SYNTHESIS OF FIRST ROW TRANSITION METAL OXIDE NANOMATERIAS
FOR ELECTROCATALYTIC WATER OXIDATION REACTION

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

ASUDE ¢ETKN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OFDOCTOR OF PHILOSOPHY
IN
CHEMISTRY

JANUARY 2020






Approval of the thesis:

SYNTHESIS OF FIRST ROW TRANSITION METAL OXIDE
NANOMATERIALS FOR ELECTROCATALYTIC WATER OXIDATION
REACTION

submitted byASUDE ¢ EnTpKrtal fulfillment of the requirements for the
degree oDoctor of Philosophyin Chemistry, Middle East Technical University
by,

Prof . Dr . Hal i | Kal ep-¢él ar
Dean, Graduate School Nftural and Applied Sciences

Prof. Dr.Cihangir Tanyeli
Head of the DepartmenChemistry

Asx c . Prof . Dr . Emren Nal b.
SupervisorChemistry, METU

Examining Committee Members:

Prof. DrSai m ¥z kar
Chemistry METU

AssocProf. DrrEmr en Nal bant Esent
Chemistry, METU

Prof. Drr A h me t M. ¥nal
Chemistry METU

Prof. DrBi rg¢l Z¢mreojl u Karan
Chemistry Hacettepe University

Assist Prof Dr.Fer di Kar adack
Chemistry Bilkent University

Date:15.01.2020



| hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. | also declare
that, as required by these rules and conduct, | have fully cited and referenced
all material and results that are not original to this work.

Name, LastnameAsude ¢etin

Signature :



ABSTRACT

SYNTHESIS OF FIRST ROW TRANSITION METAL OXIDE
NANOMATERIALS FOR ELECTROCATALYTIC WATER OXIDATION
REACTION

¢ e t Asude
Doctor of PhilosophyChemistry
Supervisor Assoc Prof.Dr.rEmr en Nal bant Esent ¢r Kk

January 2020141 pages

Environmental concerns associated with the use of fossil fuels have elevated the
demand for safe, clean and renewable energy sources. Hydrogeautstanding
energy carrier because of the high amount of energy stored in its bond, and an
excellent alterative to fossil fuels. Therefore, production of hydrogen from readily
available and abundant sources such as water through electrochemical water splitting
has gained increasing attention in the last couple of decades. However, water
oxidation step of ovedl water splitting process has large energy barrier and thus,
requires application of overpotential and use of highly stable and active catalysts fo
the efficient formation of hydrogen. A great number of nraized metal oxide
materials have been proven to be very active catalysts for electrochemical water
oxidation. In addition to their unique properties, their large surface area and thus,
large actve sites make such nanomaterials promising candidates as electrogatalyst
This dissertation covers thgreparation and characterization of bimetallic oxide
nanomaterials composed of various combinations of earth abundant, transition

metals as well as thegelectrochemical activities towards water oxidation reaction.



Firstly, metal oxide nanomaterials in CuOf, FeMnQ, NiFeOs-NiO and
NiC0204-NiO structures with various morphologsre synthesized via simple and
reproducible methodsSynthesized nanoneials were then characterized using a
combination of analytical techniques including XRD, SEM, EDX, TEM, XPS; ICP
OES and BET. Conductive electrode surfaces were modified with these
nanomaterials, arfthally their electrochemical behavior in water oxidatreaction

were investigatedlhe overall water oxidation activity of the synthesized materials
was observed to be comparable to benchmark-RuSuperior to some of the water

oxidation catalysts having similar structures.

Keywords: Transition Metal Qide, Nanomaterials, Water Oxidation, Oxygen

Evolution, Electrocatalysis
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¥Z

KLK SI RA GE¢Kk METAL OKSKT NANOMALZEMELE
SUYUN ELEKTROKATALKTKK Y, KSELTGENME TEP
KULLANIMI

¢ e t Asude
Doktora Kimya
Tez YO mDetOr&E€msien Nal bant Esent ¢rk

Ocak 2020141sayfa
Fos | yakétlarén kullaneméndan kaynakl anal
temiz ve yenilenebilir ener ji kaynakl ar ¢

Hidrojen, baj élmdlaundur duj u yéks®hdeengel en sebe

takéyecelaréndandéer. Ayné zamanda bu °ze!
bir alternatiftir. Bu sebepl e, su gi bi |
bulunan kaynaklardan elektrokingyaa | ayr ékt érma y°ntemiyl e
son yir mi yélda artan il gi odajée haline
ger-eklexktijJi anot yaré tepkimesi y¢ksek

yavakldaamakBa da, mlhii dbojyermierki vdei el de e

akéreéegerilim uygul anmaséné ve y¢iksek kar
kull anéméné ger ekalyie dk & Imeat katl a d @ kssiyurt ¢ ork a nso |
el ektroki myasal yéksel tgenm&ainedd arkmé K taé
Benzersiz °zelliklerinin yanée sér a, sahi
-0k sayédaki bukanonfalzenglezleg k &r o ly & galdcekz °r ol
vad et mektedirler. Bu tez, dojraalla -bed i tblui
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bil ekxkimlerde bimetali k nanomal zemel erin haz:

suyun y¢kseltgenme tepkimesindeki el ektroki
kapsamaktader . KI' k ol a20akeMnQf MiFelOFNSO ke ki | | er e
andNiCo20s-Ni O yapél arénda nanomal zemetleer kol ay v
sentezlenmiktir. Sentezlenen nanomal zemel er
OES ve BET gi bi -eki tli analitik teknikler
el ektrot y ¢, Denvall ¢reime Ibeur | & asok aofalalasuyuré K Ve

yé¢kseltgenme tepki mesi nde el eSemtazlenen my as al e
mal zemel er, bu tepki medekatedleiradfrs| @ la&y&s lkar

et ki nl i K Byfnalzereetenmiérzery ap el ar daki eikéeyrasklaa al i z
suyun y¢ ks eda hgae nanketsig Pnrdeel dhy kk ar é

Anahtar KelimelerGe - i Kk Met al Oksitler, Nanomal zemel e

Oksijen Salénémeé, Elektrokataliz
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CHAPTER 1

INTRODUCTION

The depletion of fossil fuels and environmental concerns associated with their
extensive use have increased the demand for renewable, cheap, clean and safe energy
sources significantly. Hydrogen, as an energy carrier is an outstanding alternative to
fossil fuels or other risky sources such as nuclear endfigyeover hydrogen can

be easily obtained from readily available and renewable sources such as water.
Therefore, production of hydrogen, which
future, throughwater splitting has gained well deserved attention and become focus

of intensive research in the last couple of decades.

Production of hydrogen through electrochemical water splitting is particularly very
attractive. However, water oxidation step occugrat the anode is considered as the
bottleneck of overall water splitting. This is mostly because of the large energy
barrier caused by the transfer of multiple electrons and protons during the reaction
and thus, requires application of overpotential t@roeme this energy barrier.
Therefore, reducing the applied overpotential and increasing the rate of this reaction
is critical in efficient production of hydrogen. Use of suitable catalysts is considered
to be very effective in achieving this goal. Hendesigning new catalyst systems
which can demonstrate high stability for multiple oxidation cycles and operate at low
overpotential has become of utmost importance. Among the potential water
oxidation electrocatalysts, metal oxides are one of the promahanites in this
demanding proces®articularly nanesized metal oxide particles, rods, wires or
plates has drawn attention because of their high sutéaeelume ratio and thus,

large surface aré&®

The most active and widely used metal oxide electrocatalysts are the oxides of
precious and rarmetals (i.e. Ru@and IrQ). For instance, Liu et al. reported that



RuQG: nanoparticles exhibited very good activity with an onset potential of 1.34 V
(vs RHE) and a low overpotential of 190 mV to achieve current density of 10 mA
cmi? (dio).* In addition, studies conducted by Sun et al. and Gao et al. exhibited very
similar activities for Ru@ nanomaterials. Both reports have shown that the onset
potential was 1.48 V (vs RHE) for Ru@hile slight differences imjio was noted
(325 m\? and 347 m¥). Similar to their results, in our study ta@ have found that
RuQG; nanoparticles display good activity and determined the onset potentigdoand
as 1.45 V (vs RHE) and 326 mV, respectively. Even though,Rar@d IrQ
demonstrate high activity, their high cost, low availability and poor stahititier
alkaline conditions limit their practical u§e® Therefore, it is of great importance

to prepare metal oxide nanocatalysith high stability and efficiency using earth
abundant and cheap transition metals.

Bimetallic materials in the form of perovskite or spinel have particularly attracted
great deal of attention because of their rich chemistry caused by the contributions of
both metals, very good stability and activity in alkaline medidft?

Inspired by the MgCaGs clusters in photosystem Il, many catalyst systems
composing of manganese have been developed. To illustrate, Kim et al. reported the
synthesis and electrocatalytic activity of CaMn@ perovskite structure for water
oxidation in alkaline medium. Rotatindisk electrodes (RDEs) modified with
nanomaterial exhibited an onset potential of 1.6 V (vs RHE) and Tafel slope of 197
mV decl. In addition, they have prepared oxyepeficient CaMn.Os perovskite
material and studied its activity und#ére same conditns for comparison. The
results reveal that with increased oxygen deficiency both onset potential (1.5 V vs
RHE) andTafel slope (149 mV de¥ decreased indicating improved water oxidation
activity.?® Peng et al. demonstrated that upon doping with sulfur, CaMa@tubes
display better activity as electrocatalyst for water oxidation with higher stability. The
onset potential was found as 1.6 V (vs RHE) while it was ca. 1.7 V (vs RHE) for
pristine @GMnQs. The observed enhanced activity was associated with the abundant
active sites induced by oxygen vacancies due to sulfur replacéerdther study
conducted by Du et al. exhibited the preparatd a series of nonstoichiometric



CaMnGgsnanomaterials (0 < 0 < 0.5) and thei

show that CaMn&»7 nanoparticles demonstrated the highest activity among the
prepared nanomaterials with an onset potential of (¥s\RHE) and overpotential
of 570 mV to generate current density of 4 mA%m).’

Perovskite structures havirdjfferent metal combinations were also reported as
water oxidation electrocatalysts. For instance, Jin et al. studied ditahin
Lao.sSrh.2MnO3z materials and reported that the materials exhibit promising activities
with onset potential anghoof 1.57 V(vs RHE) and 985 mV Studies conducted by

Hua et al., on the other hand, showed th&tsSro.2Mno.oF&.1034 materials have

| o w & walug(340 mV) compared to the one of reported by Jin &t Moreover,
various studies have reported that doping or coating the metal oxide nanomaterial
with a noametal can enhance its water oxidation activity. To illustrXu et al.
compared the electrocatalytic activities of both pristine and carbated BaMn®
nanorods. The results showed that at the same overpotential value (i.e. 740 mV)
observed current density increased significantly from 3 mA& tmnil4 mA cny

suggesting the improved conductivity upon coating with cafSon.

Another wickly used bimetallic oxide materials are the ones having spinel structures.
In several studies, it was observed that bimetallic spinel oxides exhibit higher water
oxidation activities compared to their monometallic counterparts. For instance, Yuan
et al. hae synthesized a series of tubular ferrite materials ¢REeM: Fe, Co, Ni)

and studied their activities by comparing overpotential values required to generate a
current density of 10 mA ci( ). FeOs nanotubes exhibited the lowest activity

wi t 49 valde of 432 mV, whereas Nif@s and CoFgO4 nanotubes required
overpotentials of 340 and 392 mV to achieve the same current density value,
respectively! Li et al. also studied a series of iron based catalysts for water
oxidation. They prepared g@3 and MFeO4 (M: Mn, Co, Ni, Cu) nanoparticles by
electrospinning and investigated their activi&Similar to the work of Yuan et al,

in this study too, monometallic & nanoparticles exhited the lowest activity with

an onset potenti al saod750 iV, whle miich (owes ongeH E )

potentials and overpotential were obtained for M@k 1. 72 V sv&80 RHE,

I

an
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mV), CoFeOs( 1. 6 7 V sv50 nv/i EyFeOd(1.71 V vs RHEds: 540

mV) and NiFeOs( 1. 7 0 V 5350 mR)HIEadditign, nanofibers of the same
structures were also prepared and activities were tested for water oxidation for
comparison. Each of the fibers displayed higher catalytic activities with lower onset
potentials andverpotentialthan their nanoparticle counterparts. Observed activity
was attributed to the larger surface area of the nanofibers which allows more contact

sites between the catalyst and the substfate.

Among transitioametal based spinel oxides, Nifh is also subjected to
considerable attention owing to its rich redox chemistry caused by the contributions
of both cobalt and nickel ions. In addition, recent studagse shown that NiGO4
exhibits higher electrical conductivity and thus, enhances electrochemical activity
than its monometallic counterparts (NiO ands@4).2® Barauskiene and Valatka
have reporté the preparation of NiC®s nanomaterials on stainless steel by
electrodeposition and investigated its activity towards water oxidation reaction. They
concluded that the prepared nanomaterial has comparable activity to that of
benchmark IrQwithanonsep ot ent i al of 11006530/mV€*®s RHE) and
the other hand, Zhao et al. reported ahglighigher onset potential of 1.63 V (vs
RHE) wi t hio (M40 weV) fordNiCeOs nanomateriald® NiCo204
nanomaterials were algoeparedn wire morphology and tested for electrocatalytic
water oxidation. According to the studies by Peng et al. pOZmanowires
exhibited good activity with low onset potential of 8.8 (vs RHE)?® Nanowires
prepared by Yu et al. also demonstrated low overpotential value of
dio: 460 mV?2’ On the other hand, Su et al. reported Ni@manowire arrays having
superior water oxidation activity. The overpotential required to achieve current
density of 10 mA m? was determined as 350 mV with use of much smaller catalyst

loading (0.2 mg cr) compared tehe one reported byu et al. (1.0 mg cm).?®

Furthermore, recent studies have revealed tharesence of NiO and NiGO4 or
NiFeOsboosts each otherés activity significan
promotes better charge transfer. There are several literature reports on the synthesis

and electrocatalytic activities for water oxidation reaction of such heterostructures.



Mahala and Basu prepared both Nif® and NiO/NiCeOs nanosheets and

compared their electrocatalytic activities. Biphasic NiO/Ni@o nanosheets

exhibited higher catalytic performance with much lower onset potential (1.59 V vs
RHE) , oV e rig 360 mV)tad adfel sfoge (61 mV deg than that of

NiCo:Os( Onset : 1. 66430/mVyTafel Bldp& 139 chV dér?® Liu et

al. also performed a similar study by using NiBeand NiO/NiFeOs nanorods. The

onset p o tiefor NiFegOh nareonods wete found as 1.55 V (vs RHE) and

370 mV, respectivelyOn the other hand, NiO/Nit®4 heterostructure demonstrated
enhanced performance with an owad32 poten

mvV 30,31

In the light of these information, this dissertation aims to synthesize bimetallic oxide
catalyst systems composing of earth abundant, first row transition metals in the nano
regime and study theelectrochemicahctivities towards water oxidation reaction.
Preparation of the nanomaterials were achieved by two facile sopliase
methods, namely sael and hydrothermal synthesis. Obtained nanomaterials were
then characterized by several analytteahniques. After characterization, electrode
surfaces such as fluorinated tin oxide (FTO) and glassy carbon (GC) were modified
with synthesized nanomaterials and their performance in water oxidation reaction
were investigated using electrochemical teghes. Prepared transition metal oxide
nanomaterialsvere found to be stable catalysts in electrochemical water oxidation.
Furthermore, activities of the catalysts were observed to be comparable to that of

water oxidation catalysts with similar structures.






