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ABSTRACT OF THE THESIS

Re-Investigation of Reaction Kinetics and Charge Transfer Phenomena in Water Splitting
Process by Cocatalyst-Loaded GaNZnO Particulate Photocatalytic Systems

by

Yibo Jiang

Master of Science, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, June 2017
Dr. Phillip Christopher, Chairperson

The present work employs a variety of approaches and techniques to explore the
photocatalytic water splitting phenomena of a well-known particulate photocatalyst—
Gallium Zinc Oxynitride (GaNZnQO) from two aspects: reaction kinetics and charge
transfer phenomena.

Cocatalyst loading onto n-type semiconductors has been proven to be a highly
effective approach to promote the activity of catalysts in photocatalytic processes. Water
splitting by particulate photocatalyst (PPC) systems, as a phenomenon, are usually
studied via a macroscopic approach developed for Photoelectrochemical Cell (PEC)
systems. However, the macroscopic nature of the PEC systems may have overlooked the
subtle while intrinsic aspects of the PPC systems due to challenges in characterization

techniques and biased views in describing such microscopic systems. Thus, a

fundamental re-investigation of water splitting process by cocatalyst-loaded PPC systems
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via exploring rate-limiting reaction kinetics and charge transfer phenomena could provide
more insights for the study and the improvement of PPC systems in water splitting.

The water splitting kinetics of GaNZnO PPC systems were explored through
overall water splitting (OWS) and half-reaction experiments: hydrogen evolution
reactions (HER) and oxygen evolution reactions (OER). The photoelectron tracing
experiment was developed specifically to clarify the charge transfer direction on
GaNZnO surface. Our kinetics results demonstrated up to 6-fold HER rate by
RhOx/GaNZnO system with the presence of sacrificial reagent. The water splitting rates
of other metal oxide cocatalysts also increased by at least 30% by RhCrOx cocatalyst,
which revealed the oxidation half reaction. The varied water splitting performance of
GaNZnO improved by metal oxide loading reveals that water splitting is not only just
limited by reduction half reaction as previously claimed.

In addition, various characterization techniques, such as: UV-VIS, XRD,
HRTEM, Dark-field STEM and EDS were applied to gain more knowledge of the PPC
system before and after reactions. From the kinetic experiments, we observed unusual
rate trends which contradict or deviate from results predicted by PEC models. Further
investigation indicates that those unusual behaviors were explained by an opposite charge

transfer direction previously proposed by PEC models.
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Chapter 1: Background and Introduction



1.1 Critical Role of Hydrogen in Our Society

The rapid growth of human population demands tremendous energy and industrial
products to consume, such that our society can be further developed and advanced.
Conservative prediction estimates that the energy consumption rate (currently
approximately 14 TW?) of human society will be doubled by 20502 in order to maintain
the current standard of living, and foster further societal developments.

Hydrogen, as the most plentiful element in universe, participates in the formation
of numerous compounds. In addition, molecular hydrogen (H2) possesses advantageous
properties (such as high energy content, non-toxicity, and zero emission) that turns
hydrogen into an excellent candidate of energy carrier®. Therefore, hydrogen has seen
numerous applications as a fuel or as a feedstock for important industrial processes

(Figure 1.1).



Application

Ammoma Production, Clean
Fuel, Hydrogenation Processes,
and much more

Production

Steam Reforming, Electrolysis, Thermolysis,
Photocatalytic, Photobiological Watersplitting

Figure 1.1 Pyramid diagram showing sources and
applications of hydrogen

1.1.1 Application as a Clean Energy Carrier

As mentioned above, the unique chemical and physical properties enable
hydrogen to potentially serve as a clean fuel for human society. The bond energy stored
in molecular hydrogen can be released through ignition inside an internal combustion
engine (ICE)? or electrochemical redox reactions inside a hydrogen fuel cell (HFC),
following the same overall reaction®.

2H, +0, - 2H,0  AG= —229 kJ/mol Eq. 1.1

The only emitted chemical species is water, which makes the process
environmentally friendly and thermodynamically efficient*. Currently the usage of
hydrogen as a fuel is still dwarfed by fossil fuel consumption®, yet it is foreseeable that
the exponential growth of hydrogen fuel supply will be enabled by production technology

innovation and infrastructure development.



1.1.2 Feedstock for Important Chemical Processes
The famous Baber-Bosch Process synthesizes ammonia® which is a critical

compound for modern agriculture and industrial production of other chemicals.

3H, + N, - 2NH, Eq. 1.2
Globally 176 million metric tons of ammonia was synthesized via this pathway in
20145, achieved by massive hydrogen consumed as one of the two reactants. The steady
increase of ammonia production since 1946° will demand more sustainable hydrogen
supply in future in order to increase the agricultural production for the growing global
population.
Molecular hydrogen is widely used in various hydrogenation processes.

Petroleum industry apply hydrocracking (Figure 1.2) to decompose oil residues into

Hydrogen

Gas oil feed

_recycled hydrogen

—

H

#

Jetfuel

Diesel
—>

Keérosene

—

Other products
—

Reactor Separator Fractionator

_/

recycled gas oil

Figure 1.2 Schematic diagram of hydrocracking: hydrogen as an
indispensable feedstock. (Graph adapted from reference 7)




useable fuels, such as diesel, kerosene and gasoline, which increases the efficiency of oil
refining plants, as well as serves as an significant source of valuable petroleum products’.

Food industry also utilizes hydrogenation process to saturate vegetable oil and
fats, improving the taste and shelf life of the processed food. One well-known type of the
hydrogenated fats is called trans-fat added to coffee creamer, crackers, and other snacks®.

1.1.3 Pillar of Hydrogen Economy

The critical and wide applications of hydrogen, especially as a clean and
renewable energy carrier, has led to the conceptualization of the Hydrogen Economy
since 1970s°. Yet this concept has not been materialized due to various technical
difficulties, notably the lack of an efficient, sustainable, and environmentally friendly
hydrogen supply system. Therefore harvesting massive energy from sustainable sources
has become an increasingly urgent challenge for scientists and engineers. Among the
candidates for renewable energy sources, solar energy holds the greatest promise. The
Sun irradiates 23000 TW of utilizable solar energy, outnumbering the sum of all other
renewable energy sources combined®. Thus solar energy has the potential to meet the
increased energy demand in an environmentally friendly way. However, harvesting and

storing solar energy is not without complications.



1.2 Hydrogen Production via Water splitting

1.2.1 Overview of Water Splitting Concept

Water splitting refers to a process through which water molecules are split into
respective elements—oxygen and hydrogen. The overall reaction is described by
equation 1.3 below.

2H,0 - 2H, + 0, Eq. 1.3

As the reverse reaction of hydrogen fuel process*, water splitting is energy-
intensive, requiring a minimum Gibbs free energy change of + 229 kJ/mol or 1.23 V
overpotential in electrolysis®. Nevertheless, this process remains highly attractive, and
has great potential to supply massive, sustainable and clean hydrogen®; since water is not
only recyclable through the hydrogen cycle!?, but also is very high in hydrogen content.
Every one cubic meter of water contains 111 kg of hydrogen, compared to 71 kg of
hydrogen per every one cubic meter liquid hydrogen3.

1.2.2 Water Splitting in Nature

In nature plants have been utilizing solar energy as a driving force to initiate the
water splitting process via photosystem I (PSII) where water molecules are decomposed
into protons, oxygen, and electrons!?:

2H,0 » 4H*+ 0, + 4e” Eq. 1.4

Inside PSII (figure 1.3) electrons of Chlorophyll molecules are excited by the
incident photons, and travel to the primary electron acceptor, which leaves electron
vacancies behind. The vacancies are then replenished by taking electrons from water

molecules, causing water to be split. Molecular oxygen is released during the process,



while protons and electrons are transported to other enzymes, and participate in the

synthesis of energy carriers and carbohydrates!2.

