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Abstract

It is critical and important to search for the renewable and clean fuel alternatives due
to thelimited supplyof fossilfuel, CO, emissiorandincreasingvorld energydemand.
Advancedenergystoragalevicesandcarrierssuchashydrogensupercapacitorsyel

cells and batteries has been regarded as the clean, efficient and renewable energy
supplier to meet the future world energy demand. Thexefeearching for good
electrode materials is of importance for the implementation of sustainable energy
devices and energy carriers. Transition metal dichalcogenides (TMDs) as well as
other layered materials have been used as the electrode materialsiouns va
electrochemical applications due to the intriguing optical, electrical and
electrochemical properties. Especially, TMDs such as o8 WS have been
reported to be highly active towards electrochemical hydrogen evolution reaction
(HER). Thereforedllowing this line of thinking, this thesis investigated a spectrum

of TMDs and layered materials to reveal their electrochemical properties and their
potential as the electrocatalyst toward HER. Layered -fpassition metal
chalcogenides like gallium cltagenides and indium chalcogenides as well as the
Group 5 TMDs have been comprehensively studied to reveal their fundamental
electrochemicapropertiesandelectrocatalytiactivity. Furthermorenovelstrategies
includingexfoliationof TMDs, phaseengineeringand TMD hybridswith conductive
graphene have been utilized to tune and improve the electrocatalytic activity toward
HER. Moreover, electrochemical concept of bipolar electrochemistry was adopted to
exfoliate and downsize the layered materfals electrochemical applications with
improved HER performance. These findings and knowledge of the electrochemical
properties of layered materials are beneficial for the practical sustainable energy

applications.
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Chapter 1

Obijectives of the Thesis



The increasing world energy demand has been driving us to produce the rerieglable

to meet the future need. Advanced electrochemical water splitting is such a promising
technology to produce the hydrogen fuel. Hydrogen fuel can be used to generate the
electricity and power vehicle in fuel cells. However, electrochemical hydrogen
production requires electrocatalysts to promote the reaction kiaeticdecrease the
overpotential required for HER The stateof-theart electrocatalyst toward
electrochemical hydrogeproductionis noble metal Pt. Noble Pt is expensiveand low
abundanbn earth, whicHimits the industrialapplications.Therefore searchingor the
electrocatalystswith earth abundant elements is significant. TMDs have been
investigated as the potential electrocataly$ts the electrochemical hydrogen
production. In order to find the suitable electrocatalysts, this thesis entitled
Electrochemistry of Layered Materials for Energy ApplicationsVW XGLHV WK
electrochemistry of several types of layered materials as well as their potential as the
electrocatalysts. The world energy crisis and the importance of HER as well as the
challenges are discusseddhapter 2. Three aspects are then inveateglin thisthesis;

Part | comprehensivelgtudiesthe electrochemicaproperties of layered materidart

Il adopts novel methods to tune the electrocatalytic activity of layered materials, and in
Part Ill, bipolar electrochemical method is used to &afe anddownsizethe layered
materialsfor electrochemicalbpplications.The backgroundand literaturereview on
electrochemicalenergy applicationsas well as the novel strategiesto optimize the
electrocatalytic activity are presenteddhapter 3.

Part | investigates the fundamental electrochemical and electrocatalytic properties of
layered semiconducting pesansition metal chalcogenides which has been overlooked.
Chapter 4 investigates the electrochemistry of layered gallium chalcogenides (GasS,
GaSeandGaTe)aswell astheindium selenidesvhile Chapter 5 comparativelyexplores

the electrochemistry of layered indiwohalcogenides.
6



SubsequentlyPart Il presets the factors affecting the electrocatalytic performance of
TMDs towardHER. Chapter 6 studiesandcomparesheelectrocatalytiperformancef

bulk and exfoliated vanadium dichalcogenides £V8Se and VTe). Following,
Chapter 7 exploreseffectof phaseengineeringpn HER by studyingtheelectrochemistry

of crystalline and amorphous Ri&astly, Chapter 8 presents the effect of conductive
support on the electrocatalytic activity by nanocomposites of graphene with Group 5
TMDs (VS, NbS andTaS).

Lastly,Part lll focusesonbipolarelectrochemistrasthenovelelectrochemicamethod

for exfoliation and downsizing the layered materidtsChapter 9, hexagonal boron
nitride is exfoliated into few layers by bipolar electrochemistryClivapter 10, bipolar
electrochemistry is used to downsize the.Bt¥and WBs into nanoparticles with
enhanced electrochemical hydrogen produgberiormance.

Finally, the thesis ends witG@hapter 11, which presents the conclusion and discusses

the future direction of the field.



Chapter 2

Introduction

2.1
2.2
2.3

The Global Energgrisis

Hydrogen Economy and Hydrog@mnoduction
Layered MetalChalcogenides Families
2.3.1 Transition Metal Dichalcogenides
2.3.2 Posttransition MetalChalcogenides



2.1 The global EnergyCrisis
Globalenergycrisisis themostconcerningssuefacedby humanin the21stcentury.The
energy crisis stems from thienited supply of natural energy sources which canmext
the Z R U @refjiemandiueto increasingenergyconsumptionpopulationgrowthand
economic developments. Besides, these natural fossil fuels have limited supplies and
arenonrenewableastheytakemillions of yearsto form. Fromthelong-termperspective
of global energy production (Figure 2.%)the transformation, changing demands and
increased consumptn of various energy sources has been obviously presented. In the
1800s, energy was mainly produced from the burning of biofuels and coal was just
starting to provide and alternative energy source. Subsequently, oil was used from the
1870s.Theearly1900ssawthetransitionto alternativeenergysourcef naturalgasand
hydroelectric energy. The emergence of nuclear technology led to the exploitation of
nuclear power as a novel energy source in the 1960s. The 1980s saw the increased
awareness on themitations of nonrenewable sources and development in enrergy
related technologies which harnessed energy from renewable wind and solar. However,
their contribution to world energy consumption remains small to date. Even till today,
nonrenewable sourcesill play dominate roles in global energgoduction.
140,000 Twh
120,000 Twh

100,000 TWh

80,000 TWh —— Crude oil
60,000 TWh

40,000 TWh

20,000 TWh

= ___Traditional
0 TWh biofuels

1800 1850 1900 1950 2000 2017
Figure 2.1World energy consumption measured in teraatirs (TWh) per year from

1800s to 2017. Reproduced from Ref. 4.



Combustion of fossil fuels raises greater concerns which greatly affect global
environmental balance. Burning of fossil fuels releases greenhouse gases into the
atmosphere, which play significant roles in global warming. According to the research,
carbondioxide (CQ), watervapor,methanenitrousoxide aswell astropospheri®zone

in atmosphere are regarded as the greenhouse gases. These gases trap and capture heat
from the sun which eventually causes greenhouse éffEoe. greenhouse gas carbon
CO comes primarily from the burning of carbonaceous fuels (coal, oil and natural gas)
for electricity, heat, and transportation. Figure 2.2 shows the changes in levels of
atmospheric C&¥rom over the past 800,000 yedrs.was found that atmospheric €O
concerrations steadily stayed lower than 300 ppm before the modern industrialization.
However, the start of industrial revolution saw levels of atmospherid&@arcelerate
significantly (1958 to 2018) with a 40% increase to reach the highesie@D of 408

ppm. The increase in CQconcentration poses a global warming issue resulting in
increasing global temperatures and rapid climate changes. It is believed that global
average temperature increase will reach 2 € (3.6 F) by 286mich will dramatically
change ecosystems and affect the diversityarth.

COzemissions for global eneygupply has reached a high level of 33.1 Gt in 2018 and
about 80% comes from fossil fuels combusfidim address the energy crisis aaduce

COz emissions, it is crucial to explore and develop alternative renewable clean energy
sources to meet the eviecreasing demand. Moving forward, global energy production
from nonrenewable sources should also transit to renewable alternatives which would

add lesser strain on their limited supply.

10



Figure 2.2 Atmospheric carbon dioxide conceritoms over duration of 800,000 years.
Reproduced from Ref. 6.

2.2 Hydrogen Economy and HydrogenProduction

Hydrogen is regarded as a highly promising alternative terenewable fossil fuels in
manyaspectsHydrogenasanenergycarrierhashighenergydensityandcleanbyproduct,
waterl® Hydrogen is able to release energy by reaction with oxygen gas in fuel cells to
generate electricityt Besides that, elemental hydrogen is abundant in Earth where it
exists in the forms of water and hydrocarbons. Although hydrogen is widely available,
hydrogen gas is not naturally available and needs to be chemically retrieved from water
or hydrocarbon saues. Hydrogen gas generation is largely produced from stem
reforming of fossil fuels (96% of the total capacity) and additionally from electrolysis
(4%) 1213 However this productionprocesss still highly relianton nonrenewabldossil

fuels and stllreleases C@into the environment. To access the hydrogen economy, few
challengesieedto beovercome?® Thefirst challengds to developlow-costandefficient
technologies to generate hydrogen gas from renewable sources such aBoNateng

that, these technologies should achieve high efficiency energy conversion-oélfuel
hybrid vehicles for the oxidation of hydrogen. Lastly, there should be measures and
engineering practices in place for the safe operation and storage ofgérydgas
produced?® Figure 2.3 provides a schematic on a possible model of the hydrogen

economy development? Recently, tremendousresearchhas been devoted toward

11



optimizing electrolysis of water to obtain hydrogen gas, namely focusing on
electrochemicaHER. HER takes place at the cathode while the oxygen evolution

reaction(OER)occursattheanoden awatersplitting procesgdisplayedn equationg1)

and(2).
HER: 2H+2e : Ha (1)
OER:H22: Y%O+2H"+2e 2

Due tothe sluggish reaction raterater splitting needs electrocatalysts to lower energy
required and enhancethe efficiency for both HER and OER*!° The well-known
electrocatalysts to date for both HER and OER is Pt with good electrocatalytic
performance and negligible overpotential.wéwer, Pt is very expensive which is not
favorable for industrial use and applications. Therefore, it is essential and important to
explore other alternative electrocatalysts to replace the precious Pt. To date, Transition
metal chalcogenides, phosphidearbides, borides, nitrides and other 1moetal based

electrocatalysts have thus far been reported to be efficient electrocatalysts f& HER.

24

[ OII[ ] [N.atural Gas] [Blor;'lass] [ ::oal ] Ge;.i::::‘c:’tgigal,

|Refonn]ing| |Ferm§ntTlion| I Gas;iﬁmtion | |Electrolysis] l:ct:-oc?t:yns?s Theﬂ:;;zzmiwl

| 1 I l l
3

co,
capluie,
storage Rog
and use,

Heat and Industry Electricity - Hydrogen
network network fuel cells network
N——

l
- #==
d“’J A Fuel e Fuel Fual
M uells g sh - oells B '
o mgm
Transport Residential / Industry

Commercial

12



Figure 2.3 Schematic illustration of the possible model of hydrogen economy
development including #production and Hutilization. Reproduced from Ref. 14.

2.3 Layered Metal Chalcogenided~amilies

The discovery of layered graphene in 2004 with extraordinary electropiical and
physical properties has driven the scientific field to explore other two dimensional
materials2® In particular, layered metal chalcogenides have attracted immense attention
to study their intriguing properties. Due to the different typesnetal groups, the
different layered metal chalcogenides family can be classified as TMDs, Group Il
chalcogenidesGrouplV chalcogenidesndtopologicalinsulatorasshownin Figure2.4.

Further discussion of TMDs and Group IIl chalcogenides will beeptes in thehesis.

Transition Metal
L Be Dichalcogenides

Na Mg 3 4 5 6/ 7 8 9 10 " 12 Al Si P S Cl Ar

K Ca Sc Ti v Cr Mn Fe Co Ni | Cu Zn | Ga || Ge | As Se Br Kr

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd | Ag Cd In Sn || Sb Te | Xe

Cs Ba La-Lu| Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Cn Uut Fl Uup \ Uus Uuo

Figure 2.4 Layered metal chalcogenides including TMDs, gostsition metal
chalcogenide (group Il chalcogenides and group IV chalcogenides) and topological
insulators.

2.3.1Transition Metal Dichalcogenides

TMDs represenatypeof interestingayeredmaterialsln general TMDs haveaformula

of MX2, whereM is thetransitionmetalfrom Groups4-10andX is thechalcogeratoms.
EachTMD layeris composef onelayerof M atomsandtwo layersof X atomsto form

an X-M-X motif, Thesemotifs are stackedby weak van der Waalsforcesto form the

13



three dimensional counterparts, which makes it possible to delaminate/exfoliate to single
or few layers. Depending on the atomic arrangement and stacking sequence of layers
TMDs can exist as three different polytype phases which are 1T, 2H and 3R as shown in
Figure 2.5%° 2H phase refer to the trigonal prismatic coordinatiog: i single TMDs
layerswhile 1T phasenasanoctahedratoordination(On). 3R phaseéhasthesamerigonal
prismatic coordination as 2H, but presents different stacking sequence (AbA CaC BcB)
as compared to 2H (AbA BaB). Various TMDs show different polymorph forms based
onthemetalgroupsattachedFor example GroupVI TMDs (MoS; andWS,) existswith

2H phasen its naturalform while GrouplV TMDs (Ti andZr) adoptthelT phasenstead.
Interestingly, 2H and 1T polymorph TMDs show distinctively different properties with
potentially wide spectra and variety of applications. Taking MaSan example, Mo5

in 2H phase is semiconducting with an indirect bandgap of 1.29 B¥sides that, 2H
phase Mogis stable and chemically inert, which has interesting optical propétties.
However,1T phaseMoS; is metastabl@andmetallic,andis moreefficient electrocatalyst
towards electrochemical hydrogen productidri® Phase transition from 2H Me® 1T

MoS; was achieved by chemical exfoliation by lithiintercalatior?®

Figure2.5TheTMD metalcoordinationaswell asthestackingsequencef TMD layers.

Reproduced from Re26.
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The weak interlayer forces and the development of several exfoliation methodologies
render it possible to delaminate the layered TMDs to single or few layer sheets. Single
layered TMDs notbonly inherent the original properties of the bulk counterparts, but
inherit additional unique optical and electronic properties due to confinement effects.
Developing efficient, feasible, low cost methods of preparing the high quality TMDs
nanosheets in tge scale is essential and important to fulfill their potential in numerous
applications. The earliest reported exfoliations of Me&re conducted using adhesive
tape (mechanical cleavage) or lithium intercalaffori? Up to date, the efficient and
extensivelyusedmethodgor massproductionof TMDs nanosheetareliquid exfoliation

and chemical exfoliation by lithium intercalatiéh.3>3° Liquid exfoliation usually
requires the use of organic solvents INenethyl pyrrolidone or dimethylformamide to
downsizeTMDs by sonicatiormethod.Sonicatioris adoptedo helpovercomeandbreak

the interlayer forces while the organic solvents stabilize the resultant TMD nanosheets
formed.Chemicalexfoliationby lithium intercalatioraidsin the exfoliationof TMDs by
intercalating lithium ions between the layers thus occupying the interlayer spaces and
separate the sheets. The resultant products lead to the formation of lithium intercalated
compounds. TMDs suspension is refluxed in butyllithiamdeveral hours followed by
sonication in water. Other botteap processes reported require the use of reactive
precursorgor the synthesiof ultrathin TMDs suchaschemicalvapordeposition(CVD)

and hydrothermal synthesig®’

2.3.2Posttransition Metal chalcogenides

AlthoughTMDs havebeenwidely studiedto exploretheir electrochemicgbropertiesand
various applications, few studies investigate the properties oftaosition metal
dichalcogenides, especially Group Ill chalcogenides. Group Il agatddes, such as

gallium (GaS,GaSe,GaTe)andindium chalcogenide$InS, InSe), represent classof

15



interesting semiconductors with band gap energies ranging fromnfieaed (NIR) to

UV region.Mostof Grouplll chalcogenidearelayeredcompoundsThegeneraformula

of Group Ill chalcogenides is MX, where M is the metal (Ga, In) and X is the chalcogen
(S, Se, Te). These compounds may exist in other stoichiometry suciXaarid MX.
However, such compounds do not exhibit layestde3® 3° Each layer consists of two
metal atoms and two chalcogen atoms in thi1¥-X sequence shown in Figure 2.6,
different from that of TMD$? Similar to TMDs, These layers are stacked by van der
Waalsforces.Grouplll chalcogenidebavebeerreportedto appliedin manyapplications

in transistor, photodetector, photocatalysis, and electrocatalysis owing to their moderate

bandgaps, defined charge carrier properties and high aauolglity.14

GaSe
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Figure 2.6 Atomic structure®f semiconductingsaS,GaSe GaTeandInSe.Reproduced
from the Re#0.
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3.1 Electrochemical Energy Conversion and Storage
Advancecelectrochemicatnergytechnologes,includingelectrolysisof water,fuel cells,

batteries and supercapacitors, have been attracting numerous attention with increasing
environmentatlegradationssuesanddepletingsupplyof nonrenewablesnergysources.

The electrolysis of water splits water molecules into hydrogen and oxygernvgases

half reactions: HER at the cathode and OER at the anode. Electrochemical splitting of
water is a strongly thermodynamic uphill reaction which requires largeygmputs to
promote the reactions. Besides, supercapacitors as energy storage devices is also critical
in the development of sustainable energy technologies. Supercapacitors are able to store
energy by electrostatic charge accumulation or Faradic mesel view of the large

scale potential uses of these sustainable energy conversion and storage devices, it is of
vital to explore efficient, low cost and superior electrocatalysts or electrode materials for
water electrolysis and supercapacapplicdions.

3.1.1Hydrogen and Oxygen EvolutionReactions

Electrolysis of water is regarded as an efficient-pohuting method for the mass
productionof Hz of high purity. In awaterelectrolyticcell, HER occursat the cathoddo
generatéd, while OERtakesplaceattheanodeto releaseD, asillustratedin Figure3.11

The chemical equations for HER and OER are shostow:

2H" + 26 : 2H, (HER)

2H,2 : 2+ 4 +4H" (OER)

Electrolysisof waterrequiresanenergyinputof 237.2kJmol* to drive thecathodicHER

and anodic OER process. Theoretically, the minimum potential required for electrolytic
water splitting is 1.23 V. However, a much higher potential is required to oxidize water

in practical application$.?® This additional potential which exceeds the theoretical

potentialvaluesis termedasoverpotential.Therefore potentialelectrocatalystshould
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be exploited to decrease overpotential values of both HER and OER to make the

electrolyticdevice more energgfficient.

Figure 3.1Schematic illustration of an electrochemical water electrolysis cell.
Reproduced from Ref. 1.
HER involves the reduction of protons by an electron to generatendter acidic

condition. The possible reaction mecisans for HER are shown as the followirfp:

Adsorption step (Volmer): 0" + € : +adgs+ H:0;b § mV dec? (1)
Desorption step (Heyrovsky):ad+ HsO* + € : +2 + H:0;b § mV dec? (2)
Desorption step (Tafel): dds+ Hads: +2;b0 & mV dect (3)

The process of HER are summarized into two pathways. The first step is the Volmer
adsorption reaction (Equation 1), which involves an electron transfer to reduce a proton
forminganabsorbedhydrogeratom(Had9 attheelectrocatalyssurface TheTafd value

(b) for this reactionis about120mV dec! atroomtemperatureThefollowing is eithera
desorption Heyrovsky or Tafel reaction. At lowesqsttoverage, a Heyrovsky process
(Equation 2) takes place where aqdtieacts with a proton anglectron to produce H

The Tafel value for Heyrovsky reaction is about 40 mVv'dé&n the contrary, two s

could combine to form Hwvhen the Hyscoverage is high. This process is defined as the

Tafel stepwith Tafelvalueof 30 mV dev? (Equation3). Tafel slopevalueis theintrinsic
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property of an electrocatalyst and provides information of the favored HER mechanism.
A smaller Tafel slope value indicates faster current density increase with overpotential.
Tafel slope can be experimentally obtained by plotting the linear range ofatee T
equation of = =+ >log | F For example, noble metal Pt has a Tafel slope value of 30
mV dec?, indicating VolmetTafel mechanism with the ratketermining Tafel step.
The reduction potential for HER is theoretically 0 V. Howeglditionalpotential is
requiredto drive HER in real conditionsresultingfrom the polarization of electrodes
which is defined as overpotential. Implementation of electrocatdtysiER is ableto
reduceoverpotentiathuspromotingreactionratesand device efficiecy by being more
energy efficient. The highly efficient electrocatalyst for HER is Pt with low
overpotential and Tafel slope value. However, the cost of Pt is very high, which hinders
the applications of Pt as electrocatalyst. As a result, it is of isupcgtto look for the
alternative lowcost electrocatalysts with comparable HER performance as substitutes.
The optimal and ideal electrocatalyst should have hydragearption energy close to
] H U R w=00), which means the hydrogen atom is bindinglégtrocatalysactivesites
neithertoo stronglynor weakly?® Figure 3.2 showsthe volcanotype relationshipwhich
showstheexchangeurrentdensity(io) asafunctionof hydrogen adsorption free energy
0%).5 It is clearly observed thaB ODWLQXP KDV H[FHOOHQW u+(5 SHUI
close to zero. Additionally, molybdenum disulfide (MoSLVY GHWHUPL QHIG WR KD
+0.08 eV which is close to zero. Therefore, MaS believedto be an efficient
electrocatalysfor HER, which hasbeenexperimentallydemonstratefl.To date, several
classes of alternative HER electrocatalysts, such as transition metal chalcogenides,

phosphides, borides, carbides as well as nitrides have been attracting interest.
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Figure 3.2 The HER exchnge current densities as a functional of hydrogen adsorption
energies. Reproduced from Ref. 6.

OER occurring at the anode involves the oxidation of water to genesathich is a

critical half-cell reactionfor waterelectrolysisandfuel cells.Dueto thesluggishreaction
kinetics of OER, water electrolysis are highly limited in practical applications. Unlike
HER, which is a two electrons transfer reaction, OER is a four eleatrengroton
reaction. Therefore, OER would require higher energy infu#ts HER to initiate the
reaction. The possible mechanisms of OER have been widely studied in both acidic and
alkaline electrolytes which are shown belw:

Proposed OER mechanisms in acidic electrolyte:

M+H22 : 02+ ™He 4)
MOH+OH : 02 +0+€ (5)
02 : 0+0O (6)
Or

MO+H2 : 022+ ‘“*He (7)

MOOH+H2 : 0 2+H'+e (8)
Proposed OER mechanisms in alkaline electrolyte:
M+ OH : MOH (9)
MOH+OH : 02 +Hx0 (10)
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02 : 0+02 (11)
Or
MO+OH : 022++¢€ (12)
MOOH+OH : 0 2+HO  (13)
Where M represents surface medation.
In bothacidicandalkalineconditions ntermediatespeciegMO or MOOH) areformed.
Based on studies reported, there are two possible pathw&sfafmation. The first
proposed pathway involves the combination of two absorbed oxygen atoms (MO) to
produce Q(Equations 6 and 11). The alternative proposed pathway suggests that MO
reacts vith H-O under acidic condition or OHn alkaline electrolyte to generate an
MOOH intermediatefollowed by decompositiorio form O. (Equations7, 8 and12,13).
Studies on OER mechanisms show that interactions between the intermediates species
(MO, MOH or MOOH) and the electrode surface are critical to the performance of an
electrocatalystOptimalOERelectrocatalystshouldhaveneithertoo weaknortoo strong
M-O bonds.
High energy input and sluggish reaction kinetics for OER make it necessary to use
electrocatalysts to reduce the overpotential and facilitate the process. Precious metal
oxides like Ru@and IrQ are demonstrated to be active for OERowever, both Ru@
and IrO2 sufferfrom long terminstability andhigh costwhichlimits practicalapplications.
RuQ; oxidisesto RuQ; at high positivepotentialwhich getsdissolvedn the electrolyte!®
In a similar manner, Ir@gets oxidized to Ir@which subsequently dissolves during the
experiment! 12 Other classes of electrocatalysts for OER including perovskites, layered
metal hydroxides as well as nomride electrocatalysts like metal chalcogenides and
metal pnictides, have also been studied ke suitable for OER. These OER

electrocatalystarelow cost, relatively stableand earthabundantSimilar to HER, the
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parameters containing, overpotential, onset potential and Tafel slope are also utilized

to evaluate OER electro@dytic performance8.

3.1.2Supercapacitor

Supercapacitor, also known as Wtapacitor, is regarded as the promising energy
storage and conversion technologies for sustainable development to meet the increasing
world energy demand. The concept of supercapacvas first conceptualized by
Hermann von Helmholtz in 1853 and porous carbon based supercapacitor was patented
for the first time in 19573 The first double layer capacitor was developed in 1982 using
metal oxide. Supercapacitors are capable of stdairgger energy than the conventional
supercapacitor and applied in energy management, consumer electronics and heavy
hybrid vehicles* Although supercapacitors have lower energy density than batteries,
higher power density, longer stability with unlimitedycle life and faster
charging/discharging processes also favor the practical applications.

Supercapacitors based on energy storage mechanism can be divided into two types:
electrochemical double layer capacitor (EDLC) and pseudocapacitor. The storage
medanismof EDLC is theaccumulatiorof electrostatichargeattheelectrodematerials
surface. Therefore, electrode materials with high specific area and accessible nanopores
suchasgraphenegarbonnanotubendactivatedcarbonarebeneficialfor EDLC. Several

models have been proposed to illustrate the mechanisms and ion behavior in EDLC
(Figure 3.3)t> Helmholtz model is the fundamental preliminary theory put forth which
describes the formation of a single layer of corresponding oppositely morisei
electrolyte onto the electrode surface to neutralize the charges of the solid electronic
conductort® The distanced between the two layers is calculated from the electrode
surface to the centre of ions. Helmholtz model was further modified andogedeby

GouyandChapmanTheproposednodeltookinto consideratiorthediffusiontendencies
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of ions in liquid electrolyte and state that ions concentrations at the electrode surface
IROORZ WKH %ROW]PDQQTV GLMW uhalideid\acdu@telywrdbdiH Y HU  V
the diffusion distance. In consideration of the deficiencies both of Helmholtz and
diffusionmodels Sternproposednewmodelwhichinvolvestheformationof two layers

of ions defined as inner Stern layer and outer diffusion layer shown in Figure 3.3 c. The
inner Stern layer, also called compact layer, is used to describe ions which are absorbed
DW WKH HOHFWURGH PDWHULDO V X Ul&sdrbedbivvis BkistH 6 W H L
which is the inner Helmholtz plane (IHP). At the same Stern layer, theraocare
VSHFL,;FDOO\ DGVRUEHG LRQV ZKLFK IRUP WKH RXWHU
Stern model and ions behaviors, capacitance from EDLC comes frorortipact and

diffusion layers capacitance. On the other hand, pseudocapacitors depend on the
reversible redox behaviors of active species on electrode materials like metal oxides and
conducting polymers which often afford higher capacitance ERdrC.1’

The developments and advancements in synthesis technology have enabled fabrication

of improved nanocomposite electrode materials for supercapacitors. Rational design of
composite electrode materials has not only enhanced specific capacitance, but also show
improved cycle stability and rate capability. The nanocomposites of conducting
polyaniline (PANI) with graphene or TMDs have been studied to show higher specific
capacitance values. For example, PANI/MoBybrid synthesized byin situ
polymerization shows gabcapacitive performance of 575 F gt 1 A ¢ as a result of

its uniquestructure'® Furthermorethe hybrid electrodeof PANI nanowirearraysgrown

on 3D tubularMoS; showedhe high capacitancef 552F g* at0.5A g* with longcycle

life andexcellent rate capability due to the unique architecture and syneegistits*®
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Helmholtzmodel,(b) Gouy£hapmammodelor diffusemodel,and(c) Sternmodel.IHP
refersto theinnerHelmholtzplane,OHPrepresentthe outerHelmholtzplanewhile d is

the distance from the electrode surface to the centre of ions. Reproduced fras Ref.

3.2. Electrochemical Properties of Layered MetalChalcogenides

3.2.1Inherent Electrochemistry

Inadequate electrochemical studies on layered metal chalcogenides make it esgential
interesting to investigate their electrochemical properties for potential applications
ranging from electrocatalysis telectrochemical sensing. Although electrochemical
energyconversiorandstoragdike HER of layeredmetalchalcogenidebasbeenwidely
studied, few studies have been reported about their inherent electrochemical properties.
Inherent electrochemistry refeto the intrinsic redox behaviors which take place at the
surface of layered metal chalcogenides under applied potential. This redox behaviors
correlates with the electrolyte used and additionally influenced by pH and potentials
applied. It is necessaryd critical to understand the inherent electrochemical properties
of layeredmetalchalcogenideasthe performingpotentialwindow canbe limited by the

inherentelectrochemistryThe first study of inherentelectrochemicapropertieswas
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reported to reveal the oxidation peaks of carbon supported hoSparticles starting at

the potential of +0.6 V to +0.98 Vs NHE shown in Figure 3.4 . This oxidation peak

was chemically irreversible and disappeared in the subsequent scan whitdd resu
poorerHER performancefFromtheinsetin Figure3.4a,two anodicpeaksvereobserved,

a conspicuous peak centered at the potential of about +0.98 V and a minor peak located
at +0.7 V. Considering that the edges of Maf® more susceptible to d&tion than the

basal plane, the two peaks are related to the edges (+0.7 V) and basal plane (+0.98 V)
oxidations. By performing XPS to investigate the surface chemical composition and
bondinginformation,it is concludedhatMo$; is oxidizedto SQv*, S, andMoQs. More

studies were then performed to understand the inherent electrochemical properties of
single layered Mos Cyclic voltammetry of Mosnanosheets were conducted at a
potentialrangeof +1.1to-1.1V in aN2 saturatechqueouslectrolyteasshownin Figure

3.4 b2 An irreversible reduction peak located #L71 V was observed, which
disappeareth subsequergcansFromthe XPSanalysisthis reductionpeakmaybedue

to phasdransitionfrom 1T to 2H of MoS,. It is interestingo notethatthis reducedsingle

layered MoSshowed faster electron transfer rate and better conductivity than untreated

counterpart which is applied in electrochemical gluatetection.

) 304 ——1st CVycle
- =-2nd CV cycle
204 -——3rd CV cycle

104

urrent / |

-10 4

-20 4
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-30 4
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Figure 3.4a) CV profiles of two consecutive scans of Mas2 mV st. Conditions: N

saturated, 0.5 M ¥$Qs. Reproduced from Ref. 20. b) Three consecutive CV scans of
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single layered Mogat-1.1 V to +1.1 V in Nsaturated 0.5 M NacCl electrolyteZ0mV

st. Reproduced from the Ref. 21.

