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Abstract

Cuprous oxide (CiD) nanomaterials provide a versatile platform for building-@ornymatic glucose

sensors. In particular, @0 nanocubes with controllable sizes and distributions can be deposited
electrochemically on a conductive graphene strip as a soft substrate under different conditions, including
overpotential, temperature, copper ion electrolyte concentration, and daputsie. The graphene

substrate provides a promising condition for sensing because of its high conductivity, high specific
surfaceareg anduniquethermal and mechanical properties. A more negative overpotential is found to
produce smaller nanocubes with a large number density, while the deposition temperature could affect the
morphology of nanocubes. The size of the nanocubes increases withing-oegger ion concentration

and deposition time. Using an optimal condition df0 V vs Ag/AgCI, 1 mM [C¢&], and 100 s

deposition time at room temperature, we obtain a-hearogeneous monolayer of £4shell Cucore
nanocubes, ~50 nm in size, on a ¢re&me strip substrate. The Lunanocubes/graphene is used as a
high-performance sensor with a wide detection range of 61002 mM and a high sensitivity appropriate

for salivarange glucose sensing. It is also used to test saliva glucose in the real samf@owith 9

accuracy. This neenzymatic glucose sensor is considerably better in performance than other non
enzymatic sensors, including those based on bare graphene, and graphereospettavith a Cu film,

and conventional enzymatic sensors suchusnge oxidase immobilized on graphene. For the glucose
oxidase/graphene sensor, the addition of the enzyme increases the resistance of the graphene substrate,
which leads to poorer performance. Even with an added Nafion film, the glucose
oxidase/Nafion/gaphene sensor only has a slightly increased detection range. In addition to being an
excellent catalyst, GO nanocubes have a large specific surface area and alaniperof active sites.

These nanomaterial properties, along with the use of adaigtiictivity substrate like graphene, make

the CuO nanocubes/graphene sensor among the best-gatiga glucose sensors reported to date.

Photoelectrochemical hydrogen evolution (HER), a half reaction of water splitting, is crucial to the
low-cost, environmentally friendly production of cleapftiel as part of the solution for transitioning
away from a fossil fuel economy. Electrodeposition of a controllabi&i@ on graphene followed by
thermal oxidation at 26@00°C has been used to produce copper oxide@Cx=1,2) nanowires. The
relative compositions of CuO and LQulayers in CWO-Cu/graphene system form a heterojunction
structure eabling high efficiency for electrehole separation and a fast charge transfer rate, where the
CuO layer with a proper thickness enhances light absorption, improves the charge separation, and serves
as a protective layer for @0 photocorrosion while graphene serves as a flexible high conductive
substrate. A higiperformance dual-Acheme heterojunction photocatalyst to greatly improve charge

carrier separation, increase carrier density, and reduce ekaci®necombination isbtained by



decorating this G@-Cu/graphene system with an efficient@atalyst based on Chased ternary

CuFeOs nanoparticles, obtained by a solvothermal method. The addition ob@Qukanoparticles on the

best optimized C-Cu/graphene is found to nearly double the photocurrentift6% mAcm?to i

4.91 mAcm?, making this dual heterojunction catalyst the best catalyst system for HER reported to date.

Electrodeposition of nickel nanopatrticles, achieved thrqaajbntiostatiamperometryfollowed by
thermalannealingat 208400 °C hasproducechickel oxide nanoparticlesn flexible graphene substrates
Using transmission electron microscopy and dgptfiling X-ray photoelectron spectroscopye show
that the resultindNiOx nanoparticlegxhibit several Ni oxidation states aadoreshellheteratructure,
with ametallicNi crystallinecore and a Ni@rystalline shell with a mixed crystalliraamorphous
NiOOH/Ni(OH). skin. Thecompositionof NIOOH/Ni(OH). redox couple relative to NiO is foundwary
with theannealing temperature and annealing tiBesides, the high conductive graphene substrate
enhares the electron transfarhe NiQ nanoparticlessample obtained with selected annealing
temperaturdime combinationsre usedor lactate detectiorwith the best samplehowing & excellent
linearrangeof0.026 5. 1 mM, a hi gh mMitE? and avimpregsiveolimitoB 0. 0 ¢ A
detectionof 0.00015mM. NiOyx nanoparticle sample is also tested for lactate sensing in an artificial sweat
electrolyte, and it exhibits a reduced linear range of-832 mMand alower limit of detection of
0.000B mM, but the same high sensitivity of 88.0amM* cn2. This sensing performance can be
optimized by controlling th&liOOH + Ni(OH), relative compaosition to NiO, with the sample obtained
with a higher relative conteat alower annealingemperaturdound toprovide more reactive sites for
sweatrangelactatedetection and therefore higher sensitivity.
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b3, white,red, and yellow labels refer to Ni, NiO and NiOOH, respectively..........cccccccvvvvveeeeeene 7
Figure 4.4(a) Cyclic Voltammograms obtained from 0 to +0.7 V vs Ag/AgCl at different scan rates from
0.02 V/s to 0.4 V/s in steps of 0.02 V/s in a solution of 2 mM soditlactate and 0.25 M NaOH, and

(b) the corresponding linear relations of aneuiéak currenttflack) and cathodipeak current (red) vs.
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Figure 4.5a) i-t curve upon sequential addition of aliquots of lactate with increasing concentration (0.02,
0.2, 2 (5times), 6 mM (9 times), 65.1 mM) to the NED0O-30 sensor held at +0.55 V vs Ag/AgCl in

0.25 M NaOH and (b) the corresponding linearity response curvet ¢ayve collected at +0.55V vs
Ag/AgCl illustrating minimal current jumps due to interference upon adding aliquots of 0.1 mM glucose
(Glc), ascorbic acid (AA), uric acid (UA), dopamine (DA), and citric acid (CA) solutions to 0.25 M

NaOH. (d) Linearity response curve upon sequential addition of aliquots of lactate with increasing
concentration (0.02, 0.2, 2 (5 times), 6 mM (9 times), 65.1 naNhé NiQ-200-30 sensor held at +0.55

V vs Ag/AgCl in 1:1 v/v artificial sweat and 0.5 M NaOH. For the linearity resporfsis,rBgression
coefficient, y is the current (in mA) and x is the concentration (in mM), and the units of slope and
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Chapter 1

|l ntroducti on

1.1 Nanostructured Transition Metal Oxides

Nanomaterial@rematerials withat leashanometesscale dimension and represent the crucial
connectiorbetweerindividual atoms andholecules anthe bulk systems. The science and
technology of nanomaterials have ignited tremendous enthusiasm and expectations over the past
few decades because unique mechanical, optical, magnetic, electrical, catiatlytither

properties emerge at tHengthscale. The properties of nanomaterials can be systematically
modulated through precise controlsafchparameters as sizmdshapetheir synthesis conditions
and appropriate functionalizatioBne ofthecommonclassifications for nanomaterials is based on
dimensionalityor the number of dimensions that are not on the nanoscale (but are on the bulk
scale) including zeredimensional fianoclustersyanoparticlesnanocubégs onedimensional
(nanowiresnanorodsnanotubes), twalimensional fanosheets, nanowdllandthree
dimensionamaterialg(powders, filers multilayerfilms).

Transition metal oxide (TMQOJ)epresentsne of the most interestirgategorie®f solids due to
their various structures and properties arising from the distinctive characteristics of the outer d
electrons. This unique electron configuratgwesTMO a broad spectrum of electrical behavior,
ranging from metallic conductivity at one end of the range to high level of insuédttbe othet.
TMO is also considered as one of the most promising functional materials because of its low cost,
unique electrical, magnetic, and optical properties. Most TMOs are semiconductors with a fairly
wide range of bandgap enertipat enables the transmittance of light up to the-witvket region
The optical bandgap of TMO can be adjusted through controlling the thickness and particle size,
while the electronic properties of TMO are highly sensitive to defects leading to a degradation of
work function and instability. Therefore, TMO nanostructures are more attractive thanghdke
structures because of their high specific surface areas, and the availability of a great number of
active sites. To introduce defects in nanostructured TMO, many methods have been developed
such as heteroatom doping, solution treatment, annealing treatment, template synthesis, and plasma
etching? As a result, nanostructured TMOs are considered excellent material candidaties used
numerousapplicationsincludinglithium-ion batterie$,supercapacitorsgas sensorshiosensor$,
solar cells$’, photocatalyst$? enhances of thermal conductivity of nanofluitt, nanoenergetic

materialst? superhydrophobic surfac&sand removal of organic pollutants from wastew&tén



the present work, we will focus on copper oxide, nickel oxide and copper ferrite nanomaterials as

electrocatalysts or photocatalysts that can be produced by simple fabrication processes.

1.1.1 Copper Oxide Nanomaterials

Copper oxides haveng enjoyedextensive applicati@acrosanultiple disciplinesowing totheir

low costand unique propertieparticularlytheir inherent conductivityThree ptype

semiconductors of copper oxides are commonly identified by their binary pbapsgs:oxide

(CuO), cuprous oxide (C#D) and paramelaconite (@Ds).2> Among these, CuO is the most stable
phase. On the other hand,sCulis an intermediate copper oxide compound, which is difficult to
synthesize because of stabilization issues between mixed valehaaddDd"* ions, and is

therefore not considered in the present wé&uO hasa direct bandgap of 1:2.7 eV}’ CuO

typically displays a distinctive monoclinic crystal structurewhich Cd* is bonded in a square
coplanar geometry to four equivalent @toms It is well-known that the properties of CuO
nanostructures such as optical, electrical, antimicrobial, magnetic, and catalytic properties are size
and shape&ependent®?° CuO nanostructures can be synthesized using a variety of methodologies,
yielding diverse shapes and dimensions. As illustrated in Figure 1.1jnbkgenanoparticles
andlow-dimensionaktructures such as nanowifésanorods? nanotube$ nanocubeg? and
nanoflkes,” as well ananowhiskers. A variety of fabrication technigues for CuO nanostructures,
including solutiorbased methods such as hydrothermal syntfesisprecipitation?® and

electralepositior’® and solidstate methosisuch as magnetron sputteriaig availablé’
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Figure 1.1 Morphologies of various CuO nanostructufa$ nanowire$, (b) nanorods,(c)
nanotubeg,(d) nanoflake$,(e) nanowhiskers, and (f) nanocubég

CwO has dargerdirect bandgap of 2-2.4 e\?®than CuOCwO features a cubic crystal
structure, with copper and oxygen atoms occupying distinct yet interrelated positions. Within this
structure, copper atoms reside in a faeatered cubic sublattice, while oxygen atoms are situated
in a bodycentered cubic sulttice.?® C,,O has attracted a lot of attention due to its electrical,
catalytic, and optical properties. In particular, the fateggendent properties of &dhave been
widely studied. C¢O nanomaterials can be fabricated by using nsgmghesis methodscluding
wet chemstry (hydrothermal synthesi®solvothermal synthes solgel methoéf and
electrodepositioff), magnetron sputteriijand irradiation techniqu&enabing the fabrication of
nanowires’® nanotubes? nanocrystalg® nanocube$’ cuboctahedrd and thin film$'. Among
these synthesis methods, the \sleémistry approach is the most popular for manipulating the

exposed facets of @D because of its exceptional flexibility in adjusting the nucleation and growth

" Reproduced with permission frordhu, Y. W, Sow, C. H. Nanotechnology2005 16, 88-92. Copyright
2005 by Institute of Physid3ublishing.

AZheng, Z, Zhou, W. L.,RSC Adv2023 13, 34873493. Copyright 2023 by Royal Society of Chemistry.
¥Lan, W, Xie, E. Q.,Chem. EngJ.2019 374, 191-188. Copyright 2019 by Science Direct.

§Bai, H. N, Zheng, Y. D.Sens. Actuators B Che@2021, 337, 129783. Copyright 2021 by Science Direct.
” Mukherjee, N, Mondal, A.,Mater. Lett.2011, 65, 32483250. Copyright 2011 by Science Direct.
AfZhao, J.Wang, B.,CrystEngComm2021, 23, 6107. Copyright 2021 by Royal Society@iemistry.



rates along distinct orientationBheoretically, the GibbsVulff law determins the equilibrium
shapeof a crystal with high-energy facets typically diminishing under equilibriéhin practice,
thefinal shapeof the crystabnd its exposed facedse determined bthe dynamic balance between
thermodynamic forces and kinetic processsdeed,our group has demonstrated cubic,
cuboctahedral, and octahedral-CwO coreshell nanoparticles with different average siaed
number densiésdeposited on Si substrate by controlling the electrolyte concentration and
deposition time through electrodepositiéiBy changingheelectrolyte concentration, the growth
rates in the [11] and [10Q] directionsthat produce the (111) and (100) faaets be controlled
leading to shapehange from cubt® truncated cud, cuboctahedron, and finally truncated
octahedron as shown in Figure £22Vith the wide variety of nanostructures, botipous oxide
and cupric oxidare found to be important &and indeed widely used in multipd@plications, both

individually and in combination.

Truncated Truncated

Cubic Cuboctahedral Octahedral
6x(100), 8x(111)

Cubic [100]=[111] [1001>[111]  octahedral

6x(100) 8x(111)
[100]=[111]
\
[100]<[111] [100]>[111]
N £

Nucleation on Si(100)

Figure 1.2 Schematic diagram of the shape evolution of Cu nanopatrticles at different relative
growth rates along the [100] and [111] directi®#s.

¥ JReproduced with permission fromRadi, A, Leung, K. T.,ACS Nano201Q 4, 15531560. Copyright
2010 by the American Chemical Society.



1.1.2 Nickel Oxide Nanomaterials

Nickel oxide (NiO) is an intrinsic{ype semiconductor with a wide band g#f3.6-4.0 eV.** NiO
nanomaterials hawattractedncreasing attention due tmt onlytheir costeffectiveness and ease

of synthesis and isolation, natural abundance and environmental friendbineslkso their
ferromagnetic properties, high chemical stability, and unique electrical and optical properties. NiO
has awide variety of nanostructures, including nanoflowers, nanospheres, nanorods, nanosheets,
nanohexagons and nanopyranfitiBabricationof NiO nanomaterials lsbeenextensively
investigated, and includevetchemistry methods such hgdrothermakynthesis?

electrochemical synthesiésolgel procesé® microwaveassisted methgtt chemical bath

depositio® andchemical precipitatioft and dry synthesis methods suchteymal

decompositiort? magnetrorsputtering®® andelectrospinningf. In addition, green synthesis
methodf NiO nanomaterialthat are based gulant extract$? dead biomas® and bacterid are

available

One notablelrawback of NiO semiconductor is ltsv electrical conductivitghatis
insufficientto support fast electron transport during reactibis. possible to increase the
conductivity of NiO by annealing in air or doping witbncovalent atoms toéreas the
concentration of Ni vacanciesind thugeduce the resistivity of Ni€? Annealing in air is a
simple and effective strategy to obtain the nickel hydroxide (NigiDhi)d nickel oxyhydroxide
(NiIOOH) redox couple (collectively termed Niofferingthe potential for rapid electron transport
andultimately leading to enhanced electrochemical performz¥i@edeet al. have illustrated
through Xray diffraction analysisthatNiQ s composed of -Ni(@OH)y - thai n
Ni(OH)2, -NG OOH, -Ni®@QHIf*®*As i s shown by the Botheddé d
NiOOH phasealevelops during the initial charge, followed $NiOOH phaseunder the
overcharging conditiond he differerce between the two phases is attributed to the distinct
oxidation states of Ni and the intercalated species involkere the number and positiohthe
hydrogen atoms (protons) both structures remain undefindlOOH can be used as reaction
sites due to the presence of activ®OH intermediatgfor electrocatalytic oxidation of
electrocatalytic alcohpaldehydeandwater®? solar cell applicatiof® oxygen evolution reactioft,

and biosensof%

phas

i agr



age ,[ Ni(OH), + OH > NiOOH + H,0 + e l overcharge
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CHO > ——
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28A {

a-Ni(OH), y-NIOOH

Figure 1.3 Bode scheme for Ni(ORHNiIOOH redox transformatiof?.

1.1.3 CuFe,O4 Nanomaterials

Spinel is aernarytransition metal oxidevith the general formula A4, where A is a divalent
cation (M) and B is a trivalent cation (). A and B atoms can be group 2, group 13, and first
row transition metalsTwo crystallographic sites: octahedral and tetrahedral esiesin this
structure®® Among these ABD, spinel nanomaterials, spinel ferrite is one of the most promising
soft magnetic materials with high saturation magnetization and coercwityelbasgood thermal

and electrical properti€d

Copper ferrite, CuR©,, is a ferrimagnetic material with a spinel structlirés a
semiconductor with a narrow direct bandgap{lL5eV)% The exceptional mechanical strength,
high thermal stabilityputstanding electrical conductivihave made copper ferrigaexcellent
candidate fouse incatalysis and energy storage devices. @Dkean crystallize either ia face
centered cubic phase or bedgnteredetragonal phasas shown in Figure 1dased on the
synthesis conditions according to the Jalefier effect®® It can be synthesized by sokithte
reaction’® co-precipitation’! and solutiorbased reactions such as those used gelainethod?

hydrothermabkynthesis? and solvothermal synthe&isDuring the last five year§uFeQO, has

88 Reproduced with permission fromdlaus, S, Bell A. T.,J. Phy. Chem. 015 119, 72437254.
Copyright 2015 by the American Chemical Society.



been reported to contribute to the fabrication of dust@eme heterojunction photocatalyst with
two other kinds of semiconductor to enhance the photocatalytic activity through efficient electron
hole separation.

Figure 1.4 Crystal structure of (a) faegentered cubic phase and (b) bamintered tetragonal
CuFeOs.™

1.2 Substrate Selection

Since themainapplication in this worlks focused orcatalyss in electrochemistry, appropriate
choiceof the substrate (used e electrode) is criticdy important The commonly used substrates
for electrodepositioare glassy carbon electrof@@CE), gold electrodeindiumtin oxide (ITO) or
fluorinetin oxide (FTO), and silicon wafer. Different substrates have different properties. For
instance GCE iscarbonbased electrode thetwidely used in electrochemical studies. GCE
exhibits excellent chemical stability and resistance to corrosion, low background current, wide
potential window, and reprodudliby, but GCE isalsofragile and has limited conductivity. Other
than GCE, gold electrodes are also widely used because of their chemical stability, low background
current, easy surface modification, and high electrical conductivity, but gold electrodes are
expensivandrelatively soft and malleable, which matkemmore prone to physical damaged
scratching. Furthermore, both GCE and gold electrodes must be pdiishaddevery time after

use, which makes them cumbersdiorereuse It is thereforebeneficialto find disposable loveost

™ Reproduced with permission froi@an, G. Q.Zhang, W. J.ACS Appl. Mater. Inte2023, 15, 663t
6638. Copyright 2P3 by the American Chemical Society.



alternative electrodes. Another class of widely used electrodes in electrochemistry is ITO and FTO.
ITO has high transparency, low electrical resistivity, and compatibility with lithography and
patterning processésbutits high cost, limited supply, brittleness and environmental impact limit

the application of ITO. Compared with ITO, FTO has kighansparency, lower cqostetter

stability, andhigher electrical resistivity, but it is not compatible with certain materials and more
challengingfor materialdepositon. Both ITO and FTO cannot cover all tbemmon substrate
requirements. Silicon wafer has also been used as electrode because it has high electrical
conductivity with appropriate doping aescellent potential folarge scale production and is

easily integrated with other semiconductor components. However, silicorsysafeln aghegold
electrode and ITCareexpensive. Apart from these common electrodes, some novel electrodes
have also been developed based on the achievements of nanotechnology. As flexible electrodes are
required for some applicatiossich adithium-ion batteriesflexible energy st@ge systems, and

flexible supercapacitor$,carbonbased films such as carbon nanogiband grapherféare used

as conductive substrates, while conventional p&dextile 2° polymer®! and plastic film# are

used as nogonductive substrates.

Among the novel flexible substrates, graphene, discovered in®2ba4d attracted lot of
interest in many aread fundamental research atethnologicabpplications. Graphene is a two
dimensional material consisting of a single layer of carbon atoms arranged in a hexagonal lattice.
Graphenavas initially dissolved in suspension to work as 2D nanomaterials. Later, some
researcherstarted to use graphene as substrates for immobilizing and enhancing the activity of
other catalyst&! Work has also been done to make graphene paper that is mechanically strong,
highly electrically conductive, and biocompatible. Graphene sheets are stacked layer by layer
through both intralayer and interlayer crosslinks that lead to highly ordered strieiidsthe
development of manufacturing technoldgy graphene, graphene papeisbecome a readily

available commercial produdimilar tolTO and silicon wafer.
1.3 Experimental Details

1.3.1 Electrochemical Synthesis and Characterization

In the presenwvork, a threeelectrode electrochemical cell connectedricelectrochemical
workstation(CH Instruments 660has been used for all the electrochemistry experinfEigare
1.5a).Thethree electrodesonsist ottheworking electrodean Ag/AgCl electroddilled with a1
M KCI solutionusedasthereference electrode, aagblatinum wireasthe counter electrode. Eh

working electrode is typically conductive substrate such agaphenehip usedfor



electrodeposition of nanomaterialdhe aqueous solution used the electrochemical reaction

consists ofprimary electrolyte andvhere appropriate supporting electrolyt® controlthe pH.

