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ABSTRACT

OXIDE BASED EARTH ABUNDANT SEMICONDUCTORS AND OXYGEN
EVOLVING CATALYSTS FOR PHOTOELECTROCHEMICAL AND PV DRIVEN

WATER SPLITTING

By
Mourad Frites

December 2013

Dissertation supervised by: Dr. Shahed U. M. Khan

In the first part of this dissertation , photosplitting of water on the surface of
semiconductor electrodes was investigated. Stability consideration favors metal oxide
based semiconductors, hence titania and iron oxide were selected. High band gap for n-
TiO; and low charge career mobility for n-Fe,Os hinders their utilization for efficient
water splitting. To enhance the spectral response of these semiconductors, nonmetal
impurities such as hydrogen and carbon were used as doping elements. Hydrogen
modification of n-TiO, was carried out by cathodic reduction of rutile thin film in basic
electrolyte under dark conditions. Carbon modification of n-TiO; and n-Fe,O3 was
carried out by flame oxidation of a clean Ti and Fe substrates where the carbon source is
the combustion products of CH,4 and O,. Flame temperature and gas flow rates were

optimized. Iron oxide suffers high recombination rate of the photogenerated electron-



hole pair. To overcome this limitation, n-Fe,O3 nanowires were successfully synthesized
by thermal oxidation of Fe metal sample under optimum oxidation temperature and time.

Inspired by the natural photosynthesis, in the second part, leaf-like amorphous
silicon (a-Si) based photo-electrochemical cells (PECs) were synthesized for monolithic
water splitting. The fundamental limitation of silicon, such as instability in electrolyte
solution, was overcame by covering a-Si with TiO; as a visible light transparent thin film.
While a-Si provides the necessary photovoltage, TiO, layer protects a-Si and provides the
favorable valence band for water oxidation. These PECs were further protected by an
ultra-thin film of Mn-oxide for long term operations.

In the third part, solar driven water electrolysis to generate H, was investigated.
In this study we particularly investigated transition metal oxides such as porous Ni-C0304
and Ni-Co-mixed oxides as efficient oxygen evolving catalysts. The synthesis of the
highly porous Ni-Co3O4 electrodes was carried out by mixing an appropriate amount of
Ni and Co304 powders. Spray pyrolysis was used for the synthesis of transition metal
mixed oxides on a conductive substrate, this was carried out by mixing different volume
ratios of Ni(NOs), and Co(NOs3), aqueous solutions. The activity of these transition metal

oxides thin films was investigated for oxygen evolution during water electrolysis.
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Chapter 1

Introduction

The world is in an urgent need to develop a renewable and carbon neutral source
of energy to mitigate the world’s growing dependence on fast depleting fossil fuel as the
primary energy source.* Fossil fuel burning generates carbon footprint and harmful
products. Carbon dioxide contributes to the global warming; SO,, NO4 and mercury
released from power plant are directly associated with acid rain, acid mine drainage and
aquatic pollution.>**° Nuclear power plant is considered as a perfect emission free
energy source; however, the unsolvable long term storage of nuclear wastes and the
unpredictable radioactive leaks during natural or man-made disasters make it an
unpopular solution to the future energy shortage. Converting solar energy to hydrogen
fuel by water splitting offers an alternative energy solution to overcome the predictable
energy crisis. *

Hydrogen is an energy carrier and not an energy source and has many advantages
over electricity. Hydrogen can be stored more effectively and reconverted to electricity
when needed by combining it with the atmospheric O, in fuel cells. In this process and in
burning hydrogen the only product is water which makes it carbon neutral and
environmentally friendly.

Currently hydrogen gas extracted from fossil fuel is being used in ammonia and
methanol production plants as syngas. In the future the use of H,, produced from clean
and renewable sources, will be also used to power fuel cell vehicles (FCVs) and
stationary fuel cells for electricity generation.® Transportation (public or private), which

accounts for about 25% of total energy consumption in the United State, as shown in



figure 1.17, is one of the main sectors that will benefit from a potential hydrogen
economy. The use of hydrogen to power fuel cell vehicles (FCVs) will cut down on CO,
emissions and mitigate the effect of global warming. More importantly fuel cells avoid
the fundamental limitation of the Carnot Cycle in converting chemical energy to
electrical energy. As a result this makes it more efficient than any other internal
combustion engine, which would help reduce fuel consumption and significantly alleviate

the burden on drivers tight budget. > **°
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Figure 1.1 Primary energy uses by end-use sector, 2010-2035 (quadrillion Btu). ’

Solar energy is a naturally occurring and omnipresent. Although it is difficult to
harvest, it can be efficiently converted into a sustainable hydrogen fuel. Solar energy
conversion to H; fuel includes: a) photoassisted water splitting on the surface of

semiconductor electrodes. b) solar driven water electrolysis on the surface of an oxygen



evolving catalyst where photovoltaic (PV) solar cells are used to harvest the energy of the

photons and supply the necessary photovoltage to drive the water splitting reaction.

1.1 Water splitting on the surface of semiconductor electrodes:

Converting solar energy to H; fuel by photoelectrochemical splitting of water on
the surface of semiconductor electrodes was first demonstrated in the early 1970s during
the oil crisis. Honda and coworkers ** demonstrated the photoelectrochemical splitting of
water under UV light in an electrochemical cell with the use of TiO; as the photoanode
and a Platinum (Pt) wire as a the counter electrode. Since then their work has been
investigated intensively during past decades. *>** ' Further investigations are
expected to overcome the growing dependence on the fast-depleting fossil fuel as the
primary energy source and to minimize the devastating effects of global warming caused
mainly by the burning of fossil fuel.

A typical photoelectrochemical cell (PEC) for water splitting consists of a
semiconductor electrode as the photoanode (n-type), and a counter metal electrode as the
cathode Figure 1.2 a; Platinum metal (Pt) is the most suitable cathode among all metals
due to its intrinsic property of fast kinetics for hydrogen evolution reaction (HER). Other
metals such as nickel (Ni) can be also used as cathodes, where their slow hydrogen
reduction kinetics compared to Pt is offset by the high price of the precious metal (Pt).
When a p-type semiconductor is used in the PEC (Fig. 1.2 b) then the working electrode
would be the photocathode. In another PEC configuration, better known as a self-driven
tandem cell (see Fig. 1. 2 ¢), both anode and cathode are photoactive and therefore

exposed to the same light illumination. In this configuration oxygen evolves on the



surface of the n-type semiconductor (anode) and hydrogen evolves on the surface of the
p-type semiconductor (cathode), and no bias is necessary since both oxidation and

reduction reactions are driven by the energy of the absorbed light.

e —= <

Z External bias External bias

e no bias necessary

Figure 1.2 Photo-electrochemical cell (PEC) for water splitting using: a) n-type photoactive
semiconductor and Pt counter electrode; b) p-type photoactive semiconductor and Pt counter
electrode; c) tandem electrochemical cell.

When a semiconductor such as n-TiO; is irradiated, the photoactivity of the
semiconductor is initiated by absorption of photons with energy (£ = hv) equal to or
greater than the band gap (3 eV for rutile and 3.2 eV for anatase) '® a small fraction of
electrons and holes are generated. Depending on the density of states, only a fraction of
these charge carriers arrive at the surface where they react with the adsorbed molecules or
ions. Water splitting on the surface of semiconductor electrodes can be carried out in
acidic or basic mediums; however, stability considerations favor basic media when metal
oxide electrodes are used as anodes. The reaction steps involved in photoelectrochemical

cell with n-TiO, as anode are:



In acidic media:
At dark cathode (e.g. Pt metal):
4H" (aq) + 4e° > 2H,(g) E°=0.00V (1)

At a photoactive anode (n-TiOy)

n-TiO, + Sunlight > 4h* +4¢ (2)

2H,O (I) +4h™ > O, (g) +4H"(ag) Eo=-1.23V (3)
Addition of reactions (1), (2), and (3) gives the overall water splitting reaction on
the surface of n-TiO; electrode under sunlight illumination in aqueous acidic media
as,

H,O +n-TiO, + Sunlight 2> 2H,+ 0O, E°=-1.23V (4)

In basic medium:
At dark cathode (e.g. Pt metal)
4H,0 + 4 > 2H, + 40H E°=-0.83V (5)

At a photoactive anode (n-TiO,)

n-TiO, + Sunlight > 4h* +4¢ (6)

40H + 4h* > 0,(gas) + 2H,0 E°=-04V @)
Addition of reactions (5), (6), and (7) gives the overall water splitting reaction on the
surface of n-TiO; electrode under sunlight illumination in aqueous basic media as,

2H,0 + n-TiO, + sunlight > 2H, + O, E°=-123V  (8)

The first consideration in using semiconductors for water splitting is their band

gap; under illumination the semiconductor must generate an intrinsic photovoltage higher



than the standard redox potential (1.23V) plus ohmic, thermodynamic and kinetic barriers
for the water splitting reaction. Thus an optimized band gap is required for maximum
absorption of sun light and must be larger than the energy required to split water
molecules (1.23 eV). Furthermore, the band gap edges position must straddle the oxygen
and hydrogen evolution potentials (see figure 1.3), 1’ so that the photogenerated holes
(h") in the valance band are more positive than the oxygen evolution potential and the
photogenerated electrons (e) in the conduction band are more negative than the hydrogen
evolution potential. The second consideration in PEC applications for water splitting is

the chemical stability of the semiconductor electrodes in basic or acidic electrolytes.
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Figure 1.3 Band gap energy for different semiconductors.

Note that in Figure 1.3 the water splitting reaction is given in acidic medium (pH
= 2), which implies that the values of potentials for oxygen and hydrogen evolution

change with the pH of the electrolyte. In fact, potentials for oxygen and hydrogen



evolution are pH dependent and the relationship was found to be Nerstian according to
equations (9) and (10). Potentials here are given with respect to the normal hydrogen
electrode (NHE):
Nurstian H, evolution potential:

Ecathode = OV — 0.059pH V' vs NHE (9)
Nurstian O, evolution potential:

E anode = 1.23V —0.059pH V' vs NHE (10)

Note that the difference of these two equations shows that at any given pH the

water splitting potential is 1.23 V. The plot of the cathodic and anodic Nerstian potentials
versus pH, results in what is commonly known as the Pourbaix diagram of water is

shown in figure 1.4.
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Figure 1.4 Pourbaix diagram for water splitting.



Photo dissolution of semiconductor electrodes and lack of efficient light
absorption (high band gap for the most suitable ones) are the main challenges for efficient
water splitting under solar light. Progress in research and development on efficient solar-
to-fuel conversion largely depends on the development of new stable, photo-active and
cost effective materials.

Stability consideration favors all inorganic oxide based materials for the oxygen
evolution reaction (OER); hence, cost effective oxide based semiconductors appear to be
the most promising materials for water splitting under solar light illumination. Moreover,
their optical properties can be modified by the incorporation of impurities such as H, N,
S, C, and transition metals in their crystalline structures, > 1819:20:2L.13.22 Thage
impurities/dopants help to lower the band gap of these semiconductors, and thus extend
their spectral response to the visible region of the solar spectrum. A large number of
semiconductor photo-catalysts such as TiO,, Fe;O3, WO,, and ZrO, have been reported

15, 22, 23, 24

for water splitting under artificial light. In addition combinatorial chemistry

offers a rapid growing field to design new catalysts such as multiple band gap

semiconductor thin films that are synthesized by chemical vacuum deposition, sol-gel and

25, 26, 27

spray pyrolysis.

1.1.1 Water splitting on the surface of Titanium Oxide thin film electrode:

Since the first investigation on water splitting over TiO, electrodes under UV

1

light illumination, ** numerous studies have been conducted on TiO, as the

semiconductor catalyst of choice for water splitting due to the position of its band gap



vis-a-vis hydrogen and oxygen evolution potentials; however, its wide band gap hinders
the efficient use of titania as a photo-anode for OER.

In spite of its chemical stability in electrolyte solutions, n-TiO, has serious
disadvantages, the main one is due to its intrinsic band gap (3 eV (414 nm) for Rutile and
3.2 eV (387 nm) for anatase) which absorbs only the UV light that accounts for 3% of the
solar radiation.?® To increase the photoresponse of n-TiO, within the UV region and to
shift its spectral response to include the visible region (400 nm < A <800 nm) is still an
ongoing challenge in order to increase the utility of n-TiO, as a catalyst for water
splitting. The best approach to meet this challenge is to dope n-TiO; with different
elements (metal and nonmetals) and thus decrease its photo threshold energy. Transition
metals have been used intensively as impurities dopands for n-TiO,. * 2% 23031 Mixed
results were reported about improving the spectral response of metal doped Titania. **2*
$2.33.34 |n some investigations the negative effects of using transition metals as dopants
were attributed to the metal dopant atoms serving as a center for charge carrier
recombination.*®?# [t turns out that visible light absorption in metal doped n-TiO; is due
to the electronic transition within the conduction band (d-d transition) rather than band
gap lowering. * It is also not known whether the deception caused by the use of
transition metals was the reason for shifting the interest to nonmetalic elements as

alternative dopants.

15,18 19,13

Recently nonmetalic elements such as carbon, nitrogen, sulfur, # and

36,37, 38

hydrogen were used to dope n-TiO,. Nitrogen doped n-TiO, was reported to be

1
I 9

visible light active which according to Asahi et al  is due to band gap narrowing. In

contrast, the improved photoactivity of TiO,.xNy in the visible light is due to electronic



excitation from an isolated N 2p state, located above the native valence band edge O 2p
state, to the conduction band rather than an excitation over a narrowed band gap. 3 %
Also, N doping was found to diminish UV light absorption in n-TiO,.** Hydrogen
modification of n-TiO, was mainly achieved by heat treatment of amorphous Titania
under a hydrogen gas stream. **3” And upon incorporation of hydrogen within the
structure of n-TiO, the native white color of TiO, blackened. The spectral response of
H-doped n-TiO, was found to shift to the visible part of the incident light used. *" %

The breakthrough in shifting the photo threshold energy of TiO, to visible light
was achieved when carbon was used as dopant by Khan et al. ™ The carbon modified
n-TiO, (CM-n-TiO,) showed enhancement of absorption in the UV region and also red
shifted to the visible region. A natural gas flame was used in synthesizing carbon
modified n-TiO,. An efficiency of 8.35% under artificial light from Xenon lamp was
reported for water splitting; a significant reduction of the band gap from 3.0 eV to 2.32
eV was also reported. Wet chemistry was investigated for the synthesis of CM-n-TiO,
particles. CM-n-TiO, particles were synthesized by hydrolysis of a precursor solution of
TiCly or titanium tetraisopropoxide (TTIP) in the presence of tetrabutylammonium
hydroxide, ethylene glycol or glucose as carbon sources. ** *>*® The photoactivity of
CM-n-TiO, particles was evaluated as the rate of photo-degradation of organic
compounds (e.g. methylene blue) under visible light illumination.* Khan et al. ™
reported the presence of substitutionally bonded carbon which resulted in a new
electronic state (mid band) within the forbidden band gap of native rutile. However,

Kisch et al. *® reported the presence of elemental carbon or carbon-containing species.

On the other hand theoretical investigations using DFT calculations by Di Valentin et al.
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* indicated the possible existence of both substitutional and interstitial carbon in CM-n-

TiOo.

1.1.2 Water splitting on the surface of iron Oxide thin film electrodes:

Efficient production of hydrogen from a renewable and inexhaustible source,
water, and the use of a stable semiconducting electrode under sunlight illumination is still
of a paramount importance at the dawn of this twenty first century. Interestingly iron (111)
oxide (Fe,03) has the suitable properties to be used among other semiconductors for
photoelectrochemical splitting of water to hydrogen and oxygen. It is abundant; low
cost; environmentally friendly and it is stable in basic electrolytes. In addition, iron oxide
has a band gap of 2-2.2 eV.* Therefore, it can absorb a considerable part of the solar
light up to 620 nm which accounts for nearly 40% of the sunlight photons. *>**4” These
properties make it attractive to investigate the use of iron oxide as a photocatalyst for a
massive production of hydrogen by photoelectrochemical water splitting. % 4301

The photocatalytic activity of Fe,O3 is mainly hampered by its low charge carrier
mobility, high resistivity and slow charge transfer across the interface. This leads to a
high recombination probability of the photogenerated electron-hole pairs. *® To minimize
these limitations and improve the photoresponse of iron (111) oxides, the latter was doped
with various metal and nonmetal dopants. **>°** Different methods were used for the
synthesis of iron (I11) oxide electrodes. These include pressing the polycrystalline Fe,O3

52,53

into a palette followed by sintering, spray pyrolysis of a solution of Fe(NO3); or

54,22

FeCls on a hot conductive glass substrate, and by chemical vapor deposition (CVD).