Having recognized the oxidative and reductive behaviors of.MaS8oparticles and
single layered Mog% the effect of chemical exfoliation on the inherent electrochemistry
of MoS, was further studied by using threlfferent organic intercalants which are
methyllithium (MeLi), n-butyllithium (n-Bu-Li) and tertbutyllithium (t-Bu-Li).?? It is
observed than-Bu-Li and t-Bu-Li resulted in greater extents of exfoliation of MaS
comparedo Me-Li. TheexfoliatedMoS,, aswell asthebulk counterpartsyereobserved

to showanoxidationpeakat+1.3V aswell asareductionpeakcenteredat-1.0V shown

in Figures 3.5 al. These oxidation and reduction peaks subsequently diminished
heightsin thefollowing scansHowever,n-Bu-Li andt-Bu-Li exfoliatedMoS; displayed
larger peak current densities as compared to bulk antiMefoliated MoS. This may

be due to the larger surface area from the efficient chemical exfoliation of Mo
Bu-Li and t-Bu-Li. Through careful analysis, it was inferred that the oxidation peak is
generated by oxidation of Mbto Mo®* while Mo®* is reduced to MY giving rising to
reductivepeakobservedTheinherentelectrochemistrgtudywasthenextendedo other
TMDs beyond Mog Three different TMDs including MoSeWS and WSe were
electrochemically exfoliated and their electrochemicdividies were studied® It is
observed that the characteristic inherent electroactivities were dependent on the
compositions of the TMDs as shown in Figure 3.m.eAmong the various TMDs, a

generalincreasingtrend of the oxidation potential was observedin the order WSe

<MoSe <WS; < MoS,. PosttransitionmetalchalcogenidesuchasllA #/1A andIVA *
VIA layered semiconducting materials were also studied as interesting classes of
semiconductors. Although the synthesis strategies, optical and electronic properties of

these postransition metal chalcogenides have been researched in theepgest
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decades, their intriguing electrochemical properties remain unrevealed. GaSe and GeS,
belonging to IIIAIA and IVA &IA materials, respectively, have been selected to
investigate the inherent electrochemistry shown in Figure 3/5*1GaSe showed no
apparent oxidation and reduction peaks except for a small anodic current signal at
potential between + 0.5 to + 1.0 V. It was found that the passivation of the generated
Ga0s layerprohibitedfurtherelectrochemicabxidationat higheranodicpotentialsGeS

was revealed to display both oxidation and reduction peaks which was ascribed to redox

; + +
behaviors of5e*/Ge*.
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Figure 3.5(a-d) CV curvesof bulk theexfoliatedformsof MoS,. Conditions:0.1M KCI
electrolyteat 100mV s with startpotentialof 0 V. Reproducedrom Ref.22. (e-m) CV
profiles of bulk and exfoliated MogeWNS and WSe. Conditions: 50 mM PBSolution

electrolyte (pH 7.2) at 100 mVswith start potential of 0 V. Reproduced from R&B.
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(n-q) CV profiles of layered metal chalcogenides (GaSe and GeS) at Conditions1 50
PBS (pH 7.2) as the background electrolyte at 100 mhWith start potential of 0 V.
Reproduced from Ref. 24. These arrows inserted in figures indicate theirgcaion.
Considering the electrochemical redox reactions occurring on the electrode material
surface, XPS has demonstrated to be a suitable method to study the surface composition
changes upon electrochemical treatments. Besides, potphtiak Pourbaix diagrams
shown in Figure 3.6 can also provide insights into the products of the inherent redox
reactionsiponelectrochemicareatmenatvariouspH values?® At highanodicpotential,

the chalcogens S and Se exist in the form of HS@5eQ™ under acidiccondition or

SQ#, SeQ* underbasiccondition.MoS; undergoesxidationatanodicpotentiatto form
soluble MoQwhile WS is predicted to generate the less solubles\WW@ler neutral pH,
which is in agreement with reported resedftF 26 However, identifying the inherent

redox behaviors of these TMDs and the products is stiibienge.
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Figure 3.6 3SRWHQWLDOiS+ GLDJUDPV GHVFULELQJ WWKH WKH!I
O-H, b) W-O-H-S, c) SO-H and d) SéO-H systemReproduced from Ref. 25.
3.2.2Heterogeneous Electronlransfer

Heterogeneous electron transfer (HET) kinetics is the fundamental study providing the
preliminary information on the electron transfer efficiency between the solid electrode
materialsurfaceandaqueousanalytesSemiconductind MDs havebeeninvestigatedor

their electron transfer processes using surface sensitive redox probes including
[Ru(NHs) 1>%*, Fe(CN} ' | Fe2*3* Cu*?* and \#*?*. TMDs possess two distinct
planes:basalplaneandedgesurface,dueto the layeredconformationshownin Figure

3.7 a. Studies have shown that these two planes have significantly different electron
transfercapabilities Gerischeetal. studiedthe HET propertiesatthetwo distinctplanes

of MoSin the presence of Cu(NW***, Fe(CN}y ' "and Fé"?* and found that edge
surfaces displayed higher HET rates than basal suifdaBan et al. experimentally
demonstrated that Me®dgesurfaces displayed a higher HET rafe® _: 4.96 x 10°

cms?) thanthatof basalplane( @ . aboutzero)towardFe(CN) " Tredoxprobeshown

in Figure 3.7 8 In addition, it was found that mechanical damage on the basal plane of
Mo, crystals promoted the electrochemical signal, demonstrating that the edge surface
dominates the electrochemistry as shown in Figure 3.7 c. Exfoliation into single/few
layers and electrochemical pretreatment have also determined to influence the electron
transfer of TMDs. Furthermore, Zhangt al. prepared the singleayer MoS by
electrochemical lithium intercalation followed by ultrasonication in water. Interestingly,
electrochemically reduced Me8xhibited a pair of characteristic redox peaks toward
Fe(CN)% ' "and [Ru(NH) ]>*** redox probes while untreated Mol$ad no obvious
electrochemical signal, suggesting good conductivity and higher electron transfer rate of

electrochemically reduced Me& This enhanced electron transfer may be duth®
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phase transition from 2H to 1T resulted from the electrochemical reduction. Similar
research on lithium exfoliated Me&lso identified that electrochemical pretreatment
(oxidationandreduction)couldtunetheelectrontransferratesshownin Figure3.7 d-f.2°
Electrochemicateductionpretreatmentvasfoundto effectivelyaccelerateheHET rates

of bulk and exfoliated Mo& Theoretical insights provided by density functional theory
calculation revealed that reduction pretreatment contributed to stabilize the 1T phase by
electron doping, which resulted in enhanced HET rates. This electrochemical activation
of the HET rates pon electrochemical reduction pretreatment was also observed in
exfoliated MoSg WS and WSe.*® Furthermore, a comprehensive study s@sducted

to study and compare HET rates of bulk TMDs (Mg$S and WSe) with their few
layeredcounterpartexfoliatedby differentlithium intercalant$? It is worthy to notethat
theelectrochemicasignalsfrom theinherentelectrochemistrpf TMDs overlapwith the
characteristicedoxin thefirst scan,makingit unreliableto obtainthe HET from thefirst

scan. Therefore, subsequent scan was record to display a pair of redox peaks towards
Fe(CN} ' "probe. MoSgand WS were observed to show improved HET rates upon
exfoliation while exfoliated WSehad a decreased HET rate.-Buexfoliated MoSe
showedthehighestHET rates(9.17x 10* cms?) becaus®f the higherconductivityand

larger surface area arising from few layered state, which can be potentially used as
sensing applications. Besides the TMDs, Eaml. studied the HET of pogtansition

metal chalcogenide including semiconducting GaSe and?GHET rates at GaSe

modfied electrode toward Fe(Ch) ‘was found to be equivalent to bare glasspon

electrode @: 1.1 X103 cm st) while GeS yielded a poorer HET rate@ (1.5 x10
K>0 K>0

Scmsl).
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Figure 3.7 a) Schematidllustrationof basalandedgeplanesof MoS; crystal.CV profiles

of b) basalandedgeplaneof MoS; crystal,c) basalplaneof MoS; in theformsof pristine

basal plane, mechanically damaged basal plane and cleaved basal plane in 10 mM
Fe(CN} ' © Conditions: 0.1 M KCI solution as electrolyte at 100 m Reproduced

from Ref. 28. (d, e) CV curves of bulk and exfoliated Ma&S well as the
electrochemicallyreduced or oxidized counterparts. Conditions: 5 mM Fe¢CN)at

100 mV st (f) Histogram of peak to peak separation along with their error bars.
Reproduced from Ref9.

3.3 Layered Metal Chalcogenides for Hydrogen Evolution Reaction

Numerousstudies have been devoted to study the electrocatalytic activities of different
TMDs towardHER aswell asstrategieso improvetheir HER performances. Durinthe

last decades, various strategies including edge, structure, defect and phase engineering,
doping as well as increasing their conductivity by incorporation of condustiivstrates

have been adopted to improve the catabtidvity.

It is crucial to understand the active sites of TMDs for HER. It has been demonstrated
that the edge sites of Me&re active for HER instead of basal plane. Hinneneirad.

used DFT calculation to elucidate that the edge structure of igl@Stive for HER and

experimentally demonstrated that Maofanoparticles was a good electrocatalyst toward
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HER with an overpotential of +0-0.2 V for HER shown in Figure 3.8%4lt was found

W K D W HWf MdS:@tge sites was around thermeeutral, which was close to that of
Pt and hydrogenase modéFollowing, Bondeet al. FD O F X O D Wdi Gedydatd 0 *
Mo/W-edge of MoS and WS by DFT shown in Figure 3.8 . Both Sedge and
transitionmetaledgehadsimilar G *4 closeto zero,indicatingMoS; andWS,; weregood
HER electrocatalysts. Besides, cobattorporated MoSand WS was expected show
HQKDQFHG +(5 SHUIR W& Seddervabd kedueddHby @dbalt incorporation.
Experimental identification of active sites of Mofanoparticles was obtained by
Jaramillo and ceworkers who investigated that tihewas linearly proportional to the
edgelengthinsteadof MoS; areacoveragesuggestindMoS; edgesitesis activefor HER
(Figure 3.8 ¢, df2 Furthermore, Taet al.also reported that edge plane of macroscopic
Mo$S; crystal showed superior HER performance while basal plaMo&b crystal had

negligible HER performance, which was in agreement with preituay 2
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Figure 3.8a) DFT based calculations of hydrogen agton energy diagram for HER.
Reproduced from Ref. 31. b) Crystal structure of Mm® WS as well as the hydrogen
adsorption energies. Reproduced from Ref. 20. Plotaafainst MoSc) area coverages

and d) edge lengths. Reproduced from Ref. 32.
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By understandingheintrinsic activity andactivesitesof MoS; towardHER, studiesvas

then extended to other TMDs. Theoretical insights into the intrinsic HER activity of
various TMDs beyond MaSvere provided using DFT calculatiofisit was determined

that the basal plane of MoOSK D G K Lyak2.4d3 eV while both Meedge and $&dge

dispayed thermosQ H X W Y, In@icaiifg that edge sites are catalytically active rather

than basal plane. As for Wse WKH EDVDO SODQH LV QRW DRWLYH IR
of 2.31 eV. The Sedge of WSegis considered to be the active sites for HER bseat

had a thermeseutral energy 0f0.05 eV, which is lower than that of-‘&tige (0.12V).
Furthermore, Tsagt al continued to study the activity and stability of 26 TMDs toward

+(5 E\ FDO F X @addNreeeherfny of BK adsorption (X=S or SéY.Considering

WKH FU\VWDO VWUXFWXUH 7 + VXUIDFHadHX PLQDWL
adsorption free energies of TMDs were summarized in Table 3.1. It was found that the
stability of the TMDs highly influenced the activity toward HER regesdl of the
compositiorandstructureof TMDs. In generalpasalplanehasinferior activity thanedge

sites toward HER. Interestingly, INoS; exceptionally has both active basal plane and

edge sites. Besides, the metallic transition metal sulftilesUH FDOFXODWHG WR K
around 0 eV and expected to show HER high activities. Overall, understanding the
intrinsic activities of TMDs would help to develop novel strategies to improve the HER
performances of TMDs.

Table 3.1 Summaryof thehydrogeredsorptionenergieandHX adsorptiorfreeenergies

0 %1x, X=S/Se) values for various TMD catalysts. Reproduced from3Ref.

Compound 2H 1T

Basal M-edge X-edge Basal Edge

AGx AGy AGyx AGy AGyx AGy AGux AGy AGhx AGy

TiS, - - - - - - -0.09 038 -033 0.15
VS, 0.08 0.12 092 038 020 0.01 021 0.05 020 0.01
NbS; -0.90 0.12 -045 -0.19 0.09 0.13 -0.27 0.19 -0.56 0.08
Tas; -1.02 029 0.66 0.06 003 0.15 091 024 1.04 038
MoS; -0.55 1.92 -0.69 0.06 -0.05 045 -0.42 0.12 -1.09 0.12
WS, 0.68 223 0.96 0.04 0.76 0.06 083 025 137 0.12
2 - - - 041 071 025 039
PtS; 034 135 0.84 0.08
TiSe, - - - - - - -020 081 -025 0.04
VSe; -057 0.62 -081 061 -0.17 025 -021 039 -0.17 025
NbSe. -093 0.54 -036 0.18 -044 -0.28 -033 048 -0.66 0.07
TaSe; 0.85 0.65 047 -0.16 0.00 -0.10 -0.83 067 0.96 030
MoSe. -031 213 -0.66 0.02 -0.56 -0.05 -0.76 0.66 -1.09 048
WSe, -0.13 231 -0.88 0.17 -07 -0.05 -0.90 085 -135 049
- - - - - - -0.04 0.89 -044 -0.03

PtSe; - - - - - - -0.18 144 -093 -0.02
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The edge sites of Me%re catalytically active toward HER, leading to strategies to
improve catalytic perform&es by exposing more edge sites. This strategy aims to
increase more active sites by surface engineering to expose more edge sites or introduce
defects into TMDs nanosheét<Chen et al. fabricated the corshell MoG-MoS;
nanowiresy sulfidizationof MoOs nanowires® Theasobtainecelectrocatalystowards

HER showed the low onset overpotential of <280 mV and stability in acid condition

as the vertically aligned MaMoS; nanowires had a high aspect ratio, facile charge
transport ad high surface area with edge exposed Ma®wn in Figure 3.9 -a.
Furthermore, doubtgyroid MoS bicontinuous network was fabricated by
electrodepositionf Mo into thesilicatemplatefollowed by sulfidizationshownin Figure
3.9d.2® ThisuniqueMo$; structureexposednostof theedgesitesdueto thehigh surface
curvature, resulting in superior HER performance. Additionally, Setngl. prepared
nancassembled MoSspheres through aggregation of Mofanoflakes’ These
assembled nanospies retained large fractions of edge sites, leading to better HER
performances than bulk and sindgger MoS nanosheets. Interestingly, Xigt al.
reportedthe controllablepreparatiorof defectrich MoS; nanosheetby simply adjusting
SUHFXUVRUVY ¥RQraet @ \prepbrevthddefdicth MoS, excess thiourea
was added since thiourea could adsorb onto the surface oftM&Sinhibiting crystal
growth and forming defects shown in Figure 3.9 e. On the contrary, high coticentra
of precursors without excess thiourea was the requirement to fabricatefo=fddin S
nanosheets. The defaith MoS nanosheets showed excellent HER performance
reflected by the small HER onset overpotential (120 mV) shown in Figure 3.9 f.
Furthemore,Wangetal. reportedheuseof Ar or O, plasmao generatelefectonMoS,

nanosheets, which could activate the basal plane and fadHiERe®
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Figure 3.9 SEM of a) MoQ nanowires before sulfidizatioand b) coreshell MoG-
MoS; nanowires sulfidized at 20Q , ¢) HER performance of cohell MoG-MoS,
nanowiresReproducedrom Ref.35.d) Schematidllustrationof the synthesi®f double
gyroid MoS. Reproduced from Ref. 36. e) Synthepathway of the defeaich and
defectfreeMoS; andf) theircorrespondingdER performanceaswell astheTafelslopes.
Reproduced from Re88.

Amorphous phase TMDs are also regarded as potential electrocatalysts towalddHER
to the porous morphologyith high fraction of unsaturated active sites. Few examples
have been reported to reveal the catalytic activities of amorphous TMDst Hu
reported the synthesis of amorphous molybdenum sulfide films by simple electro
polymerizatiorto beefficientelectrocatalystfor electrochemicahydrogerproduction?

It was revealed that amorphous Mdfg#came amorphous Mggrior to HER by XPS
analysis, suggesting that amorphous Mwe&s the real active form for HER. Besides, a

facile andfeasiblechemicalmethodwasreportedto synthesizeamorphousMoSs
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particles** The HER performance was obtained from the amorphous; Me®sited
electrodes and excellent activity towards HER was identified. Aaptigation process
prior to HER involving the partiallyeduction of MoSto MoS resulted in the formation

of MoSx with theexistencef the S? ligand, differentfrom the caseof amorphousvoSs

film. Studies on the origin of catalytic activity of amorphous molybdenum was carried
outonchemicallysynthesizeé&imorphoudvioSs.? It wasobservedhatamorphoudvoSs

was partially reduced to M@8uring the reaction condition resulting in the improved
electrocatalytic activity, which is in agreement with amorphous 3MVip&ticles.
Furthermore, electrochemical measurements performed to obtain the active surface area
of the catalyst film indicated thaough, nanostructured morphologie®l&ctrocatalysts
also facilitate electrocatalytactivities.

Electronic structure also affects the catalytic activities of layered TMDs. Therefore, the
catalytic efficiency of TMDs can be increased by tuning thetedaic structure, as
evidenced by the phase transition from 2H to 1T of exfoliated .M0o8 WS with
improved HER performancésMetallic 1T MoS was chemically prepared from
semiconducting 2H Mofby lithium intercalation and exfoliation in water. Theagk
transitionwascausedy electrontransfetbetweertheintercalatedithium ionsandMo$,
nanosheets thus leading to the favorable octahedral coordination of Mo*afbnese

1T MoS nanosheets presented dramatically improved HER performances corngpared
semiconducting 2H MaSshown in Figure 3.10 a, b. Electrochemical measurements
revealed that metallic conductivity and increased active sites of 1T, MdSo the
superior HER activity. Following, Chhowalé al.reported the synthesis of féayered
MoS; nanosheets with a high fraction of metallic phase using L#Hhe intercalarit.

By removingtheexcessiegativechargen Q D Q R ViGHakaamétallicMoS; showed

superiorHER performancehan2H Mo$; in Figure 3.10c, d. Electrochemical
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measurements of edge oxidized 2H Mp&sented an inferior HER performance, while

edge oxidation had no influence on the catalytic efficiency of metallic;Md&refore,

the active sites toward HER of 1T Mgo@e mainly basal plane, which is in agreement
ZLWK ')7 FDOFXODAN b&s) plafel ofimetallic TMDY. They further
investigated the HER performance of exfoliated 2 M@nosheets by lithium
intercalationf®® Characterization revealed that the exfoliated,Wshosheets contained

high concentrations of strained 1T phase with rdisted superlattice (2aao) regions.

It was found that exfoliated W3vas intrinsically active and exhibited excellent HER
performance, resulting in the lower overpotential and Tafel slope value. Besides, both
concentration and strain of metallic 1T phaffected the catalytic activity of exfoliated

WS, becauseo gradually decreased during annealing which increased 2H phase and
UHGXFHG VWUDLQ VKRZQ LQ )LJXUH Hof JT7WISD OF X O D\
depended on the strain. When the applied.€pa ZDV LQ WKH UDQJHi RI W
decreasetrom 0.28eV to reachthermosneutralastensilestrainenhancedhedensityof

states below the Fermi level as shown in Figure 3.10 f. Mattad. comprehensively
studiedtheefficiencyof phasedransitionof four differentTMDs (MoS,, MoSe, WS, and

WSe) during lithium intercalatiort® From XPS analysis, the phase transitiodithyum

intercalation is more favorable towards Yé8d MoSeas compared to MeandWSe,

leading to higher concentrans of metallic phase, which in turn resulted in higher

electrocatalytic activity towardER.
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Figure 3.10a) Linear sweep voltammetry showing HER performances of exfobaigd
asgrown Mo$S b) with the corresponding Tafslopes. Reproduced from Ref. 43. (c)
LinearsweepvoltammetryshowingHER of 2H and1T MoS; aswell astheedgeoxidized
counterparts d) with their corresponding Tafel slopes. Dashed lines represért the
corrected 1T and 2H MeSBIER curves. Reproducedoin Ref. 44. e) Plot of HER as

a function of 1T phase concentration annealed at different temperatures. f) DFT
calculations of free hydrogen adsorption energies on metdignanosheets with the
various applied strain. Reproduced from R,

The heteroatom doping of 2D TMDs nanosheets could disturb the basal plane, resulting
in expanded interlayer distances and modifiebladd electronic properties of metal
atomstherebyimprovingtheelectrocatalyti@activitiesby tuningthe G *4. Thisis similar

to graphene doped with nitrogen, boron, sulfur, and phosphorus atoms smihaaded
catalytic activitiest’ Heteroatorsdoped TMDs can be divided into nonmedalped and
metatdoped TMDs. In the case of nonmetlmlped TMDs, Xiang and coworkers
fabricaed MoS;(1.xSexalloy by CVD atvariousratios(x = 0,0.11,0.39,0.51,0.61,1) 28

It wasfoundthatthebandgamf MoS;.x Sexmonolayeicanbemodulatedy controlling

the Se concentrationHigher contentsof Seresultedin decreasetbandgapsndhigher
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FRQGXFWLYLWLHV ZKLFK LV EHQHILFLDO IRU gof5 7KH L
singlelayer MoS@uxSex to a thermosieutral value, leading to enhanced HER
performances compared with the Maid MoSeas slown in Figure 3.11 a and b.
Monolayer WS Se alloy was also synthesized to tune the bandgap by varying Se
content?® Through the introduction of Se, distortion occurred on the basal ipiuneed

by the larger radius of Se atoms leading to a polaretedtric field. Therefore, the

adsorbed reactants can be polarized and oriented in the presence of the electric field,
which favoredbondcleavageof theabsorbednoleculesonthebasalsurface As aresult,

monolayer W&i.x)Se exhibited improved HER p]rmance with lower onset potential

than WSand WSe. In addition, H, O, N, S and P doped TMDs has also been reported.

By controlling the disorder to expose more active sites and incorporation with drgygen
increase the conductivity, Xiet al. reported optimized MaSelectrocatalysts with
remarkable HER performances (onset overpotential of 120 mV) shown in Figure 3.11 c
andd.>® Yanetal. obtainedenhancedER performancdrom S-dopedMoSe nanosheets

as aresult of increased unsaturated active sites and electrical conductivity by S
incorporation shown in Figure 3.11 e antt Nonmetal P was also used as dopant to
significantly enhance the HER performance of iMsi$®wn in Figure 3.11 g and h. The
Pdopant RW RQO\ DFWHG DV WKH QHZ D EMfn&idghbdfibgVsHV EXW
atoms, thereby activating the basal pl2&hue et al. also reported that doped WSis

active towards HER? Furthermore, Rloped Cog% P-doped 2H Mo$ and H

incorporatedTiS, were reported to be highly advanced electrocatalysts taWBERP+>°
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Figure 3.11a) Schematic illustration of HER of Mg%xSex monolayer, b) HER of
single layered Mo%&:.x)Sexwith various ratios. Reproduced from Ref. 48llic)stration

of the electron transfer process of oxygen incorporated,Mt)}SHER performance of
oxygen incorporated MeSReproduced from Ref. 50. e) Electrocatalytic performance
toward HER ofS-dopedMoSe nanosheets, Mo%and Pt aswell as f) the corresponding
Tafel slopes. Reproduced from Ret. g)HER performances and h) Tafel slopes of pure
and Rdoped MoSnanosheets. Reproduced from Ref. 52.

Metal atoms have also been introduced into TMDs nanosheets to enhance HER
performancesPreviousexperimentandDFT calculationgevealedhatCo incorporated
MoS; and WS nanoparticles had promotion effect toward HERBesides, DFT
calculations suggested that doping Ma&h six different metals (Ru, Rh, Co, Fe, Mn,
7D ZRXOG PBZHAtkiMoneutral and display enhanced HER performances
than pristine Mog(Figure 3.12 aj/ Vanadium doped MaoSvas also synthesizeda a
solid state reaction and found to be a good catalyst towards*HERough the
incorporatiorof vanadiumsemiconductig 2H MoS; wastransformedo a semimetallic

2D material with increased 4plane conductivity and higher carrier concentration.
Therefore, Vdoped MoSis more appropriate for HER (overpotential value of 0.13 V)
thanintrinsicMoS; shownin Figure3.12b. He etal. reporteda novelandsimplemethod

to prepareCoincorporatedVS; withouttheformationof CosSs asthesideproduct®® The
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asobtained CdW(1xnS was measured to show superior catalytic activity toward HER
due to the modified electronic structure by doping shown in Figure 3.12 ¢ and d. In
addition, Mndoped CoSge and Tidoped VS also possessed improved HER

performance§? !
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Figure 3.12a) Hydroge adsorption energies of S edge sites of different metal doped
MoS,. Reproduced from Ref. 57. b) HER of vanadium doped MB8produced from
Ref.58. Electrochemicameasurementsf CoincorporatedVS,: a) HER polarization b)
corresponding Tafedlopes. Reproduced from R&B.

Electrical conductivity is critical to influence the electrocatalytic activity of TMDs as
higher conductivities facilitate electron transfer, which is beneficial for HER process.
Previouslywe havediscussedhephasdranstion of MoS; andWS; from semiconducting
phase to metallic phase resulted in improved HER performance in the 1T phase with
higherconductivity#®4> Furthermoretheintroductionof dopantatomsinto TMDs intra-

layer also enhanced the intringionductivities’® Given the high catalytic activity of
TMDs limited by electrical resistance, synergetic composites with conductive substrates

weredevelopedo promoteelectrontransferduringHER. Dai etal. reportedthesynthesis
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of MoS; nanoparticles grown on reduced graphene oxides (rGO) by hydrothermal
reaction as an advanced electrocatalyst toward fEeduced graphene oxide oy
provideed the substrate for uniform distribution of Ma%noparticles without
aggregation, it ats promoted electron transport during HER. As shown in Figure 3.13
ac, MoS/rGO composite exhibited superior HER performance compared to, MoS
nanoparticles. W&GO hybrid was also prepared by Yang and coworkers by
hydrothermal synthesf. Benefiting from the enhanced electron transfer kinetics,
WS/rGO hybrid presented better HER performance than puren@f®sheets shovim

Figure 3.13 €. Other carbon materials including doped graphene, carbon nanotube and
carbon fiber were also exploited as the conductive substrates to incorporate TMDs and
fabrication of superior electrocatalysts toward HER.reported a simple chemical
fabrication of hybrid electrocatalyst with amorphous Mg&wn on vertical Ndoped
carbon nanotube (NCNT) shown in Figure 3.1:8%) The resultant hybrid catalyst
attained an excellent HER performance due to the proliferation of the active sites from
the amorphous phase and promoted charge transfer kinetic along carbon nanotubes.
Besides, a 3D electrocatalyst of Ma#&noparticles uniformly grown on mesoporous
graphene foam was constructed by a facile solvothermal method. Benefiting from the
exposed activesites, rapid mass diffusion and electron transfer, MGF exhibited
higher catalytic activity than pure Me® Intrinsic metallic TMDs with higher iplane
conductivitiessuchasTaSe, VS, andVSe haveenhancedHER performancedueto the
rapidelectontransferobserved® ¢ Metallic VS, nanosheetaereobtainedoy CVD and
demonstrated excellent HER performance with low overpotential 68 mV at@haA

cm' , and small Tafel slope value of 34 niéc?.®
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Figure 3.13 a) Schematic illustration of HER on MgB850 composites, b) HER
performacnes and c) Tafel slopes. Reproduced from Ref. 62. d) Diagrammatic view of
the HER process, e) HER performances and f) Tafel slopes ef®CS (blue curve).
Reproduced fronRRef. 63. g) Schematic illustration, h) HER performance and i) Tafel
slopes of Mo®-NCNT (N-doped carbon nanotube). Reproduced from Ref. 64.

3.4 Bipolar Electrochemistry for Downsizing Layered Materials

Bipolar electrochemistry is a facilelectrochemical method applied to exfoliate and
downsize layered materials. In a bipolar electrochemical setup (Figure®3tiv) Pt
electrodes termed as driving electrodes are inserted into an electrolyte solution between
the well suspended layered nréés of interest. The suspended layered materials are
generally conductive and regarded as the bipolar electrode (BPE). When a constant DC
potential is applied to the driving electrodes, a uniform electric filed is generated across
thesolutionandBPEsareimmediatelypolarized Dueto thepotentialdifferencebetween

BPE and electrolyte solution, electrochemical reactions of water electrolysis are driven
to occur at the two poles of BPEs, leading to the fragmentation or exfoliation of layered
materals to nanoparticles. Bipolar electrochemistry has been used as electrochemical
reactors, batteries and fluidized bed electrodes since the 1970s. In the past decades,

bipolar electrochemistrjhasbeendevelopedo be usein photoelectrochemicatells,
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electronic devices, electrochemical sensing and optical detétlanthis part, we
focused on bipolar electrochemistry for exfoliation and downsizing of layered materials.
Our group has reported the use of bipolar electrochemistrjhéopteparation of the
TMDs and black phosphorus nanoparticles for biosensing. NeSoparticles were
obtained from chemically exfoliated W®&anosheets using bipolar electrochemistry
treatment’! The WS, nanoparticlesverethenappliedasnanolabelgor proteindetection.
Follow up research are devoted to fabricate Mp3¥Se and black phosphorus
nanoparticlegor applicationgn electrochemicammunoassay&’# Interestingly phase
transition from 2H to 1T is observed from bipolar elechemically exfoliatedVS;

nanosheet®

Driving
Electrodes

S

Electrolyte
Solution Bipolar

Electrode

Figure 3.14Schematic illustration of bipolar electrochemistry-gpt Reproduced from
Ref. 69.
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4.1 Introduction

Layeredtransitionaaetaldichalcogenide$TMDs) havebeenattractinggreatinterestdue

to the unusual properties they exhibit when exfoliated down to @mondew &yered
materiall 2 3® In addition to TMDs, there is a family of/8"! layered chalcogenides

that also exhibit a layered tweimensional structure, which gives rise to intriguing
properties. The compounds are semiconductors with band gap energies that go from the
UV region up to the nearfrared (NIR) region. GaS has a bagap energy of 3.05 eV,
whereas InSe has a band gap energy of 1.25 eV. These compounds have the general
formula of MX, in which M represents gallium and indium and X stands for sulfur,
seleniumandtellurium. Compoundsvith M2X3 stoichiometryandthe samecomposition

also exist, but do not generally exhibit layered struct(fednlike TMDs, in whichone

metal and two chalcogen atoms form one layefBA semiconductors have layers
composeaf two metalandtwo chalcogeratoms givingrisetoa ;i0i0i; motif. The
exceptions GaTe,in whichthepresencef alargeanionleadsto areductionin symmetry

from hexagonal to monoclinic. Similar to the case of TMDs, these motifs are stacked by

weak van der Waals forces to create ttdimeensonal structures:12

Numerous publications concerning the potential applications of these compounds have
beenpublishedForexamplegallium sulfidecoupledwith carbonnanotubeganbeused

as a higrgerformance anode in a lithiuaan battery'® GaS also allowe for the
construction of highly responsive photodetectors on both rigid and flexiibistrates?

16 The preparation of promising electrocatalysts for the HER from GaS has also been
demonstratedt Last, but not least, the construction of ultrathin GasS transistors has also
been demonstratéd.Similarly, GaSe was studied quite extensively. Numerous papers

concern its use as a transisfgshotodetectot®part of nonlinear optics,terahertz
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radiation sourcé? and many more applications. The catalytic properties of GaSe have

also been studied previousfy.

Unlike gallium sulfideand selenide, gallium telluride remains relatively unexplored.
Most reports are on the synthe%is? or optical properties’® 22 with no reports on the
electrochemistry or catalytic properties of GaTe. Similarly, the investigation of indium
selenide emains limited to applications in electronics, such as #agbility field affect

transistors (FET$} 2> and optoelectronics as image sengbrs.

Althoughanumberof papersavestudiedthepropertiesof A"BY! layeredchalcogenides

and their possiblepplications, there is a lack of comparative study of the properties of
[lIA group chalcogenides, namely, GaS, GaSe, GaTe, and InSe, from the viewpoint of
electrocatalysidJponconsideringoromisingresultsof gallium sulfidetowardsthe HER,

1t is of high importance to explore the HER performance dfBA layered
chalcogenides in more detail. Therefore, hereve fundamentally explore the
electrochemical properties of/BY! layered chalcogenides and their HER catalytic

performances.

4.2 Results andDiscussion

4.2.1 Material Characterization

Herein, we investigated the electrochemical properties'®"Alayered chalcogenides,
namely, GaS, GaSe, GaTe, and InSe. The structure of these compounds is displayed in
Figure 4.1, showing the -KI-M-X arrangement, which can be seen for the hexagonal
structureof GaSandIinSewith P63/mmcsymmetryandGaSewith P-6m2 symmetry The
differences in point group only originate from different stacking methods of individual

layers.GaTehassignificantlylower symmetry with amonoclinicstructure(spacegroup
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B2m). Optical images of the corresponding $ygdized samples are shown in Figure 4.1

together with the structures.

Gas GaSe

AR A4 DDA

YY ST (LYY
L /o\ /\/\/\/ N &%%&& =

GaTe ’\\){’){ &&&&/
4"’\*‘&5\1" SO,

\\\ J\
y-“»—« e R =

Figure 4.1 Structures of GaS, GaSe, GaTe, and InSe. Blue dots correspond to the metal
and yellow dot corresponds to the chalcogen. Optical images of the corresponding

synthesized materials are also shown. Scale bar: 1 cm.

The surface morphology of prepared'B layered chalcogenides was examined by
means of SEM. Figure 4.2 presents the scanning electron micrographs of GaS, GaSe,
GaTe, and InSe. The layered structwth no clear delamination, as expected for bulk
material, is clearly observed. Furthermore, we performed embBsggrsive Xsay
spectroscopy (EDS) to analyze the elemental composition. Results in Figure 4.S1 and
Table 4.S1 in the Supporting Informatishowcase the homogeneous distribution of
elements together with the chalcogen to metal ratio close to one, which indicates the

successful synthesis of bulk GaS, GaSe, GaTe, and InSe.
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Figure 4.2 Scanning electron microscopy (SEM) images of (a) GaS. (b) GaSe. (c) GaTe.

(d) InSe. Scale bars are 1 pym.

MoreinformationaboutthebaseandedgeplanemorphologywasacquiredhroughAFM
measurements (Figure 4.S2 in the Supportmigrmation). Base planes with steps

varying from several nanometers to several hundred nanometers are clearly observable

in the base plane figures. The edge plane measurements revealed a much more random

distribution of individual sheets. This distributias attributed to the damage caused
duringthe preparatiorof samplesduringwhich crystalswerecutin perpendiculato the

baseplane.