To depositnananaterialson a graphene substrapstentiostatic amperometity an aqueous
solutionis used in the present woik potentiostatic mperometrythe currentis measureds a
function oftime at a constant applied potenff@aWhen an electric potential is applied to the
substrat€served as the workinglectrodg, electrons are drawn from tkarface of the working
electrode, resulting in the reduction of the metal ions in the solution to form a metallic coating on
the electrode surfac&he electrolyte solutiotypically contains metal ionthatare positively
chargedIn addition to the electrolyte concentration, other experimental parameters such as
deposition time, ovepotential, and pH could also influence the electrodeposits. The details of
these experimental conditions afeem in the experimental parts of Chapte4. 2n the present
work, we also useyclic voltammetry to study the redox behavior of chemical compounds and the
electrochemical properties of materi#f’ It involves measuring the resulting currener a range
of applied potentials on the working electrode in a cyclic fashibe potential is typically varied
linearly with time, first irtreasing from an initial potential to a final poten{farward scan) and
thendecreasing from the final potential back to the initial pote(ralerse scan), forming a cyclic
sweep Cyclic voltammogram can be used to provide information on the catalytic properties of
nickel oxides in the presence of lactate by altering the various scan rates. The details about these
specific experiments are given in Chapter 4.

Electrochemicaimpedancepectroscopy (EIS) is a powerful technique ukedhe analysis of
interfacial electrode reactions and the electrical properties of electrodeposited nféterials.
According to Ohmés | aw, the resistance R of an
voltage, and | is the current. However, in practical scenarios, the impedance is used to measure the
resistance to electrical flow in more complex systempically, the calculation of electrochemical
impedance involves the current passing through the cell when an AC potential is applied at
di fferent frequencies. The most common approact
simplified equivalent circtiimodef® to infer a number of important parameters, including the
solution resistance ¢r doublelayer capacitance (J, charge transfer resistancegRand the
Warburg impedance element\¥ In the present work, the details of the EIS experiment are given

in Chapter 3.

In materials science, thermaireealing isoftenused asn importanfpostsynthesis treatment
thatcansignificantly impact not only the nature of the product but #i&mechanical, thermal,

and electrical properties the product, whichanmakethe producmoresuitable for a targeted



application This procedureften involvesheating a materiat a hightemperature, maintaining it
at that temperature for a specified duration, and subsequently cibodiradlow for grain growth
More importantly, a lower yet sufficiently high annealing temperatanénciuce surface oxidation
of the material. Anealing caralsobe conducted in vasusambientenvironmentgat different
partial pressure of gases of inter@stachieve specifiproducts opropertiesA tubefurnace
connectedo atemperature controller and a gas flow systesad to anneal samplie oxygen or
dry airis shown in Figurel.5h In the present work, the annealing prodes=sarried outinder
various gas flow conditiorat selectedemperaturgafter electrodepositioas discussed in
Chapters 31.

Potentiostat

v

Gas
Injector

Temperature
Controller

Figure 1.5 (a) Photograph of an electrochemical workstation (CHI 660E) and a standard three

electrode electrochemical cell setup. The graphene substrate is used as the working electrode (WE),

10



a Pt wire is used as the counter electrode (CE), and an Ag/AgCl is used as the reference electrode
(RE). (b) A tube furnace connected to a gas flow system and a coropaoteslled temperature

controller.

The photocatalytiproperties of copper oxides and CeBenanoparticles are studied bgear
sweepvoltammetry (LSV) in the threelectrode electrochemical cell connected to the CHI 660E
electrochemical station (discussed above) under simulated sunlight illumination. The illumination
system is a 300 W solar simulator that includes a 300 W Xenon lamp{xe®riel Instruments,

Model 68811) coupled with an AM 1.5 G filtexlong with its power supplghownin Figure 1.6.

A power meter (Molectron, EPM 100e) is used to caléthe light intensity to 1 sun (100

mWTn?). A typical photoelectrochemical water splitting reaction setup in a quartz beaker
(enlargednset) is shown in Figure 1.6. LSV is a simple technique, in which the current at the
working electrode is measured while the potential between the working electrode and the reference
electrode is linearly varied over time. LSV has been widely tsatvestigate the

photoelectrochemical water splitting reacteomdmeasure the photocurrent of hydrogen evolution.

11



Oriel 68811 Lamp :
Power Supply

Figure 1.6 Photographs of a 300 W solar simulator (Newqtariel Instruments, Model 68811)

used to provide the AM 1.5 G solar light witkSlin intensityalong with its power supply, arah
electrochemical workstation (CHI 660E), aauil enlarged inset af threeelectrode electrochemical

cell in a typical photoelectrochemical water splitting reaction setup in a quartz beaker. The
graphene substrate with the nanostructured materials is used as the working electrode, a Pt wire is
used as the counter electepdind a Ag/AgCl is used as the reference electrode.

1.3.2 Solvothermal Method

The olvothermalmethod refers toeactions or processased for synthesis of nanomaterialain
solvent contained in a specially sealed reaction vessel under elevated temperature (usually 100
1000°C) and pressure {10,000 atm¥? In solvothermaprocesseghe nonagueousolvent

contains the reagenfgr materialsynthesisElevatedemperature and presswaee used tamplify

the reactivies of boththe solventand the solutesiften accelerating theeactions anénablingthe

formation of new compoundS.ol vot her mal synt hepotsdO smetvlesd atso a
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producenovel materials such as tlriFeO. spinel nanoparticles discussed in Chaptéad to

promote crystal growt? relying on the ability of reactants dissolve irthe solventThe solution

(and its ingredients) is put inside a Teflon reaction cell placed in a stastéetdighpressure

reaction vessel, known as the autoclave (Figure 1.7b). The sealed autoclave is then placed inside an
oven. In the present work@naqueous solutiofethylene glycolrontainng the reactants such

ascopper iron salts, sodium acetate and poinylpyrrolidone isstirred vigoroushbeforebeing

transferred intahe Teflon reaction celinsidetheautoclave Theautoclave is then heatéda

muffle furnace (Figure 1.7a) in a controlled manner following a heating and cooling program over

a period Once the heat treatment is completed amedatiitoclave is allowed to codhe precipitates

are collected andrashedwith deionizedHPLC gade ethanol and isopropanol and suspended in

ethanol

Figure 1.7 Photographs of (a) a Thermolyne muffle furnace and (b) a typical solvothermal setup of
Teflon reaction vessel and the stainiet=el autoclave.

1.4 Characterization

1.4.1 Scanning Electron Microscopy, Helium lon Microscopy and Transmission

Electron Microscopy

Scanningglectronmicroscopy (SEM)is used toobtainimportant information about the material

surface, including topography, morphology, grain composition and orientation, and other
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crystallographic informatioff. Shown in Figure Ba,the Zeiss Merlin microscope is equipped
with a Gemini el ectron optics column with a ¢
electron source, which provides stafethe-art performance at an extremely low acceleration

voltage (down to 100 V) ahat normal acceleration voltage 20 kV (with an ultrahigh spatial
resolution of 0.8 nm). The microscope is equipped with a number of detector systems for
comprehensive analysis of diverse sample types, a charge compensation system, and a plasma
sample cleaer. The iAlens andsecondary electron SE2 EverhartThornley detectors for low

energy scondary electrons (with kinetic energy < 50 ex§used toobtain fine topographical

imagesof the specimestructure These two detectors contain unique surface information because
the inlens detector is located inside of the electron column for detestandary electron 1

(SEJ electrons while the SE2 detector is appropriately positioned outside the column for collecting
secondary electrorsg2 electrons. The energfiltered backscattered (EsB) detector is used to
capture inelastically backscattdrelectrons (with high kinetic energy > 50 eV), which provide
information about the electronic excited states and contrast identification based on inelastic
electron energy loss transitions. The arggtected backscattered (AsB) detector is used to tollec
backscattered electrons emitted at low and high angles to enhance topographical contrast. The
Merlin microscope is also equipped with an energy dispersikay>spectroscopy (EDS) system
(EDAX Octane, Ametek, Inc.), which provides elemental compositi@mtification by detecting

X-ray emission at elemespecific characteristic photon energies from the sample excited by the
high-energy incident electron beam of the SEM.

Heliumion microscopy(HIM) is based on the same principtiea traditionalcharged particle
beam microscopsuch aghe SEM, and has similar applicationsstead of a high energy electron
beam in the SEM, HIM employs a high energy helium ion beam, which provides a different image
contrast mechanism and interaction with the san#pléeiss Orion Plus HIM, shown in Figure
1.8b, can achieve an ultrahigh resolution of 0.35 nm because of the considerably shorter de Broglie
wavelength of the helium ions thareelrons at the same kinetic energy (30 kVpas field
ionization ionsourceconsists of finely sharpenedinglecrystal tungsten trimer tipmaintained at
a highbias(25 kV) and low temperature (approximately 80t&kffect field ionizatiorof the
helium gasPrecise control athe helium pressure ne#lne asformed trimertip allows for easy
management of thiatensityof theHe" ions generated from the apex atqnsner) of the
ionization disc. TheskEe" ions can be subsequently accelerated and focused, with collimation
adjustment achievable throughapertureand the use of appropridtecusandextraction voltages.
Theresulting ion bearprovides high brightnessX40°A/cm’s r ) and a small ener g:

~3x10°), allowing the beam to be focused into a preizeas small as 0.25 nfiIn addition to
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high-resolution imaging with not only superior spatial resolution but also significantly larger depth
of focus (than SEM, due to the strong forward scattering of the considerably he&vien Hean

the electron), HIM can also be used to selectively remove material from a surface by sputtering
with the helium ions. Despite the notably slower sputtering rate, HIM can be used for shaping,
machining and patterning materials on the nanoscaleidimg, for example, performing circuit

edit of a nanodevic¥.In Chapter 2, HIM is used to remove the material from and carve into a

CwO nanocube to expose its cefeell structure.

Figure 1.8 Photographs of (a) a Zeiss Merlin fiedthission scanning electron microscope,
equipped with iAdens and SE®etectors, an energgelective (EsB) and an angdelective (AsB)
backscattered detectors, and an eneliggersive Xray spectroscopy (EDS) system, and (b) a

Zeiss Orion Plus helium ion microscope.

Transmission electron microscopy (TEM)one of the most powerful tools forystal structure
investigation, phase determination, and surface plane identification of an individual structure on the

atomic scaleln the present work, Aeiss Libra 200MC microscopeshown in Figurel.9, is used
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to collect highresolution TEM images and selected area electron diffraction (SAED) information
of individual CuFeO, (Chapter 3) and nickel oxide nanopatrticles (Chaptefl#p Libra system is
equi pped with Zeissd6 proprietary electron gun r
and doublecorrected ircolumn omega energy filter technology. This TEM is also equipped with a
high-angle annular dark field (HAADF) detectand an energy dispersive spectroscopy (EDS)
systemThe electrostatic omeggpeimaging elemenin theMC employs symmetric hexapole
fields tocancelsecondorder aberrationghusminimizing brightness loss and ensuring a-non
dispersive source image at the MC exit. This desitables the operator to reduce the energy
width of the primary electron to less than 0.2 eV angréserve the original spot sjzmaking it

ideal for MGSTEM (Scanning TEM@andelectron energy losspectroscopyin TEM mode a
high-energy electron beaoperatedat 200 kVis transmitted through thin specimenyith a

typical thicknesdess than 100 nnin themid columnregion, the electron beaimteractswith the
specimen, and the transmitted electrons are collected and precisely focubeddbsequent

image magnificationUpon carefuinterpreation theseatomic resolvedimagescan be used to
identify crystal structuresleterminetheir growthorientations, quantify crystal properties, and
investigae defects or textures ithe specimerOne commoranalysis approackvaluatesvhether
themeasured SAEMiffractogram (or a simulated diffractogram obtained from fast Fourier
transform (FFT) of a highesolution TEM imagegxhibits a ring or spot diffraction pattern

alowing thecrystal orientatiorof the sampléo be determineéf. Sample handling and preparation
for TEM measurement require extreme care. The sample itself must meet certain basic
requirements, including uniform thinness, generadlingconducting and not strongly magnetic,
while a stable electron beam must be maintained and free from noise pickup and temperature

fluctuation in the ambient laboratory environment.
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Figure 1.9 Photograph of a Zeiss Libra 200MC transmission electron microsgegrating at 200
kV.

1.4.2 X-ray Diffraction

X-ray diffraction (XRD) is a technique uséat identification and characterization thie
crystallinestructure of materials at the atomic level. It involves shinmy-aay beamonto a
sample and analyzing the pattern ofays that are scattered or diffracted by the atoms in the

materiall n t he present work, a PANalytical Xo6Pert P
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1.10, isusedto determine the crystalline structure. A Cu anode upondngigy electrommpact
excitation isused togenerdfeu K & r a d i aA nunober of(advanbed optick and
diffraction geometries, along with a higinecision 4circle goniometer, are available for this
system. Dugo theoftensmall quantityof nanomaterialsleposited on a substrate and the
nanometeftengthscale of the crystallites, the signals emanating from these nanostructured
materials areisuallyquiteweak and overwhelnaebythe strong signal from the substraie
concentrate on the signal coming from the nanomaterialscigg incidence Xay diffraction
(GIXRD) is employed to investigate the crystal structure ofiggositechanostructuredn the
GIXRD techniguethe incident Xray beamiskepta very shal | owwhiatkei dence
X-ray detector is@nnedovert h e  2ldr raage © collect the diffracted beamhis specific
incidence angle is chosen to generate an evanescenthaalias a limited pegtration depth
(typically less than 100 nnandit predominantly travels along the surfarfeéhe sampleThe
shallow interactiorof this wavewith the material surfacandthe nanostructuredepositamplifies
the signals from the near surface region and not the $ikr this purpose, we employ a parallel
beam geometry with an-Kay mirror on the incident beam optics side and a pataléé
collimator on the diffracted beam optics sidlbis setup enables GIXRD measuremédatsnost of
the sample the present worlvith an incidence anglas small a.6°.
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Figure .10Ph ot ogr ap h of P an al-raytdiffraccometeX(&RDY, whichiBseo MRD
up in the parallel beam optical geometry, employingcirlé goniometer used to automatically the
shape and symmetry of the unit cell of a crystal, amay<mirror as the icident beam optics and a

parallel plate collimator as the diffracted beam optics.

1.4.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is employed to examine the elemental composition,
empirical formula, chemical and electronic staiEthe nanomaterials. This analytical technique is
performedn two separaténstruments: the TherradG Scientific ES@Lab 250 Microprobe

shown in Figure 11a and the@ecently installedhermo Scientific Nexsa G2 surface analysis

system shown in Figurelilb. Both the ES&Lab 250 Microprobe and tiéexsaG2 system are

equipped with a monochromatic Alkource andre capable dd typical energy resolution of 0.5

eV full width at half maximum A focusedX-ray beanis directed onto the sample, inducing the
emission of photoelectronghe kinetic energy (B of these photoelectromsdeterminedy

employinga hemispherical energy analyz&he corresponding binding energyg)fof the sample

is calculated byisingthe Einstein equatios = h@&+ G), where h3 is the
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thexray (i . e. 1486.6 eV for Al KU in the ESCALab

constant, 3 is the light frequency, and G is tth
XPSprovideschemicalstate analysis witexceptional surface sensitivitgueprimarily to the

limited inelastic mean free path tife photoelectrongwithin theselectedinetic energy range

(typically <10 nm). Thisurfacesensitivity allows focomprehensivexamination of individual

chemical statesf the surface regiothrough the identification of characteristic photopeaks at

specific binding energies. Comparing these binding gngogitionsto established reference

standards provides invaluable insights ifite kocal chemical environments, commoniginifested

ascoreshellchemical shifts. Moreover, the energies and intensities of these photopeaks offer the

meango quantify all surface elements present in the material, except for hydBgesng an

argon ion sourcéo sputterthe specimetayerby-layerduringthe XPS measurementse can

obtaindepth profies that depict the changes in the chemical states as functions of sputtering depth

thusenabing us tofollow the chemicaktate compositionhange irthe nearsurface regiomwf the

material These depth profiles are particularly useful in determining compositional changes during

material growth, e.g., in a ceshell nanocube.
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Figure 1.11 Photograph of (a) a Therm\éG Scientific ESCALab 250 Microprobe and (b) a
Thermo Scientific Nexsa G2 surface analysis system.
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1.5 Applications of Transition Metal Oxides

As manyTMO nanomaterials possess unique semiconducting properties, theydeavased in in
a wide range oépplicationdncludingsupercapacitor® lithium-ion batteries?® electrocatalyst§®
101 and photocatalyst¥. Among thesapplications TMO nanomaterials haatracteda lot of
attentionas highperformanceslectrocatalyts and photocatalyst$her unique electronic
structuressurface propertieand multiple redox couples facilitate efficient catalytic reactions
promote redoyrocessesandgreatly increaselectrocatalytic performancéadditionally, TMO
photocatalystalsoplay an essentialole in harnessing solar energy for chemical transformation
e.g.from water to hydrogemheir semiconducting propertieslow them to absorb light and
generate charge carrieisitiating photcelectrahemical reactiondndeed, these distinctive
propertieamake themexcellentcandidates for various electrochemioaphdoelectrochemical

processes used in biosensdtand photoelectrochemical watgplitting reaction™.

1.5.1 Glucose Sensing

As acrucialmetric for monitoring diabels glucosehas been the focus of biomedical research for
decadesA tremendousmount ofwork has beemindertaken using TMO nanomateriéds both
enzymatic and negnzymatic glucose sensimgmong the popular approaches to glucose sensing,
electrochemicaglucose sensing straightforwarddirect andn reattime, offers rapid response
andhigh specificity affordability and user friendlines€®ver the past decades, various
electrochemical sensing technologies haeen devalpedto monitor glucose levels in diabetics,
but most of them are invasivim contrastnor-invasivesaliva glucose analyspgesentseveral
advantagesver traditional blood glucose testirigallows for the easy collection afamples and
alleviates stresgor the patient wharequiresfrequent testing throughout the d&urrently; this is

has led to aignificantincreasen research and developmdatusing omorinvasive glucose
sensorspecifically designed fasaliva analysis. These innovatidnsludeenzymatic solutions

such an-chip electrochemical devicé®,color pH indicator paper strig€ and glucosesensing
electrodes integrated into mouth guards with wireless measurement capabibitiesell as non
enzymatic electrochemical glucose sen$6t¥. Among these noenzymatic electrochemical
glucose sensors, porous CuO electrodes have been fabricated using ZnO nanorods as a template
and theyhave beeifiound to providehigh sensitivity, stability, andelectivity for saliva glucos®&®

The enhancement gfucose sensing relies on the redox activation of electrode materials in
electrocatalytic processasghich greatly influences the sensitivity of electrochemical glucose
detection. During the reaction between copper oxide and glucose, multiple redox taxijilate

reactiors due tothe multiple oxidatiorstatesof copper. The finaleactionstepinvolvesCuOOH,in
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which T OOH offersthe crucialreaction site for glucose oxidatidH In the present work (Chapter

2), we fabricate GIO nanocubes for use as electrodes for saliva glucose sensing.

1.5.2 Lactate Sensing

Lactate(CsHeO3) concentration is considered a key parametaréas such deod safety and

guality control, cell culture monitoring, athlete performance, and medical diagnostics, as shown in
Figure 112. Specifically, bctate concentratiorepresents a primaryetrics for monitoring tissue
oxidation in clinical diagnostics, assessing patient health, studying diseaspsy\adihg

continuous surveillance in surgery, spa@ésformanceand shock/trauma treatmektany
techniques for lactate detection have been reported andimghigh-performance liquid
chromatographyliguid chromatographynass spectrometrgpectrophotomejt colorimetry, and
fluorometry 1115 However, many of these analytical techniques are expetisheeconsuming,

and require sample pteeatment, making them generaihcompatible with irsitu analysis.
Electrochemical enzymatic and nenzymatic lactate sensing offer a more straightforward and
direct alternative. Nonethelethe majority remainzymebased sensothatsuffer from
disadvantages such as high cost, short lifetime, and poor stalidityenzymatic biosensotsased

on nanomaterialbavethereforebeendeveloped with the goalf resolving this problemTMO
nanomaterialsincluding NiO,CuO,and CaQOs,'**® have been studied as potential candidates for
lactate sensing due to their electrochemical catalytic properties, high sensitivity, environmental
friendliness, and low cost. In particular, N&d Ni(OH) have been widely used as catalysts for
norrenzymatic lactate sensilgie totheir participation ira hopping mechanism via electron
transfer between Riiand N7*.6311%120|n the presentvork (Chapter 4)we fabricate Ni@
nanoparticles by electrodeposition on graphene followed by thermal oxidatidecidannealing
temperaturesverdifferentamounts of timeand compare their performance for lactate detection
based on the concentrationfOOH/Ni(OH). redox couple
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Figure 1.12 L-lactate applications in food processing, biological, and medical séétbrs.

