sense the
adsorption of a single NO, molecule. In fact, it can be seen that
the Hall resistivity varies in a step-like manner, because each
NO, molecule adsorbed/desorbed produces a variation of one
electron in the number of carriers (Fig. 2c). This outstanding
performance was attributed to the high carrier mobility and
extremely low noise of the so patterned graphene device.

In 2009 Dan et al.>** demonstrated that the outstanding
sensing performances of Novoselov’s device could not only be
ascribed to the use of pristine graphene, whose inert surface
is not optimal for adsorbing molecules, but also be attributed
to the lithographic process employed for device fabrication.
Towards this end, a miniaturized FET based on mechanically
exfoliated graphene on a Si/SiO, substrate was fabricated by EBL
and used to detect various gas vapours, including H,O, nonanal,
octanoic acid, and trimethylamine, down to the ppm level. It was
claimed that the sensitivity of the device was enhanced by the
presence of a contamination layer on the graphene surface
induced by the EBL process. This layer consists of residues such
as the photoresist, acting as an absorbent layer that concentrates
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Fig. 2 (a) Dependence of the concentration of charge carriers (An) in single-layer graphene when exposed to different concentrations (C) of NO,. Upper
inset: Scanning electron microscopy (SEM) image in false colours of this device (the device is 1 um wide). Lower inset: Characterization of the graphene
device using the electrical field-effect. (b) Changes in resistivity caused by graphene’s exposure to 1 ppm of various gases, highlighting the positive or
negative doping effects. (c) Changes in Hall resistivity observed near the Dirac point during the adsorption (blue curve) and desorption (red curve) of
strongly diluted NO,. The green curve is a reference of the same device exposed to pure He. The grid lines correspond to changes in p,, caused by
adding one electron charge. Adapted from ref. 201 with permission from Springer Nature.

analyte molecules onto the graphene surface. In fact once this
layer was removed by Ar/H, etching, the device became almost
completely insensitive to the analysed vapours. A similar device
based on mechanically exfoliated graphene patterned through
EBL was developed by Ko et al. to detect NO,, with a response of
9% to 100 ppm of NO,.%°

EBL was also employed by Balandin et al.>* to fabricate a
FET that can selectively detect different organic vapours
through analysis of the low frequency noise of the device. In
particular, it was shown that the gas molecules act as trap
centres, leading to fluctuation in the carrier concentration and
thus noise. In addition, the different kinetics of the adsorption/
desorption of the different vapours lead to different character-
istic noises and made it possible to selectively distinguish
the presence of tetrahydrofuran (THF), methanol (MeOH),
acetonitrile (MeCN) and chloroform in the environment.

Graphene obtained by mechanical exfoliation was also
employed by Yoon et al>°® as a sensor of CO,. In order to
minimize the number of residues resulting from the traditional
“Scotch tape” cleavage method and from the EBL process, a
monolayer of graphene was exfoliated from the bulk by employing
a polydimethylsiloxane (PDMS) stamp and transferred on top of
gold electrodes pre-patterned on a Si/SiO, substrate. Such a device
showed moderately fast (~10 s), reversible, high and linear
response to a concentration of CO, ranging between 10 and
100 ppm at room temperature.

Larger and high-quality graphene sheets can be obtained by
chemical vapour deposition:'*! such a graphene type has been
used to detect NO,,>"*'° NH;,>'°?*" CO, and humidity.*"?
CVD graphene devices showed in fact good sensitivity towards
the detected gases, yet they suffered from difficult desorption of
the sensed gases and exhibited slow and incomplete recovery
at low temperatures. CVD graphene monolayers transferred
onto Si/SiO, substrates were used by Gautam et al. to sense
NH;, CH, and H,.>'" The best performance of the device in
terms of sensitivity was observed when operated at 150-200 °C,

This journal is © The Royal Society of Chemistry 2018

yet the use of such extreme experimental conditions was
not accompanied by an improvement in the response time.
Choi et al.>® realized a transparent and flexible NO, detector,
in which single layer graphene (SLG) was employed as a sensing
active component and bi-layer graphene (BLG) was used as an
internal heater: by applying an electrical power of 1.7 W to the
device, it was possible to heat the device itself up to 200 °C for
the Joule effect. Such a device showed a response of 39% to
40 ppm of NO, and the presence of the heater was found to
accelerate the recovery time of the device, reaching values of
a few seconds. Kim et al.*'® in 2015 presented a similar self-
heated, transparent, flexible NO, sensor. CVD SLG was patterned
on Cu foil to obtain a conductive channel of 5 pm width between
two graphene electrodes and then transferred onto a flexible
polyimide (PI) substrate (Fig. 3a). Also in this case, the SLG
microchannel was self-heated up to 73 °C by applying a bias of
60 V, yielding an increase in the sensitivity and recovery time of
the device (AR/R, = 12% and a recovery time of 82 s to 5 ppm
of NO, at 60 V) (Fig. 3b and c). This device also exhibited good
selectivity, reversibility and durability even under mechanical
bending and a negligible influence of humidity. Yavari et al.*** in
2011 realized a sensor based on unconventional CVD graphene.
In particular, graphene foam was produced by growing CVD
graphene onto a porous nickel template, which was dissolved
afterwards to obtain the self-standing foam. After contacting the
foam with two electrodes, a 30% response to 1000 ppm of NH;
was measured, yet the response and the recovery time were both
found to be slow (~ 1000 s).

The sensing performance can be tailored by the choice of the
substrate in epitaxially grown graphene.”'* In fact SiC possesses
a wide number of different polymorphs, and each one of
them, as well as diverse crystal faces, can have doping effects
on graphene.*'®> As an example, Pearce et al.>'® realised a NO,
sensor based on epitaxially grown SLG on the atomically flat Si
face of 4H-SiC. This sensor displayed an extremely high response
to 2.5 ppm of NO, (AR/R, ~ 120%). Interestingly, the response
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(a) Scheme (top) and photograph (bottom left) of the all-graphene flexible, transparent gas sensor and micrograph of patterned graphene

(bottom right). (b) Response curves, i.e. resistance changes, recorded in patterned and non-patterned graphene sensors when exposed to three pulses of
5 ppm of NO,. (c) Thermographic image and thermal characteristics at different bias voltages. Adapted from ref. 210 with permission from the American

Chemical Society.

switched from n-type to p-type upon increasing the NO,
concentration because of the intrinsic n-doped nature of graphene
grown on 4H-SiC. This behaviour was also demonstrated by
Nomani et al.>'* In their work graphene grown on the C face of
6H-SiC and on the Si face had opposite behaviour when exposed to
18 ppm of NO,: the one grown on the C face was n-type and
exhibited a 4.5% increase of the conductance, while the other was
p-type and exhibited a 10% decrease of the conductance.

In order to enhance the performance of a graphene-
based gas sensor, a promising solution consists of introducing
defects and functional groups. In fact, the absence of dangling
groups on graphene’s surface renders it inert to the chemi-
sorption of gas molecules. For example, the ozone treatment of
graphene sheets is a viable approach to introduce oxygen
functional groups uniformly on the surface. Such defects
can act as recognition sites and promote the interaction
with gaseous molecules through hydrogen bonds and van der
Waals forces.?’” Chung et al.>°® treated CVD SLG with ozone
and demonstrated that the so-treated graphene features better
performances in terms of sensitivity and response time for
detecting NO, compared to pristine CVD graphene. Along the
same line, Masel et al>'® proved that the CVD polycrystalline
graphene was much more sensitive to various organic vapours
than monocrystalline pristine graphene because of the presence
of structural defects.

2.1.2 Gas sensing with graphene oxide and reduced gra-
phene oxide. The key role played by the oxygen containing
functional groups in graphene oxide is perfectly highlighted by
its sensing capabilities. The sensing performances of GO can be
easily tailored by varying the amount of its oxygen containing
functional groups via reduction (thermal or chemical) to rGO.
These unique characteristics make pristine and reduced GO the
most studied platforms for gas sensing.'** Numerous articles
on GO,*°>*'° rGO*****! and functionalized GO (fGO)****** based
gas sensors have been published. The first application of rGO as
a gas sensor was developed by Robinson et al. in 2008.”* GO was
spin-coated on the top of a Si/SiO, substrate and Ti/Au pads were
evaporated as top electrodes (Fig. 4a). The device was exposed to
hydrazine vapours at 100 °C to trigger the reduction of GO to
rGO. Fig. 4b portrays the response of the device when exposed
to pulses of acetone vapours for 5 s. The response (e.g. electrical)
of the device varies depending on the duration of the reduction
treatment. In particular, it is possible to observe two response
components: a fast response, which increases with the reduction
time due to the decrease of the number of oxygen functional
groups, and a slow response, which decreases with increasing
reduction time. It was explained that the fast response is the
result of the gas adsorption onto low-energy binding sites, such
as sp>-bonded carbon, while the slow response occurs due
to the interaction of gases with higher-energy binding sites,
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(a) AFM image of the GO film and scheme of the device. (b) Plot of the response to 5 s pulses of acetone for GO devices reduced with hydrazine

for 3, 6, 18, and 24 h. (c) Noise density spectra for SWNT and rGO devices. Adapted from ref. 73 with permission from American Chemical Society.
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such as structural defects, and oxygen bearing functional
groups. Furthermore, the electrical noise of the device can be
pushed to the thermal noise limit (Fig. 4c) for very thin films
and long reduction treatment, which is much lower than that of
the CNT network. Thanks to the low electrical noise, the limits
of detection of various vapours were found to be extremely low.
For example, it was possible to sense 70 ppb of HCN and 5 ppb
of dimethyl methylphosphonate (DMMP).

A flexible all printed gas sensor based on rGO reduced with
ascorbic acid was realized by Manohar et al.>** This was done
by preparing a dispersion of rGO in water in the presence of a
surfactant, followed by its ink-jet printing onto a PET substrate.
The device displayed a response with a detection limit in the
tens of ppm range; such a response is positive, i.e. displaying
increasing resistances, for NH;, dichloromethane and various
alcohols, whereas it was found to provide negative response for
Cl, and NO,. Such a phenomenon has been attributed to the
electron withdrawing character of Cl, and NO,, which enhances
the conductivity of semiconducting p-type rGO.>'* In another
case,”®® a NO, gas sensor was fabricated by reducing and
patterning via laser irradiation the GO on various flexible
substrates. The device exhibited a good sensitivity, which could
allow the detection of 20 ppm of NO,, with complete, yet slow
recovery. Another chemiresistive NO, sensor was developed by
Prezioso et al.>*® using pristine GO; this device yielded the best
performance when heated at 150 °C, with a response of 60% to
5 ppm of NO,, yet accompanied by the response and recovery
times close to an hour. In another study®*® the authors
improved this GO based NO, sensor, which reached a detection
limit of just 20 ppb. Furthermore, this sensor had a response to
NO, unaffected by the humidity level and was able to detect also
the presence of ethanol, acetone and ammonia. Sinitskii et al.***
fabricated a highly selective gas sensor able to discern three
different alcohols such as methanol, ethanol and isopropanol
with a high success rate using a 20-channel array integrated
sensor of thermally reduced GO, in which each channel had a
unique response due to the structural/morphological irregularity
of the rGO film.

Among the various gas sensing applications, GO and rGO
have been extensively used also as humidity sensors.*?” >3°
Humidity is the presence of water vapour in air and is normally
measured as relative humidity (RH), which is the ratio between
the partial pressure of water and the equilibrium vapour
pressure at a given temperature. It is worth reminding that
having good control over the humidity in the environment is
key to numerous industrial and technological processes and
most importantly to ensure the comfort of human beings,
improving the quality of life in living and working places.

The presence of numerous oxygen-bearing functional groups
as hydroxyl, epoxy and carboxylic groups renders GO’s surface
highly hydrophilic, thus being a perfect candidate for sensing
moisture.”! Ruoff et al.>*! in 2008 demonstrated that the inter-
action of water molecules with these functional groups of GO
determines changes in the conductivity of GO; the authors
therefore concluded that highly reduced GO is not suitable for
humidity sensing. Water interacts with GO mainly by increasing
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its conductivity because of the formation of charge carriers as
hydronium and hydroxide ions as demonstrated by Yao et al. in
2012.2%° In their work, GO was drop-cast on an interdigitated
electrode (IDE); when a potential <2 V was applied, a 10-fold
change in the GO’s conductivity was observed upon varying the
RH between 15 and 95%. Such a conductivity change was found
to be even larger when higher potentials were applied and has
been attributed to the favoured ionization of the water mole-
cules. Similarly, Borini et al.>*” spray-cast a solution of GO on
top of interdigitated electrodes (IDEs) screen-printed on a
flexible and transparent polyacrylonitrile (PAN) substrate. Thin
films of spray-coated GO can be essentially reduced to a simple
resistor-capacitor (RC) equivalent circuit in which a resistor
and a capacitor are in parallel. It was found that resistance
displayed an impressive exponential dependence on RH, with a
10-fold decrease when increasing the RH from 40 to 70%
(Fig. 5a). Furthermore, this device showed an ultra-fast response
and recovery to pulses of humid air of just 20 ms (Fig. 5b).
Another GO based flexible humidity sensor was prepared by
Guo et al.**° via spin-coating on PET substrates. The GO film was
micro-patterned using two-beam-laser interference to create
alternating lines of GO and rGO. By tuning the laser power, it
was possible to control the conductivity as well as the response/
recovery time. The best results were obtained at 0.2 W laser
power, with response and recovery times of a few seconds and a
change in the resistance of 1 order of magnitude between 11 and
95% RH. In a very recent study, Tai et al.>*® underlined the effect
of the degree of reduction on the humidity sensing properties
of GO. While GO showed a decrease in the resistance for
increasing humidity, rGO displayed the opposite behaviour.
By annealing GO at 150 °C for different times, integrating the
so-obtained material into humidity sensors, and studying them
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Fig. 5 (a) Conductance dependence of an ultrathin GO film to the RH of
the environment. (b) Normalized responses of the different sensors to a
modulated humid air flow at 1 Hz. Adapted from ref. 227 with permission of
American Chemical Society. (c) Equivalent electrical circuitry model of rGO
representing intrinsic and junction-dependent resistances. (d) Responses
of rGO films with different thermal reduction times to humidity pulses.
Adapted from ref. 229 with permission from the Royal Society of Chemistry.
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with electrochemical impedance spectroscopy (EIS), they con-
cluded that the resulting resistance of a macroscopic film of GO
is essentially composed of two resistances in series: an intrinsic
resistance within the flake (Ri,) and a junction resistance
between flakes (Rjunc)- Both these terms are humidity depen-
dent; in particular, the first can be expressed as two resistors
in parallel - the in-plate resistance dependent only on the
reduction grade and the ionic resistance, which decreases with
increasing humidity. The second term (Rjunc) can also be
expressed as two elements in parallel, a capacitor (Cgp;) and
a resistor (Ronm-contact)y both humidity dependent: when the
humidity increases and the GO film adsorbs water molecules,
the distance between flakes increases, thus yielding an increase
in both the Cgp;, and Ronm-contact Values. As a result, with increase
of humidity, Rj, decreases (negative response) and Rjunct
increases (positive response). For GO Ry is greater than Rjync,
thus leading to a negative response to the increased humidity,
while for rGO Rin¢ < Rjunct, thus yielding a positive response to
the increased humidity (Fig. 5d).

In order to target more specific types of gases, GO and
rGO have been functionalized with (macro)molecules bearing
specific functional groups acting as selective active sites. The
molecules can be chemisorbed on the surface of graphene or
physisorbed on its surface. For example, Al-Mashat et al.”**
reported a hydrogen sensor based on an assembly of polyani-
line (PANI) adsorbed on the rGO surface. The material was
synthetized via ultrasonication of an alcoholic mixture of rGO,
aniline and the polymerization initiators, which promoted the
polymerization of PANI selectively on the rGO surface. Then,
the mixture was spray coated on a quartz substrate with a gold
IDE. This functionalized rGO showed a better sensitivity to H,
compared to pure rGO and PANI with a 16.6% response to 1%
H, gas. The improved sensitivity was attributed to the higher
porosity of the hybrid structure with respect to the bare PANI.
In another case, a PANI-rGO assembly was used for NH;
sensing.”*® Shi et al.*** fabricated a NO, chemiresistive-type
gas sensor based on sulfonated rGO (S-rGO) and rGO function-
alized with ethylenediamine (EDA-rGO). In particular, S-rGO
displayed a response to NO, 10 times greater than rGO and
3 times larger than EDA-rGO. Furthermore, the S-rGO also
exhibited faster response and recovery and good selectivity
towards NO,. The superior sensitivity of the S-rGO sensors
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can be attributed to the electron withdrawing characteristics
of sulfophenyl groups, which enhance the hole doping in
p-type rGO. After the absorption of NO, the p-doping is further
boosted, thus harnessing the material’s conductivity. Hu
et al.>** developed a DMMP sensor based on rGO functionalized
with p-phenylenediamine, which was deposited from solution
on an IDE. The response of this device to DMMP vapours was
much higher than that of hydrazine reduced GO (AR/R, to
30 ppm of DMMP = 11% for f-rGO and 1.5% for rGO); however,
the response and recovery times were on the scale of several
minutes. The chemical functionalization of GO can be used to
build sensor arrays in order to recognize different gases. In a
very recent study Jelinek et al.>*® assembled a capacitive-type
porous graphene oxide (pGO) vapour sensor in which the GO
was deposited on an IDE through a freeze-drying technique
in order to maximize the area exposed to the gas. In parallel,
the GO was also chemically functionalized with aniline (phenyl-
GO), dodecylamine (dodecyl-GO) and ethanolamine (ethanol-
GO) by exploiting the amidation reaction between the amines
and the carboxylic groups present on the GO surface - yet,
the functionalization of epoxy groups may also occur. These
three differently functionalized GOs were deposited on an IDE
similarly to pGO, and by combining them in an array, it was
possible to selectively detect the presence of water, NHj,
toluene, EtOH, phenol and cyclohexane (Fig. 6). Additionally,
the sensitivities of these devices towards the target gases were
high, with high reproducibility and both response and recovery
times on the time scale of few seconds.

The doping of GO and rGO has also been used to improve
the performance of humidity sensors. Rathi and Pal**® demon-
strated that GO doped with Li and B have higher sensitivity to
humidity compared to GO. The Li-GO and B-GO were prepared
through reaction of GO with LiOH and boric acid, then these
doped GO water solutions were drop-cast on a glass with two
copper electrodes on top. The Li doped GO in particular showed
a response to humidity 4 times higher than un-doped GO. Also
in this case the higher performances can be attributed to the
increased p-doping of Li-GO.

2.1.3 Gas sensing with graphene based composites. Hybrid
composites made by combining graphene with functional
materials (such as metals, metal oxides, polymers, etc.) can
exhibit significantly increased porosity compared to films of
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(a) Schematic structure of the device and a SEM image of the p-GO. (b) Response of the p-GO device to different values of humidity (RH%).
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pristine 2DMs, thus resulting in increased accessible surface area.
Furthermore, such an approach harnesses the sensing perfor-
mances of 2DMs due to the combination of different functionalities
and their synergistic effects.”> Metallic nanoparticles (NPs) and
films (especially those of noble metals) can enhance the sensitivity
and selectivity due to specific catalytic effects.”*®

For example, it is well-known that metals such as palladium
and platinum exhibit a catalytic activity towards the adsorption
of hydrogen.>*® With this in mind, palladium- and platinum-
graphene composites have been extensively explored to target
H, gas;'®>?3>?37241 hydrogen is colourless and odourless but
when mixed with air forms an explosive mixture; thus, its
detection is of paramount importance for safety. Kaniyoor
et al.?®® produced a hydrogen sensor based on GO decorated
with Pt NPs: the Pt NPs were grown in situ on the GO surface
and then the so decorated GO was drop-cast on an alumina
substrate with pre-patterned Cu electrodes. This device showed
a 16% increased electrical resistance when exposed to 4% H,
yet accompanied by a slow responsivity. Similarly, Wu et al.?*’
fabricated a H, sensor based on a Pd thin film (1 nm) evapo-
rated over CVD graphene with 12% sensitivity towards the
exposure to 1% H,. Chung et al.>*® realized a flexible hydrogen
sensor composed of CVD graphene decorated with Pd NPs,
exhibiting an impressive sensitivity of 30% to 1% H,. Reduced
GO decorated with Pd NPs has also been used to sense NO
gas for medical applications by Li et al'® The rGO with
physically absorbed Pd NPs on its surface was deposited
on CVD graphene-coated Ni electrodes (Fig. 7a). This device
exhibited high sensitivity with an impressive limit of detection
of 2 ppb, which is notably higher than that of the reference
device assembled without decorated rGO or without graphene-
coated electrodes (Fig. 7b). In this case, Pd NPs may act as
absorption sites of NO molecules, promoting the donation of
electrons from NO to rGO. Furthermore, the interaction of the
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Fig. 7 (a) Transmission electron microscopy (TEM) image of Pd-rGO
sheets. (b) Relative changes in the conductances of the various devices
versus time when exposed to 1, 10, 60, and 120 s pulses of NO gas. Inset:
Scheme of the device. Adapted from ref. 185 with permission from
American Chemical Society. (c) TEM image of Ag—S-rGO and photograph
of the sensing device printed on PI. (d) Response of the Ag—S—rGO sensor
as a function of time in various concentrations of NO, gas. Adapted from
ref. 242 with permission from American Chemical Society.
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hybrid with NO can lower the Schottky barriers between rGO
and Pd NPs, leading to a further increase in the conductance.

Interestingly, the modification of rGO with functional
groups capable of boosting the p-doping can be combined with
the catalytic activity of metal NPs. For example, Huang et al.>*?
assembled a flexible, all-printed NO, sensor based on sulfonated
rGO/Ag NPs. The rGO was first sulfonated and then Ag NPs were
grown in situ on the rGO surface via hydrazine reduction of
AgNO; (Fig. 7c). Then Ag electrodes and the rGO/Ag NP based
ink were printed on a PI substrate. This sensor displayed a 74.6%
fast response to 50 ppm of NO,. Besides, the sensor was quite
robust: it exhibited good stability over time and tolerance to
humidity (Fig. 7d). The sensor could also detect NH;, with a
similar, yet negative response.

Hybrid materials composed of graphene and metal oxide
nanostructures'#?**2% or quantum dots*>*>**' have also
proved to enhance the sensing performances of graphene to
NO,, ethanol, H,S and other gases. In fact, semiconducting
metal oxides such as ZnO, SnO,, In,03;, and Cu,O have been
already employed in gas sensing,>*>*** yet the high operating
temperature and low conductivity represented a severe limit
towards their application. Deng et al.>*® synthetized hybrid
rGO/Cu,O nanowire mesocrystals under hydrothermal condi-
tions and integrated them into a NO, gas sensor. The hybrid
sensor displayed a higher sensitivity compared to those of the
single components alone, with an impressive detection limit of
64 ppb (Fig. 8a and b). Also, in this case, the response resulted
from the electron withdrawing effect of NO, towards the p-type
rGO and Cu,O semiconducting mesocrystals, and it took
further advantage of the higher porosity of the hybrid material.
An ethanol sensor was assembled by Yi et al.*** by growing
semiconductive vertically aligned ZnO nanorods on a metal
bottom electrode and depositing CVD few-layer graphene on
top as the top contact. This sensor, with a geometry similar
to those of metal-insulator-metal devices, offered a 900%
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Fig. 8 (a) SEM images of rGO-Cu,O mesocrystal composites, and
(b) dynamic responses of Cu,O NW, rGO-Cu,O, and rGO devices
under increasing NO, exposure. Adapted from ref. 243 with permission
from American Chemical Society. (c) SEM image of the In,Oz cubes/
rGO composites at a 1:1 mass ratio. (d) Linear fitting curve of the
sensor response versus NO, concentration. Adapted from ref. 254 with
permission from American Chemical Society.
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sensitivity to 10 ppm of ethanol and a good flexibility. However,
an operating temperature as high as 300 °C was required to
leverage the n-type characteristic of semiconductive ZnO nano-
rods and obtain a good sensitivity to the electron donor EtOH. In
another study®*®> GO decorated with ZnO NPs was used to sense
CO and NH; gases. ZnO NPs were grown in solution on the GO
surface; such a decorated GO was spin-coated on ITO patterned
glass substrates. This device, when operated at room tempera-
ture, revealed a much higher sensitivity towards CO and NH;
compared with the two components alone. In particular, the
change in conductivity was ~24% to 1 ppm of NH; and 22 ppm
of CO. Similarly, Cuong et al.>*® reported a H,S sensor based on
vertically aligned ZnO nanorods hydrothermally grown on the
surface of spray-coated rGO, which showed high sensitivity
in oxygen, but long response and recovery times. Another
H,S sensor was developed by Zhou et al.**” by hydrothermally
growing Cu,O nanocrystals on a GO surface and drop-casting
the suspension onto a gold IDE on a Si/SiO, substrate. The
GO/Cu,0O assembly was demonstrated to have better perfor-
mances compared to the isolated components, with a high 11%
sensitivity to 5 ppb of H,S at room temperature and response
and recovery times on the few minutes time scale. rGO/In,0;
assemblies have been used to detect NO,**>*** for environ-
mental monitoring. Feng et al.>** were able to embed In,0;
nanocubes in rGO networks using InN NWs and GO as pre-
cursors. Depending on the ratio between the two components,
different morphologies were obtained: the best sensing
performances were found when a 1:1 InN:GO ratio was
used (Fig. 8c). Such a sensor exhibited a 61% change in the
resistance when exposed to 5 ppm of NO, and a markedly
high selectivity towards interfering gases (Fig. 8d). In 2017
Liu et al**® overtook these performances by combining
flower-shaped In,0; nanocrystals with rGO, thereby obtaining
a sensor with an impressive 3 orders of magnitude increase in
the resistance when exposed to 1 ppm of NO, combined with a
detection limit lower than 10 ppb.

The sensing of simple alkanes, such as methane and ethane,
is important because of the industrial relevance of these
molecules. However, very few examples of sensing of these
gases can be found in the literature because of the weak doping
nature of these apolar molecules.?>**” For example, a hydro-
gen and liquid petroleum gas (LPG) sensor based on rGO
decorated with SnO, quantum dots was developed by Lee et al.,”"
showing an impressive response of 89% to 500 ppm of H, and
92% to 500 ppm of LPG. Zhang et al.>*® produced a methane
sensor based on a nanocomposite of rGO and ZnO nanocrystals
that displayed a decent and fast response to 100 ppm of CH,
and a good selectivity towards interfering gases; unfortunately,
a high operating temperature of 190 °C is necessary for proper
functioning of this sensor.

Polymers and semiconducting polymers coupled with
graphene, GO and rGO constitute the third large family of
hybrid assemblies. Some of these assemblies with conducting
polymers, like the polyaniline/GO assembly, have already been
discussed in the previous paragraph®” as the boundary between
polymer functionalized GO/rGO and polymer-GO/rGO assemblies
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is blurred. In a typical example, in 2014 Zhang et al.>*" developed
a resistive-type, flexible humidity sensor based on the assembly
of GO and a polyelectrolyte, i.e. poly(diallyldimethyammonium
chloride) (PDDA), using the layer-by-layer (LbL) deposition
method. The nanostructured film was fabricated on a Cu/Ni
IDE on a PI substrate. In the first instance, a bi-layer of PDDA
and an ionic polymer was self-assembled on the substrate as
precursor layers for charge enhancement, and then 5 GO/PDDA
layers were deposited by alternating immersions into PDDA and
GO suspensions for five repetitive cycles. Following that, the GO
was chemically reduced by soaking the film in a solution of HBr
acid. Such an assembled device exhibited a 37% increase in the
resistance when passing from 0% RH to 97% RH, with response
and recovery times of a few minutes, an excellent linearity of the
response and long-term stability over time. The superior sensor
performances were attributed to the high surface area of the
assembly, the p-type semiconducting properties of rGO at low
RH, and the interlayer swelling of the PDDA/RGO film at high
RH, which contributes to the resistance increase. In another
study Shi et al.>>® synthetized GO/conducting polymer composite
hydrogels, including GO/polypyrrole (PPy) and GO/PANI, by
chemical polymerization in situ of the corresponding monomers
in aqueous dispersions of GO, where GO sheets acted as 2D
templates. These gels showed many interesting properties,
including electrical conductivity and electrochemical activity.
In particular, the GO/PPy gel, once lyophilized, exhibited a good
sensitivity to NH; gas. In this case, the improved response
was attributed to the high surface area of the conductive gel
compared to that of the bare polymer film.

A nanocomposite thin film of chemically exfoliated
graphene and PANI was used by Wu et al.>*” to sense methane
at room temperature, with a decent 10% response to 10 ppm of
gas. Shi et al.>®® prepared a highly sensitive NO, sensor based
on electrospun PVA/PEI nanofibers coated with a thin GO layer,
which self-assembled on the surfaces of the nanofibers for
charge interaction. The nanofibers were deposited on an IDE
and then exposed to hydrazine vapours to reduce the GO. This
sensor displayed an impressive sensitivity, with a 16% response
to 150 ppb of NO, and good linearity until 1 ppm; furthermore,
the stability and the selectivity towards NO, were high, and the
response and recovery times were around 5 minutes.

The combination of graphene with ionic liquids is a similar
route to achieve high sensitivity and selectivity in gas sensing.
Within this framework, Ariga et al.>*° developed a sensor capable
of discriminating between various organic vapours based on a
multi-layered rGO/ionic liquid film assembled in solution via
the LbL method on a quartz microbalance. Assemblies of CNTs
and graphene have also been employed for gas sensing. In 2010
Jeong et al.**" produced a flexible NO, sensor using a CNTs/rGO
hybrid film. A rGO film was deposited on a plastic substrate
with a gold IDE followed by the CVD deposition of vertically
aligned CNTs on top. The so-fabricated sensor revealed a
sensitivity of 20% after 60 min exposure to 10 ppm of NO, at
room temperature.

The most important performance parameters of all the
graphene based gas sensors described in this section, including
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Table 1 Comparison of the sensing performances of different graphene based gas sensors

Limit of Sensitivity
Material Sensed gases Response/recovery time detection (response x ppm ) Ref.
SLG (ME) NO, 500 s ppb 4% 201
H,O0, nonanal, octanoic acid 0.5 ppm 0.6-1% 204
CO, 10 min/10 min 0.26% 206
NO, 4 min/4 min 100 ppm 0.08% 80
SLG/BLG (ME) THF, MeOH, MeCN, CHCI, 205
SLG (CVD) CH,, NH;, H, 9 min/9 min 0.046% (NHS,) 211
SLG/BLG (CVD) NO, 95 s/11 s 0.98% 209
SLG (CVD) oxidized with O NO, 15 min/30 min 0.0085% 208
SLG (CVD) patterned NO,, NH3 89 5/579 s 2.6% (NO,) 210
CVD graphene foam NH;3 800 5/1200 s 0.03% 212
SLG (epitaxially grown) NO, 1h/3h 48% 216
NO, 250 s/150 s at 300 °C 0.55% 214
GO H,0 20 ms/20 ms 30%/RH 227
NO,, H,0 40 min/40 min 12% 219
NO, 40 min/40 min 20 ppb 250% 226
H,O 12.5% 230
rGO Acetone, DMMP, HCN 5s 100% 73
NO,, Cl,, NH, 10 min/10 min 0.25% (NH;) 224
H,O 231
NO, 10 min/30 min 0.05% 225
H,0 20 s/30 s 10.7%/RH 148
Li and B doped GO H,0 4s 35.3% 228
Sulfonated-GO and EDA-GO NO, 50% 234
Phenyl-GO, dodecyl-GO; ethanol-GO Various gases 15 /10 s 200% (NH;) 200
p-Phenylenediamine/GO DMMP 1080 s/360 s 0.4% 223
PANI/rGO H, 2 min/3 min 0.0016% 232
PANI/graphene flakes CH, 1 min/1 min 10 ppm 2.5% 257
PDDA/GO LbL assembly H,0 2 min/3 min 0.38%/RH 221
Microfiber PVA-PEI/rGO NO, 4 min/10 min 110% 259
CNTs/GO NO, 1h/3h 0.5 ppm 2% 261
Ag NPs/sulfonated-GO NO,, NH3 12 /20 s 1.49% (NO,) 242
Pd film/CVD SLG H, >10 min 0.0012% 237
Pd NPs/CVD SLG H, 15 min/20 min 0.003% 238
Pd/rGO NO 265 s 35% 185
Pt NPs/GO H, 9 min/20 min 0.004% 235
Cu,O NPs/rGO H,S 5 min/5 min 2200% 247
Cu,0/r1GO N,O 5 min/10 min 34% 243
In,0;3/rGO NO, 4 min/1 min 109 800% 249
In,0;/rGO NO, 3 min/4 min 12.2% 254
ZnO NPs/rGO CO, NH, 5 min 24% (NH;) 245
ZnO Nrods/rGO H,S >30 min 246
ZnO Nrods/CVD SLG EtOH 90% 244
ZnO NCryst/rGO CH, 1 min/10 s 100 ppm 0.05% 255

List of abbreviations. SLG: single layer graphene, ME: mechanically exfoliated, BLG: bi-layer graphene, CVD: chemical vapour deposition, GO:
graphene oxide, rGO: reduced graphene oxide, CHCl;: chloroform, THF: tetrahydrofuran, MeOH: methanol, MeCN: acetonitrile, DMMP: dimethyl
methylphosphonate, HCN: hydrogen cyanide, EDA: ethylenediamine, PANI: polyaniline, PDDA: poly(diallyldimethyammonium chloride), LbL:
layer-by-layer, PVA: polyvinyl alcohol, PEI: polyethylenimine, CNTs: carbon nanotubes, NPs: nanoparticles, Nrods: nanorods, NCryst: nanocrystals.

the response time and the sensitivity (calculated as the ratio
between the response % and the corresponding gas concen-
tration expressed in ppm), are summarized in Table 1.

