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Abstract

Solar driven water splitting on particulate photocatalysts is a potential way to achieve
clean and renewable hydrogen energy. To effectively convert solar energy, the
development of visible-light-active photocatalysts has become one of the important
targets of researchers in recent years. In this context, (oxy)nitride materials, especially
BaTaO:;N, have been the subject of investigation due to their narrow band gap and
suitable band energy potential. This thesis focuses on the growth of highly crystallized
BaTaO:;N with some special surface features by using flux method to obtain an
excellent photocatalytic activity for Hz evolution. BaTaO:N single crystals exposed
with sole {100} facets and co-exposed with anisotropic {100} and {110} facets are
primarily fabricated by using the NaCl and KCl flux, respectively. A combination of
theoretical and experimental studies has been utilized to understand the different
electronic properties between the {100} and {110} facets. Both the top of the valence
band and bottom of conduction band for the {100} facets are positioned lower than
those for the {110} facets, resulting the photogenerated electrons and holes separately
transfer to the {100} and {110} facets. Therefore, BaTaO>N crystals with co-exposed
{100} and {110} facets prepared by KCI flux show a higher photocatalytic
performance. Subsequently, other chloride fluxes (RbCl, CsCl, and BaCl>-:2H,0) are
also employed to prepare BaTaO:N crystals. Because of the high crystallinity and low
defect density, BaTaOxN crystals prepared by RbCl flux exhibit a significantly higher
photocatalytic H> evolution rate than those by other fluxes. In addition, suitable
synthetic conditions have also been investigated and proposed. Finally, BaTaO,N
crystals with a plate-like structure are achieved by using KoCO3—KCl binary flux.
Owing to the generation of oxo-complex [TaO3]™ by the assistance of COs*>" and the
lattice match of the BaTaO2N (111) plane with the BasTa4O1s (001) plane, the platy
BaTaO»xN crystals with well-developed {111} facets are formed via the simultaneous

formation and transformation of BasTasO15. An excellent photocatalytic performance



for H> evolution is obtained at the molar ratio of 20/80 due to the plate-like structure
and high crystallinity of the BaTaO>N photocatalyst. The co-exposure of {100} and
{110} facets, higher crystallinity, and platy shape are conductive to the spatial charge
separation, the reduction of recombination centers, and the shortening of the
migration distance of photogenerated electrons and holes, respectively, thereby
resulting in an enhanced photocatalytic performance of BaTaO;N. This finding
provides a facile approach for the fabrication of shape-controlled and highly

crystallized (oxy)nitride photocatalysts aimed at efficient solar H> production.



General Introduction

1. Photocatalytic water splitting

With the increasingly serious of environmental pollution and energy crisis in the word,
it is essential to develop clean and sustainable energy resources that neither rely on
the fossil fuels nor produce carbon dioxide and other environmentally unfriendly gas.
Solar energy has attracted much attention as a promising alternative fuel, as the
sunlight reaching the surface of earth on an hourly basis is sufficient to fulfill the
annual human energy consumption.'™ Therefore, numerous efforts are made to
efficiently covert and utilize solar energy. Among them, solar driven water splitting on
photocatalysts has been considered as a potential way to convert solar energy to
generate clean, renewable, and storable hydrogen energy.>!! Since the early 1970s,
Honda and Fujishima reported that overall water splitting could be achieved by using
TiO; as an anode and Pt as a cathode under the ultraviolet (UV) irradiation.'> Many
researchers have extensively studied the development and design of solar driven
photoelectrochemical (PEC) cells for efficient utilization of solar energy. However,
the proposed system so far is still complicated because of the lack of efficient
materials with suitable band structures and appropriate internal properties as the
electrodes.!> !> Solar water splitting on particulate photocatalysts, has also been
explored since 1980s, which has been regarded as a low cost and easy to operate
technology.!®"!® Moreover, due to the ready synthesis of related photocatalysts and the
simple design of reactor and devices, the particulate photocatalyst system also has the
potential to realize the large-scale hydrogen production by water splitting.!*2!
Thermodynamically, water splitting into H2 and O is an uphill chemical reaction
that involves a large positive change in the Gibbs free energy (AG? = 237
KJ-mol )23 That is, this reaction cannot proceed spontaneously but requires
additional energy. Figure 1 shows the schematic diagram of the photocatalytic water

splitting rection, which consists of three main processes: (1) when the semiconductor
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materials absorb photons with energies larger than their band gap, electrons located on
the valence band are excited to the conduction band, resulting in electron-hole pairs;
(2) the photogenerated electrons and holes independently migrate to the surface of
semiconductor; and (3) the successfully migrated electrons and holes reduce and
oxidize the adsorbed species on the surface of semiconductor, respectively. Except for
those involved in the reaction, however, most of the electrons recombine with the
holes before migrating to the surface of semiconductor. For each process, there are

some requirements and features should be noted.
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Figure 1. Schematic diagram of the photocatalytic water splitting rection process.

VB, valance band; CB, conduction band; E,, band gap.

