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Photoelectrochemical (PEC) water splitting and electrochemical hydrogen evolution reaction
(HER) appear to be key technological components of a hydrogen-based economy which may
secure sustainable energy future. Nevertheless, several limitations of PEC cell and HER electrode
materials is still present. Modification of semiconductor materials bearing narrow band gap for
visible spectrum, high solar to hydrogen conversion efficiency and high stability for efficient PEC
cell is required for futures commercially applicable energy conversion systems. Besides,
development of cost effective non-noble metal electrocatalysts with remarkable electrocatalytic
efficiency for HER to overcome the limitations of high cost noble platinum (Pt)-group materials,

is necessary en route to profitable and efficient water splitting devices.

Thereupon, firstly we employed plasmonic nanoparticles combined with semiconductor to confine
light absorption locally in active layer of semiconductor. These nanophotonic structures can
generate surface plasmon resonances (SPR) which will act light antennas and localize
electromagnetic radiation energy near the active surface layer. Accordingly, core@shell and
core@shell@shell nanoparticles were implemented to modify PEC performance of BiVO4
photoanode. In this regard, the heterostructure offered improved light absorption, higher catalytic
efficiency and efficient separation and transport of photogenerated charge carriers leading to

improved PEC cell efficiency.



Furthermore, metal chalcogenide sensitized SnO2 nanowire based heteronanostructured systems
tested as an active photoanode material for PEC cell. Highly conductive SnO2 nanowire arrays has
been fabricated and different sensitization methods has been used on these photoelectrodes. The
novel photoelectrode exhibits panchromatic light absorption capability, low thermalization loss,
and improved photogenerated charge carrier transport behavior, providing improved photocurrent

density PEC cell system.

Lastly, M0>C and M0.C-GO electrocatalysts have been fabricated using in situ growth, microwave
assisted, facile preparation method. Electrocatalytic activities were studied as a cathode for HER.
Mo2C-GO nanocomposites provide enhanced electronic conductivity, reduced particle size, more
electrocatalytic active sites, improved structural stability. Hence, molybdenum-based
electrocatalysts are promising non-noble, cost-effective, conductive, catalytically active

alternatives to noble Pt group electrocatalysts.

Overall, this dissertation study provides a detailed study to shed light into the rational design of
advanced nanostructured PEC photoanodes and HER catalysts, and systematic study of synthesis,
characterization, photoelectrochemical and electrochemical activities of the resultant photoanodes

and cathodes.
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1.0 INTRODUCTION

1.1 MOTIVATION

Possible energy shortages and the impact of global warming on future weather patterns are
growing of global concern. In 2010, the world’s energy consumption summed up to J, analogous
to a consumption rate of TW. The U.S. Department of Energy (DOE) predicts this number to be
grow by 49% in next quadricentennial. Moreover in 2015, 86 % of world’s energy demand was
offset by fossil fuel-based energy sources. (Figure 1) Besides, a recent BP report of the 2030
Energy Outlook predicts that an additional 1.3 billion people will become new energy consumers
by 2030. !

Fossil fuel-based energy sources have been the primary source of world’s energy demand
for the past bicentennial. Natural gas, petroleum and coal are the most common form of fossil fuels.
Recent estimations about current reserves of fossil fuels project that global energy demand will be
satisfied for several hundred years at a consumption rate of 30 TW/year. Yet, there is enough
concern about quickly diminishing energy sources, and consequences of consuming fossil fuel

such as pollution and climate change.
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Figure 1 World Energy Source Distribution in 2015.2

Coal is most pollutant among all fossil fuels, in which combustion for electric power and
industry were responsible for producing 90 kg of carbon dioxide emissions per gigajoule of energy
produced. Oil lists the second as producing 77 kg/GJ, and currently indispensable for road
transport and petrochemical industries. Natural gas appears to be the cleanest of fossil fuels
releasing about 50 kg/GJ. Despite of natural gas being the cleanest and seems to be innocent and
environmentally friendly, all fossil-based energy resources contribute to greenhouse gas emissions
and leading to global warming.

Fossil fuel dependence of a country is directly affect economic and national security.
Global players for energy production and consumption are United States, China and Russia.
Therefore, any conflict in politics may lead to threats of a country and monopoly of these global
powers to other nations to be energy dependent. Although fossil fuels remain to be the primary

source of world’s energy demand, the environmental costs are high because of high levels of
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carbon dioxide emission, and national and economic security concerns raised due to fossil fuel
dependence of a nation. Consequently, the desire to be energy independent for security reasons
and environmental pollutions concerns drives nations to look for alternatives to fossil fuels. Hence,

renewable and cleaner energy sources appear to be prominent research objectives.

1.2 RENEWABLE ENERGY SOURCES

Uranium and nuclear power is carbon free source of energy and already accounts almost 5 % of
global consumption due to its high efficiency, moderate and predictable cost of electricity over
service life and no COzemission during life cycle. However, uranium resources are limited similar
to the fossil fuel resources. Furthermore, the use of nuclear power faces other challenges such as
high capital and compliance costs, public concerns about operation and final waste disposal, and
finally liabilities in case of nuclear accident. Recent nuclear power accidents and detrimental
causes lead to public protests and the fear of nuclear power against new nuclear power plants.
Therefore, the concentrate of research turns into renewable energy sources: solar, wind,
geothermal, hydro, and biomass. Solar, and wind are the two-prevalent renewable energy sources
that convert these naturals resources into energy. Figure 2 illustrates annual availability and

consumption situation of renewable energy sources.
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1.3 SOLAR ENERGY

Of all renewable energy sources, solar energy possesses the largest supply capacity. Every hour
enough sunlight reaches the earth to meet the world’s energy demand for a whole year. Proposed
usages of solar energy are; solar-fuel conversion, solar-thermal conversion and solar-electricity
conversion. Several technologies have been used to capture solar irradiation and convert it to fuel,
heat and electricity. Photovoltaics, conversion of solar energy into electrical energy, the most
widely implemented type of solar energy technology. In photovoltaics, the absorbed photons of
sun are converted into electrical current. However, the limitation with solar photovoltaics is
relative low conversion efficiency. High most for material production, and installation of
photovoltaics drive overall cost of solar-electricity conversion high. Nowadays, investing in solar

photovoltaics with policies and subsides is globally supported in favor of reducing carbon release.
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Recent forecasts predict that solar energy will become an economically competitive energy source
without any subsidies within a decade. Solar power production capacity is more than decupled
between 2009 (23GW) and 2015 (227GW). (Figure 3) This is a significant sign of enormous
interest in conversion solar irradiation into conventional energy.

Another limiting factor of solar energy is that Sun does not shine 24 hours/day. Therefore,
storage of solar energy at night time becomes an essential part of a solar power system. Surplus
energy needs to be collected and stored during daytime and redistributed at night time.

In this regard, photoelectrochemistry (PEC) appears as a promising method for solar light
harvesting. It converts solar energy into chemical energy instead of electrical or thermal energy.
Conversion into chemical energy offers automatic storage of solar energy and makes it available

when the supplied power decreases.
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1.4 HYDROGEN ECONOMY

Hydrogen economy means replacing fossil fuels with clean and storable hydrogen gas which
neither produce pollutant nor leave a negative footprint on the environment.® Hydrogen is regarded
as a promising fuel for future and the energy, stored in the form of hydrogen, can be used to supply
the needs of a great variety of industrial activities and aspects of society from homes to electric
utilities to business and industry, a typical hydrogen energy system is illustrated in Figure 4.
Hydrogen has been appealing research material as it bears the highest energy content per unit
weight.® The only byproduct of hydrogen combustion is water.’

As of today, however, hydrogen gas is mainly produced from fossil fuels such as alcohol,
natural gas and petroleum. Though hydrogen itself is very clean, a hydrogen production process
and its byproduct are not environment-friendly. In order to lessen carbon footprint and prevent
further climate change, a low-carbon hydrogen generation process should be implemented. In
addition, challenges in production, compression, distribution, transfer and storage must be
addressed before hydrogen becomes a competitive alternative to other energy sources. In this
regard, electrocatalytically driven hydrogen evolution reactions (HER) emerges as a prominent

way of feasible and clean production of hydrogen, since HER uses only water to produce hydrogen.
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1.5 CLASSIFICATION OF WATER SPLITTING SYSTEMS

Water splitting is the general term for a chemical reaction in which water is separated into oxygen
and hydrogen. Efficient and economical water splitting would be a key technological component
of a hydrogen based future economy. Various techniques for water splitting have been issued in
water splitting processes which is illustrated in Figure 5. Basically, electrochemical and photo
electrochemical ways appears to be two prominent ways to perform water splitting.
Electrochemical splitting of water is the decomposition of water (H20) into oxygen (O.) and
hydrogen gas (H2) due to an electric current being passed through the water and in some cases with
the aid of suitable catalysts. In solar water splitting or photoelectrochemical systems, hydrogen is

produced from water using sunlight and suitable photocatalysts. However, there are several ways



and configurations one can use different electrochemical systems and catalysts or combine a
specialized semiconductor to harvest and convert light and generate hydrogen and/or oxygen,

which is illustrated in Figure 5.
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Figure 5 Classification scheme for water splitting systems



1.6 THESIS OUTLINE

Following the introduction chapter, basic principles of PEC cell and HER reaction will be reviewed
in Chapter 2. In addition, current semiconductor materials used a photoanode fore PEC water
splitting and HER reaction will be discussed, and special emphasis will be given to:
i.  Bismuth vanadate (BiVOg) thin films and plasmonic nanoparticles for PEC cell
ii.  Tin oxide (SnO2) nanowires and cadmium chalcogenides (CdS, CdSe) nanoparticles for
PEC cell
iii.  Molybdenum carbide (Mo2C) and graphene oxide (GO) for HER reaction

Experimental procedures and characterization techniques to fabricate semiconductor
photoelectrodes and evaluate their PEC and HER properties are stated in detail in Chapter 3.

Chapter 4 shows results on PEC performance of BiVOs thin films coated with plasmonic
particle. Then, the effect of plasmonic particles on light absorption and its effect on the
performance of BiVO4 PEC cells are mainly discussed.

Chapter 5 shows results on PEC performance of CdS/CdSe coated SnO2 nanowires.
Sequential coating of two different semiconductors and the effect of panchromatic light absorption
on PEC performance are mainly discussed.

Chapter 6 shows results on electrolysis of water by molybdenum carbide (Mo2C) and
graphene oxide (GO). Microwave-assisted synthesis of GO supported Mo2C and its role in
hydrogen evolution reaction (HER) will be mainly discussed.

Chapter 7 is conclusion of entire thesis and future remarks.



2.0 BACKGROUND AND THEORY

In this chapter, basic principles of two water splitting systems (i.e. PEC cell and electrolysis cell
are explained in detail. The performance of PEC cell is restricted by various factors, generally
associated to intrinsic material properties of the semiconductor photoelectrode, for instance the
electronic bandgap and electronic transport properties. These limitations will be summarized first
and current photoanode materials are reviewed. Then, previous studies on electrolysis of water and

hydrogen evolution reaction (HER) on MoC; are discussed.

2.1 PHOTOELECTROCHEMICAL CELL (PEC)

2.1.1 Basic Principles

Hydrogen appears to be the best energy carrier which may secure sustainable energy future.
Hydrogen is a clean and environmentally friendly energy source, as combustion of hydrogen
leaves only water. However, hydrogen does not exist in large amounts in nature. It is commonly
found as a part of large molecules such as water and hydrocarbon. Hence, a certain amount of
energy is required to separate pure “hydrogen, H>”. Out of several methods to produce hydrogen,

“solar water splitting” appears to be the most green and sustainable energy cycle.
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Figure 6 shows three energy conversion pathways from solar energy to fuel or electricity:
natural photosynthesis, semiconductor/liquid junctions and photovoltaics. Semiconductor/liquid
junction devices are commonly referred as photo-electrochemical cells or PECs which are solar
cells which generate fuel from light. Photoelectrochemical hydrogen generation takes place on the
Schottky junction that is formed at the interface between semiconducting material and aqueous
electrolyte. Photoelectrodes absorb solar energy and generate electrons and holes, which split
water molecules into Hz and O2. A common PEC cell set-up is illustrated in Figure 7. It consists
of an anode and cathode immersed in an aqueous electrolyte, of which at least one is made of a

semiconductor exposed to light and able to absorb the light.

11



This type of PECs operates on a principle that there are two redox systems driven by high
energy electrons or holes: for an n-type semiconductor (i) energetic holes associated with the
oxygen-evolution half-reaction (OER) occurs at the surface of the semiconductor electrode,
whereas (ii) energetic electrons associated with the hydrogen evolution half-reaction (HER) takes

place at the counter-electrode (mainly metals). In this case, n-type semiconductor is called

photoanode
e —> e —>
@
-
CB «—
E
— J. 3 + Fr
B H'/H, metal
1.23eV
H,0/0,,H*

VB

Semiconducting Electrolyte Counter

photoanode electrode

Figure 7 Schematic on a water splitting diagram of a PEC cell consisting of the

photoanode and the counter electrode.

12



If p-type semiconductor absorbs light, HER may also take place on a p-type semiconductor,
a photocathode, where generated electrons are transported to the semiconductor-electrolyte
junction thus reducing water to hydrogen gas. This p-type semiconductor is called photocathode.
The conduction band edge of the photocathode has to be more negative than the hydrogen
evolution potential. In both photoanode and photocathode, hydrogen and oxygen generation
reactions are driven by minority carriers. An ideal water splitting system needs a tandem structure

of photoanode and photocathode, which is illustrated in Figure 8.

(a) e (b) e

H*/H,

1.23Vv |

& H0/0,_

H*/H,

il

1.23V

H,0/0,

counter photocathode photoanode photocathode
electrode

Figure 8 Energy diagrams of photoelectrochemical water splitting using a) a

photocathode, and b) a photoanode and cathode in a tandem cell configuration.®
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In order to be able to drive the water splitting reaction, not only the band gaps but also the
relative position of the energy levels involved need to be well matched. Figure 9 (a) shows the
energy diagram of a semiconducting electrode and a metal electrode before contact. Figure 9 (b)
shows a change in the band diagram after the semiconductor surface contacts electrolyte. Fermi
level alignment at the solid/liquid interface bends band edges of the semiconductors, which creates
a main driving force for charge transport at the interface. When semiconductor electrodes absorb
light, electron and holes are generated and one of them transports to the solid/liquid interface due

to the band bending.

(a) Before contact (b) After contact

Semiconductor Metal
Anode Cathode

Figure 9 Energy level diagram of the semiconductor/liquid/metal system (a) before contact and

(b) after contact.

If the charge carriers reach the solid/liquid interface, it reacts with a water molecule, the
possible water splitting half reactions and their redox potentials are given by;
When H* activity is 1 (pH = 0)

Cathode: 2H* + 2e~ © H,(g) EX4 = 0.000V vs NHE*

14



Anode: 0, + 4H' + 4e~ o 2H,0 E2,; = 1.23V vs NHE*
When OH™ activity is 1 (pOH = 0)
Cathode: 2H,0 + 2e~ © H,(g9) + 20H™ E%,; = —0.827 V vs NHE*

Anode: 0, + 4e~ + 2H,0 & 40H™ E%, = 0.403 V vs NHE"

2.1.2 Challenges

Several limitations of the PEC cell are attributed to physical properties of semiconductor
photoelectrode and its interaction with the aqueous electrolyte. In an ideal condition, an
electromotive force of the cell must be 1.23 V. The anode donates holes to water molecules,
therefore produces oxygen gas and protons. These protons are reduced at the cathode where
electrons have higher energy by 1.23eV. However, more EMF of PEC cell is required in real
operation, due to a thermodynamic loss. At redox potential, the reactions are in equilibrium and a
net reaction rate is zero. At room temperature 25°C (298 K) and concentrations (1 mol/L, 1 bar),
thermodynamically the minimum applied electrochemical cell voltage AE=1.229 V corresponds
to a AG=+237 kJ/mol H.. Considering the entropy term, the water-splitting reaction at the
equilibrium state is a nonspontaneous reaction and thermodynamically uphilling. Therefore,
though the theoretical bandgap of the semiconductor for PEC is 1.23 V, a bandgap between 1.9 V
and 2.0 V is needed to overcome the thermodynamic loss and proceed the reaction with fast
reaction kinetics. However, if the bandgap is too large, the semiconductor absorbs only a part of
the solar spectrum. Figure 10 shows the photon flux by solar irradiation and its relationship with

photoelectrolysis.
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Figure 10 Photon flux in the solar spectrum (AML1.5).

In addition to the bandgap, there are a few factors to be considered for semiconductors of
PEC cell. First, high light absorption coefficient in the visible range is essential to take more
photons using a same volume of materials. Second, the conduction and valence band edges must
be well aligned with the oxidation and reduction potentials of water. The energy of the valence
band edge should be lower than the oxidation potential for H.O/O> couple so that holes can be
transferred into an aqueous electrolyte to generate oxygen. The energy of the conduction band
must be higher than the reduction potential for H>O/H> couple so that electron is transferred into
an aqueous electrolyte to produce hydrogen. Figure 11 shows the band edge positions of several

semiconducting photoelectrodes and water splitting half reactions.
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Figure 11 Band edge positions of various semiconductors in contact with the aqueous electrolyte
at pH=0 with respect to NHE and the vacuum level. For comparison water oxidation and

reduction potentials are also depicted. (Adopted from literature °)

Besides the band gap size and band alignment restrictions, electric properties are also
important such as efficient charge separation and transport of photogenerated charge carriers.
Diffusion length of photogenerated carriers should be long enough so that minority carriers reach
the semiconductor/electrolyte junction without losses such as charge recombination. Increasing
the overlap of metal 3d orbitals with conduction band can enhance the lifetime. Corrosion
resistance and stability of semiconductors in dark and light conditions are also important
parameters for proper material selection. Water oxidation and reduction reactions can corrode the
semiconductors and change their surface chemical composition. This leads to degradation of the
photoelectrochemical properties. The corrosion problem makes conventional non-oxide solar cell
materials such as GaAs, and GaP unsuitable for photoelectrohemical cells. Corrosion-resistant

semiconductor metal oxides appear to be prominent photoelectrode materials. Another important
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parameter is fast kinetics of carrier extraction reactions at the semiconductor/aqueous electrolyte.
If not, holes or electrons are accumulated in the semiconductor surface.

Since the first report on a photoelectrochemical reactor of TiO., several materials were
selected and tested for photo-assisted water splitting reaction. In general, not a single type material
can bear all the properties to meet conditions for efficient photoelectrolysis. The semiconductor
and its interaction with electrolyte is the primary factor. Bang gap, charge transport properties,
stability are all important. Since the first PEC cell, there has been growing efforts to tuning

electronic properties for efficient and economically viable cells.

2.1.3 Strategies for an Efficient Photoelectrochemical (PEC) Cell

In order to improve total efficiency of photoelectrochemical water splitting systems possible
strategies can be taken. First, it is necessary to develop a narrow bandgap semiconductor
photoelectrode to absorb much more visible solar spectrum. Many ongoing efforts for improving
stable wide bandgap semiconductors have been focused on extension of light absorption to visible
region. %1 Efforts for narrower bandgap materials have focused on their stability in aqueous
environment. On the other hand, fabrication of a tandem photoelectrode with doping or combining
different semiconductors has also been extensively studied. Overall, these strategies can be
summarized as follows:
0] Modification of the semiconductor with metal and/or nonmetal doping for narrower
bandgap material: one of the most effective ways to modify the band gap of
semiconducting material by creating impurity levels in the bandgap through ion doping,

hence the large band gap material can benefit from visible light absorption. Figure 12
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illustrates the scheme for how donor and acceptor ions function in wide bandgap of
semiconductor material and a change results into visible light response of the wide band

gap material in addition to UV light absorption. 113
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Figure 12 Donor/acceptor level band gap modification formed by metal ion doping.

(i) Sensitization of the semiconductor photoelectrode with a compatible dye, quantum dots,
or enhancement with a well-defined plasmonic nanoparticle: another powerful way of
extending absorption spectrum range with suitable sensitizers such as dyes,* quantum

dots,'® and plasmonic particles.!® Figure 13 illustrates how this sensitization works.
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Figure 13 Schematic illustration of the bandgap alignment between a wide bandgap

semiconductor and a narrow bandgap sensitizer material. Sensitizer material enhances light

absorption and enables easier electron transfer to the wide band gap semiconductor material.

(iii)

Fabrication of tandem or heterojunction cells by combining different bandgap
semiconductors: employment of heterojunction structures is another way of benefiting
properties of each component in the junction and reaching an improved overall
efficiency. Several advantages accompany with formation of a heterojunction such as
extension of solar light absorption, promotion of photo-generated charge carrier
separation at the semiconductor/liquid interface, reduction of electron-hole

recombination. 1718
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(iv)  Modification of crystal structure and morphology of the semiconductor photoelectrode:
modifying crystal structure mainly alters charge transfer and separation behavior of
semiconductor material. In general materials crystallinity, defect structure, surface area,
surface structure, and particle size are mainly important for efficient charge transport.
Figure 14 shows examples of different types of nanostructures used as photoelectrodes

in PEC systems.

100 nm

Figure 14 (A) Scheme and (B) SEM images of different morphology of ZnO nanostructures
coated on TCO substrate. (i) nanoparticles, (ii) disordered nanorods, (iii) array of nanorods, (iv)
array of nanotubes, (v) array of nanoforests, (vi) array of bilayer nanostructures. (Adopted from

literature 1920.21.2223 )
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2.1.4 Metal Oxide Semiconductors for Photoelectrochemical (PEC) Cell

Various types of semiconductors have been used for photoelectrodes, amongst metal oxides draw
attention a lot due to their chemical stability, suitable band edge positions, low cost and tunable
bandgaps. >*Oxides appear to be one of the most stable form of metal compounds in nature and
can be synthesized via different methods. Generally, the VB and CB of metal oxides have O 2p
character and transition metal (s, d, or p) character. 2> Combination of high ionic character of O 2p
and electron rich metal orbitals leads to various types of metal oxides. In Figure 15, a typical PEC
cell made by photoanodes of metal oxides coated on transparent conductive oxide materials (TCO)
is illustrated. The rich diversity of metal oxides with multi-functional properties enable researchers
to develop high performance PEC systems. Herein several outstanding semiconductor materials
are evaluated and possible modification methods for an improved performance

photoelectrochemical cell are explained.
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Figure 15 A typical photoelectrochemical cell made of photoanode (semiconductor metal
oxide material coated on transparent conductive oxide (TCO)), cathode (Pt), and aqueous

electrolyte .