Annotations:

(1) Photosystem I

(2) Chilorophyll molecule

(3) Primary electron acceptor /\

Figure 1.3 Schematic diagram of water splitting process
inside PSII. (Graph adapted from reference 11 and 12)

Even though photosynthesis in nature hardly yield molecular hydrogen as

product, the water splitting step inspired various artificial water splitting systems utilizing

solar energy!:13.14,



1.2.3 Artificial Water Splitting

Despite that the current hydrogen production (approximately 95% of hydrogen
produced annually) is dominated by the carbon-emitting processes, e.g. Steam Methane
Reforming (SMR); artificial water splitting has been studied since 180026 via
electrolysis and since the late 1960s'’ by photoelectrochemical cells (PEC).

Electrochemical reactions share the same fundamental principle of charge
transfer depicted in figure 1.4. The reduction and oxidation of a species is dictated by the
relative energy levels of the electrodes and the species in solution. When an electron is at
arelatively high energy level (i.e. more negative potential), electron can migrate to the
vacant molecular orbital (MO) of the adsorbed species, and drives the reduction reaction.
When the energy level of the electrode is lower than that of the occupied MO of the
adsorbed species, the species loses electrons to the electrode, driving the oxidation
reaction!®. In other words, the reduction or oxidation of a species can be achieved by a

relatively negative or positive electrode potential.
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Figure 1.4 Schematic diagram of charge (electron) transfer during
reduction (a) and oxidation (b) of electrochemical reactions.
(Graph adapted from reference 18)

As for overall water splitting (Eq. 1.5), water is both oxidized (Eq. 1.6) and
reduced (Eg. 1.7) via the following (photo)electrochemical reactions!19:

Overall reaction: H,0 - H, + %OZ Eqg. 1.5
At (photo)anode: H,0 (+2h*) —» 2H* +§O2 + 2e” Eg. 1.6
At (photo)cathode: 2H* + 2¢~ —» H, Eqg. 1.7

The abovementioned equations are valid for water splitting at neutral or acidic
pH. At basic pH, the reduction of water occurs at cathode, releasing hydrogen; while the
oxidation of hydroxyl occurs at anode, releasing oxygen?6:1°,

At (photo)anode: 20H~(+2h*) — H,0 + -0, + 2e” Eq. 1.8

At (photo)cathode: 2H,0 + 2e~ — H, + 20H™ Eq. 1.9



1.3 Configuration of Heterogeneous Photocatalytic Water splitting Systems
Artificial water splitting could be achieved through two main-stream
configurations (figure 1.5) of Photocatalytic water splitting systems, namely:

photoelectrochemical cells (PEC)?° and particulate photocatalysts (PPC)?.

() (b)

Figure 1.5 lllustration of PEC (a) and PPC (b) systems for heterogeneous
photocatalytic water splitting purpose.

The two systems share similarities; while each one possesses distinctive
properties, for instance, the contact type between the electrodes. The systems will be
introduced in the following sections with more details. The present project emphasizes on

the PPC systems.
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1.3.1 Macroscopic electrodes: Photoelectrochemical Cells

The work on the PEC configuration (figure 1.5 a) was pioneered by Boddy in
196817 and by Fujishima & Honda in 197221, This type of cells is nearly identical to a
typical electrolysis cell, which consists of an anode, a cathode and an optional bias source
to provide additional overpotential if needed?”-21. Ina common setup, an n-type light-
absorber/photocatalyst serves as a photoanode, while a p-type material or a metal serves
as (photo)cathodel423,

During the photocatalytic reaction, electrons generated by the anode photocatalyst
migrate to cathode via external circuit; while holes remain on the photocatalyst (as
anode)?223, As a result, hydrogen evolution and oxygen evolution from the cathode and
anode surfaces could be observed respectively!’-21,

While an electrolysis cell uses an external electric power source to provide
enough voltage to drive water splitting reactions; PECs and PPCs are able to perform
water splitting with the overpotential provided by the light-excitation of charge carriers in
the light-absorber!. The current highest solar-to-hydrogen (STH) efficiency of PEC is

18.3%%.

11



1.3.2 Microscopic electrodes: particulate photocatalysts

The idea of PPC systems was first materialized by Lehn et al?®, Sato & White26,
and Domen et al?” who demonstrated that water splitting by photo-excited electrons and
holes is feasible as well by semiconductor particles (later known as photocatalysts® or
light-absorbers28). Since few PPC systems can execute overall water splitting (OWS) by a
semiconductor alone, loading one2°2° or more cocatalysts!22 onto the light-absorber has
been proved to be a highly effective approach to accelerate water splitting kinetics?2:30.

The occurrence of photocatalytic reactions on PPCs generally follows a pathway
as illustrated in figure 1.5 b and via three steps?: (1) light absorption and exciton
generation by photons with energy greater than the bandgap energy (Eg) of the light-
absorber; (2) charge separation from exciton and migration to respective electron or hole
traps on the light-absorber; (3) Surface redox reactions at redox sites located on the
surface on the light absorber or the cocatalyst. To some extent, a cocatalyst-loaded light-
absorber can be treated as a miniature version of a PEC system?2. Nevertheless, several
unique features of this system could potentially result differentiated Kinetic and
thermodynamic phenomena compared with those of the PEC systems.

In the following sections, we will present a full research work focusing on the
cocatalyst-loaded GaNZnO PPC system for water splitting.

1.3.3 The economic advantage of particulate photocatalysts

Although PECs possess relatively high efficiency?* and ease of gaseous products

separation because of the nature of the separate electrodes!®, PPC systems still attract

12



tremendous efforts of research and development as such systems have an edge of
economic competitiveness over other photocatalytic water splitting systems.

According to a comprehensive technoeconomic analysis done by Jaramillo et al,
at the same energy conversion efficiency the combined cost (including capital,
decommissioning, fixed operation, maintenance, and other variable costs) of hydrogen
production via PPCs is only 40% of that of PECs equipped with solar concentrators23. At
10% or higher solar-to-hydrogen conversion efficiency, PPCs could generate hydrogen at

less than 1.6 dollars per kg, and therefore make the produced hydrogen competitive with

petroleum-based fuels?2,

13



Chapter 2: A View on Principles and Theories
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2.1 The miniaturized electrolytic cell analogy

As discussed in Chapter 1, the loaded cocatalysts on the surface of the light-
absorber play a role of electrodes where electrons or holes can be collected and used to
drive redox reactions!14:22, In this work, such locations where surface redox reactions
happen are also referred as reduction site (cathode) or oxidation site (anode) towards
which electrons or holes migrate (figure 1.5 b).

For decades!”-21:32 photocatalysts have been studied via an electrolytic cell
analogy for the ease of obtaining quantitative data3! and probing mechanism32. In this
analogy, cocatalyst and light absorber are regarded as electrodes of an electrolytic cell
counterpart where semiconductor a light-absorber and a cocatalyst (a metal or metal
oxide) serve as electrodes. In addition, the light-absorber itself can provide necessary
electromotive force upon irradiation. One classic example is: an n-type light-absorber
serves as an anode performing oxidation reaction, while a cocatalyst (a metal or metal
oxide) loaded on the light-absorber serves as a cathode performing reduction reaction?2.,
With this concept, macroscopic PEC cells were constructed by connecting two electrodes
(coated with a layer of semiconductor and a layer of cocatalyst respectively) together via
external circuits”21:33, A light source illuminates the light-absorber side, such that
energetic excitons can be generated when the incident photon energy is greater than the
bandgap energy of the light-absorber!. The energy difference between the valence band
maximum and conduction band minimum dictates the energy/voltage that can be applied

for driving photocatalytic reactions?2.

15



Half-cell reactions (i.e. hydrogen and oxygen evolutions) and/or overall water
splitting are generally studied in aqueous solution with or without sacrificial reagents®. In
consistency with electrolytic water splitting!®34, it is considered that a lower pH is
beneficial for hydrogen evolution (i.e. proton reduction), while an alkaline condition

facilitates oxygen evolution (i.e. hydroxyl oxidation).