XRD analysis was performed to confirm the phase composition. The diffractograms are
displayed in Figure 4.3. Analyshas revealed pure gallium chalcogenides (GaS PDF#
01 &v189D09;GaSePDF#01 880&271;GaTePDF#01 &718620)andpurelnSe(PDF#

00 884 &131).No otherphasesincludingoxides,weredetectedThesharpprofile of the
reflections indicates very goanystallinity and strong preferential orientation duéh®
layeredstructure The(0O0l) preferentiabrientationis observedor layeredchalcogenides

with hexagonal symmetry (GaS, GaSe, and InSe), whereas for monoclinic GaTe

preferentialorientationin the (hOO0) direction is observed.Theseresultsare in good
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agreement with the morphology observed by SEM and other analytical methods (see

below).
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Figure 4.3 Diffractograms of GaS, GaSe, GaTe, and InSe. Sinal at the bottom of

the spectra represent reference data taken from the PDF database.

Raman spectroscopy was then used to obtain further structural information about the
prepared chalcogenides (Figure 4.4). For GasS and InSe, whiclDedsgmmetry, ad
GaSewith D3, symmetry(slightly differentlayerstacking) severalibrationalmodesare
visible272° These vibration modes represent both iadf,, Eig) and interlayer (A,

A?y) interactions and are in good agreement withliteeature?”2° GaTe has a richer
Raman spectrum because of its less symmetrical point g88ap The results are
nevertheless still in good agreement with the literature and indicate the successful
synthesis of bulk GaTe crystéfs Together with the Rasmaxtive phonon modes
(several A, Ay, By, and B modes), three optically activeufmodes can be seen also at

130, 143, and 206m' .
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Figure 4.4Raman spectra of GaS, GaSe, GaTe, and InSe.

Photoluminescence spectra were measured by usir§32 nm laser to showcase the
band structure of prepared chalcogenides. GaSe shows a strong band at about 2.01 eV
( =618 nm), which is in an excellent agreement with previous reports on bulk GaSe
crystals!® Similarly, GaTe exhibits photoluminescence with a maximum centered
at =747 nm (1.66 eV) and is in goodgreement with reports from the
literature3! Finally, for theInSebulk crystals we obtaineda maximumcenterecat =995

nm (1.25eV), whichwasalsoin goodagreemenith theliterature?® Theincreaseén the

full seidth at halfesaximum (FWHM) of the luminescence peaks for GaTe and InSe
indicates increasing amount of defects, as well as the effect of temperature on
photoluminescence peak broadening with band gap reduction. The reported band gap
value of Gas is 3.05 e¥;however excitation at =532 nm leads to only a small peak

at =694 nm (1.79 eV), which indicates the presence of deep levels within the GaS band
gapassociateavith impuritiesor defectsan thestructure suchasvacancie®r interstitial

atoms. The results of photoluminescence measurements with excitates8atnm are

shown in Figure 4. The photoluminescence of GaS was further measured by using a

+ H i &Y laser( =325nm). The absencef a luminescenceignalat 3.05eV ( =406
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nm) originates from the fact that this direct transition is located about 0.45 eV above the
indirect transitiors> The broad and weak luminescence maxima&t DQG QP
originate from indirect band and deep level transitions, which are typically nonradiative

recombinations and are accompanied only by extremely low photoluminescence yields.

Resuls are shown in Figure 4.S3 in the Supporting Information.
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600 700 800 900
Wavelength (nm)

1000

Figure 4.5Photoluminescencgectraof GaS,GaSeGaTeandInSemeasuredising532

nm laser with 0.5 mW excitation power.

Further information about the surface chemical compositionbamdiing information

was obtained by Xay photoelectron spectroscopy (XPS). First, wide scan spectra were
recordedFigure4.S4in theSupportingnformation).Thepresencef oxygenandcarbon

in the materials is ascribed to adsorlggigen/moisture and adventitious carbon. From
the survey spectra, the chalcogen to metal ratio was evaluated and the results are shown
in Table 4.S1 in the Supporting Information. These results show a discrepancy with the
results obtained by EDS. The reasdor different ratios are due to the high surface
sensitivityof the XPSmethod Moreover,GaSexhibitsametalaeficientsurfacewhereas
GaSe, GaTe, and InSe exhibit a meteh surface. Higleesolution corgevel spectra of

Ga3dand In3d areshownin Figure4.6. Thedeconvolutiorof Ga3d revealedwo pairs
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of peaks originating from gallium sulfide and gallium oxides. The first pair is located at
DERXW DQG H9O DQG FRUUHVSRQGV WR WKH *Di6
located at about 21.46 and 21.91 eV. Comparison with the literature revealed that
GaOshad a pair located at (20.440.2) and (20.840.2)¥Whis lead us to concludeat

this pair does not originate from &=.3* In the case of GaSe, only one pair of peaks at
DERXW DQG H9 LV REVHUYHG DQG MigimitULEXWH
SHDN RI *D7H LV IRXQG DW DERXW DQG H9 DQG D
other pair present in the spectrum originates fronrOglacated at about 20.6 and 21.05

eV, respectively. The presence of gallium oxide is due to the surfatrelysis of
chalcogenidandits subsequenxidationin air. Furthermoretwo In 3d pairswith spinae

RUELW VSOLW GRXEOHWY DW DQG E=7.6¥)DQG
RULJLQDWLQJ IURP ,Qi6H DQG , Q i @btained) H ®Wf@&H FW L Y H
deconvolution® Also, some indium in the indium (0) oxidation state was detected. This

may indicate paidl surface disproportionation ofdhin InSe into IA* andin®.

CPS ----CPS
—Ga(ll) 3d 52 ——In(0) 3d 52
Ga(ll) 3d 372 In(0) 3d 372

Ga(lll) 3d 5/2 - In(ll) 3d 5/2
Ga(lll) 3d 3/2 In(ll) 3d 372
——In(lll) 3d 572
——In(lll) 3d 372
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Figure 4.6 High sesolution Xeed D\ SKRWRHOHFWURQ VSHFWUD RI1 *D
*D6H *D7H DQG ,Q6H & xV SHDNV DW DERXW e H9O DU

4.2.2Inherent electrochemistry and electrocatalyticproperties

Thepotentialwindow at which individual materialsmayoperatds alwayslimited dueto
theirinherentelectrochemistrpr solventgelatedelectrochemicaleactions®® At present,
fundamental electrochemical studies dfBY' layered chalcogenides and their inherent
electrochemistry are not adequétd.o further investigate the nature of processes that

occur when external voltage is applied, we conducted cyclic voltammetry (CV) in both
DQRGLF DQG FDWKRGLF VFDQ GLUHFWLRQ \\$Ntlety WKH U
of phosphatdriffered sale (PBS; pH 7.2). Three consecutive scans were performed to
reveal the electrochemistry of the material's surface. Figure 4.7 and Figure 4.S5 in the
Supportingnformationdisplaythecyclic voltammogramsef GaS,GaSeGaTeandInSe

in both anodic and cathodic scan directions. All gallium chalcogenides show an
LOQFRQVSLFXRXVY SHDN DW DERXW i 9 )LJIJXUH 6 LQ W
measurements of @asin PBS shown in Figure S6 in the Supporting Information, we

can conalde that this process is likely to be related to the reduction gd{®&a the

surface of Ga chalcogenides. This is also very well supported by the fact that this
reductionpeakonly appearsftercycling to anodicpotentials at which a smalloxidation

peak at about +1.3 V can be seen; this may lead to oxidation of the material's surface to
moietiessuchasGaOs(Figure4.S5in theSupportingnformation).CV dataalsoindicate

that repetitive cycling makes the surface melectrochemically active, as documented

by theincreasan currentduringsubsequergcanslin addition,GaTeshowsanoxidation
peakatabout+0.3 V,which shiftsto slightly lower potentialan subsequergcansn both

anodic and cathod G LUHFWLRQV $ YHU\ VOLJKW SHDN DW DERX

pronounced in the cathodic scan direction, can also be seen in Figure 485 in
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Supportingnformation.Becauseo similar peakswveredetectedn theCV curvesof GaS

and GaSe, it is unlikely that these peaks originate from Ga compounds (also in good
agreementvith XPS,for which no or very little Gaoxidesweredetected), sae suggest

that these peaks are related to redox processes of Te. Finally, InSe exhibitsiarreduct
SHDN DW DERXW i 9 GXULQJ FDWKRGLF VFDQQLQJ 7Kt
scanningsuggestshatanodicscanningleactivateshis reduciblemoietyatthe material's

surface. By comparison with data obtained from the measuremenOa{{figure 4.S6

in the Supporting Information), we conclude that this process is related to the reduction

of In203, leading to the formation of insoluble products that inhibit the further course of

this reaction. Also, an inconspicuous peak located at aldo@t\+ emerges during the

anodic scan. Interestingly, this oxidation process inhibits the reduction of

INn.Os SUHYLRXVO\ GHVFULEHG EXW JLYHV ULVH WR D QHZ
V in subsequent scans. Unfortunately, due to ladd@ata on this topic in the literature,

precise determination of these redox processes wamasible.
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Figure 4.7 Cyclic voltammograms of Ga8fring the a) anodic and b) cathodic scans,
GaSe during the c) anodic and b) cathodic scans, GaTe during the e) anodic and f)
cathodicscansandinSeduringtheg) anodicandh) cathodicscansArrowsrepresenthe
scandirection.Conditions: M PBS(pH 7.2)asasupportingelectrolyte;scanrate,100

POV

Previous research into layered materials has revealed their excellent performance in
electrocatalysis. For example, 2D Ma®d WSare very efficient for the HE®.

39 Somepapers reported 'MBY' layered chalcogenides as excellent HER catalysts. GaS
nanosheets obtained by liquid exfoliation show much better HER performance with

smallemanosheetthanthatwith largernanosheetsyhich suggestshatthe catalyticsite
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of GaSfor theHER is locatedat the edgeof the sheetd?! Otherwork hasinvestigatedhe
performance of bulk GaSe towards the oxygen evolution reaction (OER), oxygen
reduction raction (ORR), and the HER, revealing that electrochemical pretreatment
couldenhanceéhe HER catalyticactivity 12 Currenty, thereis alack of knowledgeabout

the catalytic activity of ABY' layered chalcogenides, which makes them attractive for

furtherresearch.

The HER performance of bulk GaS, GaSe, GaTe, and InSe is shown in Figure 4.8 and
Figure 4.S7 in the Supporgrinformation.It is clear that all four materials show poorer
HER performanceshanbareGC. It hasbeenreportedhatactivesitesfor theHER areat
WKH HGJH RI PDWHULDOV ZEWHK° Thérébie, MeMeaXoR WoriteH V
poor HER performance is mainly due to low conductivity and less active sites being
present in the bulk state. Although these materials exhibit low catalytic activity towards
the HER, it is of interest toompare the HER performance in detail. As shown in Figure
xabdc, thebestperformingelectrocatalystor theHER is GaSe&ollowed by GaSand
GaTe XPS analysis revealed no gallium oxide on the surface of GaSe, which may
substantially contribute to the better HER performaddeurthermore, InSe shows a
peakatabout i YersusRHE duringtheinitial scanwhichdisappeare subsequent
scansn Figure4.8b. This peakoriginatesrom theinherentelectrochemistrpf InSeand
was discussed above. The shift potential can be caused by different pH values
compared with inherent electrochemistry measurements. Subsequent scans were also
performed that revealed, for gallium chalcogenides, the overpotential became slightly
lower, which indicatedactivationof the material'ssurface(Figure4.S7in the Supporting
Information). On the contrary, InSe shows the opposite trend. This is likely to be caused
by insoluble products formed on the surface of InSe during electrochemical reduction

observed in the first HER cycle.

67


https://onlinelibrary-wiley-com.ezlibproxy1.ntu.edu.sg/doi/full/10.1002/chem.201604168#chem201604168-bib-0011
https://onlinelibrary-wiley-com.ezlibproxy1.ntu.edu.sg/doi/full/10.1002/chem.201604168#chem201604168-bib-0012
https://onlinelibrary-wiley-com.ezlibproxy1.ntu.edu.sg/doi/full/10.1002/chem.201604168#chem201604168-bib-0011
https://onlinelibrary-wiley-com.ezlibproxy1.ntu.edu.sg/doi/full/10.1002/chem.201604168#chem201604168-bib-0012
https://onlinelibrary-wiley-com.ezlibproxy1.ntu.edu.sg/doi/full/10.1002/chem.201604168#chem201604168-bib-0012

Figure 4.8 a) and b) Polarization curves for the HER on GaS, GaSe, GaTe, and InSe.

GC=glassy carbon, RHE=reversible hydrogen electrode. c) Overpotential of three
FRQVHFXWLYH VFD'QW) Tai#l siope R&lueE Bf three consecutive scans.

&RQGLWLRQV VFDQ wEMMMaRhe elechralite.

Another way to measure the catalytic activity of HER catalysts is the Tafel slope value.
The results of Tafel slope analysis are showRigure 4.8 d. The Tafel slope values can
beusedto determingherate&niting stepfor the HER. Generally therate&mniting steps

arethosegiven byEquations (1%3):37:41.42

1. Adsorption step (Volmer): ¥D" + € : +agst H22 E 8§ mV/dec

2. Desorption step (Heyrovsky):abd+ H:O"+ € : +2+H,2 E 8&mV/dec

3. Desorption step (Tafel):d&+ Hass: +2 E 8 mV/dec

The values of the Tafel slopes indicate that the Volmer adsorption step [Eq. (1)] is the
rate@miting stepfor all of thematerials Similarly to overpotentialthe Tafel slopevalue
decreasefor GaS,GaSeandGaTewith subsequergcansthisindicategheiractivation.

For InSe, the Tafel slope value increases gradually, in good agreement with previous

discussions.
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4.3 Conclusion

We have successfully prepared singlease A'BY' layered chalcogenides (GaS, GaSe,
GaTe, and InSe). The synthesized materials were characterized in detail by means of
XRD, XPS, EDS, Raman spectroscopy, golibtoluminescence spectroscopy. The
layered structure is clearly visible in SEM images. All of these materials exhibit
negligible inherent electrochemistry; this is related to surface oxidation originating from
either natural oxidation or anodic potenteWeeping. Energgelated research into
A"BV! Jayered chalcogenides towards the HER shows their relatively low HER
performance due to lower conductivity and fewer active sites in the bulk state. Further
HER investigation after exfoliation has to be perfed in the future. We believe that
these findings of their electrochemical properties will contribute to finding possible

applications in the future.

4.4 Experimental Section

4.4.1 Materials

*DOOLXP X LQGLXP X DQG VXOIXU X
675(0 *HUPDQ\ 6HOHQLXP X DQG WHOOXULXP
Chempur (Germany). Sulfuric acid, potassium chloride, potassium phosphate dibasic,
sodiumchloride,andsodiumphosphatenonobasiaverepurchasedrom SigmazAldrich,
SingaporeGCelectrodesAg/AgCl referenceelectrodesandPtworking electrodesvere
purchasedrom CH Instrument,USA. Deionizedwaterwith an electricalresistivity of

1840 xFP ZDV XVHG WR SUHSDUH VXVSHQVLRQV DQG HOH

4.4.2 Apparatus
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SEM was performed by using a JEOL 7600F feshdission scanning electron
microscope (JEOL, Japan), at a voltage of 2 KV. EDS data were recorded at an
accelerating voltagef 15 KV. XPS measurements were carried out by utilizing a

Mg .. sourcg(SPECSGermany)t1253eV, aswell asaPhibos100spectrometeiVide ae

scan and higfd HVROXWLRQ VSHFWUD RI *D xG ,Q xG 6 xS
obtainedo analyzethesurfacecompositiorandmetal$e ahalcogematio of thematerials.
The284.5eV peakof C xwWasusedfor calibration.PowderXRD datawerecollectedat
roomtemperaturavith a Bruker D8 Discoverempowderdiffractometemith parafocusing
Bragg®Brentano geometry by using Cuadiation (=0.15418 nmU=40 kV, =40 mA).

Data were scanned with an ultrafast detector (Lynxeye XE) over the angular range

2 =1080°With a step size of 0.02°2). Data evaluation was performed in tlodtware

package Eva. An inVia Raman microscope (Renishaw, England) with a @mgled

device (CCD) detector was used for Raman spectroscopy irgbattiering geometry. A

Nd 2AG laser (=532 nm, 50 mW) with a 50x magnification objective was used for
meaurements. Instrument calibration was performed with a silicon reference that gave a
peak center at 520 ¢mand a resolution of less than 1 tnilo avoid radiation damage,

the laser power output used for these measurements was kept at 5 mW. Tha micro
photoluminescence measurements were performed by using@iSdaser (=532 nm,

50 mW) with a 50x magnification objective and QP +Hi&G ODVHU P: ZL
40x magnification UV objective. For measurements withd&d@&* DQG +Hi&G ODVHI
laser powers 0.5 and 2.2 mW, respectively, were used. Characterization by AFM was
performed on a NBDT Ntegra spectrometer from NBDT in tapping mode. The
measurements were performed on freshly cleaved basal planes. Edge planes were
prepared for measurements by cutting and polishing crystals perpendicularly to the basal

plane. The electrochemical measurements were conducted byisingX WIR O D E
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electrochemical analyzer (Eco Chemie, The Netherlands) with the NOVA version 1.8
software.
4.4.3Syntheses of GaS, GaSe, GaTe, ahiSe
Stoichiometric amounts of metal and chalcogen corresponding to 1Gynibfesized
material were placed in a quartz glass ampoule with inner dimensions of 20xXL40 mm.
The ampoule was evacuated with a pressure below 2% and melt sealed by using
anoxygeniydrogertorch.Forthesynthesi®f layeredchalcogenidesn all experiments,
aheatingrateof x f & ¥ Rahd@coolingrate x f & X RulitiQa dwell an temperaturdor

PLQ ZHUH XVHG 7KH VI\QWKHVLYV RI *D6H ZDV SHUIRUP
,Q6H DW xf& $00 VIQWKHVHV ZHUH ShelyRiesitbE LQ D
GasS, a quartz ampoule 2550 mm size was used; this was placed in a tube furnace. The
SDUW FRQWDLQLQJ JDOOLXP ZDV KHDWHG RQ xf& ZKI
NHSW DW xf& WR DYRLG EXUVWLQJsiRd of\sKltdr. DS R X O H
heating profile was similar to that used for otblealcogenides.
4.4.4Electrochemical Procedures
6XVSHQVLRQV) of G®a$x BdSe, GaTe, and InSere prepared by using
deionized water, followed by sonication for 1 h to obtain homogeneous suspensions. An
DOLTXRW /| RI WKH VexXsres el GROsufdee aBdU3Tould be
UHQHZHG E\ SROLVKLQJ ZLWK P hibgopédP afteDealhD U W L F C
measurement. Deionized water was evaporated at room temperature to give randomly
distributed materials. CV and linear sweep voltammetry (LSV) measurements were
conductedy usingathreeadectrodesystemmodified GC, Pt,andAg/AgCl asworking,
counter, and reference electrodes. PBS (30 pH 7.2) was used as a background
HOHFWURO\WH IRU &9 PHDV XUHP HQW\X HDWMBMYUFI*Q UDW |

acid was utilized as an electrolyte for LSV experiments at a scan rate 6%
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4.5 Supporting Information

Figure 4.S1EDS elemental mapping of GaS, GaSe, GaTe, InSe.

Table 4.S1The XPS and EDS data of surface composition of GaS, GaSe, GaTe, InSe

TMD Chalcogen/Metal Chalcogen/Metal
Materials ratio(XPS) ratio(EDS)
GaS 4.013 1.010
GaSe 0.338 0.922
GaTe 0.741 1.108
InSe 0.830 0.825
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Figure 4.S2Base plane AFM images of a) GasS, b) GaSe, c) GaTe, dambedge

plane AFM images of e) GaS, f) GaSe, g) GaTe, h) InSe
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Figure 4.S3Photoluminiscence spectrum of GaS usingGteUV laser (325 nm).
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Figure 4.S4Wide scan Xray photoelectron spectrum of GaS, GaSe, GaTe, InSe.
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Figure 4.S5Cyclic Voltammograms of (a) GaS during anodic scan and (b) cathodic scan,
(c) GaSe during anodic scan and (d) cathodic scan, (e) GaTe during anodic sgan and
cathodic scan, (g) InSe during anodic scan and (h) cathodic scan. Arrow represents the

scan direction. Conditions: 0.5 M PBS, PH 7.2 acts as supporting electrolyte, scan rate,

100 mV/s.

Current (HA)

-2I.0 -1I.5 -1‘.0 -0‘5 0?0 0“5 1.‘0 1.‘5 2‘|0
Potential (V) vs Ag/AgCI

Current (HA)

100

-100+

-200+

-300

-400-

-500

Ino03

1st
2nd
3rd

-2(0 -1‘.5 -1“0 -0“5 0“0 0?5 1“0 1.‘5 2?0
Potential (V) vs Ag/AgCl

Figure 4.S6 Three consecutive polarization curves of inherefgctrochemistry
measurements on & an InO3. Cathodic scans are shown only. Anodic scans led to

the same results.

Figure 4.S7Three consecutive polarization curves for HER on GaS, GaSe, GaTe and

InSe. Conditions: scan rate of 2 mV/s, 0.5 ¥BRs aselectrolyte.
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5.1 Introduction

The exploration and discovery of new tdonensional (2D) materials have actively
driven scientific research in tHelds of materials research ever since the discovery of
graphene in 2004 Transition metal dichalcogenides (TMDs) have been extensively
studied attributing to their unique properties in single or few layers struétufidsese
studies are herein exteswl to post transition metal chalcogenides which are often
overlooked. The class of "/8Y' chalcogenides represents a family of layered
semiconductors which have attracted immense attention due to their unique electronic
structures and optoelectronic profpes®® These layered materials have a general
chemical formula of MX (M=Ga or In, X=S, Se or Te) unlike TMDs. Other forms, such
asM2X andM2Xs, donotdisplaylayeredstructures’: 1% Indium monochalcogenide$ns,

InSe, InTe) are an upcomimpass of A'BY' chalcogenides which have been attracting
interest due to their intriguing electronic properties. InS displays an orthorhombic
structurebelongingto the Pnnmspacegroupwith theirethanelike SzlninSs motifs. These
SIninSs motifs are mutually linked by sharing S atoms to form a three dimensional
network structure. InS has an indirect band gap of about 1.90 eV at room temgérature.
Layered InSe shows a rhombohedral structure belongi$fonmcspace group with

an energy gaof 1.24 eV at room temperature. Each layer comprises of two metal and
two chalcogen atoms in a-M-M-X sequence. These layers are predominantly stacked
with weakinterlayerVan derWaalsforcesandcovalenintra-layerbonds However,InTe

is a mixedvalence compound belonging to tetragodamncmspace group which can be
represented by the chemical formula oflhd*Te;>. In®* and I cations occupy two
different crystallographic positions with different chemical bonding environments. Each
In®* cation is tetrahedrally coordinated to four?Tanions thus exhibiting a ifires>

substructure. However, 1rcations display distorted squaaati-prismatic coodination
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with eight surrounding Teions. These Ihcation chains are linked to thelies”
substructure by weak electrostatic interactitns.

A"BV!' chalcogenides hold great potentials in various applications in electronics,
optoelectronics and catalysis due to their moderate bandgaps, high carrier mobility and
definedchargecarrierpropertiest® Forexample)nSefield effecttransistor§FETs)show

high electron mobility exceeding 30cn? (Vs)?!, outperforming their TMD
counterpart§:'* Besideghat, few-layersinSephotodetectodisplayedgreatperformance

from visible to neainfrared light region with fast response time and legn stability

in photoswitching. Singlelayer A'"BY' monochalcogenides were computationally
calculated to be potential photocatalysts for water spliftiftywhereby InSe coupled

with TiO;was reported as excellent photocatalyst for visible ligtpreidudion.® Most
research on InS and InTe were focused on their synthesis, optical and electrical
properties-t:17-2

Recently numerousstudieshaveinvestigatedhe possibleapplicationf layeredA'"' BV
chalcogenides with some reports on their electedgtit propertie$?2* In addition,
fundamental electrochemical properties and behaviours of indium monochalcogenides
remainpredominatelyunexploredThereforejt is essentiaandimperativeto investigate

the electrochemical as well adectrocatalytic performances towards HER, oxygen
evolution reaction (OER) and oxygen reduction reaction (ORR) of indium
monochalcogenides. The differences in performances of chalcogen atoms will also be
compared between the indium monochalcogenides. IHergie synthesized,
characterized and investigated the fundamental electrochemical properties of indium
monochalcogenidg$nS, InSe,InTe). Theywerealsocharacterizety scanningelectron

microscopy (SEM), transmission electron microscope (TEMjydifraction (XRD),
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Raman spectroscopy, photoluminescence spectra aag ghotoelectron spectroscopy
(XPS).
5.2 Results andDiscussion

5.2.1 Material Characterization

Figure 5.1 Scanning electron micrographs (left) and corresponding elemental mappings
of (a) InS, (b) InSe, and (c) InTe obtained by enaligpersive Xray spectroscopy
(EDS).

Characterization studies were first performed to understand the morphological features
of thesynthesisethdium monochalcogenideScanninglectronmicroscopy(SEM)was
performed in order to reveal their surface morphologies. Figure 5.1 shows SEM images
of InS,InSeandIinTewheretheirlayeredstructuresvereobservedThelayersarestacked
together indicating the bulk state of these materials. Elemental mappings by-energy
dispersive Xray spectroscopy (EDS) in Figure 5.1 showcased the homogeneous
distribution of elements In, S, Se and Te for the respective materials. The chalcogen to
metal ratios of InS, InSe and InTe obtained from EDS were 1.11, 0.77 and 0.91
respectively. These values are close to the theoretical chemical ratio of 1sudpgests

the successful synthesis of the respective indnonochalcogenides.
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Figure 5.2 Transmission electron micrographs (left and centre), and-reggiution

TEM images (right) of (a) InS, (b) InSe and (c) InTe. The inset images in the left are the
SAED of correspondingndium monochalcogenideScalebarsfor the HR-TEM images
represent sim.

The morphology of indium monochalcogenides was further investigatedrsynission
electron microscope (TEM). Figure 5.2 shows the layered flakes of indium
monochalcogenides with a high degree of crystallinity. The detail image of SABD wit
indexingof diffraction patterns shownonFigure5.S1.Theelementamappingbtained

from the TEM in Figure5.S2indicatethe homogeneoudistributionof element®f In, S,

Se and TeX-Ray diffraction (XRD) was then conducted to study the crystallinity and
phase composition of indium monochalcogenides shown in Figure 5.S3. Diffractograms
revealed the single phase of InS, InSe and InTe. InSe and InTe with layered structure

exhibited peferential orientation due to its higiisotropy.
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Figure 5.3Raman spectra of (a) InS, (b) InSe and (c) InTe.
Ramanspectroscopyassubsequentlperformedo understandhestructurafeaturesof
indium monochalcogenides. Figure 513ws the Raman spectra of InS, InSe and InTe
obtainedusinggreenlaserwith wavelengthof 532nm. Fromthe Ramanspectrunof InS

in Figure 5.3 a, characteristiqpeakswith frequencyvaluesof 59.8 (A¢°), 150.7(A%),
224.8(Ag%), and318.2cm (Ag®) wereidentified. TheseRamarpeaksareconsistentvith

the reported Raman spectrum of FSAg* and A? modes are due to the intiayer
stretching vibrations while £and A* modes corresponding to the inteyer bending
vibrations?® In the case of I8e (Figure 5.3 b), the spectrum displayed prominent peaks
DW IUHTXHQF\ YD@XHV RI(’ $7 (71 72 Dg@Qan, $1
which were determined to originate from the IfSAs for InTe, the Raman spectrum
reveals two peaks locatetl 522.0 and 138.8 cin(Figure 5.3 c), which corresponds to

Aigand Fvibrational modesepectively?’?®
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Figure 5.4 Photoluminescence spectra of InS, InSe and tbfained using a laser (532

nm) with 0.5 mW excitation power.

Photoluminescencgpectraof indium monochalcogenidesereobtainedusinglaserwith

a wavelength of 532 nm to study their band structure (Figure 5.4). InS showed two
photoluminescence peaks. The peak located at about 650 nm (1.98 eV) can be attributed
to the baneedge transition and the second peak at lower energy centred at 8I(bhm (

eV) originated from deep level transitions (associated with defect and impurities) to the
defect and deep levels within the bayap. These results are in good agreement with
reported literaturé® For InSe, the photoluminescence peak centred at 998125 eV)
associateavith bandedgetransitioncanbe clearlyobserved* 2 InTe did notshowany

photoluminescence peak in the measured range, since its bandgap is reported to be 1.44

eV
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Figure 5.5High-resolutionX-ray photoelectrorspectraof InS, InSeandinTe.C 1speak

at ca. 284.5 eV is used as calibration reference.

X-ray photoelectron spectroscopy (XPS) was then conducted to examine the surface
elementatompositiorandbondinginformationof theindiummonochalcgenidesFrom
thesurveyscanbtainedFigure5.S4),characteristipeaksof C 1sat284.5eV, O 1sat
531.1eV,In3dat444.4eV,S2pat162.1eV, Se3dat54.9eV andTe3datarounds75.4

eV were identified. Due to the limited information from the survey scan, high resolution
XPS corelevel spectra of In 3d, S 2p, Se 3d and Te 3d were investigated in Figure 5.5.
These spectra were calibrated to the adventitious C 1s at 284.5 eViSH@tidure 5.5

a), the deconvolution of In 3d revealed spmbit split doublets located at 443.9, 451.5
eV and 444.3, 451.9 eVrE=7.6 eV), which originate from In (0) and-8*! The S 2p
spectrums well fitted to onespectracomponentwith bindingenergyof 161.2and162.3

eV correspondingpo sulfide(Figure5.5b). In thecaseof InSe,two pairsof peaksat444.1,

451.7 eV and 444.8, 452.4 eVE=7.6 eV) were obtained by deconvolution (Figbre

c) andassignedo In-SeandIn-0.32 In addition,thedeconvolutiorof the Se3d indicated

metal selenide centred at binding energies of 55.7 and 54.9 eV (Figure35Asdpr

InTe, Figure5.5e showstwo distinctpairsof peaksat443.8,451.39%V and444.8,452.4

eV (rE=7.6eV). Thesepeaksnerein agreementvith reportecbindingenergiesassigned

to In (0) and InTe23 Te 3d spectrum was deconvoluted into two pairs of peaks located
at 572.3, 582.7 eV and 576.4, 586.7 eV which lie close to the reported value$eof In
and TeQ (Figure 5.5 f)** From the XPS spectra obtained, it affirms the synthesis of
indium monochalcogenides with the small presence of the oxidised counterparts which
were inherently formed during the synthgsiscedures.

5.2.2Electrochemical Properties
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Figure 5.6 Cyclic voltammogramgvs.Ag/AgCl) of InS (a) anodicand(b) cathodicscan,

InSe (c) anodic and (d) cathodic scan, InTe (e) anodic and (f) cathodic scan. Insets show
(a-d) reduction and(e-f) oxidationpeaksbservedArrowsindicatethedirectionof scans
startingat scanpotentialof 0 V. Conditions:0.5M PBSatpH 7.2aselectrolyte;scanrate

of 100 mvs' .