CHAPTER 2

TRANSITION METAL OXIDES

2.1 General Introduction

The binary compounds of oxygen with transition metals constitute one of the most
intriguing groups of materials due to their facile synthesis, stability and diverse
composition and structure. In addition, &Wibf transition metals to have multiple
oxidation states leads to a great number of compounds with tunable properties such
as thermal, electrical, magnetic and optical properties for specific applications. Such
diversity of transition metal oxides (TMOsfems from the partially filled-drbitals

of the metal and the interactions between electrons in these otbifals.

TMOs are formed by electroransfer between less electronegative transition metal
atoms and more electronegative oxygen atoms. Depending on the number of
electrons lost in their-drbitals, transition metals can form a wide range of oxides
from monoxides (e.g NiO), dioxides (e.g R{)Qo higher and complex oxides (e.g
WOz, LaMnQ;, NiCo,04). Each of these oxides embodies different bonding and
crystal structures. Hence, it is necessary to apprehend the crystal chemistry of TMOs

in order to better interpret their behavior in certgplications.

2.2  Classification and Crystal Structures of Transition Metal Oxides

TMOs crystallize in many structures namely, rock salt, wurtzite, rutile,sReO
perovskite, spinel and corundetype. Common feature of these structures is that
larger oxide ionsare arranged in either cubic or hexagonal cluseked arrays,
which leads to formation of octahedral and tetrahedral networks while the smaller

transition metal ions occupy the holes created by these oxide networks



221 Monoxides

All of the first row trandion metals, except scandium and chromium, form
monoxidesFive of the second row transition metals (zirconium, niobium, palladium,
silver and cadmium) along with mercury of third row transition metals form
monoxides as well. Most of them crystallizerotk saltstructure in which oxide

ions form cubic close packing (ccp) array and the transition metal ions occupy all of
the octahedral holes (Figure 2.1). Alternatively, this structure can be described as
being composed of cornsharing octahedral Méunits with (6,6)coordination®?-33

Figure2.1. Unit cell of rock salt structure (green circlegygen atoms, yellow

circles: transition metal atoms)

In some cases, nonstoichiometry, atom deficiency or relocation of atoms from their
ideal positions can result in deviations in TMOs. Some of these monoxides, such as
ZnO, adoptwurtzite structure. Wuttite structure comprise of hexagonal close
packing (hcp) arrays of oxide ions with transition metal ions located in half of the
tetrahedral cavities (Figure 2.2). Each ion is surrounded by four counter ion leading
to (4,4)coordinatior??33



Figure2.2. Unit cell of wurtzite structure (yellow circles: oxygen atoms, grey

circles: transition metal atomg@nodified from34)

2.2.2 Dioxides

Dioxidesare formed by titanium, vanadium, chromium and manganese of first row
transition metals. In addition, almost all of the second and third row transition metals,
except cadmium form dioxides. These TMOs assume etikitr or fluorite crystal
structures. Me rutile structure is made up of hapays of oxide ions (Figur23).
Ideally, in this structure, half of the octahedral holes are occupied by the transition
metal ions while the tetrahedral holes are empty. Each transition metal ion is
surrounded by =i oxygen and each oxygen is surrounded by three metal ion,
resulting in (6,3)coordination?33



@® Oatoms

¥ Metal atoms

Figure2.3. Unit cell of rutile structure (red circles: oxygen atoms, pale grey circles:

transition metal atoms) (modified fréf

Figure 2.4 shavs the fluorite structure. As opposed to other structures, transition
metal ions arrange in ccp arrays while oxide ions occupy all of the tetrahedral holes

forming a lattice with (8,4toordination.

@ Metal atoms

@ Oxygen atoms

Figure2.4. Unit cell of fluorite structure (green circles: oxygen atoms, red circles:

transition metal atoms)

10



2.2.3 Sesquioxides corundum type

Most of the first row transition metals in their +3 oxidation state, except zinc,
crystallize incorundumtype structurgM20g). In this structure, the transition metal
ions (M**) are located in twahird of the octahedral cavities which are formed by

hcp arrmgement of oxide ions (Figures? giving rise to a (6,4¢oordinatior??

-
.

\“‘

- IR

@ Oxygen atoms

’ Metal atoms

~
Il

A\ S
e

“

V

|

=

w
e
~8

b
>,

Figure2.5. Corundum structure of TMOs (@@s) (red circles: oxygen atoms, blue
circle: transition metal atoms occupying the octahedral cavity formed hgr@)
(modified front?)

224 Trioxides

Transition metals formingrioxidesare rare due to the requirement of +6 oxidation
state. Molybdenum, rhenium and tungsten are the only transition metals that show
MOz3 stoichiometry. These oxides adopt rhenium trioxide structure which consist of
cubic unit cell with Re ions at the corners and oxide ions at thecsdgers (Figure

2.6). Alternatively, the structure can be viewed as being made up of edraeng

11



Re( octahedra. Molybdenum trioxide (Ma@Ohas a layer structure which is
composed of chains formed by corner sharing Mo€ahedral units. These two
chains are attached to each other by sharing adjacent edges of the octahedra resulting
in a double layer. IWOs3, slightly distorted W® units are connected by corner
sharing??

@ Oxygen atoms

® Metal atoms

Figure2.6. Unit cell of Re@ structure (red circles: oxygen atoms|djcircles:

transition metal atoms) (modified fréf

2.2.5 Spinels

TMO spinelsgenerally have the A®4 composition, where A and B are metal ions.
The spinel structure is formed by ccp array of oxide ionghich A cations fill one
eighth of the tetrahedral voids and the B cations fill half of the octathednds
(Figure 2.7) In order to maintain chargeeutrality, cation A and B can have
oxidation states of either +2 and +32{B:*'0s%) or +4 and +2 (A'B2*'04%),

respectivels.

12



A Site - one metal with four
nearest-neighbor oxygens.
Tetrahedral site

B site — one metal with six
nearest-neighbor oxygens.
Octahedral site

Figure2.7. Unit cell of spinel structure (green circles: A casioyellow circles: B

cations and blue circles: oxygen atoms)

Depending on theation distribution in tetrahedral and octahedral holes, spinels can
be categorized into three types, namely normal, inverse and complex spinels. Zhao
et al suggested the following representation of spinalsB4A :B2.5]JO4, in order to
identify them eady. In this notation, [AB2] represent the metal ions occupying
octahedral holes while the ions before square bracketsArepresent the ones
located in tetrahedral holes. Whess O, the structure is defined asrmal spinel
(A[B2]04) with A** and B" ions located in tetrahedral and octahedral holes,
respectively.a«= 1 leads toinverse spinelstructure which can be denoted as
B[AB]O.. In inverse spinel, & ions occupy the octahedral sites whif& Bns are
equally distributed in octahedrahé tetrahedral sites. In the caselof &< 1, the
structure is complex spinel. Complex spinels have mixed metal ion distribution in
octahedral and tetrahedral sites. In this regard, they are considered as being

intermediate between normal and inverseaist

Distribution of metal ions in spinel structures is governed bgrs¢¥actors namely,

radius of the metal, electrostatic interactions between ions and the crystal field

13



stabilization energy (CFSE) difference between octahedral and tetrahedral fields of
the metal ions. This energy difference, also named as octahedrgreierence
energy (OSPE), has a significant effect on the structure adopted by the TMOs. For
instance, MgO4 has a normal spinel structure since3lion can acquire higher
CFSE occupying octahedral interstices. Hence,>Mans occupy tetrahedral
interdices giving rise to MA[Mn2**]04 configuration. On the other hand,?Fens

rather than F& ions in FeO4 strongly prefer to fill octahedral holes because of their
greater CFSE in octahedral field. Thus;®ss inverse spinel with F§Fe?'Fe**]04

configuration®32-33

2.2.6 Perovskite

Perovskite structure, generally denoted as AB©based on ReGtructure. Corner
sharing octahedral BLunits are arranged in cubic network, and A cations occupy
the 12coordinate hole created by these octah¢Bigure2.8). The structure can also

be described as A cation located in the center of a cube formed by the B cations,

whereas oxide ions reside in the edge centers of the cube.

‘ Oxygen atoms
M B cation

® A cation

Figure2.8. Unit cell ofperovskite (ABQ) structure (red circles: oxygen atoms,
purple circle: A cation and pale grey circles: B cations) (modified ¥om
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In perovskite structure, A and &tions can bear different charge distributions in
order to achieve charge neutrality:'B>*Os (e.g. Naw@), A>'B*Os (e.g. CaTiQ)
and A'B*'0Os; (e.g. LaCo@). Generally, Aions are alkali, alkaline earth or

lanthanide ions while B are transition metalgs32:33:3°

2.3 Preparation of Transition Metal Oxide Nanomaterials

Materialsin the nano regime ka attracted considerabktention owing to their
unique properties ahviability in numerous application$he exciting properties of

the nanomaterials, which can be altered to suit certain applicationsyotivated
researchers to explore new synthetic approaches to prejpate materials
Consequentlymany different mtéhods have been employed and made it possible to
obtain nanomaterials with a wide range of unique morphologies, crystal structures

and compositions.

Transition metal oxide nanomaterials can be prepared by two basic approaches,
namely top-down (physical mehtods) and bottomup (physial and chemical
methods)Top-down method includes the miniaturization of e scalenaterial

by lithographyor other related tectiques. Howeverigh cost, irregular and rough
features obtained on atomic scale and irrepedality restrict the use of this method

in the preparation of nanomateridfOn the other handpitom-up approach consist

of assembling atoms or molecules to gate large scale materialBottom-up
approach also has the advantage of control over crystallite size and/or shape by use
of atoms, molecules or individual nanoparticles as building bi¢ftdkereover, this
technique includes a wide variety of methods ranging from -pblase synthesis

(e.g. flux growth, thermal decomposii, pulsed laser ablation/deposifioto
solutionphase (e.g. coprecipitation, polyol, microemulsion, sebel,
hydrothermal/solvothermal)and vapotphase synthesige.g. chemical vapor

deposition, spray pyrolysis, magnetron sputterfhg)
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TOP-DOWN BOTTOM-UP

- %=

Bulk material Powder

Nanomaterials Clusters  Atoms/molecules

Figure2.9. Top-down and bottorup approaches used to obtain naomaterials

Among all these methodsplutionphase synthesis has several advantages over
solid- or gasphase methods. It provides control over the reaction pathways which
enables ynthesis of nanomaterials with distinct crysstuctures In addition
nanoparticles having uniform size distributidmpmogeneous compositions and
morphologiescan be obtained by utilizing solutigrthase synthes® The most
common synthetic routes used in the solupbiase preparation of TMO
nanomaterials are sgkl and hydrothermal/solvothermal methods and thesldef

these techniques are explained in the following sections.

2.3.1 SolGel Method

Solgel process is one of theostfacile methods for the synthesis of metal oxide
materials, most commonly as nanoparticles. It can be defined as inorganic
polymerization of precursors to yield inorganic soljBgure 210).83¢-37A typical

solgel synthesis consists of the following steps:

i) Formation of soby dissolution of the prirsors together with a suitable
reagent in a solvent. Mostlyetal salts or metal alkoxidese used as
precursors. Citric acid, propionic acid and ethylene glycol are generally
added as chelating agents. After dissolution, precursors are hydrolyzed to
yield hydroxidesamonomers followed by a condensation step to form

oligomers.
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ii)

Formation of geby further condensation of the monomers/oligomers. In
this step, due to hydrogen bonding between the solvent and the gel, the
oxide material consists of porousustiure.

Aging: In this step, condensan of the gel continueandit solidifies. In

order to increase the rate of aging process, it can be done by heating the
obtained gel.

Drying: Drying process can be done either by supercritical drying, which
resultsin the formation of aerogel with high porosity in the structure or
by thermal evaporation leading to xerogel formation with smaller pore
size compared to that of aerogel.

Dehydration:In this step;OH groups present on the surface and organic

moieties areemoved by thermal treatment at elevated temperatures.

Metal precursors
Complexing agent (e.g. citric acid)
Water

Sol formation Gel formation

Figure2.10. Schematic representation of g@l synthesis of nanomaterials
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2.3.2 Hydrothermal / Solvothermal Method

Hydrothermalmethod is defined as Higpressure solutiephase synthesis in which

the solvent is water. As an alternative to water, other solvents such as ethanol, 2
propanol or ethylene glycol can also be used, and this method is referred to as
solvothermal synthesi€. In this method, autoclaves which can tolerate high

temperature and pressure are usedadion vessal

This method is one of the most commonly used techniques for the synthesis of TMO
nanomaterials having a wide variety of morphologies. The working principle is that
upon heating the mixtuia the autoclaveegions havindgwo different temprature

are created. The precursors are dissolved in the hotter region which resides in the
lower part of the vessel. Then, this solution ascends to the upper part while the cooler
part of the solution settles down. As the temperature of the upper patticed, the

solution becomes supersaturated and crystal formation otcurs.

Namomaterials with controlled stz andcompositioncan be obtained easily by
modifying the reaction temperature and/or solvent used. In addition, with the
utilization of different type of surfactants such as cetyltrimethyammonium bromide
(CTAB), cetyl alcohol, urea or nitrilotriacetic akci(NTA) well-dispersed

nanomaterials having various morphologies can be prepared.
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* Metal precursors
* Surfactant (e.g. urea, NTA, CTAC)

*  Water
N
r— A
ﬁ ﬁ
Calcination
~—

Metal oxide nanomaterial

Figure2.11. Schematic representation of hydrothermal synthesis of nanomaterials

2.4 Characterization of Transition Metal Oxide Nanomaterials

Characterization of TMO nanmateriab is as essential gaeparing them with
desired properties in nanoparticle research area. In order to gain valuable insights on
their behavior in certain applications, one must analyze the composition, structure
and morphology of the nanmateriak. Several analytical technigs can be utilized

for characterization of nanuaterias.