2.2 Gas sensing with transition metal dichalcogenides

The sensing properties of TMDs are based on the already
discussed charge-transfer mechanism. Yue et al.’** gained deep
insight into such a mechanism by focusing on n-type MoS, as
an exemplary system. In this article, the charge transfer mecha-
nism between different gas molecules including O,, H,0, NH3,
NO, NO,, CO, etc., and monolayer MoS, was explained with the
aid of DFT calculations. The authors showed that the conduc-
tion band (CB) of pristine n-type MoS, monolayers is already
populated by some electrons at room temperature. When the
monolayer is exposed to electron-acceptor gases such as O,,

This journal is © The Royal Society of Chemistry 2018

H,0, NO, NO,, and CO, electrons are transferred from MoS, to
the sensitive gases, leading to a decrease of carrier density in
MoS,, which ultimately yields an increased resistance. In contrast,
NH;, which behaves as an electron-donor, transfers electrons to
the MoS, monolayer, thereby reducing its resistance.

The charge transfer between TMD monolayers and gases can
also be evidenced by changes in the photoluminescence (PL),
which is due to the direct band gap properties of TMD mono-
layers. Tongay et al.>*> showed that the light emission efficiency
of these TMDs can be modulated by physisorption of gas
molecules such as O, and H,O, as a result of a molecular
gating effect. The charge depletion in n-type materials such as
MoS, and MoSe, caused by the charge transfer to molecules
such as O, and H,O leads to a drastic enhancement in photo-
luminescence for the stabilization of neutral excitons X,.
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Among the various TMDs, MoS, is the most studied material.
Mechanically exfoliated MoS, has been successfully used to
detect a wide range of gases.'*'°%19%2%3 por instance, Zhang et al.**°
fabricated miniaturized FETs based on mechanically exfoliated
MoS, for the detection of NO. Single, bi-, tri- and quadri-
layers of MoS, transferred onto Si/SiO, substrates were investi-
gated in this work. The sensitivities of these devices to NO were
high and the responses were fast; however, the current passing
through a single-layer thick MoS, FET was unstable, while
the devices based on 2-, 3- and 4-layer MoS, showed both high
sensitivity and stability with a detection limit of 0.8 ppm
of NO. In a similar study Late et al'* prepared transistors
by depositing mechanically exfoliated MoS, flakes on Si/SiO,
substrates and contacting them with gold top electrodes
through electron beam lithography, and they employed them
to sense NO,, NH; and humidity (Fig. 9a). From the analysis of
flakes consisting of 1, 2 and 5-layers it was observed that the
signal was unstable for monolayers, while among 2 and 5-layers
the latter exhibited the highest response to the sensed gases. As
expected from the charge transfer mechanism, NO, produced a
negative resistance response, while NH; had the opposite
behaviour (Fig. 9b and c). For the same reason, the applied gate
voltage had opposite effects in NH; and NO, in increasing or
decreasing the sensitivity, and these effects were larger for the
5-layer device. In addition, the effects of green light irradiation on
the sensitivity and response time of the device were also explored.
The reason for the increased and stable response in the devices
based on few-layers compared to the single-layer thick device
remains unclear, yet the authors showed with DFT calculations
that the adsorption of NO, was slightly favoured in the few-layer
thick devices. In another example Perkins et al.'®® measured the
conductance changes in a device based on mechanically exfoliated
MoS, after exposing it to various organic vapours. They found that
the device had high selectivity towards triethylamine (TEA) and
acetone with a detection limit of 1 ppm over the last analyte.

Dispersions of MoS, sheets in solution can be obtained with
a relatively high yield and low cost by liquid-phase exfoliation.
These dispersions can be processed to generate films of over-
lapping flakes, which have been used as active materials to
detect different gases.'**2%42%> For example, Yao et al.>*® pre-
pared a water dispersion of MoS, flakes combining grinding and
sonication of the bulk material. The dispersion was deposited
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Fig. 10 (a) Micrograph of triangular shaped CVD grown MoS, monolayers
supported on a Si/SiO, substrate. (b) Response of the device upon exposure
to increasing NO, concentration. Adapted from ref. 144 with permission from
American Chemical Society. (c) Schematic illustration of the preparation of a
SnO,/MoS, hybrid. (d) Response of the device to 10 ppm of various gases,
highlighting the selectivity towards NO, the sensitivity and the response time.
Adapted from ref. 270 with permission from Wiley-VHC.

with an inject printer onto pre-patterned microelectrodes and
the so-obtained device was used to detect NH; gas up to a
few ppm. A similar method that relies on the intercalation of
Li ions within the MoS, layers and their subsequent exfoliation in
water solution through ultrasonication was used by Zhang et al.**!
to sense NO. The dispersion of MoS, flakes was deposited by drop-
casting on a Si/SiO, substrate pre-patterned with gold electrodes to
form a thin-film transistor (TFT), which was found to be sensitive
to NO at concentrations down to 0.4 ppm.

Similarly to graphene, MoS, can also be produced by CVD.
In 2014 Liu et al.*** fabricated FETs by contacting through EBL
small triangular-shaped monolayers of MoS, grown by CVD on
Si/SiO, substrates (Fig. 10a). These devices exhibited a high
Schottky barrier (ASB) between the Ti/Au contacts and the
monolayer, which can be modulated by exposing the devices to
NO, and NH; gases. In particular, NO, adsorption increases the
ASB and thus the contact resistance, whereas NH; adsorption
decreases both of them. The effect of the Schottky barrier
modulation, together with the charge transfer mechanism,
yielded an increase in the sensitivity of the device to both the
analytes, with changes in the conductance up to 3 orders
of magnitude and detection limits down to 20 ppb of NO,
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Fig. 9 (a) SEM image of a two-layer MoS; transistor device. Sensing performances of the 2 and 5-layer devices when exposed to 100, 200, 500, and
1000 ppm of (b) NHz and (c) NO,. Adapted from ref. 14 with permission from the American Chemical Society.
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and 1 ppm of NH; (Fig. 10b). Cho et al.**® produced a gas and
photo-detector based on a wafer-scale film of 3-layer MoS,
deposited on sapphire substrates via CVD with IDE gold
electrodes on top. This sensor exhibited good sensitivity and
selectivity to NO,, with a response around 40% to 120 ppb
combined with a stable cycling behaviour. Furthermore, the
response time was fast, yet the recovery at room temperature
was not complete even after 30 minutes. Similarly, a 3-layer MoS,
film produced by CVD on sapphire substrates was developed by
Cho et al*®® for the sensing of NO, and NH;. The device
exhibited an increased resistance when exposed to NO, and a
decreased resistance when interacting with NH;, as expected
from the charge-transfer mechanism.

The sensitivity of MoS, to gases could be improved by
increasing the number of active sites that can interact with
the analyte of interest through processes of molecular absorp-
tion on sulphur vacancies and edges. For example, Jung et al."*’
showed that sensors based on MoS, layers vertically aligned,
thus exposing their edges to the environment, exhibited a
higher response to NO, and EtOH gases. The films of horizon-
tally and vertically aligned MoS, layers were produced via
CVD. By increasing the thickness of the films, the number of
vertically aligned layers increased, and at a thickness of 15 nm
almost all the surface was covered by vertically aligned layers,
as revealed by TEM mapping. These films exhibited a response
5 times greater than the 1 nm thick film, because of the
increased edge sites exposed to the environment.

The surface functionalization of MoS, with molecules or
nanomaterials as metal and metal oxide NPs represents an
alternative viable method to increase the interactions with the
gas molecules, and thus to harness the device sensitivity.?®”>¢®
For example, Zhang et al.>®” fabricated a flexible TFT depositing
a film of MoS, obtained with a method previously described**"
on a rGO electrode array on polyethylene terephthalate (PET).
Successively, Pt NPs were deposited on the surface of the MoS,
film and the device was employed to detect NO,. The device
functionalized with the Pt NPs showed a response to NO,
3 times faster than the non-functionalized device, with detec-
tion limits as low as 2 ppb. The reason for such an improved
sensitivity was attributed to the formation of a Schottky barrier
between the MoS, and the Pt NPs. In a similar study Sarkar and
co-workers®®® functionalized MoS, with various metallic NPs,
including Ag, Pd, Pt, Sc and Y, and examined their doping
effects. The Pt NPs functionalized MoS, device revealed an
improved sensitivity to H, gas compared to the pristine MoS,
device. A H, sensor based on Pd NPs functionalized MoS, was
also assembled by Jin et al.>®® by drop-casting a water suspen-
sion of MoS, flakes obtained by liquid-phase exfoliation and Pd
NPs. This sensor displayed a fast response and good recovery
upon exposure to H, (0.5-5%) and a decent cross-sensitivity.
Metal oxide NPs have also been used to improve the sensitivity;
in particular, semiconducting SnO, has been employed to sense
humidity,'*® NO,?”° and EtOH.””* For example, Chen et al>”°
prepared a NO, sensor based on SnO, nanocrystal decorated
MoS, nanosheets. The material was prepared as depicted in
Fig. 10c. A MoS, flake suspension was produced by lithiation of

This journal is © The Royal Society of Chemistry 2018
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MosS, followed by liquid exfoliation, then SnCl was added to the
suspension and Sn*" ions got absorbed on the negatively
charged flakes’ surfaces. Finally, the SnO,/MoS, hybrid was
obtained by annealing the filtered suspension at 300 °C in
argon. Interestingly, this material showed p-type behaviour
because of the p-doping effect of the SnO, nanocrystals. The
sensor based on the hybrid showed a decent sensitivity to NO,,
with a 30% response to 10 ppm and a detection limit of 0.5 ppm
combined with good reversibility and selectivity (Fig. 10d).

MosS, can also be functionalized with dangling molecules,
especially through the covalent attachment of thiolated mole-
cules on the sulphur vacancies of the MoS, surface.”’”> By
applying such a strategy, Jung et al'® developed a volatile
organic compound (VOC) sensor for breath analysis based on
MoS, nanosheets obtained via liquid-exfoliation functionalized
with mercaptoundecanoic acid (MUA). This sensor exhibited a
good sensitivity down to 1 ppm to various VOCs including
toluene, hexane, acetone, propanal and ethanol. Furthermore,
while the resistance of a pristine MoS, based device increased
upon exposure to all the sensed gases, the MUA-MoS, sensor
once exposed to the molecules with oxygen functionalities
displayed a decrease in the resistance. These differences originated
from the diverse interaction of the oxygen containing molecules
with the dangling MUA. In particular, the oxygen-bearing gas
molecules can interact via hydrogen bonding with the exposed
carboxyl group in MUA and then form an electron-rich region able
to transfer the charge to the MoS, sensing channel.

Among the other TMDs, MoSe,, WS,, WSe,, ReS, and PtSe,
have also been employed for fabricating gas sensing devices by
exploiting their diverse semiconducting characteristics and
their unique high surface area-to-volume ratios. For example,
MoSe, has found application as an NH; sensor in a study of
Late et al.>”® The device was based on a single-layer MoSe, flake
obtained via mechanical exfoliation deposited on a Si/SiO,
substrate and contacted with gold electrodes by EBL. The device
showed a sensitivity to NH; in concentration from 50 to 500 ppm
and a response time of 2.5 min. The doping effect of NH; was
also confirmed by the shift in the Raman spectrum after the
absorption of NH;.

WS, has been used in recent years as a sensor for N
humidity'®>?”* and alcohols.’*'%* Li et al.>* developed a tran-
sistor based on a mechanically exfoliated multilayer WS, flake
and measured the current change and the photoresponse of the
transistor when exposed to different gases including NHj,
ethanol and O,. In particular, NH; and ethanol behaved as
electron-donors, yielding an increase in current and photo-
responsivity in the n-type WS, device, while O, extracted
electrons from the device, resulting in a current decrease and
a lower photo-response. The device showed the highest sensi-
tivity toward NH; and really fast response and recovery to all the
sensed gases. Pumera et al.’°® prepared a chemiresistive device
depositing metallic 1T-WS, flakes obtained through liquid
exfoliation on an IDE. The selective vapour sensing capabilities
of the device were studied with impedance spectroscopy. When
exposed to methanol, the device presented an impedance phase
spectrum with a resonant frequency maximum around 1 Hz,

52,194
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while with water the maximum shifted to 1 kHz. Therefore, the
device was able to discern methanol and water isolated and
mixed together by simply selecting specific frequencies, even
when high concentrations of interfering gases were present.
Duesberg et al.'®! reported an NH; sensor based on CVD WS,
thin films. The films with thicknesses ranging from 1 to 50 nm
were grown on Si/SiO, substrates with gold IDEs using H,S
plasma to sulphurise WO; films at 500 °C. The so-achieved
devices demonstrated good sensitivity to NH3, with a detection
limit of 1.4 ppm.

WSe, is another TMD semiconductor which has been used
to detect toxic gases. Javey et al>’> assembled a p-type FET
based on mechanically exfoliated WSe, monolayers for NO,
detection. A high work function metal such as Pd was used as
source and drain electrodes to lower the contact resistance for
hole injection. Upon exposure to 0.05% of NO, the source-
drain current increased 5 orders of magnitude as a result of the
decrease of the Schottky barrier and increase of p-doping.
Furthermore, in devices with a top-contact gate the on-off ratio
was also greatly improved after NO, exposure.

Recently, ReS,, ReSe, and PtSe, have also been employed for
gas sensing.”’®>”° Yang et al. reported the photoresponse of
monolayer ReS,””® and ReSe,”*’® based FETs under red light
illumination in NH; and O, gases. The increase in current
that was observed under illumination was higher in an NH;
atmosphere for ReS,, while for ReSe, it was higher in an O,
atmosphere. With the aid of DFT spin-polarized calculations,
the reason for the different photoresponse behaviours of single-
layer ReS, and ReSe, FETs in O, and NH; was attributed to
the different transfer directions and quantities of electrons in
n-type ReS, and p-type ReSe,. Yim et al.>”® prepared a FET by
depositing a thin layer PtSe, film by CVD on a Si/SiO, substrate
and tested it as a photodetector and gas sensor. The FET
exhibited a fast detection of NO,, with a resistance decrease
of 0.25% to 1 ppm of gas and response and recovery times of
30 and 10 s respectively.

2.3 Gas sensing with other 2DMs

SnS, is a layered material similar to TMDs exhibiting a higher
electronegativity, which can potentially enhance the gas sensing
capabilities. Ou et al.**® developed a sensitive and selective NO,
sensor based on few-layer SnS, flakes obtained by a wet chemical
synthesis technique. The flakes, with lateral sizes ranging between
80 and 200 nm, were synthetized from a solution of SnCl, and
sulphur and then drop-cast on an IDE. The device displayed a
linear response from 0.6 to 10 ppm of NO,, with an extremely high
sensitivity of 3500% to 10 ppm of NO, and response and recovery
times of 170 and 140 s, respectively, at an operating temperature
of 120 °C. Furthermore, the device showed high selectivity to NO,
among high concentrations of various interfering gases; these
results were attributed to the strong affinity of SnS, for NO, as well
as the favourable Fermi level of SnS, to the energy of the partially
occupied NO, molecular orbitals.

In another example, Shi et al.”®' developed an NH; sensor
operating at room temperature based on flower-shaped nano-
flakes of SnS, prepared by a solution method. The sensing
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device was produced depositing a paste made of the inter-
connected flakes on an IDE. The sensor, when exposed to
concentrations of NH; ranging between 5 and 150 ppm, pre-
sented a 21% sensitivity to 5 ppm of gas with response and
recovery times of 40 and 100 s, respectively. Another NH;
sensor based on SnO,/SnS, hybrid flakes was fabricated more
recently by Xu et al.'®” To form the hybrid structure, SnS, flakes
were first produced by a solution method and deposited on a
gold IDE, then the device was heated to 300 °C in air in order to
partially oxidise the surface to SnO,. This device showed good
sensitivity to NH;, with a 16% response to 10 ppm of NH;,
which was much higher compared to the sample with non-
oxidized SnS, or with the completely oxidized SnO,. The device
also exhibited a good dynamic range from 10 to 500 ppm of
NH;, high reproducibility and a response time of just 11 s.
Black phosphorus is a promising candidate as a platform for
gas sensing for its electrical properties and its sensitivity to the
environment, which is usually considered as a drawback.'*?
First-principles calculations’®® made it possible to shed light
on the interaction of many gases with phosphorene. The gas
molecules can get physisorbed on the phosphorene surface and
interact via van der Waals forces, yielding a modification of the
electronic properties of phosphorene. O,, NO, and NO act as
strong electron acceptors, whereas CO, H,, H,O and NH; act as
electron donors. Abbas et al first reported on the chemical
sensing of NO, using a FET based on mechanically exfoliated
multilayer phosphorene.'*® The FET was produced by exfoliating the
black phosphorus with the Scotch-tape method on a Si/SiO, sub-
strate and patterning gold electrodes by EBL. The sensor displayed
increased conductivity upon NO, exposure with a 3% response to
5 ppb of the gas. Moreover, when the device was exposed to NO,
concentration ranging from 5 to 40 ppb, its response complied
with the Langmuir isotherm for molecules adsorbed on a surface,
confirming the charge transfer as a sensing mechanism.
Cui et al.*® reported a similar FET based on phosphorene nano-
sheets exfoliated with the Scotch-tape method for NO, sensing.
The sensor showed thickness dependent performance with
sensitivities up to 190% to 20 ppb of NO,, excellent stability
and high selectivity in the presence of interfering gases.
Phosphorene also demonstrated good sensitivity to organic
vapors'®® and humidity.*®* Pumera et al."®® developed a highly
selective methanol sensor based on black phosphorus plates
deposited on a gold IDE. The device was studied with EIS: when
exposed to methanol, a strong signal at a resonance frequency
of 1 kHz appeared in the impedance phase spectrum and its
intensity was proportional to the methanol concentration in the
380-1900 ppm range. High reproducibility, long-term stability
and excellent selectivity in the presence of interfering gases
were also established. Yasaei et al.>®* explored the possibility
of employing of phosphorene films as humidity sensors.
Phosphorene flakes were produced by ultrasonication in liquid
and then filtered to obtain thick films of stacked flakes that
were used as chemiresistors. When the humidity was increased
from 10 to 85% RH, the conductivity increased by 4 orders
of magnitude. From EIS measurements, a sensing mechanism
based on the formation of ionic charge carriers caused by
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ionization of the water molecules and solvation of the phos-
phorus oxoacids was hypothesized.

Hexagonal boron nitride also exhibits promising properties,
which make it an interesting material for gas sensing as was
assessed in few first-principles calculations.?®**®* However, the
only example of the application of hBN as a gas sensor was
reported by Feng et al.'®® In particular, an O, and CH, sensor
based on wafer-scale hBN nanosheets (1.7 nm thick) obtained
using the CO,-pulsed laser deposition technique was developed.
Such a sensor revealed a sensitivity to 100 ppm of O, of 150% with
response and recovery times around 70s and 100 s, respectively.
The sensitivity to 100 ppm of CH, was even greater (around
780% with response and recovery times reduced to 15s and
20, respectively). The highest sensitivity towards CH, could be
caused by the higher polarizability compared to O,, which
promotes its adsorption on the surface and at grain boundaries
of hBN, thereby changing its conductivity.

The properties and the performances of the gas sensing
devices based on TMDs and other layered 2DMs are summarized
in Table 2.

By and large, in this first part of this Review article we
have provided an overview on the recent developments in the
application of the most common 2DMs as gas sensors. From the
results highlighted, it is possible to affirm that 2DMs are fully
competitive materials for the production of high-performance
gas sensors with low operating temperature, thanks to their
peculiar properties. Among the 2DMs, pristine graphene does
not appear to be ideal for assembling sensing devices because
of its chemical inertness and zero-band gap, and thus lack
of semiconducting properties. In fact, the modulation of the
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semiconductivity is a key characteristic to harness the perfor-
mances of gas sensors. Furthermore, in pristine graphene the
absence of dangling groups on its surface that act as bonding
sites for the analytes hampers the gas absorption and the
sensing performances. Towards this end, doping and modifying
graphene with functional atoms and groups and assembly of
hybrid structures of graphene and functional nanomaterials
have been proven to be the winning strategies for the enhance-
ment of gas sensing performance. A different approach relies on
exploiting other 2DMs, which possess intrinsic functionality as
TMDs (MoS,, MoSe,, WS,, etc.). Unlike graphene, TMDs exhibit
remarkable semiconducting properties with a tuneable band
gap, which depends on their thickness and on the doping effect
of ad hoc molecules as the sensed gases. Therefore, TMDs are
overall promising materials for the fabrication of gas sensors.
Nevertheless, to date, their (production) costs and the hurdle
in the control over the thickness hinder their application in
competitive gas sensing devices.

A few challenges still need to be tackled in order to make
2DMs competitive for the industrial sensing market. In parti-
cular, while the sensitivity has evidenced great improvement,
an enhancement of response and recovery characteristics is
necessary. In fact, in most of the reported examples 2DM based
gas sensors exhibit slow response and incomplete recovery
when operating at room temperature. Additional performance
parameters that require improvements are selectivity and
stability. Most of these materials show a poor selectivity for a
cross-response to different sensed gases, and in many cases the
response signals are unstable. Such a modest selectivity can
hardly find a definitive solution because of the major hurdle of

Table 2 Comparison of the sensing performances of different graphene based gas sensors

Response/ Sensitivity
Material Sensed gases recovery time Limit of detection (response x ppm ™) Ref.
MoS, (ME) NO 0.8 ppm 190
NO,, NH;, H,0 1.372% (NO,) 14
TEA, acetone 155, 30s 1 ppm of TEA 5% (TEA) 193
MoS, (CVD) NO,, NH, >10 min 5 ppm 2.5% (NO,) 266
NO, 1 min, 30 min 120 ppb 333% 146
MoS, (CVD-Schottky contact) NO,, NH; 10-20 min 20 ppb of NO,, 1 ppm of NH;  1000% (NO,) 144
MoS, (CVD - vertically align) EtOH, NO, 10 min, 1 h 0.1% (NO,) 147
MoS, (LPE) NH, ppm 5% 265
MoS, (LPE in the presence of ~ VOCs (toluene, EtOH, 0.003-0.0015% 13
mercaptoundecanoic acid) hexane, acetone)
MoS, - array of devices (LPE)  NO, 1h,1h 2 ppb 10% 267
MoS,/graphene electrodes NH;, NO, 1.2 ppm of NO, 0.06% (NH3), 1.4% (NO,) 263
Sn0O,/MoS, NO, 5 min, 1 min 0.5 ppm 3% 270
H,0 34 883%/RH 198
Pd/MoS, H, 40s, 83 s 0.0032% 268
WS, H,0, MeOH 5.6 ppm of MeOH, 10% RH 195
NH; ~10 min 1.4 ppm 0.005% 194
WSe, NO, 200% 275
PtSe, NO, 30s,10s 0.25% 279
SnS, NO, 170 s, 140 s 30 ppb 350% 280
NH; 11s 10 ppm 1.6% 197
NH; 40 s, 100 s 4.2% 281
Phosphorene NO, 30s,840 s 600% 158
H,O0 135%/RH 282
hBN 0,, CH, 155,20 s 7.8% (CH,) 199

List of abbreviations. ME: mechanically exfoliated, TEA: triethylamine, CVD: chemical vapour deposition, align.: aligned, EtOH: ethanol,

LPE: liquid phase exfoliation, MeOH: methanol.
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supramolecular chemistry to develop highly selective receptors
for volatile gas molecules. Finally, the fabrication methods often
used as microfabrication and drop casting are not suitable for
the industrial scale up for their complexity and time-demand.

3 Applications in metal sensing

The rapid escalation of agricultural and industrial activities as a
result of population growth is yielding a dramatic proliferation
of the amount of pollutants released daily worldwide into the
environment.”®*">%” Metal ions in aqueous environments have
caused various diseases and have been a serious threat to
ecosystems and public health with the rapid development of
industry in recent years.>*®*?%? Great efforts have been made
towards fabricating portable sensors for monitoring heavy
metals in the environment. Within this framework also 2DM-
based materials have been integrated into different types of
sensors capable of detecting heavy and alkali metal ions via
electrical®®?°°3% and optical outputs.****!” The interactions
between 2DMs and metal ions have been extensively explored
in the past few years, and as a result, outstanding adsorption
capabilities have been achieved, opening new avenues in
the fields of wastewater purification and sensing.®® Several
excellent reviews have been published on the desalination of
water using neat or functionalized GO;**®*3>' these reports
discuss a variety of approaches to separate alkali metal ions
from either seawater or wastewater through incorporation of
GO or functionalized GO in membranes. Yet, those review
articles do not discuss the use of 2DMs as platforms for
sensing devices and in particular for detection of (heavy)
metal ions. Many efforts have been made towards developing
new robust technologies for low-cost and effective portable
sensors for monitoring heavy metals in the environment.
Among various approaches, those based on physisorption
or chemisorption, relying on the capturing of the pollutant
(i.e. analyte) by an adsorbent (i.e. receptor), are chemically
programmable as they exploit supramolecular recognition
events. Understanding the dynamic adsorption capabilities of
metal ions on the surfaces of 2DMs is therefore extremely
important and will be discussed prior to the use of 2DMs in
sensing devices for heavy metal ions.

3.1 The adsorption process

The development of ad hoc receptors of metal ions makes it
possible to exploit the reversible processes of adsorption and
desorption as extremely versatile strategies towards sensing in a
variety of environments. Moreover, by relying on the reversible
nature of non-covalent interactions, the sensor can exhibit a
quick response, a fast recovery rate (i.e. real-time monitoring)
and a facile regeneration to enable its use multiple times. 2DMs
are atomically thick and possess two planar surfaces available
for metal ion adsorption, thus featuring extremely high surface
area-to-volume ratios. In particular, GO is very interesting for
the removal of metal ions due to its unique hydrophilic nature
and the presence of functional groups containing oxygen
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atoms, which can efficiently bind the metal ions to form strong
surface complexes.”®*>? On the other hand, TMDs intrinsically
possess numerous chalcogen atoms, which can act as potential
coordination sites for certain heavy metal ions. The adsorption
capabilities of 2DMs will be evaluated through the maximum
adsorption capacity (gmax) defined as the ratio between the
maximum loaded mass of the analyte expressed in milligrams
and the mass of the absorbent expressed in grams.

3.1.1 Metal sensing with graphene, graphene oxide and
related composites. Graphene-based materials are being
considered as the most promising absorbents for capturing
various heavy metal ions.*****> Remarkably, graphene can be
easily produced in the form of GO, which displays numerous
oxygen-rich functional groups such as carbonyls, epoxides, and
hydroxides that both act as reactive sites for further covalent
functionalization, and can interact via dipole-dipole or strong
electrostatic interactions with metal ions, enhancing the
occurrence of adsorption events. While several excellent
reviews have been published on the desalination of water using
neat or functionalized GO,*'®?*! these reports discuss a variety
of approaches to separate alkali metal ions from either sea-
water or wastewater and do not discuss the abilities of other
2DMs as platforms to adsorb (heavy) metal ions. Conventional
methods for the quantification of heavy metal ions include
plasma mass spectrometry (ICP-AES), atomic absorption/
emission spectroscopy (e.g. F-AAS, UV-Vis), and polarography.
To define the concentration of the remaining heavy metal ions
after adsorption, we should calculate the difference between
the initial (Cp; mg L") and the equilibrium (C,;; mg L)
concentration. The equilibrium sorption capacity and time-
dependent capacity were determined using eqn (2):

g = (C() — Ce) xV (2)
Madsorbent
where ¢, is the equilibrium amount of heavy metal ions
adsorbed per unit mass (m) of adsorbent (mg g %), and V is
the volume of the metal ion solution.

Among various adsorption isotherm models, the Freundlich and
Langmuir models are most commonly used to estimate the maxi-
mum adsorption capacity (gmax) of metal ions on both 2D and 3D
carbon-based adsorbents.**>******%*7 GO and chemically modified
graphene oxide (CMGO) are considered as promising adsorbents for
the removal of heavy metal ions such as Pb(m),’3>*32673%¢
Cu(H)’78,327,335,337,339,347,349,351,3567366 Cr(VI ’262,286,337,355,3677377
Cd(n),78’327’340’349’355 Hg(n)’335,349,355,378,379 Ni(II),355’380 Co(n),381
Mn(u),>*” Pd(u),*** Sr(u),*** Au(m),*®* As(v),*** and U(v1).*8>3%”
Moreover, in order to increase the adsorption capacity and
simplify the separation of the GO from water, numerous hybrid
materials have been investigated and include combinations of
GO/CMGO with poly(acrylamide) (PAM),*****" poly(N-vinyl-
carbazole) (PVK),**® hyperbranched polyamine (HPA),** iron oxide
(Fe;0,),***?3433% polyamidoamine dendrimers (PAMAMs),>*’
ethylenediaminetetraacetic  acid (EDTA),**>**®  chitosan
(CS),>37:339350,374382 o1 Hybrids of GO with other polymers
have also been used to remove organic contaminants from

water.>%8
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Among numerous factors affecting the adsorption capacity,
the initial concentration of the solution, phase contact time,
temperature and pH are found to play crucial roles in the
process of adsorption of metal ions on GO.

The adsorption properties of neat GO towards divalent metal
ions (copper, zinc, cadmium and lead) were investigated by
Sitko et al’® In this seminal work, it was shown that GO
prepared via the oxidation of synthetic graphite flakes using
potassium dichromate possesses impressive maximum adsorp-
tion capacities (gmay) for Cu(u) (223 mg g~ '), Zn(u) (345 mg g~ ),
Cd(n) (530 mg g™ "), and Pb(u) ions (1120 mg g~ '). The single
and competitive adsorption of Cu(u), Zn(u), Cd(u) and Pb(u)
shows that the affinities of GO for these metal ions follow the
order of Pb(m) > Cu(u) >» Cd(u) > Zn(u). Since then, many
groups have investigated the impact of GO functionalization
(with chemical groups and inorganic compounds) on its maximum
adsorption capacity. The most relevant results reported so far
are listed in Table 3.