11



> Nevertheless, these iron oxide photoanodes exhibited a low photocurrent density
during the water splitting reaction.

Silicon doped iron (111) oxide synthesized by ultrasonic spray was reported by
Cezar et al.*® During the photoelectrochemical splitting of water the Si doped Fe,0s
showed an enhancement of photocurrent density compared to the pristine Fe;O3. Hu et al.
%% investigated Pt metal as dopant for iron (111) oxide thin films. The Pt-doped Fe,O3 were
prepared by electrochemical route and showed an enhancement in photocurrent density of
1.43 mA cm™ at a potential of 0.4 V vs Ag/AgCI compared to 0.69 mA cm™ for an
undoped iron oxide sample under light illumination of 410 mW cm.

Since carbon modification of n-TiO, photocatalyst showed a remarkable
enhancement in its catalytic activity during water splitting under artificial light, *° carbon
doping of iron oxide could play a significant role in modifying its optical and electrical
behavior. Nanostructure morphologies of iron oxide thin films such as nanowires or
nanorodes offer alternative option to circumvent some of the limitations due to the short
photogenerated charge carriers lifetime or diffusion length.>” The nanostructure surface
morphology reduces the charge carriers transport distance to reach the oxidizing species
at the semiconductor- electrolyte interface (h*) and increase the collection efficiency of
electrons.®® Due to light scattering within porous structures, a rough surface of iron
oxide with nano-rodes, or nano-wires like structures would effectively increase light

absorption and therefore a higher photocurrent is generated.
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1.2 Monolithic solar water splitting:

The cost of converting solar energy to hydrogen can be minimized by the use a
self-driven monolithic photoelectrochemical cell (PEC) that would eliminate the costs
associated with separate construction and interconnection of solar cells and the
electrochemical water electrolyzers. The concept is to develop a leaf-like water splitting
PEC as shown in Figure 1.5 that would split water into hydrogen and oxygen under
sunlight illumination. Such a process is promising with the use of semiconductors that
generate enough electromotive force under sunlight illumination to drive the
thermodynamically unfavorable water splitting reaction. Silicon based solar cells can
satisfy this criteria of such PEC.

Since the first publication on amorphous silicon (a-Si) in the late 1960s, *° a-Si
has been considered as a promising material compared to the costly crystalline silicon
based solar cells.®® Furthermore, a-Si has a better photoresponse in the more energetic
visible region of the solar spectrum than crystalline silicon which is most sensitive in the
less energetic longer wavelengths (IR) region figure 1.6.°%® Triple junction amorphous
silicon (Tj-a-Si) solar cells are generally used for electricity generation. However,
stability issues of a-Si in aqueous electrolytes, its high valence band with respect to the
oxygen oxidation potential, and its smaller band gap (1.2 eV) make it unfavorable for
direct water splitting under solar light. Theses fundamental limitations can be surmounted
by covering a-Si with a visible light transparent stable thin film. While a-Si provides the
necessary power to drive the water splitting reaction under light illumination, the
deposited thin film layer protects a-Si and provides the favorable valence band for water

oxidation.
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High band gap oxide based semiconductors are mostly transparent to visible light
and stable in basic electrolytes. Such oxides can be used as a transparent conductive
corrosion resistant (TCCR) layer to protect a-Si based solar cells in electrolyte solutions.
Note that non-oxide based semiconductors with a narrow optical band gap cannot be used
as stable and optically transparent materials to protect Si-based cells. For this reason
most low band gap semiconductor materials are generally unstable and absorb visible

light, hence, cannot act as ideal optically transparent material.

vA¢ Tj-a-Si
O,is released to the <IDQI> ITO layer
atmospher v Stainless
Steel (SS)
Light W
0O, + 2H,0 + 4¢ 40H" + 2H,
H,O enters
from the ste 40H"
4H,0 + 4e”
/ Mn_.oxide layer
/ Atmospheric CO;
capture via Stomata TiO, layer
Stand-alone monolithic water splitting
PEC

Figure 1.5 Monolithic water splitting electrochemical cell
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Due to the advantages of amorphous silicon (a-Si) mentioned above, Tj-a-Si could
be used as a photoactive n-type anode for oxygen evolution. The counter reaction, HER,
takes place at the back, dark side, of this leaf-like PEC (see Fig.1.5).

Past studies showed interests in the use of silicon based solar cells for direct water
splitting under sunlight; however, they lacked stability in aqueous solutions. Hence,
different materials and methods were employed for Si surface passivation in order to
improve its stability during oxygen evolution or hydrogen evolution. ®*- ¢ &3

Transition metal oxides are cost effective thin films which can be used as TCCR
protective layer on Tj-a-Si. Titanium oxide (TiO) is the most suitable among transition
metal oxides because it absorbs only in the UV-region and exhibits high stability in
alkaline mediums. Also, a thin coating of Mn,O3 was found to stabilize crystalline n-Si,

and n-GaAs in earlier studies. °® Low temperature processes at < 200 °C are essential

to avoid thermal degradation of Tj-a-Si solar cells during deposition of these TCCR films
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on its surface. Some important studies pioneered the utilization of solar cells such as
single crystal Si (pin-pin), ®* p/n-GaAs,* p/n-Si, % n/p-GaAs/p-GalnP,, %" p/n-Fe,0s, %
and triple junction amorphous silicon 65 for efficient self-driven photoelectrochemical

splitting of water without the need an external power source.

1.3 Solar driven water electrolysis:

Electrolysis of water to generate hydrogen and oxygen is a well-known
electrochemical process. It requires an external applied potential to overcome the
thermodynamic, ohmic and kinetic barriers to drive the water-splitting reaction. °® &
Compared to traditional processes that use fossil fuel to generate hydrogen, water
electrolysis is a pollution free process and has the flexibility of choosing different
external power sources such as electrical grid, solar cells or wind power. This makes
water electrolysis the most desirable process.

Abundant and cost effective solar energy can be used to generate the external
power required to drive the electrolysis reaction (Fig 1.7). However, low current
efficiency of the present water electrolyzers has made the process less competitive
compared to steam reforming of methanol or natural gas. ®® ®® Past and current research
efforts on water electrolysis have and are focused on the sluggish kinetics of oxygen

evolution, /%"

thereby, fundamental research to understand the mechanism of O,
evolution on the catalyst surfaces are of great interest in the design of an efficient oxygen
evolving electrocatalysts. Note that efficient oxygen evolving electrocatalysts are those

with a minimum over potential and hence must operate at or near the Nernstian potential

of the O,/H,0 or the O,/OH" reaction in acidic or basic mediums, respectively and having
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lower Tafel slope and high exchange current density (current density at zero
overpotential).

Earlier work on the oxygen evolution reaction (OER) included noble metals and
rare metal oxides such as RuO, and IrO,. "> ™™ However, the dependence on rare
metals is not a popular approach because a massive worldwide manufacturing of
noble/rare metal based electrolyzers would drive up the price further and the scarcity of
such materials will limit large scale utilization. Perhaps the most suitable approach is to
use earth abundant transition metals and their oxides or a combination of transition
metals and their oxides in order to quell the over potential required for OER at the anode

surface.

2H,0 + 2" > H, + 20H" 40H" 2> O, + 2H,0 + 4e”
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Figure 1.7 Solar driven water electrolysis.
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The dilemma in the field of catalyst is the dearth of ample catalyst descriptors for
oxygen evolution. Yet it is only by trial and error that catalysts such as RuO, and IrO;
were discovered as state of the art catalysts for OER. Although there have been attempts
to find some useful correlations between catalytic activity toward OER and the nature of
the catalyst (e.g. metal oxidation state, surface morphology....ctc). "> "™ 7" Up to now
the most accepted descriptors or guidelines for efficient catalyst is the broadly known
Volcano plots (figure 1.8) °, where the catalysts activity of different metal oxides toward
OER is plotted against the energy change involved during the transition from lower to
higher valence state which results in a pyramid/volcano shape plot.

The transition metals, Ni and Co, and their oxides have been extensively studied
individually and as alloys for their electrocatalytic activity toward the OER. "® % 881 82
83,84, 8586 preyious investigations on the transition metals single oxide electrodes (Ni-
oxide and Co-oxide) were focused on enhancing the catalytic activity for OER by
modifying the surface morphology. This work showed that the improvement of the
catalytic activity of these earth abundant transition metal single oxides toward OER
seemed to have reached a limit. Investigators in the field have already circumvented
these limitations with the use of mixed transition metal oxides, where the synergistic
effects on electrocatalytic activities toward OER as two or more oxides are mixed

together were reported. " 8" The electro-catalytic behavior of these mixed oxides toward

OER was noted to be affected by the catalyst composition and synthesis techniques. ®
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Figure 1.8 Volcano plot for oxygen evolution over metal oxide surfaces versus the enthalpy of
the transition from lower oxide to higher oxide in acidic (filled squares) and basic mediums
(unfilled squares).

1.4 Research Focus

In this dissertation we investigated three major routes for efficient
photoelectrochemical water splitting. We reported first the photoelectrochemical
splitting of water on the surface of photoactive semiconductor oxide. Titanium oxide and
iron oxide were the photocatalysts of choice for this project. The photoactivity of the high
band gap n-TiO, thin films was enhanced by the incorporation of hydrogen and carbon on
its surface or lattice. Hydrogen modification of n-TiO, was achieved by cathodic
reduction of a pristine n-TiO; in basic electrolyte. Carbon modification of n-TiO, was
achieved by thermal flame oxidation of n-TiO,. The successful use of carbon in n-TiO;
modification was the drive in this project to dope Fe,O3 with carbon. In addition, the
effect of the surface morphology on the electrochemical behavior of the modified or

unmodified n-TiO, or Fe,O3 was investigated.
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Inspired by the natural photosynthesis process, a leaf-like photoelectrochemical
cell (PEC) was investigated for efficient and low cost water splitting. The new self-
driven PEC consists of a-Si protected by a visible transparent thin film of TiO,, which
was further protected by a Mn-oxide thin film for long term use. In this “standalone” PEC
the underlying a-Si provides the required photovoltage to drive the water splitting
reaction and the top layer of TiO, insures the stability and tunes the unfavorable valence
band of silicon.

In the third part of this project, Ni-Co-mixed oxides electrodes were synthesized
from different volumetric ratios of Ni(NO3), and Co(NOs), aqueous solutions by spray
pyrolysis. The spray was carried out on conducting fluorine doped tin oxide (FTO) coated
glass substrate. The electrocatalytic activity of the Ni-Co mixed oxide electrodes toward
oxygen evolution in basic medium was examined in terms of current density and was
compared to Co-oxide electrodes which was recently introduced as the most efficient and

low cost electrocatalyst for oxygen evolution. ™

Chapter 2

Experimental
2.1 Synthesis of hydrogen modified (HM-)n-TiO; thin films:

Ti metal sheets of 0.25 mm thick (Alfa Co.) were cut to an area of ~1.0 cm? Ti
metal samples were cleaned in a sonicator for three 15 min intervals with: (i) acetone; (ii)
acetone: double de-ionized water (1:1); (iii) double de-ionized water, then dried under

dry Argon stream at room temperature. The dry Ti sheets were thermally oxidized to n-
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TiO; in a tubular electric furnace with both ends opened to ambient atmosphere. The
optimum conditions of oxidation temperature and time were investigated. The
temperature in the tubular furnace was measured by a digital thermocouple (Omega
Engineering). The n-TiO; thin films were then reduced by applying a negative voltage of
-1.6 V vs SCE in a single compartment three electrodes electrochemical cell, where, n-
TiO,, Pt, and saturated calomel electrode (SCE) were the working, counter, and reference
electrodes, respectively. The electrochemical reduction of n-TiO, was carried out in 2.5

M KOH under dark conditions for 6 minutes.

2.2 Synthesis of carbon modified (CM)n-TiO; thin films by thermal flame
oxidation:

Ti samples of ~1.0 cm? and 0.25 mm thickness (Alfa Co.) were cleaned as
mentioned in section 2.1. CM-n-TiO; thin films were synthesized by flame oxidation of
the cleaned Ti samples at different temperatures (700-850°C) and oxidation times, using a
custom designed large area flame (Knight, model RN. 3.5 xawc) under controlled oxygen
and natural gas flows. A digital thermocouple (Omega Engineering) was used to measure
the flame’s temperature, which was maintained constant by controlling the oxygen and
natural gas flow rates using FL-1807 and FL-1806 flow meters (Omega Engineering),
respectively. The optimum flow rate was found to be 2.23 L min™ for oxygen and 3.32 L
min™ for natural gas. To insure a proper and uniform oxidation the flame was kept
downward facing the Ti sample (Fig. 2.1). The front side of the CM-n-TiO, electrode is
the area facing the flame. The apparatus was kept in a closed system to avoid the effects

of the natural air flow from the surrounding environment on the flame. The combustion
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products were naturally vented from this system. For comparison a reference sample of

undoped n-TiO, was synthesized as mentioned in section 2.1.

Large flame
burner

ple position

Figure 2.1 Thermal flame oxidation of Ti metal sample for the synthesis of CM-n-TiO,

2.3 Synthesis of nanostructured n-TiO; thin films:

Ti metal samples of ~1.0 cm?*and 0.25 mm thickness (Alfa Co.) were cleaned as
reported in section 2.1. The clean and dried Ti metal samples were initially etched in
concentrated HCI at 80°C for 10 min to remove any remaining oxides on the surface of
the Ti metal samples. After washing with sufficient DI water the etched sample were
hydrothermally treated in about 5% HCI at 200°C in an autoclave or acid digesting vessel
(' model: parr 4746-4747 High Pressure, 23 mL) for 5-10 hours (Fig. 2.2). After cooling,
the Ti samples were cleaned with enough DI water then dried under a dry argon stream at
room temperature. The surface morphology of the resulting Ti samples was examined

using a Hitachi S3400 scanning electron microscope. The nanostructured Ti samples
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were oxidized according to sections 2.1 and 2.2 to yield n-TiO; and CM- n-TiO, thin

films respectively.

Ti

18M
HC1 Hydrothermal treatment

5% HCI

200°C in 5% HCl for 10 h
80°C for 10 min

Figure 2.2 Hydrothermal treatments of Ti metal samples.

2.4 Surface modification of n-TiO, and CM-n-TiO; thin films by metal islets:

Details regarding the synthesize of CM-n-TiO; and n-TiO, can be found in our
earlier sections. Electrodeposition of different metal islets were performed in a three
electrodes single-compartment electrochemical cell with n-TiO, or CM-n-TiO, as a
working electrode, platinum wire as the counter electrode and a saturated calomel
electrode (SCE) as the reference. The galvanostatic electrodeposition of different metal
islets on the surface of n-TiO, and CM-n-TiO; electrodes surfaces was carried out at a
current density of -250 pA cm? ® for different times (seconds) using scanning
potentiostat (VersaSTAT 3 running VersaStudio software, Princeton Applied Research).
All electrodeposition experiments were performed at room temperature accept for nickel
(Ni), where the temperature of nickel electrodeposition bath was kept at 50°C.*° The
undoped n-TiO, samples were reduced/hydrogenated to HM-n-TiO; in a basic electrolyte

(2.5 M KOH) prior to metal electrodeposition. The procedure was carried out in the same
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electrochemical cell, as mentioned above, by applying a negative polarization potential

(-1.6 V/SCE for 6 minute) to the working electrode.

2.5 Synthesis of iron oxide (n-Fe,O3 ) nanowires and carbon modified (CM-)n-
Fe,O3 thin films:

Iron metal sheets of ~ 1cm?® and 0.25mm thickness (Alfa Co.) were cleaned and
dried according to the procedure used to clean Ti metal samples. The cleaned and dried
Fe metal samples were thermally oxidized at different temperatures in a tubular electric
furnace with both ends opened to ambient atmosphere (Multiple Unit, Series C4497
WEDO). Iron (111) oxide nanowire thin films were prepared by the oxidation of Fe samples
at different temperatures (550 — 900°C) for different periods of times. The synthesis of
CM-n-Fe,03 thin films was carried out by flame oxidation of Fe metal sheet at different
temperatures (700-900°C) and time. The same method and apparatus used to carry out

the flame oxidation of Ti metal sheet was used in making CM-n-Fe;0s.

