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Abstract

For my M.Sc. research, | have prepared@y,O, films with various compositions witk
values ranging from O to 1, in order to optimize their electrocatalytic properties for the oxygen
evolution rection. The prepared materialgere characterized by -Ky diffraction (XRD),
scanning electron microscop(SEM), energy dispersive spectroscopy (EDX), anatlic

voltammetry (CV)

Two methods have beehasen for the preparation tife Cu,C03 4O, films, namely the thermal

decomposition and eprecipitation methods.

The SEM analysis shows that the prepared electrodes were very porous and the EDX analysis
proved that there is a good correlation between stoichiometric and-debed copperto

cobalt ratie. The formation of spinel structure was confirmed by XRD analysis. XRD analysis
also allowed the lattice parameter of the material to be determined asteorfuaf the
composition. The increase of the lattiparameterwith increase of Cu contenfurther
supporedthe incorporation of Cu in the spinel structurecliZyvoltammetric experiments were
carried out on the electrodes prepared by thermal decotoposiethod.The Cu 76C0,2504
showedthe lowest overpotential fohé oxygen evolution reaction M KOH electrolyte. Also

the electrodes prepared by thermal decomposition method were found to be active for the
electroreduction of hydrogen peroxiddena 3M NaOH solution containing 0.6M hydrogen
peroxide solution was used. However, at a given poteGtgD, has achieved higher current
density compared to copper substituted cobalt spinel, hence Cu addition did not result in

enhanced catalytic activitynder these conditions.
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Chapter 17 Introduction

1.1. Nanostructured CuCoszxO4 as Electrocatalyst

With the constant increase in energy demand immadern worldgreater, cleaner and more
reliable energy sources are needed. Today, most of emdsnare met by the consumption of
fossil fuel such as coal, natural gas and petrolelime. overuse of natural resources such as
petroleum and coal has caused significant adverse environmental dffectdepletion of fossil
fuels and its adverse effecinahe environment stimulatée search for renewabgources of
energy. However, nonconventionalenergy sources like solar, wind, waves, geothermal and
thermonuclear energy canrmmintribute significantlytothewor | dds current energ
current form, due to factors such as cost, stdtéhe-art and availability. Thus, the current
energy crisis presents major challenges and alternative sources of energy should be sought to
ensure sustainable developmeshile reducing our energy consumption

Electrochemical technology is cleaner and can offer environmental protection through
nonpolluting energy sources. Oxygen evolution reaction (OER) has great importance in

electrosynthesis, electrowinning, energy conversioneaetgystorage devices.

0, +2H,0 +4 € =— 40H (1.1) [1]

However OER is highly irreversible in agueous electrolytes and causes substantial energy
loss in the electrochemical cell. While hydrogen is viewed by many as the energy carrier of the
future and can be produced lyater electrolysis; producing hydrogen from water remains

expensive and inefficient using nghatinum group metals. Thiss related to the high


http://www.google.ca/imgres?imgurl=http://upload.wikimedia.org/wikipedia/commons/thumb/9/96/Equilibrium.svg/50px-Equilibrium.svg.png&imgrefurl=http://en.wikipedia.org/wiki/Wikipedia_talk:Manual_of_Style/Accessibility/Archive_6&h=43&w=50&sz=1&tbnid=TbiobZp_T0gx4M:&tbnh=43&tbnw=50&prev=/search?q=symbol+for+equilibrium&tbm=isch&tbo=u&zoom=1&q=symbol+for+equilibrium&usg=___KfLrzr7O40JkjVJqiet_BIoxPQ=&docid=CWxMZYdmd060IM&hl=en&sa=X&ei=QQJ5UbvKJMKTrQGW9oCYCA&ved=0CEYQ9QEwBA&dur=1046

overpotential associated widtectrolytic evolution of oxygen at the and@e 3]. Therefore, it is
necessaryo minimize the anodic overpotential thie oxygen evolution reaction.

Electrocatalysis involves optimization of electrode proeedsy choosing appropriate
electrode materials. The main requirements of the electrode material for OER are high surfac
area,high electric conductivitygood electrocatalytic properties, and minimization of gas bubble
adhesionand low costs. Among these, the electrocatalytic behavior is the most important
property, which directly influences the overpotential of the oxygen oolveaction and hence
the energy cost of the overall proceishas been demonstrated thanostructured materials
with high surface to volume ratio enhance the electron transfer rgegpeat a lower
overpotential [4 7].

Transition metal oxides, wtih can exist in various valency states, exhibit good catalytic
activity, making them a versatile material for chemical and electrochemical reactions. Moreover,
they possess good stability amave been extensively investigated as electrocatalysts tadecre
the overpotential aihe oxygen evolution reaction [8]

Among transition metal oxidespinel oxides fornmaninteresting class of compounds due to
their remarkable optical, electrical, magnetic catalytic properties [911]. Among spinel type
oxides, cobalt spinels have received great attention due to their high catalytic activity, larger
availability, lower cost and theitogd corrosion stability [12, 13]

Spinel oxides of the type M03xO4 (Where M= Ni, Cu, Mn, Zn) possess enhanced
electrocatalyt activity and staitity. These compounds exhibit relatively high conductivity due
to electron transfer between the capwith low activation energy due tmpping mechanism.
Copper substitution was found to posskgmh stability, good electrochemicptoperty, lower

cost, and better availability compared to other substitution catl®is16).



In recent years, hydrogen peroxide emerged as an efficient oxidant forbagedfuel
cells [17- 19]. Hydrogen peroxide is a good candidate for appliocatisut as underwater and
space power generatiovhere oxygen is not readily available.

In alkaline medium, at higher pH,

HO, + H,0 +26 ¥ 30H (1.2)[20]

The twoelectron reduction reaction of,8, requires less activam energy compared to the
four-electron oxygen reduction reactio8ince the hydrogen peroxide is in liquid form, its
storage, handling as well as its feeding inte fbel cell is more convenient tha@as phase
oxidans [21]. Noble catalysts like platinum, palladium, silver, gold or combination of these
metals show an excellent activity towards electroreduction,@hHut they are very expensive
[22 T 25]. Cobalt oxde spinel has proved to exhibit considerable activity and stability {0p H

electroreduction [26, 27]

1.2. Ourresearch

In order to design a suitable material for various applications, it is necessary to understand
the relationship betweemorphology,structure, composition and electron transfer properties. In
this research we have prepared various compositions of copbpalt oxide (CgO,,
CUy 25C 07504, Cy5C02504, Clh 75C 022804, and CuCgOs4) and their electrocatalytic properties
are correlated to #ir composition, structure and morphology. Two methods of preparation have
been chosen for the preparation of the electrodegrecipitation and thermal decomposition
methods.

The surface morphology of the films was examined with scanning electron coipyos

(SEM) and composition of the prepared films was analyzed by energy dispetsiag



spectroscopyfEDX). X-ray diffraction patterns were recorded to determine the film structure.
The catalytic activity of the prepared electrodes towards oxygen evolwitd hydrogen

peroxide electroreduction reactions was studied by cyclic voltammetry.

1.3.  Structure of thesis

This thesis is prested infive chapters: chapter 1 gives a brief introductiorCafCoz«xO4
electrocatalysts and aim of this research; chaptezalsdvith previous work on eletrocatalysis
for oxygen evolution reaction, fundamental principles and instrumentation of techniques used in
this work for the characterization of material, namelgcanning electron microscopy (SEM),
energy dispersive speosicopy (EDX), Xray diffraction (XRD) and cyclic voltammetry (CV).
Chapter 3 outlines the experimental part of this research. It explains the preparation methods of
our electrocatalysts and techniques used for the characterization of the prepared materials
Chapter 4 presents the experimental resul ts
and electrocatalytic activity measurements. Chapter 5 summarizes the conclusions of this thesis

and proposes future work.