1.5.3 Photoelectrochemical Water Splitting

With theever increasingonsumption of fossil fuels aride associated negative impactghobal
climate changehydrogen hasattracted globahttention asmidealclean energy sourcémong all
the chemical fuels, hydrogen {tstands out with its superior gravimetric energy density (142
MJ/kg, upper heating value), making it the ultimate clean energy carrier that offers substantial
environmental benefits by eliminating carbon emissidre photoelectrochemicaiethod is a
viable approacior the hydrogen evolign reaction (HERJacilitating solarto-hydrogen
conversionFujishima and Hond#rst utilized TiO- as catalyst for thphotoelectrochemical water
splitting reaction, whicthas significarly advancedsolar energy conversion reseatéhThis work
has since inspireccEntiststo pursueawide spectrunof photocatalysts turther the development
of solar energy conversigachnologies

The overall water splitting reaction is an energetically uphill process that includes both a
hydrogen evolution reaction (HER) and an oxygen evolution reaction (OER), leading to a positive

shift in the Gibbs free energy. Specifically, the free energy @forgconverting a water molecule

AAReproduced with permission fromRattu, G, Krishna, P. M.Environ. Chem. Let2021, 19, 11351152.
Copyright 2@1 by Sprirger.
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to H;ande O2i s °gi37.3 kd/mol. According to the Nernst equation that relates the Gibbs free
energy and electrochemical reduction potentia 1 =2FE, where z is the number of electrons
transferred, F is the Faraday constant, and E is the standard reduction potential. For the water
splitting reaction, E = 1.23 V per electron transferfeamt. a semiconductor to facilitate this reaction
using light, it needs to absorb photons with energies greater than 1.23 eV, corresponding to
wavelengths of approximately 1000 nm oriséo This absorbed energy is then converted into
hydrogen and oxygen gasé@® facilitate solar water splittingthe bandgamf the semiconductor
shouldbe wide enough to cover the required energy and the dxdgel energies of the conduction
and valence bands should straddle the electrochemical potentials f@rbiets) and (Q/H-0),

which are GV and 1.23V vs. thestandarchydrogen electrode, respectively, at a pH &%0.

H,0 +2(h*) —>% 0, +2H*  (HER)
2H* + 2e- —» H, (OER)

H,0 —>% 0, +H, AG = +237.2 kJ/mol

»
>

& :
N

= ECb 2 of LI+
() — — =-qE°(H*H,)
>
g Eg hv 1.23 eV
[ =}
w o,

| " .gE°(0,/H,0)

()

Evb
v h1

>

semiconductor liquid

Figure 1.13 The overall water splitting includes oxygen evolution reaction (OER) and hydrogen
evolution reaction (HER) under aadnditions. An ideal semiconductor material enables this
process under illumination, where the energy dynamics are illustareted on a vertidgl amxd (

(+) showing the conduction band edge,(&nd valence band edge{Eand the electrochemical
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potentials given bygE®, representing the reduction potentials for both/ild) and (Q/H.0) redox
couples’ VY

It is well established that the efficiency of water splittgrgatly dependsn theactivity of the
photocatalystTo increase efficiencyheprimary strategys toimprovethe lightabsoption
properties of photocatalyssspeciallyin the visible lightregion This effort hasnot only
broadened the horizaf photocatalysishut also led to new innovationsthe field'>* The band
diagrams of common TMOs including such basic information as conduction band position, valence
band position, bandgap and work function are shown in Figure 1.14. The positions of the Fermi
level determine whether these oxides belongtypp semionductor (close to valence band) er n
type semiconductor (close to conduction badtifhe role of minority carriers have been clearly
demonstrated as electrons fetype semiconductors and holes fetype semiconductors by
Gerischef?® Pleskovi?® and Memming?’. Because of their large bandgaps, nfddOs are active
as a catalyst onlynder ultraviolet (UV) light. However, to harness the full solar enspggtrum
the catalyst must exhibit stropipotaresponse within the visible light range, which constitutes
approximately 43% of solar energy compared to the modest 5% contributed by UV light.
Thereforean idealphotocatalysshould havex bandgap below 3 e¥f) order toenabe efficient
utilization of visiblelight in the 4206800 nm rangé? Extensive research has been conducted on
various TMOssuch as Ti@'?® Fe0s,'2° WO;,*° CuO Bt and Zn0O'*?for useas potential
photocatalystin this spectral regionin additionternaryTMOs including CuFg04,*%% ZnFe0,,'3*
MgFe04,'%° CuMnpOs4,*3¢ andZnMn,O4**” canalso be used as photocatalysts by themselves or in

combimtionwith other nanomaterials.

V¥ Reproduced with permission froMfalter, M. G, Lewis, N. S.Chem. Rev201Q 110, 64466473.
Copyright 2010 by thémerican Chemical Society.
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Figure 1.14 lllustration of basic band structures in comntiamsition metal oxides with their
conduction bands (upper shaded regions), valence bands (lower shaded regions), and band gaps
(shown as white area). The dashed red lines in these diagrams represent the Fermi levels for the
oxides'? The arrangement of these oxides is ineftight sequence, corresponding to a decrease

in work function®88

To improve the photocatalytic reaction efficiendye existing challenges such as high ever
potential, wide bandgap, fast electioole recombinatioand low light utilizatiormust be
addressedA variety of strategiescluding suitable textural design, dopirgndthe construction of
semiconductor heterojunctismave been employedcorporation of semiconductor
heterojunctionis a widely used approach for effectively separating the elebttnpairs Three
types of semiconductor heterojunctiangt: t y p e vwgiatph, sttyrpaed d kgapni g¢ h
and type -gap,iag showi in Eigkresnl.1&aWhiletype-ll heterojunctiorhasshown
the most impressive photoactivitileto its enhanced ability to facilitate charge separatiaioes
have some drawbacks, such as reduced overall redox ability and limited light absorptién. The
scheme heterojunction stratelggsemerge asa populapproactby separéahg electronrhole
pairs effectively ad maximiing the redox capability of a photocatalytst 1979, Bard first

$88 Reproduced with permission froGreiner, M. T, Lu, Z. H.,NPG Asia Mater2013 5, 55-72. Copyright
2013 by Springer Nature.
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introduced the concept ofgcheme photocatalysi€ Tadaet al.later advanced the notion by

proposing an alsolid-state Zschemé&* while Yu et al.further extended the idea with a direet Z

schemé?®® This method prowtinstrumental in elevating the overall efficiency of photocatalysts

while effectively addressing the limitations commonly associated with conventional heterojunction
photocatalysts. Under light irradiation, photogenerated electrons are effectively treci$pon
theconductiorband CB) of SG to thevalenceband ¥ B) of SC in the direct Zscheme

heterojunctonThe respective charge transfer and react|
scheme photocatalysts are shown in Figures 1.15d and 1.15e. The dichetniZe photocatalyst

ensures efficient separation of photocarriers and improves the redox capalilgypbbtocatalyst.

Theconcept of dual Zchemehotocatalyst system involving three semiconduactas

introducel by Li et.alin their review articl&! andlaterdiscussed by Singét al14? The alignments
ofbandedgesof SC are | ower -t hamd.t 80le iorft eSrChal |l y genert
field among the semiconductors enables the conduction band electronsof $3Co r ec ombi ne v
the valence band holes in both-SC a n-d . InShs work(Chapter 3)we fabricate Ci©

nanowiredy electrodeposition with further thermal oxidation, without and wigaddition of

CuFe0s nanoparticles obtained lsplvothermakynthesis. The composition of LW CuFeO,

works asa remarkably efficient dual-8cheme heterojunction photocatalyst system for hydrogen

evolution.
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1.6 Scope of Thesis

The primary objective of the present work isliveloptransition metal oxideanomaterialsvith
different nanostructured morphologies and to investigate their potential as electrocatalysts and
photocatalysts. After a brief introductiémtransition metabxides we present a brief review of the
synthesis methods (i.e. electrodeposition, soldothermakynthesis) used to produce OyNiOy,
andCuFeO, nanostructured materials as catalysts in Chapter 1. A description of the experimental
procedures to fabricalBMO nanomaterials along with the characterization techniques employed to
analyze theimorphologies, crystalline structures, and chemical composis@isogivenabove

in Chapterl.

We present our data in the next three chapters. In CHapter describe the facile, orstep

electrochemical synthesis of &unanocubes, with controllable sizes and uniform distributions, on

" Reproduced with permission frodumar, R. and Singh, PJ, Ind. Eng. Chen2022 106, 340-355.
Copyright2022 by Science Direct.
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a flexible graphene strip. We provide a detailed study of the growth parameters, including different
deposition voltages, deposition temperatures, electrolyte concentrations, and depositiondime, use
to optimize the morphology and size of2Ounanocubes. Our data from depttofiling XPS and

helium ion microscopy show that these;Gwanocubes have a cesbellskin structure, with a

small metallic Cu core, a prominent LQushell and a thin CuO skin (as the outermost layer). We
compare the performancetbie CuO nanocubes/graphene sensor with other sensors, including a
bare graphene strip, a graphene strip coated with a copper film by magnetron sputtering, and an
enzymatic sensor based on glucose oxidase immobilized on a graphene strip without and with
Nafion. The CuO nanocubes/graphene sensor is found to be among the bestaadjgaylucose
sensors reported to date. Furthermore, ouOGwanocubes/graphene sensor is fabricated in an
agueous electrolyte on a commergiavailablegraphene substrate, igh is considerably simpler

than the multistep fabrication methods employed for other sensors with comparableasajeva

glucose sensing performance.

In Chaptel3, photoelectrochemical hydrogen evolution (HER), a half reaction of water
splitting, isidentified ascrucial to the lowcost, environmentriendly production of clean Huel
as part of the solution for transitioning away from a fossil fuel economy. Electrodeposition of a
controllable Cu film on graphene by usipgtentiostatiamperometry followed by thermal
oxidation at 200400°C has been used to produce copper oxide@Cx=1,2) nanowires. The
relative compositions of CuO and LQulayers n CuO-Cu/graphene system form a heterojunction
structure enabling high efficiency for electrbale separation and a fast charge transfer Thie
CuO layer with a proper thicknelas been found tenhance light absorption, improve the charge
separation, and serve as a protective lagainst photocorrosidior CuO, while graphenés used
as a flexible higkconductie substrate. A higiperformance dual-Acheme heterojunction
photocatalyssystem is developed greatly improve charge carrier sepanmatimcrease carrier
density, and reduce electrbiole recombinationThis dual Zscheme heterojunction systésn
obtained by decorating&lCuO-Cu/graphene system with an efficient@atalyst based on Cu
based ternary Cuk®, nanoparticles, obtained by a solvothermal method. The
photoelectrochemical hydrogen evolution performance usin@-Cu/graphene without and with
the addition of CuF© nanoparticles as the photocathodescompared. The addition of Cufe®
nanoparticles on the best optimizedG«Cu/graphene is found to nearly double the photocurrent
from12.64 mAcm?to14.91 mAcm?, making this dual heterojunction catalyst the isbased

catalyst system for HER reported to date.
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In Chapted, we fabricate nickebxide nanoparticles bypotentiostati@amperometry followed
by thermalannealingat temperatures ranging from 200 to 4@0 Using transmission electron
microscopy and deptprofiling X-ray photoelectron spectroscopy, we show that thdtiieg
nickel oxidenanoparticles exhibit a coshellskin heterostructure, with a Ni metal core anNi®
shellandamixed amorphousrystallineNi(OH)2/NiOOH <in. The quantity othe

NiOOH/Ni(OH). redox couple is found to vary with th@nealing temperature and annealing time.

Thenickel oxide nanoparticlsamples obtained with selected annealing tempertimes
combinations are used for lactate detectidre samplewith the best performanahows an

excellent linear range of 0.825. 1 mM, a hi gh mMiers?jand admptessiveo f
limit of detection of 0.0015mM. This sensing performance can be optimized by controlling the
NiOOH/Ni(OH). redox coupleompositiornrelative to NiQ The sample obtained with a higher
relative NiOOH/Ni(OH). contentby annealing at a lower temperatisdound toprovide more

reactive sites for lactate detection and therefore higher sensitivity.

In Chapteb, we summarize the present wakdoffer somesuggestions fathe future work.
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Chapter 2

NofEnzymat i c-RaSaglei val ucos s iSreqisi ng

El ectr odeCumpsiotuesd Oxi de Nanocubes
St iAg
2.1 Introduction

Metal and metal oxide nanopartickesve attracted a lot of attention for decades because of their
special electronic, mechanical and catalytic propettf&8ne prominent example isigrous oxide
nanoparticles, whichavebeenused as a cataly&ir biosensos 1414 an antifouling coating?® an
essential component in optoelectronitand other applications (such as amination coupling
reactions'*® antimicrobial coating?°food packagintf® and drug delivery applicatiot?d) due to

their high conductivity, low toxicity, environmental friendliness, and low.@smpared to other
metals, copper hasutstanding catalytic propertiesnd coppebased biosensors have superior
performance in sensitivity (with a wide dynamic range), detection limit, stability and interference
free selectivityt>? Earlier studies have focused on rEmzymatic glucose biosensors based on
copper materials, such as metallic €igupric oxide (CuO¥>* cuprous oxide (GiD),**° and their
composite oxide&® Among the many approaches to fabricate copper and copper oxide
nanoparticles, such as nanosphere lithograpfhhydrothermal synthesi§®laser annealing® and
sonochemical reductiofi?electrochemical depositiéft offers a quick, lowcost and reproducible
fabrication method for these nanoparticles. Furthermore, a large variety of sulistedd#y
available for electrodeposition, including silicBAjndium tin oxide!®®and glassy carbon
electrode'® In addition to these hard substrates, flexible soft substrates are becoming more
accessible for depositing copper and copper oxide nanoparfictesg these, twaimensional
materialssuch agraphene ha beenrecently useih manyareasincludingelectronics, photonics,
andbiomedical application¥® Several metal and metal oxide nanoparticles (e.g% Ru,*¢’

Pd 8 TiO,'%° andCo:041"%) have been fabricated on graphene sheets. Indeegtaiieene sheet
itself has attracted lot of commercial interesbecause of thehigh electricalconductivity,high
specific surface area, unique thermal and mechanical prog€fies graphene sheet is therefore a
versatile flexible substrate with exceptional conductivity for electrodeposition of copper oxide

nanoparticles.

AA APhis Chapter is made froome of my publications. Reprinted with permission fronoG&. Y., Leung,
K. T., ACS Nano Mater2021, 13, 4302243029.
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According to the International Diabetes Federation, the number of diabetes patients is expected
to increase from 382 million in 201t to 422 million in 2020 to 642 million in 2040 globafi{f.
To monitor the glucose level in a diabetes patieaimerous productsave beemlevelopedor
glucose sensing in the margktceand even more literatuebout further improvement to these
productshave been reportetiowever, most afheseproductsrequire alood tesfrom a fingertip,
which isaninvasiveprocedure, especially when the patient needs continuous mon#6ring.
Consequently, interest has growrdieveloping a totally painless method, other than just changing
the blood sample acquisition site from the forearm, thigh, and hand to the'fii@empared to a
blood glucose test, saliva glucose analysis has many advantages, includitigaediegt test
samples, and less stress for the patient requiring frequent testing throughout*th&\eale.
normal glucose concentration in saliva is very low, a significant increase of glucose in saliva in a
diabetes patient has been repotf€dhe concentration of glucose in saliva ranges from ~20 UM in
normal subjects to as high as 200 uM in diabetes pati€ntsRecently,an upsurge in efforts to
developnortinvasive salivarange glucose sensors for both enzymatic angemagmatic sensing
has been reportéd® These include the enzymatic-ohip electrochemical devidé, paper strip
based color pH indicatdf? and glucose sensing electrodes attached on the surface of a mouth
guard with a wireless measurement syst&ras well as the neanzymatic electrochemical
glucose sensdf® The mechanism of glucose detection in an enzymatic sensor is different from that
of a nonenzymatic on&enerally the enzymatic glucose monitor depends on the oxidation reaction
between the enzyme glucose oxidase (GOx) and glucose through the movement of electrons that
generate the current or voltage measured by the electfédé® overall mechanism follows the

well-known reaction of glucose oxidase:
GOx (FAD) + glucose Y gduconolactone + GOx (F.

where GOx (FAD) is the oxidized form of GOx while the GOx (FAIH the reduced forrif2In

the case ofa metal oxide nanoparticle n@mzymatic sensor, the metal oxide nanoparticle serves

as an electrocatalyst to transfer the electrons arising from oxidizing glkawsastancethe

nonenzymatic sensor based on@umanoparticleby amperometriecnethodinvolves transferring

electrons from the metal nanopatrticles to glucose throughthé | owi ng mech®ni sm. C
iselectreo x i di zed t o Cu( ) 2s pvehciicehs ,i sn afmerltyh eCru (oOHi)d i z
namely (CuOOH), in the alkaline solution. Gl ucc
and Cu( ) are reduced back to Cu( ). During thi

transfer mediatot®3184

CO+20H+HO Y 2 G42€0)
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Cu(OHRY Cu 0,0+ H
CuO+OHY CuOOH + e
CuOOH + gl uc esgucoNicaCid ( OH)

In the present work, we fabricate a higérformance noenzymatic glucose sensor for Ron
invasivesalivarangeglucosetestng by taking advantage of the novel properties ofCu
nanocubes and the flexible graphesnestrateThe CuO nanocubes are deposited by using a facile
electrochemical method, and the optimum electrodeposition conditions are selected by changing

the deposition voltage, electrolyte concentration, deposition time and temperature.

2.2 Experimental Details

All the chemicals, including copper sulphate, sodperchloratesodium hydroxide, glucose,
glucose oxidasegnd Nafion were used as purchased from Sigidach. Filtered highresistivity

( 1 8. Em)Meionized water was used for preparing all the solutions. Conductive graphene
sheets (25m thick), with a sheet resistance28mWsquare were purchased from Graphene
Laboratories Inc. and used as the substrates saliva samptawverecollected from volunteer
based on the requirement of saliva collattiand then centrifugeat 14,000 rpm for 10 mito

obtainthe supernatagt which werecollected and storeat 4 °C until use.

2.2.1 Fabrication of Cu>O Nanocubes

All the electrochemical experiments were conducted in a-#ilesdrode system connected to a CH
Instruments 668 electrochemical station, witma\g/AgCl reference electrode and a platinum
wire counter electrode. Theorking electrode used for electrochemical deposition eOCu
nanoparticles was a graphene stiip<6 mnv), cut from a graphene sheet. Cuprous oxide was
deposited over a typic&k5 mm? area of the graphene strip by potentiostatic amperometry for 100
sin a1l mM copper sulphate (Cug&H.0) electrolyte with 10 mM sodiumerchlorat§NaClQy)

as the supporting electrolyte. The resulting@Qgraphene sample was then used as the working
electrode for nofenzymatic glucose sensing. As a comparisath®fCuO/graphene sensing
performance, we also prepared three other electrodes: (a) a bare graphene styiipp(i®restrip
coated with copper for 60 s in a magnetron sputtaret(c) agraphene strip coated witflucose
oxidase(GOx) by adding 40 pL 5 uM glucose oxidase solution and allowing to dry overnight
(GOx/graphene). We also added 20 pL 0.5% wt. Nafion to the/@@phene sample and allowed

it to dry for 3 h at #C (GOx/Nafion/graphene) in an attempt to improve its sensing performance.