Table 3 Maximum adsorption capacities of CMGO composites used in
the Pb(i) removal process

Adsorbent gmax (Mg g7')  Conditions Ref.
Few layer GO 1850 pH=6,T=333 K 322
758“ pH=5.5,T=333 K 332

GO 1119¢ pH=5,T=298 K 78
rGO/PAM 10007 pH =6, T=298 K 328
PVK-EGO 888 pH=7,T=298K 329
HPA-GO 820 pH=5.9,T=318K 330
PAM-G 820 pH=6,T=288K 331
MnFe,0,/GO 673% pH =5, T=298 K 333
GO/Fe;0, 5887 pH =5, T =303 K 334
GO/PAMAMSs 568” pH =6, T=283 K 327
EDTA/CMGO 508¢ pH=4.2,T=298 K 335
EDTA/GO 479¢ pH=6.8, T=298 K 336
CS/GO 461° pH=6,T=318 K 337
99“ pH =6, T=298 K 352
Fe;0,/cysteine 459¢ pH=6,T=298 K 338
CS/GO-SH a47? pH=5,T=293 K 339
Polydopamine/GO 365“ pPH =NA, T=298 K 340
NH,-Si0,/GO 345% pH=5,T=313K 341
Mesoporous silica/GO 333¢ pH=7.1,T=298 K 342
Ag/GO 313¢ pH=53,T=298K 343
Hydroxyapatite/GO 278% pH = 4.5, T=308 K 344
Polysiloxane/GO 256 pH=5,T=313K 345
Phenylenediamine/rGO 228 pH=7,T=298K 346
Tryptophan/GO 222° pH=4,T=293K 347
GO/polyaniline 217¢ pH=5,T=303 K 348
CS/FeOOH/GO 111¢ pH=5.5,T=313 K 350
GO-SH 108 pH =4-10, T=298 K 351
GO-NH, 96“ pH =6, T=298 K 326
MHCGO 79¢ pH=5.5T=298K 353
CMGO 77¢ pH=5,T=298K 354
Fe;0,-G 28” pH =6, T =293 K 355
NH,-Si0,/GO 14° pH=5.5T=298K 356

List of abbreviations. rGO: reduced graphene oxide, PAM: poly(actylamide),
PVK: poly(N-vinylcarbazole), HPA: hyperbranched polyamine, MnFe,O,: man-
ganese iron oxide, Fe;O4: iron oxide, PAMAM: polyamidoamine, EDTA:
ethylenediaminetetraacetic acid, CMGO: chemically modified graphene
oxide, CS: chitosan, GO-SH: sulfhydryl-functionalized graphene oxide,
NH,-Si0O,: amino-siloxane, FeOOH: iron(m) oxide-hydroxide, GO-NH,:
aminosilanized graphene oxide, MHCGO: magnetic carboxymethyl
chitosan.” Quax values were calculated using Langmuir isotherms.
b Qmax values were calculated using Freundlich isotherms. ¢ Qpax values
were calculated using Redlich-Peterson isotherms.
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Zhao et al. demonstrated that the gnma.x values of two- or
three-layer thick GO nanosheets synthesized from flake-
graphite through modified Hummers’ method can be tuned
with temperature.®** Interestingly, it has been shown that the
adsorption of Pb(u) ions on few-layer thick GO nanosheets was
independent of the ionic strength, i.e. not affected by concen-
trations of background electrolyte (NaClO,) at pHs ranging
from 1 to 13. In particular, the gmax values of Pb(u) ions
calculated using the Langmuir model are 842, 1150, and
1850 mg g~ ' at 293, 313, and 333 K, respectively. Yang et al.
proposed a different approach which relies on the functionali-
zation of rGO with water-soluble poly(acrylamide) (PAM).**®
The GO prepared following the Staudenmaier method was
thermally reduced, yielding rGO. PAM is a polymer with a large
number of acetylamine groups in its macromolecular chains,
which can interact with metal ions via coordination. In particular,
the carboxyl groups at the peripheries of the rGO sheets were
converted to amine groups by reaction with N-hydroxysuccinimide
and 1,3-diaminopropane, and a free-radical polymerization initiator
was anchored to the rGO sheets. The highest adsorption
capacity of rGO/PAM for Pb(i) was 1000 mg g~ * (298 K), which
is comparable to that of the neat rGO.

Aqueous solutions containing copper ions have been exploited
for technological applications in the fields of mechanical
manufacturing, electroplating, the light industry and architecture.
Yet, these solutions may cause serious diseases in the human
central nervous system.’®’ According to EPA regulations,
the copper concentration in drinking water should not exceed
1300 ng mL ".**' Tan et al prepared a hybrid composite
including t-tryptophan (1-Trp) and GO by nucleophilic substitu-
tion reaction in order to increase the hydrophobicity of GO and
to promote the sorption.**” It was found that such chemical
modification of GO increases its sorption capacity from 223 to
588 mg g~ . It has been shown that that high removal efficien-
cies can be obtained, reaching values exceeding 95% at pH 5
and 4 for Cu(u) and Pb(u), respectively.

Several examples of CMGO-based adsorbents rely on the use
of chitosan as a molecule possessing a high affinity for heavy
metal ions.*>*7?3%399374382 Chitosan reacts with the carboxyl
groups of GO and forms amide bonds.”***** In particular,
chitosan modified GO has been prepared via covalent modifica-
tion and electrostatic self-assembly by Li et al.**° The introduc-
tion of GO-SH sheets as an interlayer can offer extra space into
the chitosan structure and further increase the specific surface
area. The results indicated that a new type of sorbent material,
with functional groups such as -OH, -COOH, -SH and -NH,,
has a high adsorption capacity of copper ions (425 mg g, see
Table 4). Furthermore, the recyclability of the sorbent has been
studied by treating it with HNO; and EDTA solutions. The
chitosan (CS)/GO-SH hybrid revealed a decrease of the adsorp-
tion capacity over three cycles by 23% for Cu, 25% for Pb and
26% for Cd ions. The chitosan/GO hybrid in the form of a
nanofibrous composite has been studied by Najafabadi et al.>*”
The nanofibrous morphology of the hybrid material has been
achieved through the use of an electrospinning process.
The maximum Cu(n) adsorption capacity was estimated
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Table 5 Maximum adsorption capacities of CMGO composites used in
the Cr(vi) removal process

Adsorbent Gmax (Mg g ) Conditions Ref. Adsorbent gmax (Mg g~')  Conditions Ref.
Trp/GO 588“ pH =5,T=293 K 347  PPy/cyclodextrin/GO 667 pH=2,T=318K 367
CS/GO 425° pH=5T=293 K 339  PPy/GO 497¢ pH=3,T=293K 368
424° pH=6,T=318 K 337  CS/GO 310° pH=3,T=318K 337

203" pH=5,T=293 K 358 219° pH=2,T=293 K 371

162 pH = 5.5, T=303 K 359 145¢ pH =3-4,T=303 K 374

54¢ pH=5,T=293 K 366 108° pH=2,T=303K 376

Polyallylamine/GO ~ 349° pH=6, T=293 K 357  Fe;0,/GO 2597 pH =2, T=298 K 369
EDTA/CMGO 301¢ pH=5,T=298 K 335  Trioctylamine/GO 2324 pH=2.5-3, T=293 K 370
GO 294° pH =5, T=298 K 78  G-MgAl-LDH 172? pH=2,T=293K 372
117? pH=5.3, T=293 K 361 Fe/G 162° pH = 4.5, T=293 K 373

GoJ/cds 137° pH =6, T =298 K 360  Cyclodextrin/GO 120° pH =3, T=293 K 286
GO-EDTA 109° pH=5,T=293K 362  Fe;0,/TiO,/GO 118° pH=2,T=303K 375
GO-NH, 103¢ pH =6, T =298 K 363 DCTA/GO 84? pH=2,T=303K 377
GO-SH 100 pH=6,T=298 K 363  Fe;04/G 17° pH=1-3,T=293 K 355

42¢ pH=5-10, T=293 K 351

GO/PAMAMS 69% pH = 4.5, T=298 K 307  List of abbreviations. PPy: polypyrrole, CS: chitosan, Fe;O,: iron oxide,
SMGO 63 pH=4.7, T=323 K 364  TiOy: titanium dioxide, G-MgAI-LDH: graphene-magnesium/aluminum-
Alginate/GO 60% pH = NA, T = 293 K 365 layered double hydroxide, DCTA: 1,2-diaminocyclohexanetetraacetic
NH,-Si0,/GO 6% pH = 5.5, T = 293 K 356  acid.” Qmay values were calculated using Langmuir isotherms. ” Qpay

List of abbreviations. Trp: tryptophan, CS: chitosan, EDTA: ethylene-
diaminetetraacetic acid, CMGO: chemically modified graphene oxide,
CdS: cadmium sulfide, GO-NH,: aminosilanized graphene oxide,
GO-SH: sulfhydryl-functionalized graphene oxide, PAMAM: polyamido-
amine, SMGO: sulfonated magnetic graphene oxide, NH,-SiO,: amino-
siloxane.” Qnax values were calculated using Langmuir isotherms.
b Qumax values were calculated using Freundlich isotherms. © Qpax values
were calculated using Redlich-Peterson isotherms.

to be 423.8 mg ¢~ '. It was shown that the g, decreased slowly
with increasing cycle number; such behaviour was attributed to
the decrease in the availability of active sites of adsorbent for
metal ions. CS/GO-SH nanofibers could be used up to the fifth
cycle of regeneration using HNOj; solution by retaining 91.5%
of the initial adsorption capacity for Cu(u) ion sorption.
Chromium, which exists most frequently as Cr(m) and
Cr(vi),>”” is commonly used in metallurgy, tanning, military,
dyes and pigments.*®®*%° Generally, Cr(vi) compounds are con-
sidered to be more toxic than Cr(m) because of their toxicity to
humans, animals, plants and microorganisms.?””**® A variety of
chemical approaches has been employed in order to increase the
affinity of GO towards chromium ions. For example, function-
alization of GO with polypyrrole (PPy), a widely studied conductive
polymer, has been exploited by Li et al.**® The PPy/GO composite
nanosheets prepared by the sacrificial template polymerization
method exhibit an adsorption capacity for Cr(vi) ions as high as
497 mg g~ '. Moreover, the adsorption capacity of the PPy/GO
composite nanosheets is about twice as large as that of conven-
tional PPy nanoparticles.>*>*°* Supplementary studies showed
that subsequent covalent functionalization of PPy/GO with
o-cyclodextrin®®” leads to maximum adsorption capacities of
606 mg g~ at 25 °C and 667 mg g~ at 45 °C (Table 5).
Numerous organic and inorganic compounds have been used
to functionalize GO and form composites in order to detect
and capture other heavy metal ions like Cd(u),”®327,340,349,355
Hg(n),?>*4937837%  Ni(u),>*>**°  Co(u),*** Mn(u)’¥ Pd(u),**
sr(m),*®* Au(m),*®* As(m)*®** and U(m)***>*" efficiently from
aqueous solutions. Zhang et al. demonstrated that efficient
CMGO-based sorbents could be achieved by decorating GO with
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values were calculated using Freundlich isotherms. ¢ Qu. values were
calculated using Redlich-Peterson isotherms.

polyamidoamine dendrimers (GO/PAMAMsS).**” The adsorption
behaviour of GO/PAMAMSs for heavy metal ions in water
solution was studied by changing the concentration of heavy
metal ions, pH values, and temperature. The maximum adsorp-
tion capacities of GO/PAMAMs were found to be 568.18, 253.81,
68.68, and 18.29 mg g~ ' for Pb(n), Cd(u), Cu(u), and Mn(m),
respectively. Noteworthily, it was also found that the adsorption
capacities of the GO/PAMAMSs for the heavy metal ions were
highly pH dependent. In particular, at pH < 3, the hydronium
ions of higher concentration compete with M(u) to grasp the
adsorption sites. With an increase of pH, the protonation
degree of the amino groups weakened, and the coordination
and chelating ability of PAMAM’s amino groups toward Pb(u),
Cd(u), Cu(u), and Mn(u) was reinforced.

Conducting polymers interfaced with carbon and carbon-
based derivatives have displayed an enhanced removal of
mercury and other toxic materials from water. A facile chemical
route was reported by Chandra et al*’® In particular, they
showed that polypyrrole (PPy)-rGO composites possess a highly
selective Hg** removal capacity. rGO sheets cross-linked with
polypyrrole exhibited an increased surface area of 166 m* g~ .
The uptake of Hg>* by PPy/rGO has been estimated to be as high
as 980 mg g~ ". Furthermore, PPy/rGO possesses an extremely
high desorption capacity of up to 92.3%. Chitosan/GO (CSGO)
composites with three different loadings of GO, i.e. 5, 10 and
15 wt%, were prepared for the adsorption of Au(u) and Pd(u)
by Liu et al.*®* The adsorption capacities of Au(m) and Pd(u)
onto the CSGO composites were high at pH 3.0-5.0 for Au(u)
and pH 3.0-4.0 for Pd(u). It was found that the composite with
5 wt% of GO had the largest adsorption capacity for Au(m) and
Pd(u) compared with the other prepared adsorbents, where
the maximum adsorption capacities were 1076.6 mg g ' and
216.9 mg g~ for Au(m) and Pd(n), respectively.

Noteworthily, GO-based composites can also be used in the
adsorption process of radioactive ions.**>%” Chen et al. reported
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on the amino functionalized magnetic graphene oxide compo-
site (AMGO) synthesized by a facile, one-step solvothermal
method, tailor made for the removal of U(vi) from aqueous
solutions.*®” It was shown that the sorption of U(vi) on AMGO
occurs via the formation of coordination complexes with the
nitrogen- and oxygen-containing functional groups. It was
concluded that the chemical affinity of the U(vi) for the nitrogen
containing functional groups is stronger than that for the
oxygen containing functional groups. Interestingly, the AMGO
composite could be recovered from the solution with magnetic
separation within one minute. The same group demonstrated
that the adsorption capacity of CMGO towards uranium can be
improved by functionalizing GO with activated carbon felt
(ACF) through electrophoretic deposition and subsequent thermal
annealing.’®® The gax of GO-ACF for U(vi) was 298 mg g~ * at
pH 5.5, which is much higher than that of ACF (173 mg g™ ),
thus suggesting that the carboxyl functional groups of GO-ACF
play a salient role in the sorption process, yielding a high
efficiency for the removal of U(vi) (Table 6).

3.1.2 Metal sensing with transition metal dichalcogenides.
TMDs are characterized by an abundance of intrinsic chalcogen
atoms, which are suitable coordination sites for certain heavy
metal ions. For this reason, TMDs are now being considered
as promising sorbents. In particular, due to the strong non-
covalent sulphur-mercury and sulphur-lead interactions, MoS,
has been recently investigated for the efficient purification of
wastewater. The thickness of the S-Mo-S triple layer in MoS,
amounts to 3.17 A, resulting in a distance of 2.98 A between two
neighbouring layers."*® Such a distance is too narrow to allow
the penetration of hydrated chalcogen ions into the interior
spaces where the vast majority of potential coordination sites
are located.*> Therefore, maximizing the number of accessible
sulphur atoms is a crucial step in using layered TMDs in the
high-efficiency removal of heavy metal ions from contaminated
water. Numerous papers have been published on the control
over the interlayer spacing of MoS,, by either post-treatment of
bulk MoS, or in situ synthesis. For example, Gao et al. reported
the preparation of MoS, with an interlayer spacing of 9.4 A
via the intercalation of oxidized DMF species.*** Zheng et al.
demonstrated that the interlayer spacing of MoS, could be
increased to 7.08 A, 8.99 A, and 11.61 A by intercalation with
Li*, K" and Na“, respectively.>** Recently, Ai et al. showed that
the interlayer spacing of MoS, can also be controlled by
the synthesis temperatures.’®® In particular, the interlayer
spacing of the obtained MoS, was greatly increased (9.5 A) in
the 140-200 °C temperature range; upon further increase of
the temperature up to 220 °C, the interlayer spacing of the
obtained MoS, was found to be almost identical to that of
bulk MoS,. Additionally, due to extremely fast adsorption
kinetics the reduction of mercury ions concentration has been
observed (Fig. 11a). In brief, 20 mg of widened defect-rich nano
MoS, (W-DR-N-MoS,) was added to 200 mL of an aqueous
solution containing 10000 ppb of Hg>". The concentration of
Hg>" drastically decreased to 16.9 ppb after 5 min of treatment,
indicating a removal efficiency of 99.83%. The structural
features of W-DR-N-MoS, were systematically investigated
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Table 6 Maximum adsorption capacities of CMGO composites used in
the removal process of various metal ions

Adsorbent  Contaminant gm., (mgg ') Conditions Ref.
GO Cd(u) 530° pH=5T=298K 78

GO/PAMAMSs 253° pH=5T=298K 327
PDA/GO 210° pH =NA, T=298 K 340
Fe;0,/G 28P pH =6-7, T=293 K 355
PPy-rGO Hg(n) 980° pH=3,T=293K 378
Ferrite/CS/G 361° pH=7,T=323K 379
EDTA-GO 268° pH =4.1,T=298K 335
Fe;0,-G 23° pH =6-7, T=293 K 355
GO-G Ni(m) 37 pH=6,T=293K 380
Fe;0,-G 227 pH = 6-7, T=293K 355
GO-NH, Co(m) 116° pH=6,T=298K 381
GO/PAMAMs Mn(n) 18° pH=4,T=298K 327
CS/GO Pd(m) 216° pH=3,T=323K 382
PAM/GO Sr(m) 185° pH =85, T=303 K 383
CS/GO Au(u) 1076“ pH=4,T=303K 382
GO-FeOOH  As(v) 734 pH=7,T=298K 384
GO/AC U(v) 298° pH=5T=298K 385
GO-sepiolite 161° pH=5,T=298K 386
GO-NH, 141° pH=6,T=298K 387

List of abbreviations. PAMAM: polyamidoamine, PDA: polydopamine,
Fe;0,: iron oxide, PPy: polypyrrole, CS: chitosan, EDTA: ethylenedi-
aminetetraacetic acid, GO-NH,: aminosilanized graphene oxide, PAM:
poly(acrylamide), FeOOH: iron(m) oxide-hydroxide, AC: activated
carbon. ¢ Qua values were calculated using Langmuir isotherms.
b Qmax values were calculated using Freundlich isotherms.

(Fig. 11b-e). They revealed for the first time that such
widened defect-rich MoS, (W-DR-N-MoS,) nanosheets are
capable of capturing Hg(u) ions, with an extremely high gqax
(2563 mg g~') (Fig. 11f) closely matching the theoretically
predicted value of 2506 mg g ' (assuming a stoichiometric
S/Hg ratio of 1:1), which is higher than the g, values of
the best adsorbents reported to date.’**°® The selectivity of
W-DR-N-MoS, exhibited negligible capturing capability for
various competitive ions, such as Na*, K', Ca*>", Mg?*, AI*",
cr**, Mn?*, zn** and Cd*", and even inferior capturing capacity
for Fe**, Ccu®* and Pb*".

Liu et al. showed that MoS, exhibits a superior ability to
adsorb lead ions.>*® MoS, nanosheets were prepared with an
ultrasound assisted electrochemical exfoliation method. As in
the case of Hg(u) ions the adsorption capacity of MoS, towards
Pb(u) can be attributed to the coordination of Pb(u) with the
S atoms of MoS,. Moreover, the strength of such non-covalent
interactions is reinforced by electrostatic adsorption. The
experimental Pb(u) uptake capacity of MoS, was estimated to
be as high as 1479 mg ¢~ . The adsorption followed the Freundlich
isotherm model and fitted well with both the pseudo-first-order
and pseudo-second-order kinetic models. The adsorption of
Pb(u) on MoS, materials was further confirmed by SEM-EDS
(Fig. 12a-d) and XPS measurements (Fig. 12e). The immobiliza-
tion of heavy metal ions on 2DMs is depicted in Fig. 12f. The
adsorption might be attributed to the chemical adsorption due to
the complexation of Pb(u) with intrinsic S or O atoms exposed on
the MoS, surfaces, together with electrostatic adsorption.

Other studies showed that the modification or the use
of MoS, as a component of a hybrid material does not increase
the gmax towards Pb(i)*?>*°® and Hg(u)**>**"*°* (see Table 7).
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Fig. 11 (a) Purification of a natural water sample. The mercury-contaminated water was passed through a purification column filled with W-DR-N-MoS;:
(b) TEM image of W-DR-N-MoS,. (c) HRTEM image of the basal plane of W-DR-N-MoS,; the inset shows the corresponding SAED pattern. (d) XRD
pattern and the cross-sectional HRTEM image of W-DR-N-MoS,. (e) Structural model of W-DR-N-MoS, with an enlarged interlayer spacing and multiple
defects on the basal planes (the sulphur atoms are yellow and the Mo atoms are purple). (f) Mercury adsorption isotherm, compared with commercial

MoS, powder, DF-N-MoS, and DR-N-MoS,. Adapted from ref. 395 with permission of Wiley-VCH.
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Fig. 12 (a) SEM image of a Pb(i) loaded 2DM. (b—-d) SEM-EDS elemental mapping images of S, Mo, and Pb, respectively. (e) XPS survey spectra of 2DM
before and after Pb(i) adsorption. (f) Diagrammatic illustration of the mechanism for Pb(i) adsorption on the 2DM. Adapted from ref. 399 with permission

of Elsevier Ltd.

Table 7 Maximum adsorption capacities of TMD composites used in the
removal process of Hg?* and Pb?* metal ions

qmax
Adsorbent Contaminant (mgg ') Conditions Ref.
W-DR-N-MoS,  Hg(u) 2563 pH = NA, T = NA 395
Au/Fe;0,/MoS, 1527° pH=5T=293K 402
MoS, 3052 pH=6,T=308K 401
MoS, Pb(n) 1479? pH=5T=308K 399
Co-MoS, 660 pH=1-6,T=293 K 400
Mn-MosS, 588¢ pH =1-6, T=293 K 400

List of abbreviations. W-DR-N-MoS,: widened defect rich nano molybdenum
disulfide, Au: gold.” Q. values were calculated using Langmuir isotherms.
b Qmax values were calculated using Freundlich isotherms.

3.2 Fluorescence-based metal sensors

Colorimetric sensors for metal ions comprise two key features,
i.e. a metal chelating or binding (coordination) pocket and at
least one fluorophore capable of absorbing and/or emitting light.
Fluorescence sensing is based on analyte-induced changes in the

4882 | Chem. Soc. Rev., 2018, 47, 4860-4908

physicochemical properties of fluorophores, including fluores-
cence intensity, lifetimes, and anisotropy, which are related to
charge transfer or energy transfer processes.’” To function as a
sensor, the electronic structure of the sensor must be altered
upon metal binding. Changes in the electronic structure of the
sensor can lead to the changes in the intensity or wavelength of
light absorption or emission, while changes in the molecular
structure can modify the distance or alignment between a pair of
fluorophores that serve as a donor-acceptor pair.

3.2.1 Graphene-based fluorescent metal sensors. Graphene
oxide has superb fluorescence quenching capability.***** For
example, a fluorescent quantum dot (QD)-aptamer-GO sensor
based on the nanometal surface energy transfer (NSET) mechanism
was designed by Qian et al. in order to detect Pb*>" ions.*®® In
particular, photoinduced electron transfer between graphene
quantum dots and GO was employed to achieve the controllable
fluorescence turn-on process. The capability of the QD-aptamer—
GO nanosensor to detect Pb(u) and other ions with high sensitivity
and good reproducibility is demonstrated in Fig. 13.

This journal is © The Royal Society of Chemistry 2018
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Fig. 13 (a) Fluorescence recovery of the aptamer—-rGQD/GO system after incubation with various concentrations of Pb?* (0.0, 29.0, 87.0, 145.0, 290.0,
435.0, 580.0, 725.0, 870.0, 1015.0, 1160.0, 1305.0 nM). (b) Linear relationship between the fluorescence intensity and the concentration of Pb?*.

(c) Fluorescence intensity changes (I — Io/lo) of the sensor in the presence of various metal ions. Adapted from ref. 306 with permission of Elsevier Ltd.

Li et al. demonstrated that the single-stranded DNA (ssDNA)
aptamer attached on GO can specifically bind to the mercury
ions, leading to the formation of a hairpin-shaped double-
stranded DNA (dsDNA) structure.’”” The water-dispersible GO
sheets, which are functionalized with the ssDNA aptamer, exhibit
strong fluorescence emission at 600 nm under excitation at
488 nm in the absence of Hg(n) ions. When Hg>" ions appear in
the aqueous solution, they are sandwiched between the hairpin-
shaped dsDNA due to the formation of the thymine-Hg(u)-
thymine complex, which grasps the Hg>" ions in proximity
to the surface of GO. As a result, the fluorescence emission
of GO is quenched. Such a sensor shows a limit of detection
as low as 0.92 nM and excellent selectivity towards Hg(u) over a
wide range of metal ions including K, Ag", Ca**, cd**, Cu®",
Pb>", Ni**, Co®>" and Fe**. Recently, Wen et al. reported a FRET
sensor based on a cytosine rich DNA probe and GO.’°® In the
presence of Ag', a DNA-Ag' complex was formed, and the
conformation of the probe changed to straight stiff, resulting in
the desorption of DNA from the surface of GO and fluorescence
recovery (Fig. 14a). Fluorescence spectra of the cytosine-rich
oligonucleotide (SSO) probe upon incubation with a series of
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concentrations of Ag" and then mixed with GO are portrayed in
Fig. 14b. This assay is based on the interaction between the
target-induced conformational change of the SSO fluorogenic
probe and graphene oxide quenching effects. The use of a simple
mix-and-detect analysis revealed a high selectivity toward Ag" as
determined in the presence of ten times higher concentrations
of 12 different interference metal ions (Fig. 14c).

3.2.2 Transition metal dichalcogenide based fluorescent
metal sensors. As a result of their finite band gaps, TMDs
exhibit interesting optical properties. By mastering the selective
recognition capabilities of TMDs toward specific heavy metal ions,
several fluorescent sensors for metal ion detection have been
developed recently, highlighting the promise of using TMD-based
materials to construct novel nanoprobes for chemical sensing and
in particular for detection of metal ions.****'* For heavy metal
ion sensors, TMDs are either non-covalently functionalized
with molecules, which are used as sensing probes - because
of their high binding affinity to heavy metal ions,*'* or
covalently modified, e.g. through N- or B-doping.*"" Mao et al.
reported a seminal study on the use of single layer MoS, as the
fluorescence quencher to design a probe for detection of Ag'
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Fig. 14 Schematic illustration of the fluorescence sensor for Ag() ions based on the target-induced conformational change of a silver specific cytosine-
rich oligonucleotide (SSO) and the interactions between the fluorogenic SSO probe and graphene oxide: (a) FAM-labelled silver-specific oligonucleotide
probe. (b) Fluorescence spectra of the SSO probe upon incubation with a series of concentrations of Ag* and then mixed with GO: a 0 M, b 20 nM,
c 40 nM, d 60 nM, e 80 nM and f 150 nM. All experiments were carried out in MOPS buffer (10 mM, pH 7.0) containing 50 mM NaNOsz and 10 nM SSO.
Ag™" of different concentrations were incubated in this solution for 5 min at 23 °C and then the fluorescence spectra were recorded 2 min after
GO (10 mg) was added to this mixture. /e, = 494 nm. (c) Selectivity of the analysis of Ag* ions in the presence of different metal ions. The concentration
of Ag* was 100 nM, whereas all other interference metal ions were 1 pM. Adapted from ref. 308 with permission of the Royal Society of Chemistry.
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Table 8 Comparison of the sensing properties of different TMD based
fluorescent sensors

Material Analyte Linear range Detection limit ~ Ref.
MoS, Ag(1) 10-500 nM 1 nM 309
WS, 5.0-1000 nM 1.2 nM 313

Hg(u) 6.0-650 nM 3.3 nM 313
B,N-MoS, 0.01-3 pM 1 nM 311
BP-TPPS 1-60 nM 0.39 nM 317
MoS, Pb(u) 0.5-12 uM 0.22 uM 312
BP-fibres 0.1-1.5 x 10" ppb  0.25 ppb 315

List of abbreviations. TPPS: tetraphenylporphyrin tetrasulfonic acid.

with excellent sensitivity and selectivity. The detection limit in
this assay was found to be as low as 1 nM for Ag*.>%°

Recently, a fluorescent nanoprobe based on MoS, nanosheets
for selective and ultrasensitive detection of Ag" (down to 10 nM)
ions alike in aqueous solutions and biological cells (Escherichia
coli) was developed by Yang et al.*'® In this study Ag' ions were
reduced to Ag°, which led to the detachment of rhodamine B
isothiocyanate (RhoBS) non-covalently interacting with MoS,
nanosheets, which resulted in the quenching of its fluorescence
(see Table 8 for details).

An interesting approach for enhancing the fluorescence of
MoS, was proposed by Liu et al*'* and it relies on covalent
modification of MoS, nanosheets with either boron or nitrogen
atoms. Boron and nitrogen doping results in changes in the
band gap of MoS,, which increases from 1.20 eV to 1.61 eV. The
as-prepared B- and N-doped MoS, nanosheets were used as
facile, green, label-free and effective sensing platforms for Hg**
ions. The modified nanosheets exhibit enhanced fluorescence
properties compared with the undoped MoS,, which were highly
quenched after selective absorption of Hg>*. Wang et al. found
that after the doping with Pb** ions the fluorescence of MoS,
nanosheets was enhanced, which was subsequently quenched by
the addition of sulphide ions.*'* The fluorescence quantum yield
measurements of the single layer MoS, was estimated to be
~0.28%. The quantum yield of the doped MoS, nanosheets was
calculated to be ~0.73%, thereby indicating that molecular
doping of MoS, nanosheets with lead(n) metal ions strengthened
their fluorescence.

To date, little has been done on the application of WS,
nanosheets in biological and chemical sensing. For example,
Zuo et al. developed a novel dual-colour fluorescence biosensing
platform based on WS, nanosheets.*'? The sensor could achieve
simultaneous detection of Hg>" and Ag" in a high sensitivity and
wide linear range by monitoring fluorescence intensity changes
at 525 nm and 583 nm, respectively. Hg>" and Ag" were selec-
tively detected in the concentration range from 6.0 to 650.0 nM
and from 5.0 to 1000.0 nM, with detection limits of 3.3 nM and
1.2 nM, respectively. The fluorescence intensities in the presence
of other heavy metal ions changed by ~5% when the cation
concentrations were 10-fold greater than those of Hg®>" and Ag"
ions, indicating that the developed biosensor is highly selective
for mercury and lead ions.

3.2.3 Other 2DM based fluorescent metal sensors. Liu et al.
showed an integrated black phosphorus-tilted fibre grating (TFG)
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configuration as an enhanced light-matter interaction platform
for heavy metal sensing.>'® BP nanosheets were produced by
liquid-phase exfoliation and deposited through an in situ layer-
by-layer technique. The BP-TFG composite was exploited as the
optic probe for Pb*>" ion detection, and the results showed an
ultrahigh sensitivity of up to 0.5 x 10~ dB ppb ™", a limit of
detection down to 0.25 ppb, and an extremely wide concen-
tration range from 0.1 ppb to 1.5 x 10’ ppb. The achievable limit
of detection was estimated to be 40 times lower than the World
Health Organization permissible limit for lead in drinking water.
The wide detection range is 4-orders of magnitude larger than
that of a BP-FET based lead sensor.*'°

Gu et al. presented a novel ratiometric fluorescence sensor
based on the inner filter effect (IFE) of tetraphenylporphyrin
tetrasulfonic acid (TPPS) toward black phosphorus quantum
dots (BP QDs), developed for the selective and sensitive detec-
tion of Hg>".>"” Highly fluorescent BP QDs were successfully
synthesized from bulk BP by a sonication-assisted solvothermal
method. In the presence of Hg?*, the IFE originating from the
spectral overlap between the excitation of BP QDs and the
absorption of TPPS is inhibited, resulting in the recovery of
the fluorescence of BP QDs. The constructed sensor revealed a
good linear response to Hg”" ranging from 1 to 60 nM with a
detection limit of 0.39 nM. Interestingly, this strategy could
also be applied in the determination of Hg** in real water
samples with satisfactory results. Sensing properties for all
2DM-based fluorescent sensors are presented in Table 8.