Chapter 2: Theory and backgound

2.1. Literature review

Electrolytic water splitting has received great attention due to its wide range of applications
in industry, such as energy conversion and energy storage devices. The overpotential of OER at
the anode is a major factor linmg efficiency of water electrolysis. A great deal of effort has
been devoted to design appropriate electrode material for achi¢vendgpwest possible
overpotential For exampleRuQO, electrode one of the most active catalyst for OE&Rhieved

an overpatntial of 0.25V in alkaline mediufi28].

Numerous electrocatalysts have been proposed to decrease the anodic overpotential of the
oxygen evolution reaction. The preservation of shape and structural integrity of the electrode has
great importance with resgieto technological and economic considerations. In 1967, Beer
succeeded in preparing stable and electroactive oxides of platinum group metals like platinum,
rhodium, iridium, ruthenium and palladium with titanium oxide or with oxides of other valve
metls such as tantalum, zirconiuand niobium. These dimensionally stable anodes were
registered under the trademark of DSA. The discovery of dimensionally stables D&
revolutionized the chlorine industry. The graphite anadexereplaced by dimensmally stable
anods andresulted in increased cell output and decreased power consumption. Later, these

electrodes were found to possess activitytieroxygen evolution reactiog9, 30].

Many transition metal oxides have been investigated as DSA tgpiaeles. Among these,
dioxides(eg. IrO,, RuGQ/TiOy) [31, 32], spinel (egMxC0;.x0O4 where M = Cu, Nior Mn) [33],

perovskites (eg. LaCaCoG;, LaixSKFeGsy) [34, 35], and pyrochloreeg. PbRW:Os 5) [36]



have been successfully applied as anode rog&tina numberof electrolytic processes such as

oxygen and chlorine evolution reactions

Trasatti et al reviewed the work carried out on the various transition metal oxides for
oxygen evolution reaction and emphasized that Ra@l IrQ are most activebut fairly

expensive, catalysin acid and alkaline meal [14, 6]

Due to the cost considerationgplacement of precious noble metals is necessary. Spinel
type cobalt oxides (GO®,4) have emerged as cheaper alternatives to DSA electrodes in alkaline
media and have shown interesting electrocatalytic activity and stability towards[RER7].

The catalytic activity of cobalt oxide can be increased by partial substitutioobaft ionsby
other 3dtransition metals. A review of cobdiased spinel oxide hasbeen given by M.
Hamdaniet al.[11]. Among the spinel cobaltites of the type MOg@(M = Cu, Mn, Ni, Zn, etc.),
coppersubstituted cobaltites have the advantage of high stability and catalytic activity with low

cost and largavailability [13, 14]

Singh and Singheported an improved catalytic activity of cobaltites with introduction of Cu
and Ni. The coppesubstituted chaltites were found to possess higher activd8].[ Marsanet
al. also observed enhanced catalytic activity with the introdaaifccoppelinto the cobalt oxide
lattice [39]. Similar results were obtained by Nikolet al. [15]. Angelovet al. and Liet al.
studied the effect of copper content in the surface structure and the compositiof€of ,Cu

[40, 41] and they found thabpper to cobalt ratio at the surface is higher than that of the bulk.

The preparation method of oxide influences the physicochemical and electrochemical
properties. Several methods have been used to prepare spinel cobaltitesndibesethermal

demmposition [16, 39], sol gel [33, 42, 43praypyrolysis [44- 46], precipitation [38, 47]gel



hydrothermal oxidation 48] and electrodepositiof49] methods Of course, the specific
parameters used with each of these methods will greatly affect thphohmgy, final
composition, structure and stability of the films; hence the importance of controlling the film

preparation parameters carefully.

In order to study the effect of substitution cations in cobalt oxi&eN,.Singhet al.
prepared MCo03xO4 (where M = Cu, Ni, Mn) by the eprecipitation method [38]. Copper
substituted cobalt oxide (GC0,50,) was found to possess the highest catalytic activity
compared to other substitution cations. Whereg8dwl,O, (where M = Cu, Ni) prepared by the
sol gelmethod indicated that nickel substituted (NiOg) cobaltites exhibited a higher catalytic
activity compared to other cobaltites [50]. This is an indication of the effect of the preparation

method on the properties of the electrode materials.

2.2. Cobalt spinel structure and properties

The demical formula of spinel compounds can be express@dBaS, where A represents
a divalent catior{A®"), which occupies oneighth of tetrahedral holes, wheas thetrivalent
cation (B®") occupies one half of the @hedral holes in a cubic close packed array of oxide
anions. The unit cd of the spinel is shown ifrig 2.1 and consists of eight formula units
which there are 32 octahedral and 64 tetrahedral interstices. The inverse spinel structure is
representeas B(AB)Q, where half of the Batons are in the tetrahedral site and the other half

occupy octaedral site along with A [14, 51, 52]



Fig. 2.1: Schematic diagram of spinel crystal struct(adapted from reference 63

Cobalt oxide spinel§Co;0,) adoptnormal cubic spinel structuandcan be represented as
Co?*(Co*"),04. Some of the CT sitesin the spinel can be substituted foyeign divalent metal
ions, producing a binary spinel oxides of the typeQd; O, (Where M= Ni, Cu, M, Zn) with
enhanced electrocatalytic activityThese compounds posseseelatively higler conductivity.
The conductivity in these materials is achieved by movement of carriers along octahedral sites.
Spinels are always associated with excess oxygen atom, hence a pAft afoms are
converted to M" with the formation of conductivity chain.
M* == M* + hole (2.1)
Thus substitution of octahedral site is expected to increase the conductivity of the material [14,

54].


http://www.google.ca/url?sa=i&rct=j&q=crystal+structure+of+spinel&source=images&cd=&cad=rja&docid=duzZl0wzP1TdHM&tbnid=YWIEbFm-ZRhYqM:&ved=0CAUQjRw&url=http://www.sciencedirect.com/science/article/pii/S0304885308011141&ei=6FZ_UdafFunVyAHa0oHYDA&bvm=bv.45645796,d.aWc&psig=AFQjCNH3Zq2XmXEzmNQyjjPKAxs9rx2YWQ&ust=13673860398503
http://www.google.ca/imgres?imgurl=http://upload.wikimedia.org/wikipedia/commons/thumb/9/96/Equilibrium.svg/50px-Equilibrium.svg.png&imgrefurl=http://en.wikipedia.org/wiki/Wikipedia_talk:Manual_of_Style/Accessibility/Archive_6&h=43&w=50&sz=1&tbnid=TbiobZp_T0gx4M:&tbnh=43&tbnw=50&prev=/search?q=symbol+for+equilibrium&tbm=isch&tbo=u&zoom=1&q=symbol+for+equilibrium&usg=___KfLrzr7O40JkjVJqiet_BIoxPQ=&docid=CWxMZYdmd060IM&hl=en&sa=X&ei=QQJ5UbvKJMKTrQGW9oCYCA&ved=0CEYQ9QEwBA&dur=1046

Spinels of the typ&€u ,Co;4x04 are one the most active oxide [4, 11, 14, 38hen the
amount of copper content x > 0.2 in C03xO4 a transition from normal spinel to inverse
spinel occurs and can be represented as