Having analysedthe structural morphologies and compositions of the indium
monochalcogenides, we next proceed to analyse their electrochemical characteristics,
namely their inherent electrochemical properties. The operating potential window of
materials is limited by theinherent electrochemist4® or solvenirelated
electrochemical reactiorf§ Inherent electrochemistry refers to the redox behaviours of
electrode materials stemmed from the surface electroactive components when an
electrochemical potential is appliedhree consecutive cyclic voltammetry (CV) scans

in both anodic and cathodic directions were performed to investigate their inherent
electrochemical behaviours. CV measurements were performed over a potentiaf range
-1.8 V to +1.8 V in phosphate bufferedline (PBS) of pH 7.2. Figure 5.6 shows the
cyclic voltammogram of indium monochalcogenides. For the sake of clarity, the
electrochemical potentials in this work were reported with reference to Ag/AgCl
electrode unless otherwise indicated. As illustrateéigure 5.6, all CV profiles in both
anodic and cathodic scan directions show an inconspicuous reduction peak a0#&bout

V. Uponcomparingwith CVs obtainedwith bareglassycarbon(Figure5.S5),this signal
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was attributed to the innsic behaviour of glassy carbon. Considering the CV scans for
InS in bothanodicandcathodicdirectionin Figure5.6aandb, theabsencef additional

peaks would indicate that InS electrochemically inert without any conspicuous redox
propertiesOntheotherhand,CVswith InSedisplayedasharpreductionsignalataround

-1.6 V in the cathodic scan. The signal was ascribed to the reduction of indium oxide
(In20s) as reported? This is consistent with the XPS study which showed the presence
of In2Oz on the surface of InSe. However, this reduction peak was absent during the
anodic scan which suggests the deactivation of this reducible moiety by positive
potentials.In the anodicscan direction (Figure 5.6 e), InTe exhibited an oxidative peak
atabout0.3V which shiftedto alower potential(0.2V) atsubsequentonsecutivescans.
However, no oxidation peak was observed in the first scan for cathodic di{Eagiore

5.6 ) but appeared in the subsequent two scans centred at 0.2 V. Comparison of the first
scans for InTe in both anodic and cathodic directions, an initial oxidation scan is a
prerequisite for the appearance of the oxidation peak. Since no similar axidatiks
werespottedn the CV profilesof InSandInSe, wecanrationallyassigntheseoxidation

peaks to the inherent oxidation of tellurium. Similar oxidative peaks wer&alstified

for GaTe? VTe,®” ¥ PdTeand PtTe3® The anodic signal at about 0.2 V is due to the
oxidation of Te (0) to Te(ll) while the signal at about 0.3 V may correspond to the
oxidation of Te (0) to Te(IV§>*' The inherent oxidation signals obtained could
potentially hinder the performance of In&s a sensing platform for the detection of
analytes with low oxidation potentials. The electrochemical signals from the target

analyte might get overlapped and masked.
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Figure 5.7 (a) Cyclic voltammogramgvs.Ag/AgCl) of indium monochalcogenidesith

5 mM [Fe(CN}] ' ' (b) Peakio-peak separations of indium monochalcogenides along
with their error bars. Conditions: 0.1 M KClI as electrolyte; scan rate of 108'mV

Having understood the intrinsic electrochemical behaviours of these materials, we
proceedo analysdheirelectrochemicagfficiencies HET rateis preliminarily measured

to examinghesuitability of materialgor electrochemicasensingapplicationsTheideal
electrodematerialfor electrochemicadensingpossessesnatelyrapidHET ratein order

to lower the overpotential required for an electrochemical reaction to take place. In this
study, we examine the HET rates of indium monochalcogenides in the presence of
[Fe(CNY] " fredox probe using cyclic voltammetry. The péalpeak separation” (
between the oxidation and reduction peaks correlates with the HET rate co@stant,
REWDLQHG E\ 1LFKROVR Q & cdhHh&\irKeRoGeted &€ ldloinér AETG:HA)
smaller G . value?? The electrochemical measurements of [Fe@N) 'redox prde

were performed fror0.6 V to 1.0 V to minimise interference from the inherent
electrochemical signals of indium monochalcogenides.Figure 5.7 shows the
voltammetric profiles of indium monochalcogenia@dified electrodes and histogram

of experimentayREVHUYHG “( JURP )LIJXUH D ERWK EDUH JC
indiummonochalcogenideshoweda pair of reversibleredoxpeaksatabout+0.15V and

+0.28 V. It is worth to note that the observed inherent oxidation peak for InSe at 0.6 V
vs.Ag/AgCl did not totally overlap with the redox peak of [Fe(€IN) 'probe and had

no significant influence on the measurement of HET rate. @heof InS, InSe, InTe
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andGC werecalculatedo be9.3x10%cms?  ~( V), 3.1x10%cms? 7 ( V),
3.7x10% cm st " ( DQG 3cinst “( UHV SHFWhowdd e ,Q6
poorest HET performance with an order of magnitude lower than that of InSe and InTe,
while InTe displayedhebestHET performanceHowevertheHET performancef InTe
wasvery comparabléo thatof bareGC.Comparingheindium monochalcogenidefSe
andinTewould bepreferredoverinSfor electrochemicadensingpplicationsf required.

We subsequentlgtudiedthe electrocatalytigperformancesf InS, InSeandInTe towards

HER, oxygenevolutionreaction(OER)andoxygenredudion reaction(ORR),which are

of importance for energy harvesting applicatfSrf¢ and fuel cell$® Previous literature
reported the electrochemical properties of InSe forHEherefore, it would be essential

to extend and compare the research scope to Inhéaad
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Figure 5.8 (a) Polarization curvesv§. RHE) for HER of InS, InSe and InTe. (b)
Polarization curvesvé. RHE) of the successive second scan of InS, InSe and (o)Te.
Overpotential values obtained 410 mA cm? from (b). (d) Tafel slope values of InS,

InSeandInTe from (b). Conditions:0.5M sulfuric acid aselectrolyte;scanrateof 2 mV
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The HER performances of InS, InSe and Inllexre measured in 0.5 M,BO:at a scan

rate of 2 mV &. Figure 5.8 a shows the HER polarization curves of indium
monochalcogenides as well as bare GC for comparisaras observed that all indium
monochalcogenides exhibited an inherent reduction peaks in the acidic electrolyte used.
The inherent reductiongaks of InS, InSe and InTe®&97 Vvs.RHE during the first

scan were due to the reduction of indium oxide in 0.5 3®.?* Furthermore, the
additional reduction peak at.10 Vvs.RHE for InTe was attributed to the reduction of
Teaspreviouslydescibed.A consecutivessecondmeasuremenwasperformedvherethe
inherent peaks were observed to disappear as shown in Figure 5.8 b. No conducting
binderswasusedfor thesubsequertiER measuremeniherespectiveoverpotentiabind

Tafel slope values werergsented in Figure 5.8 ¢ and d. Comparing with the
electrocatalytic performance of bare GC (0.95 V), InS, InSe and InTe showed negligible
HER catalytic performance with overpotential of 0.92 V, 1.32 V and 1.31-¥0amA

cm?. Thereasongor thepoorHER performancearemainly dueto their semiconducting
propertiesvith lowerconductivityandlessactivesitesatbulk state Tafel slopeis another
parameter to evaluate the HER performance that can be used to elucidate the HER
electrochemical mechanisnn general, the HER pathway can be expressed as the
following steps:

1. Adsorption step (Volmer): 0"+ € | +ast H22 E § decd

2. Desorption step (Heyrovsky):abd+ H:O"+ € : +2+H2 E 8§ ded

3. Desorption step (Tafel): 4+ Haas: +2 E §  deé&

From Figure 5.8 d, InS showed the smallest Tafel slope value of 75.7 m\addds
inferred to undergo a fast Volmer step followed by the rate limiting step of Heyrovsky

step. It is followed by InSe (115.7 mV d®awith the rate limiing step of Volmer step.
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InTe presented the biggest Tafel slope value of 197.5 mV.ddwe HER limiting step

of InTe is postulated to be Volmer adsorption step as the value is close to 120tV dec
We then examined the electrocatalyfierformance of InS, InSe and InTe towards
oxygen evolution (OER) and oxygen reduction reaction (ORR) in 1.0 M KOH solution
as presented in Figure 5.S6. The mechanism of OER requires the extraction of four
protonsandfour electrongor the productionof eachmoleculeO2.*6 FromFigure5.S6a,

InS, InSeandInTe areregardedasweakcatalystowardsOERwith high onsetpotentials

of about2 V vs.RHE whichis very comparable¢o bareGC. Thepossiblereasongor this
negligible enhancement in performance may be due to unfavourable free energies of
OOH* and OH* intermediates and the instability of the materials at high anode
potential?*’ Subsequently, we studied the electrocatalytic performances of indium
monochalogenidesowardsORR (Figure5.S6b). All materialgdisplayedcathodigpeaks

at about0.4 Vvs Ag/AgCl which was ascribed to the reduction of Onset potential

is usually adopted as a parameter to evaluate the electrocatalytic dotiv@RR. As
obsevedin Figure5.S6b, InS andInTe displayedsimilar onsetpotentialsof about-0.22

V vs. Ag/AgCl. However, the ORR performance of InBéerfered with the inherent
electrochemical performance, making it difficult to obtain the onset potential. Overall,
InS, InSeandInTe arenotidealelectrocatalystior ORRdueto thelow currentresponse

and relatively high onsgiotential.

5.3Conclusion

We have synthesise@nd investigated the electrochemical properties of indium
monochalcogenides. Indium monochalcogenides were characterized by SEM, TEM,
XRD, Raman spectroscopy, photoluminescence spectroscopy and XPS. The results
indicate that InSe and InTe exhibit inhereséctrochemical activities while InS is

electrochemicallynert. InSeshowedareductionpeakascribedo indiumoxideat-1.6V
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and InTe got oxidisedt 0.2 V due to the oxidation of tellurium. Further studies were
madeto revealtheelectrochemicahctivitiesof indium monochalcogenidaswardsHER,

OER and ORR. All indium monochalcogenides exhibit negligible HER, OER and ORR
performances when compdreto bare glassy carbon. This is attributed to their
semiconducting properties with lower conductivity and less active sites at bulk state.
These fundamental findings provide insights into the comprehensive electrochemical
attributes of layered ABY' indium chalcogenides which can be useful for future
applications.

5.4 Experimental Section

5.4.1 Materials

Sulfur,seleniumtelluriumandindiumof 99.999%purity wereobtainedrom Alfa Aesar.
Potassium hydroxide, sulfuric acid, sodium phosphatmobasic, sodium chloride,
potassium phosphate dibasic, potassium hexacyanoferrate(lll), potassium chloride
potassium hexacyanoferrate(ll) trinydrate and platinum on carbon were purchased from
SigmaAldrich, SingaporeWorking glassycarbon(GC), countemplatinumandreference
Ag/AgCl electrodesvereobtainedrom CH InstrumentsTexas USA. Theglassycarbon
electrode used has a diameter of 3 mm. Ultrapure water {@illvas utilized for the
preparation of backgrourelectrolytes.

5.4.2 Synthesis of IndiumChalcogenides

The materials were prepared by direct reaction of elements in quartz glass ampoules
under high vacuum. Stoichiometric amount of indium and respective chalcogens
corresponding to 10 g of respective monochalcogenides were placed in quastz glas
ampoule and melt sealed under high vacuum (>84) using oxygehydrogen torch.

InS was prepared by heating of ampoule with In and S at 800 € for 24 h using heating

and cooling rates of 10 € mih Subsequently, the ampoule with InS was heated at
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540 € for 100 h. InSe was prepared by heating of ampoule with In and Se at 850 € for
12 hours. The heating rate was 5 € miand the cooling rate was 0.5 € mininTe
was prepared by heating of ampoule witland Te at 800 € for 12 h using heatirgfe
of 5 € mint and cooling rate of 0.5 @nin.
5.4.3 Apparatus
Scanningelectronmicroscopy(SEM)wasperformedusinga JEOL 7600Ffield-emission
SEM (JEOL, Japan) at theoltage of 5 kV. Besides, Energy dispersiveray
spectroscopy (EDS) was conducted at an acceleration voltage'df 20
X-ray powder diffraction was conducted on Bruker D8 Discoverer (Bruker, Germany)
powderdiffractometerandBraggaBrentanageometrywasfocusedusingCukK , radiation

QP 8 N9 P$ DW URRP WHPSHUDWXUH
over an angular range of 18 f ZLWK D VWHS VL]H RI f "
was performed in the software pack&)éA.
Raman spectsropy was collected using a Raman microscope (Renishaw, England) in a
backscattering geometry with a CCD detector. Measurements were made D&Spa
laser(532nm,50 mW) with anappliedpowerof 5 mW anda50x magnificationobjective.
Silicon wafer refeence was used to calibrate the instrument which has a peak position at
520 cm! and a resolution of less than 1-énThe sample was suspended in deionized
water (1 mg mb) and sonicated for 10 min prior to the deposition of the suspension on a
small piee of siliconwafer.
The photoluminescence spectrum was obtained by usinyA@I laser (532 nm, 50
mW). Spectra were collected with a TE cooled CCD camera and a 50x objective lens.
The samples were suspended in deionized water with the concentration ofi* rmugd
treated by sonication for 10 min. Then the suspensions were deposited onsdlisorall

wafer and dried before teeasurements.
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High resolutiontransmissiorelectronmicroscopy(HR-TEM) wasconductedy usingan

EFTEM Jeol 2200FS microscope (Jeol, Japan) at the accelerated voltage of 200 KeV.
Element maps were obtained using the SDD detectttaXN 80 TS from Oxford
Instruments (England). The samples were prepared by dropping suspension (I*'mg mL
aqueous solugn) on a TEM grid (Cu; 200 mesh; Formvar / carbon) and drying at 60 €
for 12h.

X-rayphotoelectrorspectroscopyXPS)wasperformedoy usingmonochromatidig . .

source (SPECS, Germany) at 1253 eV and a robéinnel energy analyser (SPECS
Phoibos1l00MCD-5). Wide scanandhigh resolutioncorelevel spectrdor analysisvere
collected and C 1s at 284.5 eV was used&tibration.

Electrochemicameasuremertf cyclic voltammetry(CV) andlinearsweepvoltammetry

(LSV) were conducted with aAutolab type Il electrochemical analyser (Eco Chemie,
The Netherlands) using NOVA 1.50ftware.

5.4.4Electrochemical Procedure

5 mg mL? of indium monochalcogenides suspensions were prepared in ultrapure water
by sonication for 1 h to obtain the homogeneous suspensions. 4 [L of the suspensions
were dropcasted on glassy carbon and dried at room temperature. Glassy carbon was
renewed by pashing with 0.05 mm alumina particles and rinsed with ultrapure water.
Cyclic voltammetry was used to study the inherent electrochemical properties and
heterogeneous electron transfer (HET) of indium chalcogenides in aelbotede
system where modifiedlassy carbon, Ag/AgCl, and Pt electrode as working, reference,
and counter electrode. 5 mL of phosphate buffer solution (PBS) (50 mM, pH = 7.2)
electrolyte was used for inherent electrochemical studies and [Fgt¢Nedox probe

in 0.1 M KClI for HET measurements. [Fe(GN)Y* redox probe was prepared by mixing

equal volumes of 2.5 mM Fe(Ci)and 2.5 mM Fe(CNJ. The HET rate constantsX )
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ZHUH FDOFXODWHG XVLQ JchdoFdaRe® tMdp@di\beBkH8¥pdRIG Z KL
(Ep) to a dimensionless parameterand in turn to@. . The roughness factor was not

takeninto considerationT hediffusion coefficientusedfor calculationis D = 7.26x 10"

cn? s’ in 0.1 M KCI. Electrocatalytic measurements towards hydrogen evolution,

oxygen evolution and oxygen reduction reaction was performed in adieeeode

system. 5 mL of 0.5 M 6w was used for HER measurements and 1.0 M KOH was

used for OER an@®RR.

5.5 Supporting Infor mation

1/(0.04 nm) nm 1/(0.64 nm)

Figure 5.S1The detail of SAED of InS, InSe and InTe with indexed diffraction pattern.

a) InS
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Figure 5.S2Elemental mappings of (a) InS, (b) InSe and (c) lab&ined from the

transmission electron microscopy (TEM).

Figure 5.S3X-Ray diffraction (XRD) of (a) InS, (b) InSe and (c) InTe. Red lines at the

bottom of the spectra represent reference data taken from the PDF database.
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Figure 5.S4XPSsurveyscansf (a) InS, (b) InSeand(c) InTe. All spectraarecalibrated

to adventitious C 1s at 284e¥.
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Figure 5.S5Cyclic voltammogramsvs. Ag/AgCl) of bare glassy carbon in (a) anodic
and (b) cathodic scan direction. Inset shows the inhegeniction peak obtained lioth
cathodicandanodicscansConditions:0.5M sulfuricacidaselectrolyte;scanrate,2 mV
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Figure 5.S6Linear sweep voltammograms for (a) oxygen evolution reaction (OER) and
(b) oxygen reduction reaction (ORR) for InS, InSe and InTe. Conditions: 1.0 M KOH as

electrolyte; scan rates of (a) 5 mVand (b) 10 mV $ respectively.
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6.1 Introduction

The discovery of the ultrathitwo-dimensional nanomaterial graphene in 2004 has
attracted a lot of interest, due to its remarkable electronic, optical and mechanical
properties- These unique properties of graphene spurred on the exploration to other 2D
materialsMostof theresearclis focusednthetransitionmetaldichalcogenide6TMDs)
because of their unusual properties in monolayer or few layers?$t&ieilarly to
graphite, TMDs are layered compounds with each layer composed of a metal layer
sandwiched between two layers of chalcogen atoms, stacked by weak van der Waals
forces.

Bulk TMDs have been widely studied for the use as lubricaatsl battery materiafs.
However, some exciting physical properties arise when the bulk material is exfoliated
down into mono or few layers. One of these properties is the transition fronctrtdire
direct bandgap, which is observed with the decreasing of the thickness and arises from
the quantum confinement effedt¥ The efficient catalytic activity towards hydrogen
evolution reaction of these ultrathin 2D materials has been revealed bedatinse
enhanced concentration of active sitesdges. The activity of S site in Mp®wards

HER has been demonstrated by the linear correlation between HER reaction thte and
numberof S edgesites!! Furthermorethe catalyticactivity of inert basé planesof MoS;

can be triggered by introducing Pt, Co and Ni atoms, which was proved by density
functional theory (DFT) calculations asdperiments?

Hydrogenwhichis consideredisarenewablduel, possessinbigh energydensity!* and
cleanproducts, can be used as an alternative fuel in the future. The universal technology
for hydrogen production is water splitting catalyzed by platinum. Thedoghand low
abundance of Pt hinders its prevalence in industry. Therefore, it is necessargemtd

to find low-cost and eartabundant alternative catalysts. Two dimensional TM&#h
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as MoX and WX, have been demonstrated to exhibit potential as an active HER
electrocatalyst$**® and photocatalyst<:*® A lot of efforts hae been made to optimize

the HER catalytic ability of TMDs. For example, the HER activity of TMD nanosheets
can be significantly promoted by introducing defects during the preparation ptbcess
anddopingby metalatoms(Pt, CoandNi) which canarousehe catalyticactivity of inert
planel? Moreover, the phase transition from 2H to 1T MeBdows 1T MoSenhanced

HER catalyticactivity.'®

Group five dichalcogenides, namely vanadium disulfide ofV8anadium diselenide
(VSe») and vanadiunditelluride (VTe) belong to layered TMDs, with one layer of V
atomssandwichedetweenwo layersof chalcogeratoms stackedogetheby weakvan

der Waals forces. \§VSe and VTe possess metallic behavior without a band gap in
theirelectronicstrucure? 221 VS, andVSe monolayemexhibit ferromagnetiproperties

20. 22 and VSe also shows chargaensitywave behaviof! The hexagonal 1T VS
preparedy chemicalvapordepositiorhasbeendemonstratetb behighly activetowards
HER2 1T VS can be used as an-jiiane supercapacitét,battery materiaf> 26 and
moisture sensdt. To the best of our knowledge, there has been no research devoted to
the catalytic properties of V&and VTetowards HERIn this study, we fundamentally
study the inherent electrochemistry and HER behavior of bulk and exfoliated vanadium
dichalcogenides. Bulk vanadium dichalcogenides were synthesized from elements in
quartz ampoules and the exfoliation of materials was perfbuamg nbutyllithium, in

a similar manner as it is carried out for exfoliating group 6 TMDs. Characterization of
bulk andexfoliatedTMD materialsvasconductedusingX-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), scanning electronostopy (SEM), energy
dispersive spectroscopy (EDS) and scanning transmission electron microscopy (STEM).

Inherentelectrochemistryand electrocatalyticactivity towardshydrogenevolution
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reaction(HER)wasexaminedy cyclic voltammetry(CV) andlinearsweepvoltammetry
(LSV).

6.2 Results andDiscussion

6.2.1 Characterization of the Bulk and Exfoliated VanadiumDichalcogenides

In this study, the properties af exfoliated vanadium dichalcogenides as well as their
bulk counterparts are studied. The electrochemical behavior of transition metal
dichalcogenides (bulk and exfoliated ¥S/Se, VTey) is investigated in terms of
inherent electrochemistry and hydrogewoletion reaction. The surface morpholagyd
composition of bulk and exfoliated ¥SVSe, VTe: was examined using scanning
electron microscopy (SEM) and scanning transmission electron microscopy (STEM).
Composition was examined by-rdy diffraction (XRD), energydispersive Xray
spectroscopy (EDS), and-pdy photoelectron spectroscopy (XPS). Electrochemical
properties were investigated by means of cyclic voltammetry (CV) and linear sweep

voltammetry(LSV).
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Figure 6.1 Morphological Chareterization: SEM images of (a) Exfoliated ¥Sb)
Exfoliated VSe. (c) Exfoliated VTe. (d) Bulk VS. (e) Bulk VSe. (f) Bulk VTe..

In orderto investigatehestructuredifferencesetweerbulk andexfoliatedmaterialsywe
examined the surfacemorphologies of the TMDs by SEM. Figure 6.1 displays the
electronic micrographs of the bulk and exfoliated materials. The layered structure of
TMDs can be clearly observed. From Figure 6f] tthe large polygonal stacks of bulk
TMDs without any signs of@lamination are visible. After exfoliation, shown igure

6.1 ac, the resulting materials exhibit decreased thickness of layers due to greater
expansion between flakes. Scanning transmission electron microscopy (STEM) images
(Figure 6.S4) were also takéor further morphology investigation. Based on the STEM
images the degree of exfoliation follows the &%, > EX-VSe > EX-VTez order. In

the case of EX/S;, exfoliation led to formation of sheets with féayer thickness with
majority of them being sulnicron sized. Sheet thickness of BSeis similar to that

of EX-VS,, but most of the sheets have larger lateral size (> 1 pm). FinalhvEeis
composed of sheets with relatively large thickness (no longer transparent). Further
discussion of relationdiween degree of exfoliation and electrocatalytic acttenyards

HER will be discussed in the following parts. The elemental analysis of bulk and
exfoliated VS, VSe and VTe were conducted using EDS, showing the roughly
homogeneous distribution of tvanadium and chalcogen in Figure 6.S3. It is essential
to note that the elemental distribution of S and Se in exfoliatedibVSeis uneven
(Figure 6.S3). The chalcogéo-metal ratio obtained from EDS shown in Table 6.S1
indicates the exfoliated maieais are highly enriched with vanadium, which is in good
agreement with XPS data (Table 6.S1) as well asyXdiffraction (Figure 6.2). For

clarity, concentrations of all elements are shown in Tal3.
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TheX-ray diffraction showedsignificantchangesn the compositionof the materialafter
exfoliation. Due to the strong affinity of vanadium towards oxygen, exfoliated materials
with large surface area undergo fast oxidation process. This phenomenon could not be
awided despite the fact that exfoliation process was executed in an inert argon
atmosphere and prior to analysis, all the samples were stoaedal filled with argon.
Persistingchalcogenid@hasecanbeseeronly in thecaseof vanadiunsulphide Layered

VsSg as well as hydrated vanadium oxidess@Qv..6H0), elemental sulphur and
intercalated vanadium sulphide ¢k{VS2) was observed in the EXSz sample. In the

case of other chalcogenides, the oxidation is preannounced even more. The presence of
elemental selenium together with vanadium oxideQgdy and lithium vanadate
(Li112V30789) was detected in EXSe sample. EXVTe, sample also undergoes
oxidation and khium vanadates (LkiV3Ozssand LiV10027) together with elemental
telluriumwereobservedInterestinglytheoxidationproceedsn atopochemicalvay and

the materials retain their layered morphology; however the dichalcogenide phases were
strongly afected by the oxidation of exfoliated material. The results-cdydiffraction

are shown in Figure 6.2. The XRD analysis of starting materials revealed impurity free,
single phase of vanadium dichalcogenides only (Figure 6.S1). These results suggest that
the oxidation observed for exfoliated samples is indeed caused by the increased surface

area introduced duringxfoliation.

EX-VS, | EX-VTe,

Intensity (a.u.)

10 20 30 40 50 60 70 8010 20 30 40 50 60 70 BOT0 20 30 40 50 60 70 8O
Position (*28) Position (°28) Position (*28)

Figure 6.2 X-ray diffractograms of exfoliated vanadium dichalcogenides.
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To further understand the surface elemental composition and bonding information, XPS
analysis was performed. As presented in Figure 6.S2, the characteristic peaks of C 1s at
ca. 284 eV, O 1s ata. 530 eV, V 2p ata. 516 eV, S 2p ata. 161 eV, Se 3p ai. 161

eV and Te pair ata. 575 and 586 eV were identified in the survey scan XPS spectra of
exfoliated and bulk Vg VSe, and VTe. The high resolution XPS cofevel spectra
(Figure 6.3) of vanadium were investigated because of the limited infornudtiaimed

from the survey scans. The surface elemental composition of bulk and exfoliated
materials can be found in Table 6.S1 and Table 6.S3. The oxygen and carbon
FRQFHQWUDWLRQ DW PDWHULDOSYV VXUIDFH DMV KLJK D
adsorbd oxygen, metal oxides and adventitious carbon species, which will be discussed
further on. The chalcogeie-metal ratio from XPS data is in good agreement with EDS
data illustrated in Table 6.S1. While the chalcetEemetal ratio of exfoliated materials

is a lot lower than 2 (which would be expected for a stoichiometric compound), the
chalcogerto-metal ratio of bulk materials is 2 or close to 2. These results suggest that
the composition of exfoliated samples is complicated and are in good agreement with

results mentioned above.
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Figure 6.3High resolution Xray photoelectron spectra of the V 2p and O 1s regions of
(a) exfoliated and (b) bulk V& VSe, andVTe2.

Deconvoluted corevel spectra of V 2p and O 1s are shown in Figure 6.3. Because of
the Shirley background contribution, the O 1s portion is also included. The &gk

is broader compared to the Vs2peak owing to the Costefronig effect?® This effect

is defined as a form of Auger process in which the core hole in a shell with a certain
principle quantum number is filled by an electron from a higher energy shells#Hrtree
principle quantum number. In general, such processes result infreakshapeg® The
deconvolutiontself revealedhatamixtureof speciess presentatthesurfaceof prepared
materialsTwo peakdocatedat516.82eV and524.22eV of exfoliatedVS; areattributed

to V (IV) 2p2and V (IV) 2p. Similarly, thepeaks of bulk V&observed at 516.68 eV

and 524.08 eV are also ascribed to V (IV}2and V (IV) 2p.2.%° Presence of peaks at

the same binding energies of the rest of vanadium chalcogenides also indicates the
presence V (IV) oxidation state. Furthermothe peaks located at 517.3 eV and 524.63
eV areascribedo V (V) 2psandV (V) 2pue, respectively? suggestinghe oxidationof
thematerialsfrom V (1V) to V (V) oxidationstate Deconvolutionalsorevealeda pair of
oxygen peaks originating from two distinct oxygen environments. The first peak of O 1s
appears at 52830 eV and corresponds to metal oxides, indicating the presence of the
vanadium oxides (see XRD discussion). The oxygen peak éaBZ3&V corresponds

other oxygen forms such as adsorbed moisture angl T high resolution Xay
photoelectron spectra of chalcogen (Figure 6.S5) suggest that both Se anfdrésesrie

in theform of V-SeandV-Te bondsonly, while sulphuris presentn two oxidationstates.
Oneconspicuoupeakat169eV in theS 2phigh-resolutionspectraof bulk andexfoliated

VS, is ascribed to the oxidized S (IV) state, while the other one located at 164 eV

originates from VS bonds®?
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Figure 6.4 Cyclic voltammorams of (a) bulk \A$luring anodic scan and (b) cathodic
scan|c) bulk VSe: duringanodicscanand(d) cathodicscan,e) bulk VTe, duringanodic

scan and (f) cathodic scan. Arrows indicate the starting scan direction. First scan is
markedin blue,with secondscanin saffronandthird scanin gray.Conditions:supporting
electrolyte, 0.5 M PBS at pA2; scan rate, 100 mV/s.

6.2.2 Inherent Electrochemistry of Bulk and Exfoliated Vanadium Dichalcogenides

The inherent electrochemistry originating from the electroactive moieties of the material
always restricts their operating potential window and applicafidre inadequate
fundamental knowledge of the inherent electrochemistry of bulk and exfoliated VS
VSe andVTe:> makest essentiato investigateheirinherentelectrochemicgbroperties.
Therefore, we conducted a cyclic voltammetric experiments in anodic and cathodic scan
directions over the range of 1.8 V in the absence of the depolarizer. The cyclic
voltammograms of bulk and exfoliated ¥ S/Se and VTein two scan directions are
disgayed in Figure 6.4 and Figure 6.5. Some differences in inherent electrocherhistry
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bulk and exfoliated materials can be seen. The anodic scan of bpto¥Snot show

any redox peaks (Figure 6.4 a). However, the exfoliategsW®ws abroad oxidation

peak atca. +1.41 V and a reduction peakca -1.40 V during the initial anodic sweep

as well as a small oxidation peakcat +1.4 V in the subsequent scans (Figure 6.5 a).
The cathodic scan of bulk ¥&lso does not possess any consmisuredox peak. In
comparison with bulk V& exfoliated VS shows an oxidation peak e& +1.40 V and
reduction peaks ata. -1.36 V during the cathodic scan direction. It is worth noting that
the reduction peak in the second and third scan emergesftarlyha oxidation process

of exfoliatedVS; (Figure6.5b). Thissuggestshattheelectroactivanoietiesin exfoliated

VS are in reduced state and have to be activated by an oxidative treatment. As for bulk
and exfoliated VSg there are no obvious peaks during the anodic scan oVRaland

the cathodic scan of exfoliated \\§€igure 6.4 ¢ and Figure 6.5 d). As illustichtie

Figure 6.4 d, one reduction peak is materialized atlcd45 V during the first cathodic

scan of bulk VSg A faint reduction peak at cél.3 V in the initial anodic sweep of the
exfoliated VSeis also observed (Figure 6.5 c). Two oxidation pedkisutk VTe; are
plottedatca. +0.23V and+0.19V duringthe firsttwo anodicscanshownin Figure6.4

e. The first scan of bulk VBen the cathodic direction also results in a reductive peak

ca -1.0V andanoxidationpeakatca +0.21V. Theabsencef reductionpeakin Figure

6.4 e suggests that the initial oxidation of bulk Ypeohibits the further reaction of
electrochemical active substance. After the exfoliation, the anodic and cathodic scans of
exfoliatedVTe> donotshowanyobviouspeakexceptwo inconspicuouseductionpeaks

atca. -0.8 V and-1.25 V during the first anodic scan (Figure 6.5 efand

As shown in Figure 6.5 a and b, during the anodic and cathodic scans, the current of
oxidative and reductive peaks of initigkan decreases or even disappear in the

subsequent scan. The decrease in current of the peaks indicates the dedepdestoor
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of the electroactive moieties during the first scan, suggesting these processes are
irreversible. As illustated in Figure 6.4 a, b and Figure 6.5 a, b-\E3 shows the
additional oxidation and reduction peaks during first anodic scan compared to bulk VS
which implies that EXVS; has additional electroactive moieties. Unlike 2V $he
oxidation and reductiopeaks of bulk VTeduring the first anodic and cathodic scan are
absent when VTas exfoliated.

Thus, we find that all the TMDs studied here exhibit unique redox peaks, although some
of them are inconspicuous. These peaks are inherent to different TMDgaah
represents their specific characteristics. Due to the different inherent electrochemical
performance of bulk and exfoliated ¥SVSe and VTe, we can postulate that the
exfoliation of materials has influence on the inherent electrochemical pespeftvs,

VSeand VTe.
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Figure 6.5 Cyclic voltammorams of (a) exfoliated Y8uring anodic scan and (b)

cathodic scan, (c) exfoliated V&turing anodic scan and (d) cathodic scan, (e) )
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exfoliated VTe during anodic scan and (f) cathodic scan. Arrows indicate the starting
scan direction. First scan is marked in blue, with second scan in saffron and third scan
gray. Conditions: supporting electrolyte, 0.5M PBS at PH 7.2; scan rats)\1/80
6.2.3Hydrogen Evolution of the Bulk and Exfoliated Vanadium Dichalcogenides
Researclon TMDs for theapplicationn electrocatalysiBasgainedconsiderablénterest.

Here we investigated the electrocatalytic performance towards hydrogen evolution
reaction (HER) of bulland exfoliated V&VSe and VTe using linear sweep

voltammetry (LSV). The prepared TMDs suspension were deposited on a glassy carbon
(GC) electrode followed by LSV measurements in 0.5 #8®&i. Figure 6.6 shows the

HER polarization curves of the TMDs indimg the HER performance of bulk and

exfoliated materials. Polarization curve of GC is also demonstrateeféoence.

Figure 6.6 Electrocatalytic hydrogen evolution reaction performance of TMDs in acidic
electrolyte. Polarization curves for HER on (a) exfoliated, W&e and VTe, (b) bulk

VS,, VSeand VTe. Conditions: 0.5 M SOy electrolyte; scan rate, 2 mV/s.

TheHER catalyticactivity trendof bulk materialss VTex>VSe>VS, while thetrendfor
exfoliatedmaterialds VS>>VSe>VTe,. Thetotal reversabf HER catalyticactivity trend
between bulk and exfoliated materials suggests that the exfoliation process has
dramatically changed the surface composition of TMDs, leading to different HER
performance. From the surface composition analyses shown in Table 6.S1, a sharp
decrease in chalcogeéa-metal ratio after exfoliation was observed. Also the

deconvolutionof core-level spectraof V 2p and O 1s and XRD analysisrevealedthe
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presencef vanadiunoxidesandlithium vanadatesie caninfer thatthechangeof trend

from bulk VTe>bulk VSe> bulk V& to EX-VS>EX-VSe>VTezcan be attributed to

the decrease of chalcogemmetal ratio after exfoliation, as well as the presence of
vanadium oxides and lithium vanadates, which can highly influence the HER
performance as their presence most likely leads to a reduction of ceitguatid
availability of catalytically active sites. Also the degree of exfoliation (STEM images),
which is in good agreement with HER performance, has to be taken into consideration.
Comparedo GC, we foundthatall the TMDs havesimilar or higheroverpdentialat-10

mA cm? than GC except bulk VBeln contrast, reports in literature reveal that the VS
prepared by chemical vapor deposition was reported to be highly efficient for HER with
overpotential necessary fet0 mA cm? as low as 68 m\#2 On the other hand, The ¥S
nanosheetsbtainedby hydrothermamethod exhibit overpotentiabf 500to 450mV vs.

