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ABSTRACT

DEVELOPMENT OF Ru%MOz2 (M =Ti, Zr, Hf, Ce) CATALYSTS FOR
ELECTROCATALYTIC HYDROGEN PRODUCTION FROM WATER
SPLITTING

Demir, Elif

M.S., Department of Chemistry
Supervisor: Prof. Dr. Ahmet M. Onal

August 2017, 74 pages

In this study, Ru%MO: catalysts were prepared by reduction of ruthenium(l11) chloride
on different types of metal oxides, which were TiO2, ZrO,, CeO, and HfO, then
catalysts were loaded on glassy carbon (GC) electrodes at same mass loading level,
and used as electrocatalysts in 0.5 M H2SO4 solution for hydrogen evolution reaction
(HER). Characterization of prepared catalysts were done by using transmission
electron microscopy (TEM), energy dispersive X-ray (EDX), X-ray diffraction (XRD)
spectroscopy and X-ray photoelectron spectroscopy (XPS), also, loading level of these
catalysts were investigated by using inductively coupled plasma-optical emission
spectrometry (ICP-OES). Electrochemical behavior of the modified glassy carbon
electrodes and their electrocatalytic activity towards the hydrogen evolution during
water electrolysis was investigated in acidic solution (0.5 M H2SO4) at room
temperature by linear sweep voltammetry (LSV), cyclic voltammetry (CV),
potentiostatic electrochemical impedance spectroscopy (EIS) and constant potential
electrolysis. Among the Ru®/MO, modified GC electrodes, Ru®/CeO, modified GCE
was found to be better for HER in terms of onset potentials, current density at a defined

overpotential, exchange current densities and Tafel slopes.



To investigate the amount of Ruthenium on the electrocatalytic effect, different
loading levels of Ru%/CeO,-GC electrodes were prepared and analyzed towards
hydrogen evolution reaction during water electrolysis. The glassy carbon electrode
modified by Ru®/CeO, with a ruthenium loading of 1.86% wt. provided an outstanding
electrochemical activity with a high exchange current density of 0.67 mA.cm?, low
overpotential of (n) 47 mV at j = 10 mA.cm2 and small Tafel slope of 41 mV.dec™.

Furthermore, electrocatalytic activity of Ru% MO, modified GCEs towards the oxygen
evolution during water electrolysis was investigated in 0.5 M KOH solution. Ru%/CeQ;
(1.86% wt. Ru)-GC electrode was found to exhibit better electrocatalytic activity
towards OER.

Keywords: Ruthenium (Ru®) nanoparticles; Catalysts; Water electrolysis; Hydrogen

generation; Oxygen generation; Bifunctional/Dual Catalyst

Vi



0z

SUYUN ELEKTROLIZINDEN ELEKTROKATALITIK HIDROJEN
URETIMI ICIN Ru®MO2 (M = Ti, Zr, Hf, Ce) KATALIZORLERIN
GELISTIRILMESI

Demir, Elif

Yiiksek Lisans, Kimya Boliimii

Tez Yoneticisi: Prof. Dr. Ahmet M. Onal

Agustos 2017, 74 sayfa

Degisik metal oksit ylizeyinde rutenyum(III) kloriiriiriin indirgenmesi ile hazirlanan
Ru%MO:; (M =Ti, Zr, Hf, Ce) katalizorleri camsi karbon (GC) elektrotlar {izerine ayn1
kiitle yiiklemesinde konularak, 0.5 M H>SOg igeren sulu ¢ozeltiden hidrojen salimi
tepkimesi (HER) icin elektrokatalizor olarak denendi. Hazirlanan katalizorlerin
karakterizasyonu transmisyon elektron mikroskopisi (TEM), enerji dagilimli X-ray
(EDX), X-1s11 kirmnim spektroskopisi (XRD) ve X-1s1in1 fotoelektron spektroskopisi
(XPS) kullanilarak yapildi, katalizorlerin yiikkleme seviyeleri ise indiiktif eslesmis
plazma-optik emisyon spektrometresi (ICP-OES) kullanilarak arastirildi. Modifiye
edilmis camsi karbon elektrotlarin elektrokimyasal davraniglart ve bunlarin suyun
elektrolizi sirasinda hidrojen salimina olan elektrokatalitik aktiviteleri, asidik ¢ozeltide
(0.5 M H2S0s), oda sicakliginda dogrusal siipiirme voltametrisi (LSV), doniistimlii
voltametri (CV), potentiyostatik elektrokimyasal impedans spektroskopi (EIS) ve sabit
potansiyel elektrolizi ile analiz edildi. Ru’/MO ile modifiye edilmis GC elektrotlart
ile elde edilen sonuglar, baslama potansiyeli, belirlenen potansiyellerdeki akim
yogunlugu, degisim akim yogunlugu ve Tafel egimleri kiyaslandiginda HER igin
Ru%CeO; modifiye GC elektrodunun digerlerinden daha iyi oldugu goriildii.

vii



Ruthenyum miktarinin elektrokatalitik etkiye katkisini incelemek amaci ile,
Ru%Ce0,-GC elektrotlart farkli yiiklenme seviyelerinde hazirlandi ve suyun
elektrolizi sirasinda hidrojen salimi reaksiyonuna karsi analiz edildi. Kiitlece %1.86
Ru yiiklii Ru%CeO; ile modifiye edilmis camsi1 karbon elektrodun; yiiksek degisim
akim yogunluguna (jo= 0.67 mA.cm), (j)= 10 mA.cm akim yogunluguna ulasmak
i¢in diisiik potensiyele (n= 47 mV) ve goérece olarak daha kii¢iik Tafel egimine (41
mV.dec) sahip iistiin bir elektrokimyasal aktivite sagladig1 saptandi.

Bunlara ek olarak, Ru’/MO: ile modifiye edilmis camsi karbon elektrotlari, oksijen
salimina yonelik elektrokatalitik etkinlikleri 0.5 M KOH ¢6zeltisi iginde incelendi.
Elde edilen sonuglardan Ru®/CeQ; (kiitlece %1.86 Ru)-GC elektrotunun, OER'ye kars1
en iyi katalitik aktiviteye sahip oldugu bulundu.

Anahtar Kelimeler: Ruthenyum(0) nanopartikiilleri; Katalizorler; Hidrojen salimi;

Oksijen salimi; Cift fonksiyonlu katalizor
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CHAPTER 1

INTRODUCTION

Since beginning of social life, energy has become indispensable for humanity due
to development of society, production and industrialization. For centuries,
humanity has constantly improved itself and has renewed its needs. In this process,
the only requirement that does not change is energy and the World energy demand
Is increasing rapidly with modernization and industrialization. Therefore, the
World energy sources are depleting so fast due to increasing consumption of fossil
fuels such as, coal, oil and gas. Furthermore, the World temperature is increasing
at an alarming rate and the amount of greenhouse gases are rising with excessive
use of carbon based fossil fuels. Hence, searching for renewable energy sources as
an alternative to fossil fuels is an attractive issue. During the past several decades,
there have been countless investigations and developments in the areas of clean

and renewable energy sources [1].

Hydrogen (H-2) is proposed to be a major energy resource for the future world [2].
H2, one of the most abundant element in the earth’s crust, can be found in fossil
fuels, all plants, amino acids, proteins, carbohydrates and some other types of
compounds. However, it does not exist as a free molecule in earth’s atmosphere,
and consequently, efficient and sustainable hydrogen production technologies are
required. Therefore, hydrogen is not a primary source of energy, it must be
extracted from primary energy sources such as water or hydrocarbons. Taking this
information into account, it can be said that hydrogen is not a source of energy but
is an energy carrier like electricity [3]. The implementation of H. as an energy

carrier is covetable since Hz has the highest energy density per unit mass.



Furthermore, when it is transformed into electricity in a fuel cell or combusted in
an engine, it produces only one product, water. On the other hand, carbon-based

fuels produce water and carbon dioxide (CO>) [4].

The aim of this study is to prepare and characterize ruthenium(0) nanoparticles
supported on different reducible oxides such as ceria (CeOy), titania (TiOz), hafnia
(HfO2) and zirconia (ZrO2) and to investigate their applicability in modifying GC
electrodes to be used as electrocatalyst during electrolysis of water. Ruthenium(0)
nanoparticles supported on reducible oxides were characterized by ICP-OES,
EDX, TEM and XPS. Ru%MO2 (M = Ti, Zr, Hf, Ce) were used to modify glassy
carbon (GC) electrodes at same mass loading level (= 0.197 mg/cm?) by drop
casting. Finally, the effect of different types of metal oxides and loading level were
investigated in hydrogen evolution reaction, HER, and oxygen evolution reaction,
OER, by recording the polarization curves for the modified electrodes in acidic

and alkaline solutions.

1.1. Use of Transition Metal Nanoparticles as Catalysts

1.1.1. Catalysts

Substances which accelerate the reaction by changing the reaction path with lower
energy barrier and do not undergo a change in the chemical structure after the reaction
are known as catalysts. They not only increase the reaction rate but also, as shown in
Figure 1 lower the activation energy (Ea). Furthermore, reactions in the presence of a
suitable catalyst proceed in different pathway from reaction without catalyst. Thus,
reactions occur faster at lower temperatures and pressures with high selectivity. During
the reaction, catalyst makes a bond with reactants (i.e. adsorption) to form particular
product, which detaches itself from the catalyst (i.e. desorption) so at the end of
reaction catalyst can be obtained as unaltered and ready to reuse for other reactions.
Catalysts with high selectivity are used as an aid to reduce energy consumption in the
chemical industry and are used to perform processes such as waste disposal and

product separation. Since catalysts increase the efficiency and the rate of reaction and



provides high selectivity, they are important for industrial processes such as producing

fuels, fertilizers, medicines, textiles and so on [5].

E,(uncatalysed)
—7
—
& E,(catalysed)
Q
& [Reactants
s
€
2
e
Products

Reaction coordinate

Figure 1. Energy diagram of an exothermic chemical reaction illustrating the different

path with a lower activation energy with catalyst [5].

1.1.2. Classification of Catalysts
Catalysts are examined under three main categories such as; homogeneous catalysts,

heterogeneous catalysts and biocatalysts.

1.1.2.1. Homogeneous Catalyst

Homogeneous catalysts are those substances which are in the same phase as the
reactants and homogeneously mix in each other. Homogeneous catalysts consist of
well-defined chemical or coordination compounds. Bronsted, Lewis acid and base,
metal complexes, metal ions, organometallic complexes, organic molecules and
enzymes are the examples of homogeneous catalysts. In addition to this, they react
very quickly and provide a good conversion rate per catalyst molecule. One
disadvantage of using homogeneous catalyst is separation of catalyst from the reaction
mixture when the reaction is over. Homogeneous catalysts are generally used in the

synthesis of pharmaceuticals and foods [6].



1.1.2.2. Heterogeneous Catalyst

Heterogeneous catalysts are those substances which are in the different phase as the
reactants. Generally, catalysts are in the solid form and reactants are in the form of
liquids and gases. Heterogeneous catalysts are commonly used for many industrial
processes. The most important properties of these catalysts are that they are stable even
at very high temperatures and can easily be recovered from the reaction medium
because they are present in different phase from reagents. Metals, semiconductors,
insulating materials and solid acids are generally used as heterogeneous catalysts.
Compared with homogeneous catalysts, preparation of heterogeneous catalysts is
simpler and cheaper because there is no limitation in terms of solvent. Consequently,

heterogeneous catalysts are mostly preferred due to reusability, low price and stability
[7].