C02+]_-XCUZ+X-yC03+y (C03+2-y Cu2+y) O4

where X is the relative copp content in the spinel and y is copper content occupied in the
octahedral sites of the spind@he ionic radii of C6" are 58pm in tetrahedral and Bbm in
octahedral sites, wheas the ionic radii of Cu* are 57pm in tetrahedral site and 73pm in
octatedral site. The difference in the radius at two sites is 5.5pm for cobalt and 16pm for
copper. So an increase in the lattice parametergeated with addition of copped(, 55] In

spinel oxides, the mixed valences of cations contribute to the rdeeadiorption of oxygen by

providing donor aceptor sites for chemisorption [4]

2.3. Scanning electron microscope (SEM)

Scanning electron microscogg a powerful technique in the analysis of organic and
inorganic materials. It provides topographic andrphological informationwhich is necessary

to understanthe behavior of surfaces.
2.3.1. The principle of scanning electron microscopy

In scanning electron microscopy, the electron beam interacts with specimen and the signals
produced contain informiain about the composition and morphology of the sample. The
electron beam is focused into a small probe and rastered across the surface of a specimen. Due to

the large depth of the field, it provides a three dimerdiappearance to the images [56].



2.32. Instrumentation

A schematiof a scanning electron mimscope is shown in the Fig. 2.Phe electron beam
is emitted from an electron gun. The two condenser lenses decrease the crossover diameter of the
electron beam .The objective lens focuses thdrelebeam as a probe and the deflection system
cause the beam to move over the specimen and a rectangular raster is generated. The
magnification is determined by the ratio of the raster on the viewing screen to the corresponding

length of the raster on tlspecimen being scanned.

As the highenergy beam interacts with the specimen, they produce elastic or inelastic
scattering. Elastic scattering results from the scattering of the incident electrons by atioens in
specimen and deflected from the speciménaalarge angle. These electrons are called
backscattered electrons and are useful for the formation of compositional contrast. Inelastic
scattering produces secondary electraviich deflect at a small angle and are responsible for
topographic contrasfThese electrons are detected by an EvefHaotnley detector, amplified
and then displayed on a screen [56, F4Y 2.3 shows the photograph of scanning electron

microscope used in this work.
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Scan generator

Fig. 2.2:Schematic drawing of the structure of scaignelectron microscopadapted from

reference 56

Fig. 2.3:Picture of the loading chamber of treaningelectron microscopé€SEM = FEl,

QUANTA 3D PEG)used in this work.
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2.4. Energydispersive Xray spectroscopy (EDX)

Energy dispersive Xay spectroscopy is a powerfahalytical technique used fetemental
analysis EDX systems are commonly a part of the scanning electron microscope or
transmission electron microscope. It uses a primary electron beam to generate characteristic

X-rays from tle sample.
2.4.1.Principle of Energy dispersive Xxray spectroscopy (EDX)

EDX relies on the principle that each elementdasique atomic structure and produees
characteristic Xray spectrum. When a high energy radiation strikes a specimen, it generates
X-ray radiation with a range of wavelength called continuotray$ or white Xrays, with a
sharp intensity maxima at certain wavelesgtuperimposed on the continuous spectrum as
shown in the Fig. 2.4. These intensity maxima are characteristic sp&ognen. The energy of
the radiations high enough to knock out &hectron from the inner shell, and the inner electron
vacancy is filled by an outer shell electron and a characteristay ¥ generated. The energy of
the emitted radiation is equal the difference in the amount of the energy of the two shells
which is the characteristic of thappicular atom [56, 57]. The high energy of electrons allows

them to escape the sample from a depth of about 300 nm.

The atom consists of a nucleus, at tkeatre, and the electrons lying in various shells like
K, L, M etc., surrounding the nucleus. The designation of shells as K, L, M... corresponds to the
principplguant um numbers n = 1, 2, 3¢, respectivel
fill ed in by an electron from amf the outer shells and a characteristic radiation is emitted. For
exampleavacancy in the K shell can be filled in by an electron feovh shell or M shell, and

the emitted Xray can be assigned &U a n d-ray§ besp&t i vel y . TheX-i ntens
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rays are higher than the Kb, as the thelobabil

shell is much higher than the possibilitifilling it by an electron from the Mhell [58].

T K: 4 ) K.
Intensity

|
el ' |

s

LJ 1 4 T T T T T 1) L —?
02 04 06 08 10 12 14 16 18 Wavelength
(107"%m)

Fig. 24: X-ray emission spectrum (adapted from reference 51).

2.4.2.Instrumentation

In an EDX system, the electron beam interacts with an inner electron of the specimen
ejecting an electron of the shellhe X-ray photons from the sample are collected by the
detector and produce electidmle pairs. The Si (Li) is the most commonly used detector in
EDX system. The preamplifier converts these eleehale pairs into a voltage pulse and the

signal is further amplified by a linear amplifier. The amplified sigeathes a computer-Xay
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analyzer andt is represented as a histogram of intensity as a function of voltage A56].

schematic representation of the energy dispersive spectroscope is shown in the Fig. 2.5.

Fig. 2.5: $hematic representation of enexjgpersive spectroscopadapted from reference

56).
2.5. X-ray diffraction (XRD)

X-ray diffraction was discovered by Von Laue in 1912 and since then, this technique has
been widely used for material characterizationra} diffraction is an effective medd for

elucidating the crystal structure of materials. It has great importance in science and industry.

2.5.1. Principle of Xray diffraction

Crystalline materials possess a regular arrangement of atoms, ions or molecules with

interatomic distance of theraer of 100pm. Since the spacing between planes is of the same
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order as that of the wavelength of therays, they produce diffraction patterns. Thaay
beams diffracted from the crystal plane interfere constructively when the path length difference
betveen the two diffracted beams is equal to an integral number of wavelengthd-igrarg,

it follows that the path difference between the two reflected rays (EF+FG) is egusli2ah d .
According to the Braggbés condition,
2ds i A dn o (2-2)

where & is the wavelength of the incident wa
atomic planesdy) of a crystal can be calculated by knowing the incident angle at which
constructive interference occeamdoracoubicctystad wave

the lattice parameterdjais calculated from the plane spacingdusing the following relatian
a=d (If + k¥ + 132 (2.3)

where h, k and | are Miller indices, representing a series of parallel planes ina witfsta

spacing ofdnq [51, 58].
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X-ray

source X-ray

detector

Fig. 2.6: Braggeflection from a set of crystal planes (adapted from refererjce 51

2.5.2. Instrumentation

In a diffractometer, the intensity of a diffracted beam is measured as a function of
di f fract i)oThe diffragdmeter codgikts of anray source, sample and detector.
Geometric arrangement of ther&y diffractometer is shown in the Fig. 2X-rays, produced
from the Xray tube, are diffracted from the sample and form a convergent diffracted Deam.
special slits in the diffractometeSdller slits are the most commonly used) collimate the
incident and diffracted beams. The diffracted beams pass through the monochromatic filter
before reaching the detector in order to suppress the wavelengtespexc f or t he KU
and to decrease the background radiation originating in the specimen. The intensity of the

di ffracted beam is measured direcXARDpattding t he

were collected on the Bruker AXS D2 Phaserrdidtometer, is shown in the Fig. 2.8.
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é\\\/ Anti scatter slit

20

X-ray tube
(line focus)

easuring circle

Fig. 2.7: Geometric arrangement ofrXy diffractometer (adapted from reference.57)