Details of the testing procedure for glucose are given below.
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2.2.2 Characterization Methods

A Zeiss Merlinfield emissiormicroscopewnas used to characterize the surface morpholdgies
scanning electron microscopy (SENBlancingincidenceX-ray diffraction (XRD)to determine

the crystal structuresas performed n a PANal yti cal Xo6Pert Bro MRD
(1.542v) radiation at an incidence angle of 0.&-ray photoelectron spectroscopy (XPS)

conductedn a ThermeVG Scientific ESCALab 250 microprobe with monochromatic &l K

radiation (1486.6 eV) and a typical energy resolution of 0.5 eV full width half maximum was used
to characterizéhechemicalstate compositiorA Zeiss Orion plus helium ion microscope operated

at 40 kV was used to dissect a singleO nanocube to confirm the ceshell structureFinally, a
commerciablood glucose monitoring system (ACETHEK Aviva, Roche Diagnostics) for

capillary, whole blood, amperometric testing using glucose dehydrogenase coated tegastrips
usedto determine the blood glucose concentrations of human subjects. These results were used as

reference to compare with resultsahbed from our salvi@ange sensors
2.3 Results and Discussion

2.3.1 Optimization of Cu,O Nanocubes

Thecuprous oxide nanocubes aynthesizean a soft highconductive substrate graphene strip by
onestep, templateks, and cappinggentfree electrodepositionCyclic voltammetry showin

Figure 2.1 (Supporting Informationwo reduction peaks &0.3 V (Figure A) and 0.6 V (Figure

B) and two oxidation features at +0.28 V (Figur
Ag/AgCl, at room temperature. Deposition performed at an overpotential more negativ@.ghan

V is found to produce smahetal nanoparticles. In accord with the natien mechanism, the

nucleus number density tends to be higher with increasingly more negative overptteffial.
Figures2.1af show the typical morphologies of nanocubbsained by potentiostatic amperometry

at different overpotentials in a 1 mM €lectrolyte solution for 100 s deposition time (all
conducted at room temperature). Evidently, the depo€ited nanocubesre found to be nearly

of the same size and uniformly distributed on the conductive graphene substrate. Th€gi@e of
nanocubevecomes smaller while the number density becomes larger when more negative
overpotentials are employed. For the 100 s daépasi€u.O nanocubesvith the largest number
density are obtained &al.2 V and they appear to have the smallest size (20 nm side length, Figure
2.11), while theCwO nanocubes obtainedidd.2 V have the largest size (220 nm side length) with
the least density (Figutzla).
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2.3.2 Morphology and Chemical Analysis of Cu>.O Nanocubes

The morphology and size of the nanocubes also depend on other parameters, including the
deposition temperature, electrolyte concentration, and depositionaimdesubstratél he

deposition temperature influerstibe electrochemical thermodynamics and kinéfitBigure 2.2
(Supporting Information) shows that the nanocubes appear to increase in size with increasing
deposition temperature, from 20 nm at 4 °C to 30 nm at 40 °C to 80 nm at 70 °C. The temperature
of the electrolyte solution directly affects the viscosity ofdblkition and consequently the

diffusion coefficient and the thickness of the diffusion Ia§&T.he electrolyteconcentratioralso

has animportanteffectonthe morphology ofhe nanocubes\ higher Cd* concentration leads to a
larger nucleus size and to larger nanocubes at the expense of the number density. Since the size of
the nucleus determines the extent of its diffusion zone, the size of a nanocube is proportional to the
size of the nucleus. Thezsi of the nanocubes is found to increagth increasing Ctf
concentratioratthe same overpotenti@ifigure 2.3, Supporting Information)Among the possible
nanoparticle shapesuch as cubic, cuboctahedmahdoctahedrglthatcouldbeobtaired on a
graphenesubstrate, éow CU** concentration (about 10 mM) tentdsfavour nanocube$°® As

graphene is more conductive than the Si substrate, nanocubes with a size rar@feOafirhscan

be deposited with an even lower®Cooncentration (below 10 mMIrigure 2.4 (Supporting
Information) shows the morphology change of the nanocubes obtink® V in a 5 mM Cé&

solution withincreasing deposition timedm 1 s, 10 s, 50 s, 100 s, to 20€&:0 nana@ubes
generallyincreag in sizewith alonger deposition time because of the incréaskee amount of

electron transferF-igure 2.5 (Supporting Information) shows the morphology change of the
nanocubes obtained in ariM CW#* solution, in which the increasing trend in size with the

increasing time is not as obvious as shown in Fig@ré. $ addition tothe growth in the

nanocubesize, the emergence oanodedritesis evident at a larger deposition time with the

present (Figure &4, Supporting Information) and higher electrolyte concewinat(Figure 3.3,
Supporting Information). As theéwO nan@ubesbecome larger, they are in contact with one

another, forming linear chain®’'®! These studies enable ussimthesizeand deposit GO

nanocubes on a graphene substrate withoutdbd for employing templates and capping agents

by simply usingpotentiostatic amperomett? As shown in ouXRD andXPSdata belowthe

Cw0O nanocubes so produced are found to be-sloedl particlesThe nature othe electrode

material and the crystallographic orientation of the surface deteth@nalue of zer@harge

potential. The conductive graphene strip used as the substrate in the present work provides notable
advantages for electrodeposition including high charge carrier mobility, excellent thermal

conductivity, mechanical flexibility,rad large specific surface area. For glucose sensing,
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nanocubes of 50 nm in size are ubedause uniformly distributed, neamonolayer coverage of
CwO nanocubesan be obtained on a graphene substrate, by the aforementioned facile
electrodeposition &t1.0 V in 1 mMCuSQT5H0 and 10 mM NaCl®@for 100 s at room
temperature (Figurg.1le).

The corresponding glancisigcidence Xray diffraction profiles of C#O nanocubes deposited
at different overpotentials are shown in FigRrky. The strongest peak at 54.72° corresponds to
the graphene substrate, and all the XRD profiles are normalised to this graphene peak. The primary
peaks corresponding to Cu and.Oware marked btrianglesand circles, respectively. For the
nanocubes depositedidt.0 Vvs Ag/AgCl, the prominent peaks at 36.50° and 42.40° are in good
accord with the respective (111) and (200) planes of th® Gcecentered cubic phasehile the
weake features at 61.52° and 73.69° correspond to the (220) and (311) (IGRPE3S03-065
3288). The discernibly weaker features at 43.34°, 50.47° and 74.17° can be attributed, respectively,
to the (111), (200) and (220) planes of the Cu-fam@ered cubic phase (JCRE%070-3039).
The presence of both gdandCu featuresuggestsa coreshellnanostructure for theanocube
which is also supported by the dejpitofiling X-ray photoelectron spectra discussed belasvthe
relative diffraction intensities dhe CuO features ppearhigher than those of the Cu featuring
Cw0 shell could therefore be quite substantial relative to the Cu core. The XRD profiles for
nanocubes with different sizes obtained at different overpotentials (not shown) are found to be
similar, which suggests similar crystallography for these-she#l ranocubes with different sizes.
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Figure 2.1 SEM images of G40 nanocubes electrodeposited afi @p V, (b)i 0.4V, (¢c)i0.6 V,
(d)710.8V, ()i 1.0V, and (fii 1.2 V (all with respect to Ag/AgCI) in 1 mM CusD - ®Hnd 10
mM NaClQ, at room temperature for 100 s. All the SEM images employ the same(gdlee
corresponding glancing incidencerXy diffraction profiles are assigned in accord with the
reference profiles for the Cu facentered cubic (FCC) phase (JCRDE070-3039), marked by
triangles and CuO FCC phase (JCP83-065-3288) marked bycircles along with the measured
profile for a pristine graphene substrate.

Figure 22a shows the corresponding XPS spectra of the Gu@® 1s regions of the &
nanocube samplgsesented in Figur2.1. In addition to the prominent Cu:4{Cu 2p,2) peak at
932.3 eV (952.1 eV) attributed to &or Cul®?1%a weaker Cu 24 (Cu 2py,) feature at 934.2
eV (954.3 eV) and its shake satellite features at 940943.5 eV can be assigned to CHEFY’

The relative intensity of the Cu 2ppeak for CuO/Cu with respect to that for CuO appears larger
for theCu,O nanocubesbtained at 1.0 V (andi 1.2 V) than those for nanocubes deposited at less
negative overpotentials. This indicates that the relative proportion.@f/Cu in the smaller

nanocubes obtainediat.0 V (andi 1.2 V) is more than the larger nanocubes obtained at the less

negative overpotential¥he two O 1s peaks at 530.5 eV and 531.9 eV in the corresponding O 1s
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spectra are assigned toOUCuO and G bond, respectivelylhe presence of CuO is consistent
with the easy oxidation of GO nanoparticles to CuO in wateriorair.**® The Gji bond feature
can be attributed to the presence of hydroxyl group on the graphene substrate after
electrodeposition because of water adsorption.
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Figure 2.2 XPS spectra ofa) Cu 2p» and Cu 2p», and O 1s regions of @D nanocubes
electrodeposited on graphene at different overpotentials in 1 mM Zu0l and 10 mM NaCl®
at room temperature for 100(b) Corresponding depthrofiling XPS spectra of the Cu 2p
photopeak, Cu LMM Auger peak and O 1s regions of th®Canocubes obtainedidt.0 V vs
Ag/AgCl in (a).

While the Cu 2p photopeaki®r CuOandCwO/Cucan be easily discerned in Figuré® the
relative locations of th€uOandCu,O/Cu components the nanocube is less clear. Furthermore,
it is difficult to identify the presence of metall@u because the metallic Cu feature (at 932.8 eV) is
separated in binding energy from B&0 feature at 932.9 eV by only 0.1 eV (i.e. considerably
smaller than the instrumental resolution of our XPS system). In Figeievi2e show the depth
profiling XPS spectra of th€u 2. photopeak, Cu iMasM4s Auger peak, and O 1s photopeak

regions of the nanocubes/graphene sample obtaindd0 V as a function oérgon sputtering
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time. The CuO Cu 2p anidOH O 1s features appear to be easily removed by brief sputtering. After
10 s sputtering of th€w,O nanocubes, the weaker CGBD 2p,feature at 934.2 eV appears to

have been removed completely, which indicates that CuO exists as a thin outermost layer on the
surface of the nanocubes. After 60 s sputtering o€ta® nanocubes, a weak Cu LMM peak at
568.6 eV corresponding to metallic Cu emerges at the low binding energy side of the prominent
CwO Cu LMM peak at 570.1 eVl'he relative intensity of this metallic LMM feature becomes
stronger upon further sputtering for a totakdDd s, confirming the presence of the metallic dore

the nanocubes. In addition, the Cu2peak at 932.3 eV and Cu LMM peak at 570.1 eV foiGCu
remain prominent upon further sputtering. This suggests th&l Suhe main component of the
nanocubes. As depicted in a schematic diagram in FRyBbe these depthrofiling XPS data

therefore show that the @b nanocube consists of a small metallic Cu caggrominent CyO

shell and a thin CuO skin (as the outermost layer). Similarly, the strong O 1s peak at 531.9 eV is
greatly reduced after sputteringrfa 10 s and it becomes totally diminished after 60 s of sputtering,
which suggests that thi©OH feature is on the surface of the graphene substrate. The O 1s shoulder
remaining after further sputtering corresponds to water adsorption of graphene substrate where is
not covered by G® nanocubes.

To confirm the coreshell model of an individual GO nanocube, we take advantage of the
nanoscale probing capability of helium ion microscopy. FiguBal shows a helium ion
micrograph of a group of nanocubes on graphene before sequentiaspastering of one of the
nanocubes with the helium ion beam, as marked by the open square in Eigm2es!. After the
first scanning of the area inside the open square, removal of about half the nanocube is evident and
a T-shape object appears in Fig@&:8a2, which indicates that the shell/perimeter of the cialn®
is removed more efficiently than its core portion. This suggests that the material on the perimeter
and the core are chemically different, with the former, likely softer, material appearing to be more
easily sputtered away than the harder core mathriang the scanning with the high energy
helium ion beam. Continued scanning (and sputtering) of the same area with the helium ion beam
ultimately removes the harder core material, as shown in FiglBa@3 and2.3a4. While these
helium ion images do nadentify the chemical nature of the components, they illustrate the
material difference between the shell and the core of a single nanocube. Combining with the depth
profiling XPS data shown in Figu&2b, this therefore supports our proposed model of th® Cu
nanocube to consist of a Cu core, a@ahell and a CuO skin, shown in Fig@r8b. For
comparison, we also shaavwschematic model of a sputiyated Cu film on graphene in Figure
2.3c, which consists of a Cu film on top of graphene with Z0Gverlayer and a CuO outermost

layer.
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Figure 2.3 (al-a4) Helium ion micrographs of an individual nanocube (marked by an open square)
in a cluster of C#O nanocubes (electrodeposited on a graphene substrdt® atin a 1 mM

CuSQT B HEnd 10 mM NaCl®solution for 100 s at room temperature) upon sequential

scanning (and sputtering) with a helium ion beam. Schematic models of the proposed structures of

(b) a CyO nanocube on graphene anddcu film sputteicoated on graphene.

2.3.3 Glucose Sensing Performance of Cu,O Nanocubes/Graphene and Related

Graphene Sensors

To date, the most common commercial products for gludetetionin the marketplace are
enzymatic sensors. Generally, this type of commeseiasolis popular because of its high

selectivity to the target molecule, glucose. Enzyme immobilization can be commonly achieved by
direct adsorption, sajel adsorption, and crodisking.’®® One major challenge for enzymatic
biosensors is the stability of the enzyme over {tBrgn storage because the activity of the enzyme

is affected by the temperature, pH, humidity, and ionic strefi§ifhis potential issue provides an
opportunity for norenzymatic biosensors, in which glucose is oxidized on the surface of the
electrode to generate the current directly without the need for enzyme immobilization. The entire
process occurs at the activeesiof the electrode where the glucose molecules are adslorbed.

addition to low cost and good stability, copper oxides work as the electrocatalysts in a glucose
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sensor because of their high eleatsadation activity and their propensity for electrmansfer
reactionsat low overpotentiad®*2°2 In the present work, the active sites of the glucose sensor are
provided by theCwO nana@ubeselectrodeposited on the graphene substrat&.@tVin al mM
CuSQT5H:0 (electrolyte) and 10 mM NaCldsupporting electrolyte) solutidor 100 s at room
temperature. The average size of thesg) nana@ubesso produced is 50 nm (FiguPele). These
deposition conditions provide on graphene a large density 63 Ganocubes of a small size of a

nearmonolayer coverage that is optimal for use as a catalyst.

To investigate the efficacy of this &l nanocubes/graphesensor, we compare its glucose
sensing performance with three other sensors: a bare graphene strip (grapirapbgraestrip
coated with a copper film by magnetron sputtering for 60 s (Cu/graptartzn enzymatic sensor
based omlucose oxidaséGOx) immobilizedon a graphenestrip without(GOx/graphene) and
with Nafion (GO/Nafion/graphene With the increase of glucose concentratioto(®.4 mM),
distinct enlargements of the redox current signal are obtained and the potential for current vs time
curves is selected #0.6 V vs Ag/AgCl as shown in Figure 8. Figure2.4 shows the
characteristic current vs time (ot)icurvesat+0.6 Vvs Ag/AgClupon stepwise addition of an
aliquot of 20 pL glucoséof 10 mM concentration)yith constant stirringio these sensors
immersed in a 10 mD.1 M NaOH solutionThereason why G0 nanocubes/graphene sensor
needs twperaten NaOH solution is due to the catdatymechanism of GO as mentioned above,
inwhich Cu( ) is oxidi z,sadfurther taQQuOdH. For thioreason,thg Cu ( (
detection should be performed under alkaline conditidfe have also attempted the detection in
PBS (with pH 7) and confirm that @b nanocubes do not work as a catalyst for glucosa@H
is not addedThecorresponding SEM images of the sensors before the addition of glucose are also
shown. For the bare graphene sensor, the current jump is small upon glucose addition and its linear
range is 0.02.10 mMwith sensitivity 1.90uA mM-tcm? (Figure2.4al). Even though the
graphene substrate has good conductivity, graphene itself does not produce a large electrical
current after glucose addition, making graphene more appropriate as a catalyst support material and

not the catalyst itself.

For the Cu/graphene sensor, the corresponding XRD and XPS data in Agui@upporting
Information) show that the sputteredated Cu film on graphene undergoes ambient oxidation in
air. In Figure 2.7a, the prominent XRD peaks at 43.31°, 50.44° and 74.12° correspond to the
(111), (200) and (220) planes, respectively, of the Cudaotered cubic phase (JCPHR3-089
2838). The Cu film does not exhibit any discerniielaturesof Cui,O FCC phase (JCPE83-065
3288) and CuO monoclinic phase (JCRDE089-2529) because GO and CuO resulting from
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oxidization in air might be amorphous or poorly crystalline. In contrast, singa Cu
nanocubes/grapheih@vea more crystalline structure with better active sites for electron transfer,
the sensor performance is expected to be better. Using the more-seriaitieve XPS technique,

we show in Figure &7b (Supporting Information) the presence obGICu and CuO in the Gu
coated graphene, with photopeaks at their respective binding energy positions as those indicated for
the CuO nanocubes/graphene sample in Figu?é. Depthprofiling XPS spectra of the Cu LMM
Auger region furtherevealsthe presence of metalliCu (Figure 3.7b, Supporting Information),

the intensity of which increases with increasing sputtering time. On the other hand,;@Gh€Cu
LMM feature is found to decrease with further sputtering for 480 s, which indicates that only the
surface of the sputteroated Cu film reacts with oxygen forming the;GICuO overlayer. After
sputtering for 1080 s, the prominent composition of Cu/graphene is metallic &idition, we

also anneal the GO nanocubes sample at 300 °C for 3 lohtain predominantly @O. The
corresponding XRD proflea nd i 1Tt c0 maxoeubes findl the aBinealed (CaQ)

sample are compared in Figur2.& Supportinginformation.

As with the structural compaosition of the €&unanocubes on graphene, Gi@O/CuO
overlayer of the Cu film on graphene works as a catalyst in the oxidation reaction with glucose.
The resulting detection range of the Cu/graphene sensor (Rigi® is greatly extended by
nearly tenfold (with respect to the graphene substrate, Figieig) to 0.02L1.10mM with
sensitivity 9.561A mM-tcm2, Forthe CuO nanocubes deposited on graphene (Figuel), the
dynamic range for linear detection is found to be even wider and significantly extended over five
decades to 0.0027.1mM. The linear range of the CuO sample (obtained by annealif@)rsl to
be 0.027114.66 mM, whCuOmanocsbed (Bigure2SB,tShpaantingg hat of tF
Information).Unlike the sputtecoated Cu film,he CuO nanacubes providéncrease catalytic
effects through theactive siteover alarge specific grface area. Finally, the detection range of
the enzymatic sens@&Ox/graphene without Nafion (FiguBeddl) is found to be quite limited at
0.2-1.0 mM with sensitivity 2.861A mM1cm?, but it can be extended to 0-02.10 mM with
sensitivity 5.6QuA mM-1cm? by adding 20 pL 0.5% Nafion. In Figure2® (Supporting
Information), we compare the Nyquist plots and the relevant resistances determined for the four
sensorsFigure .10 (Supporting Information) provides the corresponding linear curves for these
substrates=Evidently, the chargé&ransfer resistance feund to be the smallest for the Cu/graphene
system, followed by those of &b nanocubes/graphene, graphene, anad/@@phene. Since the
sputtercoated Cu film and electrodeposited:Ownanocubes are considered metallic contact points

on graphene, the charge transfer resistance is smalleoritthe bare graphene. The presence and
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availability of reactive sites on @0 nanocubes appear more important for the sensing

performancealthough Cu/graphene has a lower chéargesfer resistance.
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Figure 2.4 i-t curves (left column) obtained upon sequential addition of aliquots of glucose to 0.1
M NaOH at 0.6 Ws Ag/AgCland the respective SEM images (right column(adf a2) graphene,
(b1, b2)Cu/graphene, (c1, c®wO nanocubdgrapheneand (d1, d2)5Ox/graphene without and

with Nafion. The scalbarsare the same for a2 to d2.

As the glucose sensor is designed for salarege glucose sensintie linear rangshould be

high enough to cover the glucose range for saliva. FigGeeclearly demonstrates the current
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jumps upon addition of a sufficiently low concentration of glucose qmv to 210 uM, which is
comparable to the glucose concentration of salive2@DuM) found in normal individuals and
diabetes patient$®!’” Figure2.5b shows the linear calibration curve of current vs glucose
concentration appropriate for salivange glucose sensing. The regression equation for the low
concentration of glucose detection givesRad of 0.994. The sensitivity of glucose for the,Ou
nanocubes/graphene sensor is 3gLAMMM1cm?in this linear range d-210 uM, well above

that required fosalivarange glucose sensors.

We also examine the effects of possible interfering species to evaluate the selectivity of the
CwO nanocubes/graphesensorThe physiological level of glucose-@mM) is much higher
than those of common interferents such as ascorbic acid (~0.1 mM), uric acid (~0.6Z mM).
Furthermore, saccharides such as sucrose and fructose could also be considered extsn#esfer
sucrose is a disaccharide, it must be broken dowrglntmseand fructose before the human body
canuse it. The serum concentration for fructose in diabetes patients has been reported to be 12.0 =
3.8 &M while that o¥Thegdiffarenoesnehe relmtiveacbnoenteatiofislof mM.
fructose and glucose is therefore about 1000 times in human body, which allows us to safely
neglect the presence of sucrose and fructose as interfédsimtg.the CuO nana@ubes/graphene
electrode as the working electrode for amperometry at +0.6 V vs Ag/AgCl, we add a 0.1 mM
glucose followed by those of other interferents, including ascorbic acid, citric acid, uric acid, all
with 0.1 mM concentration (i.e. at led€itimes higher than the expected levahd dopamine at
0.01 mM, into 20 mL 0.1 M NaOH. Evidently, ascorbic acid and dopamine yield less than 10%
change in the curremésponse compared with the current of second addition of gluesbge the
other interferents (citric acid and uric acid) do not register a response inhdbevée (Figure2.5c).