The most common technique used is electron microsc8pgnning electron
microscopy(SEM) provides information about surface topography of nanoparticles
by analyzing either secondary or besdatteed electrons. However, SEM does not
give data on atomic scale since its resolution is ca. 5 nm. Thergtmsimission
electron microscopyTEM) is used in order obtain detailed information about size,
shape and composition of nanoparticles and thetriloigion. In addition, with
utilization of high resolution TEM(HR-TEM), diffraction patterns and lattice
spacing of the nanoparticles can be obtaikgubrgy dispersive-ray spectroscopy
(EDX) can also be studied in conjunction with both SEM and TEMghvprovides

primitive elemental analysis of the sample.
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X-Ray diffraction (XRD) is another valuable technique applied to characterize
nanoparticles. Analysis of crystal structure and chemical composition of
nanomaterials as well as phase of the bulk stra@re possible by XRD. Moreover,
the characteristic set of lattice spacings obtained freayyattern can be useful for
identifying the material. Determination of crystallite size of the nanomaterials is also

possible with utilization of Deby&cherre equation(2.1).3®

- Ko
chods (2.1)
where U is the average crystallite size, K

the Xr ay wavelength ( nm), (radmn) iatsfull witittehalf i ne br oa
maxi mum ( FWHM) and d is the Bragg angl e.

X-Ray photoelectron spectroscaop§PS) is utilized to investigate surface properties

of the nanoparticles. Photoelectrons emitted from the surface have characteristic
energy levels, whicheveal the chemical and electronic state of the elements present

in the material as well as their concentration and distribution across the surface.
Therefore, XPS is a very useful tool for both qualitative and quantitative evaluation

of surface structuref nanoparticles.

Adsorptiondesorptiontechniques are frequently employed to acquire information
about surface area, pore volume and pore size of the nanomaterials. Additionally,
porosity of the materials (i.e. microporous, mesoporous or macroporousecan

determined from the obtained adsorptaesorption isotherms.

Moreover, elemental analysis techniques such as inductively coupled optical
emission spectroscopy (IGPES), infrared spectroscopy (IR), Raman spectroscopy
and scanning tunneling microscof@TM) are other techniques that are used

commonly in the characterization of nanomaterials.
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CHAPTER 3

WATER SPLITTING

Concerns regarding the energy crisis that may arise in the future have led researches
focus on finding and developing new energy sources. When the effect of greenhouse
gases released due to extensive use of fossil fuels is taken into consideration,
alternative energy sources which are environmentally sustainable and have the
potential of widepread use have gained increasing atterfldd.In this context,
renewable energy sources are particularly promising. However, in order to be used
on a global scale, there are a number of problems that need to be corfSidered.
Foremost is the lack of reliable methods of storing the energy generated from these
sources including solamd wind. In order to overcome this problem, research has

focused on storing the energy in the chemical bonds of a suitabf@ fuel.

Hydrogen, as an energy carrier, has become focus @&asiog attention owing to

the high energy stored in its bonds. Moreover, it serves the possibility to be obtained
from readily available, abundant and renewable energy sources such as water. Water
splitting in which electrons and protons are extractedvieladknown gocess for

hydrogen generationsmmarized by the following reactiors).

Oxidation halfreaction:  2H,0 © 0O,+4 H+4 e (3.1)
Reduction hakeaction: 2 A+2 & H, (3.2)
Overall water splitting: 2H,0Y O, +2H, (3.3

Water splitting, especiallywater oxidation is both thermodynamically and
kinetically a demanding process (R p ont aneous, ®GA= 475 kJ
high energy to occur. To overcome this difficulty, use of suitable catalysts is

required. In nature, oxygen evolution center located in photosytenplants is
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known to be highly efficient and extensively studied catalyst in water oxidation
reaction. In this center, oxidation process occurs in theCsl@; clusters. Inspired
by this structure in nature, research has focused on synthesis ofasteldeghly
active catalyst Thus, developing novel catalysts containing transition metals with

higher performance for water oxidation has become very active researth area.

Water oxidation can be studiedy three methods, namely chemical,
photoelectrochemical and electrochemical oxidation.détails ofthese techniques

are explained in the following sections.

3.1 Chemical Water Oxidation

Chemical water oxidatiomvolves the use of sacrificial reagents. In this method,
transition metals are oxidized (activated) by sacrificial reagents. Then, activated
metalsoxidize water to produce oxygen. Hypochlorite (G)@eroxomonosulfate
(HSGs), sodium periodate (Nald cerium ammonium nitrate (NIBe(NG)a,
CAN), [Ru(bpy}]®* (bpy: 2,2-bipyridine) are commonly used examples of
sacrificial reagents in water oxidatio Although chemical oxidation provides
information on catalyst performance in a simple and rapid way, there are some
limiting factors. Sacrificial reagents are consumed irreversibly duringetingtion;
thereforejt brings out the possibility that oxyg@noduced may contain one oxygen
atom from this reagent. In addition, sacrificial reagents cause the catalyst to
decompose, resulting in depletion of catalyst activity and/or transformation of the
catalyst to another materi&t*® Sincesacrificial reagents are used in larger amount
compared to the catalyst, they affect the catalyst stability and thus, cause

misinterpretation of the experimental results.

3.2 Photoelectrochemical Water Oxidation

In this method, catalystare activated via light which later oxidize watbtetal

semiconductor composites (i.e Pt/B)Ocan be used as catalysts in which
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semiconductor component is the photocatalyst while metal one is -tegadgst?®
When exposed to | ight with e arepsgtronhi gher
is ejected from the valence bafi.B.) of the photocatalyst and mages to the
conduction bandC.B.) forming an electroinole pair. Then, water adsorbed on the
positively charged holes is oxidized while protons are reduced by the electrons
transferred to the eoatalyst. In addition to metalemiconductor composites, der
component system which includes a photosensitizer (i.e. [Ru{B)yn molecular
catalyst and a sacrificial electron acceptor (i28s3, [Co(NHs)sCl]%*, [Co(bpy)]®*,
[Co(phen)]®* (phen:phenanthroline)) can be used in photochemical water oxidation
Once the photosensitizer is excited with light, electron transfer occurs to sacrificial
electron acceptor. Oxidized photosensitizer then activates the catalyst and thus,
catalytic cycle is initiated. However, due to the reactive singlet oxygen produced

during the process, stability of the photosensitizer is affé€ted.

Figure3.1. Schematic representation of photoelectrochemical water oxidation
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33 Electrochemical Water Oxidation

In addition to chemical and photochemical methods, water oxidation can be studied
via electrochemical oxidation. In this method, catalysts are used as anode materials.
Catalysts are oxidized with the applied potential. Then, the activated catalyst causes
water molecules to oxidize. The most significant advantage of electrochemical
oxidationis that the system being studied shows resemblance to conditions of solar
fuel generation cefl® This provides a practical way to analyze the activities of
systems which will be used in photochemical and/or electrophotochemical water
oxidation. Therefore, stable catalysts which are proven to be efficient through
electrochemical oxidation are considerednagortant prototypes for the ones to be

developeddr solar fuel generation cells.

I ~

Figure3.2. Schematic representation of electrochemical water oxidation

24



Water splitting is a nospontanenous process and nebifh energy because,

4 O-H bonds are cleaved for the formation ef0Cbond. Therefore, water oxidation
requires not only use of stable catalysts but also application of overpotential. The
amount of eerpotential applied is crucial for the net energy obtained from the
reaction. Hence, developing catalyst which requires minimum amount of

overpotential in water oxidation has bewfocus of this research area.

3.4  Evaluation of Water Oxidation Activity of an Electrocatalyst

The important parameters in the evaluation of water oxidation activity of a catalyst
include onset potential, overpote, Tafel slope, capacitancadastability. Several
electrochemical techniques can be employed in order to deteimese parameters
such as linear sweep voltammetry (LSV), cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), chronoamperometry, chronopotentiometry and/or

controlled potential coulometry.

) Polarization curvesPolarization curves can be obtained by recording
linear sweep voltammograms of an electrode modified with catalyst.
These curves provide three i mportant
one is theonset potentialOnset potential indicates the staftwater
oxidation and usaily refers to the potential at a current density of
100 A -&8incan also be determined by drawing two tangent lines; one
at nonfaradaic region and the other at faradaic region where increase in
current density is observed. The intersection point of these two tangent

lines results in onset potéait(Figure 3.3)°
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Figure3.3. Determination of onset potential from a polarization curve

Secondly, overpotential values can also be determined from polarization
curves. Ideally, the applied potential for a reaction to occur should be
equal to the equilibrium potential of that reaction. However, higher
potential than that of equilibrium potential is applied to surpass the
kinetic barrier of the reactichThis difference beteen the applied
potential and equilibrium potential is defined as overpotential and it can
be expressed by the following equatid®4j where E is the applied
potential and Eis the potential under equilibrium conditions.

d = ER (34)

In additionto onset potential and overpotential, Tafel slope can also be
determined. In order to find Tafel slope, linear portion of polarization
curves are fitted to Tafel equatioBf) whered i s t he overpotent.
and b are intercept to find exchange curréensity and Tafel slope,
respectively).

d = a + blLl og(35)

The value of Tafel slope presents valuable insights about the mechanism

and rate determining step of the overall reactidn
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ii)

Lower onset potential and overpotential are indications of an efficient
electrocatalyst while loweTafel slopeimplies faster water oxidation
kinetics.

Capacitance:Catalysts on electrode surface can act as capacitor by
forming a doubldayer between electrolyte and catalyst film and
accumulating charge.Doublelayer capacitance(Cq) is directly
proportional to the active surface area of the modified electrode, which
gives information about the number of atoms that can act as a catalyst.
The value of @ can be determined by measuring CV in a-femadaic
potential windowand at varias scan rates (vVIhe measured current is
assumed to be due to douldger charging current ) having the
following relation (equation (3.6).

#al 2 (3.6)

The plot ofig versus v results in a straight line whose slope yield C
values of the catalysts. Electrochemically active surface area (ECSA) and
roughness factor (RF) of the catalysts, which are also important
parameters in the assessment of catalyst activity can be determined by

equation (3.7) and (3.8), respectively.
ECS AY (3.7)

where Gis the specific capacitance of the material.

ECSA
RF=— (3.8)

where GSA is the geometric surface area of the electrode.

Higher Gu, ECSA and RF values signify the presence of large number of
active sites, and thus improved cgti@ performance.

Stability: Stability of an electrocatalyst can be assessedppyyinga
constant potential to electrode for a long period of time. The variation in
current density with time can be monitored during the -i@mm
electrolysis. Another way is recording polarization curves before and

after electrolysis in order to compare theset potential, overpotential or
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current densities. A small or no change in these parameters implies high

stability of the electrocatalyst.

35 Motivation of the Dissertation

Together with the recent advances in technologmahd for cheap, renewable and
environmentally benign energy sourciesorderto satisfy the energy need of the
world haselevated greatly. Therefore, research on findibgndansources that can

be used in energy production has become of utmost importance. Amarodeadif
hydrogen, with is obtained through water splitting, in energy production has earned
great deabf attention. However, water oxidation, which is one of the half reactions
of water splitting, is an electrochemicalijfficult and energetically demanding
process. Hencehis reaction limits the overall water splitting. As a result, designing
andpreparing catalyst systems that increase the rate of water oxidation reaction has

become an active research area.

There are two main challenges that must be addressed in catedy@r oxidation
reaction and for the efficient and economical production of hydrogen. Firstly, the
catalyst used for this reaction should operate at low overpotentials. Secondly, it
should be prepared from earth abundant and cheap elements. Theeséanehers

have focused on designing and preparing new catalyst systems to overcome these
challenges. Nonetheless, the most promising results were achieved with catalysts
consisting of rare and precious metals, namely Ru and Ir. Therefore, research on
relaively cheaper and effective catalysts from earth abundant metals has increased

greatly.

Metal oxidecatalysts have been prepared as films or as nanomaterials with various
morphologies such as spherical, rod, wire and @atk used as water oxidation
electocatalystsAmong these diverse structures, narmed ones are of great interest
since they have the potential to be very active catalysts caused by their large surface

area. Recently, bimetallic oxides with spinel or perovskite structhieese
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particulaly drawn attentionTransition metals inuch structuresan have multiple
oxidation states and different coordination environments. This brings the possibility
to be prepareth various combinations of megalvith enhanced stability and activity

in catalysis applications.

The purpose of this dissertation is to develop new catalyst systems consisting of earth
abundant, first row transttih metal oxide nanomaterials as well as to investigate their
electrocatalytic activities towards water oxidation ctem. Specifically, the

following studies were performed in this dissertation;

i) Synthesis of bimetallic oxide nanomaterials with earth abundant first row
transition metals which are known to be stable aatélytically activan
CuCrQs, FeMnQ, NiFeOsNiO and NiCeOs-NiO structures with
various morphologies such as spherical, varal plate by facile and
reproducible methods namely, ggg| and hydrothermal routes

i) Characterization of the synthesized nanomaterials by a combination of
analytical technigesincludingXRD, SEM, TEM, EDX, XPS, ICROES
and BET.

iii) Preparation of electrodes by modifying conductive surfaces sUu€h@s
and GCwith synthesized nanomatdsa
iv) Investigation of the catalig performance of nanomaterials in

electrochemicalvater oxidaibn reaction.
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CHAPTER 4

EXPERIMENTAL

4.1 Materials

All reagents were used as received without further purification. Copper(ll) acetate
hydrate (CuDAc)2.H20), chromium(lll) acetylacetonate (Cr(acgc)nanganese(ll)

chloride tetrahydrate (Mn@hH;O), iron(ll) chloride tetrahydrate (Fef4H:0),

iron(ll) nitrate hexahydrate (Fe(N®.6H.O), cobalt(ll) nitrate hexahydrate
(Co(NGs)2.6H20), nickel(ll) nitrate hexahydrate (Ni(N§2.6H.0), citric acid,
nitrilotriacetic acid (NTA), ureagcetyltrimethylammonium chloride (CTAC),-2

propanol, dimethyl formamide (DMF), acetylacetone, polyethylene oxide (PEO),

Tritonf X, and Nafioff perfluorinated resin solution (5% wt in lower aliphatic

alcohols and water) were purchased from Sigma Aldrichodsed water with
resistivity greater t hQa BLGA) 8vasMspd it & REL AB

preparation of solutions throughout this study.

4.2  Synthesis of the Transition Metal Oxide Nanomaterials

421 Synthesis of CuCpO4 nanoparticles

Synthesis of CuGO4 nanopaiitles were carried out by using a previously reported
solgel method with some modificatioRSBriefly, 0.005 moles o€u(Ac).H20 and

0.01 moles of Cr(acagwere dissolved in 50 mildeionized water and stirred
vigorously until complete dissolution. Then, 0.03 moles of citric acid was added onto
the solution and stirred until a homogeneous mixture was obtained. The solution was
maintained at room temperature for 30 min and then haa8&#C for 2 h. Obtained

gel was dried in oven at 168 for 2 h.After drying, the citrate precursors were
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calcined to eliminate the organic materi&lg\fter calcination at 600°C for 3h,

CuCrO4 nanoparticles were obtained as black powder.

4.2.2 Synthesis of FeMnQ nanowires

Synthesis of FeMn® nanowires was carried out using a previously reported
solvothermal method with some modificationBriefly, FeCbk.4H,0 (3.0 mmol),
MnCl>.4H,0O (6.0 mmol) and NTA4.7 mmol) were added to 30.0 mkpPopanol

and 10.0 mL deionized water mixture. After complete dissolution, the reaction
mixture was transferred to a 100 mL Teflon line autoclave, which was heated to 180
AC and kept at this temperature for 6 h. The prodias collected by centrifugation,

and washed with deionized water and ethanol for several times. After calcination at

650AC for 1 h, FeMn@nanowires were obtained as brown powder.