RHE, and VS/rGO shows overpotential of 350 mV vs. REfEndicating relatively low

HER activity of VS prepared by these methods. Because of the substantial signal
originating from inherent electrochemistry observed for Makea. -0.8 V (Figure 6.S6

f), during the HER measurement, we performed three consecutive scans of LSV(Figure
6.S6). Deeper look into the consecutive LSV measurements revealed that such a low
overpotentiabf bulk VTez is mostlikely notrelatedto HER butinherentelectrochemistry
instead. The slight shift in the peak potential may be caused by the different pH of
electrolyte used for LSV and CV measurements, but is, nevertheless, in good agreement
with the fact that this peak is absent in the second and third. £8arike basis of these
resultswe suggesthattheactivity in secondandthird LSV scanf bulk VTe> shouldbe
takenasacomparativeralueinsteadof thevalueobtainedduringthefirst scan Moreover
theactivity of bulk VTez in thesecondandthird scanremainghe sameindicatingthatno

activation/deactivationf bulk VTe, takesplacein subsequentycling. No obvioustrend
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can be seen for both EXS; and bulk VS making the conclusion about
activation/deactivation of VVAmpossible. EXVSe, bulk VSe and EXVTez on the
otherhandall exhibit slight shift of overpotentiato lowervalues.This suggestshattheir

HER performance can be slightly tuned with repeageting.

6.3 Conclusion

We have prepared bulk and exfoliatedY8Se, and VTe, and investigated their
electrochemical properties. The results show that both bulk and exfoliate¥ §&,

VTez possess inherent electrochemical activity, which can limit their application for
electrocatalysts and electrode materials. The lithium exfoliation route msing
buthylithiumleadsto strikingly differentdegree®f exfoliationfollowing theVS; > VSe >
VTexorder. Additionally vanadium oxides and lithium vanadates are formed during the
process of exfoliation. This contributes to the observed opposite trends of the
electrocatalytic effect of bulk and exfoliated 5 group transition naéthblcogenides.

6.4 Experiment Section

6.4.1Materials

Sodium Phosphate monobasic, potassium phosphate dibasic, potassium chloride and
sodium chloride and platinum on carbon were purchased from Siphniah. Pt,
Ag/AgCI reference electrode and glassy carbon electrode were purchased from CH
Instruments, TexadJSA. Vanadium (99.5%:325 mesh) and sulphur (99.999%) was
obtained for STREM (Germany). Selenium (99.999%) and tellurium (99.999%) were
obtained from Chempur (Germany). Butyllithium (2.5 M in hexanes) was obtained from
SigmaAldrich (Czech Republic). Hane was obtained from Penta, Czech Republic.
6.4.2 Apparatus

Scanning electron microscopy (SEM) and energy dispersixagy>pectroscopy (EDS)

were performed with a JEOL 7600F field emission SEM (JEOL, Japan). SEM and EDS
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data were obtained ain acceleration voltage of 2 kV and 15 kV respectivelrax
photoelectrorspectroscopyXPS)wasconductedisingamonochromatidig . . source
(SPECSGermanyat1253eV. Surveyscanandhigh resolutionspectraof V 2p, O 1s,S

2p, Se 3d, Te 3d and C t=re obtained. The relative sensitivity factors were used to
calculate the chalcogen-metal ratios of various materials-rdy powder diffraction

GbwbD ZHUH FROOHFWHG DW URRP WHPSHUDBRXIGH WZLW I
diffractometer with parafacing Braggtg?o UHQWDQR JHRPHWU\ XVLQJ &X
0.15418m,U =40kV, | =40mA). Datawerescannedvith anLYNXEYE XE detector

over the angular range-5 f ZLWK D VWHS VL]H RI f DQG
5 s step. Data evaluation was performed in the software package HighScore Plus 3.0e.
Voltammetric measurements of cyclic voltammetry (CV) and linear sweep voltammetry

(LSV) wererecordedon apAutolab type é electrochemicahnalyzerEco Chemie,The

Netherlands) sing NOVA 1.8software.

6.4.3Synthesis of VanadiumDichalcogenides

Bulk chalcogenides were synthesized from elements in quartz ampoules. The
stoichiometric amount of vanadium and chalcogen (2 wt.% excess of chalcogen)
corresponding to 10 g of vanadiudichalcogenides were placed in a quartz glass
ampoule and evacuated to the base pressure below’ Bd.0OThe ampoule was melt
sealed under high vacuum using hydregeggen torch. The ampoules were placed in
muffle furnace and heated to 400 € for 24 hsusubsequently to 600 € for 24 hours
and for 48 hours to 800 €. The rating and cooling rate was 5 €/min.

6.4.4Exfoliation of Vanadium dichalcogenides

The intercalation of vanadium dichalcogenides was performed udmgyhithium in
glovebox under argortmosphere. 10 mmol of dichalcogenides was placed in flask and

dispersedn 10 mL of dry hexanel0mL of 2.5M butyllithium wasaddedo thereaction
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mixture and stirred for 24 hours. The intercalated vanadium dichalcogenides were
separatée by suction filtration and repeatedly washed with hexane. 5 mL of water under
argon atmosphere was slowly added to the intercalation for the exfoliation 2. The
exfoliated dichalcogenides were diluted on 100 mL and purified by dialysis. Finally the
exfoliated product was separated by suction filtration and dried in vacuum ovefat 50
for 48 hours.

6.4.5Electrochemical Procedure

1 mg mt! concentration of bulk and exfoliated ¥S/Seand VTe were prepared in
ultrapure water and ultrasonicated for 1 h in orideobtain homogeneous suspension.
The glassy carbon electrode surface was renewed by polishing with a 0.05 pm alumina
particle slurry on a polishing pad and then washed with ultrapure water and dried. After
sonication for 5 minutes, the 4 |L aliquot ofaterial suspension was dropcasted on the
HOHFWURGHYV VXUIDFH 7KH HOHFWURGHV ZHUH GULH
randomlydistributedmaterialsonthe GC surface Cyclic voltammetrymeasuremernwas
performed using phosphate buffsolution (PBS, 0.5 mM, pH 7.2) as background
electrolyte in a threelectrode configuration, with modified GC, Pt and Ag/AgCl
electrodes as working, counter and reference electrode. All cyclic voltammetry
measurementserecarriedat 100mV.s?. For hydrogenevolutionreaction linearsweep
voltammetry (LSV) measurements were conducted using 0.5 M sulfuric acid solution as
electrolyte at a scan rate of 2 nsV.

6.5 Supporting Information
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Figure 6.S1The X-ray diffractograms o¥anadium dichalcogenides used for exfoliation.

Figure 6.S2Survey scan Xay photoelectron spectrum of (a) exfoliated, (b) bulk,VS

VSe, and VTe.
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Figure 6.S3EDS elemental mappings of exfoliated and bulk,WsSe and VTe
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Table 6.S1The XPS and EDS data of surface composition of bulk and exfoliated

VS, VSeand VTe.

TMD Chalcogen Chalcogen Atom (%) Atom (%)
materials metal metal composition of| composition of

ratio(XPS) ratio(EDS) C(XPS) O(XPS)
EX-VS; 0.165 0.273 33.64 50.47
EX-VSe 0.542 0.822 50.84 28.44
EX-VTe, 0.693 0.156 38.55 44.32
Bulk VS, 1.736 1.53 43.16 34.07
Bulk VSe 2.094 2.001 41.19 29.20
Bulk VTex 2.449 1.823 37.45 42.89

Table 6.S2Elemental composition of bulk amxfoliated VS, VSe and VTe obtained

from EDS.
TMD Atom (%) Atom (%) Atom (%) Atom (%)

materials | composition off composition | composition | composition
carbon of oxygen of vanadium | of chalcogen

EX-VS; 5.97 63.62 23.89 6.52

EX-VSe 20.71 49.44 16.38 13.47

EX-VTez 8.49 50.01 35.62 5.57

Bulk VS, 23.88 34.30 16.49 25.33

Bulk VSe 22.27 27.97 16.58 33.18

Bulk VTez 27.94 25.42 16.52 30.12
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Table 6.S3Elemental composition of bulk and exfoliated2yY8Se and VTe obtained

from XPSsurvey spectra.

TMD Atom (%) Atom (%) Atom (%) Atom (%)
materials | composition off composition | composition| composition of
carbon of oxygen | of vanadium chalcogen
EX-VS; 33.64 50.47 14.95 0.94
EX-VSe 50.84 28.44 13.43 7.28
EX-VTez 38.55 44.32 10.00 7.12
Bulk VS, 43.16 34.07 8.32 14.45
Bulk VSe 41.19 29.20 9.57 20.04
Bulk VTex 37.45 42.89 5.49 14.17
a) * v b) c)
¢ N
v o
‘ =y \ag ‘

Figure 6.S4STEM images of a) EX/S;, b) EX-VSeand c) EXVTe.. Scale bars

correspond to 1 pm.
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Figure 6.S5High resolution Xray photoelectron spectra of the chalcogen of exfoliated

and bulk VS, VSe and VTe.

Figure 6.S6Electrocatalytidiydrogerevolutionreactionperformancef TMDs in acidic
electrolyte. Polarization curves of the successive thoams of (a)exfoliated \4S(b)
exfoliated VSe, (c) exfoliated VSg (d) bulk VS, (e) bulk VTe and (f) bulk VTe.

Conditions: 0.5 M sulfuric acid works as electrolyte; scan ratey.
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7.1 Introduction

Layered materials have beenthe forefront of research since the discovery of the
graphene in 2004.Graphene is a single layer of graphite comprising of hexagonal
honeycomb carbon lattice With extraordinary electronic properties and excellent
thermal conductivity, graphene has viad applications in biosensor systetrenergy
harvesting; ® and electronic devices® These findings have generated renewed interest
into other layered materials, such as transition metal dichalcogenides (TMDs), due to
their interesting layered struce. TMDs have a general formula of iMhere M is a
transition metal atom from Group 4 to 10, and X is the chalcogen atom (S, Seor Te).
10 Each TMD layer comprises of a transition metal atom layer sandwiched between two
chalcogen atom layers. These TM&yers are held together by weak Van der Waals
forces in its bulk form. Group 6 TMDs (MeSNS) have been extensively studied and
reported to have potential applications in electronics, energy harvesting and sensing
systems¥!’ Thus, there is the neéd expand studies to other TMD materials beyond
Group 6, such as platinum dichalcogenides to explore viable alternatives in
electrocatalytic applications such as hydrogen gas production and reduction of water.
Hydrogenis arenewablduel sourcewith high energydensity® and p F O HyEp@ducts.

It is regarded as a viable alternative to carbased fuels and has been used indab$

to generatelectricityandpowervehiclest® 2° Hydrogenfuel canbe producedrom both
nonrenewable (natural gas, dpand renewable (hydro, wind, solar) energy souftes.
Recently, tremendous attention has been devoted to generate hydrogen through the
electrochemical reduction of water. One of the technological barriers faced by hydrogen
economy is to develop low cosfficient and sustainable hydrogen production. Water
splitting, includingelectrolysisandphotcelectrolysis pffersthepotentialfor economical

hydrogenproduction.To date,the bestelectrocatalysts platinum, but its scarcityand
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high cost hinder widescale applications. Therefore, it is necessary to search for
alternative electrocatalysts. TMDs, mainly Mathd WS, have demonstrated to be
highly catalyticfor HER **225 As such,it would bebeneficialto expandstudiesto other

TMDs, namely platinurbased dichalcogenides, as potential alternatives to elemental
platinum in electrocatalytic applications such as hydrogempigakiction.

The lattice structures of compounds (crystaluseamorphous) were also reported to
influencethe electrochemicaberformancesf TMDs. Amorphousmaterialsalsoknown

as glassy materials, are nrequilibrium materials with no lorgange periodicity in the
atomic arrangement. These materials have been actively researched on and ac report
to have high density of active sites from the porous, rough and nanostructured
morphology which results in better HER performaffceAmorphous forms of
molybdenum sulfide?®?° tungsten phosphide nanopartiéfeand cobalt boridg have
displayed effieent performances as electrocatalysts for HER. Furthermore, amorphous
materials are also the best active candidates for high performance supercapacitors due to
the unique porous structure which generates high surface®?aitesould thus be
advantageousotunderstand the differing capabilities of TMD with differencing lattice
structures.

Herein, crystalline and amorphous platinum disulfide {Pt&re synthesized and their
fundamentaélectrochemicatharacteristicgcludinginherentpropertiesheterogeaous
electron transfers (HET), oxygen reduction reaction (ORR) and hydrogen evolution
reaction (HER) were studied. These studies aimed to compare the varying
electrochemical and electrocatalytic properties of crystalline and amorphops PtS
Additionally, previous studies have shown that electrochemicatrpeggment is capable

of tuning the catalytic performances of layered metal dichalcogetidéddence, the

effectsof electrochemicateductionpretreatmenton the electrocatalyticpropertiesof
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crystalline and amorphous Bt®%ere also investigated. These two materials were
characterized by scanning electron microscopy (SEM), energy dispersinay X
spectroscopy (EDS), transmission electron microscope (TENMayXliffraction (XRD)

and Xray photoelectron spectroscopy (XPS).

7.2 Results andDiscussion

7.2.1 Material Characterization

b) Amorphous PtS,

R,

N

a) Crystalline PtS, {
E y

s

-~

Figure 7.1 Scanning electron microscopy (SEM) images of a) crystalline and b)

amorphous PtS

Scanning electron microscopy (SEM) was first performed to observe the morphological
differences of crystalline and amorphousPt8om Figure 7.1 a, the layered structure

of crystallinePtSis clearlyevidentandthesdayersarecloselystackedn the bulk state.

In contrast, amorphous Pt&ppear to form clusters with rough nanostructure surface
without any apparent indication of layered structure (Figure 7.1 b). Elemental mapping
of both materials by energy dispersive-ra§ spectroscopy (EDS) shewthe
homogeneous element distribution of C, O, S, Pt for both materials (Figure 7.S1). The
chalcogen to metal ratios of crystalline and amorphousdbt3ined from EDS are 1.83

and 1.50 respectively, which are close to the stoichiometric ratio of 2cHdraical
compositions were further investigated by XPS and the chalcogen to metal r&i8s of
crystalandamorphou$tS arel.92and1.83,whichis in closeagreemenivith EDSdata.
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a) Crystalline PtS,

Figure 7.2 Transmission electron micrographs (left and centre), and-reggiution
TEM images (right) of (a) crystalline and (b) amorphous,.PT&e inset image is the
SAED of amorphous PtSScale bars represent 5 nm for the-lHERM images.
Thecrystallinity of bothPtS materialsverefurtherinvestigatedy transmissiorelectron
microscope (TEM) and Xay diffraction (XRD). TEM micrographs of crystalline RPtS
(Figure 7.2 a) showed layered structure with particle size of up to 2 um. However, TEM
micrographs of amotmpus Pt@showed nanoclusters formation with no apparent layer
character (Figure 7.2 b). The elemental mappings by TEM in Figure 7.S2 indicated that
Pt and S atoms were homogeneously distributed. The phase composiRt® whs
further examined by XRD (Figure 7.S3). Pi&s a hexagonal crystal system belonging
to theP-3ml spacegroup.XRD showedhesinglephasepurity of crystallinePtS (Figure

7.S3 a) and amorphous R{Bigure 7.S3 b). Crystalline Pt&rystal showed dlraction
reflections at 17.67 35.6°and 54.6°corresponding to the (001), (002) and (003) planes
indicating preferential orientatiols.On the contrary, the lack of the characteristic XRD

peaksof amorphousPtS providedevidenceof its amorphousstate.Hence,it canbe
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ascertainethattherespectivesynthesise®tS materialsverecrystallineandamorphous
in nature.

7.2.2Electrochemical Properties

100 100
a) Crystalline PtS, b) Crystalline PtS,
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Figure 7.3 Cyclic voltammograms of crystalline Bt@uring a) anodic, and b) cathodic
scan, amorphous Pi8uring c¢) anodic, and d) cathodic scan. Conditions: 0.5 M PBS
solutionaselectrolyte(pH 7.2),scanrateof 100mV s*. Arrows indicatethedirectionof
scansstarting at scan potential of 0 V. The glassy carbon electrode used has a diameter
of 0.3cm.

The inherent electrochemical properties of the synthesised crystalline and amorphous
PtS werefirst investigatedThe operatingelectrochemicgbotentialwindow of electrode
materials is always limited by their inherent electrochemical activities and reaction with
electrolyte used3®3® Inherent electrochemistry stems from the redox behaviours of
electroactive moieties on materials surfaces wheanelectrochemical potential is
applied®® The increasing attention on noble metal dichalcogenides for various
electrochemical applications drive us to study the inherent electrochemical properties of

both crystallineandamorphoudtS.344° Cyclic voltammetry(CV) in both anodicand
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cathodic scan directions were herein performed to examine the inherent electrochemical
properties of crystalline and amorphoustS

CV measurementsf crystallineandamorphou$tS shownin Figure7.3wereperformed

at the potential range e1.8 to + 1.8 V starting at a potential of 0 V in phosphate buffer
salineelectrolyteof pH 7.2.1t wasnotedthatbothcrystallineandamorphou$tS showed
similar inherent electrochemical signals where a broddateon peak was observed at
around-1.3 Vvs.Ag/AgCI in the first scan in both the anodic and cathodic scans. The
peak disappeared for crystalline PaSsubsequent scans while it became diminisbred
amorphous Pt8or both directions scan€onsidering the reducible Pt element in both
crystallineandamorphouftS, this peakis assignedo the reductionof the Pt from Pt

(IV) to Pt (Il) or Pt (0)** It would be beneficial for both states of Pt& undergo an
electrochemical reduction stepefbre use in sensing applications at high negative
potentials. Besides that, both crystalline and amorphousekhtihited broad oxidation
peak between +0.6 V to +1.1 Vs Ag/AgCI in the cathodic scan direction. This
corresponds to the oxidation of theattogen atom S, with the oxidation state &fto
HSQy'and SQ '.** Amorphous PtSshowed a very broad oxidation peak which could
be attributed to the oxidation of intermediate oxidation states of Pt in the material which
overlaps with the oxidation ohé chalcogen atoms. From the inherent electrochemistry
study, it was observed that both forms of RliSplayed limited operating potential due

to their inherent redox activities. As such, it would greatly limit the capability of the

materials in electro@mical sensing applications without prior freatment process.
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Figure 7.4 a) Cyclic voltammograms of 5 mM [Fe(C& 'on bare glassy carbon,
crystalline and amorphous BtScan rate of 100 mV' sb) Peakto-peak separations of
bare glassy carbon, crystalline and amorphous. F8or bars representing standard
deviations obtained from three measurements.

We next set forth to analyse the electron transfer performance of crystalline and
amorphous . Heterogeneous electron transfer (HET) rate is usually adopted as it
provides a preliminary representation on the efficiency of electron transfer between the
analyte and electrode surface. Typically, faster HET rates correspond to lower
overpotentials equired for electrochemical reactions to take place. In this study, we
utilized surfacesensitiveferro/ferricyanidg[Fe(CN)] ' ) redoxprobeto studytheHET

rates of the crystalline and amorphous P CV. The wider peako-peak separation

(rE) betweertheredoxpeakscanbeinterpretedasarepresentationf slowerHET rates

LQ DFFRUGDQFH WR i FisRs@ayReQdbles RH MY ihReGigate and
understand the differences in HET rates of crystalline and amorphgus
Figure7.4ashowsthe CV curvesof bareglassycarbon crystallineandamorphou$tS.

Both materialxhibitreversibleredoxpeakscorrespondingo Fe(CN)] © ‘redoxprobe
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and no interference from the inherent electrochemistry was observed. From Figure 7.4 b,
it wasnotedthatamorphou$tS hassmaller ” ( ascomparedoits crystallinecounterpart.
Crystaline Pt GLVSOD\HG DOPRVW VLPLODU "( WR EDUH JODV'
amorphous PtSossessed a faster HET rate than crystalline. BT rate constants
(G .) of crystalline and amorphous PtBere calculated to be 9.50xf0cm st and
3.74X10° cm s?, respectively. Amorphous PiSlisplayed better electron transfer
properties as evident from the high€ value obtained. This would suggest that the
amorphous form of TMDs might display better electrochemical response than their
crystalline counterparts. Amorphous Pt®ould thus be more favourable for
electrochemical sensing applications than its crystaltioenterpart due to its more
efficient electron transfeabilities.

Previous studies have demonstrated that inherent electrochemistry impacts the
electrochemical properties of materi2ds’* 42 By recognizing the inherent redox peaks

of crystallineandamorphou$tS, asuitablepotentialof -1.5V, beyondthecharacteristic
reduction peak, was selected for electrochemicaltrpament. Xray photoelectron
spectroscopy (XPS) was performed to investigate the surface chemical composition
before and afteelectrochemical prereatment to analyse the effect on both crystalline

and amorphous PiS

138



Figure 7.5High resolution Xray photoelectron spectra of Pt 4f region otcaystalline,

c) amorphous$tS, and(b, d) theirelectrochemicallyeducedormsat a potentialof -1.5

V. These spectra were calibrated to the adventitious C 1s peak at 284.5 eV.

The survey scan XPS spectra of crystalline and amorphous &thg with their
electrochemicallypretreatedcounterpartgFigure7.S4)displayedcharacteristipeaksof

C lsat284.5eV, O 1sat530.9eV,S2pat163.0eV andPt4f at 72.9eV. High resolution
XPScorelevel spectraof Pt4f andS 2pbondingmodeswvererecordedn Figures7.5and

7.6 respectively. From Figure 7.5 a, the deconvolution of peaks for Pt 4f for crystalline
PtS revealedhepredominancef Pt(1V) oxidationstateatbindingenergieof 73.4and

76.7 eV for 4f2and 4f,.bonding modes respectively. A minor doublet p&akPt (0)
wasobservedt bindingenergief 71.6and75.0eV for 4f72 and4fs, bindingmodes®*

43 Onthecontrary thedeconvolutiorof peaksfor amorphoustS showedheadditional
presence of Pt (Il) oxidation state with binding energie&206 and 75.9 eV fatf7.and
4fs;2binding modes (Figure 7.5 c¢). In addition, smaller peaks were obtained for Pt (1V)
and Pt (0) oxidation states. The differences in synthesis procedures (see Experimental
Section) could have attributed to the presencateirmediate oxidation state of Pt in
amorphous Pt&wvhich could have an impact on its electrochemical performaneelbas
Both crystalline and amorphous Ptere then subjected to electrochemical reduction
pretreatment where their surface elementahpositions were analysed and compared
with their untreated counterparts. The principle Pt 4f signals of electrochemically pre
treated crystalline and amorphous P8 not show any significant shift in binding
energies. From Figure 7.5 b, the Pt 4f pel&lectrochemically reduced crystalline PtS
wasdeconvolutednto two pairsof peakscorrespondingo Pt (IV) andPt(0) atthesame
binding energies as the untreated form. Surface element composition analysis indicated

that electrochemicakduction prereatment resulted in the decreased contributioRtof
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(IV) from 92.2%to 76.1%andincreasegercentagef Pt(0) from 7.8%to 23.9%(Table
7.S1).Therefore electrochemicateductionpretreatmentinvolved the reductionof Pt

(IV) to Pt (0) on the surface of crystalline Rt&ikewise, electrochemically reduced
amorphous Ptfwvas deconvoluted into three pairs of peaks of Pt (0), Pt (Il) and Pt (1V)
which were at similar binding energies with untreated amorphougRtfaire 7.5 d).
From Table 7.S1, it was found that electrochemicaltfgatment led to the increased
proportionof Pt (0) from 2.8% to 7.3% and Pt (IV) from 22.1% to 25.1%. At the same
time, Pt (I) contribution dropped from 75.1% to 67.6%. The minor increase of Pt (V)

may due to the removal of sulfate layer and expose of beneath PtS

Figure 7.6 High resolution Xray photoelectron spectra of S 2p regiona)fcrystalline,

c) amorphous$tS, and(b, d) theirelectrochemicallyeducedormsat a potentialof -1.5

V. These spectra were calibrated to the adventitious C 1s peak at 284.5 eV.

The suface elemental composition of the chalcogen atoms was next analysed. From
Figure 7.6 a, a small broad peak for S (IV) oxidation state was detected which would
suggesthe presencef very low amountf oxidisedsulfur groups(SQ:?) in crystalline

PtS. This would also affirm the absence of Pt (II) oxidation state in crystallinea®tS

observedn Figure7.5a. Converselythereis a significantpresencef S (IV) oxidation
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state in amorphous Pi& bindingenergy of 168.7 eV (Figure 7.6 ¥)The presence of
SO2and Pt (I1) oxidation state would suggest the formation of P¢8in amorphous

PtS. Thecharacteristipeaksof S* wereobtainedatbindingenergiesf 161.4and162.6

eV for 2mzand 2p2binding modes in both crystalline and amorphous.PtSloving

on to the XPS spectra of the electrochemically reduced counterparts, deconvolution
analysis revealed peaks corresponding foaBd SQ* for reduced amorphous PtS
(Figure7.6d) whereasonly S* peakin reduceccrystallinePtS wasobservedFigure7.6

b). From Table 7.S1, electrochemical{meatment of amorphous Bt&used a surge in

the proportionof S* from 25.6%to 81.8%andsignificantdecreasén SO4 from 74.4%

to 18.2%.Furthermoretherewasanabsencef SQ:* signalfor reduceccrystallinePtS.
Onthewhole,electrochemicaleductionpre-treatmenbnbothcrystallineandamorphous

PtS contributed to the removal of oxidized sulfate groups and increased the proportion
of Pt (0) which might be beneficial for energy harvesépglications.

7.2.3Energy Related ElectrochemicaReactions

Havingunderstoodhe morphologicabndelectrochemicgbropertieof thematerialswe

next investigated the electrocatalytic performances of both crystalline and amorphous
PtS as well as their electrochemically reduced forms towards oxygen reduction reaction
(ORR) and hydrogen evolution reaction (HER). In this part, we explored the
eledrocatalyticperformancesf assynthesisedrystallineandamorphou$tS. Previous
studies have demonstrated the feasibility of tuning the electrochemical properties of
transitionmetaldichalcogenidethroughelectrochemicgbre-treatment 344 Following
thisapproachtheinfluenceof electrochemicaleductionpre-treatmenbn crystallineand

amorphous PtS8vas als@xplored.

141



Figure 7.7 Linear sweep voltammograms for oxygen reduction reaction (ORR) on
crystalline, amorphous Pt8nd their electrochemically reduced forms. Conditions: 0.1
M KOH as electrolyte, scan rate of 10 m¥. s

ORR is highly important for the implementation of cleamd asustainable energy
conversion and storage technology, especially for alkaline fuel“¢éfi®vious study
showed that Ptheexhibited similar ORR performance to PRt would thus suggest
that PtSwould display similar performance to its telluriwwhalcogen counterpart. The
electrocatalytic performances of crystalline and amorphous tew&ards ORR were
investigatedn 0.1 M KOH solutionat scanrateof 10mV s?. Figure7.7 showsthe ORR
polarizationcurvesobtained Onsetpotentialwasusedto evaluateandcomparghe ORR
performances of the different materials which was obtained at current valdgf
(current density:1 mA cm?). Bare GC showed the highest onset potentiaBdl mV

vs. Ag/AgCI. It was interesting to note that crystallifdS showed similar ORR
performance with an onset potential -874 mV vs. Ag/AgCl. The onset potential of
amorphous Pt®ccurred earlier a8331 mVvs.Ag/AgCl, which saw a shift of +43 mV
ascomparedo its crystallinecounterpartUponelectrochemicaleductionpre-treatment,
there was no significant change to the onset potential of crystalling-818 mV vs.
Ag/AgCl). On the contrary, amorphous PtSsplayed enhanced performance with a
larger decrease of onset potentiat2d1 mVvs. Ag/AgCl. These results demonstrated

thatamorphoudPtS showedsuperiorelectrocatalyticcapacitytowardsORR than
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crystalline PtS Moreover, amorphous Pi3s more sensitive to electrochemical
reduction preareatment which led tdhe substantially improved ORR performance
observed. Our findings further corroborate with previous studies on the enhanced

performance of amorphous materials in electrochemical applications.

Figure 7.8a) Linear sweep voltammograms for hydrogen evoluteaction (HER) on
crystalline, amorphous Pi8nd their electrochemically reduced forms. b) Overpotential
values obtained al0 mA cm?. c) Tafel slope values obtained for respective materials.

Conditions: 0.5 M HSQy as electrolyte, scan rate of 2 mV. s

Moving onto HER, linearsweepvoltammetrywasperformedn 0.5M H>SQs to analyse

the electrocatalytic performances of crystalline and amorphous #Svell asthe
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electrochemicallyeducedforms. The HER polarizationcurveswere plottedin Figure

7.8 a while the corresponding overpotential values obtainetDamA c¢cm? and Tafel
slope values were presented in Figures 7.8 b and Figure 7.8 c respectively. The HER
performancesf bareGC andPt/Cwerealsoincludedfor referenceOverpotentialzalues
obtained at10 mA cm? was used to assess the efficiency of the HERopednces.
Loweroverpotentiavalueswouldtranslateo betterperformancef the materialtowards
HER. As expected, Pt/C showed superior HER electrocatalytic performance with the
lowest overpotential value of 84.9 md. RHE at-10 mA cm?. The HER polarization
curves of the untreated Bt$evealed amorphous Bt$o be the more superior
electracatalyst than crystalline PtSThe overpotential values al0 mA cn? for
amorphousndcrystallinePtS were0.30V and0.70V vs.RHE, respectivelyTherefore,
amorphous Pt&demonstrated higher HER efficiency in comparison to its crystalline
counterp#. To probe this variation, electrochemically active surface area of crystalline
and amorphous PiSvere obtained by capacitance of Aamadic current as shown in
Figure 7.9°° The nonfaradic current is a result of the electrochemical double layer
capadgance (Gi) which is proportional to the electrochemically active surface area and
scan rates applied. The potential window of 0.15 V to 0.3& \RHE was selected for
theCV measuremenistherewereno obviousfaradiccurrentcontributionan thisrange
(Figures7.9aandb). Correspondingcanratedependencef the currentdensityat given
potentialof 0.3V vs.RHE wasplotted(Figure7.9c) to analysethelinearrelationshipof
bothcrystallineandamorphou#tS. Thedoublelayercapacitanceyhichis proportional

to thesurfaceareacanbeobtainedrom theslopeof plot. The Cy of amorphoustSwas
calculated to be 4.6 mF ¢hnhwhich was two orders of magnitude higher than that of
crystalline Pt$ (0.08 mF crif). This increase in double layer capacitance can be

translated to the proliferation of active sites for HER as electrochemically actfaee
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area is proportional to the available active sites for HER, thus contributing to the
improved HER performance observed (Figure 7.8 a). Electrochemical reductien pre
treatment was able to tune the electrocatalytic behaviour of both crystalline and
amorphous Pt5 Electrochemically reduced amorphous Ptisplayed enhanced
electrocatalytiperformareto attainalower overpotentiabf 0.17V vs.RHE at-10 mA
cmi?. Besides that, the electrocatalytic performance of crystallinenRESalsactivated
by electrochemical prgeatment to give overpotential of 0.31W. RHE at current
density of-10 mA cm? It had thus been demonstrated that both amorphous and
crystalline Ptgcan be activated by electrochemical reductiontpratment foHER.
In addiion to overpotentialvalues,Tafel slopecalculationscanalsoprovideinsightsinto
the predominant HER mechani$fBy plotting the linear range fitted to the Tafel
equation ofR= =+ >log | F Tafel slopeb can be obtained (Figure 7.8%)Tafel slope
is determined by the rate limiting steps of HER involved. The rate limiting steps are as
follows:22: 4748
1 Adsorption step (Volmer): $0* + € : +ass+t H22 E 8§ mV/dec
2. Desorption step (Heyrovsky):abb+ H:O* + € : +2+H22 E § PO G

Or Desorption step (Tafel):dgs+ Haas: +2 E 8 mV/dec
HER mechanism firstly undergoes the essential adsorption Volmer step to produce the
hydrogen atoms, followed by either desorption Heyrovsky or Tafel step. Among all the
materials, Pt/C yieldethe lowest Tafel slope value of 34.3 mV/dec which corresponds
to the VolmefTafel mechanism consistent with reported literatare’® Before
electrochemicgbre-treatmentamorphou$tS exhibitedamoderatel afel slopevalueof
96.9mV/decwhereagrystallinePtS hadalargeTafel slopeof 160mV/dec.TheseTafel
slope values suggested that both amorphous and crystallipev&ts limited by the

discharging Volmer stetf.Electrochemical reduction pteeatment was able activate
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both PtS materials for HER as evident from the lower overpotential values obtained
which concurrently led to the lower Tafel slope values in comparison with the untreated
forms(64.5mV/decfor reducecamorphou$tS and81.1mV/decfor reducectrystalline

PtS). The Tafel slope of reduced amorphous;Mt& similar to that of reported MoP,
which suggestethe HER mechanisnundergoes fastVolmer stepfollowed by therate

limiting Heyrovsky desorption ste}}. °* However, the Tafel slope of reded
crystalline PtS did not matchany activationcontrolledHER mechanisnf§' °2 >3 anda
morecomplexHER mechanism with mass transport limitation maynbelved.