2.2 Limitations of the electrolytic cell analogy

It is well-known that the (photo)electrolytic cell set-up offers indispensable
advantages’21:32 including: the convenience of quantifying reaction kinetics by
measuring the electrode current density, and the macroscopic demonstration of charge
transfer phenomenon by observing on which electrode the hydrogen/oxygen is evolved?®.
However, for analyzing heterogeneous photocatalytic water splitting of PPC systens;
critical limitations of this set-up may have also overshadowed important insights of water
splitting by particulate photocatalyst systems. Hereby such limitations are summarized in
the following sub-sections.

2.2.1 The Overlooked Heterojunction Formation

The first limitation is the overlooked interaction between cocatalyst and light-
absorber. Usually, when a photoelectrolytic cell is constructed, the cocatalyst and/or the
light-absorber are backed by a resin-supported metal alloy3® (e.g., Au/Cr36 alloy or In/Ag
alloy??) in order to form an ohmic contact before connecting to an external circuit.
Therefore, the interaction between the cocatalyst and the light-absorber is minimized, and

the contact is expected to be ohmic®>. Since the nature of an ohmic contact determines

16



that the electrons generated by and excited to the conduction band of an n-type
semiconductor will fall onto the cocatalyst without being hindered by an energy barrier
(e.g., Schottky barrier)3’; the surface of the light-absorber then becomes a hole trap,
whereas the surface of metal becomes an electron trap. This phenomenon has been
confirmed in numerous photoelectrolytic cell experiments since 1972, taking Fujishima
& Honda’s first demonstration of water splitting via Pt/TiO2 celP! as an example.

2.2.2 A Revisable Reaction Mechanism

The second limitation could be regarded as a biased view on water splitting
mechanism extended from the first limitation. Based on the conclusion, reached by the
photoelectrolytic cell systems, in which electrons always migrate from the light-absorber
to the cocatalyst; well-accepted pictures elucidating the mainstream photocatalytic
reaction mechanisms for cocatalyst/n-type semiconductor have been depicted by a similar

schematic diagram over the years.
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Figure 2.1 A generic example of charge transfer and
half reactions happening on photocatalyst surface

Under this model (figure 2.1), the loading of a cocatalyst creates electron-trapping
sites that are able to perform hydrogen evolution reaction (i.e., proton reduction). The
light-absorber becomes a site for oxygen evolution reaction (i.e., water oxidation), as
photo-excited holes presumably remain on the light-absorber surface. Seemingly, the
electrolytic cell analogy led to an electron transfer mechanism which advocates that
electrons always migrate to the cocatalyst, making the cocatalyst a proton reduction site;
while photo-generated holes remain on the light-absorber particle, filling the surface hole
traps and initiating the oxidation reaction2238,

Although it is convenient to identify counterparts from both systems, particulate
photocatalyst system (i.e. cocatalyst/light-absorber composite) is not simply a scale-down

version of the photoelectrolytic cell. Importantly, the formation of cocatalyst|light-
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absorber heterojunction3®4% will induce phase mixing between cocatalyst and light-
absorber, regardless of loading method (impregnation, photodeposition, or physical
mixing). Therefore, it is expected that the direct contact of the nanometer-sized cocatalyst
with light-absorber will cause probable electronic property modification at the interface,
compared with the distant connection between anode and cathode in an electrolytic cell.
In addition to the close contact between two materials, the particulate photocatalytic
systems may also possess unique properties that deviate from their macro-scaled
counterparts (i.e. photoelectrolytic cells), such as: intrinsic electronic structure, light
absorption, optical scattering, and etc.

In a brief summary: even though PPCs have been usually treated as the down-
sized PECs in literature'-22 for the convenience of electrochemical analysis??:32 , the subtle
while critical differences between the two systems exist and could lead to unusual Kinetic

phenomena overserved in this work.

2.3 A Solid Physics View: Energy Levels Re-alignment and Band-bending Theory
When two non-identical materials (e.g. conductors and semiconductors) come
into contact, interfacial electron transfer occurs due to the Fermi level difference between
the two materials*!. Without external bias or light irradiation, the contact quickly reaches
equilibrium and results in an aligned Fermi level for both materials. A space charge

region (depletion or accumulation layer) simultaneously forms at the interface, causing
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the nearby band edges to shift upwards or downwards. The resultant band profile appears

to be bent, which is referred as band bending in solid state physics37:41.

4 Electron Energy
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(a) (b) (c)

Figure 2.2 lllustration of the principle of band-bending at material
interface resulted from electron transfer: (a) before contact, (b) upon
contact (non-equilibrium), (c) at equilibrium after contact (graph adapted
from reference 37).

This phenomenon is schematically illustrated in figure 2.2 in which the contact
between an n-type semiconductor and metal is used as an example. If the Fermi level of a
semiconductor is lower than that of the metal (e.g., p-type semiconductor), the non-
equilibrium electron transfer will be reversed, causing the bands to bend down near the
interface37-41. If the contacting materials have identical Fermi levels, no electron transfer

will occur at interface, resulting no band-bending?’.
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The band-bending schemes lead to two types of contacts—Schottky barrier and

ohmic contact, schematically summarized in Figure 2.3:

" Electron Energy

"
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> VB 7

@ (b) (©)

Figure 2.3 lllustration of contact types as a result of band-bending: (a) Schottky
barrier; (b) and (c) are ohmic contacts (graph adapted from reference 37 and 41).
The red dotted arrows represent the assumed most probable electron transfer paths
when the system is illuminated.

For our focused cocatalystjGaNZnO junctions, we expect a bend-up band
structure at the junction interface (figure 2.3 a) for most of the cases. As an n-type
semiconductor#?, the Fermi level of GaNZnO is expected to located very close to the
conduction band edge, and therefore is supposed to be higher than those of the

cocatalysts (metals or metal oxides).
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Although this work largely focused on the solid junctions formed between
cocatalyst and GaNZnO; it is still worth to mention that the band-bending phenomena

can occur at solution|photocatalyst interfaces. Such cases are summarized in figure 2.4:
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Figure 2.4 Solution/adsorbate-induced band-bending schemes: an n-type
semiconductor in oxidative (left) versus reductive (right) environments.
(Graph adapted from reference 41)

Theoretically the adsorbed electron acceptors (e.g., oxidizers) favor the oxidation
half reaction on photocatalyst (i.e., light-absorber); while the electron donors (e.g.,

oxidizers) facilitate the reduction half reaction on photocatalyst at adsorbate|photocatalyst

interface.
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Chapter 3: Methodology and experimental approaches
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3.1 Summary of Experiments

This chapter provides information of the light-absorber (GaNZnO), the
cocatalysts, the synthesis of light-absorber and cocatalysts, characterization techniques,
and the development of photocatalytic and photo-labeling experiments.

3.2 Selection of Light-absorber and Cocatalysts

3.2.1 Light-absorber

We revisited the water splitting mechanism of particulate photocatalytic system
via the classic cocatalyst|/light-absorber configuration where gallium zinc oxynitride
(abbr. GaNZnQ) is selected as a model light-absorber.

Gallium zinc oxynitride (GaNZnO), regarded a solid solution of gallium nitride
(GaN) and zinc oxide (ZnO), was first developed by Doman et al in 20054, GaNZnO
was selected as a model light absorber owning to its featured physical and chemical
properties, such as: a relatively small band-gap for visible light absorption®,
thermodynamically suitable band-edge positions*® to perform overall water splitting
reaction, and thermal stability (up to 700 degree Celsius)*’.

The abovementioned properties also ensure that the thermal treatment of GaNZnO
at the calcination or hydrogen reduction stage for cocatalyst loading onto GaNZnO will
not affect the intrinsic reactivity of the light-absorber by significantly modifying the
crystal structure®’,

3.2.2 Metal and Metal Oxides as Cocatalysts

Metals and their respective oxides that had been previously studied in the
literature of water electrolysis*® were selected as cocatalysts loaded to GaNZnO,
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including: platinum (Pt), rhodium (Rh), chromium (Cr), nickel (Ni), ruthenium (Ru), as
well as their oxides. The electrolytic HER activities of the selected cocatalysts also
varies: Pt has the highest exchange current density, whereas Cr is a presentative of the
most inactive metals for HER*8,

Since this work focuses mainly on the mono-cocatalyst cases, one GaNZnO
sample is loaded with only one cocatalyst for the later Kinetic studies (except for Rh-Cr

mixed oxide as a reference).