2.1.4.1 Titanium dioxide (TiO2)

Since the discovery of Fujishima and Honda in 1972, n-type TiO2 has become the most intensively
studied system for photoelectrochemical water splitting. The electrochemically active phase of
TiO> are rutile which has a body-centered tetragonal structure, which is depicted in Figure 16.
Therein TiOg octahedra are connected by sharing one edge. Oxygen anions, on the other hand,

show a coordination number of 3 with OTis trigonal planar slices.
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Figure 16 Crystal structure of TiOz (rutile) unit cell

Photogenerated carriers on TiO2 deliver enough energy to drive the overall water splitting
reaction due to the favorable position of the valence and conduction bands. The chemical stability,
abundancy and low production costs make TiO: attractive. The performance of TiO2, however, is
limited due to its wide band gap (3.2 eV) and high electron hole recombination rate.?®?” Many
groups have demonstrated extension of the optical absorption spectrum edge of TiO, towards the
visible range by doping transition metals such as iron or chromium or sensitizing TiO2 with other
low band gap semiconductors. Transition metal doping into TiO2 leads indeed to the shift of
absorption wavelength but does not result in the expected increase in efficiency, as impurity states
act as recombination sites. In addition, various nanostructuring techniques have been applied to
increase an active surface area and decrease the travel distance of photogenerated carriers to the
semiconductor-electrolyte interface. 2 Different morphologies such as nanotubes, nanowires,
nanoflakes, mesoporous and inverse opal films synthesized using different techniques such as sol-
gel, chemical vapor deposition or electrodeposition Combining nanostructured morphologies with

selective doping can sufficiently enhance the photoelectrochemical performance of TiOa.
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2.1.4.2 Bismuth Vanadate (BiVOa)

BiV Oy, a ternary metal oxide n type semiconductor has attracted a considerable amount of research
interest in recent years as an attractive photoanode. BiVO4 has three main crystal structures,
tetragonal zircon, tetragonal scheelite and monoclinic scheelite. Structures of zircon and scheelite
are illustrated in Figure 17. Monoclinic scheelite BiVO4 is composed of non-interconnecting VO4
tetrahedra. 3d orbitals of V constitute the conduction band of BiVO4 and photogenerated electrons

have to hop between VVOg tetrahedra in BiVOg.

Figure 17 Crystal structures of different BiVO4 polymorphs: (a) tetragonal scheelite and

(b) tetragonal zircon, (c) monoclinic scheelite BiVO4
25



Scheelite-monoclinic BiVO4 (m-BiVOa) appears to be the most important polymorph. m-
BiVO4 has n-type conductivity, bandgap of ~2.4 eV and high photoactivity for O, evolution. In
contrast, the tetragonal zircon has band gap of 2.9 eV and its absorption band reaches near UV

region. Band structures of monoclinic and tetragonal scheelite are compared in Figure 18.

Tetragonal Monoclinic
PN A
29eV 2.4eV .
UV absorption VIS absorption
Bis | h* |
02p VB 02p | VB |

Figure 18 The scheme of the BiVOs tetragonal and monoclinic band structures

A theoretical maximum photocurrent density and a theoretical solar-to-hydrogen
conversion efficiency is about 7.5 mA/cm? and 9 % at AM 1.5 illumination condition for m-BiVOa.
BiVOs is cheap and abundant but suffers from poor electron transport and slow oxidation kinetics,
requiring further modifications to assist in efficient photoelectrolysis. Bulk electron conductivity
has been identified as one of major bottlenecks which limits the efficiency of the
photoelectrochemical reaction. This limitation can be overcome by doping Mo and W. Impurities
can increases the electron density, thereby improving the conductivity of BiVOa. Recently BiVOs

has been reported to have the smallest onset potential of photocurrent for water oxidation among
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all the reported visible light absorbing n-type photoanodes due to its favorable band edge
alignment with the water redox potentials.?® Oxygen evolution reaction (OER) is considered to be
a rate determining step for water splitting. Therefore, BiVO4 photoanodes of an excellent OER
ability has increased an overall solar to fuel conversion efficiency of monolithic devices to 5 %.
An obvious disadvantage of BiVOs is a low CB edge energy level. Increasing the energy level of
CB edge is needed. Moreover, the poor charge transport limits separation of the photoinduced
charge carriers, thus leading to poor photoactivity. To improve PEC performance, prolong
photogenerated charge carrier lifetime and improve the photoinduced charge carrier separation,
heterojunction structures such as WOs/BiVOs, SnO2/WO3/BiVOs, BiV04/Co30s4, and

Bi»03/BiVVO4 have been studied. %

2.1.4.3 Tin dioxide (SnO2)

The material of choice in this work was tin (IV) oxide. It is a wide (direct) band-gap, n-type
semiconductor with a bandgap of 3.6 eV at room temperature. The mineral form of SnO is called
cassiterite (in German, common names are Kassiterite or Sperlingschnabel). The unit cell contains
two tin cations and four oxygen anions. The Sn** cations are coordinated by six O anions, forming
slightly distorted octahedra, whereas the oxygens are surrounded by three tin ions, forming an
almost regular triangle, its crystal structure is shown in Figure 19. The electronic structure of SnO:
is a key factor for optoelectronic device fabrication. 1D nanostructures have unigue electronic,
optical, and mechanical properties due to their low dimensionality and the quantum confinement
effect.3! 1D SnO; can be fabricated in different forms of tubes,®? belts,*® rods, wires** and sheet,

and these structures with high aspect ratio offer better crystallinity, higher integration density, and
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lower power consumption. 1D SnO. nanostructures have been synthesized by a variety of
techniques such as electrodeposition, *® hydrothermal treatment,3® thermal decomposition and

thermal evaporation,®” and template free synthesis.*

Figure 19 Unit cell and coordination polyhedral of SnO2: (a) Octahedral coordination of tin

cations; (b) Triangle around the oxygen anions.

This material has been used as a key functional material for various applications such as
gas sensor®®, optoelectronic devices?, catalysts, transparent conducting electrodes, 4 and
antireflecting coatings. SnO based transparent conductive oxide materials (TCQO) can be
beneficial due to high conductivity and large band gap and it is a low-cost alternative to indium
tin oxide films in various optoelectronic devices. Advantages of nanostructures such as SnO>
nanowires/nanobelts/nanorods, make SnO; as an ideal alternative material for optoelectronic

devices, due to better electron mobility, ~100-200 cm? V! s and electronic conductivity which is
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much higher than that of TiO2 (~0.1-1 cm? V! %) and photo-stability compared to TiO,, and it
has a more negative conduction band edge (0.40 eV, compared to anatase TiO3) assisting efficient
charge injection and charge collection from the photosensitizer. SnO2 gets less attention in PEC
hydrogen production than that of TiO., because the conduction band edge of SnO: is lower than
the reduction potential of water. One potential solution to this problem is to make the type 11 band
alignment by connecting SnO2 and TiO.. SnO2/TiO> heterojunction is a promising photoelectrode
for solar cells,*? photocatalysis,*® and photoelectrochemical water splitting reactions.** Moreover,
one-dimensional metal oxide architectures can promote the charge transport behavior and improve
the charge collection efficiency. Charge carriers, with minimum recombination losses, can be
separated across the metal oxides interfaces of appropriate positions. Therefore, utilization of
various 1D metal oxide nano-architectures and heterojunction of them with different
semiconducting light absorbers can lead to a superior hetero-nanostructure which provides
efficient charge separation, with minimum recombination losses, and as results higher power

conversion efficiencies can be achieved.

2.1.4.4 Advanced Nanostructured Metal Oxide Semiconductors for Energy Applications

Previously described energy devices will be benefited from better design of material properties.
Most commonly used semiconductors for photovoltaic applications suffer from poor charge carrier
transport properties and limited absorption which limits the resultant device’s energy conversion
efficiency. On the other hand, materials used for other energy devices such as batteries,
supercapacitors, and fuel cells experience inadequate energy/power output because of poor charge

and mas transport properties and high cost and complex fabrication processes. As a result,
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advanced nanostructured metal oxide materials show up as a promising material in the fields of
photovoltaics, semiconductors, and renewable energy. These nanomaterials can show wholly
different characteristic properties compared to the ordinary bulk counterparts. Nanostructured
metal oxide nanostructures have attained great interest in energy related applications since they
can overcome the limitations of the standard electrodes and can show high conductivity, charge
carrier mobility, low charge recombination rates, and high crystallinity. Besides metal oxide
nanostructures are one of the most widely available materials on Earth due their unique shapes,
compositions, chemical and physical properties, making them spotlight of present research efforts
in nanomaterials science. ° As previously mentioned they have been widely used in energy
related applications such as Lithium ion batteries,*® fuel cells,*’ solar cells,*® transistors/FETs,*
light emitting devices,*® hydrogen production by water photolysis, electrolysis and its storage,'>?
water and air purification by degradation of organic/inorganic pollutants,>** gas, humidity and
temperature sensors,*>>°® and photodetectors. */

There are several methods for producing well defined nanostructured metal oxide
semiconductors. Nanostructured metal oxide semiconductors can be deposited on any type of
substrate such as metals, semiconductors, polymers, flexible substrates. Depending on fabrication
process different shapes and morphologies of metal nanostructures can be synthesized such as
nanowires, nanorods, nanotubes, nanocombs, nanorings, nanohelixes, nanosprigns, nanocages,
nanosheets and nanostars.

The deposition techniques can usually be divided into two main categories as chemical and
physical deposition methods. Pulsed laser deposition (PLD), molecular beam epitaxy (MBE), and
sputtering can be categorized into physical deposition techniques. Whereas, chemical methods are

mainly gas phase deposition methods and solution techniques such as chemical vapor deposition

30



(CVD), metal organic chemical vapor deposition (MOCVD), atomic layer deposition (ALD),
while spray pyrolysis, sol-gel, spin- and dip-coating methods. Different methods come with both
advantages and disadvantages depending on ease of use, cost, time, and quality and quantity of
growth.

Sputter deposition is a common method of metal oxide film deposition. It involves
bombardment of a target (metal or metal-oxide) with a plasma (usually a noble gas, such as Argon).
The main advantage is low operating temperature which makes sputtering one of the most flexible
deposition techniques. When an energetic particle strikes a surface (the target), a plume of material
is released, like the shower of sand when a golf ball lands in the bunker. This effect is known as
'sputtering’ and is a good method for depositing smooth, uniform films that exhibit good adhesion
to the growing substrate. Film grown rate is well controllable allowing the reproducibility of the
samples thickness. Growth rate are also high and comparable to evaporation techniques.

Pulsed laser deposition (PLD) has been used to deposit films of a variety of materials. It is
a promising technique to develop complex-oxide heterostructures, superlattices, and well-
controlled interfaces. Figure 20 shows a typical PLD system. Pulsed beam of a high power
ultraviolet laser is focused on a target inside a vacuum chamber. The target is usually sintered
ceramics and the chemical composition of the target is same as that of the film to be deposited. A
significant removal of material occurs in the target above a certain threshold energy density of the
laser (depending on the material, and laser wavelength and pulse duration). Pulses of the focused
laser transform the removed solid to plasma. Expansion of the ablated material cools the plasma
and reverts it to gas that is carried to the substrate where the delivered material condenses to solid
and the film growth happens. The crystal structure and orientation of films grown by PLD are

highly dependent on a thermodynamic stability. In PLD, the precise control of the processing
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parameters (such as species fluxes) is also difficult to realize, which is helpful for understanding

the nucleation and growth mechanisms of thin films.
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Figure 20 Schematic illustration of the pulse layer deposition (PLD) system used for thin films

depositions.

Chemical vapor deposition (CVD) is another widely used materials-processing technology.
In Figure 21 common CVD system is shown, where a precursor gas or gases flow into a coating
chamber. Chemical reactions occur on and near hot substrate surface, resulting in the deposition
of a thin film on the substrate. By-products of the chemical reactions are exhausted out of the
chamber along with unreacted precursor gases. Precursor molecules must have high vapor pressure

so that source gas is transported to the reaction chamber. In addition, evaporated precursor gases
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must have high thermal stability to prevent particle formation in the gas phase. In this method,
controllable film growth rate and smooth films are attainable. CVD is done in hot-wall reactors
and cold-wall reactors, at sub-torr pressures to above-atmospheric pressures, with and without
carrier gases, and at temperatures typically ranging from 200-1600 °C. CVD processes can be
categorized according to a type of: (i) application, (ii) process and reactor used, or (iii) precursor
and chemical reaction used. Derivatives of CVD terminology are metal-organic chemical vapor

deposition (MOCVD) or, less commonly, organo-metallic chemical vapor deposition (OMCVD).

m——— gas flow —s

reagents in gas phase adsorption & film growth &
surface reaction release of byproducts

Figure 21 Schematics of steps of Chemical Vapor Deposition (CVD)

Atomic Layer Deposition (ALD), also known as atomic layer epitaxy (ALE) or atomic
layer chemical vapor deposition (ALCVD), is a vapor phase technique to deposit thin films lay-
by-layer. ALD was developed in Finland in 1970s by T. Suntola. Figure 22 shows schematics of
ALD process. In ALD reactant gases are sequentially introduced to a chamber and thin film grows

on substrate surface through self-limiting surface reactions. This results in highly uniform and
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conformal film with an accurately controlled thickness. In particular, sequential, self-limiting

reactions of ALD offer exceptional conformality on high-aspect ratio structures, thickness control

at Angstrom level, and tunable film composition. Reactant species are enabled to reach into open

cavities and evenly cover complicated structures. ALD technique allows depositing a wide variety

of compounds such as oxides, nitrides and sulfides, as well as pure metals.

(a)

Functionalized Substrate

N> se
e b

N Precursor A

) )

Legend:

' Precursor B

A Reaction By-Product

(©) .o > o

‘.000

[ .. ® .00
o D, ©

- QD

®  Inert Camier Gas

Figure 22 Schematic of ALD process. (a) Functionalized substrate surface. (b) Pulse of

precursor A and reaction at the surface. (c) Excess precursor and reaction by-products are purged

with inert gas carrier. (d) Pules of precursor B and reaction at the surface. (e) Excess precursor

and reaction by products are purged with inert carrier gas. (f) Sequential steps in order to have

desired material thickness and film quality. (Adopted from literature® )
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Electrodeposition is a facile method for achieving high quality films at low temperatures
and low production cost. In an electrodeposition process, ions drift in an electrolyte solution by
applying electric field and reduced to thin film on a top of metal substrate. Numerous non-oxide
(group M-V, 1I-1V) and oxide semiconductors (oxides of Ni, Cu, Zn, Fe, Mn, Ti, W) have been
prepared by electrodeposition. These thin films have many applications including transistors,
piezoelectric devices, gas sensors, electrocatalysis, and solar water splitting.>® Binary oxides,
mixed oxides and metal/oxide nanocomposites have also been prepared by the electrodeposition
method. Basic steps of the electrodeposition are 1) a heterogeneous electron transfer step between
WE and electroactive species and 2) a transition of metal ions into crystalline material by a
reduction reaction. Electrodeposition of metal oxides is mainly performed in alkaline aqueous
solutions containing ionized metal complexes. Major processing variables to control the
composition, morphology and spatial orientation of electrodeposited films are pH, electrolyte
composition, current density, potential, temperature, annealing conditions, etc. Precise tuning of
these variables can optimize growth direction, morphology and crystallinity of thin films.

Advantages of electrodeposition techniques are:

i.  Deposition temperature is low (Since a maximum deposition temperature is usually
limited by the boiling point of the electrolyte, molten salts are used to increase the
deposition temperature.)

ii.  Products of redox reactions are tuned by changing electric potential or current.
iii. Composition and quality of deposited films are controlled by changing the
composition and viscosity of electrolyte.

iv.  Simple experimental setup can provide high quality films at low cost.
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The simplest form of the electrodeposition cell is 2-electrode system that consists of a
cathode and an anode. In the 2-electrode system, voltage is measured between these electrodes,
and current is measured anywhere in the circuit. However, the most commonly used method is
using 3-electrode system composed of the following:

i.  Working electrode (WE): this is anode of the cell and an electrically conducting
substrate for film deposition is normally used as WE,
ii.  Counter electrode (CE): this is cathode of the cell and a plate or wire of inert metal
such as Pt or Au is used as CE,
iii.  Reference electrode (RE): this is standard electrode composition and used to
measure absolute potential of WE,
iv.  Electrolyte solution: this contains electrolyte, electroactive ions, and additives to

maintain pH of the solution stable

A schematic diagram of a general 3-electrode electrodeposition system is shown in Figure 23.

36



@

] =
o o
— =

© 5

@ @
] ]
Qo
< @

= £
o =

= (o)

&)

Reference electrode

Electrolytic solution

Figure 23 Illustration of how electrochemical deposition works in a 3-electrode system

2.1.5 Promising Methods to Improve Overall Photoelectrochemical (PEC) Cell Efficiency

2.1.5.1 Plasmonic Photovoltaics

Photovoltaics still need several innovations to reduce cost and accomplish grid parity. Major
requirements are to choose earth abundant semiconductors and decrease the semiconductor
volume. Important progress can be made by developing thin-film devices. In addition to lower
material cost, thin semiconductor films can suppress the electron-hole recombination. However, a
decrease in the thickness of light absorber reduces the amount of absorbed light.®° In Figure 24,
the light absorption spectrum of 2 um thick silicon film is shown. Light is poorly absorbed in such

a thin-film photovoltaic device; as a result, the overall efficiency goes down. In this case, there is
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a tradeoff between semiconductor bulk for full absorption and semiconductor film for negligible
carrier recombination and low material cost. In this regard, additional light trapping techniques
appears to be a proper solution for an advanced light management of thin semiconductor films.
Thus, thin films absorb more light and at the same time their good charge transport behavior is

retained. Employment of plasmonic nanoparticles is a prominent way of enhanced light trapping

in thin film photovoltaics.
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Figure 24 Solar spectrum absorbed in a 2 mm thick Si. (Adopted from literature )

Plasmonic nanostructures concentrate electromagnetic fields, scatter electromagnetic
radiation, and convert the energy of photons into heat. Surface plasmons indicate an
electromagnetic wave mode that can exist on metal/dielectric interface or inside metallic

nanostructures. Energy of incident light can be transferred to evanescent waves by surface
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plasmons. If semiconductor is next to metal nanostructures, the energy of the surface plasmons
can be absorbed by the semiconductor. In solar cells, it is highly desirable to excite surface
plasmons with visible light. Surface plasmons can be classified into two groups: (i) propagating
surface plasmon polaritons (SPPs), and (ii) non-propagating localized surface plasmon resonances
(LSPRs). Figure 25 shows SPP and LSPR mechanisms. In SPPs, the resonance wave propagates
along the metal/dielectric interface where a pair of electric fields decay exponentially along a
normal direction of the interface. In order to get SPPs excited, attenuated total internal reflection
or grating coupling methods are used. LSPRs are non-propagating excitations of conduction
electrons within a metal nanostructure. A typical example of LSPRs is to illuminate metallic
nanoparticles with light of a resonance wavelength. Then both absorption and scattering of metal

nanoparticles are greatly enhanced.
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Figure 25 Schematic diagrams illustrating (a) a surface plasmon polariton (SPP), and (b) a

localized surface plasmon resonance (LSPR). ®

Strong electric field of the surface plasmons increases light absorption in visible and
infrared regions. Understanding the fundamental mechanisms behind plasmonic metal
nanoparticle / semiconductor interaction is essential for this change in electric field. Figure 26

shows how this change in the electric field can improve a water splitting reaction depending on

40



where the plasmonic metal nanoparticle is placed whether it is in direct contact with the

semiconductor or separated from the semiconductor with an insulating layer.
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Figure 26 Schematics for several energy transfer mechanisms in a plasmonic solar water
splitting system. N-type semiconductor nanostructure in contact with (a) pure metal nanoparticle,

and (b) metal core — insulator shell nanoparticle. (adapted from literature 2)

Firstly, three main steps take place in the interaction of light with semiconductor electrode;
absorption by semiconductor, excitation of a plasmonic resonance, and reflection of light. Later,
surplus energy of excited electrons in the metal nanostructures can be transferred to the neighbor
semiconductor to trigger plasmonic resonance effect in metal nanoparticle within the composite
electrode. The plasmonic resonance can follow different pathways;

i.  Itcan be re-radiated (scattering); when a surface plasmon resonance decays, light can
be scattered or absorbed. Scattering enables controlling of the flow of electromagnetic
energy in a water splitting device. Scattering of light at the surface of the semiconductor

can also increase the light’s path length through the semiconductor, which is very
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essential for thin films with small absorption. In generally scattering occurs into a
material with higher dielectric constant, and this scattering can be tuned depending on
the position of plasmonic particle and semiconductor.

ii.  Energy transfer to the semiconductor PRET (plasmon resonance energy transfer); an
important characteristic of a surface plasmonic particles is considered as a reaction of
the surface plasmon to excite an electron-hole pair within semiconductor. When the
plasmonic particle is in contact with semiconductor, plasmonic particles near field act
as a light concentrator and locally enhance the electron-hole generation rate within the
semiconductor. This PRET enhancement is effective only for plasmonic particles
having resonance frequency that corresponds to the band gap of the semiconductor.

iii.  Production of hot e”in which these hot electrons injected into the semiconductor or
couple to phonons and thermalize. When a plasmon is neither scattered nor undergoes
PRET, it will be absorbed by the metal nanoparticles, producing hot electrons or holes.
When these hot electron/hole has a sufficient energy and are in contact with an n-type
semiconductor, they can be transferred into the conduction band of the semiconductor

where they can take place in the corresponding water splitting half reaction. 3

2.1.5.2 Metal Chalcogenide Sensitization

Widely studied metal oxide semiconductors are TiO2, ZnO, Fe>03, and WOz due to their favorable
band edge position, excellent chemical stability, and large photo-corrosion resistance and low cost,
which are summarized in Table 1. However, PEC performance of typical metal oxide

semiconductors suffers from two major problems: limited visible light absorption due to large band
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gap which restricts light in UV region and fast recombination of photogenerated charge carriers
because of short diffusion lengths of photogenerated carriers. Utilization of narrow band gap
semiconductor materials such as CdS,% CdS,®® CdS/CdSe,% CdTe®, PbS,% and PbSe®® appear to

be a prominent solution to address this problem.

Table 1 Energy band parameters of most commonly used materials for sensitization

Semiconductors Band Gap Conduction Valence
(eV) Band Edge (eV) @ Band Edge (eV)
Cds 24 -3.98 -6.38
CdSe 1.74 -4.1 -5.84
TiO2 3.2 -4.21 -7.41
SnO2 3.5 -4.5 -8
ZnO 3.2 -4.19 -7.39

Associated with a well-defined nanostructure (nanowire, nanorod, nanoparticle), and
sensitization of narrow band gap materials; as a result, having a multiple-component
semiconductor nanostructure is the most potential way to achieve combination of large light
absorption (both in visible and ultraviolet), fast charge carrier transportation, and well-matched
energy levels simultaneously, consequently an improved PEC water splitting performance.

Various combinations of deposition sequences can be employed to design optimum
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photoelectrochemical performance heteronanostructures. For direct growth, chemical batch
deposition (CBD),"” successive ion layer deposition (SILAR)* and electrodeposition (ED) "2
methods are preferred because of their simplicity and convenience. A fabrication process of

heterogeneous structures by common sequential or simultaneous deposition techniques is

illustrated in Figure 27.