Fig. 2.8: Picture of théBruker AXS D2 Phaser diffractometeised inthis work
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2.6. Cyclic Voltammetry

Cyclic voltammetry ha become a popular technique in obtaining information about
complicated electrode reactions. Cyclic voltammograms are graphical representations of the
current as a function of potential difference between reference and working electrodes. When the
electroative species is present, the current will be recorded, as the applied potential becomes

sufficiently negative or positive.
2.6.1.Principle of Cyclic voltammetry

The analyte of interest needo be redox active within the experimental window. The
potential is swpt in a linear manner to the set potential and then reversed. The oxidation or
reduction of the material at or near the working electrode results in the generation of the current.
During the anodic sweep, the applied potential increases and the cuiseatpusitive sign
while during thecathodic sweep the applied potehtiacreases and the current lsasegative
sign. The analysis of the current response can give information about electron transfer

mechanisms ahe electrode solution inteda.
The reversible equilibrium reaction at the electrode can be represented as
Oxidant + né == Reductant (2.4

The current associated with the transfer of elestimnan oxidation or reduction process is
known as faradaic currenft the interface beteen electrode and electrolyte, there exists a
segregation of positive and negative chargese to the presence of oppositely charged
supporting electrolyte, adjacent to the electrode, a capacitive charging cjggems generated

as the potential cinges. Thisapacitive charging current is proportional to the scan rate.
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jead A = (dQ/dt)1/A = Gy(dE/dt) = Guv (2.5

where G is the capacitance of the double layer per unit area, Q is the charge, E is the potential, t

is the time, A is the areaf the working etctrode and v is the scan rafd,[60].

2.6.2.Roughness factor (R)

The ioughness factor can be definedlasreal surface area per unit geometric area.
Re = A/Aq (2.6)

where R represents roughness factor, A the real surfaceasneay, the geometric surface area
[59, 61]. This parameter is very important when dealing with high surface area matraisas

porous or nanostructured electrodes.

Cyclic voltammetry can be used to dehine the roughness factor efectrodes. Cyclic
voltammograms are recorded in a narrgatential region where such capacitive current is
measured atlifferent sweep rag The charging current density in the middle of the potential
region is plotted as a function of scan rate and from thygesbf thelinear plot,the double layer

capacitancés calculated 38, 39]
Ca = dicap /d(OE/Q) (2.7)

where G is the double layer capacitand&/dt is the scan rate andap is the current density.

The uble layer capacitance afsmooth surface is assumed to be 60pEchhe double layer
capacitance of iodide at Hg and Agl d@n interface ha been established as | @@m?.
Devnatharet al. have measured the double layer capacitance on marsimy electrocapillary
measurements for mercury in potassium iodide solution. The differential capacitance of oxide

aqueous solution tarface at the neguoint of zero chargepgc is close to that of Hg and Agl
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solution interface. Capacities on positively and negativeigrged oxide surfaces are more
symmetrical fo oxideaqueous solution, wheas higher capacity is observéat Hg andAgl
solution interfacet positive side.

The oughness factor for a sample of unknown roughness is calculated from the ragjo of C

of the sample and4®f a smooth oxide surface [6163].

2.6.3. Instrumentation

The basic components for a cyclic voltammetperiment are the potentiostat, the
computer and the electrochemical ceheTelectrochemical cell usually consists of an electrolyte
(salt andsolven), and one or more electroactive species. A teteetrode system is used tbe
all of our electrochmical experiments:working electrode, reference electrode, and counter
electrode (auxiliary electrode). The potentiostat measures the potential difference between the
working electrode and reference electrode and applies current through the countetes|@utro

reaction of interest takes place at the working electrode.

The reference electrode provides a stable potential and the potetitiehairking electrode
is measured againgiie reference electrode. The most commonly used reference electrodes in
aqueous medim is the silver/silver chloride (Ag/AgClelectrode. The halell reactions can be

written as
AQClisoidy + €7 == Adsolidy + CI™ (solution) (2.8)

Another commonly used electrode in aqueous solutidreigalomel referencelectode and the

corresponding haitell reaction is represented as [59, 60]:

20


http://www.google.ca/imgres?imgurl=http://upload.wikimedia.org/wikipedia/commons/thumb/9/96/Equilibrium.svg/50px-Equilibrium.svg.png&imgrefurl=http://en.wikipedia.org/wiki/Wikipedia_talk:Manual_of_Style/Accessibility/Archive_6&h=43&w=50&sz=1&tbnid=TbiobZp_T0gx4M:&tbnh=43&tbnw=50&prev=/search?q=symbol+for+equilibrium&tbm=isch&tbo=u&zoom=1&q=symbol+for+equilibrium&usg=___KfLrzr7O40JkjVJqiet_BIoxPQ=&docid=CWxMZYdmd060IM&hl=en&sa=X&ei=QQJ5UbvKJMKTrQGW9oCYCA&ved=0CEYQ9QEwBA&dur=1046

1/2H@Clasoigy + € == Hgiquiy + CI'* (solution) (2.9)

Current

Vouage’

Fig.2.9. A typical cyclic voltammogram for redox species in solutigh<Bpeak cathodic

potentid, E,° = peak anodic potential,“+ peak cathodic current angd= peak anodic current)

(adapted from reference 64).
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Chapter 3: Experimental Techniques

3.1. Preparation ofCu ,C03.xO4

The preparation method influences particle size, shapeswafae chemistry of the materials
[65]. In this work, thermal decomposition of mixed nitrate precursorscaratecipitationof
metal sulfateare adopted for the preparatiof coppercobalt oxide spine{Cu xC03.xO4) With x

valuesranging from O to 1.

3.1.1. Thermal decomposition method

The hermal decomposition method is a successful method for the preparataGuk O,
with high x values (x > 0.7) [16, 36, 44The salt precursor was prepared by dissoliag
(NO3)2.6H,O0 (A. C. S Si gmg and Cu(N@x 3H0@Sig;h® Atdrich 99.0%
100.5%) in a solvent mixture of isopropanoltrapure water ir{4:1) ratio. These nitrate salt
solutions, mixed in an appropriate molar ratio (x = 0, 0.25, 0.5, @)Awith 9 drops of Triton
X-100and diretly deposited on #uorine doped tin oxide coated transparent conductive glass
(FTO coated glass). The solvent was evaporated by heatin§Gaf@ subsequently calcined
at 300C for ten minutes. Multiple oxide layers were prepareddpgating the praxure anda

final annealing step was carried out at®Dfbr one hour [39, 66]
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3.1.2. Coprecipitation method

Accordingto Goldstein and Tseung, thydroxide ceprecipitation method could achieve
high surface area sl catalyst [65]. Sudftes ofmetals (CoSQ7H,O Analar BDH and CuS{
5H,0 Analar BDH) were dissolved in distilled water and mixed in stoichiometric amounts (x= 0,
0.25, 0.5, 0.75, 1). The solution was kept &C7@ith pure oxygen bubbling. When the solution
is saturated with oxyged8 M Na OH ( 098 % Si gma Al drich) was ad
solution reached 11. The reaction mixture was held for one hour under these conditions. The
precipitate was filtered, washed and dried in air and heateB08E 3or 1hour. The obtained
oxide powder was mixed with @ drops of 5%Triton X-100 toobtain aslurry and that was
subsequently deposited on transparent conductive glass (FTO). The resulting film was heated at
36(°C for one hour to get an adherent oxide film. This process wasedpgeayet enough oxide

loading [38].