The stability of the sensor is another important performance metric of a glucose Fensor.
observe the relationship between the performance of tf@ @anocubes/graphene sensor over
time, weplot the it curve after storing a freshly made sensmlerambient conditions for 90 and
180 daysandtheoverlapping linear fitting graph, shown in Figures1d.c,d (Supporting
Information), respectively. Evidently, tli&,O nanocubes/graphene sensor remains functional and
stable for at least 180 day&/e have ao used the same sensod repeated the detection
experiments multiple times. We find that the currents in repeated consecutive tests (using the same
sensor) appear to become smaller after each test. We therefore believe that the first test result is the
most reliable and ouessor should therefore be considered fortime detection and not

reusable.
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To demonstraté¢he application obur Cu,O nanocubes/graphene sensiderreal biomedical
conditiors, we obtain blood and saliva samples following Ethics Protocol (approved Application
#43115) from five volunteeygour of whom are normal subjects while the fifth is considered
prediabetic. Using a commercial amperometric blood glucose testing system with blood deposited
on glucose dehydrogenase coated test strips, we determine the blood glucose concentrations of ou
human subjects. A regression relation ([serum glucose (mg/dL)] = 95.607 + 27.710 [saliva glucose
(mg/dL)])**®is then used to convert the serum or blood glucose concentration to saliva glucose
concentration. These reference values of saliva glucose concentrations are shown Jegure
We also collect saliva samples from our human subjects and use@un@uocubes/graphene
sensor to obtain the respective saliva glucose concentrations by making use of the calibration curve
shown in Figure.5b. After centrifuged in 2,000 rpm for 10 min, an aliquot of 200 pL saliva
supernatant is added into 10 mL ®1INaOH at+0.6 V vs Ag/AgCl.These results are compared
with our reference values in Figu2éd. For our prediabetic subject (Subject #1) with a blood
glucose concentration of 10.8 migbrresponding to a derived saliva glucose concentration of 195
MM, our CiO nanocubes/graphene sensmvides a value of 186 pM. For our normal subjects,
with blood glucose concentrations of 7.0 mM (Subject #2), 6.5 mM (Subject #3), 5.8 mM (Subject
#4) and 5.5 mM (Subject #5), saliva testing using@uwO nanocubes/graphene sengioes
saliva glucose concentrations of 60, 42.8uM, 17.6uM and 7.5uM, respectively. Evidently,

a clear correlatioexitsbetween blood glucose concentration and s@liveose concentration.
Furthermore, ou€wO nanocubes/graphene sensmults are in excellent agreement (better than
95%) with our reference values (derived from blood glucose measurement). The present human
subject study (Figur2.5d) therefore confirms the high accuracy of saliva glucose testing provided
by ourCuw,O nanocubes/graphene sensbis also of interest to note that the present saliva glucose
sensor results appear to magnify the minor difference in the blood glucose concentrations found in
our normal subjects. The saliva glucose sensor results are therefergemsitive to changes in the

blood glucose concentration.
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Figure 2.5 (a) it curve upon sequential addition of aliquots of glucose (glc) with increasing
concentration from 2 to 23M to the CuO nanocubes/graphene sensor hekDad V vs

Ag/AgCl in 0.1 M NaOH and inset image from 2 tojdN, and (b) the corresponding linearity
response curvéc) i-t curve illustrating minimal current jumps due mberferencaipon adding

aliquotsof 0.1 mM ascorbic acid¥A), 0.1 mMcitric acid (CA), 0.1 mMuric acid JA) and0.01

mM dopamine DA) solutiors to 0.1 M NaOH at0.6 V vs Ag/AgCI. An aliquobf 0.1 mM

glucose solutiorns also added before and after the interference test. (d) Comparisdinaf sa

glucose concentrations derived from blood glucose measurements (right bars) with those obtained

by using CwO nanocubes/graphene sensor (left bars) for five human subjects.

Table2.1 summarizes the performance of these four sensors and compares them with other
nonenzymatic and enzymatic glucose sensors that are mostly basegDoma@amaterials. Given
that our target linear range of detection for glucose should beD®08M, all three of our
nonenzymatic graphene sensors appear viable for galngge glucose detection. Not only is the
linear range the widest, the sensitivitytioé CuO nanocubes/graphene sensor is also higher than
the other two nonenzymatic sensors. Theyenatic GOx/graphene sensor (with and without

Nafion) appears less competitive in both sensitivity and linear range performance than even the
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nonenzymatic Cu/graphene senS®veral sensoshown in Tabl€.1 have very high sensitivity

such as 2148A mMcm? for nanospindldike CwO/straight multiwalled carbon nanotube

hybrid nanostructure®? 1210pA mM*cm?for CuO/Cu nanowirerray 2°’ and1950pATM-

emr2 for sandwich nanoporous framework decorated with vertical CuO nanowire Afraye

higher sensitivities found for these nanostructures are not unexpected because they all have much
higher number densities and therefore much higher amount of material per urfaheaother

sensors reported in the literature, only two cover the linear dynamic range of interest. The sensors
based on GO nanoparticles on reduced graphene oxide and gt @Ganospindles on straight
multiwalled carbon nanotubes appear to cover the glucose range in saliva and have higher
sensitivities. The methods to prepare these sensors are, however, quite elaborate. For instance,
CwO nanoparticles are anchored on reduced graphene oxide by using an ionic liquid cerystal (1
hexadecyl, 3-dimethylimidazolium bromide) as a template, while;Ownanospindles are

fabricated with straight multiwalled carbon nanotubes by a serigdtiaf)sonication and heat
treatment steps (at different temperature) before-dasfing onto a glassy carbon electrode to use

as a working electrod@he Cu(OH) nanograss arrays uniform nanoporous copper substrate
sensor anthe sandwiched nasporous framework decorated with verti€alO nanowire array

sensor have a high sensitivity and a wide range, but they dovet he rangdor saliva glucose
detection. In our case, & nanocubes can be obtained on a commercial graghgmby facile
electrodeposition in an agueous electrolyte. The resultin@ @Ganocubes/graphene sensor

provides a wide linear detection range of 0:002L mM that is comparable to those achieved by
other much more complex, less stable or difficaifabricate sensors. Our graphestiep offers a

flexible substrate with good conductivity to transfer electrons, while thehueaogeneous

monolayerof CuO nanocubes provides a large specific surface area and numerous reactive sites
for nonenzymatic reaction to take place. The presem$or also has good sensitivity and a low

limit of detection. The G nanocubes/graphene sensor is therefore an excellent candidate for use

as a practicahnd more sensitivealivarange glucose sensor.
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Table 21 Comparison of salivéange glucose sensors.

vertical CuO nanowire arrays

Sensitivity Limit of Linear range Applied
Electrode matrix (LA mMt Detection (MM) 9 potential vs | Reference
cm?) (LOD) (uM) Ag/AgCI (V)
Bare graphene sheet 1.90 N/A 0.021.00 0.6 This work
Cu-coated graphene 9.56 N/A 0.0211.1 0.6 This work
CteO nanocubesn graphene | 55 4 0.23 0.00217.1 0.6 This work
sheet
Glucose oxidase on graphen| , ¢ N/A 0.21.0 0.6 This work
sheet
Nanospindldike CwO/straight
multi-walled carbon nanotubg 2143 0.2 0.00052.5 0.4 206
hybrid nanostructures
Cu/CuO hollow microspheres|  33.63 0.05 0.2210.89 0.45 209
Coratlike PtAu-MnO; binary
nanocomposites on graphen¢ 58.54 20 0.1-30.0 0 210
paper
Graphene wrapped g0 N/A 3.3 0.33.3 0.6 211
nanocubes
Filter paper strlp_ for salivary N/A 1230 0.50.74.9 N/A 179
analysis
CwO nanoparticles on reduce 185 0.05 0.01-6 0.6 183
graphene oxide
Singlewalled carbon nanotube
and multilayers of chitosan,
gold nanoparticles and glucos 26.6 5 0.10171.11 0.2 105
oxidase on chip saliva hano
biosensor
Threedimensional Cu foam
supported singlerystalline 97.9 0.005 N/A 055 212
mesoporous GO nanothorn
arrays
CuwO/Cu nanowire Array 1210 10 0.0%7 0.6V 207
Sandwich nanoporous
framework decorated with 1950 1 0.1-6 0.58 208

49



2.4 Conclusion

The size and number density of ‘Ounana@ubes on a graphensubstrate have been optimized for
use as a saliveange glucose sensor by changing the electrodeposition overpotential, Cu
electrolyte concentration, and deposition time at room temperature. F@en@nocube is found to
have a metallic copper core and a@shell with a CuO skin as the outermost layer. The glucose
sensing performance of th,O nanocubes/grapherensor is enhanced by the high conductivity
of the graphene substrate and is founddsuperior in sensitivity anlihear ranggo othersensors
including graphene, graphene sputteated with a Cu film, and graphene functionalized with
glucose oxidase (with and without Nafion). This;Gwanocubes/graphene sensor exhibits a wide
detection range d@.00217.1 mM coveringhe appropriate glucose range found in the saliva in
diabetes patients. The sensor is also siald& and remains functional even after storing for 180
days. This sensor has also been tefstedrablyby using real saliva samples. T@&0O
nanocubes/graphegducose ser® therefore offers a sensitive nmvasive option for saliva

range glucose monitoring, with minimal interference, for diabetes patients.
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Chapter 3

Copp@xri NenowibDeecor at ed wlsNehn cCpudret i ¢l e s
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3.1 Introduction

Global energy consumption has increased rapidly with the growth of population and economic
development in the past century. The demand for renewable clean energy in the world has risen
dramatically because of the rapid depletion of conventional energsescamd the recognition of

their detrimental environmentaffectsand theircontributions tagglobal warming and climate

change. Hydrogen has become one of the more promising renewable energy sources pecause H
has the highest gravimetric energy density ismcombustion yields pollution-free byproduct,

water. With the use of an appropriate catalyst, a photoelectrochemical (PEC) water splitting
reaction provides a popular approach to produce hydrogen as a clean, low cost, and
environmentally friendly energy souré®As theappropriate choice of catalysts in a PEC cell for

the halfcell hydrogen evolution reaction (HER) is crucial, the catalysts should broadly satisfy the
following requirements: (1) a proper band gap compatible with the solar electromagnetic spectrum
(1.6-2.2eV); (2) appropriate band edge alignment that spans the water redox potentials; (3) high
energy conversion efficiency; (4) stability in the operating environment; and (5) a naturally
abundant material source with a low cost of production that is congatithi largescale

applicationg!* Transition metabased materialsonstituteone type of promising HER catalyst

candidates notonlgjecaus@ f t hei r hi gh abundance in the Eart

benign toxicity to the environment, but alsecausef their outstanding electrical conductivity,

and superior chemical and thermal stabfifyAmong the transition metal oxides, cupric oxide
(CuO) and cuprous oxide (€D) have direct bandgaps of 1127 e\***and 2.62.4 e\#Y’,

respectively, which cover the solar electromagnetic spectrum. Their small bandgaps also enable
CuO and C0 to strong photoabdmrmaking them attractive photocatalysts for HER under
sunlight irradiation. However, their main challenge of becoming-affibient photocathodes for

HER is the high electrehole recombination raté®

A promising strategy to alleviate this issue is to construct heterojunction structures of
CuO/CuO composite to facilitate efficient separation of photogenerated eldwdterpairs. The
CuO/CuO heterojunction can improve PEC energy conversion efficiency by facilitating such

electronhole separation. In additiothe presence @€uO on top of C#O can also serve as a
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protective layer against @ photocorrosiod!® The relative compositions of CuO and,Ouy
especially the thickness of the CuO layer, have significant eff@abptical, structural,
morphological, and (photo)catalytic properties. As the thickness of the CuO layer increases, it
enhances light absorption, especially in the longer wavelength region, and improves charge
separation due to reinforced band bendinoweler, a thicker CuO layeapalso impede efficient
charge transport, leading to a reduction in the overall performance of the PEC %y 3tesnefore,
attaining the appropriate thickness of the CuO layer plays a vital role in realizing a high

performance CuO/CQ heterojunction photocatalyst.

An even more promising strategy is to build a duakAeme heterojunction structtfeby
introducing a third semiconductor connected with Cu@@ thus offering a longer lifetime of
charge carriers, higher charge carrier concentration, and enhanced light absorption. Several dual Z
scheme photocatalyst systems containing Cug@Guith other semiconductors such as ZD,
TiO2,22 W03, reduced graphene oxid€,and NaTis013?%° have been reported. Other than
transition metal oxides, stoichiometgéomposition mixed metal oxides with the spinel (8B
structure are also found to be efficient catalysts. Spinel oxide mataiabine two mixed metals
into a AB.O, chemical composition, with ZA divalent metal ion, B trivalent metal ion, and 02
anions?® However, only a limited amount of work has focusedt@ncombination o0€uO/CuO
with spinel oxide materials. Among the spinel materibleCu-based ternary material such as
CuFeO, with a compatible bandgap (1157 eV¥?” has been considered as an efficientatalyst
with other semiconductors because of its low cost, abundant sources, ferromagnetic properties,
high electrical conductivity, effective catalytic activity, and high photochemical stability and
visible light response?® CuFeOs can also beynthesizedy a variety of methods including solid
state reactiof) co-precipitation??® solgel method? hydrothermal synthes$! and solvothermal
synthesi$®.

In this work, we fabricate GO-Cu on a flexible graphene strip substrate for use as a
heterojunction photocatalyst for PEC water splitting for hydrogen evolution. The high conductivity
of graphene is particularly attractive for electron transfer in electrochemistry. We further sthow th
the addition of spinel CuE®, nanoparticles on G@-Cu/graphene to produce a duat@heme
heterojunction photocatalyst, for the first tinsanlead to a significant increase in the
photoconversion efficiency for hydrogemolution. A plausible mechanism based on the charge
transfer pathways of a multomponent Zscheme photocatalytic system reported e&tfier

found to be consistent with the observed increase in performance.
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3.2 Experimental Methods

3.2.1 Chemicals and Electrochemical Methods

Analytical grade copper sulfate pentahydrate (COS&®), lactic acid (CHCHCOOH), sodium
hydroxide (NaOH) and sodium sulfate ¢S&x) were purchased from Sigma and used without
further purification. The graphene sti@spurchased from Graphene Supermarket (USA)yault
pure, filtered, highr e s i st i v itmywaténta8use?l to drgpare all the solutions. An
electrochemical workstation CH Instruments 66@s used for all the electrodeposition and
electrochemical characterization experiments. Copper fitens electrochemically deposited on

the graphene strip, artlden postannealed in @to form copper oxide films. e PEC performance

of the resulting copper oxide/graphene photoelectwadeevaluated by using a threkectrode
configuration, with the photoelectrode as the working electrode, an Ag/AgCl electrode as the
reference electrode, and a Pt wire as the counter electrode. The reference electrode potential for
hydrogen evolutionvas converted to RHEeversible hydrogen electrodedcording to the Nernst
equation (kre = Eagiagci + 0.0591pH + 0.2046, wherexke and Egiagel are the potentials obtained

with RHE and Ag/AgCl referencelectrodes, respectively). The electrolyte used for
electrodepositionvas a mixture of copper sulfate and lactic acid prepared at a selected pH adjusted
by using sodium hydroxide. For PEC measurements, the electn@gte M NaSQ, solution

buffered at pH 6.5. The photocurrent speuatassobtained for an illuminated photoelectrode with a
sample area df0x10 mn? under simulated sunligletxposureat 100 m\Wem2 (i.e., 1 sun) from a

300 W Xenon lamp (PLSXE 300, Newport Corporation) equipped with an AM 1.5G filter.

3.2.2 Synthesis of CuxO-Cu/Graphene

Different concentrations of CuSD 5,® dissolved in 0.3 M lactic acid, adjusted to different pH by
adding 4 M NaOHywvere used to prepare the 10 mL electrolyte solutions. The colour of the solution
turnedfrom light blue to dark blue upon addition of NaOH. The graphenews#stut into chips
(10x20 mn¥) and (denoted as &) beused as the substrates for electrodeposition of the Cu films.
Various conditions including overpotential, deposition time, CuS@centration and pkvere

usedto optimizeelectrodgosition. The migration of positively charged copper ions to the cathode
resuledin the formation of a reddish orangelored copper film on the graphene substrate upon
each copper iogaining a pair of electrons at the cathodic surface [according to the reaction:
Cuw*(ag)+2€ Y C9)].(At the anode, OHwas discharged first, as confirmed by the evolution of
oxygen gasitthe Pt (counter electrode) surface [in accord with the reaction’(@@H Y

2H,0(aq) + O(g) + 4€]. NanostructuredCu films were deposited by usingptentiostatic
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amperometrynder optimized conditions (see belaat)a constant voltage 01.2 V vs Ag/AgCI

for 20 min in 40 mM CuS@at pH 12. After electrodeposition, the Cu filmas annealed in On a

tube oven to facilitate thermahnealingat selected temperatures: 200, 300, and 400 °C for 30 min,
resulting in samples that we derbts CyO-Cu/G-200-30, CyO-Cu/G-300-30, CuO-Cu/G400

30, respectively. In this sample notation ofG«Cu/GX-Y, X is the annealing temperature in °C
and Y is the amount of annealitime in min. We alsanneaédthe Cu film at a fixed temperature

of 300 °C for selected amounts of time of 30, 60 and 180tmiproduce sampletenote as
CuO-Cu/G-300-30, CyO-Cu/G-300-60, and CO-Cu/G-300-180, respectively.

3.2.3 Synthesis of CuFe;04 Nanoparticles

A wide range of methodzre availabléo obtain spinel materials, including batilling, sokgel,
co-precipitation, solvothermal, and combustion syntheses. As the preparation method employed
greatly affects the crystal structure and specific surface area of the pthdagipropriate choice

of preparation method is therefore vitally important to the resulting catalytic aéitythis

work, CuFeO, was fabricated by using a solvothermal method. A mixture of 0.002 mol of copper
chloride (CuCi-2H:0), 0.004 mol of iron chloride (Fe&6H,0), 0.006 mol of CEHCOONa-3HO

and 0.1 g of polyinylpyrrolidonewas dissolved in 30 mL of ethylene glycol with constant stirring
at room temperature for 1 h. The solutieas then transferred into a tefldined autoclave (50

mL) and heated at 18 for 24 h. CuF#D, precipitatesvere collected and washed by HPLC

grade ethanol and isopropanol and suspended in 5 mL ethanol. 0.@fGhelresultingCuFeO,
solutionwas dropcasted on top of a bare graphene chip (G) or to®Qu/G sample, and the

resulting samplewere thoroughly dried in a nitrogen box overnight.

3.2.4 Characterization

A Zeiss Merlin field emission microscopess used to image the morphologies by scanning

electron microscopy (SEM). The crystalline structure of an individual £uR¢P was determined

by transmission electron microscopy (TEM) in a Zeiss Libra 200 MC microscope with a-double

corrected Omega filter operated at 200 kV. The TEM specimasrprepared by drepasting the
NPssuspended in ethanol directly on a 388sh lacey carbecoated copper TEM grid. The

crystal phases of the nanostructured filmese deterrmed by glancing incidence-bay diffraction

( XRD) in a PANayltical Xo0Pert PwpoadskiRatahi f fr act c
incident angle of 0.6 The chemicaktate compositiowas characterized by-Xay photoelectron

spectroscopy (XPS) in a Therawis Scientific ESCALab 250 microprobe with monochromatic Al

KU radiation (1486.6 eV) and a typical energy r
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3.3 Results and Discussion

3.3.1 Optimization of Copper Oxide Nanomaterials

Similar toelectrodeposition of Cu films in an alkali solution with further oxidization on C#¥oil,
ITOZ*and FTO??% 25 we obtaina Cu film on the graphene substrate. the deposition conditions
cangreatly affect the morphology, size, and shape of the copper deposits, several vidlidges (

70.6 V,710.8 V,11.0 V andi 1.2 V, all vs Ag/AgCl), CuS®concentrations (4 mM, 10 mM, 20

mM, and 40 mM), deposition times (1.5 min, 5 min, 10 min, 20 min, and 60 min), and pH (4, 6, 8,
10 and 12) are used for the optimization. To produce copper oxide, we further anneal the Cu film in
a tube oven with oxygen float several selected temperatures for selected amounts of annealing
time. The effects of differenteposition parameters on the morphology, size and distribution of the
Cu film deposited on graphene (denoted as Cu/G) have been examined by using SEM. The
morphologies of the Cu films prepared by electrodeposition at different overpotentials (all vs
Ag/AgCl) are shown in Figure3l. The morphology of the Cu film appears to change

significantly with increasingly more negative overpotential. Obtained with an overpotentalof

V, the resulting cauliflowelike Cu nanostructures are composed of irregulasina Cupetak.

With increasingly more negative overpotential, more caulifleliker Cu features appeariad.6 V

and they aggregate into larger networkéG8 V and form a continuous Cu filmiat.2 V.

Evidently, the overall film thickness and surface roughnedseo€u film increase with increasing
negative overpotential. As expected, the caulifleliker nanostructures also appear to grow in

number and size, and they connect with one another with increasing, Gug@ntration (Figure

S3.2) and withincreasing deposition time (Figur&.3). Isolated cauliflowetike Cu

nanostructures with irregular Cu petals are observed with the lowestCase@ntration at 4 mM
(Figure S.2a) or for the shortest deposition time of 1.5 min (Figl88&. The surface roughness

of the Cu film also increases with increasing CuS@centration to 40 mM (Figure82e). The
graphene substrate is fully covered by the Cu film upon deposition for 20 min (FRBd. S he
morphology of the copper deposits also varies thighpH of the electrolyte (Figure88) because

it is greatly influenced by the chemical potential of'Gths. At a low pH level, Cii move

together to nucleate and random aggregation appears. At a high pH level, the increased amount of
OH' ions more readily neutralize the positive charges, and the Cu nuclei therefore grow slowly and
orderly on the existing nucl&t*23When the concentration of Olibns is further increased to

provide a pH of 12 (Figure33te), growth becomes enhanced on specific crystal faces of the
structure, creating diffusion layers on certain surfaces of the Cu film. From these studies, we

determine that the optimum electrodeposition conditionprimducingacomplete Cu thin film
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(fully covering the substrate) with high surface roughnesslV in 40 mM CuS®at pH 12 for

20 min. It should be noted that thicker films obtained by more negative overpotential, higher
CuSQ concentration, or more time than the values considered here would become detached from
the substrate.

After securing the condition for optimal electrodeposition of a Cu film on the graphene
substrate (Cu/G), we anneal the optimized Cu film4inobtain a more robusatalyst film
consisting ofcopper oxide (CuO) for photoelectrochemicatater splitting studies. Both the
annealing temperature and the amount of annealing aimaffect the composition and structure,
as well as the thickness of theOuilm. We have considered annealing temperatures of 200, 300
and 400 °C for 30 min and of 3@C for 30, 60 and 180 min for the Cu/G sample. The
morphologesand crystal structussof the Cu/G and CiO-Cu/G samples are shown in Figdé.