Figure 27 Schematic illustration of multicomponent heteronanostuctures formed by (a)
sequential and (b) simultaneous deposition of narrow band gap materials with different light

absorbing regions: green (495-570nm), yellow (570-590 nm), red (620-750 nm).
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2.2 HYDROGEN EVOLUTION REACTION (HER)

2.2.1 Hydrogen as a Fuel

Greenhouse gas formation is currently a major global concern. Toxic NO2 and SO (which can
cause acid rain) are formed in the combustion of fossil fuels, as well as man-made CO2 which has
been largely attributed to be the cause of global warming, an environmental and political issue. A
further disadvantage of using fossil fuels is their non-renewability which will lead to eventual
depletion of available sources, which may start in as early as 2050 in the case of petroleum. Hence,
catalysts which promote PEC splitting of water at low cost become more important to decrease the
dependence on fossil fuels. In addition, an alternative to the internal combustion engine (i.e. the
common petrol or diesel engine) used in the vast majority of automotive vehicles, is a fuel cell
which requires hydrogen as a fuel and good catalysts for hydrogen or dissociation. They are
PEMFCs (polymer electrolyte membrane fuel cells), SOFCs (solid oxide fuel cells), MCFCs
(molten-carbonate fuel cells), PAFCs (phosphoric acid fuel cells) and AFCs (alkaline fuel cells).
The advantage of these fuel cells includes a more environmentally friendly fuel than combustion
engines. The overall reaction in a hydrogen fuel cell can be given by the following equation:
Hy(g) + 0,(g) © 2H,0(D)
By-product of the reaction is pure water, making the fuel cell leave no pollution. This is another

strength in comparison to burning fossil fuels.
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2.2.2 Electrocatalysis

Catalysis appears to be one of the most important part of green chemistry processes, it basically
serves as crucial role in almost all industrial chemical processed and basic natural processes in life.
Typically, a catalytic process can be described as where a tiny amount of an alien material can
change the rate of a chemical reaction without being consumed and the remaining parts for the
overall chemical reaction is unchanged. As illustrated in Figure 28, firstly the reactants are
adsorbed on the surface of suitable catalysts. Then those species undergo a chemical reaction to
form a product with assistance of catalysts and the catalysts itself are regenerated at the end of an

overall process.
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Figure 28 Schematic illustration of a catalytic process. A and B react on surface of catalyst and

product P is formed, and the cycled is regenerated with separation of catalyst.



There are numerous advantages that a catalyst can offer to a given reaction system:

i.  Promotion of an energetically more favorable alternative pathway for a given
reaction.

ii.  Lowering activation energy significantly compared to uncatalyzed reaction.

iii.  Significant impact on the kinetics of a reaction but no change in equilibrium
constant for a thermodynamically favorable reaction. Therefore, no change in
overall Gibbs free energy.

iv.  Catalysts can be utilized in different mediums such as liquids, gases or at the surface
of solids.

Electrochemical reactions are widely used in large-scale industry in order to transform
electrical energy into chemical energy. Utilization of a proper catalyst can also be good way of
increasing the rate of electrochemical reactions. There is a type of catalysts, named as
electrocatalysts. Today, the electrocatalysis is extensively used in electro-organic synthesis, high-
tech electrochemical reactions, electrochemical sensors, fuel cells, and battery applications.’® This
process takes an important part of clean energy technologies such as fuel cells, water electrolysis
cells, and CO- to fuel conversion systems. ' Especially for the water splitting reaction, oxygen
evolution reaction (OER) and hydrogen evolution reaction (HER), electrocatalysts play a crucial
role and there has been extensive research on affordable materials which decreases the
overpotential of the reaction as much as platinum and palladium.

Numerous factors can influence the overall performance of the electrocatalysts:

I.  Activity: The catalytic activity of the catalyst to increase rate of reaction. In general
adsorption and desorption rates of reactants and products is crucial for the activity

of a catalyst.
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Selectivity: Most of electrocatalysts able to promote only the rate of a particular
reaction to yield particular products and excluding other undesired reactions and
products. Selectivity is sometime considered to be more important than activity and
sometimes it is more difficult to achieve.

Conductivity: Most electrochemical reactions take place at the interface between
an electronic and ionic conductor, such as solid/liquid, solid/polymer, solid/solid.
Electric conductivity of electrolytes and electrocatalysts is important for the overall
electrocatalytic performance. The conductivity of electrolyte can affect charge
diffusion and accumulation at the interface. The electronic conductivity of the
electrocatalyst loaded on electrode is also substantially important for overall
electrocatalytic processes.

Stability: In addition to the electrocatalytic activity and electronic conductivity, the
chemical stability of the electrocatalyst is also crucial for a specific electrochemical
reaction. Especially for large scale industrial applications, the stability is a very
important property of electrocatalysts and is still quite challenging for
electrocatalysts. In general, the overpotential of the catalytic reaction should not
increase even after long-term operation.

Electronic structure: The activity and selectivity of an electrocatalyst is very much
related with the electronic band structure of the material. The binding energies,
especially for metals because of wide variety of oxidation states and electron
accommodation abilities in their d-band, may vary since neighboring metals in the
periodic table can exhibit a difference in binding energy for a given adsorbate,

which means that while one metal might be chemically inert for a particular
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Vi.

catalytic transformation, its first neighbor in the periodic table might be very
reactive and efficient in that reaction. For a given electrochemical reaction, reaction
rate on a substrate having different d-band character and work function can be
theoretically assessed and the effect of electronic structure on the overall
electrochemical reaction can predicted by d-band model. " Based on d-band
predictions, electronic structure engineering and predictive electronic structure-
reactivity relationships can be employed to identify optimal materials for a given
reaction.

Surface structure: Surface morphology and crystallinity can significantly affect the
overall electrochemical reaction. Shape of particles, crystallographic orientation of
surface planes, the type and concentration of defects play vital role in

electrocatalysis depending on the mechanism of an electrocatalytic reaction.

2.2.3 The Hydrogen Evolution Reaction (HER)

Hydrogen evolution reaction (HER) of water is a simple way to produce hydrogen. This is a
cathode reaction which competes with metal deposition reactions. The electrolysis of water to
hydrogen and oxygen cannot replace the production of hydrogen from petroleum, because the
cathode of HER is made of expensive materials including Pt, Pd, Au and Ag. Also, water
electrolysis requires electrical energy which is currently obtained from fossil fuels. Reforming
process is a chemical reaction to collect hydrogen atoms from hydrocarbon organic compounds.
As mentioned earlier, residual compounds of the reforming process are CO2 which causes a

greenhouse effect and CO which is absorbed on the surface of catalysts to block further catalytic
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reaction. Hence, research efforts to find more effective or less expensive catalyst are on-going for
obvious economic and environmental motivations. In addition, ¢ non-fossil fuel sources such as
photovoltaics have been connected to the electrolysis. Nuclear energy (though public is not assured
of its safety to human and environment) is another possible energy source for the electrocatalysis.
The hydrogen evolution reaction is a simple reaction where two protons and two electrons
combine to form hydrogen, the overall reaction is simply given by:
In acid solution;
2 H;0% 4+ 2e~ & Hy(g) + 2 H,0
In base solution;
2H,0 +2e~ < Hy(g)+ OH™
In an initial reaction stage, a proton and an electron react to form an adsorbed hydrogen
atom. This is called VVolmer reaction:
M+ H;0"+e~ & MH,; + H,0
where M is metal (or cathode material) which catalyzes the reaction.

Volmer reaction can be followed by Tafel reaction that is a Langmuir-Hinselwood type
reaction. Two adsorbed H atoms on metal react associatively and a hydrogen molecule is released:
MH,; + MH,; < 2M + H,(g)
or Heyrovsky reaction which is an Eley-Reidel type reaction takes place. In Heyrovsky reaction,
a proton and an electron react directly with an adsorbed atomic H atom to form a hydrogen

molecule.
MH,; + H;0"+e~ & M+ H,0 + H,(g)
The exact reaction path is not simply deduced, and even the same material can exhibit

different HER reaction paths by changing surface crystal planes. The mechanism of the HER is
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examined using cyclic voltammogram (CV). In the cyclic voltammogram of water electrolysis
there is an oxygen adsorption peak, and the oxygen adsorption peak is partly overlapping with the
oxygen evolution peak. A typical cyclic voltammogram with different reaction steps are shown in
Figure 29. The cyclic voltammogram is a method to measure current while increasing potential to
the maximum value at a certain rate and then decreasing potential to a predetermined minimum
value. By using this technique, different reaction steps can be identified. A common cyclic
voltammogram for water electrolysis starts with the adsorption of oxygen atom on the catalyst
surface when positive potential is applied. As more positive potential is biased, adsorbed oxygen
atoms coalesce on the catalyst and oxygen molecule is released from the catalyst. Then, backward
scanning of the potential reduces adsorbed oxygen atom on the catalyst surface (i.e. the oxygen
atom is desorbed). In low potential region, hydrogen atom is adsorbed on the catalyst and a further
decrease in the potential causes the evolution of hydrogen molecule. As the potential is rebounded,
hydrogen atom is oxidized (or ionized) and a full scanning cycle ends. With this technique, the

reaction steps of electrochemical reactions can be well observed.
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Figure 29 Cyclic voltammogram for pure water and H>SO4 on Pt micro-disk electrodes. A
scanning rate is 80 mV/s. A DHE/PEM system is used as a reference electrode. (Adopted and

edited from literature) ®
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2.2.4 HER Catalyst Materials

According to Figure 30, so-called volcano plot which is produced by plotting the exchange current
density for HER versus free energy of hydrogen adsorption, '’ the most active catalysts for HER
are platinum (Pt) or platinum-group composite materials which are at the top of volcano plot, at
which hydrogen binding at the surface is very strong. Platinum-group materials are also very stable
in corrosive environment and due to high stability and activity, platinum is used in various
applications in corrosive environments. For example, catalysts of low temperature PEM are
platinum and platinum alloys. A problem of platinum is limited supply and high cost and it is thus

crucial to have alternative catalysts that are comparable to Pt.

O T T T T T T T
- Pt-group 1
o0&t i
> £ p
G " metal’ /9 y
£ << . 8 o
% = -4 fcarbidgSye . i
~— E - O -
D o
9 = I early . 1
o / ansition r%gtal |
8 metals 2
-0.8 0.0 0.8

Hydrogen binding energy (eV)

- U’ H,

. W

Figure 30 Volcano plot for the most active HER catalysts (Adopted from literature’®)
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Besides Pt-group composite materials, transition metal carbides (TMC) and transition
metal nitrides (TMN) have gained special attention due to their unique chemical and physical
properties. Especially, TMC catalysts such as tungsten carbide (WC-W>C), and molybdenum
carbide (MoxCy), are known to be Pt-like electronic and catalytic properties which can be seen
very close to Pt-group in volcano plot, appear to be good alternative nonprecious electrode
materials for electrochemical energy conversion applications, such as Hz fuel cells or
electrochemical cells. TMC catalysts possess high melting points, high corrosion stability, superior
electric, magnetic, and catalytic properties which make them good and cheap alternative to Pt and
noble metal catalysts, making them to be active for HER and not so poisoning and susceptible to
easy deactivation as noble metals,’® especially for catalysis of the dissociation of Hz in the presence
of H20 under ambient conditions or catalysis for HER. &

In general, geometric and electronic factors are essential for synthesizing the appropriate
structure of carbides and nitrides. Basic crystalline structures of these compounds can be found as
face-centered cubic (fcc), hexagonal closed packed (hcp) and simple hexagonal (hex) structure.
Synthesis of transition metal carbides (TMC) and nitrides (TMN) have some limitations like large
particle size, low crystallinity, contamination of unreacted O, C, and N. These drawbacks
significantly affect the catalytic performance of those TMC or TMN. Thus, considerable attention
is needed to control the size, crystallinity and shape of TMC and TMN patrticles. For the last decade,
remarkable efforts have been made to improve the synthesis method of TMC and TMN for HER

application, 818283
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2.2.5 MoxCy as a Promising Material for Hydrogen Evolution Reaction (HER)

Recently, molybdenum-based materials, such as Mo,C,%* Mo00O2,%®> MoP,% MoS,,%" and MoN®
have attracted much attention being used as electrocatalyst for HER due to their low cost, high
durability and high activity. Among them, molybdenum carbide (MoxCy) materials appears to be
promising electrocatalysts systems for HER because of their unique d-band electronic structures,
similar catalytic properties to Pt-based catalysts, low cost, high melting point, good conductivity,
and catalytic activity.®® Molybdenum is much more abundant than Pt in the Earth’s crust, and thus
as a cheap and more abundant alternative to Pt; investigating methods for the synthesis of
molybdenum-based catalysts with high HER activity and long-term durability is important.
Tunable phases and composition of molybdenum carbides (MoxCy) have attracted researchers who
search for noble-metal free catalysts.

Molybdenum carbide is a general name of multiple phases of MoxCy. The basic unit of
MoxCy closely packed molybdenum whose interstitials are filled with carbon atoms. Molybdenum
carbide includes MoC, Mo,C and MosC>. Out of several phases (a-MoC1, B-Mo2C, n-MoC, and
A-MoC), B-Mo2C (Fe2N structure) is the most common phase in HER study. B-Mo.C, n-MoC, and
A-MoC have similar hexagonal crystal structures but theirs hexagonal packing sequences are
different. B-Mo2C has an ABAB hexagonal packing of metallic planes, whereas n-MoC shows
ABCABC and A-MoC exhibits AAAA packing sequence. Atomic structures of different
molybdenum carbide phases are summarized in Table 2. XRD patterns of different phases of

molybdenum carbide are also found in Figure 31.
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Figure 31 X-ray diffraction (XRD) patterns for a a-MoC1.x (JCPDS 01-089-2868), b) n-MoC
(JCPDS 01-089-4305), ¢) A-MoC (JCPDS 00045-1015), and d) p-Mo2C (JCPDS 00-011-0608),

where insets show the corresponding crystal structure. (Adopted from literature )
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Table 2 Summary of four phases of molybdenum carbide.

Phase Structure Stacking Space Crystal view
sequence group
a-MoC _ I
(NaCl Cubic ABCABC Fm3m m
type) ' '
p-Mo,C )
(Fe,N type) Hexagonal ABAB Po3/mmc
4-MoC ] —
(WC type) Hexagonal AAAA Pém?2
n-MoC
(ALoC Hexagonal | ABCABC P63/ mme
type)

Nanostructural modification of MoxCy is essential to design novel morphologies and
structures, and thus trigger the performance of MoxCy for HER. In general, the aim is to synthesize
MoxCy nanoparticles with higher number of catalytically active sites by constructing composite
structures. The well-defined size and shape MoxCy nanoparticles can be controlled by modification

of the reactants and the reaction temperatures. °* At very low temperatures, carburization of
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molybdenum is not sufficient yet while very high temperatures may induce phase transformation,

sintering and aggregation, which can be demonstrated in the Mo-C phase diagram. (Figure 32).
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Figure 32 Phase diagram for MoxCy (Adopted from literature®?)

For this reason, reaction temperature has a crucial role in formation of desired crystalline
structure and morphology of MoxCy during carburization process. Conventionally, the synthesis
procedure of MoxCy materials consists of two steps: (i) preparation of the precursor and (ii)
subsequent fabrication of desired electrocatalyst under high temperature carburization in an inert

atmosphere. Several synthetic methods including for the MoxCy composites can be summarized in

Table 3.
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Table 3 Several synthetic methods for the MoxCy composites.

Precursor Reaction Crystallinity Morphology Reference
Condition
(NH1)sM07024:4H20, annealing at B-Mo2C MoC/graphene 93
glucose, NaCl 850 °C in N porous
for 2 hr foam
MoOs, CHa4/Hz, 1100 °C for 2hr ap-Mo2C, nanoparticles 94
C2He/H2
MoCls, urea thermal heating = a-Mo2C, Y- nanoparticles 95
at 800 °C for 3 MozN
hr under N2
(NH4)sM07024:4H20, calcination at a -MoC, B - hierarchically 96
(C2H204-2H20) 900 °C for 2 hr Mo2C Mesoporous
in N2 nanomaterials
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2.2.6 Graphene for Hydrogen Evolution Reaction

Graphene, an allotrope of carbon atoms in the form of two-dimensional sheet of sp?-hybridized
atoms tightly bound within a honeycomb structure, has gained special attention in recent
electrochemical studies due to its remarkable properties. It has large surface area (specific surface
area (SSA)=2630 m?/g), high thermal conductivity (5000 Wm™K), high optical transmittance
(97.7%), high stability, high mechanical strength, zero band gap, high current density sustainability,
and high hole drift mobility.®” However, pristine graphene shows poor catalytic activity.%

In electrochemistry, graphene is commonly used as a high-surface are scaffold to host
different types of electrocatalysts.®® In this regard, composites of graphene or graphene derivatives
such as graphene oxide (GO) are fabricated combining with highly active catalytic
nanoparticles,'°1%! Since exfoliation of graphene introduces oxygen related defects possessing
both Lewis acidic and basic sites, exfoliated graphene can show high catalytic activity. Heteroatom
doping into graphene can also improve the catalytic activity significantly and was found to be
economically favored alternative catalyst for HER, especially avoiding usage of precious transition
and noble metal catalysts. 1% In addition, when graphene makes a composite with other
nanomaterials, a synergetic catalytic effect is observed. In the electrocatalytic hydrogen production,
graphene appears as a multi-functional material. Exfoliated or doped graphene or a composite of
graphene with metal nanoparticles exhibit following functionalities: (i) enhanced conductivity
providing accelerated charge transfer kinetics for HER, (ii) highly dispersed catalyst loading thus
providing more catalytic active sites, and (iii) synergistic interaction between graphene and
catalyst providing modulated electronic structure for a better catalytic performance. Both

approaches can adjust the electronic structure of the resultant composite and hence more active
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surface sites leading to high activity for HER. Various types of commonly used graphene-based

electrodes used for electrocatalytic water splitting is shown in Figure 33.
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Figure 33 Schematic illustration of various graphene-based electrodes for electrocatalytic water

splitting
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3.0 EXPERIMENTAL METHODS

In this chapter, material preparation methods are described in details and their characterization
techniques is summarized. There are three main material synthesis parts: (i) plasmonic
nanoparticle preparation and bismuth vanadate thin film fabrication process, (ii) synthesis of
CdSe/CdS coated SnO2 nanowires, and (iii) preparation of Mo2C and M0,C-GO nanocomposite.
Material and device characterization tools include XRD, SEM, TEM, RAMAN, XPS, UV-Vis,

photoelectrochemical measurement and electrochemical measurement.

3.1 SAMPLE PREPARATION

3.1.1 Plasmonic Nanoparticles Decorated BiVOas Thin Films

3.1.1.1 Synthesis of Plasmonic Nanoparticles

Preparation of SiO2@Ag core@shell and SiO@Ag@SiO2 core@shell@shell plasmonic
nanoparticles were conducted to similar to the literature. SiO2 spheres with uniform diameters were
synthesized by Stober method. Pure ethanol (C2HeO), ammonium hydroxide (NHsOH) and
tetraethyl orthosilicate (TEOS) were mixed together and stirred vigorously at room temperature

for 24 h. By varying the volume ratio of these chemicals, the diameter of the silica spheres could



be controlled. Synthesis of SiO.@Ag core@shell and SiO.@Ag@SiO2 core@shell@shell
nanoparticles were performed following seed-mediated two step method. The synthesized SiO»

nanospheres were decorated with tiny layer of gold (Au) shell in order to serve as a seed for the
growth of silver (Ag) shell. Gold-decorated SiO> colloid was added to a 0.15 mM silver nitrate
(AgNO3) aqueous solution, and the mixture was submitted to magnetic stirring at 400 rpm. The
formaldehyde (CH.O) reducing agent was then added, and vigorously stirred. Ammonium
hydroxide (NHsOH) was added to the mixture, and an immediate color change was observed. The
samples were stirred for 30 s. They were then cleaned by centrifugation several times with

deionized water and ethanol respectively.

3.1.1.2 Fabrication of BiVOa4 Thin Films

Pulse laser deposition (PLD) is a well-known fabrication method for the preparation of oxide thin
films of complex stoichiometry. First, the BiVO4 target was synthesized by a solid-state reaction
method from Bi203 (99.9 %), and V.0s powders. The BiVO4 photoanodes were deposited on
fluorine-doped tin oxide (FTO)/glass substrate (TEC8, 8 ohm/square, Pilkington) from the BiVO4
target via PLD. A KrF excimer laser, emitting at a wavelength of A=248 nm, was used. The excimer
laser focused on a target inside a vacuum chamber and evaporates to the target so that a vapor
cloud of the BiVO4 material is created. The substrate is positioned close to target and collects some
of the materials, hence allowing thin film growth of surface of substrate. The desired stoichiometry
of the material of interest transfers from the target to the substrate surface by the aid of rapid
thermal heating of the target’s surface. The rapid thermal heating causes very high evaporation

rates so that almost all of the constituents substantially evaporate at the same rate. PLD also enables



us to heat and rotate the substrate during deposition. The best performing BiVO4 photoanode was

obtained to be ~800 nm thickness.

3.1.1.3 Decoration of BiVO4 Thin Films with Plasmonic Nanoparticles

As synthesized core shell and core shell nanoparticles were coated on PLD fabricated BiVVOs thin
films via simple spin coating method, where the optimum amount of nanoparticle solution is
applied on the center of the substrate, then the substrate is then rotated at high speed in order to
uniformly spread the coating material by centrifugal force. The resultant coated BiVOs thin films
further baked on hot plate. Figure 34 shows the steps; for preparations of plasmonic nanoparticles

decorated BiVOq thin films.

(A) (B)
Silver Nitrate Silica Seed(i its) For i Hydroxide
% 5 &
Ao, 0, o \JN F=">  BIVO, Thin Film
OH oK
ot On
l g%
l Begins reduction Rapid pH change
1 minute g
BiVO, / SI0,@Ag
Ag shell growth * BiVO, / Si0,@Ag@Si0,
Synthesis of Si0,@Ag core@shell and Si0,@Ag@Si0, BIVO, Thin Film
core@shell @shell plasmonic nanoparticles *
Thermal
annealing
BiVO, Thin Film

Figure 34 Schematic illustration of the preparation of plasmonic nanoparticles decorated BiVO4
thin films (a) preparation of plasmonic nanoparticles, (b) fabrication of BiVVO4 thin films, (c)

decoration of BiVOg thin films with plasmonic nanoparticles.
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3.1.2 Fabrication of SnO2/CdS/CdSe Heteronanostructures

3.1.2.1 Synthesis of SnO2 and Sb-SnO2 Nanowire Arrays

Tin oxide (SnO2) nanowire arrays were grown on commercial FTO/glass substrates (10 Q per
square) by vapor-liquid-solid (VLS) method in a horizontal vacuum tube furnace. (Figure 35) High
purity tin (99.99%, ACS reagent) metal powder with and without 5%, 10%, 15% atomic ratios of
antimony (Sb) powder (99.99 %, ACS reagent) were loaded into a quartz boat and was placed at
the center of quartz tube. Au (~1.5 nm) coated FTO film/glass substrates were placed at several
centimeters distance from the mixed powder. The system was heated to 800 °C at a rate of
10 °C/min while maintaining the base pressure at below 1.5 mTorr. The temperature of hot zone
where the metal source was placed was 800 °C and the temperature where the FTO film/glass
substrates located was under 600 °C. The oxygen gas was flowed through the tube with a flow rate

of 0.5 sccm during the growth process for 40 min, followed by natural cooling.