It was also essential to affirm that external sources of Pt, such as the etecitede,

did not contribute negatively to the observations made. Previous study had reported the
negative effect of using Pt as counter electrode for measurement of HER performance
wherethere-depositionof electrochemicallyr chemicallydissolvedPtontotheworking
electrode can significantly boost the HER performance thus affecting the measurements
obtained®® Regarding to this defect, we conducted comparison experimentsyleisy

carbon as the counter electrode to study the effect of Pt counter electrode on the HER
performance of amorphous RtShe HER results with amorphous PtSing either GC

or Ptascounterelectrodeshowedno significantdifferencein their performanes(Figure
7.S5).Thereforetheuseof Pt counterelectrodenadno significantinfluenceonthe HER

performances in thigork.
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Figure 7.9 Cyclic voltammograms of a) crystalline and b) amorphousm&asuredn
0.5M HSQ, atthescanratesfrom 10to 320mV s. ¢) Currentdensitymeasurect0.30

V vs.RHE plotted with variable scan rates applied to estimate reklgegrochemically
active surfacarea.

7.3Conclusion

We have synthesized and characterized both crystalline and amorpho@y&talline
PtS displayed uniform layered morphology while amorphous $h8wed formation of
nanoclusters with no apparent lag@rstructure. Both crystalline and amorphous; PtS
were found to exhibit inherent electroactivities where electrochemical reduction peak at
around-1.3 Vvs.Ag/AgCl was ascribed to the reduction of Pt from Pt (IV) to Pt (ll) or
Pt (0) and a broad oxidatigreak of chalcogen S are observed. AmorphousviriGld
displaygreatemperformancen electrochemicadensingapplicationswvith greaterelectron
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transfer abilities due to its higher HET rate constants (3.72&i0 s?) than crystalline

PtS (9.50x10* cm s!). Amorphous PtSalso exhibited better ORR and HER
performanceshancrystallinePtS attributedhigherelectrochemicallyactivesurfacearea.

Both crystalline and amorphous Pthowed enhanced ORR and HER electrocatalytic
performances upon electrochemical reductiontmgatment. These findings provide
insightsinto theelectrochemicadndelectrocatalytiperformancesf bothcrystallineand
amorphous’tS, whichwill beusefulfor thefurtherapplicationslt wasalsoevidentthat
electrochemical reduction pteeatment significantly enhances the electrocatalytic
performances of materials with the removal of oxidised sulphur groups and formation of
Pt (0).

7.4 Experimental Section

7.4.1Materials

+H[DFKORURSODWLQLF ,9 DFLG KH[DK\GUDWH DQG 3W
Czech Republic. Sulfur (99.999%) was obtained from STREM, Germany #hétdn

SIAD, Czech Republic. Sulfuric acid, potassium hydroxide, sodiphosphate
monobasic, potassium phosphate dibasic, sodium chloride, potassium chloride,
potassium hexacyanoferrate (lll), potassium hexacyanoferrate (IlI) trihydrate and
platinumoncarbornwerepurchasedrom SigmaAldrich, SingaporeGlassycarbon(GC),
platinum and Ag/AgCl reference electrodes were obtained from CH Instruments, Texas,
USA. Milli-Q water was utilized for the preparation of backgroeledtrolytes.

7.4.2 Apparatus
ScanningelectronmicroscopySEM)wasperformedusinga JEOL 7600Ffield-emission

SEM (JEOL,Japanptthevoltageof 5 kV. EnergydispersiveX-ray spectroscopyEDS)

was conducted at an acceleration voltage d€\20
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Transmission electron microscopy (TEM), high resolution transmission electron

microscoly (HR-TEM) and selected area electron diffraction (SAED) were executed

using EFTEM JEOL 2200 FS microscope (JEOL, Japan) at an acceleration voltage of

200keV. Thesamplesverepreparedy drop-castingthe materialsuspensionsna TEM

Cugrid anddriedat60 € for 12 h. Elementaimapsof EDSby TEM wereobtainedwith

SDD detector XMaxN 80 T S from Oxford Instrument&ngland.

Powder xray diffraction (XRD) was performed at room temperature with an BiD&er

DiscoverempowderdiffractometerandparafocusingBraggBrentanageometryusingCu
UDGLDWLRQ O QP 8 NO P$ ;5" GDWD ZH

ultrafastLynxeyeXE detectorovertheangularangel0° £80° XRD dataevaluation

was carried out with HighScore Plus 3dadtware.

X-ray photoelectron spectroscopy (XPS) was carried out by using a monochromatic Mg
VRXUFH 63(&6 *HUPDQ\ DW H9 DQG D PXOWLFKDC

Phoibos 100 MCEb). Wide scan rad high resolution cortevel spectra were obtained

for analysis and C 1s at 284.5 eV for calibration.

Electrochemicameasuremertf cyclic voltammetry(CV) andlinearsweepvoltammetry

(LSV) were performed with pAutolattype 11l electrochemical analyser (Eco Chemie,

The Netherlands) using NOVA 1.50ftware.

7.4.3Synthesis of Crystalline and AmorphoustS;

Amorphous Ptpwas made by reaction of2PtCk with H2S. 2 g of HPtCk.6H0O was

dissolvedn 100mL waterandH.S wasbubbledthroughthesolution(100mL min'?) for

6 h. Subsequentlyformed PtS was separatedby suction filtration, washedwith
deionized water and dried in vacuum oven (50 € for 48 h). Crystallinew4S made
by directreactionof PtandSin quartzglassampoule Platinumspongeandsulphur,with

molar ration of 1:3, was placed in quartz glass ampoule (15x100ewagyated orithe
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pressure 1x1®Pa and melt sealed. The ampoule was heated on 800 € for 90 days. The
heatingandcoolingratewere5 €/min. Excessf sulfurwasremovedoy heatingof PtS

on 150 € in high vacuum for Hours.

7.4.4Electrochemical Procedures

Crystalline and amorphous BtSispensions with the concentration of 5 mg'miere
prepared in ultrapure water and sonicated for 2 h to obalirdispersed suspensiods.

IL of suspension was drepasted on a glassy carbon electrode and dried at room
temperature in order to obtain a random distribution of material on the GC surface. The
GC surfacewasrenewedy polishingwith 0.05mmaluminaparticlesonapolishingpad,

and rinsed with deionized water. Cyclic voltammetry (CV) for the measurement of
inherent electrochemical properties and heterogeneous electron transfer was performed
in 5 mL electrolyte using a three electrode systeher& modified glassy carbon,
Ag/AgCl, and Pt electrode as working, reference, and counter electrode respectively.
Phosphate buffer solution (PBS, 50 mM, pH 7.2) was used as the electrolybefent
electrochemistry studies, and [Fe(GN}* redox probe for HET measurements.
[Fe(CN)]3>"* redox probe was prepared by mixing equal volume of 2.5 mM FgfCN)
and 2.5 mM Fe(CN}.The HET rate constan(®, ZHUH FDOFXODWHG XVLQJ
method, 4* which correlatesthe peakto-pe& separation 0 ( to a dimensionless
parameter and subsequently to®. . The roughness factor was not taken into
considerationT hediffusion coefficientusedfor calculationis D = 7.26x 10" cn?s' in

0.1 M KCI>®

7.5 Supporting Information
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Figure 7.S1Elemental mappings of a) crystalline and b) amorphousd®tdined by
energydispersive Xray spectroscopy (EDS) based on scanning electron microscopy

(SEM).

Figure 7.S2Elemental mappings of a) crystalline and b) amorphousd®tdined by

EDS based on transmission electron microscopy (TEM).

Figure 7.S3X-ray diffractograms of a) crystalline and b) amorphous.PtS
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Figure 7.S4Survey scan of Xay photoelectron spectra of crystalline, amorphous PtS
and their electrochemically reduced forms. The survey spectra were calibrated to the
adventitious C 1s peak at 284.5 eV.

Table 7.S1 Elemental compositions of crystalline and amorphous; Rt&#l the

chalcogn/metal ratio before and after electrochemicaltpgratment.

Pt(0) Pt(ll) Pt(Iv) | S(I) | S(IV) | Chalcogen/
Sample

% % % % % Metal Ratio
Crystalline

7.77 0 92.24 | 78.79 | 21.21 1.92
PtS
Crystalline

23.94 0 76.06 | 100 0 1.83
PtS-Red
Amorphous

2.82 75.08 | 22.09 | 25.6 | 74.41 1.83
PtS
Amorphous

7.32 67.58 | 25.11 | 81.78 | 18.25 1.25
PtS-Red
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Figure 7.S5Hydrogen evolution reaction (HER) performances of amorphousaRt5
electrochemically reduced form with Pt and bare GC counter electrodes. Conditions: 0.5
M H.SQuas electrolyte, scan rate of 2 mV. s
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8.1 Introduction

Thediscoveryof graphendasdrawnconsiderablattentiondueits remarkableslectronic,

optical and mechanicaroperties-® These unique properties of graphene have inspired
researchers to explore other 2D materials, such as transition metal dichalcogenides
(TMDs),* C3N4,> © graphyné, black phosphorisand so on. It is reported that more than
twenty 2D materiab havebeenstudied®!? Interestingly mostof themcouldbeexfoliated

down to stable mono/few layers with unique properties different from their bulk
counterparts. Among these layered materials, TMDs, especially single layered TMDs,
have attracted tremeous interest due to their versatile nature which enable them to be
adopted for widganging applications including electrocataly'sts?* photocatalysts>

16 sensort’ 18 supercapacitors®? andbatterieg’.

Due to the depletion afonrenewable fossil fuels and environmental degradation, it is

of paramountmportanceo searchfor renewableandcleanfuel. In particularthe TMDs

have been found to be promising in clean energy electrocatalysis, with emphasis on
hydrogen productioft 2 Hydrogen is considered as a renewable fuel with high energy
density® and can be produced by electrocatalyzed or photocatalyzed water splitting to
give a clean byproductin order to decrease the overpotentiaydrogen evolution
reaction (HER) reques an electrocatalyst to facilitate this reaction. Platinum is the best
electrocatalyst at present. However, the rarity of this precious metal drives up costs and
necessitatethe questfor alternativeelectrocatalystthatareearthabundanttthe TMDs.

TMDs such as Mofand WS have been demonstrated to be highly efficient for HER
whenexfoliatedto amonolayeror few layersasaresultof 2Hto 1T phasdransformation

and the presence of more actsites*

Interestingly, when TMDs arbybridized with other materials such as graphene and

carbon nanotube, the strong coupling between the TMD and carbon material further
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improves their HER performané&Methods for optimizing the electrocatalytic activity

of TMDs are to increase the number of active sites for HER and improve the electrical
conductivity by growing TMDs on the conductive substrates. For example, MoS
nanoparticles grown on graphene haverbeeported to show highly exposed active site
and promoted electrical conductivity with graphene, resulting in the excellent HER
performance with overpotential of approximately 0.2°\&o far, Group 6 TMDs have
been investigated as hybrid electrocatalyfsir HER and there are few papers on the
nanocomposites of graphene/Group 5 TMDs for electrocatalysts application. It is also
potentially attractive to employ Group 5 TMDs for hybrid materials. Based on density
functionaltheorycalculation?®2” Group5 TMDs arepointedoutto befavorablefor HER,
especially VS which shows the best HER performance. This prediction has been
demonstratedy the VS nanosheet prepared by chemical vapor deposition for highly
efficient HER?® However, vanadium dichalcogenide nanosheets, which were obtained
by lithium exfoliation method established for Mo&nd WS, exhibited relatively
mediocre performance for HER.The suppressed HER performance of exfoliated
vanadium dichalcogenides was caused by the presence -stoichiometric vanadium
oxide and lithium vanadates formed during the exfoliation process, leading to the
reduction of conductivity and availability oftace sites.

Herein, we report our study on the nanocomposites of graphene and Group 5 TMDs,
namely VS, NbS and TaSfor HER. In this fundamental research, the ¥f3aphene
nanocomposites (M= V, Nb or Ta) were prepared by thermal exfoliation of graphene
oxide/TMD precursors in k6 atmosphere. As a control, thermal exfoliatiograjphene

with the Group 5 transition metal precursors were also performed ki tenosphere,

to yield a composite of graphene and the Group 5 metal oxldethis paper,

MS2/graphenecompositesand M oxides/grapheneompositesare denotedas TRG-M-
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H>S and TRGM-H: respectively. Graphene oxide was prepared by Hummers method
while vanadium tetrachloride, niobium pentachloride and tantgentachloride were
utilized as TMD precursors. The resulting hybrids were characterized in terms of
morphologyandcompositiorby scanningelectronmicroscopy(SEM), energydispersive

X-ray spectroscopy (EDS),-Ky diffraction (XRD) and Xray photoelectno spectra
(XPS). Additionally, we measured the electrocatalytic viability of these hybrid materials
towards HER and their supercapacperformance.

8.2 Results andDiscussion

8.2.1Material Characterization

Thesynthesi®of grapheneompositess relatedto thesynthesiof sulfurdopedthermally
reduced graphene oxide with additional step of transition metal doping. Graphene oxide
dispersion is ultrasonicated with transition metal halide in isopropanol and subsequent
evaporation of solvent. In the final stespperformed thermal exfoliation in thgdrogen
sulphide atmosphere. These are standard procedures which can be also performed in
industrialscale(Schemes.1). Priorto the electrochemicahpplicationmeasurementsye
characterizéhehybrid materialsThesurfacemorphologie®f thesepreparedybridsare
examined using SEM. Figure 8.1 shows the scanning electron micrographs of the
compositeof grapheneavith Group5 TMDs. All sample®xhibitexfoliatedstructurewith

a wrinkled surface, which is the typical feature of reduced graphene oxide. Besides, we
clearly observe the nanoparticles in the sample of -TR®2 and TRGTaH2S, which
canberegardedstantalumoxide andtantalumsulfide.No nanoparticlas foundin other
samplesSubsequenthySEM-EDS spectravereusedto analyzethe surfacecomposition.
Theelementamappingan Figure8.S1showroughlyhomogeneoudistributionof C, O,

S, and metals (V, Nlor Ta). Furthermore, the atomic percentage of each individual

elementobtainedusing EDS is summarizedn Table 8.1. In general,all three TMD-
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graphene composites are chalcogenide deficient. Unlike the expected, the chalcogenide
to metl ratios of these composites are less than 2. The specific chalcogenide to metal
ratioshasedn EDS dataof thesethreesamplesare TRG-VSo 76, TRG-NbS; 6sandTRG-

TaS .76 respectively.

Scheme 8.1Synthesis procedure of graphene/Group 5 Tédhposites.

Figure 8.1 Scanning electron micrographs of the composite of graphene with Group 5
TMDs. (a) TRG-V-H2, (b) TRG-V-H3S, (c) TRG-Nb-H2, (d) TRG-Nb-H2S, (e) TRG-Ta

H>and () TRG-Ta-H>S.
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Table 8.1Elementalkcomposition (%) of the composites obtained from EDS

In order to reveal more information, XRD was performed to confirm the phase
composition of these composites. Obviously, all samples show a reflection at about 25°
corresponding to TRGO (0025° which indicate the successful synthesis of TRGO.
According to the XRD patterns, on one hand, all three resulting nhanocomposites which
are reduced in Fhatmosphere contains metal oxide as well as metal carbide (Figure 8.2
a,c ande).No TMD wasformedduringthereductionprocessastherewasno chalcogen
source. On the other hand, three nanocomposites reduce8 mtidosphere exhibit the
peaks of corresponding metal sulfide, indicatitlge successful synthesis of
graphene/TMDsompositesMore specifically,in thecaseof TRG-V-H»S (Figure8.2b),
nonstoichiometrizanadiunmsulfide,namelyVo.s7S,andvanadiunmdioxideweredetected

using XRD. As for TRGNDb-H2S (Figure 8.2 d), the peaks of nonstoichiomeitig 0cS,

and NbSzwere found. Similagt, TRG-Ta-H>S (Figure 8.2 f) also shows the reflections

of TaS and TaOs. Therefore, SEMEDS and XRD results suggest the successful
synthesis of graphene/TMD nanocomposites with TMDs homogeneously distributed on

the graphengmplates.
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To further study the surface elemental composition and bonding information, XPS was
utilized to obtain the survey scan and high resolution of C 1s, V 2p, Nb 3d and Ta 4f
spectra of these hybrid materials. From the survey scan in Figure 8.S2, the ck#tacteri
peaksof C 1satca.284eV, O 1satca.530eV, S2patca.164eV,V 2pmppatca.516eV,

Nb 3ds2and 3d2 paired peaks ata. 208 and 210 eV, Ta #fand 4§,pair at abouta.

28 and 30 eV are identified, confirming the compositaerials that webtained.

Figure 8.2 XRD patternof thecompositeof graphenavith 5" groupof transitionmetals.

;" LQ HDFK SDQHO UHSUHVHQWGOWKH FKDUDFWHULVWL!
Figure8.3showsthehighresolutionspectraof C 1sandtheconcentratiorof components
are summarized in Table 8.2 after deconvolution into six types. TRGO prepared without

TMD precursoris alsoincludedfor clarification (Figure8.S3).A relatively low

164



concentration of oxygen functionalities 280%) for all six samples reduced in ¢t H>S
atmospherendicateghatthegraphen@xidesunderwentireductionprocesso graphene.
TRGO prepared without TMD precursors reduced iatinosphere shows slightly
higher oxygen functionalitiesoncentration in comparison with other six sampledle

8.2), indicating that the presence of TMD precursors has no impact on the reduction of
graphen®xides.TheC 1shighresolutionXPSspectraof TRGOis shownin Figure8.S3.

The high resolution XPSpectra of V 2p, Nb 3d and Ta 4f regions are also presented in
Figure 8.4. The surface elemental composition on the basis of XPS measurements are
alsodisplayedn Table8.3. Forthreenanocompositeseducedn H, atmosphereye find

that no metabulfur bond exists and only metal oxides were detected. Deconvolution
results reveal that TR&-H> (Figure 8.4 a) is a mix of species with the dominant
component®riginatingfrom V (V) andV (V) statesvidentin V 2pz2 and2pi/2 binding
energies of 516.7 eV and 524.1 e¥and 517.1 eV and 524.5 e¥’ 2 Similarly,
TRG- Nb-Hz also shows the primary Nb 3d signal which is deconvoluted into Nb (V)
species as manifested insg@nd 3d;2binding energies ofa. 207.8 eV and 210.5 eV,
respectivelyThis bindingenergiesie closeto the publishedvaluesof Nb,Os at 3ds2and
3as2binding energies at 207.7 eV and 210.4%\n addition, less prominent signals in
TRG-Nb-H2 belongingto Nb (IV) locatedatca.207.2eV and209.9eV arealsoobserved.
These signals can be attributed to the binding energies of. ¥ drthermore, in the
case of TRGTa-H2, one pair of peaks at ca. 27.4 eV and 29.3 eV lies in ggasement

with the reported binding energies of,08.%® ° Besides, Ta@may also contribute to

part of the Ta (IV) signal at #$and 4f,2binding energies of 26.0 eV and 229 26
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Table 8.2Concentration (%) of remaining oxygen functionalities after thermal reduction

as obtained from the deconvolution higisolution XPS C 1s spectra.
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Figure 8.3 High resolution Xray photoelectron spectra of C 1s region of the composite
of graphene with 5th group of transition metals. Individual components are as follows:
C=Catca.284.5eV, C-C atca.285.5eV, C-O atca.286.2eV, C=0Oatca.287.4eV, O-
C=0Oatca.288.5eV and &at ca. 290.1eV. All spectraarecalibratedto the C 1s at
284.5eV.

Thesurfacecompositionfrom XPS(Table8.3)indicateghatTRG-Nb-H.SandTRG Ta-

H>S aresulfur deficient while TRGV/-H2S has excess sulfur, which is not in good
agreement with EDS results. The reasons for this discrepancy between XPS and EDS
results are attributed to high sensitivity of the XPS method and differences in the depth
and area ofinalysis of the two methods. The deconvolution results of three samples
demonstrate the successful synthesis of TMDs as their characteristic signals were found
(Figure 8.4). The fitted peaks of TRGH2S exhibit V(IV) and V(V) as the dominant
components wich are located at 2p binding energies of 516.3 eV and 517.1 eV,
respectively, similar to the signals observed for TR®I>. These are consistent with
reported literature values of Y8nd \0s.2% 3 It is reported that pentavalent state is the
most sable oxidation state for niobium and tantalffnThis explains the substantial
contribution of Nb (V) or Ta (V) in the TR®Ib-H>S and TRGTaH.S. The noticeable
peaks of TR@\b-H2S atca.207.8 eV and 210.6 eV are identical with the Niz3ahd

Nb 3d2binding energies of NiDs. Apart from the prominent peaks of Nb (V), a nearer
pair from Nb (IV) at approximately Nb (IV) 3d206.8 eV and Nb (IV) 3¢£209.5 eV

is alsofound. This pairedsignalslie very closeto the reportedvalueof Nb 3ds> at near

206.7 eV originating from trigonal Nb$® Similarly, for the Ta 4f spectra of TRGa-

H>S, two pairs of peaks suggest the major presence of Ta@§,2%.4 eV and 29.8V

(Ta 4f2and 4£5), due to TaOs>2 3°and less prominent signals of Ta(lV)cat 26.1 eV

and 28.0 eV (Ta 4k and 4f:2) corresponding to TaS® In addition, Figure 8.S4hows
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the high resolution spectra of S 2p. It is worthy to note that the indistinctive peak at

approximatelyca. 169 eV is contributed by S (VI) in the form of sulféte.

Figure 8.4 High resolutionX-ray photoelectrorspectreof V 2p,Nb 3d andTa4f regions
of the composite of graphene with 5th group of transition metals. All spectra are

calibrated to the C 1s at 284VY.
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Table 8.3Surface elemental composition (%) of these remmposites on the basis of

XPS measurements.

8.2.2Electrochemical HydrogenEvolution

Theelectrocatalytiperformancef thesenanocompositewasmeasuredby linearsweep
voltammetry (LSV) in 0.5 M SOy acid solution with a threelectrode setup, in which
glassy carbon (GC), Ag/AgCl and Pt are used as working electrode, reference electrode
andcounterelectroderespectivelyFigure8.5adepictsthelinearvoltammogramef GC
modified with different nanocomposites. For comparison, the polarization curves of
TRGO sample and bare GC are also demonstrated for refelesiceuld be noted that

the inherent electrochemistry of TR®-H2S strongly inteferes with the HER
performance and hence we omitted this in discussion (Figure 8.S5). The parameters for
comparing HER activities of all samples include the overpotential at the current density
of -10mA cni?2 andthe Tafel slope.Theseresultsaresummarzedin Figure8.5b, c. It is
clearthatall samplesaremorecatalyticfor HER thanbareGC. The GC manifestsighest

overpotential of 0.95 V at the current densityT@ mAcm?.

Across all HER polarization curves, we observe thatallocomposites exhilgtperior

HER performancen comparisorwith TRGO at a currentdensityof -2 mA cm. Thus,
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we can conclude that the enhanced HER performance of these nanocomposites arises
from the existence of metal oxides or TMDs. Further inspection of their overpotential at
the current density 0f10 mA cm? reveals that TR&/-H:S exhibits the lowest
overpotatial of near 0.77 V followed by very similar HER performance of TREH:

and TRGNb-H2with the overpotential of approximatdly79 V. Our group has reported
that bulk VS has the overpotential of 1.1 V at the current densii0fmA cm?,2% 33

which highlights the stimulative effect of graphene on enhanced HER performance of
TRG-V-H2S. In addition, TR&/-H> and TRGTaH.S display higher overpotential at

the current density 6fLl0 mA cm? than TRGO. However, at a current densitymA

cm?, both TRGV-Hzand TRGTa-H.S required a lower HER overpotential relative to
TRGO.Thisdiscrepancyn overpotentiabtdifferentcurrentdensitiescouldbeattributed

to their higher Tafel slopes than TRGO that is associated to the slower HER kinetics
despite requiring lower activation energy to spark the HER process. Interestingly, it is
worth to note that TR&a-H> (overpotential: 0.79 V) shows better HEfRah TRGTa-

H>S (overpotential0.86V). Previousgpapershavereportedhatthereactionassociatetb

the principal cathodic current peak in the cyclic voltammetry (CV) curves of tantalum
oxide (TaQ) is the reduction of protorf§.which means that Taas catalytic ability
towards HER. Awaludiret al. also studied that the electrochemically reducedxTaO
showed high activity to propel HER and oxygen reduction reaétibrom the surface
compositionanalysisobtainedrom XPS (Table8.3),it is observedhata certainamount

of tantalum in TRGTa-Hzis present in the form of TaDwhich could be the reason for

the better HER performance BRG-Ta-Ho.

Apart from the overpotential, Tafel slope is the other important parameter that is used to

evalude the HER electrocatalytic ability, which usually can be used to identify the rate
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determiningstepof HER. Tafel slopesof all samplesareshownin Figure8.5c¢. In general,

therate determiningstepsthatmaytakeplaceduringthe HER processs follows:2>4!

1. Adsorption step of Volmer processz;®f + € : +ais+t H22 E 8§ mV/dec

2. Desorption step of Heyrovsky processgdt HsO*+ € : +2+H22 E §mV/dec

3. Desorption step of Tafel processidkt Hass: +2 E 8 mV/dec

Firstly, the mechanism begins with the Volmer process of the reduction of hydrogen ion
to adsorbed hydrogen atom followed by either the desorption step of Heyrovsky process
or desorptiorstepof Tafel processAs we discussegreviously,The Tafel slopeof TRG-
V-Hzand TRGTa-H.S are the largest of all with a value beyond 200 mVigetich is
coincidentwith theirrelativelypoorHER performanceComparedo otherprocesseghe

Tafel slopelies closesto the Volmer processThus,theadsorptiorstepis proposedo be
theratelimiting step.Outof all thesesamplesTRG-V-H.S showsthelowestTafel slope

of 106 mV dec which is in agreement with the fact that TRGH>S shows the best
HER activity. Similarly, the other samples BRG-Nb-Hz, TRG-Ta-Hz, TRGO and GC

are respectively found to have the Tafel slope of 152 mV,ds@4 mV ded, 141 mV

dec! and 130 mV det. All there Tafel slopes are closest to 120 mV-daed the HER
processesnthesurfaceof thesematerialsarelikely limited by the Volmer processThe
summary of the key aspects of related TMDs, graphene and composites involving
synthesischaracterizatioandHER performanceomparisons displayedn Table8.S1.
Compared with reported HER performance of thesateé materials, we found our
graphene/Groups 5 TMD composites show enhanced catalytic ability to HER than bulk
counterparts due to the exposed active sites and enhanced electrical conductivity.
However, these improved performance is inferior in termshef éxcellent HER

performance of V&crystals prepared §VD.8
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Figure 8.5 Electrocatalytic hydrogen evolution reaction performance of (a) various
nanocompositei® 0.5M H>SQ, acidicelectrolyte (b) Overpotentiaht-10 mA cm? and
Tafelslope(c) of nanocomposite$d) Capacitanceerformancef thesehybridsobtained

from cyclic voltammetry measurements in P&§hution.

8.2.3CapacitancePerformance

Graphenavith high specificareahigh electricalconductivity,andphysicalstrengthis an
outstanding electrode material for supercapacitor application. Besides, metaHic few

layeredVS; hasbeenreportedto showhigh capacitancéor in-planesupercapacitor¥’
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Thus we continue to perform the cyclioltammetry (CV) measurements to investigate
their capacitance performance in PBS solution with the thlestrode system. All the
capacitance values are displayed Figure 8.5 d and CV curves at different scan rates are
shownin Figure8.S6.Thecapacitane of TRGOis thehighestof all samplesvith avalue

of 30.6 F ¢*. None of the nanocomposites shows enhanced or comparable capacitance
performancen comparisorwith TRGOexceptfor TRG-V-H2 with thecapacitancealue

of 22.1 F ¢ Since none of theanocomposites show a capacitive performance that
surpass that of unmodified TRGO, hybrid materials are unable to improvagaeitive
performance even with the presence of Grod/s.

Previously, our group studied the heterogeneous electron trahkEdn) ©f Group 5
TMDs, which is used to evaluate the potential of these materials in electrochemical
applications®* Amongthe Group5 TMDs, we foundthatTaS demonstrateBighestHET

rate of 3.4x1G cm sl. This fast electron transfer enables TaSbe favorable for
electrochemical applications. For example, Jla&s been reported in another work as
sensing platforms for fluorescent detection of DAN/&Besides, a sensitive and selective
aptasensor based on layered gBaphene composite was constad for platelet
derived growth factor BB (PDGBB) detectiorf* Given the high surface area aymbd
conductivity of graphene/Group 5 TMD composites, we envision that these composites
can be applied as electrochemical sensors.

8.3Conclusion

Composites of graphene with Group 5 TMDs namely,,VSbS and Ta$ were
successfully synthesized through thermal reduction of graphene oxide along with TMD
precursors in E5 atmosphere as well as i &imosphere as a control. These hybrid
materials werehen characterized by SEM/EDS, XRD and XPS in detail. SEM/EDS

showedhehomogeneoudistributionof resultingmetalsulfideoverthegrapheneurface.
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Furthermore, XRD and XPS were respectively used to identify the phase and surface
compgition of these nanocomposites, which revealed that the dominant component in
resulting materials is present in the form of metal oxide as well as a small amount of
metal sulfide. HER measurements revealed that all these samples exhibited better
catalytic activity than TRGO at the current density of 2 mA<nAlthough all those
nanocomposites show higher HER performance due to the exposed active sites and
enhanced electrical conductivity, the performance is not comparable to superior
electrocatalyst Mo$ This fundamental study sheds light on the potential of Group 5
TMDs as hybrid electrocatalysts for hydrogen evolution reaction.

8.4 Experimental Section

8.4.1 Materials

Sodium phosphate monobasic, potassium phosphate dibasic, potassium chloride and
sodium chloride were purchased from SigAldrich. Platnium, Ag/AgCl reference
electrodeandglassycarborelectrodeverepurchasedrom CH InstrumentsTexas USA.
Graphitemicroparticleg2-15 P 99.9995%)wereobtainedrom Alfa Aesar,Germany.
Sulfuric acid, potassium permanganate (98%), sodium nitrate (99.5%), hydrogen
peroxide (30%), hydrochloric acid (37%), barium nitrate (>99%), isopropanol (99.9%)
were obtained from mPea, Czech Republic. Vanadium tetrachloride, niobium
pentachloride and tantalum pentachloride were obtained from STREM, Germany.
Deionizedwaterwith electricalresistivityof 18.4 0 cmwasutilizedto preparematerial
suspensions arglectrolytes fomeasurements.

8.4.2 Apparatus

Scanning electron microscopy (SEM) and energy dispersixay>$pectroscopy (EDS)

were done using a JEOL 7600F field emission SEM (JEOL, Japan). SEM and EDS data

were obtained at a voltage of 2 kV and an accelegatbltage of 15 kV respectively.
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Powder Xray powder diffraction were recorded at room temperature with an Bruker D8
Discoverer powder diffractometer with parafocusing BrBggntano geometry using

Cu. UDGLDWLRQ KV, R0 @A). XRD data were scanned with

an ultrafast detector Lynxeye XE over the angular range 1P ZLWK D VWHS VL
0.02° Dataevaluationprocessvascarriedout with the softwarepackageHighScore

Plus 3.0e. Xray photoelectron speoscopy (XPS) was performed by using a
PRQRFKURPDWLF 0J .. VRXUFH 63(&6 *HUPDQ\ DW
resolution spectra of V 2p, Nb 3d, Ta 4f, O 1s, S 2p, and C 1s were obtained for surface
composition analysis. The C 1s signal at 284.5 eV wsexl to calibrate all spectra.
Voltammetricmeasurementsf linearsweepvoltammetry(LSV) andcyclic voltammetry

(CV) for recording the HER and capacitance performance of these nanocompesites
performed with a p Autolabtype Ill electrochemical analyzer (Eco Chemie, The
Netherlands) using NOVA 1s$bftware.

8.4.3 Synthesis of Nanocomposites

The composite of graphene with §roup of transition metals were prepared by thermal
exfoliation of graphene oxide composite precursors in controlled atmosphere. Graphene
oxide was prepared by Hummers method.