3.3 Field-effect transistor based metal sensors

2DM nanosheets integrated into FETs have recently revealed
their enormous potential for detection of heavy metals. The
working principle of a 2DM-based FET sensor is based on the
changes in the critical parameters of a FET containing 2DM
nanosheets upon adsorption of targeted heavy metal ions. This
includes primarily the field-effect mobility, threshold voltage
and I,n/I¢ ratio. 2D semiconducting sheets are of particular
interest because of their high charge carrier mobility and
very high surface-to-volume ratio, leading to high sensitivity.
Chemical sensors based on FETs can overcome the obstacles of
previous detection methods. For example, the aforementioned
optical methods have some limitations such as multiple
sensing steps, the need for using chemical agents, a higher
cost, and a longer detection time. In contrast, the use of 2DM-
based FET sensors enables the rapid label-free detection of
metal ions in real-time by monitoring the resistance or the
Dirac point shift caused by the adsorption of target analytes.
Such devices can be characterized also by low power consump-
tion and can be miniaturized for the development of portable
sensors, eventually supported on flexible foils.

3.3.1 Graphene-based FET metal sensors. In a typical graphene
field-effect transistor (GFET) based sensor, graphene is used as
a conducting material in the channel between drain and source
electrodes. The gate potential is applied through the back-gate
(typical thin SiO, layer)*°® or top-gate (electrical double layer in
electrolyte)."™* The absorption of analyte molecules or change
in the local environment leads to a change in graphene

This journal is © The Royal Society of Chemistry 2018
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Fig. 15 (a) Schematic illustration for the fabrication of patterned rGO thin films on APTES-coated quartz. Inset: AFM image of the obtained rGO
micropatterns on APTES-coated quartz. (b) Ambipolar characteristics of the rGO-FET measured in 0.1 M phosphate buffer saline (PBS) solution. Inset:
Schematic of a solution-gated configuration of rGO-FET. (c) Typical real-time recording of /4 with the addition of Hg?* ions. (d and e) Change in /g in
rGO-FETs (number of tested samples, n = 6) with the addition of (d) Hg>* and (e) Cd?* ions at Vg = 0.4 V and V4 = —0.6 (circles), O (squares), and +0.6 V
(triangles). Adapted from ref. 291 with permission of American Chemical Society.

electrical conductance. Zhang et al. reported the functionaliza-
tion of mechanically exfoliated graphene with a self-assembled
monolayer of 1-octadecanethiol and its application in Hg**
sensing.”® Substituted alkane derivatives were found to self-
assemble into large-scale highly-ordered physisorbed mono-
layers on single-layer graphene supported by a SiO, dielectric
substrate. According to AFM imaging, the height of graphene
increased to 1.6 nm when exposed to Hg”*, indicating the
successful uptake of mercury ions by the thiol groups exposed
on the graphene surface. Such a graphene-FET sensor revealed
a detection limit for Hg>" as low as 10 ppm.

Alternative approaches based on solution processable
rGO,**"*** and G functionalization®*?**°* are being pursued
with the ultimate goal of developing low-cost, scalable fabrica-
tion of graphene-FET sensors. Recently, Sudibya et al. presented
a FET sensor using micropatterned, metallothionein type II
protein (MT II)-functionalized rGO films, which bind with both
physiological (e.g., Cu**, Zn**) and xenobiotic (e.g.,, Hg>*, Cd*")
metal ions with high affinity (see the schematic illustration in
Fig. 152).>°" A typical plot of drain-to-source current (Igs) versus
solution-gate voltage (V,) of a rGO-FET sensor is displayed in
Fig. 15b. Such a nanoelectronic sensor is capable of detecting
various metal ions in real-time with high sensitivity. The addi-
tion of mercury (Hg>"), at a concentration as low as 1 nM, caused
an obvious current increase in the rGO-FET which was biased
at Vg5 = 400 mV and V, = —0.6 V (Fig. 15c¢). The magnitude of
the device response scales with the Hg”* concentration, and its
polarity depends on the gate voltage (V). The detection limit for
Hg”* was estimated to be as low as ~ 1 nM with a signal-to-noise
ratio of 25-30 (Fig. 15d). The very same device exhibited also
Cd** detection at 1 nM with a slightly smaller change in the
current signal-to-noise ratio of 15-20 (Fig. 15e).

For heavy metal ion GFET sensors, biomolecules are
frequently used as sensing nanoprobes due to their high
binding affinity to inorganic contaminants.’” An et al. reported
a high-performance flexible graphene aptasensor for Hg>*
detection.*** 1,5-Diaminonaphthalene (DAN) and glutaraldehyde
(GA) were employed as cross-linking agents, while the aptamer
(3’-amine-TTC TTT CTT CCC CTT GTT TGT-C10-carboxylic acid-5)

This journal is © The Royal Society of Chemistry 2018

was non-covalently linked onto the graphene surface as a probe
for Hg?". The field-induced responses from the graphene
aptasensor showed excellent sensing performance: Hg>" ions
with a very low concentration of 10 pM could be detected
(Fig. 16a), which is 2-3 orders of magnitude higher than
previously reported mercury sensors using electrochemical
devices.***” A GFET-sensor was characterized with the experi-
mental setup presented schematically in Fig. 16b. The sensor
response time was rapid, with values below 1 s. Noteworthily, the
pristine graphene devices showed no significant current changes
upon exposure to Hg>*. It was concluded that the origin of
current changes in the sensor relies on the p-doping effect
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Fig. 16 (a) Real-time response curve of the aptasensor with various
Hg?* concentrations (10 pM to 100 nM). Graphene substrate without
the aptamer was introduced as a control sample. (b) Schematic diagram
of a liquid-ion gated FET using graphene conjugated with the aptamer
(Vg. S and D indicate the gating voltage and source/drain electrodes).
(©) Interaction of Hg?* ions with thymine base pairs in the aptamer
immobilized on the surface of the modified graphene layer. (d) Selective
responses of the aptasensor toward the target metal ions (Hg>*, 10 pM) and
nontarget metal ions (Cd?*, Co?*, Ni?*, Na*, Pb%*, Sr>* and Zn?*, 10 mM).
Adapted from ref. 293 with permission of American Chemical Society.
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resulting from the thymine-Hg-thymine complex formed between
Hg*" ions and thymine base pairs in the aptamer (Fig. 16c).

Noteworthily, graphene-based FET sensors can be exploited
for the detection of not only heavy metal ions (e.g. Hg>* and Pb*")
but also alkali metal ions in water including K"*** and Na*.>*®

3.3.2 Transition metal dichalcogenide FET metal sensors.
The semiconducting properties of MoS, make this 2DM parti-
cularly suitable as an electroactive material for application in
transistors.*°® Also for this reason, MoS, has been employed in
FET sensors for detecting heavy metal ions.>?*>%”

Jiang et al demonstrated a FET based on mechanically
exfoliated few-layer MoS, nanosheets for sensing Hg>" ions.>*®
The interaction between Hg®" ions and few-layer MoS, was
studied using FET measurements and photoluminescence. Due
to the high binding affinity between the sulphur sites on the
MoS, surface and Hg>" ions, the latter can strongly bind to MoS,.
Remarkably, it was shown that the binding of Hg”" results in a
p-type doping and reduces the electron concentration in n-type
few-layer MoS,. Upon binding Hg”* ions the electron transport
and photoluminescence properties in few-layer MoS, are effec-
tively modulated. It was also demonstrated that by monitoring
the changes in the conductance of few-layer MoS, and varying
the concentration of Hg>" solutions, few-layer MoS, transistors
can function as highly sensitive sensors for rapid electrical
detection of Hg>" with a detection limit as low as 30 pM.

Zhou et al. reported on a DNA-functionalized MoS, nanosheet/
gold nanoparticle hybrid FET sensor for the ultrasensitive detec-
tion of Hg”* in an aqueous environment (Fig. 17a).>°” A thin film
was formed by filtration of MoS, nanosheets produced by liquid-
phase exfoliation, followed by transfer onto the Au electrodes
and thermal annealing. Then Au NPs were sputtered onto the
MosS, film, and finally the DNA molecules were grafted onto
Au NPs by immersing the device in a DNA solution. In the
hybrid structure, the MoS, thin film acts as the conducting
channel with the homogeneously dispersed Au NPs operating
as anchoring sites for DNA probes chosen to specifically target
Hg>" ions. Upon addition of Hg”" to the sensor, the formation
of metal complexes between the thymidine bases present in the
DNA molecules and mercury ions takes place, resulting in the
changes in the MoS, conductance. The detection of metal ions
was enabled by monitoring the change in the source-drain
current in the FET device as a function of Hg®" concentration.
The detection limit of the sensor can reach values down to the
concentration of 0.1 nM (Fig. 17b). It was shown that the rate of
the increase in the conductance or source-drain current is
dependent on the Hg”" concentration (Fig. 17¢). The sensor
was also tested with a series addition of Hg** and the dynamic
responses indicated that the sensor responded to Hg** within a
few seconds, which is much faster than the conventional
optical methods. The output characteristics of three types of
sensors, i.e. MoS,, MoS,-Au NPs, MoS,/DNA-Au NPs, are shown
in Fig. 17d. Because of the work function difference between
the Au NPs (3.6 eV in air for D = 8 nm) and the MoS, film
(~5.23 eV after annealing), electron transfer occurs from the
Au NPs to the MoS, film, leading to a decreased concentration
of holes in the MoS, film and thus the decreased conductivity.
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Fig. 17 (a) FET sensor platform based on the hybrid structure. The
formation of T—(Hg?*)-T chelates, through reaction between Hg?* and
the thymidine bases exposed on the DNA molecules grafted onto the Au
NPs, leading to the change in the MoS; electrical conductivity as a sensor
signal. (b) Real-time detection of Hg?* (nM) in water (Vgs = 0.1 V) with
platforms of MoS,/DNA-Au NPs (black, solid), MoS,—Au NPs (purple,
dashed), and MoS; (blue, short dashed), respectively. (c) Sensitivity variation
and exponential fitting of sensitivity as a function of Hg?* concentration for
the MoS,/DNA-Au NP hybrid sensor. (d) Evolution of the /ys—Vys character-
istics during the MoS,/DNA-Au NP hybrid sensor fabrication process
(Vgs = =21 Vto 21V, step = 0.1 V) at room temperature. Adapted from
ref. 297 with permission of American Chemical Society.

Despite the examples discussed in this Review, little knowl-
edge has been gathered on the sorption capacities of other
metal ions on 2D MoS,. Therefore, it is of significant impor-
tance to extend in the future the application of such 2DM for
the detection or removal of other heavy metals considering its
markedly high metal capture capacity.

3.3.3 Other 2DM based FET metal sensors. Li et al. for the
first time presented an ultra-sensitive suspended black phos-
phorus FET sensor for detection of mercury ions operated in the
sub-threshold regime.**® Thin BP nanosheets were mechanically
exfoliated by a Scotch tape based method and transferred onto a
low resistance Si substrate covered with a 300 nm thick layer of
SiO,. A BP FET is a transducer, which converts the adsorption of
ions into conductivity/current shift by the gating effect. Free-
standing BP FET sensors gated into the sub-threshold regime
demonstrated ultrahigh sensitivity, which was almost two orders
of magnitude larger than that of non-suspended BP in the linear
regime. The proposed BP sensors were able to realize rapid (3 s)
label-free detection of Hg>* down to 0.01 ppb, and superb
selectivity was achieved by functionalizing the BP surface with
mercury ionophores. BP sensors tested with different thick-
nesses revealed that the response (AR/R,) to 10 ppb of Hg*"
decreased approximately 30% when the BP channel thickness
varied from 8 nm to 20 nm.

The same group also demonstrated air stable high-performance
BP chemical sensors encapsulated with ionophores (Fig. 18a,
inset).*'® Without protection, BP samples once exposed to air

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8cs00417j

Published on 25 June 2018. Downloaded by University of California- Santa Barbara on 7/2/2018 1:29:51 PM.

Review Article

Air stability

To 00 1000 1000 100000
Pb2 concentration C (ppb)

-5 0 5 10 6 20000 40600 50600 80000 100b00
Ves (V) Pb?* Concentration (ppb)

Fig. 18 (a) Schematic view of a BP sensor with /4 vs. Vg curves of BP with
ionophore protection. Iy variation is less than 10%, suggesting significantly
improved air stability. (b) AR/Ry versus Pb?* concentration (experimental
results from 7 sensors) and a schematic view of BP sensors with lead
ionophores. The resistance of BP becomes saturated at higher concentra-
tions. Experimental results demonstrate a good linear relation between C/AG
and C, fitting well the Langmuir adsorption isotherm, as shown in the inset.
Adapted from ref. 316 with permission of American Chemical Society.

start to degrade and oxygenated phosphorus (POx) is shortly
formed, with degradation of its electrical properties and device
performances. The ionophore film effectively reduces negative
factors from the ambient environment; meanwhile, it displays
selective permeability towards certain types of molecules. The
ionophore-encapsulated BP devices were found to be still in
good shape after 1 week of ambient exposure, with source-
drain current I4s variation less than 10% (Fig. 18a). The
methodology of the preparation of thin BP nanosheets is the
same as the one shown above (i.e. mechanical exfoliation with
Scotch tape). The BP sensors were sensitive to the detection of
multiplex ions such as AsO®>, Hg*", Cd**, and Pb*" with
detection limits down to 10, 1, 3 and 1 ppb, respectively.
Moreover, Pb>" ions can be effectively detected over a wide
concentration range, from 10 ppb to 100 000 ppb (Fig. 18b). The
detection limit and response rate of BP are both better than
those reported for graphene based sensors.

Although only a few biosensors and water sensors with BP
FETs were reported due to the inherent instability of BP in a
moisture rich environment, BP sensors have attracted increas-
ing interest across the sensing community due to the 2D
structure, tuneable band gap, and high carrier mobility of BP.
From a practical application standpoint, the thickness, uniform
control, and stability of BP limit its application in ultrasensitive
sensor technology. With further understanding of interactions
between BP and oxygen/water and the improvement of sensor
fabrication techniques, BP-based FET sensors can be foreseen
to provide a robust sensing method for a wide variety of target
analytes in the near future.

3.4 Electrochemical based metal sensors

Electrochemical sensing of heavy metal ions relies on the use of
sensing electrodes that are employed for passing the current to
an aqueous solution and generate an electrical signal that
corresponds to the electrochemical reaction within the solution
due to the presence of metal ions. Common experimental
setups for electrochemical detection of heavy metal ions consist
of an electrolytic cell containing an electrolyte, i.e. a solution
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of heavy metal ions, in contact with an electrode. The cell
potential is measured at the interface of the electrode with the
electrolyte solution. Noteworthily, because heavy metal ions
have defined redox potentials, the selectivity toward specific
heavy metal ions can be achieved using bare electrodes without
the need for a molecular recognition probe. Numerous techni-
ques have been employed in electrochemical sensing, including
potentiometry, voltammetry, impedimetry, amperometry and
conductometry. In particular, the anodic stripping voltammetry
(ASV) method is widely explored for detection of heavy metals.
ASV analysis typically involves two steps, i.e. deposition of heavy
metals onto the electrode surface, and stripping or dissolution
of the deposited analyte from the electrode surface. Recent
advances in the field have revealed the potential of 2DMs
in electroanalysis. Several electrochemical sensors based on
2DMs for bioanalysis and environmental analyses have been
developed. In particular, Zhao et al. presented for the first
time that Hg>* can be selectively identified using a PPy-rGO
nanocomposite-modified glassy carbon electrode (GCE).>*
Such selectivity was achieved using square wave anodic strip-
ping voltammetry (SWASV), which determines a reduction of
adsorbed Hg”" to Hg® at a certain potential. The anodic strip-
ping current was obtained in a potential range for the identifi-
cation of Hg”". In addition, excellent sensitivity (0.124 pA nM ")
and limit of detection (LOD) (15 nM) results were achieved. The
measured stripping current toward Hg”* at the PPy modified
electrode was found to be 3-9 times higher than those towards
other ions, indicating that rGO in the nanocomposite plays an
important role in highly selective detection.

Sahhoo et al. reported a facile in situ approach for the
fabrication of a rGO/bismuth (Bi) nanocomposite by employing
modified Hummers’ method without the use of any surfactants.
Bi nanoparticles were uniformly anchored onto the surfaces of
individual graphene nanosheets, which prevent restacking
of rGO, resulting in good dispersion in solvents. The rGO/Bi
nanocomposite was used as an electrode material for the
stripping voltammetric determination of heavy metal ions in
water. The detection limits of the proposed electrochemical
sensor for Cd**, Pb**, Zn** and Cu®>" were found to be 2.8,
0.55, 17 and 26 ppb, respectively.**® Wei et al. developed a
SnO,/rGO-based electrochemical sensor, which could simulta-
neously and selectively analyse four heavy metal ions such as
Cd(n), Pb(u), Cu(n) and Hg(u).>*** SWASV has been employed for
the detection of heavy metal ions (Fig. 19a). The SnO,/rGO
nanocomposite modified glass carbon electrode synthesized by
a simple wet chemical method showed enhanced sensing per-
formance compared with single SnO, and single rGO (Fig. 19b).

Li et.al. used Nafion and rGO for anodic stripping voltam-
metric analysis of cadmium with a detection limit 0.005 ppb.>*?
Willemse et al. reported on the determination of Cd*", Pb*",
Zn*" and Cu®" by making use of a platform based on a Nafion-
graphene nanocomposite film.**® LODs of 0.07-0.08 ppb have
been achieved for the individual ions, which are comparable to
those determined with ICP-MS, and ascribed to a combination
of the enhanced electron conduction of rGO and the cation
exchange capacity of Nafion. Similarly, Chaiyo et al. constructed
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Fig. 19 (a) Square wave anodic stripping voltammetry (SWASV) curves for
0.5 uM each of Cd(n), Pb(n), Cu(i), and Hg(i) on bare (violet line), graphene
oxide (black line), reduced graphene oxide (red line), SnO, nanoparticle
(blue line), and SnO,/reduced graphene oxide nanocomposite (pink line)
modified GCEs in 0.1 M acetate buffer (pH 5.0). Deposition potential =
—1.0 V; deposition time = 120 s; amplitude = 25 mV; incremental
potential = 4 mV; frequency = 15 Hz; vs. Ag/AgCL. (b) Cyclic voltammo-
grams measured with bare, GO, rGO, SnO, nanoparticle, and SnO,/
reduced graphene oxide nanocomposite modified GCEs in a solution of
5 mM Fe(CN)g*>/*~ containing 0.1 M KCL Inset: Nyquist diagram of
electrochemical impedance spectra for bare and SnO,/reduced graphene
oxide nanocomposite modified GCEs in the solution of 5 mM Fe(CN)g> /4~
containing 0.1 M KCL. Adapted from ref. 301 with permission of American
Chemical Society.
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Fig. 20 (a) Schematic drawing of the electrochemical sensor fabrication.
(b) Square wave anodic stripping voltammetry (SWASV) curves of 50 ng mL™*
Zn(n), Cd(n) and Pb(i) in 0.1 M acetate buffer solution (pH 4.5). Adapted from
ref. 303 with permission of Elsevier B.V.

a Nafion/ionic liquid/graphene electrochemical sensor for
simultaneous determination of zinc, cadmium and lead using
screen-printed carbon (Fig. 20a).**® The functionalized
graphene-based nanocomposite modified electrode showed
better detection performance for Zn(u), Cd(un) and Pb(u) com-
pared to the bare electrode by SWASV (Fig. 20b). The detection
limits of such sensors for Zn(u), Cd(u) and Pb(u) detection were
0.09 ng mL ™", 0.06 ng L' and 0.08 ng L™, respectively.

Gong et al. reported an ultrasensitive Hg(u) electrochemical
sensor using monodispersed Au nanoparticles onto the graphene
nanosheet matrix as the enhanced sensing platform.*'® The
detection limit was found to be as low as 6 ppt. The interference
from other heavy metal ions such as Cu®*, Cr*", Co*, Fe**,
Zn**and I” ions associated with Hg”* analysis could be effectively
inhibited. Another example relies on the use of cysteine-
functionalized GO (sGO) and carbonyldiimidazole as a cross-
linker via the formation of amide and carbamate bonds.
A sGO/polypyrrole (PPy) nanocomposite film was grown on
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the working electrode surface of a screen-printed electrode
(SPE) via controlled one-step electrochemical deposition.***
The sGO/PPy-SPE was used to detect lead ions in water by
differential pulse voltammetry (DPV). The DPV signals were
linear in the range of 1.4-14 000 ppb of Pb*". The measurable
detection limit of the sensor is 0.07 ppb, which is 2 orders of
magnitude below the threshold value for drinking water set by
the World Health Organization. The average removal efficiency
of Pb*>* deposited on the electrode amounted to 99.2%, with a
relative standard deviation (RSD) of 3.8%. The selective detec-
tion of the GO/PPy composites was investigated by mixing GO/
PPy with various metal ions such as Pb>", Na*, Mg>*, cd*", Cu™,
Hg”" and Ag". The results clearly show that the GO/PPy compo-
site film can selectively detect Pb>* and remains unresponsive
in the presence of other metal ions. In addition, the developed
device can be used multiple times.

TMD nanostructures were mainly utilized as sensing platforms
for the development of electronic and fluorescent sensors, while
their electrochemically sensing applications are still limited.
Cui et al synthesized a monolayer MoS, supported Cu,S,-Au
nanocomposite as a sensing platform to detect Hg(u) using an
anodic stripping voltammetric technique.** They found that the
synergistic effects of both Au domains and active edge sites of
monolayer MoS, played a vital role in the high-performance
detection of Hg(n) with a limit of detection of 190 nM.

In this part of the Review article, we have provided an
overview on the recent advances in metal ion sensing. Different
types of 2DMs employed for specific and selective recognition
of heavy metals have been discussed in this section. By taking
advantage of their unique properties, 2DMs can be successfully
explored to construct a wide range of optical and electrical
sensing platforms for the detection of various heavy metal ions.
Chemical modification of GO and TMDs has proven to provide
a promising solution for improving the sensing performance
with high specificity, enhanced sensitivity and a low detection
limit. Chemical metal sensors based on 2DMs have demon-
strated high sensitivity detection of a wide variety of heavy
metal ions at low concentrations, due to the maximum sensor
surface area per unit volume. Their favourable structural and
compositional synergy allows them to be excellent electrode
materials for fabricating various fluorescent and electrochemical
sensing platforms, such as FET-based sensors. Moreover, electro-
chemical measurements have shown numerous advantages for
trace heavy-metal detection, including rapid analysis, good
selectivity, and sensitivity. Optical detection systems are other
alternatives to the electrochemical detection methods. They
represent attractive analytical tools whenever continuous
monitoring and real-time information are desired.

4 (Bio)molecular sensors

4.1 (Bio)molecular sensing with graphene, graphene oxide
and related composites

Ultrafast sensing of chemically and biologically active molecules
at low concentrations is critical in a wide range of research fields

This journal is © The Royal Society of Chemistry 2018
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Fig. 21 Differential pulse voltammograms (DPVs) recorded using (a) a
GC electrode, (b) a graphite/GC electrode, and (c) a CR-GO/GC electrode,
for guanine (blue), adenine (orange), thymine (violet), and cytosine
(magenta), respectively. Adapted from ref. 72 with permission of American
Chemical Society.

and in particular for applications, such as chemical analysis,*"*
healthcare,*'**"* and monitoring the environment or diagnostic
diseases.”* Because of their particular physico-chemical proper-
ties, graphene-based materials have been used to fabricate various
types of chemical sensors including electrochemical,”?*!3*1>7444
FET,***™**° fluorescent*****” and surface enhanced Raman
spectroscopy-based sensors.*'*>¥7*% Graphene based materials
have been used to develop various types of sensors to
detect molecules such as glucose,”>*!5423:425,427,45,461-465
DNA,72,428,430,447,449,451,452,455,457,466*469 hydrazine7431,470*473

dop-

72,413,424,432-439,441,454,474,475 d.72:413,434,441,476,477
i

ascorbic aci
and other aromatic molecules
(Fig. 21).411:433:456:458,459478  Graphene-based materials offer
various advantages, when compared to other carbon-based
nanomaterials like CNTs or fullerenes. In particular, graphene can
be easily produced from bulk graphite via exfoliation.'>***'~*%3
Moreover, the particular strength of graphene, the quality of
its crystal structure, and its band structure and high conduc-
tivity allow the preparation of devices with extremely low noise
levels and relatively low 1/f noise.**®

4.1.1 Electrochemical (bio)molecular sensors. Electrochemical
sensing is an effective and powerful technique used for qualitative
and quantitative determination of bioactive and functional
molecules.**”*%>*”> Numerous advantages including low limits
of detection, high selectivity and detection in the presence
of interferents made graphene-based materials appealing for

amine,
72,443,478-480
H2025

fabrication of electrochemical sensors. Those properties deter-
mine graphene-based electrochemical sensors as the most
explored group of sensors in recent years. The most common
approach relies on the use of electrodes based on graphene**>*””
or modified graphene-based nanostructures.**"*”**’® Fast
electron transfer and effective electrocatalytic activity of graphene
allow the effective detection of target molecules during oxidation.***
Among its numerous physico-chemical properties, graphene has
a wide electrochemical potential window (~2.5 V in phosphate
buffer),”* lower charge transfer resistance (compared with a glass
electrode)’” and well characterized redox potentials against
most common redox couples.*®> Keeley et al. developed an
electrochemical sensor based on graphene exfoliated in DMF

This journal is © The Royal Society of Chemistry 2018
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for ascorbic acid (AA) detection.*”” The electrode was prepared
by drop-casting a centrifuged graphene supernatant solution
onto a pyrolysed photoresist film. Cyclic voltammetry investiga-
tion revealed a wide linearity range and a limit of detection of
up to 0.12 mM. Another effective electrode was prepared by
mixing platinum nanoparticles and graphene nanosheets.*”®
Such a hybrid system displayed the capacity to detect traces
of trinitrotoluene (TNT), a typical explosive compound, with
detection limits as low as 0.3 ppm and satisfactory reproduc-
ibility. Luo et al. presented an electrochemical glucose sensor
based on Cu decorated graphene sheets.**! The as prepared
electrode exhibited a low detection limit of 0.5 uM and very
fast response (<2 s) with its response linearity up to 4.5 mM.
Additionally, a synergistic effect of copper and graphene on
glucose oxidation was observed.

As mentioned above, the majority of graphene-based sensors
rely on the chemical modification of GO, which exhibits numerous
oxygen-rich functional groups that can interact via dipole-
dipole or strong electrostatic interactions with (charged) mole-
cules, or it can be covalently functionalized with functional
molecules, enhancing the occurrence of adsorption events.
In particular, covalent grafting of organic molecules onto GO
offers the flexibility for various functionalizations to enhance
the sensor performance. Moreover, the combination of its
abundant structural defects and chemical groups facilitates
the charge transfer and thus ensure high electrochemical
activity. Noteworthily, the chemical and electrical properties
of rGO are highly tuneable and can be engineered through
control of the reduction process.

Zhou et al. exploited a chemically reduced GO modified
glassy carbon electrode (CR-GO/GC) for electrochemical sen-
sing of free purine and pyrimidine acids and several other
biologically active molecules.”” It was demonstrated that the
CR-GO/GC electrode provides greater electrocatalytic activity to
guanine (G), adenine (A), thymine (T) and cytosine (C) oxidation
than commonly used glassy carbon (GC) and graphite/glassy
carbon graphite/GC electrodes (Fig. 21). Moreover, presented
electrode exhibited enhanced analytical performance toward
detection of glucose, ethanol, dopamine and other biological
molecules. In particular, while the amperometric measurement
of reduced nicotinamide adenine dinucleotide (NADH) exhib-
ited a faster response time, a wider linear range (40-800 pM),
a lower detection limit (10.00 pM) and higher sensitivity
(2.68 pA mM ' ecm™'). Gao and co-workers carried out the
chemical reduction of GO, obtaining a hydroxyapatite/rGO
composite, used as an effective electrochemical sensor of
hydrazine.””> The composite dispersed in 1% acetic acid was
applied on a GCE and dried, resulting in a high-performance
electrode with outstanding performance of the electrocatalytic
oxidation of N,H,. The as-prepared electrode exhibited a syner-
gistic effect of the components during detection of hydrazine,
which is greater than those of the electrodes fabricated with
rGO and hydroxyapatite separately. Wang and co-workers
devised a facile approach relying on the efficient preparation
of nitrogen-doped graphene via nitrogen plasma treatment
of chemically synthesized graphene, which exhibits excellent
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electrocatalytic activity toward hydrogen peroxide reduction.**?
Detection of H,O, as one of the products of catalytic glucose
oxidation can be applied for selective and sensitive glucose
determination during enzymatic processes. Noteworthily, a
N-doped graphene electrode exhibited high concentration-
dependent response and was able to detect up to 0.01 mM
glucose in the presence of interferents. N-Doped electrodes can
also find their use in detection of important biomolecules such
as ascorbic acid (AA), dopamine (DA) and uric acid (UA).*"
Efficient oxidation and large peak separation provide simulta-
neous determination of those three biomolecules with detection
limits up to 2.2 x 107°,2.5 x 1077 and 4.5 x 10~ ° M for AA, DA
and UA, respectively. Furthermore, a differential pulse voltam-
metry (DPV) experiment revealed that the electrochemical
response of target biomolecules increases linearly with increase
of molecule concentration.

4.1.2 Field-effect transistors for (bio)molecular sensors.
Due to their high selectivity, fast response and excellent limit
of detection, graphene-based FET-based sensors became very
popular for label-free ultrasensitive biomolecule sensing. By
and large, graphene-based materials are used as conducting
components in the channel between drain and source electro-
des, and subsequently a gate potential is applied.**® Two differ-
ent approaches are being pursued for the construction of FET
sensors, i.e., back gating (usually a Si/SiO, thin layer)**>**® or top
gating (an electrical double layer in electrolyte)****** also known
as solution gated graphene transistors (SGGTs). Both methods
are schematically presented in Fig. 22. In general, charged
molecules can induce an effective gating field, which influences
the conductance of the channel by balancing the charge transfer
and gating effect. The change in current as measured allows the
analyte determination.

Huang and co-workers presented a CVD-grown graphene
FET sensor functionalized with specific redox mediators for
glucose and glutamate detection.**®> Glucose sensing is usually
based on an enzymatic reaction catalysed by glucose oxidase.
Since the products of the oxidation process are H,O, and
gluconic acid, direct measurement of H,0, is useful for glucose
detection. The detection limits were found to be 0.1 mM and
5 uM for glucose and glutamate, respectively. Another CVD-grown
glucose sensor was assembled by Kwak et al**® A solution-
gated field-effect transistor (SGFET) was constructed utilizing a
graphene channel modulated by the gate potential applied

(a) b) @ —
Electrolyte Lo ¢ I

PET substrate 0 .

Target
PNA DNA

Fig. 22 Schematic representation: (a) graphene top gate FET sensor.
Adopted from ref. 446 with permission of the American Chemical Society.
(b) Graphene oxide back-gate FET sensor. Adapted from ref. 449 with
permission of Elsevier.
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from the top gate electrode and transmitted through the
solution. Such a SGFET sensor was exploited to detect glucose
in the 3.3-10.9 mM range. Moreover, it provided high resolu-
tion and continuous real-time monitoring. To reach the largest
sensing response, graphene transistors are operated at the
point of maximum transconductance, which leads to large
noise that influences the device sensitivity. To avoid such a
phenomenon, Fu and co-workers exploited the sensing proper-
ties of single layered graphene near its neutrality point.**” This
approach led to a significant decrease of the signal-to-noise
ratio, thereby making it possible to observe positive signals
coming from single stranded DNA (ssDNA) at levels of picomolar
concentrations (pM). Moreover, to target specific hybridization
corresponding to HIV-virus related ssDNA, functionalization of a
GFET surface with pyrene-linked peptide nucleic acid (pPNA)
was performed. Noteworthily, the 1/f noise in graphene based
FET sensors was found to vary with the number of graphene
layers; therefore subsequent optimization of this class of sensors
is anticipated.**® Another approach in which hydrazine-reduced
GO was used to fabricate a FET sensor on a SiO,/Si substrate
was proposed by Cai et al.**® A DNA sensor was prepared by
drop-casting a rGO suspension onto a sensing channel as the
conducting material. 1-Pyrenebutanoic acid succinimidyl ester
(PASE) used as a molecular linker was fixed on the graphene
surface via n-n stacking interactions and peptide nucleic acid
(PNA) molecules were covalently anchored. Subsequently, a
complementary DNA was applied onto the device and specific
hybridization caused a shift of the I4-V, curves and allowed
the measurement. The detection limit was estimated to be
as low as 100 fM.