Temperature Pressure
Controller . Controller

Substrate
(FTO)

quartz tube furnace

Vapor-Liquid-Solid Grown 5nO, and Sb-5nO, Nanowires |

Figure 35 Illustration of VLS growth method for SnO2 nanowires.
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3.1.2.2 Preparation of SnO2/CdS/CdSe Heteronanostructures

Firstly, TiO2 layer with a thickness of 10 nm was conformally deposited on the surface of as
prepared SnO. and Sb-SnO, nanowires using atomic layer deposition (ALD) system (Savannah
S100, Cambridge Nano Tech Inc.) at 200 °C. Titanium isopropoxide [Ti(OCH(CHs)2)4] and water
vapor were alternatively pulsed into the reaction chamber for the TiO coating of the SnO2 and Sb-
SnO; electrodes. Before running the system, the chamber was evacuated to a pressure below 0.3
Torr and then purged with ultrahigh purity nitrogen at a mass flow rate of 20 sccm. The growth
rate of TiO2 layer was 0.3 A/cycle. Finally, the samples were annealed at 450 °C in air for 1h.

Secondly, the electrodeposition method has been well developed for the fabrication of
semiconductor hybrid materials for PEC cell application, typically metal oxide/CdX (X='S, Se,
Te) heterostructures. Electrodeposition of CdS was carried out at a constant potential of -0.7 V vs.
Ag/AgCl in an aqueous solution containing 0.67 M CdCl; and 0.17 M Na»S,03 with a pH of 2.0
at 70 °C. After electrodeposition, the as prepared sample was washed with distilled water several
times, and then dried at room temperature in open air.

For electrodeposition of CdSe, the electrolyte was an aqueous solution of 0.02 M
Cd(CH3COOH)>, 0.04 M of ethylene diamine tetraacetic acid disodium salt (EDTA), and 0.02 M
of Na2SeSOs (which is prepared by refluxing 0.48 g of Se powder and 2.0 g of Na,SOs in water at
100 C for 3 h), with the solution pH around 8. The electrodeposition was performed at 0.67 mA
cm2- for 10 min on SnO: electrode or as prepared SnO2CdS electrode to get SnO2/CdSe or
SnO2/CdS/CdSe, respectively, followed by rinsing with distilled water and drying in air at room

temperature.
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3.1.2.3 Polystyrene Treatment for Sequential Deposition of CdSe/CdS Layers on SnO:2
Nanowires

Figure 36 illustrates fabrication steps for polystyrene (PS) treated CdSe/CdS/SnO:
heteronanostructure. Firstly, synthesis of polystyrene solution was performed with a conventional
styrene oligomerization method. Styrene oligomer solution was prepared by mixing styrene with
azobisisobutyronitrile as an initiator solution for free radical polymerization of styrene into
polystyrene. Obtained styrene oligomer solution was heated at 140 °C and then the resultant
solution was spin-coated onto the as-grown SnO2 nanowire films. Polymerization of the styrene
oligomer layer conducted via baking the final film at 70 °C for 30 mins. Polystyrene layer inside
the SnO2 nanowire arrays was sequentially removed by dipping the film in ehthylacetate for 30
seconds. Then electrodeposition of first CdS layer was conducted as previously mentioned. In
order to fully removal of polystyrene layer for CdSe layer deposition the film was immersed into
ethyl acetate for 10 minutes. Finally, electrodeposition of CdSe layer was performed as described

above.

M Bhildsdg bl ol
as-grown Sn0, NWs PS coated SnO, NWs PS partial removal of SnO, NWs in EAS

—

B Y D

ED of CdSe 3" layer on SnO, NWs 1. PS fully removal in EAS ED of CdS 1% layer on
2. ED of Cds 2" layer on SnO, NWs partially PS coated Sn0, NWs

NWs: nanowires, PS: polystyrene, EAS: ethyl acetate solution, ED: electrodeposition

Figure 36 Fabrication process for polystyrene coating and removal on SnO2 nanowires and

electrodeposition of CdS and CdSe layers on SnO2 nanowires
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3.1.3 Fabrication of M02C/Graphene Oxide Composites

3.1.3.1 Preparation of Mo2C via Microwave Assisted Method

Molybdenum chloride (MoCls 95%, Sigma Aldrich), ethanol (200 proof, Decon), and urea (Sigma
Aldrich) were used to synthesize Mo.C nanoparticles. In a typical process, pure ethanol was mixed
with MoCls and a different amount of urea was added into the mixture. The precursor solution was
stirred and loaded in a teflon reaction vessel. The sealed teflon reaction vessel was irradiated with
microwave (Mars, CEM). During the reaction, the temperature was controlled to be 150 °C. A
pressure sensor was used to monitor any change in pressure inside the vessel. After the microwave
reaction, solid nanoparticles were collected using a centrifuge and annealed at 600, 700, 800 and

870 °C for 3 hrs.

3.1.3.2 Preparation of Mo2C Films

A facile screen printing method was used to coat Mo.C films from Mo.C nanoparticle paste onto
FTO substrate. The NSG ETCTM FTO substrate was chosen as the substrate of M0.C with a
resistivity of 8 {Q/sq. Prior to each film coating FTO glass was washed by acetone, ethanol, and DI
water respectively. Mo2C nanoparticle paste was a mixture of Mo.C nanoparticles, ethanol, a-
terpineol and ethyl cellulous. Mo>C nanoparticles were first fully separated in mixture of ethanol
and DI water solvent by repeatedly stirring and ultrasonic dispersion. The Mo,C paste was coated
on FTO glass through a screen printing process, and organic parts in the paste were burned at

220~250 °C.
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3.1.3.3 Preparation of M02C/Graphene Oxide Composites

Commercially available graphene oxide (powder, Sigma Aldrich) was directly added into as-
synthesized Mo2C nanoparticles with different weight ratios (0.3, 1.5, 3 wt%). The mixture was
fully dispersed with ultrasonic dispersion and loaded in a teflon reaction vessel. The sealed teflon
reaction vessel was irradiated with microwave (Mars, CEM). The microwave reaction conditions
were same as the above mentioned for Mo2C nanoparticle synthesis.

Finally, M0.C-GO nanoparticle paste was prepared. The paste was a mixture of M0.C-GO
nanoparticles, ethanol, a-terpineol and ethyl cellulous. The resultant paste was coated on FTO
glass via screen printing similar as mentioned above, and then baking at 220-250 C was performed.
[llustration of overall process for preparation of Mo2C and Mo,C-GO composites given in Figure

37.

Mo precursor

OR i a

Mo,C powder

Mo,C Mo,C-GO

Microwave Reaction Bare Mo,C or Mo,C-GO composite Thermal Annealing

Figure 37 Schematic illustration of microwave assisted synthesis of Molybdenum Carbide

(Mo02C) and Molybdenum Carbide-Graphene Oxide (M02.C-GO) nanocomposite synthesis
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3.2 PHYSICAL CHARACTERIZATION

Plasmonic nanoparticles, plasmonic nanoparticles decorated BiVOg thin films, SnO, nanowires,
SnO,/CdS/CdSe heteronanostructures, Mo.C nanoparticles and GO-Mo.C nanocomposites, were

analyzed using multiple characterization tools.

3.2.1 X-Ray Diffraction (XRD)

The crystal structure and phase composition of the samples was analyzed by using X-ray
diffraction (XRD). PANanalytical X-Ray diffractometer, Co-K radiation, A= 1.79 A)., a step size
of 0.0170 and step time of 20 s. The diffraction patterns were recorded in the range of 26=20~80°
Peak identification was performed by comparing the obtained XRD patterns with electronic

JCPDS filed by using JADE software.

3.2.2 Scanning Electron Microscope (SEM), Energy Dispersive X-Ray Analysis (EDXA),
Transmission Electron Microscopy (TEM)

The microstructure, thickness and 3D morphology of nanomaterials were characterized by
microscopy using High Resolution SEM (FEI Apreo). Energy dispersive X-ray spectroscopy
(EDAX) analyzer (attached with the SEM machine) analysis and elemental mapping information
was also performed by using SEM-EDAX (FEI_Apreo) by detecting and measuring the energy of
X-Ray emited from the interaction of the electron with samples. The structure of nanomaterials

was studied using high resolution transmission electron spectroscopy (HR_TEM) by (FEI-Tecnai).
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3.2.3 Ultraviolet-visible spectroscopy (UV-Vis)

To obtain light absorption and reflection of the semiconductor nanomaterials for photoanode,
diffuse spectra were recorded in the range of 300-800 nm with 100 UV-Visible spectrophotometers
(Perkin Elmer, model) in 1 cm pathlength quartz cuvettes, equipped with a 150 mm integrated
sphere and using spectralon as a reference material. The reflectance (R) and transmittance (T)
spectra were obtained by the air reference from 300 to 800 nm. The light absorption (A, %) was

obtained from A = 100-R-T, where R is the total reflectance, and T is the total transmittance

3.2.4 Raman Spectroscopy

Raman spectroscopy was used for identification and structural characterization of the samples.
Room temperature Raman spectra were collected on a thin film and on a powder sample with a

microprobe Raman system type Horiba spectrometer, using a 630-nm wavelength excitation line.

3.2.5 X-Ray Photoelectron Spectroscopy (XPS)

X-Ray photoelectron spectroscopy (XPS) has been employed in this study to obtain more

information about the structure, chemical composition and the valence states of the resulted phases.

3.3 PHOTOELECTROCHEMICAL CHARACTERIZATION

Photoelectrochemical characterization of plasmonic nanoparticles decorated BiVOs thin films was
carried out in an aqueous 0.5 M potassium phosphate buffer, using KH2PO4 (Sigma-Aldrich,
Reagent grade, 1.0 M) solution and K>HPO4 solution (Sigma-Aldrich, Sigma-Aldrich, Reagent
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plus, 1.0 M) buffered to pH~7+0.02 and CdS and CdSe sensitized SnO, nanowires was carried out
in an aqueous 0.35 M Na>SO3 and 0.24 M Na,S buffered to pH~12+0.05 at 25 °C using three-
electrode configuration. The potential scan rate of 50mVs? of the working electrode was
controlled by an electrochemical workstation (CH Instruments, CHI 660C). An Ag/AgCl electrode
(Accumet, Fisher Scientific) and a coiled Pt wire were used as the reference and counter electrodes,
respectively. The potentials vs Ag/AgCl were converted to the reversible hydrogen electrode (RHE)

using the following Nernst equation,

E(RHE) = E(Ag/AgCl) + E°(Ag/AgCl vs NHE) + 0.059pH

where E°(Ag/AgCl vs NHE) = 0.207 V at 25 °C

The electrolyte solution was purged with Argon for about an hour before each measurement.
Illumination was performed under simulated AM 1.5 solar illumination (100mA/cm?) with a
Newport Solar Simulator using appropriate filters and calibrated using Si photodiode. The
illuminated area was 0.28 cm?. A typical setup for PEC cell is shown in Figure 38, composed of

working electrode (WE), reference electrode (RE), and counter electrode (CE).
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Figure 38 Typical thin film semiconductor photoelectrode (a) and assembled cell (b) for PEC

measurements

Another approach to measure the performance of a PEC cell or photoanode is to determine
the photocurrent as a function of wavelength. A common way to for this measurement is Incident
Photon to Current Efficiency (IPCE), which is also equivalent to external quantum efficiency. To
determine IPCE, a measurement was performed using a 300 W Xenon arc lamp (Oriel) which is
coupled with a grating monochromator (Newport) which is depicted in Figure 39.

IPCE is calculated based on the following equation:

IPCE (%) = 1240 x Jsc (A/em”) 100%
o) P(Watt/cm?) x A(nm) x 0

where “Js¢” 1s the photocurrent density at a specific wavelength, is “A” the wavelength of the
incident light, and “P” is the light intensity. A calibrated Si photodiode (Newport) was used to

measure illumination intensity.
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Figure 39 Schematics of the experimental setup to measure is Incident Photon to Current

Efficiency (IPCE) of a photoanode

3.4 ELECTROCHEMICAL CHARACTERIZATION

Electrochemical properties of BiVO4, CdSe/CdS and Mo,C samples were measured in a proper
electrolyte for each composition at constant temperature using amperometry technique conducted
in a three-electrode system shown in Figure 40. Amperometry generally refers to all
electrochemical techniques in which a current is measured as a function of either time
(potentiostatic amperometry) or applied electrode potential (voltammetry). In this research, we
perform potentiostatic amperometry where current is measured at a constant potential with
variation of the deposition time for nanowire coating. An electrochemical station (CH Instruments)
is used is connected to an FTO/glass substrate as the working electrode and a platinum wire as a

counter electrode, with the potential kept fixed with respect to an Ag/AgCl reference electrode.
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The electrocatalytic activity and electrochemical performance were tested by a cyclic
voltammetry (CV) measurement technique. A CV work station needs three electrodes: reference
electrode, working electrode and counter electrode. This is also called a three-electrode setup. In
the measurement, we use saturated calomel electrode (SCE) as a reference electrode and Pt
electrode as counter electrode (sometimes called auxiliary electrode). Three different pH states of
electrolytes were used during the test including 0.5M H2SO4, 0.5M Phosphate buffer and 1M
NaOH.

We performed both potentiostatic amperometry (LSV) or voltammetry (amperometric i-t
test). The overpotential and long-term stability of the working electrode were measured from LSV
and amperometric test, respectively. Applied potential at the current density of 10 mA/cm? in 1-V
curve is defined as the overpotential which reflects the activity of electrocatalyst for HER. In LSV
measurement, we set the potential range from -1.0 V to +1.0 V to find the potential corresponding
to 10 mA/cm?. For |-t stability test, we fixed the potential at 0.5V and measured a change in electric
current of the working electrode. In the case of Mo2C electrode, the electrode dissolves rapidly in
alkaline state electrolyte and 1M NaOH is not used as the electrolyte.

Polarization curve can be obtained by using LSV data. After measurement of the above
electrochemical tests, we plot Tafel plot and calculate the Tafel slope. The overpotential and Tafel

slope are chosen as main factors showing the performance of the electrocatalysts.
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Figure 40 Electrode setup used for all electrochemical measurements. WE (working electrode,

CE (counter electrode), RE (reference electrode)
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4.0 CONCENTRATED LIGHT ABSORPTION AND ITS EFFECT ON
PHOTOELECTROCHEMICAL REACTION IN PLASMONIC NANOPARTICLES

DECORATED BiVO4 PHOTOANODES

4.1 OBJECTIVES

Binary metal oxides such as TiO2, ZnO, WO3, Fe:Os have been extensively tested as a
photoelectrode of PEC cells. However, a small number of binary oxides can offer large
photocurrent density (> 1 mA/cm?) using solar light, 1% and most of them have limitations to build
an efficient PEC cell such. Some of them have too large bang gaps to absorb a sufficient fraction
of the solar spectrum, low lying valence bands below water oxidation potential, conduction band
lying above water reduction potential, instability in acidic or basic aqueous solution, or short
carrier lifetimes due to extensive recombination and/or poor charge transport .2 Although efforts
are still ongoing to overcome limitations of binary metal oxides, material search is extended to
focus more on complex metal oxides, such as ternary metal oxides. With ~50 nominee metals in
the periodic table, there are many combinations of ternary and quaternary compounds are possible,
which clearly improves the possibility of finding an ideal semiconductor electrode for PEC water
splitting. 1% One of promising ternary metal oxides for photoanodes which produce oxygen using

solar energy is bismuth vanadate BiVOa. It consists of abundant elements, non-toxic and very



stable during a photoelectrochemical reaction at a wide pH range (3 - 11). In addition, BiVO4 has
bandgap of 2.4 eV which can absorb visible light and its band edge positions match water redox
reaction potentials better than other well-known metal oxides such as titanium oxide, hematite or
tungsten oxide. BiVOs exhibits a low onset potential and high photocurrent even in the low-bias
region, as a result complete water splitting can be achieved with a relatively small external bias
with using BiVOa. 1% Moreover, BiVO, photoanodes do not depend upon very acidic or basic
media to achieve good PEC performance. Despite appealing intrinsic properties, photocurrent
densities of BiVOa photoelectrodes do not reach its theoretical photocurrent density of 7.5 mA/cm?.
One of the main limitations of BiVO4 is slow transfer of photogenerated holes from BiVO4 to the
electrolyte. Since the kinetics of a water oxidation process is slow, holes accumulate at the
BiVOa4/electrolyte and the catalytic activity decreases. Another limitation is poor carrier transport
within BiVOs. A charge transport mechanism is small polaron hopping and a drift mobility of
holes in single-crystal BiVOus is as low as 0.2cm?/V/s.1%” Therefore, photogenerated carriers easily
recombine and a charge separation efficiency of BiVOs is low.% In addition a modest light
absorption coefficient near the band gap is a problem to be addressed.

Several solutions have been proposed to improve the overall PEC performance of BiVOs
photoelectrodes. Oxygen evolution catalysts (OECs) such as RhO2, cobalt phosphate (Co-Pi), iron
oxyhydroxide (FeOOH) have been coated on the surface of BiVOs to solve low catalytic activity
for water oxidation and slow charge transfer across the interface. These OECs generally lead to
improved photocurrent density, cathodic onset potential shift, higher charge transfer efficiency
across the interface and improved stability. A general way of improving conduction in a
semiconductor is introducing dopants. Donor dopants (W and Mo'%) have been incorporated to

BiVO, to increase the carrier concentration and the electric conductivity. A typical dopant



concentration is in the rage of 1-10 %, however, its activation efficiency is not high, and a high
concentration of neutral impurities work as a scattering center. Therefore, it is important to
maintain a balance between advantageous and disadvantageous implications of doping. Inaddition,
other efforts to compensate for the poor charge transport is to use nanostructured BiVOa4, which
can reduce the diffusion length of photogenerated has been widely used. In order to secure enough
light absorption, the thickness of to BiVO4 film has to be increase. However, simply increasing
the film thickness does not optimize the photocurrent, since the hole diffusion length of most
BiVOs films is around 100 nm. As long as the BiVO, feature sizes are smaller than reported
diffusion length, photogenerated holes can reach to the interface and be separated from electrons.
However, as the thickness of BiVOs film becomes larger than the hole diffusion length, the
recombination of photogenerated charge carriers within BiVO4 film becomes significant. Hence,
BiVO4 nanostructures with several synthesis techniques have been fabricated in order to address
this problem and to ensure high carrier separation efficiencies, and high optical absorption despite
the small thickness of the BiVVO4 layer.

In a typical PEC water splitting cell, light is absorbed in three different parts of
semiconductors: (i) a space charge layer where photogenerated electrons and holes can be
separated with the assistance of a built-in potential as soon as they are produced, (ii) a diffusion
layer where photogenerated electrons and holes can diffuse in an opposite direction till they reach
a space charge layer, (iii) bulk layer where most of photogenerated carriers recombine before they
reach the semiconductor/electrolyte interface. Only the charge carriers generated in first and
second regions contribute to photocurrent. A distance between a boundary of the bulk region and

a boundary of the space charge region corresponds to a minority carrier diffusion length. In order
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to get desired solar to hydrogen conversion efficiency; it is essential to manipulate light absorption
locally, particularly in first and second regions of the semiconductor.

Nanophotonic structures such as plasmonic nanoparticles are combined with the
semiconductor to increase total light absorption or confine the light absorption region within space
charge and diffusion layers. This provides existing semiconductors with new opportunities for
improving the power conversion efficiency of PEC cells. The nanophotonic structures which can
generate surface plasmon resonances (SPR) act as light antennas and localize radiation energy near
the metal/dielectric interface.

In this study, core-shell type plasmonic particles are coated on the surface of BiVO4 and
the effect of the surface plasmons on light absorption, carrier transport and water redox reaction
of BiVO;, is examined. Compared with spherical metal nanoparticles, the plasmonic resonance
frequency and width of metal nanoshells can be tuned by changing the size of the metal core and
insulating nanoshells. Ag is chosen a metal component because it is less expensive than other
plasmonic metals such as Au, Pt and the plasmonic frequency of Ag can be tailored to a perfect
match with absorption spectrum of BiVOs. Different types of plasmonic nanoparticles are
employed to examine a change in the light absorption coefficient, the carrier separation efficiency,
and the catalytic efficiency in plasmonic particle decorated BiVO4 photoanode. We observe that
the surface plasmonic can localize the light absorption to the sub-surface region of BiVOs and
increase the absorption coefficient at the band edge. The water splitting efficiency is tightly related
to the enhancement of light absorption by the surface plasmons. Plasmonic particle coated BiVO4
increases the separation efficiency of PEC cell and harness more light at the band edge, leading to

40% improvement of the photocurrent.
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4.2 RESULTS AND DISCUSSION

4.2.1 Microstructure and Crystal structure of BiVO4 Film and Plasmonic Nanoparticles

Photoelectrochemical activity of PEC cell is sensitive to microstructure and crystal structure of
semiconductor and plasmonic particles. These properties heavily depend on a synthesis method.
In this study, we chose BiVVO4 films grown by a pulsed laser deposition technique and plasmonic
particles synthesized by a solution method. The microstructure and crystal structure of BiVOs
films and plasmonic nanoparticles are characterized by electron microscope and XRD.

The crystal structure and phase purity of BiVO4 films were characterized by XRD. Figure
41 (c) shows XRD pattern of BiVO4 films. Peaks at 17.5°, 22°, 46.5°, 55° of 26 correspond to (002),
(112), (004), (200), (020) peaks of monoclinic scheelite BiVOa. This indicates that BiVO4 has a
monoclinic structure. In addition, XRD patterns show strong peaks of FTO film that was coated
between BiVOs film and glass substrate as a transparent electrode. Relative peak intensities of
BiVO; films are different from those of BiVO4 bulk. This means that BiVO4 film has a textured
structure with a preferred growth direction. It is theoretically predicted that the carrier transport
along BiVOs along [001] direction experiences less bulk and surface recombination. This, in turn,
improves interfacial charge transfer from BiVVO4 film OER activity because of its favorable surface
electronic properties and atomic structure. Therefore, we performed the photoelectrochemical
study in BiVO4 film which was epitaxially along [001] direction. BiVVO4 film was grown by pulsed
laser deposition method. Since (101) plane of FTO and (001) plane of BiVO4 have a structural
similarity, (101) FTO/glass substrate was chosen to grow (001) plane of BiVVO4 which was normal
to [001] direction. Morphology of BiVOs films ae shown in Figure 41 (a) and (b). BiVO4 films

were ~ 800 nm thick and consisted of columnar grains with rounded edges.
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Figure 41 Characterization of the BiVO4 sample; scanning electron microscopy (SEM)
morphology of bare as-synthesized BiVO4 thin films, (a) top view (b) cross sectional view and

(c) X-ray diffraction (XRD) of the samples

Figure 42 (a) schematically explains the sequential growth of Ag and SiO; layer on SiO>
cores. In this study, core size and shell thickness were controlled by changing deposition time and
concentration of precursor solutions. The particle size of pure SiO;, Ag@SiO, and
SIO,@Ag@SiO; was analyzed by dynamic light scattering (DLS), which is shown in Figure 42

(b). The average particle size increases from 90 nm (pure SiO2) to 142 nm (SiO.@Ag@SiOy),
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which indicates that the thickness of each shell is 10 nm. SEM image of SiO.@Ag@SiO; is shown

in Figure 41 (c). The particle size of SEM image is consistent with DLS analysis.
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Figure 42 Characterization of core shell nanoparticles: (a) schematic representation of core shell
particles evolution starting from SiO; particles to SiO.@Ag@SiOz, (b) a size distribution of

SiO2, Ag@SiOz and SIO>@Ag@SIO: particles, () SEM image of SIO.@Ag@SiO- particles.