Graphene oxide preparation with the Hummers method (HUGO). 5 g of graphizéand

g of sodium nitrate were stirred with 115 mL of sulfuric acid (98%). The mixture was
then cooled in an ice bath. With vigorous stirring, 15 g of potassium permanganate was
thenaddedovera periodof two hours.In thesubsequerfour hours,thereaction mixture

was allowed to reach room temperature before being heated to 35 € for 30 min. The
reaction mixture was then poured into a flask containing 250 mL of deionized water and
further heated to 70 €. After holding the temperature constant for 15 timenmixture

wasthenpouredinto 1 L of deionizedvater.Theunreactegbotassiunpermanganatend

175



manganesdioxidewereremovedoy theadditionof 3% hydrogerperoxide.Thereaction

mixture was then allowed to settle and decanted. The graphene oxide obtained was then
purified by repeated centrifugation anddispersing in deionized water until a negative
reaction on sulfate ions (with Ba(NJ@) was achieved. Graphene oxidersy was then

dried in a vacuum oven at 60 € for 48 h befarge.

100 mg of graphene oxide was dispersed in 25 mL of isopropanol by ultrasonication.
Under argon atmosphere was added to the graphene oxide suspension vanadium in the
form of vanadium tetrddoride (37.8 mg), niobium in form of niobium pentachloride
(29.1 mg) and tantalum in the form of tantalum pentachloride (19.8 mg) corresponding
to 10 wt.% of metal to graphene oxide. Reaction mixture was stirred under argon
atmosphere for 2 hours and sefgently ultrasonicated for 15 minutes. Finally was
isopropanol removed by vacuum evaporation using rotary evaporator.

For the thermal exfoliation/reduction was precursors placed in porous quartz glass
capsule connected to magnetic manipulator. Befordiatitm the quartz glass reactor

was three times evacuated and refilled with nitrogen. Finally reactor was filled with
atmosphere used for exfoliation. The exfoliation was performed in hydrogen sulfide
atmosphere (250 mL/min) at 1000 € for 12 minutes amdhydrogen atmosphere (250
mL/min) at1000€ for 12 minutesThesamplevasremovedrom hotzoneof thereactor

after 12 minutes and cooled in reactive atmosphere before flushing of reactor with
nitrogen.

8.4.4Electrochemical Procedure

5 g mlt suspension of various nanocomposites and TRGO were prepared by utilizing
GHLRQL]HG ZzDWHU ZLWK HOHFWULFDO UHVLVWLYLW\ RI
sonicated for 60 min to get the homogeneous suspensions. An aliquotgispgnsion

wasdropcastednthecleanglassycarbonsubstrateandglassycarboncouldberenewed
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by polishing with 0.05 pum alumina particles on a polishing pad and then washing with
deionizedvateraftereachmeasurement®riorto electricalmeasurementgjassycarbon
modified with suspension was dried at room temperature in order to obtaamdoenly
distributed materials on the electrode surface. Voltammeatgasurements of linear
sweep voltammetry (LSV) for recording HER performance were obtained by using 0.5
M H2SOs as background electrolyte in a thwelectrode configuration, with modified
glassy carbon, Ag/AgCl and Pt electrode as working, referenceoaimtiec electrode at

a scan rate of 2 mV's In addition, voltammetric measurements of cyclic voltammetry
(CV) for capacitance analysis were carried out in a tbleetrode system using
phosphate buffer solution (PBS, 0.5 mM, pH 7.2) as electrolyte, ichwkg/AgCl and

Pt worked as reference electrode and coueigmtrode.

8.5 Supporting Information
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Figure 8.S1SEM/EDS map of scanning electron micrograph and elemental distribution
of the composite of graphene with group 5 TMDs. (a) TRE>, (b) TRGV-H:S, (c)
TRG-Nb-H2, (d) TRGNb-H2S, (e) TRGTa-H2and (f) TRGTa-H2S. Scale bars

represent 10 um.

Figure 8.S2XPSsurveyscanof thecompositeof graphenavith group5 TMDs. (a) TRG-
V-Hz, (b) TRGV-H2S, (c) TRGNb-H2, (d) TRGNb-H2S, (e) TRGTaH2and (f)TRG-

TaH2S. All spectra are calibrated to the C 1s at 284.5 eV.

Figure 8.S3High resolution Xray photoelectron spectra of C 1s region of TRGO. C 1s
at 284.5 eV is used as the calibration reference.
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Figure 8.S4High resolution XPS spectra of S 2p of the composite of graphene with

group 5 TMDs. All spectra are calibrated to the C 1s at 284.5 eV.

Figure 8.S5Electrocatalytic hydrogen evolution reaction measurement of-WBGI>S

and TRGNb-Hzin 0.5 M SOy acidic electrolyte.
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Figure 8.S6Cyclic voltammograms curves of hybrid materials at different scan rates of

0.025, 0.05, 0.1, 0.2, 0.5 V!s
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Table 8.S1Summary of the key aspects of related TMDs, graplaame composites

involving synthesis, characterization and HER performance comparison.

(S1) P. Mohan, J. Yang, A. Jena and H. S. Shisolid State Chern2015 224, 82-87.
(S2) Y. Wang,Z. Sofer,J. LuxaandM. PumeraAdv.Mater. Interfaces2016 3,1600433
(S3) H. Liang, H. Shi,D. Zhang,F. Ming, R. Wang,J. ZhuoandZ. Wang,Chem Mater.
2016 28, 558#5591.

(S4) X. Chia, A. Ambrosi, P. Lazar, Z. Sofer and M. Pumé&rdjater. Chem. 2016

4, 1424114253.

(S5) J. Yuan, J. Wu, W. J. Hardy, P. Loya, M. Lou, Y. Yang, S. Najmaei, M. Jiang, F.
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9.1 Introduction

Thediscoveryof remarkable chemicalndphysical propertiesf graphene spurresh

scientistgo exploreothertwo dimensional (2D)naterialsandtheir applicatiorEBeyond

graphenepneexampleof a 2D materialthat haggarneredremendous attentiaa hexagonal
boron nitride K-BN). It is commonly describeds arisoelectronic analogus graphite,
consistingof an equal numbeof boronandnitrogen atomshat arecovalently bondedl'he
stackingof h-BN layers yieldsulk graphitich-BN structuresBetweerh-BN sheetsthe
interactions comprise bottan detWaals forcesnd theelectrostatiénteraction.The
electrostatic interaction arises frdhe electronegativity difference between boeor
nitrogen atorﬂ\/ith this structureh-BN powderhasbeen utilizedasa lubricantfor along
time. Besidesjueto theunique propertiesf h-BN like high mechanical strength, chemical

stabilityand lowdielectric constantt hasbeenutilized as annert flat substratéor graghene

electronic devicg® * which improves device performanédore attempthavebeen

devotedo study thepotentialof h-BN as arelectrocatalysi the oxygen evolution reaction

(ORR).It wasfoundthath-BN nanosheet modified gold electrodegih-BN nanosheet

modifiedscreerprintedgraphitic electrodes (SPEgducedheoverpotentiafor ORR™* 13

To date the preparatiorof few-layeredh-BN nanosheets coulsk mainly summarized into
two strategiesbottomup andtop-down approaches. Chemical vapdaposition (CVD),
whichis a bottomtup methodis usuallyadoptedo preparéh-BN nanosheets/films whereby
volatile precursors reaot decomposen thesubstrate surfade producethin h-BN
fiImespiteattaining'uighqualityh-BN thinfilms with uniformthicknessandlargelateral
size, thenigh cost and lowyield circumscribats largescaleandpracticaluse. Theaop-down
approach involvethedirectexfoliationof bulk h-BN powderinto a few layersor a single
layer.Solutiontbased exfoliatioof h-BN is a typical topdown method whertnesolvent

preventghere-stackingof h-BN nanosheets givemcompatible sudcetensioncomponent
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betweenthe solventand h-BN nanosheets. Among suitable solvent choices idenfified

exfoliation, isopropylalcohol (IPAEIandN, N-dimethylformamid¢DMF)|*® 1 are able to

downsizebulk h-BN powderand obtaina stablen-BN nanosheet suspensidPurewater,

whichis aneconomical choicef solvent,alsoeffectively exfoliate$-BN when subjectetb

sonicatign'® *° The oxygenatomin a water moleculanay attackthe boronsnitrogenbond

near intrinsic defect site$his defectpropagateso the h-BN edgeto resultin smallerh-BN
sheets.The smallerh-BN sheets further exfoliateo form monclayeredand few-layered
nanosheets when mechanically agitatpdnsonicationandassistedy the solvent polarity
effelthoughthis methods beneficialfor theeffectiveandscalableexfoliationof bulk h-
BN, the longdurationof the experiment, spanningp to 10hours,is a major disadvantage.

Hence, alternative tegown methodshave been developedb obtain h-BN nanosheets,

comprising mixture solvent exfoliation (mainly organand watef)®® 2! burface

functionalizatiorassisted exfoliation®** pall-milling,”*ater freezing expansion

exfoliatioﬁnd ionintercalatioﬁr hese methods cdoe usedto preparen-BN hanosheets
in ahighyield andscalablanannerwhich arecritical for furtherapplications.

Herewe presenta top-down approacko exfoliateh-BN usingbipolarelectrochemistryThis

bipolar electrochemicakxfoliation methods toutedto be userfriendly given the facile

operation, aingwith theadvantagef low cost ancefficiency. This method wasin the past,

appliedto the exfoliationof graphitﬂransition metadichalcogenidﬁndIayered black
phosphorlﬁt hasnotbeerappliedio insulatorsandit hasbeerassumetb beanimpossible
task. Hereyve reportthe utility of bipolar electrochemistrior the exfoliation of insulators.
Usingtwo platinumelectrodesinexternaklectricfield wasappliedto thebulk h-BN particles

dispersedn solution; the particles become polariseohd remainso evenwhen thedirect

electric contacis absent. Opposite redox reacti@mamoccurat the twoextremitiesof the h-

BN particlﬁr his concepiof bipolar electrochemisy hasbeenimplementedo downsize
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WSy, 3134 \/IoSndeackphosphoror biosensoapplicationsy ourgroup.Similarly,

as wesetforth to demonstratén this work, the electrochemicaéxfoliation methodcan be

extendedto exfoliate h-BN into nanosheetss confirmedby a seriesof characterization
techniques consistingf X-ray photoelectron spectroscopy (XPS), Ransmectroscopy,
scanningransmissiorledron microscopy(STEM), transmissiomlectronrmicroscopyTEM)
andatomic force microscopy (AFM)The resultantfew-layeredh-BN nanosheetshowan

averagéateralsizeof 1.27 Px0.48 P andameanflakethicknesf8.4nm=3.3nm.

9.2 Resultsand Discussion

9.2.1Electrochemical Exfoliation

In thiswork, h-BN nanosheets were prepatsdanovel bipolarelectrochemicaéxfoliation
methodby applyinga constanDC potentialof 10V acrosghetwo Ptdriving electrodeso a

solution that contains well dispersebulk h-BN patrticlesin 0.5 M sodium sulf The

purposeof adding sodium sulfatis to actasa support electrolyte, sindbe current should
passthroughthe solution, whereBN patrticlesare dissolved A higher concentratioof the
supportkelectrolytancreasesurrentexcessivel\anddamageshechemicaktructureof h-BN,
whereasa lower concentrion of the support electrolyte decreaseshe current and is
insufficientfor theefficientexfoliationto takeplace.OthersupporteclectrolytesuchasKCl
andNaClweretried but the exfoliationwasfoundto benot efficient. The conditionsfor the

bipolar electrochemicalexfoliation were optimizedn previous publications where we

exfoliated TMDsandblack phosphorus usirthis method": **°A possible mechanisiior

exfoliationof bulk h-BN by bipolarelectrochemistryBE) is explainedby the polarizationof
conductingor semiconductingnaterialghatactasabipolarelectroden electricfield between
two electrodes whichwe call driving electrodesln the BE electrochemicaleactionsare

promotedatits extremitiegpoles)evenin theabsencef adirectohmiccontacin theopposite
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polarity of thedriving electrodgs! 343 Themechanismareshownin|Scheme9.1A andB

Theobtained fewlayeredh-BN suspensiors milky white in color whilethepristinebulk h-

BN solutionis white (Scheme®.1 D and C). The h-BN nanosheet suspensiaras then

centrifugedo removeNa,SQ; andthe exfoliatedsedimenproductsvereretrievedor further

characterization.

Scheme9.1(A) Schematieepresentationf bipolarelectrochemicagxfoliationof h-BN. (B)
Thesetupof bipolarelectrochemicatxfoliationof bulk h-BN. (C) Pristinebulk h-BN solution

with the concentratiorof 5 mgml' . (D) h-BN nanosheet suspension obtained from bipolar
electrochemicaxfoliation.

9.2.2Material Characterization

Themorphologyof startingbulk h-BN wasobservedy SEM asshownin Figure9.S1. The
pristineh-BN appearsn layered structuregith a smooth surfacdn orderto confirm the

successful exfoliatiorf bulk h-BN, the morphologyof the obtainedfew-layeredh-BN

nanosheetsvas examinedby STEM andTEM. [Figure 9.1 A showsthat bulk h-BN is

exfoliatedand downsizedto thinnerlayers. TEM analyses capturad|Figure9.1 B and

howcasehefew-layeredstructu reof exfoliatedh-BN nanosheetd heinsetimagesof the

periodic selective area electron diffraction (SAED) pattanathigh resolution atomi€EM
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of the h-BN nanosheets revealhigh degreeof crystallinity. The uniform elementaimap

distributionof B andN elementsn thefew-layeredh-BN nanosheetsorrespond#o h-BN as

illustratedin theenergydispersivespectrometryEDS)mapsFigure9.1D).

Figure 9.1 (A) STEMimageof h-BN nanosheet¢B) Low magnificationTEM imageof h-
BN nanosheetsthe insetis the SAED patternof few-layeredh-BN. (C) Image of few-
layeredh-BN nanosheets from TEMhe insetis the high resolution atomitEM imageof

theh-BN nanosheet¢D) EDS map®f h-BN nanosheets.

XPS wagerformedo acquire surface elemental composita bondnformationin order

to revealthechemicakhangdbeforeandafterexfoliation. Thesurveyscanf bulk h-BN and

few layeredh-BN nanosheetarepresentedh|Figure9.2 A andD. FronFigure9.2A andD

thecharacteristipeakof theB 1ssignalcenterat190.5eV whereasheN 1ssignalis detected
at397.5eVin bothsurveyscan®f bulk h-BN andh-BN nanosheet3 hehighresolutionXPS

spectraof the B 1sand N 1sregions of bulk h-BN andh-BN nanosheetsarecompared

in[Figure9.2.Thedeconvolutiorof the B 1sspectrunof bulk h-BN [Figure9.2 B) revealsa

dominantpeaklocatedat 190.6eV thatis attributedto the B-N bond'**8vhereaghe two
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modest peaksbservedat 189.0 and 191.8V areascribedo theB £ and B bon

mfhedeconvolutiomf theN 1sspectrurindicatesprevalensp’ B N bondingandmild C +

N/C=N bonding centeredt 397.7 and 399.%V, respectively[Figure 9.2 Cnilfhen,

deconvolutioranalysegFigure9.2 E andF) of the h-BN nanosheets exhilig 1sandN 1s

binding energiesidentical to thoseof bulk h-BN. Therefore,it is suggestedhat bipolar
electrochemicagxfoliation of bulk h-BN did notleadto the oxidationof h-BN nanosheets.

Furthermoreno chemical changm theexfoliatedh-BN nanosheetsadbeendetected.

Figure 9.2 Survey scamndhigh resolutiorXPS photoelectron spectat bulk h-BN andh-
BN nanosheetqA) Surveyscanof bulk h-BN. (B, C) High resolution XPS photoelectron
spectraof theB 1sandN 1sregionsof bulk h-BN. (D) Survey scanf h-BN nanosheetg$E,

F)HighresolutionXPSphotoelectrospectraftheB 1sandN 1sregionsof h-BN nanosheets.

The Raman spectruwasrecordedo analysehe vibration mode®f bulk h-BN andh-BN
nanosheets, which originate frahe stretchingof thebondsbetweerthenitrogenandboron

atomsRamarsamplesrepreparedy drop-castingheexfoliatedandbulk h-BN suspensions

on silicon wafer{Figure9.3 A showsthe Ramanspectraof the bulk h-BN andh-BN
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nanosheetssingagreenlaserwith = 514.5nm. FronFigure9.3A, pulk h-BN showsonly

a characteristipeakof the Raman G bandlocated at 1366.7 cm' correspondindo the

Ezg phonan modg™ [The peak intensity becomes weaker whmik h-BN is exfoliatedto

the h-BN nanosheetander the sameonditionsasthe peakintensityis proportionalto the

numberof h-BN layers™ Besidesthe Raman peakf theh-BN nanosheets #ts to 1365.7

cm' dueto thestraininducedredshiftsin thecaseof stretchir@f his Ramarpeakof theh-

BN nanosheetis in agreementvith previousliteraturg® ** vhich confirmsthe obtainech-

BN nanosheetsvith the treatmentof bipolar electrochemicakxfoliation. The laterakize

distribution of the h-BN nanosheetsvas further ollected by STEM measurementsf

exfoliatedh-BN shownin|Figure9.3B. [Theresultsrevealedhattheh-BN nanosheetsavea

lateralsizein therangeof 0.35 Pt02.89 Pwith anaveragesizeof1.27 P+0.48 P

Figure 9.3 (A) Raman spectraf bulk h-BN andh-BN nanosheetgB) The nanosheesize

distributiondatacollectedoy STEM measurementsf exfoliatedh-BN.
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AFM was performedin order to measurethe thicknessof theh-BN nanosheet

9.4 displays optical AFM imagesand histogramsof the thicknessdistribution of

electrochemically exfoliatech-BN nanosheetsThe obtained thicknesof the h-BN

nanosheets vari@s therangeof 2.0nm t018.0nmwith themean flake thicknessf 8.4nm

+3.3 nm, which suggests effective exfoliation of th8N to few-layered sheets.

Figure 9.4(A) AFM images(1.0x

(B) Heightprofilesof h-BN nanosheetahichweretakenalongtheblackarrowsin the AFM

images(C) Histogramsof thethicknesglistributionof exfoliatedh-BN.

Inherentelectrochemistrgriginatingfrom theredoxreactionof electroactivamoietiesof the

materials restricts their operating potential windamd limits their usein electrochemical

applicatior}$? *3 Previous literatre hasreportedthe applicationsof the h-BN nanosheetsa

platform to develop electrochemical biosensors. For example, h-BN nanosheets

functionalizedwith gold nanoclusterandantibody conjugatesere usedsfluorescentaind

electrochemical probsg

§14

Furthermore, h-BN  was utilized as a platform for the

immobilization of catalasefor the electrochemicaldetectionof forchlorfenuronvia the

inhibition behavioumof forchlorfenurorto catalast@:—ln consideratiorof potentialbiomedical
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applicationsof h-BN,* gyclic voltammetry (CV)was performedto study theinherent

electrochemistrpf bulk h-BN andh-BN nanosheets the PBSelectrolyteatpH 7.2 (Figure

9.5). Initially, h-BN is perceivedo beelectrochemically inert givethat no obvious redox
peaksareobservedn the CV curvesof bulk h-BN. Neverthelessaninconspicuous peak
both anodicand cathodic scansf bulk h-BN is found at the potentialof around i 9
Interestingly exfoliation of the bulkh-BN to h-BN nanosheets shoves apparent reduction
peakin bothscandirectionswhich shiftsto arelativelypositivepotentialof i  V compared

to bulk h-BN. This result suggestghat theh-BN nanosheets exhiba limited cathodic
potential windowdueto inherentelectroactivity.Previous inherent electrochemistry studies

of graphendavereportedhereductionpeakof chemicallyreducedyraphenexide (CRGO)

ataroundi V, which originatesfrom thereducible oxygen groug$|n contrast, graphite

whichis thebulk counterparéxhibitsno pe s anisoelectroni@analoguef graphitewe
infer thatthereductionpeakof h-BN nanosheetsiaybedueto thereducibleoxygengroups.
Thehigher peak current intensity after electrochemical exfoliatidoulk h-BN is likely due
to the increased surface aremce exfoliated. This observatiois consistentwith an
electrochemicalstudy on the extent of exfoliation in layered MoS; using various
organolithiumintercalantswherebythe mostefficient exfoliation,thatis MoS that has
beenn-butyllithium exfoliated, showsthe highestinherentelectrochemicapeak intensity

resulting fromthelarger specific surfacmfeﬁl

Figure 9.5 Cyclic voltammogram®f glassycarbon,bulk h-BN andh-BN nanosheetgA)
Cyclicvoltammogramsf anodicscansand(B) cyclic voltammogramsf cathodicscansThe
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insetis thecathodic scaof bulk h-BN. Conditions: supportinglectrolyte0.5M PBSat pH

7.2:scan ratel00mV's' .

9.3 Conclusion

In summaryh-BN nanosheets were successfully synthesized direatly bulk h-BN using
a bipolar electrochemistry metho@haracterizatiorwith STEM, TEM, XPS, Raman and
AFM confirmedthe good exfoliationof h-BN to h-BN nanosheetsThe asobtainedh-BN
nanosheet shoves averagdateralsizeof 1.27 P ‘0.48 P andamean flake thicknessf
8.4nm = 3.3nm. An inherent electrochemiststudyby cyclic voltammogramsevealedhe
reductive propertpf bulk h-BN andfew-layeredh-BN nanosheetdVith this methodh-BN
nanosheetsanbe preparedn anefficient, scalabl@ndenvironmentally friendlynethod for
prospective useslhis scalable electrochemicahethodwas provedin this article to be
applicablenotonly to conductingmnaterialsputto insulatorsaswell, whichis abreakthrough
in thefield. Thispaveghewayfor thescalablavaterbasedtlectrochemicatxfoliationof any

layerednsulatorto few layeredsheetdor awide spectrunof applications.

9.4Experimental Section

9.4.1 Materials

Boron nitride was purchased from Merck (USA). Sodium sulfate, sodium phosphate
monobasic, potassium phosphate dibasic, potassium chloride and sodium chloride were
purchased from SigmaAldrich. Pt, Ag/AgCI reference, and glassy carbon electrodes
were purchgaed from CH instruments, Texas, USA. Deionized water was used in the
preparation of solutions.

9.4.2 Apparatus

Transmissiorelectronmicroscopy(TEM), selectedareaelectrondiffraction (SAED) and

high resolution transmission electron microscopy {HEM) were grformedusing
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EFTEM Jeol2200FSmicroscopdJeol,Japan)a200keV acceleratiorvoltagewasused

for measurement. Sample preparation was attained by drop casting the suspengion (1
mLin water)onaTEM grid (Cu; 200mesh;Formvar/carbonnddriedat60€C for 12

h. ElementaimapsandenergydispersivespectrometefEDS) spectravereacquiredwith

SDD detector XMaxN 80 T S from Oxford Instruments (England). Scanning electron
microscopy and scanning transmission electron microscopy (STEM) were performed
with a JEOL 7600F field emission SEM (JEOL, Japan). SEM and STEM images were
obtainedatanacceleratiorvoltageof 2 KV and30kV, respectivelyX-ray photoelectron
spectroscopy (XPS) was conducted using amay photoelectron Phoibo400
VSHFWURPHWHU 63(&6 *HUPDQ\ HTXLSSHG-r&LWK D |
radiation source at 1253 eV. Graphite was added to XPS measurement in order to obtain
C 1speakfor calibration.Ramarspectravereobtainedoy usingaconfocalmicro-Raman
LabRan HR instrument (HORIBA Scientific) in backscattering geometry with a CCD
detector, a 514.5 nm Ar laser and a 100X objective attached to an Olympus optical
microscope. Atomic force microscopy (AFM) conducted on NaioAFM microscope
(Liestal, Switzerland) fted with an ACLA cantilever tip (AppNano, CSinstruments,
JUDQFH ZLWK WKH IROORZLQJ GLPHQVLRQV OHQJWK
The NaioAFM microscope was connected to a computer with Nanosurf, Naio control
software (version 3.8.0.8) andaNosurf, easyScan 2 control software. The AFM images
were obtained when the microscope was operated under dynamic force at vibration
amplitudeof 200mV. TheAFM imagesizeof 1.0 Pby1.0 PwasacquiredTheAFM

is mounted on an airtable 7150 (Herzan,California, USA) for all measurements.
Electrochemical experiments were carried out at room temperature by ugingaab
PGSTAT 101 electrochemical analyzer (Eco Chemie, Utrecht, The Netherlands),

controlled with a NOVA version 1.10 software (EChemg).
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9.4.3Electrochemical Exfoliation of h-BN

Exfoliation of h-BN was conducted following the same protocol established by our
group?’ 5.0 mg mt! of aqueous suspensionl®BN was prepared in deionized water by
sonication for 3 hours. This homogenettBN suspension was diluted to 0.5 mg'ml

by adding deionized water and 0.5 M28&ywith the total volume of 4 ml and placed

into an electrochemical cell. Two platinum drivelectrodes were immersed into the
electrochemical cell and 10 V potential was supplied for 30 min. After that, the
suspensions were left to settle for a minimum of 48 h, and the solution was then
centrifugedwith thespeedf 14000rpmfor 15 min andwashedwith deionizedwaterfor

several times in order to removeJS&x for characterization.

9.4.4Electrochemical Measurement of InherentElectrochemistry

0.5 mg mL! concentration of bulk-BN andh-BN nanosheet was prepared in deionized
water.Glassycarbonelectrodevasrenewedy polishingwith a0.05pm aluminaparticle

slurry on a polishing pad for 1min and then rinsed with deionized water and dried. Next,
4 L aliquot of material suspension was drop casted on the electrode surface, which are
dried at room temperature in order to get homogeneously distributed materials on the
electrode surface. Cyclic voltammetry measurements was performed in a three electrode
systemwherePt, Ag/AgCl andglassycarbonascounterreferencendworking electrode.
Phosphate buffer solution (PBS, 0.5X3M, pH 7.2) was utilized as background
electrolyte which was purged withel§as for 15 minutes and all cyclic voltammetry was
performed at 100 m¢™.

9.5 Supporting Information
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Figure 9.S1 Morphological characterization: SEM image of biHBN.
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10. 1 Introduction

With worldwide attention directed at environmental issues related to increasing carbon
emissions and rapid depletion of A@mewable resources ehergy, it is important for

us to propel possible solutions to address this concern. Hydrogen is one of the most
promising clean energy available due to its high energy density and it can be produced
from a wide variety of resources ranging from watergiss, natural gas, or cdal.
Electrochemicaséplitting of waterto producehydrogenlies attheforefrontof theenergy
conversion and storage reseat€This method is efficient, clean and viable to generate
hydrogen with high purity. However, thisctenique requires electrocatalysts to decrease
the activation barrier required for hydrogen evolution reaction (HER) to occur-ddtate
the-art electrocatalysts for HER include precious metals, such as Pt, that are expensive
and limited in supply, thus regcting their widespread applications. Therefore, theee is
need to replace Pt with earibundant and lowost alternative materials as HER
electrocatalysts. Efforts have been made to explore and develop thepeecions

transition metals based elemtatalysts foHER 1014

In the past few years, transition metal molybdenum based materials have emerged as
promising electrocatalysts for HER. Studies revealed that molybdenum phospHide,
molybdenuncarbide 1*22 molybdenunchalcogenidé®*2> andmolybdenummitride!® can
catalyze HER in an efficient manner. More recently, binary molybdenum borides have
been reported to display excellent HER performance. A pioneer work had demonstrated
F R P P H U-MbBt® have good HER activity in both acidic anéaine electrolyte?

,Q DQRWKHU-MdBPd®1BBtiHg of borophene subunits is able to efficiently
catalyzeHER evenatlargecurrentdensitiedueto its high conductivity,largedensityof

highly active electrocatalytic sites and good mass trahppaperties® Subsequent
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ZRUNV LQYHVWLJDWHG VHYHUDO ELQDU\ PREMIEGHQXP
MoB2and MaeB4are efficient HER electrocatalysts while bomdeficient MeB is less
efficient, thus suggesting the bordependeng of molybdenum borides with regards to

HER activity.?"?® To further optimize its HER performance, ultrathin hexagonaiBvio

films and MeB nanoparticles were synthesized which yielded enhanced HER
performance with lower onset potential and betiafel slope values (M®
nanoparticles: overpotential of 154 mV vs RHE at 10 mA2cirafel slope of 49 mV

dec?; ultrathin MaB film: overpotential of 249 mV vs RHE at 20 mA @il afel slope

of 52mV dec?).?:2°3%n thecaseof MoB/g-CsNa4, whichfunctionsasa Schottkycatalyst,

good HER performance is seen originating frortype semiconducting -§sN4 that
generates a charge transfer across the Schottky junction and enhances the local electron

density orMoB.3!

Besides molybdenum, tungsten basedterials are also widely studied for HER
applicationst®3234 |nterestingly, from our literature search, the HER activity of
tungsten borides have not yet been reported. One work had demonstrated transition
metatboron alloyCo- : i % asanactiveHER electocatalystwith low overpotentiabnd
goodstability in alkaline solutiod® However, tungsten borides containing only W and

B elements has not been explored. In view of the superior HER performance of binary
molybdenum boride, tungsten borides are alsticipated to exhibit electrocatalytic
properties.

Herein,we studythe HER activity of bulk commerciaMo2Bs andW:Bs aswell asreport

the use of bipolar electrochemical treatment to downsize the materials and enhance their
HER performance. Bipolar electrochemistry (BP) treatment is conducted by applying a
constant DC potential across two Pt driving electrodes to the electrolyte solWngoa

target materials (Md8s and W:Bs) are suspended. When a potential is applied, the
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extremesf thesesuspendegarticlesbecomepolarizedandremainassuchevenwhen
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thedirectelectriccontactis absentOppositeredoxreactionsoccurat thetwo extremities

of these bipolar electrode particles because of the potential difference between bipolar
electrode particles and the solutf§rThis BP technique requires no direct contact with
thePtdriving electrodesindis carriedoutin thesolution.This concepthasbeenadopted

to exfoliate boron nitriden¢BN), 37 transition metal dichalcogenid@€snd layeredlack
phosphorus® by our group. It is worth to note that MR and WsBs are nonrlayered,
threedimensional materialwhich are unable to be exfoliated. However, BP treatment
was found to be successful in downsizing thesBd@and W:Bsto smaller and thinner
particles. More importantly, BReated MeBs and WBs show better HER catalysis
compared to their bulk untreated counterparts. Impedance studies reveal BBt the
treated MeBs and WBs particles exhibit improved electron transfer capability relative

to the untreated materials. This bipolar electrochemical downsizing method pegsents
alternative strategy to enhance HER electrocatalysis and can be extended to other
transition metal based materials including carbides, phosphidestades.

10.2 Results andDiscussion

10.2.1Material Characterization

In this work, we downsizedommercial MeBs and WBs using bipolaelectrochemistry
WUHDWPHQW ,Q WKLV PHWKRG WZR 3W HOIh$eedRGHV U
in a sodium sulfate (0.5 M) solution containing well dispersedBylor W-Bs particles

and a constant DC gntial is applied over a specified duration across the two driving
electrodes as illustrated in Scheme 10.1. When the DC potential is applied, the
extremities/poles of MgBs or W-Bs particles are immediately polarized therefore
promotingelectrochemicaleactionghatcauseheir fragmentationnto smallerparticles.

This proceshappengvenin theabsencef adirectohmiccontactbetweerthe materials

and driving electrodes (Scherh@.1).
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Schemel0.1Schematicepresentationf bipolarelectrochemicakreatmenbf M2Bs (M=

Mo or W) and the corresponding effect on their electrochempeadbrmance.

For optimization of the bipolar electrochemistry method, various applied potentials and
time duration were studied. The optimized parameters were found to be applied DC
potential of 3 V for 1800s. BReated suspensions of BBy and WBs were then
centrifuiged and the products were retrieved for further characterization.

Firstly, we conducted several techniques to characterize commerciBk Btod \W:Bs

and BRtreated MaeBsand WBs. Scanning electron microscope (SEM) images of bulk
Mo2Bsand W:Bs as well aghe transition electron microscopy (TEM) images of:Bto
andW:Bs afterBP treatmentareshownin Figure10.1to observeheirmorphology SEM
revealedoulk Mo2Bs aslargecrystalswith lateralsizesup to tensof micrometemwhereas

TEM imagesof BP-treatedVio.Bs showedarticleswith lateralsizesof few micrometers.

The corresponding SEM and TEM elemental mapping (energy dispersiay X
spectroscopy, EDS) for bulk and Bieated MaeBs are also included in Figure 10.1 a.
EDS analysis show the hageneous distribution of elements in the materials. For its
tungsten counterpart, the SEM, TEM and EDS images of bulk ariceBfed VWBs are
presented in Figure 10.1 b with similar observations. The SEM images of bk W

reveallarge stonesof large lateral sizeswhile TEM imagesof BP-treatedW.Bs show
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smaller structures. Also, their respective EDS analysis display homogenous surface

distribution of W and B.

Figure 10.1SEM images of bulk (a) M@sand (b) WBsas well as theicorresponding

TEM images after bipolar electrochemical treatment. The EDS maps of bulRsMo
W:Bsand after BP treatments are also presented.

