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Abstract

Abstract

The production of renewable green energy stocks by harnessing unlimited solar energy
via artificial photosynthesis (APS) technology has been recognized as one of the best and
most adaptable solutions for addressing the global energy crisis and environmental
problems. Among many photocatalyst candidates, monoclinic bismuth vanadate (BiVOs)
semiconductor has attracted growing interest as one of the most promising and advanced
materials for various APS applications. Nonetheless, the traditional monoclinic BiVO4
photocatalyst still manifests some downsides, such as poor charge carrier dynamics,
relatively low surface area, and the absence of innate reactive sites, yielding monoclinic
BiVO. with unsatisfactory photocatalytic conversion efficiencies. With that being the
case, this thesis aims to rationally design some superior monoclinic BiVO4 photocatalysts
via structural engineering and surface modulation for highly efficient visible-light-driven
photocatalysis. Accordingly, some facile and smart methods were effectively employed
during the fabrication process, paving the way for manipulating and modulating the
unique properties of the as-synthesized monoclinic BiVOs photocatalyst. Furthermore,
some in-depth investigations to probe the origin of the properties variations and enhanced
photocatalytic performance are also presented and discussed comprehensively.

In chapter 1, a general background about heterogenous photocatalysis and a brief
overview about monoclinic BiVO4 photocatalyst are introduced. Furthermore, an
extensive discussion regarding some prospective photocatalytic applications and the
unique properties of monoclinic BiVO4 photocatalyst along with some strategies to

control and modulate those properties are presented.

In chapter 2, a cooperative strategy is represented that enables 2D structure tailoring
and lattice distortion engineering simultaneously over a BiVO4 photocatalyst for efficient
visible-light-driven OER. Specifically, the lattice distortion engineering was achieved
through the introduction of sodium (Na*) additive during the ion exchange process.
Structural characterizations suggest the formation of ultrathin 2D monoclinic BiVOa4
nanoflakes (BVO NFs) with shrank V-O and elongated Bi—O bonds. Mechanistic
investigations reveal the advantages of ultrathin 2D features for exposing more active
(010) facets and shortening the required migration distance for charge carriers to reach
the catalytic surface. More importantly, the lattice distortion effect is found to crucially

govern the charge carrier dynamics and surface behavior of BiVOs photocatalyst,
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endowing the optimized sample with an outstanding photocatalytic OER performance
triggering up to 69.4% apparent quantum efficiency (AQE) over Fe®* sacrificial solution.
These findings highlight the functional application of morphology and dimensional
modification, as well as lattice distortion engineering in synthesizing superior monoclinic

BiVO, photocatalyst for efficient visible-light-driven water oxidation.

In chapter 3, following the previous chapter, an in-depth investigation to probe the
effect of lattice distortion peculiarly to the catalytic OER over the (010) surface of
monoclinic BiVOq crystals is represented. By initially engaging the ATR-IR spectroscopy
to analyze the interaction between the as-prepared monoclinic BiVO4 sample and water
suspension under light irradiation, some reaction intermediates structures were identified,
by which a surface OER mechanism could be reasonably deduced. Correspondingly, the
first principal calculations for Gibbs free energy of the intermediate structures on the (010)
facet of monoclinic BiVOjs slabs unravel the decrease in the reaction energy barrier as the
degree of lattice distortion increases, thus affirming the benefit of lattice distortion effect
over the catalytic surface reaction of the water oxidation process. Furthermore, by
employing the first-principal molecular dynamic simulations, the oxidazibility of some
key OER intermediates and the spontaneous water dissociative adsorption process over
the (010) surface of the monoclinic BiVO4 slab model are inspected and discussed in
detail.

In chapter 4, an effective oxygen vacancy-mediated size engineering strategy over the
well-dispersed palladium (Pd) metal photodeposited on the surface of monoclinic BiVO4
photocatalyst for efficient visible-light-driven ORR is demonstrated. By simply adjusting
the pH during the fabrication process, various monoclinic BiVOs photocatalyst with
different degrees of oxygen vacancy were successfully synthesized, as confirmed by the
spectroscopy characterizations. Upon the selective photodeposition of Pd metal over the
(010) surface of the monoclinic BiVO4 samples, it was discovered that the higher the
amount of oxygen vacancy the smaller the size of Pd, which would be beneficial for
increasing the number of active sites and thus triggering more swift catalytic surface
reaction. Therein, the optimized Pd/BiVOs sample was able to realize an excellent
photocatalytic HO2 production up to 2.35 mM/h, accomplishing the state-of-the-art AQE
of 19.2% at 420 nm in photocatalytic H>O production over BiVOs-based materials. This
study sets a milestone and also provides some insights into the delicate design of Pd

metal-monoclinic BiVO4 composites for more efficient H.O, photosynthesis.
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In chapter 5, an overall summary of this dissertation work is presented. This thesis
carries out some systematic study on structural engineering and surface modulation of
monoclinic BiVOs for efficient visible-light-driven photocatalysis. More importantly,
this thesis emphasizes the great importance and significance of controlling and exploiting
the unique properties of monoclinic BiVOs. It is unraveled that, by doing so, it would
greatly enhance the charge carrier dynamics and/or provide some necessary reactive sites,
thus effectively satisfying the fundamental requirements for promoting more efficient
artificial photosynthesis. The findings in this study sheds new light on the design and
fabrication of high-performance monoclinic BiVOs-based materials for various

photocatalytic applications.
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Chapter 1. Introduction

1.1. Fundamentals of Artificial Photosynthesis (APS)

Natural photosynthesis (NPS) is a chemical process conducted by green plants,
photosynthetic bacteria, and all other photosynthetic organisms, where CO2 and water are
transformed into carbohydrates and molecular oxygen, respectively.[*? This process can
be considered as the most efficient and effective method of converting light energy into
chemical energy. Over billions of years, NPS has provided an overwhelming amount of
energy stock, mostly in the form of fossil fuel, for the world.[ However, as is widely
known, the depletion rate of this energy stock is much higher than the rate at which nature
can replenish it.** Consequently, it is only a matter of time before fossil fuels finally run
out. Furthermore, the continuous usage of fossil fuels has taken a heavy toll on our nature,
leading to severe environmental problems, such as global warming, melting of the polar
ice caps, sea level rises, and worsening droughts.[>®1 With this looming energy crisis and
environmental concern, many approaches have been made to imitate NPS by artificially
utilizing light energy to drive the thermodynamically uphill reactions of abundant
substances to produce clean energy-containing chemicals, e.g. hydrogen (Hz), hydrogen
peroxide (H205), hydrocarbons (CxHy), and ammonia (NHs).[37-1 At present, this method
is generally known as artificial photosynthesis (APS) or the so-called photocatalysis
process.!*% Considering the great amount of free solar energy reaching the earth (> 1.465
x 10 J/s) which can be readily accessed, the APS is believed to be the most feasible and

adaptable solution to the aforementioned problems.°14

As is widely known, the green chlorophyll pigment plays a major role in carrying out
the NPS reaction. Generally, light energy or photons are absorbed by chlorophyll and

used to remove electrons from water molecules to produce oxygen gas as follows:
2H,0 — O, + 4H" + 4¢” (1-1)

This oxidation reaction occurs in the reaction center of photosystem Il. Afterward, the
freed hydrogen and electrons are transferred to photosystem | and trigger the reduction

of carbon dioxide (CO>) to produce sugar (CeH1206) through the Calvin cycle:
CO, +4H  +4de” — é C¢H,0¢ + H,O (1-2)

The overall reaction of NPS is written as:
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CO, + Hy0 — = CgHyp05 + 0, (1-3)

Meanwhile, in APS, a material called a photocatalyst (mostly a semiconductor) is
usually employed to harvest light energy.[*®! Similar to NPS, this photon energy is used
by the photocatalyst to generate charge carriers or excitons, i.e., electrons (e7) and holes
(h"). In detail, upon light illumination, the excitation of e~ from the valence band (VB) to
the conduction band (CB) of the photocatalyst occurs, leaving behind the h* in the valence
band region.*? These charge carriers are transferred separately to different reaction
centers, where they trigger some endothermic redox reactions; electrons drive the

reduction reaction, while holes drive the oxidation reaction as follows:
A+te — A (1-4)
D+h —D" (1-5)
A and D represent an electron acceptor and electron donor, respectively. In summary,
there are three pivotal steps in APS: light absorption (generation of charge carriers),

charge transfer, and surface catalytic reactions. Figure 1.1 illustrates a comparison
between NPS and APS.

In relation to the above-explained APS process, there are some principal conditions
that must be fulfilled so that the target reaction may occur efficiently. These requirements
are valid and prevalent for all APS reactions, and therefore, it is important to identify

them as the very first stepping stones toward designing an effective photocatalytic system.

A

H,O _
H+ —

Photosystem Il

CB e—_\Step 2
\ Photocatalyst
V Step 1 Recombination

2
e
co, I
C6H1206
+
H,O
Calvin

wcle

Photosystem |

VB Step2 ht—!

—
Step 1 : generation of charge carriers

D through excitation of e~
Step 2 : migration of charge carriers
Step 3 : surface reaction

Natural Photosynthesis Artificial Photosynthesis

Figure 1.1. Comparison between natural and artificial photosynthesis.™*3l
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1.1.1. Photon Absorption and Thermodynamic Boundaries

Since the ultimate aim of APS is to utilize solar energy, it is necessary to consider the
characteristics of sunlight itself. As depicted in Figure 1.2, the sun emits a spectrum of
electromagnetic waves with a relatively broad wavelength, which comprises 3 — 5% UV
(< 400 nm), 42 — 43% visible light (400 — 700 nm), and 52 — 55% infrared (> 700 nm).['4
On the basis of this fact, the utilization of visible light, near-infrared (NIR), and infrared
is more favorable and essential to achieving substantial solar energy conversion, although
this is more challenging. In this case, we often use the term band gap (Ey) to evaluate the
light-harvesting ability of a semiconductor photocatalytic material. In the electronic
structure of solid materials, including semiconductors, the band gap is usually defined as
the energy difference between the top of the valence band (valence band maximum, VBM)
and the bottom of the conduction band (conduction band minimum, CBM). The value of
Eg is usually obtained by applying the Kubelka—Munk transformation and can be used to
determine the maximum wavelength of light (Amax) that the photocatalyst can absorb using
the following equation:

Amax = hc/Eg (1'6)

where h is Planck’s constant (6.626 x 10°% m? kg/s) and c is the speed of light (3 x 108
m/s). Generally, a photocatalyst can absorb light with a higher energy than its band gap,
or in other words, a wavelength less than the value of Amax Calculated as above. Hence, to
enable the absorption of a larger proportion of the solar spectrum, a semiconductor with

a relatively small band gap is preferred.
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Figure 1.2. Standard spectral properties of sunlight.[*°]
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Furthermore, in order to successfully perform any redox reaction, one needs to pay
careful attention to the thermodynamic constraints of the corresponding reaction. In this
case, we mostly use the term standard reduction potential (E%) to quantify the
thermodynamic state of a certain reaction. The reduction potential or electrode potential
is usually defined as a value for measuring the tendency of some substances to receive
electrons and thus be reduced. It is measured as the energy level, with volt (V) as the unit,
with respect to a certain standard potential, such as the standard hydrogen electrode (SHE).
The higher (more positive) the value of this potential, the greater the likelihood of the
species acquiring electrons and being reduced. In contrast, the lower (more negative) this
value, the greater the tendency for the backward reaction (oxidation) of the species to
occur. For a redox photon-induced reaction to successfully occur, the CB energy level of
the photocatalyst must be higher than the potential of the reduction reaction, while the
VB must be located at a more positive potential than the oxidation reaction. Since
different reactions require different thermodynamic boundaries, some photocatalysts will
be suitable for a certain reaction but might not be suitable for other purposes. However,
it is also possible to shift the position of the energy band by introducing some impurities,

known as dopants, to meet different thermodynamic requirements. [l
1.1.2. Photogenerated Charge Carriers Separation and Transfer

Following the generation of charge carriers as a result of the photon absorption, the
electron-hole pairs need to be separated immediately and transported into different zones;
otherwise, they will recombine with each other within the photocatalyst, generating either
heat or photoluminescence.'”8l In general, the wide bandgap semiconductors are
benefitted with better charge carrier separation efficiency compared to narrow bandgap
semiconductors, because the smaller the band gap, the easier the excited electrons come
back to their original state and thus recombine with the holes. In addition, the
recombination process is also strongly affected by the presence of defects within the
body/bulk of a photocatalyst, since they can operate as trapping and recombination
centers for the photogenerated electrons and holes.!*”! This electron-hole recombination
usually results in a significant loss of energy, thus limitting the quantum efficiency of the
photocatalytic system.!*® Up until now, modulating the charge carrier dynamic properties
of photocatalyst by suppressing the charge recombination has been a challenging and
long-standing issue in APS.[*®1 Hence, extensive effort and strategies have been employed

in order to tackle this challenge, i.e., (1) increasing the crystallinity of the photocatalyst
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in order to decrease the amount of defect; (2) controlling the shape, structure, and size of
the photocatalysts in order to reduce the distance that the charge carriers must travel
before reaching the surface of the photocatalyst; (3) formation of a homojunction and
heterojunction to promote the spatial separation of electrons and holes; (4) utilization of
a sacrificial agent as a scavenger of particular charge carriers, thus increasing the
proportion of opposite charge carriers in the photocatalyst; and (5) introduction of a
cocatalyst on the surface of a photocatalyst, which can provide charge accumulation

centers and also accelerate interfacial reaction kinetics.[1017:20]
1.1.3. Existence of Surface Reactive Sites

From the time scale perspective, i.e. picosecond to nanosecond for light harvesting;
microsecond to millisecond for charge transfer; millisecond to second for surface reaction,
it can be concluded that surface reaction is the crucial step in APS.[%221 Therefore, a
photocatalyst material should possess active catalytic sites on its surface for the
photocatalytic reaction to occur. However, most photocatalyst surfaces are not typically
designed to catalyze redox reactions.*®! To address this problem, a cocatalyst that can
provide the reactive sites for a certain APS reaction is frequently loaded and dispersed on
the surface of the photocatalyst.[?® For this purpose, cocatalyst components are often
adapted from the components of electrocatalysts applied for the same reactions.[’? In other
cases, some surface defects are introduced on the surface of the photocatalyst, which can
unexpectedly provide the reactive sites for APS reactions.[?42%]

To establish effective surface reactions, the reactive sites must be designed according
to the Sabatier principle, which states that the catalytic surface must have a trade-off
between being reactive and not being poisoned by the reaction intermediates.?®! Hence,
the interactions between the sites and the substances (either reactant or product) should
be modest: neither too weak so that the sites can adequately bind the reactant and the
surface reaction (through the electron transfer process) may take place, nor too strong so
that the product can easily desorb from the catalytic surface.[?”-2%1 Secondly, if a cocatalyst
is employed, the cocatalyst should form a good coordination with the semiconductor to
ensure smooth charge migration into/from the reactive sites [3%. This is because, for any
catalytic reaction, a sustained charge carrier supply is the key to a continuous and
effective surface reaction.® In this case, a suitable loading method and a precursor of
the cocatalyst are accordingly crucial. Finally, increasing the number of reactive sites by

either altering the morphology of the material into low-dimensional structure,®2%
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exposing more active edges of the cocatalyst,*31 or reducing the size of the cocatalyst
into cluster®6-%1 or single-atom®*41 js also an effective way of enhancing the

photocatalytic activity.
1.1.4. Quantum Efficiency

Especially in the particulate photocatalysis (where some light-driven photocatalytic
reaction is carried out by dispersing some powder or solid photocatalyst in the reactant
solution), the performance of a photocatalytic system is often reported as the evolution
rates of the target product(s). However, it is extremely difficult and sometimes becomes
unfair to compare the measured activities in different experimental conditions, including
reactor geometry, reaction temperature, light source, illumination condition, etc.[t?1
Therefore, the concept of quantum efficiency (QE) is developed and employed in order
to make valid comparisons between different experimental and illumination conditions.
QE can be defined as the number of reacted electrons relative to the total number of
photons adsorbed by the photocatalyst.'®] Unfortunately, it is difficult to accurately
quantify the real amount of adsorbed photons in a particulate photocatalysis system due
to the light scattering effect. [*1 Hence, in the case of heteregenous photocatalysis, QE is
usually represented as apparent quantum efficiency (AQE), by which the total number of
incident photons in reaction system is utilized instead as the denominator. The AQE is
estimated to be smaller than the real QE because the number of absorbed photons is
usually smaller than that of incident light.l!”] AQE is usually evaluated for a certain
photon wavelength (monochromatic) and calculated using the following equation:

AQE= nr/I (1-7)
where n, r, and | represent the number of e~ involved in the photocatalytic reaction, the
corresponding production rate, and the rate of incident photons, respectively. Typically,
the wavelength-dependent AQE follows the optical absorbance pattern of the
semiconductor, which decreases as the irradiation wavelength approaches the absorption

edge because of the lower absorption coefficients and larger migration distances for

photogenerated carriers.[*?]
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Figure 1.3. Number of scientific publications on BiVOs-based photocatalytic materials
over the past decades (source: Web of Science Core Collection on October 21%, 2022;

search terms: “BiVOs” or “Bismuth Vanadate” and “Photocatalysts”).

1.2. Monoclinic Bismuth Vanadate, a Promising Photocatalyst

Bismuth vanadate (BiVOa) is direct band gap semiconductor with unique physical and
chemical properties, which belongs to the group of Aurivillius bismuth metal oxide
compounds, i.e. BixMyO, (M: Mo, W, V, Nb, and Ta).[*>*¥ Since decades ago, BiVOs
has been known for its great potential as ferroelastic, pigmentary (bright yellow), and ion
conductive materials.[*2%>4€1 More importantly, it also attracts intensive interest as one of
the most promising and advanced materials for various photocatalytic applications, due
to its visible light absorption ability, non-toxicity, plentiful abundance, low cost, good
photostability, and also deep valence band energy, which is very favorable for driving
any oxidation reactions.?24”%°1 Figure 1.3 indicates the total number of publications
regarding BiVOs-based photocatalytic materials during 2011-2021, which clearly shows

an increasing trend as an emerging topic in the field of APS.

Concerning the structural characteristics, it has been widely known that BiVO4 exists
in three types of crystal polymorphs: tetragonal zircon, tetragonal scheelite, and
monoclinic scheelite, with Eq of 2.90, 2.34, and 2.40 eV, respectively.[*350-52 The crystal
structures of BiVOgs are generally composed of (VOs) tetrahedral and (BiOs) polyhedral
where V(V) and Bi(lll) are located at the center of the units.5®1 The typical crystal

structures of the three polymorphs of BiVO4 can be seen in Figure 1.4 a-c. While in

10
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zircon structure, the (BiOg) units are surrounded by six (VOa), in the scheelite phases,
each Bi unit is surrounded by eight (VO.).5¥1 Compared to tetragonal scheelite,
monoclinic scheelite BiVOs possesses a relatively more distorted local crystal
structure,[54654 which will be discussed in the later section. As shown in Figure 1.4 d,
when zirgon type BiVO; is subjected to thermal treatment at about 400-500 °C, it will
undergo an irreversible phase transformation to monoclinic structure.*>51 Furthermore,
the phase transition between tetragonal and monoclinic scheelite BiVO4 reversibly occurs
at about 255 °C.[4558

Of the three above-mentioned polymorphs, monoclinic BiVOs shows the highest
photocatalytic performance under visible light irradiation, while the zircon-type BiVO4
is only active under UV light irradiation, due to its relatively wide band gap.[®® Tokunaga
et al. reported selective preparation of monoclinic and tetragonal BiVO4 with schelite
structure by adjusting the amount of bases (Na2CO3z and NaHCOs), by which negligible
photocatalytic OER activity over AgNOs solution was observed for tetragonal BiVOs, in
contrast to monoclinic BiVO4 which showed high photocatalytic activity.*! Years later,
Ke et al. investigated the effects of hydrothermal temperature on the microstructures of
BiVO4, whereby they found that the pure monoclinic BiVOas possesses the best
photoactivity for OER over Fe(NOs)z solution compared to other samples with mixed
crystal phases of tetragonal zircon and monoclinic scheelite, though it has the smallest
surface area, indicating that the crystal phase is the decisive factor in the photoactivity of
BiVO,.5"

The base-centered monoclinic crystal structure of BiVO4 (space group 15, C2h®)
contains four unique lattice sites: Bi (4e), V (4e), O1 (8f), and 02 (8f).5*58 Figure 1.4 e
displays a BiVO4 monoclinic primitive cell of two formula units, constructed by
considering the crystal inversion symmetry.® In this kind of crystal lattice, O1 is
coordinated to one Bi and V, while O2 is coordinated to two Bi and a single V. The
stoichiometry of the BiVO4 material indicates formal oxidation states of 3+, 5+, and 2—
for Bi (5d%%6s?), V (3d?), and O (2p®), respectively. Monoclinic BiVOa exhibits layered
structure of Bi—V-0 units stacked parallel to the ¢ axis which draws features from both
the Bi203 and V20s binary analogues.®®%% As typical clinobisvanite structures, the Bi is
coordinated in a distorted oxygen octahedron with four types of Bi—O bonds, while the

V unit is located at the center of distorted tetrahedron with two types of V-O
bonds.[46:5458,61]

11
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Figure 1.4. Crystal structures of BiVOs polymorphs: (a) tetragonal scheelite, (b)
tetragonal zircon, and (c) monoclinic scheelite (purple: Bi, green: V, and gray: 0),[?1 (d)
phase transitions of BiVO4,®! () monoclinic BiVO4 primitive cell of two formula units
(blue: Bi; green: V, and red: 0),581 (f) ion-projected density of states (DOS) of monoclinic
BiVO4,[%® and (g) maximum theoretical solar-to-hydrogen conversion efficiency and
solar photocurrent as a function of the top cell band gap energy in a tandem cell.[5®]

The typical electron density of states (DOS) profiles of monoclinic BiVOs orbitals is
presented in Figure 1.4 f.I581 |t discloses that the unoccupied V 3d orbitals act as the major
character within the CB of monoclinic BiVOs4, with minor contributions from the

12
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unoccupied Bi 6p and O 2p states. According to a comprehensive theoretical study by
Copper et al., the poor overlap between the V 3d and Bi 6p orbitals around the CBM
might be responsible for the poor electron mobility in the material.[**! Furthermore, it also
reveals that the VBM is mainly composed of O 2p occupied states, which overlap with a
small amount of Bi 6s orbitals, while the dominant components of Bi 6s are located at a
much lower energy range (roughly 9 eV below VBM). Those orbitals act as bonding
states below the Fermi level, rendering the monoclinic phase of BiVO4 energetically more
favorable.[ In addition, the hybridization of Bi 6s and O 2p orbitals will create new
preferable hybridized states, which will lead to a narrow band gap to harvest visible light
and highly dispersive band structures.[**¢®1 As shown in Figure 1.4 g, originating from
the photoelectrochemical (PEC) field, it is predicted that under standard AM 1.5 solar
light irradiation, monoclinic BiVO4 would be able to achieve a high theoretical solar-to-
hydrogen conversion efficiency (nsth) of 9.2% with a maximum photocurrent of 7.5 mA
cm~2, thus rendering it an excellent photocatalyst candidate for further research and

development.[4®63]
1.3. Potential Photocatalytic Applications of Monoclinic BiVOs Photocatalyst

In this section, we are going to discuss about the prospective particulate photocatalytic
applications over monoclinic BiVOs-based materials which have been studied and
reported in the literatures thus far. Figure 1.5 displays the reduction potentials of various
photocatalytic reactions relative to the band positions of monoclinic BiVOas. As
mentioned earlier, considering the deep energy level of its VB, monoclinic BiVO4 can be
regarded as an ideal oxidation photocatalyst, especially to drive the water oxidation
reaction.!?471 Regardless, only the four electron water oxidation to produce O has been
scientifically and experimentally demonstrated over the particulate photocatalysis of
monoclinic BiVOs-based materials.>56-%1 In contrast, the two electron water oxidation
to produce hydrogen peroxide (H20>) by the heterogeneous BiVOs-based photocatalysis,
even though with thermodynamic feasibility, indicates no scientific report yet, due to the
difficulty to realize this reaction,**" probably related to the absence of reactive sites
and poor selectivity compared to the former water oxidation. Intriguingly, recent reports
have disclosed that the modification of monoclinic BiVO4 might enable the reductive
photocatalytic H.O> synthesis through the two electron oxygen reduction scheme.[717]
Surprisingly, solar driven CO, and N reduction reactions over BiVOs-based materials,

although being thermodynamically difficult considering that their reduction potentials are
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mainly located on top of the CB of pristine monoclinic BiVOs, have, in fact, been reported
a few times already.l’®84 In those works, some modulation strategies, such as surface
defects, band changing morphology modification, and plasmonic photocatalysis were
employed in order to modify the properties of monoclinic BiVOg, thus paving the way

for circumventing the thermodynamic obstacles of the corresponding reactions.
1.3.1. Oxygen Evolution Reaction

The most popular photocatalytic reaction which has been extensively applied and
studied over monoclinic BiVO4 material is the water oxidation reaction to produce Oo,
which can be also called as oxygen evolution reaction (OER). As previously mentioned,
the APS technology is designed and developed with the ultimate aim to promote the
conversion of abundantly available sources into energy-containing chemicals, which
mostly take the form of reduction reactions. Similar to NPS, in the ideal situation for the
industrial application, these fuel-forming reduction reactions will be paired with the OER
as the other half-reaction.[® However, due to its complex four-electron transfer process,
unclear reaction mechanism, high energy barrier, and sluggish reaction kinetics, OER has
been regarded as the bottleneck for the realization of APS technology.[67:86871

,2 —

-1 ,-CO,/HCOOH -0.20 V
w i +/+C0O,/ICO 0.12 V
T 44" CO/HCHO —0.07 V
7] <--H'H, 0.00 V
» 7~ CO,/CH,0H 0.03V
> %y'x CO,/C,H;OH 0.09 V
N N NL/NH; 0.09V

[N
< \\'CO,/CH, 017V
5 s O NG/NH, 027V
= M O,/H,0, 0.68 V
g . “0,/H,0 1.23V
3 ““H,0,/H,0 177V
l —— VB
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4 BivVO,

Figure 1.5. Band position of monoclinic BiVO4 semiconductor and reduction potentials
of various heterogeneous APS reactions. The colors of the reactions can be regarded as
follows, black: no related scientific report yet and/or thermodynamically not feasible;
blue: have been reported but actually thermodynamically difficult; red:

thermodynamically feasible with some valid scientific literatures.
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As aforementioned, the OER process can be written as below:

2H,0 — O, +4H" + 4e” (1-1)
Thermodynamically, the standard redox potential for the above reaction is +1.23 V vs.
SHE. Accordingly, in order to drive the OER, the VBM of a photocatalyst should be more
positive than 1.23 V, which actually is commonly found in many semiconductors,
including monoclinic BiVO4, thus rendering it relatively easy to fulfill this requirement. !
Nevertheless, only a few semiconductors are found to be effective photocatalysts for OER.
This can happen due to the requirement of multiple (four) electron transfer, complicated
reaction processes, and high kinetic barrier, which make the kinetic of catalytic OER
become really challenging.[®”85-871 Hence, the presence of suitable surface reactive sites

which can satisfy the above issues is indispensable for triggering an efficient OER.