1.1.2.3. Biocatalysts

Enzymes, which are biological catalysts, are very specific and can have a dramatic
effect on the reactions that they control. Most enzymes are proteins, which are formed
from amino acid monomers. For example, the enzyme catalase reduces the activation
energy for the decomposition of hydrogen peroxide to 8 k.mol™, corresponding to an

acceleration of the reaction by a factor of 1015 at 298 K [5].

1.1.3. Applications of Transition Metal Nanoparticles as Catalysis

It is known that intrinsic properties of materials and properties of nanoparticles
remarkably change with particle size. Several reports have explained that transition
metal nanoparticles are more active catalyst than their bulk-counterparts in a variety
of reactions because they have larger surface area that provides a large number of
potentially active sites. The proportion of surface atoms, active centers for catalytic
elementary processes, increases with decreasing particle size and makes the metal
nanocparticles more active catalysts as compared to their bulk counterparts. Therefore,
transition metal nanoparticles are important as catalysts since they imitate the metal
surface activation and catalysis at the nanoscale. For this reason, they have a wide

range of applications as catalysts in chemical reactions and provide significant



economic and environmental improvements in the synthesis of the fine chemicals [8].
There are many reactions in which transition metals nanoparticles are used as catalysts,
for instance, Suziki [9], hydrogenations [10], Mizoroki-Heck coupling [11],
hydrogenolysis [12], oxidation of alcohols [13], hydrosilations [14], catalytic
reforming reaction [15].

1.1.4. Preparation of Transition Metal Nanoparticles

Reproducible synthesis of monodispersed metal NPs with narrow size distribution is
one of the most important tasks in the synthesis metal NPs. The term “monodisperse”
means that size of metal NPs deviate less than 10% from the average value. A deviation
of about 20% from the mean particle size is defined as “narrow size distribution” [16].
Transition metal NPs are synthesized by using two approaches: “top down” and
“bottom up” [17]. Top down approach is a physical method in which macro sized, bulk
metal is split into small pieces (nanometer-sized) by using physical forces such as,
milling and grinding. Synthesis of monodispersed nanoparticles is difficult thus, broad
size distribution (>10 nm) of metal NPs can be obtained. Furthermore, the particles
cannot be synthesized reproducibly; hence, catalytic activity is also irreproducible. On
the other hand, bottom up approach is a chemical method which is most widely used
to prepare monodisperse metal NPs. In this approach, starting materials are atoms or
molecules (bottom) which react under chemical or physical circumstances to generate
metal NPs by the reduction treatment [18]. Colloidal metal NPs are generally
synthesized by the chemical reduction of metal salts dissolved in a suitable solvent.
The factors that determines the particle size of metal NPs in the chemical synthesis are
the metal salt itself, solvent, reducing and stabilizing agents together with temperature
at which the process is conducted. Moreover, there are some different chemical
approaches to prepare transition metal NPs; for instance, thermal or photochemical
decomposition, electrochemical reduction, chemical reduction of transition metal

complexes, metal vapor synthesis, sol-gel technique and so on.



1.1.5. Stabilization of Transition Metal Nanoparticles

Using transition metal NPs have some compelling points because they have tendency
to aggregate to larger particles and ultimately they form bulk metal. Mostly, there is
loss of properties linked with the colloidal particles of these metallic particles due to
agglomeration. Therefore, they have relatively short lifetime and low stability.
However, metal nanoparticles have been stabilized against agglomeration by using
microporous or mesoporous materials with large surface; [19] for instance, carbon
nanotubes [20], ceria [21], graphene [22] and metal organic framework [23]. There are
three methods to prevent agglomeration: namely, electrostatic stabilization (known as
DLVO type), steric stabilization and electrosteric stabilization [24].

1.1.5.1. Electrostatic Stabilization / DLVO Theory

Derjaugin, Landau, Verwey, and Overbeek developed electrostatic stabilization
(DLVO) theory in 1940’s for stabilizing nanoparticles. Briefly, the adsorption of the
ions and its counter ions (coming from starting material) on the metal surface create
an electrical double layer. This provides Columbic repulsion force, opposing van der
Waals force, between individual particles, therefore, when they come to close each
other, agglomeration of nanoparticles is prevented by this electrical double layer [25,
26]. Note that, electrostatic repulsion can prevent agglomeration when double layer

electric potential is high enough (Figure 2) [27].
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Figure 2. Schematic representation of the electrostatic stabilization between

two particles and plot of energy versus distance between colloids [27].



1.1.5.2. Steric Stabilization

In this method, the surface of the transition metal nanoparticles is adsorbed by a
polymer surfactant or long chain ligand to form a protective layer. Surfactants or
ligands that surround the transition metal nanoparticles prevent close contact of
transition metal nanoparticles to each other as illustrated in Figure 3 [28]. The polymer
chains used to stabilize the transition metal nanoparticles exhibit steric interactions
that transition metal nanoparticles form as they approach each other. The steric layers
formed by adsorbing polymers prevent aggregation of transition metal nanoparticles
and restrict the motion and conformations. Therefore, while entropy is going up, free
energy is going down and monodisperse size metal nanoparticles can be synthesized
[29].

N

Figure 3. Schematic representation of the steric stabilization of transition metal

nanoparticles [28].

1.1.5.3. Electrosteric Stabilization

To get thermodynamically stable metal nanoparticles, steric stabilization and
electrostatic stabilization can be combined. In this method, the surface of the transition
metal nanoparticles is adsorbed by surfactants such as polymers or long chain ligands
to form a protective layer, and they must be in ionic form. Under favor of these ionic
surfactants, steric effect and electrical double layer are formed. Therefore, due to steric
layers and electrostatic repulsion, aggregation of transition metal nanoparticles is
prevented when metal nanoparticles come close to each other as shown in Figure 4
[30].



Figure 4. Schematic representation of the electrosteric stabilization of transition metal

nanoparticles [30].

1.2. Hydrogen Economy

1.2.1. Global Energy Problems

Global energy need is supposed to increase in an alarming rate in the next decades due
to increasing population and increasing living standards in worldwide. Today, all over
the world major part of energy demand is supplied from fossil fuels, oil and coal.
However, using fossil fuels causes a serious environmental problem known as global
warming. Furthermore, these type of energy sources are non-renewable and World’s
energy resources are finite, so there will be insufficient resource for the future world.
Moreover, releasing amount of carbon dioxide is increasing day by day due to
consumption of carbon-based fuels, which causes global warming. In the near future,
under the influence of the oil crisis and environmental problems, it is necessary to find
alternative fuels to replace conventional petroleum-based fuels such as gasoline and
diesel used in internal combustion engines. Therefore, there will be a need for new
energy sources which are renewable and environmentally friendly because renewable

energy sources are sustainable and also there are no waste products like CO2 [31].



1.2.2. Hydrogen as an Energy Carrier

If an energy system uses hydrogen as an energy carrier, it is called as hydrogen
economy. This process does not produce any greenhouse gas or CO: like fossil type
energy sources. This is all to say, hydrogen energy is nontoxic and environmentally
friendly. It supplies renewable and sustainable source [4]. Hydrogen is an energy
system that can be locally produced, transported easily and safely everywhere with
little energy loss during transport. Hydrogen energy is used in many types of reaction
such as catalytic hydrogenation (ammonia synthesis, vegetable oil hardening, fatty
acids, alcohol, methyl alcohol synthesis, drug production etc.), metallurgy (tungsten
and molybdenum alloy, reduction material, preparing metal hydride etc.) and as a fuel

(rockets, welding flame, metal heat combination, electricity production etc.) [32].

In addition to this, hydrogen can be better stored than electricity and transported over
long distances. This feature allows hydrogen to be used as fuel in aircraft and motor
vehicles. Also, hydrogen has the ability to obtain higher power than the gasoline
because of its physical and chemical state and its positive effects on the environment
make hydrogen an important alternative fuel. Although hydrogen has been used as a
fuel, for motor vehicles, since 1920s however, some factors limited its use as a fuel.
They mainly include the economic reasons and mismatch of traditional motor and
present energy systems. Nevertheless, taking into account of environmental problems
in the case of continuing use of fossil fuels as an energy source, hydrogen should be

produced from clean energy sources [33].

As mentioned, there is a need for a renewable, clean fuel that is compatible with the
ecological balance, both for the environment and for our energy needs. Using hydrogen
as an energy carrier may be the solution of world’s energy problem. Due to increasing
energy requirements, intensive research and development activities are being carried

out on hydrogen energy in recent years [34].



1.2.3. Hydrogen Production Techniques

Hydrogen does not exist as a free molecule in earth’s atmosphere, and consequently,
efficient and sustainable hydrogen production technologies are required. Presently,
more than 44.5 million tons’ hydrogen (or 500 billion cubic meters) are produced
annually worldwide and most of the produced hydrogen consumed for industrial
purposes such as treating metals, producing ammonia for fertilizers, refining
petroleum and so on [35]. There are several methods for hydrogen production from

renewable energy source and some of them are shown in Figure 5 [36].

Biomass

Mechanical
Energy Conversion

Therrmolysis

Electricity

Electrolysis

Hydrogen

Figure 5. Sustainable pathways for hydrogen production from renewable energy

sources [36].

1.2.3.1. Fossil Fuels

Fossil fuels are the oldest but the most widely used energy sources. It is used for
various purposes as a raw material in transportation, heating, electricity, industrial
applications and chemical industries. Fossil fuels are mixture of hydrocarbons that
have been formed over a period of millions of years by the decaying of biomass.
Petroleum and its derivatives, coal and oil are among the most commonly used fossil
fuels. Nowadays, large quantities of hydrogen (more than 95%) used in industry are
obtained from steam methane reforming and coal gasification which are fossil fuels—
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the finite and nonrenewable resource. At the end of these production processes, CO>
and H: are formed. Reactants and products of these hydrogen production techniques
are shown in Table 1. As it is seen from the Table, these hydrogen production
techniques violate our original goal—reducing global warming and air pollution by
employing hydrogen energy [3].

Table 1. Fossil fuel based hydrogen production techniques.

Technology Process
Steam Methane Reforming CH, +2H,0— 4H, + CO,
Coal Gasification C +2H,0— 2H, + CO,

1.2.3.2. Photochemical Hydrogen Production

For this type of hydrogen production technique, the anode or cathode of the light
absorbing semiconducting material, or both, may be included in the electrochemical
cell. When a semiconductor is exposed to a high-energy light source, the electrons in
the valence band are stimulated to pass to an upper energy level (the conduction band)
and leave electron holes in the valence band. Water electrolysis can be done by force
of these photochemically created electrons and holes. In other words, while the
electrons in the conduction band carry out the hydrogen reduction reaction of water,
the electron holes in the valence band carry out the oxidation reaction of oxygen in the
water.

It is one of the most environmentally friendly method for hydrogen production because
water directly splits into hydrogen and oxygen by UV (ultraviolet) light coming from
sunlight. Even though UV light have enough energy to directly separate water, only a
fraction of it can reach to the earth’s surface, as they are held in large quantities by the
ozone layer in the atmosphere. The fact that UV light, which is harmful to all living
things, actually passes through the thinner ozone easily as a means of boosting the
photochemical process, poses a serious threat to our world. However, for the
photochemical method, it is necessary to enhance the absorption of radiation or to
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increase the absorption by water. For this reason, the UV effect is enhanced by adding
some minerals and metals into the water with a set of solar light condensing devices
[37].