4.2.3 Synthesis of NiFeO4-NiO nanoparticles

NiFe04-NiO nanopartiats were synthesized by a simplglrothermal routbased

on a procedure reported previoushin brief, 2.0 mmoles ofFe(NG)2.6H0, 4.0
mmoles ofNi(NO3)..6H.0O and 12.0 mmoles of urea were dissolved in 40.0 mL of
deionized water and stirred until a homogenous solution is obtained. Then, the
solution was transferred a 100 mL Teflon lined autoclave andakd®0AC for 6 h.

After the solution cooled down to room temperature, the product was separated by
centrifugation and washed with deionized water and ethanol for several times.
Finally, the product was dried 80 AC followed by calcination step at 52C for

2 h.
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4.2.4 Synthesis of NiCaO4-NiO microspheres

Hierarchical NiCeOsNiO biphasic microspheres were synthesized with two
different morphologies by using different structure directing agents, namely urea and
CTAC.

4.2.4.1 Synthesis of ureastabilized NiCaO4-NiO microspheres

Synthesis of ureatabilized NiC@Os-NiO (U-NiCo) nanomaterials was achieved by

a simple hydrothermal methadported in the literature with some modificatidfs
Briefly, Co(NGs)2.6H.O (2.0 mmol), Ni(NQ)2.6H.O (4.0 mmol) and urea (12
mmol) were dissolved in 40 mL deionized water. The obtained solution was
transferred to a 100 mL Tefldined autoclave and kept at 188C for 6 h. The
precipitate was separated from the mixture by centrifugation, and washed with
deionized water and ethanol for several times. After drying @C9@he resulting

powder was calcined at 52C for 2 h.

4.2.4.2 Synthesis of CTAC -stabilized NiC04-NiO microspheres

CTAC-stabilized NiCeO4-NiO (C-NiCo) nanomaterials were prepared according to
the hydrothermal process described above with some modificatindrief,
C0o(NG3)2.6H20 (3.0 mmol), Ni(NQ)2.6H20 (6.0 mmol) and CTAC (4.7 mmol)
were dissolved in a mixture offopanol (30.0 mL) and deionized water (10.0 mL).
Then, the reaction mixture was heated to A8Gor 6 h in a 100 mL Teflon lined
autoclave. The precipitate weallected by centrifugation, followed by washing with
deionized water and ethanol for several times. After drying @C9@he resulting

powder was calcined at 52C for 2 h.
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4.3 Materials Characterization

SEM images, EDX measurements along with elemental composition analysis were
acquired by FEI Nova Nano SEM 430. TEM was carried ouiv 2100FRTEM

andFEI Tecnai G2 F30 electron microscope operating at 30Riyaku Ultima IV

X-ray diffractometer with@ KU r dcdi dt i5én j() was utilized to
phase of thenanomaterialsn the 2 range from1(® to 8. XPS analyses were

carried out on PHB000 VersaProbe [Physical Electronics (PHI) Chanhassen,
Minneapolis, MN], equipped witlA | #t (1486.2 eV sourceAll data were
calibrated to the hydrocarbon contamination peak at C1ls of 282.4 eV. Aufsorb
(Quantachrome Coporation) instrument was used for nitrogen adsedpgsonption
experiments and BET analysis. CuQx nanoparticles were dehydratacd 200 AC
for 3 h, while FeMn®@ nanowiresNiC0204-NiO microspheres and Nik®s-NiO
nanoparticles were dehydrated at 380C f o tbefor@ anhalysis. Elemental
composition and mass percent of each element in the structure of nanomaterials were
investigatedby ICP-OES with Perkin EImer Optima 4300DV.

4.4 Electrochemical Characterization

44.1 Electrode preparation

In this study,GCEs(0.07 cnf) were used in the investigation of electrochemical
behaviors of CuGO4 nanoparticlesNiCo20s-NiO microspheres and Nik®s-NiO
nanoparticles, while foFeMnQ; nanowires, FTO coated glass electrodes (0.5 cm

were modified and used as working electrodes.

A modified method previously reported by Kuo et al was used in the preparation of

GCEs** Briefly, 11.2 mg of catalyst was dispersed in 2.0 mL of DMF by sonication.

After 30 min., 198L Nafionf solution was added and sonicated for 2 h resulting in

a homogeneous ink. 5.0 OL of the ink was dr
at 90 AC overnight. Mwassbtanedladi ng of ca. 0. 4
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Preparation of FTO electrodes waaried out according to a previously reported

method® Before catalyst loading, FTO coated glass was cleaned by sonication in

dilute LSOss ol uti on for 30 min and tregot ed at
catalyst and 30 mg of PEO WwXreldDsPér od
acetylacetone and 1.0 mL of deionized water mixture under vigorous stirring for 24

h . 5.5 OL of the ink was transferred ont

ca. 0.92ng cm?,

— (- Catalyst (nanomaterials)
* Binder (Nafion®)
* Solvent

Sonication/ stirring
Dispersed

a8 N £ 3
Electrode surface Electrode coated with

GC or FTO nanomaterials

Figure4.1. Schematic representationrabdified electrode preparation

4.4.2 Electrochemical measurements

Electrochemical studies were conducted by using a Gamry 1010B potentiostat
galvanostat and standard threelectrode systenfFigure 4.2) In this system, Pt
wire and Ag/AgClI (in 3.0 M KCI) were used as counter elect(@# and reference
electrode (RE), respectively. GCEs coated with CuOf nanoparticles,
NiC0204-NiO microspheres and Nik®s-NiO nanoparticles and FTRodified with

FeMnQG; nanowires were used as working electrogigg).
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Figure4.2. Schematic representation of a standard teteetrode system used for

the electrochemical studief electrodes modified with nanomaterials

Electrochemical behavior of the modified electrodes was investigated in 0.1 M KOH
solution at room temperature. Polarization curves were recorded at a scan rate of 5
mV s?. All potentials, measured in this worleve corrected for iR drop, and reported
against reversible hydrogen electrode (RHE). The conversion of the obtained
potential (vs Ag/AgCl) was carried out according to Nernst equa#ddr) and

overpotential, d wad2calculated using equat
Erve= Eagiagci+ 0. 0 5 9agagcH  H4.1E A
d =®HelEL.23V 4.2)

The water oxidation kinetics of the nanomaterials were elucidated by fitting the
linear part of polarization curves to Tafel equat{equation (3.9 wher e d i s t he
overpotential, a, j and &re intercept to find exchange current densty Gurrent

densiy and Tafel slope, respectively

The stability of the modified electrodes was investigated via constant potential
electrolysis at certain overpotentials which correspond to current densitie

5 mA cm?in 0.1 M KOH. Electrochemical impedance spectroscopy (EIS) analyses
were carried out at various potentials in the frequency range of 0i116@ kHz

and with an amplitude of 10 mV.
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Electrochemically active surface area (ECSA) of the cstimlwere estimated by
determining the electrochemical douldger capacitance (). The values of &
were determined by recording cyclic voltammograms (CVs) at-Rawadaic
potential window (1.17-2.277 V vs RHE) and at various scan rate$@15-20-25

mV s?). The plot of doubldayer charging current (at 1.27 V vs RHE) versus scan
rate resulted in a straight line whose slope yield&ues of the catalysts. The ECSA
values were then determined by using equatson).(Cs is the specific capacitance
of the sample wheresG 0.06 mF cr for smooth metal oxide surface’s’

Surface roughness factor (RF) was calculated by dividing ECSA of the catalyst to

the geometric surface area (&%f theelectrode (equatior8(8)).

Mass activity (A ¢') values were detmined according to equatiod.§) by using
the catalyst loading, m (mg ¢Hhand current density, j (MA cf at a certain

overpotential.
Ma sasc t t#/ ity 4.3

Specific activity (mA enecsp) wascalculated by using equatiof4) wherei is the

observed current at a certain poterdfal

Specific#saActivity:(4.4)

Water oxidation activity oFTO modified withFeMnQ nanowires wergestedby
measuring the volume of2@as evolved during electrolysis at a constant current of
5 mA for 1 h using a Hoffmann electrolysis apparatus (FiguBe Baradaic yield,
which is described as the ratio of the amount p§&s generated experimentally to
the theoretical amount, was calculated. Theoretical amountwé®determined by

using the following relations:

I. By using Faradayo6s r eltaofcharges (Qequat. i
passing through the system was calculatdggre i is the current (A) and
tis time (s).

Q=i .t (4.5)
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Mole of & (n(Oz))was calculated by equation (4.6) whageis the mole
of electrons passing the system fard@neration (4 molegnd F is the

Faradayodos conshant (96485 C mol
n( § =2 (4.6)

nel F

Theoretical volume of ©(V(02)) was calculated using ideal gas law
(equation 4.7) where P is atmospheric pressure which is 0.9 atm in
Ankara, T is temperature (K) and R is the ideal gas constant (0.082 L atm
mol! K1),

PV( ©=n( QRT (4.7)

anode t@j cathode

Figure4.3. Schematic representation oHaffmann electrolysis apparatus
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CHAPTER 5

RESULTS AND DISCUSSION

51 Characterization of Transition Metal Oxide Nanomaterials

5.1.1 Characterization of CuCr204 Nanoparticles

CuCrO4 nanoparticles were synthesized by modifiedgaimethod. The formation

of nanoparticles took place in aqueous medium where citric acid function as
chelating agent(Figure 5.1) TEM images of the asynthesized CuCiOs
nanoparticles areigsplayedn Figure 52a-c. The images show that CuOx particles
havequasispherical orphology with average size of 28rfn 6 nm. The par
size distributiom histogram is given in Figure.Zl. The spacing betwedattice
fringes is measured as 3.-§acingof @W)iplane i s i n
of CuCp04.°® EDX analysis performed in comjation with SEM verifies the

preence of Cu and Cr in the nanoparticlEgy(re 53).

Calcination

) Cu2+ Croni
in citrate solution Cu-Cr-citrate CuCr,0,

® Cr3+ complex nanoparticles

Figure5.1. lllustration for the formation of Cu@da nanoparticles
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Figure5.2. (a=c) TEM images an¢d) particle size distribution graph of CuOu

nanoparticles
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Figure5.3. EDX spectrum of CuGO4 nanopatrticles
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The XRD pattern of Cu@GDs nanopatrticles is shown in Figuset. The peaks with

2d vaBweg3df 35.36A, 37.83A, 56.37A and 6
(202), (321) and (411) planes of cubic Ca@¢ respectively (JCPDS 33424).

Lack of secondary phase diffractions due to the impurities of oxides of Cu and Cr
indicates that obtaimenanoparticles are purely spinel Ce@s. The sizes of the

crystallites are estimated with XRD peak analysis as ca. 35 nm. The analysis was
done for the diffraction peak-Schdrrer35. 36 A

equation(equation 2.1§8 This value is consistent with the results obtained by TEM

analysis.
=
bl
S
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S
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2 o ~ —
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Diffraction angle (20)
Figure5.4. XRD pattern of CuGO4 nanoparticles (JCPDS 3¥24)

The O 1s, Cu 2p, Cr 2p along with survey XPS spectra of Q4@anoparticles are
demonstrated in Figurg5 and 56. The survey spectrum suggests the presence of
only Cu, Cr and O. No species contaminating the synthesized nanoparticles are
observed, exceépow amount of carbon (Cls at 282.3 eV) used for calibration
(Figure 5.5. Cu 2p core level spectrum shows two clseastic peaks
corresponding to Cu 2p at binding energies d32.0 eV and 929.4 eV (Figure
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5.69). The strong satellite features, whiahe on the higibinding energy side,
indicate the presence of copper in oxidation state of +2. Thesih@rgy Cu 2§

peak at 929.4 eV is attributed to Lin octahedral voids while the higinergy Cu

2psi2at 932.0 eV is assigned as%Cin tetrahedravoids. The observed Cu Zjppeaks

verify the presence of Cuf, spinel structuré®® Figure5.6b shows Cr 2p core

level spectrum. The two peaks corresponding t@ 2pd 2p/2 are observed at 583.

2 eV and 573.3 eV, respectively. Further resolution of these peaks reveal two
Gaussian bands which are ascribed 5 (582.9 eV and 573.6V) and C?* (584.4

eV and 574.1 eV)*1%2 Presence of € in CuCrO; structure is unexpected. The
possible reason for observing this ion may be due to the oxidatiod*afi@cies on
thenanp ar t i c | &' 3he Odsuspettrm gven in Figusgc demonstrates a

peak around 527.3 eV, which is further resolved to three Gaussian bands. The one
observed at 527.2 eV () is attributed to metaygen bonds, while the ones at 528.1

eV (I) and 529.1 eV (lll) are assigned to defect sites with low oxygen coordination
and surface adsorbed oxygen species*(OOH) on the mat eri al so

respectively>2963.64

Intensity (cps)

T T T T T T g T T T T T T T T
1050 900 750 600 450 300 150 0
Binding energy (eV)

Figure5.5. XPS survey spectrum of CwQx: nanoparticles
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Figure5.6. XPS (a) Cu 2p, (b) Cr 2p and (c) O 1s spectra of gDgaranoparticles
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Elemental composition and mass percent of each element present in the
nanomaterials were investigated by {OES. The amount of Cu and Cr in CeQx
naroparticles as wt% were determined as 2K.®.5 and 38.8N 0.3, while
theoretically they were callated as 27.46 and 44.9%, respectivelyThe most

likely reason for the observed difference in the amount of Cu and Cr is the solubility
problem of the samplencountered during analysiven thougha percent error of

10.3 % and 13.6 % were obtained for Cu and Cr, respectreddyive molar ratio of

the elementare consistent witthe expected.:2 (Cu:Cr)ratio.

N2 adsorptiordesorptim analysis was performed in order to examine BET surface
area and pore size of the synthesized nanoparticlesQu@anoparticles exhibit

BET surface area of 10.63%g. The observed isotherm (Figure A.1) indicate the
mesoporous nature of CuCx nanoparticles. Moreover, large surface area and
porosity are also important parameters in catalysis since they promote the interaction
between catalyst and reactants/reaction intermediates, and thus enhance catalyst

activity.