4.1.3 (Bio)molecular fluorescence sensors. The use of
fluorescence as the readout in the detection of chemical species
and biomolecules holds potential for low-cost, effective and
highly sensitive device applications. Graphene and graphene
oxide are known to be excellent quenching materials; therefore,
graphene-based materials became suitable for sensing via
influence on fluorescence properties.*®® One of the approaches
is based on FRET and is useful for quantitative determination
of target molecules. Typically, this kind of setup consists of a
donor, an acceptor and a bridge. The acceptor (such as GO) can
effectively quench the fluorescence of the donor. The addition
of specific molecules or surface modification may cause change
in the fluorescence intensity and can be utilized as a sensor
assuming that the phenomenon is correlated with concen-
tration (Fig. 23a and b).****%?

Dong and co-workers reported on the FRET from quantum
dots (QDs) to GO.**! In particular, the authors demonstrated
that QDs substituted with molecular beacon (MB) as a recogni-
tion unit towards the targeted molecule can strongly interact
with the GO surface, to allow the design of novel sensitive and
selective platforms for fluorescence-quenching detection of DNA.
In general, GO’s quenching properties were used to decrease the
fluorescence intensity in the presence of QDs - an effective donor
supplied with MB that provides efficient energy transfer to GO
(Fig. 23c). Fluorescent graphene quantum dots (GQDs) were also
applied for detection of aromatic nitro compounds (e.g TNT)

This journal is © The Royal Society of Chemistry 2018
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Fig. 23 Schematic representations of different FRET mechanisms used in biomolecule sensing. (a) Schematic representation of the upconversion
fluorescence resonance energy transfer used for ATP sensing. Adapted from ref. 452 with permission of the Royal Society of Chemistry. (b) FRET
mechanism based on quenching ability of GO applied for complementary DNA detection. Adapted from ref. 450 with permission of American Chemical
Society. (c) DNA sensing. Molecular beacon decorated QDs quenched by a GO platform, in the presence of complementary DNA, emission is significantly
enhanced. Adapted from ref. 451 with permission of American Chemical Society.

working as quenchers over a wide range, sustaining the
linear correlation.*>® Another DNA sensor using FRET between
upconversion nanoparticles and GO was reported by Alonso-
Cristobal et al.**° The correlation between the concentration of
ssDNA (Fig. 24) and luminescence intensity was presented. Its
effective detection limit was experimentally shown to be in the
picomolar range.

A GO-based platform for DNA and protein sensing reported
by Lu and co-workers includes ssDNA supplied with fluorescent
organic dye that strongly adsorbs on the GO’s surface simulta-
neously, entailing high quenching efficiency.*>> The addition of
a complementary ssDNA sequence causes an efficient fluores-
cence increase and may be used to determine the desired
nucleotide sequences. Experiments also proved the depen-
dence on the concentrations of different proteins. The results
revealed that the presence of human thrombin might be
determined without the interference of the other proteins.
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4.1.4 (Bio)molecular sensing via surface enhanced Raman
scattering. Surface enhanced Raman scattering represents
the most powerful analytical technique for sensitive chemical
sensing, which became an attractive solution for detection of
aromatic compounds. Typically, weak Raman signals are inten-
sified through enhancement of the local electromagnetic field,
occurring with the charge transfer between adsorbed molecules
and the metal surface. Consequently, to observe a SERS signal,
molecules must be adsorbed or be placed close to a metal
surface. The most common approach is based on modification
of a graphene-based material surface with metallic nano-
particles (NPs).*""**° The optimum size, shape, charge and
surface chemistry of NPs are being taken into account to project
non-toxic and effective sensors.'**

Lu et al. proposed the use of Ag and Au NP-decorated single-
layer rGO films anchored on Si surfaces to detect popular organic
dyes rhodamine 6G (R6G), methyl violet (MV), rhodamine B (RB)

—
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Fig. 24 Up-conversion fluorescence spectra of the UCNPs@SiO,-ssDNA nanoparticles (0.4 mg mL™) (a) in the presence of different concentrations of
GO, and (b) in the presence of different concentrations of complementary ssDNA and 0.3 mg mL~* of GO. Adapted from ref. 450 with permission of

American Chemical Society.
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and methylene blue (MB) at nanomolar concentrations.*'"
Such molecules easily adsorb on the rGO surface, while Ag
and Au nanoparticles provide dramatic enhancement in the
Raman intensities of the sample. Moreover, a correlation
between NP size and observed signals has been monitored,
and it could be controlled through the reaction time. Another
modification with Ag NPs for ultrasensitive detection of aromatic
molecules was demonstrated by Liu and co-workers.**® Additional
enhancement of the Raman signals was ensured by GO treated
with 3-mercaptopropyltrimethoxysilane (MPTMS), further function-
alized with Ag-NPs. An effective detection of differently charged
molecules was successfully characterized and presented. In
particular, experiments with PPh; used as the target molecule
exhibited limits of detection as low as 10~° M.

Graphene grown on copper foil and Ag NPs anchored on a Si
substrate can also be used to prepare a SERS active substrate for
detection of TNT by alkaline hydrolysis.*>® High pH values
provide efficient hydrolysis of TNT and increase the intensities
of Raman spectral signals. Extremely high limits of detection
(up to 6.6 x 10~ '° M) and an excellent anti-interference ability
confirms the perspective potential of SERS sensors. Shanta
and Cheng prepared hydrazine reduced GO combined with
silver nanoprisms and utilized such a hybrid system for trace
detection of tetrachlorobiphenyls (PCBs).**® The as prepared
chip successfully allowed multiplex measurements of several
environmentally important aromatic compounds. The proposed
SERS sensor provided a low limit of detection (up to 100 nM) and
simultaneous analysis of multiple isomers.
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Values such as the limit of detection and linearity range for
detection of various biomolecules are summarized in Table 9.

4.2 (Bio)molecular sensing with transition metal
dichalcogenides

TMDs have been recently used to develop a wide range
of chemical sensors including electrochemical,**"3448¢-300
fluorescent®®'33°917%93 and field-effect transistor sensors.
MoS, and its analogues like tungsten disulphide (WS,), tantalum
disulphide (TaS,), tungsten diselenide (WSe,) and ternary
chalcogenides have been widely investigated with promising
results in chemical sensing applications.'?*>?~°02,3%7

Among various TMDs, MoS, is the most studied material.
The interaction of the 2D lattice of MoS, with charged molecules
efficiently influences its electrochemical properties, which can
be measured directly with voltammetric measurements.*?%*9%4%3
Furthermore, MoS, nanosheets used for electrode preparation
exhibit significant electrocatalytic activity toward a range
of important analytes, including glucose,****” H,0,,®
dopamine,****9>°%  ascorbic acid,’®® tryptophan®®® and
DNA.*89°03:396 Another advantage of MoS, is its feasibility to
form composites with a wide range of properties, extending its
application potential.>***'® Remarkably, the presence of noble
metal nanostructures effectively enhances electrochemical
detection of target molecules. Mixing MoS, with NPs (e.g. Pt,
Ag, Au) improves electron transfer and allows achieving lower
limits of analyte detection.**>°°®3% MoS, is also an excellent
quenching material, and thus can be applied for highly

504-506

Table 9 Comparison of the sensing properties of different graphene-based sensors

Material Type of sensor Analyte Limit of detection Linearity range Ref.
DMF-exfoliated graphene Electrochemical AA 0.12 mM 0.4-6.0 mM 477
Pt-NPs-graphene H,0, 80 nM 1-500 uM 478
TNT 0.3 ppm 0.5-40 ppm
Cu-NPs-graphene Glucose 0.5 pM 0-4.5 mM 421
rGO H,0, 0.05 uM 0.05-1500 pM 72
NADH 10 pM 40-800 uM
Hydroxyapatite-rGO NH,NH, 0.43 uM 2.5 pM-1.16 mM 472
N-Doped graphene Glucose 0.01 mM 0.1-1.1 mM 415
N-Doped graphene AA 2.2 pM 5.0-1300 pM 413
DA 0.25 uM 0.5-170 uM
UA 45 %10 %M 0.1-20 uM
CVD-grown graphene FET Glucose 0.1 mM — 445
Glutamate 5 uM 5-1200 pM
CVD-grown graphene Glucose — 3.3-10.9 mM 446
CVD-grown graphene DNA 2 pm — 447
rGO DNA 100 fM 10 fM-1 nM 449
QDs-GO Fluorescent DNA 12 nM 50-1500 nM 451
Graphene QDs TNT 2.2 M 495 x 10*-1.82 x 10" gL " 453
NPs-GO DNA 5 pm — 450
Au/Ag-NPs-rGO SERS R6G nm — 411
MV
RB
MB
Ag NPs-GO PPh; 1 nM 5x107°1x10°M 458
Ag NPs-graphene TNT 0.66 nM 1-100 nM 459
rGO-NP R6G 100 pM 0-1000 nM 460
PCB 100 nM 100 pM-100 nM

List of abbreviations. DMF: dimethylformamide, AA: ascorbic acid, NPs: nanoparticles, TNT: 2,4,6-trinitrotoluene, NADH: B-nicotinamide adenine
dinucleotide, NH,NH,: hydrazine, DA: dopamine, UA: uric acid, QDs: quantum dots, SERS: surface enhanced Raman scattering, R6G: rhodamine
6G, MV: methyl violet, RB: rhodamine B, MB: methylene blue, PPh;: triphenylphosphine, PCB: 2,2’,3,3'-tetrachlorobiphenyl.

4892 | Chem. Soc. Rev., 2018, 47, 4860-4908

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8cs00417j

Published on 25 June 2018. Downloaded by University of California- Santa Barbara on 7/2/2018 1:29:51 PM.

Review Article

(a)

-l

View Article Online

Chem Soc Rev

(d)

MoS:

Target

M\ (vs. SCE)

oD

®)...

(c)

MoS, nanosheets

02 o4 L)

W R = i s "

N W P2 LL.
z e Lo

- N

A~ w2 DA W LL

AN~ s B ‘J_[ . -‘\‘11_‘
H LS

i MV AAS R} * VA ) 4 e

(e)

VYNQ2

=
Current / 1e-6A

——
$ADNANInOMaS CPE
after hybridization

Fig. 25 Representation of different mechanisms used for chemical detection utilizing MoS,-based materials. (a) Electrochemical sensing of ascorbic
acid (AA), dopamine (DA) and uric acid (UA) with gold nanoparticle—MoS, nanosheets. Reproduced with permission.>°® Copyright 2014, Royal Society of
Chemistry. (b) Sketch of catalytic reactions while colorimetric detection of glucose. Adapted from ref. 499 with permission of the Royal Society of

Chemistry. (c) SPAN-MoS, for electrochemical detection of adenine and

guanine. Adapted from ref. 134 with permission of the American Chemical

Society. (d) Fluorescence detection of complementary ssDNA. Adapted from ref. 99 with permission of the American Chemical Society. (e) Label-free
electrochemical sensing of DNA. Adapted from ref. 489 with permission of Elsevier.

sensitive detection of biomolecules via a fluorescence
phenomenon.’**'* Moreover, MoS, shows high affinity toward
ssDNA, which is supported by van der Waals interactions,
while double stranded DNA (dsDNA) formed in the presence
of a complementary sequence hardly interacts with its two-
dimensional surface. Different mechanisms of molecular detec-
tion utilizing TMD based materials are presented in Fig. 25.
Wu and co-workers presented the controllable lithiation process
of MoS, and subsequent liquid-phase exfoliation of the intercalated
structure in water or ethanol. An electrochemical study of the
as-prepared MoS, nanosheets revealed a reduction peak in the CV
in NaCl aqueous solution. The reduced MoS, displayed good
conductivity and a fast electron transfer rate in the most common
redox systems applicable in electrochemical sensing of glucose and
dopamine (DA) in the presence of ascorbic acid (AA) and uric acid
(UA).*® A GCE was covered with MoS, using 3-aminopropyl-
triethoxysilane (APTES) as the linking molecule. The electrode
provided good peak separation and allowed to detect dopamine
with linearity in the 1-50 pM range in the presence of such
interferents as AA and UA. Additional functionalization of the
electrode with glucose oxidase enables effective glucose detection.
Another approach for molecular detection was introduced
by Huang et al.*®” MoS, nanosheets obtained via liquid-phase

This journal is © The Royal Society of Chemistry 2018

exfoliation in ethanol/water mixed with Ni NPs were drop-
cast onto a GCE and Nafion copolymer. The as-prepared
sensor exhibited amperometric response toward glucose with
a detection limit as low as 0.31 pM. Such a GCE/Ni-MoS,/
Nafion electrode allowed nonenzymatic detection of glucose
with good reproducibility and long-term storage stability. The
simultaneous detection of DA, AA and UA investigated by Sun
et al. using a MoS,-Au NP decorated electrode to achieve
ultrasensitive determination of the aforementioned biologically
important molecules.’®® The joint effect of a wide linearity
range and effective electrical response yielded a sensing ability
with detection limits as low as 100 uM, 0.05 uM and 10 pM for
AA, DA and UA, respectively. Zhu and co-workers showed the
fluorescence quenching ability of MoS,.°® Nanosheets obtained
through exfoliation of bulk MoS, using the electrochemical
lithium-intercalation method were used as nanoprobes for
adenosine. MoS, supplied with probe molecules exhibits
high fluorescence quenching efficiency (up to 98% compared
with probe molecule intensity). Presence of adenosine restores
fluorescence properties of nanoprobes and can be used for
detection up to 5 uM of analyte. Another MoS, fluorescent
sensor for DNA detection was proposed by Huang et al.>®® The
nanosheets were prepared using a solution exfoliation method.
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The authors presented selective target DNA recognition via
hybridization chain reactions (HCRs) with a stunning detection
limit of 15 pM. Another example of using adsorption of
dye-labelled ssDNA on a MoS, surface was presented by
Huang et al. Chemically exfoliated MoS, was utilized as a bio-
sensing platform for complementary DNA and allowed detec-
tion up to 500 pM.>"> Shan et al. exploited a MoS,-based FET for
glucose detection.”™® The device was fabricated on a Si/SiO,
substrate with Au/Ni drain electrodes. The sensor exhibited a very
fast response time (<1 s) and linearity in the 300 nM-30 mM
range, which corresponds to the average glucose concentration
present in the blood and therefore constitutes a potential
candidate for real-time detection of glucose concentration in
human blood.

Inspired by the unique device properties offered by MoS,,
other TMDs (including WS, TaS,, Ta,NiSs) have been the
subject of further studies for sensing applications. The group
of layered TMCs, including the chalcogenides with well-defined
crystal structures, has been widely explored.*°**'* Since MoS, is
known for its quenching properties, the entire group of TMDs
is being considered as an effective platform for fluorescence
sensing of biomolecules.>*">%”

Zhang et al. used single-layer TMD nanosheets as fluores-
cent sensors for DNA detection.””! To investigate the quenching
ability of TiS, and TaS,, the 6-carboxyfluorescein-labeled ssDNA
probe and target DNA molecules were used. In both cases the
dichalcogenide’s fluorescence intensity was effectively quenched.
TiS, and TaS, exhibited fast detection of complementary DNA
with low limits of detection of 0.2 nM and 0.05 nM, respectively.
Noteworthily, a TaS,-based nanosensor was found to be even
more sensitive than MoS, with a detection limit of 0.1 nM.
Another fluorescence sensing platform based on WS, for
T4-polynucleotide kinase and its inhibitors was introduced by
Ge and co-workers.”*> dsDNA does not exhibit strong adsorp-
tion on WS, sheets; yet when phosphorylated and degraded, the
ssDNA binds to nanosheets as evidenced by the occurrence of
fluorescence quenching. Linearity, a low limit of detection and
a low signal-to-background ratio make this material promising
for application in monitoring biological processes. Huang et al.
developed WS, ink by sonication-assisted liquid exfoliation
in water supported by Au nanoparticles for detection of
17p-estradiol.**® An electrode was prepared by covering a GCE
with WS,, then Au NPs were anchored and the ssDNA aptamer
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was applied for selective detection of target molecules. The as
prepared electrode allowed determining 17f-estradiol at a
concentration as low as 2 pM. Moreover, it was proved that
only target molecules may cause such obvious current changes
at concentrations in the range of 107'® M. Tan and co-workers
prepared single-layer ternary chalcogenides for fluorescence
sensing of DNA.>*> Microsized crystalline flakes of Ta,NiSs
were obtained via a chemical vapour transport technique from
their elementary powders. Then high yield exfoliation
was performed to produce a single-layered compound. Probe
DNA was supplied with Texas red as fluorescent reporter that
can be effetely quenched in the presence of TMDCs. Addition of
complementary ssDNA results in fluorescence recovery and can
be used for target DNA detection. The fluorescence could be
recovered when the target ssDNA was added to form dsDNA.
The fabricated sensor exhibited high sensitivity (up to 50 pM)
and afforded a detection time of 10 min. Ta,NiS; was also used
as a “Capture-Release” nanosensor for detection of biological
species (Fig. 26).

4.3 (Bio)molecular sensing with TMD-graphene hybrid
materials

Both TMDs and graphene exhibit a range of physico-chemical
properties suitable for various electronic and sensing applica-
tions. In particular, further modifications of MoS, and genera-
tion of hybrid materials might be used to generate composites
with desired properties. The synergistic effects on the electro-
chemical performance of carbon-based materials with metal or
metal oxides have been previously reported,”*® thus suggesting
the combinations of MoS, with graphene-like structures as
excellent candidates for a new class of electrochemical sensors.
Electrodes made of TMC-graphene composites exhibit signifi-
cant enhancement of electron transfer conductivity.’*®>"®
Huang et al. reported a MoS,-graphene composite prepared
via a modified r-cysteine-assisted solution-phase method cast on a
GCE to assemble an electrode.>'! The composite displayed a wide
electrochemical potential window (~2.9 V in phosphate buffer),
which is comparable to those of graphene-based electrodes. The
as-prepared electrode was utilized for voltammetric determination
of acetaminophen, exhibiting linear response in the 1-100 pM
range. Moreover, the hybrid material showed good interference
resistance: in the presence of other electrochemically active
molecules the value of the oxidation peak current was sustained.
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Fig. 26 (a) Scanning electron microscopy (SEM) image of TayNiSs nanosheets. (b) Crystal structure of TayNiSs along the b-axis. (c) Schematic
representation of the quenching ability of Ta,NiSs applied for ssDNA detection. (d) Fluorescence detection of different concentrations of target
molecules in the presence of probe ssDNA. Adapted from ref. 502 with permission of American Chemical Society.
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Table 10 Comparison of the sensing properties of different transition metal chalcogenide based sensors

Material Type of sensor Analyte Limit of detection Linearity range Ref.
MoS, Electrochemical H,0, 2.5 nM 0.1-100 uM 488
DNA 0.019 fM 0.1-1 x 10° nM 489
Fluorescent DNA 15 pM 0-200 pM 503
DNA 500 pM 0-50 nM 512
FET Glucose 300 nM 300 nM-30 mM 513
MoS,-Pt NPs Electrochemical DA 0.17 uM 0.5-150 uM 495
AA 0.98 UM 5-1000 uM
H,0, 1.0 uM 4.0-48 500 pM 521
MoS,-NiNPs Glucose 0.31 M 0-4 mM 497
MoS,-Ag/chitosan Tryptophan 0.05 pM 0.5-120 pM 509
MoS,-Au NPs AA 100 pM 1-70 mM 508
DA 0.05 UM 0.05-4 x 10* pM
UA 10 uM 10-10° uM
DA 80 nM 0.1-200 ptM 494
Glucose 2.8 UM 10-300 pM 493
MoS,-PANI Adenine 3 nM 0.05-100 uM 134
Guanine 5 nM 0.05-100 uM
Chloramphenicol 65 nM 0.1-1000 M 498
WS, Glucose 2.9 uM 5-300 uM 500
WS,-Au NPs 17B-Estradiol 1pM 0.01-10 nM 496
WS,-acetylene black DNA 0.12 fM 0.001-100 pM 522
TaS, Fluorescent DNA 0.05 nM 0-5 nM 501
TaNiSs DNA 50 pM 0-5 nM 502
MoS,-graphene Electrochemical Acetaminophen 20 nM 0.1-100 pM 511
Honokiol 0.62 nM 1.0 nM-2.5 uM 519
H,0, 1.25 yM 6.25-225 pyM 523
MoS,-rGO DA 0.94 uM 1.5-100 uM 520
HPR-MoS,-graphene H,0, 0.049 uM 0.2 pM-1.1 mM 510

List of abbreviations. NPs: nanoparticles, DA: dopamine, AA: ascorbic acid, UA: uric acid, PANI: polyaniline, TaS,: tantalum(v) sulfide, TaNiSs:

tantalum nickel sulfide, HPR: horseradish peroxidase.

Another electrochemical sensor composed of a MoS,-graphene
nanohybrid film was developed by Zhao and co-workers.>*° The
GCE was embedded in a MoS,-graphene nanohybrid, resulting
in significantly enhanced sensitivity towards honokiol - known
in view of its antitumor and antibacterial activity used in
western medicine. The electrode revealed high selectivity and
stability with a spectacular limit of detection corresponding to
6.2 x 107 '® M. Pramoda et al. demonstrated the electrocatalytic
activity of MoS,-tGO/GCE against dopamine and proved its
superior nature over a bare rGO-modified electrode.>*° Effective
detection of DA in the presence of interferents was established
at a level of 0.55 pM.

The most important parameters, including the type of
sensor, limit of detection and linearity range, of TMD-based
sensors are presented in Table 10.

4.4 (Bio)molecular sensing with other 2DMs

Hexagonal BN is known to be the most stable allotrope among
the BN crystalline forms. A few electron transfer reactions
toward biomolecule oxidation for commonly used electrodes
immobilized with boron nitride have been reported and the results
are comparable to those of other 2DM based sensors.>>*%>®
However, SERS seems to be a more popular technique for the
development of hBN-based chemical sensors. Noteworthily, the
boron-nitrogen bonds of hBN can be used for further modifica-
tions or to facilitate the detection of organic molecules via the
polarization of B-N bonds."®® Moreover, the modification of the
BN surface, e.g. introducing noble metal NPs, allows the

This journal is © The Royal Society of Chemistry 2018

enhancement in the Raman signal, thus rendering such material
a practical support for SERS. Moreover, BN exhibits a high
fluorescence quenching ability and different affinities toward
single stranded DNA and double stranded DNA, allowing sensi-
tive detection of complementary DNA fragments.>>°

Khan et al. reported the electrocatalytic behaviour of hBN
toward the detection of dopamine.’** The electrode was pre-
pared by drop-casting an ethanolic solution of crystalline
hexagonal boron nitride on a screen-printed graphitic electrode
(SPE) and found to determine dopamine in the presence of
common interference molecules ascorbic acid (AA) and uric
acid (UA). The obtained sensor exhibited a limit of detection
of 0.65 pM, which is comparable to those of other 2D-based
dopamine sensors. Zhan and co-workers exploited the quenching
ability of boron nitride for DNA detection.’”® The experiment
revealed an effective fluorescence decrease of labelled ss-DNA in
the presence of boron nitride nanosheets (BNNS), reaching up to
85%. This sensor exhibited a low limit of detection toward target
DNA molecules (104 pM) and linearity in the 0.6-20 nM range.
Lin et al. assembled a SERS-based sensor for rhodamine 6G (R6G)
detection with high reusability.'®® Silver-decorated boron nitride
nanosheets, prepared via reduction of Ag salt in the presence of
BNNS, were deposited on quartz substrates using substrate transfer
techniques, resulting in a thermal-oxidation resistant material,
which facilitates the removal of any residual analyte. Another SERS
sensor for aromatic molecules was prepared by introduction of
Au NPs onto BN nanosheets obtained using the Scotch tape tech-
nique. Cai et al. proposed substrates tested toward R6G detection,
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with signals greatly enhanced in the presence of 10~° M solutions of
analyte.”> The fabricated sensor also allows the effective removal of
detected molecules by thermal treatment.

MXene-based sensors exhibit good electrochemical activity
toward a range of biologically important molecules like
glucose,®”® H,0,"7%°* and nitrites."””® Wang and co-workers pre-
sented a nanocomposite of TiO, modified with Tiz;C,MXene
encapsulating haemoglobin with effective activity toward H,O,
detection.®®® TiO,-Ti;C, was synthesized in an autoclave, then
a mixture consisting of a suspension of the nanocomposite,
haemoglobin in phosphate buffered saline (PBS) and Nafion were
applied on a GCE by a simple casting method. The obtained
MXene enzyme-based sensor exhibited efficient electrochemical
performance, allowing determination of hydrogen peroxide with
a low limit of detection of 14 nM and a wide linear range of
0.1-380 puM. Another Ti;C,-based electrochemical sensor supplied
with haemoglobin to provide direct electron transfer was realized
by Liu et al'”® This sensor, due to its large surface area and
high conductivity, displayed good electrochemical performance,
allowing detection of sodium nitrite (NaNO,) with a linear range
of 0.5-11 800 uM and a limit of detection equal to 0.12 pM. Rakhi
and co-workers used the synergistic effect of Au NPs and MXenes
on glucose oxidation.>”® Two-dimensional titanium carbide was
obtained via exfoliation of Ti;AlC,. Further sonication of MXenes
with Au NPs resulted in Au/MXene composites used to prepare
electrodes together with glucose oxidase (GOx) by casting the
obtained mixtures onto GCEs. These sensors displayed a detection
limit of glucose up to 5.9 uM and amperometric response with
linearity in the 0.1 mM to 18 mM range.

Two-dimensional nanosheets of black phosphorus have
gained attention as an analogue of other widely explored
layered materials. BP exhibits impressive opto-electronic prop-
erties but it is particularly sensitive to water and oxygen; thus
during the preparation of BP-based chemical sensors, particu-
lar precautions have to be taken.”*”**' Yan and co-workers
proposed a nonenzymatic sensor based on solvent exfoliated BP
for determination of H,0,.*** Few-layered black phosphorus,
produced via a supercritical carbon dioxide-assisted synthesis,
was used for electrode preparation by casting an ethanolic
solution onto a GCE. The electrochemical impedance was
investigated in N,-saturated phosphate buffered saline (PBS)
exhibiting linearity in the 1 x 107’ M to 1 x 10> M range with
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a limit of detection as low as 1 x 10”7 M. Yew et al. used higher
affinity of BP NPs toward ssDNA and prepared a fluorescent
sensor for nucleic acid detection.*®" This biosensing platform
provided linearity in the 4-4000 pM range and a limit of
detection equal to 5.9 pM.

The performances of hBN, MXenes and BP-based materials
as (bio)molecular sensors are summarized in Table 11.

In this section we have discussed 2DMs and 2DM-based
composites for the sensing of (bio)molecular species. A range of
unique physico-chemical properties offered by 2DMs allows
fabrication of various types of chemical sensors including fluo-
rescent, electrochemical, FET and SERS sensors. The recent
literature includes investigations of the most important biological
molecules with particular attention to molecules relevant to
medical sciences. Among various advantages of 2DM based
sensors the extremely low limit of detection (reaching the pico-
molar level), ultrafast detection (<1 s) and wide linearity of
response signals should be emphasized. Moreover, most of the
2DM based sensors exhibit high selectivity and allow determina-
tion of multiple target molecules even in the presence of common
interferents. The possibility of further modifications of 2DMs
allows achieving multicomponent systems, offering better perfor-
mances in the effective determination of target analytes. Note-
worthily, the spectrum of molecules detectable with presented
sensors is quite narrow. Also there are a few issues that should be
considered while developing new sensing materials such as
stability, reusability and biocompatibility. Electrochemical sen-
sing seems to be one of the most widespread approaches applied
in chemical sensing, which affirms the superior electrical proper-
ties of graphene and TMDs. In the case of TMDs recent investiga-
tions seem to be mainly focused on MoS, and WS,, while the
other representatives have not gathered much attention so far.
Notably, the group of novel 2DMs such as hBN, MXenes and BP
holds great potential in molecular sensing. Basing on few recent
reports those materials constitute promising fundaments for
further investigations in terms of their sensing properties.

5 Conclusions and outlook

Alongside the numerous extraordinary physical and chemical
properties exhibited by 2DMs, their high surface area-to-volume

Table 11 Comparison of the sensing properties of hBN, MXenes and BP-based chemical sensors

Material Type of sensor Analyte Limit of detection Linearity range Ref.
hBN Electrochemical DA 0.65 pM — 524
Surfactant exfoliated hBN 1.57 yM — 525
BNNS Fluorescent DNA 104 pM 0.6-20 nM 526
Ag-BNNS SERS R6G 10 uM — 168
Au/BN 1M — 527
TiO,-TizC, Electrochemical H,0, 14 nM 0.1-380 uM 529
TisC, NaNO, 0.12 pM 0.5-11 800 uM 179
GOx-Au-MXene Glucose 5.9 uM 0.1-18 mM 528
BP H,O0, 0.1 pM 0.1-10 pM 530
BPNPs Fluorescent DNA 5.9 pM 4-4000 pM 531

List of abbreviations. DA: dopamine, BNNS: boron nitride nanosheets, SERS: surface enhanced Raman scattering, R6G: rhodamine 6G, GOx:

glucose oxidase, BPNPs: black phosphorus nanoparticles.
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ratios represent a key additional advantage for applications in
sensing. The all-surface-and-volume-free character guarantees
the highest sensitivity to any changes in 2DMs’ environments,
which is an absolute prerequisite for the development of high-
performance sensing devices. However, the use of pristine,
defect free sheets may result in weak and unspecific inter-
actions with the chosen analytes. Defects hold a pivotal role in
2DMs: they allow the modulation of the (opto)electronic prop-
erties, and in particular the engineering of the band gap, which
plays a crucial role in improving the sensitivity of the device.
Moreover, the presence of dangling groups on the surface can
promote analyte absorption, consequently yielding an improve-
ment in the sensing performances. Furthermore, the presence
of defects highly increases the chemical reactivity of 2DMs,
enabling further chemical functionalization of the reactive
sites, which may result in high specificity, enhanced sensitivity
and a low detection limit towards the targeted analyte. On the
other hand, a lack of control during defect engineering can
result in irreproducible properties of 2DMs. In particular, the
increased reactivity and the presence of dangling bonds with
different chemical structures on the basal plane (or edges) of
the 2DM may result in an enhanced, yet, unselective binding of
the analytes, ultimately leading to poor selectivity, long
response or an even incomplete recovery time of the sensor.

One of the greatest challenges to be tackled in the near
future is the controlled introduction of ad hoc defects in 2DMs
with a precise spatial resolution and concentration. Ideally, the
chemical composition of the defects has to be complemented
by a chemical functionalization of the reactive sites with the
receptor of the analyte of choice. Such a strategy needs to be
pursued by mastering the principles of molecular recognitions,
e.g. via tailoring of supramolecular interactions, which may
result not only in ultrasensitive 2DMs but also in superior
selectivity and response times — making the actual step towards
industrial products. Additionally, chemical programmability,
through the generation of multicomponent assemblies based
on 2DMs, may enable the future development of multianalyte
sensing. Although optical sensors based on the change in the
photoluminescence properties of 2DMs upon interaction with
analytes have been widely and successfully employed for both
metals and biologically relevant molecules, electrochemical
sensors seem to be the most promising since they provide a
direct electrical response without the need for employing a
transducer. By taking advantage not only of the superior
electrical properties of graphene and other 2DMs, but also of
their excellent mechanical properties such as robustness and
flexibility, 2DM based sensors can be supported on flexible
foils, for smart wearable technologies for monitoring the
human/environment interface. Interestingly, the recent demon-
stration of the compatibility of 2DMs with ‘“‘on-the-skin” appli-
cations opens the door towards their use for the detection of
clinically relevant biomarkers. Such 2DM-based tattoos may
therefore find application as dry on-the-skin sensors character-
ized by low susceptibility to motion artefacts, which is one of
the biggest drawbacks of conventional dry sensors and electro-
des for point-of-care health monitoring.