3.2.Characterization of samples

The surface morphology of the films was examined with a scanning electron microscope
(SEM = FEI, QUANTA 3D PEGhaNnd the composition of the prepared films were analyzed by
energy disperse X-ray spectrometry(EDX = EDAX GENESIS). Karen Rethoret (EM
laboratory technician) provided assistance and training for the use of SEM andXefaX.
diffraction patterns were recorded walX-ray diffradcometer (Bruker AXS D2 phaseanying Cu
k Uradigion of wavelength 0.15418 nmiThis instrument is locate¢h the X-ray powder
diffraction labat the University of Toronto and Dr. Srebri Petrov performed the measurements

and data analysi¥-ray diffraction measurements were carried out u€ng k Utiom. Bid i a
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filter has been used t oreselltionmolid StateeLynRaye XEfhasr a d i

been used as a detector dhd Reitveld rethod was utilized fodata refinement.

Cyclic voltammetrystudies weg carried out in a cylindricaléflon cel in 1M KOH, and the
potentials of the working electrode were measured again§Qlie Platinum wire was used as
the counter electrode. The geometrical area of the electrode used in the studies was 0.50cm

Cyclic voltammograms were recorded at a sca@ o860mVs™.

Catalytic activity of the prepared electrodes for the electroreduction,@f \Mas assessed
using cyclic voltammetry. Cyclic voltammograms were recorded at room temperature using 3M
NaOH containing 0.6M kD, at a scan rate of 5mV& All measurements are performed in a
cylindrical Teflon cel. Platinum wire and SCE were used as couatet reference electrodes,

respectively.

The electrochemical surface area of the@y., O, electrodes was determined from double
layer charging curves usingyclic voltammetry in a small potential region €.10mV to
10mV(SCE) in1M KOH. The cyclic voltammogras were recorded at different scan rates and

thecharging current dengitvas plotted as a function s€an rate.
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Chapter 4: Results and discussins

This chapter wilbresenthe results obtained during our research. Firstlysthiéace
morphology of films prepared by tireal decomposition and garecipitation methodre
discussed through SEM micrograpBecondly EIX analysis resultarediscussedo study
composition of the materialSubsequentlytaucture analysisesults obtained frorK-ray
diffraction analysis ar@resentedFinally cyclic voltammetry resultBr oxygen evolution
reaction and electroreduction of®} are presentefibr the films prepared by thermal

decomposition method.

4.1 Film morphology i scanning electron microscopy{SEM)

The surface texture of the @lo; O, electrodes, prepared by thermal decomposition
method and crecipitation method at various x values (x= 0, 0.25, 0.75, 1), were analyzed

by scanning electron microscopy.

SEM micrographs of various compositions of cobalt spinels provided information on the
nature of the suaice of the electrodes and offebetter understanding of the variations in the

properties of the surface as asult of the addition of copper.

Two magnificatiorvalues were chosen to report the morphology of the sarSgllk.
micrographs of C«Co oxides, prepared by -qoecipitation method, are shown in Fig. 4.1. The
oxides consist ahdefinite flake shapd grainsand no obvios difference in the morphology
was observed with theariation ofcopper content. The graiaseapproximatelyl0OOnmin size

andthesurfaceis very porousfor all the compositionstudied
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y HY | det WD ma.g' B | HF pressure 4 pym
20.00 kV ETD | 9.3 mm |10 000 x |14.9 ym | 9.47e-6 Torr Quanta 3D FEG
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1)

HWV det WD mag Eﬂ HFW pressure 4 pm
20.00kV ETD | 9.2 mm | 9992 x |14.9 um | 7.56e-6 Torr Quanta 3D FEG

J)

17 HV det WD mag B | HFW pressure | — ‘360 nm——
*20.00 kV|ETD | 9.2 mm |60 003 x |2.49 um | 6.76e-6 Torr Quanta 3D FEG

Fig. 4.1: SEM micrographs @) and b)C030,, ¢) and d) Cgl2sC0,.7504, € and f) Cy sC0,504,
g) and h) Cpl75C0.2604, i ) and j) CuCgO4 prepared by c@recipitation methodlwo
magnification values @re chosen for each samplesiated o the micrographeamely

10,000x(micrographs a), ¢), gy) and i))and 60,000Xmicrographs b), d), f), h) and }))

30



Fig. 4.2showsthe SEM microgaphs of CuCo oxides prepared by thieermal decomposition
method.In contrast with the case of the-peeapitation methodthe SEM micrographs d@he
samples prepared by thermal decomposition shenvationsin their surfacemorphology with
copper substitution.

The surface morphology of GO, (Fig. 4.2a) andb)) shows that grains were rather flat with
a mea sizeof aboutl-2um. Copper substitution resulted in the formation of fine grains ef Cu
Co oxides in the form of platelets that are oriented preferentially perpendicular to the surface,
whichmay lead to amcreased porositgf the oxide film. At highercopper substitution (x =
0.5) the surface ggars more homogeneous, grainsengniformly covering the substrate and
porosity appears to hawertherincreased. In general, the size of @0 oxide grains was found

to be smaller thathatof the pure CgD,4. The former isalso observed to be quite anisotropic.

N ) 4 N , 5
V5 HV det | WD |mag BH| HFW pressure —10 pm —
“0%120.00 kV|ETD| 9.6 mm | 2513 x |59.4 ym | 6.91e-6 Torr Quanta 3D FEG
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HY det | mag B HFW pressure — 500 nm ——
-120.00 kV/ETD| 9.4 mm | 59 999 x| 2.49 pm | 4.93e-6 Torr Quanta 3D FEG

HV det r 4 pm
Oe Quanta 3D FEG
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HY | det mag B | HFW .pre re — 500 nm —
10.00 kV | ETD |10.0 mm| 49 988 x | 2.98 ym | 3.42e-5 Torr Quanta 3D FEG

HV det| WD |mag H| HFW pressure 4 um :
20.00 kV|ETD|9.9 mm | 9996 x |14.9 pm| 1.74e-5 Torr Quanta 3D FEG
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HV det | WD |mag B | HFW pressure — 500 nhm —
20.00 kV|ETD | 9.9 mm | 49998 x| 2.98 um| 1.55e-5 Torr Quanta 3D FEG

‘ HV det| WD | mag @B| HFW pressure ‘ 4 pm

20.00 KV|ETD| 9.4 mm | 10 002 x ‘ 14.9 um|1.11e-5 Torr Quanta 3D FEG
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J)

/ '

7 HV det wD mag B | HFW pressure 500 nm ——
20.00 kV|ETD | 9.4 mm |80 002 x | 2.49 pm| 9.90e-6 Torr Quanta 3D FEG

Fig. 4.2: SEM micrographs @f) and b)C0304; ¢) and d) Cpl2sC0,.7504; €) and f)
Cuo.5C0:504; g) and h) Cpl7sC02504; and i) and j)CuCo2@prepared by thermal
decomposition methadifferent magnification valugsnamelyca.2,500x(micrographs a)),
10,000x (micrographs c), e), g) anda))dca.60,000x(micrographs b), d) f) h) j)were

chosen for each sample as noted on the micrographs.