TEM images in Figure 43 show the growth sequence of the plasmonic nanoparticles. Figure
43 (a) shows that uniform SiO> nanoparticles with a core diameter of 90 nm were synthesized first.
In Figure 43 (b) and (c), small seeds were coated on the surface of SiO> to nucleate 10 nm thick

Ag layer. The thickness of the outermost SiO2 shell was 15 nm in Figure 43 (d).
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Figure 43 Transmission electron microscopy (TEM) images of (a) SiO2 spheres, (b) SiO.@Au

seeds, (c) SiIO.@Ag core shell particles, and (d) SIO.@Ag@SiO: core shell shell particles.

For optimal integration of the plasmonic particles with the BiVVO4, plasmonic nanoparticles
were uniformly coated on the surface of BiVO4 by spin coating method. Figure 44 (a) and (b)
shows SEM images of the nanoparticles decorated BiVVO4 in plan-view and cross-section modes.
The plasmonic nanoparticles were evenly distributed on BiVOs thin films. X-ray diffraction
analysis was also performed to see any changes after BiVVOs thin films were coated with plasmonic
nanoparticles. XRD patterns in Figure 44 (c) show that BiVOs maintains a monoclinic scheelite
structure. SiO2 and Ag were not detected in XRD analysis, due to their amorphous structure or

very fine size.
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Figure 44 Characterization of the core shell particles coated BiVO4 samples; Scanning electron
microscopy (SEM) morphology of core shell particles coated BiVOg thin films, (a) top view (b)
cross sectional view and (c) X-ray diffraction (XRD) of the samples,

BiVO4:BVO, sAg:SiO-@Ag

4.2.2 Optical Property of BiVO4 Films and Core-Shell Plasmonic Particles

BiVOs has attracted an increasing interest because of its interesting optical properties. BiVOa4
exhibits greenish-yellow color and the band gap of BiVOs is reported 2.4 eV. UV-vis absorption
spectra of the BiVO4 samples are illustrated in Figure 45. The experimentally measured absorption

spectrum of BiVO4 film in this study is close to the calculated absorption spectrum of BiVO4 film
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using the refractive index in the literature. As expected, BiVOs does not absorb light whose
wavelength is longer than c.a. ~ 530 nm. A dramatic change in the range of 500 ~ 520 nm
corresponds to the band gap of bulk BiVO4 (~2.4 eV). Therefore, BiVO4 film does not effectively
harness green and red light which accounts for a significant portion of solar energy. This is a

problem in applying BiVOs film to photoelectrochemical applications.

e BV/O-theoretical e BV O-experimental

Extinction
Extinction
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Figure 45 Experimental measured and theoretically calculated extinction spectra of 800
nm thick BiVOs films on FTO/glass substrate (the calculation was performed using FTDT

simulation).

In this study, two different types of spherical plasmonic particles are used. One is Ag shell
— SiO; core (SiO2@AQ) and the other is Ag shell — SiO2 core (SiO2@Ag@ SiO2). In both cases,
the plasmonic behavior is originated at Ag - SiO; interface. From the electromagnetic theory; also,
well known as Mie theory, we expect these plasmonic spheres to create resonance modes at sub-

wavelength and wavelength scale dimensions. These resonance modes lead to resonant optical
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antenna effects that significantly contribute the optical absorption and overall
photoelectrochemical efficiency.

Experimentally measured and theoretically calculates absorption spectra of two different
plasmonic particles which are dispersed in water are illustrated in Figure 46. Experimental and
theoretical results are consistent. Broad absorption spectra of both particles range from 400 nm to
800 nm. Surface plasmon peaks of SiO.@Ag (SiO2 core diameter: 90 nm, Ag shell thickness: 10
nm) and SiO.@Ag@ SiO, (SiO2 core diameter: 90 nm, Ag shell thickness: 10 nm, SiO shell

thickness: 10 nm) are found at ~ 500 nm where the absorption coefficient of BiVO4 dramatically

decreases.
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Figure 46 UV-vis absorbance spectra of experimental (a) and theoretical data calculated by

FTDT simulations of 110 nm core shell particles in aqueous solution.

In order to explore the effects of the plasmonic nanoparticles on the optical properties of
BiVO, films, the extinction spectra of bare and plasmonic particle coated BiVO4 films are
measured. A film thickness of BiVO4 film is 800 nm. Monoclinic phase BiVO4 has a band gap of

~2.4 eV which corresponds to the light wavelength of 518 nm. The absorption edge of bare BiVO4
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film shown in Figure 47 is also at ~ 520 nm. Figure 47 shows that the plasmonic nanoparticles
(SiO.@Ag and SiO.@Ag@ SiO») facilitate light absorption of BiVO4 film near the band edge
where the extinction coefficient of the plasmonic particles is found. Consequently, light
transmittance decreases by a half at the wavelength of 500 nm at which BiVVO4 film can convert
photons to electron-hole pairs. This enhanced absorption of the plasmonic particle coated BiVOs
film suggests that the plasmonic nanoparticles can promote the photocatalytic activity of BiVOs
film using photons of the band edge. It is noted that the transmittance of even base BiVOs film
does not get close to 100 % for red light which is far beyond the band edge of BiVO4 film. This is
attributed to the presence of defect levels, the additional scattering of the BiVO4 supporter which
has a large refractive index 1%, the formation of an indirect charge transfer band and additional

energy states within the bandgap of BiVOa.
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Figure 47 UV-visible extinction (left) and transmittance spectra (right) of bare and plasmonic

particle coated BiVOg thin film. BVO: BiVOs, SAg: SiO2@Ag, sAgs: SiO2@Ag@SiO2
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Experimental results in Figure 47 are verified using FTDT simulation. Figure 48(a) shows
the absorption spectra of bare and plasmonic particle coated BiVVO4 thin film. Enhancement of
light absorption near the band edge of BiVOs thin film is clearly confirmed in both cases of
SiO2@Ag and SiO.@Ag@ SiO2 particles. The absorption spectra of the plasmonic particle coated
BiVO4 film has a local maximum peak at A = 465 nm which is not found in the absorption spectra
of bare BiVOs. Enhanced light absorption by the surface plasmons and its effect on the
photoelectrochemical reaction have been extensively studied. When plasmonic nanoparticles is
illuminated with light at their resonance frequency, electrons in the plasmonic particles resonate
and change local electric field intensity and light propagation direction.! If the plasmonic
particles are in contact with the semiconductor, the surface plasmon resonance increases electric
field intensity near the plasmonic particles and enhances light absorption of the semiconductor at
the metal — semiconductor interface.*? This is called a near-field effect. In addition, the plasmonic
particles on the semiconductor scatter incident photons and elongate the photon path in the
semiconductor. This, in turn, increases the effective absorption thickness of the semiconductor and
causes the semiconductor to absorb more light, which is called a far-field effect. The third effect
of the surface plasmon resonance is generation of hot carriers in the metal part. If these hot
electrons (or holes) have sufficient energy, they can move into the conduction band of n-type
semiconductor (or the valence band of p-type semiconductor) and contribute to the electrochemical
reaction at the semiconductor — electrolyte interface.

In this study, all three effects can influence the enhanced absorption. To examine the role
of the near-field effect, the absorption contour of bare and plasmonic particle coated BiVOs film
are also simulated at . = 465 nm. We chose this wavelength because the plasmonic effect is clearly

absorbed in the absorption spectra and light transmittance is close to 0 even in 800 nm thick bare
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BiVO4film. Figures 48 (b-1), (b-2) and (b-3) show absorption contour plots of bare and plasmonic
particle coated film. When plasmonic particles are added, light absorption of BiVO4 film increases
dramatically near the surface of plasmonic particles. In bare BiVO4 film, 200 nm thick layer is
required to absorb most of incident blue light. However, in plasmonic particle coated BiVOj film,
strong absorption occurs from the surface to 100 nm deep region of the film. Regardless of
plasmonic particle coating, absorption of 465 nm light at the bottom of 800 nm thick BiVO4 film
is negligible. This suggests that the role of the plasmonic nanoparticle in the absorption of blue
light is to confine the location of absorption to the surface region of the semiconductor through the
near-field effect. In addition, the absorption of silver nanoshell is also found in the simulation
results of Figures 48 (b-2) and (b-3). This indicates that hot electrons are produced in the nanoshell
by 465 nm light. However, the effect of scattering on the light absorption is not found in our

simulation results.
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Figure 48 Calculated light absorption of bare and plasmonic particle coated BiVOs films using
FTDT simulation results (light is illuminated from the top surface) ; (a) Absorption spectra of
bare and plasmonic particle (SiO2@Ag and SiO.@Ag@SiO») coated BiVO4 film, (b) absorption
contour plot (b-1: bare BiVOs film, b-2: SiO.@Ag coated BiVO4 film, b-3: SiO.@Ag@SiO»

coated BiVOg film).
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4.2.3 Effect of Plasmonic Nanoparticles on Photoelectrochemical Performance of BiVO4 Film

Electrochemical properties of bare and plasmonic nanoparticles modified BiVO4 photoelectrodes
were examined both in a dark condition and a solar illumination condition. Current density vs.
voltage (J-V) curves of bare, SiO.@Ag and SiO2@Ag@SiO: coated BiVO4 photoanodes under
simulated solar light (AM1.5G, 100mW/cm?) are shown in Figure 49. For this measurement, pH
of the buffered electrolyte was controlled to be 7. As the applied positive potential increases, all
samples exhibit a steady increase of the photocurrent responses with negligible dark currents. By
imposing a positive bias to BiVO4 film/rear FTO contact, the minority charge carrier (hole) and
the majority charge carrier (electron) are driven toward BiVOu/electrolyte interface and
BiVO4/FTO interface, respectively. Holes at BiVOua/electrolyte participate in water oxidation

reaction and oxygen evolves.
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Figure 49 J-V curves of bare and plasmonic nanoparticle coated BiVOg thin films at AM 1.5
condition (light is illuminated from the electrolyte — BiVOj4 interface or the electrolyte —

plasmonic particle/BiVOs interface). BVO: BiVOs, sAg: SiO2@A(g, sSAgs: SIO@Ag@SIO:
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At 1.23V vs. RHE, photocurrent density of bare BiVO4 photoanode is 3.50 mA/cm? which
is higher than most of BiVO4 photoanodes in previous studies. This higher photocurrent is
attributed to preferentially [001]-oriented growth and facet engineering of BiVO4 film. Given that
randomly oriented polycrystalline BiVO4 photoanodes suffers from poor charge transport and low
electron-hole separation efficiency, this result indicates that the controlled growth along [001]
orientation greatly improves charge transport and suppresses electron-hole recombination. A
further remarkable increase in the photocurrent is observed in plasmonic particle coated
photoanodes. The photocurrent density of SiO.@Ag coated BiVO4 photoanode and
SiO.@Ag@SiO: coated BiVO4 photoanode increases to 5.11 /cm? and 4.74 mA/cm?, Compared
with bare BiVO4 photoanode, 46% (SiO.@Ag) and 35% (SiO2@Ag@SiO) improvement of PEC
performance are found.

As explained in section 4.2, the surface plasmons of SiO,@Ag and SiO.@Ag@SiO;
particles can increase PEC performance via three different ways; near-field effect, scattering and
hot electrons. The near-field effect of the surface plasmons is to strengthen the electric field near
the nanoparticle. One of mechanisms to cause the near-field is plasmon resonance energy transfer
(PRET). In addition, the nanostructured metal can affect PEC performance by improving a
catalytic efficiency at the semiconductor — electrolyte interface or changing local temperature
(thermal heating). To examine the role of the surface plasmon on PEC performance, incident
photon to current conversion efficiency (IPCE) was measured. Figure 50 shows IPCE of bare,
SIO@Ag and SiO.@Ag@SIiO2 BiVOs film under front illumination. Positive bias (1.23 V vs.
RHE) was applied to BiVO4/FTO side using a three-electrode system. IPCE of bare BiVO4

photoanode is around 60% at A = 350 — 460 nm and drops to 0 % at & = 520 nm that matches the
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band edge of BiVO4. Photocurrent density from the Integration of IPCE closely coincides with the
current density of J-V curve at 1.23 V vs. RHE (Figure 49).

When the plasmonic particles are coated, the IPCE spectrum shows two apparent changes.
First, the photon - electron conversion near the band edge (460 nm < A <520 nm) increases. At A
= 480 nm, IPCE increases from 30 % to 51 % (SiO.@Ag) and 55 % (SiO2@Ag@SiO2). This
change is due to an increase in the light absorption near the band edge by the surface plasmons. A
change in the light absorption itself is experimentally measured and theoretically calculated
(Figures 47 and 48). Since the surface plasmon resonance frequency of Ag nanoshell coincides
with the band edge of BiVOs, the light absorption coefficient of BiVOs film is promoted by the
Ag nanoshell. Second, the plasmonic particle coating increases IPCEs of BiVO4to 70 ~ 80 % at A
= 350 — 460 nm where even bare BiVO4 film exhibits 0 % transmittance. Given that both bare and
plasmonic particle coated BiVOs films absorb all incident photons, an increase in IPCE at A = 350

— 460 nm cannot be explained by a change in light absorption.
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Figure 50 Incident photon to current conversion efficiency (IPCE) measured at 1.0 V' vs

RHE of the bare BiVO4: BVO, SiO2@Ag/BiVO4 (SAg) and SiO.@Ag@SiO2 /BiVO4 (SAQS).
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Although employment of plasmonic particles significantly enhances the PEC performance
of BiVO4 photoanode, it is difficult to fully elucidate the improvement performance from a
viewpoint of total amount of absorbed photons. To better understand the improvement of
photocurrent, the charge separation and surface catalysis of bare and plasmonic nanoparticle
coated BiVOu4 films are examined. The conversion of incident photon to photocurrent (Jpn) requires
three fundamental processes of a photoanode: light absorption expressed as current density (Jabs),
charge separation efficiency in BiVOas (#separation) and catalysis efficiency at BiVO4 — electrolyte

interface for water oxidation (7cataysis). A relationship between Jpn and three processes are given
by:

]ph = ]abs X nseperation X ncatalysis
Jabs 1s calculated from the light absorption spectrum and the solar irradiance curve at AM1.5G
condition. Contributions of mseparation and Mcataysis 10 PECs are evaluated by conducting the
photoelectrochemical measurements in the presence of 0.5 M H20.. H2O> is an effective hole

scavenger and the photooxidation of H>O> is 10 times faster than H>O. Therefore, holes fully
participate in the phoelectrochemical reaction and 7catalysis is assumed to be 100 %. A procedure

to calculate Japs, #separation aNd 7catalysis IS Schematically explained in Figure 51.
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n separation n catalysis

H,0

JH20= Jabs X1 separation X1 catalysis

JH202 = Jabs X1 separation (catalytic efficiency assumed to be 100 % )

Figure 51 A schematic explanation of separation and catalysis on photoanodes and equations to

calculate Jph, Jabs, Nseparation aNd Ncatalysis.

Figure 52 shows the change in Jabs, #separation aNd 7catatysis OF BiVO4 photoanodes. It is noted
that the plasmonic particles increases Jabs, #7separation aNd 7catalysis. Jabs Of the photoanode well matches
the absorption spectra. The plasmonic particles increase Japs by promoting the light absorption near
the band edge (460 nm < A < 520 nm), which suggests that the theoretical photocurrent of the

plasmonic particle coated BiVO4 photoanode is larger than that of bare BiVO4 photoanodes.

95



(a) (b)
1.0 —BVO ! 1.0 —BVO !

——BVO_sAg —BVO_sAg X
0.8{—BVO_sAgs i 0.8
: .
s 0.6 | . 0.6 .
g 0.4 | £ 0.4 !
= 1 = !
] |
0.2 :iﬂf 0.2 E
o |
0.0 T T T I‘_ T 0.0 T T T : T
0.6 0.9 1.2 1.5 1.8 0.6 0.9 1.2 1.5 1.8
Potential ( V vs. RHE) Potential ( V vs. RHE)

Figure 52 Separation (a) and catalysis (b) efficiencies of bare BiVOs, SiO.@Ag@SiO- and

SiO.@Ag plasmonic particles decorated BiVOs thin films.

In 300 nm < A < 460 nm, all three photoanodes exhibit similar Jas. However, an
improvement #separation aNd 7catalysis IS found in the plasmonic particle coated photoanodes. While
Nseparation OF bare BiVO4 photoanode is 65 %, SiO@Ag and SiO>@Ag@SiO: coated photoanode
is 85 % and 81 %, respectively. This suggests that the plasmonic particles control not only the
absorption coefficient but also the carrier transport. Given that the light absorption is confined
toward the BiVOg - electrolyte interface in the plasmonic particles, an improvement of #separation
results from a shorter transport distance of electrons and an electric bias at the depletion region of
BiVO4 film. Bare BiVVO4 and plasmonic particle coated BiVVO4 absorb a same amount of photons
at 300 nm < A < 460 nm. However, our theoretical study in Figure 48 shows that light penetration
depth at which the light intensity falls to 1/e of the incident light intensity is ~200 nm for Bare
BiVO4 and ~100 nm for plasmonic particle coated BiVOs. Since the depletion region width of
BiVO, at the BiVOs - electrolyte interface is ~100 nm, the shorter penetration depth of the

plasmonic nanoparticle coated BiVO4 photoanodes suggests that most photogenerated electron -
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hole pairs can be separated. In bare BiVO4 photoanode, however, more electron - hole pairs are
produced outside the depletion region and #separation becomes smaller.

The plasmonic particles also increase 7catalysis due to the catalytic effect of noble Ag shell.
Neatalysis at 1.23 V vs. RHE is 62 % for bare BiVVO4 photoanode and 72 % for SiO.@Ag@SiO>
coated BiVO4 photoanode. Though an outer thin layer of SiO2 suppresses the catalytic reaction,
the Ag nanoshell of SIO.@Ag@SiO: still promotes the water oxidation. The improvement is more
obvious in SiO>@Ag coated BiVO4 photoanode, since the Ag nanoshell is directly exposed to the
electrolyte without a shielding layer. A change in 7catalysis iS also supported by a negative shift of
the onset potential in J-V curves of Figure 49. This indicates that the quasi Fermi level of the
photoanode depends on the plasmonic particle coating. While the onset potential is 280mV vs.
RHE in bare BiVOs photoanode, the plasmonic particle coated BiVOs photoanodes exhibit a
negative shift. After the plasmonic particles are coated, it is 190 mV vs. RHE (SiO.@Ag) and
210mV vs. RHE (SiO2@Ag@SiOy2), respectively.

Stability under illumination for certain periods of time is an important parameter especially
for feasible energy conversion systems. In order to check the stability of samples upon illumination,
photocurrent  vs. time  performance of bare-BiVOs, BiVO4 SiO@Ag and
BiVO4_SiO.@Ag@SiO- films were tested for several cycles of 30 s intervals light off and on and
under continuous irradiation at 1.23 V vs. RHE under AM 1.5G illumination for 15 mins. The
chronoamperometric current vs time (i-t) curves are shown in Figure 53 and Figure 54 respectively.
We observed fast and uniform photocurrent responses for each switch on and switch off event for
all electrodes. Fast and uniform photocurrent responses are observed for each switch-on and
switch-off mode for all electrodes. The maximum current of the chopped light LSV is

approximately linear and is reached spontaneously upon illumination. In addition to these LSV

97



behaviors chopped LSV measurements give much better idea about the stability of the resultant
plasmonic modified BiVO4 films. Normally the stability of bare BiVO4 films decrease within few
minutes. This low stability is can be explained by accumulation of photoinduced holes at the
surface of BiVOs4 photoanode, these accumulated photogenerated holes may result in oxidation of
solution species (absorbed H20 molecules or OH- groups) at the surface of BiVO4, due to sluggish
kinetics of water oxidation and poor carrier transport properties of BiVO4and due to the poor
catalytic nature of BiVO4 for water oxidation.''3, For each bias potential, the data are compared
with bare BiVO4 and plasmonics particle decorated BiVOa. The stability of plasmonic particles
decorated BiVOs is enhanced compared to the bare-BiVO4 samples. Within 15 mins the decay is
only about 4%, which is significantly improved (=10 times) compared with 40% decay for the
bare-BiVO4 samples. Moreover; bare BiVO4 samples were diagnosed by the initial “spiked” and
subsequent decay photocurrent-time profiles which can be attributed to trap mediated
recombination prevails. In contrast, these spikes are absent for plasmonics particle decorated
BiVO4 at the same potential indicating that the better surface quality of plasmonics particle
decorated BiVO4 and suppressed recombination at the surface. The photocurrent spikes are mainly
related with the charge carrier generation and recombination behavior of the photoanode material
of interest. Plasmonic particles decorated BiVO4 can consume all holes reaching its surface for
water oxidation and therefore is shown to be stable for water oxidation. And the accumulated holes
at the semiconductor electrolyte interface believed to trigger the photo-corrosion and therefore
resulting low stability. Deposition of plasmonic particles suppress the recombination possibility of
photoinduced electrons and holes and this improvement can be attributed to enhanced
photoinduced charge carrier transport within the semiconductor and electrolyte interface.

Therefore, the photostability of bare BiVOs films can be significantly improved by surface
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modification with SiO.@Ag core shell plasmonic particles. During performance of the stability
experiments; O2 bubbles collected on photoanode surface were removed by manual shaking which
may cause fluctuation of photocurrent. The amount of deposited SiO2@Ag nanoparticles should
not be too high, because Ag can form a disadvantageous, smooth surface and bigger agglomerates,

which absorb in the IR range %4,
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Figure 53 Amperometric i-t measurements for BiVO4and core shell particles decorated BiVOa.

BiVO4 (BVO), BiVO4_SiO2@Ag (BVO_sAg) and BiVO4_SiO2@Ag@SiO2 (BVO_sAgs)
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Figure 54 Amperometric i-t measurements for BiVO4and core shell shell particles decorated

BiVOs. BiVO4: BVO, SiO2@Ag (sAg) and SiO2@Ag@SiOz (SAgS)

4.2.4 Discussion on the Effect of Confined Light Absorption on Overall PEC Performance

According to our proposed model plasmonic nanoparticles (PNPs) decorated on BiVVO4 thin films
work mainly in two ways to enhance light subwavelength metal nanoparticles decorates on either
front or back of the semiconductor light absorbing material scatters incident light into various

angles, increasing the path length of the light within the absorbing layer. (Figure 55)
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Figure 55 Light trapping by plasmonic nanoparticles from metal nanoparticles on the top

surface of the semiconductor thin film (BiVOa)

Accompanying efficient scattering, PNPs also contribute to localized enhancement of the
electric field especially at the surface of BiVO4. BiVO, surface proximate to the Ag plasmonic
PNPs confronts an enhanced electric field, which illustrated in FDTD-calculated simulation results
at different wavelengths in Figure 56. This localized field enhancement also contributes to
electron-hole pair formation and diminishes recombination rate. The highest localized field effect
can be seen in the neighborhood of Ag plasmonic nanoparticles, which suggests PNPs induced
electron-hole pair formation should be the enormous essentially at the BiVOs-electrolyte interface.
The benefits of surface decoration of BiVVO4 with PNPs hence electron-hole pair formation near
semiconductor-electrolyte interface instead of bulk BiVO4 can be summarized as follows; firstly
efficient charge carrier separation under the influence of surface potential which suppresses

recombination rate, and secondly efficiently separated charge carriers with less recombination can
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migrate to the surface in a shorter distance then in bulk case; resulting in improvement in
photocatalytic efficiency. So as a result, our BiVO4/PNPs system has an improved PEC
performance due to intense localized electric field, increased electron-hole pair formation rate at
the BiVO4 surface and reduced recombination rate proximate to the surface, outcoming as large

PEC improvements.
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Figure 56 FDTD calculated simulation results for plasmonics effect at a contour plot of
absorption at different wavelengths (a) A=400 nm, (b) A=465 nm, and (c) A=600 nm.