3.3 Material Synthesis

3.3.1 Light absorber (GaNZnO) synthesis

The synthesis of GaNZnO follows a modified method that was initially developed
by Domen et al*®. In brief, Gallium oxide (Ga203, Sigma Aldrich, purity 99.99%) and
zinc oxide (ZnO, Sigma Aldrich, purity 99%) were pre-calcined at 550 and 600 degree
Celsius respectively for 1 hour in air. The calcined metal oxides were then physically
mixed together at 1:1 Zn:Ga molar ratio in a mortar. The oxide mixture (2 g) was then
nitridated at an ammonia (NHS3) flowrate of 273 cubic centimeters (ccm) in a tube furnace
at 850 degree Celsius for 15 hours. The post-nitridation power (GaNZnQ) appears to be
yellow, and is characterized by UV-Vis spectroscopy and XRD. The material synthesis
procedures for GaNZnO and the cocatalyst-loaded GaNzZnO are illustrated in Figure 3.1

on next page.
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Figure 3.1 Step-wise preparation of GaNZnO (above) and
cocatalyst-loaded GaNZnO (below) samples

3.3.2 Cocatalyst loading procedures

The loading of a cocatalyst was accomplished via a simple impregnation method
used in a previous work®%on photocatalytic watersplitting study. In order to minimize the
negative effect on activity caused by ions (such as K*, Na-, and CI), only metal nitrate
salts were used to prepare the precursor solutions (figure 3.1) by dissolving adequate
amount of metal nitrate salts into distilled water solvent.

Next, for every 100 mg of GaNZnO, 220 pL of the metal precursor solution was
added. The precursor solution contains adequate amount of metal nitrate salt, such that
the final metal loading was 1% wt. in most cases for metal-loaded GaNZnO sample
(M|GaNZnO). During the impregnation process, a glass rod was used to vigorously stir

the paste to ensure homogenous adsorption of metal precursor on GaNZnO particles. The
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impregnated GaNZnO was oven-dried at 110 degree Celsius for 8 hours under vacuum;
and was then ground by a pestle prior to the thermo-treatment processes.

To obtain the M|GaNZnO, the impregnated powder was reduced by hydrogen (H2,
flowrate at 100 ccm) at 300 degree Celsius for 2 hours. Whereas, for metal-oxide loaded
samples (MOx|GaNZnO), the impregnated samples were calcined in air at different

annealing conditions summarized in table 3.1.

Table 3.1 Summary of metal oxide preparation conditions

Desired MO Annealing T Time Reference
(Formula) (°C) (hours) #
CrOx 450 6 This work
NiOx 400 3 50
RhCrOx 350 1 30
RhOx 350 1 30
RuOx 400 6 50

The impregnation procedures and the calcination conditions together ensure the
formation of mixed metal oxides (MOx) on GaNZnO, and avoid resulting in the core-

shell structure (e.g. rhodium as core and chromium oxide encircle the rhodium as shell) in

this work.

3.3.3 Photo-labeling experiments

The purpose of photo-labeling experiments®! is to track the migration phenomena
of photo-excited charge carriers on the photocatalyst surface by photodepositing Pt from
Pt precursor—chloroplatinic acid (H2PtCls, Sigma Aldrich, purity 99.9%). This process

is also referred as photodeposition (PD) in this work. Such experiments were conducted
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in a way that is very similar to the water splitting kinetics experiments. The protocol is
described in the following paragraph.

For the photo-labeling experiment (2.5% Pt target loading as example), 5 pL of
H2PtCls solution (8% wt.) was pipetted to 8 mg of photocatalyst (1% RhOx|GaNZnO or
GaNZnO) suspended in 60 mL distilled water. The mixture was vortexed for 1 minute
and stirred for 30 minutes so as to ensure the adsorption of H2PtCls on the photocatalyst
surface. The suspension was degassed in an air-tight photo-reactor back-filled with Argon
(Ar, Air Gas, purity 99.999%), and was then illuminated by a metal halide lamp
(MH100A, Dolan-Jenner, bulb power 150 W) for 24 hours to ensure that the Pt precursor
is successfully reduced on the surface of the photocatalyst. The post-deposition
suspension was washed and centrifuged for 4 times before loading to the TEM grid for
STEM and EDS characterization detailed in section 3.4. The target loading, which is also
the maximum theoretical loading of Pt, can be varied by adjusting the volume of Pt
precursor solution. Several target Pt loadings (0.5%, 2.5% and 5%) were examined in

order to optimize the PD results shown on the STEM and EDS images.
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Figure 3.2 Schematic depiction of the photo-labeling experiment:
(@) RhOx/GaNZnQO before photodeposition with the presence of
the precursor; (b) and (c) RhOx/GaNZnO after photodeposition

As depicted in Figure 3.2, the principle of these experiments states that the Pt**
species is reduced by conduction band electrons generated by the light-absorber. Thus,
the location of the Pt after the photodeposition (PD) process can provide direct evidence
of the electron transfer direction: either from the light-absorber to the cocatalyst (resulted
in Pt-RhOx|GaNZnO structure), or stay on the surface of the light-absorber®® (resulted in

RhOx|GaNZnO-Pt structure).
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3.4 Characterization Techniques

Various characterization techniques were applied to yield photo and physical
properties of the samples, or to confirm the proposed charge transfer direction from the
photo-labeling experiments.

3.4.1 Nitrogen physical adsorption

The GaNZnO sample underwent 4 hours of degassing at 300 degree C prior to the
surface area measurement. The nitrogen physio-sorption onto the light-absorber
(GaNZnO) was performed with Micromeritics ASAP 2020 under proper vacuum at
77 °K. By dosing nitrogen onto the sample step by step, the changes in relative pressure
(P/Po) was recorded, and fit to BET isotherm. The total surface area of GaNZnO was then
calculated from the isotherm.

3.4.2 UV-Vis Diffuse Reflectance Spectroscopy (UV-VIS DRS)

The UV-VIS DRS was applied to analyze the photo-optical properties of the light-
absorber. The sample was scanned for a spectra ranging from 300 nm to 700 nm with a
Thermo Scientific 300 spectrophotometer equipped with a Harrick Praying Mantis™™
chamber. The collected absorption and reflectance spectra can be processed by Kubelka-
Munk (K-M) theory, which yields the band-gap energy (Eg) of the light-absorber®2.

3.4.3 X-ray Diffraction (XRD)

The crystallinity of GaNZnO was checked by XRD technique (Cu X-ray source,
wavelength = 0.14 nm). For the GaNZnO sample in the present work, 45 kV high tension

and 30 mA current emission were the parameters set for X-ray scan from 10 to 70° angle
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(20) at 0.0275 second per step. The peak intensities over 20 angle compose the XRD
spectra of the sample.

3.4.4 Transmission Electron Microscopy (TEM)

In order to obtain a visualization of the morphology and size of the photocatalyst
particles, TEM technique was employed for GaNZnO as well as the loaded GaNZnO
samples. All bright-field TEM images presented in this work were taken at Central
Facility for Advanced Microscopy and Microanalysis (CFAMM) with FEI Tecnai 12
TEM (120 kV acceleration voltage).