This journal is © The Royal Society of Chemistry 2018
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Supercapacitor energy storage devices recently garnered considerable attention due to their cost-effec-
tiveness, eco-friendly nature, high power density, moderate energy density, and long-term cycling stabi-
lity. Such figures of merit render supercapacitors unique energy sources to power portable electronic
devices. Among various energy storage materials, graphene-related materials have established themselves
as ideal electrodes for the development of elite supercapacitors because of their excellent electrical con-
ductivity, high surface area, outstanding mechanical properties combined with the possibility to tailor
various physical and chemical properties via chemical functionalization. Increasing the surface area is a
powerful strategy to improve the performance of supercapacitors. Here, modified polyhedral oligosilses-
quioxane (POSS) is used to improve the electrochemical performance of reduced graphene oxide (rGO)
through the enhancement of porosity and the extension of interlayer space between the sheets allowing
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efficient electrolyte transport. rGO-POSS hybrids exhibited a high specific capacitance of 174 F g7,
power density reaching 2.25 W cm™, and high energy density of 41.4 mW h cm™ endowed by the intro-
duction of POSS spacers. Moreover, these electrode materials display excellent durability reaching >98%
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rsc.li/nanoscale retention after 5000 cycles.

1. Introduction

The ever-increasing energy demand has triggered an intensive
search for sustainable and renewable power sources which has
led to the emergence of multiple technological solutions
including clean energy conversion and storage devices. In fact,
nowadays the most employed energy sources such as fossil
fuels, coal, oil, and natural gasses are neither ecofriendly nor
everlasting. Fossil fuel burning releases harmful gasses, result-
ing in continuous deterioration of the global environment.
During the past decades, renewable energy sources have
become extremely important because of their sustainability
and efficiency combined with their pollution-free processabil-
ity. Among them, supercapacitors (SCs) have received consider-
able attention as modern portable energy storage devices fea-
turing high power density, ultrafast charge-discharge, long
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cycling life, high operating durability, and low maintenance."?
Since the first demonstration of SC in 1957 by Becker using
porous carbon electrodes, much progress has been made in
this research area. Albeit a vast number of electrode materials
have been reported so far, carbon nanomaterials have attracted
the greatest attention due to their unique physicochemical
and electrochemical properties. In particular, the use of gra-
phitic carbon nanomaterials yielded an increase in the overall
performance of SCs. Moreover, carbonaceous electrodes rep-
resent an ecologically friendly alternative for traditional energy
storage devices such as batteries.>" Considering the mecha-
nism of charge storage, supercapacitors can be classified as
electrical double layer capacitors (EDLCs) based on electro-
static adsorption of electrolyte ions onto the surface of electro-
des and pseudocapacitors (PCs), additionally supported by far-
adaic redox reactions. Notably, EDLCs are beneficial especially
in terms of higher power density and longer cyclic stability but
they exhibit lower power density than PCs.>®

Among all carbon-related materials that can be used as elec-
trodes for EDLCs, graphene possesses the largest surface area
(up to 2700 m* g~ "). However, graphene-based supercapacitors
exhibit significant quasi-rectangular curves at lower scan rates
(1-10 mV s7") due to their densely packed layered structure,
kinetically limiting electrolyte ion penetration at higher scan
rates, thereby resulting in overall electrochemical performance
decrease.”
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Three-dimensional (3D) graphene-based architectures have
gathered remarkable attention for EDLC applications owing to
their highly accessible surface area, low density, structural
interconnectivity (micro-, meso- and macro-interconnected
pores), excellent electrical conductivity, and good mechanical
features. Overall, the supercapacitance performance of 3D gra-
phene-based SCs has been correlated to the enhanced accessi-
bility of the electrode surface to electrolyte ions, which also
provides conductive channels for electron transfer. Such an
increase in the dimensionality can be beneficial in terms of
the physicochemical properties of hybrid materials.®™°
Therefore, the use of porous scaffolds can be an asset,
especially in terms of specific surface area, the presence of the
pores with controllable size, and effective charge transport.

Graphene-based materials, which are popular because of
their exceptional electrical and mechanical properties, can be
produced either via bottom-up or top-down strategies.'' ™
Among the various GRMs, graphene oxide (GO) offers multiple
advantageous features including good dispersibility in
aqueous media and easy chemical functionalization.'>"®
Notably, GO exhibits modest electrical properties compared to
pristine graphene due to the existence of multiple structural
defects in the sp® lattice combined with the presence of
various oxygen-containing groups.'””'® However, GO can be
reduced leading to reduced graphene oxide (rGO). The latter,
which can have a sheet resistance of a few Q O, can be
efficiently used as an electrode in different device types.'® In a
simplistic model, the conductivity of graphene-based materials
is proportional to the carbon to oxygen ratio. However, other
parameters such as geometrical aspects, including sheet orien-
tation and percolation effects, also play a non-negligible
role.>>* A plethora of reduction pathways to restore to a great
extent the n-conjugated electronic structure were proposed and
widely applied, including chemical, thermal, electrochemical,
and microwave-assisted processes.’®?*>¢ Reduction is a viable
approach to generate large quantities of high-quality rGO with
moderate oxygen content, while the use of structural scaffold-
ing might support electrochemical processes that require
effective ion penetration.”” Chemically reduced GO was pre-
viously investigated as a neat component for energy storage
applications reaching a moderate capacitance ranging from 67
to 100 F g~ ', mainly due to the limited accessibility for electro-
lyte molecules. The more effective rGO-based electrodes
usually exhibit lower cyclability and durability while tested in
aqueous media or require the wuse of organic
electrolytes.”®?°

Notably, chemically or thermally reduced graphene oxide
sheets, which combine high electrical conductivity and electro-
chemical stability, are unfortunately prone to undergo a sub-
stantial restacking when producing macroscopic assemblies
from a liquid suspension. This restacking drastically reduces
the material’s surface area leading to dramatic decreases in
the energy density of the graphene film-based supercapacitors.
However, the inhibition of the restacking of graphene sheets
can be achieved by the use of molecular spacers to guarantee
high specific surface porosity which is required for effective

even
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electrolyte penetration.® A vast number of approaches using
the covalent and non-covalent functionalizations of graphene-
based materials have been explored leading to superior electro-
chemical performance.*’® It was demonstrated that the
appropriate selection of functional molecules allows fine-
tuning the interlaminar distance between rGO sheets and
might result in higher capacitance and improved durability of
electrodes.*

Polyhedral oligomeric silsesquioxanes (POSSs) are in-
organic molecules comprising a Si-O cage-like core sur-
rounded by organic sites exposing the functional groups.*® By
exploiting their well-defined structure, high stability and good
solubility, POSSs have been used as attractive functional build-
ing blocks to develop nanohybrid materials, in particular
when combined with porous carbon structures.>®*” The intro-
duction of silsesquioxanes makes it possible to endow the
materials with enhanced durability, rigidity, and higher
specific surface area. Moreover, the presence of POSSs can
enhance the electrochemical performance of graphene-based
materials due to the pseudocapacitive co-contribution and
expansion of the interlayer space of tightly packed nanosheets.

Here, we report the modification of GO with
OctaAmmonium-POSS followed by the chemical reduction of
the hybrid to generate rGO-POSS electrodes for super-
capacitors. The latter device exhibited an enhanced specific
capacitance of 173 F g™, thus comparable to the state-of-the-
art chemical rGO materials. The introduction of POSS resulted
in a porous structure with a specific surface area of 180 m?
¢~! with a moderate pore size of 4 nm allowing effective elec-
trolyte penetration and thereby ensuring effective electro-
chemical performance and exceptional cyclability. The pre-
pared electrodes exhibited high durability and excellent capaci-
tance retention (>98%) after 5000 cycles. Moreover, the use of
molecular spacers provided a high volumetric energy density
of 41.4 mW h cm™. These results provide clear evidence
regarding the beneficial role of POSS in improving the electro-
chemical performance via simple chemical functionalization
of rGO.

2. Results and discussion
2.1 Synthesis and characterizations

The synthesis of rGO-POSS was performed by using the con-
densation reaction between primary amine moieties, which are
generated upon the hydrolysis of ammonium chloride on the
termini of OctaAmmonium POSS and epoxides present on the
GO surface, mainly via the nucleophilic ring opening reaction
yielding covalent cross-links of the two components (Fig. 1).
Subsequently, the isolated product was chemically reduced
with hydrazine to get rid of the excess of oxygen species and
non-covalently attached POSS molecules.

Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS) analysis made it possible to gain
insight into the morphology and elemental distribution in the
final material. Fig. 2a reveals that rGO-POSS possesses a

This journal is © The Royal Society of Chemistry 2020
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folded structure typical of graphene oxide-based hybrids.
Elemental mapping confirms the homogeneous distribution
of the elements in the final material ie. silicon atoms dis-
persed in the matrix of rGO, thereby excluding the formation
of aggregates (Fig. S1t). High-resolution transmission electron
microscopy (HR-TEM) was performed to reveal the porosity
provided by the evenly spread POSS cages in the matrix of
reduced graphene oxide (Fig. 2b). The estimated average POSS
loading amounts to 1 POSS for each 10 nm?. The Fourier trans-
form infrared spectroscopy (FT-IR) spectra of GO, POSS, GO-
POSS, and rGO-POSS portrayed in Fig. S21 provide evidences
for the covalent functionalization of rGO with POSS. The

This journal is © The Royal Society of Chemistry 2020
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S, 2 transition
state

GO-POSS N o

(a) SEM picture of rGO—-POSS and (b) HR-TEM investigation of rGO—POSS hybrid material.

spectra of pristine GO displays typical peaks associated with
C=O0 stretching at 1724 em™', C=C stretching at 1624 cm™,
C-O stretching of epoxy groups at 1216 and 1054 cm ™', and a
broad peak between 3000 and 3500 cm™' corresponding to
hydroxyl species stretching. The functionalization with POSS
molecules determined the appearance of a strong absorption
peak at 1573 em ™" corresponding to N-H stretching vibration,
and a broad peak at 3276 cm™' corresponding to N-H
vibration of secondary amines suggesting that most of the
-NH, groups took part in covalent bonding to the surface of
graphene oxide.”' Moreover, due to hydrazine reduction, we
can observe a significant decrease in hydroxyl species around

Nanoscale, 2020, 12,18733-18741 | 18735
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3500 cm~'. Notably, the decreased intensity of the peaks
corresponding to the C-O bonds results from the functionali-
zation and chemical reduction of the final material and was
previously reported while cross-linking GO with amine-based
functional molecules.**** In addition, the asymmetric peaks
at 2937 and 2870 cm™' are assigned to the C-H stretching
vibrations of the alkyl group -CH,. The formation of the rGO-
POSS composite was further evidenced by the appearance of
bands characteristic of siloxane groups ie  Si-O-Si
(1130 em™") and Si-C (908 em™") coming from the core of the
POSS cage.

X-ray photoelectron spectroscopy (XPS) was exploited to
obtain information on the chemical composition of materials
by identifying the relevant chemical elements and bonds
present in the neat and functionalized GO (see Fig. 3). The C
1s spectra of GO show peaks corresponding to the C-C (284.6
eV), C-O (286.4 eV), C—=0 (287.5 eV), and COOH (288.3 eV)
bonds. Comparably, the C 1s spectra of the functionalized GO-
POSS appear differently and feature peaks at 284.6 eV, 285.5
eV, 286.4 eV, and 287.5 eV, which can be assigned to C-C, C-
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2
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N, C-O, and C=O bonds, respectively. However, the C 1s
spectra of rGO-POSS exhibit a significant decrease of C-O
bonds indicating the successful reduction of unreacted oxygen
group on the surface of GO-POSS (Fig. 3c). As expected, the
high-resolution N 1s spectra of the GO sample does not show
the presence of a nitrogen signal. Conversely, signals observed
in the GO-POSS sample can be deconvoluted into two peaks,
i.e. at 398.9 eV and 401.2 eV, which can be attributed to the
secondary (N-sp> bonds) and protonated primary amines,
respectively.”” Notably, the existence of the external -NH;"
groups suggests that only the majority of amines undergo
covalent grafting onto GO sheets with the coexistence of
electrostatic interactions mostly at the edges of the GO surface
and form the ammonium-carboxylate species. Interestingly,
the non-covalent grafted molecules were easily removed from
the GO-POSS during the reduction step, which was previously
reported in the case of functionalization and reduction of gra-
phene-based materials.** Moreover, the N 1s spectra of rGO-
POSS reveal a decrease in the signal corresponding to the pro-
tonated primary amines (401.2 eV). In addition, a new peak at
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Fig. 3 Comparison of XPS high-resolution C 1s and N 1s spectra of (a and d) GO, (b and e) GO-POSS, and (c and f) rGO-POSS.
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400.2 eV on the N 1s spectra of GO-POSS after hydrazine treat-
ment indicates minor nitrogen inclusion mostly on the edges
of the GO sheets forming N-sp> species.”” Furthermore, deter-
mination of the C/N ratio, which amounts to 10.2 and 25.4 for
GO-POSS and rGO-POSS, respectively, confirms the removal of
non-covalently attached POSS molecules.**

Thermogravimetric analysis was performed to investigate
the thermal stability and composition of GO, POSS, and rGO-
POSS. The GO curve displays about 45% weight loss in the
range of 150-300 °C due to oxygen functional group degra-
dation. POSS exhibits good thermal stability up to 340° when
the organic aminopropyl-species start to decompose with
increasing temperature leading to the formation of amorphous
$i0,.***” The rGO-POSS curve shows similar mass drops
corresponding to organic functional group degradation with
the 20% mass residue coming from the POSS Si-O core.

Powder X-ray diffraction investigations were performed to
study POSS intercalation into the 3D structure and the struc-
tural orientation changes due to functionalization. Wide-angle
X-ray scattering (WAXS) results of the pristine GO display only
a typical sharp peak at ~10.01° (see Fig. S37), corresponding to
an interlayer spacing of 0.87 nm due to the (002) reflection of
the stacked GO sheets, in accordance with the previously
reported value.’®*® Interestingly, after functionalization with
POSS, a significant shift of the peak towards lower angle
values (7.65°) was observed, the latter corresponding to an
increased interlayer spacing of 1.15 nm. The latter can be
assigned to the intercalation of POSS particles with sizes of ca.
0.5 nm (core-shell), which vary depending on the substitu-
ents.’® Moreover, due to functionalization, a new broad peak
at 21.03° coming from POSS is observed. After reduction with
hydrazine, a new peak at 27.96° appears suggesting the pres-
ence of new crystalline domains, which corresponds to the par-

0,15
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tially restored graphitic domains and n-n interactions with a
significant shift compared to rGO that resulted from the pres-
ence of POSS species.** Moreover, chemical reduction provides
the removal of non-covalently attached POSS cages in accord-
ance with XPS results. The irregular intercalation of POSS
between graphene sheets results in broadening of the peak
towards the 260 range of 6-11° and broad signals around 20°
and 30° corresponding to the high-intensity peaks of crystal-
line POSS itself (Fig. S47).

Further insights into the morphologies of rGO-POSS were
obtained by quantifying the specific surface area (SSA), pore
size, and pore distribution with the Brunauer-Emmett-Teller
(BET) model, which relies on N, adsorption desorption. Our
hybrid material exhibited a large SSA reaching 180 m” g/,
which is roughly twice the accessible surface area of pristine
GO (Fig. S57). Notably, the material was finally reduced, a reac-
tion which typically is accompanied by a decrease in the
surface area. However, in our case, the presence of mesopores
during the functionalization made it possible to maintain the
porous structure. The type IV hysteresis loop (Fig. S5bt) con-
firms the presence of capillary condensation occurring in
mesopores with new types of pores of size 4 nm and an
average pore volume of 0.54 cm® g™, which clearly differ mor-
phologically from the materials used for the synthesis
(Table S1t), enabling effective electrolyte transport during the
electrochemical measurements.>~>*

2.2 Electrochemical study

Cyclic voltammetry (CV) was employed to probe the electro-
chemical behaviour of the rGO-POSS electrode in aqueous
H,SO, (1 M) electrolyte at a potential window from 0 to 1 V.
The working electrode was investigated at scan rates ranging
from 1 mV s~ to 1000 mV s~' as shown on Fig. 4. At lower

a) —1mvs™! b) ] —10mvs! c)zo. —s50mvs!
< 0,10 < <
o o 41 )]
< 0,05 < 2] < 104
2 0,001 2 o @ o
[ (] [
° ° 2 T
£ -0,054 e - e -10
g B ] s
S -0,10 3 3 204
o O ] o -
-0,15 T T T T T T T T T T T T ™ T T T T T
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
Voltage (V) Voltage (V) Voltage (V)
50 80 150
d) " e) y f) A
_. 40 —100mVs _ go] —200mvs = ——1000 mV's
= - < 1004
o 307 > 404 2
< 204 < < 50
2 10] E 2
2 ol 2 o 2 0
S 3 3
< 107 - 201 « .50
§ 5 5
E © -404 o
5 -301 . 5 -100
O 0] o o
y y T y T T 80 +— T T T v T 150 +— T T T T T
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
Voltage (V) Voltage (V) Voltage (V)

Fig. 4 Cyclic voltammetry curves of rGO—POSS electrode at different scan rates (1-1000 mV s
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(a) The dependence of specific capacitance and power density at various scan rates for rGO—-POSS. (b) Cyclic stability of electrodes at

100 mV s7* for ~GO-POSS and h-rGO. (c) Comparison of Nyquist plots for ~GO-POSS and hydrazine-reduced graphene oxide.

scan rate values (1-100 mV s '), the CV curves display a quasi-
rectangular shape confirming effective electrolyte ion transport
resulting in good electrochemical performance. This phenom-
enon can be attributed to the presence of the stable porous
structure provided by POSS scaffolding which allows achieving
effective capacitance at higher scan rates, which usually drasti-
cally drops over 20 mV s™" for graphene-based materials.>**’
A specific capacitance of 179 F g~' was obtained at a scan rate
of 1 mV s™" and represents a relatively high result considering
that chemically reduced graphene oxide-based materials,
including the reference hydrazine-reduced graphene oxide,
reach 94 F g¢g~' (Fig. S10%). In addition, voltamperograms
recorded at low scan rates revealed peaks around 0.4 V
suggesting the slight co-participation of pseudocapacitance in
the electrochemical behaviour of electrode which might be
due to the presence of heteroatoms (such as nitrogen, oxygen,
and silicon).>>>” With the scan rate increase, an obvious drop
in specific capacitance was observed, e.g. 86 F ¢ at 50 mV
s~!, sustaining good electrochemical performance (Fig. 5a).
Further experiments show a significant drop in specific capaci-
tance comparable to the pristine rGO electrode. Notably, the
prepared electrode also exhibited good areal capacitance of
350 mF cm™> and volumetric capacitance reaching 115 F cm™.

The prepared electrode displayed a power density of 2.25 W
em ™ at an operating voltage of 1 V s~ (Fig. 5a). Notably, the
prepared electrode revealed excellent cyclability: its electro-
chemical capacitance remains at level over 98% of initial
capacitance after 5000 cycles while tested at a scan rate of
100 mV s™' in aqueous media which is superior when com-
pared to the reference rGO material, which drops to 95%
under the same conditions (Fig. 5b, Fig. S9t). Galvanostatic
charge-discharge curves at the current density of 1 A g™ reveal
a significant difference in the cycle time for rGO-POSS (290 s)
when compared to reference rGO (190 s). Electrochemical
impedance spectroscopy (EIS) was employed to gain kinetic
information of the electrode materials wherein the data was
obtained in the form of Nyquist plots where the real part of
impedance was plotted against the imaginary part of the impe-
dance. The Warburg resistance (a slope of 45° region of the
plots) of the rGO-POSS electrode was estimated as 1.75 Ohm,
indicating fast charge transfer during the energy storage
process and good conductivity and better ion transfer between

18738 | Nanoscale, 2020, 12,18733-18741

the electrolyte-electrode than that of hydrazine-reduced gra-
phene oxide (Fig. 5¢). The volumetric energy density (E) consti-
tutes an important parameter, especially for real applications
in electric vehicles and mobile devices. Our electrodes exhibi-

ted energy density as high as 41.4 mW h cm™.

3. Experimental
3.1 Materials

A 4 mg mL™" aqueous dispersion of graphene oxide (GO) was
acquired from Graphenea. Hydrazine monohydrate and absol-
ute ethanol (Sigma Aldrich) were used as received without
purification. OctaAmmonium POSS (AMO0285) was purchased
from Hybrid Plastics Inc. Carbon Black Super P (H30253) was
acquired from Alfa Aesar. All the solutions were prepared
using Milli-Q water.

3.2 Preparation of rGO-POSS hybrid

A batch of rGO-POSS was prepared as follows: a mixture of
ethanol (100 ml) and GO (100 ml, 4 mg mL™") was sonicated
for 15 min and added to a solution of POSS (1 g in 200 mL of
DI water). The mixture was vigorously stirred overnight under
reflux. After 24 hours, the precipitate was filtrated, rinsed
several times with water and ethanol and then the obtained
GO-POSS was dried under vacuum. 570 mg of GO-POSS was
dispersed in water and 570 pL of hydrazine was added and
stirred for another 6 hours. The precipitate was then filtered
and rinsed with a large amount of water and ethanol. The
resulting black powder was then freeze-dried for 24 h under
vacuum.

3.3 Characterization techniques

FT-IR spectra were studied within the mid-IR range
(400-4000 cm™") using a PerkinElmer spectrometer (Spectrum
Two) equipped with an ATR Diamond. X-ray photoelectron
spectroscopy (XPS) analyses were carried out using a Thermo
Scientific K-Alpha X-ray photoelectron spectrometer with a
basic chamber pressure of ~10~° mbar and an Al anode as the
X-ray source (X-ray radiation of 1486 eV). X-ray powder diffrac-
tion (XRD) experiments were conducted on powder specimens
using a Bruker ASX D8 Advanced diffractometer equipped with

This journal is © The Royal Society of Chemistry 2020
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Cu anode and Ka radiation (4 = 1.5418 A). Diffraction patterns
were collected at room temperature in the scattered angular
range between 6° and 40° with an angular resolution of 0.02°
per step and a typical counting time 4 of 10 s per step. The
specific surface area was measured using a Micromeritics
ASAP 2050 surface area and porosity analyzer. Prior to the BET
measurements, the samples were outgassed for 12 hours at
100 °C. Adsorption isotherms were calculated for nitrogen
adsorption at 77 K and pressures up to 1 bar. Scanning elec-
tron microscopy (SEM) characterization was carried out by
means of an FEI Quanta 250 FEG instrument using energy-dis-
persive X-ray (EDX) analyses. High-resolution transmission
electron microscopy (HR-TEM) was performed with a Hitachi
HT7700 transmission electron microscope.

3.4 Electrochemical measurements

The working electrode (disc with a diameter of 0.7 cm and a
thickness of 30 pm) was prepared by vacuum filtration of rGO-
POSS dispersed in ethanol and carbon black (as a conducting
additive, 10 wt% ratio of the total mass of the film). After
drying, a free-standing pastille was deposited on Au-covered
polyethylene terephthalate (PET) substrate by pressing under a
pressure of 10 MPa for 24 hours (Fig. S51). A platinum wire
was employed as the counter electrode and an Ag/AgCl elec-
trode in KCl was used as the reference electrode. 1 M H,SO,
aqueous solution was used as the electrolyte for CV measure-
ments. The CV curves were performed under a potential

window from 0 to 1 V at different scan rates ranging from 1 to
1

1000 mV s™°. The capacitance was calculated from the CV
curves using the eqn (1):*
1 v Vo
C :—J idv+J idv (1)
mx Av xs ), v

where C is the capacitance (F g™'), m is the mass loading of
active material, Av is the voltage window in the measurement,
and s is the scan speed for each CV measurement. The energy
density (eqn (2)) and power density (eqn (3)) were calculated as
given:>’

1 AV

E=—XCX——
2 3600

(2)

p—2L 3600 (3)
At

where E is the energy density (W h cm™), C is the volumetric
capacitance, AV is the discharge voltage range, P is the power
density (in W cm™), E is the volumetric energy, and At is the
discharge time. CV, galvanostatic charge/discharge and electro-
chemical impedance spectra were measured with EC-LAB
VMP3 (BioLogic Science Instruments).

4. Conclusions

In conclusion, we have demonstrated a facile approach for
covalent functionalization of graphene oxide with silsesquiox-

This journal is © The Royal Society of Chemistry 2020
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ane (POSS) followed by chemical reduction and exploited the
hybrid structure as an electrode for supercapacitors. Due to
the introduction of POSS cages and optimization of oxygen
content, the final material exhibited a three-dimensional
porous structure that was fully characterized in terms of mor-
phology, chemical composition, and electrochemical behav-
iour. The prepared electrode exhibited high specific, areal, and
volumetric capacitances (171 F g7, 350 mF cm 2, and 115 F
cm™?, respectively). The introduction of POSS molecules pro-
vided optimal pores allowing efficient electrolyte penetration
while the electrochemical processes resulted in excellent per-
formance over a wide range of scan rates. Moreover, the elec-
trode revealed excellent durability and cyclability maintaining
>98% capacitance retention after 5000 cycles showing superior
electrochemical performance when compared to rGO. This
work enriches the current family of modern molecularly engin-
eered graphene-based energy storage materials. Such an
approach enables the tuning of a variety of physicochemical
properties of the hybrid system towards the generation of
high-performing multifunctional electrode materials exhibit-
ing enhanced stability.
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Fig. S1 Scanning Electron Microscopy (SEM) pictures of rGO-POSS.

Transmittance
®
3t
0
(@]
wl
()]

N

" l L 1 1
——rGO-POSS

3500 3000 2500 2000 1500 1000
Wavenumber [cm'1]

Fig. S2 FT-IR spectra of graphene oxide (black curve), POSS (red), GO-POSS (green) rGO-POSS
composite (blue).
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Fig. S3 X-ray diffraction spectra of graphene oxide (GO), chemically reduced graphene oxide
(rGO), and its composites with silsesquioxane (GO-POSS, rGO-POSS).
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Fig. S5 Adsorption-desorption N, isotherm for a) graphene oxide (GO) b) rGO-POSS composite.



Tab. S1 BET surface area analysis of GO, POSS, rGO and rGO-POSS.

BET Surface area (m?g!') | Pore volume (cm3 g') | Average pore size
(nm)
GO 108 0.15 5.6
POSS 13 0.025 33
rGO 9 0.018 1.5
rGO-POSS 180 0.54 4
—_— GO
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— — rGO-POSS
BE 80 =]
E 60-
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= 40
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Fig. S6 Thermogravimetric analysis of GO, POSS and rGO-POSS.

Fig. S7 rGO-POSS electrode deposited on Au-covered polyethylene terephthalate (PET).
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Fig. S8 Charge-discharge curves for rGO-POSS and rGO at current density of 1 A g'!.
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Fig. S9 CV curves showing cyclability of rGO-POSS electrode after 5000 cycles at scan rate of
100 mV s,
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Fig. S10 Electrochemical measurements for hydrazine-reduced graphene oxide used as reference
material a) circular voltammetry curves in the range of 1-1000 mV s b) specific capacitance at
different scan rates for hydrazine-reduced graphene oxide.

Tab. S2 Comparison of most common characteristics of reduced graphene-based electrodes.

. Cycle no.
Material Electrolyte Scan Ratel_ Spe(_:lflc (reytention) Ref.
current density | Capacitance
rGO 2M KOH 2mV s’ 44 F g - 1
rGO 1M H,SO,4 1 mA cm™2 areal: 33.8 mF - 2
cm2
rGO 2M H,SO, 0.2Ag" 141 F g - 3
rGO PVA-H,SO, 1.1A g’ 171 F g 100000(80%) 4
rGO-powder 6M KOH 0.5Ag" 255 F g! 1200 (~93%) 5
rGO-paper 196 F g 1200 (~94%)
rGO 1M Na,SO, 50 mA g 67 F g - 6
rGO-MnO, 1M Na,SO, 50 mA g 897 mF cm™ 6450 (83%) 6
rGO-biochar | 0.5 M H,SO, 0.5Ag" 167 F g 10000 (90%) §
Ap-rGO 6M KOH 5mV s’ 160 F g 5000 (80%) 8
TiO-rGO 1M LiPFg 04Aqg"’ 150 F g 100 (80%) 9
rGO-PVA 1Ag’! 122.7 F g* 1000 (87.4%) | 1°
rGO- 1AgT 101 F g - 10
melamine
rGO-PU 1Ag’ 55.56 F g - 10
rGO-POSS 1M H,SO, 1mVs 174 F g 5000 (>98%) | This
350 mF cm-2 work
115 F cm™3

Ap- aminopyrole, PVA- polyvinyl alcohol; PU- polyurethane
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A Graphene Oxide-Thioamide Polymer Hybrid for
High-Performance Supercapacitor Electrodes

Whodzimierz Czepa, Samanta Witomska, Paolo Samori,*

The controlled chemical functionalization of graphene oxide (GO) represents a
powerful strategy to finely tune its physical and chemical properties toward
applications in energy storage. Herein, an unprecedented approach for the GO
modification with thioamide-based polymers featuring numerous heteroatoms
(S,N,0) is reported, which is instrumental for achieving superior electrochemical
performance in symmetric supercapacitors. While the electrochemical investi-
gations in aqueous electrolytes reveal specific capacitance of 221 Fg 'at1Ag ™',
the use of organic media allows the specific capacitance to be boosted up to
340 F g . Additionally, the increase of operating window yields energy densities
as high as 94.4 Wh kg ', thereby exceeding state-of-the-art performances of GO-
based supercapacitors. Furthermore, the symmetric devices exhibit great
robustness in both aqueous and organic electrolytes as evidenced by an excellent
stability after 5000 working cycles (>>98% in H,SO, and >90% in TEABF,/ACN).

and Artur Ciesielski*

obstacles need to be overcome to render
SCs ready for being used in daily applica-
tions, e.g., to power portable electronic
devices. The existing major problems to
be solved include: 1) the lack of industrial
standardization such as general specifica-
tions, electrodes, and electrolyte specifica-
tions; 2) low rated voltages, which require
preparation of stack of connected SC com-
ponents for practical applications; 3) relative
low energy densities, which result in the
need of constructing bulky, noncompact,
and relatively heavy devices.**! Various
types of materials have been investigated
for application in energy storage devices
exploiting either their electrochemical

1. Introduction

The ever-growing energy needs call for the development of new
power sources and sustainable energy storage systems.
Supercapacitors (SCs) represent an attractive portable energy
storage alternative to state-of-the-art devices, e.g., batteries, as
they combine very high cycling stability, ultrafast charging, high
range of operating temperatures and improved durability, and
most importantly high power density."! However, several
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double-layer (ECDL) formation or pseudo-

capacitance (PS) provided by Faradic reac-

tions taking place on redox active sides on
electrode—electrolyte interface. In this context, different
forms of carbon-based materials including activated carbon, car-
bon nanotubes, and graphene-based materials have been studied
in the last decade.">"* To enhance their electrochemical char-
acteristics, these materials have been modified by increasing
their porosity, which rules the electrolyte penetration within
the electrode material and therefore it allows control over the
kinetics of charge/discharge processes. Moreover, to provide
additional pseudocapacitative behaviors, heteroatoms such as
N, P, S, and O have been introduced.'>*”! During the last
few years, numerous studies have been reported on the explora-
tion of 2D materials toward enhanced efficiency in energy stor-
age density, mainly achieved by increasing their specific surface
areas, taking advantage of their high electrical conductivity, and
by developing synthetic protocols that can be potentially
upscaled.['*)

Among 2D materials, graphene oxide (GO) can be produced in
large scale at moderate costs, and it is known to exhibit unique
physical and chemical properties including high mechanical
strengths and ease of processability. Furthermore, the presence
of oxygen containing groups (carboxyls, alcohols, and epoxides)
on the surface and rim of GO’s sheets enables the use of
different synthetic pathways for its covalent and noncovalent
modification.'* 2% The chemical functionalization of GO was
amply demonstrated to be a powerful strategy to tune its proper-
ties toward desired application in (electro)chemical sensing,
energy storage, water and gas purification as well as biomedical
technologies.**! However, GO exhibits poor electrical charac-
teristics when compared to pristine graphene due to the presence
of multiple structural defects and the aforementioned oxygen-
containing groups acting as traps and scattering sites for efficient

© 2023 The Authors. Small Science published by Wiley-VCH GmbH
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charge transport. Moreover, the GO itself is highly hydrophilic
and it can be easily penetrated by solvents molecules causing
swelling of the material.”” The phenomena significantly influ-
ence the structure and result in worsening of long-cycle perfor-
mance of the electrode causing low stability.?” Nonetheless,
various chemical and physical methods for the GO reduction
can be used to restore the conjugation between carbon atoms
within GO yielding reduced graphene oxide (rGO). The latter
is electrically conducting and it can be used both as electrode
or semiconductor for the fabrication of optoelectronics devi-
ces.P! Interestingly, the reduction and functionalization of
GO can be accomplished simultaneously when molecules bear-
ing primary amines are employed to covalently modify GO via
condensation between the oxygen functional groups of GO
(mainly epoxides) and NH, units of ad hoc molecules. This
results in the dramatic decrease of oxygen content and restora-
tion of GO conductivity.***3! Noteworthy, a moderate amount of
oxygen is also desired in carbon-based materials when employed
as SC’s electrode material, as they provide pseudocapacitative
characteristics.*>***! Previous works have been focussed on the
influence of oxygen content on SC performance in GO/rGO-
based electrodes. Harsh reduction conditions might cause
drastic decrease in specific capacitance due to lowered pseudo-
capacity effect.*®! The today’s performance of most GO/polymer
hybrid materials employed as electrodes in SCs, as quantified by
its specific capacitance, amounts typically in the range of
100-300 F g~1.77*% Importantly, the crucial obstacle hampering
the practical application of GO-based hybrids in SCs is the low
energy density, being usually two orders of magnitudes lower
than in case of Li-ion batteries and typically reaching values
up to 5-15Whkg ' in case of aqueous electrolytes.*"!
Notably, Song and co-workers showed that the use of 1-butyl-
3-methyl-imidazolium tetrafluoroborate electrolyte allows a high
energy density of 51 Whkg ' to be obtained, demostrating the
high potential of organic electrolytes for widening of the potential
window.!! Most of reported examples of GO-based SCs com-
prise aqueous electrolytes, which are relatively cheap, easily avail-
able, and provide good ion conductivity. However, the operating
voltage windows of such SCs are limited by the thermodynamic
water decomposition at 1.23 V.[*?l According to theoretical pre-
dictions, the use of higher voltage windows, which might be
modulated by the choice of the electrolyte, represents appealing
strategy toward increased energy density and power density per-
formance of SCs.1***4 In particular, organic electrolytes, includ-
ing ionic liquids, represent attractive solutions when employed
in carbonaceous-based SCs.[*>**! Among them, tetraethylammo-
nium tetrafluoroborate (TEABF,) exhibits very high conductivity
(10.55mS cm™") and very high oxidation and reduction limiting
potentials defining an operative voltage window in the range of
—3.0 to 3.6 V.V Hence, organic electrolytes are particularly
suitable for the development of hybrid SCs with excellent perfor-
mance by mastering both ECDL and PS mechanisms of energy
storage.[*®! To generate new electrode materials mastering both
mechanisms, we exploited a supramolecular approach compris-
ing the synthesis of a new thioamide-based polymer (THA) and
its grafting to GO yielding GO-THA porous hybrids. The latter
have been used as electrode material in symmetric SC devices,
displaying gravimetric capacitance as high as 221 and 340 F g~*
at 1Ag71 in 1 M aqueous H,SO, and 1M TEABF, in ACN,
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respectively. Moreover, the enlarged operating potential window
allowed the achievement of energy density of 94.4 Whkg ',
being several times greater than typical values for carbonaceous
SCs (Table S6, Supporting Information).