BiVO4: BVO, SiO2@Ag (sAg) and SiO,@Ag@SiO2 (SAQs)
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5.0 PANCHROMATIC PHOTOELECTROCHEMICAL CELLS USING

VERTICAL ALIGNMENT OF CdS AND CdSe ON SnO2 NANOWIRES

5.1 OBJECTIVES

A fundamental problem of nanoparticles-based photoelectrochemical (PEC) cells is that there is a
mismatch between the solar spectrum and the light absorption spectrum of quantum dots (QD).
Since the absorption spectrum of nanoparticles is much narrower than the solar spectrum, a single
type of QDs absorbs only part of solar spectrum and a large portion of the solar energy is not
harvested by PEC cells. To circumvent this problem, we will selectively position the multiple
kinds of QDs along the longitudinal direction of nanowires (NWs) so that different QDs absorb
different parts of the solar light. For photoelectrochemical (PEC) hydrogen production, low charge
transport efficiency of a photoelectrode is one of the key factors that largely limit the PEC
performance enhancement. We have studied tin-oxide (SnO.) nanowires array (NWs) based
CdSe/CdS/TiO2 multi-shelled heterojunction photoelectrode. SnO; is a promising wide band gap
metal oxide nanostructure because of its good electronic mobility, conductivity, and good stability
due to its large bandgap. SnO> has higher electronic mobility (240 cm?/Vs) and better electronic
conductivity compared to most widely used metal oxides TiO2 and ZnO. Furthermore, it is a good

charge acceptor because its conduction band minimum is more negative conduction band edge



(0.40 eV compared to anatase TiO2) and this can promote effective charge separation and
transportation from a narrow band gap semiconductor especially light sensitizer such as PbS, PbSe,
and metal chalcogenides. Moreover, the morphology and structure of photoanode is another
important aspect affecting the resultant PEC device performance. Nanoparticles based
photoelectrodes provide enough catalytic active sites and sites for sensitizer absorption, but they
suffer from poor electron transport rate and poor photogenerated charge carrier efficiency.
Alternatively, one dimensional metal oxide nanostructures provide better charge collection
efficiency, increased surface area, a direct conductive pathway for charge carriers hence improved
interfacial charge transfer. Photoelectrochemical cells composed of only semiconducting light
sensitizers show inferior performance due to serious recombination losses because the electron
transport route referred as random walk and low stability in agueous media. Heterojunction with a
wide band metal oxide nanostructure is a convenient way to suppress this limitation and a better
power conversion efficiency. Although chalcogenide-based semiconductors are not able to carry
out unassisted solar water splitting since they quickly photocorrode in aqueous solutions, this
limitation can be overcome by adding sacrificial agents (i.e., Na2SOs or Na2S) into an aqueous
solution. Once the heterojunction is formed between wide band gap metal oxide and narrow band
gap sensitizer, it not only improves the separation of photogenerated charge carriers, but also
suppresses recombination of electron-hole pairs and prolongs the lifetime of photogenerated
charge carriers.

In this regard, efficient sunlight-driven water splitting devices can be fabricated by pairing
two light sensitizers of different bandgaps. These heteronanostructures with different bandgap
materials may provide new opportunities such as, utilization of a larger fraction of solar spectrum

and formation of additive photovoltages by each absorber material which can meet the water



electrolysis energy demand. Herein we demonstrate that multi-shelled one-dimensional (1-D)
heterojunction photoelectrode has a superior charge transport efficiency, leading to a greatly
improved photocurrent density (~16.2 mA/cm? at 1.0 V vs. RHE). SnO2 NWs with an average
length of ~ 15 um are grown on FTO/glass substrate by vapor-liquid-solid method. Subsequently,
the TiO2 and CdSe/CdS shell layers are deposited by an atomic layer deposition (ALD) and a facile
electrochemical deposition method, respectively.

For an efficient PEC cell design using CdSe, CdS and SnO: heterojunction, two important
criteria should be taken into account. The first one is the light absorption range of the
semiconductor in use which is responsible for light harvesting capability of the PEC cell. The
second criterion is the electron levels of the conduction band edge of semiconductor materials in
the heterojunction. This will have an impact on the electron injection efficiency and charge
recombination at the semiconductor/semiconductor junction and semiconductor/electrolyte
interface. The conduction band edge of wide band gap materials should be lower position then
narrower band gap sensitizers and a high charge carrier mobility, CdS and CdSe have higher level
conduction band edges with respect to SnO> which may result in higher electron injection
efficiency. 1°

The specific objective is to demonstrate an efficient tandem device using SnO, nanowires
as a main scaffold for different band gap light absorbing materials coating and carrier collection.
CdS and CdSe are semiconductors with direct bandgap of 2.25 and 1.70 eV. There has been
extensive study on the coating of sensitizers along the radial direction of nanowires. However, the
sequential coating of semiconductors along the longitudinal direction of the nanowire has not been
explored. If different kinds of semiconductors harvesting blue and green effectively, are selectively

positioned along the longitudinal direction, blue and green light can be absorbed at different parts
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of the nanowire array. Given that light with a longer wavelength experiences less scattering, the
semiconductor absorbing longer wavelength light is preferred to stay at the bottom of nanowires
to minimize the scattering loss.

In this study, CdS absorbing only blue light is placed at the top of the nanowire array and
CdSe absorbing blue and green light is placed at the bottom of the arrays. In comparison to the
traditional heterojunction structure of CdSe and CdS where CdSe absorbs most of high energy
photons, our new design suppresses the absorption of higher energy photon (blue light) by the
lower band gap semiconductor (CdSe). This indicates that hot electrons in CdSe have less surplus
kinetic energy and thermalization loss is reduced. For the sequential coating along the longitudinal
direction, polystyrene (PS) layer is used as a sacrificial layer. Coating and removal of PS layer are
performed repeatedly in order to get CdS and CdSe coated vertically along the longitudinal
direction of nanowires. This new photoelectrode exhibits panchromatic light absorption capability,
low energy loss of hot electrons (i.e. low thermalization loss) and good carrier transport behaviors,

all of which contribute to high photocurrent density in PEC reaction.

5.2 RESULTS AND DISCUSSION

5.2.1 Microstructure and Crystal Structure of SnO2 Nanowires Before and After CdS and

CdSe Coating Along the Radial Direction

Figure 57shows SEM images of SnO2 nanowires which were grown for 40 minutes and 1 hr. It is
clearly seen that SnO>. NW arrays are grown on the 1.5 nm thick Au layer coated FTO through a

vapor-liquid-solid (VLS) mechanism. In this process, Au catalyzes the conversion of Sn vapor and
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O, to 1-dimensional SnO. nanowire. Au metal catalyst forms liquid Au-Sn alloy droplets at
elevated temperatures (800 °C). Supersaturation of Sn in Au causes the precipitation of Sn from
Au-Sn alloy. The 1D nanowire continue growing as long as the vapor source supplied. After 1 hr
growth, SnO2 NWs have an average length of ~15 um and a diameter of ~100 nm. A growth time
is an important parameter for VLS growth method. Figure 57(b) indicates that 30-minute-long

growth reaction produces SnO> nanowires with an average length of ~ 6um.

Figure 57 Cross-sectional SEM images of SnO, nanowires that were grown on the Au coated

FTO for 1 hr (a) and 30 minutes (b); insets of plan-view images.

We examined the crystal structure of SnO2 nanowires using XRD. Figure 58 shows the
XRD pattern of 1 hr long grown SnO, nanowires. Diffraction peaks are indexed as (110), (101),
(200), (111), (210), (211), (220) and (002) planes of rutile SnO- that has a tetragonal structure. The
lattice constant of rutile SnO- is a =4.864 and ¢ =3.249 (JCPDS: SnO,-41-1445). No characteristic

peaks of metal phases are observed, though oxygen partial pressure during the growth ambiance
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is 50mTorr. The strong and sharp peak is an evidence for high crystallinity of SnO2 nanowires.

Rutile tetragonal structures, respectively, were confirmed for SnO2 nanowires.
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Figure 58 X-ray Diffraction (XRD) patterns of 1hr long grown SnO2 nanowires.

In addition to pure SnO nanowires, Sb doped SnO2 nanowires were synthesized to increase
the electric conductivity of SnO2 nanowires. In Figure 59, the morphologies of pure SnO2 and Sb-
SnO2 nanowires are compared. The length of the nanowires is controlled to be in the range of ~20
pum. Since Sb doping increased the nanowire length in this study, the growth time of Sb-SnO,
nanowires was shorter than pure SnO2 nanowires. A change in the growth rate may be attributed
to a change in the melting/solidification temperature in Sn-Sb-Au phase diagram. This has an

impact on a driving force for growth of NWs from Au-Sn-Sb liquid.

109



Figure 59 Cross-sectional SEM images of SnO, nanowires (a) and Sb-doped SnO>

nanowires (both were grown for 1 hr); insets of plan-view images.

The chemical composition of SnO2 and Sb-SnO. nanowires was analyzed using EDAX
analysis. Figure 60 shows typical EDAX spectra for pure SnO2 and Sb-SnO> nanowires. In Sb-
SnO2 nanowires, Sb/Sn ratio is 10 wt % which is similar to Sb/Sn ratio in a melting pool. This
indicates that the content of Sh in SnO can be tuned by changing the composition of the melting

pool.
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Figure 60 EDAX results for as grown SnO, and Sh-SnO> nanowires

To fabricate PEC cell on the nanowires, light absorbing materials (CdS and CdSe) are
coated on SnO nanowires using the electrodeposition method. Figure 61 shows SEM images of
only CdS coated SnO, only CdSe coated SnO2 and SnO2 which are sequentially coated with CdS
(first) and CdSe (second). CdS, CdSe, and CdS/CdSe layers uniformly cover the surface of the
nanowire surfaces. The electrodeposition rate of CdS is slower than that of CdSe and the CdS layer

has a more particle-like morphology. Compared with only CdS or only CdSe coated NWs, the
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surface of CdS/CdSe/NWs becomes smooth. In the electrodeposition of the semiconductor, the
amount of the coated semiconductor is determined by the total amount of charge that flowed during
the electrodeposition (Q = [ it dt, Q: total charge, i: electric current, t: electrodeposition time).
The parameters of electrodeposition such as current and time, were carefully controlled. Previous
spectrophotometric study reports that if same deposition parameters are used for a same precursor,

the total amount of the semiconductor coated on substrates of different surface area is same.1®
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Figure 61 SEM image of (a) bare SnO2 nanowires, (b) CdS coated SnO2 nanowires, (c) CdSe

coated SnO2 nanowires, and (d) SnO2 nanowires sequentially coated with CdS and CdSe.
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The chemical composition of CdS and CdSe was also examined using EDAX analysis.
Figure 62 shows EDAX spectra of CdS, CdSe and CdS/CdSe coated on SnO2 nanowires. EDAX
results testifies that CdS, CdSe and CdS/CdSe are coated on SnO2 nanowires as expected and the

ratio of Cd/S and Cd/Se is close to a stoichiometric composition.
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Figure 62 EDAX results for CdS, CdSe and CdS/CdSe coated on SnO> nanowires
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5.2.2 Sequential Coating of CdS and CdSe Along the Longitudinal Direction of Nanowires

To place CdS and CdSe at different parts of the nanowire surface, two materials were sequentially
coated using polystyrene as a sacrificing layer. A goal is to stack CdS (top) and CdSe (bottom)
vertically along the longitudinal direction of nanowires. Polystyrene treatment enables partially
decorating of SnO, NWs with different semiconductor. For sequential coating along the
longitudinal direction of NWSs, PS was coated first. Figure 63 shows SEM images of polystyrene
coated SnO> nanowires at different spin-coating conditions. An increase in the spinning rate
decreased the thickness of the polystyrene layer. Then, the top half of the polystyrene layer was
etched out by soaking the sample in ethyl acetate solution and CdS was deposited on the top bare
half of the nanowire surface by the electrodeposition. After the top half of the nanowire surface
was coated, the remaining polystyrene was completely removed and the electrodeposition of CdS
was resumed for additional 5 minutes. As a last step, CdSe was electrodeposited onto nanowires
coated with CdS layer of a different thickness. Due to a large electric resistance difference between
a thin CdS region (the bottom half of NWSs) and a thick CdS region (the top half of NWs), CdSe
nanoparticles were mainly deposited only on the thin CdS region of higher electrically conductivity.
The sequential deposition process of this study is schematically explained in Figure 64. During the
electrodeposition, the amount of coated materials depends on total electric charges that flow
through NWs. Hence, the relative amount of deposited nanoparticles can be estimated by
integrating current over time. UV/Vis absorption spectra of the deposited material were measured

to confirm a correlation between the coated material amount and the total electric charge.

114



Figure 63 Cross-sectional SEM image of (a) bare SnO2 nanowires, (b-d) SnO2 nanowires

spin-coated with polystyrene for 30 sec; (b) at 2000 rpm, (c) at 3000 rpm, (d) at 4000 rpm.
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Figure 64 Schematic representation of polystyrene treatment of SnO2 nanowires for sequential

deposition of CdS and CdSe layers
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Figure 65 shows the removal procedure of the polystyrene layer in ethyl acetate solution
as a function of a soaking time. Initially, nanowires were completely buried under the polystyrene.
As the polystyrene layer was soaked longer, the top part of the nanowires started being exposed to
ambiance. After 1-minute etching, the polystyrene layer was removed even at the bottom of the

nanowire layer.

Figure 65 Cross-sectional SEM images of the polystyrene coated SnO, nanowire arrays (insets
show the plan-view images): (a) after spin-coating of the polystyrene layer, (b)-(d) after soaking

the polystyrene layer in ethyl acetate solution for (b) 10 sec, (c) 30 sec, (d) 60 sec.
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Results of the sequential coating along the longitudinal direction of the nanowires are
shown in Figure 66. The morphology of the sequentially coated nanowires in the top region is
similar to that of only CdS coated nanowires. A thicker and smoother coating layer is observed.
The bottom half of the nanowires exhibit the morphology that is found in only CdSe coated
nanowires. The coating layer was thinner and more particle-like. The composition of the coating
layer was also analyzed using EDAX. Figure 67 shows EDAX analysis results for Cd, Se and S at
the top and bottom parts of the nanowire arrays. The atomic ratio of S/Se is 1.98 at the top part
and 0.32 at the bottom part. This indicates that CdS was dominantly deposited at the top part of
the interwire space and CdSe was a major constituent filling the bottom half of the interwire space.
Our results confirm that the semiconductor composition can be controlled by partially covering
the surface of the nanowires and locally changing the electric resistance. Therefore, it is expected
that CdS in the top region of the sequentially coated nanowires absorbs blue light and CdSe in the
bottom region of the sequentially coated nanowires absorbs green light. This will decrease the

scattering of blue light and the thermalization loss of incident solar energy.
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Figure 66 Cross-sectional SEM images of CdSe/CdS/SnO2 nanowires which were sequentially

coated with CdS and CdSe along the longitudinal direction of the nanowires.
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Figure 67 EDX analysis results of the top and bottom parts of the coating layer which was

sequentially deposited along the longitudinal direction of the nanowires.

5.2.3 Optical Properties of CdS and/or CdSe Coated SnO2 Nanowires

The optical properties of the as-grown and sensitized nanowires are shown in Figure 68. All
measurements were conducted using UV-vis spectrophotometer equipped with an integrating
sphere. The absorption edge is determined from the intersection of the sharply decreasing region
of the spectrum and its baseline. 1*’As shown in Figure 68, the pristine SnO2 does not absorb

visible light, due to its wide band gap ~3.6 eV. SnO: crystal is transparent for visible region,
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however, SnO, nanowires scatter UV and visible light and decreases transmittance. CdS/SnOa,
CdSe/Sn0O; and CdS/CdSe/SnO: clearly absorb visible light. Upon sensitization of CdS and CdSe,
the sharp absorption edges are found at ~520 nm and ~630 nm which is in agreement with the bad
gap of bulk material (Egcds~2.4 €V, Eq cdse~ 1.7 €V).

It is also noted that co-sensitization of CdS and CdSe causes the red shift of the absorption
edge and the band edge of the sequentially coated sample does not depend on the sequential coating
direction. Both sequential coating along the radial or longitudinal direction of the nanowire end up
being the similar absorption edge at ~ 670 nm. In addition, two sequentially coated samples exhibit

a negligible change in the transmittance at A > 700 nm.
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Figure 68 Diffuse transmittance spectrum of bare SnO,, CdS/SnO2, CdSe/SnOy,
CdS/CdSe/SnO, nanowires (sequential coating along the radial direction of the nanowire, and

PS: sequential coating along the longitudinal direction of the nanowire).
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Photos of SnO: nanowires, CdS/SnO;, ~CdSe/SnO; and CdSe/CdS/SnO;
heteronanostructures are shown in Figure 69. The color of CdS/SnO; and CdSe/SnO; was yellow
and brown. After CdSe was coated on the top of CdS, the color turned into dark red. This color
change is consistent with the fact that the cosensitization of CdS and CdSe extended the absorption
edge to 650 nm. In this study, SnO2 nanowires were cosensitized to increase the absorption of

visible light for PEC application.

Figure 69 Photos of (a) SnO2 nanowires, (b) CdS/SnO», (¢c) CdSe/SnO- and (d) CdSe/ CdS/SnO>

heteronanostructures.

5.2.4 Photoelectrochemical (PEC) Performance of Differently Sensitized SnO2 Nanowires

Cadmium chalcogenides e.g., CdS, CdSe, CdTe, band gap fits well into the water splitting redox
potential, still these types of semiconductors are not active for water splitting due to photocorrosion.
Photocorrosion happens when then anion from the semiconductor itself is oxidized by

photogenerated holes instead of water. Therefore, a photoelectrochemical system for water
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reduction in a sulfide/sulfite (S>/SO3%) aqueous solution was used as electrolyte and sacrificial
reagent to maintain the stability of CdS and CdSe. The oxidation reaction on CdS and CdSe upon
solar irradiation occurs through the reaction of photogenerated holes with S? and SO* in the
electrolyte. Photogenerated holes in the valence band oxidize SO3> and S? to form SO and S2%".
This reaction removes excess holes from chalcogenide semiconductors and stabilizes the surface
of sulfide catalysts. The possible mechanisms for the reactions taking place on the cathode and

photoanode can be given as follows.!®

6 H,O0+ 6e- »60H" +3H, cathode

3502~ + 28* + H,0+ 6h* - S0} + 5,02+ 2H* anode

The oxidation reactions on the surface of differently coated nanowires were examined
using linear sweep voltammogram in a three-electrode setup. A coiled Pt wire was a counter
electrode and an Ag/AgCl electrode was a reference electrode. A voltage scan rate was 100 mV/s
and the chalcogenide layers were illuminated with the simulated solar light at AM1.5G condition
(100 mwW/cm?) for PEC measurement. pH of an aqueous electrolyte was 12.5. To maintain the
chemical stability of CdS and CdSe layers, the electrolyte contained 0.25 M Na.S and 0.35 M
Na>SOs as the electrolyte and sacrificial agent. The working area of the photoanode is about 1.8
cm?. Electric potential which was applied to the working electrode was converted to the RHE
scale (Erne) using the Nernst equation, where Eagagcr is the potential difference between the
working electrode and the Ag/AgCI reference electrode, Erne is the converted potential with

respect to the reversible hydrogen electrode (RHE), E%agagal is the standard potential between
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Ag/AgCI reference electrode and RHE at 25 °C (which is 0.1976 V). Theoretically, the oxidation
reaction of sulfur in the electrolyte reaches the equilibrium when Erne is 1.0V in the dark condition.

Erug = Eag/agal + 0.059pH + ERy /aeci Nernst Equation

Figure 70 shows J-V curves of SnO2 NWs, CdS coated SnO, NWs and CdSe coated SnO>
NWs in the dark and illuminated conditions. Results of the dark measurement show that a very
small current flow at 1 V (vs. RHE). This is because CdS and CdSe have a catalytic effect. Once
the samples were exposed to the light, a noticeable photocurrent density was measured in
sensitized nanowires. The photocurrent density at 1 V (vs. RHE) was 7.8 mA/cm? for CdSe coated
SnO2 NWs and 5.9 mA/cm? for CdS coated SnO, NWs. Higher photocurrent density of CdSe

coating results from the smaller band gap of CdSe.
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Figure 70 Linear sweep voltammograms of pure SnO2 nanowires, CdS coated SnO» nanowires
and CdSe coated SnO, nanowires at a scan rate of 100 mVs™ at applied potentials from -0.9 to

+0.3 V vs. Ag/AgCI under illuminated (AM1.5G) conditions.
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Figure 71 shows J-V curves of SnO> nanowires coated sequentially with CdS and CdSe.

They exhibit higher photocurrent than only CdSe coated nanowires and the effect of the coating

method on the photocurrent density is found.

20
—=— CdSe/CdS/SnO, (PS)
| == CdSe/Cds/SnO,

151
S
2 10
z ]
s
- 9

0 . , . , .

-0.5 0.0 0.5 1.0

Potential ( V vs. RHE)

Figure 71 Linear sweep voltammograms of photoanodes fabricated from
CdSe/CdS/SnO, NWs (with, PS, and without PS) at a scan rate of 100 mVs™ at applied

potentials from -0.9 to +0.3 V vs. Ag/AgCl, under illuminated (AM1.5G) conditions.