3.4.5 Scanning Transmission Electron Microscopy (STEM)

The morphology and dark-field images of the samples from the photo-labeling
experiments were obtained by STEM equipped with a High Angle Annular Dark Field
(HAADF) detector. The surface element composition and mapping were analyzed with
Energy-dispersive X-ray Spectroscopy (EDS) which was enabled by the X-ray
Spectrometer system attached to the STEM. In this work, the 0.5% and 2.5% Pt PD
samples were characterized via FEI Titan Themis 300 at CFAMM; while the 5% target

loading samples were imaged via JEOL 2100F at CEMMA, USC.
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3.5 Photocatalytic Reactivity Experiments

Photocatalytic reactivity experiments are designed for the investigation of water
splitting kinetics of PPC systems. The main observables, including the headspace gas
species concentrations, illumination times, headspace pressures, and temperatures, can
provide useful Kinetic performance of each sample. Three categories of such experiments
were executed, namely: owverall water splitting (OWS), hydrogen evolution (HER), and
oxygen evolution (HER) reactions. More details of the experimental set-ups are
documented in the following sections.

3.5.1 Design of photocatalytic reactor and light-source specifications

All photocatalytic reactions and photodeposition (PD) experiments were
performed inside a semi-batch reactor (figure 3.3 a) specifically designed for this project.
The reactor material is borosilicate glass which can transmit light with wavelength
greater than 284 nm, which was checked by UV-Vis transmission measurement. The
reactor is equipped with a pressure gauge for real-time headspace pressure monitoring,
and a sampling port from which gas samples could be taken and transferred by a gas tight

syringe. The capacity of the reactor is 121 mL.
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During the photocatalytic experiments (OWS, HER, and OER), this reactor was
side-illuminated by a metal halide lamp (MHL100A, Dolan-Jenner, bulb power 150 W). A
custom-built light guide (1 inch in length) is used to channel the light from the lamp
outlet to the reactor wall. The intensity of illumination at the reactor wall was measured
to be 700 mW or 640 mW/cm?. Since the lamp is not equipped with any optic filter, a full

output spectrum (figure 3.3 b) was utilized for all photocatalytic reaction.

CCD Counts (a.u.)

MHI100A Semi-batch 300 ml.m: 5c'>o aoo ?c;c:r 800
reactor Waustangth fn)

(@) (b)

Figure 3.3 (a) Reactor and light-source setup for photocatalytic
water splitting experiments, and (b) output spectrum of MH100A

3.5.2 Reactor background, gas sampling and analysis

Prior to the execution of every water splitting experiment (OWS, HER, or OER),
the reactor (with photocatalyst suspension inside) is degassed under -29inch Hg vacuum
for 10 minutes and through a 7-cycle vacuum and Ar (or He) back-fill process to
minimize the presence of air species. Yet a mild increase of the background oxygen and

nitrogen concentrations in the reactor headspace over time was always observed. Since
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the background N2:O2ratio remains constant over time, we decided to obtain the net
oxygen concentration (oxygen evolved from water splitting) in the head space by
subtracting the simulated oxygen concentration (based on the constant N2:02 ratio) from

the total oxygen concentration in the headspace by applying equation 3.1:

background N,

net 0, (ppm) = total 0, — Eqg. 3.1

background N,:0,
A sample plot is provided in figure 3.4 (on next page), demonstrating the effect of
Eq. 1.9 for calculating photocatalytic oxygen evolution for OWS experiments. The
dashed lines represent the background gas evolutions. The background oxygen (green
dashed line) net oxygen evolution is subtracted from the total oxygen (blue solid line) in
order to correct the real oxygen evolution (purple line) from photocatalytic WS. After
converting the concentration unit to pmol/g-min by applying the ideal-gas law, the slope

of the gas evolution is generally regarded as the steady-state WS gas generation rate.
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Figure 3.4 A typical gas accumulation plot in reactor headspace
showing how the net oxygen evolution (purple line) is calculated.

The hydrogen evolution rate is calculated from a similar approach without the
background subtraction step, since there is no background hydrogen species.

Gas concentration in the reactor headspace is monitored through an off-line GC
(MG 8610 C, manufactured by SRIGC) with HID and TCD detectors (carrier gas: He) or
with one TCD detector (carrier gas: Ar), and two MX-13 columns in series. An air-tight
syringe (VICI Pressure-Lok® Precision Analytical Syringe) was used to transfer the gas

sample from the reactor to the GC injection port.
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3.5.3 Overall water splitting experiments (OWS)

The OWS process refers to the direct cleavage of water molecules by
photocatalyst systems without any sacrificial reagent, in which water is both oxidized and
reduced into oxygen and hydrogen!. The OWS proceeds through Eq. 1.5to Eq. 1.7.

Prior to photocatalytic reactions, the catalyst suspension (10 mg powder in 60 mL
distilled water) was sonicated for 10 minutes to ensure a homogeneous condition. The
reactor (with the suspension inside) was then degassed through dose-vacuum cycles (He
or Ar as dosing gas) detailed in section 3.5.2. After degassing, the headspace pressure of
the photo-reactor was re-adjusted to 11 psi with inert gas (He or Ar). The suspension was
stirred by two Teflon-coated stir bars at 1200 rpm during the equilibration period (20
minutes) as well as the illumination period. For all water splitting experiments, no
mechanocatalytic effect>® was observed prior to illumination (i.e., during the equilibration
period under dark condition). Therefore, gas evolutions from the suspension are resulted

from the photocatalytic water splitting phenomenon.

3.5.4 Half-reaction experiments (HER and OER)

The water splitting half-reactions refer to the hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER). The former case uses a sacrificial reagent (SR)
which scavenges the photogenerated holes from the photocatalyst, so that the
photogenerated electrons are remained for the reduction of water, i.e. hydrogen evolution;
the latter case uses an electron scavenger to facilitate the oxidation of water by
photogenerated holes!. The sacrificial reagents are also referred as hole and electron
scavengers in this work.
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For this study, compounds used as SRs for half reaction experiments (HER and
OER) are sodium sulfite (Na2SOs, Sigma-Aldrich, 98% minimum purity) and silver
nitrate (AgNOs, Lab Science, 99% minimum purity) respectively. The energetics of
species (shown as redox couples) involved in OWS, HER, and OER are schematically

illustrated in figure 3.5:

Potential Redox couples
(V vs. NHE at pH=7)
2 -
15 F 50%7/503”
-133V
1 F CBM .07 /503~
-0-5 i ""'""'"""""""Ef H+ H COZ/MEOH -0 66V
0 041V 039V '
I Ag'/Ag
0.5 | GaNzno 0,/H,0 039V
1t 0.82V
15 |
, v VBM
Figure 3.5 Band-edge positions of GaNZnO (left), redox
potentials (right) of water (black bars), and redox couples that
can be used as SRs. (Green bars: hole scavenger redox
potentials; blue bar: electron scavenger redox potential)

The band-edge positions®* of GaNZnO are represented by conduction band
minimum (CBM) and valence band maximum (VBM), assuming the Fermi level of
GaNZnO is approximately 0.1 eV below CBM and does not vary significantly with pH as

other metal oxides behave in aqueous solution®’. The numerical values of redox
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potentials#?-5°5¢ for SRs are re-calculated from the known literature by applying Nernst
relation®” which corrects for the pH effect.

Valuable thermodynamic information can be interpreted from Figure 3.5, as all
energy levels are referenced to the normal hydrogen electrode (NHE). On an energy
(potential) scale, the more negative potential at which a substance is located, the more
thermodynamically feasible for that substance to be oxidized by photogenerated holes,

vice versa®’.

3.5.4.1 HER experiments

In the reduction half reaction water splitting experiments, the HER is promoted
while OER from water needs to be suppressed!. This fact requires SR species to be more
oxidizable than water. From figure 3.5, it is noticeable that the oxidation potentials of
methanol (MeOH) and sulfite (SO3~) are both more negative than that of water, therefore
both compounds are thermodynamically suitable to be hole scavengers.