2.6 Measurements of photocurrent density:

The photoresponse of the photoanodes, HM-n-TiO,, CM-n-TiO,, n-Fe;03
nanowires and CM-n-Fe,O3 was evaluated by measuring the rate of oxygen evolution,
which is proportional to the anodic photocurrent density, J, (MA cm®). The working
electrodes were placed at a distance of 8 inches from the light source and illuminated by a
full spectrum of solar simulated light with an intensity of 0.1W.cm™ (1 sun) from a solar
simulator with a global AM 1.5 filter (Thermo Oriel model 81192). The intensity of the

solar simulated light and the spectral radiation of the solar simulator were measured with
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a Silicon detector (UDT Sensors Inc., Model 10DP/SB) having a spectral response as

shown in Fig. 2.3. %
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Figure 2.3 Spectral response of the silicon detector: model 10DP/SB.**

Linear sweep voltametry (LSV) curves of the photoelectrodes were obtained
using a scanning potentiostat (VersaSTAT 3 running VersaStudio software, Princeton
Applied Research) at a scan rate of 50 mV.s™. This experiment was performed in a
custom made three-electrode single-compartment electrochemical cell, with the
semiconductor as working electrode, platinum wire as a counter electrode, and the
saturated calomel electrode (SCE) as a reference. A solution of 2.5 M KOH was used as
the electrolyte. The electrochemical behavior of the photocatalysts was studied by LSV in
the dark and under solar simulated light illumination. The photocurrent density (Jphoto)
was obtained by subtracting the dark current density (Jqark) from the total current density
under illumination, Jit (Fig. 2.4). The electrochemical cell compartment was made of

quartz to minimize its interaction with the incident light. A spectra-physics
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monochromator, model 7725, was used to generate monochromatic light in order to

measure the monochromatic photocurrent density, Jy(1), of the photoelectrodes.

Jphoto = Jotar = Jdark (11)
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Figure 2.4 Photocurent density measurements by subtracting the dark current density from
the illumination current density.

2.7 Solar simulated light source:

To test the photocatayst electrodes for water splitting, it is convenient to have a
source of light as part of the research laboratory set up. Photoelectrochemical water
splitting reactions have been carried out under different sources of light such as xenon
lamps and solar simulators. These light sources operate at different electrical power
inputs and consequently lead to different incident light intensities and spectral
distributions compared to sunlight. Over the past years xenon lamps have received a lot

of criticism as a non reliable light source. Xenon lamps contain more UV light with
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respect to the solar spectrum, and the amount of UV light increases as the lamp gets
older. In addition, the light intensity from xenon lamps is not uniform and is dependent
upon the distance from the light source. Lately most research laboratories in this field are
equipped with solar simulators as a reliable light source. Solar simulators not only
produce an incident light with intensity close to that of natural sunlight (1sun or 0.1W
cm®), but also simulate the spectral distribution of the incident light to be consistent with
the full spectrum of sunlight. Light generated by a solar simulator contains the same
amount of UV and visible light with respect to natural light. One of the serious issues in
this field is the absence of a standardized procedure or technique to measure and quantify
the solar simulated light in research laboratories.

A solar simulator (Thermo Oriel model 81192) equipped with 1000 W Xenon
lamp and a global AM 1.5 filter was used as a light source throughout this investigation.
The light intensity was measured using Si detector (Model 10DP/SB) as mentioned in the
previous section. Note that Si detectors with different spectral sensitivities may lead to
different light intensities as well as to a different spectral distribution of the incident light.
Hence, it is not possible to fully compare the spectrum obtained in different laboratories
using different detectors. Figure 2.5 shows a comparison between the full spectrum of the
solar simulator used in this investigation and the full spectrum of the solar light obtained
from NREL. * The term full spectrum used here is limited to the UV and visible regions
as these are the only radiations that drive the electronic transitions within titanium oxide

and iron oxide semiconductors.
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Figure 2.5 Solar simulator spectrum compared to spectral irradiance air mass 1.5, Orion Data: the
spectral data obtained from the manufacturer, Solar Simulator lab: spectral data measured in the
lab using Si detector (model-DP/SB), 1.5 Global: full spectrum of the solar light obtained from

NREL.

2.8 Fabrication of a self-driven a-Si based photoelectrochemical cell (PEC):
2.8.1 Deposition of visible light transparent TiO, on Tj-a-Si:

An advanced method was used to deposit a homogenous and durable thin film of
TiO, on a Tj-a-Si surface. In this method an ultrafine colloidal solution of TiO, (Degussa
p 25) was utilized instead of a suspension of TiO; particles. The colloidal solution
consisted of 80 mg of TiO, powder in 10 mL of ethanol, in presence of 10 uL of
acetylacetone as a structure directing agent. ** A binder Triton X100 (5 micro liters in 10
mL of ethanol) was added to the suspension to obtain homogeneous films. Also, the
binder helped to minimize the cracking in the film during drying. The mixture was first
homogenized in a high-speed centrifuge (Avanti J-20XP) at 3,000 rpm for 15 min in

order to obtain a clear colloidal solution at the top and a thick white precipitate at the
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bottom. A single drop from the top of the ultrafine colloidal solution of TiO, was spread

on the surface of the Tj-a-Si with an area of 0.69 cm? then spin coated for one min. This

process was repeated for several times and then dried at room temperature. The resulting
films of TiO, were sintered at 200°C for 1 hour to obtain a uniform solvent free TiO, thin
film on the Tj-a-Si surface. The optimum number of drops was limited to 10, to allow

enough light to reach the underlying Tj-a-Si (Fig. 2.6).

P

J (mA.cm?
o

T T T T T T T ]
o 2 4 6 8 10 12 14 16
number of n-TiO, layers

Figure 2.6 Photocurent density of TiO, covered Tj-a-Si versus the number of drops of TiO.,.

2.8.2 Deposition of manganese oxide layer on TiO, covered Tj-a-Si solar cell:

The bath for the deposition of manganese oxide thin layer consisted of aqueous
solutions of 0.03 M MnCl,, 1.4 M NH4OH having a total volume of 50 mL. 0.25M of
NH,4Cl was added to the mixture to slightly lower the pH of the solution. The solution
was stirred continuously at room temperature. The TiO, thin film covered Tj-a-Si solar
cell sample was then immersed in the deposition bath for 15 minutes to allow deposition
of Mn(OH), on its surface. After taking it out of the deposition bath the sample was

rinsed with double deionized water and dried at room temperature. It was then
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transferred to a glass funnel that was evacuated to 2x107 torr. The sample in the
evacuated glass funnel was heated at 220 °C for 15 min (Fig. 2.7). Heating in the
vacuum resulted in the loss of water and hydrogen, thereby leaving a thin film of Mn,Os.
The deposition process of Mn,Os is described by chemical reactions (12) and (13): ®
MnCl; (aq) +2 NH4;OH (ag) - Mn(OH), (s) + 2NH4CI (aq) (12)

During heating at 220°C under vacuum of 2x107 torr:

2Mn(OH)2(s) > MnmOsz(s) + Hz2(9) + H.0(9) (13)

Formation of Mn,O3 was confirmed earlier by X-ray photoelectron spectroscopy
analysis (XPS). ® Note that the unstable MnO, would be formed when Mn(OH); is

heated under ambient conditions according to the reaction:

2Mn(OH), (s) - MnO, (s) + 2H,0 () (14)

Mn(OH,) precipitated on
TiO,/a-Si after 15 min

Sintered under vacuum at 220°C for 15 min

Figure 2.7 Curing Mn(OH), deposited on TiO, covered Tj-a-Si in vacuum.

30



2.8.3 Hydrogen gas collection at Pt cathode in Mn-oxide-TiO; coated
Tj-a-Si /Pt PEC:

Schematic diagram of a monolithic self-driven Mn-oxide-TiO, coated Tj-a-Si/SS
PEC as shown in Figure 1.5 was modified to Mn-oxide-TiO, coated Tj-a-Si/Pt PEC
Figure 2.8 by connecting a platinum wire with the back stainless steel (SS) surface to
facilitate H, gas collection. The self-driven monolithic water splitting PEC under solar
simulated light illumination in which O, evolves on the front Mn-oxide-TiO, coated Tj-a-
Si surface (photoanode) and H; evolves on Pt (cathode). Hydrogen gas was collected by
displacing the electrolyte solution inside a graduated test tube inverted over the Pt wire.

The Mn-oxide-TiO, coated Tj-a-Si- solar cell was placed at a distance of 8 inches
from the solar simulator with global AM 1.5 filters having light intensity of 0.1W cm™ (1
sun). The bias needed for water splitting reaction was provided by the underlying Tj-a-Si

solar cell under the same illumination conditions.

Light /[ |

O, + 2H,0 + 4¢e”

40H" + 2H,

N

Non
conductive
Epoxy

4H,0 + 4¢
40H

Monolithic Water Splitting PEC

Figure 2.8 Water splitting using a self driven monolithic a-Si based PEC.
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2.9 Synthesis of Ni-Co304 porous electrode:

Suitable amounts of Ni metal powder (150 micron, 99.99%, Sigma-Aldrich),
Co0304 powder (10 micron, Sigma-Aldrich ) and small amounts (0.1 molar ratio) Al
powder (20 micron, 99 %, Sigma-Aldrich) were thoroughly mixed. The mixture was
pressed under a pressure of 20 torr. The resulting pallet was sintered at 800 °C for 4
hours in an electric furnace with controlled heating and cooling cycles under argon

atmosphere. The temperature profile of the sintering is shown in Figure 2.9.

Sintering temperature profile
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Figure 2.9 Sintering temperature profile for porous Ni-Co3O, electrode.

After sintering the pallet was acid leached to produce a highly porous Ni-Co304
electrode with a large surface area. The porosity of the electrodes under these conditions
was studied by using fluid pore filling method as seen in figure 2.10. The porous
electrodes were completely filled with water to cover the entire void volume. The
procedure used is as described in the following. A syringe was first filled with water up
to a known level (i.e. mL of water.) The sample was wetted by adding water drop by

drop. The water was seen to be immediately soaked in the porous sample without
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draining out. This was continued until the sample got completely saturated with water.
The amount of water needed to saturate the sample gave us the void volume, i.e. empty
volume created by leaching out of aluminum powder. For calculating the bulk volume, a
graduated cylinder of 10 mL was taken. The bulk volume was calculated by displacement
of water by completely water saturated electrode in a graduated cylinder filled with
water. The change in the level indicated the total bulk volume of the electrode filled with
water. From these values of void volume and the bulk volume, the void ratio of Ni-C0304

was calculated from the following formula:

Void Ratio = L2drolume 15y

Bulk Volume

C
U

Graduate cylinder

Figure 2.10 fluid pore filling porosity measurements for Ni-Co30, electrode

For comparison RuO; thin films were deposited on the surface of Ti metal sheet

(Ti metal sample were cleaned as reported in section 2.1). Ruthenium chloride paste was
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painted on the surface of the cleaned Ti substrate and dried first at 60 °C for 20 min under
air ambient, then heated in air for 20 min at 250-275 °C. The procedure was repeated 2 to
3 times to increase the RuO, thin film thickness then finally annealed under air ambient
for 4 h at 250 —275 °C. ™

The catalytic activity of Ni-Co30,4 toward OER, in terms of H, collected over the
cathode, was compared to the state of the art Ti-RuO- in a solar driven water electrolysis
in 2.5 M KOH, with Pt as a cathode. The external bias was provided to the
electrochemical cell via a silicon based solar cell under solar simulated light. Hydrogen
gas was collected by displacing the electrolyte solution inside a graduated test tube

inverted over the Pt cathode.

2.10 Synthesis of Co-oxide and Ni-Co-mixed oxide thin film electrodes:
Commercially available fluorine doped tin oxide (FTO) coated conducting glass
substrates were cleaned in a sonicator using acetone, Acetone: Di-water (50:50) and Di-
water respectively. Each step lasted 30 min. The cleaned FTO glass substrates were then
dried under dry argon stream. The resistivity of the resulting ITOs was found to be within
14-20 ohm cm at room temperature. Aqueous solutions of 0.05 M Ni(NOs3),, 0.05 M
Co(NOs3), and different volume ratios of these aqueous solutions were used as spray
solutions to synthesize Co-oxide and Ni-Co mixed oxides. The spray operation was
carried out for a total of 30 sec having three 10 sec spray periods on an FTO conducting
glass substrate at a temperature of 180°C using a pneumatic nozzle and oxygen as the
carrier gas figure 2.11. In between each spray period there were intervals of ~ 10 min for

the substrate temperature to be raised to 180°C on a hot plate. It is important to mention
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here that the total spray time depends solely on the nozzle’s orifice and the pressure of O
carrier gas. A conducting silver epoxy was applied to the four edges of the FTO glass to
ensure a uniform electrical conductivity across the electrode surface during water
electrolysis. After the spray the silver epoxy at the edges of the electrodes was covered
with a non-conductive resin based epoxy. Cyclic Voltammetry (CV) was used as the
main tool to examine the electrocatalytic performance of these electrodes toward OER. A
three electrodes configuration in a single-compartment cell was used, with Ni-Co mixed
oxides or Co-oxide as a working electrode, platinum wire as a counter electrode, and SCE
as a reference electrode. The single compartment cell was filled with 2.5 M KOH as an

electrolyte solution.

Spray aqueous

Conductive solution
substrate
/

Zo

Hot plate

Figure 2.11 Spray pyrolysis apparatus used to synthesis Ni-Co-mixed oxides and Co-monoxides
catalysts.

2.11 Scanning electron microscopic (SEM) and energy dispersive spectroscopic
(EDS) measurements:
The surface morphology of the synthesized thin film oxides was characterized

using Scanning Electron Microscopy (SEM), and was performed on a high-resolution
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Hitachi S-3400 SEM. The Hitachi S-3400 SEM equipped with a Bruker Quantax energy
dispersive spectrometer was also used for energy dispersive spectroscopic (EDS)
analysis. Samples were mounted on a double sided carbon tape affixed to an aluminum
sample holder. EDS spectra and mapping were collected at accelerating voltage of 15 kV
and a working distance of 10 mm. A high field emission ZEISS EVO SEM was also used
to characterize the surface morphology of CM-n-TiO; , n-Fe;,O3 nanowires and CM-n-

Fe,O3 thin films.

2.12 UV-Vis Spectroscopic Measurements:
UV-Vis absorption spectra of CM-n-TiO,, and CM-n-Fe,05 thin films were
recorded using a Varian Cary 1E UV-Visible Spectrophotometer. Labsphere (Model

DRA-Ca-30I) with a reflectance Teflon standard (I.D.USRS-99-010) was used.

2.13 X-ray and XPS characterization of oxide thin films:

Crystallographic information were collected from X-ray diffraction (XRD) using
PANalytical X’Pert-Pro MPD with 45 kV Cu Ko radiation source (A = 1.541 A). Scans
were collected from 20 to 70 degrees 26 at a continuous scan rate. The change in the
valence band induced by the hydrogenation of n-TiO, was examined by XPS
measurements. The measurement was carried out using a leybold LHS-10 spectrometer
with MgKa (1253.6 eV) X-ray source at a pass energy of 100 eV. The pressure in the

analysis chamber was typically 2x107 Torr.
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Chapter 3

Results and Discussion

3.1 Hydrogen modified (HM)n-TiO, thin film electrodes

3.1.1 Photoresponse of HM-n-TiO, thin film electrodes:

Under light illumination with energy larger than the band gap energy, electrons
and holes are generated within the photocatalyst (n-TiO,). Applying an external positive
bias above the flat band potential of the semiconductor leads to the bending of the
valence and conduction bands. Electrons are transferred from the anode (under positive
polarization) to the counter electrode via an external circuit in the electrochemical cell
while the holes are diffused to the surface of the n-TiO; to react with oxidizable species

at the electrode —electrolyte interface (Fig. 3.1).
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Figure 3.1 Photoelectrochemical cell under light and an external bias for water splitting. %4
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Figure 3.2 shows the dependence of photocurrent density (J,, mA cm?)asa
function of measured potential (Eneas VS SCE) for undoped n-TiO, and hydrogen
modified HM-n-TiO, synthesized as reported in the experimental section 2.1. It is
observed in Figure 3.2, for example, at -0.4 VV/SCE that the photocurrent density
enhanced to 1.97 mA cm™ for HM-n-TiO, compared to 0.5 mA cm™for undoped n-TiOs.
This fourfold enhancement of the photoactivity of HM-n-TiO; in terms of photocurrent
density could be attributed to the reduction of n-TiO; by gain of hydrogen during the

cathodic polarization of n-TiO in 2.5 M KOH electrolyte.