The process of oxygen evolution from water usually starts with the binding of OH"
anion to the active catalytic site.[®® Regarding this first step, there are actually different
opinions on where and how the OH™ adsorption process occurs. According to the early
literatures, it is believed that the OH~ ion is attracted and bind by the metal active center.[
Interestingly, some recent studies on LaxLilrOs and SrCoOs perovskites as OER catalysts
suggest that the oxygen radical on the catalytic surface can also act as an electrophilic
active site to bind the hydroxyl ion through nucleophilic attack (by the water oxygen lone
pairs), resulting in the formation of ~O—O—H species.’®%!I Following the OH~ adsorption,
a series of proton-coupled electrons transfer (PCET) occurs by which some reaction
intermediates, such as adsorbed atomic O (either metal=0 or radical O- species),[>°¢]
superoxide O2~,[°%°%%7] pridged peroxo species (u-peroxo),?%% surface hydro peroxo,®>
93,96-%8] and surface peroxo,l®°"! are formed one after another. A consensus regarding the
final step of the oxygen evolution process is settled, whereby either the surface
hydroperoxo M—-O-O—H species or superoxide M—O, complex act as the final adsorbate

intermediate before it finally releases the O2 molecule,[90:91,9496.98]

Practically, in order to perform the heterogeneous photocatalytic OER, there are two
strategies which are commonly used over monoclinic BiVO4 photocatalyst. First, it is
possible to use the sacrificial agent which will act as electron scavenger for capturing the
photogenerated electron, enabling the remaining holes to oxidize water and produce
oxygen. In this case, AgNOs is the most popular sacrificial agent for photocataytic
OER.[5786:99-1011 Nevertheless, the usage of Ag* will lead to photodeposition of Ag metal

over the surface of BiVO4 which might significantly obstruct the light absorption (since
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it tends to have relatively low specific surface area) and thus reduce the photocatalytic
efficiency over the time, as more and more Ag metal is deposited.>¢71 The other
sacrificial agents which have been reported to be effective for photocatalytic OER over
BiVO, are NalOs,[69102-1041 ' NalQy,[1%] Fe(NO3)3,I5":67:681 FeCls3,[68:106] and K3FeCNe. [

The second strategy is by applying the advance Z-scheme concept. This method is
basically inspired by the natural photosynthesis, which involves two photosystems where
the reduction and oxidation reactions occur separately,['4 as illustrated in Figure 1.6 a.
Similarly, in the BiVOs-based Z-scheme photocatalyst system, another semiconductor
acts as the reduction photocatalyst, while BiVO, takes charge as the oxidation
photocatalyst (see Figure 1.6 b).162 In this case, the photogenerated electrons in the
reduction photocatalyst will perform a reduction reaction, such as hydrogen evolution
reaction and CO; reduction reaction, whereas the holes in BiVO4 will oxidize water to
evolve 01191191 The remaining holes and electrons in reduction and oxidation
photocatalysts, respectively recombine through a solid-state electron mediator (e.g., Au,
Rh, Ni, Ag, Ir, and RGO)™M5] or an aqueous redox mediator (e.g., Fe3*/Fe?”,
[Fe(CN)s]*/[Fe(CN)s]*, 10s7/I-, and Is7/I~ solutions).['%®1161181 Dye to their dual
absorber engineering, Z-scheme photocatalytic system benefits from the combined
sunlight absorption abilities and high charge separation while preserving the original high
redox strength of each photocatalyst.*621 By this way, semiconductors with unsuitable
band positions and a relatively small band gap can be utilized, thus expanding the choices
for semiconductors.}*11%1 However, the major drawback of Z-scheme system is the
reduced amount of products which can be achieved, since half of the charge carriers will

recombine within the mediator.[2%
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Figure 1.6. Schematic diagrams of (a) natural photosynthesis double excitation process
and (b) Z-scheme photocatalysis system involving two different photocatalysts for

reduction and oxidation reactions, respectively.*4
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Figure 1.7. Applications of H20- in industrial manufacturing.™*!!

1.3.2. Synthesis of Hydrogen Peroxide

Since the first discovery of hydrogen peroxide (H202) through the reaction of barium
oxide and nitric acid by Louis-Jacques Thenard in 1818,1*2%1 H,0, has attracted great
interest from many research areas and has been listed as one of the 100 most important
chemicals in the world.[*?21241 H,0; is the simplest peroxide compound with a high active
oxygen content (47.1% wi/w), which can serve as a clean oxidizing agent without any
toxic byproducts generated from its reaction (only water and O2).["01?° Accordingly, it
has been widely applied in many areas, including pulp and textile bleaching, medical
disinfection, organic synthesis (advanced oxidation processes), wastewater treatment, and
many other industrial fields (see Figure 1.7).[1%121123] | addition, H20; has also shown
a great prospect in the field of energy research as it can serve as liquid fuel (both as
oxidant and reductant) for a single-compartment-fuel cell.[*?6-1281 Considering the energy
density of H202 (3.0 MJ L™ or 2.1 MJ kg™ for 60% aqueous H202) which is comparable
to that of Hz (2.8 MJ L™ or 3.5 MJ kg™ for compressed hydrogen with 35 MPa),[*?%! jt
has become an ideal alternative energy carrier, especially since it is relatively more cost-
effective (it can operate in a membrane-free system) and easily transportable (fully
soluble in water).[8701221231 According to a comprehensive research report by Market
Research Future (MRFR), the market value of H>O: is estimated to grow at a 4.3% CAGR
to reach USD 5.5 billion by 2027.112°
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In the current industrial situation, H20- is mainly prepared through the anthraquinone
method, which accounts for more than 95% of the total production of H20,.["%121 Despite
of the safety and high efficiency of this technology, it suffers a great drawback due to its
high required energy input, high production cost, unsafe transportation process, and
vulnerability to environmental contamination.[!*1?2 Other alternative methods, such as
alcohol oxidation and electrochemical synthesis have also been developed and applied in
industrial production of H>O», however the quality of the products is not satisfactory
compared to the one via antraquinone method.[*21301 Another alternative route is by
employing Pd or bimetallic Au-Pd to catalyze the direct synthesis of H.O, from H and

02 gaseous, according to the following reaction:[*3:132
H; + 0y — H,0, (1-8)

Unfortunately this strategy is lacking of the safety aspect, since it requires the precise
control of hydrogen to oxygen ratio in order to prevent the explosion of H2/O2, mixtures,
even though it’s possible to add some diluents (e.g. N2, CO2, and Ar) to reduce the risk
of explosions. As a consequence, this process has not yet been scaled up to industrial
applications.*?? In this regard, it is highly desirable to develop some new methods for
the synthesis of H.O>, which are more straightforward and safe, less energy consuming,
and environmentally friendly.[*272122 |n the last decade, artificial photosynthesis of H20:
has aroused much attention from the researchers all over the world, which might provide
a meaningful breakthrough for the efficient production of H20,.[*%1 Compared to the
above-mentioned methods, photocatalytic approach offers a much safer and green route,
since it only requires the usage of earth abundant and non-dangerous raw materials (water

and O2) with zero pollutant emission in the overall process.[**!

The photocatalytic synthesis of H202 can proceed through the two electron oxygen
reduction reaction (ORR) and two electron water oxidation reaction (WOR), as shown in
the following equations, respectively:

0, +2H" +2¢” — H,0, (1-9)

2H,0 — H,0, + 2H" + 2¢” (1-10)

The standard redox potential for the ORR is +0.68 V vs. SHE, while the redox potential
of the WOR is +1.77 V vs. SHE. Up until now, only the former reaction has been

successfully realized by using the particulate photocatalysis, with the latter one being

scarcely discussed and studied (might be due to the very poor selectivity compared to the
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four electron water oxidation). Therefore, the photocatalytic production of H2O2 will
usually involve two major half-reactions, i.e. the two electron ORR and water oxidation
to evolve O,, with a total standard Gibbs fee energy change of 117 kJ/mol (uphill).*% In
general, the photosynthesis of H>O> by the means of ORR can proceed through either a
sequential two-step single-electron indirect reduction (O, — O2¢~ — H20>) or a one-step
two-electron direct reduction (02 — H>0) route.'??l In the first case, the O, is firstly
reduced by one electron to generate the superoxide radicals (O2¢"), which further react
with H* to produce (HO2+") radicals. The (HO2¢") will then receive another electron and
thus be reduced to form the HO,™ anion. Finally, the HO2™ will react with another proton

to generate H>O>. These sequential reactions can be written as follows:

O, e —— 0, (1-11)
0, +H ——> HO, ¢ (1-12)
HO, ¢~ + ¢ —— HO,~ (1-13)

HO,” +H — H,0, (1-14)

As for the H202 production via a one-step two-electron direct reduction of oxygen, the
O is directly reduced by two electrons followed by the coupling with H* to form H,0;
product. In or to achieve a high conversion efficiency and selectivity for the synthesis of
H20,, it is important to beware of the possible side reactions, such as four-electron
reduction of O to generate H.O and H202 decomposition by either the reduction or

oxidation reaction:

0, +4H" + 4¢- — 2H,0 (1-15)
H,0, + 2H" + 2¢- — 2H,0 (1-16)
H,0, — 0, +2H" +2¢” (1-17)

For monoclinic BiVO4 photocatalyst, since its CBM is located below the one-electron
reduction potential of O2 (—0.13 V vs. SHE), but still more negative than the two-electron
reduction potential of O, it is be able to promote the two-electron ORR for H>O>
production. The first work of H.O> artificial photosynthesis over monoclinic BiVO4 was
reported by Hirakawa et al., where the authors utilized Au loaded BiVOs4 to achieve 40.2
uM of H2O> photocatalytic production in pure water after 10 h visible light illumination,
which was larger than that of Au/TiO2.["!1 It is noteworthy that most reported literatures
about photocatalytic H2O» production over BiVO4 involve the usage of noble metals, such

as Au,["t721 pd 873 himetallic Au-Pd,[" and Cu@Au core shell'™ to act as cocatalyst for
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the ORR, since the unmodified monoclinic BiVOs is rather inactive with negligible H20:

production activity.
1.3.3. Carbon Dioxide and Nitrogen reduction

Carbon dioxide (CO.) and nitrogen (N2) reduction reactions can be regarded as two of
the most important and yet challenging APS applications.?81*4 Both CO and N2 are very
stable compounds owing to the possession of extremely strong bonds of C=0 and N=N,
with dissociation energies of 745 kJ/mol and 945 kJ/mol, respectively.[81351 The
extremely high stability of those molecules can be considered as the major disadvantage
to the kinetic feasibility of the CO> and N2 reduction reactions. In this regard, the
activation of CO2 and N2 molecules, which is closely related to the adsorption of those
species on the catalytic surface, would very likely become the rate-determining step for
overall reactions.[***137 Furthermore, both reactions have a great dependency to the
multiple PCET processes, in order to bypass the principal energy barrier of single electron

reduction reactions with very high reduction potentials.[2%1%

As can be seen in Figure 1.5, the CB position of monoclinic BiVOs is actually lower
than the CO2 and N2 reduction reactions (even with multiple electron transfer already),
thus making it thermodynamically difficult to realize those reactions over BiVOa
photocatalyst. With that being the case, many surface modulation strategies have been
developed to manipulate the adsorption and activation of CO2 and N> molecules over the
BiVOs-based photocatalysts. Gao et al. demonstrated the utilization of vanadium metal
vacancy over the atomic layers of BiVOs photocatalyst to achieve a high CO2
photoreduction performance, with methanol formation rate up to 398.3 mmol g* h™.[78]
An effective strategy to widen the band gap of BiVO4 photocatalyst (from 2.41 eV t0 2.72
eV), by reducing the particle size to a few nanometers quantum dots scale (~5 nm) was
reported by Chen et al., where the CB of BiVO4 was elevated to enable the efficient
photoreduction of CO2 to CO and CH4."l Recently, Huang et al. develop a facile
solvothermal method to construct some BiVO4 microplates with abundant surface oxygen
vacancies decorated with metallic Cu and Bi nanoparticles, which exhibited remarkably
improved production rates of CH4 and CO in comparison with Bi/BiVO4 and pristine
BiVOs. In that study, it was discovered that the active surface oxygen vacancies were
generated during the reduction procedure of partial BiVO4 and/or Cu precursors.[”®! By
performing precise location and regulation of active sites, Zhang et al. was able to realize

high photocatalytic N, reduction reaction of 103.4 pmol g * h .83 The authors proposes
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a catalytic mechanism where the VV** plays the role of chemisorption of Nz, while VV** acts
as electron transfer bridge, and the photogenerated electrons trapped in surface oxygen
vacancies provide the driving force for the ammonia synthesis. In other work, Wang et
al. reported a synergestic strategy by combining surface oxygen vacancy with the local
surface plasmon resonance (LSPR) effect of Ag nanoparticles to enhance the

photocatalytic N2 fixation over a mulberry-like BiVO,4 photocatalyst.[®4]

1.4. Unique Properties and Strategies to Enhance the Photocatalytic Properties of
Monoclinic BiVO4

Despite the enormous potential of monoclinic BiVOs-based photocatalytic materials
and/or systems for APS applications, as has been previously discussed, up until now, the
reported conversion efficiencies are still far below the expectation because of several
disadvantages. First, monoclinic BiVO4 usually possesses slow charge transfer ability,
especially for transporting the electrons, which can be attributed to some self-trapping
phenomenon and small electron polaron formation, which would obstruct the charge
separation and thus lead to severe electron-hole recombination before they can reach the
surface reactive sites.[213% The second issue is the absence of innate reactive sites on the
surface of unmodified BiVOs, thus making it unable to effectively catalyze the redox
reactions.?214% In this case, most reported BiVOs photocatalysts exhibit great
dependence on metal-based cocatalysts and/or surface defects in order to efficiently
trigger some specific APS reactions.[876:105117141-1441 Thijrd jn addition to the former
problem, BiVVO4 material tends to have small surface area due to the relatively large size
of its particle, which is unfavorable for the adsorption/desorption Kinetics of reactants
onto the catalytic surface.l*? Fourth, the position of its CBM is relatively lower than the
reduction potential of hydrogen evolution reaction (HER, E° = 0 V), which can be
regarded as one of the most important APS reactions.*5%1 Hence, it is practically difficult
for BiVVOg4 to drive the HER, particularly in the heteregenous photocatalysis. Fortunately,
it is possible for BiVO4 to drive some other APS reduction reactions, especially the ORR
for the production of H.O2, which is also a very crucial chemical with a ton of applications
and potential (as an alternative green fuel), as mentioned earlier. In order to effectively
address the aforementioned issues, it is important to understand the unique properties and
potential of monoclinic BiVOs which are liable to exploitation, so we can design a
superior BiVVOs-based photocatalyst for any APS applications.
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1.4.1. Lattice Distortion

As previously mentioned, the visible-light-driven photocatalytic performance of
monoclinic scheelite BiVO4 is much higher compared to that of the tetragonal scheelite
BiVOs, even though they possess similar composition, elements, crystal structure, and
band gap (around 2.3-2.4 eV).1*?l The only difference between those two polymorphs is
that the lattice of monoclinic BiVOs is greatly distorted compared to the tetragonal BiVOa,
thus suggesting that the lattice distortion of monoclinic BiVO4 plays a critical role in
regulating its excellent photocatalytic properties and performances.[l While the
tetragonal scheelite BiVO4 exhibit a symmetrical crystal structure with one type of V-0
bond and two types of Bi—O bonds, the monoclinic scheelite BiVO4 manifests an
asymmetric coordination environment with two types of V—O bonds and four types of
Bi—O bonds.[*¢5461 The parameters of tetragonal BiVOsare a=c =5.1509 A, b =11.730
A, and o = = y = 90°, which also indicate balanced symmetry constraints in the
corresponding crystal lattice.[*45] On the other hand, the distorted structure of monoclinic
BiVOs can be further testified by surveying the lattice parameters of a typical monoclinic
BiVO; crystal (a = 5.1966 A, b = 11.7044 A, ¢ = 5.0935 A, a =y = 90°, and /8 =
90.383°),146:1451 which are slightly different than those of tetragonal scheelite. This kind
of lattice distortion can be attributed to the presence of sterically active lone pair electrons
derived from the Bi 6s? orbital, which is commonly encountered for Bi-based complex

oxide materials.[50.146-150]

The actual role of lone pair distortions in structural chemistry has been studied and
addressed many times over the past seven decades, in both molecular and solid-state
chemistry.[1 Specifically for monoclinic scheelite BiVOsy, it has been reported by
Stoltzfus et al. that lone-pair distortion causes the pronounced overlap of O 2p and Bi 6s
orbitals,!**! as has been mentioned earlier. Yu et al. stated that greater hybridization
between Bi 6s and O 2p orbitals in monoclinic BiVO4 compared to that in tetragonal
BiVO4 enhances the photogenerated holes mobility.[***! In agreement to the previous
notion, Zhao et al. proposed the occurrence of optical anisotropy near the absorption edge
due to lone-pair distortion of the Bi 6s orbital, which will influence the charge carriers
transportation rate.['®1 Through some hybrid density functional theory (DFT)
calculations, Kweon and Hwang examined and compared the [010] surface geometries
and electronic structures of tetragonal and monoclinic scheelite BiVO4.1*%1 They stated

that the relatively more favorable hole formation in bulk tetragonal BiVO4 may cause
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retardation in hole transport to the surface and thus suppression of the hole to a certain

extent, in comparison to the case of monoclinic BiVO4

Generally, in order to characterize the lattice distortion within the crystal structure of
monoclinic BiVO4, Raman spectroscopy can be employed, because it can serve as a
sensitive method for investigating the local structure, crystallization, and electronic
properties of materials since it is possible to deduce the bonding states in the coordination
polyhedral of the materials directly from the corresponding Raman vibrational
spectrum.[45) In particular, by observing the Raman stretching frequency around 800-820
cm, (corresponding to the stretching mode of the shorter V-0 bonds), the bond length of
V-0 can be estimated by using an empirical equation, suggested by Brown and Wu as

well as Hardcastle and Wachs, [15415%] gs follows:
v (cm™) = 21349 exp (-1.9176 R (A)) (1-18)

where v is the stretching Raman frequency for V-0 and R is the estimated bond length
of V—0. Based on the above functional relationship, the stretching Raman shift position
would have an inverse relationship with the V-0 bond length, which means that the
higher the stretching frequency is, the smaller the metal—oxygen bond length would be.
Even though it is not possible to extract the information about the Bi—O polyhedron from
the Raman characterization, by considering the coordination state of Bi units, it can be
predicted that the change in the V—O bond length would be canceled by the reverse
change in the Bi—O bond length in order to balance the structure.[**! Accordingly, the
increase in distortion degree can be characterized by the shrinking of V-0 bonds and the

elongation of Bi—O bonds within the local crystal structure of monoclinic BiVOa.

Since lattice distortion of monoclinic BiVO4 serves as the decisive factor for its
superior photocatalytic performance, several researchers have attempted to control this
distortion phenomenon by using various methods. Yu and Kudo devised a hydrothermal
strategy for synthesizing monoclinic BiVO4 with various morphologies, surface textures,
and grain shapes, by which the structural distortion degree can be altered by simply
adjusting the solution pH.[***! In another study, Thalluri et al. demonstrated the effect of
calcination temperatures on the structural variations of the as-prepared monoclinic BiVOs,
suggesting the linear correlation of calcination temperature with the distortion degree as
well as the photocatalytic water oxidation activity.*>®! In particular, both aforementioned
studies correlate the lattice distortion effect with the hybridization of Bi 6s and O 2p

orbitals near the VBM of monoclinic BiVO4.[**51%6] Furthermore, it is also said that the
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greater the degree of distortion, the more Bi 6s and O 2p orbitals would overlap, which
might enable more efficient transfer of photogenerated holes between both orbitals and
reduce the hole effective mass, and as a consequence, it would elevate the photogenerated
holes migration rate to the catalytic surface and suppress the charge carriers
recombination,[145:148150.156] Nonetheless, considering the substantial effect of lattice
distortion on the photocatalytic activity of monoclinic BiVOs4, we believe that there is
much more to it than that which has not been unraveled yet and thus will require further
in-depth study and comprehensive investigation, especially since the research reports and
literatures about this lattice distortion phenomenon on monoclinic BiVOs are relatively

still limited.
1.4.2. 2D Layered Structure

BiVOys is included in the big family of bismuth-based materials, which usually possess
layered crystals with either stacking van der Waals layers (e.g., BiOCI, BiOBr, and BiOl)
or chemically bonded layer stacks (e.g., Bi2WOs, BiM00Os, and BiVOs), with alternating
stacks of [Bi202]?" slabs and some other (2—) anionic slabs.[®® Correspondingly, the
crystal structure of BiVO; is constructed by alternate stacking of [Bi»O2]** slabs and
[V206]* slabs with oxygen atoms shared between slabs to create chemical bonds.
Accordingly, monoclinic BiVOs exhibits some potential to manifest the 2D layered
structure.[*"1 In these recent years, 2D structured materials, especially with ultrathin
thickness, have aroused widespread research interest, owing to their unique structural
features, photoelectric properties, and enormous potential for further innovations. 6515815
In general, by modifying the morphology of certain material into 2D, the corresponding
specific surface area can be expected to increase dramatically, and thus, more surface
reactive sites will be exposed, which are very beneficial for accelerating the catalytic
reaction kinetics.[’1%%1 Moreover, when the thickness of a 2D semiconductor further
decreases (especially to ultrathin scale), it will also reduce the required migration distance
for the charge carriers to reach the active catalytic surface, thus efficiently preventing the
recombination process.* It has also been reported that the photocatalytic water
oxidation activity of BiVVOs is proportionally correlated with the exposed surfaces of the
(040) facet, as illustrated in Figure 1.8 a.l'571 Profiting from these features, morphology
and dimensional assembly of monoclinic BiVO4 into some 2D structures would be an

effective strategy to modulate its photocatalytic properties and performance.