For the Cu film on graphene (without any pashealing), cauliflowelike structures (& € m i n
size) are found (Figurg.la). Upon posannealing Cu/G in @at 200 °C for 30 min, the surfaces of
the microcrystallites of the resulting @+Cu/G-200-30 sample have evidently become smoother
(Figure3.1b). Remarkably, pstannealing Cu/G in @at a higher temperatucé 300 °C for 30 min
produces nanowires for the &4Cu/G-300-30 sample (Figur8.1c), while increasing the

annealing time to 60 min in GD-Cu/G-300-60 (Figure3.1d) and 180 min in GO-Cu/G-300-180
(Figure3.1e) lead to longer nanowires with a higher density. However, annealing at a higher
temperature of 400 °C in 0-Cu/G-400-30 leads to shorter but thicker nanowires with a reduced
density (Figure3.1f).

The corresponding glancirigcidence Xray diffraction profiles for these QD-Cu/G samples
are shown in Figur8.1g. The strongest peak of the graphene substrate is located &t béribe
asdeposited copper film in Cu/G (Figugela), the prominent peaks at 43.19° and 50.30° are in
good accord with the respective (111) and (200) planes of Cicéatered cubic (FCC) phase,
while the weaker features at 73.89° and 89.62° correspond to the (220) and (311) planes,
respectively (JCPD$#-070-3038). For CuO-Cu/G-200-30 (Figure3.1b), new features
corresponding to GO FCC phase are evident, with the Cu features remaining prominent. For the
CuO-Cu/G-300-30 sample, the GO features become more intense, with additional features
corresponding to CuO monoclinic phase emerging at 35.25°, 38.53°, and 48.71°. The sitong Cu
peaks at 36.52° and 42.42° and the weaker features at 61.55° and 73.73° can be attributed,
respectively, to the (111) and (200) planes, and the (220) and (311) planes glQHeGTuphase
(JCPDS#01077-0199). For samples obtained with longer annealing times (60 min, 180 min) at 300

°C, the intensities of GO and CuO peaks appear barely changed, and the intensities of Cu metal
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appear tdade with the longer annealing times. ForG«Cu/G-400-30, the CuO features are found
to become more intense. The features at 35.25°, 38.53°, and 48.71° can be attributed, respectively,
to the €111), (111) and-202) planes of the CuO monoclinic phase (JCPD®8%2530), and the
peaks of Cu metalan be barely observed. The presence of largel@ @eatures after annealing at
200 °C indicates that part of Cu has been oxidized t@Clurther annealing at 30C leads to
additional CuO featureshile the relative diffraction intensities of &l remain much higher than
those of the CuO features, which suggests that the main composition of theadgeer
nanomaterial is still G@. After annealing at 400 °C, the relative diffraction intensities of CuO
become larger, which indicates that a greater amount &) Guurther oxidized to CuO. While the
phase composition remains relatively stable within the temperature range49@0C, notable
transformation®ccurin the morphology of the material.
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Figure 3.1 SEM images of (a) a Cu film as electrodeposited on graphene (Cu/G), angef Cu
Cu/G upon annealing (b) at 200 °C for 30 min @+«u/G200-30), at 300 °C for (c) 30 min
(CuO-Cu/G-300-30), (d) 60 min (CxO-Cu/G-300-60), and (e) 180 min (GO-Cu/G-300-180),
and(f) at 400 °C for 30 min (C®-Cu/G-400-30), and (g) their corresponding glancing incidence
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XRD profiles, along with the measured profile for a pristine graphene substrate and reference
profiles for Cu FCC (JCPDS#d170-3038), CuO FCC (JCPDS#0077-0199), and CuO
monoclinic phases (JCPDS#089-2530). All the SEM images employ the same scale.

Figure3.2a shows the corresponding XPS spectra of the gaPpd O 1s regions of selected
CuwO-Cu/G samples. The dominant Cu2peaks of Cu/G at 932.3 eV and pasnealed CiD-
Cu/G (at 200, 300, and 400 °C) at 933.9 eV are assigned to LuaBd CuO, respectively. The
shakeup satellite structures at the higher binding energy side of the {oyp@gk are characteristic
of the Cu( ) stateg*° The formation of these satellites can be attributed to shpkensitions by
ligand to metal 3d charge transfer that cannot occur in) Cafnpounds or metallic Cu because
their 3d shells cannot be filled completely. The O 1s peaks at 529.9 eV and 531.3 eV correspond to
the CuO/CuO and GH group, respectively.

While the Cu 2p peaks for CuO can be easily discerned in F3zaethe relative chemical
state distribution in the nanodeposit is less clear. Figakeshows the deptprofiling spectra of
Cu 2py2 peak, Cu EM4sM4s Auger peak, and O 1s photopeak regions of th@®&iu/G-300-30
sample as a function afgon sputtering time. Upon sputtering ftf¥ s, the dominant peak has
evidently shifted from 933.9 eV, attributable to CuO, to 932.4 eV that can be assigne®to Cu
which confirms the presence of a thin CuO layer on the surface of the nanotsesll shift in
the Qi LMM peak position from 569.3 eV to 569.9 a@lso occursthe latter ofwhich is close to
the reported value of 570.0 eV for £u?*° Further sputtering for a total of 240 s causes the broad
Cu 2p2 peak to become sharper, while the intensities of the satellites appear to be substantially
reduced. The Cu 2ppeak at 932.4 eV and Cu LMM peaks#99 eV for CupO remain prominent
upon further sputtering, which suggests thai(TCis the main component of @Cu/G-300-30.
For O 1s, two component peaks centered at 529.9 eV and 53a&esrswhich correspond to
CuO and OH, respectively. After sputtering, the lower binding energy peak at 529.9 eV shifts to
530.2 eV, while the higher binding eggrcomponent at 531.3 &¥reduced in intensity and has
completely disappeared after 1080 s of sputtering. This suggests thdgdhgeal OH group is

part of the neasurface and can be completely removed by sputtering.
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Figure 3.2 XPS spectra of Cu 2pand O 1s regions of Cu/G, &Cu/G-200-30, CyO-Cu/G
300-30 and CwO-Cu/G-400-30 and deptiprofiling spectra of Cu 2, Cu LMM and O 1s regions

of CuO-Cu/G-300-30.

The crosssectional SEM image in FiguB3a shows the side view tife nanowires in the
CuwO-Cu/G-300-30 sample Based on tise SEMXRD and XPS data, we shguausible
schematic models of QD-Cu-200-30, CyO-Cu/G-300-30, and CO-Cu/G-400-30 in Figures
3.3b-d. The composition of GO-Cu-200-30 (Figure3.3b) consists mainly of a Cu base and a thin
CwO0 layer, with a thinner CuO layer observed on top. For the samples obtained with a higher post
annealing temperature, the 0uCu/G-300-30 sample (Figur8.3c) consists of a thin Cu base, a
thick CuO layer, and a CuO skin with CuO nanowires shown as an aerial view in Bifyjar&he
CuO-Cu/G-400-30 sample (Figur8.3d) consists of a minimal Cu base, a thin@layer and a
thicker topmost CuO skin with CuO nanowires shown as an aerial view in Bigfiren the post
annealingprocess, Cu is thermally oxidized toQuand further to CuO. Initially, a layer of &
is generated dahe vapowsolid interface, which is characterized by high porosity and formation of
defects caused by significant compressive sté3 undergo further oxidation, Cu atoms are
believed to migrate to reach the expanding interface by lattice diffusion and/ecbgtaidary
diffusion. Lattice diffusion leads to the continuous growth of thgddayer, while grairfboundary
diffusion contributes to the formation of the nanow#®# this work, CuO nanowires become an

important part of the CuO layer that provides the photocathodic reactivity.
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Figure 3.3 (a) Cross sectional SEM image of {OuCu/G-300-30 and schematic representations for
(b) CuO-Cu-200-30, (¢) CuO-Cu/G-300-30, and (d) CuD-Cu/G-400-30, illustrating the change in
the relative compositions of CuO (topmast layer or skin¥dOuniddle layer) and Cu (base) in the

respective nanostructured films on graphene.

3.3.2 Characterization of CuFe;0q4

The CuFeO4 nanopatrticles prepared byalvothermamethod are dropasted on top of a

graphene substrate for detailed analyses. The SEM image in Bigarghows aggregation of

CuFe0s nanopatrticles with an average particle size of ~20Inrthe glancing incidence XRD

profile (Figure3.4d), the mosprominent feature at 35.54orresponds to the (311) plaméhich

suggests oriented growth of the sample along the (311) direttienwveaker peaks at 3017

43.20, 53.59, 57.13, and 62.74can be attbuted, respectively, to the (220), (400), (422), (511),

and (440) planes, all of tHacecenteredcubic phase of Cuk@®. (PDF#01077-0010). In the high
resolution TEM image shown in Figure 4b, the nanopatrticle is found to have an interplanar spacing
of 2.52 A, which is in good accord with that of the (311) planes of £&uFEigure3.4c shows the
selected area electron diffraction (SAED) pattern with concentric diffraction rings. The

identification of phases is achieved by comparing the measured distance from SAED with the
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diffraction pattern®f the reference phasrsm the ICDD database (PDF#0Y7-0010). The
interplanar distances are calculated to be 0.298, 0.252, 0.209, 0.170, 0.161 nm, which can be
assigned to the characteristic planes of (220), (311), (400), (422), and (511), respeadtirely
cubic phaseThe corresponding XPS spectra of the Csp2nd Fe 2p, regions of CuF€.
nanoparticles on a graphene substrate are shown in Bgererhe prominent Cu Zpfeature at
933.1 eV can be attributed to Car Cu*, while the weaker Cu 2pfeature at 934.5 eV is assigned
to CU* and is further confirmed by the shakp satellite features at 941943.9 eV. The

prominent F&ps. feature at 710.5 eV can be assigned 0, Fehile the peak at 712.3 eV are
attributed to F& bonded to a hydroxyl groujp QH).2+

(d) CuFe204
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Figure 3.4 (a) SEM image of the Cuk@, nanoparticles drepasted on a graphene chip substrate.
(b) Low-resolution (top inset) and higlesolution TEM images of individual Cuka:

nanoparticles, with an expanded view depicting the interplanar spacing of the (311) planes in the
bottom inset. (c) Selected Area Electron Diffraction (SAED) rings obtained from individual
CuFe0: nanopatrticles. (d) Corresponding glaneingidence XRD profile along with the

reference profile of the cubic phase of CiB.g PDF#01077-0010).(e) XPS spectra of Cu 2p

and Fe 2, regions of CuF£, nanoparticles.
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3.3.3 Photoelectrochemical Properties

To evaluate the PEC water splitting activity of the prepared photocathodes, linear sweep
photovoltammetry is used under 0.2 Hz chopped illumination with an intensity of 106nmiwW

(i.e. 1 Sun). A1 M Ng&Q, buffer solution at pH 6 is used as the electrolyte in all PEC water
splitting experiments. To compare the photocatalytic properties, photovoltammetric profiles of the
CuO-Cu/G samples obtained with different pasinealing temperatures are shown in Figures
3.5a1,3.5b1, and3.5cl. Evidently, the G®-Cu/G-300-30 photocathode exhibits a photocurrent
density ofi 2.64 mAcm?2at 0 V vs reversible hydrogen electrode (RHE) (Figs&1), which is
much higher than those found for other photocathodes obtaitied different posannealing
temperaturet 0.50 mAcm? for CuO-Cu/G-200-30 (Figure3.5al), and 0.44 mAcm? for CuO-
Cu/G400-30 (Figure3.5cl). The hydrogen evolution restliereforeindicates that 300 °C appears
to be the best annealing temperature to produce tf@-Cu/G photocathode with the highest PCE
water splittingactivity.

The PEC water splitting activities of @-Cu/G samples obtained with pasinealing
temperature of 300 °C for different amounts of time,@&CGu/G-300-30, CuO-Cu/G-300-60, and
CuO-Cu/G-300-180, are shown in Figure3%a. Evidently, only minor differences in the
photocurrent densities are observed for these photocathodes. Therefore, among these three
conditions, CWO-Cu/G-300-30 is selected for coating with CuEr NPs. In addition, Figure3bb
shows the photocurrent density of CeBeNPs on graphene (Cuf NP/G). Evidently,
discernibly smaller photocurrent is observed under chopped illumination of the AM 1.5G light
which is consistent with the fast recombination rate of eledime pairsTo compare the changes
in the PEC water splitting performance as a result of the addition obQURPs, the photocurrent
of CuO-Cu/G-300-30 with CuFeO4 NPs is also shown in FiguBs5b1, along with its SEM image
and itsschematic model (in lower inset) in Figud®&b2. Remarkablytheaddition of CuFgDs NPs
appears to nearly double the photocurrent densities @-Cu/G-300-30 fromi 2.64 mAcn?to i
4.91mA cnm2 at 0 V vs RHE. The corresponding Nyquist plots of@Cu/G-300-30 and
CuFeO4+CuO-Cu/G-300-30 (i.e. CyO-Cu/G-300-30 with the addition of Cuk©4 NPs) under
simulated sunlight illumination of the AM 1.5G light obtained by potentiostatic electrochemical
impedance spectroscofgsshown in Figure $6a. In a Nyquist plot, a semicircle at high
frequencies is characteristic of the charge transfer process and the diameter of the semicircle
corresponds to the charge transésistance in the Helmholtz lay@). We use Aview to
calculate the resistances of\OuCu/G-300-30 and of CuR€®,+CuO-Cu/G-300-30 assuming an
integrated equivalent model circuit in Figurg&. The addition of Cuk84 NPs to the CO-

Cu/G30030 sample reduces the resistance from 37.
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the resulting C4O-Cu/G-300-30 more conductive. The lower charge transfer resistance found in
CuFeO4+Cu0O-Cu/G-300-30 therefore confirms the presence of Glré\NPs as the main
contributor for the observed better PEC performance shown in RBdibe.

We also show the effects on the photocurrents of the other sampl€sCaI(G-200-30, and
CuO-Cu/G-400-30 upon addition of the Cuk@4 NPs, along with their SEM images and
schematic models (lower insets), in FiguBe&sa2 and.5¢c2 respectively. The Cufa, NPs are
found to aggregate on the surface of@€u/G200-30 but are well dispersed on the,OtCu/G-
300-30 and CwO-Cu/G-400-30 samples that contain CuO nanowires. This suggests that the
nanowires provide an ideal framework for loading Gk&\Ps byseparating the nanopatrticle
aggregates into smaller groups leadimdpettercharge transport properties. Not surprisingly, the
addition of CuFgOs NPs also increases the photocurrent density slightly fi@&s0 mAcm?to T
0.61 mAcm? for CuFeOs+CuO-Cu/G200-30 and almost three times frdr.44 mAcm?to i
1.35 mAcm? for CuFeO4+CuO-Cu/G-400-30.
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Figure 3.5 Photocurrents of (al) @D-Cu/G-200-30, (b1) CuO-Cu/G-300-30 and (c1) CD-

Cu/G-400-30 without (black profiles) and with addition ihfe CuFeO4 NPs (red profiles)

measured as a function of applied potential by linear sweep voltammetry in 19@Nh pH 6,

and the respective SEM images and schematic models (lower insets) of the latter samples (with NP

addition) are shown in (a2), (b2) and (c2). All the SEM images employ the same scale.
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3.3.4 Mechanism of Photoelectrochemical Water-Splitting Reaction

Based on the band energy level diagrams shown in Fafbireve propose plausible singiad

dual heterojunction mechanisms involving charge migration bettieesiectrolyte and the

respective photocathode systei@g;O-Cu/GandCuO-Cu/G with CuFgO. NP addition and the
electrolyte solution. As the QD-Cu/G-200-30 mainly consists of a Cu base and a thigGClayer
(Figure3.3a), its poor PE@vater splittingperformance (Figur8.5al) could be attributed to two
notabledrawbacks of C40D as a photocathodfast photogenerated electrbole recombinatioft*

and selfphoto corrosion in an aqueous solutfétiThe CyO-Cu/G-300-30 shows better PEC

water splittingperformance with enhanced photocurrent density because the presence of the CuO
layer with an appropriate thickness (Fig@r&c) offers protectioffior the CwO layer from
photocorrosion. In addition, the CuO/Quheterojunction extends the absorption range of the
visible spectrum, improves the electrioole separation efficiency and reduces the photoexcited
electronhole recombinatioR!® Since both the conduction band (CB) and valence band (VB) of
CwO are located above the respective CB and VB of CuO, the transfer of photogenerated electrons
starts from the CB of GO to that of CuO while the transfer of holes occurs from the VB of CuO

to that of CuO (Figure3.6a). For CuO-Cu/G-400-30 (Figure3.3d), the excessive thickness of the

topmost CuO layer leads to poor electron migration and lower photocurrent response.

In the case of G-Cu/G with CuFgO, NP addition, we propose a direct duas@heme
heterojunction mechanism, given that three semiconducte3, QuO and Cuk©, are involved
during the photocatalytic reactiohhree categories of direct dualstheme photocatalystist
arrow-up direct dual Zscheme, arrovdown direct dual Zcheme, and cascade direct dual Z
schemé?*? The arrangement dfiethree semiconductors in this work belongs to the adown
direct dual Zscheme, shown in FiguB6b. The band edge positions of CuO are lower than those
of the corresponding edges of2Quand CuFgDs. Under illumination, electrehole pairs are
formed at the VB and CB dhedifferent semiconductors. Electron and hole diffusion continues
until the system achieves Fertaivel equilibrium, resulting in the formation of a charged region
with an internal electric field. With the formation of the internal electric field, the pbotygted
electrons in the CB of CuO recombine with the holes in the VEBug® and CuFg0,. The
recombination provides enhanced charge separation, higher redox ability, and longer charge carrier
lifetime. In the arrondown dual Zscheme of the GO/CuO/CuFeg0, heterojunction photocatalyst
system, electrons remain unutilized in thes©@BCw,O and CuFgD, while the holes stay in the
VB of CuO. This arrangement facilitates effective charge separation and enhances the redox
capability of the photocatalyst. Moreover, it promotes the generation of reactive oxidative species,

thereby a@hancing the overall efficiency of hydrogen production. The desdhi&me
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heterojunction in CuR©4+CuO-Cu/Gthereforeprovides aviable pathway for the charge transfer

among these three semiconductors.

(a) Vvs. RHE
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Figure 3.6 Schematic representations for reaction mechanisms of ¢&/CuO single

heterojunction and (b) GO/CuO/CuFe0, dual heterojunction photocatalyst systems.

To compare the PEC water splitting performance efd80uO based photocatalysts without
and with addition of other nanomaterials, such as gdHsanoparticles employed in this work, we
compare the performance of recently repo@e-basedcomposite materials in TabBl. It
should be noted that the present work is the first report afsh®fCuO-Cu/G with CuFgO, as
dual heterojunction photocatalyst for photoelectrochemical hydrogen evolution. The rep@ted Cu

based nanomaterial electrodes are mginpared by electrodeposition with further thermal
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annealing While binary oxides of copper (CuO and.Ol)irepresent promising materials for

hydrogen production, ternary oxides of copper offer better prospect than binary oxides because of
easier tuning of the band structure and the optoelectronic properties. Amonglihsediternary
oxides, CuBiO,?* and CuFgD,?*" are promising materials because of their favorable band edges
for solar water splitting. A corshell CuUO@CuF®, as photocatalyst has been reported for

hydrogen evolution with the photocurrent reachibgnA cn? under relatively positive potentials.

The mechanism of charge transfer for Githhecan be attributed to the typical small polaron
hopping s emi c on d #€Thepresent Cuz@,4C,O-CwWGdudd and #ido.

heterojunction photocatalyst system therefore offers the best PECsplitterg performance at 0

of

V vs RHE among all the Chased composite catalysts reported to date.

Table 3.1 Summary of Cu@based nanomaterials used as heterojunction photocatalysts for

hydrogen evolution.