1.2.3.3. Thermochemical Hydrogen Production

Thermochemical water splitting processes use high-temperature (500°C — 2,000 °C)
to drive a series of chemical reactions that produce hydrogen and oxygen. Actually,
thermochemical separation of water occurs in three steps; oxygen production,
hydrogen production and recycling of used materials. The main steps are heat and
electricity production, thermochemical decomposition of water and purification of
produced hydrogen and oxygen. Several catalysts are being investigated in order to
achieve decomposition at lower temperatures and the required temperature was
reduced to = 1000 °C for multi-step thermal chemical processes and the total yield was
found to be 50% [32].

1.2.3.4. Reformation of Biomass and Wastes

Biomass contributes about 12% of today’s world energy supply. Hydrogen can be
produced by the pyrolysis or aeration of biomass resources; for instance, woody energy
crops, industrial crops, agriculture crops, animal waste, forestry waste and residues
and industrial and municipal wastes. A liquid product (bio-fuel) with a wide range of
components that can be separated into valuable chemicals and fuels such as

hydrogen can be produced by biomass pyrolysis [38].

1.2.3.5. Water Electrolysis

Water splitting studies to produce hydrogen as an energy carrier have been started by
the year of 1789 and it is still being investigated by researchers. Although using
renewable sources have some advantages, it has also some disadvantages. Amount of
energy which is obtained from renewable source are not sufficient for the whole world

and it is expensive process compared to energy production from non-renewable
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sources. Water splitting is known as the simplest method for the production of
hydrogen. Compared with the widely used steam-reformed hydrogen, electrocatalytic
production of hydrogen from water splitting is one of the most promising ways for
energy conversion. This way has many advantages such as production of highly pure
hydrogen, manufacturing capability with small size, transposability, simplicity,
environmentally friendly and renewability. Therefore, hydrogen production, which

depends on water electrolysis, attracts more attention.

Electrochemical water splitting generally conducted in an electrolysis cell which
consists of an electronic conductor, electrodes, and an ionic conductor. electrolyte.
When water is electrolyzed, water split into hydrogen and oxygen at the cathode and
anode, respectively. Beside its advantages, electrolytic water splitting has also some
disadvantages such as high cost and high energy consumption. Products of this

reaction are given in Equation (1).
2 H,O + Energy S 2H,+0, Q)

With an external voltage applied to the electrodes, water molecules dissociate into
hydrogen and oxygen. Oxygen is released into the atmosphere whereas the hydrogen
can be stored as fuel. According to Faraday’s laws, for each one ampere, 0.037 g H>
and 0.298 g O are released in every one hour. Regardless of the media, water splitting
reaction requires thermodynamic potential difference of 1.23 V vs. NHE at 25 °C and
1 atm to produce Hz and O. It is noteworthy that thermodynamic potential difference
depends on temperature and the overpotential required for the electrolysis decreases
with increasing temperature. Nonetheless, higher voltage than the thermodynamic
potential value (i.e. 1.23 V vs. NHE at room temperature) is needed to accomplish
electrochemical water electrolysis [39]. The excess potential is known as
overpotential, n which is used to overcome the intrinsic activation barriers existing
such cathodic (n¢) and anodic (na) overpotentials together with some other resistances
(nother) (i.€. contact resistance and solution resistance). Therefore, operational potential
(Eop) of water electrolysis can be expressed as given in equation (2):

Eop = 1.23 V +na + n¢ + Nother (2)
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There are many reasons for overpotential and the most important ones are; activation
or charge transfer tension, concentration tension, resistance polarization, reaction
overpotential and crystal overpotential. Although, noether can be minimized with proper
design of the electrochemical cell, however, highly active hydrogen evolution and
oxygen evolution catalysts are needed to minimize n¢ and na, respectively [40].
Moreover, active electrode area is another significant parameter in detecting
overpotential of the reaction because if the active surface area of electrode increases,

activation of electrode material also increases [3].

1.3. Electrochemistry of Hydrogen Evolution Reaction (HER) and Oxygen
Evolution Reaction (OER)

Water electrolysis consists of two half reaction which are oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER). OER is the oxidation part and HER is
the reduction part which occurs at the anode and cathode, respectively. Products and
the equilibrium half-cell potentials (E°) of hydrogen evolution reaction in acidic and
alkaline solution are given in Equation (3) and (4), respectively.

2H" +2¢ — H, E°=0.00 V vs. NHE (3)
2H,0 +2¢" — H,+20H  E°=0.826 V vs. NHE (4)

The HER generally involves three possible reaction steps in acidic medium, while the
HER mechanism in alkaline media is still ambiguous. The first one in acidic media is
the so-called Volmer step, and the following step may be the Tafel step or the
Heyrovsky step depending on reaction mechanism of modified electrode for HER

(These steps are explained in experimental part of 2.5.3. (a), clearly).

Oxygen evolution reaction (OER) is more complicated than HER because it contains
oxidation of two H>O molecules with four electrons and then four protons are produced
together with O2 molecule [41]. The equilibrium half-cell potentials (E°) at 1 atm and
25 °C for OER are shown for in alkaline and acidic solution as following Equation (5)
and (6), respectively.:
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40H — O,+2H,0+4¢"  E°=0.404 V vs. NHE (5)
2H,0 — O, +4H" +4¢" E°=1.230 V vs. NHE (6)

As illustrated, transfer of four electrons are required for production of O molecule,
and kinetically favorable OER process occurs through multi-step reactions with single-
electron transfer at each step. Therefore, energy accumulation at each step slows down
the OER kinetics very much and causes large overpotential thus, an electrocatalyst
with high activity and stability is desired to overcome the energy barrier [42].
Considerable research efforts have been devoted to find alternative catalysts with
better OER activity. Currently, large number of catalysts have been developed,
inclusive of noble metal based [43], carbon based (graphene and graphene oxide, CNT
etc.) [44], non-noble metals based (Mn, Cu, Ni, and Fe etc.) [45, 46] and so on.

1.4. Catalytic Effect of Modified Electrode

Catalysts are substances that increase the speed of a chemical reaction without being
consumed [47] and in electrochemical reaction, modified electrodes are on the role of
catalysts. At constant overpotential, if a reaction occurs faster by using one electrode
than the other, this electrode is said to be more electrocatalytic than the other.
Electrocatalytic activity of electrodes can be compared in terms of overvoltage (n)
required to keep the current density, j (mA.cm?) constant. Ideal catalyst needs low
overpotential to generate large current densities [3, 42].

Usually, a suitable catalyst is required to decrease the overpotential for electrochemical
water splitting reaction and to increase the catalytic activity [48]. It is well known that
the most effective catalyst for HER under acidic condition is platinum (Pt), which has
near-zero overpotential [49]. It needs very low overpotential to generate large cathodic
current densities and it has fastest reaction rate for HER because of the strength of the
Pt-H bond [50]. Beside this, using Pt as a catalyst has some disadvantages including
its high price and deficiency of Pt element in the Earth’s crust [51, 52]. Hence, for
HER, developing a cheaper alternative electrocatalysts to platinum is an attractive

issue and there are many examples in the literature [53, 54]. However, it is still a big
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challenge to develop catalysts with high catalytic activity, reusability, and long life-
time for HER under acidic conditions. As an alternative to platinum, ruthenium (Ru)
complexes are one of the most favored transition metal due to its high performance,
stability and versatility [55] in many types of reactions such as steam-reforming
reaction of methane [56], hydrogenation of lactic acid to 1,2-propanediol [57] and CO
oxidation [58]. Moreover, in the literature, there are many examples of Ru® supported
catalysts which were used in hydrogen generation from the hydrolysis of ammonia
borane [59, 60]. In fact, there are also some reports utilizing electrochemical activity
of Ru and Ce containing catalysts in many types of reactions such as; electrochemical
enhancement of catalytic activity of Ru NPs supported on CeO> for ethylene oxidation
[61], the effect of Ru and ceria on the complete oxidation of methanol and ethanol
[62], the effect of cerium adding to RuO2-IrO, mixed nanocatalysts on the
electrocatalytic activity of OER [63]. In fact, there are also limited number of reports
utilizing Ru nanosheets [43] or Ru nanoparticles [50] for water splitting. It thus will
be fundamentally interesting to study the catalytic property of Ru towards water

splitting.

In order to decrease overpotential and increase the efficiency, many catalysts are
synthesized and used for water splitting. Therefore, much research effort has centered
on the preparation of alternative catalysts to Pt/C for water reduction reaction. One
approach is to select non-noble metals to make this process cheaper and available in
sustainable energy technologies. In this context, non-noble metals are chosen and then
different types of support are used to increase efficiency of catalysts. To illustrate,
Lukowski et al., designed highly active hydrogen evolution catalysis from metallic
WS; nanosheets which is synthesized by chemical vapor deposition with facile
chemical exfoliation from WS, nanostructures [64]. Some structural and chemical
changes noted during exfoliation of WS> nanosheets, which increased the
electrocatalytic activity of electrodes. To evaluate the electrocatalytic HER activity of
modified electrode, WS nanosheets was loaded onto rotating disk electrode (RDE)
with a fixed mass loading (1.0 + 0.2 mg.cm™) by drop casting. The HER performances
were measured in 0.5 M H>SO4 solution via linear sweep voltammetry (LSV). This

electrode needs an overpotential value of 142 mV vs. RHE to reach a current density
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(j) of 10 mA.cm™. Tafel slope of the modified electrode was found to be 70 mV.dec™
and these values are compatible to other reported catalysts non-noble metal
nanoparticles in literature [65, 66]. Tian et al., also reported the topotactic fabrication
of self-supported nanoporous CoP nanowire arrays on carbon cloths (CC) for HER [1]
and the HER performances of CoP nanowire (loading: 920 pug.cm2) were investigated
in 0.5 M H2SO4 solution. This electrode shows very low overpotential value as 38 mV,
and needs overpotentials of 67, 100 and 204 mV to reach a current density (j) of 10,
20 and 100 mA.cm, respectively. Tafel slope and exchange current densities of

CoP/CC nanowire were found to be 51 mV.dec™ and 0.288 mA.cm™, respectively.

The other most widely used approach is to select noble metals to make water splitting
reaction highly active. To illustrate, Mahmood et al., designed an efficient ruthenium-
based catalyst for HER which is made of Ru NPs dispersed within a nitrogenated holey
two-dimensional carbon structure (Ru@C:N) via polycondensation reaction [50]. By
drop casting, Ru@C>N was loaded onto rotating disk electrode (RDE) with a fixed
mass loading (= 285 pg.cm) to elucidate the electrocatalytic HER activity of modified
electrode in acidic (0.5 M H2S0Os) and alkaline (1.0 M KOH) medium. For Ru@C:N
catalyst, n = 22 mV vs. RHE overpotential value is needed to reach a current density
(j) of 10 mA.cm. Tafel slope of modified electrode was found 30 mV.dec* and
exchange current density of RU@C:N is 1.90 mA.cm? in acidic medium. Electron
transfer resistance (Ret) of RU@C2N was also investigated by using electrochemical
impedance spectroscopy (EIS) and it is found as 43.7 Q [67]. Stability of Ru@C:2N
was also investigated by using cyclic voltammogram and it was found that
electroactivity of catalyst does not change after 10,000 CV cycles indicating excellent
stability/durability in acidic medium. Durability of the electrode was also tested in
alkaline medium and perfect durability of electrode observed like in acidic medium.
TOF values were found as 0.67 s and 1.95 s at overpotentials of 25 and 50 mV,
respectively. Furthermore, Zhu et al., also reported a highly active water reduction
catalyst with a simple synthesis of an intermetallic Pt.Si electrode using magnetron
sputtering synthesis and electrocatalytic activity of this electrode (mass loading: 100
ng.cm2) was also investigated in 0.5 M H,SO4 [68]. For Pt.Si-MS, 78 mV vs. RHE

overpotential value is needed to reach current density (j) of 40 mA.cm. Tafel slope
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of the modified electrode found as 30.5 mV.dec™ which indicates that Volmer-Tafel
mechanism is predominating for HER. Exchange current density and Re: of Pt,Si were
found to be 0.330 mA.cm™ and 1.457 Q, respectively in 0.5 M H2SO4 solution.