24



Chapter 1

a b —
=0 R
= ag Monoclinic BiVO,
3 1 =
& - ~ Q[
4 . 2 S ’ § 3 §8%3a
Photocatalytic @ < 8 g 33§ 8
o 0] e o3 X
Performance E| sc s B 38+ oy
- I N e )
e | | BT Sl 2,
ot sl N WAAMN VL LT AM A sl
4Ly L. POF#14-0688

10 20 30 40 50 60 70 80
2 Theta (degree)

S 1/nm
—

Figure 1.8. (a) Schematic illustration about the effect of exposed (040) facet on
photocatalytic performance of monoclinic BiVO4,[*5"1 (b) typical XRD pattern of 2D
monoclinic BiVOs with an intensive (040) peak,>% (c) SEM image of 2D nanoplate
monoclinic BiVO4,[**1 (d) TEM, () AFM and, (f) HR-TEM image of 2D nanosheet
monoclinic BiVO4.[**! The inset of (e) is the corresponding height profile and the inset

of (f) is the corresponding SAED pattern.
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In order to verify the successful formation of 2D structure over monoclinic BiVO4
material, there are several analysis which can be employed. In a typical XRD spectrum
of monoclinic BiVO4 with a well-crystallized 2D structure, an intensive peak at 20 = 30.5°
which corresponds to the (040) lattice planes of monoclinic BiVOs will be observed (see
Figure 1.8 b), indicating the preferential crystal orientation along the [010] direction and
more exposed (010) facets.[44157.1%91 Some basic microscopy techniques, such as SEM,
TEM, and AFM can also be utilized to inspect the morphology of the as-prepared BiVO4
material, where we should be able to observe a clear 2D plate, sheet, disc, or flake-like
structure, as representated in Figure 1.8 c-e.[#476:144.157.159.161-163] | aqdition, Figure 1.8 f
shows an example of well taken HR-TEM image of 2D monoclinic BiVO4 material,
whereby we will be able to discern some interplanar d-spacings of 0.255, 0.260, 0.181,
and 0.182 nm which are consistent to the (002), (200), (202), and (—202) crystallographic
facets of monoclinic BiVOs, respectively, as also ascertained with the corresponding

selected area electron diffraction (SAED).[244159

Unfortunately, the venture to tailor monoclinic BiVOs into 2D nanostructures is still
challenging, due to the lacking of intrinsic driving force for 2D anisotropic growth.[44
In order to do that, some strategies have been developed, such as usage of directing agent,
pH adjustment, template synthesis self-assembly process, anion exchange, colloidal
synthesis, etc.[4476.144157.159,162-165]  \\jang et al. utilized TiCls as directing agent and
controlled the solution pH for synthesizing monoclinic BiVO4 crystals with highly
exposed (040) facets (Figure 1.9 a).1'%% In similar fashion, Zhang et al. reported the
morphology directing effect of halide ions (CI-, Br, I") to induce preferential growth
along the [010] direction over monoclinic BiVO;s crystal.?l For the hydrothermal
fabrication method, the pH of the reactant solution is found to be crucial for governing
the resulting morphology of the synthesized monoclinic BiVO4 photocatalyst.[*41%%] For
example, Xi and Ye demonstrates that only at pH 6.15, the as-prepared monoclinic BiVO4
would manifest the 2D nanoplates structure, whereas at other pH, it would form irregular
large particles, hyperbranched microcrystals, polyhedral microcrystals, rod-like
microcrystals, and nanorod structure (see Figure 1.9 b), by which the nanoplates BiVOa4

exhibits the best photocatalytic properties compared to the other morphologies.*4
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Figure 1.9. (a) Effects of the TiCls molar ratio (to Bi) and pH value on the intensity ratios
of (040)/(110) and (121)/(110) in the XRD patterns of the monoclinic BiVO, samples.[*>’]
(b) effect of hydrothermal solution pH on the morphology of monoclinic BiVOs
photocatalyst,[*4! (c) schematic illustration for the BiVO4 atomic layer preparation by
template synthesis self-assembly strategy,[®! (d) schematic process of the hydrothermal

anion exchange for synthesizing BiOI-BiVO4 2D nanocomposite.[*64]

Gao et al. employed CTAB to react with BiCls to create an artificial lamellar BiCls —
CTA" hybrid precursor through the self-assembly process, which would serve as the
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template for the fabrication of 2D BiVOa photocatalyst (Figure 1.9 c).[’®l After the
introduction of NazVO followed by the hydrothermal process, BiCla —CTA™ precursor
would react with the VO43* and self-exfoliate into BiVO4 nanolayers with a thickness of
around 1.28 nm, which displays an outstanding CO. photoreduction performance, with
methanol formation rate of 398.3 mmol g h™™. Li et al. utilized ethanolamine which
would act as a pH regulator to intrigue the exposure of [010] planes of BiVO4 as well as
a crosslinking agent to fabricate an aerogel 2D composite of BiVOs nanoplates and
reduced graphene oxide sheets, which could exhibit enhanced photocatalytic performance
and in both the O evolution from water and the oxidation of phenol.[®? In another study,
a colloidal synthesis route using oleic acid, oleylamine and octadecene has been
successfully applied to prepare oxygen defective ultrathin monoclinic BiVO4 nanosheets
with an average thickness of ~2.9-3.0 nm.[244159 The as-prepared BiVO. ultrathin
nanosheets can display good photocatalytic OER performance over AgNO3 solution with
a high AQE of 26.1% (at 420 nm). Ni et al. has successfully prepared a smart BiOl/BiVOa4
2D heteronanostructure by virtue of the facile anion-exchange technique.[*®*! The in-situ
growth of 2D BiVO4 on the scaffolds of BiVO4 nanoplates can be prompted by active
exchange between I~ and VO3~ during hydrothermal treatment at 160 °C for 12 h (as
illustrated in Figure 1.9 d), endowing the optimized sample with superior photocatalytic

performances for the degradation of Rhodamine B and salicylic acid.
1.4.3. Selective Metal Photodeposition

Some early investigations on crystal facet engineering of semiconductors have
unraveled the possible photogenerated charge separation into different crystal facets, in a
way that certain facets favor reduction reactions, while the other facets prefer oxidation
reactions.[102103.166-1681 However, for some semiconductor, such as TiO,, contradictory
conclusions regarding reduction and oxidation facets can be found from different
literatures. For instance, some early reports suggested the preferred oxidation reaction on
the rutile (011) and anatase (001) facets, while the rutile (110) and anatase (101) facets
offered the sites for reduction reaction.'8%172l Nevertheless, some other references
observed higher photocatalytic organic degradation activity on anatase nanocrystals with
well-faceted (101) surfaces than that of (001) facets, indicating that the (101) facets of
TiO2 anatase might also be able to receive holes and thus catalyze the oxidation
reaction.!”*1%1 In the case of metal deposition, while Farneth et al. observed the

photoreduction of Ag metal nanoparticles on the (110) surface of TiO2,[*® in contrast,
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Hotsenpiller et al. reported that Ag particles were photodeposited at higher velocity on
the (001) and (011) facets than on the (110) and (010) facets.[*’] A possible explanation
for the above mentioned conflicting findings is that the reaction selectivity on different
facets is also influenced by the adsorption/desorption behaviors of reactant molecules and

reaction intermediates on different facets.[103.178.179]

Interestingly, many reports have shown conclusive and similar findings concerning the
photodeposition of various metals over monoclinic BiVO4 surfaces, especially the well-
faceted one.[64102103.1171 The first complete report and study about this issue was provided
by Li et al.,!%®l where they observed the selective photodeposition of reduction and
oxidation cocatalysts over the (010) and (011)/(110) crystal facets of monoclinic BiVOa,
respectively, as the result of spatial charge-carrier separation, as illustrated in Figure 1.10
a. Initially, the authors demonstrated that noble metals with high reduction potential, i.e.
Au, Pt, and Ag metal were selectively deposited on the (010) facets of monoclinic BiVO4
through photoreduction from both anionic [AuCls] ", [PtCls]*~ and cationic Ag* precursors.
On the other hand, transition metal oxide (with relatively low reduction potential), such
as MnOx and PbO2 were selectively formed on the (011)/(110) facets through
photooxidation of Mn?* and Pb?* cations, respectively (see Figure 1.10 b). These
phenomena happened not only when oxidative/reductive photodeposition was performed
separately but also when they were carried out simultaneously, as can be seen in Figure
1.10 c, further affirming the spatial charge separation nature of monoclinic BiVVO4, where
the photogenerated electrons and holes would be transferred and accumulated on (010)
and (011)/(110) facets, respectively. Although several precursors of Mn?* (MnCly,
Mn(NOs)2, and MnSO4) were used for MnOx photodeposition, similar structure directed
photodeposition tendency was observed. Compared to the products derived from
impregnation method with uniform distribution of metals and metal oxide, the monoclinic
BiVOs loaded with Pt and MnOyx via photodeposition process demonstrated a
significantly higher photocatalytic water oxidation, thus emphasizing the superiority of
selective photodeposition method. A year later, the same group extended the study, where
they attempted to further improve the photocatalytic performance by utilizing the Co
species as the oxidation cocatalyst.['% As expected, the Co?* cations (from Co(NO3)2)
which belongs to the transition metal group, were oxidized and loaded as Co304 over the
(011)/(110) oxidation facets upon light illumination.
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Figure 1.10. (a) Schematic illustration of spatial charge separation between different
facets of monoclinic BiVO4 resulting in selective photodeposition of reduction and
oxidation metal cocatalysts on (010) and (110) facets, respectively,!*%? (b) SEM images
of single metal and (c) dual metal (simulatenously) photodeposited on the respective
facets of monoclinic BiVOs (reduction cocatalysts: Au, Pt, and Ag; oxidation cocatalysts:

MnOy and PbO,).1*%C]
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Through a comprehensive density functional theory (DFT) study, Liu et al. proposed
some explanation regarding this spatial charge separation nature of monoclinic BiVOs,
where they monitored the photogenerated charge migration in BiVO4 by employing the
formalism of DFT with Hubbard U corrections and Marcus/Holstein theory using a small
polaron model.[®* It was found that for the exposed facets of (010) and (110), the mobility
of electrons along [010] is five orders of magnitude larger than that of the [110] direction
and the mobility of holes along [110] is two orders of magnitude larger than that of the
[010] direction. Accordingly, they suggested that there is a parallel relationship between
the carrier mobility along the crystal axis and the charge carrier preferred accumulation
on the corresponding crystal facets of monoclinic BiVOs. Following these above-
mentioned pioneer works, many other authors have tried to exploit this special feature,
for synthesizing superior metal/metal oxide-monoclinic BiVO4 composites for various
photocatalytic applications. For example, Qi et al. demonstrated significantly enhanced
water oxidation on the particulate BiVO4 photocatalyst via in situ facet-selective
photodeposition of dual-cocatalysts that exist separately as metallic Ir nanoparticles and
nanocomposite of FeOOH and CoOOH (denoted as FeCoOx).''"1 Very recently, a
rationally designed monoclinic BiVO4-based system for efficient overall photocatalytic
H20. generation was reported, where the authors employed faceted Mo-doped BiVO4
particles as light absorber and selectively loaded CoOy (water oxidation cocatalyst) and

Pd (oxygen reduction cocatalyst) on the (110) and (010) facets, respectively. €
1.5. Thesis Motivation and Organization

Artificial photosynthesis for the production of renewable energy stocks has been
regarded as one of the most essential and effective strategies for tackling the global energy
crisis and environmental problems. In order to design an efficient photocatalyst, several
principal criteria should be considered and administered properly, i.e. light absorption
(with the priority of visible light, near-infrared, and infrared), thermodynamic boundaries,
charge carrier separation, and existence of surface reactive sites. Accordingly, monoclinic
BiVO4 has attracted growing interest as a promising photocatalyst candidate with
abundant potentials, due to its visible light absorption ability, non-toxicity, plentiful
abundance, low cost, good photostability, and favorable band position (especially for
driving oxidation reactions). In this regard, diverse photocatalytic applications have been
studied and reported over monoclinic BiVO4-based materials. Despite its advantages and

immense potentials, the conventional monoclinic BiVOs still exhibits some drawbacks,
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i.e. poor charge carrier separation efficiency, relatively low surface area, and the absence
of innate reactive sites, which are responsible for the unsatisfactory photocatalytic
performance of monoclinic BiVOas. Concerning these issues, significant research efforts
should be devoted to probing, modulating, and exploiting the intrinsic and unique properties
of monoclinic BiVOs, in order to accomplish some meaningful breakthroughs for
developing and fabricating superior monoclinic BiVOs-based photocatalysts.

Based on above-mentioned discussions, in this thesis, | focus on the rational design of
some superior monoclinic BiVO4 photocatalysts for highly efficient visible-light-driven
photocatalysis. Several strategies, including structural engineering and surface
modulation, are considered for monoclinic BiVOgs in order to enhance the corresponding
photocatalytic properties and performances. Correspondingly, two important
photocatalytic applications are chosen as the target reactions: oxygen evolution reaction
(OER) and H20- evolution via oxygen reduction reaction (ORR). Furthermore, some in-
depth studies and theoretical investigations are also prompted to further enrich our
understanding of the underlying mechanism. This dissertation is divided into five

chapters. A summary of the remaining four chapters is described as follows:

Chapter 2 Lattice distortion engineering over ultrathin monoclinic BiVOa4
nanoflakes triggering AQE up to 69.4% in visible-light-driven water oxidation

Monoclinic BiVOs is often distinguished for its superior photocatalytic performance
under visible light irradiation due to its relatively more distorted crystal structure
compared to the tetragonal scheelite BiVO4 (the other polymorph of BiVO4 with a similar
bandgap, however, with an orderly crystal structure). Surprisingly, there are only few
research reports about the exploration and exploitation of this prominent lattice distortion
effect, even though it holds the primary key to the enhanced photocatalytic properties of
monoclinic BiVOas. In addition to the lattice distortion feature, monoclinic BiVO34 also
exhibits some potential to manifest the 2D layered structure, which are beneficial for
accelerating the catalytic reaction kinetics and improving the charge carrier mobility;
these advantages will be further extended in the case of ultrathin scale. Nevertheless, the
venture to tailor BiVOs into ultrathin 2D nanostructures encounters some extent of
difficulty, due to its lacking of the intrinsic driving force for 2D anisotropic growth. These
above-mentioned notions inspired me to devise and develop a facile strategy which
enabled 2D structure tailoring and lattice distortion engineering simultaneously over

monoclinic BiVOas. The synergistic effects of ultrathin 2D features and lattice distortion
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effect were expected to significantly enhance the photocatalytic properties of monoclinic
BiVOs photocatalyst, thus promoting more efficient visible-light-driven OER

performance.

Chapter 3 New insights into water oxidation reaction over (010) facet of monoclinic
BiVOa: Unravelling the key role of lattice distortion

As previously mentioned, lattice distortion of monoclinic BiVOs serves as the
distinguishing factor for its superior photocatalytic water oxidation performance
compared to other polymorphs. Based on the available (not so many) literatures, lattice
distortion of monoclinic BiVOs4 is believed to positively affect the mobility of
photogenerated holes, due to the hybridization of Bi 6s and O 2p orbitals. However,
considering the major effect of lattice distortion on the photocatalytic activity of
monoclinic BiVOs, | believe that there is much more to it than that which has not been
unraveled yet and thus will require further in-depth study and comprehensive
investigation, specifically whether it has the access to dictate the surface catalytic
behavior of BiVO4 photocatalyst for catalyzing the OER process. Meanwhile, some other
reports indicate the significance of exposing more (010) facet of monoclinic BiVOs in
order to trigger the photocatalytic water oxidation more efficiently. In order to fill the
knowledge gap between these issues, in this chapter, | attempted to investigate the OER
process over (010) facet of monoclinic BiVOs, with the aim to obtain more understanding
of the connection between the lattice distortion and surface catalytic behavior of the
corresponding (010) facet. Accordingly, the combination of experimental and theoretical
studies would be a good strategy to produce more dependable results and conclusions.
The insights from this work might provide some new hints into the rational design of
monoclinic BiVO4-based photocatalyst for driving more efficient photocatalytic water

oxidation.

Chapter 4 Oxygen Vacancy-Mediated Size Engineering of Pd Cocatalyst over
Monoclinic BiVOas for Visible-Light-Driven H202 Synthesis

Hydrogen peroxide (H202) has received much attention as an alternative liquid energy
carrier since it is relatively more cost-effective and easily transportable. In this case,
artificial photosynthesis of H.O> from earth-abundant water and O as resources can be
regarded as a promising and ideal strategy. Monoclinic BiVOs is a good photocatalyst
candidate for this purpose, due to its suitable band structure and relatively narrow band-

gap (~2.4 eV). Unfortunately, pristine surface of monoclinic BiVO4 has been reported to
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be inactive for catalyzing the Oz reduction into H2O2. With that being the case, the surface
modulation strategy to generate external reactive sites by the means of cocatalyst loading
might be an ideal approach for promoting solar-driven H20. production over monoclinic
BiVO4 photocatalyst. In addition to that, monoclinic BiVO4 exhibits the spatial charge
separation nature, thus enabling selective photodeposition of metal cocatalyst into a
designated facet. However, this photodeposition method also comes with some
shortcomings, especially the difficulty and complexity of controlling the size of
photodeposited metal cocatalyst, which actually is the decisive factor for determining
whether the surface reaction can proceed efficiently. In this chapter, Pd cocatalyst was
selected to modify the surface of monoclinic BiVO4 photocatalyst and provide the
necessary reactive sites for the H.O; evolution via ORR. In order to effectively control
the size of Pd cocatalyst, some surface modulation technique by the means of oxygen
vacancy introduction was executed. The surface oxygen vacancies were expected to
facilitate an effective interaction between the (010) reduction surfaces of monoclinic
BiVO, and the PdCl4® precursor, thus establishing well dispersed and downsized Pd
cocatalyst. After some optimization, the resulting Pd/BiVO4 composite might be able to
demonstrate highly efficient photocatalytic H2O2 production, due to the existence of

abundant active sites and enhanced charge carrier separation efficiency.
Chapter 5 General conclusions and future prospects

This chapter presents an overall summary and conclusion of this dissertation and gives

the prospects for future work.
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Chapter 2. Lattice Distortion Engineering over Ultrathin
Monoclinic BiVO4 Nanoflakes Triggering AQE up to 69.4%
in Visible-light-driven Water Oxidation

2.1. Introduction

As the global challenges of energy sustainability and drastic climate change become
more critical, the solar-driven photocatalytic CO> reduction, water splitting, and N>
fixation technologies for the production of clean and safe energy-containing chemicals
are expected to step onto the stage as early as possible.41 Nevertheless, the realization
of these applications (fuel-forming reduction reactions) is greatly limited by the balancing
reaction, i.e., water oxidation or oxygen evolution reaction (OER).>®! Due to its complex
four-electron transfer process, unclear reaction mechanism, and sluggish reaction kinetics,
designing a suitable and effective photocatalyst for achieving efficient water oxidation
becomes quite a difficult task to accomplish, yet indispensable.l”]

Among many developments of photocatalytic materials, ultrathin 2D semiconductor
nanomaterials have displayed excellent prospects for various photocatalytic applications
owing to their unique 2D structural features and enormous potential for further
innovations.!%-1?1 Bi-based materials usually possess layered crystals with either stacking
van der Waals layers (e.g., BiOCI, BiOBr, and BiOl) or chemically bonded layer stacks
(e.g., Bi2WOs, Bi2M00Os, and BiVOa), which can facilitate the formation of ultrathin 2D
structure.™ Among other Bi-based materials, BiVOs stands out for its notable
photocatalytic OER performance. In addition, it has been reported that the water oxidation
activity of BiVOys is proportionally dependent on the degree of (040) facet exposure,*3]
thus rendering ultrathin 2D BiVOg4 as an ideal OER photocatalyst. Unfortunately, the
venture to tailor BiVOs into ultrathin 2D nanostructures encounters some extent of

difficulty, due to its lacking of the intrinsic driving force for 2D anisotropic growth.[1415]

It has been widely known that BiVOs possesses three types of crystal polymorphs:
tetragonal zircon, tetragonal scheelite, and monoclinic scheelite.l*8*81 Monoclinic
scheelite BiVO4 with an ideal bandgap of 2.4 eV is often distinguished for its superior
photocatalytic performance under visible light irradiation due to its relatively more

distorted crystal structure compared to the tetragonal scheelite BiVOas (the other
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polymorph of BiVOs with a similar bandgap, however, with an orderly crystal
structure).[®2% This kind of structural variation is commonly encountered for Bi-based
complex oxide due to the existence of lone pair electrons around the Bi 6s? orbital [16:20-
241 Thalluri et al.®® and Yu, Kudo[® have separately reported the effect of lattice
distortion degree over photocatalytic OER activities of prepared monoclinic BiVO4 by
controlling the calcination temperature and solution pH, respectively. However, the
observed local structural variations are also accompanied by disparities in other vital
properties such as morphology, particle size, optical bandgap, and degree of crystallinity,
thus making it not easy to clarify the critical parameters which govern the overall

photocatalytic water oxidation performance.

Here, in this work, we demonstrate a facile template-directed strategy to fabricate
ultrathin 2D monoclinic BiVOa4 nanoflakes (BVO NFs) of about 2.3 nm with controlled
lattice distortion, which was achieved through a simple introduction of sodium (Na*)
additive. Raman analysis and XRD Rietveld structure refinement indicate a greater
degree of lattice distortion: the shrinking of V—O bonds and the elongation of the Bi—O
bonds. The BVO NFs with more lattice distortion (BVO NFs A) demonstrated superior
photocatalytic OER performances with remarkable apparent quantum efficiencies up to
69.4% over sacrificial Fe3* solution. It is also unraveled through mechanistic
investigations how the ultrathin 2D features and lattice distortion positively and
synergistically affect the innate characteristics (charge carrier dynamics and surface
properties) and overall photocatalytic OER performance of BVO NFs. In particular, the
density functional theory (DFT) calculations emphasize the advantages of lattice
distortion effect not only for enhancing the photogenerated holes transfer rate but also
providing better wave function connection for the migration of electrons and delocalizing
the electrons of the O 2p surficial state. This work provides critical insights into the
morphology, dimension, and lattice distortion engineering in fabricating superior

monoclinic BiVO4 photocatalyst for efficient solar energy conversion.
2.2. Experimental section
2.2.1. Materials

Bismuth nitrate pentahydrate (Bi(NOz)3-5H20, Guaranteed Reagent), D(—)-mannitol
(Guaranteed Reagent), potassium bromide (KBr, Guaranteed Reagent), sodium

metavanadate (NaVOs, Practical Grade), ammonium metavanadate (NHsVOs,
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Guaranteed Reagent), sodium bromide (NaBr, Guaranteed Reagent), sodium nitrate
(NaNOs, Guaranteed Reagent), lithium nitrate (LINO3, Wako Special Grade), silver
nitrate (AgNOs, Guaranteed Reagent), sodium sulfite (Na.SOs, Guaranteed Reagent),
boric acid (H3sBOs, Guaranteed Reagent), and potassium hydroxide (KOH, Guaranteed
Reagent) were provided by FUJIFILM Wako Pure Chemical Corporation.
Polyvinylpyrrolidone (PVP, MW: 10000) and potassium metavanadate (KVOs, 98%)
were purchased from Sigma-Aldrich. All chemicals were used directly as received
without further purification. The ultrapure water with a resistivity of 18.2 MQ cm™ was

supplied by a Millipore System (Millipore Q) and used in all experiments.
2.2.2. Preparation of BiVO4 Photocatalysts

In general, ultrathin 2D monoclinic BiVO4 nanoflakes (BVO NFs) were fabricated by
a template-directed strategy through facile two-step hydrothermal treatment, as illustrated
in Figure 2.1. Initially, BiOBr ultrathin nanosheets were prepared beforehand according
to the reported procedure,?? with slight modification. In detail, 5 mmol
Bi(NOz3)3:5H.0 and 1 g PVP (MW: 10000) were dissolved in sequence into 60 mL 0.075
M mannitol solution under magnetic stirring for about 30 min. Subsequently, 5 mmol
KBr were added into the solution and stirred for another 30 min. The resulting white
suspension was transferred into 100 mL Teflon-lined autoclave and hydrothermally
treated at 160 °C for 2 hours. After cooling down to room temperature, the white
precipitate was collected by centrifugation and washed several times using water and
ethanol, and finally dried at 70 °C under vacuum to obtain BiOBr ultrathin nanosheets

(BiOBr NS) which will act as the template for the subsequent reaction.