Composite Synthesis methods Photocurrent density Mechanism | Reference
for HER
Cu,O/Cu0O Electrodeposition followed by 13.15 mAcm?at 0.4 | Heterojunction 218
thermalannealing V vs. RHE
Cu,O/Cu0O Electrodeposition followed by 71.2 mAcm?at 0V | Heterojunction 220
thermalannealing vs. RHE
Cu,O/Cu0O Electrodeposition followed by 72.3 mAcm?at 0V | Heterojunction 249
/Cu(OH) thermalannealing vs. RHE
CuO/Cu0O Magnetron sputtering 11.9 mAcm?at 0 V | Heterojunction 250
followed by thermabnnealing vs. RHE
CwO/CuO/Pt | Electrodeposition followed by 72.74 mAcm?at 0 V | Heterojunction 236
thermalannealing vs. RHE
CuO/CuFeQ, | Electrodeposition followed by i1 mAcm?at 0.3V | small polaron 248
thermalannealing vs. RHE hopping of SC
conduction
band f
CuO-Cu/G Electrodeposition followed by i2.64 mAcni2at 0 V | Heterojunction| This work
300-30 thermalannealing vs. RHE
CuFeOq+ Electrodeposition followed by 14.91 mAcm2at 0 V | Dual zscheme| This work
CuO-Cu/G thermalannealing with vs. RHE Heteroiunction
30030 hydrothermal NP decoration )
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3.4 Conclusion

In summary, copper oxide hanomaterials have been obtained by electrodeposition on graphene in a
high pH solution (pH 12) followed by annealinge@tperaturesp to 400°C. Different annealing
temperatures (200, 300, and 4@) and amounts of annealing time (30, 60 180 min) are used to
control the CuO layer thickness and relative compositions of CuO a@ @hich are found to
greatly affect the PEC water splitting performanidee Cu.O-Cu/G-300-30 nanowire sample

appears to provide the best photocatgbgstormance when compared with,OuCu/G-200-30

and CyO-Cu/G-400-30, while CyO-Cu/G-300-30, CuO-Cu/G-300-60, and CLO-Cu/G-300-180

offer minor difference in their PEC performance. Appropriate thicknesses of CuO gndagers

are the key tprovide the best photocatalytic properties. Among the Cuf@@hotocathodes, our
best performing sample is obtained at a lower temperature G3d0r a shorter annealing time (30
min), while the PEQvater splittingperformances of the other samples remain competitive.
Furthermore, the addition of a @ased ternary material such as Ckenanoparticles on GQ-
Cu/G-300-30 significantly improves the photocatalyst activity (that nearly doubles the photocurrent
from12.64 mAcm?toi4.91 mAcm?at 0 V vsRHE), which is consistent with the dualséheme
heterojunction mechanism. Upon electtwole pair formation on the VBs and CBs of,OuCuO

and CuFg0., electrons remain unutilized in the CBs of,Owand CuFg, while holes stay at the

VB of CuO. This arrondown dual Zscheme mechanism highlights the importance of two
heterojunctions in the Cup@s+CuO-Cu/G photocatalyst system, whiptovidesimproved

charge separation and redox ability to overcome the limitation of pristine photocatalysts. As both
CuO and CuFg0, nanomaterials are namble metal oxides that are low cost and have low
toxicity and good chemical and thermal stability, their facile fabricgironedureoffers potential

for costeffective scalaup of these higiperformance photocatalysts for commercialization.
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Chapter 4
Support eNandic@t al @rsa psh eomdo nRErozy mat i c
Lact &e¢ msi ng

4.1 Introduction

Lactate(CHsCH(OH)COQ) concentration is one of the key metrics for monitoring tissue oxidation
in clinical diagnostics, providing continuous surveillance in surgenyraamagingshock/trauma
treatment. Sweat lactate sensors have been proposed as a promising solution to overcome the
typical drawbacks of most blood teséariations in sweat lactate composition have been observed
across five common sampling body sites (torso, face, thigh, axilla, and arm), with reported
concentrations ranging from 16 mM on the face to over 30 mMethigh?! Elevated lactate

levels in the body (>5 mM) could indicate metabolic acidosis, hypoxia, sepsis, acute respiratory
distress, myocardial infarction, and skeletal muscle fatigue. Abnormal increase in lactate
concentration resulting from oxygen deficiencyrgases the risk of lactate acidosis and causes
pulmonary and circulatory problerf@ Additionally, monitoring lactate levelsanalso maximize
training efficiency for general workouts and professional sports, as muscle cells switch to
anaerobic metabolisnv.arious methodare availabldor detecting lactate, such hagh-

performance liquid chromatograpfy fluorometry?>* colorimetry2®® chemiluminescenc&® and
nuclear magnetic resonance spectrosédfijowever, these methods are generally time
consuming, labeintensive as they require sample-meatment, and costly due to the need for
expensive instrumentation and trained personnel. In contrast, electrochemical biosensors are
simple, direct, essentig in reaktime, and without any need for sample preparation. These sensors
also combine rapid response with high specificity, whie beingeconomical and usdriendly.

Most lactate biosensors are enzybased sensors with notable limitations, sucloss of enzyme
activity and storage stability. These challenges can be alleviated with the development of non

enzymatic lactate biosensors.

Several types of nanomaterials, including metal nanoparticles, metal oxidesprgatat
frameworks2°¢2%° conducting polymer&®2%t molecularly imprinted polymer8#2%3 carbon?®4and
composite material? are potential material candidates for remeymatic lactate sensors. Among
these materials, metal oxide nanomaterials, especially transition metal oxides, offer several
important advantages, such as easy synthesis, high stability, tunable morpholsgsbkdju
porosity, and versatile functionalization. Nanostructures of notable metal oxides, such'&s NiO,

CuOf’and CaO4'*®have been studied as potential candidates for lactate sensing due to their
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electrochemical catalytic properties, high sensitivity, environmental friendliness, and low cost.
Nickel oxide (NO) also behaves as aype semiconductor due to a hopping mechanism via
electron transfer between¥and N?*. The coexistence of these Ni oxidation states suggests that
NiOx species could contain NiO, NiOOH and Ni(QHJhe NF* state exists as nickel

oxyhydroxide (NiOOH) which serves as an active site for oxygen evolution reaction (OER) due to
the presence of the actiV®OH specieg®® In other applications, nickel oxide has also been found
to have electrocatalytic properties attributed to the generation of NiOOH species, an
electrochemical active site well knovior facilitating the oxidation of organic compounds and the
oxidation of lactate. The mechanism of NiO for lactate detel@fidH2%8involves the following

steps:
NiO + H,0 Y Ni(OH)2
Ni(OH), + OHz NiOOH + H,O + é
NiOOH + Lactic acid (CHCH(OH)COOH)z Ni(OH): + Pyruvic acid (CHCOCOCH)

Various physical and chemical methods, includingprecipitation?%® solgel 2’° hydrothermal
synthesig/! electrospray synthesiélaser ablatiort’® and electrodepositidfh have been
employed for the synthesis of NiO. Among these methods, electrodeposition stands out as a fast,
costef fective, and straightforward arpnsferoach to ot
i ns u P“ahe existence of NIOOH/Ni(OHpn the surface of NiO is essential for a working
redox couple electrocatalyst. The formation of NIOOH/Ni(xdHlox couple couple can enhance
the catalytic activity. The NiOOH/Ni(OHYedox coupldés commonly produced by potential
cycling of nickel electrodes in robust alkaline electrolytes, such as KOH or NaOH. It has been
widely reported that the controllable formation of two distinct layers can be achieved when Ni
undergoes oxidation in the prese of air?®” 27> The two layers are a shell of NiO resulting from
Ni reacting with oxygen and a skin (outermost layer on top of the shell) of NIOOH/Ni@diking
from the adsorption of and etaldavereportedthei t h wat er
controllable formation of a structurally disordered NiOOH/Ni(@H)dox pair on Nhanowire
electrodes. This was achieved by cyclic voltammetry employing different scan rates in KOH to
convert inactive NiO to the surfacatalyticactive NiOOH/Ni(OH).2”> Another potential method
to obtain the NiOOH/Ni(OH)redox couple is thermal annealing of NiO, as the calcination
temperatureaninfluence the NiOOH content on the NiO surface. A higher calcination
temperature is found to lead to a decrease in the concentration of NiO&ddlitionally,
annealing in air leads to a slightly higher NiOOH content when compared with annealing in

oxygen®® On the other hand, Ni(Oklould exist in both amorphous and crystalline forms,
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depending on the synthesis and preparation conditions. The amorphous form of. Ng®b¢
obtained under less controlled or rapid synthesis conditions, unlike the crystalline form which
requires, for instance, the presence of certain additives, elevated temperatures, or certain
electrochemical processes. The amorphous form has attealdedf attention because of its
superior catalytic activity comparedits crystalline counterpart, which is attributed to the inherent
flexibility and the abundance dEfect sites in the amorphous foffi2’° Moreover, the use of
coreshell heterostructures, with a combination of crystalline and amorphous components, has
gained popularitylts phasedependent properties typically result in encouraging catalytic
performance, with the amorphous component providing high catalytic acthuthe crystalline

component providing high electrical conductivi#{?8!

In this work, graphene Belected as the substrate due toniggyattractive featuresand its
flexibility, and remarkable electrical conductivihasmade it especiallysuitable forimproving
electron transfer in electrochemical proces$es. soft graphene substrate offers a new prospect
for lactate sensingVe have successfully produceitkel oxideon a graphene substrate through
electrodeposition and manipulatée@ content of the NiOOH/Ni(OHYyedox couple relative to NiO
with coreshell heterostructures through pasinealing at different temperatures for selected
durations in an air environment. The synthesized samples are found to show excellent

electrocatalytic performance for n@mzymatic sweatange lactate sensing.
4.2 Experimental Methods

4.2.1 Chemicals

Analytical gradechemicals including nickel chloride hexahydratgQl, 6H-O), boric acid

[B(OH)3], sodium hydroxide (NaOH), sodiumlactate, glucose (Glc), ascorbic acid (AA)yic

acid (CA), uric acid (UA), and dopamine (DA) were purchased from Sigjlahdch and used

without further purificationArtificial eccrine perspiration was purchased from Pickering

Laboratories, Inc. (USAThe@ nduct i ve gr aphe nskeeetredismmcdel x {0150 em t
q L g was purchased from Graphene Supermarket (Graplaueatories Inc., USA). Filtered

highr e si st i v itmultrgplrd&watr wilsYused for preparing all the solutions.

4.2.2 Synthesis of NiO,/G

All the electrochemical experimentgere conducted in a thresectrodeslectrochemical cell
connected to a CH Instruments &€lectrochemical station, witmadg/AgCl reference electrode

and a platinum wire counter electrode. The working electrode used for electrochemical deposition
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of Ni nanoparticlesvas a graphensubstrat€20x10 mn¥), cut from a graphene sheblickel
oxidewas deposited over a typica0x10 mn¥ area of the grapherseibstratéoy potentiostatic
amperometry for 20 s in @ mM NiCl2B6H:0 electrolyte with0.2 M boric acidas the supporting
electrolyte.Diff erent concentrations dfiCl>T6H20 dissolved in 0.2 M boric acid were used to
prepare the 10 mL electrolyte solution. Various conditions, including the BiHGO
concentrations, overpotentials and deposition time, were used for the electrodeposition of Ni
nanoparticles (NPs). The Ni NPs electrodepositéd &tV vs Ag/AgCl for 120 s in 5 mM
NiCl.BH.O were further annealed in a tube oven to facilitate thermal oxidation at different
temperatures (200C, 300°C, and 400C) for different amounts of time (30 min, 180 min) to

obtain the nickl oxide NPs.

4.2.3 Characterization of Materials

A Zeiss Merlin field emission microscopes used to characterize the surface morphologies by
scanning electron microscopy (SEM). Glaneingidence Xray diffraction (XRD)was carried out

to determine the crystal structures inda PANal.y
(1.542v) radiation at an incidence angle®@€°. X-ray photoelectron spectroscopy (XPS)

conducted in a Thermo Scientific Nexsa G2 surface analysis system with monochromaiic Al K
radiation (vith a photon energy df486.6 eV) ad a typical energy resolution of 0.5 eV full width

at half maximunmwas used to characterize the chemistalte compositianThe crystalline structure

of individual NiOx NPs was determined byransmission electron microscopy (TEM) in a Zeiss

Libra 200 MC microscopesquippedvith a doublecorrected Omeganergyfilter, operated at 200

kV. The TEM specimemwas prepared by drepasting the nanoparticles suspended in ethanol
directly on a 30@mesh lacey carbon copper TEM gtahr sensing performance evaluation, a 0.01

to 1 M lactate solution was used, with interferent detection of Glc, AA, CA, UA, osdddt
concentrations of 0.1 M in a 0.25 M NaOH electrolyte. For lactate sensing performahcdien

in artificial sweat, a 0.02 to 65.1 mM lactate solution was used in 1:1 v/v artificial sweat and 0.5 M
NaOH.

4.3 Results and Discussion

4.3.1 Characterization

Ni NPs are deposited on a graphene substrate by amperometry at selected overpblextials (
1.2V,il.4V,and 1.6 V, all vs Ag/AgCI), electrolyte concentrations (1 mM, 2 mM, 5 mM, and
10 mM), and deposition time (20 s, 60 s, 120 s, 240 s, 300 sparg) heir corresponding SEM

imagesare showrnn Figures 8.1-34.3, respectively. Evidently, these Ni NPs generally have a
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spherical shape with a narrow size distribution. The average size of the Ni NPs appears to increase
with more negative overpotentials (Figu4.133, higher electrolyte concentrations (FigudeZ3,

and longer deposition time (Figurd.3). The number density is found to increase with longer
deposition time and start to decrease above 120idsl.AtV andi 1.4 V, Ni NPs are apparently

obtained with uniform coverage, while Ni NPs electrodepositéd.4tV appear to have a slightly
highernumber density. Fquotential more negative thad.4 V, the coverage is found to be less
uniform with lower number density. The number density of Ni NPs appears less uniform when the
NiCl.T 6,®l concentration is higher than 5 mM. The Ni NPs selected for the subsequent studies are
obtained at 1.4 V in 5 mM NIiCLT 6,0l with 0.2 M boric acid for a deposition time of 120 s.

These deposition conditions result in well dispersed Ni NPs, thdthighest number density,

uniformly covering the entire substrate surface.

After obtaining Ni NPs uniformly covering on the graphene substrate (denoted here as G) with
the highest number density (in a monolayer), the Ni/G sample is annealed in air in a tube oven at
different temperatures (20C, 300°C, and 40C°C) for different amounts of time (30 min, 180
min), as shown in Figuré.1. We designate the resulting NifP samples as Ni@G-XXX-YY,
where XXX denotes the annealing temperature in °C and YY represents the annealing time in
minutes. Evidently, annealing the Ni NPs for a longer time and at a higher temperature produces
larger NiQ NPs with rough surfaces and consequently larger specific surfacefzoeds NPs
and NiQ-200-30, the strongest XRD feature is the graphene peak at’3#ig2re4.1qg).

Evidently, the electrodeposited Ni NPs correspond mainly to Ni metal, with the prominent XRD
peaks at 44.5051.84, and 7637° (Figure4.1g) found to be in good accord with the respective

(111), (200) and (220) planes of Ni faeeghtered cubic phase (PDF#004-0850). For the

samples annealed at different temperatures for 30 min, the strongest peaks still correspond to the Ni
(111) plane. Fothe samples annealed for 180 min, especially the sample49i®180, the

dominant peaks belong to rhombohedral Ni®e Temaining weaker XRD peaks at 43,28d

62.83 can be attributed to the (202) and (220) planes ofid@nbohedral phagd® DF#01089

3080. The weak features at 37.5@nd 58.19 are in good accord with (011) and (220) planes of
orthorhombic NiOOH (PDF#0027-0956).No sign of features that correspond to Ni(@QH)

suggesting that Ni(OH)f present is likely amorphowsppears
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Figure 4.1 SEM images of NiQNPs obtained by annealing electrodeposited Ni NPs in air at
different temperatures for different time, (a) 200 °C for 30 min, (b) 200 °C for 180 min, (c) 300 °C
for 30 min, (d) 300 °C for 180 min, (e) 400 °C for 30 min, and (f) 400 °C for 180 min. ABHhé
images employ the same scale. (g) The corresponding glancing incidence XRD profileg HPNiO
samples, along with that of Ni NPs electrodepositéd 2 V in 5 mM NiC,T 6,6l with 0.2 M
boric acid for 120 s, and the reference profiles for Ni-fzex@ered cubic phase (PDF#004
0850, black lines), NiO rhombohedral phase (PDF&823080, blue lines), and orthorhombic
NiOOH (PDF#00027-0956, red lines), and hexagonal Ni(QKPDF#000140117, grey lines) as
well as the measured profile for a pristine graphene substrate.

To determine the relative chemiesthte composition and shell structure of NNIPs, XPS
spectra for Ni NPs and the Ni®@P samples obtained with different pasinealing conditions and
depthprofiling XPS profiles of Ni@-200-30 are shown in Figuré.2. Previous elemental analysis
studies have revealed that ld@mperature calcination induces more active reaction sites an NiO
of which NiOOH is strongly involved in the electrocatalytic reaction to form laétaté’. The high

content of the NIOOH/Ni(OH)redox pair relative to NiO is one of the key factors in increasing the
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sensitivity of the electrode for lactate detection. As shown in Fif§dee the dominant Ni 2p

peak at 852.6 eV found for Ni NPs is assigned to metallféNihis metallic Ni feature remains
even after annealing at 200 °C, indicating that the metallic core represents a major component.
Except for the Ni/G sample, all the NiG samples exhibit Ni 2p peaks at 853.7 eV, 855.3 eV

and 856.5 eV, which are attributed to NiO, Ni(@eihd NiOOH, respectivel§?>2¢” The Ni 2p/.

peaks of NiO, Ni(OHp), and NiOOH for these samples obtained with higher annealing temperature
and longer annealing time are found to have a discernible shifts of 0.3 eV toward higher binding
energies. The broad peak centered at 861 eV in NiO can be ob¥&f¥d. Figure4.2a, the O 1s
spectra of the NiONPs can be fitted with four peaks at 529.3, 530.7, 531.8 and 533.3 eV, which
correspond to NiO, Ni(OH) NiOOH and physiosorbed;B, respectively®’ 2°¢2%1 The broad O 1s
feature at 532.6 eV found for the Ni NP sample can be assigned to the hydroxide group of
physiosorbedH,O while the weak NiO O 1s feature at 533.3 eV indicates surface oxidation. The
trend found for the O 1s peak area of NIOOH + Ni(@xtd)ative to that of NiO clearly shows that
the NiQ NPs obtained by annealing at lower temperatures contain much more NiOOH + Ni(OH)
than those obtained at higher annealing temperatures, which supports the facile generation of
reactive sites (NiOOH) by posinnealing especially at a lower temperature. The ratio of NIOOH +
Ni(OH). to NiO is obtained by comparing the respective Ni>3yeak areas for NiIOOH, Ni(Ohl)

and NiO. The highest NiOOH + Ni(Okfo NiO peak area ratio is found to be 1.28 for the /B8O
200-30 sample. The NiOOH + Ni(Okl)o NiO ratio follows the decreasing trend: NiG-200-30

> NiO/G-200-180 > NiGQ/G-300-30 > NiQ/G-300-180 = NiGQ/G-400-30 = NiO/G-400-180.

In Figure4.2b, we show the depiprofiling XPS spectra of the Ni 2pand O 1s regions of the
NiO«/G-200-30 sample. After 10 s sputtering of the NITPs, the NiOOH and Ni(OHpeak have
become weaker. Further sputtering for a total of 60 s has effectively removed NiOOH, Ni(OH)
and NiO peaks, revealing only the prominent Ni metallic peak, which indicates that thRNiO
has a coreshell structure. Similarly, the strong O 1s peak at 531.8 eV for NiOOH is greatly
reduced after sputtering for 30 s. WhitetO 1s peak at 530.7 eV for Ni(QHhas become
prominent after 30 s sputtering followed by intensity decrease upon further sputtering, the O 1s
peak at 529.4 eV for NiO has become even more prominent after 30 s of spbitietiven all the
O 1s peaks become generally weakened with further sputtering. The present XPS data confirm the
existence of Ni(OH) as part of the NiOOH/Ni(OHYedox pair. These depttrofiling XPS data
therefore show that the Ni@IP consists of a metallic Ni core and a NiO shéthwa
Ni(OH)2/NiOOH skin.
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Figures4.3al and4.3b1 show the lowesolution TEM images of Ni NPs and NH200-30 NPs

scraped off from the respective samples and appropriately dispersed on lacey carbon Cu TEM
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Figure 4.2 (a) XPS spectra of Ni 2pand O 1s regions of Ni NPs and Ni®Ps obtained by
annealing at selected combinations of annealing temperature and time. (b) Corresponding depth
profiling XPS spectra of the Ni 2pand O 1s regions of for the NiQ00-30 sample.

grids. Evidently, spherical nanoparticles with approximate sizes of 150 nm and 230 nm are
observed for the Ni NP and Ni®IP, respectively. Their corresponding higgsolution TEM
images shown in Figures3a2 andt.3b2 reveal the highly crystalline nature of these

nanoparticles. In Figuré.3a2, the observed lattice fringe spacof 1.76 A is in good accord with



the interplanar spacing of the (111) planes of FCC Ni, consistent with our XRD data. The
corresponding selected area electron diffraction (SAED) pattern for the Ni NP in &igate
shown in Figuret.3a3,is found toconsist of rings of bright spots, indicating a single crystalline
structure, with the rings corresponding to the (111), (200), and (220) reflexes of the FCC structure
of Ni (PDF#00004-0850). In Figuret.3b2, the same lattice fringes of Ni (111) plane can be
observed, which confirms that thEOx NP contains a metallic Ni core. The FFT pattern of the
selected area near the edge (perimeter) of the-RD0O-30 NP (Figured.3b2, bottom left inset)
exhibits a spot pattern characteristic of a crystalline shell. In Fig8b&, the measured SAED
pattern for the NiQNP shown in Figurd.3b1 also reveals consecutive rings of spots. Evidently,
the (111), (200) and (220) planes marked in white belong to Ni (PDE&004-0850) and the
(202) and (220) planes marked in red belong to NiO (PD8¥3080)while the (011) and (011)
planes marked in yellow belong to NIiOOH (PDF#IRY-0956) Thisconfirms the presence of the
Ni core and that the outer region of the NNIP contains both crystalline NiO (shell) and NiOOH
(skin). The present result also shows that Ni({tdes not appear to have any corresponding
SAED spots and therefore any crystalline structuresummary Ni forms the crystalline core of
the nanoparticle while NiO forms the crystalline shell. The outermost skin consists of both
amorphous NiQH). and crystalline NiOOH.