Development of efficient electrocatalysts with high activity and low price for water
oxidation reaction is also very important for artificial photosynthetic and solar fuel
production systems nevertheless, it is still major scientific challenge. Zhu et al.,
reported a catalyst for water oxidation reaction, Fe—C030s@Fe—Co-Bi /CC, the OER
activity of this catalyst (loading level: 1320 pg.cm) was investigated in 0.1 M BK303
(pH=9.2) [69]. The TOF values at overpotentials of 400 and 500 mV were found as
0.14 s and 0.55 s, respectively. Also, this catalyst shows durability for long-term
measurement in alkaline solution. Fe—Co0304@Fe—Co-Bi /CC needs overpotential
values of 384 mV and 420 mV to reach a current density (j) of 5 mA.cm™and 10
mA.cm™, respectively. Tafel slope was determined as 121 mV.dec?, which is
comparable to other reported electrocatalysts [44, 70]. There are many examples of
catalyst which works only for HER or OER reaction in the literature. However, there
are few examples of bifunctional/dual catalysts and, thus, designing of efficient
catalyst for both HER and OER reaction is a very attractive issue [71, 72].
Furthermore, the use of a bifunctional catalyst simplifies the system, decreasing the
manufacturing price and so the cost of the resulting hydrogen. Tang et al., designed an
efficient and stable dual catalyst for full water splitting is using NiSe nanowire film
supported on Nickel foam (NiSe/NF) [73]. The HER and OER activity of NiSe/NF
was investigated in alkaline (1.0 M KOH) medium. The Tafel slope for NiSe/NF was
found as 64 mV.dec for water oxidation reaction. On the other hand, the Tafel slope
for NiSe/NF was found as 120 mV.dec? for water reduction reaction in alkaline
medium. Durability of NiSe/NF was also investigated by using chronopotentiometry
method for both positive (1.56 V) and negative potentials (-182 mV) and almost no
change in the electroactivity of catalyst was noted within 12 hours indicating
reasonable durability in alkaline medium. Other examples of efficient catalyst for HER
in acidic or alkaline medium are listed in Table 2.
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Table 2. Summary of some recently reported representative HER electrocatalysts
together with Ru%/CeQ; (1.86% wt. Ru) modified gGCE in acidic electrolytes. Data

were recorded  without and ® with iR compensation (i: Current, R: Resistance)

Tafel ] n (mV)

Loading Jo
Reaction | density Slope (m,_Az\. at (mA. | Ref.
Catalyst . > | (mV. | cm?) | defined o
Medium | (ug.cm™) dect . cm)
ec”) J
05 M
0) _—
20% Pt/C H,SO4 570 29 10 35 74
RU@C:N | 0o M 285 30 10 22 1.900 50
2 H2SO4 '
Ru-
M0O2/GCE i%“H" 285 31 10 29 -
(S2)®
] 05M
Pt2Si HoSO4 100 30.5 40 78 0.330 68
05M 10 41 This
0 b
Ru%/CeO> H,SO04 197 33.41 20 53 0.540 Work
10 137
cacr:kc))(?ﬁzfci)tr)]er I(-)Issg/I 2200 40 20 150 O.(‘)904 &
204 100 181
05 M
Pt-MoS> H,SO, 75 40 10 53 -- 67
05M 10 47 This
0 a
Ru%/CeQ> H,SO4 197 41.18 20 65 0.670 Work
05M
Mo2C NPs H,SO4 250 41 10 78 0.179 76
Ru-
MoQO2/GCE 35829 570 44 10 55 -- 74
(82) a 2 4
MoP/ 05M
M0:C@C H,SO4 453 45 10 89 0.215 77
Amorphous 05M 10 90
MoP M0, | 1000 45 1 5n 0 gps 0120 78
10
Ru 05M
nanosheet® | H2SO4 ~100 46 (m_A{' 20 ) 43
mg™)
10 35
Ru/GLC E'SSI(\)/I 400 46 20 6l -- 79
2o 50 125
. 0.5M 10 | 100
Ni2P H,SO 1000 46 20 130 0.033 80
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1.5. Aim of This Study

Compared with the widely used steam-reformed hydrogen, electrocatalytic production
of hydrogen from water electrolysis is one of the most promising ways for energy
conversion. The main obstacle in the electrolytic hydrogen production from water is
the high overpotential of HER and much effort have been devoted to the development
of highly efficient and stable electrocatalysts for reducing the overpotential in
electrolytic water splitting. Therefore, we have investigated the electrocatalytic
response of GC electrodes modified with ruthenium(0) nanoparticles supported on
different reducible oxides such as ceria (CeO), titania (TiO2), hafnia (HfO.) and
zirconia (ZrO2) in water splitting. Our main aim was not only to investigate the effect
of different supporting materials but also to investigate the amount of ruthenium(0)
nanoparticles on the overpotential for HER and several electroanalytical techniques
(i.e linear sweep voltammetry, cyclic voltammetry, constant potential electrolysis and
electrochemical impedance spectroscopy) were used for this purpose.
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CHAPTER 2

EXPERIMENTAL

2.1. Chemicals

Nanoceria (CeOg, particle size = 25 nm), nanotitania (TiO2, particle size = 25 nm),
nanozirconia (ZrOy, particle size = 100 nm), hafnia(lV) oxide (HfO2, powder) and
nafion perfluorinated resin solution (5% wt. in lower aliphatic alcohols and water,
contains 15-20% water) were purchased from Aldrich. Ruthenium(Ill) chloride
hydrate (RuClz-3H20) and sodium borohydride (NaBHa, 98%) were purchased from
Merck. Deionized water was distilled by Milli-Q water purification system. All
glassware and Teflon-coated magnetic stir bars were cleaned with acetone, followed
by rinsing with distilled water before drying in an oven at 110 °C.

2.2. Preparation of Ru%MO:2 (M= Ti, Zr, Hf and Ce) catalysts

Desired amount of metal oxide was added to a solution RuClz-3H>0 in 100 mL H>O
in a 250 mL round bottom flask. This slurry was stirred at room temperature for 24
hours and then, NaBH4 solution (a required amount of sodium borohydride was
weighed by keeping NaBH4/Ru ratio as 3 for all tests and dissolved in 10 mL H20)
was added dropwise. After about 1 hour stirring, Ru’MO; were formed and the
samples were isolated by centrifugation and washed several times with 100 mL of
water. The remnant was dried under vacuum at 60 °C for 12 hours. For comparison
Ru%TiOz, Ru%ZrO,, Ru%HfO,, and Ru%CeO. at different loading levels were
prepared by using RuCls-3H20 in the amount required for the desired ruthenium

loading by following the same procedure as described above. The ruthenium contents
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of all the samples were determined by ICP-OES (see Table 3 for the amount of used

materials).

Table 3. The amount of materials for the preparation of the Ru’/MO, (M = Ti, Zr, Hf,
Ce) catalysts.

Desired Metal NaBH4
. ] RuCl3.3H,0 H.O
Catalyts Loading oxide (mg) 3
(mg) (mL)
(wt %) (mg) eqv.
RuY/TiO2 2 600 32.75 100 14.27
Ru%ZrO: 2 600 32.75 100 14.27
RU%/HfO 2 600 32.75 100 14.27
Ru%/CeO2 1 1000 26.567 100 1157
Ru%CeO> 2 600 32.75 100 14.27
Ru%Ce0O> 3 500 42.08 100 18.33
Ru%CeO> 4 800 92.38 100 40.26
Ru%CeO> 5 500 74.40 100 32.42
Ru%Ce0O> 6 500 91.90 100 40.00

2.3. Characterization of Metal Nanoparticles

The ruthenium content of RuMO; (M = Ti, Zr, Hf, Ce) samples was determined by
the Inductively coupled plasma optical emission spectroscopy (ICP-OES, Leeman-
Direct Reading Echelle) after each sample was completely dissolved in the mixture of
HNO3/HCI (1/3 ratio).

Transmission electron microscopy (TEM) was performed on a JEM-2100F (JEOL)
microscope operating at 200 kV. A small amount of powder sample was placed on the
holey carbon grid of the transmission electron microscope. Samples were examined at

magnification between 100 and 400 K. The elemental analysis was performed by using
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an energy dispersive X-ray (EDX) analyzer (KEVEX Delta series) mounted on the
Hitachi S-800.

The X-ray diffraction (XRD) pattern was performed on a MAC Science MXP 3TZ
diffractometer using monochromatic Cu-Ka radiation with a wavelength of 1.5406 A,
the X-ray tube working at 40 kV, 55 mA.

The X-ray photoelectron spectroscopy (XPS) analysis was performed on a Physical
Electronics 5800 spectrometer equipped with a hemispherical analyzer and using
monochromatic Al Ko radiation (1486.6 ¢V, the X-ray tube working at 15 kV, 350W
and pass energy of 23.5 keV).

2.4. Preparation of Electrode Solution

In a typical electrochemical measurement, desired amount of catalyst (see the Table 4
for desired amount of catalyst with respect to the loading level and metal oxide) and
20 uL Nafion solution were dispersed in water (1.5 mL) /isopropanol (1.0 mL) solution
and sonicated for 60 min to form homogeneous mixture. Then, a 5 puL aliquot of this
mixture containing ~13.8 pg catalyst, which was kept constant for all electrochemical
measurements, was dropped onto a polished glassy carbon electrode with 3 mm in
diameter. After loading the catalyst, the electrode was kept in an oven at 100 °C for 12
hours [43].
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Table 4. Desired amount of the catalyst with respect to loading level and metal oxide
added to the nafion/isopropanol/water mixture to maintain the same amount of
ruthenium content on the glassy carbon electrode. (Metal contents were determined by
ICP-OES)

Loading Level (%)- @ Loading Level (%)- = Desired Amount

Catalyst . .
Theoretical Experimental (mg)
Ru%TiO2 2 1.20 579.65
Ru%ZrO: 2 1.41 493.33
Ru%HfO: 2 2.00 347.80
Ru®%CeO: 1 0.92 756.08
Ru’%CeO2 2 1.86 373.76
Ru%/CeO2 3 2.98 233.42
Ru’%CeO2 4 3.95 176.10
Ru®%CeO: 5 4.90 141.96
Ru’%CeO> 6 5.96 116.71

2.5. Characterization of Modified GC Electrodes

2.5.1. Electrochemical Cell

Typically, electrochemical cell consists of three electrodes, which are GC working
electrode with 3.00 mm in diameter, Pt wire counter electrode and Ag/AgCl reference
electrode. All GCEs were cleaned by using alumina polishing suspension before

performing the electrochemical measurements.
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2.5.2. Electrochemical Measurements

Electrochemical measurements were performed by using a Gamry PCI4/300
potentiostat—galvanostat at room temperature. Electrochemical behaviors of the
modified electrodes were investigated in 0.5 M H2SOs and 0.5 M KOH solutions
purged with pure N2 and polarization curves were recorded at a scan rate of 5 mV.s™.
The potentials obtained from linear sweep voltammetry (LSV) experiments were
calibrated with respect to reversible hydrogen electrode (RHE) by adding a value of
(0.197 + 0.059 pH) V [40]. The electrochemical impedance spectroscopy (EIS)
measurements were conducted at various potentials with amplitude of 10 mV and in
the frequency range of 0.01-100000 Hz. The stability of modified electrodes was
investigated both by recording the cyclic voltammograms (CV) in the same electrolyte
solution in a potential range of -0.50 to +0.60 V versus Ag/AgCl at a voltage scan rate
of 100 mV.s or via controlled potential electrolysis at an applied constant potential
of 0.350 V vs. Ag/AgCl.