4.2. Film composition - energy dispersionX-ray spectroscopy (EDX)

Energy dispersive Xay spectroscopy is a powerful analytical technique for chemical

analysis ands a useful tool to study the composition of the specimen. The analysis of

CuC03.x0O4 electrodes coulgrovide informationabout the composition of copper cobalt

oxides and the correlation between the stoichiometric and EDX elemental composition.
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The elematal analysis of the GC 03«04 electrodes prepared by-poecipitation
methodis shown in the Fid.3(a- e). The stoichiometricopper to cobaltatio and the ratio
obtained by the EDX analysis are listed in the Tdlle A good correlation exists between
the stoichiometric and EDX copper to cobalt ratio for all the compositions prepared by co
precipitaton method EDX spectra of CiC0;.40O,4 prepared byhe co-precipitation method
indicatethe presence of sulfur. It could be due to the incomplete removal of sulfates during

the washing othe precipitate, whiclwas originally presented asilfates of metals.

EDX analysis of the electrodes preparedhimsrmal decomposition methasl i
summarizedn theTable4.2. Thermal decomposition method also shows a good agreement
between the stoichiometric and EDX ratio, even thatggper cobalt ratio islightly higher
than stoichiometric ratioThe EDX spectra of G 03.xO, prepared by tarmal
decomposition method exhibisiditional peaks din as it is deposited on fluorine doped tin

oxide glassareshown in theFig. 4.4 (ai e).
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Fig. 4.3: EDX spectra ) C0o304, b) Cuy 26C0;.7504, €) Cy sC0,. 504, d)
Cuy.78C 022504, ande) CuCaO, prepaed by ceprecipitation method.
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Fig. 44: EDX spectra of a£L0304, b) Ch.26C 07604, €) Cth5C0z.504, d) Ch 75C02 2504,
ande) CuCgOy prepared by thermal decomposition method.
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Table4.1: Stoichiometricand EDX ©pper- cobalt ratio of the CyCo3.40O,4 electrods prepared

by co-precipitation method.

Stoichiometric

(Cu/Co)EDX (Ce

predpitation method)

Expected

Composition of the

Composition of the

electrode according td

Cu/Co ratio EDX measurement
+ 17% electrode
0.00 0.00 C0304 C0304
0.09 0.10 Clo.25C0 750, Clo.26C 0. 704
0.20 0.3 Cup5C02.504 Cup.5C02504
0.33 0.39 Clp.75C 07,2504 Cup 84C02.1604
0.50 0.54 CuCaqO4 Cu1.05C01 9504

Table4.2: Stoichiometricand EDX ©pperi cobalt ratio of the CiCo3.xO, electrods prepared

by thermal decomposition method

Stoichiometric

(Cu/Co)EDX

(Thermal

Expeced
Composition of

Composition of the
electrode according t(

Cu/Co ratio decomposition method
the electrode EDX measurement
+ 17%

0.00 0.00 C0z0,4 C0304

0.09 0.11 Cup 25C0,.7504 Cuo.30c02.764

0.20 0.26 Cup5C02.504 Cu.62C02.3804

0.33 0.38 Cup.75C02 2504 Clp 021704

0.50 0.4 CUCQO4 CU1.11C01.89()4
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Fortheco-precipitation methodsampleswvith x valuegreaterthan 0.5 EDX coppetrcobalt
ratio tendto exceed what is expected based on the stoichiometrg gbthtion. Tie thermal

decomposition methogielded a largecopperto cobaltEDX ratio with the addition otopper

The error in the EDX measurement may arise fromhtiraogeneity of the materidh order
to evaluate this errogopper cobalt ratio was measueddifferent spots othe samesample
(CuCa0,) andthe standard deation and relative error were calculated. Both thermal

decomposition method and-poecipitation method shows a relative error of 17%

The errorwhich maybe generatd during the preparation of tlelution,will alsoaffect the
final composition of tb CyCo3 xO, electrode.However, he error calculation shows that the
co-precipitationand thermal decompositionethod the resulting erroren the Cu/Co ratio are
between 0.7 and 1.7%, and between 2.5 atfb Srespectively (see Tables A4 and AGhe
appendix).This indicates thahe majority of the error is inerrant to the EDX method and

possible imomogeneity of the material

However, 1 is notpossible to confirm with EDX Cuis actuallybeing substituted in the
spinel structure. This wasvestigated using-ray diffraction and the results are presenietthe

next section.

4.3. Film structure X-ray diffraction

X-ray diffraction is a powerful technique foweldating the structuref crystalline materials
and determining the atomic arrangemargpace witthigh precision. Xray diffraction analysis
of CuCo3xO4 electrodes reveals the structure of the material and provides information on how

addition of opper affects the structure thie Co;0O, lattice.
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The X-ray diffraction pattern o€03;0,and Cuy sC0, 504 prepared byhe co-precipitation
method, are given iRig. 4.5.The circles in the plot represent the experimental olat@ined
from thesample(labeled }. The curve along these circless obtained aftaefinement The
extracted peakare shown belowhis curve(labeled2). The bottom line represents the
discrepancies between this curve and the experimenta(lalagded3). Using the Ritveld
method it is possible to identifire presence of other phase present in the samples as shown

Fig. 4.5 .

XRD pattern ofCo;04 displays characteristic peakstbé cubic spinel structure with space
group Fd3m .The peaks can be indexethéplanes of cobalt spinel, namely (220), (311), (222),
(400), (422), (511) and (400). XRD patternsCaf sC0o, 504 showtheevidence for the formation
of CuO crystalline phase along with spinel structiitee extracted peaks of CuO atewn by
the curve (4)The lattice parameterdlawas calculad from the d spacing of the highest

intensity plane (311) usg the formula:
= d (hz_'_ k2+ |2)1/2

Where h, k, | are Mer indices. The lattice paramesaf Co;0,and CysCo, 50, are
8.092N0 . 0ADard 8.09N0 . OAxréspectively. Asmall increase in the lattice parameter
supportgheincorporation 6some copper in the spinel lattice of{Oqg. The error associated
with the lattice parameter was calculated using the standard deviation of $wbesgierimental

values obtained bydveld refinement.

The cobalt spinel laite accommodates coppengforming a solid solution until ibecomes
oversaturated. At the osaturation, a new phasé CuO segregate, which act as resistive phase

in thespinel structure; decrease the electrocatabgtivity of the electrode [14The X-ray
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analysis ofCu 5C0, 50,4 indicates théormation of2.8 + 0. P4 CuOcrystalline phase along with
spinel streture. The error associated with the percent of CuO was determingerfoyming the
Reitveld anbysis several timeghree timesyvith slightly different parametersee section A.3 in

the appendix).
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Fig. 4.5:XRD patterns of a) G, and b) CysC0, 504 prepared by Cerecipitation method.

Note that in (bR.8+ 0.7% of monoclinicCuO isdetected.

XRD patterns of CuCo3xO,4electrodes prepad by thermal decompositionethodare
shown in Figd.6. All the samples exhibit characteristic peaks assigned to the spinel structure.
CuCa0O, sample has additional gkesfrom CuO crystalline phase atius corresponds to the
samplecontaining 9.8 + 0.6%f CuO(Fig. 4.6 €). The error associated with the percent of CuO
was determined by performing the Reitveld analysis several times (three times) with slightly

different parameters (see section A.3 in the appendix).
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1,50

I ntensity

Fig. 4.6: XRDpatternsof (a) Cos04 (b) Ch.25C02.7504, (€) Clo.sC02.504, (d)

Cup 75C 02 2504, and(e) CuCaO, preparedy thermal decomposition method

The kttice parameter calculation indicates an increase in the lattice parantietie
increase otopper contentwwhich would explain the substitution of cobalt ions by copperiions
the spinel latticeThe @ values for diffeent x values are listed in th@fle4.3. In thermal
decomposition methgdhe error associated with thedtice parameter ranges frae0.002; t o
0. 009 j, which is estimated by cale udartd magt drh

val ues obtainedl ¢ ymetthheondRme nt

La Roseet al.repored the lattice paramessof Cu,Co3.xO4 films on ttanium support
prepared by thermal decomposition metfi®]. In Fig. 4.7,a graph is plotted between the

lattice parameter constant acmppercobalt ratioof CuxCos 4O, electrodesand is compared to
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the lattice paramet@btained by La Rosa al. The slope obtained from the linear regression of
the graph shows that La Rosteal. obtained a higher slog8.08 + 0.019; ) comparedo the
slope(0.060+ 0.020;j ) obtainal in this work. This may indicai higher incorporation of

copper inthespnel latticeprepared by La Rosat al.[16].