When CdS and CdSe are sequentially along the radial direction of NWs, the photocurrent
density is 12.2 mA/cm?. More absorption of small energy photons (see the absorption spectra of
Figure 68) and a cascade band structure increase the photocurrent from 7.8 mA/cm? to 12.2
mA/cm?. The cascade structure of the band edges facilitates the separation of photogenerated

electrons and holes and promotes the carrier transfer at the CdS - CdSe interface. Figure 72 depicts
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the schematic representation of cascade hetero-nanostructure and process of electron transport in
CdS/CdSe co-sensitized SnO2/TiO2 nanowire photoelectrodes. Upon solar irradiation, the
semiconductor photoelectrode SnO2 nanowire and CdS/CdSe layers absorb the photons and
generation of electron hole-pairs triggered. At equilibrium, the Fermi levels of semiconductors,
will be aligned with electrolyte solution as shown in the simplified energy diagram. Conduction
band edges of CdSe and CdS are higher than SnO2, and TiO2, which allows efficient charge transfer
of photoexcited electrons from CdS and CdSe to SnO2> NWs. CdS has a higher conduction band
edge position and CdSe has a higher valence band edge position compared to large band gap SnO>
and TiO., which is favorable for photo-generated charge transfer. The cascade hetero-
nanostructure provides a stepwise band alignment between CdS/CdSe and SnO»/TiO. and
facilitates the photogenerated charge separation and transfer process, hence charge carrier
recombination rate is reduced. Besides high electron mobility and high conductivity of SnO2 nano-
scaffold provides a better charge collection efficiency. The photocurrent density in this study is

compared with previous studies chalcogenide sensitized photoelectrodes in Table 4.
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Figure 72 Schematic illustration of band alignment and charge transfer at CdS/CdSe

coated SnO nanowires during the photoreaction.
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Table 4 Comparison of the PEC activity of metal chalcogenide sensitized metal oxide

semiconductor photoelectrodes reported recently for PEC water splitting

Photoelectrode Current
density
(mA/cm?)
CdS/CdSe/SnO2 12.2,15.7,
and 16.40, 18.87
CdSe/CdS/Sb-  respectively at
SnO; 1.0V vs.
RHE
CdS/CdSe co- 6at1.4Vvs.
sensitized 3D RHE
SnO,/TiO:
3D 8.75at1.0V
SnO2/Ti0,/CdS vs. RHE
multi-
heterojunction
structure
Quantum Dot 8at0V vs.
Based Ag/AgCI
Heterostructures
CdS/CdSe 6.57 at 0 V vs.
Sensitized TiO: Ag/AgCI
Nanocable
Arrays

Electrolyte

0.25 M NazS
0.35 M Na;SOs3

0.25 M NazS
0.35 M Na2SOs3

0.25 M NazS
0.35 M Na2SOs

0.25 M NazS
0.35 M Na2SOs3

0.25 M NazS
0.35 M NazSOs3
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Morphology

SnO» nanowires
CdS and CdSe

nanoparticles

SnOsy/
TiO2 sea urchin

nanotubes

SnO» nanowires
/TiO;
nanoneedles/CdS

guantumdots

TiO2 hallow NWs
sensitized by CdS
and CdSe QDs

TiO>2 nanorod and

nanocable arrays

Method Ref.
ED This
work
SILAR 119
CBD 120
CBD 121
and
SILAR
ED 122



The improvement of the photocurrent is more pronounced in SnO2 nanowires of the
sequential coating along the longitudinal direction. When CdS and CdSe are coated using the
partial etching of the polystyrene layer, the photocurrent density is as large as 15.7 mA/cm? at 1.0
V vs. RHE. To explain the effect of the coating direction on the photocurrent, IPCEs of differently
sensitized SnO2 nanowires were measured at 1.0 V vs. RHE. Figure 73 shows that the cascade
band structure clearly increases IPCE at A > 500 nm where CdSe absorbs visible light. In addition,
the longitudinal direction coating provides higher IPCE over visible light than the radial direction
coating, though transmittance of visible light is almost 0 % in both samples. In particular, the larger
improvement of IPCE for blue light (400 to 500 nm) is intriguing. This indicates that the increase
in IPCE by the longitudinal direction coating is related to the enhanced carrier transport rather than
the improved light absorption.

The improvement of PEC performance by the selective positioning of semiconductors
along the longitudinal direction of nanowires is due to a decrease in the non-radiative
recombination of photogenerated carriers. If photon energy is larger than bandgap of
semiconductor, kinetic energy of photogenerated electrons and holes is not zero. This Kinetic
energy of hot carriers is relaxed through phonon generation, which often causes a non-radiative
recombination of carriers and a decrease in the collection efficiency of devices. This is called
thermalization loss. In solar cells, the thermalization problem is addressed by stacking multiple
semiconductors with different band gap. The semiconductor of wider band gap is placed on the
top of the semiconductor stack and the semiconductor of narrower band gap is placed at the bottom
of the semiconductor stack. Similarly, selective positioning of semiconductor along the
longitudinal direction in this study helps large energy photons to be absorbed by the large bandgap

semiconductor on the top half of nanowires. Consequently, the thermalization loss is reduced, the
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carrier recombination is suppressed, and the photocurrent is increased. In a case of the radial
direction coating, however, the small bang gap semiconductor absorbs high energy photons and

excess kinetic energy of photogenerated electrons is lost in a form of phonons.
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Figure 73 IPCE spectra of CdS/SnO nanowires, CdSe/SnO nanowires and
CdSe/CdS/SnO. nanowires (sequential coating along the radial or longitudinal direction) at 1.0 V

vs. RHE.

Successful doping of SnO2 nanowires with Sb shows an improvement of their electrical
conductivity. Figure 74 shows doping of Sb into SnO2 nanowires further increases the electrical
conductivity. The increased electrical conductivity improves charge transfer and collection rates

and hence improvement in photocurrent density upon Sb doping.
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Figure 74 Conductivity of SnO2 nanowire as a function of Sb doping content

Figure 75 shows the J-V curve for Sb-doped samples. In a case of the longitudinal direction
coating onto Sb doped SnO, nanowires, the photocurrent reaches 16.7 mA/cm? (without PS),
whereas 18.8 mA/cm? (with PS) (at 1 V vs. RHE. Highly conductive Sb-doped SnO2 nanowires
facilitates the electron transport and provides a better conductive pathway to photogenerated

charge carriers.
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Figure 75 Linear sweep voltammograms of photoanodes fabricated from CdSe/CdS/Sb-SnO;
NWs (with and without polystyrene treatment), at a scan rate of 100 mVs™* at applied potentials

from -0.9 to +0.3 V vs. Ag/AgCl, under a light intensity of 200 mWcm.

Moreover, the IPCE of the Sh-doped photoelectrodes were also evaluated in Figure 76 and
showed significant enhancement compared to the undoped photoelectrodes. Undoped
photoelectrodes exhibit 45 % (without PS) and 70 % (with PS) between 400-500 nm. Whereas the
Sb-doped photoelectrodes reaches 65 % (without PS) and 80 % (with PS) within the same
wavelength region. This clearly indicates that IPCE is enhanced at visible region for Sh-doped
samples. This implies that the Sb-doping is improving charge collection for photons that penetrate
deeper in the nanowires. All of the positive factors with Sb doping will account for a better PEC
performance fulfilling the requirements of host scaffold e.g high electronic conductivity with high
transparency in the visible region of solar spectrum, in constructing efficient composite

photoelectrodes for PEC devices.
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Figure 76 Measured IPCE spectra of CdSe/CdS/Sh-SnO; and CdSe/CdS/Sh-SnO; (PS)

samples, from 300-800 nm at a potential of 1.0 V vs. RHE

The stability issues associated with chalcogenide materials are one of the obstacles in PECs
based on semiconductors such as CdS, CdSe, PbS etc. Use of n-type CdS and CdSe may result in
photoanodic dissolution yielding Cd?* ions and elemental S or Se.to the aqueous solution, and this
is an irreversible decomposition encountered serious problems in practical application of PEC cells.
123 \We try to address these issues upon illuminating the PEC system for extended time. Figure 77
shows the amperometric i-t curves of the consequent photoanodes collected under chopped light
illumination (30s period of light and dark cycle) at an applied external bias of 1.0 V vs. RHE.
Photoresponse and photoswitching occur quickly when light is turn on and off. It is noticed that a
dark current and voltage of mA/cm? and V could be observed during the off-illumination cycles,

respectively. When the light turned on, a spike/dip type of photocurrent is observed and the Jsc and
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Voc jumped to a higher value of mA/cm2 and V, respectively. The sharp spike/dip in the
photocurrent response upon light on-off conditions shows that; rapid transfer of the photogenerated
electrons from CdS/CdSe to SnO»/TiO> heteronanostructure and fast transfer of photogenerated
charge carriers within SnO2 nanowire network. Moreover, the CdS/CdSe cosensitized Sb-SnO>
NWs photoanode shows remarkable photostability with a small decrease under continuous light
illumination (Figure 78) Current decreases 30 % within 1 minute and does not show a change for

15 minutes.

—— chopped light

0 | i T i T " T i \ i T w )
10 15 20 25 30

(mA/cm?)
(@) ]

ph

—

O
|

—— continuous light

J

0 7 T T T T " T i T T T T ]
0 5 10 15 20 25 30
Time (min)
Figure 77 The photocurrent responses (amperometric i-t curves, light on-off mode) of

SnO2CdS/CdSe (without polystyrene treatment) samples, chopped and continues light mode, at

an applied potential of 1.0 V versus RHE
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Figure 78 The photocurrent responses (amperometric i-t curves, light on-off mode) of
Sb-SnO,CdS/CdSe (without polystyrene treatment) samples, chopped and continues light mode,

at an applied potential of 1.0 V versus RHE
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6.0 M0o2C AND Mo2C-GO NANOCOMPOSITE FOR HIGH PERFORMANCE

HYDROGEN EVOLUTION REACTION

6.1 OBJECTIVES

Molybdenum carbide (mainly referring to Mo2C) is one important class of transition metal carbides
(TMCs). Recent studies in the past few years have shown that molybdenum carbides are active in
a variety of catalytic reactions including desulfurization, water - gas shift, and hydrogenation.
Vrubel and Hu reported that after removal of surface oxides, the commercial molybdenum carbide
(Mo2C) was a very active hydrogen evolution reaction (HER) catalyst in both acidic and basic
conditions. The performance of HER electrocatalysts greatly depends on the surface state,
composition, and crystal structures of Mo2C. The surface area plays an important role in the HER
activity. Use of agglomerated Mo2C microparticles may provide less surface area for catalytically
active sites and hinder the transport of electrons or protons during the reaction. Consequently, the
catalytic activity of Mo2C significantly decreases. Recently, Sasaki et al. demonstrated that Mo2C
nanoparticles on carbon nanotubes were a highly active and durable electrocatalyst for hydrogen
production. Moreover, the nanostructured Mo»C on 2D graphitic supports has also been developed

to increase the overall electric conductivity which is essential for excellent HER activity.



To meet requirements of high surface area and electric conductivity, Mo,C nanoparticles
and Mo.C-graphene oxide (GO) nanocomposites are synthesized via facile microwave reaction
and their electric and electrochemical properties are studied. With the assistance of the microwave
radiation, highly Mo,C nanoparticles are synthesized at 800 °C. In Mo,C-GO composites, 2D GO
tailor the size of Mo.C nanoparticles by preventing agglomeration and facilitates the exposure of
active sites for electrocatalysis. In addition, the interconnected GO structure provides a conductive
pathway for rapid electron transport and Mo.C-GO composites turns out to be an excellent

electrocatalyst for HER.

6.2 RESULTS AND DISCUSSION

6.2.1 Molybdenum Carbide (Mo02C) Nanoparticles as Electrocatalyst

6.2.1.1 Structural Analysis of M02C from Microwave-Assisted Reaction

To synthesize Mo2C, molybdenum chloride and urea were mixed in pure ethanol and the mixture
was irradiated with the microwave. After the microwave reaction, solid nanoparticles were
collected using a centrifuge and annealed at 600, 700 and 800 °C for 3 hrs. In the synthesis process,
one important variable was a ratio (R) of urea/molybdenum chloride. As the thermal annealing at
800 °C, synthesized particles were characterized by XRD and their crystal structure was analyzed.
Figure 79 shows XRD patterns of synthesized particles as a function of urea/molybdenum chloride
ratio. The XRD pattern of the sample synthesized at R=7 shows sharp diffraction peaks which are
indexed a-Mo02C. The peaks at 260 = 34, 38, 39, 52, 62,69, 74, and 76 correspond to (100), (002),

(101), (102), (110), (103), (200) and (112) planes of hexagonal Mo.C (JCPDS patterns: Mo.C-



0871)).Samples from different R conditions exhibit broad diffraction peaks of Mo,C and additional
peaks of second phases such as MoC. Increase in the peak broadness suggests that nanoparticles
synthesized from precursors of R = 5, 9 have smaller crystallite size or residual strain. The broad
peak at 17 °© was ascribed to carbon Our study confirms that the microwave reaction of the
precursor of R = 7 and the subsequent annealing at 800 °C enable the formation of highly
crystalline Mo.C. 800 °C is much lower than the crystallization temperature in previous studies.
The typical way of Mo2C synthesis requires temperature programmed reaction (TPR) at elevated
temperatures (usually T>800 °C) with a given amount of a mixture of carbon source.*?* On the
other hand, in the TPR process, employing a large amount of flammable gas at high temperature
can be dangerous. For these reasons, microwave assisted low temperature synthesis method is a

favorable method to get desired crystalline Mo2C.

—R9—R-7—R-5 = o-Mo,C
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Figure 79 X-Ray Diffraction (XRD) patterns for M0.C nanoparticles with different

amount of urea content (R).



In addition to the crystallinity, a particle size is an important parameter determining the
performance of the electrocatalyst. Therefore, a change in the particle size from the precursor of
R = 7 was examined as a function of the thermal annealing temperature. The particle size after the
microwave reaction is relatively large, since particles are still amorphous. Figure 80 shows, as the
crystallization of the amorphous phase proceeds, the particle size decreases and the minimum
particle size of 120 nm is found at 600 °C. Increase in the annealing temperature from 600 °C to
800 °C enlarges Mo2C nanoparticles. XRD and SEM show that well-dispersed and highly
crystalline Mo.C with a size of 200 nm can be obtained by annealing the microwave-reacted

product at 800 °C.

Figure 80 SEM images of as-synthesized particles and thermally annealed particles (a)
as synthesized after the microwave reaction, (b) annealed at 400 °C (b) annealed at 600 °C and

(d) annealed at 800 °C (R of the precursor = 7).
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While XRD is sensitive to the long-range order in crystalline solids, it cannot detect the
short-range order of the atomic arrangement. In addition, XRD is not a powerful tool to
characterize the crystallization of excess carbon into the solid phase which accompanies the
reaction of Mo and C. To monitor the short-range order in the crystalline solid and the status of
excess carbon, Raman analysis of Mo,C particles was performed in the range of 500 - 2500 cm™.
Figure 81 shows Raman spectra of MoC particles which were synthesized in different conditions.
First, nanoparticles from the microwave reaction and the sol-gel method were compared to study
the effect of the microwave radiation. Same precursor and thermal annealing method were used to
synthesize these nanoparticles. Both samples show Raman peaks of Mo2C at 670 cm™, 840 cm™
and 990 cm™. In addition, D- and G-bands of carbon are found at 1350 and 1590 cm?. D-band
originates from the atomic vibration of a disordered graphitic carbon phase and G-band is
attributed to the Exq vibration (a stretching mode) of carbon atoms in sp? bonds. Though the same
composition and amount of the precursor was used, the D- and G-bands of the microwave reaction
are much stronger. This indicate that the microwave radiation promotes the solidification of carbon
from the precursor and Mo2C nanoparticles were mixed with fine graphitic particles which were

not detected by XRD.
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Figure 81 Raman spectra of Mo2C synthesized by the microwave reaction and the sol-

gel method (after the chemical reaction, products were thermally annealed at 800 °C).

In addition, the effect of R and annealing temperature on the short-range order was
analyzed in nanoparticles from the microwave reaction. Figure 82 shows Raman spectra of Mo.C
nanoparticles from the microwave reaction at different R. As-received nanoparticles were annealed
at 600 °C or 800 °C. Raman peaks of Mo.C are found in all samples, but their intensity is the
strongest in nanoparticles of R = 7. Increase in the annealing temperature also increases the
intensity of Mo2C peaks. A change in the intensity ratios of D-band, G-band and Mo2C is negligible,
regardless of R and annealing temperature. This suggests that the crystallization of Mo.C
nanoparticles and the solidification of carbon to graphitic particles are strongly connected and the

reaction producing the seeds of MoC also forms the seeds of the graphitic particles.
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Figure 82 Raman spectra of Mo2C nanoparticles from the microwave reaction at different R: as-

received nanoparticles were annealed at 600 °C or 800 °C.

Since the HER performance of transition metal-based materials is closely related with the
chemical environment of the metal, the surface chemical state and composition of the MoC;
samples were also analyzed by X-ray photoelectron spectroscopy (XPS). Figure 83 shows the XPS
spectrum of Mo2C from the precursors of R=7. In the survey region (Figure 83 (a), 100 - 700 eV),
Mo, C and O are found. The high-resolution Mo 3d spectrum (Figure 83 (b)) can be well fitted
into broad Mo 3d peak consists of the characteristic peaks of Mo?*, Mo®*" and Mo®", which is
consistent with previous studies on the surface state of molybdenum carbide. Mo?* and Mo®* are
associated with binding energies 228.0-229.0 and 231.0-232.0 eV can be assigned to carbides in
Mo2C which is known to be active sites for HER, whereas Mo®* species result from the inactive
oxides of Mo, MoO3z which are commonly observed as carbides are exposed to air.!?® The
deconvoluted Cys peak (Figure 83 (c)) shows a peak centered at 283.7 eV is the main peak and can

be assigned as C from Mo-C bond and its intensity is the highest for R = 7. Whereas graphitic
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carbon C=C (sp?) peak around 284.5 eV may overlap with the C from Mo-C. As consistent with
the Raman data, Mo,C shows both carbide and graphitic carbons C=C (sp?) around 284.5 eV and
C-C (sp®) around 286.0 eV. Moreover, Cis peak of R = 7 has additional peaks which can be

assigned to C=0 peak around 288 which can be attributed to surface oxidation products.
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Figure 83 XPS (a) survey spectrum, (b) Mo 3d spectrum and (c) C 1s spectrum of Mo2C with

different urea content (R=5, 7, 9)

Mo.C has attracted a significant amount of interest as a HER electrocatalyst. An

outstanding ability of Mo.C to produce H> is related to its electronic structure that is very close to
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that of Pt - group elements. Therefore, Mo,C exhibits a strong metallic character, which is different
from most of ionic and covalent bonding materials. MoC acts as a conducting metal-like solid. In
this regard, we performed the electrical conductivity measurements of Mo,C nanoparticles which
were synthesized at different R. Nanoparticle were mixed with terpineol and screen-printed on
glass substrates. Printed thick films of the nanoparticles were thermal annealed to remove residual
organics before the 4-point probe electric conductivity measurement. Figure 84 shows I-V curves
of Mo2C of different R. M0.C-R7 exhibits the highest electric conductivity. In metal films like
Mo2C films, the electric conductivity heavily depends on a change in the mobility of metals rather
than their electron concentration. This is because the electron concentration is determined by the
electron band structure which is not sensitive to a change in the crystallinity or microstructure of
materials. A dependence of the electric conductivity on R suggests that the high crystallinity of
Mo.C-R7 increases the electron mobility by decreasing the defect concentration within Mo2C

grains.

143



. R5 A
| e
—e- R7 .
8004 . Rg }
- ,,,,,A/’/
. 600 - A
S _ o
E
5/ 400_ p /,,/’/‘
200+ A,»““‘[ N
- u..-,.-::"..i:'iii':fffff:,,,,.,,,,,,.,,,,,.,,,,,,.,,,,,.
0 I | : ' - ' T T T T
100 200 300 400 500 600
I(1A)

Figure 84 1-V curves of Mo2C synthesized at different R (=5, 7, 9).

6.2.1.2 Hydrogen Evolution Reaction (HER) Performance and Electrochemical

Characterization of Pure Mo2C

HER activity of Mo2C is measured by a three-electrode method: reference electrode, working
electrode and counter electrode. In the measurement, we use Ag/AgCl electrode as the reference
electrode and Pt electrode as the counter electrode. While our sample Mo2C electrode is the
working electrode. From the three electrode measurements, several criteria to evaluate the
performance of electrocatalysts are measured. The first one is electric current flowing in the PEC
cell when applied electric potential is equivalent to the theoretical free energy of the redox
reactions. As the electrocatalyst promotes the redox reaction, electric current of the three electrode
measurement increases. The second is applied potential at which the redox reaction starts. In

practice, water electrolysis and oxygen evolution on the anode does not occur by applying the

144



theoretical redox potential. Factors impeding the hydrolysis include the activation energy of a
chemical reaction, the barrier for carrier transfer at the interface, the slow diffusion of ions in the
electrolyte and the surface polarization. An additional potential to overcome such barriers is called
the overpotential which is decreased by adding the electrocatalyst on the surface of the electrode.

A definition of the overpotential (1) is given by equation;

n= Eapplied —E;
n = overpotential Egppi.q = applied potential (V)

E; = theoretical potential from thermodynamics (V)

In electrochemistry, Tafel plot, is used to get a better grasp on the Kkinetics of
electrochemical reactions for both anode and cathode. A Tafel slope gives information on the rate
determining step in an electrochemical reaction. It is an inherent property of the electrode material.
To better understand HER mechanism of various catalysts, polarization curves are fitted to the
Tafel equation (7 = a + b x log j), where j is the current density and b is Tafel slope. Tafel slope
(b) is an inherent property of a catalyst and is determined by the rate-determining step of HER. In

an acidic solution, hydrogen evolves through a multi-step process on the surface of catalyst.

145



The empirical values of the Tafel slopes extracted from the Tafel plot can provide insight

into the probable mechanism for the HER on the catalytic surface.
i
n= pxlog (—)
Lo

B = Tafel slope (;n—ei) i = current density (%) ip = exchange current density (%)

The overpotential and Tafel plot directly affect the energy efficiency and HER activity of
electrodes, and it is the most important parameter to evaluate the performance of electrodes and
electrodes. In general, the potential at 10 mA/cm? current density is used to evaluate overpotential
of the resultant electrode, which is a useful metric for comparing electro-catalysts for solar to
hydrogen production. The lower the overpotential, the higher the HER activity. Nanoparticle
synthesis is essential for improving the HER performance by increasing the number of catalytically
active sites available on the surface of catalyst. It is known that molybdenum carbide nanoparticles
exhibit good electrocatalytic activity toward the HER. Mo02C nanoparticles synthesized by the
microwave radiation not only result an increased number of catalytically active sites with unique
surface facets but also introduced graphitized carbon into the cathode. This enhances the electric
conductivity and accordingly improves their electrocatalytic activity for HER.

MoC nanoparticles synthesized at different conditions were tested for the electrochemical
HER activity. LSV experiments were performed in 0.05 M H2SOg at various scan rates 100 mVs"
150 mvs?, 20 mvs?, and 10 mVs? within various applied potential range. The optimum
condition for all LSV measurements set to be a scan rate of 20 mVs™* and an applied potential of -
0.8 V to 0 V. The catalytic activity of carbide materials is known to depend on their surface
structure and composition. For this purpose, we prepared two different sets of samples. First set of

samples composed of pure Mo.C nanoparticles synthesized with different R content. Figure 85
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presents the voltammograms for the molybdenum nanoparticles with varying R content. The
reported current density was obtained using a geometrical surface area of an electrode (1 cm?) with
the same amount catalyst loading (0.54 mg/cm?).

R of the precursor affects HER activity of Mo,C. The overpotential at 10 mA/cm? (n10) is
473 mV for R =9, but it decreases to 220 mV for R = 7. This shows that M0,C - R7 possesses the
highest catalytic activity. This suggests that synergic enhancement for molybdenum and carbon

species for Mo2C-R7 sample.
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Figure 85 Linear sweep voltammetry (LSV) curves for Mo,C nanoparticles with different
amount of urea content (R), the electrolyte was 0.5 M H,SO4, the was scan rate 20 mVs?, the

geometric area of the electrode was 1.0 cm?.
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Figure 86 displays the Tafel plots for HER on Mo2C with different R content. Tafel slopes
obtained from the polarization curves of -0.8 V to 0 V of Mo.C electrode. Tafel slope is 177
mV/dec for M02C-R9 electrode, but it decreases to 120 mV/dec for Mo.C—R?7 electrode. The small
Tafel slope indicates a fast increase of the hydrogen generation rate with applied overpotential,
which corresponds to the high activity presented in LSV curves. According to the classical theory,
the HER in acidic media proceeds in two steps including the VVolmer, the Heyrovsky, and the Tafel
reaction, which can elucidate the electron transfer kinetics.'?® The possible reactions are given as
follows:

Volmer reaction: H;0% + e~ — Hgys + H,0

Heyrovsky reaction: Hyys + H;0" + e~ - H, + H,0

Tafelreaction: Hyys + Hygs = Hy

The first step is Volmer-reaction where electrochemical reduction (H* reduction) takes

place at the Tafel slope of b~120 mVdec™, and the second step is hydrogen desorption reaction

either the ion and atom reaction (Heyrovsky-reaction) at the Tafel slope of b~40 mVdec™? or

adsorbed atom combination reaction (Tafel reaction) at the Tafel slope of b~30 mVdec™ . 1%/
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Figure 86 Tafel plot; for Mo.C nanoparticles with different amount of urea content (R), the
electrolyte was 0.5 M H,SO4, the was scan rate 20 mVs™, the geometric area of the electrode was

1.0 cm?.