51.2 Characterization of FeMnOz nanowires

The synthesis of FeMnOnanowires was performed with a simple modified
hydrothermal method. Formation of the nanowires took place in isopropyl alcohol
and deionized water mixture where NTA function as structure directing agent.
illustrated in Fgure 57, after dissolution of metal saltie transition metal iongact

with NTA to form FeMnNTA complex during hydrothermal reaction. Then,

through calcination FeMnéhanowires are synthesized.
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Figure5.7. lllustration for the formation of FeMnhanowires

Figure 58 shows SEM and TEM images of FeMn@anowires. The images reveal

that about 70 nm size nanoparticles assemble to form the wires. The images also
demonstrate thatthe nanowires have several micrometers of length and
approximately 200 nm of thickness. EDX analysis verifies the presence of Fe and
Mn in the synthesized nanowireBigure 5.9. The composition of the FeMnrO
nanowires was studied by the elemental mappirfge, Mn and O elements on the
nanowires figure 5.8). The mapping reveal that the elements forming the

nanowires are uniformly distributed across the whole material.
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Figure5.8. (a-c) SEM images an@l-f) TEM images at different magnifications,
(9) HAADF-STEM image and element mapping (Fe (green), Mn (red) and O

(blue)) of FeMnQ@ nanowires
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Element Wt % At %
C K 10.03 21.28
O K 32.90 52.43
MnK 31.03 14 .40
FeK 26.04 11.89

Total 100.00 100.00
HeLl

MnKa

FeKa
MnKb

FeKb

2.00 4.00 6.00 8.00 10.00 12.00 keV

Figure5.9. EDX spectrum of FeMn&nanowires

The XRD pattern bnanowires is shown in Figurel®. The peaks with@values of
23.168 32.96% 35.65 38.244 40.65 42.98\ 45.18) 47.23\ 49.34 53.28)
55.1684 57.06) 58.824 60.58) 62.37A 64.06% 65.76} 67.42 69.08) 70.7A
72.33A 74.0Aand 75.5Awere indexed to the (211), (222), (320), (400), (411),
(420), (332), (422), (134), (125), (440), (433), (600), (611), (026), (145), (622),
(136), (444), (543), (046), (721) and (642) planes of Fepnbyite structure (PDF
number 01076:0076), respectivg. No diffraction peaks other than those of
FeMnQ; were observed in the XRD pattern. XRD peak analysis was performed for
the diffraction peak at 32.96222), using the Deby8cherrer equation to estimate
crystallite siz€® The analysis revealed that sizes of the crystallites are ca. 46.8 nm
for FeMnQ nanowires. The crystallite sizes are slightly smaller than particle sizes

measured by TEM analysis.
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Figure5.10. XRD pattern of FeMn@nanowires (PDF number @176-0076)

The XPS spectra of FeMnr@anowires are demonstrated in Figured aid 5.P.

The survey spectrum of nanowires suggests the presence of only Mn, Fe and O
elementgFigure 5.1). Only contamination observed in the sample was low quantity

of carbon (C1s at 282.4 eV) which is used for calibration. Fe 2geaeespectrum
demonstrates two peaks at binding energies of 708.4 eV and 722.1 eV corresponding
to Fe 2p,2 andFe 2p2peaks, respectivelfFigure 5.2a). The Gaussian fit unveiled

two bands under Fe 2p peaks, which are ascribed’tq(F28.0 eV and 721.9 eV)

and Fé* (709.7 eV and 724.3 eV). The observed peaks and their positions agree well
with the ones reported previoushf ¢’ Mn 2p corelevel spectrum is demonstrated

in Figure 5.1B. The spectrum shows two major peaks at 638.9 eV and 650.8 eV,
which are assigned as Mn 2pand Mn 2pp, respectively. Mn 2p peaks were
resolved further and fitted bands ofhi1(638.8 eV and 650.5 eV) and Kr{640.0

eV and 651.6 eV§1%%8The O 1s spectrum exhibits a peak at 527.3 Eigufe

5.1). The curvditting process revealed two Gaussian (I and Il) bands. The one at

527.2 eV (I) corresponds to metatygen bonding in the sample while the one at
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528.4 eV (ll) is assigned to surface adsorbed oxygen specieOff.e.OH)
suggestingrte presence of low oxygen coordination sites in the nanofvife&& °

FeZp

Mn2p
O1s

Intensity (cps)

L—C1s

900 800 700 600 500 400 300 200
Binding energy (eV)

Figure5.11. XPS survey spectrum of FeMa@anowires
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Figure5.12. XPS (a) Fe 2p, (b) Mn 2p and (c) O 1s spectra of FeMraDowires
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Elemental composition and mass percent of each element in the nanowires were
investigated by ICFOES, and the amount of Mn and Fe found to be 36.6 wt% and
29.2 wt%, respectivelydowever theoretical values for Mn wt% and Fe wt% were
determinedo be 34.6 % and 35.2 %, respectively. Similar to the ones of2OuCr
nanoparticles, for this material too ICFES analysis resulted in a 170 error,

which can also be due to solubility problem of syathesized materiaThe BET
surface area was measdras 14.21 fg?! for FeMnG nanowires.FeMnGs
nanowires were observed to have higher surface area than the one e©LuCr
nanoparticles. Large surface area is very important for not only catalysis but also for
many other potential application3herefore larger surface area of FeMpO
nanowires suggest them to be more advantageous for the desired applications

compared to CuGDsa.

5.1.3 Characterization of NiFe204-NiO Nanoparticles

NiFe04-NiO nanoparticles were synthesized via simple hydrothermal method
where urea was used as surfactihe urea molecules could react witlfNind Fé*

ions and form NiFe-urea precursor complex, which was latatcinedin air to
obtain NiFeO4-NiO nanopaticles (Figure 5.13.

\\ N
X0 09 %
’\:1"JL“ o ¢Y/O Hydrothermal Calcination ::)’?Af"
o HNgw® % Co—
o f'\
304
v
O% 4
o Nz . Ni-Fe-urea NiFe,0,-NiO
in urea solution =4
O Fe2* complex nanoparticles

Figure5.13. lllustration for the formation dliFe2O4-NiO nanoparticles
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SEM and TEM images of the materials are given in Figuré. 3.he microscopy

images show that Nik®4-NiO nanomaterial is composed of spherided particles

with average size of 35 nm. EDX spectrum of the particles confirms the presence of

N i and Fe 1 n t heFigureast1h. iMThe alétasledl amalysis orctheu r e (
composition of the nanoparticles wiglemental mapping shows that Ni, Fe and O

elements are homogeneously distributed across the whole structune (5.14).

NiO (311)

A

-

NiFe,0,(400) .
NIO (200) -~ % . NiFe,0, (222)

T Nio(111)
.
NiF€,0, (141)
51/nm =

Figureb5.14. (a-c) SEM and (ee) TEM images at different magnifications, (f)
SAED pattern and (g) element mapping (Fe (blue), (Ni (yellow), O (green) of
NiFexO4-NiO nanoparticles
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Element Wt % At %
C K 66.94 76.41
O K 25.41 21.77
FeK 2.74 0.67
NiK 4.91 1.15
Total 100.00 100.00
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Figure 5.16shows the XRD pattern of Nik®s-NiO nanoparticles. The peaks
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Figure5.15. EDX spectrum of NiFg4-NiO nanoparticles

located at & values of 18.A ,
74.7A are
and (533) planes of Nik®s (PDF 000030875), respectively. In addition, peaks

and

corresponding to (111), (200), (220) and (311) planes of cubic NiO (PBFDB1
1179)
formation of NiO and NiFg€a4. (222), (4@) and (440) diffraction peaks of Nif&y

ar e

30. 4A,

attri

observed

but ed

at 2d

t o

v al

37. 3A,

(111),

ues

of

43. 4/
(220),
37. 3A

coincide with (111), (200) and (220) peaks of NiO, respectively. The reason for this

observation is mainly because the unit cell parameters ob@®lifeed NiO are very

similar.”¥ " The crystallite size was calculated as ca. 15.1 nm based on the diffraction

peak

at

TEM analysis.

4 3allité Bize is Flighdly smaller than particle size measured by
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Figure5.16. XRD pattern of NiFgOs-NiO nanoparticles

XPS survey spectrum along with Ni 2p, Fe 2p and O 1s spectra ofQ§iNgO
nanomaterials are given iRigures 5.17 and 5.18urvey spectrum affirms the
presence of only Ni, Fe and O in the nanomaterial (Figuré T addition to C,
which was used for calibration. Ni 2p core level spectrum is shoWwigure 5.18.
Two chaacteristic peaks at 855.6 eV and 873.4 eV corresponding tosNad Ni
2p12 were observed together with two shakeup satellite peaks, which suggest the
presence of N in the material$l’® Deconvolution of these peakssudted in two
Gaussians indicative of existence of Ni* (8554 eV and 83.2eV) and N¥* (857.3

eV and 8B.1 eV) ions in NiFeOs-NiO.3%"®Fe 2p core level spectrum displays two
spinorbit doublets, 2g, and 2p,, at 711.6 eV and 724.6 eV, respectivéiygre
5.1&). Absence of satellite peaks confirms thaidzeor FeOs is not formed and
NiFe204-NiO structure compise of Fé* ions3%777° Fitting of O 1s core level
spectrum revealed three oxygen contributions which are attributed tcoxgtgn
bond (529.9 eV, peak ), oxygen deficient sites and oxygen speciés QBY)

adsorbed onto the nanomaterialsé surface(53

(Figure5.18).8°
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Figure5.17. XPS survey spectrum dfiFeO4-NiO nanoparticles
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Figure5.18. XPS (a) Ni 2p, (b) Fe2p and (c) O 1s spectra pikNiO

nanoparticles
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ICP-OES was utilized to investigate the elemental composition and mass percent of
each element in the material, and the amount of Fe and Ni were determined to be 21
wt% and 49 wt%, respectivelfhe mole ratiovascalculated using IC®ES data

The calculéion resulted in NiFgO4:NiO ratio of 1:3.44which suggest presence of
higher amount of NiO in the synthesized mateB&8T surface area and pore size of
nanomaterials were studied via &dddsorptiordesorption analysig.he isotherm can

be categorized atype IV based on the International Union of Pure and Applied
Chemistry (IUPAC) classificatiof:®2 NiFe;04-NiO nangarticles exhibita large

BET surface area of 79.04%rg! along with pore size and pore volume of 4.4 nm
and 0.62 criig?, respectivelyPore size data along with BET isotherm (Figure A2)
show that obtained NiE®4-NiO nanoparticles have mesoporous nature. Large
surface area and high porosity of this matewrabelievedto have significant effect

on water oxidation activity

5.1.4 Characterization of NiC0204-NiO Microspheres

NiC0204-NiO nanomaterials were synthesized in two different morphologies via two
different structure directing agents; urea and CTAC thraigiple hydrothermal
method. $nilar to that of FeMn®@ nanowires and NiR©4-NiO nanoparticles, in
NiC0204-NiO nanomaterials too, CTAC and umezordinate tdransition metal ions
and gatherto form microspheres of NiGsurfactant precursor complexes. The
formation of NiCeOs-NiO structures take place by the followinglcination stp.
Reaction with urea resulted in @in-like morphology (Figure 5.99vhile with use

of CTAC microspheres with nanoplate assembly are formed (FgR0:
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Figure5.19. lllustration for the formation of urea stabilizBiC0,04-NiO

microspheres
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Figure5.20. Illustration for the formation of CTAC stabilizédiCo,04-NiO

microspheres

Figure 5.21 displays the SEM and TEM images of hierarchical N{@eNiO
nanomaterials synthesized by using urea\N{3o). The microscopy images exhibit
that urchinlike microspheres are formed by the assembly of NWs grown out from
the centeof the spheres. The NWs have approximately 650\%@ nm of length

and 75 nmN 10 nm of thickness. Further inspection of the images reveals that
Nanoparticles with average size of 25 NBnm are assembled to form the observed
NWs. EDX analysis which waserformed in conjunction with SEM analysis confirm

the existence of Co and Ni in the synthesized hierarchical nanomaterial G-2)re
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A detailed analysis on the elemental composition of the material was studied by
elemental mapping of Ni, Co and O on the urdike microspheres. The mapping

shows the uniform distribution of the elements forming the nanomaterial (Figure

5.21g).

-NiC0,0,(400) :
NiO (200) NiCo,0, (311)
. NiO (111)

10 N o
NiCo,0, (220)
++NiCo,0, (440) >
¥ NiCo,0,4220)—' .

21/nm, '

Figure5.21. (a-c) SEM and (ee) TEM images at different magnification, (f) SAED
pattern and (g) Element mapping (Co (blue), Ni (yellow), O (green))NiCb
microspheres
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NiKa
Element Wt % At %

32.78 50.91
32.73 38.15

100.00 100.00

9.00 10.00 keV

Figure5.22. EDX spectrum of UNiCo microspheres

SEM and TEM images of NiGO4-NiO nanomaterials synthesized by using CTAC
(C-NiCo) are demonstrated in Figure 3.2nlike U-NiCo, numerous nanoplates of
C-NiCo are assembled to form a sphericalctnre. TEM images shown in Figure
5.23d,e reveal that nanoplates are assemblies of nanoparticles with average of 85 nm
N10 nm. EDX analysis was also utilized to prove the presence of Co and Ni in the
structure (Figure 54). Similar to UNiCo, elementalmapping of CGNiCo
hierarchical microspheres shows that Ni, Co and O are distributed homogeneously

across the whole structure.
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Figure5.23. (a-c) SEM and (ee) TEM images at different magnifications, (f)
SAED pattern and (g) Element mapping (Co (blue), Ni (yellow), O (green)) of

C-NiCo microspheres
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Element Wt % At %

C K 24.23 44.65
O K 26.64 36.86
CoK 19.11 7.18
NikK 30.01 11.31
Total 100.00 100.00

di kil il il ol e it

1.10 2.10 3.10 4.10 5.10 6.10 7.10 8.10 9.10 10.10 11.10 keV

Figure5.24. EDX spectrum of ENiCo microspheres

XRD patterns of NiCgDs-NiO microspheres are given in Figses. The patterns

of both materials demonstrate peaksd@ues of 18.8, 3316..17AA, 3 8.

55.4A, 59.2A, 65.2A and 77.1A which
(422), (511), (440) and (533) planes of NiOg respectively PDF 0:073-1702).