For the second step, 1 mmol of as-prepared BiOBr NS was dispersed in 50 mL water
and ultrasonically treated for 30 min. After that, 1 mmol of NaVO3z was added, and the
solution was stirred for 30 min. The solution was then transferred into 100 mL Teflon-
lined autoclave and subjected to another hydrothermal treatment (160 °C, 2 hours) which
would trigger the ion exchange process. The ultrathin BiOBr NS consists of a layered
structure of BiOBr stacked to each other by weak interlayer van der Waals force, where
Br atoms terminate the dangling bonds of slices.l?”?81 Through the ion exchange process,
the terminative Br~ layer could be extracted and replaced by the VO3 to generate
chemically bonded [Bi202]>*-[(VOs)2]> layered stacks of BiVO4. The resulting yellow
precipitate was collected and washed using water several times and finally dried at 70 °C

under vacuum to obtain ultrathin 2D monoclinic BVO NFs. In order to probe the effect
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of alkali additive, several kinds of vanadate (VOs") precursors were employed during the
ion exchange hydrothermal treatment. BVO NFs A and BVO NFs B denote the ultrathin
2D BiVO4 nanoflakes samples which were synthesized by using NaVO3z and NH4VOs,
respectively. On some occasions, some additional alkali (especially Na*) source was also
introduced during the ion exchange process. For some activity comparison, BVO NFs C
was also synthesized using KVOs with the same procedure as described above. Bulk
BiVOs nanoparticles (BVO NPs) were also prepared through a simple aqueous
processes.[® In detail, 5 mmol of Bi(NOs)s-5H.0 were dissolved and stirred in an
aqueous nitric acid solution (1 M, 100 mL) for about 30 min. Afterward, 5 mmol of
NH4VO3s were added to the mixture, and the stirring continued for 20 h. The resulting
BiVOs nanoparticles powder was then collected by centrifugation and washed with

distilled water before drying at 70 °C under vacuum.

Bi3+‘+.:3/P x

'3:1. rank V- ongated Bi- BIVO4
. g:’{ 4 Strank V=01 Elongated B-9] \anoflakes
~e e
Self- Ion Na*
Assembly Exchange v, additive

,;; > vo;

= Template

Synthesis S T
BiOBr

Nanosheets

Figure 2.1. Fabrication process of ultrathin 2D BVO NFs through a template-directed

method, including self-assembly, template synthesis, and ion exchange process.

57



Chapter 2

2.2.3. Material Characterizations

The material crystal structures were determined using an X-ray diffractometer (X'pert
powder, PANalytical B.V., Netherland) with Cu-Ka radiation (A = 0.1541 nm) under 45
kV and 30 mA. High-resolution XRD spectra for the XRD Rietveld refinement were
obtained using a Rigaku Ultima 1V diffractometer equipped with monochromatic Cu-Ka
radiation (A= 0.1541 nm). XRD Rietveld refinement analysis of BVO NFs was performed
using the GSAS II program to further determine the crystal structure variation. The
morphologies and elemental compositions of the samples were characterized by
transmission electron microscopy (TEM, JEOL JEM-2100F) and scanning electron
microscopy (SEM, JEOL JSM-6701F), equipped with an energy dispersive spectrometer
(EDS). Atomic force microscopy (AFM, Nanocute H, Japan) was carried out in tapping
mode for analyzing the surface morphology and thickness of the samples. Raman spectra
were collected by engaging the Raman microscope (NRS-1000, Japan) at room
temperature with a green laser (532 nm) as the excitation source. Inductively coupled
plasma optical emission spectrometry (ICP-OES, Agilent5800) was employed to
determine the elemental composition of the prepared samples. The optical absorption
properties were measured over a UV-vis spectrophotometer (UV-2600 Shimadzu), and
the corresponding bandgaps were calculated according to Kubelka-Munk transformation.
X-ray photoelectron spectroscopy (XPS) was performed by a PHI Quantera SXM,
ULVAC-PHI in a theta probe using monochromatic Al-Ko X-rays at hv = 1486.6 ¢V. The
observed peak positions were calibrated to the binding energy of the C—C bond in C 1s
spectra (285.0 eV). Thermogravimetric (TG) measurement was performed on a DTG-

60H unit (simultaneous DTA-TG apparatus) under a N2 atmosphere.
2.2.4. Photocatalytic Activity Test

Photocatalytic O, evolution of BiVO4 samples was carried out within a 290 mL Pyrex
glass reactor connected to a closed gas circulation system. In a typical test, 100 mg of
photocatalyst powders were dispersed in 100 mL AgNOs3 (or Fe(NOs)s3) solution (30 mM)
with ultrasonic treatment and constant stirring. The reactor was illuminated from the top
side by visible light using a 300 W Xe lamp equipped with an L-42 cut-off filter. The
system was degassed beforehand under dark conditions by evacuation to remove any
dissolved air. A cooling water system was employed to maintain the temperature of the

photocatalytic test system at around ~15 °C. The evolved O, was quantitatively
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determined by online gas chromatography (GC-8A, Shimadzu, Japan) equipped with a
thermal conductivity detector (TCD) and Ar carrier gas. The measurement of apparent
quantum efficiency (AQE) was carried out under similar conditions as described above,
except for the usage of monochromatic light irradiation. A series of bandpass filters (400
nm, 420 nm, 460 nm, 500 nm, 540 nm, 580 nm, and 600 nm) and a water filter were
added together to the cut-off filter system in order to control the wavelength region of the
monochromatic light and avoid possible damage caused by the heating effect of Xe lamp,
respectively. The average light intensity was determined using a spectroradiometer
(Ushio, USR-40, Japan). The AQE was estimated by using the following equation:

__ 4 xnumber of evolved O, molecules

AQE =

x 100% (2-1)

number of incident photons
2.2.5. Electrochemical Measurement

The electrochemical measurement was carried out by using a fluorine doped tin oxide
(FTO) glass deposited (spin coating) by the BVO NFs A, BVO NFs B, or BVO NPs (2
mg of samples in 200 pL ethanol over an area of 1 cm?) as the working electrode. The
transient photocurrent responses under on-off cycling irradiation by manual chopping and
electrochemical impedance spectroscopy (EIS) Nyquist plots under light irradiation were
measured in 0.5 M NaxSO; electrolyte using a bias potential at 1.23 V (vs RHE).

2.2.6. Computational Details for First-Principles Electronic Structure Calculations

The electronic structure calculations for just slabs of BVO NFs A and B were carried
out by first-principles calculation based on the density functional theory (DFT) using
norm-conserving pseudopotentials and an unrestricted spin (Local Spin Density: LSD)
approach and including gradient corrections (GGA) on the exchange and correlation
functional. The model slab with the dimension of 3a x (2b + vacant space (roughly 22 ~
23 A)) x 3¢ exposing the (010) facet was built based on the refined structure provided by
the XRD Rietveld refinement for the calculations. The slabs of BVO NFs A and B are
composed of 432 atoms in total indicated by following serial indices: Bi; 1~72, V; 73~144,
O; 145~432. Among them, Bil1-Bi9 are located near the upper surface, Bi64-Bi72 near
the lower surface, V73-V81 near the upper surface, V136-V144 near the lower surface,
0145-0162 at the upper surface, and 0O415-0432 at the lower surface. In the inner part
of the slab crystal, each Bi atom is surrounded by 8 oxygen atoms (BiOg), while each V

atom is surrounded by 4 oxygen atoms (VOs). At the surface, the coordination of V atom
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is preserved (VOa), while Bi atom is unsaturated and only surrounded by 6 oxygen atoms
(BiOs). The recipe of the pseudopotentials for this electronic structure calculations are as
follows: The exchange and correlation functional after Becke-Lee-Yang-Parr (BLYP)
was used.?®® The valence-core interaction was modeled by norm-conserving
pseudopotentials (NCPP) employing a plane-wave basis set with an energy cut-off of 80
Ry,BU with the sampling of the Brillouin restricted to the I" point. The electrons of Bi 5d,

6s, 6p; V 3d, 4s; O 2s, 2p were treated explicitly as valence electrons.

2.2.7. Statistical Analysis

The Raman shift positions (n = 4) in Table 2.2 were evaluated with the assistance of
SpetraGryph software and the presented means £ S.D. are the combination of the standard
uncertainty of repeated measurements and resolution uncertainty, expanded by the factor
of 2. The lattice parameters and bond lengths of BVO NFs samples as well as their
corresponding uncertainties in Table 2.3 were evaluated by the GSAS Il suite. The means
+ S.D. (n = 3) from repeated measurements were calculated in order to validate the data
of photocatalytic O2 evolution and wavelength-dependent AQE in Figure 2.16, Figure
2.19, and Figure 2.20.
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Figure 2.2. XRD patterns of ultrathin 2D BVO NFs and BVO NPs.
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Figure 2.3. (a-c) SEM images, (d-f) TEM images, and (g-i) HR-TEM images of BVO
NFs A, BVO NFs B, and BVO NPs, respectively. The inset of (g) is the corresponding
SAED image.

2.3. Results and Discussion
2.3.1. Characterizations of Ultrathin 2D Monoclinic BiVO4 Nanoflakes

The XRD pattern (Figure 2.2) confirms the pure monoclinic phase of BiVO4 (JCPDS
File No. 14-0688), in which BVO NFs samples exhibit intensive (040) peaks in
comparison with bulk BiVOs nanoparticles (BVO NPs), indicating the preferential
orientation of BVO NFs along the [010] direction, a typical feature of the crystal structure
of 2D nanomaterials.[!21332 As can be inferred from the SEM and TEM images of the
prepared samples (Figure 2.3 a-c and Figure 2.3 d-f), BVO NFs possess irregular plates
or flake morphology with an average lateral size of 200-500 nm. Furthermore, high-
resolution TEM (HR-TEM) images and the corresponding SAED images (Figure 2.3 g-
i) signify the well-crystallized structure of BVO NFs. The observed interplanar d-
spacings of 0.255, 0.260, 0.181, and 0.182 nm correspond to (002), (200), (202), and (-
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202) lattice planes of monoclinic BiVOs, respectively, further emphasizing that the
monoclinic BVO NFs are oriented along the [010] zone axis. Hence, it can also be
expected that the surface of the synthesized ultrathin 2D monoclinic BVO NFs is mainly
composed of (010) facets. No noticeable microstructure variation can be observed over
the SEM, TEM, and HR-TEM images of BVO NFs A and BVO NFs B. The atomic force
microscopy (AFM) measurement and the corresponding height profiles (Figure 2.4)
reveal that the as-prepared BVO NFs possess an average thickness of ~2.3 nm, which is
pretty equal to the two-unit-cell packing thickness along the [010] zone axis of
monoclinic BiVO4. The Raman analysis of the BVO NFs samples (Figure 2.5) verifies
the typical vibrational bands of BiVOa,?®! further demonstrating the successful formation
of monoclinic BiVOa. The broad Raman band at 300-400 cm™ can be deconvolved into
two components located at ~ 325 and 365 cm™* which can be ascribed to the asymmetric
and symmetric deformation modes of VO.* tetrahedron, respectively. The intense
Raman band at 826 cm™ can be associated with the stretching mode of the shorter V-O
bonds. The weak band located at ~ 710 cm™2, which corresponds to the stretching mode
of the other V-O bonds cannot be clearly observed. The absence of this band and the
merging of the bands of the asymmetric and symmetric VO4>~ deformation modes in the
Raman spectra might be attributed to the ultrathin thickness of BVO NFs.[26:33.34]

Figure 2.4. AFM image and height profiles of ultrathin 2D BVO NFs A.
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Figure 2.5. Raman spectra of BVO NFs samples.
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Figure 2.6. EDS of BVO NFs A. The highest peak on the left is the carbon peak
originating from the carbon tape which was used as the substrate for attaching samples.
The calculated Bi/V/O ratio is 1/1.2/3.7, which is pretty close to the stoichiometric ratio

of BiVO4. No Na atom’s related signal can be observed from the EDS measurement.

Energy-dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy
(XPS), and inductively coupled plasma-optical emission spectroscopy (ICP-OES) were
conducted to examine the chemical composition of the synthesized samples (Figure 2.6,
Figure 2.7, and Table 2.1). The corresponding results reveal that the Bi/V molar ratio of
the samples is close to the stoichiometric ratio of 1: 1, validating the successful formation
of pure monoclinic BiVOa. Only trace amount of Na can be detected from BVO NFs A
even though a lot amount of Na™ was added during the synthesis process, verifying the
removability of Na* during the washing process. In addition, the Br element was

undetected in all BVO NFs samples.
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Figure 2.7. XPS spectra of BVO NFs samples. The source of the carbon signal is the
carbon tape substrate. The higher detected Bi content on BVO NFs A might imply the
higher amount of Bi-terminated surface since XPS is relatively surface-sensitive. No Na
signal was detected from the XPS spectrum of BVO NFs A.

Table 2.1. Composition of the prepared BiVO4 samples determined by ICP-OES. The

analyzed samples were dissolved beforehand in HCI solution.

Sample Bi (mg/L) V (mg/L) Na (mg/L) Br (mg/L) Bi: V
BVO NFs A 17.77 4.22 TA - 1.00: 0.97
BVO NFs B 16.88 4.06 - - 1.00: 0.98

BVO NP 17.97 4.23 - - 1.00: 0.97

* TA = trace amount

The atomic distribution of BVO NFs A is analyzed by the elemental mapping, as shown
in Figure 2.8, which indicates the homogenous distribution of Bi, V, and O throughout
the sample. Thermogravimetric analysis (TGA, Figure 2.9) signifies the absence of any
organic impurity within BVO NFs. The optical absorption properties of ultrathin 2D BVO
NFs have been investigated by employing UV-Vis diffuse reflectance spectroscopy
(Figure 2.10). The absorptions of BVO NFs samples exhibit a significant blue shift
relative to the bulk BVO NPs (from 523.5 nm to 508.5 nm), which can be attributed to
the quantum confinement effect of ultrathin 2D structure.[?83] As can also be observed,
the introduction of Na* additive doesn’t yield any significant effect on the optical
properties of BVO NFs samples. The non-zero absorption of both BVO NFs samples for

wavelength larger than 500 nm might be attributed to the presence of defects. Mott-
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Schottky plot of the as-synthesized BVO NFs A was utilized for determining the Fermi
level or flat band potential of the corresponding sample (x-intercept of the linear part),
which can give an estimate of the band positions in an aqueous environment. As shown
in Figure 2.11, the Fermi level of BVO NFs A was calculated to be 0.09 V vs. RHE. It
has been reported that for a typical n-type monoclinic BiVOs, its conduction band
minimum (CBM) position is located around 0.04 V above its Fermi level.I%8] Therefore,
it can be estimated that the CBM of BVO NFs A is located at 0.05 V vs. RHE. Based on
the Tauc plot from optical absorption data, it is revealed that BVO NFs A possess a band
gap of about 2.44 eV, which enable us to surmise the position of its valence band
maximum (VBM) to be about 2.49 V vs. RHE. The corresponding band diagram of BVO
NFs A can be seen in Figure 2.12, which indicates that it is thermodynamically possible
for BVO NFs A to drive the OER and the reduction of sacrificial agents (Fe** or Ag*). In
order to verify the band positions, it might be necessary to employ the ultraviolet

photoelectron spectroscopy (UPS) to accurately measure the VBM position.

Figure 2.8. EDS elemental mapping images of ultrathin 2D BVO NFs A.
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Figure 2.9. TG results of ultrathin 2D (a) BVO NFs A and (b) BVO NFs B. No obvious

weight loss was observed throughout the measurement of both samples, signifying the

absence of organic impurities within both BVO NFs samples.
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Figure 2.10. (a) UV-Vis DRS spectra and (b) Tauc plot of (ahv)? versus photon energy
(hv) based on the Kubelka-Munk transformation of the synthesized samples, revealing

the possession of similar band gap of ~ 2.44 eV for both BVO NFs samples, which is

very suitable for photocatalytic reaction under visible light irradiation; bulk BVO NPs

exhibits a smaller bandgap of 2.37 eV.
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Figure 2.11. Mott-Schottky plot of the as-synthesized BVO NFs A. The Fermi level of
BVO NFs A is estimated to be about 0.09 V vs. RHE.
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Figure 2.12. Band diagram of the as-prepared BVO NFs A.

2.3.2. Lattice Distortion Engineering upon the Introduction of Na* Additive

In this section, we are going to discuss the intrinsic effect of Na* additive for lattice
distortion engineering over ultrathin 2D monoclinic BVO NFs. Through careful
examination of the Raman spectra of BVO NFs samples, peculiarly by surveying the
intense band located at 800-820 cm™, which corresponds to the stretching mode of the
shorter V-0 bonds, some crucial variations of the stretching Raman frequency could be
pinpointed. As can be observed from Figure 2.13, the presence of Na™ additive during

the synthesis process would increase the shift position of the V—O vibrational mode,
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which varies from 809.9(9) to 815.1(9) cm™'. Interestingly, similar variation can also be
observed for the BVO NFs B sample with some sodium salt (NaBr) added during the ion
exchange process, verifying that such phenomenon was prompted by the introduction of
Na* additive. Furthermore, this Raman shift can be correlated to the bond length of V-O

by using the following empirical equation:[?>37]
v (em ) = 21349 exp (-1.9176 R (A)) (2-2)

where v is the stretching Raman frequency for V-0 and R is the estimated bond length
of V—0. Based on the above functional relationship, the stretching Raman shift position
would have an inverse relationship with the V—O bond length. In other words, the higher
the stretching frequency is, the smaller the metal—oxygen bond length would be. Table
2.2 summarizes the stretching Raman shift positions of various BVO NFs samples and
the corresponding V—O bond length. Based on Raman analysis, the introduction of Na*
additive would shorten the V—O bond length of the ultrathin monoclinic BVO NFs from
1.7062(6) A (BVO NFs B) to 1.7028(6) A (BVO NFs A). The change of V-0 bond length
can be attributed to the 6s2 lone pair distortion around Bi®* cation within the local structure
of BiVO..[?®! Unfortunately, it is not possible to extract the information about the Bi—O
polyhedron from the Raman characterization. However, by considering the coordination
state of bismuth cation, it could be deduced easily that the change in the V—O bond length
would be alleviated by the reverse change in the Bi—O bond length to balance the

structure.[28]
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Figure 2.13. Focused Raman spectra of BVO NFs samples with and without Na* additive.
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Table 2.2. Effect of Na* additive on the V—O' stretching Raman shift and estimated V—O'
bond length of ultrathin 2D monoclinic BVO NFs.

Stretching Raman shift Estimated V-0

Sample V-0'bond, v(cm™) bond length, R (A)*
BVO NFs A 815.1(9) 1.7028(6)
BVO NFs B + NaBr 814.4(11) 1.7033(7)
BVO NFs B 809.9(9) 1.7062(6)

* Calculated using the following empirical expression: v (cm™) = 21349 exp (-1.9176 R (A))
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Figure 2.14. Rietveld refinement XRD patterns and the corresponding simulated lattice
structure of (a-b) BVO NFs A and (c-d) BVO NFs B.
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Table 2.3. Lattice properties of ultrathin 2D monoclinic BVO NFs obtained by XRD

Rietveld refinement.

Lattice parameters Unit-cell Bond length (A)
Samples A b (&) A a=y (deg) volume Vo0 BILO
a c e — i—
ey "V

BVONFSA  51960(2)  11.7051(3) 50956(2) 90  90.37(1) 309.914(10) 1.3783(1)x2 2.3507(1) x 2
1.6989(1) x 2 2.4206(1) x 2

2.5955(1) x 2

2.9555(1) x 2

BVONFsB  51940(3) 11.7049(4) 50967(3) 90  90.35(1) 309.854(17) 1.6000(1)x2 2.3746(2) x 2
1.6866(1) x 2 2.4578(2) x 2

2.6189(1) x 2

2.6584(2) x 2

The Rietveld refinements for XRD patterns of BVO NFs A and B were further
employed in order to obtain more understanding about the lattice distortion effect. The
corresponding results in Figure 2.14 and Table 2.3 demonstrate that both BVO NFs
exhibit the typical features of monoclinic scheelite phase with unbalanced symmetry
constraints and lattice distortion. As typical clinobisvanite structures, there are two types
of V-0 bonds and four types of Bi—O bonds with distinct lengths that exist within the
VO, tetrahedrons and the BiOg octahedron, respectively, which is different from the
symmetrical tetragonal scheelite that only has one type of V-0 bond and two types of
Bi—O bonds.384% The lattice parameters and variations of V—O and Bi—O bond lengths,
as summarized in Table 2.3, indicate that BVO NFs A comparatively has greater degree
of lattice distortion than BVO NFs B. First of all, BVO NFs A has relatively longer cell
parameter a and shorter ¢ compared to BVO NFs B. Secondly, the $ angle of BVO NFs
A is bigger than that of BVO NFs B, implying a more slanted crystal structure of the
former one. Thirdly and importantly, upon the introduction of Na* additive, the shorter
V-0 bonds become even shorter (1.6000(1) A vs. 1.3783(1) A), while the longer Bi—O
bonds are elongated (2.6584(2) A vs. 2.9555(1) A) in response to balance the crystal
structure. These results are consistent with the Raman analysis, which also signifies the
shrinking of V-0 bonds and the elongation of Bi—O bonds although the degree of change
is more pronounced in the XRD Rietveld refinement.
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Figure 2.15. XRD spectra of BVO NFs A, BVO NFs B, and BVO NFs C samples before
the washing process. The peaks marked with the asterisk sign (*) correspond to some
sodium-containing compound (probably NaBizV2010) that was formed during the ion

exchange process.

In order to gain more comprehension on how the Na* additive is able to influence the
local crystal structure, the prepared BVO NFs samples just before the washing process
were examined using XRD analysis. The corresponding spectra (Figure 2.15) reveal the
presence of NaBr, NH4Br, and KBr within BVO NFs A, BVO NFs B, and BVO NFs C
samples before washing, respectively, which is reasonable if we consider the remaining
ions other than the composing elements of BiVOas. Interestingly, only BVO NFs A before
washing exhibits some distinct phases at 20: 14.69° and 45.04°, which cannot be
associated with the bromide salt counterpart, i.e., NaBr. These phases are not observed
on the XRD spectra of the other BVO NFs before washing, hinting that a sodium-
containing compound is responsible for their existence. Such new phases might belong
to the crystals of NaBi3V2010 along the (100) lattice planes.**41 According to Sinclair
et.al.,[*! the formula NaBisV2010 can be rewritten as [(Naw2Bii2)0][BiVOa], and this
material is composed of ‘double BiVOs-type layers’ which contain Bi and Na ions in a
highly distorted environment. Similar to the distorted monoclinic BiVOy, it is reported

that NaBi3V2019 also possesses several types of V-0 and Bi—O bonds with varied bond
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lengths.[*>45461 Accordingly, we propose that the presence of the highly distorted
NaBisV2010 during the fabrication process of ultrathin monoclinic BVO NFs, peculiarly
the ion exchange process, would influence the crystal formation process and induce more
lattice distortion to the crystal structure of BVO NFs. The NaBisV2010 phases would be
removed afterward through the washing process, and the stable ultrathin 2D monoclinic

BVO NFs with a greater degree of lattice distortion would be established as a result.