Table4.3: The lattice parameter of GG0;.xO4 electrode prepared by thermal decomposition

method
CompositilLattice (jpar
C030,4 8. ONB40. 00
CUy 25C 0. 7504 8. 0ND90. 00
Cu5C02504 8. 1ND60. 00
CUy.75C 02504 8. 1ND8 . 00
CuCaO, 8. 11 40. 00
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Fig. 47: Graphical representation @u/Co}px ratio in CuxCoz;.xOsas a function of lattice
parametefor (a) the lattice parameter tiie preparedilm (CuxCoz;.xO4) in this work, ad (b)

the lattice parameter of the (Do;xO4 films prepared by La Rost al[16].

However, one should note that the lattice parameters for pure cobalt oxide vary for both
series of samples. Accordingd@PDSICDD 9-418 the lattice parameter of pute;O,is
8.084A. A similar lattice parameter of 8.0840.003A was obtained in this work. La Rosgal.
obtained a higher lattice parameter (8.0R3khis increase in the lattice parametexy be due to

the influence of the titanium support on thestajlographic properties of the oxide.
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Table4 .4: Percenbf CuO detected in the GC 03O, electrode prepared by qoecipitation and

thermal decomposition methods.

Perentage of CuO

Composition of the

Percentage of CuO (Thermal
electrode o .

(Co-precipitation decomposition

methodx 0.7% method)x 0.6%
C0:0, ND* ND*
Clo.25C02.7604 NM? ND'
Clo 5C02.504 2.8 ND*
Co.75C 022604, NM? ND*
CuCoO;, NM? 9.8

IND: not detected

’ND: not measured

Based on the datagsented and discussed so fawas found that the electrodes prepared
by themal decomposition method possessrale phase spinel structure tgpan x valie of
0.75.The unit cell expansion with the addition of copper explains the effective incorporation of
copper into the spinel latti@ndsupport the formation of solid solution.

The XRD analysis of CysC0, 504 electrodgx = 0.5)prepared by c@recipitation method
indicatedthe evidencef diffraction lines of characteristic monoclinzuO phasealong with
spinel structurewhich suggeststhatthethermal decomposition method can incorpoedtegher
amount of copper thathe co-precipitation methodOne can see that theage sharp differences

in the mean patrticlsizes of the second phase (CuO) in both samfpielse sampleCuy 5C0, 504,
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prepared by c@recipitation methodhe peaks corresponding @uO phase appeasharper
which resulédfrom the large mean partickéze ofCuO ©5 nm), while in CuCa0O,, prepared by
thermal decomposition methatie peaks are broadenéde to thesmall particle sizef CuO

particles (6nm).

Also the electrodes prepared tiermal decomposition method westgownto be stable in
solutionenvironmentThe samples prepaal via ceprecipitation methoavere unstable in
solution;significant material dst was observed over a short time after immersion in the
electrolyte most likely due to a poor adhesion even after annealing. Hence the electrochemical
characterization will be performed using the samples prepartetbyermal decomposition

method.

4.4. Surface Area characterization and Electrocatalytic behavior- cyclic voltammetry

Cyclic Voltammetry is a widely used analytical technique to investigate electrochemical
processes under various conditions. It is a useful way to identify the surface reddaotrand
to studytheelectrocatalytic properties of an analyf@e g/clic voltammogram of CiC03xO4
provides information about the redox potentialheelectrode at varies compositions. It also

tells how the variations in the composition influerthe electrocatalytic property of the film.

4.4.1. Roughness factor (R)

Knowledge about the real surface area allows us to compare the experimental results on
different materials, since this parameter is likely to differ from one sample to the next. Cyclic

voltammetry has been used taeienine the real surface area®i,Co;.4O4 electrode$36, 37].
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The cyclic votammograms shown ifig. 4.8were recordeth 1M KOH at varying scan rates

for a narrow potential range, i.€0.10 mV to 10 mV (SCE) The anodic ath cathodic current
densities for each electrode were found to have nearly equal magnitude at different scan rates.
The current density in the middle of the narrow potential region (i.e., 0 mV) is plotted vs. scan
rate and a linear plot was obtainedyth anodic and cathodic slopes were measuredaand

average was calculated, which gives the double layer capaci@yjoef the sampl€Fig.4.9).

The roughness fact¢Rr) was calculated abe ratio of G of CuCo;xO,4 Oxide and that ch

smooth surface.e.,60 pF cm?). Mercury has very smooth surface where true surdaea
coincideswith the geometric area of the electrode aas Weltpronounced surface area

comparedo the other solid surfacebable4.5 summarizes the roughness factor for each oxide.
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d)
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Fig. 4.8 Cyclic voltammogrensof the a)C0304, b) Cy 25C0;.7504, €) Cly5C02 504, d)
Cu 75Co2 2504, ande) CuCqO, electrodesn 1M KOH for scans recordeid a potential
range of0.100 mV to 1 mV (SCE) at various sweep rates.
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Fig. 4.9: Plot othedouble layer charging current density ssan ratdor thea) and b)
C0304, ¢) and d)Cuy 25C 027504, €) and ) Cuy sC02504, g and N Cuy 75C 0, 2504, andi)

and ) CuCaOQ, electrodegprepared by thermaledomposition method.
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Table4.5: Roughness factor of QQos«O, prepared by thermal decomposition method

Film loading Roughness factor @R | Relative error (%)
Composition

(mg cnt®)
C00, 0.7 182 +30 17
Clo.25C02.7504 0.6 250 +41 16
CwsCo 504 0.9 275+ 47 16
Clo.75C02.2504 0.6 261+ 45 16
CuCeO, 0.5 293 46 16

From these measurements one can see thatttbduction of coppeinto the cobalt spinel
latticeincreasd the roughness of spinel oxideg;O4 having the lowest and Cug@, possessig
thehighest roughness values. Marsdral. haveobtaneda highroughness factasf 1400with a
catalyst loading of 3.3 mg cfrfor CuCaQ4, prepared # thermal decomposition method [37]
Chartieret al. haveobservedanincreased roughness facwith substitution of Nickel [44]
Again, this agrees with the work &f°.Pandegt al, who observed high roughness factor for

MxC03.xO4 (M = Ni, Cu) using thesol gel method48].
The error in the roughness facteas estimated using thellowing equati:

DR = Ry (DSlope/ slope +DCqy smooth surfackCy smooth surface) (4.1)