—&—n-TiO2
—a— HM-n-TiO2
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Figure 3.2 Photocurrent density of undoped n-TiO, and HM-n-TiO, thin film electrodes as a
function of measured potential in 2.5 M KOH electrolyte and under 0.1 W cm™solar simulated
light.

As indicated in the experimental section the hydrogenation of n-TiO, was carried
out by cathodic reduction of the electrode at -1.6 V/SCE in a 2.5 M KOH solution.
Taking into account the nature of chemical species in the electrolyte at this negative

potential, the only reaction expected at the electrode surface is hydrogen evolution. And
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according to Lemon et. al. ** besides molecular hydrogen formation during the reduction
some of the protons are inserted within the structure of n-TiO, to compensate for the
negative charge. Ultimately proton insertion increases the nonstoicheometry/defect in n-
TiO, structure which may lead to the formation of mid-gap states > where electrons could

be exited from either the valence band or the newly created states to the conduction band.
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Figure 3.3. Cycling tests for HM-n-TiO, in terms of photocurrent density, J,(mA cm?) under the
same experimental conditions as was specified earlier in the experimental sections. Each curve is
defined in the plot’s legend from d1 (day 1) to d30 (day 30).

Cycling of HM-n-TiO, photocatalyst as a function of time was carried out for 30
days testing period. The test consists of measuring the photocurrent density generated
during water splitting under solar simulated light. Initially, the photoactivity of HM-n-
Ti0O, decreased after the first day then exhibited a substantial stability for the following
29 days as shown in Figure 3.3. During the cycling period, HM-n-TiO, was rinsed with

Dl-water after each measurement and then dried at room temperature. Because hydrogen
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tends to be attracted to dangling bonds ', the initial drop of the modified n-TiO-
photoactivity could be due to the loss of all or part of the hydrogen attached to dangling
bonds at the surface of the semiconductor.

These results led to investigate of the photoactivity of HM-n-TiO; after drying it
at a higher temperature. Figure 3.4 shows that after drying at 200°C the photocurrent
density of HM-n-TiO, decreased significantly. More interestingly, the photoactivity of
the dried electrode was restored after reducing it under the same experimental conditions

as shown in Figure 3.5.

14 +

12 +

——HM-n-TiO02
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Figure 3.4. Cycling tests for HM-n-TiO, in terms of photocurrent density, J,(mA cm?) after
drying the electrode at 100°C, 150°C and 200°C, respectively.
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Figure 3.5. Photocurrent density of HM-n-TiO,, the dried HM-n-TiO, at 200°C (HM-n-TiO;
200°C) and the rehydrogenated HM-n-TiO, (Re H, HM-n-TiO, 200°C) thin film electrodes as a
function of applied potential.

3.1.2 Characterization of HM-n-TiO; thin films using spectroscopic methods:
Surface morphology of n-TiO, thin films was investigated using scanning

electron microscopy (SEM) before and after hydrogenation and no sign of difference was
observed as shown in figure 3.6.

X-ray diffraction spectroscopy (XRD) was used to investigate the structure of n-
TiO, thin films before and after hydrogenation. Figure 3.7 shows strong XRD
diffraction peaks which signify that the thin film of n-TiO; is highly crystalline and
consists mainly on rutile phase with some peaks belonging to the anatase phase. The
peak at 53° 20 may belong to Ti metal or to the non stoichiometric titanium oxide % *’
such as Ti3zO (jepds: 01-073-1583) and TigO (jcpds: 01-072-1471). After hydrogenation,

the new HM-n-TiO; thin film XRD pattern (Fig. 3.7) exhibits the same crystalline phase.

From XRD patterns of n-TiO, and HM-n-TiO; it can be concluded that reduction/
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hydrogenation of n-TiO, does not result in a systematic change in its crystalline phase. ¥
Therefore the incorporation of hydrogen could be either limited to the surface of the
electrode or a possible charge compensating cations intercalation into the lattice of n-
TiO, during the reduction process. The intercalation of hydrogen into the lattice of n-
TiO, was suggested by Lemon et al. ** who confirmed proton insertion with the use of
Quartz Crystal Microbalance analysis.

The density of states (DOS) of the valence band of n-TiO, and HM-n-TiO, was
measured with valence band X-ray photoelectron spectroscopy (XPS). Figures 3.8 show
that the hydrogenated n-TiO, thin film exhibits an identical valence band similar to that
of n-TiO, prior to hydrogenation and no additional electronic states were observed above
the valence band in contrast to what was reported by Chen et al. *"*® It was noted that in

their case hydrogenation of n-TiO, nanoparticles was carried out at a high temperature.

4.7mm SE 20.0um

Figure. 3.6 Top view SEM images for HM-n-TiO; thin films and regular n-TiO; thin films
before reduction
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Figure 3.7 Xray diffraction (XRD) patterns for n-TiO, and HM-n-TiO; thin films compared to
reference patterns (jcpds cards) of Rutile (03-065-0192, 01-077-0443); Anatase (01-086-1156,
01-086-1155); and Ti (01-089-5009)

HM-n-TiO2

Endng Enargy (o)

n-Ti02

Binding Energy (V)

Figure 3.8 valence band X-ray photoelectron spectroscopy (XPS) spectra for regular HM-n-TiO,

and n-TiO,.
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3.1.3 Monochromatic photocurrent of HM-n-TiO, thin film electrodes:

The photoresponse of an electrode under monochromatic light (UV, visible and
IR regions) is of great importance for its applications. The monochromatic photocurrent
plot has a significant advantage over the UV-Vis absorbance spectra due to electronic
transitions not related to the band gap, such as d-d transitions * which are the result of
photon absorption with no photocurrent generation.

To investigate the photoresponse of HM-n-TiO, under various single wave
lengths of the incident solar simulated light, a monochromatic photocurrent density, j,(A),
measured at an applied potential of 0.2 VV/SCE versus wavelength A (nm), was collected
and plotted. Because photocurrent density depends on the applied potential (Fig. 3.2), the
later was chosen to be within the photocurrent saturation region. Figure 3.9 shows that
the photosensitivity of HM-n-TiO, increased in the UV region compared to undoped n-
TiO,. However, the photocurrent decreases significantly under shorter wave lengths in
the UV region (< 350nm) for both electrodes. The low photocurrent generated in this
region is due to the low efficiency of charge carrier collection *°. This phenomenon can
be explained by the fact that under highly energetic wave lengths (within the UV region),
the conduction band of the semiconductor becomes populated with electrons exited from
the valence band. This higher excitation rate causes the inversion of the conduction band,
as if the semiconductor electrode is biased by an external negative potential, where the
majority charge carriers in n-type semiconductors (electrons) recombine with the
minority charge carriers (holes) before reaching the interface semiconductor-electrolyte *

as seen in figure 3.10.
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Fiugure. 3.9 Monochromatic photocurrent density, j,(A), as a function of wavelength of light, A

(nm), for unmodified n-TiO,and HM-n-TiO,.The monochromatic photocurrent measurements

were performed under monochromatic light intensity of 0.1W cm™ from a global AM 1.5 solar
simulator and 2.5 M KOH as electrolyte. The measured potential used was set at 0.2 VV/SCE.
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Figure 3.10 Conduction band inversion at the interface n-type semiconductor — electrolyte when
a negative bias is applied.
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3.1.4 Band gap energy of HM-n-TiO; thin films:

Figure. 3.11 shows Tauc plot of (1 hv)"? versus (hv) for HM-n-TiO, and n-TiOs.

Note that ) is the quantum efficiency calculated using the formula:

_ Jo@d
N = 22 (16)

where jp(A ) is the wavelength dependent photocurrent density, e is the electronic charge,

lo(A) is wavelength dependent intensity of incident light, and (hv) represents frequency

dependant photon energy.

)112

(nhv

e HM-n-TiO,
= n-TiO,

(hv) (ev)

Figure 3.11 The respective plots of (nhv)“? vs. (hv) to determine the band gap of HM-n-TiO,
and undoped n-TiO, thin films. The measurements were performed under monochromatic light

with an intensity of 0.1W cm™ from a solar simulator with global AM 1.5 and 2.5 M KOH
electrolyte.

An extrapolation of the linear regions of the plots, (n hv)** versus (hv) for both
electrodes, gives the band gap value as the intercept to the horizontal axis (where (1 hv)*?
= 0). From the extrapolation, the band gap of HM-n-TiO, was found to be slightly

narrower from 2.7 eV for regular n-TiO; to 2.6 eV. It is worthwhile to note that the band
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gap of 2.7 eV for n-TiO, thin film was found to be lower than that of n-TiO, particles. *®°
This may be attributed to a very low level carbon doping by ambient CO; in the electric

furnace when n-TiO, was synthesized as reported in section 2.1.

3.1.5 Summary:

We have demonstrated a simple approach to incorporate hydrogen into n-TiO, (to
synthesize HM-n-TiOy) by electrochemically generating hydrogen gas onto its surface
under cathodic polarization at room temperature. The photo-catalytic activity of HM-n-

TiO, towards water splitting was enhanced by four fold compared to regular n-TiOx.

3.2 Carbon modified (CM)-n-TiO; thin film electrodes:
3.2.1 Surface morphology and structure characterization of n-TiO, and CM-n-TiO;
thin films:

Figure 3.12 compares the surface morphologies of CM-n-TiO; thin film
synthesized by thermal flame oxidation of Ti metal substrate and regular n-TiO; thin film
synthesized by thermal oxidation in an electric furnace under ambient atmosphere as
reported in the experimental section 2.2. SEM images of the surface reveal that the major
difference in the samples is the surface morphology and consequently the enhanced
surface area and multiple absorption of reflected light across the nanostructures. CM-n-
TiO, thin film has a rough surface compared to a nearly flat surface of the regular n-TiO,.
The morphology of CM-n-TiO, consists of sharp edges with wall like nano-and-micro
structures. These wall-like structures are vertically oriented and some of them appear to

have collapsed due to the flame’s heat. Flame oxidation of Ti metal produces an oxide
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thin film with sharp edges; however it is not known whether the dramatic change in
surface morphology is due to the presence of carbon in the surface/structure of the

titanium oxide or from the flame environment.

Figure. 3.12 Top view SEM images of flame oxidized CM-n-TiO, thin films and undoped
n-TiO, thin films.
3.2.2 Elemental analysis of CM-n-TiO, thin films using EDS:
Figure 3.13 shows EDS spectra of the catalyst which includes a combination of
surface morphology and the elemental distribution of C, Ti, and O in CM-n-TiO; thin
film. The catalyst’s color changes depending on the thermal oxidation method from gray

for furnace oxidized n-TiO, to dark gray for flame oxidized CM-n-TiO, samples.
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Figure 3.13 Elemental mapping and EDS spectra of CM-n-TiO, and n-TiO, showing the surface
elemental distribution.

Elemental composition of CM-n-TiO; showed variation from one sample to
another. The surface composition of CM-n-TiO, was taken for different selected samples
and the atomic percent of Ti, O, and C are given in Table 1. The standard deviations of
the atomic percent of Ti, O and C were found to be 6.6%, 6.2% and 2.6%, respectively.
This variation in the surface composition results lead to investigate a single sample where
the EDS measurements were taken at different surface spots and over large cross

sectional area (lower magnification) as seen in Table 2. The carbon atomic percent of Ti,
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O and C decreases as the cross sectional area increases as shown in Table 2, this is

possibly due to the presence of residual carbon in different spots as shown in Fig. 3.14.

Table 1. EDS analysis and surface composition of n-TiO, and CM-n-TiO,

Elements Unmodified Carbon modified CM-n-TiO,
Atom % n-TiO, Composition Sd

Ti 40.55 38.95 6.6

@) 57.78 56.70 6.2

C 1.67 3.50 2.2

Table 2. EDS analysis and surface composition of a single sample CM-n-TiO,

Elements CM-n-TiO,
Atom % Magnification 1 10x 50%
Composition | Sd | Composition | Composition
Ti 43.91 5.6 41.03 41.42
0 52.2 7.6 56.59 56.56
C 3.30 1.6 2.17 1.78

Figure 3.14 Elemental mapping for CM-n-TiO; thin film over a large cross sectional area
(low magpnification) with red for Ti atoms, blue for O atoms and green for C atoms.

3.2.3 X-ray diffraction (XRD) of n-TiO, and CM-n-TiO; thin films:
X-ray diffraction (XRD) analysis was carried out to characterize the structure of

CM-n-TiO; thin film photoelectrodes synthesized by flame oxidation of Ti metal sheets.
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Figure 3.15 shows the XRD patterns of the CM-n-TiO, and n-TiO; thin films; the strong
XRD diffraction peaks observed signify that the thin film of CM-n-TiO, and n-TiO, are
highly crystalline and consists mainly of rutile phase with some peaks belong to the
anatase. The peak at 53° 26 may belong to Ti metal or to the non stoichiometric titanium

oxide 1" such as TisO (jcpds: 01-073-1583) and TigO (jcpds: 01-072-1471).
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Figure 3.15 Xray diffraction (XRD) patterns for n-TiO, and CM-n-TiO, thin films
compared to reference patterns (jcpds cards) of Rutile (03-065-0192, 01-073-1765);
Anatase (01-086-1156, 01-086-1157); and Ti (01-089-5009)
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3.2.4 Photoelectrochemical water splitting at CM-n-TiO; electrodes under an
external minimal bias:

The photoacatalytic activity of CM-n-TiO; electrodes was investigated in terms of
photocurrent density (mA cm™) which is proportional to the amount of molecular oxygen
evolved at the surface of the semiconductor electrode. According to faradays law the
current density is proportional to the number of moles of oxygen evolved at the electrode
surface, therefore it can be calculated using the equation:

j =zFn,, a7
where F is the Faraday constant (F= 85600 C/mol), z is the number of electrons (water
splitting is a four electrons process) and n,, is the number of moles of O evolved.
Figures 3.16 is the plot of the photocurrent density versus measured potential for an
efficient CM-n-TiO; synthesized at the optimum conditions (flame temperature of
825 + 3°C, thermal oxidation time of 15 min, optimum oxygen gas flow rate of 2.23 L
min™ and the natural gas flow rate of 3.32 L min™) compared to undoped n-TiO-
synthesized in an electric tube furnace under the optimum conditions (temperature of 825
+ 3°C and oxidation time of 16 min). A photocurrent density of 4.97 mA cm?was
observed for CM-n-TiO, thin films at a measured potential of - 0.6 V/SCE compared to
0.66 mA cm for n-TiO, at the same measured potential. This enhancement in the
photocurrent is a clear indication of the positive effect carbon incorporation has on the
photoresponse of titanium oxide.

The wall-like sharp structures as seen in the SEM micrograms (Fig. 3.12) provide
an insight into how carbon, as impurity, modifies the surface morphology of the catalyst.

In catalytic reactions a large contact area is highly desirable in order to increase the yield
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of the chemical reaction. More importantly, in photoactive semiconductor
electrocatalysts textured surfaces play a decisive role in facilitating charge transfer at the
electrode-electrolyte interface by reducing the diffusion length for charge carriers
compared to a flat surface and thus minimize their recombination rate. 1% 1% The added
benefit of a porous or rough surface morphology is that the incident light is more

effectively absorbed due to light scattering within porous structures ' 1%

, and therefore a
better photoresponse compared to a flat surface. %% |t was also found that the nano-
structured morphology facilitate the gas bubble evolution compared to a flat catalytic
surfaces where the gas bubbles stick to the surface until a sudden burst occurs. %1%
The photocurrent density is proportional to the thickness of the oxide film %, as
shown in the theoretical expression [18]. On this basis a thicker oxide film would result

in higher absorption of light and consequently a higher photocurrent; *%

—(aw)

Ipn =To(1 = R)(1 — eC**tp)) (18)

p

where, I, is the incident photon flux, R is the optical reflectivity of the solid, L, is the
hole diffusion length (i.e., the minority carrier diffusion length in n-type semiconductor)
and o is the linear light absorption coefficient. w is the depth of the space charge region

and can be described as follow:

2eg9(E—Epnset)
—_— 1
e (19)

where ¢ is the static dielectric constant, & is the permittivity of free space (8.86 x 10™* F
cm™), E — Eonset i the potential drop in the space charge region (Eonset is the potential at
which the anodic current is first observed), Np is the concentration of donor impurities in
a semiconductor (in the case of TiO,; Np = ne), and q is the electron charge (1.6x 10™

C). Note that the photocurrent increases with the width of the space charge region which

53



in fact depend on the effective absorption of light, carrier density and the bend bending in
the semiconducting photoelectrode.