2.5.3. Experimental Methods for Characterizing the Electrochemical Activity of
Modified GC Electrode

The important parameters that determine the activity of modified GC electrodes

towards water splitting include Tafel slope, exchange current density, stability,

turnover frequency (TOF), as well as electron transfer resistance.

2.5.3.1. Tafel Plot

Tafel analysis is often used to understand the reaction mechanism and kinetics and to
compare the catalytic activity of different types of electrodes. HER generally involves
three possible reaction steps in acidic media. First step of HER in acidic media is called
as Volmer step, H +¢ — H,, (electrochemical hydrogen adsorption) which is
usually considered as fastest step. In this step, adsorbed hydrogen atom (Hag) forms on
the electrode surface as a result of reaction between an electron and proton. After this

step, hydrogen evolution reaction may continue with lower hydrogen evolution
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process; the Heyrovsky step (electrochemical desorption) or the Tafel step (chemical
desorption) or both [93].

Heyrovsky step: H,y+H'+e— H,

Tafel step: H,gt Hyg — H,
Moreover, the rate determining step in the HER mechanism could be VVolmer - Tafel,
or Volmer — Heyrovsky. Tafel slopes in the region of 30 mV.dec™* have been observed
for the HER on the noble metals, they have been variously attributed to the Volmer-
Tafel mechanism. If (H) is the only adsorbed species, the theory predicts that Tafel
slope for the Volmer- Heyrovsky mechanism has its lowest value of 40 mV.dec™ [94].
Figure 6 shows the mechanism of Volmer - Tafel and Volmer - Heyrovsky (blue
arrows indicate VVolmer step, red arrow shows Tafel step and violet arrow indicates
Heyrovsky step). The Tafel equation (shown in Equation 7) is used to define the rate
determining step by examining the steady state current density on a variety of

overpotential.
n = a+ blogj (7)

where n is overpotential value, b represents the Tafel slope, j is the current density.
With a low Tafel slope, HER rate of a catalyst will increase rapidly with increasing
overpotential.

Whereas exchange current density, jo, which is obtained when n_is assumed to be zero,
describes the intrinsic catalytic activity of the electrode material under equilibrium
conditions. It represents the rates of both oxidation and reduction for an electrode at
equilibrium. Larger the exchange current density leads to faster the reaction, and vice
versa. To conclude, for an ideal catalyst for HER, high jo and a small Tafel slope (b)
is desirable.
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Figure 6. Different mechanisms of hydrogen evolution on the surface of an electrode

in acidic solution [4].

2.5.3.2. Stability

It is important to state that the one of the best parameter to characterize an
electrocatalyst is its stability. Two methods are commonly used to determine the
stability of any catalysts. In the first method, the electrode containing the
electrocatalyst is subjected to repetitive cycling between certain potential ranges via
cyclic voltammetry. Then the onset potential, over potential and current densities were
determined from polarization curves by recording LSV, after potential cycling. The
other method is employing constant potential to electrode for a long time and variation
of current density with time was monitored a small change or no change indicates high
stability of the modified electrode [3].

2.5.3.3. Faradaic Efficiency

Faradic efficiency defines the efficiency of electrons to participate in the desired
reaction in an electrochemical system. For the electrochemical H2 and Oz evolution
reaction, Faradaic efficiency is described as the ratio of the amount of experimentally

determined H> and O» to the theoretical amount of H2 and O», which can be calculated
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from the current density based on a 100% Faradaic yield [3]. HER and OER activity
of a catalyst is determined by measuring the amount of hydrogen and oxygen released
during water splitting by using modified electrodes in a Hoffman electrolysis apparatus

(see Figure 7).

“1 cathode

hattery

Figure 7. Hoffman electrolysis apparatus with a power supply.

2.5.3.4. Turnover Frequency (TOF)

A catalytic cycle is a co-rotating wheel of many chemical steps in a common
“speed”. In a reaction that is first-order in the catalyst and in steady state, this speed is
explained by the turnover frequency (TOF) of the cycle. With the help of catalyst
number of reactant converting to a desired product per catalytic site per unit of time is
defined as TOF, and thus it is crucial parameter to interrogate to efficiency of any
catalyst. TOF value can be evaluated using the Equation (8) given below [95].

j

TOF = F (8)

where j is current density for different samples during LSV measurement in 0.5 M
H2SO4, n represents number of active sites which can be calculated by using n= Q/ 2F
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formula, the integrated charge, Q over the whole potential range was divided by two
[96]. Then, the value was divided by the Faraday constant (F= 96485 C.mol™?)

to get the number of active sites for different samples.

2.5.3.5. Electron Transfer Resistance (Ret)

An alternative current (AC) is used to signal process for EIS measurements.
According to the characteristic of AC, electrical wave shaped frequency is generated
in a wave form potential (E) and current (1). The basic of the spectrum is “frequency”
and different frequencies form a spectrum. Therefore, impedance is calculated by

using this spectrum data.

Impedance measurement diagram of EIS in the form of Nyquist plot which is
constructed in 2-dimension (2D) on X and Y axis. Real part of impedance (Zr) is
shown on the X-axis of Nyquist plot, and X-axis represents W, Ret and Rs values in the
unit of Ohm whereas, imaginary part of impedance (-Zim) is shown on Y-axis of the
Nyquist plot [97].

Electron transfer resistance is the resistance against the process of electron transfer
from one phase (e.g. electrode) to another (e.g. electrolyte). The high polarization
resistance causes the electron transfer kinetics to slow down and the Ret to be high
[87]. Furthermore, Ret values can also be used to evaluate the exchange current
densities (jo) at each overpotential value (1) by using Equation (9).

RT
~ nFRg¢

o 9)

In Equation (9), R represents the gas constant (R= 8.314 J.K1mol?), T is the
temperature at which the experiment is conducted, F is the Faraday constant (F =
96485 C.mol™?), n is the number of transferred electrons and Re is the electron transfer

resistance in ohm (Q) of the modified GC electrode.
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1.Preparation and Characterization of Ruthenium(0) Nanoparticles Stabilized
Ceria (CeOy)

Nanoceria supported Ru(0) nanoparticles (Ru®/CeO,) were prepared by impregnation
of Ru(I11) ions on the surface of ceria followed by their reduction with NaBH4 at room
temperature. Ru%CeO- was isolated from the reaction solution by centrifugation and
characterized by ICP-OES, XRD and TEM and EDX. Powder XRD pattern of
Ru%CeO> (1.86% wt. Ru) in Figure 8b exhibits peaks at 28.5°, 33.07°, 47.08°, 56.33°
and 59.08° assigned to the (111), (200), (220), (311) and (222) reflections of ceria,
respectively (JPDS = 43-1002). The comparison of the XRD patterns (Figure 8) clearly
shows that there is no noticeable alteration in the framework lattice or loss in the
crystallinity of the ceria after the ruthenium loading. Note that there is no observable
peak attributable to ruthenium nanoparicles in Figure 8b, most likely as a result of low

ruthenium loading on ceria.

A | L (b)
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Figure 8. Powder XRD pattern of (a) CeO and (b) Ru%/CeO; (1.86% wt. Ru).
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Figure 9. TEM images of Ru®/CeO, (1.86% wt. Ru) at different magnifications (a—d)
and the corresponding TEM-EDX spectrum (e).
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The size of ruthenium nanoparticles on the surface of ceria was investigated by high
resolution TEM (Figure 9a—d) showing the dispersion of ruthenium nanoparticles with
particle size in the range 2.5-6.0 nm on the surface of ceria nanopowders.
Composition of a catalyst was investigated roughly by EDX spectrum (Figure 9e)
which reveals that the existance of low loading Ru NPs on the surface of ceria.

High resolution TEM was also used to investigate the size and morhology of ruthenium
nanoparticles on the surface of TiO2, ZrOz, HfO> in Figure A1, A.2 and A.3,

respectively.

In addition, XPS can be used to investigate elements and their distribution on surface
of metal nanoparticles stabilized on a support or present in powder form; futhermore,
chemical and electronic state are investigated. The survey-scan XPS spectrum of
Ru%CeO; with a ruthenium loading of 1.86% wt in Figure B.1 (a) shows that
ruthenium is the only element detected in addition to the ceria framework elements
(Ce, O) in agreement with the TEM-EDX result. The high resolution X-ray
photoelectron spectrum of a Ru%CeO, sample given in Figure B.1 (b) shows a
prominent band at 279.9 eV which can be readily assigned to Ru(0) 3ds. in the
nanoparticles by comparing with the value of ruthenium metal at 280 eV [98]. It is
noteworthy that the Ru(0) 3ds2 peak at 284.2eV overlaps with the adventitious C 1s
peak at 284.0 eV. Because of this overlap, only the peak at 279.9 eV can be assigned
to Ru(0) 3ds/2 with certainty. The higher energy peaks might be of carbon or ruthenium.
For comparison, Ce 3d high resolution XPS spectra of CeO2 and Ru%CeO; are also
given in Figure B.2. Although a slight change is seen in intensity of the Ce 3d bands
of Ru%/CeO- compared to those of CeO; there is no indication of a noticeable change

in the oxidation state of cerium after ruthenium loading.
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3.2.Comparison of Electrocatalytic Activity of Ru%MO2 (M= Ti, Zr, Hf, Ce) on
GC and Bare GCE in 0.5 M H2SO4 for HER

Ru%MO; nanocomposites were prepared by reduction of ruthenium(I11) chloride on
different types of metal oxides, which were TiO2, ZrO,, HfO, and CeO: in order to
understand the effect of metal oxide support on the electrocatalytic effect of Ru(0)
nanoparticles. For this porpose, Ru/MO; (M= Ti, Zr, Hf, Ce) was loaded onto GC
electrode (d = 3.00 mm) with a fixed mass loading (= 0.197 mg.cm) by drop casting.
The HER performances were measured in 0.5 M H2SO4 solution via linear sweep
voltammetry (LSV). Polarization curves obtained utilizing Ru®’MO, modified
electrodes are depicted in Figure 10a together with polarization curve for bare GCE
for comparison sake. As seen from Figure 10a, onset potentials for the modified
electrodes show some differences depending on the type of metal oxide support. The
overpotentials for various current densities were also tabulated without IR correction
in Table 5. An inspection of Table 5 reveals that Ru%CeO, modified GCE has the
lowest onset potential (33 mV) value and Ru’/HfO,-GCE has the highest onset
potential (51 mV) value among the four Ru®/MO, modified GC electrodes.