In addition, an effective HER SR should be able to not only actively accept holes
from the photocatalyst system, but is also preferably inorganic, as organic SRs can
potentially release hydrogen from themselves through C-H bond breaking®®. For instance,

aqueous MeOH could be oxidized by photogenerated holes®® through:

hv, ht
MeOH ——— HCHO+ H, Eq. 3.2
The formaldehyde (HCHO) can be further decomposed to carbon dioxide and
hydrogen®®, which transform the HER half reaction to methanol decomposition rather

than water splitting. Therefore, in order to ensure that the water splitting reaction is
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studied, it

is crucial to use an inorganic SR that will not contribute to photocatalytic

hydrogen evolution.

We studied the effectiveness of the six SRs that were previously reported in

literature*2-56.58-62to promote hydrogen evolution, namely MeOH, sodium iodide (Nal),

sodium sulffite (Na2SO3), sodium metabisulfite (Na2S20s), sodium hypophosphite

(Naz2H2PO2), and sodium bisulfite (NaHSO3). The concentration of all inorganic SRs are

0.1 M. The methanol solution has a concentration of 10 % by volume. The results are

summarized in figure 3.6.
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Figure 3.6 Photocatalytic hydrogen ewvolution rates (HER) of
1%Rh1.5%CrOx|GaNZnO sample in various sacrificial regent
solutions. The HER of OWS by the same sample (marked as none) is
served as a reference.
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Among the inorganic SR candidates, only the presence of sodium sulfite and
sodium bisulfite improved the rate of HER compared with the rate in OWS. Sulfite SR
demonstrates significant HER Kinetics (i.e., a 100% rate increase compared with OWS)
for the half reaction. Thus, we selected sodium sulfite as SR for all HER experiments.

Nearly all HER experiments of this work, unless specifically mentioned, were
conducted in 0.1 M Na2SOs3 dissolved in distilled water. The Na2SO3 solution is always
freshly prepared right before every experiment, such that the oxidation of sulfite by air is
minimized. The as-prepared Na>SOs solution has a pH of 9.5 measured by a pH meter.
The protocol of HER experiments follows the same procedure developed for OWS
experiments, which could be referred from the previous sections.

For buffered HER experiments, the Na2SOs is dissolved in a phosphate buffer
solution (0.1 M total phosphate concentration) which is prepared by adding adequate
amounts of sodium dihydrogen phosphate monohydrate (NaH2PQO4 - H20, Spectrum, 98%
minimum purity) and disodium phosphate (NazHPO4, Spectrum, 99% minimum purity)
into distilled water. The Na2SO3s containing buffer solution (0.1 M Na2SOzand 0.1 M
phosphate) has a measured pH of 7.3 prior to photocatalytic reaction.

3.5.4.2 OER experiments

In the oxidation half reaction experiments, oxygen evolution reaction (OER) is
accelerated, while hydrogen evolution reaction (HER) from water is suppressed by using
an electron scavenger!. As suggested by figure 3.5, silver nitrate (AgNO3) is
thermodynamically far more feasible to be reduced than water (0.39 V vs -0.41 V)*2.55.56

and therefore selected as electron scavenger for OER experiments in this work.
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The protocol of OER experiments follows the same procedure developed for
OWS and HER experiments, which could be referred from the previous sections.
Solution of AgNOshas an initial concentration of 0.1 M. The duration of OER
experiments is up to 50 minutes, which is shorter than that of OWS (2 to 4 hours) and
HER (2 hours). The shorter illumination time is to avoid the excess Ag deposition on the
photocatalyst, reducing the photocatalytic activity of the PPC systems®C,

All water splitting kinetic rates are averaged from triplet measurements, and are

presented in Chapter 4. All gas evolution rates are reported with the unit of pmols of gas

evolved per minute of illumination per gram of photocatalyst (umol/min-g).
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Chapter 4. Results and Discussion
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The results from characterizations and water splitting reactions are documented in
section 4.1 and 4.2 of this chapter. The latter is also discussed with existing theories, our
hypotheses, approach (section 4.3) and proposed mechanism revision (section 4.4) to

properly explain the observed Kinetic results.

4.1 Characterization Results of GaNZnO

The synthesized GaNZnO power is first scanned via XRD technique in order to

obtain the XRD spectrum (figure 4.1) of GaNZnO.

Zn0 GaN
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Figue 4.1 XRD spectra of GaNzZnO
samples nitridated for 5, 10 and 15 hours.

Intensity/ a.u.

The characteristic peak in between the ZnO and GaN peak degrees confirms the
crystallinity of the sample, and the formation of crystalline GaNZnO. Both the 10-hour

and 15-hour nitridated samples exhibit similar XRD patterns and good crystallinity.
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The photo-optical properties of GaNZnO are provided by applying UV-Vis
spectroscopy. In consistency with the XRD results, the 10-hour and 15-hour nitridated
samples possess very similar photon absorption abilities (figure 4.1 a). The collected
reflectance data are used to generate Kubelka-Munk plot>? against photon energy on the

horizontal axis (figure 4.1 b), from which the band gap energy (Eg) of GaNZnO can be

deduced.
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Figure 4.2 (a) UV-Vis spectra of GaNZnO samples nitridated for 5, 10 and
15 hours; (b) K-M plot of GaNZnO sample (15-hour nitridation)

The band gap energy of the 15-hour nitridated sample is approximately 2.45 eV.
This sample is also used in all Kinetic experiments. According to BET surface area

measurement, the synthesized GaNZnO has a total surface area of 6.3 m2/g.
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The TEM images of the sample are displayed in Figure 4.3 below, from which

one can expect the average particle size of GaNZnO ranging from 20 nm to 100 nm.

@ )

Figure 4.3 The selected regions of TEM images for a
GaNZnO sample. The scale barin (a) is 50 nm, and 10
nm in (b).

4.2 Water Splitting Kinetics and Discussions

The unusual Kinetic phenomena observed from the overall watersplitting (OWS)
and half-reaction (HER and OER) experiments contradict the outcomes that had been
predicted by the electrolytic cell analogy as previously mentioned in Chapter 2. The
processed Kinetic data and photo-labelling experiment (PLE) results are presented and
discussed in the following sections of Chapter 4.

4.2.1 The Surprising Results: Inactive Metallic Cocatalysts

As GaNZnO demonstrates no OWS activity without loading cocatalysts*449; and
water splitting kinetics of GaNZnO PPC systems was believed to be determined only by

the reduction half reaction (i.e., HER) due to its n-type semiconductive nature®3. We first
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loaded GaNZnO with metallic cocatalysts which serve as cathodes, since if the
macroscopic electrolytic cell analogy is totally correct, one can expect that photo-
generated electrons will travel to the metal cocatalyst where proton reduction reaction
occurs, and water splitting reaction on GaNZnO will no longer be limited by the
reduction half reaction. The classical scheme may also assume the energy loss of the
migrating electrons is minimized, since the Fermi levels of metals (referred as work
functions)*® are typically located much lower than that of n-type semiconductors (e.g.
GaNZnO, TiOz2, ZnO, and etc.) on an energy scale and thus a thermodynamically
favorable charge transfer process. Since GaNZnO has appropriate VB and CB positions
for water reduction and oxidation, once the charges (i.e. photo-generated electrons and
holes) are successfully separated by cocatalysts, water splitting proceeds through
mechanisms demonstrated in figure 2.1 that is: photogenerated electrons will migrate to
the cocatalyst where water reduction (i.e., HER) happens, while photogenerated holes
remain on the surface of GaNZnO, oxidize water and release oxygen (i.e., OER)®3,

Yet, according to our conducted OWS experiments (unpublished data), all
metallic cocatalysts loaded on GaNZnO failed to initiate detectable OWS activity under
illumination. Furthermore, platinum (Pt), which is believed to be the most efficient
hydrogen evolution catalyst in electrochemical water splitting*®, was unable to activate
water cleavage. The inactivity of various metal cocatalysts when coupled with GaNZnO
is a consistent observation with the previous results discussed by Domen etal in a

previous study30.
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Such unusual phenomenon could not be explained properly with the existing
electrolytic cell theory, we started to consider the following hypotheses for the
cocatalyst-loaded n-type light absorber (cocatalystGaNZnO) systems: (1). Overall water
splitting needs to be initiated by the oxidation half reaction rather than the proton
reduction half reaction. (2). Even the light-absorber has n-type semiconductive
photoelectrical properties, the reduction half reaction may not be the only rate-limiting
step for water splitting. (3). If water splitting could be limited by the oxidation half
reaction, then the reaction Kinetics (represented by HER) are expected to be improved by
introducing a more oxidizable reagent (i.e., SR) other than water. (4). Cocatalyst-
semiconductor junction (e.g., cocatalystjGaNZnQO) formation at the interface of the
cocatalyst and the light-absorber can potentially impact charge transfer direction and
reaction Kinetics.