According to the experimental results, and assuming that the oxide film thickness
is proportional to the oxidation time, the photocurrent versus oxidation time trends were
found to fellow equation (18) when the Ti metal samples were flame oxidized for periods
equal to or less than 15 min, as seen in Figure 3.17. Whereas, for thicker CM-n-TiO, thin
films the photocurrent was found to decrease when the oxidation time was greater than 15
min. This anomaly in the photocurrent versus film thickness trend could be explained as
fellow: for longer oxidation times the CM-n-TiO, film is exposed to the extra heat which
may cause the film to crack and pills off the underneath electrons collector substrate (Ti

metal).
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Figure 3.16 Photocurrent density as a function of measured potential, Ene.s (V/SCE) under light
intensity of 0.1 W cm™ from a global AM 1.5 solar simulator and in 5 M KOH electrolyte,
(a) Photocurrent density for n-TiO, (b) Photocurrent density for CM-n-TiO..
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Figure 3.17 Photocurrent density as a function of measured potential, Eess (V/SCE) for
CM-n-TiO, thin film electrodes synthesized by thermal flame oxidation at the optimum condition
of flame temperature and different oxidation times. The measurements were performed under
light intensity of 0.1W cm™ from a global AM 1.5 solar simulator, and in 5 M KOH electrolyte.

3.2.5 Photoconversion efficiency of CM-n-TiO;and n-TiO; thin film electrodes
under an external minimal bias:
The percent photoconversion efficiencies, € (%), of the photoelectrodes were
calculated using expression: *°

(%) = (Output Power — input Power) % 100%
eV = Incident light Power °

= [jp —(Ere"jE“m’l) X 100% (20)

0

where j, is the photocurrent density (mA cm™); Py is the total incident light intensity (0.1
W cm®); E.v is the reversible potential (1.23 V) for the overall water splitting reaction:
H,O > H, +% 0, (22)

at standard state conditions which can be interpreted as the chemical energy consumed by
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converting H,O to H, and O,; and E,pp, is the applied potential which is calculated as
Eapp = Emeas - Eaoc (22)
where Enmess (VS. SCE) is the potential at which the photocurrent density was measured,;
Ea0c(vS.SCE) is the electrode potential at open circuit conditions in the same electrolyte
solution under the same illumination at which the photocurrent density was measured.
Due the unfavorable position of the conduction band of n-TiO,, an applied
potential from an external source such as a potentiostat is required to drive the water
splitting reaction at n-TiO, anode. In addition to the electric field generated inside the
semiconductor under light illumination an externally applied potential is needed to
effectively separate the electron — hole pairs. The applied potential needs to be subtracted
from the output energy in order to calculate the photoconverstion efficiency of the
electrode.

Alternatively, the percent total photoconversion efficiency (% &pnoto(total)) of light

energy to chemical energy can be obtained by the following equation:**®

A
g
I jp(/l) [E:ev - |Eapp(/l)| ]dﬂ’
% & porottotad = 22 x100 (23)

T P (4)dA
A

where jp(A) is wavelength dependent photocurrent density under monochromatic light
illumination (MA cm™? nm™) and P, (1) is the power density of incident wavelength
dependent monochromatic light (MW cm™ nm™). The applied potential, Eapp (1) was also

found to be wavelength dependent and can be expressed as,

Eapp (A) = Emeas - Eaoc (V) (24)
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where Ezc (M) is the electrode potential in volts at open circuit conditions under
monochromatic light illumination of wave length, A (nm). Since E,c depends on the

incident light intensity % epnoto (total) is calculated based on equation [24].

Photoconversion efficiency was also calculated with the assumption that the cathode
(Pt as counter electrode) has a fixed potential 1% and can be estimated as the reduction
potential of water in basic media (-0.83V/NHE):

2H,0 + 2¢" > H, + 20H (25)

In this case the applied potential can be obtained as:
Eapp = Eanode - Ecathode = Emeas — E°(H20/H>) (26)

Where E°(H,0/H,) = -1.013V/SCE in a5 M KOH solution. But it should be noted that
the dependence of the open circuit potential (Eaoc) Of the photo-anode (n-TiO;) on the
incident light (equation [24]) should not be ignored and needs to be taken into account.

For CM-n-TiO,, a photoconversion efficiency of 4.06% (see Fig. 3.18) was found
for water splitting under an external applied potential of 0.41 V versus Eyo (Which
corresponds to a measured potential, Emess = - 0.7V/SCE) compared to 0.55% for
undoped n-TiO, (see Fig. 3.18) under an external applied potential of 0.52 V versus Egc.
It is observed in Fig. 3.16 and Fig. 3.18 that higher photocurrent response and consequent
higher photoconversion efficiency (4.06%) of CM-n-TiO, samples was determined by the
unusually higher ability of the oxide to use the absorbed UV photons to convert OH ions
to O, and water as shown in Fig. 3.19. Such unusual behavior of CM-n-TiO, samples
mainly in the UV regions may be explained in terms of the following effects. A possible
multielectron-hole pairs (excitons) generation (MEG) by absorption of single high energy
photons in the UV region across multiple low energy band gaps in the CM-n-TiO,

nanocrystals (Ncs), as it is observed in its scanning electron microgram (see Fig. 3.12).
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The multi-exciton generation (MEG) by a single photon was observed earlier in Ncs. **
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Figure 3.18 Photoconversion efficiency as a function of applied potential Eap, (V/Eaoc) under
light intensity of 0.1W cm™ from a global AM 1.5 solar simulator in a 5 M KOH electrolyte.
(@): n-TiO, and (b): CM-n-TiO,.

3.2.6 Monochromatic photocurrent density for n-TiO, and CM-n-TiOg:

To investigate the photoactivity of CM-n-TiO,, the monochromatic photocurrent
density, jo(A), has to be measured at various wavelengths, A (nm). The monochromatic
photocurrent has a significant advantage over the absorbance spectra in the UV-Vis
region due to electronic transition not related to the band gap such as d-d transition. *
measured at an applied potential of 0.2 V/SCE

Figure 3.19 shows that the photoactivity of CM-n-TiO, compared to that of
undoped n-TiO; increased mainly in the UV region of the incident solar simulated light
when measured under the same experimental conditions. More importantly a visible light
activity of the CM-n-TiO, was also observed. This observation was found to be
consistent with the diffuse reflectance spectra of CM-n-TiO; as seen in figure 3.20. The

dramatic increase of the photoactivity of CM-n-TiO, in the UV region of the incident
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light could be due to an effective absorption of the incident light where light is readily
scattered within a porous or rough surface. Another reason is a possible formation of a
mid gap band due to carbon doping where electrons are excited from the valence to the

newly created mid gap band and from the later to the conduction band of the CM-n-TiO,

electrode.
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Figure. 3.19 Monochromatic photocurrent density, j,(1), as a function of A (nm), for undoped n-
TiO,and CM-n-TiO,. The measurements were performed under a monochromatic light from a
solar simulator with global AM 1.5 filter in 5 M KOH and under a potential of 0.2 VV/SCE.

A low photocurrent generation in the more energetic wave lengths of UV region
was observed and could be due to the low efficiency of charge carrier’s collection. %
This phenomenon can be explained by the fact that under a highly energetic wave length
of the UV region, the conduction band of the semiconductor becomes populated with
exited electrons from the valence band. This higher excitation rate causes the inversion of

the conduction band, as if the semiconductor electrode is biased by an external negative
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applied potential. This inversion in conduction band causes the majority charge carriers
in n-type semiconductor (electrons) recombine with the minority charge carriers (holes)

before reaching the interface semiconductor-electrolyte ** (Fig. 3.10).

3.2.7 Diffuse reflectance spectra of CM-n-TiO, and n-TiO, thin films:

Figure 3.20 compares the UV-Vis diffuse reflectance spectra of flame-made
CM-n-TiO; and regular n-TiO, photoelectrodes having maximum photoconversion
efficiencies of 4.06 % and 0.55 %, respectively. Both electrodes were synthesized at the
same optimum conditions of 825 °C for 15 min. The UV-Vis spectroscopic results show
similar behavior of the flame-made CM-n-TiO; and n-TiO, thin films in the UV region.
However, a visible light absorption is observed for CM-n-TiO, with a peak at 580 nm.
The UV-Vis spectra are consistent with the monochromatic photocurrent for CM-n-TiO,

and n-TiO; thin films as shown in figure 3.109.

—e=—n-TiO2
—s— CM-n-TiO2
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Figure 3.20 Diffuse reflectance spectra for undoped n-TiO, and CM-n-TiO,.
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3.2.8 Band gap energy of CM-n-TiO, thin film:

Figure 3.21 shows Tauc plot of () hv)ll2 versus (hv) for CM-n-TiO; and n-TiO,
thin films. Note that 1 is the quantum efficiency calculated using equation [16]. An
extrapolation of the linear regions of the plots, ( hv)? versus (hv) for both electrodes,

gives the band gap value as the intercept to the horizontal axis (where (n hv)¥2 = 0).

4+ ¢ CM-n-TiO,
. n-TiO2

(T]hV) 1/2

T T T T
15 20 257 30 35 40 45
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Figure 3.21 The respective plots of (nhv)"? vs. (hv) to determine the band gap of CM-n-TiO, and
undoped n-TiO; thin films. The measurement were performed under a light intensity of 0.1W cm’
% from a global AM 1.5 solar simulator in 5 M KOH electrolyte.

From the extrapolation the band gap of CM-n-TiO, was found to be 2.61 eV,
which is narrower than that of regular rutile TiO; (3.0 eV ). In addition, a mid-gap band
located 1.75 eV above the valence band was observed within the band gap of CM-n-TiOs.
And this is due to carbon incorporation within the lattice or surface of CM-n-TiO,. The

band gap for the electric furnace made n-TiO, was found to be 2.75 eV which is lower
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than the expected 3.0 eV. 100 This anomaly may be attributed to very low level carbon
doping by ambient CO, in the electric tube furnace. It can be concluded that the high
photocurrent response observed for the CM-n-TiO, compared to undoped n-TiO, (Fig.
3.16) is due to band gap lowering and the formation of a mid-gap band within the band

gap of the CM-n-TiO, thin film.

3.2.9 AC impedance spectroscopy: flat band potentials and doping densities of

CM-n-TiOzand n-TiO; thin films:

Since the carbon modification of titanium oxide influenced the catalytic activity
of the photocatalyst during water oxidation, it is also important to examine whether the
flat potential of CM-n-TiO, would be affected by carbon implantation on the surface or
the lattice of the thin film electrode. The behavior of the catalysts under AC frequencies
was investigated with Electrochemical Impedance Spectroscopy (EIS). This study was
conducted in order to evaluate the flat band potentials and the doping densities of n-TiO,
and CM-n-TiO, thin films.

In linear sweep voltametry the external applied potential between the two
electrodes is linear with respect to time and the resulting DC current from the chemical
reaction has an ohmic relationship with the applied potential. When the external applied
potential is not linear but rather solenoid (E = AEsinwt) then the subsequent current
would be sinusoidal with a value | = Aisin(ot+¢). The new relationship between the
current and the applied potential is known as the impedance which is analogous to the

resistance-current- potential relationship in a DC circuit. Therefore the impedance:
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Z = E(b)/i(t) = AEsinwt / Aisin(wot+@) (27)
has a magnitude (Z,=AE/Ai) and a phase shift (¢) and thus a vector quantity.
The impedance Z(®) is then expressed as a complex number:
Z(®) = Zo(cosot jsing ) (28)
The expression for Z(®) is composed of a real and an imaginary part such as
7=7+j7” (29)
where Z is the real part of the impedance and Z”’ is the imaginary part of the impedance.
Plotting the imaginary part versus the real part gives a chart which is called a "Nyquist
Plot" (see Fig. 3.22). Notice that in this plot the Y-axis is negative and that each point on
the Nyquist Plot is the impedance at one frequency.

The data was recorded in the frequency range of 10 kHz to 5 mHz; an AC
amplitude of 10 mV was used in all measurements; a Pt mesh electrode was used as the
counter electrode and either the CM-n-TiO; or n-TiO; thin films were used as the
working electrode. These measurements were carried out in the dark in 2.5 M KOH
solution. The capacitance, C, was calculated from the expression of impedance, Z, for a
series of capacitor-resistor model. The capacitance C can be obtained using:

7" =-jloC (30)
with @=2xf, j= (-1) and f is the AC frequency in Hertz. The values of Z” at different
AC frequencies were obtained from the Nyquist plot (Z versus Z’) generated from the
measured data of impedance, | Z | , using VersaStudio software as shown in figure 3.22
with the equivalent RC circuit. R, is the solution resistance, R; is the charge transfer

resistance and C, is the double layer capacitance. Note that the equivalent model is based
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on the space charge (electrode surface-electrolyte) capacitance (C,) and the charge

transfer resistance (R>).
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Figure 3.22 Nyquist plot for CM-n-TiO; and n-TiO, thin films electrodes measured in 2.5 M
KOH in dark conditions with the equivalent RC circuit.

It is well known that the flat band potential (Es,) of a semiconductor can be obtained from
the intercept of the Mott-Schottky plot using the following expression:

1/C? = (2/e4eeoNg) (Eapp - En - KT/e5) (31)

where ¢ is the dielectric constant of the semiconductor; & (8.85 102 F m™) is the
permittivity of the vacuum; Ngq is the donor density; Eapp is the applied potential, and
kT/e, is the temperature-dependent term in the Mott-Schottky equation.

In Figure 3.22 the differences between the photocatalysts can be seen where the diameter
of the Nyquist plot for CM-n-TiO; is smaller than that for n-TiO,. The diameter of the
Nyquist plot is closely related to the charge transfer rate. A small diameter of a Nyquist
plot for CM-n-TiO, indicates that the nanostructured surface shows a lower charge

transfer resistance than that of the n-TiO, flat surface.
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Figure 3.23 shows the capacitance-potential characteristics in a Mott—Schottky
plot of the CM-n-TiO, and n-TiO; thin film electrodes at various AC frequencies in 2.5
M KOH electrolyte solution in the dark. It is well known that the slopes of the straight
lines of the Mott-Schottky plots are AC frequency dependent; however, this dependence
has not been fully understood accept that the dielectric relaxation of the semiconductor
has been proposed as the origin of such phenomena. ™ In Figure 3.23, straight lines are
observed at all the AC frequencies used for the measurement of impedance; however, for
frequencies under 5 kHz the dispersion of the slopes of Mott-Schottky plots become
highly pronounced. Thus we limited our study to AC frequencies equal to or higher than
5KHz. The positive slop indicates that the semiconductor is n-type. The intercept of the
straight line of Mott-Schottky plot with the potential axis for n-TiO, thin film was found
between -0.81and -0.83V/SCE including the kT/e, term. However, an intercept at around
-1V/SCE was observed for CM-n-TiO,. A negative shift of the flat band potential was
observed in CM-n-TiO, compared to the pristine n-TiO, thin film electrode. This finding
suggests that the flat band potential depends on the chemical modification of the
semiconductor.