The overpotential values (1)) of the Ru®/MO, modified GC electrodes were obtained
from polarization curves to derive certain current densities, and the results were given
in Table 5 for comparison. Among the catalysts modified GCEs given in Table 5,
Ru%CeO; (1.86% wt. Ru) on GCE requires the lowest overpotential value to reach a
current density (j) of 10 mA.cm? (=47 mV) and 20 mA.cm? (n = 65 mV). On the
other hand, Ru%TiOz, Ru%ZrO, and Ru%HfO, modified GC electrodes produce
cathodic current density (j) of 20 mA.cm™ atn =75 mV, n = 85 mV, n = 101 mV,
respectively. These results indicate that Ru®/CeO, on GCE seems to be better than
Ru%TiOz, Ru%zrO, and Ru%HfO, modified GC electrodes for HER. These
overpotentials compare favorably well to the behavior of other non-Pt and Pt
dependent electrocatalysts in acidic aqueous solutions for HER. For instance, the
overpotential at 20 mA.cm2was found to be 150 mV for CoSe; [75] and 105 mV for
amorphous MoP [78], and the overpotential at 10 mA.cmwas found to be 53 mV for
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Pt-MoS; [67] and 55 mV for Ru-MoO,/GCE [74] (All data are given with respect to
the RHE).

Table 5. The onset potentials and over potentials determined at various current
densities for the Ru®/MO; (M= Ti, Zr, Hf, Ce) on GC electrodes in 0.5 M H2SO..

Onset n(mV) n(mV)  n@mV) n@mV) n@mV)
(mV vs. ats at 10 at 15 at 20 at 25

RHE) mA.cm?  mA.cm? mA.cm? mA.cm?  mA.cm?

Ru%MO:2
-GCE

Ru%TiO2

(1.20% wt. 40 45 59 67 75 85
Ru)

Ru%ZrO2

(1.41% wit. 41 44 61 74 85 97
Ru)

Ru%HfO2

(2.00% wit. 51 55 73 88 101 114
Ru)

Ru%/CeO2

(1.86% wit. 33 37 47 55 65 72
Ru)

Tafel slopes and exchange current densities were also evaluated from linear sweep
voltammograms to inspect similarities or differences between different metal oxide
supports and, the results are given in Figure 10b and 10c, respectively. As seen from
Figure 10b Ru®%/CeO; (41 mV.dec) modified GC electrode has relatively lower Tafel
slopes as compared to Ru%TiO2 (54 mV.dec?), Ru%/ZrO, (49 mV.dec?) and Ru®/HfO-
(60 mV.dec) modified GC electrodes. These values indicate that electrochemical
desorption process is the rate-limiting step and it is explained in terms of
Volmer—Heyrovsky mechanism [34]. Experimentally obtained Tafel slopes for
Ru%MO,-GC electrodes are comparable to or even better than those of recently

reported catalyst for HER reaction inclusive of CoP nanoparticles on a Ti support (50
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mV.dec?) [65], MoN-NC (54 mV.dec?) [82], Co|SP/CNT (55 mV.dec) [84],
commercial Ru/C (72 mV.dec?) and Ru/GLC (46 mV.dec™) [79] in 0.5 M H2SOa.

It is known that an ideal catalyst for HER reaction should have low Tafel slope and
high exchange current density. Inspection of Figure 10c reveals that the activity of the
electrodes for HER increases in the order of Ru%TiO; (0.71 mA.cm) > Ru%CeO;
(0.67 mA.cm) > Ru%ZrO2 (0.62 mA.cm?) > Ru’/HfO2 (0.61 mA.cm™). These results,
obtained from LSV measurements, indicate that Ru%/CeO, modified GC electrode
shows the highest catalytic activity for HER because it has one of the highest exchange
current density and lowest Tafel slope among the all modified GCEs. The exchange
current densities of Ru%CeO; (1.86% wt. Ru) catalyst is higher than most of the
reported catalysts given in Table 2 in 0.5 M H2SO4 such as CoP nanoparticles on a Ti
support (0.140 mA.cm) [65], amorphous MoP (0.12 mA.cm) [78] and MoN-NC
(0.778 mA.cm™) [82]. Although the mechanism of the promoting effect of cerium
oxides has not been well understood yet, the high catalytic activity of ceria based
catalyst has been attributed to the formation of cerium (I11) defects [99] which can
readily be formed because of the favorable large positive standard reduction potential
of Ce**— Ce® (1.76 V in acidic solution [100]).
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Figure 10. (a) Polarization curves of bare GCE and the Ru’/MO2 (M= Ti, Zr, Hf, Ce)
samples on GC electrodes in 0.5 M H.SO; at a scan rate of 5 mV.s?, (b) The
corresponding Tafel plots obtained from polarization curves for HER, (c) The

corresponding exchange current density of each electrocatalysts for HER.
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Since the turnover frequency (TOF) number is a measure of the catalytic activity of
the modified electrodes, the TOF values of Ru%MO; (M= Ti, Zr, Hf, Ce) catalyst was
calculated by recording CV of Ru%MO; modified GCEs in 1.0 M phosphate buffer
saline (PBS) solution (pH= 7.4) in the potential range of -0.5 to + 0.6 V vs. Ag/AgCI
at a scan rate of 50 mV.s™. The TOF value for the Pt electrode at 0.0 V was found to
be 0.80 s. To obtain the same TOF value for the modified electrodes, overpotentials
of 45, 39, 50 and 28 mV are required for Ru%MO2 (M= Ti, Zr, Hf and Ce,
respectively). It is remarkable that Ru%CeO. (1.86% wt Ru) modified GCE needs

lowest overpotential to reach a TOF value of 0.8 s,

Table 6. The overpotentials determined to reach the same TOF value, 0.8 s for
Ru%MO; (M= Ti, Zr, Hf, Ce) modified GC electrodes together with Pt.

Catalyst n (mV vs. RHE) TOF, st

Ru%CeO2
28.30 0.80
(1.86% wt. Ru)
RuU%/HfO>
49.40 0.80
(2.00% wt. Ru)
Ru%ZrO-
38.72 0.80
(1.41% wt. Ru)
RuU%TiO2
44.90 0.80
(1.20% wt. Ru)
Pt 0.00 0.80

Electrochemical impedance spectroscopy (EIS) analysis was performed at various

overpotentials to determine the catalytic activity of modified electrodes for hydrogen

evolution reaction in 0.5 M H2SO4. The representative Nyquist plots for Ru%/CeO2

(1.86% wt. Ru), Ru%/TiO; (1.20% wt. Ru) and Ru%/ZrO, (1.41% wt. Ru) modified GC

electrodes at different overpotentials are given in the Figure 11a and 11b (for Ru®/CeO-
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on GCE), Figure 12a and 12b (for Ru%/TiO, on GCE) and Figure 13 (for Ru%ZrO, on
GCE). Generally, Nyquist plots obtained at various potentials versus Ag/AgCl for
Ru%/CeO, for Ru%TiO; and for Ru%/ZrO, modified electrodes consist of a small
semicircle in the high frequency region due to porous surface of modified electrodes
and a larger semicircle in the low frequency region due to electron transfer reaction.
These data were modeled by the electrical equivalent circuit as shown in the Figure
14. In this equivalent circuit, R1 and CPE: correspond to high-frequency loop, R> and
the CPE:> is related to low-frequency loop and Rs represents the solution resistance.
The single loop in the Nyquist curves expresses the electron transfer resistance and
diffuse layer resistance and the diameter of the semicircles decreases with the
increasing specific overpotentials indicating the decrease in electron transfer

resistance, Ret.
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Figure 11. The Nyquist plots for Ru%CeO> (1.86% wt. Ru) modified GC electrode at

different overpotentials vs. Ag/AgCI (a) before onset potential (b) after onset potential
in 0.5 M H2S0a.
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Figure 12. The Nyquist plots for Ru%/TiO (1.20% wt. Ru) modified GC electrode at

different overpotentials vs. Ag/AgCI (a) before onset potential (b) after onset potential

in 0.5 M H2SOs.
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Figure 13. The Nyquist plots for Ru%zr0O- (1.41% wt. Ru) modified GC electrode at
different overpotentials vs. Ag/AgCI after onset potential in 0.5 M H2SOa.
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Figure 14. The two time constant serial (CPE-R) model.
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It is noteworthy that the Tafel slope value (48 mV.dec™) obtained from the EIS data
by plotting log (1/ Ret) versus overpotential (Figure 15) was found to be very close to
the one obtained from the LSV (41 mV.dec™) for Ru%/CeO, modified GCE. In the case
of Ru%/TiO; on GCE the Tafel slope value obtained from the EIS data (62 mV.dec™)
as shown in Figure 16 was also found to be very close to the one obtained from the
LSV (54 mV.dec™).

Furthermore, Ret values were also used to evaluate the exchange current densities (jo)
at each overpotential value (1) by using Equation 9. As expected, there is an increase
in the exchange current densities with the increase in the overpotential values (See
Table 7 for Ru®/CeO2 modified GCE and Table 8 for Ru%TiO2 modified GCE).

Table 7. Exchange current densities (jo) and electron transfer resistances (Ret) of
Ru%CeO> (1.86% wt. Ru) modified GC electrode with respect to overpotential.

n, (mV vs. Ag/AgCl) Ret () jo (MA.cm™)
180 6006 0.061
200 4835 0.076
220 812 0.45
240 793 0.46
260 127 2.90
280 29 12.47
300 31 11.77
320 23 15.88
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Table 8. Exchange current densities (jo) and electron transfer resistances (Ret) of
Ru%TiO, (1.20% wt. Ru) modified GC electrode with respect to overpotential.

n (mV vs. Ag/AgCl) Ret () jo (MA.cm™)
180 14598 0.0251
200 9153 0.0401
220 8764 0.0419
240 1928 0.190
260 1044 0.351
280 518 0.707
300 296 1.240
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Figure 15. Tafel plot of Ru%CeO> (1.86% wt. Ru) modified GC electrode obtained
using Ret from the electrochemical impedance analysis.

44



300 -
)
o)
<
o) .
< 250 5
&
>
> (o]
E
= 200-
o)
40 35 30 25
log (1/IR,)

Figure 16. Tafel plot of Ru%TiO> (1.20% wt. Ru) modified GC electrode obtained

using Ret from the electrochemical impedance analysis in 0.5 M H2SOa.