2.3.3. Photocatalytic Oxygen Evolution

Photocatalytic oxygen production of ultrathin 2D monoclinic BVO NFs in sacrificial
AgNO:3 solution was evaluated. As shown in Figure 2.16, both BVO NFs without any
cocatalyst exhibited comparatively superior photocatalytic water oxidation activities
(~131.0 pmol/h and ~43.9 umol/h), exceptionally higher than that of BVO NPs (~22.1
umol/h). These results emphasize the advantage of ultrathin 2D nanoflakes morphology
for boosting the photocatalytic water oxidation performance of monoclinic BiVOa.
Furthermore, the usage of sodium-containing vanadate precursor (NaVOz) during the
fabrication process resulted in a three-fold enhancement of the photocatalytic OER
performance of BVO NFs A compared to BVO NFs B. The corresponding AQEs of BVO
NFs A are 46.3% at 400 nm and 41.2% at 420 nm.
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Figure 2.16. Photocatalytic O, evolution of BiVO4 samples from aqueous solution of
AgNO3 (30 mM) under visible light illumination.
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In order to further investigate the positive and exclusive effect of Na* additive on the
fabrication of superior ultrathin 2D monoclinic BVO NFs, we carried out a series of
performance tests for various BVO NFs (with or without some alkali additive during the
fabrication process), whose results are shown in Figure 2.17. Interestingly, all the BVO
NFs samples that employed the Na* additive during the synthesis process exhibited
relatively better performance compared to those without any additive and with other alkali
additives (i.e. Li* and K¥). Even though different Na* sources (NaBr, NaCl, and NaNOs3)
were introduced during the fabrication process of BVO NFs B, the resulting
photocatalytic OER performances were similarly enhanced (105.7 wmol/h, 104.6 umol/h
and 107.6 umol/h, respectively). In contrast, the Li* additive (from LiNO3) had a negative
effect on the OER performance of BVO NFs B (37.5 pmol/h), while, on the other hand,
the K* additive (from KVOs3) was able to slightly improve the OER performance (61.9
umol/h), though not as significant as the Na* additive. These outcomes ascertain the
importance, versatility, and exclusivity of Na* additive for synthesizing superior ultrathin
2D monoclinic BVO NFs. In order to rule out the possible effect of Na* additive during
the photocatalytic reaction, external Na* salt (NaNOs3) was added into the reaction
solution during the catalytic performance test. As shown in Table 2.4, the results indicate
slight decreases on the photocatalytic OER activity for both BVO NFs A and BVO NFs
B, thus verifying that the Na® additive doesn’t induce any direct merit to the
photocatalytic water oxidation process.
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Figure 2.17. Effect of alkali additives (added during the ion-exchange process) on the

visible-light-driven Oz evolution rate over BiVO4 samples.

Table 2.4. Effect of different reaction conditions on the photocatalytic OER activity of
BVO NFs samples.

Reaction Condition O, evolution rate
Samples _
AgNOs NaNOs Fe(NOs3); (umol/h)
BVO NFs A v - - 131.0
BVO NFs A v v - 118.3
BVO NFs A - - N4 309.9
BVO NFs B v - - 43.9
BVO NFs B v v - 36.5

* the added amount was 1 mmol
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Before Reaction After Reaction

Figure 2.18. Photos of reaction solution before and after the photocatalytic OER test over
AgNOs solution. The drastic change in the solution color indicates the severe
photodeposition of Ag metal on the surface of the catalyst, which would significantly
block the light absorption.

The usage of AgNOs sacrificial solution would lead to a severe deposition of Ag metal
on the catalyst surface (see Figure 2.18), which would significantly hinder the light
absorption and gradually decrease the oxygen evolution yield over time. In order to avoid
such drawback and further evaluate the reducing ability of BVO NFs A, another activity
test by using Fe(NOz)z as sacrificial agent was performed (Figure 2.19). Encouragingly,
BVO NFs A could demonstrate an even more remarkable photocatalytic OER activity up
to 309.9 umol/h, which corresponds to the AQEs of 69.4% at 400 nm and 62.4% at 420
nm, further emphasizing the superiority of ultrathin 2D monoclinic BVO NFs with greater
lattice distortion for visible-light-driven water oxidation. Figure 2.20 shows the
dependence of AQE on incident light wavelength, which indicates that the AQEs of BVO
NFs A follow the similar trend with its light absorption spectrum, thus confirming the
key contribution of solar-driven photocatalytic process to the OER activity. Table 2.5
shows the detailed calculation for the AQE measurement. Compared with the other
representative cases using BiVOs photocatalyst, our work demonstrates outstanding
performance towards visible-light-driven water oxidation (Table 2.6). In addition to its
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remarkable photocatalytic OER performance, BVO NFs A also exhibits good durability
and reusability, by which only a slight decrease of activity is observed after five cycles
of photocatalytic OER test over Fe(NOs)z solution (Figure 2.21, Figure 2.22, Figure
2.23, and Figure 2.24).
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Figure 2.19. Effect of sacrificial agent on photocatalytic O, evolution of BVO NFs A.
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Figure 2.20. Wavelength-dependent apparent quantum efficiency (AQE) of
photocatalytic O, evolution of BVO NFs A.
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Table 2.5. Measurement of apparent quantum efficiency (AQE).

Wavelength  Number of incident ~ Sacrificial ~ Oxygen production  Number of reacted ~ AQE
(nm) photons (h™) Agent rate (umol/h) electrons (h™?) (%)
400 1.992 x 10% Fe(NO3)3 57.41 1.383 x 10% 69.4

AgNO3 38.25 9.214 x 10%° 46.3
420 1.002 x 10% Fe(NO3); 25.95 6.250 x 10%° 62.4
AgNO3 17.13 4,127 x 10%° 41.2
460 2.802 x 10% Fe(NOs)3 43.75 1.054 x 10% 37.6
AgNO3 26.68 6.426 x 10%° 22.9
500 6.237 x 10% Fe(NOs)3 6.19 1.491 x 10%° 2.39
AgNO3 2.18 5.252 x 108 0.84

Table 2.6. Comparison of oxygen evolution performance and AQE of the BiVO4 samples

reported in the representative literatures.

Oxygen production

Photocatalyst Light Source Sacrificial agent AQE Refs.
rate (umol/h)
Ultrathin BiVO, 300 W Xe Lamp AgNO; (30 mM) 131.0 46.3% (400 nm) This
nanoflakes (100 mg) (A > 420 nm) 41.2% (420 nm) work
Fe(NO3); (30 mM) 309.9 69.4% (400 nm)
62.2% (420 nm)
BiVO,-Cl (100 mg) 300 W Xe Lamp AgNO; (18.5 mM) 195* 34.6% (420 nm) (4]
(A > 400 nm)
Conical BiVO, (35 mg) 300 W Xe Lamp AgNO; (25 mM) 8.05 - el
Ultrathin BiVO, 300 W Xe Lamp AgNO; (50 mM) 107.4 26.1% (420 nm) [14]
nanosheets (20 mg) (A > 420 nm)
BiVO, nanotubes 300 W Xe Lamp AgNO; (50 mM) 20.4 3.5% (420 nm) (9
(100 mg) (A > 420 nm)
Oxygen-vacancy-rich 300 W Xe Lamp AgNO; (12.5 mM) 680* 77.8% (420 nm) [8]
BiVO, (200 mg) (A> 420 nm) Fe(NO3); (20 mM) 176* 19.6% (420 nm)

BiVO, nanofiber (50 mg) 300 W Xe Lamp AgNO; (100 mM) 13.7 - (501
Decahedron BiVO, (200 300 W Xe Lamp Fe(NO3); (4 mM) 71% (365 nm) B
mg) 62% (420 nm)

Ti-doped BiVO, 300 W Xe Lamp AgNO; (50 mM) 5.14 - 521
nanosheets (50 mg) (A > 420 nm)
24-faceted BiVO, 300 W Xe Lamp AgNO; (50 mM) 178.8 30.7% (420 nm) 531
polyhedron (100 mg) (A>420 nm)
30-faceted BiVO, 300 W Xe Lamp NalO3 (20 mM) 57.0 18.3% (430 nm) 541
polyhedron (100 mg) (A>420 nm)
[010]-dominant platelike 300 W Xe Lamp AgNO; (50 mM) 65 1.04% (400 nm) (551
BiVO, (100 mg) (> 420 nm)

* measured activity over the first hour
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Figure 2.21. Cycle test for photocatalytic O2 evolution of BVO NFs A over aqueous
solution of Fe(NO3)3 (30 mM).
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Figure 2.22. XRD spectra of BVO NFs A before and after five cycles of photocatalytic
OER test over Fe(NO3)s solution. Similar to the original BVO NFs A sample, the post-
reaction sample also exhibits an intensive (040) peak, indicating that it maintains the 2D

nanomaterial feature.
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Figure 2.23. SEM images of BVO NFs A after five cycles of photocatalytic OER test
over Fe(NOg)z solution. Similar to the fresh one, the BVO NFs A sample after the cycling

stability test still possesses the nanoflakes morphology.
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Figure 2.24. Long-term transient photocurrent response of BVO NFs A for sulfite (SO3%)
oxidation by using 1.0 M potassium borate (KB) buffer solution (pH 9.3) containing 0.2
M NaS03.55¢1 Sulfite oxidation was employed instead of water oxidation in order to avoid
possible damage to the catalyst layer on top of the electrode surface by the generated O>

bubble, which would result in a gradual decrease of photocurrent response over time.

2.3.4. Mechanistic Investigation

A series of fundamental investigations were performed to verify the advantages of 2D
structure tailoring and lattice distortion engineering over BVO NFs. As shown in Figure
2.25, BVO NFs clearly showed enhanced transient photocurrent response compared with

BVO NPs, indicating the improvement of electron-hole separation upon the morphology
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modification from bulk nanoparticles to ultrathin 2D nanoflakes. This could be ascribed
to the atomic thickness of the materials which would markedly reduce the required
migration distance for the charge carriers to reach the catalytic surface. The transient
photocurrent of BVO NFs A is nearly 2-times that of BVO NFs B, pronouncing the
enhanced charge carriers dynamics of the former one compared to the latter one.
Moreover, the Nyquist plots under light irradiation (Figure 2.26) indicate smaller
resistance of BVO NFs A compared to BVO NFs B, suggesting a significantly improved
electron conductivity along with the increase in lattice distortion degree.
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Figure 2.25. Transient photocurrent responses of BVO NFs and BVO NPs using a bias
potential at 1.23 eV (vs. RHE) under on-off cycling irradiation by manual chopping.
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Figure 2.26. Electrochemical impedance spectroscopy (EIS) Nyquist plots of BVO NFs

under light irradiation.
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Figure 2.27. (a) Bi 4f and (b) V 2p high-resolution XPS spectra of various BiVO4 samples.
(c) O 1s high-resolution XPS spectra of BVO NFs and (d) BVO NPs.

Surface information and chemical state variations of each composing element on BVO
NFs A, BVO NFs B, and BVO NPS were investigated using high-resolution X-ray
photoelectron spectroscopy (XPS). There is no significant disparity between the Bi 4f and
V 2p spectra of BVO NFs and BVO NPs samples (Figure 2.27 a-b), prompting the
similar chemical environment of Bi and V atoms within the crystal structures of all
samples. On the other hand, the XPS spectra of O 1s signify a noteworthy variation
regarding the shoulder peak located at 531-536 eV (Figure 2.27 c). After the
deconvolution and curve-fitting, the asymmetric XPS spectra of O 1s can be generally
divided into three components with peaks centered at about 529.8 eV, 531.1 eV, and
533.3 eV, corresponding to lattice oxygen (Oa: O%), adsorbed hydroxyl or water (Og:
OH-, H20), and chemisorbed or dissociated oxygen species (Oc: Oz, 0%, O,
respectively.[*852%4 As can be observed, BVO NFs A possesses a moderately higher
amount of Og and Oc relative to BVO NFs B, suggesting that the surface of the former

one is comparatively more active in interacting with hydroxyl or water and generating
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oxygen species, which would be beneficial for the catalytic OER. The shortened V-O
bonds and elongated Bi—O bonds are particularly located on the surface of the unit-cell
of BVO NFs A (see Figure 2.14 b, d). Consequently, it is more likely that they would
terminate the actual crystal structure of BVO NFs A along the (010) planes, thus enabling
them to be exposed and strongly influence the catalytic surface behavior. At the same
time, the atomic thickness of the ultrathin 2D monoclinic BVO NFs would enable most
of the lattice atoms to act as the surface atoms, further intensifying this enhanced surface
feature. In contrast, the O 1s XPS spectra of BVO NPs (Figure 2.27 d) reveal
substantially lower amount of Og and Oc, which can be attributed to its small surface area

and thus less reactive sites to produce those species.
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Figure 2.28. Theoretical intrinsic electronic structure properties of a slab model exposing
(010) surface of (a) BVO NFs A and (b) BVO NFs B.
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In order to understand the cause of the positive effects of lattice distortion more clearly,
the electronic structures of BVO NFs A and BVO NFs B were investigated and compared
by first-principles calculations within the local spin density approximation (GGA-LSD)
using the refined crystal structural data provided by a XRD Rietveld analysis. As shown
in Figure 2.28, what the electronic properties of BVO NFs A and BVO NFs B have in
common is that the levels around the conduction band minimum (CBM) are mainly
composed of Bi 6p and V 3d unoccupied states. Furthermore, the levels around the
valence band maximum (VBM) mostly consist of O 2p and a small amount of Bi 6s
occupied states, while the dominant components of Bi 6s are located at much lower
energy range (roughly 9 eV below VBM), which correspond to the theoretical electronic
properties (i.e. density of state profiles projected onto atomic orbitals) reported on the
bulk crystal using a unit cell.®) Some pivotal differences can be observed after a detailed

and careful comparison of the electronic structures.

Firstly, the Bi 6p unoccupied states around the conduction band minimum (CBM) of
BVO NFs A are stronger than those of BVO NFs B, while the otherwise situation can be
observed for the unoccupied V 3d orbitals, as indicated by the green circles. It is worthy
of note that the (010) surfaces of both BVO NFs contain the following atomic wave
function connections: -V 3d -V 3d - V 3d - V 3d - (V-V atomic distance roughly 5.1~5.2
A) and - Bi 6p - Bi 6p - Bi 6p - Bi 6p - (Bi-Bi atomic distance roughly 5.1 ~ 5.2 A), which
are important pathways for the photoexcited electrons. However, the V 3d wave function
is significantly smaller (roughly one third times) than the Bi 6p wave function, which
means that the migration of electrons would favor the Bi 6p pathways. In this case, the
stronger Bi 6p components around the CBM of BVO NFs A system indicate better
photogenerated electron mobility and therefore more advantages for accelerating the
reduction reaction, compared to BVO NFs B which exhibits weaker Bi 6p and stronger
V 3d orbitals.

Secondly, focusing on the vicinity of the VBM in BVO NFs systems around the surface,
as indicated by the light blue shaded area, we can notice that the Bi 6s occupied states are
hybridized with the O 2p occupied states. Comparing the similarity of the patterns
between Bi 6s and O 2p components, more overlap of the orbitals can be found on BVO
NFs A compared to BVO NFs B, suggesting the stronger Bi 6s and O 2p hybridization of
the former one, which can be ascribed to the change in the extent of lattice distortion in

accordance to the previous report.[?® The greater the degree of distortion, the more Bi 6s
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and O 2p orbitals would overlap, and as a consequence, it would enable more efficient
transfer of photogenerated holes between Bi 6s and O 2p occupied states, reduce the hole
effective mass, elevate the photogenerated holes migration rate to the catalytic surface,
and therefore suppress the charge carriers recombination.[22:24-261

Thirdly, some strong surface levels of O 2p occupied states are observed in BVO NFs
B system, as marked by the red circles. As indicated in our former studies,’®®% the O 2p
components deriving from the adsorbed water or hydroxyl group are usually small and
mostly located below the surface levels. In this case, the presence of strong surface levels
of O 2p band would lead the photogenerated holes to preferentially recombine with the
high-energy surficial electrons, and thus blocking the oxidation process. On the other
hand, the profile of the surface levels of BVO NFs A indicates weaker and milder peaks,
which implies that the surface states are more delocalized. Therefore, it is considered that
this not only suppresses inconvenient blocking for the oxidation process, but also brings

higher mobility to the holes, enabling BVO NFs A to exhibit better oxidizing function.

On the basis of above results and discussions, the vital factors that stimulate the
superior photocatalytic OER performance of ultrathin 2D monoclinic BVO NFs with
greater lattice distortion can be summarized as follows. 1) From the aspect of charge
carrier dynamics, the atomic thickness would shorten the required migration distance for
photogenerated charge carriers to reach the catalytic surface. In addition, the existence of
better wave function connection within CB region, greater hybridization between Bi 6s
and O 2p orbitals, as well as the delocalization of surficial O 2p occupied states around
the VBM would enable more swift transfer of photogenerated charge carriers and
effectively suppress the charge carrier recombination. 2) The surface properties are
modulated to benefit the catalytic water oxidation reaction as the consequence of the
variation in lattice atomic coordination. Such a prominent surface feature would be
further intensified by the ultrathin 2D features which expose more active (010) facet and
enable most of the lattice atoms to act as the surface atoms to participate in the surface
transformation. This notion will be addressed and discussed more profoundly in the next
chapter. In brief, the ultrathin 2D feature and lattice distortion engineering act in concert,
rendering a cooperative enhancement of visible-light-driven OER performance over

BiVO4 photocatalyst, as illustrated in Figure 2.29.
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Figure 2.29. Schematic illustration of lattice distortion engineering (by Na* additive)
over ultrathin 2D monoclinic BiVO4 photocatalyst for more superior photocatalytic water

oxidation.

2.4. Conclusions

In conclusion, simultaneous 2D structure tailoring and lattice distortion engineering
over BiVO4 photocatalyst were successfully performed through a facile template-directed
strategy and simple introduction of Na* additive, respectively. In particular, the lattice
distortion effect was characterized by the shrinking of V-0 bonds and the elongation of
Bi—O bonds. In-depth analysis unravels the cooperative contribution of the ultrathin 2D
features and the lattice distortion effect to the modulation of charge carriers dynamics and
catalytic surface features of the ultrathin 2D monoclinic BiVO4 nanoflakes, yielding
superior photocatalytic OER performance with remarkable apparent quantum efficiencies
up to 69.4%. The findings of this work prompt the functional exploitation of dimensional
modification and lattice distortion engineering in order to design and fabricate superior
monoclinic BiVO4 photocatalyst for various photocatalytic applications.
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Chapter 3. New Insights into Water Oxidation Reaction over
(010) Facet of Monoclinic BiVOas: Unravelling the Key Role of

Lattice Distortion

3.1. Introduction

Artificial photosynthesis for solar energy conversion into chemical energy is believed
to be the most feasible and adaptable solution to the global problems of energy crisis and
environmental pollution.¥1 Nevertheless, the conquest to realize this technology has
faced a great challenge, due to the difficulty of regulating the other half-reaction, i.e.
water oxidation reaction into oxygen.[®! Fundamentally, oxygen evolution reaction
(OER) is an energetically and kinetically demanding four-electron-transfer reaction,
which requires joint efforts from multidisciplinary research fields in order to gain a
complete understanding and comprehension of the corresponding catalytic

mechanisms. 61

Among many semiconductors, monoclinic BiVO4 has been regarded as one of the most
promising water oxidation photocatalyst candidates, due to its non-toxicity, abundant
resources, low cost, photostability, visible light absorption ability (band gap energy of
~2.4 eV), and also deep valence band energy, which is favorable for driving the OER.[**-
131 Unfortunately, to some extent, most reported BiVO, photocatalysts display a great
dependence on metal-based cocatalysts for improving their OER activities, due to the lack
of innate reactive sites on the surfaces of pure monoclinic BiVO4.**2 Interestingly,
some other reports indicate that the (010) facets of monoclinic BiVO4 potentially possess
the ability to efficiently trigger the catalytic water oxidation, which allows the
corresponding BiVOs photocatalysts to reach satisfactory photocatalytic OER
performances.[!*?42°1 \Wang et al. discovered that the photocatalytic water oxidation
activity of BiVOs is proportionally correlated with the exposed surfaces of the (040)
facet.[?!l In a similar fashion, Dong et al. associate the superior OER activity of the as-
prepared ultrathin monoclinic BiVO4 nanosheets with their large-scale exposed (010)
planes and active oxygen vacancy.?®®! Noteworthily, despite the latter factor being
removed through high-temperature annealing in air, the BiVO4 nanosheets still display
much higher OER performance compared to BiVO4 nanoparticles, indicating the major

contribution of the (010) facet to catalyze the water oxidation reaction.
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In the previous chapter, we have demonstrated an effective strategy by lattice distortion
engineering over ultrathin 2D monoclinic BiVO4 nanoflakes with more exposed (010)
facets, which was able to demonstrate a superior visible-light-driven OER without any
cocatalyst, triggering remarkable apparent quantum efficiencies up to 69.4%. According
to the mechanistic investigations, it was found that the greater degree of lattice distortion
would positively influence the charge carrier separation efficiency of the monoclinic
BiVO4 sample, by not only promoting the greater hybridization between Bi 6s and O 2p
orbitals, but also providing better wave function connection within the CB region and
triggering the delocalization of surficial O 2p occupied states around the VBM, thus
adding more insights to the findings of some early reports about the effect of lattice
distortion.[2627 Intriguingly, we also observed a variation in the surface properties along
with the change in the degree of lattice distortion, as recorded by the XPS analysis. Hence,
it prompts us to believe that there is much more about the lattice distortion phenomenon
which has not been unraveled yet and thus requires further in-depth study and
comprehensive investigation, especially concerning its effect to the surface catalytic
behavior of monoclinic BiVO, (010) facet, which would be another principal factor for

determining the overall photocataytic OER performance.

In this work, by combining the means of experimental and theoretical study, | was able
to investigate and unravel the critical role of lattice distortion for regulating more
favorable catalytic water oxidation over the (010) facet of monoclinic BiVO4. ATR-IR
spectroscopy was firstly employed to identify the reaction intermediates structures, which
allowed us to stipulate the surface OER pathways. First principle density functional
theory (DFT) calculation was then performed to calculate the Gibbs free energy for the
intermediate structures established on the (010) surface of BiVO4 slab models, which
evidently demonstrates the superiority of monoclinic BiVO4 with greater lattice distortion
by manifesting markedly diminished reaction energy barrier for the water oxidation
process. Furthermore, by employing the first principal molecular dynamic (MD)
simulations, some novel insights regarding the OER mechanism, i.e. oxidazibility of
some key OER intermediates and spontaneous water dissociative adsorption process over

the (010) surface are represented and discussed comprehensively.
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Figure 3.1. Schematic illustration for the ATR-IR setup.

3.2. Experimental Details

Attenuated total reflectance (ATR) Fourier transform infrared spectroscopy (FTIR)
analysis was conducted in order to probe the reaction intermediates formed during the
photocatalytic water oxidation over monoclinic BiVO4 sample. In this study, BVO NFs
A was used for the ATR-IR analysis and synthesized according to the procedure described
in the previous chapter (see section 2.2.2). The schematic for the ATR-IR setup is shown
in Figure 3.1. An internal reflection element of ZnSe (50mm x 20mm x 3 mm) was
obtained from Pier Optics Co., Ltd. Japan as the substrate. A stainless steel ring with a
thickness of 0.1 mm and an inner diameter of 16 mm was used as a separator between the
ZnSe substrate and a quartz window, and 20 pL BVO NFs A suspension in water without
a sacrificial agent was sealed therein. An FTIR spectrometer (FT/IR-6300, Jasco Inc.)
with liquid nitrogen cooled MCT detector was used and purged with dry nitrogen before
ATR-IR experiments. During the measurement, the sample system was illuminated by
visible light using a xenon (Xe) lamp (LA-251 Xe, Hayashi Tokei, Japan) equipped with
an L-42 filter. Before the light illumination, the setup was kept in the dark until the
background was subtracted to be stable, generally after 5 minutes. The absorbance spectra
were then obtained and recorded with a resolution of 4 cm™' and repeated scans 32 times

under light illumination at certain time intervals.
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Energy levels (eV)

Figure 3.2. (a) Unit cell lattice configuration, (b) slab model with dimension of 3a x 2b
x 3c viewed from [100], (c) [010], and (d) [100] directions (Bi: purple, V: gray, and O:
red), and (e) theoretical electronic structure properties of BVO A. The broken lines in (e)
indicate the highest occupied levels.
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Figure 3.3. (a) Unit cell lattice configuration, (b) slab model with dimension of 3a x 2b
x 3c viewed from [100], (c) [010], and (d) [100] directions (Bi: purple, V: gray, and O:
red), and (e) theoretical electronic structure properties of BVO B. The broken lines in (e)
indicate the highest occupied levels.
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3.3. Computational Details
3.3.1. Structural Properties of Monoclinic BiVO4 Slab Models

Two model slabs of monoclinic scheelite BiVO4 with the dimension of 3a x (2b + ~16
A vacuum spaces for reactant molecules) x 3¢ exposing the (010) facet, referred as BVO
A and BVO B were initially constructed based on the refined structure provided by the
XRD Rietveld refinement of BVO NFs A and BVO NFs B respectively (see Chapter 2,
section 2.3.2). These slab models were utilized for the first principle calculations, which
would be introduced in the following sections. In this regard, BVO A represents the
monoclinic BiVOs with greater degree of lattice distortion compared to BVO B. As
shown in Figure 3.2 a and Figure 3.3 a, there are two types of V—O bonds and four types
of Bi—O bonds with distinct lengths that exist within the VOa tetrahedrons and the BiOs
dodecahedron, respectively, which signifies the typical clinobisvanite structures.[?23% |n
contrast to the more symmetrical tetragonal BiVO4, the monoclinic BiVOs crystals tend
to possess unbalance symmetry constraints and lattice distortion, due to the presence of
lone-pair electron around the Bi 6s? orbital, which is correlated to the hybridization of Bi
6s and O 2p orbital at the top of the valence band (VB).:381 Accordingly, the lattice
parameters of the unit cell of BVO A are as follows: a = 5.1960 A, b = 11.7051 A, ¢ =
5.0956 A, #=90.37°, while the lattice constants of BVO B are: a =5.1940 A, b = 11.7049
A, ¢c=5.0967 A, f=90.35°

Each model slab is composed of 432 atoms in total, which are indicated by the
following serial indices: Bi; 1~72, V; 73~144, O; 145~432. Among them, Bil1-Bi9 are
located near the upper surface, Bi64-Bi72 near the lower surface, V73-V81 near the
upper surface, V136-V144 near the lower surface, 0145-0162 at the upper surface, and
0415-0432 at the lower surface. In the inner part of the slab crystal, each V atom is
surrounded by 4 oxygen atoms (4c-V), while each Bi atom is surrounded by 8 oxygen
atoms (8c-Bi). At the surface, the coordination of V atoms is preserved (4c-V), while each
Bi atom is unsaturated and only surrounded by 6 oxygen atoms (6¢-Bi). Snapshots of the
crystal structure of BVO A and BVO B from the [100], [010], and [001] directions are
shown in Figure 3.2 b-d and Figure 3.3 b-d, respectively.