The doping density of the thin films was calculated from the slope of the straight
line of the Mott-Schottky plot (2/e,eeoNg ) where € = 60 for intrinsic n-TiO,. 1% The
average doping density of n-TiO, at AC frequencies between 5 and 10 kHZ was found to
be 2.45 10" cm™ which is typical for a semiconductor electrode. However, this value was
unexpectedly higher than that of CM-n-TiO, which was found to be 1.36 10'® cm™. A
higher doping density for pristine n-TiO, could be due to the presence of oxygen

vacancies in the pristine n-TiO- thin film. *®* Under external polarization these vacancies
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will be filed with adsorbed species from the electrolyte leading to higher surface state

compared to CM-n-TiO,.
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Figure 3.23 Mott-Schottky plot of n-TiO,and CM-n-TiO; thin films measured at various AC
frequencies. 10 mV AC amplitude, 2.5 M KOH electrolyte measured in dark.
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3.2.10 Effect of surface modification by metal islets on the photoactivity of

CM-n-TiO; thin film electrodes:

Previous studies on the surface modification of several photocatalyst electrodes
114,115, 118 showed that electrodeposition of metal islets (Pt, Ni, Ru,..) on the surface of p-
type semiconductors such as p-Si and p-InP enhanced the rate of the hydrogen evolution
reaction (HER) in terms of photocurrent density. In addition, these metals islets helped to
lower the corresponding onset potential for HER on the metal decorated semiconductor
electrodes. Based on these observations, surface modifications of the n-type
semiconductors (photoanodes) with different metal islets are expected to lower the over-
potential of the oxygen evolution reaction (OER) under illumination and thereby enhance
the overall photoconversion efficiency for water splitting reaction.

In this study different metals (Ni, Pt, Co and Ru) were electrodeposited on the
surface of CM-n-TiO, thin film electrodes. The effect of surface modification of these
electrodes on OER was examined in term of photocurrent density in a basic electrolyte
under solar simulated light illumination. The photo-catalytic activity and the surface

morphology of these metal islets decorated CM-n-TiO, electrodes were characterized

with potentiodynamic measurement and a scanning electron microscopy (SEM).

3.2.11 Surface morphology of CM-n-TiO; and metal islets decorated CM-n-TiO,
thin films:
SEM pictures were taken before and after metal electrodeposition, Figure 3.24a
and b show the surface morphology of CM-n-TiO, and Ru decorated CM-n-TiO,

respectively. The bright spot (Fig. 3.24 b) clearly revealed the heavy metal (Ru) atoms as
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evidence of Ru atoms randomly present on the surface of CM-n-TiO,. Note that the CM-
n-TiO, substrates were not chemically or electrochemically treated before the metal
electrodeposition took place. SEM images confirmed the non-uniformity of the deposited

metal islets and clusters on the surface of CM-n-TiO.,.

(a) (b)

Figure 3.24 SEM picture for: a) CM-n-TiO, before metal islets electrodeposition
b) CM-n-TiO; after Ru islets electrodeposition (bright spots for the metal islets and clusters).

The reason for the metal was deposited on preferential spots of the substrate surface is
not clearly known. *** However, the deposition of metal islets on these preferential spots
could be due to the natural heterogeneity of the surface conductivity of the substrate
(CM-n-TiO,). At the same time, a uniform metallic thin layer on the surface of CM-n-
TiO; is not desirable because such a uniform layer will block the incident light from

reaching the underlying semiconductor.
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3.2.12 Photoactivity of CM-n-TiO, and metal islets decorated CM-n-TiO; thin film
electrodes:

In Figure 3.25 the dependence of the photocurrent density j,, (MA cm?)asa
function of measured potential (Emeas, V/ISCE) were plotted for Ru metal islet decorated
CM-n-TiO; and bare CM-n-TiO,, electrodes under solar simulated light illumination
(0.1W cm™).  The onset potential shift of 36 mV/SCE at a measured potential of - 0.78
V/SCE was observed for Ru metal islet decorated CM-n-TiO, compared to bare CM-n-
TiO,. A photocurrent enhancement (Ajp) of 0.41 mA cm™ was also observed at the same
measured potential.

Table 3 summarizes the electrocatalytic effect of transition metal (Ni, Pt, Co and
Ru) islets on CM-n-TiO, photoelectrodes for OER during water splitting. All data were
taken at an applied potential, Epp, Of 0.2 V/SCE where Eapp = | Emeas - Eaoc | - Emeas is the
measured potential and E, is electrode potential measured under open circuit condition.
It was observed that for CM-n-TiO; the Ru metal islets acted as the best electrocatalyst
(AJ, = 0.41 mA cm®; AE = 36.0 mV) for OER compared to Ni or Co metal islets. Note
that Pt and Ru islets have comparable electrocatalytic effect on CM-n-TiOx.

It can be seen from Table 3 and Figure 3.25 that under the same operating
conditions, (light intensity of 0.1Wcm™, 2.5 M KOH) the onset potential of the
photocurrent was negatively shifted for metal islets decorated CM-n-TiO,. As a result
the negative shift lowered the overpotential for OER and increased the rate of oxygen
generation in terms of photocurrent density as shown in Figure 3.25. At an applied
potential of 0.2 V/SCE the overpotential shift (AE) was calculated to be - 0.042 V for Pt

decorated CM-n-TiO,. This overpotential shift corresponds to a lower free energy of
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reaction, A(AG), by 8.10 ki mol™. This enhancement of photoresponse can be attributed
to the increase of the electrocatalytic effect of transition metal islets towards OER
compared to bare CM-n-TiO,, as well as an increased field drop across the Schottky
junction between the metal islets and the semiconducting CM-n-TiO,. Notably the
increased field drop at the semiconductor-metal islet interface helped to minimize the
recombination of photo-generated electron hole pairs and consequently enhanced the rate

of photoelectrochemical splitting of water.
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Figure 3.25 Photocurrent density (j,, mA cm) versus measured potential (Vmess, V/SCE) for:
4— Ru metal islet decorated CM-n-TiO,
@ - - Bare CM-n-TiO, electrodes. Note that the bare CM-n-TiO, samples are not

highly optimized.
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Table 3. The optimum electrodeposition time of metal islets in seconds, the electrode
potential under open circuit condition; Eoc, increase in photocurrent density, AJ,; and
the lowering of onset potential, AE at an applied potential of 0.2 V.

D
£
Metal o 5
s 25 Eaoc (V) | Emeas (V) | Alp (MACM™) | -AE (mV)
Islets e = =
o O
AR
0 -0.923 -0.723
Ni 0.16 29
5 -0.925 -0.725
0 -0.861 -0.661
Pt 0.37 42
2 -0.870 -0.670
0 -0.900 -0.700
Co 0.19 20
2 -0.910 -0.710
0 -0.975 -0.775
Ru 0.41 36
3 -0.980 -0.780

3.2.13 Effect of surface morphology on the photoactivity of n-TiO, and

CM-n-TiO; thin film electrodes:

The effectiveness of a semiconductor catalyst in converting solar energy to
hydrogen fuel relies on several factors such as surface morphology, light absorption and
the recombination rate of the photogenerated charge carriers. It is well known that a high
contact surface area between the catalyst and reactants is essential in order to increase the
yield of a chemical reaction; hence, researchers in the field of photocatalysis have
developed strategies to design several surface textures that are able to mitigate the

photoconversion efficiency of these photocatalysts. The new surface textures include:

117,118 119, 120

porosity, nanotubes, nanowires ?! and nanorodes. **> More importantly, in
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semiconductor catalysts these nanostructured textures facilitate gas bubbles evolution **
197 "enhance the incident light absorption due to light scattering within the porous surfaces
and ensure an effective separation of the charge carriers (¢” and h*) by shortening their

diffusion length to reach the interface and the substrate, respectively. *** 1%

- W A e F Y
$3400 10.0kV 4.9mm x3.00k SE 10.0um | 53400 15

Figure 3.26. Top view SEM picture: (a) Ti metal sample (left) after hydrothermal treatment
in 5% HCI solution at 180°C for 10 hours and (b) higher magnifications.

As seen in Figure 3.12, carbon modification of n-TiO; by thermal flame oxidation
changes the morphology of the resulting thin film. In this study an etched Ti substrate
was used instead of a flat Ti substrate. Figure 3.26 a and b show the etched Ti substrate
obtained by hydrothermal treatment as reported in the experimental section 2.3. SEM
images show a perfectly etched Ti substrate with sharp edges (Figure 3.26a); a closer
look at the surface morphology of the etched Ti metal substrate reveals a honeycomb-
like nanoporous layer with sharp edges (Figure 3.26Db).

The thermal flame oxidation of etched Ti substrate was carried out as reported in

section 2.2. The photocurrent density of the CM-n-TiO, thin film made by flame
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oxidation of the etched Ti substrate unexpectedly decreased compared to CM-n-TiO, thin
film made by flame oxidation of the flat Ti substrate as seen in Figure 3.27. To gain a
deeper insight into the unexpected photocurrent decrease, the CM-n-TiO; thin films
synthesized from the etched Ti sample were further investigated with SEM. The resultant
SEM images revealed that the nanostructure of the Ti substrate had collapsed under the
flame which resulted in a dramatic change of the initial surface morphology (Figure
3.28). The change of surface morphology led to the loss of the activity of these CM-n-

TiO, thin films made from etched Ti substrates.

25
2 4
E 15
<
E —a— CM-n-TiO2 nanocrystalline
- 1 —=— CM-n-TiO2 flat sample
0.5

Veas (VISCE)

Figure 3.27. Photocurrent density as a function of measured potential, Eeas (V/SCE), for CM-n-
TiO; thin film synthesized from a flat Ti sample and CM-n-TiO; thin film synthesized from an
etched Ti sample. The photocurrent measurement was carried out under light intensity of 0.1 W

cm™ from a global AM 1.5 solar simulators, and 2.5 M KOH electrolyte.
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Figure 3. 28. Top view SEM picture (a) Ti metal sample (left) after hydrothermal treatment in
5% HCI solution at 180°C for 10 hours and (b) CM-n-TiO, thin film synthesized by thermal
flame oxidation of the etched Ti metal sample at the optimum condition of flame temperature and
time, 825°C and 15 min, respectively.

3.2.14 Summary:

CM-n-TiO, was successfully synthesized by controlled thermal flame oxidation
of Ti metal substrate. Carbon doping of n-TiO, was found to slightly increase the
photoresponse of n-TiO, in the visible region. However carbon doping increases
significantly the photoactivity of n-TiO; in the UV region more importantly carbon
doping changes the surface morphology of the semiconductor as confirmed by SEM
investigations. Upon incorporation of carbon atoms within the semiconductor, the
photocurrent conversion efficiency of n-TiO, was enhanced from 0.55% to 4.06% under
an applied potential of 0.52 and 0.41 V/SCE respectively.

The surface modification of CM-n-TiO, with metal islets increased the

photoactivity of the metal decorated photocatalyst. CM-n-TiO, synthesis by flame
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oxidation of nanostructured Ti substrate was not successful due to the deterioration of the

surface morphology of the substrate as seen by SEM investigation

3.3 Iron oxide nanowires and carbon modified (CM)n-Fe,O3 thin films for
photoelectrochemical water splitting:

Iron oxide crystallizes in three main stable structures: Hematite (a-Fe,03),
Magnetite (F304) and Maghemite (y-Fe,03), it is noteworthy to mention that there are
also several iron hydroxide crystalline structures. ***

Hematite is the most stable structure of iron oxide and is common in nature. It has
a unique property in that the crystal morphology can be obtained under several shapes
such as rods, spindles, cubes, stars, plates, and discs. ****#* The versatile morphology of
hematite makes it attractive in the synthesis iron oxide thin film electrodes with a desired
surface morphology. As mentioned earlier in the introduction the semiconducting
properties of iron oxide are applicable for the photoelectrochemical water splitting.
Thereby, the radiationless fast recombination of the photogenerated charge carriers can
be overcome by the use of a nano-structured iron oxide thin film electrodes. *® The
nanostructured surfaces provide an effective absorption of the incident light, as light
scatters on porous surfaces, a high contact surface area at the interface electrode-
electrolyte and facilitate gas bubbles evolution.

Nanostructures of hematite offer the possibility of overcoming some of the
limitations of iron oxide via the control of the surface morphology. Carbon doping also
can enhance the optical and electronic properties of iron oxide as we successfully used it

to enhance the photoactivity of pristine n-TiO,. In this study iron oxide nanowires and
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carbon modified iron oxide thin film electrodes were synthesized and tested for water

splitting under solar simulated light.

3.3.1 Surface morphology of n-Fe,O3; and CM-n-Fe,03 thin films:

Iron oxide nanowires thin films were successfully synthesized in an electric tube
furnace at the optimum conditions of 750°C and 15 min oxidation time in ambient
atmosphere as reported earlier in the experimental section. The nanowires are vertically

oriented as seen in Figure 3.29.

Figure 3.29. Top and side view SEM images for n-Fe,Oz; nanowires. Top view SEM image of n-
Fe,0; flat sample, and flame oxidized CM-n-Fe,Os5 thin film.
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SEM pictures of CM-n-Fe,O3 thin films are also shown in figure 3.29. The images reveal
a rough surface with cube like structures and no elongated structures such as wires or
rods that were observed in n-Fe;O3. The absence of elongated structures in CM-n-Fe,O3
could be due to the fact that initial stretched structures that have been formed were

eventually fused together because of the direct heat from the flame.

3.3.2 Photocurrent density of n-Fe,O3; nanowires and CM-n-Fe,O3 thin films under
external bias:

The photoresponse of the nanostructured iron oxide electrodes was evaluated by
measuring the rate of oxygen evolution in terms of photocurrent density, j, (MA cm™).
The j, can be calculated from the amount of oxygen evolved on the surface of the
electrode according to faradays law (equation [17]).

The n-Fe,O3 nanowires electrode synthesized in the electric furnace exhibits a
higher photocurrent density compared to the n-Fe,O3 flat sample as seen in Figure 3.30.
The optimized iron oxide nanowires electrode generates a photocurrent density of 1.32
mA cm™ at a measured potential of 0.0 VV/SCE (Fig. 3.30). The nanowires morphology
helped to reduce the transport distance of the photogenerated minority carriers (holes, h*)
from the bulk of the n-Fe,O3 nanowires to the electrode-electrolyte interface and
consequently minimized the electron-hole pair recombination rate. *** **" The nanowires
structure also increased the effective surface area which is an essential property for a
catalytic reaction and facilitates gas bubbles evolution compared to the flat surfaces
where bubbles stick to the surface until a sudden burst occurs. Furthermore, the large

surface area scatters the incident light in all directions and as a result a better absorption
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of light occurs. 1% % This helped to generate a higher photocurrent density compared to

that of an early work on n-Fe,Oj flat surface synthesized by spray pyrolytic method. 2

5-
4 { )
./
44 -
o/
5 3 Yy
g e
E /
) A
/ —A—n-Fe,0,
4 —0— n-FeZO3 nanowires
14 / .
Pt
0 r %/A T T T T T N T
-0.4 -0.2 0.0 0.2 0.4 0.6
E (V/SCE)

meas

Figure 3.30. Photocurrent densities as a function of measured potential, Eness (V/SCE), for
n-Fe,0O3 nanowires and n-Fe,0; flat sample under light intensity of 0.1W cm?froma global AM
1.5 solar simulator in 5 M KOH electrolyte.

The CM-n-Fe,03 thin film synthesized at a flame temperature of 850 + 3°C for 3
min oxidation time (optimum conditions) exhibited a higher photocurrent density than
that of n-Fe,O3 nanowires for water splitting (Fig. 3.31) even though CM-n-Fe,O3 has no
nanowires on its surface (Figure 3.29). At the same applied potential (0.0 V/SCE) the
photocurrent density of CM-n-Fe,Oj3 thin film electrode improved more than two fold
(3.14 mA cm™) compared to that of n-Fe,O3 nanowires (1.32 mA cm) as seen in Figure
3.31. The photoactivity enhancement is mostly due to carbon incorporation on the
surface or the lattice of the iron oxide thin film during flame oxidation. Carbon
incorporation in CM-n-Fe,QOg is responsible for the higher photocurrent density generated

during water splitting compared to earlier work on the Si-doped n-Fe,Oj3 thin films. *°
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Furthermore, carbon doping of the semiconductor reduces the external applied potential
to drive the water splitting reaction as seen in Figure 3.31 where oxygen evolution starts
earlier, compared to the n-Fe,O3 nanowires thin film. These results indicate that carbon
incorporation in Fe,Os also increased its electrical conductivity and thus minimized the
recombination of carriers prior to reaching the reactants at the interface. Note that low

electrical conductivity is a major drawback in Fe,O3 samples.