3.3. Comparison of Electrocatalytic Activity of Ru%CeO2 on GC at Different
Loading Level and Bare GC Electrodes in 0.5 M H2SO4 for HER

After determining the best metal oxide, different loading levels of Ru%/CeO, modified
GC electrodes were prepared and analyzed towards hydrogen evolution reaction
during water electrolysis. To evaluate the electrocatalytic HER activity of modified
electrodes, Ru%CeO, samples at different ruthenium loadings were loaded onto GC
electrode (d = 3.00 mm) with a fixed mass loading (= 0.197 mg.cm) by drop casting.
It is noteworthy that required amount of the Ru®/CeO, samples (see Table 4) was added
on GCEs to maintain the same amount of ruthenium content on the modified electrode.
The HER performances were measured in 0.5 M H2SOj4 solution via linear sweep
voltammetry (LSV). Polarization curves obtained by using Ru%CeO. modified
electrodes at different ruthenium loadings are given in Figure 17a together with the
one obtained by GCE without catalyst. Onset potentials for the modified electrodes
shows slight variation for each Ru%CeQ. samples at different ruthenium loading
(Table 9 and Figure 17a).
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Ru%CeO; catalysts with a ruthenium loading of 1.86% wt. modified GC electrode
provides the lowest onset value (33 mV) as compared to the ones obtained by the other
Ru%CeO, samples (Table 4). Indeed, it is even comparable to the Pt onset potential (1
mV) [50]. The overpotential values of the Ru®/CeO, samples with different ruthenium
loadings were also given in Table 9 for comparison. Among the catalyst modified
GCEs given in Table 9 (note that all data were recorded without iR compensation),
Ru%CeO; (1.86% wt. Ru) modified GCE needs the lowest overpotential (1) value to
reach a current density (j) of 10 mA.cm™ (1 =47 mV) and 20 mA.cm™ (1 = 65 mV).
The over potential values of ceria based catalysts is found to be lower than the ones
obtained by most of the other reported catalysts (in Table 2) such as Ni2P (=130 mV
at 20 mA.cm) [80], CoP nanowire (1 = 100 mV at 20 mA.cm™) [1], WS2/RGO (n =
292 mV at 20 mA.cm) [66], CoS|P/CNT (n = 65 mV at 20 mA.cm™) [68] (All data
are given with respect to the RHE).

Table 9. The onset potentials and over potentials determined at various current

densities for the Ru%/CeO, modified glassy carbon electrodes at different ruthenium

loadings.

Ru Onset n(mv) n(mVv) nmV) nmV) n(mV)
loading (mV vs. at5s at 10 at 15 at 20 at 25
(% wt.) RHE) mA.cm? | mA.cm? mA.cm?  mA.cm?  mA.cm?

0.92 42 45 61 73 81 89
1.86 33 37 47 55 65 72
2.98 44 47 65 77 89 99
3.95 45 49 67 76 87 97
4.90 40 45 61 71 81 91
5.96 42 49 65 75 85 95
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Tafel slope (Figure 17b) and exchange current density (Figure 17c¢) values of the
Ru%CeO, modified glassy carbon electrodes at different ruthenium loadings were also
evaluated from linear sweep voltammograms using Tafel equation [3] (n = a + blogj,
where j is the current density, b is the Tafel slope and a is the exchange current density,
jo). Tafel slope values were found to be 49.89 mV.dec?, 41.18 mV.dec?, 50.84
mV.dec?, 48.04 mV.dec?, 48.49 mV.dec ! and 48.22 mV.dec* for Ru®/CeO, samples
with a ruthenium loading of 0.92% wt., 1.86% wt., 2.98% wt., 3.95% wt., 4.90% wt.
and 5.96% wt., respectively. These values indicate that electrochemical desorption
process is the rate-limiting step and Volmer—Heyrovsky mechanism [34] is
responsible for HER on the modified electrodes. On the other hand, the exchange
current density values of these catalysts were determined as 0.61 mA.cm?, 0.67
mA.cm2,0.61mA.cm?2, 0.47 mA.cm?,0.60 mA.cm?, 0.51 mA.cmfor the ruthenium
loading of 0.92% wt., 1.86% wt., 2.98% wt., 3.95% wt., 4.90% wt. and 5.96% wt.,
respectively (see Figure 17¢). The comparison of the Tafel slope and exchange current
density values of these catalysts indicate that Ru®/CeO; with a ruthenium loading of
1.86% wit. is an ideal catalyst for HER due to its lower Tafel slope and higher exchange

current density values among the Ru%CeO, samples.
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Figure 17. (a) Polarization curves of bare GCE and the Ru%CeO, samples with
different ruthenium loadings on GCEs in 0.5 M H2SO4 at a scan rate of 5 mV.s%, (b)
The corresponding Tafel plots obtained from polarization curves for HER, (c) The

corresponding exchange current density of each electrocatalysts for HER.
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The Tafel slope value of Ru®/CeQ; (1.86% wt. Ru) catalyst is lower than most of the
reported catalysts given in Table 2 in 0.5 M H2SO4 such as Ru-MoO2/GCE (S-2) (44
mV.dec?) [74], Ru nanosheet (46 mV.dec') [43], Commercial Ru/Carbon (72
mV.dec?) [79], Ru/SiNWs (81 mV.dec™) [88], NizP (46 mV.dec?) [80], WS2NDs (51
mV.dec?) [2], N-WS,-H2 (70 mV.dec™t) [48], WSz nanosheets (70 mV.dec?) [64], CoP
nanowire (51 mV.dec™) [1] etc. In addition, Mo.C/CNT (55.2 mV.dec™) [83] and B-
Mo2C (120 mV.dec?) [89] in 0.1 M HCIOs and long Ru-TiNT (70 mV.dec?) [86] in
1.0 M HCIOa4. Furthermore, Ru®/CeO, (1.86% wt. Ru) provides higher exchange
current density in HER as compared to other reported catalysts such as WS> nanodots
(0.11 mA.cm™) [2], N-WS-H2 (0.174 mA.cm™) [48], CoP nanowire (0.288 mA.cm)
[1] and Pt2Si (0.33 mA.cm™) [68] (Table 2).

However, the comparison of the Tafel slope values and exchange current densities of
the reported catalysts listed in Table 2 shows that there is no clear insight explaining
the high activity of the catalysts according to the type of active metal nanoparticles.
Indeed, the choice of the suitable supporting material seems to be critical as well as
the active metal on the modified electrodes. Furthermore, there is no clear relation
between Tafel slope value, onset and overpotentials of the reported catalysts (Table 2).
For example, among the ruthenium based catalysts, the lowest onset potential (3 mV)
was achieved by Ru/GLC [79] which provide Tafel slope of 46 mV.dec? with an
overvoltage of 35 mV at j=10 mA.cm? while RU@C:N catalyst [50] provides the
lowest Tafel slope (30 mV.dec™) with onset and overpotentials of 9.5 mV and 22 mV

at j=10 mA.cm=.
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Table 10. The overpotentials determined to reach various TOF values for Ru%/CeO-

(1.86% wt. Ru) modified GC electrode together with recently reported catalysts.

Catalyst n(mVvs.RHE) @ TOF,s? Ref.
23.67 0.67
Ru%/CeO2 )
26.27 0.725 This Work
(1.86% wt. Ru)
28.30 0.80
CoP 82.00 0.80 96
Ru@C:N 25.00 0.67 50
N-WS2-H2 108 0.725 48
Pt 0.00 0.80 96

The turnover frequency (TOF) values of Ru%/CeO- (1.86% wt. Ru) catalyst which was
calculated as described in the experimental part (See Part 2.5.3 d) by recording CV of
Ru%CeO2 (1.86% wt. Ru) modified GCE in 1.00 M phosphate buffer saline solution
(PBS, pH= 7.4) in the potential range of -0.5 to + 0.6 V vs. Ag/AgCI at a scan rate of
50 mV.st. As expected, Pt with a TOF value of 0.8 s at 0 V [96] exhibits the best
HER catalytic activity among the reported catalysts. Ru®/CeO (1.86% wt. Ru)
modified GCE provides a TOF value of 0.8 s which could be achieved at n = 28 mV
(as seen in Table 10). Indeed, this overpotential value is lower than most of the reported
modified electrodes such as CoP nanocatalyst (required overpotential is 82 mV to
reach a TOF value of 0.8 s™) [96], N-WS-H. (required overpotential is 108 mV to
reach a TOF value of 0.725 s?) [48], Ru@C.N modified electrode needs an
overpotential of 25.00 mV to achieve a TOF value of 0.670 s [50].
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Figure 18. (a) The polarization curves of the Ru®/Ce0- (1.86% wt. Ru) modified GCE
before and after stability test in 0.5 M H2SO4 (Inset: variation of current density during
chronoamperometric electrolysis) (b) The polarization curves of Ru®/CeO2 (1.86% wt.
Ru) modified GCE before and after 10,000 CV cycles in 0.5 M H2SOs (Inset: CV

measurement within the range of (-0.3V) - (0.8 V) vs. RHE
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Catalytic stability test for Ru%/CeO, (1.86% wt. Ru) on GC electrode was also
performed. In this test, the modified electrode subjected to constant potential
electrolysis at an overpotential of -350 mV vs. Ag/AgCl for 9000 s in 0.5 M H2SO4
aqueous solution. The result shows that the current density of initial value stays nearly
the same with the ones obtained after 9000 s (See the inset of Figure 18a). Polarization
curves recorded before and after constant potential electrolysis given in Figure 18a
shows that there is no change in onset potentials after 9000 s electrolysis. The stability
of Ru%CeO- (1.86% wt. Ru) on GC electrode was also investigated by recording the
voltammograms in the range of -0.50 to 0.60 V versus Ag/AgCl at a scan rate of 100
mV.st in 0.5 M H,SOs aqueous solution. The comparisons of the cyclic
voltammograms and the polarization curves recorded before and after 10,000 scans
(Figure 18b) indicates that there is almost no change in onset potentials and current
density. Indeed, Ru%CeO, (1.86% wt. Ru) on GC electrode provides outstanding
electrocatalytic stability in HER as compared to the reported catalysts such as Ni2P
[80] (exhibits 25 mV negative shift at a current density of 10 mA.cm after 500 scans),
Mo.C/CNT [83] (exhibits =~ 14 mV negative shift at a current density of 10 mA.cm™
after 3000 scans), Pt/C [50] and CoMoP@C [101] (exhibit more than 47 mV negative
shift and =~ 20 mV negative shift at a current density of 10 mA.cmafter 10,000 scans,

respectively).

To determine HER activity of catalyst, the amount of hydrogen release was measured
for both modified GC and Pt electrodes in a Hoffman electrolysis apparatus in 0.5 M
H>SO4 ageous solution. Constant current of 5 mA was applied to the electrode at room
temperature and the volume of H> released was monitored as a function of time and
the results are given in Figure 19 together with the teoretical amount of H released for
comparison. After the delivery of 3000 mC of charge, the Faradaic yield of the
modified electrode, Ru®/CeO;, (1.86% wt. Ru) on GCE, for H production was detected
as nearly same as theoretical value (> 95%) (Figure 19). In literature, there are few
reports measuring the amount of H> production during the electrolysis. For example,
the faradaic yield of Hz production by Coo.sMo1.4N2electrocatalyst [102] after delivery

of 30 Coulombs of charge was determined as > 90% and after delivery of 100
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Coulombs of charge, the Faradaic yield of CoP/Ti [65] working electrode was found
as ~ 100% for HER.
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Figure 19. Volume of Hz versus time graph during the galvonastatic electrolysis HER
using Ru%CeO; (1.86% wt. Ru) modified GC electrode in 0.5 M H2SOa4.