As shown in Figure 3.2 e and Figure 3.3 e, the valence bands of both BVO A and
BVO B slab models are primarily composed of O 2p orbitals (around 80-90%), while the
conduction bands are dominated by Bi 6p and V 3d states. The levels around the
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conduction band minimum (CBM) of the slab model are mainly composed of Bi 6p and
V 3d unoccupied states. Furthermore, Bi 6s orbitals also hybridize with O 2p close to the
valence band maximum (VBM) level, while the dominant components of Bi 6s are
located at much lower energy (roughly 9 eV below VBM), which correspond to the
theoretical electronic properties (i.e. density of state profiles projected onto atomic
orbitals) reported on the bulk crystal using a unit cell.¥”! The corresponding band gaps
are quite similar, which is around 3.0 eV, an overestimated value compared to that of the
actual materials (~2.4 eV).

3.3.2. Gibbs free energy Evaluation

The density functional theory (DFT) calculations for evaluating the Gibbs free energy
of several water oxidation intermediate structure was performed using PWSCF code from
the Quantum ESPRESSO package.*8* In order to imitate the configuration of some
certain water oxidation intermediate species, some modifications to the slab models were
conducted accordingly by introducing some external hydrogen and/or oxygen atoms into
the proximity of surface atoms. The exchange and correlation potential were used in the
generalized gradient approximation (GGA) in the scheme of Perdew, Burke and
Ernzerrof (PBE).[*)1 All the geometry structures were relaxed until the energy converged
to 1x10° Ry and 1x10° eV/A for electronic and force convergence. The projector
augmented wave (PAW) method* with a plane-wave cutoff energy of 55 Ry was used
for the real-space integration grid. Brillouin zone was sampled by 3x3x1 k-points
Monkhorst-Pack grid for optimization. The DFT-D3 method was employed for van der
Waals correction.[*>*®l The free energy change (AG) of each elementary reaction step was
calculated according to the computational hydrogen electrode (CHE) model suggested by
Ngrskov et al.[*+4é] In this method, the free energy change is defined as:

AG = AE + AZPE — TAS (3-1)
where AE is the reaction energy directly obtained from DFT calculations, AZPE and AS
are the zero point energy difference and the entropy change between the products and
reactants, respectively, and T is the temperature (298.15 K). The entropies and vibrational
frequencies of molecules in the gas phase were taken from the NIST database, 4 while
the vibrational frequencies of adsorbed species were computed to obtain ZPE contribution

in the free energy expression. Only adsorbate vibrational modes were computed explicitly,
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while the catalyst sheet was fixed (assuming that vibrations of the substrate were
negligible).[*6-44

3.3.3. Dynamical Simulation and Electronic Structure Calculations

The molecular dynamic (MD) simulations within the Car-Parrinello framework
(CPMD) based on DFT-GGA-LSD were conducted to probe the dynamic interactions
between the catalytic surface of BVO A slab model and the reactant molecules.
Employing the models, the CPMD based on a plane-wave basis set with an energy cut-
off of 80 Ry, with the sampling of the Brillouin restricted to the I" point, a fictitious
electronic mass of 1200 a.u., and an integration step of 5.0 a.u. were achieved and we
obtained equilibrium structure of the corresponding system at 300 K. Afterward, in order
to investigate the charge carriers nature at the interface area of the inhomogeneous system,
the electronic structure calculations were carried out by first-principles calculation based
on the density functional theory (DFT) using norm-conserving pseudopotentials and an
unrestricted spin (Local Spin Density, LSD) approach and including gradient corrections
(GGA) on the exchange and correlation functional. The configuration of electrons and
wave functions prepared for solving Kohn-Sham equations were almost the same as those
in dynamical simulations but some unoccupied states were included in the calculation to
investigate the energy levels of unoccupied states; the number of unoccupied states was
about 25~30 % of the number of occupied states. The weight profiles of atomic orbital
components were obtained by projecting the eigen-wave-function onto the corresponding
atomic orbitals. The recipe of the pseudopotentials for both calculations are as follows:
The exchange and correlation functional after Becke-Lee-Yang-Parr (BLYP) was
used.%%  The valence-core interaction was modeled by norm-conserving
pseudopotentials (NCPP) employing a plane-wave basis set with an energy cut-off of 80
Ry, with the sampling of the Brillouin restricted to the T point. The electrons of Bi 5d,
6s, 6p; V 3d, 4s; O 2s, 2p were treated explicitly as valence electrons.

In order to imitate the actual inhomogeneous systems of monoclinic BiVO4 during the
photocatalytic water oxidation, several simulation scenarios were prepared, by which
some liquid reactants and/or modifications were introduced to the system of BVO A slab
model, depending on the objectives of the calculations. Specifically, there are two
objectives to investigate, i.e. 1) the oxidazibility of some water oxidation key

intermediates and 2) spontaneous dissociative adsorptive process of water molecules over

100



Chapter 3

the (010) facet of BVO A. In all scenarios, 164 water (H20) molecules, 3 solvated Ag*
and NOz™ ions were added to the simulation system and the corresponding atoms were
indicated by the following serial indices: Onos (0xygen atoms of NO3™ ions); 433~441,
Ow20 (0xygen atoms of water molecules and those of OH"); 442~606, N; 607~609, Ag;
610~612, and H; 613~942. Furthermore, to probe the effect of the characteristic BiVO4
(010) surface structure, Bil-9, V73-81, 0145-180 around the upper surface and Bi64-72,
V136-144, 0397-432 around the lower surface were fixed during the MD simulation in
all scenarios. The detailed information regarding any further modification would be

explained in the corresponding section.
3.4. Results and Discussion
3.4.1. Identification of Water Oxidation Intermediates

Attenuated total reflectance infrared (ATR-IR) spectroscopy analysis over a water
suspension of BVO NFs A sample (prepared according to the procedure introduced in
Chapter 2) irradiated with visible light (Xe lamp equipped with L-42 filter) was applied
in order to gain some insight into the reaction intermediate structures, which could be
utilized to deduce the water oxidation reaction mechanism. Figure 3.4 displays the time-
dependent ATR-IR spectra, with a reference spectrum taken before the irradiation as
background, in the range of 1225-725 nm where the vibrational bands of water oxidation
intermediates are most likely to appear. Three IR bands centered at 1151 cm™, 995 cm,
and 798 cm™* are observed to grow upwardly while a band at 1120 cm decreases along
with visible light irradiation time. The upward bands at 1151 cm™ correspond to the
superoxide Oz~ species, 5 while the upward bands at 995 cm™ can be ascribed to the
surface peroxo®®4 and/or metal=O (mostly likely V=0) species.[®*%8l These above-
mentioned intermediates are often encountered as primary intermediates for water

oxidation reaction.
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Figure 3.4. Time-dependent in situ ATR-IR spectra of BVO NFs A in contact with water
suspension irradiated by visible light (LA-251 Xe lamp equipped with L-42 filter).

The assignment of the peak at 1120 cm™! is a little hard because the vibrational peak
of typical water oxidation intermediates do not usually appear in such an energy region,
especially since this peak exhibit declining behavior along the illumination time,
suggesting that the corresponding species was consumed by a photocatalytic process. In
this regard, it might be plausible to associate this band with the O—H stretching vibrations
of Bi—OH species.®®%% This is consistent with the findings from the previous study, by
which the O 1s high-resolution XPS spectra indicate the presence of abundant adsorbed
hydroxyl (—OH) species on the surface of BVO NFs samples. The formation of V—-OH on
the surface of monoclinic BiVOs is quite unlikely since the surface V atoms are already
fully coordinated with four oxygen atoms, while the exposed Bi sites on the surface are
imperfectly oxygen coordinated,®-%?] thus rendering the possible formation of Bi—-OH
species. Accordingly, the Bi-OH species might have existed naturally on the surface of
monoclinic BiVO4 sample even before the light irradiation, allowing this species to act
as the first OER intermediates and participate in the water oxidation reaction, thus

explaining the downward direction of the corresponding peak.
The upward band at 798 cm™ can be correlated with the O—O stretching mode of the
bridged peroxo species (u-peroxo), which can be assigned to the Bi—-O-O-V structure.

The assignment of this band to bridging O—O species is also supported by the early IR
studies of metal-dioxygen complexes,>3-%61 which report that the O—O stretching mode
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of a bridged peroxo species is observed in a region of 740-920 cm™. For example,
Nakamura et al. utilized an in-situ multiple internal reflection infrared (MIR-IR)
spectroscopy to analyze a film of Pt-loaded rutile TiO> in contact with aqueous 0.01 M
NaOH (pH 11.9) solution and observed a strong and growing band located at 812 cm,
which was later assigned as the bridge type surface peroxo Ti-O—-O-Ti species.[5® In
other work, by using the same technique, a characteristic band at 860 cm™ was assigned
for the same Ti-O-O-Ti species over anatase TiO. particles in contact with FeCls
aqueous solution.[®® Hence, it is reasonable to assign the observed 798 cm™ band in this
study to the unique lattice bridging Bi—-O—-0-V species. The two last-mentioned reaction
intermediate structures (Bi—-OH and Bi—O-0-V) are not commonly encountered over
other oxide semiconductors, by which | speculate that they would play critical roles
during the catalytic OER process.

3.4.2. Gibbs Free Energy of Water Oxidation Intermediates on (010) Facet of
Monoclinic BiVOa4

Considering the existence of the above-mentioned intermediate structures, DFT
calculations were performed to acquire Gibbs free energy diagram over the water
oxidation reaction. The stipulated OER pathways are described as follows. Initially, the
unsaturated Bi site on the surface adsorbs a water molecule to form Bi—OH species and
release a proton (Step 1). As the reaction proceeds, the OH moiety gets further
dehydrogenated and forms an electrophilic O adatom which promptly gains an electron
by bonding with an adjacent O atom to establish the p-peroxo intermediate of Bi—O-O—
V structure (Step 2). Afterwards, a second H20 molecule is adsorbed on the previous Bi
site which is still unsaturated, another H adatom is removed, and accordingly the Bi—-OH
structure is once again formed (Step 3). After the last proton is removed, the resulting O
adatom further interacts with the peroxo group to form the superoxo intermediate (Step
4). After a quick rearrangement, an O molecule is finally generated and desorbed from
the catalytic surface (Step 5). Figure 3.5 and Table 2.2 shows the calculated Gibbs free
energy for the intermediate structures as well as the energy barrier of each water oxidation
elementary step over the (010) facets of BVO A and BVO B slab models.
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Figure 3.5. Energy profiles for OER over (010) facets of BVO A and BVO B. The *, *’,

and blue O on top of the diagram correspond to the Bi site, V site, and lattice oxygen,

respectively.

Table 3.1. Calculated Gibbs free energies differences of the water oxidation elementary

steps over (010) surfaces of BVO A and BVO B slab models. The *, *’, and blue O

correspond to the Bi site, V site, and lattice oxygen, respectively.

Step Reactions AG BVO A (eV) AG BVO B (eV)
1 * +H,0 + h* — *OH + H* -0.12 -0.32

2 *OH + h* — *O0** + H* 0.09 0.90

3 *O0* + H,0 + h* — *OH + O0* + H* 0.26 0.52

4 *OH + O0O*’ + h* —» *O0 + O** + H* -0.39 -1.49

5 *00 - *+ 0, 0.17 0.40

The first step of water dissociative adsorption is found to be exothermic over the (010)
facets of both BVO A and BVO B, which indicates that this reaction is relatively
favorable to occur. On the other hand, the detailed calculations also reveal that the

formation of the Bi—O-O-V structure (Step 2) and the following water dissociation
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process (Step 3) are thermodynamically unfavorable with high positive Gibbs free energy
and hence are considered as the rate-determining steps for the overall water oxidation
process. Interestingly, the corresponding energy barriers for both steps are much lower
on BVO A with a total energy barrier of 0.35 eV (0.09 + 0.26 eV), compared to BVO B
that has a total energy barrier of 1.42 eV (0.90 + 0.52 eV), indicating that the formation
of the corresponding intermediate structures is more favorable to occur on the surface of
the former one. As the reaction continues, the free-energy profiles for the proton removal
and formation of superoxo species drop down-hill for both BVO A and BVO B.
Noteworthily, the surface of BVO B is more susceptible to surface poisoning due to the
high required energy for the desorption of O molecule (0.38 eV), compared to BVO A
which needs relatively less energy (0.15 eV). From the thermodynamic point of view, the
overall calculations for the water oxidation processes indicate that the OER would occur
more easily on the surface of BVO A which exhibits greater degree of lattice distortion
compared to BVO B, suggesting the benefits of lattice distortion effect over the catalytic
surface reaction of water oxidation process. As previously found, monoclinic BiVO4 with
greater degree of lattice distortion manifests lattice configuration with shrank V—0 bonds
and elongated Bi—O bonds. The corresponding altered bonds are particularly located on
the surface of the unit-cell of BVO A (compare Figure 3.2 a and Figure 3.3 b).
Consequently, it is more likely that they would terminate the crystal structure of
monoclinic BiVO4 along the (010) planes in the actual system, thus enabling them to be

exposed and strongly influence the catalytic surface behavior.
3.4.3. Oxidizability of Water Oxidation Key Intermediates

In order to gain more understanding of the water oxidation process, some simulation
models in which some reactant molecules were brought into contact with the (010)
surface of the monoclinic BVO A slab were prepared to mimic the real system and the
details of the dynamical behavior on the surface were theoretically observed by Car-
Parinello Molecular Dynamics (CPMD) simulation, which is quite popular among the
first principles approaches.[®”! First-principal MD simulation is an effective tool to
analyze the atomic and molecular interaction at the interface of any material surfaces and
reactant molecules, which might provide some valuable information regarding the
catalytic reaction mechanism. In this study, both the global and the local detailed

electronic properties of the inhomogeneous system when important adsorbate structures
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regarded as the key reaction intermediates appeared at the interface area were also

investigated.

In a former work, Oshikiri et al. inspected the water molecule adsorption behavior over
(100) BiVO4 surfaces at 300 K using the MD simulation, by which no dissociative water
molecule adsorption could be observed at the exposed Bi sites, which were actually
expected to be reactive since they were imperfectly oxygen coordinated. 6% On the other
hand, dissociative adsorptions of water molecules at room temperature were successfully
observed at the exposed three-fold oxygen-coordinated V sites of other vanadate
materials (YVO4 and InVO4).I16288-701 |ntriguingly, based on the previously discussed
ATR-IR analysis, possible participation of bismuth hydroxyl (Bi—OH) species as the first
intermediate for water oxidation reaction is considered, which quite contradicts the
above-mentioned notions, since it might signify the active participation of Bi sites during
the water oxidation reaction. In this case, the MD simulation study was used to probe the
possibility of Bi sites serving as the reactive sites for triggering the water oxidation
reaction, by comparing the behavior of Bi and V sites on the surface of BVO A model

slab.

Unfortunately, due to the limited time for the simulation, it was difficult to observe the
-V-OH and —Bi—OH structures being formed on BiVO4 (010) facet by a spontaneous
dissociative adsorption of a water molecule. Therefore, in order to save the time and cost
for the calculation, another model was prepared in which V—-OH and Bi—OH structures
were deliberately created on the (010) surface of BVO A slab and the corresponding O
2p energy levels of both species were also calculated. For doing that, one of the water
molecules was firstly broken down into H™ and OH™ ions, with a consideration that those
ions would also appear in the actual situation for any aqueous solution. Afterward, the H*
and OH" ion were attached to one surficial 4c-V site and 6¢-Bi site, respectively to form
—V140-0j422—H and —Bi67-On20473-H at the surface of the model slab (see Figure
3.6 a, ¢). A thermal equilibrium state at 300K was roughly obtained (indicating the
possible formation and stabilization of such structures) and the corresponding electronic

properties were then investigated.
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Figure 3.6. Geometry and O 2p energy levels at the moment when —-Bi—OH and —\VV-OH
structures were formed on the surface of BVO A slab with the minimum value of (a-b)
Bi—O atomic distance (2.10 A) and (c-d) V-0 atomic distance (1.45 A).

Figure 3.6 a-b displays the geometry and the corresponding electronic properties (O
2p energy levels) at the moment when the Bi—O atomic distance of the —Bi—OH indicated
alocal minimum value (2.10 A), by which the V-0 length of the adjacent —V—OH species
was 2.46 A. In this situation, both the O 2p energy levels of -Bi—-OH (On20473) and —V—
OH (O1a422) species are located at around the top of the O 2p band formed by the surficial
O atoms, signifying that it would be possible for the O% ions belonging to both species
to readily donate some electrons and participate in the oxidation process. Interestingly,

when the V-0 atomic distance reached a local minimum value (1.45 A) while the Bi-O
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distance was extended to 2.94 A (as shown in Figure 3.6 c), which occurred about 0.86
picoseconds after the above-mentioned situation, some important variation can be
discerned. While the O 2p energy levels of Bi—OH species are still located at around the
top of the surficial O 2p band (Figure 3.6 d), hence preserving its advantage to be easily
oxidized, in contrast, the O 2p energy level of -V-OH moves down dramatically as the
V-0 atomic distance decreases, therefore prohibiting the oxidation of such species.
Accordingly, it can be concluded that the —Bi—OH species is relatively more vulnerable
to the oxidation process and consequently, it would be able to act as the pioneer for the
water oxidation reaction, in accordance with the finding in our previous work. Under
these circumstances, even though the surficial oxygen atom from the 4c-V (in the original
structure) is actually able to disconnect from the adjacent Bi site and adsorb a proton to
stabilize the structure, the resulting —V—OH species would not be able to easily proceed
with further water oxidation process, since the opportunity for the corresponding oxygen
atom to donate electrons is quite less. In contrast, the surficial 6¢c-Bi sites would be able
to participate in the OER more readily, as long as it can adsorb the hydroxyl ion or
undergo the dissociation adsorption of water and thus form the active Bi—OH species.
Accordingly, spontaneous dissociative adsorption of water molecules over Bi sites on the
surface of monoclinic BiVO4 becomes very essential to the overall water oxidation

process.

In addition to —Bi—OH species, a unique bridged-peroxo structure (—-Bi—-O-0O-V-) was
also observed by the ATR-IR analysis and regarded as one of the water oxidation reaction
intermediates, i.e. the oxidation product of —Bi—OH species. In order to probe whether
this —Bi—O—O-V- structure could be further oxidized, it was artificially established on
the surface of BVO A slab model, by stripping one O% ion (On20473) from a water
molecule and taking that ion into the vicinity of the exposed 6¢-Bi67 site to be adsorbed.
After some time, the —Bi67—-On20473-0ia422-V140— structure on the surface was
stabilized into the structure as displayed in Figure 3.7 a, where the Oja422—On20473
atomic distance was 1.43 A. The O—O distance roughly oscillated in the range of 1.3~1.7
A during the MD simulation, which is longer than that of normal oxygen gaseous
molecule (1.21 A). As depicted on Figure 3.7 b, the electronic properties also elucidate
that both oxygen atoms (O.td422 and On20473) forming the bridging oxygen-like
molecule possess high enough O 2p energy levels which would enable this species to

donate electrons and thus be further oxidized by the photogenerated holes.
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Figure 3.7. (a) Geometry and (b) the corresponding O 2p energy levels of the lower

surface when the —Bi—O—O-V- structure was stabilized on the surface of BVO A slab.

3.4.4. Spontaneous Dissociative Adsorption of Water Molecules over (010) Facet of
Monoclinic BiVOas

Another scenario for the MD simulation was performed where some spontaneous
dissociative adsorptions of water molecules over the Bi sites were successfully observed.
The corresponding simulation model accommodates a (010) surface of BVO A slab,
exposing not only the original 4c-V and 6c¢-Bi structures but also an artificial 7c-Bi
species (Bi5) which was formed by carefully shifting one surficial oxygen atom (O1at156),
derived from one of the 4c-V structures (V78), on the surface without applying much
stress to the overall monoclinic BiVOs crystal system. In order to stabilize the resulting
3c-V structure due to the oxygen shifting, it was connected to one NO3™ ion to reform the
4c-V structure. Figure 3.8 shows two crucial moments during the water molecule

dissociative adsorption process over the (010) facet of BVO A slab.

In detail, firstly, one water molecule came close to the 7c-Bi site (Bi5), by which it
extracted one proton (H") from the water molecule to produce a —Bi5-O.156H species
and OH™ ion. Afterward, the OH™ ion approached the vicinity of the water molecule (H-
OwH20503—-H), which had been adsorbed beforehand by another neighboring 6c-Bi site
(Bi4), and as a consequence, the —Bi4—(H)OwH20503--H--OH structure was formed

temporally on the surface (Figure 3.8 a). The temporal intermediate structure was then
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transformed into —Bi4—Own20503H species and H2O molecule soon later. At this moment,
two water molecules had successfully been dissociated at two different Bi sites (see
Figure 3.8 b). This kind of process is predicted to repeat itself one after another, which
demonstrated the natural production process of active —Bi—OH species by the dynamic

interaction between the catalytic (010) surface of monoclinic BiVOa, water molecules,
and hydroxyl ions, as also illustrated in Figure 3.9.

»
H20493 ‘ OH20499

2.73 A Ono3435 2-72 A
. 1220 o 05130 o
Vo e ,.
B ™ Bi§/78 Boe W

Oiat156

Figure 3.8. Two different geometries during the dissociative adsorptions of water
molecules over the (010) surface of BVO A slab: (a) when the Bi4—(H-On20503--H)--

OH structure was formed and (b) when two —Bi—OH structures (—Bi5-0ja156H and —
Bi4—On20503H) were formed.
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Figure 3.10. O 2p energy levels during the moment when two —Bi—OH structures were

formed, as represented in Figure 3.8 b.