Electrochemical impedance spectroscopy (EIS) measurements were carried out to further
elucidate the mechanism of charge transfer processes at different frequency ranges with the
different catalysts. Representative Nyquist plots and corresponding Bode plots of Mo2C from
different R (R=5, 7, 9) are shown in Figure 87and 88 respectively. Nyquist plots shown in Figure
87 indicates that the semicircle at low frequency depends on applied bias and represents RC
relaxation of the charge transfer. This is directly connected to the kinetics of HER process. The
second semicircle is due to material transport toward and from the surface of the cathode. Among
three catalysts, MC-R7 exhibits the lowest charge-transfer resistance, suggesting that the highly
crystalline and electrically conductive cathode improves the kinetics of HER reaction on the

surface of Mo2C. From Bode plots in Figure 88, it can be concluded that three catalysts with
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different urea content reveal the presence of two time-constants at the applied potential of 0, 150,

200 mV.
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Figure 87 EIS spectra (Nyquist Plots) of Mo2C nanoparticles of (a) differentR (R=5,7,9)

under external bias of 150 mV and (b) R=7 sample under external bias of 0, 50, 100,150, and

200mV (electrolyte: 0.5 M H2SOs4, a frequency range of 100 mHz to 100 kHz.
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Figure 88 EIS spectra (BodePlots) of Mo2C nanoparticles of different R (R =5, 7, 9) under

external biasof 0, 100, and 200mV (electrolyte: 0.5 M H>SQg, a frequency range of 100 mHz to

100 kHz.
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6.2.2 Molybdenum Carbide (Mo02C)-Graphene Oxide (GO) Nanocomposite as

Electrocatalyst

6.2.2.1 Structural Analysis of M02C — Graphene Oxide (GO) Nanocomposite

Figure 89 shows XRD patterns of synthesized nanocomposites as a function of GO content in
Mo.C. Upon addition of graphene oxide to the molybdenum carbide crystallinity of samples
decreases. Crystallinity decrease with increasing GO content. Mo2C with 0.3 wt % GO shows the
best crystallinity. Incorporation of GO into Mo2C decreases the crystallinity. The sharp and strong
peaks and highly exposed planes indicate the good crystallization of Mo2C nanoparticles while the
unobvious diffraction peaks of graphite carbon in the pattern can be attributed to the limited

content of graphitic carbon.
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Figure 89 X-Ray Diffraction (XRD) patterns for Mo>C and Mo.C-GO nanocomposites

with various GO amount.

152



Open structure of graphene oxide (GO) material renders more interfacial contact with the
electrolyte. All these advantages of GO can benefit the HER performance when used as carbon
support for the electro catalyst material. Without any template for growing, Mo2C nanoparticles
tend to form agglomerations and particles with random morphology. The coalescence of
nanoparticles into bigger sized particles could lessen electrocatalytic activity as well as penetration
of the electrolyte into catalytically active sites. In order to eliminate these problems, originate from
agglomerated Mo2C nanoparticles, GO can be used as a proper supporting material for tailoring
and curtailing the size of Mo.C nanoparticles to increase the catalytically active area and hence
promoting the overall HER activity.

Moreover, we performed systematic analysis of GO addition into Mo.C nanoparticles and
the resultant morphology change was observed. Figure 90 shows the effect of various amounts of
GO (0.3 wt%, 1.5 wt%, and 3.0 wt%) added into Mo.C nanoparticles. Bare M0>C shows larger
particles around 200 nm and aggregation can be observed. Upon addition of GO into the system,
the size is reduced up to 100 nm with 3.0 wt% GO. These results also consistent with the HER
activity performances, which can be deduced that anchoring Mo2C morphology upon addition of
GO provides reduction in size and increased number or catalytically active sites which enhances

overall catalytic activity.
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Figure 90 Scanning electron microscope images of pure Mo2C (a) and M0.C-GO
nanocomposites with different GO loading amount (b) GO (0.3 wt%, (c) GO (1.5wt%), and (d)

GO (3.0 wt%)

The HER performance of transition-metal-based materials is highly correlated with the
chemical environment of the metal. Thus, XPS measurements were performed to study the surface
chemical compositions and oxidation states of the samples. In accordance with the previous studies,
the surface of the Mo catalysts can be contaminated with molybdenum oxides (MoO2 and MoO:s).
The survey, Mo 3d, O1s, and C1s spectra are presented in Figure 91. The peaks in the range of
224-240 eV can be assigned to Mo core level and oxidation states of molybdenum present in
Mo.C-GO composite samples can be given as: Mo?* (228.0-229.0 eV), Mo** (231.0-232.0 eV),

and Mo®* (235.4 eV). Mo?* and Mo®" are focus point because they are the active centers for
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hydrogen evolution reaction (HER). The Mo**/Mo?" mole ratios can provide useful information to
understand the nature of active sites. Variation of Mo®*/Mo?* will influence the HER activity,
related to the different electron density around Mo®*" and Mo?* The Mo®* species result from the
inactive MoOs, which are commonly observed as carbides are exposed to air. C1s peak in Figure
91 (c) is also composed of several peaks. A peak centered at 283.5 eV is assigned as C from Mo-
C bond. Other peaks 284.0 eV and 285 eV can be assigned to amorphous carbon atoms (C=C sp?
and C-C sp®) which is also correlated with Raman data showing presence of sp? and sp® carbon

bonding. The peak around 288.5 eV associated with C=0 testify the surface oxidation upon

incorporation of GO into Mo2C.

155



(@) (b)

——MC_GO (0.3 wt%) Survey 1——MC-GO (0.1%) M 3d

—MC_GO (1.5 wt%) —— MC-GO (0.5%) Mo™ N

—MC_GO (3.0 wt%) o1s —MC-GO (1.0%) / Mo
Mo® /

A . W/\/\

Intensity (a.u.)
Intensity (a.u.)

100 200 300 400 500 600 226 228 230 232 234 236 238
Binding energy (eV) Binding energy (eV)
(c)
J——MC-GO (0.3 wt%) C1s
I MC-GO (1.5 wt%) M-C
—— MC-GO (3.0 wi%) f,0C oo
/ Cc=0

Intensity (a.u.)

280 282 284 286 288 290
Binding energy (eV)

Figure 91 XPS (a) survey spectrum, (b)Mo3d spectrum, and (c) C1s spectrum for Mo,C-

GO composites with different GO content.

A comparison of the Raman spectra of Mo,C and Mo0.C-GO composites in the 500-2500
cm ! range is shown in Figure 92. The D band at 1350 cm™ assigned to Aiq symmetry, characterizes
graphite plane disordering and defect incorporation into the pentagon and heptagon graphitic
structures. The band observed at about 1580 cm™ is the G band which corresponds to splitting of

the Eag graphite stretching mode and reflects the structural intensity of the sp2-hybridized carbon

156



atoms. The Raman spectra of the above M02C and M0,C-GO samples display the D- and G-bands
of carbon at 1350 and 1590 cm’%, respectively, confirming the presence of free carbon. Both Mo,C
and Mo,C-GO showed characteristic peaks of molybdenum carbide located at 670 cm™, 840 cm
1 and 990 cm®, which is consistent with the XRD pattern. The values of the D/G ratio were usually
applied to judge the graphitization degrees. The intensity of the D band has increase, indicating
the generation of disordered graphitic carbon or defects during the annealing process. As going
from Mo2C to Mo.C-GO samples, the relative peak intensity of molybdenum carbide peaks to D-
G peaks decreases, which indicates incorporation of more graphitic carbon into the system and
also consistent with XRD crystallinity change. D/G ratio decreases from Mo.C to Mo,C-GO
samples. The decrease in D/G ratio indicates a decrease of the microstructural disordering and
defects on increasing the amount of carbon source, thus the overall electrical conductivity was
enhanced on going from low C content to high carbon content, which also facilitates charge

transfer during electrochemical testing.
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Figure 92 Raman spectra of M0.C and M0.C-GO nanocomposites with different amount of GO

addition
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As previously mentioned, graphene based functional materials has been reported to be ideal
HER electrocatalyst especially when coupled with other metal-based materials such as Mo2C.
Graphene oxide expected to affect overall HER activity because of its high electric/thermal
conductivity and large specific surface area. 12 The as-synthesized Mo,C-GO composite films
may show a highly dispersed distribution of nanoparticles on the graphene support, which provides
a large surface area and high conductivity to the Mo-compounds, thus increasing the HER catalytic
activity through enhanced mass and charge transfer. In this regard, we performed the electrical
conductivity measurements of M02C-GO nanocomposites which were synthesized at different
amount of GO additions. Nanocomposites were mixed with terpineol and screen-printed on glass
substrates. Printed thick films of the nanocomposites were thermal annealed to remove residual
organics before the 4-point probe electric conductivity measurement. Figure 93 shows I-V curves
of Mo2C of various amount of GO. M02C-GO (3.0%) exhibits the highest electric conductivity. In
metal films like Mo2C films, the HER activity is limited by its poor electrical conductivity. Poor
electrical conductivity is dependent on low mobility and low electron transfer capability which is
originated from the electron band structure. A dependence of the electric conductivity on GO
amount suggests that introducing the highly conductive graphene oxide substrates into Mo2C
increases surface are and accelerates the electron transfer by increasing the electron mobility

within Mo02C-GO nanocomposite material.
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Figure 93 Resistivity data for Mo.C-GO electrocatalysts with different amount of GO

content (GO=0.3, 1.5, 3.0 wt%)

6.2.2.2 Role of GO on Hydrogen Evolution Reaction (HER) Performance and

Electrochemical Characterization

The nanocomposite materials prepared at different temperatures and different synthetic methods
are expected to possess different electrocatalytic activities. The graphene itself barely shows
electrocatalytic activity towards HER, but graphene oxide incorporation into Mo2C shows
dramatic enhancement in the overall HER activity. Figure 94 shows the corresponding LSV curves
for M02C-GO nanocomposites. M02C -3.0 wt% GO shows the best HER performance with a small
overpotential (110) 125 mVs™. Mo,C-GO (3.0 wt%) shows the smallest particle size under SEM
which supports the increased number of active sites available on the surface. This superior catalytic
activity of Mo.C-GO nanocomposites compared to pure Mo.C catalysts can be attributed to

enhanced electrical conductivity, increase surface area hence more readily available
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electrocatalytically active sites upon incorporation of GO to Mo2C. The presence of 1nm of

graphitized carbon surrounding Mo2C particles improved the conductivity and accordingly

electron transfer.
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Figure 94 Linear sweep voltammetry (LSV) curves for Mo,C nanoparticles with different
amount of GO content, the electrolyte was 0.5 M H2SOy4, the was scan rate 20 mVs™?, the

geometric area of the electrode was 1.0 cm?.

Linear Tafel plots are employed to evaluate HER Kkinetics and elucidate the HER
mechanism by fitting the data to the equation (= b log(j) + a, where j is the current density and b
is the corresponding Tafel slope). Figure 95 displays the Tafel plots for HER on Mo.C-GO
nanocomposites with different GO content. Generally, two mechanisms are involved in the HER
process in acidic media as mentioned previously. First one is combination of hydronium ion (HzO")
with an electron to form adsorbed hydrogen on the surface of electrocatalyst. (Volmer reaction,
H3O" + " = Hags + H20) The second step can be associated with either combination of adsorbed H
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with hydronium ion to form Hx (Heyrovsky reaction), or binding with another adsorbed H to give
H> at the Tafel slope (Tafel reaction). Tafel slopes obtained from the polarization curves of -0.8 V
to 0 V of the molybdenum-based nanocomposites were in the range of 90-150 mV dec* and these
values are consistent with previously reported values, which suggests that the discharge
mechanism is slow and the VVolmer step is the rate determining step. The Tafel slope for Mo2C is
129 mVdec* which is relatively larger than that of M0,C-GO nanocomposites. M0-GO (3.0 wt%)
shows the smallest Tafel slope, which suggests faster HER rate with the increased overpotentials

and relatively faster proton discharge kinetics compared to pure Mo2C.
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Figure 95 Tafel plot; for Mo.C nanoparticles with different amount of GO content, the
electrolyte was 0.5 M H2SOQ4, the was scan rate 20 mVs, the geometric area of the electrode was

1.0 cm?
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Electrochemical impedance spectroscopy (EIS) at different HER overpotentials (n=0, 50,
100, 150, 200 mV) was further conducted from 100000 Hz to 0.01 Hz on Mo.C-GO
electrocatalysts to investigate the origin of improved HER performance. The remarkable
electrocatalytic activity HER performance of resultant Mo.C-GO nanocomposites might have
resulted from faster electron transfer. Figure 96 and 97 represents Nyquist and Bode plots for
Mo2C-GO nanocomposite samples. Consistent with the previous reports, Bode plots recorded at
n=150 mV and 200 mV suggest a classical two-time-constant model was proposed with EIS
Nyquist plots. The proposed model is illustrated in Figure 98. The model consists of a series
resistance. Rs, Rc: the contact resistance between the electrode and catalyst layer, Rso represents
the solution resistance, connects in series with two additional branches; one at high frequency
related to the surface porosity, CPE1-Rp; one at low frequency related to the charge transfer
process CPE2-Rct. As R¢t showed strong correlation with the electrochemical performance, the
Nyquist plots were fit and compared. MC-GO nanocomposites exhibit the minimum charge-
transfer resistance when compared to MC, indicating the fast electron/mass transfer between the
electrocatalyst and the electrolyte, and thus leading to an acceleration of HER Kinetics. The charge
transfer resistance Rct, which can be determined from the semicircle recorded at low frequencies,
reflects the details of HER kinetics, where a small Rt value is associated with faster reaction
kinetics. Ret of M02C-GO is Q at n= 150 mV, lower than for Mo2C suggesting faster reaction
kinetics for Mo2C-GO. The charge-transfer resistance values (Rct) of both catalysts decrease
rapidly as the overpotential decreases. Since R¢t decrease with increasing applied potential, much
faster HER kinetics will occur at higher applied overpotential which can be seen in n=200 mV

case. All these EIS results demonstrate that the resulting MC-GO catalysts exhibits lower
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impedance and superior charge transfer ability between the catalyst and the electrolyte, and thus

leading to an acceleration of electrocatalytic activities for the HER.
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Figure 96 EIS spectra (Nyquist Plots) of Mo.C-GO nanocomposites (a) with different
GO content, and (b) with different n=0, S0mV, 100mV, 150mV, 200mV obtained in 0.5 M
H2S04 at 25 °C in the frequency range of 100 mHz to 100 kHz.
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Figure 97 EIS spectra (Bode Plots) of Mo.C and M02C-GO nanocomposites obtained at n=0,

100, 200 mV in 0.5 M H,SOs at 25 °C in the frequency range of 100 mHz to 100 kHz.
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Two-time-constant model

Figure 98 Electrical Equivalent circuit models for the Els response of: two-time constant
model, including the series resistance (Rs), the charge transfer resistance (Rct), resistivity related

to the porosity of the electrode surface (Rp) and constant phase elements CPE1 and CPE2.

Figure 99 depicts schematic representation of incorporation of GO into Mo.C and the
resultant highly active electrocatalysts for HER reaction. In terms of HER activity and durability
results, the Mo,C/GO composites not only possesses superior HER activity but also provide
excellent long-term stability and would be a promising electrocatalytic material for the HER. The
relatively superior activity of Mo.C/GO composites to the bare Mo,C catalysts can be ascribed to
the smaller particle size, large surface is, mesoporous structure and relatively high electronic
conductivity. With the perspective of maximizing the density of activity sites, the size of Mo.C
particles should be decreased. Due to aggregation a coalescence of bare Mo2C nanoparticles the
resultant HER activity can be inferior. In this regard, especially graphene like supports with large
surface are and good conductivity, provide better dispersion of Mo,C nanoparticles to prevent
aggregation and the over-growth of small nanoparticles into bigger cluster like particles. In

addition, the functional groups (carboxy, hydroxyl) in supporting material (graphene) provides
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support for size control during the nucleation and growth of Mo2C nanoparticles. Due to tight
anchoring and coupling effect between Mo,C nanoparticles and graphene sheets,*?° M0,C/GO
composite nanostructures in this study provide better HER activities The synergistic effect
between Mo.C and graphene and graphitic carbons increase the conductivity and favors the
interface contact between electrocatalyst and electrolyte. 3 Our results show from the sheet
resistance and EIS measurements show that the conductivity and charge transfer across the
interface increases for Mo.C/GO compared to Mo.C. Construction of a well-defined graphene
based nanocomposite structure leads to a significantly enhanced electrochemical performance
because of decrease particles size, enhanced conductivity, optimized micro porosity especially for

the mass and charge transfer.

Mo,C nanoparticles

\_f_\ Mo,C/GO composite

graphene oxide

Figure 99 Schematic representation of M02C-Go composites as an active electrocatalyst

for HER
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7.0 CONCLUDING REMARKS AND FUTURE WORK

In order to secure the accessibility of sufficient energy to an increasing world population in the
future, it is essential to transform the available sources of energy, aside from the present energy
industry monopolized by fossil fuels. Metamorphosis into renewable energy sources from
conventional fossil-based sources has become an important part of this goal. However, there is no
doubt about the need to extensive research for the feasibility of sustainable energy and of course
political implementation of renewable energy-based policies is urgently needed in order to achieve
sustainable future energy goals.

This work has dealt with catalytic hydrogen evolution in an electrochemical cell and light
induced hydrogen and photocurrent generation in a photoelectrochemical cell.
Photoelectrochemical water splitting has been investigated since 1970s to find out the most
favorable light absorbing materials, morphologies and catalysts capable of reaching high solar to
hydrogen conversion efficiencies. Hitherto, the industrial application of self-sufficient
photoelectrochemical systems has not been achieved. The evolution of hydrogen via water splitting
has been appealing to researchers and industry, and to obtain hydrogen in a more environmentally
friendly and more sustainable way in comparison with conventional industrial hydrogen
production, proper electrocatalysts appear to be a promising way. Developing hydrogen evolution
reaction (HER) catalysts that can efficiently operate under all medium is the emphasis of ongoing

research.



One of the main aspirations of the presented thesis was the development and improvement
of advanced nanostructured systems for solar-light -induced water splitting. The first part of the
study focused attention on improvement of BiVO4 based photoelectrode systems. Employment of
plasmonic particles with a well-defined structure was one of the methods to improve overall
photoelectrochemical efficiency of BiVO4 photoanode. Second part of the study was concentrated
on benefits of utilization of heteronanostructures of different light absorbing materials (cadmium
chalcogenides) on highly conductive SnO2 nanowire arrays.

The other main objective of the demonstrated thesis work was the development of proper
electrocatalysts for an efficient hydrogen evolution reaction (HER). With this anticipation, Mo.C
nanoparticles synthesized via novel microwave assisted method and nanocomposites of Mo2C and
graphene oxide was employed as an efficient electrocatalyst for HER.

Finally, the major outcomes of this research project can be summarized as follows;

A. Plasmonic Nanoparticles Decorated BiVO4 for Efficient Photoelectrochemical Cells

This study was able to optimize a facile fabrication process for coating of plasmonic
nanoparticles of two kinds of core shell particles, SiO.@Ag and SiO2@Ag@SiO2 on surface of
BiVO4 photoelectrode, increasing their photoelectrochemical efficiency.

i. A novel and facile fabrication method has been developed to synthesize BiVOas thin
films on FTO
ii.  Optimization of the BiVO4 and plasmonics decorated BiVO4 thin films for high

photoelectrochemical activity has been achieved.



Vi.

Vii.

viii.

Two kinds of core shell nanoparticles were successfully synthesized by a two-step
and shape and size of the resultant nanoparticles can be easily controlled

Bismuth vanadate thin films were successfully fabricated via pulse laser deposition
technique providing growth of BiVO;4 thin films with well-defined nanostructure
and appropriate stoichiometry.

Visible light absorption and scattering is significantly improved in BiVO4 thin films
decorated with the core shell or core shell-shell particles

The improvement induced by plasmonic nanoparticles can be explained by
localized field intensity and enhanced scattering

Moreover, Ag nanoparticles provide catalytic effect which also contributes to
overall photoelectrochemical improvement

It can be concluded that a combined effect of the near field intensity, light scattering
efficiency, localized enhancement, and surface catalytic efficiency can be seen in

overall photoelectrochemical enhancement

B. 3-D CdS/CdSe/SnO; Cascade Heterojunction for Efficient Photoelectrochemical Cell

We designed a novel heteronanostructured CdS and CdSe sensitized SnO2 nanowires and

Sb doped SnO2 nanowires. Photoelectrochemical results show significant enhancement upon this

novel heteronanostructure compare with conventional cascade structures or one-layer structures.

We here propose several reasons for the enhancement:
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Vi.

The morphology of SnO> NWs keeps the advantage of the wires such as efficient charge
separation and transport properties as well as superior light harvesting efficiency while the
wires that exposed in the electrolyte favor more CdS and CdSe nanoparticles.

Compared with bare SnO2 NWs electrode the CdS and CdSe consensitized electrodes have
an intense absorption in the visible region, which greatly raised the utilization rate of the
solar energy.

The stepwise band-edge structure would create efficient charge transfer channel and would
trigger a higher resistance to transport excited electrons back to the electrolyte, resulting in
a higher performance of the co-sensitized electrode.

The fine heterojunction formed between CdS and SnO: is helpful for CdS to collect excited
electrons from CdSe to SnO: in the stepwise band-edge structure.

A novel approach of polystyrene treatment enables us to preferred locational deposition of
CdS and CdSe which enables locational light absorption and provides enhanced
phototelectrochemical performance.

Sb doping provided increased charge carrier concentration, enhanced charge carrier
mobility, and a drastic improvement of electrical conductivity with high transparency in
the visible region of the spectrum; hence an improved photoelectrochemical performance

of Sb doped photoelectrodes
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C. Mo2C and Graphene Oxide-Mo,C Nanocomposites for Efficient Hydrogen Evolution

(HER) Reaction

Rational design and fabrication of nanostructured molybdenum carbide based
electrocatalysts for electrocatalysis. especially for hydrogen evolution reaction.
Development of facile one-step synthesis method to prepare transition metal based
electrocatalysts.

Improvement of electronic conductivity of the nanocomposite systems with sophisticated
connectivity among the active material and graphene oxide matrix.

Preparation of molybdenum carbide nanoparticles and molybdenum carbide nanoparticles
with graphene oxide in the form of nanocomposite, as efficient and long-lasting

electrocatalysts for hydrogen evolution reaction (HER)’
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