In order to testify the validity of the above-mentioned hypotheses, we not only
studied the Kinetics of cocatalystGaNZnO PPC systems in OWS, HER, and OER
conditions (section 4.2); but also explored the charge transfer phenomena impacted by

the junction formation (section 4.3) via the photo-labelling experiments.
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4.2.2 The Initiation of OWS Activity by Water Oxidation

We demonstrated that GaNZnO PPC systems remained inactive for photocatalytic
water cleavage until certain metallic cocatalysts were oxidized thermally as detailed in
the experimental section. Figure 4.4 presents the OWS activity achieved by the selected

metal oxide cocatalysts below.
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RhCrO RhOx NiO RuOx
Cocatalysts on GaNZnO

Figure 4.4 The achieved water splitting by metal-oxides loaded
GaNZnO. All metal loadings are 1% by weight.

Our experiments demonstrated that NiO, RhOx, RuOx, and RhCrOx have hitherto
shown detectable gas evolution activity in pure water. Except for the inert Cr2O3, metal
oxides have been generally implemented as active oxygen evolution cocatalysts in both
electrolytic64 and photoelectrolytic water splitting processes?2. From our photocatalytic
experiments, it is evident that the water splitting process by cocatalyst|{GaNZnO

particulate systems is initiated by oxygen evolution reaction in which both O-H bonds
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need to be broken before the formation of molecular hydrogen. Notably, such oxygen-
evolving-first phenomenon is consistent with the water splitting reaction performed in PS
Il of plants, in which water is split into oxygen and protons!®. Thus, the OWS reactions
indicates the water splitting process is initiated by the oxidation half reaction (i.e., water
oxidation).

4.2.3 The Greatly Improved Hydrogen Evolution Reactions (HER) by Lowering
the Oxidation Half-reaction Barrier

To explore the hypothesis that the proceeding of water splitting reaction could be
facilitated or initiated by the forerunning oxidation half reaction, we decided to design
and execute multiple sets of HER experiments with the working metal-oxide
cocatalyst{GaNZnO systems by introducing a SR species that is more thermodynamically
oxidizable by water.

Sodium sulfite was chosen as sacrificial reagent (SR) for the HER experiments in
this study. As mentioned in previous chapter 3, sodium sulfite not only has a more
negative redox potential (figure 3.5), but also contains no C-H bonds which may attribute
to the non-water splitting hydrogen evolution. Methanol and other organic SRs, on the

other hand, could potentially become a hydrogen donor upon C-H bond cleavage.
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During HER experiments, the water oxidation does not happen. Instead, oxidation

half reaction proceeds through the following photo-anodic half reactions6?:

2ht
SO%" + 20H™ — SOf‘ + H,0 Eq. 4.1
2h*
250%‘ — SZOg_ Eq. 4.2

Sulfite oxidation results in the production of sulfate (43%) and dithionate (57%).
Both products are assumed to be inert without participate in the reverse reactions. The
reduction half reaction proceeds through Eg. 1.9, which yields hydrogen.

The HER Kinetics of the working cocatalysts in different solution conditions (0.1

M sulfite, 0.1 M sulfite with 0.1 M phosphate buffer, and distilled water) are compile in

Figure 4.5.
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E HERiIn 0.1 M
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= ] 4.32
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< 400 0.1 M sulfite SR
‘s 3.20 .
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s —I unbuffered OWS
2.00
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1.00 061
036 0.34 042 021 13
RhCrO RhOXx NiO RuOx
Cocatalysts on GaNZnO
Figure 4.5 HER rates of cocatalysts loaded GaNZnO in different
solution conditions (Blue: 0.1 M sulfite; Orange: 0.1 M sulfite and
0.1 M phosphate buffer; Green: water only). All metal loading is
1%.
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The HER results clearly demonstrates the kinetics sensitivity of the cocatalysts in
HER environment. The HER rate ranking: RhCrOx > RhOx > NiOx > RuOx, is consistent
with hydrogen evolving rate in OWS environment. It was also noticed that the HER
improvements differentiate among the working cocatalysts. In 0.1 M sodium sulfite
aqueous solution, RhCrOx binary oxide still outperforms any other mono cocatalysts.
Nevertheless RhCrOx|GaNZnO system gained the least Kinetic improvement; whereas the
mono metal-oxide cocatalyst groups demonstrated rather significant reaction rate
increases of over 200 percent, and at least 13-fold HER rate increase (RuOx as an
example) compared with the bare GaNZnO (0.04 pmol/min-g without any cocatalyst)
when sulfite is present. In buffered condition, the HER rates suffered from the lowered

effective sulfite concentration.
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Figure 4.6 The influence of initial solution pH on
HER rates of 1%Rh1.5%CrOx loaded GaNZnO

One set of pH dependent experiments was also conducted in order to study the pH

dependence of HER. Inall runs, the initial sulfite concentration was kept same at 0.1 M.
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Kinetic data plotted in figure 4.6 reveals a moderate pH dependence of HER Kinetics. It
should be pinpointed: as pH decreased from 9.5 (no buffer) to 7.25 (with 0.1 M buffer),
the actual sulfite concentration is approximately 25% lower than the nominal solution
concentration®®. Thus, the HER is more impacted by the effective concentration of sulfite
rather than pH variation.

Judging from the variable HER rates of cocatalystfGaNZnO PPCs, it is obvious
that the hydrogen evolution Kinetics are sensitive to the cocatalyst species in water as
well as in SR solutions. By lowering the oxidation barrier of the reaction with sulfite

oxidation, we demonstrate that the rate of water splitting can be improved greatly.

4.2.4 The Cocatalyst-insensitive Oxygen Evolution Reactions (OER)
The silver cations (Ag*) in the solution can be readily be reduced via photo-

cathodic reaction (Eq. 4.3), yielding oxygen (i.e., oxygen evolution) and metallic silver®®.
pom
4Ag* + 40H™ — 0, + H,0 + 4Ag° Eq. 4.3

Since the reduction potential of Ag*is 0.8 VV more positive than that of water
(refer to figure 3.5), no water molecules or protons will be reduced. Therefore, no

hydrogen will be produced during OER.
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While HER is cocatalyst-sensitive for the working cocatalysts; experimental
results in Figure 4.7 presented an overall insensitive phenomenon on OER kinetics with

respect to cocatalysts in 0.1 M silver nitrate (AgNO3) solution.
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Cocatalysts on GaNZnO
Figure 4.7 OER rates of cocatalysts loaded GaNZnO and bare
GaNZnO (as reference) in 0.1 M nitrate solution. All metal
loading is 1% for cocatalyst cases.

Except for RhOx which improved OER rate by 29.9%, other cocatalysts saw no
improvement or negative impact on OER. Compared with the HER data, OER half
reaction is relatively insensitive towards cocatalyst species. By introducing a more
reducible sacrificial species, water splitting (indicated by OER) kinetics do not see
significant improvement via cocatalyst loading.