3.4.Comparison of Electrocatalytic Activity of Ru®/MO2 (M= Ti, Zr, Hf, Ce) on
GC and Bare GC Electrode in KOH Solution for OER

Ru%MO; modified electrodes were also tested for OER by recording polarization
curves in the range of 0.0 to +1.7 V vs. Ag/AgCl in 0.5 M KOH solution. The resulting
polarization curves are given in Figure 20 together with polarization curve for GC
electrode recorded in the same medium. An inspection of Figure 20 reveals that
Ru%CeO, modified GC electrode has the lowest overpotential value (302 mV) among
the four Ru®/MO2 (M = Ti, Zr, Hf, Ce) modified GC electrodes. The onset potentials
and overpotential values at a certain current density of the Ru’/MO2 samples were also
given in Table 11 (note that all data were recorded without iR compensation) for
comparison. Ru%/CeO, (1.86% wt. Ru) modified GC electrode needs the lowest

overpotentials (n) value to reach any defined current densties, for instance, the
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overpotentials at current densities (j) of 10 mA.cm and (j) of 20 mA.cm2was found
to be 425 mV and n_= 530 mV, respectively. On the other hand, Ru®/TiO,, Ru%ZrOx,
Ru%HfO, modified GC electrodes produce anodic current density (j) of 20 mA.cm2 at
n =121V, n=118V, n =124V, respectively. Ru’/CeO, (1.86% wt. Ru) on GC
electrode is comparable to the behavior of other OER electrocatalysts, for instance, the
overpotential at 20 mA.cm2was found to be 487 mV for CoOx/Au [103] and 480 mV
for Fe—Co304@Fe-Co-Bi [69], also the overpotential at 10 mA.cm™ was found to be
350 mV for CP@FeP [104] and 453 mV for CoOy/Au [103] in alkaline solutions.
(Others are tabulated in Table 12) However, there are few examples of bifunctional
catalysts and, thus, designing of efficient catalyst for both HER and OER reaction is

very attractive issue.

Table 11. The onset potentials and the overpotentials versus RHE at various current
densities for the RuMO, (M= Ti, Zr, Hf, Ce) modified glassy carbon electrodes in
0.5 M KOH.

n (V) n (V) n (V) n (V)

Ru%MO: - Onset
ats at 10 at 15 at 20
GCE (V vs. RHE)
mA.cm?  mA.cm? mA.cm? mA.cm?
RuU%TiO2
0.85 0.984 1.094 1.154 1.214
(1.20% wt. Ru)
Ru%ZrO-
0.81 0.974 1.084 1.144 1.184
(1.41% wt. Ru)
RuU%/HfO>
0.74 0.864 0.984 1.174 1.244
(2.00% wt. Ru)
Ru%CeO2
0.29 0.357 0.425 0.481 0.530

(1.86% wt. Ru)
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Figure 20. Polarization curves of bare GCE and the Ru%MO; (M= Ti, Zr, Hf, Ce)
modified GCEs in 0.5 M KOH at a scan rate of 5 mV.s™.

It is commonly acceptable to express potential in terms of the oxygen overpotential, n,
n = Eirr - Erev, Where, Eir is the irreversible electrode potential (the measured electrode
potential, Emeas) and Erev is the reversible electrode potential. It is worthy to note that
when the reference electrode is normal hydrogen electrode (NHE) in alkaline solution
needed potential to produce to Oz is (Erev = 1.23 — 0.059 pH), 0.404 V vs. NHE at pH=
14 (as shown in Equation 5). However, if Ag/AgCl electrode is used instead of NHE
in the same solution, E = 0.207 V is needed. Therefore, in this case overpotential is
related to the potential, Emess, measured on the Ag/AgCl and NHE scale at pH= 14 as
following Equation (10) and (11): [103]

n= Emeas -0.207V (10)

n= Emeas — 0.404 V (11)
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Table 12. Summary of some recently reported representative OER electrocatalysts in

alkaline electrolytes. Data were recorded # without and ° with iR compensation (i:

Current, R: Resistance)

Loading = Tafel n (mV)
Catalysis = density = Slope at
Catalyst | oondition  (ug. | (MV. ((:mﬁ)' defined = ReF
cm?) dec?) j
Ru oxide 0.5M 10
100 54 260 43
nanosheet P H2S04 mA.mg*
1.0M
NiSe/NF 2800 64 20 270 73
KOH
1.0M 10 350
CP@FeP® - 64 104
KOH 20 390
5 357 _
Ru%CeQO22 05M This
197 150 10 425
(1.86% wt. Ru) KOH Work
20 530
0.1M 5 384
Fe—Co30s@Fe—- )
) K-Bi 1320 121 10 420 69
Co-Bi®
(pH=9.2) 20 480
5 423
05M
CoOx/Au -- 120 10 453 103
KOH
20 487
MnO2/NiC0204 1.0M
-- 139 10 340 105
INF KOH
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Figure 21. The Nyquist plots for Ru%CeO> (1.86% wt. Ru) modified GC electrode at
different overpotentials just before onset and after onset potential versus Ag/AgCl in
0.5 M KOH.

In order to determine the catalytic activity of Ru%/CeO, (1.86% wt. Ru) on GC
electrode for the OER in 0.5 M KOH, EIS analysis was also performed at various
overpotentials vs. Ag/AgCl. The representative Nyquist plots (Figure 21) for
Ru%Ce02 (1.86% wt. Ru) on GC electrode at different overpotentials consist of a small
semicircle in the high frequency region due to porous surface of modified electrodes
and a larger semicircle in the high frequency region due to electron transfer reaction.
These data were modeled by the electrical equivalent circuit, and the diameter of the
semicircles decreases with the increasing specific overpotentials indicating the

decrease in electron transfer resistance, Ret.

Tafel slope was also evaluated from the EIS data by plotting log (1/ Ret) versus
overpotential value (Figure 22) and found to be 83 mV.dec. This value, contrary to
the values obtained for HER, was found to be different from the one obtained from the
LSV (140 mV.dec?). Furthermore, Re: values were also used to evaluate the exchange

current densities (jo) at each overpotential value () by using Equation 9. As expected,
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there is an increase in the exchange current densities with the increase in the

overpotential values (See Table 13).

Table 13. Exchange current densities (jo) and electron transfer resistances (Ret) of
Ru%Ce0> (1.86% wt. Ru) modified GC electrode with respect to potential.

E (mV vs. Ag/AgCl) Ret (2) jo (MA.cm™)
680 2050 0.179
700 1078 0.340
720 341 1.076
740 265 1.385
760 220 1.668
780 192 1.912
780 /m
S 760 g
2 /
D 740
: Va
o
> 720- G
>
E ] /
w700 /EI
680

-3.0 ' -2[.8 ' -2.6 ' -2.4 | 2.2
log (1/Rgy)

Figure 22. Tafel plot of Ru%CeO, (1.86% wt. Ru) modified GC electrode obtained

using Ret from the electrochemical impedance analysis in 0.5 M KOH.
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For testing the effect of KOH concentration on the OER, the linear sweep voltammetry
(LSV) curves for the Ru%/CeO; (1.86% wt. Ru) coated GC electrode were recorded in
various KOH concentrations, as an example, Figure 23 shows four typical LSV curves
recorded in 0.1, 0.5, 1.0 and 3.0 M KOH, respectively. KNOz was added to maintain
a constant concentration (3.0 mol.dm) of cations and anions in the solution. The LSV
curves shown in Figure 23 indicate that current densities increase with increasing KOH
concentration in the entire studied potential range. Furthermore, Tafel slope of
Ru%CeO; is nearly independent of KOH concentration, this means that the reaction

mechanism of the OER stays same within the all KOH concentration.

The reaction order in OH" concentration was determined by measuring the slope of the
plot log j vs log con™ and found as nearly 1 at just before (0.7 V vs. Ag/AgCl) and after
the onset potential (0.8 V vs. Ag/AgCI) of Ru®/Ce02-GC electrode and a close linear
relationship was observed as shown in Figure 24. The slope of the plot, which is the
reaction order of the OER with respect to KOH, was found to be same at low potentials

(e.g. 0.70 V) and at high potentials (e.g. 0.80 V).

100
| — 0.1 MKOH
——0.5M KOH
754 —— 1.0 MKOH
— ——— 2.0 M KOH
o |
E
Q
< 50
E
25 -
0

00 03 06 09 12 15 18
E (V vs. Ag/AgCl)
Figure 23. Polarization curves recorded using a GC electrode coated by Ru%CeO;

(1.86% wt. Ru) catalyst in alkaline solutions with four different KOH concentrations

as marked. The electrode potential scan rate: 5 mV.s™.
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Figure 24. log j versus log con™ plot for Ru®/CeO; (1.86% wt. Ru) modified GCE at

different constant potentials at room temperature.
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CHAPTER 4

CONCLUSIONS

In summary, nanotitania, nanozirconia, hafnia(l\VV) oxide, and nanoceria, supported
ruthenium(0) nanoparticles were successfully prepared by the impregnation of Ru®*
ions on the surface of ceria followed by the sodium borohydride reduction of Ru* ions
in aqueous solution at room temperature. Characterization of the synthesized catalysts
were done by using TEM, ICP-OES, XRD, EDX and XPS. A highly efficient HER
from water at room temperature was achieved using Ru%MO2 (M= Ti, Zr, Hf, Ce) on

glassy carbon electrode at same mass loading level (= 0.197 mg.cm2) by drop casting.

Electrochemical behavior of the modified glassy carbon electrodes and their
electrocatalytic activity towards the hydrogen evolution during water electrolysis was
investigated in acidic solution (0.5 M H2SO4) at room temperature by linear sweep
voltammetry (LSV), cyclic voltammetry (CV), potentiostatic electrochemical
impedance spectroscopy (EIS) and constant potential electrolysis. Among the
Ru%MO, modified GCEs, Ru®/CeO, on GCE was found to be better for HER in terms
of onset potentials, current density at a defined overpotential, exchange current

densities and Tafel slopes.

As well as determining best metal oxides for HER, loading level effect was also
investigated. Ru®/CeO; (1.86% wt. Ru) modifed GC electrode was found to be better
than the other loading levels of Ru%CeO; for HER. Electrochemical behavior of the
modified electrodes were investigated by linear sweep voltammetry. The catalyst
provided an overpotential of 47 mV (at j= 10 mA.cm™) with a low onset value (33
mV) in HER. In addition, very low Tafel slope value of 41 mV.dec™ was obtained with

a high exchange current density of 0.67 mA.cm. More importantly, Ru®/CeO, with a
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1.86% wt. Ru was found to be highly stable electrocatalysts used for HER in acidic
water splitting. Indeed, no noticeable change in the exchange current density was
observed even after the 10,000 scans. Moreover, it shows excellent stability/durability
in acidic solution for a long-term constant (9000 seconds) potential electrolysis. In
addition to this, the Faradaic yield of modified electrodes for H. production was

detected as nearly same as theoretical value (>95%).

Furthermore, electrochemical behavior of Ru’’MO, modified GCEs and their
electrocatalytic activity towards the oxygen evolution reaction during water
electrolysis was investigated in alkaline electrolyte (0.5 M KOH). Ru%CeO; (1.86%
wt. Ru) on GC electrode has the best catalytic activity towards OER because it has low

onset potential and needs lowest overpotential to reach a defined current density.
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APPENDICES

APPENDIX A

TEM IMAGES OF Ru%TiOz, Ru%ZrO2, Ru®/HfO2 CATALYSTS

Figure A.2. TEM image of Ru%ZrO; (1.41% wt. Ru), scale bar equals to 20.0 nm.
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Figure A.3. TEM image of Ru®/HfO; (2.00% wt. Ru), scale bar equals to 10.0 nm.
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APPENDIX B

XPS SPECTRUM OF Ru%CeO: (1.86% wt. Ru)
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Figure B.1. (a) X-ray photoelectron (XPS) spectrum of Ru%CeO, with a 1.86% wt.

Ru, (b) the high resolution scan and deconvolution of Ru 3d band.
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Figure B.2. XPS scan and deconvolution of Ce 3d bands of CeO; and Ru%/CeO>
(1.86% wt. Ru).
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