In addition, diffraction peaks located af? al ues of 37.2A, 43.
79. 2A were assigned to (111), (200),

01-071-1179), suggesting the formation of NiO along with spinel &d@. XRD

4 A,

wer e

peak analysi§ was performed to estimate crystallite sizes which were calculated as

ca. 17.8 nm and 28.9 nm forNiCo and GNiCo, respectively. The diffraction peak

at 432A(200) was used in the analysis. The crystallite sizes are slightly smaller than

the sizes of particles measured by TEM analysis.
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Figure5.25. XRD patterns of (a) tNiCo and (b) GNiCo microspheres

Figures 5.8, 5.27 and 5.8 show the XPS spectra of Nigaw-NiO microspheres.
The survey spectra of both-dnd GNiCo reveal the presence of Co, Ni, O and C,

which was used for calibration (Figure 6)2
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Figure5.26. XPS Survey spectra of (a)}NiCo and (b) GNiCo microspheres

The Co 2p cordevel spectra of Uand GNiCo microspheres are given in Figure
5.27a and 5.8a. The peaks were fitted to two spanbit doublets at 777.9 eV and
7930 eV corresponding t@ps2 and 2p, respectively. Two bands under each Co

2p peak were observed by Gaussian fitting process. The peaks were assigriéd to Co
(777.4eV and7925 eV) and Cé' (778.7 eV and 794l eV) which agree well with

the values reportein previous studies:2%°6:8%¢ The Ni 2p cordevel spectrum

exhibits two spirorbit doublets at 852.1 eV and 870.1eV with two shakeup satellite
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peaks (Figuré.27b and 5.8b). The fitted maks at 858.eV and 86% eV were
ascribed to Ni" while the ones at 858eV and 87.5 eV were assigned to {i®84

8 The spectrum of O 1s shows two oxygen contributions which were ascribed to
metakoxygen bond (peak | at 527.5 eV) and oxygen species£.eQM) adsorbed

onto the catalyst surface (peak 1628.8 eV) suggesting the existence of low oxygen

coordination sites in the materials (Fig&tg7c and 5.8c).232°
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Figure5.27. XPS (a) Co 2p, (b) Ni 2p and (c) O 1s spectra éfiGo microspheres
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Figure5.28. XPS (a) Co 2p, (b) Ni 2p and (c) O 1s spectra-™iCo microspheres
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Elemental composition and mass percent of each element in the microspheres were
investigated by ICFEODES. The amount of Co was fourallie 28 wt% and 27 wt%

in U-NiCo and GNiCo, respectively. The amount of Ni inNiCo was determined

as 53 wt%, whereas it was found as 57 wt% iNiCo. NiC0204:NiO mole ratio

were calculated using ICGBES data, and found to be 1:2.8 and 1:3.2 fa¥iOo

and CGNiCo, respectively N> adsorptiordesorption analyses were performed to
examine the BET surface areas and pore size of the synthesized nanomaterials. BET
surface areas were determined as 4123yfmand 13.4 rig? for U-NiCo and G

NiCo, respectivelyBET isotherms (Figure A.3) suggest the mesoporous nature of
NiC0204-NiO microspheres witraverage pore siseof 2.5 nm and 3.0 nm for
U-NiCo and CGNiCo, respectively. Moreover, pore volume oF-NiCo was
determined a6.45 cni g while for C-NiCo it was0.20 cni g. Larger pore volume

with smaller pore size suggest thatNUCo nanomaterials possess higher number of

pores than that of -GliCo.

5.2  Electrocatalytic Activities of of Transition Metal Oxide Nanomaterials

for Water Oxidation Reaction

5.2.1 Electrocatalytic activity of CuCr204 nanoparticles

Being the first material investigated in this study, important parameters (i.e.
preparation of he electrode, catalyst loading, argpe of electrolyte) for
electrocatalytic water oxidation reaction was determined w@bCrO4
nanoparticles. Effect of carbon materials (Printex L6 (PL6), Super(66%5)
multiwalled carbon nanotube (MWCNTdditioninto catalyst solution as well as
effect of carbon and NafiGhamounton onset potential and current density were
studied (see Appendix). However, no significant difference was noted with the
addition of carbon materials. During the preliminary measurements, optimum
amount of Nafiof was determined as 190.. Hence, same amount of Naffowas

used throughout the study of eiechemical activities of other nanomaterials.
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Electrochemical measurements were performed in two different electrolyte solution,
namely 0.1 M sodium borate (pH:9.2) and 0.1 M KOH solution. Maximum current
density value the catalyst could generate was hA cni? at an overpotential of

830 mV with the use of sodium borate solutigfigure B.1 and Table B.1)
Therefore, 0.1 M KOH solution was used in the investigation of electrochemical

activities of nanomaterials for water oxidation reaction.

Figure5.29a shows the polarization curve of CuOx nanoparticles along wittinat

of bare GCE. CuGO4 nanoparticles exhibited an onset potential of 2.07 V (vs RHE)
with an overpotential of 1.05 V to drive current density of 10 mA? €tho). Both
onset potential ahdio are very high indicating that Cufs nanoparticles are not
very active in water oxidation reaction. Water oxidation kinetics of the nanopatrticles
were examined by fitting polarization curves to Tafel equatfiafel slope was
determined as 67 mV dé¢Figure5.29b).
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Figureb.29. (a) Polarization curves of bare GCE and CGzinanoparticles in
0.1 M KOH at a scan rate of 5 m¥* and (b) The corresponding Tafel plot

obtained from polarization curve

EIS was utilized to further investigate the kinetic properties of the prepared catalyst.
Semicircles demonstrated Figure 5.30 are associated with the charge transfer
resistance (R at high frequencies. The diameter of the semicircle decreases with

increasing overpotential, which indicates enhanced electrical conductivity as well as
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faster charge transfer during oxygen evolutiofioRthe electrode at onset potential

was calcul ated as 76 q by fitting to con:
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Figure5.30. Nyquist plots of CuGiOs nanoparticles at various overpotential values
in 0.1 M KOH

The durability of the nanoparticles was sadli using chronopotentiometry

(=10 mA cn¥) for 3 h(Figure 5.3)andc hr onoamperometry (dq=1.1
3 h(Figure 5.2). Figure5.31a shows the polarization curves obtained before and

after chronopotentiometry, while potential of thdependent curve is given in

Figure 5.31b. There is a slight decrease in the pa&nduring the course of
electrolysis. In addition, slight increase in both onset potentialoardpotential

( d=1. 1210 WA cmawere pbserved after electrolysis.
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Figure5.31. (a)Polarizationcurves before and after chronopotentiometric
electrolysis at j=10 mA crhand (b) the change in potential during

chronopotentiometry in 0.1 M KOH

As shown inFigure’5.32b, the current density of 10 mé&m? was maintained for
another 3 h. Even though CuOr nanoparticles do not exhibit very high
electrocatalytic activity, both of the stability tests indicate good stability for water

oxidation reaction when the required conditions are set.
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Figure5.32. (a) Polarization curves before and after chronoamperometric
electrolysis a)=1.1 V and (b) the change current density during

chronoamperometry

5.2.2 Electrocatalytic activity of FeMnOs nanowires

The electrocatalytic activities of FTO substrates modified with FeMraDowires
were investigated towardwater oxidationin alkaline medium (0.1 M KOH).
FeMnQ modified FTO (FeMn@FTO) was used as working electrode, and
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evaluation of its performance was performed by studying polarization curves. For
comparison, bare FT@lectrode and RuOwere also tested under the same
conditions and resulting voltammograms are depictétdgare5.33a. Inspection of

the data reveals that FeMgBTO demonstrates relatively high electrocatalytic
activity for OER with an onset potential .60 V vs RHE. Bare FTO, on the other
hand, was found to exhibit almost no activity in the same medium. Although the
onset potential of FeM{FTO electrode was found to be higher than that of RuO
(2.45V vs RHE), it is comparable to those of previouggorted perovskite oxides
especially CaMn® (1.60 V vs RHEY, LaFeQu (1.63 V vs RHEY,
La0.8Ss.MnOs (1.57 V vs RHE)® and Sdoped CaMn@(1.60 V vs RHE.
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0.1 M KOH at a scan rate of 5 m¥* and (b) The corresponding Tafel plots

obtained from polarization curves

The water oxidationactivity of FeMnQ nanowires was also tested by using the
overpotentials required to drive anodic current densities of 5 nmA(cgj and 10
mA cmi? ( g). For FeMnGQ-F T O, s& h dowefe measured as 490 mV and 600
mV, respectively. The results obtained from FeM#DO are summarized in Table

3.1, as well as the ones of some reported catalysts, for comparison.
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The water oxidatiorkinetics of FeMn@ nanowires were evaluated by fitting Tafel

plot from polarization curves (Figur®.33b). Tafel slope was estimated by
employing the Tafel equation and was determined as 87 mV fwedeMnG-FTO.

The slope was found to be much smaller than the ones of recently reported OER
electrocatalysts such as d48Sr.4sMno oF & 10s.5 (139 mV ded)!®, CaMnQ (197

mV dec!) and CaMny0s (149 mV ded)® indicating faster OER kinetics on
FeMnQ-FTO. Tafel slope of RuPwas found to b&0 mV dec?, and agree well

with the onesreported in the literature (i.e. 69 mV deg, 70 mV dec 4,

90 mV dec ?).

Table 5.1 Summary of the data of some recently reported representative water

oxidation electrocatalysand FeMnQ@ nanowires in alkaline medium

Onset h (@10 mA cn?) | Tafel slope | Medium REF

(RHE) (mV dec?)
FeMnQ 1.60 600 87 0.1 M KOH | This work*!
CaMnG 1.6 - 197 0.1MKOH | 15
CaMn20s 1.5 - 149 0.1MKOH | %
LaFeQ.u 1.63 465 50 1.OMKOH | &
Lao.sSto.2MnOs* 1.57 985 - 0.1MKOH | 18
S-dopedCaMnG 1.6 550 - 0.1 MKOH | 16
L&ao.45510.45MNo.oF€.103-1 - 340 139 0.1 MKOH | *°
BaMnGs - 740 (d3) - 0.1MKOH | 2
BaMnG@C - 740 (dq14]- 0.1MKOH | 2
CaMnQe.77 1.4 570 (d4) |- 1.0MKOH | 7
RuG 1.45 326 60 0.1 M KOH | This work

ECSA and RF values, which are directly proportional to the number of surface active
sites were also determined to better analyze the electrocatalytic activity of the
FeMnQG nanowires. CVs recorded at nearadaic potential range with various scan

rates are given ifrigure 5.3 along with the plot of doublyer charging current
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(at 1.27V vs RHE) versus scan rate. The slope of the plot, which givesstral@e

of FeMnQ nanowires habeenfound asl.78 mF. The ECSA and RF values were
calculated as 29.6 énand 59.2, respectively. The high values of ECSA and RF is
consistent with the Ige surface area of the nanowires. Moreover, mass activity and
specific activity of FeMn®@ nanowires were calculated at an overpotential of 600

mV and determined to be 6.8 A g*and 0.17 A crifecsa, respectively.
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Figure5.34. (a) CVs of FeMnQ nanowires measured at different scan rates from 5
to 25 mV st and (b) Plot of current at 1.27 V (vs RHE) vs scan rate
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EIS was also performed at different overpotentials to further investigate theckineti
properties of the prepared catalystuater oxidation reactionThe Nyquist plots of
FeMnQ-FTO consist of semicircles, which fit to CPE modsd inset of Figure

5.3), where R and R correspond to solution resistance and charge transfer
resistance (R), respectively The semicircles are associated witk Bt high
frequency region. The diameter of the semicircle decreases as the overpotential
increases, which indicates enhanced dlaidtconductivity as well as faster charge

transfer duringvater oxidatiorprocess.

—=— 680 mV vs Ag wire
—&— 700 mV vs Ag wire
—4—T720 mV vs Ag wire
—=— 740 mV vs Ag wire
—4— 760 mV vs Ag wire
—=—780 mV vs Ag wire

0 50 100 150 200 250 300 350 400 450
Z'(QQcm™)
Figure5.35. Nyquist plots for the FeMn&FTO electrodes at different

overpotentials

The durability of the modified FTO electrode was also tested in order to evaluate the
water oxidationperformance of the electrocatsl for practical applications.
Constant potential electrolysis was employed at overpotential of 650 mV for
10800 s in 0.]M KOH. The polarization curves recorded before and after constant

potential electrolysis are shown in Fig&x&6a. A slight shift to the higher potential
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values in both onset potential (from 1.60 V to 1.70 V) and overpotential for

10 mA cm? (from 600 nV to 718 mV) was observed after 10800 s constant potential
electrolysis.

w
[4)]

a | Before CPC P
_304d- — After3h CPC @1.88 V 7
025 -

<

v20 -

Current density (m
o o

[4)]
1

o

. 1.|8 | 2.|0 | 2.|2 ‘ 24
E (V vs RHE)

{3hcPC @ 1.88V]

T—

oo
—
N
—
o~
—
[¢)]

_2) U
~Jl

sity (mA cm
w ()]

~
1

N w
1 )

Current den

—_
|

o

05 10 15 20 25 30
Time (h)
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Thewater oxidatioractivity of FeMnQ nanowires was also evaluated by measuring
the volume of @gas produced during the electrolysis of water. The measurement
was performed using the modified FTO electrode, FeMRTD, as the anode in a
Hoffman electrolysis satp. The volume of ©released was monitored for 3600 s at

a constant current of 5 mA atam temperature (Figute37). The Faradaic yield of
FeMnQ-FTO for G production was measured as >95% after the transfer of 18 C of
charge. The amount of.@btained is very close to the theoretical yield suggesting
FeMnQ; nanowires are promising candidatfor OER electrocatalyst.
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Figure5.37. Plot of & volume vs time during the electrolysis of water using
FeMnQ-FTO electrode

5.2.3 Electrocatalytic activity of NiFe204-NiO nanoparticles

The electrocatalytiactivity of NiFeO4-NiO nanoparticles for water oxidation was
investigated by LSV in alkaline medium, at room temperature. Polarization curve of

GCE decorated with NiE®4-NiO nanoparticles as well as the ones obtained for
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Ru® and bare GCE are demonstrhie Figure5.38a. Onset potential of 1.57 V (vs
RHE) was observed for Nit®s-NiO nanoparticles suggesting a significant
enhancement in the catalytic performance of GCE through alteration with
nanoparticles. This value is comparable to or even smadlarttiose of previously
reported similar structures such as NiO/N{Be nanorods (1.46 V vs RHE)
NiO/NiFe;Oa4 (1.50 V vs RHE, NiO/NiFe04-rGO (1.436 V vs RHE}, NiFe;Os
nanofibers (1.67 V vs RHE) and R&Os nanoparticles (1.70 V vs RHE)
Overpotential required to generate current density of 10 niA(drg) or even higher
values is another essential parameter in the assesshedettrocatalytic activity of

the nanomaterial. NiE®4-NiO nanopatrticles can drive current densities of 10 and
20 mA cm? at overpotentials of 453 mV and 502 mV, respectively. On the other
hand, Ru@ can reach the same current densitied&326 mV andd2c=380 mV.
Nonetheless, it is also noteworthy at higher current densities (i.e 60 At
activity of NiFeO4-NiO becomes quite similar to that of Ru®uO,, for instance,
produce current density of 60 mA @mt an overpotential of 2B mV whereas
NiFeO4-NiO nanoparticles reactine @me current density value at 760/. The
most likely reason for this observation is the low stability of RirDalkaline
medium under high anodic potentials, at which Ro&s been reported to oxidize to
form RuQ and dissolve in solutioh®. The electrocatalytic activity results of
NiFexO4-NiO together with the ones of previously reported catalysts are summarized
in Table 52.
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Figure5.38. (a) Polarization curves of bare GCE, NiBgNiO nanoparticles, NiO

and RuQin 0.1 M KOH at a scan rate of 5 mV* and (b) The corresponding Tafel

plot obtained from polarization curves

Tafel slope, which can be obtained by fitting the linear part of polarization curve to