-0.6

E_ (v)/SCE

M

Figure 3.31. Photocurrent density as a function of measured potential, Epess (V/SCE), for n-
Fe,O3 nanowires and CM-n-Fe,Oj3 thin film electrodes under light intensity of 0.1 W cm?froma
global AM 1.5 solar simulator in 5 M KOH electrolyte. **

3.3.3 Photoconversion efficiency of n-Fe,O3; nanowires and CM-n-Fe,O3 thin films:
The percent photoconversion efficiencies, € (%), of the photoelectrodes were

calculated using equation [20]. Notice that the open circuit potential, E,oc, 0f n-Fe;03

nanowires and CM-n-Fe,03 electrodes were found to be dependent on the wavelength

dependent intensity of the incident light. Consequently & (%) is calculated based on the
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assumption of the contribution from the photopotential generated under light

illumination. Therefore, the applied potential is different than the measured potential.
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Figure 3.32. Photoconversion efficiency for n-Fe,Ozand CM-n-Fe,05 as a function of applied
potential Eapp (V/Eaoc) under light intensity of 0.1W cm from a global AM 1.5 solar simulator in
5 M KOH electrolyte. **°

As mentioned earlier in section 3.2.5 the other photoconversion efficiency
expressions is not used here due to the fact that the dependence of the open circuit
potential (Eaoc) ON the incident light should not be ignored and needs to be taken into
account.

Using Equation [20] the photoconversion efficiencys as a function of applied
potential for n-Fe,O3 nanowire thin films and CM-n-Fe,O3 thin films were calculated (see
Fig. 3.32). The maximum photoconversion efficiency of 1.69% at an applied potential of
0.7 V vs Eaoc and 2.23% at an applied potential of 0.5 V vs E,,c Were observed for n-
Fe,O3 nanowires and CM-n-Fe,0s3, respectively. From the plot of photoconversion

efficiency- applied potential dependence, it is obvious that the overpotential for oxygen
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evolution is lower on the surface of CM-n-Fe,O3 electrode compared to the pristine n-

Fe,O3; nanowires.

3.3.4 Monochromatic photocurrent density of n-Fe,O3 nanowires and CM-n-Fe,03;

thin films:

The dependence of monochromatic photocurrent density, j,(A), on the wavelength,
A (nm), of the incident light for both n-Fe,O3 nanowires and CM-n-Fe,O3 thin film
electrodes having photoconversion efficiency of 1.69 and 2.23 %, respectively, are shown
in Figure 3.33. The monochromatic photocurrent density, j, (1), vs. wavelength, A (nm),
at a measured potential of 0.1 V/SCE under monochromatic light from a global AM 1.5
solar simulator exhibits a significant visible light absorption activity for both electrodes.
The plot j,(A) vs. A (nm) illustrates that doping iron oxide (Fe.O3) using carbon can
improve the photoactivity of the semiconductor particularly in the UV region between

225 and 450 nm.
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Figure 3.33. Monochromatic photocurrent density, j,(A), as a function of wavelength of light,
Mnm), for n-Fe,O3 nanowires and CM- n-Fe, Oz thin film electrodes. The monochromatic
photocurrent measurements were performed under light intensity of 0.1W cm™ from a global AM
1.5 solar simulator in 5 M KOH electrolyte. '#
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3.3.5 Band gap energy of CM-n-Fe,O3 thin film:

172

Figure 3.34 shows Tauc plot of (n hv)™“ versus (hv) for n-Fe;O3; nanowires and

CM- n-Fe,05 thin film electrodes. Note that 1) is the quantum efficiency calculated using

equation [16]. An extrapolation of the linear regions of the plots, (1 hv)"?

versus (hv) for
both electrodes, gives the band gap value as the intercept to the horizontal axis (where (n
hv)2 = 0). From the extrapolation the band gap of CM- n-Fe,O3was found to be about
2.2 eV, however the band gap for the n-Fe,O3 nanowires was found to be about 2.0 eV

lower than that of CM-n-Fe;Os. These values are within the range of the reported band

gap values of CM- n-Fe,05 (1.5 - 2.35 eV), 130 131,132,133
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Figure 3.34 The respective plots of (nhv)"? vs. (hv) to determine the band gap of n-Fe,0;

nanowires and CM- n-Fe,0O3. The measurement were performed under a light intensity of 0.1W
cm from a global AM 1.5 solar simulator in 5 M KOH electrolyte.
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3.3.6 UV-Vis spectra of n-Fe,O3 nanowires and CM-n-Fe,O3 thin films:

The UV-Vis spectra for n-Fe,O3 and CM-n-Fe,03 are presented in Figure 3.35.
The samples have a clear absorption edge at around 600 nm, which conforms to the band
gap of hematite (iron (I11) oxide). The CM-n- Fe,O3 films showed an enhanced

absorption in both UV and visible regions extending up to 680 nm.
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Figure 3.35. Diffuse reflectance spectra for n-Fe,O; and CM-n-Fe,03. *#

3.3.7 AC impedance spectroscopy: flat band potentials and doping densities of CM-
n-Fe,O3 and n-Fe,O3 nanowires thin films:

The behavior of the thin film catalysts under AC frequencies was investigated
with Electrochemical Impedance Spectroscopy (EIS). This study was conducted in order
to evaluate the flat band potentials and the doping densities of CM-n-Fe,O3 and n-Fe;0O5
nanowires. The data was recorded in the frequency range of 10 kHz to 5 mHz; an AC
amplitude of 10 mV was used in all measurements; a Pt mesh electrode was used as the
counter electrode and either the CM-n-Fe,O3 or n-Fe,O3; nanowires thin films were used
as the working electrode.

Figure 3.36 shows the capacitance - potential characteristics in Mott—Schottky

plot of the n-Fe,O3 nanowires and CM-n-Fe,05 thin film electrodes at various AC
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frequencies in 2.5 M KOH electrolyte solution in the dark. The capacitance, C, was
calculated from the expression of impedance, Z, for a series of capacitor-resistor model as
given in equation [30]. The squared inverse of capacitance C was plotted against the
applied potential according to Mott-Schottky expression, (equation [31]).

In Figure 3.36, good fit of the straight line region of the Mott-Schottky plots were
observed for the AC frequencies used for impedance measurement; however, for
frequencies under 5 kHz the dispersion of the slopes of Mott-Schottky plots become
highly pronounced. Thus we limited our study to AC frequencies equal to or higher than
5KHz. The positive slop indicates that the semiconductor is n-type. The intercept of the
straight line of Mott-Schottky plot with the potential axis for n-Fe,O3; nanowires thin film
was obtained between -0.38 and -0.41 V/SCE including the temperature dependent
correction term, kT/e,; whereas, an intercept between -0.43 and -0.49 V/SCE was
observed for CM-n-Fe;Os. A negative shift of the flat band potential was observed in
CM-n-Fe,03 compared to n-Fe,O3 nanowires as seen in figure 3.30. This finding suggests
that the flat band potential depends on the chemical modification of the semiconductor.

The doping density of the thin films was calculated from the slope of the straight
line of the Mott-Schottky plot (2/e.eeoNg) Where & = 80 for intrinsic n-Fe,0s. 1**

The average doping density of n-Fe,O3 at AC frequencies between 5 and 10 kHZ was
found to be 3.27 10*° cm™ which is typical for a semiconductor electrode. However, this

value was as expected higher for the carbon doped n-Fe,O3 which was found to be

4.14 10 cm.
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Figure 3.36 Mott-Schottky plot of n-Fe,O3 nanowires and CM-n-Fe,O3 thin films measured
at various AC frequencies. 10 mV AC amplitude, 2.5 M KOH electrolyte measured in dark.

85



3.3.8 Elemental analysis for n-Fe,O3 nanowires and CM-n-Fe,O3 thin films using
EDS:
Figure 3.37 and Figure 3.38 show EDS spectra of the catalyst. The source of
carbon in the CM-n-Fe,O3 sample is more likely to be from the combustion mixture of
CHjand O,. Table 4 shows the elemental composition of CM-n-Fe,;O3 and n-Fe;03

where the amount of carbon is slightly higher in the flame made CM-n-Fe,O3 samples.

Table 4. EDS analysis and surface composition of n-TiO, and CM-n-TiO..

Elements Nanowires Carbon modified
Atom % n-Fe,03 CM-n-Fe,04
Fe 42 47 40.27
0] 52.88 53.77
C 4.65 5.96
10-: CM-n-Fe203

Figure 3.37. EDS spectra for CM-n-Fe,0O; thin films showing the surface elemental composition.
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n-Fe,03

Figure 3.38. EDS spectra for n-Fe,O3 nanowires thin films showing the surface elemental
composition.

3.3.9 X-ray Diffraction (XRD) patterns of n-Fe,O3; nanowires and CM-n-Fe,O3 thin
films:
X-ray diffraction spectroscopy (XRD) was used to investigate the structure of n-
Fe,O3 nanowires and flame oxidized CM-n-Fe,Os3 thin films. Figure 3.39 shows strong
XRD diffraction peaks which signify that the thin film of n-Fe,O3; nanowires and CM-n-
Fe,O3 were highly crystalline and consisted mainly on Fe,03, Fe3O,4. This is consistent
with the color of as synthesized thin films, which is black (Fe,O3) with red spots (Fe30,)

near the edges.
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Figure 3.39 Xray diffraction (XRD) patterns for iron oxide (nanowires) and carbon modified iron
oxide (CM-n-Fe,053) thin films compared to the reference patterns (jcpds cards) of Fe,03(01-072-
0469, 01-087-1165); Fes0, (01-089-0691, 01-087-2334); Fe (00-003-0968, 01-089-0690) and Fe
(00-006-0669)
3.3.10 Summary:

The n-Fe,O3 nanowire films can be synthesized by oxidizing iron metal sheet in a
tubular electric furnace and such films showed enhanced photoresponse for water
splitting reaction compared to those made by spray pyrolysis or by silicon doping. Upon

photoexitation the minority carriers (holes) generated in the bulk of these nanowires

travel a short distance to the semiconductor-electrolyte interface where they can react
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with different species (OH", H,0), thus minimizes the probability of recombination with
majority charge carriers (electrons). Carbon modified iron (111) oxide (CM-n-Fe,03)
synthesized by flame oxidation of iron metal sheet generated much higher
photoconversion efficiency compared to undoped n-Fe,O3 and also those made by spray

pyrolysis or by silicon doping.

3.4 Monolithic water splitting and artificial photosynthesis:

Currently hydrogen generation from water electrolyzers is significantly more
expensive than that produced from coal or natural gas. Therefore, coupling water
electrolyzers with renewable power sources such as solar cell or wind turbine instead of
electricity from a power plant is an ultimate solution that is capable of reducing the price
of hydrogen generation by water electrolysis. Alternatively, the use of a monolithic water
splitting systems would further lower costs associated with the separate construction and
interconnection of photovoltaic (PV) systems and water electrolyzers. ** This involves
the emersion of the PV cell directly into the electrolyte solution. The new system
resembles an artificial photosynthesis with a leaf-like design to split water to its
elemental constituents of H, and O, where oxygen evolves on the positive side and
hydrogen at the negative side of the PV system. Such a process is appealing with the use
of semiconductors that generate enough electromotive force under sunlight illumination
to drive the thermodynamically unfavorable water splitting reaction.

As mentioned earlier in section 1.2, amorphous silicon (a-Si) is an attractive
candidate for this process. However, due to the instability of PV systems in electrolyte

solution, a-Si cannot satisfy the stability criteria of a self-driven leaf-like PEC. In this

89



study triple junction amorphous silicon (Tj-a-Si) was selected as the semiconductor (PV
system) to be covered with a visible light transparent TiO, thin film. The TiO, covered

Tj-a-Si was further protected with a thin film of manganese oxide as shown in Figure

3.40.

Tj-a-Si

/ Stainless

ITO layer

Steel (SS)
Light W
0; + 2H,0 + 4¢e” .; 40H" +2H,
40H o
K 4H,0 + 4e’
Mn-oxide layer /F
TiO, layer

Stand-alone monolithic water splitting PEC

Figure 3.40 Schematic diagram of the monolithic leaf-like TiO,—Mn-oxide coated Tj-a-Si PEC.
The diagram demonstrates the self-driven generation of oxygen on the light illuminated (1 sun)
TiO,—Mn-oxide coated Tj-a-Si surface and hydrogen gas on the dark stainless steel (SS) surface

during water splitting in 2.5 M KOH electrolyte.

3.4.1 Current-voltage (I-V) Curve for Tj-a-Si Solar Cell:

The current-voltage (1-V) plot (Fig. 3.42) of Tj-a-Si having a surface area of 0.82
cm? was obtained under solar simulated light intensity of 0.1W cm™. The plot shows an
open circuit voltage (Voo) of 2.5V, a short circuit current density, (jsc) of 16.5 mA cm™

and a maximum photovoltage (Vmax) of 1.5 V at maximum power density (Pmax) of 17.9
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mW cm™. The Vax of 1.5 V supplied by the Tj-a-Si solar cell is sufficient to drive the
water splitting reaction without the need of additional bias from an external power
source.

The deposition of TiO; thin film on Tj-a-Si was carried out as reported in the
experimental section 2.8.1 and yielded a thin film that contains coagulated particles of
TiO, as shown in the SEM pictures (Fig. 3.41). It was stated in section 2.8.2 that a Mn-
oxide layer will provide further protection for TiO, in electrolyte solution. We, therefore,
deposited a thin layer of Mn-oxide on TiO, covered Tj-a-Si electrode.

The structure of the Mn-oxide layer was investigated by X-ray spectroscopy. It
was reported earlier that curing Mn(OH), under vacuum resulted in the formation of
Mn,O3 phase, only; this was confirmed by XPS analysis. 64 Whereas, our X-ray analysis
of Mn-oxide, synthesized under the same experimental conditions, revealed the presence

of two phases, Mn;Oz and Mn3;0, (Fig. 3.43).

-

Figure 3.41 Top view SEM picture of TiO, coated Tj-a-Si and Mn-oxide-TiO, coved
Tj-a-Si solar cell.
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Figure 3.42 Plots of photocurrent density and cell power density versus photovoltage for Tj-a-Si
solar cell to determine the maximum photovoltage (Vmax) at @ maximum power.
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Figure 3.43 XRD powder patterns acquired from the as-prepared Mn-oxide film. Patterns for
Mn,O; are observed, see jcpds card 01-071-0636; patterns for Mn;O, are also observed , see
jcpds card 00-001-1127.
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3.4.2 Volumes of H; gas collected using Mn-oxide-TiO; coated Tj-a-Si solar cell
based PEC:

The volume of hydrogen collected using Mn-oxide-TiO, covered Tj-a-Si
electrode as a function of time of exposure under solar simulated light is given in Figure
3.44. From the slope of the fitted straight line of the plot, the rate of H, evolution was
obtained. The steady state H, generation rate was found to be 0.0207 mL cm™ min™
(12.4 L m? h™). The moles of H, produced per second, ny, = 1.37 x 10°® mol cm? sec™,

were calculated using the ideal gas law.