Where the error in the slopf>Slope) is determined by calculating the standard deviation of
anodic anctathodic slopg The auble layer capacitance simooth surfacelCq smooth

surface) is assumed to have a relative error of B%.absoluterror ofthe samples prepared by
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thermal decomposition rtfeod ranges from 3047 andno significant difference in therelative

erroris observedwhichvaries from 16 17%

4.4.2.0xygenevolution reactionat CuxCozxO, electrodes

Followingtheroughness characterizatidhe electrochemical characteristafghe films
were studiedln order to studyhe oxygen evolution reaction &u,CozxO4, cyclic voltammetry
was carried out for thelectrodes prepared lblyermal decomposition methody¢lic
voltammogramsvereobtained forCo3;04 Cuy 25C0; 7504 Cly 5C 02504 Cly 75C 0, 2504 and
CuCa0, betweera potential range 6D.8 V- 1.0 V at a scan rate of 50V s*, are shown in the
Fig. 4.10 These cyclic voltammogranus CuxCoz;xO4 electrodepossessdthe characteristic
current reponseas a function of the applied potential. Each voltammogram has an anodic peak
and a correspondingthodic peak at the positive potential regiofisese peakare observed
approximately at the same potentials, regardless of the copper content in the film. The values of
anodic potentiali,?), cathodic potentialH,") and redox potentiak, = (E, + E,")/2) are
summarised in the Tab& These characteristiedox couples are assigneddo (ll1)/Co (IV)
surface transion according to the reaction [16, 19, 20]

COOOH + OH == Co00, + H,0 +6 4.2)

Cuw 75Co2 2504 hasachievedhelowestredox potential compared tther compositions. Clat al.
reported similafeaturesn their cyclic voltammogram@&, = 0.38V (SCE),for thematerials
prepared by the eprecipitation methof45]. R.N.Singhet al. obtained a redox potentiaf
276mV (SCE)for NiCo,O4 prepared by spray pyrolydid4]. Pourlaix diagram also indicates

thepresence of the redox coul®O,/ CoOOH in this potential range at a pH of 13&7].

69


http://www.google.ca/imgres?imgurl=http://upload.wikimedia.org/wikipedia/commons/thumb/9/96/Equilibrium.svg/50px-Equilibrium.svg.png&imgrefurl=http://en.wikipedia.org/wiki/Wikipedia_talk:Manual_of_Style/Accessibility/Archive_6&h=43&w=50&sz=1&tbnid=TbiobZp_T0gx4M:&tbnh=43&tbnw=50&prev=/search?q=symbol+for+equilibrium&tbm=isch&tbo=u&zoom=1&q=symbol+for+equilibrium&usg=___KfLrzr7O40JkjVJqiet_BIoxPQ=&docid=CWxMZYdmd060IM&hl=en&sa=X&ei=QQJ5UbvKJMKTrQGW9oCYCA&ved=0CEYQ9QEwBA&dur=1046

In orderto identifythe exact nature of the species involved in this process, Metrshn
carried out cyclic voltammetry on thin caltial films of Go(OH), between a potential range of
-0.10V and 0.50V versus SCE in 1M KOHI'wo anodic peaks, fat 0.44V and A at0.11V
and correspondg cathodic peak€; at 0.40V andC; at0.10V were obtained. Later peakse
associated with Cd() /Co(ll) transition,were absent ithis work. The peaks A C; with an

equilibrium potential of 0.42% (SCE) were assigned to Co (11§ (V) surface transitiof68].

At the negative potential range, the cyclic voltammograms of capp#aining eletodes
possessdan anodic peak, which is absentdrgO,. T h i cso | pdasdii@ated with the
Cu/ CU' transitionprocess. Marsan et al. also obtained a similar anodic peak for,OuCo
prepared by thermal decomposition method and this pealssiagned tCu/ Cu' transition

[66].

CwO+H,0 +20H Y 2Cu(OH) + 26 (4.3

Thecyclic voltammogranobtained from C(OH),/Pt vs Hg/HgQin the negative potential

regionalsoindicates a redox transition correspondia@u'/Cu* [66].

As CuCo03.404 electroaes with x value ranging from 0 fioexhibit a cathodic peak at the
negative potential regiothe presence of ik peak could be due the oxygen reduction

reaction.
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Fig. 4.10:Cyclic voltammograms ad) C0304, b) Cy 25C0, 7604, €) Cly sC0,2504, d)
Cu 75C02. 2504, ande) QUC,04 electrodesyrepared by thermal demposition method)
corrected for thie real surface area using the roughness faetmorted insection 4.4.1.

Cyclic voltammograms were recordedlM KOH at a scan rate GOmV s*.

Table4.6: The redox poterdi of Cu,C0z4O4 prepared by thermal decomposition method

(Ep" + Ep)/2
Samples E,% [SCE(V)] E,° [SCE(V)]

[SCE(V)]
C030,4 0.457 £ 0.052 0.326+ 0.004 0.392 £ 0.027
Cl25C0 7504 0.521 £ 0.013 0.224+ 0.006 0.372 + 0.010
Cl5C0.504 0.466 +0.044 0.298 + 0.075 0.382 £ 0.020
Cl.75C0.2604 0.439 £ 0.042 0.295 + 0.009 0.367 £ 0.022
CuCa0Oq4 0.496 = 0.040 0.280 £ 0.024 0.388 + 0.004
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The standard reductigpotentialof the O,/H,O couplein alkaline medium is 0.40Y vs.
NHE (0.159V vs. SCE)[1]. This thermodynamic potential seldom achieves in practice and the
oxygen evolution reactiois alwaysaccompanied by laigh overpotential. The onset potential
and overpotential of the Q003 xO,4 electrods for oxygen &olution reaction is summariséa
theTable4.7. The CaO, possesses higher overpotential for the oxygen evolution reaction
(0.405/ vs SCE) As the copper conté increased in the cobalt spinel lattittee overpotential
decreased and GwC0, 250, achieved a lowesivepotentialof 0.3V vs SCE. This could be
associated wittheincreased roughness factdfrcopper containing electrodess the surface
area increases more active sites are available for oxygen evolution reaction and hence
overpotential decreasebhus theaddition of c@per improveshe geometriproperties of the
sample However this potential is highecompared to the overpotential of OER on RuO
(0.25V). CuCa04 exhibits a higher overpotentia@ven though ipossessethe highest roughness

factor,this might be dued thepresence of resistive phase CuO in the spinel lattice of £&uCo

The error calculation for all electrochemical measuremeasobtained bythe standard

deviation of two set of experimental values.
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Table4.7: The onset potential and overpdiahof Cu,Coz O, electrodes for OERpreparedy

thermal decomposition method

Onset Overpotential
Composition potentialSCHV)] | [SCHV)]
C0Os 0.5642 0.041 0.405z 0.053
Clo.26C02.7504 0.539+ 0.003 0.380 0.004
ClosC02504 0.531+ 0.003 0.372+ 0003
Clo.75C02 2604 0.513+ 0.009 0.354+ 0.009
CuCag0O4 0.522+ 0.001 0.363+£ 0.001

In order to compare the true electrocatalytic activity ofCCy O, electrodesfor oxygen
evolution reaction, the charging current density in the potential ran@8af i 1V has been
normalized to unit real surfaceear (Fig. 4.11). As shown figure,theslope of the oxygen
evolution reaction deeases with increase of x value@u,Coz,O,4. At a given potentialC0;04
has achieved a higher current density #mglcurrent density was fourtd decrease with the
addition of copper. This indicates that cobalt sites are actitbdaxygen evolution reaction.
The copper substitution decreases the number of axibadtsites in the spindattice and hence
the curent density decreases. R.N.Sirgtal. observedh decrease itrue catalytic activityfor

oxygen evolution reaction when the cobalt is replaced with Ni and Ca;O4 [38].
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