Tafel equation, gives valuable insights about the electrocatalytic performance of the

catalyst.Figure5.38b shows the Tafel plots of NiE®4-NiO nangarticles together
with that of NIO and RuQ, for comparison. Tafel slope of Ni#&&-NiO
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nanoparticles was calculated as 61 mVjedich is comparable to even smaller
than those of similar structure such as NiO/M@hollow cages (58.5 mV d&y’®,
NiFe2Os nanotubes (53.3 mV déf!, NiFeOJ/MWCNT (93 mV ded)*,
NiFe204/CNT (70 mV ded)®!, NiFe;O4 nanofibers (98.22 mV d&g and NiFeO
nanoparticles (243.68 mV d&é2. In addition, Tafel slope of RuQvas determined
60 mV dec pointing out that NiFgD4-NiO nanoparticles exhibit comparable water
oxidation kinetics to benchmark Ru@nd previously reported nickebn oxide

materials.
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Table 5.2 Summary of the data for some recently reported representative water

oxidation electrocatalysandNiFexOs-NiO nanoparticles

Onset hs hio Tafel slope | Medium REF

(RHE) (mV) (mV) (mV/dec)
NiO-NiFe204 1.57 412 453 61 0.1 M KOH | This work
NiO/NiFe204 nanorods 1.46 - 302 42 1.0MKOH | %
NiO/NiFe204 hollow

- - 303 58.5 1L.OMKOH | 78
cages
NiO/NiFe04 1.50 - 370 48 1.OMKOH | 8
NiO/NiFe04-rGO 1.436 - 296 43 1LOMKOH | ™
NiFeOs/MWCNT 1.38 - - 93 0.1 MKOH | %
NiFe204/CNT - - 240 70 1L.OMKOH |
NiFe2O4nanorods ~1.55 - 342 44 1.0MKOH | 3
NiFe2O4nanotubes - - 340 53.3 1.0MKOH | 2
CoFeOsnanotubes - - 392 64 1.O0MKOH | &
FesOs nanotubes - - 432 122.5 1.0MKOH | &
NiFe204 nanofibers 1.67 470 - 98.22 0.1 MKOH | 22
NiFe2O4 nanoparticles 1.70 550 - 243.68 0.1 MKOH | %
CuFeOs nanofibers 1.64 450 - 93.97 0.1 MKOH | 22
CuFeOs nanoparticles 1.71 540 - 237.32 0.1 MKOH | %
CoFeOa4 nanofibers 1.60 410 - 82.15 0.1 MKOH | 22
CoFeOs nanoparticles 1.67 520 - 223.27 0.1 MKOH | %
MnFe04 nanofibers 1.67 520 - 113.62 0.1 MKOH | %
MnFeOs nanoparticles | 1.72 640 - 249.16 0.1 MKOH | 2
FeOs nanofibers 1.71 550 - 148.84 0.1 MKOH | 2
FeOs nanoparticles 1.79 750 - 285.59 0.1 MKOH | %
RuG 1.45 282 326 60 0.1 M KOH | This work
NiO 1.60 450 510 59 0.1 MKOH | This work

Number active tes on nanomater

activity. Therefore, ECSANdRF, which are directly proportional to the number of
active sites are also used for the evaluation of the electrocatadiitity. ECSA can

be estimated by CVsat nonFaradaic potential rangee recorded at various scan
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rates to determine the;©f NiFexOs-NiO nanomaterialsHigure5.39. The slope of
doublelayer charging current (at 1.27 V vs RHE) versus scan latgipes the Gi
value of the catalyst. NiE®s-NiO nanoparticles haveqCvalue of 0.061 mF and
ECSA of 1.02 cri In addition, RF value was determined as 14.6. Mass activity and
specific activity of NiFeO4-NiO nanoparticles was calculated at an ovenpiaeof

760 mV and found as 150 Al@nd 4.12 mA criecsawhile they were calculated as
165 A gtand 0.23 mA criecsafor RuQ, respectively. Mass activity value obtained
for NiFe0O4-NiO nanoparticles is very close to that of Ruerifying the

comparable electrocatalytic activity of them.
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Figure5.39. (a) CVs of NiFeOs-NiO nanoparticles measured at different scan rate
from 5 to 25 mV g and (b) Plot of current at 1.27 V (vs RHE) vs scan rate

The kinetic properties of NiE©;-NiO nanoparticles further investigated by EIS.
Nyquist plots of the catalyst obtained at various overpotentials are givenuire Fig
5.40. The semicircles were fitiko CPE model, where solution resistance and charge
transfer resistance (R are denoted as,Rand R, respectively. As the applied

overpotential increase, a decrease in diameter of the semicircles is observed implying

Scan rate (mV s™)
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the reduction of charge transfersigance. Improvement of the electrical
conductivity with lower R, and thus easier charge transfer leads to enhanced

catalytic activity of NiFeOs-NiO nanoparticles during water oxidation reaction.

210 4 —— 307 mV
| —@—327mv
—h— 347 mV
180 ~ —¥— 367 mV
1 —6—387mv : :
’\150 4 —€—407mV
o ] —p— 427 mV CPE |
5120 -+
G
~ 90 - MWN
N ]
60 - R,
30 -
0 4

0 35 70 105 140 175 210 245 280 315 350
Z' (Qem?)
Figure5.40. Nyquist plots of NiFgO4/NiO nanoparticles at various overpotentials

(inset shows the equivalent curcuit diagram)

The assessment of Ni&&-Ni O nanoparticlesd stability
controlled potential coulomstrin 0.1 M KOH solution. Overpotential of 415 mV

was applied for 18000 s and polarization curves were recorded before and after
electrolysis (Figureé.41). A very slight increase idwo (453 mV to 470 mV) was

recorded while no change was observed on theetopotential signifying high

stability of the synthesized nanomaterials during water oxidation.
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current density of 5 mA crhand (b) Change in current density during electrolysis
in 0.1 M KOH

524 Electrocatalytic activities of NiCaOa4-NiO microspheres

The electrocatalytic activities of N#20s-NiO microspheres towardsvater

oxidation reactiorwere evaluated usingSV. GCE modified with NiCgOs-NiO
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microspheres were used as working electrodes and the electrochemical
measurements were performed in alkaline medium (0.1 M KOH) at room
temperatee. Figure 5.42 shows the resulting polarization curves as well as the ones
obtained for bare RuQCm04, NiO and GCE. Inspection of the data revealed that
the electrocatalytic performance of GCE was significantly improved upon
modification with NiC@Os-NiO. The onset potentials of-NiCo and CGNiCo were

found to be 1.56 V and 1.57 V (vs RHE), respectively. These values are comparable
to or even smaller than those of similar previously reported materials such as
NiC0204 nanowires (1.56 V vs RHE) NiCo,04 (1.63 V vs RHE3, NiC0,04 (1.66

V vs RHEY®, NiCo0s-NiO nanosheets (1.59 V vs RHE&)and MOFderived
NiC0204-NiO (1.58 V vs RHE¥. Although U-NiCo and GNiCo exhibit similar

onset potentials, differences in overpotentials to drive the same catalytic current
densities were noted.-NiCo can generate current densities of 10 mA ¢mg) and

20 mA cm? ( 4) at overpotentials of 387 ms¥nd 410 mV, respectively. For-C

Ni Co, on t heoao thhvedre mbaaured as 480 mV and 467 mV,
respectively. As these results suggestNiGo exhibits better electrocatalytic
activity than CGNiCo. The activities of NiCgDs-NiO microspheres weralso
compared to that of RuQinder the same conditions. Ru@mands overpotentials

of 326 mV and 380 mV to reach 10 and 20 mAZiHowever, it is also important

to note that LNiCo demonstrates better electrocatalytic performance than &uO
higher curent densities (i.e. current densities > 30 mAZriFigure 3.32). For
instance, UNiCo can generate current density of 50 mA%ah an overpotential of

518 mV while RuQ@ requires 622 mV to reach the same current density value. As
mentioned in NiFgD4-NiO nanomaterials, the reason for this observation is the low
stability of RuQ in alkaline medium under high anodic potentials, at which RuO
has been reported to oxidize to form Rwdd dissolve in solutioh® In addition,

RuQ; is known to be the best electrocatalyst for water oxidation reaction, and thus it
is expected to observe high amount of gas formation. At higher applied potential, the
gas bubble formation ineases and accumulates on to electrode surface blocking the

electrode which has a very small surface area (0.8, @ime observed lower current

89



density at higher potential for Ru@ due to this gas accumulation on the electrode

surface.The results obtaed from NiC@O4-NiO microspheres are summarized in

Table 53, along with the ones of previously reported similar catalysts, for

comparison.
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Figure5.42. (a) Polarization curves of bare GCE, N#0Oa-NiO microspheres,
RuQ®;, Ca:04 and NiO in 0.1 M KOH at a scan rate of 5 mVand (b) The

corresponding Tafel plots obtained from polarization curves
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The water oxidationkinetics of NiCaOs-NiO microspheres were elucidated by
fitting the linear part opolarization curves to Tafel equation. Tafel slopes-®§iGo
and GNiCo were determined as 49 and 44 mV Yeaespectively Figure 5.2b).
The slopes of NiC#4-NiO microspheres were calculated as smaller than the ones
of both supported and fretandingnickelcobalt oxide electrocatalysts such as
MOF-derived NiCaO4-NiO (49 mV ded) and MOFderived NiONiC0,04-rGO
(66 mV dec")®, NiCo04-NiO nanosheets (61 mV déeé®, NiCo,0Os nanoframes
(82 mV dec")®%, NiC0,04-NiO nanocrystals (79 mV d&}®®and NiCeO4 nanowires
(60 mV ded")?5. For comparison, Tafel slope of Ru@d CaO4 were determined
as 60 and 65 mV dé¢respectively. These results verify thalNiCo and GNiCo
microspheres demonstrate fasteater oxidationkinetics than benchmark RuO
Ca04 and previously reported nickel cdbaoxide catalysts in different

morphologes and/or on various supports.
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Table 5.3 Summary of some recently reported representative water oxidation

electrocatalysts and Ni@0s-NiO microspheres

Onset hio hso Tafel slope | Medium REF
(RHE) (mV) (mV) (mV/dec)
U-NiC0204-NiO 1.56 387 518 49 0.1 M KOH This work4
C-NiC020s-NiO 1.57 430 638 44 0.1 M KOH This work4
NiO/NiC0204 nanosheets | 1.59 360 - 61 1.0MNaOH | ®
NiC0204 1.66 430 - 139 1.0MNaOH | ®
NiO/NiC0204 - 264 - 79.3 1.0 M KOH 85
nanocrystals
NiCo204 on stainless stee| 1.6 530 - 49 0.1 MNaOH | 2
NiCo204 nanoframes - 265 - 82 1.0 M KOH 56
(Cw0)
NiC0204 nanowires 1.56 - - 60 1.0 M KOH 26
NiCo204nanowires - 460 - 90 1.0 M KOH 2
MOF-NiO/NiC0204 1.58 410 - 49 1.0 M KOH 86
MOF-NiO/NiC0204-rGO 151 340 - 66 1.0 M KOH 86
NiC0o204@NIO@Ni 1.45 240 - 43 1.0 M KOH 83
NiC0204 1.63 440 - 85 1.0 M KOH 25
NiCo204 nanowire array | - 350 - 62 1.0 M KOH 28
RuQ®; 1.45 326 622 60 0.1 M KOH This work
C0304 1.59 443 653 65 0.1 M KOH This work
NiO 1.60 510 704 59 0.1 MKOH This work

Further evaluation of the polarization curve demonstrates a broad oxidation peak at
ca. 1.4V (vs. RHE) suggesting the formation of active gge®liOOH and CoOOH
duringwater oxidation(Figure5.43.39838592t has been reported that oxidation of
Ni2* in NiO and NiC@O4 lead to formation of NiIOOH (NiO + OH NiOOH + €

) along with CoOOH (NiCgD4 + OH - NIOOH + 2CoOOH + &) in alkaline
medium3983892Thys, area of the observed oxidation peak affirrafahmation of

these active species during catalysis, and associate withwdler oxidation

performance of the catalyst. Therefore, comparison of the oxidationigeakity
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for U-NiCo and GNiCo suggest thatvater oxidationefficiency of UNiCo with
higher peak intensity is better than the one dfiCo.
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Figure5.43. Polarization curves (in 1.3D.52 V range) of bare GCE-@dnd G
NiCo microspheres in 0.1 M KOH at a scan rate of 5 MV s

ECSAwas alscestimatedor the U and GNiCo microspherebdy determiningCa
values(Figure5.44). For UNiCo, Cy and ECSA were determined as 0.185 mF and
3.08 cm, respectively. On the other handiN@Co has G value of 0.095 mF and
ECSA of 1.58 cri Furthermore,RF values for WUNiCo and GNiCo were
determined to be 44 and 22.6, respectively. HigherECSA and RF values verify
that UNiCo possess larger number of active sites, and thus exhibit better
electrocatalytic performance towardster oxidation reactiarAt overpotential of
518 mV, mass activities argpecific activities of botiNiCo,04s-NiO microspheres
were calculated as 125 Algnd 1.14 mA criecsa for U-NiCo while they were
found to be 72.5 A4and 1.28 mA criecsafor C-NiCo, respectively. Higher ass
and specific activities further confirm higher electrocatalytic activity eliGo
compared to ENiCo. Furthermore, bothliO and GNiO have significantly higher
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mass activity and specific activity than those of monometalligdc(64.8 A g,
0.93mA cmiecsa) and NiO (61.6 A g, 0.80 mA cntecsa). All mass and specific
activity calculated in this study are summarized in Table
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Table5.4 Summary of water oxidation properties of NiOa-NiO microspheres

Mass activity Specific activity Cal (MmF) ECSA (cn?) RF
Agh at =1 (mA cmZecsa)
U-NiC0204-NiO 125 1.14 0.185 3.08 44
C-NiC0204-NiO 72.5 1.28 0.095 1.58 22.6
NiO 61.6 0.8 0.129 2.15 30.7
C0304 64.8 0.93 0.078 1.95 27.8

The kinetics of the prepared catalystsvitater oxidation reactionvere further

examined by EIS at various overpotentials. Nyquist plots of beMi@d and C

NiCo exhibited semicircles fitted to equivalent circuit of CPE, which is composed of

Ru, constarfphase elemerand R (Rct) (Figure5.45). Diameter of the semicircles,

which are associated withcfRdecrease with the increasing overpotential. Lower

charge transfer resistance indicates improved electrical conductivity resulting an

increase in charge trafer during OER. The results reveal thaNiCo has smaller
q) thHiNCohel®ne qfF
vs Ag/AgCl), suggesting better conductivity and thus catalytic activity-biiCb.