2. Results and Discussions
2.1. Synthesis

The thioamide polymer (THA) was synthesized in a three-step
reaction. First, modified Hofmann rearrangement was employed
to substitute terminal primary amines of 2,2’-(ethylenedioxy)
bis(ethylamine) with dithiocarbamide salt by reacting the former
with carbon disulfide in basic conditions. Subsequently, dithio-
carbamide salt was transformed into diisothiocyanate.*® Finally,
the condensation of diisothiocyanate and 2,2'-(ethylenedioxy)
bis(ethylamine) yielded the thioamide (THA) polymer. The con-
densation reaction time was set to 1 h to avoid complete polymer-
ization and therefore insoluble polymer precipitation (Figure 1).
The as-prepared THA was used to modify GO through the ring
opening reaction of GO’s epoxide-driven nucleophilic attack of
THA'’s terminal primary amines, as well as the esterification of
carboxyl moieties located mainly on the GO sheet edges. The for-
mer reaction is accomplished thanks to the tautomerization of
active sulfides (thioamide grouping).[*”’ The ratio GO:THA 1:10
(w/w) was applied to maximize the functionalization degree of
GO and to avoid formation of nonhomogeneous product.

2.2. Characterization

'H and *C NMR analysis was carried out to attain qualitative
information on the chemical structure of THA (Figure SI,
Supporting Information). 'H spectra revealed the presence of
signals at 6 7.54 (s, 2H), 3.68-3.44 (m, 12H), and 2.67
(t, NH;) which are assigned to secondary amine, ethylene units,
and terminal amines hydrogens of THA, respectively. The
average molecular weight of the polymer size was estimated
as 1958 gmol ' by MALDI-TOF with MS detector (Figure S2,
Supporting Information). Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) studies of the
GO-THA hybrid material revealed a dense, homogeneous,
wrinkled, porous morphology (Figure 2 and S3, Supporting
Information). Such porosity is especially beneficial for the
subsequent electrochemical experiments, as it is one of the factors
enabling efficient electrolyte ion transportation. Moreover, the
energy-dispersive X-Ray (EDX) mapping (Figure S4, Supporting
Information) showed an even distribution of the heteroatoms
(S, N) introduced upon functionalization with the THA polymer.

X-ray photoelectron spectroscopy (XPS) measurements of
pristine GO, THA, and GO-THA hybrid were performed to cast
further light onto the chemical composition of the materials. The
survey spectra confirm the presence of introduced heteroatoms
(N, S) into the GO structure (Figure S5, Supporting Information)
High-resolution C 1s spectrum of GO (Figure 3a) exhibited typi-
cal peaks at 284.6, 286.4, 287.5, and 288.3 eV corresponding to
the C-C, C-0O, C=0, and COOH groups, respectively. N 1s and S
2p spectra of THA displayed characteristic peaks confirming its
structure along with the emergence of resonance effect according

© 2023 The Authors. Small Science published by Wiley-VCH GmbH
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Figure 2. SEM images of GO-THA hybrid.

to S 2p high-resolution spectra featuring C=S and C-SH peaks at
161.5 and 163eV, respectively. (Figure S6, Supporting
Information). The C 1s spectra of pristine GO and GO-THA
hybrid evidenced major differences. In particular, in the latter
two new peaks appeared: the C-N bond (287.3 eV) arising from
the covalent attachment of terminal primary amines of THA to
GO’s epoxides, and the band at 285.5 eV which is assigned to
C-S bond and whose presence has confirmed the formation
of thioamide.*®*!) On the other hand, the N 1s spectra of
GO-THA provided valuable insight into the composition of
obtained material. While the major peak at 399.5eV
(Figure 3c) can be ascribed to N-C bond of thicamide and sec-
ondary amine grouping, the existence of a peak at 398.1eV is
indicative of a resonance effect taking place in the thioamide
moiety [R1-NH-C(=S)-NH-R2]<+[R1-HN-C(SH)=N-R2].5?
The S 2p spectra of GO-THA revealed characteristic sulfur—
carbon bonds (at 161.0, 162.1, and 164 eV). Moreover, partial
oxidation of sulfides to sulfones was monitored (167.0 and
168.5 eV), occurring simultaneously while functionalizing the
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GO. This phenomenon is beneficial especially in view of electro-
chemical properties of GO-THA, as redox reversible reactions
allow the introduction of an additional PS effect and improved
the SCs’ performance. Notably, the chemical composition of
GO-THA hybrid displayed significant degree of functionalization
as revealed by a nitrogen and sulfur content amounting to 9.23%
and 3.93%, respectively, according to XPS data. Such values are
in good agreement with elemental analysis (Table S1, Supporting
Information).

Fourier transform infrared spectroscopy (FTIR) spectra of GO
and GO-THA are shown in Figure S7, Supporting Information.
The GO spectrum displayed the well-known bands at 1731 cm™"
(C=0 stretching), 1620cm™" (C=C), and stretching of epoxy
moieties C-O-C at 1047 cm™'. Moreover, one can observe the
broadband between 3000 and 3500 cm™", due to the stretching
vibration of the hydroxyl groups. As a result of the functionali-
zation, a strong peak appeared at 1568 cm ™' that can be ascribed
to C=N-H stretching vibrations which is characteristic for
thiourea resonance structure. Moreover, one can observe

© 2023 The Authors. Small Science published by Wiley-VCH GmbH
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Figure 3. High-resolution XPS spectra of GO: a) C 1s, and GO-THA: b) C Ts, ¢) N 1s, and d) S 2p.

typical -CH,-symmetric and asymmetric stretching at 2864 and
2923 cm™ !, respectively, arising from ethylene grouping present
in the polymer.

The functionalization of GO with THA yielded a threefold
increase in the specific surface area of 371 m”g ' according
to Brunauer—-Emmett-Teller (BET) N, adsorption—desorption
investigations (Table S2, Supporting Information). The hystere-
sis of type H3 (Figure S8, Supporting Information) indicates the
slit-like mesopores being present in the material, which is in cor-
relation with an average pore diameter of 3.1 nm. Powder X-ray
diffraction (XRD) investigations were performed to study the
crystallinity of the materials. Wide-angle X-ray scattering
(WAXS) of the pristine GO displayed only the (002) reflection
of stacked GO sheets which appears as a typical sharp peak at
~10.01° (see Figure S9, Supporting Information), indicating
an interlayer spacing of 0.87 nm, in accordance with previously
reported values.”*** Conversely, the THA polymer exhibited
two broad peaks at =~22° and a secondary peak at ~8.3°.
Interestingly, GO-THA hybrid featured a peak at ~8.15°, suggest-
ing an increased interlayer spacing between adjacent GO sheets
up to 1.05 nm. Moreover, due to functionalization a new broad
peak at 23.4° originating from an amorphous THA phase can be
identified. Raman spectroscopy provided useful information on
the quality and degree of functionalization of GO within
GO-THA hybrid. The relative ratio between D and G peaks of
GO and GO-THA (Figure S10, Supporting Information), which
are located around 1350 and 1600 cm ™" respectively, confirms
the highly efficient functionalization. In particular, the increase
in the Ip/Ig ratio from 0.87 to 1.14 in GO-THA reflects the
enhancement in structural and electronic disorder after grafting
THA polymer, which is due to the enhancement in the sp® carbon
atoms content in the hybrid, in line with previous reports on
GO functionalization.>*® Thermogravimetric analysis was per-
formed to investigate thermal stability of GO, THA polymer, and
GO-THA. The GO curve displayed ~45% weight loss in the
range of 150-300 °C due to the degradation of oxygen functional
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groups. THA exhibited an average thermal stability up to 210 °C,
typical for organic compounds, with a rapid decomposition and
weight loss of 60%. The GO-THA curve revealed a slight
mass decrease over 100 °C associated with surface water removal,
along with a slow degradation over 150 °C eventually up to 48%
mass loss. Overall, based on the thermal gravimetric analysis
(TGA) analysis the relative mass composition of GO-THA is esti-
mated as 80:20 GO:THA (Figure S11, Supporting Information).

2.3. Electrochemical Studies

The electrochemical performance of the developed material
when integrated in 2-electrodes SC devices was investigated in
solid state symmetric setup embedded in CR2030 coin cell
The use of aqueous electrolyte (1M H,SO,) provided excellent
wettability mainly due to presence of numerous electronegative
atoms (O, N, S) in GO-THA hybrid. The electrolyte-material
interface displayed a good conductivity, reaching values of
140Scm™! (Figure S12a, Supporting Information). The most
important electrochemical characteristic is portrayed in
Figure 4: the displayed cyclic voltammetry (CV) profile exhibits
very good electrode performance. The quasirectangular shape of
CV, characterized by small peaks at around 0.4 and 0.5V,
provides evidence for the slight coparticipation of a redox reac-
tion in the energy storage mechanism. The nearly triangular gal-
vanostatic charge—discharge (GCD) curves indicate excellent
reversibility and effective charging and discharging of the electro-
des. Notably, the electrode does not show any IR drop, which
might indicate internal resistance, confirming a negligible
charge loss due to resistance effect. Such feature is also
confirmed by Nyquist plot revealing solution resistance (Rg)
and charge resistance transfer (Rcr) factors of 0.9 and 6.0 Q,
respectively (Figure 4c). Interestingly, the GO-THA-based device
exhibited high specific capacitance of 221Fg™' at current
density of 1 Ag™" combined with a great capacitance retention

© 2023 The Authors. Small Science published by Wiley-VCH GmbH

85UBD17 SUOWILIOD dAIIEaID) 3|qedi|dde ays Aq pausenoch are sapie YO ‘98N Jo 3N 1o} AreiqiauluQ A8|1A\ UO (SUOIIIPUOD-pUe-SLLLB)W0D S| 1M Aelg 1 pul U0/ SdNY) SUORIPUOD pue SWid | 3Y} 88S *[£202/0/rT] uo AriqiauluQ 8|1 ‘pue|od aueiydod Agq £T000EZ0Z ISWS/Z00T 0T/I0p/wod A3 1M AReiqipul|uo//sdny woly papeojumod ‘0 ‘9v078892


http://www.advancedsciencenews.com
http://www.small-science-journal.com

ADVANCED
SCIENCE NEWS

small
science

www.advancedsciencenews.com

(a) 200 —
{—ImVs®  —s00mvs’
150_—10mVs 1VS'1
|——50mvs’
-1
100 4 — 100 mV 5,1
- |——200mVs
o
< 504
= ]
c
g o
=]
o
-50 -
-100
L .4 & ¥ L) = L) = i 3 i Ll
0,0 0,2 0,4 0,6 0,8 1,0
Voltage (V)
(c)
50 4 [ ]
40 4
-
30+ .
g« m 35
N 20_ - 30
225
4 - —
- |} 20 . 7
10 - | r: 5
0 - J i 1 2 3 4 5 6 -7. 8
Z'(Q)
L) L) L)

0 5 10 15 20 25 30 35 40 45 50
Z(Q)

www.small-science-journal.com

1,0 —1Ag’
—2Ayg"
—5Ag"
0.8 1 ——10Ag"
B
5 06-
=
[=4
3
S 044
0,2
0,0 o T B4 T 5 T v T
0 200 400 600 800
Time (s)
(d)
2404
o
< 200
o
=
§ 1604 o
g ]
G 1204 ° o
Q
8
o 804
i
]
Q -
e 40
0 v . . Y v . v .
0 5 10 15 20

Current density (A g'1)

Figure 4. Electrochemical characterizations of symmetric SCin 1 M aqueous H,SOy: a) CV, b) GCD curves, c) electrochemical impedance spectroscopy,

and d) specific capacitance at different current densities.

while increased current density up to 20Ag ' (120Fg™').
Moreover, the stability tests confirmed outstanding performance
even after 5000 cycles, with a decrease in the initial capacitance
limited to ~2% (Figure S12b,c, Supporting Information). In gen-
eral, the operating potential window determines the performance
of energy storage devices (Equation (2)). It has been shown that

its widening allows both energy density and power density to be
boosted. Toward this end, we have employed 1 M TEABF, in ace-
tonitrile as the electrolyte which made it possible to increase the
potential window up to 2 V. The CV profiles in Figure 5a show
excellent performance, especially in the range of 2-500mVs ™",

as the last curve (500mV s~ '). Notably, the electrode exhibits
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Figure 5. Electrochemical characteristics of GO-THA electrodes in 1m TEABF, in ACN: a) CV, b) GCD curves, and c) electrochemical impedance

spectroscopy and proposed electrical circuit.
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great pseudocapatitative behavior, which can be only observed for
low scan rates value (Figure S13, Supporting Information), as the
Faradic peaks flatten with subsequent scan rates increment.
The specific capacitance of device calculated from GCD exceeds
the value obtained in aqueous media and reaches 371 F g~ at cur-
rent density of 1Ag™', standing out among other GO-related
materials (Figure 5b). The electrode also exhibits great capacitance
retention at higher current densities reaching 250Fg™' at
20 A g~ (Figure S14, Supporting Information). Significantly, the
increase in the operating window allowed notable increase of
the energy density up to values as high as 94.4 Whkg™' with
the power density reaching 333 mWh cm™>, being exceptional
performance for energy storage applications. Moreover, the
GO-THA electrodes exhibited high areal and volumetric
capacitance of 556.5mFcm 2 and 85.6Fcm >, respectively
(Table S3, Supporting Information). According to Nyquist plot,
Rs and Rcr factors can be evaluated by fitting the electrochemical
impedance spectroscopy (EIS) spectra on the equivalent circuit
proposed on Figure S15, Supporting Information. The charge
transfer resistance reached values as low as 32 Q, thereby provid-
ing excellent kinetics of electrochemical processes (Figure 5c).
Notably, the attained conductivities of the electrode material cor-
respond to 48 S cm™! (Figure S15a, Supporting Information).

3. Conclusions

We have demonstrated the covalent functionalization of GO with
thioamide-based polymer, as an efficient route to decorate in a
robust fashion the surface of GO with different heteroatoms.
The multiscale characterization of GO-THA by means of
XPS, SEM-EDX, Raman, XRD, and FTIR analysis revealed sig-
nificant amount of polymer present in the hybrid with high
nitrogen and sulfur content. The GO-THA hybrid was employed
as electrode material in symmetric SCs that were investigated in
both aqueous (1 M H,SO,) and organic electrolyte (1 M TEABF,
in ACN). In both cases the electrodes exhibited excellent conduc-
tivity and very good specific capacitance amounting to 221 and
340 F g~ ', respectively. Notably, the use of organic electrolyte
made it possible to widen the potential window resulting in very
high volumetric capacitances of 85.6 F cm™ and energy density
of 94.4 Whkg ', being several times higher than typical energy
densities of other carbonaceous materials.

4. Experimental Section

Materials: All the compounds and components required for the synthesis
including triethylamine, carbon disulfide, 2,2'-(ethylenedioxy)bis(ethyl-
amine), dicyclohexylcarbodiimide, electrolyte components tetraethylammo-
nium tetrafluoroborate, acetonitrile (electronic grade), separators Whatman
glass microfiber filters, binder poly(tetrafluoroethylene), and 1-methyl-2-
pyrrolidinone were purchased from Sigma—Aldrich. Conductive carbon black
Super P (H30253) was acquired from Alfa Aesar and carbon AvCarb P75
substrate was obtained from FuelCellStore. The GO was acquired from
Graphenea (4 mgmL™" solution).

Synthesis of Polymer THA: A 4 mL of ethanol was poured into a round
bottom glass placed in ice cooled bath and subsequently 3.9 mL of triethyl-
amine (4 eq, 28 mmol) and 4.2 mL of carbon disulfide (10eq, 70 mmol)
were added. Then, 1.04 g of 2,2’-(ethylenedioxy)bis (ethylamine) dissolved
in 2 mL of ethanol was droplet added while the reaction mixture was inten-
sively stirred. After 5 min the round bottom glass was taken out from the
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ice cooled bath and stored at room temperature for 4 h. Following, a pale-
yellow precipitate was filtrated and rinsed with cooled ethanol to yield the
final product (yield = 97%). To the solution of 0.496 x g N,N’-dicyclohex-
ylcarbodiimide (2 eq, 2.4 mmol) in acetonitrile, 0.68 g of triethylammo-
nium ((ethane-1,2diylbis(oxy))bis(ethane- 2,1-diyl))dicarbamodithiolate
(1eg, 1.2 mmol) dissolved in 5 mL of acetonitrile was added dropwise.
The reaction was carried out for 1 h at RT. Subsequently, the white precipi-
tate was filtered, and 10 mL of water was added to the yellow solution,
followed by three times extraction with DCM. The combined organic frac-
tions were washed with brine, dried over anhydrous Na,SO,, and evapo-
rated till fully exsiccated. The crude product was dissolved in a small
volume of cold ethyl acetate and placed in the ice bath for 1 h to enable
the precipitation of the residual dicyclohexylurea (DCU). After filtration, the
solution was evaporated under the vacuum to give the isothiocyanate
product as a yellow oil (60% yield). 0.68 x g of 1,2-bis(2-isothiocyanatoe-
thoxy)ethane (1 eq, 2.9 mmol) was dissolved in 10 mL of DCM and added
dropwise 0.42 mL of 2,2'-(ethylenedioxy)bis (ethylamine) (1 eq, 2.8 mmol)
mixed with constant stirring in RT. After 2h, additional amount of
2,2’-(ethylenedioxy)bis (ethylamine) (0.1 mL) was added and stirred for
15 min. The precipitate was filtered and dried to yield product (30% yield).

Preparation of GO-THA Hybrid Material: A mixture of DMF (10 mL) and
aqueous GO (10mL, 4mgmL™") was sonicated for 15min and then
10 mL of THA polymer in DMF (40 mgmL™") was added. The mixture
was rigorously stirred overnight and heated at 90 °C. The resulting powder
was then filtered and washed several times with DMF and copious amount
of water to remove the unreacted THA polymer. The product was then
freeze-dried for 24 h under vacuum to obtain black solid foam-like
material.

Characterization Techniques: FTIR spectra were recorded in the mid-IR
range (400-4000 cm ') by using a Perkin Elmer Spectrometer (Spectrum
Two) equipped with ATR Diamond. XPS analyses were carried out on a
Thermo Scientific KAlpha X-ray photoelectron spectrometer with a basic
chamber pressure of ~10-9 mbar and an Al anode as the X-ray source
(X-ray radiation of 1486 eV). X-ray powder diffraction (XRD) experiments
were conducted on powder specimens using Bruker ASX D8 Advanced
equipped with Cu anode with Ka radiation (1= 1.5418 A). Diffraction pat-
terns were collected at room temperature in the scattered angular range
between 6° and 40° with an angular resolution of 0.02° per step and a typi-
cal counting time 4 of 10's per step. The specific surface area was mea-
sured by using a Micromeritics ASAP 2050 surface area and porosity
analyzer. Prior to the BET measurements, the samples were outgassed
for 12h at 100°C. Adsorption isotherms were calculated for nitrogen
adsorption at 77K and pressures up to 1bar. SEM characterization
was carried out by means of a FEI Quanta 250 FEG instrument with
EDX analyses. High-resolution transmission electron microscopy
(HR-TEM) was performed with a Hitachi HT7700 transmission electron
microscope. TGA decomposition curves are recorded in the range
25-700 °C operating under nitrogen atmosphere, with a thermal step of
10°Cmin~" on a Mettler Toledo TGA/SDTA85Te system. Raman spectra
were recorded by a Renishaw microscope with a 100x objective, laser exci-
tation wavelength of 532 nm, and laser power of 0.05%. The silicon peak at
520.3 cm™' was taken as reference for wavenumber calibration. Point of
zero charge of adsorbent was determined following previously reported
method. Mass spectra were collected on MALDI-TOF mass spectra
Ultrafle Xtreme Bruker.

Preparation of SCs: The working electrodes were prepared by mixing of
GO-THA hybrid (80 wt%, 8mg), carbon black (10wt%, 1mg), and
poly(tetrafluoroethylene) (PTFE) (10wt%, 1mg) in a probe with 1mL
of N-methylpyrrolidone (NMP) and sonicated for 15 min to achieve homo-
geneous suspension. Consequently, the material was deposited on carbon
substrate providing 2 mg of active material per electrode (AvCarb-P75) and
dried under vacuum (80 °C). The electrodes were assembled in CR2032
coin cell using Whatman glass microfiber filters as a separator and several
drops of the given electrolyte, i.e., 1 M aqueous H,SO, or 1M tetraethy-
lammonium tetrafluoroborate in acetonitrile.

Electrochemical Measurements: The CV study was performed in the
range of 0-2V with scan rates spanning from 2 to 1000mVs~'. GCD
curves were recorded from 0-2V at different current densities
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(1-20Ag™") and used to calculate specific capacitance using following
formulal*®!

2 x| x At
E*XX

T mx AV M
where | is a current density, At is the discharge time, m is a mass of the
electrode, and AV is a potential window. EIS and conductivity of electrodes
were taken in the frequency range from 200 kHz to T mHz with an ampli-
tude of 10mV. The energy density (Equation (2)) and power density
(Equation (3)) were calculated as given

2
E_ Cx AV @
3.6 x2
E/
P =1, x 3600 3)

where E is the energy density (Wh kg™"), C is the gravimetric capacitance,
AVis the discharge voltage range, P is the power density (in mWh cm™3),
E’ is the volumetric energy density, and At is the discharge time. CVs, GCD
curves, and EIS were recorded using EC-LAB VMP3 (Biologic Science
Instrument).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1 Nuclear Magnetic Resonance spectra of THA polymer: a) *H NMR, b) 3C NMR.

Figure S2 MALDI-TOF spectra of THA polymer.
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Figure S3 TEM pictures of (a) GO (b) GO-THA.

Figure S4 (a) SEM and (b-d) EDX element mapping spectra of GO-THA hybrid’s (b) carbon, (c) nitrogen,

and (d) sulfur.
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Figure S5 X-ray Photoelectron Spectroscopy survey spectra of GO-THA composite.
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Figure S6 X-ray Photoelectron Spectroscopy of THA polymer: a) N1s, b) S2p, GO: c) Ols and GO-THA:
d) O1s: d) O1s; GO-THA hybrid: e) O1s.
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Figure S7 FT-IR spectra of GO (gray) and GO-THA hybrid (black).
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Figure S9 XRD patterns of GO, THA and GO-THA hybrid.
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Figure $10 Raman spectra of GO and GO-THA hybrid.
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Figure S11 Thermogravimetric analysis of GO, THA and GO-THA hybrid.
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Figure S12 Electrochemical characteristics of GO-THA supercapacitor device in 1 M H,SO4: a)
conductivity; b) stability of device over 5000 cycles; c) CV collected while 1%t and 5000 cycle at 100
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Figure S14 Electrochemical characteristics of GO-THA supercapacitor device in 1 M TEABF; in
acetonitrile: a) conductivity; b) specific capacitance over different current density values; c) stability of

10000
Frequency (Hz)

T
1000

T
100000

the sample over 5000 cycles.

° C) 300 —____
350 T

= ° — 290 UL
"o 300 ° '
3 ° ° L 280
3 250 @
2 g
£ 2004 § 2704
5 5
8 8
& 150 Frasy
o o
o
£ 490 & 2504
S 5
2 2
@ 50 & 240

0 T T T T T 230 T T T T T T

0 5 10 15 20 0 1000 2000 3000 4000 5000

Current density (A g")

S-6

Cycle number




NN\ — | cPE2

Figure S15 Proposed equivalent electrical circuit. Rs

Table S1 Chemical composition of GO-THA hybrid based on elemental analysis and XPS survey.

Table S2 BET surface area analysis of GO, POSS, rGO and rGO-POSS.

Analysis %C %N %S
Elemental 55.07 9.17 4.02
analysis

XPS survey 66.8 9.23 3.93

composition
BET Surface area (m?g)  Pore volume (cm?® g*) Average pore size (nm)

GO 108 0.15 5.6

THA polymer 62 0.013 2.0

GO-THA 371 0.0524 3.3

Table S3 Circuit parameters for the EIS measurements of GO-THA in 1M H,SO..

Element Parameter Value Estimated Error (%)

Rs R 0.9 2.21
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Rer R 6.0 3.54
C1 C 7.9 uF 7.12
Zw YO 0.00596 12.5
CPE2 YO 0.0036 6.84

Table S4 Circuit parameters for the EIS measurements of GO-THA in 1M TEABF, in ACN.

Element Parameter Value Estimated Error (%)
Rs R 4.6 2.17
Rer R 32 4.22
Cc1 C 12.9 uF 6.15
Zw YO 0.00812 10.78
CPE2 YO 0.00391 7.65

Table S5 The most important electrochemical parameters calculated for symmetric GO-THA device in

1M TEABF, in acetonitrile.

Current Gravimetric Areal Volumetric | Energy density Power
density capacitance | capacitance | capacitance (Wh kg™?) density
(Ag?h (Fg?h (mF cm) (Fcm™) (mWh cm®)
1 371 556.5 85.6 94.4 24.1
2 324 486 74.8 90 41.5
5 289 433.5 66.7 80.3 92.6
10 275 412.5 63.5 76.4 176.3
20 260 390 60 72.2 333
Table S6 Comparison of most common characteristics of GO-polymer based electrodes.
Material Specific Scan rates/ Electrolyte Energy
capacitance Current density Ref.
density
GO/polythiophene 201 Fg? 10 mvs? 1M H,S0, - [1]
GO/PANI 320 F g 0.1Ag? 2M H,S0, - 2]
GO 121.7 Fg? - 1M H2SO4 3.08 kW kg [3]
423 F gt - CiMIM BF, 11.6 Wh kg
C-Sr-GO 260 F gt 1Ag?t 6M KOH 36.3 Wh kg? [4]
N-rGO 223.5Fg? 1 mvst 6M KOH - [5]
NSG 1765 F g 1Ag?t 6M KOH - [6]
GP 3619 Fg? 1Ag?t 2M H,S0, - [7]
N/O-doped porous 522 F g 05A¢g! 6M KOH 18.04 Wh kg | [8]
carbon (3-electrode) !
Graphene/polyrrole 285 F gt 05AQg? 0.5M - [9]
Na>SO4
N/S co-doped rGO 180.5 Fg! 1Ag?! EMIMBF4 33Wh kg™ [10]
tris/rGO 119 F g? 10 mvst BMIMBF4 51 Wh kg™ [11]

S-8




131 F g* 2 mvs? TEABF4/ACN

189 F g* 2 mVst 1M HxSO4 -

pErGO 81Fg? 05AQg! Polivinyl 11.25 Wh [12]
HsPO4 gel kg™
Sulfonated graphene 310 F g* 0.3Ag! 1M KCI 4.3 Whkg™? | [13]
PPy
GO-THA 221Fg? 1Ag?t 1M H,SO, 27 Whkg® | This
340 F g 1Ag? 1M TEABFs | 94.4Whkg' | work
ACN

List of abbreviations: GO - graphene oxide; PANI- polyaniline; C-Sr-GO — crumpled sulfur-assisted
reduced graphene oxide; N-rGO — nitrogen enriched reduced graphene oxide; NSG-nitrogen and sulfur
co-doped graphene; GP- graphene-polyaniline, Tris/rGO- tris(2-aminoethyl) amine/ reduced graphene
oxide, pErGO- growing porous electrochemically reduced graphene oxide, PPy- polypyrole.
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Synthesis and characterization of ultralong copper
sulfide nanowires and their electrical propertiest

Cosimo Anichini,® Wtodzimierz Czepa,” Alessandro Aliprandi,’
Valentina Girelli Consolaro, Ovidiu Ersen, (2 ¢ Artur Ciesielski () **° and
Paolo Samori () *2

We report the synthesis of ultralong copper sulfide nanowires (Cu,_,SNWs) through the sulphidation reaction of
metallic copper nanowires (CuNWSs) by thiourea under mild conditions. The multiscale characterization of
Cuz_,SNWs revealed the presence of a core shell structure made up of an external covellite layer coating a
roxbyite core. The Cu,_,SNWs, exhibiting lengths as high as 200 um, can be easily dispersed in ethanol and
deposited onto arbitrary substrates such as glass or plastic. The resulting films are readily conducting without
the need for post-treatments and exhibit a sheet resistance of 4.1 kQ sq~* at 73.7% transmittance (at 550 nm),
by virtue of the high aspect ratio of the Cu,_,SNWSs. The multiscale electrical characterization down to the
single Cu,_,SNWs revealed a low resistivity of 6.9 x 107® Q m and perfect Ohmic conductivity. Interestingly,
the conductivity of Cu,_,SNW films supported on polyethylene naphthalate sheets remained almost unaltered
(4% decrease) after 10000 bending cycles. In addition, Cu,_,SNWSs have shown excellent chemical stability
towards a strong oxidant like FeCls as well as in an acidic environment. Finally, Cu,_,SNWs have been
employed as active materials in symmetric supercapacitors revealing good pseudocapacitive behaviour,
with specific capacity as high as 324 F g~ (@t 5 mV s™) and 70% retention of the initial capacitance after

rsc.li/materials-c 5000 cycles (at 100 mV s73).