(a2) 7 ’///’

Figure 4.3 (al, b1) Lowresolution and (a2, b2) higlesolution TEM images and (a3, b3) selected
area electron diffraction (SAED) patterns of@3) Ni NP and (bb3) NiO NP, with top insets in
(a2, b2) depicting the interplanar spacing of the Ni (111) planes and the bottom inset in (b2)
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showing a simulated diffraction pattern generated by FFT for the marked shell region. In a3, white
labels refer to Ni while in b3, white, red, and yellow labels refer to Ni, NiO and NiOOH,
respectively.

4.3.2 Lactate Sensing

The NIOOH/NIi(OH) redox pair is known to provide the crucial reaction site for lactate detection.

Our data show that a greater NiOOH/Ni(Qydmposition can be obtained when annealed at a

lower temperature. To demonstrate the lactate sensing performance, {HZONED sample is

selected as the working electrode. Figdira shows cyclic voltammograms collected from 0 to

+0.7 V vs Ag/AgCI at different scan rates ranging from 0.02 V/s to 0.4 V/s in steps of 0.02 V/s in a

0.25 M NaOH solution containing 2 mbbdium L:lactate. Evidently, the cathodpeak current is

found to increase |linearly with the scan rate 3
anodicpeak current likewise increases linearly with a regression coefficient of 0.996 (&idjoye

The direct current pr op?thetefore imdichtésthyt elécwon transéer s ¢ a n
between the NiQelectrode and lactate is a surfamatrolled oxidation process (and not diffusion
control)2°2With increasing scan rate, the anegdi&ak current for lactate oxidation becomes larger

while the peak potential also shifts to a higher voltage (Fi¢did. The voltage separation

between the anodic peak and the cathodic peak is also found to increase gradually with increasing
scan rates, indicating a chasyansfer kinetics limitation that is characteristic of a typical guasi

reversible systerff®

It is evident thathe NaOH concentration has a significant influence on théopaance of the
NiO./G electrode. If the concentration of NaOH is too low, reaction (2) would shift to the left and
thus lower the electrocatalytic ability of NiOOH toward lactate. If the concentration of NaOH is
too high, the ions in the solution may interact with one amatinengly and disturb the
electrocatalytic reaction for lactate. Therefore, selecting an appropriate concentration of NaOH is
crucial. The current responeéthe NiQ-200-30/G electrode for 2 mM lactate detection operated
at +0.55 V vs Ag/AgCl in selected NaOH concentrations (0.05 M, 0.15 M, 0.25 M, 0.35 M and
0.55 M) is shown in Figure4a. From this result, a 0.25 M NaOH solution is selected. In
addition, it is also essential to determine the optimal applied potential. The optimization process
aims to identify the potential at which the lactate oxidation current reaches its maximum value
Figure S .4b illustrates the change in the current response fliected applied voltages (0.35, 0.45,
0.5, 0.55, 0.6, and 0.65 V) while maintaining a fixed concentration of 0.25 M NaOH solution. The
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lactate oxidation current exhibits a continuous increase with increasing applied potential until it

reaches +0.55 V vs Ag/AgCI, which we identify as the optimum.

(b)
R? = 0.996

« Oxidation

. Reduction
' | ' [
00 02 04 06 0.0 0.2 0.4
Potential (V) Scan Rate (V/s)

Figure 4.4 (a) Cyclic Voltammograms obtained from 0 to +0.7 V vs Ag/AgCl at different scan
rates from 0.02 V/s to 0.4 V/s in steps of 0.02 V/s in a solution of Zptim L:-lactate and 0.25
M NaOH, and (b) the corresponding linear relations of anpédik current (black) and cathodic

peak current (red) vs. the scan rate.

Six NiOx samples obtained with different combinations of annealing temperaturé@2600
°C and 400C) and time (30 min and 180 min) have been used to evaluate the lactate detection
performance at +0.55 V vs Ag/AgCl in 0.25 M NaOH, and the correspordicgrves and
linearity response curves are shown in Figuteand Figure &5, respectivelyThe results for
these six samples, including thedative compositiomatio of Ni(OH) + NiOOH to NiO, linear
range, sensitivity, and limit of detection (LORYye summarized in Tab#el. The NiQ-200-30
sample (NiQ NPs obtained by posinnealing Ni NPs at 200 for 30 min) is found to exhibit the
best overall performance, with the highest sensitivity (B&0nMcm?), the lowest detection of
limit (LOD) (0.00015mM), and a wide detection range of 6621 mM (with R = 0.996). The
anodicpeak current response in the voltammogram is in direct correlation with the lactate
concentration present in the reaction solution (Figusb). The NiQ-400-30 and NiQ-400-180
samples both show a wider detection range, likely due to their larger size with more NiO to initiate
the reaction, despite a low NiOOH + Ni(QHpntent. In this situation, the nanoparticle needs
more electrons to convert NiO to NiOOH and Ni(@bBgfore reaction with lactate, which

consequently gives rise tda@w current response for the lactate analyte. The present results
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demonstrate that the surface reactivity of the Mifectrodes decreases due to the reduction in the

numberof reactive sites obtained at elevated fmostealing temperature.

We also examine the effects of possible interfering species to evaluate the selectivity of the
NiOy sensors in Figurd.5c. The physiological level of lactate is normally ten to twenty times
higher than those of common interferents such as ascorbic acid, citric acid, uric acid, and
dopamine. Using the Nic200-30/G sample as the working electrode for amperometry at +0.55 V
vs Ag/AgCI, we first add a 2 midodium L:lactate into 10 mL 0.25 M NaOH and then follow by
those of other interferents: glucose, asaoduid, citric acid, and uric acid, all with 0.1 mM
concentration (i.e. at least ten times higher than the expected level to greatly amplify the
interference effect)yhile that fordopamines 0.01 mM. Evidently, glucose, ascorbic acid and
dopamine yield less than a 3% change in the current response, while the other interferents (uric
acid, and citric acid,) do not register a response intloaiives at all (Figurd.5c). To confirm that
NiOx NPs can indeed be used to detect lactate in sweat, thedafféddodride needs to be
considereds well FigureS4.5d shows thatt curve of NiQ-200-30 at +0.55 V vs Ag/AgCl upon
addition of 2 mM lactate in 0.25 M NaOH without and with 0.25 M NacCl in the electrolyte. No
notable difference can be observedhe responses obtainedtirese solutions, indicating that the
NiOx sample offers strong resistance to chloride poisoningx Niferefore an excellent
electrocatalyst for sweat lactate senskigally, to further verify that the NiGsample is indeed
capableof detecting lactate in a sweat sample, the electrolyte is mixed with 1:1 v/v ratio of
artificial sweat and 0.5 mM NaOH. The linearity response curve with sequential addition of
aliquots of lactate with increasing concentration is shown in Fif§ace The artificial eccrine
perspiration includes metabolites (uric acid, lactic acid, urea, and ammonia), minerals (sodium,
calcium, magnesium, zinc, iron, copper, potassium, chloride, nitrate, and sulphate), and all kinds of
amino acids (glycine, dalanire, L-asparagine, thistidine, L:-lysine, and taurine, etc.).ik found
thatthe current flow of Ni@-200-30in artificial sweat is not as smooth, and the detection range is
slightly reduced to 0.683.1 mM(with R?> = 0.99), and theLOD is 0.00013mM. Nevertheless,

the sample maintains itégh sensitivityat 80.0 pAmM* cm2.
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Figure 4.5 (a) it curve upon sequential addition of aliquots of lactate with increasing concentration
(0.02, 0.2, 2 (5 times), 6 mM (9 times), 65.1 mM) to the AROO-30 sensor held at +0.55 V vs
Ag/AgCl in 0.25 M NaOH and (b) the corresponding linearity response curvet. ¢ayve

collected at +0.55V vs Ag/AgCl illustrating minimal current jumps due to interference upon adding
aliquots of 0.1 mM glucose (Glc)seorbic acid (AA), uric acid (UA), dopamine (DA), and citric

acid (CA) solutions to 0.25 M NaOH. (djriearity response curve upon sequential addition of
aliquots of lactate with increasing concentration (0.02, 0.2, 2 (5 times), 6 mM (9 times), 65.1 mM)
to the NiQ-200-30 sensor held at +0.55 V vs Ag/AgCl in 1:1 v/v artificial sweat and 0.5 M NaOH.
For the linearity response? R regression coefficient, y is the current (in mA) and x is the

concentration (in mM), and the units of slope and intercept are mA/mM and mA respectively.

Table4.1 summarizes the performance of #iteNiOx sensors evaluated in the present work
and compares them with other nonenzymatic lactate sensors that are based on nickel nanomaterials.
As the targeted linear range of detection for sweat lactate shoul@®enM or higher, all six of
our nonenzymatic Nk sensors appear viable for sweange lactate detection. The nickel
nanomaterials used in the sensors reported in the literature can be classified into different
categories, NiO, Ni metadrganic framework (MOF), Nbased layered double hydrogidand
nickel spinel nanomaterials. Among these materials, nickel spinel nanomaterials@iGo

nickel foam have been reported for lactate sensing with the highest sensitivitysofAd@a* cn?
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and a linear range with a high low concentration limit of lactaf&0(5hM). Ni MOF modified

platinum electrode has been reported with a high sensitivity of 166/4M* cni?, but with a

smaller linear ranged(01-0.9mM and 4 mM). Among the NiO, Ni(OH), and NiQ samples,
NiO@Au has the widest detection range but low sensitivity. In addition, most works listed in table
1 is using hard substrates including glassy carbon electrode (GCE), platinum electrode, nickel
foam, and there is also some lactatessanbased on plastic substrates, such as spraged

carbon electrode and inject printed Ag conductive electrode. In the present worH200iG0

based on flexible conductive graphene substrate exhibits a wide linear range, lowest limit of
detection with high sensitivity. The Ni€00-30 is therefore an excellent candidate for use as a

practical sweatange lactate sensor.

82



Table 4.1 Summary ohickel nanomaterials for lactate sensing.

] . Limit of Sensitivity
Electrode Matrix Linear range (mM) . Reference
detecti ( € M cm?)
NiO and Ni(OHYGCE 7.7632.76 530 and 590 9.08 and 35.76 120
Ni-MOF/Platinum Electrode | 0.01:0.9 and 14 5 10061 and 259
NiO NPs/GCE 0.0055 5.7 T 119
NiC0204/Ni Foam 5-50 T 430 294
NiS nanoclusters@NiS 0.00050.0855 0.5 0.39 295
microsphere/Ni Foam
NIO@AuU/GCE 0.1-500 11.6 8.0 296
NiO, NiO250,NiO350, 3.30,62.35,
NiO450/GCE Upto25 95,27,42,72 | 3888950 116
Ni layered double |
hydroxides/ScreefPrinted Carbon 5-25 30.59+0.34 23.51 N 268
Electrode
NiCo layer double
hydroxides/ScreefPrinted Carbon 2-26 399 83.98 297
Electrode
NiO«/NiOx-Nafion
nanocomposite/Injed®rinted Ag T 270 0.021 298
Conductive Electrode
_AU@NIO nanodentrites 0.1-10 8.2 11.89 299
microarrays/Ni Microelectrodes
NiOx-200-30/Graphene 0.0265.1 0.15 80.0 This work
N|OX—20030/Graphe_n_e in artificial 0.0253.1 0.13 80.0 This work
sweat condition
NiOx-200-180/Graphene 0.0253.1 0.16 21.0 This work
NiOx-300-30/Graphene 0.0235.1 0.18 18.2 This work
NiOx-300-180/Graphene 0.0259.1 0.25 10.5 This work
NiOx-400-30/Graphene 0.02107.1 0.34 5.63 This work
NiOx-400-180/Graphene 0.0295.1 0.68 8.94 This work

4.4 Conclusion

In the present work, we have prepared Ni@noparticles on flexible conductive graphene
substrate by amperometryidt.4 V for 120 s in 5 mMNiCl, BHO with 0.2 M boric acid, followed
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by thermal annealing. Different annealing temperatures (200, 300 and 400 °C) and annealing time
(30 and 180 min) are found to significantly affect th&N\i?* ratio. XPS and TEM data confirm

that the NiQ nanoparticles so obtained have a esftell structure with a Ni metal crystalline core

and a crystalline NiO shell with an outermost skin consisting of crystalline NiOOH and amorphous
Ni(OH)2. The higher NiOOH + Ni(OH)composition (relative to NiO) provides crucially more
reaction sites for lactate @etion. Among the six samples evaluated here ,2@-30 is found to

show the best performance with a wide linear span {8502 mM) amply sufficient to cover the

lactate range in human bodily fluid, a high sensitivity of 808nM* cm?, and a low limit of

detection 00.00015mM. When tested with an artificial sweat solution, the N200-30 sample

exhibits a reduced linear range (GR21 mM) and a lower limit of detection 6f00013 mM,

while maintaining a high sensitivity of 8060AmM-* cm2. By carefully manipulating the relative
composition of NIOOH/Ni(OH)in NiOx along with morphology optimization of the nanopatrticle

size and distribution on a flexible graphene substate, a lactate sensor with excellent performance
appropriate for use in human sweat can be obtained. The synthesizathNiParticles also have

potential to work as catalyst for oxygen evolution reaction.
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Chapter 5

Concluding RemarWesr kknd Futur e

5.1 Summary of Contributions

In the present work, we have succeentedevelopinghe facile, onestep electrochemical

synthesis of G40 nanocubes, with controllable sizes and uniform distributions, on a soft graphene
substrate, anoh demonstratingheir application in nonenzymatic glucose sensing. The flexible
graphene substrate offers good conductivity for electron transfer, while thkamageneous
monolayer of CpO nanocubes provides a large specific surface area and numerous reactige sites
facilitate thenonenzymatic reaction. The high eleetrxidation activity of CuO nanocubekas
enabkdelectron transfer at low overpotentimdmadethese nanocubes an excellent
electrocatalystSelectedleposition voltages, deposition temperatures, electrolyte concentrations,
and depositiommounts ofime have been used to optimize the morphology and sibe 6O
nanocubes that are appropriate for use as electrocatalysts for glucose sensing. Quofilemh

XPS and helium ion microscomlatashow that these GO nanocubes (~50 nm in size) have a
coreshell structuréhat consists o small metallic Cu core, a prominent;Oushell aad a thin

CuO skin (as the outermost layaNe alsocompare the performance of the,Ou
nanocubes/graphene sensor with other sensors, including a bare graphene chip, and a graphene chip
coated with a copper filmmbtainedoy magnetron sputtering, as well as an enzymatic sensor based
on glucose oxidase immobilized on a graphene chip without and with Nafion. T@e Cu
nanocubes/graphene sensor provides not only the widest linear range from 0.002 to 17.1 mM with
high sensitivity, but also high selectivity arxteptional stabilityand indeedvithout any

discernible degradation in performance even after ambient storage for over 180 days. Its glucose
sensing performance is considerably better than those of other nonenzymatic and enzymatic
sensors considered here. The@manocubes/graphene sensor is also among the bestraaljea
glucose sensors reported to date. Furthermore, @ Ganocubes/graphene sensor is fabricated

in an aqueous electrolyte on a commercial graphene substrate, which is considerabhtisanpl

the multistep fabrication methods employed for other sensors with comparable@adjeaglucose

sensing performance.

To further explore the applications of ®ased nanomaterialae alscssynthesize&opper oxide
nanowires (CuO-Cu/G) byusing thequick, low-cost, and reproducible electrochemical deposition
methodfollowed by further thermal oxidation. Insteadosimmonhard substrates, such as silicon,

indium tin oxide, and glassy carbon electrodesag&nusetheflexible graphene substrate to take
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advantage of its high electrical conductivity, high specific surface area, unique thermal and
mechanical propertidsr thiswork. For CuFgO, nanoparticles, a simple, oséepsolvahermal
synthesis is useilVe then study the effect of theSeFeO. nanoparticle®n the
photoelectrochemical hydrogen evolutjperformance of the supportedpper oxide nanowise
Different deposition voltages, electrolyte concentrations, deposition time and pH have been used to
optimizethe Cu film, with furtherselectecanrealing temperatures and time to obtain the optimized
CuwO-Cu/G that are appropriate for use as phdtadesfor water splitting. Our depthrofiling
XPSdatashow thathe supporte€€u.O-Cu nanowireconsists of a Cu base, aZQuayer and a
CuOskinwith different thickness controlled by annealing temperafline.addition of CuF©.
nanoparticlesnto the best optimized GO-Cu hanowires supported araphends found tonearly
double the photocurrent fron®.28 mAcm? to 1 3.93 mAcm?. A direct dual Zscheme
heterojunction mechanismvolving thethree semiconductar€w0O, CuO and CukR€,is

proposed. The dual heterojunctiarchitecturgrovides improved charge separation and redox
ability to overcome the limitation of pristine photocatalysiakingthe @pper oxide nanowige
decorated witlCuFeO,4 nanoparticles aaxcellent photocatalystystem The facile fabrication
procedureoffers potential for coseffective scalaip of these higiperformance photocatalysts for
hydrogen productian

As a third demonstration of the powerful applications of metal oxide nanomateealeposit
nickel oxides on a graphene substitateamperometryandmanipulaé the relative content of
Ni(OH)2/NiOOH redox couple and Ni@ theamorphous/crystalline coighell heterostructurdsy
postannealing in air. Our XRD, depfbrofiling XPS andTEM-SAED datashow thathe NiOy
nanoparticldhasa coreshell structure consisig of a crystalline Ni core, a crystalline Ngbell,
and a outemost skin ofamorphous NiDH), and crystalline NiOOH with different ratibat can
becontrolled byappropriateannealing temperature and annealing tividéh the highest Ni(OH)
or NiOOH to NiO ratio, he NiQ, nanoparticle®btained by posanneahg at 200°C for 30 min
show the best performantm lactate detectiowith an excellent linear range of 0:68.1 mM, a
hi gh sensit mMicthmdyandah impréssive linit Af detection@D0015mM. This
sensor therefore providescellentperformancdor lactate detectionnder artificial sweat
condition The facile fabrication avoids the alkaline condition and offers the potential fer cost

effective highperformance catalysts for lactate sensor commercialization.
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5.2 Future Work

In the present work, we hademonstratethat Cl,O nanocubes and Ni®anoparticlesupported
on graphene substratare high-performanceatalyss for glucose and lactate sensagespectively,
while copper oxide nanowismand CuFgO, nanoparticlesr@ excellento-photocatalysts for
photoelectrochemicdlydrogen evolutionThe potential applications for thesanomaterialsan
be further explored in the future wdikted below

In Chapter 2, we have studied2Qunanocubes as electrocatalyst formorasive saliva
glucose sensing for diabetes, but commercialization of these sensors remains challenging since
saliva samples need to be collected and pretreated. An eveconesniensensing approach
(than saliva sampling} breathbased gas sensors for diabetes monitoring since breathalyzers for
alcohol detection have been widely used for decades. Acetone is chosen for its high abundance
among the various volatile organic composipdesent in human breath argldbncentratiohas
been reported to have a relatively high correlation thigh ofblood glucosé® Due to the ppb
level of acetone in exhaled breath, a gas sensor with a high sensitivity and moisture resistance is
required. CucGbased nanomaterial is an excellent activesgasitive material due to its excellent
stability and high catalytic activity ¥eard various reduction and oxidation reactions. We expect
that the synthesized CuO nanowires reported in Chapter 3 can also be used as a sensitive layer for

acetone gas sensing application. Further investigation will therefore be of great interest.

In Chapter 3, we studguO nanowirsin conjunction withthe CuFeQO, nanoparticls as dual
Z-scheme photocatalysts for hydrogen evolution. The positiotieobnduction band and valence
band, and bandgap of the third semiconductor in the dgah&me heterojunction system play a
crucial role in the charge transfer pathways that could greatly affect the photocatalytic performance
for hydrogen evolution. In aditn to CuFeQa, other materials can be studied for use as the third
semiconductor in the dubkterojunction system. Possible candidates include other spinel ferrites,
such as CoR&s, ZnFeOs, NiFeO4, and MgFeOs, and rare earth metal ferrites, such as k@ke
LaCwO., and ErFg0,s. The photoelectrochemical water splitting performance -afatalyst
systems incorporating these new ferrites will be of great interest. We will determine the bandgaps
of these ferrites samples by using our newly installed Nexsa G2 XPS system (alody with
data) and study the electron transfer processes in the diehlefne heterojunction system. In
addition, a computational study based on the Density Funciitreary will provide calculated
electronic structures of these ferrites that may offer new insight into the electron transfer

mechanism.
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In Chapter 4, the Ni(OH)NNIOOH redox couples present in the skin of the Ni@reshellskin
nanoparticles are found to provide the active sites for lactate sensing and the redox couple content
can be judiciously controlled by pesbnealing. While the NiO shell offers slower reaction, we
might be able to enhance the activity dONby doping with a rare earth metal to provide nickel
vacancies and oxygen vacancies, and to increase surface defects. Europium is a good choice for
doping due to its unique opéil properties. In addition to lactate sensing, another potential
application of europiur(and other rare earth transition metals) doped NiO nanomaterials is the
removal ofthe organic dyes from water by photocatalytic degradation. By manipulating conditions
of fabrication process including different combination, concentration, pH of electrolytes, and
temperatureguropium dopediO nanomaterials with different crystalline structures and
photophysical properties can be obtained. Their performance fornioel® degradation will be
of great interest. Finally, while we have focused the present work on biosensing and
photoelectrochemical water splitting application, the CuQQOCNIO and spinel ferrites
nanomaterials investigated here can also be extended to other applications, suctedadion,

cholesterol detection, and solar sell
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