At the same moment when two —Bi—OH structures were formed (Figure 3.8 b), there
were two water molecules (H20493 and H.0499) being undissociatively adsorbed on two
other 6¢-Bi sites (Bil and Bi2). Herein, the electronic properties (O 2p energy bands) of
those structures are shown in Figure 3.10. The O 2p component profiles of those
abovementioned —Bi—OH structures (01156 and On20503), as circled in green, reveal
similar tendency with the previous result, by which both species would be easily oxidized,
since their energy levels are particularly located on top of the valence band. Nonetheless,

the undissociated adsorbed water molecules shouldn’t be oxidized, since their O 2p
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energy levels (On20493 and OH20499) are considerably low, as marked by the red circle.
According to our previous findings, an H2O molecule adsorbed onto the 6¢-Bi site is
relatively stable, where the distances between the O atoms belonging to H2O molecules
and the Bi atoms at the surface range between 2.7 and 3.0 A.[®Y Hence, in order for those
water molecules to participate in the OER, they would need to undergo the previously
described process, where some hydroxyl ion trigger some structure transformation to
generate the —Bi—OH species which is more susceptible to the oxidation process. Such
findings combined with the previous results encourage us to conclude that the existence
and/or formation of —Bi—OH species by the assistance of hydroxyl ion within the (010)

surface of monoclinic BiVVO4 are essential for the water oxidation reaction.
3.5. Conclusion

In summary, a combination of experimental and theoretical approaches was utilized to
gain some new insights into water oxidation reaction over (010) facet of monoclinic
BiVOs, by which the key role of lattice distortion was unraveled and highlighted. By
ATR-IR analysis, some water oxidation intermediates including the active Bi—-OH and
unique bridged Bi—O—O-V species were firstly identified, thus allowing the stipulation
of possible water oxidation mechanism. Correspondingly, the DFT calculations for Gibbs
free energy indicate the favorable water oxidation process over the (010) surface of
BiVO4 slab model with greater degree of lattice distortion, thus elucidating the additional
benefit of lattice distortion effect over the catalytic surface features of monoclinic BiVO4
for driving more efficient OER. In addition, by employing the first-principal molecular
dynamic simulations and the corresponding electronic structure calculations, the
observed key intermediates (Bi—OH and Bi—O-O-V species) were found to possess high
enough O 2p energy levels, thus enabling them to readily donate some electrons and be
oxidized by the photogenerated holes. Lastly, some spontaneous dissociative adsorption
process of water molecules over the unsaturated 6¢-Bi sites was also demonstrated, by
which hydroxyl ion (OH") would play a critical role in triggering the transformation of
undissociatively adsorbed water molecules into the active —Bi—OH species. The findings
of this study deepens the understanding of water oxidation reaction over monoclinic
BiVOs and might provide some inspiration for the rational design of superior BiVOgs-

based material for more efficient photocatalytic OER.
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Chapter 4. Oxygen Vacancy-Mediated Size Engineering of Pd
Cocatalyst over Monoclinic BiVOs for Visible-Light-Driven
H>O2 Synthesis

4.1. Introduction

Anrtificial photosynthesis technology offers some appealing method to produce green
energy stocks through solar energy harvesting and conversion process for tackling the
global challenges in energy and environmental sustainability.[*? Accordingly, solar-
driven water splitting for hydrogen (H2) generation has become the center of
photocatalytic research all over the world for these past several decades.! Nevertheless,
Ha fuel still exerts some drawbacks, such as poor storability and transportability, which
might hinder its practical application.[*5] Concerning those issues, hydrogen peroxide
(H20>), on the other hand, has displayed great potential as an alternative liquid energy
carrier since it is relatively more cost-effective (can operate in a membrane-free system)
and easily transportable (fully soluble in water).[2¢-°1 Furthermore, H20; has also been
applied in many other areas, including pulp and textile bleaching, medical disinfection,
organic synthesis, wastewater treatment, and many other industrial fields,7810l
rendering the development of superior photocatalytic materials for the synthesis of H>O>

becomes a very attractive and important topic to research.111?

N-type monoclinic BiVOs is widely known as one of the most promising oxide
photocatalysts with good visible-light absorption ability and suitable band positions for
driving the oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) for
H.0; production.311 However, while the former reaction can be considered its best forte
with many scientific reports and studies, the latter one has been scarcely applied and
realized over BiVO; photocatalysts.>8 This has to do with the fact that the pristine
surface of monoclinic BiVO;s is quite inactive for catalyzing the O. conversion into
H,0,.1219201 \With that being the case, the surface modulation strategy to generate
external reactive sites by the means of cocatalyst loading might be an ideal approach for
promoting solar-driven H»O> production over monoclinic BiVOs photocatalyst.[?2%
Among many available metal cocatalyts for particulate photocatalysis, palladium (Pd) has
shown the best potential for driving the two electron reduction of O to generate H205, in

competition with Au metal 9182121 nterestingly, in contrast to Au which tends to
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manifest weak combination with O, molecules, Pd cocatalyst can strongly interact with
O2 molecules by forming the bridge-oxygen adsorption model, thus facilitating more

effective electron transfer to reduce the adsorbed O, molecules. 2124251

Concerning the cocatalyst loading strategy, the impregnation method is often utilized
in most cases, resulting in a random distribution of cocatalysts over the photocatalyst
surfaces without being able to control the location of cocatalysts.[?®! Intriguingly,
monoclinic BiVO4 possesses a special trait that enables the selective photodeposition of
reduction and oxidation cocatalysts into different anisotropic facets, due to its spatial
charge separation nature.’?62% |n detail, upon the light illumination, the photogenerated
electrons and holes will be transferred and accumulated on the (010) and (011)/(110)
facets, respectively, enabling the former facet to catalyze the reduction reaction, while
the latter drive the oxidation reaction.?1 Accordingly, the assemble of well-dispersed Pd
cocatalyst over the (010) reduction facets of monoclinic BiVO4 via photodeposition
process is an interesting topic to further investigate, which might provide a breakthrough
for fabricating a superior photocatalyst for high performance H>O> production.
Unfortunately, photodeposition method also comes with some shortcomings, especially
the difficulty and complexity of controlling the size of photodeposited metal cocatalyst,
which actually is the decisive factor for determining whether the surface reaction can
proceed efficiently.*%31 In general, a smaller size of cocatalyst with high dispersion is

preferable since it can provide more active sites to drive the reaction.[?>%

In this work, we demonstrate a functional surface modulation technique by introducing
oxygen vacancy (Oy) into the crystal of monoclinic BiVO4, which can exert a practical
size engineering effect on the photodeposited Pd cocatalyst. By simply adjusting the pH
of hydrothermal solution, various BiVO4 photocatalyst with different degrees of oxygen
vacancy were successfully fabricated. The oxygen vacancies on the (010) reduction facets
are expected to function as a charge redistributor, enabling more effective electrostatic
interaction with the PdCls> precursor, by which higher concentration of oxygen
vacancies would render smaller size of Pd cocatalysts. Under visible light irradiation, the
optimized Pd/BiVO4 sample demonstrated an excellent H.O> synthesis, up to 2.35 mM/h,
accomplishing the state-of-the-art AQE of 19.2% at 420 nm in photocatalytic H20-
production over BiVOs-based materials. This work sheds new light into the rational

design of metal-semiconductor composites for more efficient H>O» photosynthesis.
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4.2. Experimental Section
4.2.1. Materials

Bismuth nitrate pentahydrate (Bi(NOs)3-5H20, Guaranteed Reagent), ammonium
metavanadate (NH4VOs, Guaranteed Reagent), nitric acid 69% (HNO3s, Guaranteed
Reagent), hydrochloric acid 36% (HCI, Guaranteed Reagent), ammonia solution 25%
(NHs, Wako 1st Grade), palladium chloride (PdCl>, Guaranteed Reagent), hydrogen
tetrachloroaurate (111) tetrahydrate 99.9% (HAuCl4.4H20), hydrogen hexachloroplatinate
(IV) hexahydrate 99.9% (H2PtCls.6H20), citric acid (CeHsO7, Wako Special Grade),
trisodium citrate anhydrous (CsHsO7Nas, Wako Special Grade), potassium hydrogen
phthalate (CsHsKO4, Guaranteed Reagent), potassium iodide (KI, Wako 1st Grade),
hydrogen peroxide 30% (H20., Guaranteed Reagent), methanol 99.8% (CH3OH,
Guaranteed Reagent), ethanol 95% (C2HsOH, Guaranteed Reagent), isopropanol (IPA,
(CHs3)2CHOH, Japanese Pharmacopoeia) were purchased from FUJIFILM Wako Pure
Chemical Corporation. All chemicals were used directly as received without further
purification. The ultrapure water with a resistivity of 18.2 MQ cm™ was supplied by a

Millipore System (Millipore Q) and used in all experiments.
4.2.2. Catalyst Preparation

Monoclinic BiVO4 photocatalyst was prepared by a facile hydrothermal method
according to the reported procedure,*51 with slight modification. Initially, 5.0 mmol of
Bi(NOz3)3-5H.0 and 5.0 mmol of NH4VVO3 were dissolved in sequence in 60 mL of 2.0 M
nitric acid solution. The above mixture was stirred until the color of the solution became
yellow gold, signifying the complete dissolution. The pH of the solution were then
adjusted to a certain value (0.75, 1.5, 2.0, 2.2, 2.3, 2.4, and 2.6) by adding ammonia
solution (25 wt.%) drop by drop under stirring, which would gradually change the color
to orange. A yellow or orange BiVOs slurry was obtained after stirring for about 2 h under
room temperature (higher pH would yield more orange color). Afterward, the mixture
(about 70 mL) was transferred to a Teflon-lined stainless-steel autoclave with a capacity
of 100 mL, and hydrothermally treated at 180 °C for 24 h in the oven. After the autoclaves
were cooled to room temperature, some yellow or orange precipitates were obtained. The
precipitates were then collected by centrifugation, washed with pure water several times,
and dried under vacuum at 70 °C overnight to obtain monoclinic BiVO4 powder samples,

which can be referred as BVO-x (x denotes the pH used during the synthesis process).
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The selective photodeposition of Pd metal on the (010) facet of BiVO4 photocatalyst
was conducted according to the following procedure. 300 mg of the as-prepared BiVOs
samples were initially dispersed in 100 mL pure water by ultrasonic treatment for about
15 min, followed by the addition of H2PdCl,4 stock (prepared beforehand by dissolving
PdCl, powder in HCI diluted solution) with metal loading amount of 0.3 wt% and stirring
for 5-10 min. The mixture was then illuminated from the top side by using a full spectrum
of 300 W Xe lamp for 1 h in an ice bath under atmospheric condition. The resultant
precipitation was collected by centrifugation, washed several times using pure water, and
finally dried at 70 °C under vacuum to obtain well-dispersed Pd on the (010) surface of
BVO-x photocatalyst. For comparison, some other metal-BiVOs composites were also
prepared by utilizing some organic aqueous solution (methanol, ethanol, and isopropyl
alcohol (IPA)) and some other noble metals (Au and Pt) during the photodeposition

process with the same procedure as described above.
4.2.3. Material Characterizations

The morphologies of the samples were investigated by scanning electron microscopy
(SEM, JEOL JSM-6701F, Japan). The elemental distribution by STEM-EDS mapping
was analysed using the transmission electron microscopy (TEM, JEOL JEM-3100FEF,
Japan), equipped with an energy dispersive spectrometer (EDS). The crystal structures of
the materials were characterized using X-ray diffractometer (X'pert powder, PANalytical
B.V., Netherland) with Cu-Ka radiation (A = 0.1541 nm) under 40 kV and 30 mA. The
optical properties of the materials were measured over a UV-vis spectrophotometer (UV-
2600 Shimadzu, Japan), and the corresponding band gaps were calculated according to
the Kubelka-Munk transformation. The Brunner—Emmet—Teller (BET) tests to probe the
specific surface area of the as-synthesized samples were performed by a surface area
analyzer (Belsorp-Mini 11, Japan) with N analysis adsorptive at 77.2 K. The surface
element chemical status of the samples was identified by X-ray photoelectron
spectroscopy (Escalab 250 Xi, Thermo Scientific, Japan) in a theta probe using
monochromatic Al-Ka X-rays at hv = 1486.6 ¢V. The observed peak positions were
calibrated to the binding energy of the C—C bond in C 1s spectra (284.6 eV). The
elemental composition of the prepared samples was analyzed using inductively coupled
plasma optical emission spectrometry (ICP-OES, Agilent5800, USA). The
photoluminescence (PL) properties were investigated using a fluorescence

spectrophotometer (Jasco FP-8550, Japan).
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Figure 4.1. Calibration curve for H.O2 concentration measurement.

4.2.4. Photocatalytic Activity Test

Photocatalytic performances of the as-prepared samples were evaluated through
photocatalytic ORR for the production of H2O.. Typically, 80 mg of photocatalyst
powders were initially dispersed in 80 mL citric buffer solution (0.2 M, pH = 3) inside a
180 mL Pyrex glass reactor with ultrasonic treatment. The reactor was then placed inside
an ice bath to keep the low temperature (~15 °C) and the reactant solution was stirred
mildly. Before irradiation, the mixture was purged continuously by a constant flow of O>
(300 mL min™?) for about 30 min under dark condition, in order to reach saturated solution
of dissolved oxygen. Afterwards, the above solution was then illuminated from the top
side by visible light using a 300 W Xe lamp equipped with an L-42 cut-off filter for 1 h,
while still keeping the O gas flow. During the illumination, 1 mL of the suspension was
collected at designated time points and then centrifuged to remove the catalyst. The actual
concentration of produced H>O. was accurately measured by a colorimetric iodine
method.l6-38 Specifically, 0.6 mL of the supernatant was initially separated and then
added by 1.2 mL of potassium hydrogen phthalate solution (0.1 M) and 1.2 mL of
potassium iodide solution (0.4 M) in sequence. After standing for 2 min, the absorbance

of the above mixture was tested at wavelength of 350 nm using the UV-2600
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spectrophotometer (Shimadzu, Japan). Figure 4.1 shows a standard calibration curve of
H>0O> concentration and absorbance (at 350 nm) for the measurement by colorimetric
method. The measurement of apparent quantum efficiency (AQE) was carried out under
similar conditions as described above, except for the usage of monochromatic light
irradiation. A series of bandpass filters (420 nm, 460 nm, 500 nm, 540 nm, 580 nm, and
600 nm) were utilized in order to control the wavelength region of the monochromatic
light. The average light intensity was determined using a spectroradiometer (Ushio, USR-
40, Japan). The AQE was estimated by using the following equation:

2 x number of evolved HyO, molecules

AQE = x 100% (4-1)

number of incident photons

4.2.5. Statistical Analysis

The average size of photodeposited Pd nanoparticles were evaluated by measuring 100
random nanoparticle samples in Figure 4.8 a, ¢, and e, while the presented means £ S.D.
are the combination of the standard uncertainty of repeated measurements expanded by
the factor of 3. The means + S.D. (n = 4) from repeated measurements were calculated in
order to validate the data of photocatalytic H.O> production and wavelength-dependent
AQE as can be found in Figure 2.16, Figure 4.15, Figure 4.16, Figure 4.17, and Figure
4.18.

4.3. Results and Discussion
4.3.1. Characterizations of Pure Monoclinic BiVO4 (BVO-x)

A series of monoclinic BiVO4 photocatalysts were fabricated using facile hydrothermal
method*%! by varying the pH of the reactant solution. Herein, we are going to firstly
discuss about the structural and chemical properties of the pure monoclinic BiVO4
samples. Figure 4.2 displays the SEM images of the as-synthesized BVO-x samples,
which indicates the variation of morphology as the pH changes. At relatively lower pH
(0.75 and 1.5), the monoclinic BiVO4 microparticles exhibit a decahedral structure with
clearly distinguished (010) and (011)/(110) facets.[>1534 As the pH increases, the BiVOy4
particles apparently experiences some deformation process, thus resulting in defective
decahedral morphology (pH 2.0 and 2.3), irregular microparticles (pH 2.4), and
hyperbranced rod-like microparticles (pH 2.6). As displayed in Figure 4.3, the XRD
spectra confirms the pure monoclinic phase of BiVO4 (JCPDS File No. 14-0688) for all

prepared BVO-x samples. The BET tests for some selected samples, whose results are
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summarized in Table 4.1, indicate the increasing tendency of the surface area as the pH
increases, which can be ascribed to the alteration of the BiVVOa4 particles morphology.

4
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Figure 4.2. SEM images of pure monoclinic BVO-x samples synthesized at pH (a) 0.75
(regular deecahedron), (b) 1.5 (regular decahedron), (c) 2.0 (defective dodecahedron), (d)
2.3 (defective decahedron), (e) 2.4 (irregular microparticles), and (f) 2.60 (hyperbranched
rod-like microparticles).
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Figure 4.3. XRD spectra of the as-prepared monoclinic BVO-x samples synthesized at

various pH.

Table 4.1. Effect of pH on the morphology, BET surface area, band gap, V**and oxygen
vacancy (Oy) concentrations (at%), average Pd particle size, and H20. synthesis rate of

some selected BVO-x photocatalysts.

Sample Moroholo BET surface  Band gap \Vast Oy Average Pd H,0, production
P phology area (m?g) (eV) (at%) (at%)*  particle size (nm) rate (mM/h)

BVO-15 Regular 035 235 26.7 33 202+13 142
decahedron

BVO-2.0 Defective 052 2.35 334 42 161+11 159
decahedron

BVO-2.3 Defective 0.69 235 44.1 55 103406 235
decahedron

BVO-26 Hyp;?_:?ﬁ:hed 145 237 568 7.1 undetected 143

* estimated to be one eighth of the V** concentration (at%)
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Figure 4.4. (a) UV-Vis and (b) plot of (ahv)? versus photon energy (hv) based on the

Kubelka-Munk transformation of pure BiVO4 samples synthesized at various pH.

The optical absorption properties of the as-synthesized monoclinic BiVO4 samples
were investigated by employing UV-Vis diffuse reflectance spectroscopy (Figure 4.4 a).
All the monoclinic BiVO4 samples exhibit UV to visible light absorption with the
absorption edge around 530 nm. The absorption of BiVO4 sample synthesized at pH 2.6
indicates a slight blue shift compared to the other samples. By employing the Kubelka-
Munk transformation (Figure 4.4 b), the band gaps of all BiVO4 samples were calculated
to be ~2.35 eV (2.37 eV for BVO-2.6), which is perfectly suitable for driving visible-
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light-driven photocatalytic reaction.*®! Intriguingly, some unique absorption peaks
around 440-490 nm are observed for all BiVO4 samples, as circled in red, which signifies
a decreasing tendency as the pH becomes less acidic; the peak completely disappears for
BVO-2.6, while another unique absorption behavior emerges but at slightly lower
wavelength. Considering the morphology changes, as has been previously discussed, the
former unique absorption peak can be assigned to the decahedron structure of the
monoclinic BiVOs crystals, which experiences deformation along the increasing pH, thus
explaining the above mentioned peak decreasing behavior. Correspondingly, the
emerging absorption peak of BVO-2.6 might derive from its rod-like structure. In this
case, it can be deduced that different morphologies of BiVO4 photocatalyst would result
in different absorption characteristics, which might affect the overall photocatalytic
performance. More importantly, focusing on the absorption tail region (530-600 nm), the
as-prepared samples develop some non-zero absorption behavior which becomes more
obvious as the pH increases, as represented in the inset of Figure 4.4 a. This extended
absorption towards to near infrared region implies the existence of trap states induced by
defects, which in this case are oxygen vacancies.*%44 Accordingly, the colors of the
BiVO4 powders gradually change from light yellow to orange with the increasing pH (see

Figure 4.5), suggesting the higher concentration of oxygen vacancy.!44"]

pH 0.75 pH 1.5 pH 2.0

pH 2.3 pH 2.4 pH 2.6

Figure 4.5. Photos of the monoclinic BiVO4 powders synthesized at different pH,
signifying the gradual change of color from light yellow to orange as the pH of reactant

solution increases, due to the existence of oxygen vacancies.
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Figure 4.6. Wide-scan XPS spectra of the as-prepared BVO-x samples. The C 1s signal
derives from the carbon tape substrate.

The surface chemistry of the as-synthesized monoclinic BiVO4 samples are investigated
by XPS analysis. Figure 4.6 shows the wide-range XPS spectra of several selected BVO-
x samples, which reveals the sole existence of BiVO4 composing elements (Bi, V, and O)
for all samples obtained at different pH. Noteworthily, the high-resolution XPS spectra
of Bi 4f and V 2p orbitals reveal some pivotal variations. As depicted in Figure 4.7 a, the
Bi 4f spectra exhibit two intensive peaks with a peak splitting of 5.3 eV, corresponding
to the 3+ oxidation state of Bi, while the V 2p peaks with a peak splitting of around 7.6
eV (Figure 4.7 b) represent the VV°* cations in the BiVO, crystal lattice. Interestingly,
those peak positions are shifted to lower binding energy with the increasing pH, thus
indicating the higher electron density and lower valence states of both Bi and V species,
which can be attributed to the partial reduction of Bi®* and VV®* ions and also the existence
of oxygen vacancies.[*”*) The greater XPS peak shift as the pH increases can be
attributed to the higher oxygen vacancy level within the crystal of monoclinic BiVOg,“752
in agreement with the previously discussed UV-Vis results. In addition, the asymmetric
V 2pz12 peaks of the BiVO4 samples with abundant oxygen vacancies can be further fitted
into two components of V°* (516.8 eV) and V** (516.0 eV), by which the later species
has been reported to have close connection with the existence of oxygen vacancies. 48495
In this case, the observed concentration of V** can be utilized to represent the surface

oxygen vacancy concentration, since they are linearly correlated.®* As displayed in
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Figure 4.7 c, the quantity of V** fraction becomes larger as the pH of hydrothermal
solution becomes less acidic, hence prompting the formation of more oxygen vacancies.
In an ideal condition, the formation of one oxygen vacancy would reduce two V°* into
two V** ions on average by considering the charge balance.[®* Since the total number of
oxygen atom is four times that of vanadium atom in a perfectly stoichiometric BiVO4
crystal, the oxygen vacancy concentration (with respect to the total number of oxygen)

can thus be estimated using the following equation:

Oy (at%) = Y2 x ¥4 x V4 (at%) = % V** (at%) (4-2)
The calculated oxygen vacancy concentrations on the surface of some selected BVO-x
samples are summarized in Table 4.1, which steadily elevate as the pH becomes less

acidic.
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Figure 4.7. (a) Bi 4f and (b) V 2p XPS spectra, as well as (c) V 2pz/2 peak deconvolution

of monoclinic BiVO4 samples synthesized at various pH.
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4.3.2. Characterizations of Pd-Photodeposited BiVO4 (Pd/BVO-x)

Following the fabrication of the pure monoclinic BiVO4 (BVO-x), photodeposition of
Pd metal was conducted in pure water under atmospheric condition by using H2PdCls as
precursor. The amount of Pd metal added was fixed to be 0.3 wt% of the monoclinic
BiVO4 host photocatalyst. Figure 4.8 a, ¢, e show the SEM images of the products upon
Pd photodeposition process, revealing the homogenous distribution of Pd nanoparticles
over the (010) facets of all samples. The elemental distribution by the STEM-EDS
mapping also confirms the selective photodeposition and well-dispersion of Pd over the
(010) reductive facets, as can be seen in Figure 4.9. Successful photodeposition of Pd
cocatalysts is also confirmed by the UV-Vis, XPS, and ICP-OES analysis (Figure 4.10,
Figure 4.11, and Table 2.1). Another Pd/BVO-2.3 sample was also prepared via
photodeposition in 10% methanol aqueous solution for some comparison. The
corresponding SEM image of this sample (Figure 4.12) shows that the Pd cocatalyst is
also selectively photodeposited over the (010) facets, however it tends to aggregate with
relatively poor dispersion, in contrast to the Pd/BVO samples which were prepared via
photodeposition in pure water. Other groups that utilized methanol or other organic
sacrificial solution for photodepositing noble metals over some semiconductors,
including monoclinic BiVOs, have also encountered similar larger particle size and
poorly dispersive behavior of the resulting nanoparticles,[*821:3155571 which might be
attributed to the more rapid rate of photodeposition as the consequence of hole scavenging
by the organic compounds, thus inducing the accumulation of electrons to reduce the
noble metal precursors. Intriguingly, by comparing the corresponding Pd particle size
distribution over various Pd/BVO-x samples prepared via photodeposition in pure water
(Figure 4.8 b, d, f), some downsizing phenomena is observed along with the increasing
pH. Specifically, the average Pd particles size are 20.2, 16.1, and 10.3 nm for the
Pd/BVO-1.5, Pd/BVO-2.0, and Pd/BVO-2.3, respectively. On the other hand, the
photodeposited Pd cannot be observed by the SEM analysis for the Pd/BVO-2.6 sample,
suggesting the formation of cluster to single atom Pd metals, which would require other
advanced characterization techniques in order to observe and analyze them. This size
engineering effect can be correlated to the presence of oxygen vacancies within the crystal

of monoclinic BiVO4 samples.
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Figure 4.8. SEM images and Pd (white dots) particle size distributions of (a-b) Pd/BVO-

1.5, (c-d) Pd/BVO-2.0, (e-f) Pd/BVO-2.3 prepared via photodeposition in pure water

(loading amount: 0.3 wt%).
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Figure 4.9. (a) STEM image and (b) Pd, (c) O, (d) Bi, and (e) V elemental mapping
images, as well as (f) STEM and Pd mapping overlay image of the Pd/BVO-2.3 prepared
via photodeposition in pure water. Compared with other elements, the Pd is preferentially
distributed in a more designated region, prompting the selective photodeposition of Pd

over the (010) reductive facet of monoclinic BiVO4 sample.