The relatively insensitive OER with respect to cocatalyst species may suggest that
the cocatalyst loading will not accelerate the silver reduction process (Eq. 4.3) as

GaNZnO surface possibly provides sufficient electron trap sites for Ag* reduction.
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4.2.5 The Possible Change in Charge Transfer Phenomena Induced by
Cocatalyst-Semiconductor Junction Formation

Demonstrated by the improved WS rates in both OWS and HER cases, the direct
contact between metal oxides and light-absorber can create more effective
heterojunctions for charge separation and photocatalytic reactions. As previously
mentioned in Chapter 2, such micro-junctions could be p-n, n-n, Schottky, or Ohmic,
depending on intrinsic material properties as well as the actual interface structure after
synthesis. Since GaNZnO is an n-type semiconductor with a relatively high CB
(compared with TiO2, ZnO, BiVO4, TaON, and many other n-type semiconductors)®:>4, it
is reasonable to assume a high Fermi level (typically 0.1-0.2eV below CB edge®®) for an
n-type semiconductor; whereas the Fermi levels of the working cocatalysts (metal or
metal oxides) are believed to be lower than that of GaNZnO. According to theories of
solid-state physics and relevant research works summarized by Yates et al, the upward
band-bending (near the interface) at GaNZnO side is expected*l. Thus, in certain cases, it
is photo-generated holes that migrate to the cocatalyst side and perform oxidation

reaction rather than proton reduction.
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4.3 Revelation of Charge Transfer Direction via Photo-labelling Experiments

In order to further reveal the proposed charge transfer direction, photo-labelling
experiments®? were developed based on a fundamental fact of electrochemistry: reduction
of a species is achieved at locations where electrons are trapped. The working principle
of this type of experiments has been illustrated in Chapter 3 (section 3.3.3). The
RhOx|GaNZnO or RhCrOx|GaNZnO system was selected to represent the MOx|GaNZnO
PPC systems.

For this work, a complete photo-labelling experiment requires two steps: first, the
successful photodeposition of Pt onto the PPC system (ideally either on light-absorber or
on the cocatalyst); second, characterization via STEM and surface element mapping via
EDS (refer Chapter 3). The first step has been detailed in chapter 3 already. The second
step is critical for the charge transfer direction determination, as it provides direct
visualization of the spatial distribution of the reduced Pt species on the PPC surface.

It may be worth-mention that additional imaging difficulties could be brought by
too low or too high target deposition of Pt. For example, when the target loading of Pt is
0.5%, there will be little reduced Pt on surface to be distinguished from the EDS
background noise; when the target loading is 5%, excess amount of the reduced Pt
species appears to be homogeneously distributed on the PPC surface, disabling the spatial
visualization of surface species, such as Ga, Zn, Rh, Cr, and etc.

The STEM/EDS images in Figure 4.8 are resulted from an intermediate Pt target

loading (2.5%) onto a RhOx|GaNZnO PPC system.
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The STEM and EDS characterization results of the sample prior to and after the

photo-labelling experiment are compiled in Figure 4.8 below.

Figure 4.8 Aregion of negatively correlated Pt (red) and RhOx (blue)
signals, indicating photodeposition of Pt on GaNZnO surface (green,
Ga as reference). (a) is HAADF image; (b), (c), (e), and (f) are surface
EDS mapping of the respective elements; (d) is the superposition of
element distribution on GaNZzZnO surface. (g)-(i) are surface
composition analysis for the respective Ga, Rh, and Pt species of the
region.

From the photo-labelling experiment results, a negative correlation has been

established for the surface concentration between Ptand Rh species, which suggests that
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reduction of Pt**to Pt mostly happened on GaNZnO surface as active electrons generated
by GaNZnO are present, while photo-generated holes travel to the cocatalyst (RhOx). The
observed spatial distribution of metal elements after the photodeposition tracing
experiment confirmed our hypothesis: the cocatalyst serves as the hole trap, and the n-
type light-absorber serves as the electron trap during photocatalytic reaction process.

We believe this opposite-to-convention charge transfer direction also explains
why oxidation half-reaction becomes more rate-limiting for OWS and HER reactions in
this study. Since it has been demonstrated in both fields of photocatalytic and electrolytic
water splitting where the use of metal oxides could greatly reduce the overpotential of
OER®L, it is reasonable to understand that photo-generated holes become more effective
when travel and initiate oxidation reaction on the metal oxides than being trapped on the
surface of the light-absorber.

Such hole transfer direction from light-absorber to cocatalyst was also observed
by an earlier work®! by Townsend et al. The system being studied was SrTiOs loaded

with NiO and Ni. Noticeably SrTiOs is also an n-type semiconductor!:5,
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4.4 The Revised Water Splitting Mechanism for Cocatalyst-loaded GaNZnO
Evidenced and proven by Kinetics studies and photo-labelling experiments, we
demonstrated that water splitting activity of cocatalyst{GaNZnO PPC systems can be
kinetically improved by increasing the oxidation power of the system, as water oxidation
is the initiation step of water splitting for such PPC systems. This phenomenon is
confirmed by demonstrating the newly proposed movement of holes and electrons on

PPC surface (Figure 4.9).

Figure 4.9 An schematic illustration of the revised
redox reaction mechanism for cocatalyst|light-absorber
PPCs, showing that electrons remain on GaNZnO
surface, while holes can migrate to cocatalyst.

This revised mechanism thus states that holes migrate to the cocatalyst where the
overpotential of oxidation half reaction could be reduced if the cocatalyst is certain types
of metal oxides. The lowered overpotential for oxidation half reaction may have

contributed to the RLS shift that we observe in this work.
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Chapter 5. Conclusions and Future Work
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5.1 Summary of Findings

Our OWS and HER study on GaNZnO further confirmed that pure water splitting
and hydrogen generation from water are strongly affected by oxidation reaction involved
with photo-excited holes, even though water splitting on n-type semiconductor systems is
traditionally regarded to be HER limited. Photocatalytic water splitting can be limited by
both reduction and/or oxidation half reactions.

By lowering the barrier of oxidation half reaction, water splitting activity can be
greatly promoted with cocatalyst|n-type light-absorber PPCs. Two approaches could be
useful for lowering the oxidation reaction barrier: (1) the application of more oxidizable
SRs, and (2) divert photogenerated holes to desirable metal oxide cocatalysts where the
overpotential of oxidation reaction can be lower than on other surfaces®?.

The band-bending phenomena have been observed for cocatalystGaNZnO system
via the photo-labeling experiment and the accompanied STEM and EDS characterization
techniques. The band-bending effect is explained by energy level re-alignment theory
upon the contact of two non-identical photocatalytic materials, and can have significant

impact on RLS and initiation of water splitting reaction of PPC systems.
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5.2 Conclusions

The re-investigation of water splitting process by n-type light absorber confirmed
that OWS needs to be initialized by oxidation half reaction. The shift in water splitting
mechanism is believed to be caused by the direct interaction or contact between light-
absorber and cocatalysts, which may not have been well elucidated through the
macroscale electrolytic cell systems. We also expect such phenomenon to be generalized
for other particulate photocatalytic systems with the classic cocatalyst|light-absorber
configuration.

We also conclude that the junction formation between the light-absorber and
cocatalyst can greatly influence water splitting Kinetics by reversing the charge transfer
direction, as revealed by the photo-labelling experiment. The reversed charge transfer
direction is attributed to a band bending-up scheme caused by the interfacial junction
formation.

The successful tracking of charge movements on PPCs can provide more insights
to the more effective design of cocatalyst|light-absorber system for watersplitting focuses.
For instance, the charge transfer direction can be manipulated by changing the interfacial

electronic structures of light-absorber and cocatalyst.
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5.3 Potential Future Work

The exploration of the nano-scale PPC water splitting system is still highly
challenging for surface studies, such as site specific characterization. Microscopic
experiments can be further explored to discover more detailed reaction and charge
transfer phenomena on nano-sized photocatalyst surfaces. Those advanced microscopic
methods are also expected to provide more quantifiable details to parameterize the PPC
systems.

Nevertheless, water splitting via solar energy will sure become more feasible
thanks to the advancement of technology, infrastructure, and societal values and
demands. Thus, the prospective prevalence of photocatalytic water splitting as a
sustainable hydrogen generation source will depend not only on engineering designs, but
also on environmental protection awareness education and other paradigm shifts that will

catalyze the switch from fossil fuel to hydrogen.
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