Introduction

The ever-growing flexible, wearable electronics markets require
a constant supply of conducting materials that can be pro-
cessed at low-cost, over a large area and on various flexible
substrates. Furthermore, for opto-electronic applications,
transparency of thin conductive films is a coveted feature, e.g.
due to the widespread demand for curved/foldable screens.
Beyond carbon-based nanomaterials such as carbon nano-
tubes' or graphene,” metal nanowires have been considered
as the next generation of flexible transparent conductors.?
Indeed, the high aspect ratio of metal nanowires allows them
to exhibit a relatively low percolation threshold, which is
beneficial for the fabrication of thin film conductive layers
and devices for transparent electronics® with enhanced
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mechanical properties. Among them, copper nanowires
(CuNWs) have gained increasing attention in the last decade
as they can be readily synthesized at extremely low cost and
exhibit high processability.” Furthermore, in view of the high
transparency of the obtained CuNW films, performance com-
parable to commercially available transparent conductive oxi-
des such as indium tin oxide (ITO) can be reached. Regrettably,
CuNWs are prone to oxidation, which limits their technological
applications. In particular, the as-synthesized CuNWs exhibit a
native insulating oxide layer that needs to be removed to allow
efficient charge percolation through CuNW films and networks.
Many efforts have been devoted to improving the electroche-
mical stability of copper through the formation of alloys,® or by
coating with protective shells.” Unfortunately, such strategies
require a post-processing of the material that not only increases
the production cost, but could be incompatible with chemically
fragile substrates such as paper or plastic. Therefore, it is of
interest to obtain a material that can be used as an ink to be
readily deposited onto an arbitrary substrate without any
further treatment. In this regard copper sulfide, which has
the general formula Cu,_,S, appears particularly appealing as it
displays a remarkable chemical stability, while its electronic
properties not only depend on the Cu:S ratio, but also on
its morphology at the nanoscale.® Currently, Cu,_,S is explored
in a wide range of applications including solar -cells,

J. Mater. Chem. C, 2021, 9, 12133-12140 | 12133
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photocatalysis, biosensors, optoelectronics and is employed as
a cathode material in lithium rechargeable batteries.’

Herein, we investigate the possibility of converting the
native oxide layer (Cu,O,) present on the CuNW surface to
copper sulfide (Cu,_,S) while keeping the same high aspect
ratio of the unmodified CuNWs to obtain a stable material that
can be disperse and directly deposited onto a substrate without
the need for any post-deposition treatment. The resulting
Cu,_,SNWs have been characterized in-depth with a wide range
of physicochemical techniques to determine their composition
and properties. The conductivity of the Cu,_,SNW films has
been correlated with the optical transparency, to evaluate their
possible use as transparent conductors, and through bending
test experiments to verify their adequacy in flexible electronics.
The chemical stability of Cu,_,SNWs has been verified against
known copper etchants such as FeCl;, HCl and NaOH. Finally,
the Cu,_,SNWs have been exploited as active materials in a
solid-state symmetric supercapacitor revealing pseudocapaci-
tive behavior and promising electrochemical performances.

Materials and methods
Cu,_,S nanowire (NW) synthesis

First, CuNWs were synthesized following a modification of an
existing method."® To this end 380 mg of CuCl,-2H,0 and 2.6 g
of octadecylamine were dissolved in 110 mL of deionized water.
The suspension was sonicated until a light blue emulsion was
obtained. Then 850 mg of glucose were added and the emulsion
was stirred at 60 °C for 3 hours to homogenize the emulsion.
Finally, the emulsion was transferred to a steel autoclave and
heated to 115 °C for 16 hours. The resulting CuNWs were
isolated from the reaction suspension by centrifugation firstly
with water, then with the ethanol/water mixture 1/1, and finally
with pure ethanol (4500 rpm, 8 min).

To synthesize the Cu, ,SNWs, thiourea (137 mg) and
CuCl,-2H,0 (0.0 or 1.0 mg) were dissolved in 55 mL of ethanol

20 nm

View Article Online
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(or 55 mL of water). Then, 5 mL of CuNW ethanolic suspension
(1.2 mg mL™') were added to the solution and this was
sonicated for 2 min to obtain a homogenous dispersion.
Finally, the solution was heated at 80 °C without stirring for
2 hours. The obtained Cu,_,SNWs were then washed several
times by centrifugation from ethanol to remove the excess of
thiourea (5000 rpm, 10 min) and finally dispersed in 40 mL
ethanol.

Preparation of transparent conductive substrates based on
Cu,_,SNWs

The Cu, ,SNW ethanolic dispersion was further diluted
20 times in ethanol, sonicated for 2 min and finally spray-
coated with a commercial airbrush onto freshly cleaned soda
lime glass slides, polyethylene terephthalate (PET) and poly-
ethylene naphthalate (PEN) substrates (125 pm thick). To assess
the transparency of the film as a function of its sheet resistance,
increasing amounts of NW dispersion were coated onto the
substrates.

Single Cu,_,S nanowire device fabrication

A diluted suspension of Cu, ,SNWs in ethanol was sonicated
for 5 min and then drop-cast onto a freshly cleaned Si/SiO,
substrate with patterned gold markers. Then, the single
Cu,_,SNW devices were patterned by direct laser lithography
(AZ1505 photoresist and MIF726 developer, Micro Chemicals
GmbH, Italy) using a laser writer LW405B (Microtech srl, Italy).
Afterwards, a uniform gold layer (60 nm) was deposited on top
by vacuum thermal evaporation, followed by a lift-off process in
warm acetone (50 °C) to remove the unexposed photoresist and
obtain the final source and drain electrodes.

Assembly of the supercapacitor

The working electrodes were prepared by mixing Cu,_,SNWs
(80% wt%, 8 mg), carbon black (10 wt%, 1 mg) and
poly(tetrafluoroethylene) (PTFE) (10 wt%, 1 mg) in 2-3 drops

10 1/nm

Fig. 1 (a) Optical micrograph, (b and c) SEM, (d) TEM, (e) HRTEM images of the synthesized Cu,_,SNWs. (f) SAED pattern of the area in (e), highlighting
the presence of crystallized grains and the polycrystalline feature of the chosen area.
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of N-methyl-2-pyrrolidone. The paste was then deposited on
carbon foil substrate and dried under vacuum (80 °C). The
electrodes were assembled in a coin cell (CR2032) using What-
man® glass microfiber filters as a separator using a drop of
electrolyte 1-ethyl-3-methylimidazolium bis(trifluoromethylsul-
fonyl)imide in polycarbonate 1 M.

Results

The copper sulfide nanowires (Cu,_,SNWs) were synthesized by
sulphidation of high-quality CuNWs. We employed a facile
procedure in which thiourea was used as a source of sulfur,
instead of the more toxic and reactive Na,S. In particular, the
CuNWs were treated with a diluted ethanolic solution of
thiourea heated at 80 °C for two hours. Heating is necessary
to activate the reaction with thiourea,'! the conversion of the
CuNWs into Cu, ,SNWs is made possible by the thin layer of
CuO which coats the synthesized CuNWs.'® Fig. 1a and b
displays optical micrograph and scanning electron microscopy
(SEM) images of the nanowires. They reveal that the NWs
preserve a high aspect ratio, with lengths in the range of
20-200 um and an average diameter of 98 £+ 17 nm as
determined on 105 individual wires. Interestingly, when the
reaction was conducted in water instead of ethanol, the frag-
mentation of the nanowires, with the consequent reduction of

d
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the aspect-ratio, was observed (Fig. S1 of the ESIt). Magnified
SEM image (Fig. 1c) depicts that the surface of the nanowire is
covered by nanoplates of copper sulfide. The transmission
electron microscopy (TEM) image shows that the nanowires
present a core-shell structure, with a darker contrast in the
outer shell and brighter one in the center (Fig. 1d). In addition,
the high-resolution TEM (HRTEM) image (Fig. le) displays
characteristic lattice fringes that demonstrate the presence of
crystallized structures associated with grains of various
morphologies and orientations and sizes of 10-20 nm. The
polycrystalline composition of the Cu, ,SNWs is confirmed
also by selected area electron diffraction (SAED) pattern
(Fig. 1f), which exhibits the combination of discrete spots
and concentric rings.

The chemical composition of the nanowires was investi-
gated using both energy dispersive X-ray (EDX) mapping and
X-ray photoelectron spectroscopy. The EDX mapping provided
evidence for the presence of both copper and sulfur on all the
nanowire section, with no appreciable differences between the
outer and inner part (Fig. S2a of the ESIt) while the EDX
spectrum shows the presence of copper and sulfur, in addition
to small quantities of carbon, nitrogen and oxygen, with a Cu: S
ratio of 1.57 (Fig. S2 b of the ESIt). The fitting of the survey
spectra of XPS analysis (Fig. S3 of the ESI{) provides a similar
Cu: S ratio of 1.55. Fig. 2a portrays a high-resolution spectrum
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Fig. 2 Characterization of the chemical composition. XPS spectra of (a) Cu 2p and (b) S p of Cu,_,SNWs. (c) Raman spectrum, and (d) XRD powder

diffractogram of Cu,_,SNWs.
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of Cu 2p peak of the copper sulfide nanowires. The Cu 2p3,
peak has a chemical shift of 932.4 eV, which is representative of
Cu(1) of both CuS and Cu,S."" The broad peaks at 945 and
963 eV are weak satellite peaks, which can be likely ascribed to
some Cu®* surface impurities, while the pronounced tails of Cu
2ps and 2py, are due to the metallic properties of copper
sulphides.”® The Cu LMM Auger peak (Fig. S4 of the ESI¥) falls
at 568.7 eV, which is a typical value for CuS." Fig. 2b depicts
the deconvoluted peak of Sp. Each component of the spectrum
is split into two peaks (ps,, and p;,) for the spin-orbit coupling
(Ae =1.16 eV). The components at 161.3 and 162.8 eV belong to
the species S>~ and S, which can be found in all copper
sulphides.”® Another split component is visible at 167.9 eV
and is due to some sulfate (probably from decomposition of
thiourea) present on the surface of the nanowires. The Raman
spectrum (Fig. 2c) further confirms the composition of the
nanowires; in fact, the intense peak at 473 cm ™" is due to S-S
stretching and the weaker peak at 264 cm ™ is attributed to
Cu-S vibrations.’”'® In particular, the peak shifts are charac-
teristic of the covellite (CuS) structure.'® The presence of the
covellite phase is confirmed also by X-ray powder diffraction
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(XRD). Moreover, the diffractograms of the nanowires evidence
the presence of another crystalline phase, which can be identi-
fied as roxbyite (Cu,¢S).”>*' The presence of two crystalline
phases would also explain why the stoichiometric ratio Cu:S
measured was 1.55. Furthermore, the absence of the Cu(111)
peak at 20 = 43.3° and Cu(200) peak at 50.4°, which are typical
of metallic CUNWs, indicates a total conversion of the copper(0)
in Cu,_,S.2**3 To confirm the core-shell structure of the
Cu,_,SNWs, we acquired the XPS spectra of the nanowires
while etching their surface with an argon ion beam. It is
possible to see that the peaks belonging to sulfate at 168 eV
in the S 2p spectra (Fig. S5a of the ESIT) and the satellite peaks
due to Cu*" in the Cu 2p spectra (Fig. S5b of the ESIt) disappear
already after the first etching cycle, thus confirming that the
contamination involves just a thin layer of the surface. Simi-
larly, the foreign elements C, N and O also disappear after the
first etching cycles (Fig. S5c of the ESIt). Moreover, the atomic
abundance ratio between Cu and S increases from 1.04 to 1.72
with increasing etching time (Fig. S5d of the ESIt), thus
supporting the hypothesis of core-shell nanowires composed
by an outer core of covellite and an inner core of roxbyite.
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Fig. 3 (a) Change in sheet resistance of a 5 x 1.5 cm? conductive film of spray-coated Cu,_,SNWs on PEN (125 pm) as a function of the bending radius.
(b) Sheet resistance of spray-coated Cu,_,SNWs on glass as a function of their transmittance at 550 nm. (c) Sheet resistance of 3 different films of spray-
coated Cu,_,SNWs on glass as function of soaking time into water solutions of HCl 1 M (black curve), FeClz 50 mM (red curve) and NaOH 1 M (blue curve).

(d) Current as a function of the potential applied to a single Cu,_,SNW.
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The absorption spectra of the Cu, ,SNWs dispersed in
ethanol was used to evaluate the optical bandgap (Fig. S6 of
the ESIT). The nanowires exhibit the maximum absorbance at
397 nm. The energy of the optical direct and indirect bandgaps,
computed from the Tauc plot (Fig. S7 of the ESI{) amount to
2.0 eV and 1.27 eV respectively, in line with the reported values
for CuS and Cu,S.***®> We also measured the ionization
potential (IP) of the Cu,_,SNWs deposited on a Si/SiO, sub-
strate by photoemission spectroscopy in air (Fig. S8 of the ESIt)
which was 4.80 £ 0.02.

The Cu,_,SNWs were then tested as transparent conductive
films. The nanowires could be uniformly deposited onto glass,
plastic, and paper substrates readily via ethanolic dispersion by
using a commercial airbrush. Interestingly, the films were
already conductive, immediately after the spray-deposition,
and did not need any post-treatment such as annealing under
a reducing atmosphere or chemical reduction. We tested the
I-V characteristics of a conductive Cu,_,SNWs film deposited
on a5 x 1.5 cm” foil of polyethylene naphthalate (PEN) 125 pm
thick by connecting two electrodes made of copper tape. The
film presented perfect Ohmic conductivity, with a resistance of
3.8 kQ (Fig. S9 of the ESIf). Then, we tested the flexibility of the
film, by performing 10000 bending cycles with a bending
radius of 8 mm (Fig. S10 of the ESIf). The resistance of the
film revealed an increase of only 4.4% after 10000 bending
cycles. We also manually tested the static bending of the film
with different radii (Fig. 3a). No appreciable changes in the
resistance were detected up to 1 cm of bending radius, followed
by an increase of the resistance, which reaches 4.7% at a
bending radius of 2.5 mm.

Subsequently, we spray-coated different amounts of
Cu,_,SNWs dispersed in ethanol onto glass substrates, and
we measured the sheet resistance and transmittance of the
films. The measured sheet resistance of the films as a function
of their transmittance at 550 nm is reported in Fig. 3b. The
corresponding transmittance spectra, photos and microphoto-
graphs of the conductive films are reported in Fig. S11 of the
ESI.¥ The sheet resistance decreases by several orders of
magnitude passing from 90% transmittance to 80%. At 73.7%
of transmittance (at 550 nm) the sheet resistance of the film is
4.1 kQ sq ", hence being around 50-100 times higher than for
films of CuNWs after annealing or chemical reduction.>'%>¢
Thick films made by filtration (34 £ 4 um thick) presented a
sheet resistance of 15 4+ 2 Q sq~ " which corresponds to a bulk
resistivity of 5 x 10~* Q m. However, compared to CuNWs,
these copper sulfide nanowires display a much higher chemical
stability, in particular to acid and oxidative environments.
Spray coated films of Cu,_ ,SNWs onto glass substrates were
soaked into a FeCl; 50 mM, HCl 1 M and NaOH 1 M solutions
for 24 hours at room temperature (Fig. 3c). The sheet resistance
of the film exposed to the oxidizing FeCl; increased by 15 times
over 24 hours, while the sheet resistance of the film exposed to
acidic environment presented a 3-fold increase over 24 hours.
In both cases the transmittance (at 465 nm) of the films after
24 h increased by ca. 6% because of the corrosion (Fig. S12a-c
of the ESIY). In comparison, films of CuNWs on glass were
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completely dissolved by FeCl; and HCI in less than 30 seconds
and 5 min of exposure, respectively. Nevertheless, the stability
of the Cu,_,SNWs to NaOH 1 M was lower, with complete loss
of the conductivity and dissolution of the film after 4 hours of
exposure (Fig. S12d of the ESIt).

We have annealed the film under nitrogen at different
temperatures to evaluate the effect of the annealing on the
conductivity of the film. We noticed a 2-fold decrease of the
sheet resistance of the film (from 1.24 £ 0.07 kQ sq" to
632 + 28 Q sq ') after 30 min of annealing at 190 °C. To check
if this decrease in resistance was due to a crystal phase
transition, we performed differential scanning calori-
metry (DSC) analysis on the Cu, ,SNWs under nitrogen flux
(Fig. S13a of the ESIt). We found an endothermic peak at
189 °C, which can be ascribed to the crystal phase transition.
However, XPS analysis performed after the annealing suggests
that the increase in conductivity may be due to desorption of
the contaminants and removal of the surface oxidized layer
(Fig. S14 of the ESIt). The thermogravimetric analysis of the
nanowires made it possible to assess their thermal stability in
air (Fig. S13b of the ESIt). The Cu, ,SNWs present a steep mass
loss at 275 °C, probably determined by the conversion of the
external CuS into Cu,S and release of SO,, followed by a first
increase of mass (+23%) at 305 °C, due to oxidation to copper
sulfate, and a second increase of mass (+6%) at 480 °C, due to
formation of CuO CuSO,. Finally, at 550 °C the mass starts to
decrease because of the conversion to CuO and release of SO,.%’

The electrical characterization was performed also on a
single Cu,_,SNW. We evaporated two gold top electrodes on a
single Cu, ,SNW by direct laser lithography (Fig. S15 of the
ESIT). Also in this case, the conduction was perfectly Ohmic
(Fig. 3d). The measured resistance of the single wire amounted
to 16.9 £ 0.1 kQ. The length and diameter of the nanowire were
measured by SEM and resulted in 18.1 £ 0.3 um and 97.6 +
3.3 nm. This made it possible to calculate the resistivity of the
single nanowire, which was resulted 6.9 x 10~ ® Q m. The lower
value compared to the bulk resistivity can be attributed to the
absence of the contact resistance between nanowires in the
single nanowire measurement. For comparison, a single CUNW
of a similar aspect ratio has been reported having a 43 times
lower resistivity.*®

Copper sulfide nanostructures were found being promising
electrode materials for supercapacitors.”® Since Cu,_,SNWs
could benefit from their large specific surface area, we tested
them as electrode materials for supercapacitors. The
Cu,_,SNWs were deposited on a carbon foil substrate and used
as electrodes in a solid-state symmetric supercapacitor in which
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
1 M in polycarbonate was used as the electrolyte. The use of an
organic electrolyte and of an aprotic ionic liquid allowed to
extend the potential window up to 2.5 V. We performed cyclic
voltammetry (CV) analyses between 0 and 2.5 V at different scan
rates, ranging from 5 mV s to 2000 mV s ' (Fig. 4a and
Fig. S16 of the ESIt). The analysis of curves at lower scan rates
clearly depicts pseudocapacitive behaviour indicating a signifi-
cant contribution of faradaic reactions in the storage
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mechanism (Fig. 4b). The presence of peaks around 1.0 and 1.5 V
can be attributed to oxidation between Cu, &S and CusS, followed by
the oxidation of S~ to $°.3°? At higher scan rates the redox peaks
become less pronounced and the curves acquire a quasi-
rectangular shape, indicating that the capacitance of the pseudo-
capacitor becomes dominated by the double-layer effect, due to the
fast polarization of electrolyte ions on electrodes surfaces. The slow
diffusion of the large electrolyte ions into the nanostructured
electrode is responsible of the diminished faradaic component.
The highest specific capacitance of 324 F g~ " was obtained at scan
rates of 5 mV s~', which is similar to the one of a previously
reported solid state supercapacitor based on Cu,S, NWs.** The
volumetric capacitance and energy density of the electrode were
estimated at 60.5 F cm > and 52.5 mWh cm >, respectively (at scan
rates of 5 mV s~ ). To the best of our knowledge these values are
the highest reported for supercapacitors based on copper sulfide
nanostructures.>*® However, due to the slow diffusion of the
electrolyte, the material shows an important drop of the specific
capacity at higher scan rates (40.3 F g~ at 1000 mV s ') (Fig. 4c
and Table S1 of the ESIt). Notably, the material exhibited moderate
capacitance retention of 70% of initial capacitance, dropping from
91.3 Fg ' to 64 F g " after 5000 cycles while tested at 100 mV s~ *
(Fig. 4d and Fig. S17a of the ESIY), which is comparable to similar
copper sulfide nanostructures.’®*’ Such a drop mainly occurs
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during the first 1000 cycles, and it is followed by a stabilization
of the capacitance, thus suggesting the formation of an irreversibly
oxidized passivation layer which protects the rest of the active
material. The distorted shape of GCD curves (Fig. S17b of the ESIt)
also confirms pseudocapacitive behavior which can be additionally
supported by redox active electrolyte which was previously reported
for bis(trifluoromethylsulfonyl)imide anion.”” The Nyquist plot
(Fig. S17c of the ESIf) revealed a solution resistance of 5.8 Q,
comparable with other ionic liquid electrolyte-based devices®®*°
and the Warburg resistance of 25 Q corresponding to ion transfer
on the electrolyte-Cu,_,SNWs electrode interface and suggests that
dense packing of nanowires might slightly restrict easy ion migra-
tion through the electrode.*

Conclusions

In summary, we have demonstrated that ultralong copper
nanowires (CuNWs) can be converted into copper sulfide
nanowires (Cu,_,SNWs) maintaining the high aspect ratio by
sulphidation in ethanolic solution employing thiourea as the
sulfur source. The multiscale characterization of Cu,_,SNWs by
means of XRD, TEM, EDX and XPS revealed that after sulphida-
tion a core shell structure is obtained with the outer core being
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composed of covellite and the inner core composed of roxbyite.
The obtained Cu,_,SNWs could be readily dispersed in ethanol
and be directly deposited by spray-coating onto glass or plastic
substrate resulting in conductive films without the need for any
post-deposition process. Because of the high aspect ratio of the
synthesized Cu,_,SNWs, films deposited on glass revealed a
sheet resistance as low as 4.1 kQ sq ™" at 73.7% transmittance
(measured at 550 nm), which can be further halved after
annealing of the film at 190 °C for 30 min. The film possesses
an improved chemical stability in the presence of copper
etchants such as FeCl;, as well as under acidic conditions.
Bending tests have also shown a remarkable stability with an
increase of the resistance of only 4.4% after 10000 bending
cycles. The electronic conductivity of the material has been
determined not only on the film as a function of light transmis-
sion, but also in the bulk and at a single nanowire level. The
latter exhibited perfect Ohmic conductivity with a resistivity of
6.9 x 10°° Q m. Finally, the performance of the material in a
symmetric supercapacitor has been evaluated. The Cu,_,SNWs
presented a pseudocapacitive behavior, with a high specific
capacity of 324 F ¢~ and an ultrahigh volumetric capacity of
60.5 F cm™> at scan rates of 5 mV s~ . The supercapacitor also
revealed a moderate capacity retention after 5000 cycles of
operation at 100 mV s~ (70% of the original capacitance).
Our results suggest that Cu,_,SNWs can be used for printed,
flexible electronics while their use as transparent electrodes
still require an improvement of the conductivity to be compar-
able with metallic CUNWs.
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Instrumental methods

For X-Ray Photoelectron Spectroscopy (XPS) measurements Cu2-xSNWs were deposited by drop-casting onto silicon
substrates. The X-Ray Photoelectron Spectroscopy (XPS) measurements were carried out using a Thermo Scientific KAlpha
X-ray Photoelectron Spectrometer system equipped with an Al Ka X-Ray source (photon energy Eph = 1486.6 eV, beam spot
size ~100 um). The depth profiling was done by etching the Cu2-xSNWs with a rastered Argon ions beam (2 kV).
Transmittance UV-Vis spectra of the substrates were recorded on the Jasco V-670 spectrophotometer. Raman spectra were
recorded by a Renishaw microscope with a 50x objective, laser excitation wavelength of 532 nm and laser power of 1% on
Cu2-xS NWs deposited on Si substrate. The silicon peak at 520.3 cm! was taken as reference for wavenumber calibration.
TGA was conducted using a Mettler Toledo TGA/DSC 2 system, with a heating rate of 10 °C min™! from 25 °C to 800 °C
under air atmosphere. The X-Ray Diffraction (XRD) measurements were performed in specular geometry using a SmartLab-
Rigaku diffractometer equipped with a rotating anode (Cu Ka, A = 1.54180 A), followed by a parabolic mirror to collimate the
incident beam, and a series of variable slits (placed before and after the sample position). Scanning Electron Microscopy
(SEM) was performed with a FEI Quanta 250 FEG instrument, operated in high vacuum mode (pressure in 107* Pa range).
Conventional transmission electron microscopy (TEM), high resolution TEM (HRTEM) imaging, electron diffraction (ED)
and Energy-Dispersive X-Rays Spectroscopy (EDX) were performed a JEOL2100F microscope operating at 200 kV and
equipped with a probe corrector for spherical aberrations. Photoemission spectroscopy in air (PESA) measurements were
performed on Cu2-xSNWs drop-casted on a Si/SiO, substrate (230 nm) with an AC-2 Photoelectron Spectrometer (Riken-
Keiki Co.). A UV light intensity of 40 nW and a counting time of 10 seconds per point were used for the measurement. All
the electrical measurements were performed with a Keithley 2636A source meter, except the measurements of sheet resistance,

which were performed with a Jandel RM3000 test unit equipped with a four-point probe.

Results and Discussion

P

Figure S1. Optcal micrograph of Cu NWs treated with a 30mM water solution of thiourea at 90 °C for 30 min.



Energy-dispersive X-ray spectroscopy (EDX)
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Figure S2. (a) EDX mapping of a Cu,S NW (gray, the high angle annular dark field image, blue: S chemical map, green: Cu
chemical map). (b) Representative EDX spectrum of Cu,S NWs.

X-ray photoelectron spectroscopy (XPS)
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Figure S3. XPS survey spectrum of Cu, (SNWs.
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Figure SS. S 2p spectra (a) and Cu 2p spectra (b) of Cu,SNWs before and after increasing times of exposure (30-300 s) to

an accelerated Argon ions beam. Element abundance (%) computed from the Survey spectra (c) and elemental ratio Cu/S (d)

as a function of the Ar" etching time.
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Figure S6. Absorbance spectrum of Cu, (SNWs dispersed in ethanol.
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Figure S7. Tauc plots for direct (a) and indirect (b) band-gaps of Cu, ,SNWs dispersed in ethanol.

Photoelectron spectroscopy in air (PESA)
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Figure S8. Measurements of the ionization energy of Cu,,S NWs by photoemission spectroscopy in air (PESA)

Bending tests

First, Cu,.<S NWs were spray coated onto PEN substrates (1.5x5.0 cm?, 125 pm thick) and the film was contacted electrically
with conductive copper tape and Ag paste. The sheet resistance of the films was 2.4 kQ/sq. The stability of the film to the
bending was first characterized by performing sheet resistance measurements under different bending radii, using 3D printing
molds with different well-defined diameters. The electrical resistivity was measured in situ with the film kept at the desired
bending radius. The stability of the Cu,,S NWs conductive film to fatigue bending has been carried out by performing 10000
bending cycles using a digital force gauge (Mark-10, M7-025E, ~25 N) equipped with a motorized test stand (Mark-10, ESM-
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303E). In each bending cycle the gauge was extended of 5 mm (Figure S10). The corresponding bending radius was measured

with a caliper and was equal to 8 mm. All the above-mentioned tests were performed by applying a bias voltage of 0.1 V.
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Figure S9. I-V characteristic of a Cu, <SNWs spray-coated film on PEN
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Figure S10. a) Photo of the 5x1.5 cm? conductive film of spray-coated Cu, ,SNWs on PEN (125um) in the bent position (8

mm radius). (b) Resistance of the film as a function of time during the application of 10000 bending cycles with a bending

radius of 8 mm.

Sheet resistance as a function of transmittance
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Figure S11. Transmittance spectra (a), photos (b) and microphotographs (c) of the glass substrate with increasing amounts of

spray-coated Cu,S NWs.
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Corrosion resistance
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Figure S12. Transmittance spectra of spray-coated Cu, ,SNWs on glass before and after increasing exposure times to water

solutions of FeCl; 50 mM (a), HC1 1M (b), NaOH (c). (d) Micrograph of spray-coated Cu, ,SNWs on glass before and after

1h of exposure to a 1 M water solution of NaOH.
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Figure S13. (a) DSC performed under Nitrogen flux (heating and cooling, 5 °C/min) ands (b) TGA-DSC performed under air
(heating, 10 °C/min) of Cu, SNWs.

S-10



XPS before and after annealing under N2 at 190°C for 30 min

In Figure S14a-b are reported the Cu 2p peak and S 2p peak of Cu,SNWs before and after the annealing at 190 °C. It is
possible to notice that after the annealing the two weak satellites peaks at 944 and 963 eV due to the presence of Cu?* disappear
completely, indicating a removal of the surface oxidized layer after the annealing. Similarly, also the peak at 168.3 eV in the
S 2p region, due to the presence of sulfate, disappears completely after the annealing. Furthermore, the elemental abundance
calculated from the fitting of XPS survey spectra of the Cu, ,SNWs before and after the annealing (Figure S 14c) shows an
important reduction of C and O after the annealing, which indicates a desorption of the organic contaminants (thiourea

byproducts and solvent) and a reduction of the surface oxidized layer.

50
before the annealing a5 u before annealing
after the annealing

Cu 2p —— before the annealing S zp
—— after the annealing

M after annealing

35
30 A
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15 +
10 -

Abundance (%)
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960 950 940 930 172 170 168 166 164 162 160 158

Binding Energy (eV) Binding Energy (eV) Sdipz > o S N

Figure S14. XPS spectra of Cu 2p (a) and S 2p (b) regions of Cu, ,SNWs before (red) and after (black) annealing under
nitrogen (190 °C, 30 min). (c) Abundance of the elements Cu, S, C, O and N, computed from the fitting of XPS survey

spectra, in the Cu, ,SNWs sample before and after the annealing.

Single nanowire device

Figure S15. Optical micrograph (a) and SEM image (b) of the single Cu,S NW device, showing the two gold electrodes.

Electrochemical characterization of the Cu,.,S NWs based supercapacitor

Cyclic voltammetry (CV) was performed in the range of 0-2.5 V in the range of scan rates ranging from 5 mV s'! to 2000 mV

s'1. The specific and volumetric capacitance were calculated from the CV curves using following equation':
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fivdv

~ 2ukav

where, i and v are current and potential in the CV tests, X is the scan rate of measurement (V/s), k is either the mass of active
material (for specific capacitance) or its volume (for volumetric capacitance) and AV is the potential window. The volume of
the electrode was calculated from its area and average thickness, which were, respectively, 350 pm and 1.53 cm?. The average

thickness of the electrode was measured with a KLA-Tencor Alpha-Step 1Q profilometer.

The energy density was calculated according to the following equation:
AV

1
E=—-XxCX
2 3600

where E is the energy density (Wh cm3), C is the volumetric capacitance, AV is the discharge voltage range.

Galvanostatic charge-discharge curves (GCD) were recorded from 0-2.5 V at different current densities (1-10 A g).
Electrochemical Impedance Spectroscopy was taken in the frequency range from 100 kHz to 1 mHz with an amplitude of 10

mV. CV, GCD curves and EIS were recorded using EC-LAB VMP3 (BioLogic Science Instrument).
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Figure S16. Cyclic voltammetry (CV) curves of the Cu,.,S NWs based supercapacitor at different scan rates: 10 mV/s (a),
50 mV/s (b), 100 mV/s (c), 200 mV/s (d), 500 mV/s (e) and 2000 mV/s (f).
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Figure S17. (a) Specific capacitance of the Cu,_,S NWs based supercapacitor as a function of the number of CV cycles (scan

rate 100 mV/s). (b) Galvanostatic charge-discharge (GCD) curves of the supercapacitor at 1, 2, 5 and 10 A/g. (c)

Electrochemical impedance spectroscopy (EIS) Nyquist plot of the supercapacitor.

Table S1. Specific and volumetric capacitance of the electrode at different scan rates

Scan Rate [mV s7] Specific Capacitance [F g''] | Volumetric Capacitance [F cm3]

5 324 60,5

10 270 50,4

50 144 26,9

100 91 17,0

200 70 13,1

500 42 7,8

1000 40 7,5
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