— Pd/BVO-2.3
—BVO0-23

Absorbance (a.u.)

— .
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Figure 4.10. UV-vis absorbance spectra of BVO-2.3 before and after Pd photodeposition
in pure water. The increase of absorbance over a wide range of wavelengths indicates the

existence of Pd cocatalyst on the surface of the monoclinic BiVO4 sample.
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Figure 4.11. Pd 3D XPS spectra of Pd/BVO-2.3, indicating the existence of two Pd
species with different valence states, i.e. Pd® (metal) and Pd?* (oxide) with the major
contribution of the latter species. The formation of palladium oxide species instead of the
metallic one might be related to the usage of non-sacrificial solution and atmospheric
(oxygen-rich) condition for the Pd photodeposition process.*!I It has been reported that
oxidized Pd catalysts exhibit superior activity and selectivity for catalytic H.O> synthesis
from Hz and Oz in comparison to their reduced counterparts.[®3% Further in-depth study
and investigation would be required to analyze the effect Pd oxidation state to the surface

catalytic H>O, generation via photocatalytic ORR.

Table 4.2. Composition of the as-prepared Pd/BVO-x samples determined by ICP-OES.
The analyzed samples were dissolved beforehand in Aqua regia and H2SOs solution
solution. Based on the feeding of H2PdCI4 precursor, the theoretical loading amount of
Pd is 0.3 wt%, equal to 0.9 at%. In all Pd/BVO-x samples, the observed Pd content are

about 1 at%, by which reasonable agreement with the theoretical content can be inferred.

Sample Bi (mg/L) V (mg/L) Pd (mg/L) Bi: V: Pd
Pd/BVO-1.5 13.39 3.23 0.05 1.00: 0.99: 0.01
Pd/BVO-2.0 12.60 3.07 0.05 1.00: 1.00: 0.01
Pd/BVO-2.3 15.80 3.88 0.07 1.00: 1.01: 0.01
Pd/BVO-2.6 13.51 3.33 0.06 1.00: 1.01: 0.01
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SEl 100KV X50,000 WD7.7mm  100nm

Figure 4.12. SEM image of Pd/BVO-2.3 sample prepared via photodeposition in 10%
methanol solution. The Pd cocatalyst is also selectively photodeposited on the (010) facet,

however it tends to be more aggregated and not well-dispersed, as circled in red.
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Figure 4.13. Schematic of the Pd photodeposition process over the (010) facet of
monoclinic BiVO4 with and without oxygen vacancies. The presence of oxygen vacancy
enables PdCl4>~ precursor to interact more freely with the reduction facet, thus exhibiting

a downsizing effect to the photodeposited Pd.

Recently, Zhao et al. has demonstrated that the (010) facets of monoclinic BiVOs tend
to have positive charge under dark condition, while it becomes negatively charged under
light irradiation, due to the accumulation of photogenerated electrons induced by the
spatial charge separation nature of monoclinic BiVO4.[?62" Consequently, the reduction

of positively charged Fe®" ions can take place favorably on the (010) facets, while the
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same facets would also repel the negatively charged shuttle of Fe(CN)e* and thus
hindering its reduction reaction, even though both ions have identical reduction
potential.®* In our current study, PdCls>~ complex species was used as the precursor for
Pd photodeposition. Accordingly, it would be quite difficult for the negative charged
PdCls%* ion to effectively reach a perfect (010) facet (without defects) and be reduced
during the illumination process. This notion can explain the relatively larger size of
photodeposited Pd nanoparticles over the (010) surfaces of pristine monoclinic BiVOs,
because the reduction reaction would preferably take place over the already available Pd
metal sites with more uniform charge distribution, especially since the photogenerated
electrons from the BiVO4 would be transferred and trapped by Pd particles once
nucleated.®?! Interestingly, it has been reported that the introduction of oxygen vacancy
would induce a significant charge density redistribution, thus affecting the electrostatic
interactions.!®! In this regard, the presence of oxygen vacancies would make the catalytic
surface becomes relatively more positive, peculiarly in the region close to the vacancy,
which would significantly decrease the repel force, thus increasing the probability for
PdCl4> ion to be homogenously adsorbed and reduced over the surface of monoclinic
BiVOs. Higher density of oxygen vacancy on the photocatalysis surface would provide
more reduction sites for the Pd photodeposition process, thus enabling the formation of
smaller Pd cocatalyst on the (010) surface of monoclinic BiVOs, as encountered in this
work. Accordingly, it is reasonable to expect an even smaller size of Pd (cluster to single
atom) on Pd/BVO-2.6 sample which evidently contains higher concentration of oxygen
vacancy, in addition to its larger specific surface area which would allow more efficient
adsorption process for the PdCl4>~ precursor. Figure 4.13 illustrates the size engineering
effect of oxygen vacancy on photodeposited Pd over the (010) facet of monoclinic BiVOa.

4.3.3. Photocatalytic H20O2 Production and Factors behind the Performances

Photocatalytic H>O> synthesis of the as-prepared samples in citric buffer solution was
evaluated under visible light irradiation. As depicted in Figure 2.16 a, the photocatalytic
performances of various Pd/BVO-x samples indicated increasing and decreasing
behaviors along with the pH variation, by which Pd/BVO-2.3 exhibited the highest H.O>
production of 2.35 mM after one-hour visible light irradiation, achieving, to the best of
our knowledge, the state-of-the-art AQE of 19.2% at 420 nm in photocatalytic H>O>
production over BiVOs-based materials. Below pH 2.3, as it became less acidic, the

corresponding H20:z evolution activity increased gradually (see Figure 2.16 b). However,
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for the pH more than 2.3, the corresponding H202 generation rate started to decline. In
detail, the accumulated concentration of H202 within 1 h were 1.27 mM, 1.42 mM, 1.62
mM, 1.85 mM, 1.96 mM, and 1.43 mM for Pd/BVO-0.75, Pd/BVO-1.5, Pd/BVO-2.0,
Pd/BVO-2.2, Pd/BVO-2.4, and Pd/BVO-2.6 samples, respectively.
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Figure 4.14. (a) Time-dependent H202 production course of Pd/BVO-x samples with
different hydrothermal pH and (b) effect of hydrothermal pH on the accumulated H20-
concentration after 1 h of light illumination activity test. Reaction condition: 80 mg
catalyst, 80 mL citric buffer solution, O, flow rate: 300 mL/min, and light source: 300 W
Xe Lamp equipped with L-42 cut-off filter.
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Figure 4.15. Time-dependent H2O. production of Pd/BVO-2.3 samples prepared via

photodeposition in pure water and 10% organic aqueous solutions (methanol, ethanol,

—e— Water
—o—|PA 10%
—=— FEth 10%
—a— Meth 10%

15

and isopropanol (IPA)).

25

30
Time (min)

45 60

2.0+

1.5 1

1.0 S

H,O, production (mM)

0.5 1

0.0

Figure 4.16. Time-dependent H>O, production of various BVO-2.3 samples loaded with

various metal cocatalysts (prepared via photodeposition in pure water with loading

amount of 0.3 wt%).
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Some other Pd/BVO-2.3 samples were also prepared through photodeposition in
several organic aqueous solutions. As represented in Figure 4.15, those samples were
found to exhibit minor photocatalytic performance compared to the sample prepared in
pure water, with H2O> production of 1.63 mM, 1.97 mM, and 2.07 mM within 1 hour of
testing for the Pd/BVO-2.3 samples prepared in methanol, ethanol, and isopropanol (IPA)
10% aqueous solutions, respectively. The decrease in photocatalytic activity might be
attributed to the aggregation and poor dispersion of Pd cocatalyst over the surface of
monoclinic BiVOs4, when organic compound is used as sacrificial agent for the
photodeposition process, as has been addressed earlier. Furthermore, some other metals
(Au and Pt) were also employed to modify the BVO-2.3 and the corresponding H20>
generation performances were compared (see Figure 4.16). The observed activities of
both Pt/BVO-2.3 (0.53 mM/h) and Au/BVO-2.3 (0.23 mM/h) were substantially lower
than that of Pd/BVO-2.3, thus suggesting the superiority of Pd cocatalyst over other
metals, in accordance to the previous report.[*®! In addition, as formerly expected, pure
monoclinic BVO-2.3 sample (without any cocatalyst), due to the absence of active sites
for the catalytic ORR, was only able to generate almost negligible amount of H20-, up to
38 uM/h, thus confirming the vital factor of Pd cocatalyst for providing the reactive

centers for more efficient H2O2 evolution reaction with about 62 fold enhancement.

Figure 4.17 display the results of several control experiments over the Pd/BVO-2.3
sample in order to probe the origin of the superior H.O> production. When the reactant
suspension was purged by the N2 gas, the 60-min H20. production decreased significantly
to 115 uM, corresponding to about 5% of its activity under Oz bubbling, thus suggesting
the major contribution of ORR to the synthesis of H20.. This subsidiary H.O> production
without O2 gas bubbling might derive from the remaining dissolved oxygen in the
solution which was not able to be completely removed by the N2 purging. Without the
presence of catalyst and light illumination, no H20. production was observed, indicating
that the H20O, generation proceeded solely through the photocatalytic reaction. In addition
to that, the corresponding AQE values of H20: evolution over Pd/BVO-2.3 as a function
of absorption wavelength is practically in good accordance with the UV-Vis DRS pattern
of BVO-2.3 (Figure 4.18 and Table 2.5), thus confirming the key contribution of solar-
driven photocatalytic process to the H20. generation. Compared with the other
representative cases using BiVOs photocatalyst (Table 4.4), our work demonstrates

outstanding performance towards visible-light-driven artificial photosynthesis of H2Ox.
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Figure 4.17. Time-dependent H20. production of Pd/BVO-2.3 under various test
conditions. Normal condition: 80 mg catalyst (0.3 wt% photodeposited Pd), 80 mL citric
buffer solution, O2 purge (300 mL/min), and 300 W Xe lamp (equipped with L-42 cut-

off filter). For N2 purge condition, the flow rate of N2 was 300 mL/min.
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Figure 4.18. Wavelength-dependent apparent quantum efficiency (AQE) of

photocatalytic H2O2 production of monoclinic BiVOs synthesized at pH 2.3 with 0.3 wt%
Pd (via photodeposition in pure water).
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Table 4.3. Measurement of apparent quantum efficiency (AQE).

Wavelength  Number of incident ~ H»O, production ~ Number of reacted ~ AQE
(nm) photons (h™) rate (umol/h) electrons (h™) (%)
420 1.469 x 10% 23.42 2.821 x 10*° 19.2
460 1.884 x 10% 24.29 2.926 x 10'° 155
500 1.756 x 10% 9.49 1.143 x 10% 6.51
540 3.437 x 10%° 0.77 9.228 x 107 0.53

Table 4.4. Performance comparison of solar driven H202 synthesis over BiVOs-based

photocatalyst reported in the representative literatures.

Experimental conditions H.0,

. AQE
Photocatalyst synthesis Refs.
Test solution* Gas Light source rate (uM/h) (420 nm)
Pd/BiVO,-0, CBS (80 mL, 0.2 0, 300 W Xe Lamp 2354 19.2% This work
(80 mg) M, pH = 3.0) (A > 420 nm)
CoOx/Mo:BivVO4/Pd  PBS (12 mL, 1 M, (o)) AM15G 1425 5.8% [3]
(24 mg) pH=~7.4)
Au/BiVO, (50 mg) Water (30 mL) 0, 2 kW Xe lamp 12 0.24% [9]
(A > 420 nm)
BiVO, (010)-AuPd  CBS(80mL,02 O, LED Lamp (20 1146 11.38% [21]
(80 mg) M, pH = 3.0) mW/cm?, 420 nm)
CN-AU/BiVO, CBS(B0OML, 02 O LED Lamp (50 676 6.7% [12]
(80 mg) M, pH = 3.0) mW/cm?, 420 nm)
Cu@Au/BiVO, 5% methanol 0, LED Lamp (12.5 65 0.88% [20]
(100 mg) solution (130 mL) mwW/cm?, 420 nm)
PO.* coated Pd- 10% methanol (o)) 300 W Xe Lamp 300 [18]
BiVO, solution (50 mL) (A>420 nm)
Plate-BiVVO,/CoOy 10% methanol (o)) 300 W Xe Lamp 5 [61]

(50 mg)

solution (150 mL)

(A > 420 nm)

* Note: CBS: citric buffer solution; PBS: phosphate buffer solution
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Figure 4.19. Steady-state photoluminescence (PL) spectra of various (a) BVO-x and (b)
Pd/BVO-x samples with excitation wavelength of 350 nm.

In order to obtain better understanding regarding the factors behind the photocatalytic
performances, photoluminescence (PL) analysis over the as-prepared BVO-x and
Pd/BVO-x samples was utilized to investigate the photogenerated charge carrier
dynamics and separation. As displayed in Figure 4.19 a, the emission peaks of BVO-x,

deriving from the radiative recombination of electron-hole pairs, slightly blue-shift as the
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pH increases, from 535 nm for pH 0.75 to 526 nm for pH 2.3 and 523 nm for pH 2.6,
which might be attributed to the formation of more oxygen vacancies!® and/or the
morphology transformation. More importantly, BVO-2.3 exhibited a lower emission peak
intensity in comparison to other BVO-x samples, thus indicating the suppression of
electron-holes recombination in BVO-2.3 sample. In this case, the oxygen vacancies
might facilitate more efficient charge carrier transfer and separation, since they could take
the role of electron trap centers, especially those on the surface.[®3¢4 However, higher
concentration of oxygen vacancies in the bulk of monoclinic BiVO4 would produce the
otherwise situation, where the oxygen defects would rather act as recombination centers
for the charge carriers,[®4®° thus explaining the increasing in PL intensity for the BVO-x
samples synthesized at pH more than 2.3. After Pd photodeposition, the as-prepared
Pd/BVO-x samples showed markedly lower PL emission peak intensities (Figure 4.19
b), prompting the great contribution of Pd cocatalyst for capturing the electrons and
inhibit the recombination. Notably, Pd/BVO-2.6 showed higher peak intensity compared
to others, indicating that it maintains the drawback of oxygen vacancy with an excessive
amount, which promoted the undesired electron-hole recombination. Nonetheless,
considering the similar emission peak intensities for Pd/BVO-1.5, Pd/BVO-2.0, and
Pd/BVO-2.3 samples, it might be more reasonable to speculate that the enhancement of

charge carrier dynamics might only serve as a minor factor for the activity improvement.

Based on the above discussions, we propose the central role of Pd cocatalyst size for
determining the corresponding photocatalytic H.O> production, by which a downsizing
effect of oxygen vacancy on the well-dispersed photodeposited Pd over (010) surface of
monoclinic BiVOs was observed. Accordingly, by further reducing the size of the Pd
cocatalyst, more potential catalytic sites would be generated, thus enabling more swift
and efficient catalytic ORR for the H>O> evolution. Regardless of that, the size of Pd
cocatalyst was found to have no strong correlation with its ability to suppress the
recombination of photogenerated charge carriers. On the other hand, overabundant
oxygen vacancy within the crystal of monoclinic BiVO4 would be rather harmful to the
charge carrier separation efficiency, as mentioned earlier, thus negatively affecting the
overall photocatalytic performance. In this case, the superior photocatalytic H.O>
production performance of the optimized sample (Pd/BVO-2.3) resulted from the proper
balance between the enhanced surface catalytic reaction of downsized Pd cocatalyst and

charge recombination induced by oxygen vacancy, as illustrated in Figure 4.20.
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Figure 4.20. Schematic illustration of the trade-off between enhanced surface catalytic
reaction Kinetic of downsized Pd cocatalyst and charge recombination by oxygen vacancy
for regulating the photocatalytic H.O> production over Pd/BVO-x as the function of
hydrothermal pH.

4.4. Conclusion

In summary, an effective oxygen vacancy-mediated size engineering strategy was
successfully applied and demonstrated over the homogenously distributed palladium
cocatalyst photodeposited on the (010) surface of monoclinic BiVOs. The manipulation
of oxygen vacancy level was accomplished by simply adjusting the pH of the
hydrothermal solution for the fabrication of pure monoclinic BiVO4 samples, by which

higher pH would generate more oxygen vacancy. It is proposed that the oxygen vacancy
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would serve as surface charge redistributor and positively influence the electrostatic
interaction between the (010) surface of monoclinic BiVO4 and the negative PdCls>
precursor ions, thus yielding smaller size of Pd cocatalysts. An appropriate trade-off
between the enhanced surface catalytic reaction kinetic as the result of downsized Pd
cocatalyst and charge recombination by oxygen vacancy in the bulk material of
monoclinic BiVOs bestowed the optimized sample with an outstanding visible-light-
driven H202 evolution performance of 2.35 mM within 1 h illumination, corresponding
to a high AQE of 19.2% at 420 nm. The findings in this study highlight and prompt the
importance of surface modulation and optimization for fabricating superior monoclinic

BiVO4 photocatalysts for efficient solar-driven H.O2 synthesis via ORR.
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Chapter 5. Conclusions and Future Prospects

5.1. General Conclusions

In this thesis, the main objective is to rationally design some superior monoclinic
BiVO, photocatalysts via structural engineering and surface modulation for highly
efficient visible-light-driven photocatalysis. More importantly, this thesis emphasizes the
great essence of controlling and exploiting the unique properties of monoclinic BiVOg,
which would enable a significant enhancement on the charge carrier dynamics and/or
catalytic surface reaction Kkinetics, thus effectively satisfying the fundamental
requirements for promoting more efficient photocatalysis process. The detailed study can

be concluded in the following parts.

1. Lattice distortion engineering over ultrathin monoclinic BiVO4 nanoflakes triggering
AQE up to 69.4% in visible-light-driven water oxidation

In this part, simultaneous 2D structure tailoring and lattice distortion engineering over
BiVO4 photocatalyst were successfully performed through a facile template-directed
strategy and simple introduction of Na* additive, respectively. In particular, the lattice
distortion effect was characterized by the shrinking of V—O bonds and the elongation of
Bi—O bonds. In-depth analysis unravels the cooperative contribution of the ultrathin 2D
features and the lattice distortion effect to the modulation of charge carriers dynamics and
catalytic surface features of the ultrathin 2D monoclinic BiVO4 nanoflakes, yielding
superior photocatalytic water oxidation performance with remarkable apparent quantum
efficiencies up to 69.4%. The findings of this work prompt the functional exploitation of
dimensional modification and lattice distortion engineering in order to design and
fabricate superior monoclinic BiVOs photocatalyst for various photocatalytic

applications.

2. New insights into water oxidation reaction over (010) facet of monoclinic BiVOa:

Unravelling the key role of lattice distortion

In summary, a combination of experimental and theoretical approaches was utilized to
gain some new insights into water oxidation reaction over (010) facet of monoclinic
BiVO4, by which the key role of lattice distortion was unraveled and highlighted. By
ATR-IR analysis, some water oxidation intermediates including the active Bi—-OH and
unique bridged Bi—O—O-V species were firstly identified, thus allowing the stipulation
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of possible water oxidation mechanism. Correspondingly, the DFT calculations for Gibbs
free energy indicate the favorable water oxidation process over the (010) surface of
BiVOs slab model with greater degree of lattice distortion, thus elucidating the additional
benefit of lattice distortion effect over the catalytic surface features of monoclinic BiVO4
for driving more efficient OER. In addition, by employing the first-principal molecular
dynamic simulations and the corresponding electronic structure calculations, the
observed key intermediates (Bi—OH and Bi—O-O-V species) were found to possess high
enough O 2p energy levels, thus enabling them to readily donate some electrons and be
oxidized by the photogenerated holes. Lastly, some spontaneous dissociative adsorption
process of water molecules over the unsaturated 6¢c-Bi sites was also demonstrated, by
which hydroxyl ion (OH") would play a critical role in triggering the transformation of
undissociatively adsorbed water molecules into the active —Bi—OH species. The findings
of this study deepens the understanding of water oxidation reaction over monoclinic
BiVO4 and might provide some inspiration for the rational design of superior BiVOs-

based material for more efficient photocatalytic OER.

3. Oxygen vacancy-mediated size engineering of Pd cocatalyst over monoclinic BiVO4

for visible-light-driven H2O; synthesis

In summary, an effective oxygen vacancy-mediated size engineering strategy was
successfully applied and demonstrated over the homogenously distributed palladium
cocatalyst photodeposited on the (010) surface of monoclinic BiVO4. The manipulation
of oxygen vacancy level was accomplished by simply adjusting the pH of the
hydrothermal solution for the fabrication of pure monoclinic BiVO4 samples, by which
higher pH would generate more oxygen vacancy. It is proposed that the oxygen vacancy
would serve as surface charge redistributor and positively influence the electrostatic
interaction between the (010) surface of monoclinic BiVO4 and the negative PdCls>
precursor ions, thus yielding smaller size of Pd cocatalysts. An appropriate trade-off
between the enhanced surface catalytic reaction kinetic as the result of downsized Pd
cocatalyst and charge recombination by oxygen vacancy in the bulk material of
monoclinic BiVO4 bestowed the optimized sample with an outstanding visible-light-
driven H20> evolution performance of 2.35 mM within 1 h illumination, corresponding
to a high AQE of 19.2% at 420 nm. The findings in this study highlight and prompt the
importance of surface modulation and optimization for fabricating superior monoclinic

BiVO4 photocatalysts for efficient solar-driven H>O> synthesis via ORR.
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5.2. Future Prospects

Although some achievements have been made in developing monoclinic BiVO4
photocatalyst for efficient visible-light-driven photocatalytic reactions, there are many
challenges towards the significant enhancement of photocatalytic performance and
practicability, especially considering the demands which must be fulfilled in order for
artificial photosynthesis technology to step further onto the industrial stage. Some issues

listed below are worthy of special attention:

1. The fruitfulness of developing superior and stable noble metal-free semiconductors
(light absorbers) and cocatalysts with satisfactory photocatalytic performance is one
of the decisive factors in determining the viability of artificial photosynthesis
technology. Especially for the cocatalyst cases, noble metals are still located at the
peak of the summit and are yet to be easily replaced. Therefore, future research should
be devoted to exploring and developing novel materials, such as metal-free (carbon-
based) materials, transition metal-based catalysts, metal-organic frameworks (MOFs),
covalent-organic frameworks (COFs), etc., to alleviate the dependency on noble
metals. Furthermore, surface engineering by defect implanting or single-atom (metal)
doping can also be a powerful option since it can regulate the reactions in a completely
different way compared with traditional catalysis, while also modulating the intrinsic

properties of the host photocatalysts.

2. Up until now, complete understanding of the detailed reaction pathways over the
surface reactive sites has been one of the most difficult yet also important issues to
address in order to realize the rational design of efficient photocatalyst materials.
Intriguingly, investigating the cataytic reaction mechanism is like peeling the skins of
an onion, whereby each discovery will lead to additional discoveries, hence requiring
continuous in-depth investigations and also patience. For example, in these past recent
years, a new reaction mechanism where lattice oxygen (derived from the catalyst) also
participates in the oxygen evolution reaction has been proposed, which opens the door
to many novel approaches for the development of superior (photo)catalysts and thus
bypasses the design limitations of engineering materials under the conventional
mechanism. In this regard, integrated in-situ/operando characterization techniques
through X-ray absorption spectroscopy, infrared spectroscopy, and Raman
spectroscopy are undoubtedly necessary to locally and accurately identify the key

intermediate species and structural variations, as well as unravel the nature of reactive
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centers. The practice of theoretical study, especially density-functional-theory
calculation, is also of equal importance to gain more comprehensive clues for the
ultrafast surface reaction process and structural transformation. In addition, some new
insights into the excited state of semiconductor-adsorbate systems under light
irradiation might also be worthy of investigation to complement the understanding of

what truly happens during photocatalytic reactions.

. Although many photocatalytic systems have been successfully demonstrated at the
laboratory scale, there are still some important scientific challenges which must be
overcome to allow the practical use of large-scale artificial photosynthesis in our future
society. With that being the case, scalable photocatalyst will be the key to further
advancement of photocatalysis technology into industrial application. Accordingly,
the conversion of particle suspension systems to immobilized particulate systems
(printed photocatalyst panel), which are more readily scaled up, has exhibited great
potential to solve the above issues. In addition, the reactor design must also be
considered carefully and systematically in order to facilitate efficient solar light
absorption and regulate effective interaction between the reactants and photocatalyst

surface while still allowing the delicate extraction of the targeted product(s).
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