Rct(13. 2
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Figure5.45. Nyquist plots of (a) ENiCo and (b) ENiCo microspheres at various
overpotentials (inset shows the equivalent circuit diagram)

The durability of an electrocatalyst is a significant factor affecting its practical
applicatons. Therefore, the stability of GCEs modified with NiOgNiO
nanomaterials were tested employing constant potential electrolysis in 0.1 M KOH
solution. Overpotentials of 365 mV and 400 mV were applied for 10800 s-for U
NiCo and CGNiCo, respectively. Figres 5.46a and 5.4a show the polarization

curves recorded before and after electrolysis. A slight shift to higher overpotential
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value (430 mV to 455 mV) at current density of 10 mA2anas noted for NiCo
while no noticeable change was recorded feNiCo. In addition, onset potentials
of both UNiCo and GNiCo remained unchanged after 3 h of electrolysis, indicating
that NiC@O4/NiO microspheres exhibit good stability under alkaline conditions.
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Figureb5.46. (a) Polarization curves of WiCo microspheresecorded before and
after controlled potential electrolysis at overpotential corresponding to initial
current density of 5 mA crhand (b) The change in current density during

electrolysis in 0.1 M KOH
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5.2.5 Evaluation of electrocatalytic activities of thesynthesizedtransition

metal oxide nanomaterials for water oxidation reaction

Catalytic activity of the synthesized nanomaterials towards watdation reaction

is governed by several chemical and morphological properties of the materials.
Foremost, the large surface area, as evidenced by BET analyses (Table 5.5), enables
more contact areas between electrode and electrolyte, facilitating trptaus of

the reactants and reaction intermediates. They are also valuable for enhanced
electron transfer, and thus catalytic water oxidation.

In addition to surface area, presence of defect sites with low oxygen coordination in
the material is also a sidicant parameter influencing the water oxidation activity

of the catalyst. A number of studies reported that oxygen vacant sites prog@ote H
adsorption onto catalyst surface. Consequently, it improves the reactivity of the
catalystt 939 XPS O1s cordevel spectra exhibit the pence of oxygen vacancies

in all of the synthesized nanomaterials. Further inspection of the spectra revealed
that relative peak areas are 51%, 46%, 61%, 63% and 58% for@uCr
nanoparticles, FeMn® nanowires, NiFgDs+-NiO nanoparticles, tNiCo and
C-NiCo microspheres, respectively. These slight differences in degree of oxygen
deficiency is believed to contribute the variances datalytic activity of the

nanomaterials.

Table5.5 Comparison oBET surfaceareas and degree of oxygen deficiencies of the

synthesized nanomaterials

Catalyst BET surface area Degree of oxygen
(m?g?h) deficiency (%)

CuCnrO4 10.63 51

FeMnGs 14.21 46

NiFe20s-NiO 79.04 61

C-NiCo 13.40 58

U-NiCo 41.30 63
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It has also beeproposed that ecpresence of two different metals in the structure
can promote formation of multiple valence states of the cati¥8XPS spectra of

the synthesized nanomaterials affirm the presence of metals with multiple oxidation
states in each material. For instance?"®eand Mr#*#"ions coexistin nanowire
structure. Furthermore, both-NiCo and GNiCo microspheres embody ¥f* and
Co**3*jons in their structure. The formation of such redox couples leads to higher
electrical conductivity and enhanced surface adsorption properties, and thus

improved electrocatalytic performances towards water oxidation reaction.
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Figure5.48. Polarization curves of bare GCE, CuQs nanoparticles, FeMn$
nanowires, NiFg0s-NiO nanoparticles, NiG®s-NiO microspheres and Ru@
0.1 M KOH solution at a scan rate of 5mV s
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Table5.6 Summary of water oxidatiaactivity dateof the nanomaterials synthesized

in this study
Electrode | Catalyst Onset | hio hso Tafel slope | ECSA | RF
(cm?) loading (RHE) | (mV) | (mV) | (mV/dec) | (cm?)
(mg cnt?)

U-NiCo GC (0.07) | 0.4 1.56 387 | 518 49 3.08 44
C-NiCoz GC (0.07) | 0.4 1.57 430 638 44 1.58 22.6
NiFe20s-NiO | GC (0.07) | 0.4 1.57 453 688 61 1.02 14.6
FeMnGs* FTO (0.5) | 0.92 1.60 600 - 87 29.6 59.2
CuCrOs GC (0.07) | 0.4 2.07 | 1050 | - 67 -
RuG, GC (0.07) | 0.4 1.45 326 622 60 20.5 292.8

* Surface area of electrode and catalyst loading is higher than the other studied electrodes.

Large surface area and presence of low oxygen coordination sites are significant

parameters in the interpretation of catalyst activity. Howeharing larger surface

area or higher degree of oxygen deficiency does not always result in more enhanced

electrocatalytic activity. For instance, when relation of oxygen deficiency and

catalytic activity of studied materials are compared, GO¢nanoparitles with

relatively higher oxygen deficiency than FeMn@®anowires have significantly

lower activity in OER. On the other hand, comparison of BET surface areas reveal

that CuCsO4 has the lowest area among all synthesized materials  Qir&0O

nanoparties are expected to have the highest catalytic activity for water oxidation

reaction since they bear the largest surface area. In addition, having similar BET

surface areas of 14.24° g and 13.40 rhg?, FeMnQ nanowires and:-NiCo

microspheres shouldigplay similar performance, respectively. Nevertheless, U

NiCo microspheres exhibit the highest electrocatalytic activity with its lower BET

surface area of 41.30%g compared to that of NiE@4-NiO nanoparticles (Figure

5.47). These comparisons sugghsat oxygen deficiency and/or surface area can not

be considered as only parameters affecting catalytic activity, and individual or

combination of possible other

factors such as chemical

composition,

electrochemically active surface area and conductraitybe the reason for observed

activities. Therefore, determination of ECSA, which is directly related with the
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number of sites acting as catalyst, is crucial to make more reliable assessment of
catalyst performance. As summarized in Table 5.6, enhancevhethie water
oxidation activity is observed with increasing ECSA of the catalyst. FeMnO
nanowires exhibit lower electrocatalytic activity than theblsed ones even though

it has the largest ECSA value. It is important to note that the large ECSAivalue
most likely due to the large surface area of FTO electrode and the higher amount of
catalyst on the surface. In addition, Ru@s the largest ECSA value which correlate
well with the observed water oxidation activity. Thus, our results clearly shaw tha
increase in the ECSA of the studied catalyst results in the increased activity as

expected.
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CHAPTER 6

CONCLUSIONS

The aim of this thesis was to design and prepare bimetallic oxide nanomaterials using
earth abundant, first row transitiometals to be used as catalysts in the
electrochemical water oxidation reacti®@ynthesized materials were characterized

by a combination of analytical techniques including SEM, TEM, EDX, XRD, XPS,
ICP-OES and BET. Then, their activities were studied fataw oxidation reaction

by utilizing electrochemical techniques.

In summary, aeries of bimetallic transition metal oxide nanomaterials with various
morphologies were synthesizég facile, lution-phase procedures using different
structure directingagents. SpecificallyCuCrO4 nanoparticles were obtaineda
solgelroute in which citric acid was used as surfacttaMnQ;, NiFeOs-NiO and
NiC0204-NiO nanomaterials were obtained by utilizing hydrothermal pro®eEA.

was used as structure directiagent in the synthesis of FeMg@vhile NiFexO4-

NiO and NiCeOs-NiO were synthesized with the use of ureaaddition to urea,
CTAC was also used as structure directing agent in the sysibi$iCo.04-NiO.

Electron microscopy studies revealed ttsynthesized materials comprise of
assembled individual nanoparticles. Cy@rnanoparticles are of quaspherical
morphology with average size of 28 nm. FeMn@nowires are formed by the
assembly of approximately 70 nm particles. NBeNIO nanoparticle resulted
from the accumulation of approximately 30 nm spherical like particles. Moreover,
by using two different surfactants, namely urea and CTAC, pO@bliO
nanomaterials are obtained as microspheres. -&tedmlized NiCeOs-NiO has
urchinlike morphdogy assembled by nanowires, and CTAC stabilization lead to the
formation of microspheres with nanoplate assembly. In addition, both wires and

plates are composed of individual nanopatrticles.
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The electrocatalytic performances of synthesized nanomaterialater oxidation
reaction were evaluated in alkaline medium (0.1 M KQHiyure5.48. The results
revealedthat CuCrOs nanoparticles exhibit almost no activity towards water
oxidation reaction with very high onset (2.07 V vs RHE) and overpotentials
(dio = 1.05 V).FeMnQ; nanowires had onset potential of 1.60 V (vs RHE) with an
overpotential of 600 mV at current density of 10 mA~“and Tafel slope of

87 mV dec. NiFe04-NiO nanoparticleslemonstratslightly better activity with an
onset potential of 1.57 V (vs RHE), and overpotential required to generate current
densityof 10 mA cm? was 453 mV. In addition, Tafel slope was determined as
61 mV dec indicating faster water oxidation kinetics. Ni@a-NiO microspheres,

on the other hand, present more enhanced activity. Onset potentials observed for U
NiCo and GNiCo were 1.56 V (vs RHE) and 1.57 V (vs RHE), respectively.
Additionally, U-NiCo and GNiCo can promote 10 mA chcurrent density at lower
overpotentials of 387 mV and 430 mV, respectively. Tafgbeslof UNiCo was
determined ag¢9 mV dec while for GNiCo it was found as 44 mV décThese
results suggest that Nig0s-NiO microspheres display the best water oxidation

activity among the naimaterials synthesized in this stu@yable5.6).

The durability of the prepared catalysts was also studied by long term controlled
potential coulometry. After 3 h of electrolysis, a slight increase in onset potential
was noted for FeMng@nanowires. On thether hand, this value remained constant
for NiFeO4-NiO nanoparticles (after 5 h of electrolysis) and NQeNIO
microspheres (after 3 h of electrolysis) indicating very good stability of these

materials during water oxidation reaction.

As a result, biratallic transition metal oxide nanomaterials, nam€lyCrO4
nanoparticlesFeMnQ nanowires, NiFg)s-NiO nanoparticles and NiG0Os-NiO
hierarchical microspheres withterestingmorphologies were synthesizadd teir
electrochemical activities for watexidaion reaction were investigatethe overall

water oxidation activity of the synthesized materials was observed to be comparable
or superioito some of the water oxidati@bectracatalyss having similar structures.
These new materials with their etiog morphologies, easy synthesis from earth
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abundant elements, stability and ability to deliver high current densities are

practically very useful and effective catalysts for water oxidation reaction.

For future work, water oxidain reaction mechanism, the active sites in each catalyst
as well as the rate determining step can be investigated in detail with the aid of
computational analysis. Moreoveheir potential utility in other applications such

as supercapacitors, mett batteries, hydrogen evolution reaction (HER), oxygen
reduction reaction (ORR) or various other catalysis applications such as

dehydrogenation, hydrogen peroxide reduction, CO oxidation.
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APPENDICES

A. Nz adsorptionT desorption isotherms of synthesized materials
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FigureA.1. N2 adsorptiori desorption isotherm of Cu&ds nanoparticles
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FigureA.2. N2 adsorptiori desorption isotherm of NiE@4-NiO nanopatrticles
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B. Electrochemical Activity of CuCr204 Nanoparticles for Water Oxidation

in Sodium Borate Buffer Solution

Electrode Preparation

Electrodes modified with Cu@Dds Nanoparticles were prepared lay method

reported by Kuo et af Briefly, 4.0 mg of catalyst was dispersed in 1.0 mL ethanol

and 1.0 mL deionized water mixture. After ultrasonication, Nafion was added and
sonicated for 20 min. 7.5 OL of solution
in oven (90 Acrpon matdrias (Rrintdx e (PL6)p Super C65,
multiwalled carbon nanotube (MWCNTdditioninto catalyst solution as well as

effect of carbon and NafiGramounton onset potential and current densigre also

investigated and the electrodes were prephyeitie same recipe.
Electrochemical Measurements

All electrochemical measurements were performed at room temperature with Gamry
PCl4/300 potentiostagalvanostat. GC electrode modified with Cp@r
Nanoparticles were used as working electrode in a stanttaedelectrode
configuration with Pt wire as cathode and Ag/AgCl as reference electrode. LSV of
GC electrode modified with Cu€ds Nanoparticles were obtained by scanning the
potential from Q 1.2 V (vs Ag/AgCl) with a scan rate of 10 mVis 0.1 M salium

borate buffer (pH: 9.2).

Effect of Nafionf amount on onset potential

Effect of Nafiorf amount on onset potential was investigated in order to determine

the optimum value. Figure B.1 demonstrates the polarization curves obtained from
electrodes prepadleby different amount of Nafic‘?n( i . e. 9.5 OL, 19.0
OL) to the catalyst mixture. Comparison
OL of EKeaufted i migher onset potential and lower current density values.

The most likely reason for this observation is that high amount of polymer solution

may have blocked the electrode surface, and thus limited the electron transfer.
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Among the othertwo elct r od e s, t he el ectfexhibited wi t h
slightly higher onset potential and lower current density compared to the one with
19.0 OLE. Nahepoafor e, Ewad used indthe pipafation of
electrodes in the following electrochemlieneasurements.
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Figure B.1Polarization curves of Cu&ds nanoparticles with different amount of
NafiorF in 0.1 M KOH at a scan rate of 5 m s

Effect of Carbon Materials on onset potential

Previously reported studies have shown that adding caddmet solution from

which the electrodes were prepared have increased the current passing the electrode,
and thus prepared electrodes by mixing carbon and -catalydeimnized
water/ethanol mixturg>*979 Therefore, in this study too, the effect of carbon

presence was investigated.

Figure B.2a shows the polarization curves of G@zNanopaticles along with the
one mixed with carbon (PL6) and bare GCE. Modified electrodes exhibited lower

onset potentials compare to bare GC electrode as expected. No significant change
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was observed for onset potentials upon addition of PL6 while a sligleasetin

current density was noted. However, adding carbon to the catalyst mixture appears
to have no significant effect on water oxidation activity. The effect of only carbon

on onset potential was also investigated (Figure B.2b). Carbon material héecho ef

on neither onset potential nor current density, as expected. As a result, the decrease
in onset potential in Cu@D4-GC electrodes are attributed to presence of the

nanoparticles.
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Figure B.2Polarization curves of bare GCE, CdOs nanopatrticlesrad CuCpOs
nanoparticles mixed with PLi6 0.1 M KOH at a scan rate of 5 m s
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Figure B.3a shows the polarization curves of electrodes prepared by different carbon
loading (w/w % relative to amount of catalyst). Very slight differences in onset

potentials were recorded with different carbon loadings. The most significant change
in both onset potential and current density was noted for the electrode with 10%
carbon. Therefore, 10% carbon loading used for the following measurements.
Electrodes wexr also prepared by using Super C65 carbon instead of PL6. The

resulting polarization curves are given in Figure B.3b. Inspection of the curves reveal
that the type of carbon material used has no significant effect neither on onset

potential or current deitg.
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5% PL6
10% PL6
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CuCr,0, + PL6
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Figure B.3.Polarization curves of Cu@ds nanoparticles obtained with (a)
different carbon loadings and (b) different carbon materials in 0.1 M KOH at a scan
rate of 5 mV &

During these studies it was observed that modified GC electrodes were not as stable
and Nanoparticles were detaching from the electrode surface. Therefore, GC
electrodes were modified by the method described in Se¢#bh. In addition to
previous studies, the effect of MWCNT on onset potential was also tested.

Polarization curves of Cu&d4 nanoparticles along with the one mixed with carbon
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