Additionally, scanning transmission electron microscopy (STEM) images of bulk and
BP-treated M@eBsand WsBswerealso obtained (Figure 10.2). These images cortfiem
successful reduction in lateral size and thickness ofB¥land W:Bs bulk materials
through bipolar electrochemistry treatment. The lateral size was observed to decrease
from the micrometer to the naneter range after BReatment. For better comparison,
STEMimagesof bulk Mo2Bs andW-Bs beforethebipolarelectrochemistryreatmentre

alsoshownin Figure10.2 (left panels).Besidedateralsize, the treatmentalsoreduces
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thickness of the materials (Figure 10.2 central and right panels). Between the two
materials, these STEM images suggest thaiB¥lbecame thinner compared to:B¢
particles after BP treatment. For more STEM images otrB&ed MeBs and W:Bs,
readers camefer to Figure 10.S1 and 10.S2 in the supporting information. As a result,
bipolarelectrochemistrganefficiently downsizeMo2Bs andW2Bsto smallerandthinner

particles.

Figure 10.2 STEM images of (a) Mdds and (b) WBs before and after bipolar
electrochemistry at 3 V for 1800s.

To further verify the morphology and crystal structure oftBfated MeBsand W:Bs
particles, TEM, high resolution transmission electron microscope-THR) and
selected area electron diffracti@BAED) were conducted (Figure 10.3). These images
supports that MgBsand WBswere indeed downsized to smaller and thinner pariitles
agreement with the STEM results. The inset images of SAED shows the hexagonal

symmetry of MeBsand W:Bs phases.
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Figure 10.3TEM and HRTEM images of BRreated (ac) Mo:Bs and (df) W2Bs. Inset

images are the SAED pattern of Mg andW:Bsrespectively.

The phase composition was also analyzed byay diffraction (XRD) and the
corresponding diffractograms of bulk and BP treatedBd0oW.Bs are shown inFigure

10.4. XRD data shows phase purity that matches rhombohedsBsMnd W:B5**#! in

bulk and BP treated materials. In the BP treated materia}§Q4& observed because

this salt was used as the supporting electrolyte and traces of it may have remained after
thewashingstepsFigurel0.4e presentshecrystalstructureof MoBs andW:Bs, which

includes the existence of two types of boron layers, one gragiker(eed balls) anthe
otherpuckeredayer(greenballs).Onelayerof metal(blueballs)is sandwichedetween

these two types of bordayers.
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Figure 10.4 X-ray diffraction patterns of (a) bulk MBs, (b) BP treated MgBsand (c)

bulk W-Bs, (d) BP treated \ABs. (e) Crystal structure of M8sand WBs.

High resolution Xray photoelectron spectroscopy (F¥RS) was further performed to
acquiresurfaceelementatompositiorandbondinformationof bulk Mo2Bs (Figure10.5),

bulk W-Bs (Figure 10.6) and their BP treated forms. From the deconvolution analysis of
high resolutionspectraof bulk MozBsin Figure10.5a,the Mo 3d regionshowsMo** and

Mo®" doublet peaks which are located at around 230.2, 234.0 eV and 232.9, 236.1 eV,

respectively’”*°Furthermorehigh resolutionspectrunof B 1swasdeconvolutedo two
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distinct peaks at 191.6, and 194.2 eV, which can be assignedoto dxade and boron
speciesespectively?®*°The XPSresultsof Mo,Bs suggespresencef surfaceoxidation

in the sample. This is in agreement with previous reports where oxidation had also been
observed in molybdenum boride materials even though they hmae been freshly
prepared??’3°0n the other hand, the high resolution spectrum of Mo 3d region of
Mo2Bs (Figure 10.5 b) treated by bipolar electrochemistry at 3 V for 1800s was
deconvoluted to M®(228.3, 231.7 eV) and molybdenum oxides i.e*M@29.0,232.4

eV), Mo>* (231.8, 235.0 eV) and M6(232.8, 235.9 eVj/3042The deconvoluted peaks

of B 1s spectrum of BRreated MeBsin Figure 10.5 b indicate two different boron
environments; a deconvoluted peak at lower binding energy of 18&H@Ngpresence

of B® in molybdenum boride while another peak at higher binding energy of 193.4 eV
originatesfrom boronoxide.?”*°Thepresencef Mo® andB° suggestshatBP-treatment

exposes new surfaces of Mg or removes the oxidized surfamentamnants.

Figure 10.5High resolution XPS spectra of Mo 3d and B 1s regions for (a) buiBiMo
and (b) BPtreated MeBs at 3 V for 1800s.
ThecorrespondingdR-XPSdatafor bulk andBP-treatedW-Bs areshownin Figurel10.6.

The deconvolutionof peaksobservedat the W 4f region of bulk W2Bs (Figure 10.6 a)
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reveals W' peaks positioned at 33.2 and 35.29"@¥.Apart from the W* peaks, a pair

of greater W oxidation state located at higher binding energy of 37.1, 39.3 eV are
observedThedeconvolutioranalysidor thehighresolutionB 1sspectrunof bulk W2Bs

shows the presence of boron oxide and boron species at 194.1 andelR0.6
respectively’® From these XPS results, we found thatBé4/also undergoes surface
oxidation similar to MeBs. A study on aged molybdenum phosphide had also reported
mere surface oxidation only detected by XPS while its crystallized phase remain well
retained’ For BRtreated WBs patrticles, the XPS data is shown in Figure 10.6 b. The
XPS deconvolution of W 4f shows presence ofiB&uced oxidation arising from the
treatment at 3 V for 1800s, whereWeak (34.7, 37.0 eV) and Wpeak at (35.9, 38.1

eV) are seen (Figure 10.6 b). Interestingly, the B 1s peak (188.3 eV) remains unchanged

in the B state despite the oxidation of W (Figure 10.6°b}°

Figure 10.6High resolution XPS spectra of W 4f and B 1s regions for (a) buls\ahd

(b) BP-treated WBsat 3 V for1800s.

10.2.2Electrochemical HydrogenEvolution

Following material characterizations, we investigated the electrocatalytic activity of the

materials towards HER in 0.5 MoBOy electrolyte via linear sweep voltammetry (LSV)
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measured at a scan rate of 2 mY Bigure 10.7 a shows thelprization curves of bulk

and BRtreated MeBs and WBs, together with Pt/C and bare glassy carbon electrode
(GC)ascontrolsfor comparisonFromtheelectrochemicahnalysisGC showsnegligible

HER activity while Pt/CexhibitsthebestHER performancevith anoverpotentiabf 84.9

mV versusWKH UHYHUVLEOH K\GURJHQ HO HEW Be@sity. 5+( DV
Meanwhile, bulk MaBs and WBs are slightly active towards HER with overpotential
valuesof 0.74V and0.68V respectivelylnterestingly bothBP-treatedviooBs andW2Bs

display enhanced HER performance compared to their original bulk counterparts with
overpotential values of 0.54 V and 0.21 V respectively. This superior HER performance
is comparable to other neroble metal based electrocatalysts as shown in Table 10.S1.
A possible reason for the improvement of HER performance after BP treatment is the
generation of more active sites produced from the downsizing process. Moreover, this is
furthersupportedy our HR-XPS (Figures10.5and10.6)andXRD (Figure10.4)results

which suggesthatthe BP treatmenenablesormationof newspeciesn bothMo2Bs and

W>Bs materials.It is possible that these new species formed after BP treatment have

contributed to enhance the HERvesl|.
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Figure 10.7Hydrogenevolutionreactionof bulk andBP-treatedMo2Bs andW:Bs tested

in 0.5 M LSOy at the scan rate of 2 mVAs(a) HER polarization curves of the bulk and
BP-treated MeBs and W:Bs, Pt/C and bare glassy carbon electrode, (b) bar chart
FRPSDULVRQ RI WKHLU +(5 RYHUSRW H@rént deasiy, RHDV X UH
theircorresponding afel plots,and(d) barchat comparisorof theirobtainedTl afel slope

values.

Tafel slope values of tested materials were determined and presented in Figure 10.7 c,d

to elucidatethe HER mechanismThe possibleratedeterminingsteps(RDS) of HER are

as follow: >4

1. Adsorption step (Volmer): D" + € : +agst H22 7DIHO V OnR/BlEC §

2. Desorption step (Heyrovsky):abd+ H:O"+€ : +2+H2 7DIHO VowR&d §

3. Desorption step (Tafel):dds+ Haas: +2 7DIHO V OhiWV/&lét §

TheTafel slopedeterminegheratelimiting stepfor HER. As shownin Figure10.7c and

d, the obtained Tafel slope value of Pt/C is 34.3 mVdeith the Tafel desorption step

as the RDS step, similar to reported literatiré:*> For bulk MaBs and WBs, their

Tafel slopevaluesarecalculatedo be118.4and115.0mV dec! respectivelyThesewo

Tafel slope values suggest that the HER mechanism for both bulBsMod W:Bs
materials are limited by the adsorption Volmer step. After BP treatment, the Tafel slope
of MozBs decreases to 101.0 mV demdicating no alteration of its rate limiting step.
However for BPtreated WBs, this value significantly lowers to 62.2 mV dewhich is
similar to the reported Tafel slope values of MoP and MoBwhere the HER process
was inferred to undergo a fast Volmer step followed by a rate limiting Heyrovsky
desorption step. Therefore, a similar HER mechanism can be deduced-fiaaiiP
W:Bs. It was reported that Tafel slope is strongly dependent on the particle size, which

meansthat the samematerialwith different particle sizescanresultin different Tafel
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slopevalues?’ ForexampleJargercommerciaMo,C particlespossesd afel slopevalue

that is twice that of synthesized M&*® Hence, the transformation of HER mechanism
for W2Bs beforeandafter BP treatmenasobservedrom thedrasticchangen Tafelslope

value may similarly occur due to ithange in size. Other possible reasons for this
observation also include its lower oxidative surface contamination as well as different
surface atom terminations that may also influence the rate linstigpgy

The effect of the different applied potentials the HER performance of MBs (Figure

10.8 ac) and WBs (Figure 10.8 €) was also investigated in the range of 0 to 10 V and
their HER performance including the polarization curves, HER overpotential measured
at-10 mA cm? and Tafel slope valuesepresented in Figure 10.8. Diverse potentials
ranging from O to 10 V were applied to bMByand WsBsfor 1800s in order to identify

the best performing conditions for HER. From Figure 16c8 MloBswas treated with
potentials of 3, 5, 8 and 10 V for 1&)@iving rise to HER overpotentials of 0.5163,

0.58 and 0.62 V and Tafel slope values of 101.0, 134.7, 96.2 and 122.8 mV dec
respectively. These results suggest that 3 V is the optimal potential for the bipolar
electrochemistry treatment of B for HER application. Similarly, the same
experimental parameters were examined faBW(Figure 10.8 ) and an applied
potentialof 3V wasidentifiedto acquirethebestHER performanceavith anoverpotential

of 0.21 V measured al0 mA cm? and Tafel slope of 62.2 mV décompared to the 2

V (0.47 V, 79.8 mV deé), 5V (0.37 V, 108.5 mV deb), 8 V (0.38 V, 106.6 mV deb)

and 10 V (0.36 V, 79.1 mV d&}
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Figure 10.8Linearscanvoltammetry(LSV) measurementsf the BP-treatedVio-Bs and
W:Bs at different applied potentials and duration:cfaHER polarization curves,
overpotential at10 mA cm? and Tafel slope of bulk M@s and BRtreated MaBs at
1800s for various potentials,-fiHER performanes, overpotential a0 mA cm? and
Tafel slope of bulk \WBsand BPRtreated WBs at 1800s for different potentials, agt

i) HER curves, overpotential at0 mA cm? and Tafel slope of original YBsand BR
treated WBsat 3 V for various time.

Onthe other hand, various treatment periods have been studiedBga¥thisnaterial
shows more promising HER performance compared tgB¥l&s shown in Figure 10.8
g-i, shorterelectrolysigime of 900sandlongerelectrolysigime of 2400sat3V of W2Bs
result in poorer HER performance. As such, we determined 1800s to be the suitable
electrolysis time duration for BP treatment which is similar to other wirks.
Additionally, XPS and STEM were conducted to study the bonding informatisizand
of BP-treatedMo02Bs andW:Bs particlesat 10V for 1800sin orderto makeacomparison
with materials prepared at 3 V for 1800s. From the XPS measurements shown in Figure

10.S3pnly oxidativedeconvolutegheaks.e. Mo®*(233.8,236.9eV) andw®* (35.6,37.8

219



eV) are found (Figure 10.S3 b and e), suggesting that a high voltage applied of 10 V
results in the oxidation of both MBsand WBs. For the deconvolution of B 1s spectra,
BP-treated MeBsand WBsat 10 V shows that the boron oxide ke#ocated at around

193.5 eV (Figure 10.S3 c and f), which is different from those seen previously for BP
treated MeBsand WBsat 3 V (Figure 10.6 b and d). This indicates thattBRtment
induced oxidation of boron at higher voltage. This oxidati@y toe the reason for the
poorerHER performancebservedor BP-treatedmaterialsat 10 V. STEM micrographs

for BP-treatedVio2Bs andW:2Bs at 10V (Figure10.S4and10.S5)confirm thesuccessful
downsizing effect produced from bulk to smaller and thinner particles, consistent with
that seen previously after the BP treatment\at 3

Subsequently, we performed stability test of the BP treatefB#dmd W:Bsin 0.5 M

H>SQy by running 100 cyclic voltammetry (CV) 100 cycles at a scan raf®0mV/s

(see Figure 10.9 a and d) at their respective HER onset potential window where the
FXUUHQW GHQVLW\ UHDFXHNe polrizatidrDovies iof Bifedied P
Mo2Bsremaned unchanged with comparison to its initial measurement, suggesting that
this material is stable in acidic media. On the other hand{r&Red WBs shows a
negativeshiftin overpotentiaby 30 mV aftertheCV cycling. To investigatehesdurther,
long-term stability tests were performed by applying a continuous potential to the
materials over 2 hours (shown in Figure 10.9 b and e). The potential chosen for each
material corresponds to their overpotential. The corresponding HER LSVs before and
after thelong-term stability tests are recorded in Figure 10.9 ¢ and f. For both materials,
a negative shift in overpotential of 27 mV for.Béand 34 mV for MeBswas observed.
These results demonstrate the high stabilities octrB&ed WBs and MeBs for HER

apdications.Notethatthereis aslightshiftin overpotentiabf BP-treated/W>Bs asnafion
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wasaddedn thematerialsuspensiontr thelong-termstability teststo avoidtherelease

of materials into the solution during threeasurement.

Figure 10.9 Electrochemical stability tests of BReated MeBs and WBs. HER
polarizationcurvesbeforeandafter 100 cyclic voltammetrycyclesfor (a) Mo2Bs and(d)
W:Bsrespectively. Longerm stability test conducted by applyir@52 Vvs. Ag/AgCI
and-0.41 Vvs. Ag/AgCI for (b) MaBs and (e) WBs respectively. HER polarization
curvesbeforeandafterperformingthelong-termstability testfor (c) Mo2Bs and(f) W2Bs.
Electrochemical impedance spectroscopy (EIS) measurements were conducted to
understand the interfacial properties and kinetics for the enhanced HER performance
observedfterthe BP treatmentWe measuredhe EIS of bulk andBP-treatedMo0.Bs and

W:2Bs at3V for 1800s(Figure10.10).Nyquistplotsrevealedhatboth BP-treatedVio2Bs

and W:Bs exhibit highly improved electron transfer compared to their bulk materials as

seen from their lower charge transfer resistangg YRlues. To illustrateBP-treated
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Mo2Bsand W:Bs produce lower R YDOXHV R DQG UHVSHFW
to their bulk counterparts of MBs D QBs : 6LQFH +(5
process involves electron transfer between the electrode material and the electrolyte
interface, low R value promotes the catalytic activity of the materials thus improving

their HER efficiency. This finding provide a possible justification for the highe
electrocatalytic activity of BRreated MeBs and W:Bs compared to their bulk

counterparts (Figure 10.7 a).

Figure 10.10Electrochemical impedance spectroscopy (EIS) measurements of (a) bulk
W:2Bs and BRtreated WBsat 3 V for 1800s as well as (b) bulk By and BRtreated
Mo2Bsat 3 V for 1800s. Bar charts (c) and (d) compares theaRies of the untreated
andBP-treatedW>Bs andMo2Bs materialgested Rctrepresentshargeransferesistance,

Ro is short for bulk resistance while CPE stands for the constant phase element. The
Nyquist plots were measured at frequencies between 10 000 kHz and 0.1 Hz and at an
overpotential of 600 mV for athaterials.

Previousdensityfunctionaltheory(DFT) calculationgevealedhatthe B atomof binary

molybdenunborideplaysanimportantrolein catalyzingHER. Forexamplethatseveral
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surfaces of MoBwere found to be active for HER with an optimal HER process
occurring on BB bridge sites of Berminated MoB (001) surface at a hydrogen
coverage between 75% and 100%.There have been reports that size of MoB
nanoparticlesanaffectits HER performancendthatultrathinmolybdenunboridefiims

can maximize the availability of surface active sites for improved HER actfVit{.
Throughthe BP treatmentMo2Bs andW:Bs aredownsizedo micron/nangarticleswith
decreasethickness. XPS reveals the presence b§tate of metal boride regardless of
the oxidation of metal in the adbtained particles. In this way, BP treatment not only
exposes more surface active sites through downsizing of the particles, it also retains the
active sites of Bstate for HER catalysis. EIS measurements further prove that the BP
treated MaeBs and WBs give the lower R values which favors the electron transfer
betweertheelectrocatalysinaterialandtheelectrolyteinterfacefor afacile HER process.

In consideration of these properties,-B€ated MeBs and W:Bs show enhanced HER
performance with lower overpotential and Taflkelpe.

10.3Conclusion

In summary, commercial MB8s and WBs are treated by bipolar electrochemistry and
their electrochmnical properties towards HER are investigated. We show that bipolar
electrochemical treatment performed at 3 V for 1800s effectively downsizelslbgis

and W:Bs from tens of microns to several microns and even nanometer size. These
downsized MeBsand W:Bs particles are found to show lower charge transfer resistance
and increased electrocatalytic activity towards HER compared with bulk counterparts.
Various bipolar electrochemistry conditions (applied voltage and time) were studied to
determine the optioom conditions of the treatment for electrocatalytic HER application.
The use of high voltage (i.e. 10 V) in the BP treatment results in higher degtagon

of thetargetmaterialsandpooreHER performanceThissimplebipolarelectrochemistry
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treatment offers an alternative strategy to develop electrocatalysts with enhanced HER
performancendmayin turnbeextendedo othertransitionmetalbasecelectrocatalysts.
10.4Experimental Section

10.4.1Materials

Sodiumsulphateconcentratedulfuricacid,and20wt % platinumongraphitizedcarbon
(Pt/C) were purchased from Sigmddrich. Mo:Bs and WsBs were obtained from
Mateck, Germany. Pt counter electrode, Ag/AgCl reference electrode, andogldssy

(GC) working electrodewere purchased from CH instruments, Texas, USA. Ultrapure
Milli -Q water was used in the preparatiosaiitions.

10.4.2 Apparatus

Scanning electron microscopy (SEM) and scanning transmission electron microscopy
(STEM) were conducted with a JEOL 7600F field ssron SEM (JEOL, Japan). SEM
and STEM images were obtained at an acceleration voltage of 2 KV and 30 kV,
respectively.

Transmissiorelectronmicroscopy(TEM), selectedareaelectrondiffraction (SAED) and

high resolution transmission electranicroscopy (HRTEM) were performed using
EFTEM Jeol2200FSmicroscopgJeol,Japan)a200keV acceleratiorvoltagewasused

for measurement. Sample preparation was attained by drop casting the suspengion (1
mLin water)onaTEM grid (Cu; 200mesh;Formvar/carbonnddriedat60€C for 12

h. ElementaimapsandenergydispersivespectrometefEDS) spectravereacquiredwith

SDD detector XMaxN 80 T S from Oxford Instrumen¢gngland).

X-ray powderdiffraction (XRD) datawerecollectedatroomtemperaturevith anBruker

D8 Discoverempowderdiffractometemwith parafocusindgdragg Brentanageometryusing

Cu .. radiation =0.15418nm,U =40kV, | =40 mA). Datawerescannedvith an
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ultrafastdetectoLynxeyeXE overtheangularangel080° with astepsizeof 0.02°

'DWD HYDOXDWLRQ ZDV SHUIREW HG LQ WKH VRIWZDL
X-ray photoelectron spectroscopy (XPS) was performed using-ray ¥hotoelectron
3KRLERYV VSHFWURPHWHU 63(&6 *HUPDQ\ HTXLSSHC
X-ray radiation source at 1253 eV. Graphite was added to XPS measurement in order to
obtain C & peak for calibration to 284.5 eV.
10.4.3Bipolar Electrochemistry Treatment
Bipolarelectrochemicalreatmenbf Mo2Bs andW:Bs wasconductedollowing thesame
protocol established by our groéfhAqueous dispersions of MBs and WBs with the
concentration of 5 mg mtwere prepared in deionized water by sonication for 3 hours.
These suspensions were then diluted to 0.5 mg byLadding deionized water and 0.5
M NaSQsto a total volume of 4 mL. This bipolar electrochemical treatment oBWo
and WiBswas carried out in an electrochemical cell at room temperature. Two platinum
driving electrodes with a separation distance of 1.5 cm was immersed into the solution
and a constant DC potential (3V, 5V, 8 V, and 10 V) was supplied for a perimaeof t
under constant stirring conditions. Then, the suspension was left to settle for a minimum
of 48 h, followed by centrifugationata speedf 14000rpmfor 15minto removeNaSO
and retrieve the products fonaracterization.
10.4.4ElectrochemicalMeasurement
0.5 mg mL* concentration of MgBs and WBs were prepared in ultrapure water and
ultrasonicated for 3h in order to obtain homogeneous suspension. Bipolar
electrochemistry treated MBs and WBs suspensions with the concentratiof 0.5 mg
mL? were obtained following the protocol above. All electrochemical hydrogen
evolution reaction (HER) measurements were performed by using Linear Sweep

Voltammetry (LSV) with a pAutolab typeé electrochemical analyzer (Eco Chemie,
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Netherlands) using NOVA 1.10 software. A thiadectrode configuration where glassy
carbon (GC), platinum electrode and Ag/AgCI electrode were used as working, counter
andreferenceelectrodaespectely wasadoptedo measurehe HER performancePrior

to immobilizationof materials GC electrodesurfacevasrenewedy polishingwith 0.05

pm alumina particle slurry on a polishing pad and then washed with ultrapure water and
dried. 4 |L aliquot of matrial suspension was dropcasted on the GC surface. These
electrodes were then dried at room temperature to obtain a good distribution of test
materials onto the GC surface. All HER measurements were conducted at room
temperature with 0.5 M ¥sQs as the suporting electrolyte at a scan rate of 2 m¥/ s

The electrochemical stability test of BReated MeBsand W:Bswas conducted in 0.5

M H2SQy by using the 100 cyclic voltammetric scans at 100 mV Ehe potential
windows of cyclic voltammetry corresponds to the HER current density of at least 0.1
mA cm?. Thereforethepotentialwindowis betweer0 to -0.55V vs Ag/AgCl for Mo2Bs

and 0 to-0.41vs Ag/AgCI for W2Bs. The HER longterm stability was also tested by
applying a fixed potential 0f0.55 V vs Ag/AgCl for Mo.Bs and-0.41 V vs Ag/AgCI
W2Bsfor 2 hours, respectively. 4 I material suspensions was dropcasted on GC surface
anddried underatmosphericonditions.For electrochemicastability measurementg}

H of 0.9 % Nafion solution was subsequently used to modify the electrode surface. The
Nyquist plots were measured at frequencies between 10 000 kHz and 0.1 Hz and at an
overpotential of 600 mV for bulk and treated #eand W:Bs with 0.5 M HSOQy as
supporting electrolyte. The impedance data were fitted to a simplified Randles circuit
(where constant phase element (CPE) replace the double layer capacitance) to obtain the

charge transfer resistances.
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10.5Supporting Information

Figure 10.S1.STEM images of BRreated MaBs by applying a potential of 3 V for

1800s.

Figure 10.S2STEM images of BRreated WBs by applying a potential of 3 V for 1800s.
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Figure 10.S3Survey scan and higlesolution XPS spectra of MBs and WBs after
bipolar electrochemistry treatment at 10 V for 1800s: (a) survey scan f8sMb-c)
highresolutionXPSspectraof Mo 3dandB 1sregionof Mo2Bs, (d) surveyscanof W2Bs,

(e-f) high resolution XPSpectra of W 4f and B 1s regionsWwtBs.

Figure 10.S4STEM images of bipolar electrochemistry treated By applying a

potential of 10 V for 1800s.
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Figure 10.S5STEM images of bipolar electrochemistry treategB¥\by applying a
potential of 10 V for 1800s.
Table 10.S1Comparison of nomoble metal based HER electrocatalytic activity in

acidic medium with other literature.

Overpotential (mV)| Tafel slopeg
El lysi El I Ref
ectrocatalys| Electrolyte 2t 10 MA or? (mV dec?) eference

BPtreated | ) 5 M HsQr | 540 101 This work
Mo2Bs
BPtreated | o 5 M Hsar | 210 62.2 This work
W>2Bs
MoB 1M HSOy 210 55 S1
.-MoB: 0.5 M HSOs | 149 74.2 S2
Mo2B4 0.5MHLSO: | 310 80 S3
MoB: 0.5M HSO: | 300 75 S4
MosB (film) | 0.5 M H:SQs | 249 at20 mA ci | 52 S5
MoB:

. 0.5MHSOr | 154 49 S6
nanoparticle
MoB/g-CsNs | 1 M KOH 133 46 S7
MoP 0.5MHSQ: |180at30 mAcm |54 S8
Mo2C 0.5M HSO: | 208 56 S1
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MoN 0.5MHSQ; |[300at38mAcm |90 S9

Mo2N 0.5MHSOs | 381 100 S10
WP; 0.5M HSO, | 161 57 S11
W2C 1 M HSOy 300 at23 mAcmd | 118 S12
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11.1Conclusion

The global warming issue and global energy crisis make it critical to find the low cost
andefficienttechnologiegor productionof renewableandcleanfuels.Hydrogenis such

a promising fuel with high energy density and clean byproduct. However, hydrogen
production, especially electrochemical HER is limited by the slow reaction kinetic and
high cost otthe noble metal electrocatalysts. Therefore, we studied the electrochemistry
of various layered materials in order to find the electrocatalysts for HER. In this thesis,
part | focused on the fundamental electrochemistry of layeredtposdition metal
chdcogenides including gallium and indium chalcogenides which has been overlooked.
Following part Part II') studied and compared the electrochemical and electrocatalytic
performancesf severalfTMDs towardHER. Part Il investigatedheeffectsof exfoliated
TMDs, amorphous TMDs as well as the TMDs incorporated with conductive substrate
on HER. The last parPart Il ) adopted the novel bipolar electrochemical method for
feasible exfoliation and downsizing of layered materials for further electrochemical
applications.

1111 Part I: Electrochemistry of Layered Posttransition Metal Chalcogenides
Although numerous studies have revealed the electrochemical properties of TMDs for
variousapplicationsHowever few studieshavedelvedto the electrochemicgbroperties

of layered semiconducting pesansition metal chalcogenides.Part |, the

fundamental electrochemical properties of gieastsition metal chalcogenides were
comprehensively studied. The electrochemistry studies of gallium chalcogenides are
presented irChapter 4 while indium chalcogenides i@hapter 5. Unlike the typical

crystal structure of TMDs, gallium and indium chalcogenides have two metal @pms
and two chalcogen atoms (X) in each layer #H¥iXM-X sequence. As for the inherent

electiochemistryof gallium chalcogenidest wasfound thatall gallium chalcogenides
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showed a small peak &.6 V, which may due to the reduction ofGa In addition,

GaTe was revealed to have the unique oxidation peaks at approximatel,~hich
resultedrom theoxidationof Te. In thecaseof indium chalcogenideshereductionpeak

of InSeat-1.6V wasobservedrelatingto thereductionof In2Os. InTe alsoexhibitedthe
oxidation peaks at around +0.3 V corresponding to Te, which is in agreement with the
electrochemical behaviors of GaTe. Furthermore, the electrocatalytic activity of gallium
and indium chalcogenides was also studied. All the gallium and indium chalcagenide
were not good electrocatalysts with high onset potentials and Tafel slopes due to lower
conductivity and less activity at bulk state. These studies provide fundamental
electrochemicagbropertief posttransitionmetalchalcogenidesyhich hasimplications

in their variousapplications.

1112 Part Il: Factors Affecting the Electrocatalytic Efficiency of Layered
Transition Metal Dichalcogenides

Novelmethodshavebeenputforwardto improvetheelectrocatalyti@fficiencyof TMDs
towardHER. In part I, exfoliationof TMDs into nanosheetgreparatiorof amorphous
TMDs and TMD hybrids with conductive substrate were studied to improve the
electrocatalyti@ctivity. Theelectrochemistrpf bulk andexfoliatedGroup5 TMDs was
investigated inChapter 6. Metallic vanadium dichalcogenides (¥S/Se and VTe)
wereexfoliatedby chemicallithium intercalation Thedegreeof exfoliationfollowed the
VS>VSe>VTe; order. However, the resulted vanadium dichalcogenides nanosheets
were nonstoichiometric vanadium oxide and lithium vanadates characterized by XRD
and XPS and the decreased chalcetgemetal ratio was observed after exfoliation,
which highly deteriorated their electrocatalytic activity toward HER. Besides, both bulk
and exfdiated vanadium dichalcogenides exhibited inherent oxidation and reduction

behaviors, which can limit theapplications.
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Following, the electrochemistry of crystalline and amorphous TMDs were studied in
Chapter 7. We synthesized crystalline and amorphous: Risd comparatively
investigated their electrochemical properties as electrocatalysts toward HER and OER.
First of all,amorphous and crystalline Rt8splayed a similar reduction peak-&t3 V
ascribing to the reduction of Pt (IV) and a broad oxidation peak relating to the oxidation
of Satom.Besidesamorphou$tS wasmeasuredo havehigherheterogeneouslectron
transfer rate than crystalline Rt$ndicating amorphous materials is more suitable for
sensing applications. Secondly, amorphous; B&ibited superior HER and OER
performance than crystalline B& amorphous materials have higher active sites due to
the porous and nanostructured morphology proved by the electrochemically active
surface area studies. Interestingly, the electrocatalytic activities of both amorphous and
crystalline Ptowas modulated by electrochemical reduction pretreatment, in which the
pretreatment removed the oxidized sulfate and increased the concentrati¢d)of Pt

Lastly, the nanocomposites of Group 5 TMDs with graphene was investigated as the
electrocatalysts toward HER, which was discussedhapter 8. Group 5 TMDs (VS

NbS and Ta9) incorporated with graphene were prepared by thermal exfoliation of
graphene oxide with respective TMD precursors. Characterization by XRD and XPS
revealed thathe resulted composites mainly contained metal oxide and a small amount
of metal sulfide. HER studies revealed that TMD hybrids with graphene showed higher
performance than graphene-2tmA cni?.

11.1.3 Part lll: Novel Fabrication Strategies for Electrochemical Applications
Electrochemical methods such as electrodeposition, bipolar electrochemistry have been
regarded as the easy and feasible approaches to fabricate the active electrocatalysts. In
thispatt (Part Il ), bipolarelectrochemistryvasemployedo exfoliateanddownsizethe

layered materials for electrochemical applications. Nonconductive hexaymoal
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nitride was exfoliated by bipolar electrochemical treatment, as presen@dpter 9.

This research provides a scalable electrochemical method for exfoliation of layered
materials. Then, bipolar electrochemical was applied to downsize thsksiod \W:Bs

and found downsized nanoparticles are more active toward HER as shGWwapiter

10. The nanostructured MBs and W:Bs particles showed lower charge transfer
resistance and excellent catalytic activity than untreategBbMand W:Bstoward HER.

This study offers an easy approach to tune the electrocatalytic activity toward HER and
can be developed to other layered materials.

11.2Epilogue

The demand for the renewable energy has promoted the development of the
electrocatalysts for electrochemical wematsplitting. Lowcost, efficient and earth
abundant layered TMDs, especially Group 6 TMDs with superior electrocatalytic
performance toward HER has been extensively studied. Besides, many strategies has
been applied to improve the catalytic activity. Hwer, several challenges need to be
addressed for the application of the electrochemical energy conversion and storage
system. Firstly, the largecale, coseffective strategies for the preparation of
electrocatalystwith high quality andsuperiorcatalytic performances of importanceor

the widespread practical applications. Furthermore, the stability of the electrocatalysts is
affected by corrosion during the water electrolysis. Therefore, robust electrocatalysts or
durable support need to be develbder the practical applicationsn addition, safe
operation and storage of produced hydrogen gas should also be taken into account.
Efforts should be devoted to study the mass storage of hydrogen gas. Measures and

engineering practices should be takesdtely operate the hydroggas.
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