(Patm_ Pyater vap) XVH2
Npy = . (32)

With the assumption that hydrogen behaves as an ideal gas at atmospheric pressure, and
considering the vapor pressure of water of the electrolyte solution to be equal to that of

pure water, Pyater vap = 0.03126 atm ( 23.76 mm H), at room temperature.
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Figure 3.44 Volumes of Hydrogen gas (mL) collected versus time (min). In the inset a fitting
line was drawn for the linear part of the plot of the volumes of H, evolved per cm? of photoactive
Tj-a-Si surface of area 0.80 cm? versus time.
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3.4.3 Solar to Hydrogen Efficiency, %STHE:
The percentage of solar to hydrogen efficiency, % STHE, was calculated directly

from the number of moles of hydrogen ny;, collected. The %STHE for H, generation

was obtained from the following expression: %" %
i 0
STHE (%) — [(Jpx Erev) x 100 (33)
Plight

The photocurrent density, j, , of hydrogen generation was calculated using Faraday’s
equation [17] and was found to be 2.64 mA cm; the standard reversible potential,

E'ev = 1.23 V for the overall water splitting reaction under standard conditions and light
intensity of Pjigne = 0.1W cm™. The %STHE of 3.25 % was obtained and it is in
agreement with %STHE calculated directly from the number of moles of H; collected,
ny, using the equation, **

(-AG° xny3)
Plight

STHE(%) = [ x 100 (34)

with AG® = - 237.13 kJ mole™ for the free energy of formation of H,O (1) from H,(g) and
0 (g) under standard state condition, ny, = 1.37 x 10 moly, cm™ sec™ and Piign = 0.1W
cm,
The observed low solar to hydrogen efficiency could be attributed to the
absorption and reflection of light by Mn-oxide-TiO; coating prior to reaching the
underlying Tj-a-Si and therefore loss of light intensity. It should be also noted that the
Tj-a-Si solar cell used in this study could generate a maximum photovoltage of 1.5 V

only. Hence, a higher % STHESs could be achieved if more efficient a-Si that is capable of

supplying a higher maximum photovoltage were used. High maximum photovoltage (>
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2.0 V) and high photocurrent generating solar cells are needed to be used in a monolithic
PEC for the self-driven photosplitting of water to hydrogen with high solar to hydrogen
efficiency (= 10.0 %) that is required for future marketability. **’

Furthermore, the thin layer of Mn-oxide on TiO, covered Tj-a-Si surface acted as
a protective layer, however, it is not an efficient electrocatalyst for the oxygen evolution
reaction (OER). Thereby the protective layer should be both optically transparent as well
as possesses high electrocatalytic activity towards OER. The added benefit of this design
is the stability enhancement of a-Si based electrode by minimizing thermal damage of a-
Si caused by heat producing infrared radiation that is absorbed by the aqueous solution in

the monolithic PEC.

3.4.4 Stability of Mn-oxide-TiO, coated Tj-a-Si solar cell based PEC in the
electrolyte solution:

Figure 3.44 indicates that the TiO,-Mn-oxide coated Tj-a-Si solar cell based PEC
sustained water splitting for 6 hours and started to decline in next half hour to no more
hydrogen accumulation over the cathode. This result shows 70 times more stable
compared to uncoated Tj-a Si solar cell, which lasted only for 5 minutes in 2.5 M KOH
during water splitting reaction. Pinholes in Mn-oxide -TiO,- film on Tj-a-Si may be the
cause of the electrode degradation after 6 hours.

61, 27, 65, 138, 139, 140 on monolithic PV

Some promising results were reported earlier
based PEC for water splitting. It should be noted that some of these PV-PEC’s are
somewhat stable, but not cost effective or efficient enough, while others are efficient but

not cost effective and stable enough in the electrolyte solution

95



3.4.5 Summary:

In this study Mn-oxide-TiO; coated Tj-a-Si was successfully used for monolithic
self-driven water splitting to H, and O, having solar to hydrogen efficiency of 3.25 %
under solar simulated light illumination of 1 sun. Higher solar to hydrogen efficiency
could be achieved if a higher maximum photovoltage generating Tj-a-Si solar cell were
used. The coating on Tj-a-Si by a corrosion resistant transparent layer of Mn-oxide-TiO,
was essential to enhance the electrode stability from five minutes to six hours during
water splitting reaction. Long-term stability can be achieved if a pinhole free transparent
corrosion resistant layer could be deposited on Tj-a-Si solar cells. Experiments run at
near neutral pH 65 could have enhanced the stability of Mn-oxide-TiO; coating on Tj-a-

Si surface but photoconversion efficiency would be lower.

3.5 Water electrolysis:
3.5.1 Optimum power for water electrolysis:

The performance of solar or PV driven water electrolysis has not been yet
reported in terms of optimum power from a PV cell that is required to sustain hydrogen
generation overtime. In this study we report the optimum power and voltage required to
be supplied either by a power supply or silicon solar cell for water electrolysis carried out
in a single compartment electrochemical cell.

To investigate the effect of the applied potential on hydrogen generation during
water splitting, different powers were applied to the electrochemical cell from a power
supply while maintaining the same applied current [power (W) =i (A) x E (V)]. Platinum

(Pt) metal was chosen and used as electrode for OER and HER in 2.5 M KOH electrolyte
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solution to eliminate other factors such as electrode degradation. Hydrogen gas was
collected over the Pt cathode as was explained in the experimental section 2.8.3 and the
corresponding hydrogen current was calculated from the number of moles of hydrogen
gas collected according to equations [17] and [32].

It was observed in Figure 3.45 that hydrogen current was considerably less than
the current supplied from the power supply when the applied potential was below the
optimum value of 3.5 V. These results demonstrate that hydrogen current cannot be
sustained closer to the current supplied if the applied voltage was not optimum (3.5 V).

To determine the dependence of hydrogen generation rate on the applied
potential, hydrogen currents were measured by varying the applied potential while
maintaining similar powers (see Fig. 3.46). It was observed that though the values of
total power supplied were almost similar, the hydrogen current was not sustained closer
to the supplied current when the voltage applied was lower (V= 3.0 volt) than the
optimum value, e.g., 3.5 V. Furthermore, hydrogen currents were measured at two
different applied potentials (e.g., 3.5V and 4.0 V) as a function of time (see Figure 3.47).
It was observed in both cases that the hydrogen currents were found to be closer to the
current supplied from the power supply. Hence, a high applied potential equal or above
the optimum value of 3.5 V is essential to sustain a hydrogen current closer to the
externally supplied current. One needs high potential to overcome the extra resistance

developed at the electrode surface during gas evolution.
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Figure 3.45 Hydrogen current vs time plots for different powers (P) supplied to electrochemical

cell from the power supply (the areas of the Pt anode and Pt cathode were 0.69 cm? and 4.25 cm?
respectively).
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Figure 3.46 The effect of the applied voltage on hydrogen current at similar powers but different

voltages from the power supply (the areas of the Pt anode and Pt cathode were 0.69 cm? and 4.25
cm? respectively).
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Figure 3.47 The effect of high voltages from a Power Supply on hydrogen currents (the areas of
the Pt anode and Pt cathode were 0.69 cm? and 4.25 cm? respectively).

The effect of the applied power from solar cells on hydrogen current was
investigated with the use of different solar cells generating different powers. Hence,
different powers were applied from these solar cells to carry out water electrolysis. The
observed hydrogen currents were plotted as a function of time as shown in Figure 3.48. It
was observed that hydrogen current was found to be closer to the current supplied from
solar cell 1 having a maximum photovoltage of Vmax = 3.8 V and a maximum power Pyax
= 22.5 mW cm™ (see Fig. 3.48 and Fig. 3.49). However, much lower hydrogen current
was observed when solar cell 2 with Ve = 1.5 V and Ppax = 20.5 mW cm™ was used
during water electrolysis despite that solar cell 2 supplied the highest photocurrent

compared to solar cell 1 and solar cell 2 (fig. 3.48 and Fig. 3.49).
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Figure 3.48 Hydrogen current density vs time plots for power supplied from solar cell 1, 2, and 3
under solar simulated light intensity of 0.1 mW cm™ (the areas of the Pt anode and Pt cathode
were 0.69 cm? and 4.25 cm? respectively).
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Figure 3.49 -V curves for the three solar cells used to power the electrochemical cell during
water splitting. The photoactive areas of solar cell 1, 2 and 3 used were 9.6 cm?, 5.0 cm? and 6.2
cm? respectively.
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In conclusion it should be pointed out that it is essential to have an optimum
voltage (e.g. > 3.5 V) to generate high hydrogen rate during water electrolysis despite
having a high current supplied either from power supply or from solar cells. This finding
is essential to design a state of the art PV cells with optimum power requirements for

solar driven water electrolysis.

3.5.2 Earth abundant electrocatalyst for oxygen evolution reaction (OER):
3.5.2.1 Development of earth abundant and high performance porous catalyst for
oxygen generation for solar driven water electrolysis:

In order to produce inexpensive hydrogen generated by solar driven water
electrolysis, it is essential to develop cost effective and efficient electrocatalysts. The
approach is aimed at developing a suitable combination of materials to produce highly
porous catalytic anodes for oxygen generation with low over-potentials to minimize the
energy losses and achieve high electrolysis efficiency. For this project a highly porous
anodes, Ni-Co304, were synthesized as given in the experimental section 2.9.

The porosity of Ni-Co3z04was studied using fluid pore filling method
(experimental section 2.9) and the void ratio was calculated according to equation [15]
where the average void ratio is shown in table 5. These porous Ni-Co30, electrodes
produced high void volume with an average void percent of 68.4%; furthermore, SEM
image in figure 3.50 clearly shows the porous structure of these electrodes.

Electrochemical performance of the porous anode was assessed in terms of
hydrogen current generation rate (mA cm™) and percent solar to hydrogen efficiency

during solar driven water electrolysis. The PV cell used for this study consists of two

101



double junction amorphous silicon (Dj-a-Si) solar cells connected in series having total
surface area of 1.82 cm?. Each Dj-a-Si cell could deliver a maximum photovoltage, Vinax
= 1.5V, and a maximum current density, Jyna of 12.1 mA cm™ at maximum power, Ppax,
under solar simulated light with intensity of 1 sun (0.1W cm™) as shown if Figure 3.51.
The % STHE was calculated using the expression in equation [33]. Note that in
multicell electrolyzer the total solar to hydrogen conversion efficiency is expressed as,

141, 142, 143

%STHE = PV ef ficiency X Electrolyzer ef ficiency (35)

where the PV and electrolyzer efficiencies are provided by the equipments

manufacturers.

$3400 15.0kV 4.7mm SE 12/20/2010

Figure 3.50 Top view SEM image of porous Ni-Co30,.

Other efficiencies similar to equation [33] were also reported, where the thermo-
neutral voltage of 1.48 V which corresponds to AG =39 W h g™ was used. ***** In this

study we used standard potential for water splitting reaction, 1.23V or AG = 237.2 kJ

102



mol™, instead of the thermo-neutral potential which is considered as an overestimation at

room temperature. *4°

Table 5. Void calculation for nickel-cobalt oxide porous anodes

1.6 2.4 0.72 72

The results of hydrogen current generation and the % STHE in the solar driven
electrochemical cell calculated according to equations [17] and [33], respectively are
shown in Table 6. The higher amount of hydrogen gas was collected with the use of Ni-
Co0304 anode compared to RuO,-Ti. Although Co-oxides and Ni are known to have

146

lower catalytic activity * toward OER compared to RuO,; the observed higher hydrogen

current efficiency is possibly due to the high surface area of the porous anode Ni-Co304

compared to the flat RuO,-Ti.

Table 6. Hydrogen current, and % STHE for Ni-Co3O4 compared to RuO,-Ti anode in a
Dj-a-Si solar cell driven water electrolysis under solar simulated light of 0.1 W cm™.

Ni-Co30, | | Pt 12.84 8.66

Ti/RuO; | | Pt 12.55 8.46
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Figure 3.51 Current density, J (mA cm) versus cell voltage (Volt) and cell power density, P
(mW cm®) for the Dj-a-Si solar cell under solar simulated light intensity of 0.1W cm™

3.5.2.2 Catalytic activity of Ni-Co-mixed oxide toward OER under an external bias:
Ni-Co mixed oxide thin film electrodes were tested for their activity toward
oxygen evolution to determine the optimum composition or Ni/Co ratios. These mixed
oxide thin film electrodes were synthesized as described in experimental section 2.10.
Polarization data was taken at 50 mV/s between 0.2 and 0.8 V vs SCE and is shown in
figure 3.52. Ni-Co mixed oxide thin film electrode with the ratio, Ni/Co = 3, was found
to generate the highest current of the electrocatalysts examined during water electrolysis.
Ni-Co mixed oxide with the optimum ratio was further investigated for water electrolysis
and compared to Co-oxide and bare ITO. Figure 3.53 shows the polarization data at 50
mV/s between 0 and 1.6 V vs SCE for Ni-Co mixed oxides, Co oxide and ITO during
water electrolysis. Ni-Co mixed oxide catalyst shows the highest catalytic activity for
OER compared to Co-oxide. The observed sharp rise in current density at Ni-Co mixed

oxide at 0.5 V/SCE indicates a possible interaction between Ni and Co oxides that played
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an important role in generating active low overpotential surface sites for OER. For
example, at 1.0 V/SCE the current density of 83.50 mA cmwas observed at Ni-Co-
oxide, which is almost 3-fold higher compared to observed current density of 30.0 mA

cm™at Co-oxide under the same applied external bias.
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Figure 3.52 Current density, J (mA cm™) versus applied potential (E, V/SCE) for oxygen
evolution reaction (OER) during water splitting in 2.5 M KOH electrolyte solution showing the
highest activity for Ni-Co,03 mixed oxide with a ration of Ni/Co = 3.

The observed peaks prior to oxygen evolution in Figure 3.52, 3.53 and 3.54 is a
pinpointing to the formation of an oxide before oxygen evolution starts. The voltametric
behavior of Co and Ni oxides in alkaline medium can be complex due to the involvement
of different types of oxide species and their relevant allotropic phases in the
electrochemical process at the electrode surface. In alkaline medium and under positive

polarization species that may be involved in the electrochemical process are M(OH)s,
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MO, M,03, M504, MO, (where M = Co, Ni). " ¥ According to the voltamogram in
figure 3.54 the peak prior to oxygen evolution for Ni-Co mixed oxides with the optimum
composition is most likely due to the cobalt oxide species. These observations also show
the existence of a correlation between the position of the oxidation peak and an early
oxygen evolution. This finding supports an early attempt to find a useful descriptor or
guidelines for an efficient metal oxide based oxygen evolving catalyst. > To date
numerous studies have been carried out on transition metal oxide based catalysts for
OER. Although the catalytic activity of these oxides has been improving, prior studies

failed to provide an insight on the active sites and a simple mechanism for OER.

120 1

100 +
—a— Co-0xide/FTO

—=a&— Ni-Co-mixedoxide/FTO
81 - - .pareFTO

J (mA cm?)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 16
E (VISCE)

Figure 3.53 Current density, J (mA cm™) versus applied potential (E, VV/SCE) for oxygen
evolution reaction (OER) during water splitting in 2.5 M KOH electrolyte solution showing the
highest activity for Ni-Co-mixed oxides compared to Co-oxide and bare FTO coated conducting

glass.

Figure 3.55 shows the Tafel plots for Ni-Co mixed oxide and Co oxide thin film
electrodes. Ni-Co mixed oxide has the lowest Tafel slope of 160 mV/decade compared

to 233 mV/decade for Co-oxide anodes during oxygen evolution. The lowest Tafel slope
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for mixed Ni-Co oxide indicated a high electrocatalytic activity due to synergetic effect

149,130 of two oxides that generated active surface sites for efficient OER.
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Figure 3.54 Cyclic voltammertry plots for Ni-Co-mixed oxide with optimum composition, Co-
oxide, Ni-oxide deposited on FTO coated glass substrate in 2.5 M KOH electrolyte.

Surface morphological observations were obtained using scanning electron
microscopy (SEM). The micrograph in Figure 3.56 (C) shows the morphology of Ni-Co
mixed oxides thin film with a homogenous coating compared to a porous surface of Co-
oxide, Fig. 3.56(B), and less porous surface of Ni oxide, Fig. 3.56 (B). A homogenous
coating may result in better adherence to the underlying 1TO substrate and thus better

current collection. However, cracks are still visible on the surface of Ni-Co mixed oxides

thin film.
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Figure 3.55 Tafel plots obtained from the I-V (current density | and potential, V) curve during
OER on Ni-Co mixed oxide and Co-oxide thin films. The overpotentials for OER were obtained
using 1 = Eqpp - 0.116 where E,p, is the measured potential at the electrode during OER.
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Figure 3.56 SEM Pictures of (A) Co-oxide on FTO coated glass substrate (B) Ni-Co-mixed
oxide on FTO coated glass substrate (c) Porous Ni-Cobalt oxide plate.
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3.5.4 Summary

Ni-Co mixed oxide anodes can be synthesized by spray pyrolysis on fluorine doped
tin oxide conductive glass. These Ni-Co mixed oxide thin films exhibit a high catalytic
activity towards oxygen evolution compared to the high efficient Co-monoxide thin film
electrode. The High activity could be due to the synergetic effect of mixed oxides which
helped to generate electroactive sites for efficient oxygen evolution. In this study a
correlation between the transition from lower oxidation state to a higher oxidation state of
the metal oxide thin film and an early oxygen evolution was observed. It is noteworthy to
point out that this correlation remains as the sole electrochemical descriptor for an

efficient oxygen evolution using transition metal oxide electrodes.
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