In the first process, the requirement for the generation of electron-hole pairs is
that the incident energy must be larger than the band gap energy of photocatalysts.
Therefore, the utilization range of sunlight depends on the band gap of the
photocatalysts. For example, the most widely studied TiO2 and SrTiO3 have the band
gaps of 3.2 eV~3.4 eV, which can only absorb ultraviolet (UV) light with a
wavelength of less than 365~390 nm.?*?’ Thus, the band gap of semiconductor
becomes an important parameter for the selection of suitable catalysts for solar water
splitting. In the second process, charge separation plays a crucial role in determining
the photocatalytic performance, numerous attempts were employed to overcome the

short lifetime of photogenerated electrons and holes and promote the efficiency of
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charge separation. For example, the highly crystallized photocatalyst is generally
beneficial for the transfer of photogenerated charges because the defects, which would
act as the recombination center, are reduced by the increase in crystallization.?®?° In
addition, for more effective charge separation and transfer, shape control, surface
modification, doping and many other methods are considered.>*>* Photocatalysts with
platy, tunnel, and pillared shapes, usually show a large surface area which could
shorten the migration distance of photogenerated charges and increase the
probabilities of charges reaching the surface of photocatalysts. The surface
modification and doping could change the exposed facets and the composition of
materials to adjust the surface properties and internal electronic structure, thereby
affecting the charge separation. In the third process, the electrons and holes migrate to
the surface of semiconductor to participate in the reduction and oxidation half
reactions, respectively. To successfully achieve the two half reactions, the potential of
conduction band minimum (CBM) should be more negative than that of reducing H*
to H2 (0 V vs. NHE), while the potential of valence band maximum (VBM) should be
more positive than that of oxidizing H,O to Oz (1.23 V vs. NHE).***° In addition, bare
photocatalysts usually suffer from lacking active sites for the catalytic reaction.
Therefore, cocatalysts are widely used to enhance the photocatalytic performance.
Although a lot of metal oxides with a suitable energy band have been reported,
most metal oxides have a wide band gap and can only respond to ultraviolet (UV)
light (A <400 nm) (Figure 2).2227-338 Since about half of the incident sunlight on the
surface of earth is visible light (400 nm <A <760 nm), the development of
photocatalysts with narrower band gap to effectively utilize the visible light is
indispensable. Until the first half of the 1990s, a few sulfides and oxides, such as CdS
and WOs3, were reported to be active as photocatalysts for water splitting under visible
light. >0 Afterwards, certain chalcogenides (e.g., CdS and CdSe), which have the
narrow band gaps to allow absorption of visible light and the suitable band potentials
for the water reduction and oxidation reactions, were expected to conduct the overall

water splitting or obtain the higher photocatalytic activity. However, since the S*>~ and
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Se?” anions are more easily oxidized than water, CdS and CdSe are unstable in the
process of water oxidation, leading to the self-oxidization and degradation of these
photocatalysts.*! Although WOs is stable during the reaction, it can only be used as a
photocatalyst for oxygen evolution because the potential of CBM of WOs is positive
than that of reducing H" to H,. Similar results were observed in other oxides (e.g.,
BiVO4 and Fe;03) with narrow band gaps. To achieve the visible-light-driven water
splitting, it is important to design photocatalysts with a suitable band structure and

stable property.
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Figure 2. The relationship between the band structures of some representative

photocatalysts and the redox potential of water splitting.

2. (Oxy)nitrides and perovskite structure

For the metal oxide photocatalysts, the lowest unoccupied molecular orbitals (LUMOs)
mainly consist of transition-metal d orbitals which usually locates at a more negative
potential than 0 V (vs. NHE), and the highest occupied molecular orbitals (HOMOs)
consist of O 2p orbitals which locates at a more positive potential than 3.0 V (vs.
NHE), thereby these photocatalysts always have a band gap larger than 3.0 eV.3*38
Considering that the valence band potential of metal oxide photocatalysts is sufficient

to oxidize H>O to O> (1.23 V vs. NHE), many efforts are made to introduce other
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elements to adjust the composition of valence band, such as S and N elements. The
potential of S 2p and N 2p orbitals are higher than that of O 2p orbitals, which results
in more negative valence band, thus producing a small band gap that is active to the
visible light. In particular, (oxy)nitrides and nitrides, including LaTiO,N, LaTaONa,
ABO;N (A = Ca, Sr, Ba; B = Ta, Nb), TasNs, TaON, etc., have attracted much
attention as the promising photocatalysts because they have a sufficiently small band
gap (1.7-2.5 eV) that can respond to visible light.%*** As a simple example, a
significant change in band structure is observed when the O atoms in Ta;Os is gradually
replaced by N atoms, as shown in Figure 3.%* The VBM (i.e., HOMO) of TayOs
consists of O 2p, which locates at 3.4 V vs. NHE. Conversely, when the N 2p orbitals
is incorporated in the valence band, the VBM moves to 2.0 V vs. NHE and 1.5 V vs.
NHE for TaON and TasNs, respectively, while the potential of the CBM (i.e., LUMO)

is almost same. As a result, TasNs and TaON show a smaller band gap than Ta>Os.

Vvs. V vs.NHE
vacuum (pH=0)
-3.4 1 - -1
7,37 8 Y WY N L0 H/H,
341 oL 0,/H,0
-6.4 L 2
-7.4 - -3
-8.4 - L 4

TaON Ta;N,

Figure 3. Schematic diagram of the band structures of Ta,Os, TaON, TazNs.

Oxygen and nitrogen have many similarities, such as 1ionic radius,
electronegativity, and polarizability, so they can easily replace each other.*® They also
have many distinct different characteristics, including charges, electron affinity, and
bond energy, which would strongly affect the physical and chemical properties of
finally obtained materials, as summarized in Table 1.*”*** Thermodynamically,
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compared with (oxy)nitrides, nitrides are less stable and it is difficult to obtain the
pure phase nitrides because the nitrogen molecules have extremely strong triple bands.
(Oxy)nitrides can not only combine the advantage of oxides and nitrides to keep
stable in air, but also allow to form the perovskite structure which cannot be achieved
by metal oxides.

Perovskite-type oxides with the general formula ABOs (where A is a rare earth,
alkaline earth or alkali metal and B is a typically transition metal), have been regarded
as an important family of materials and used in numerous technological
applications.*>*° Perovskite materials also show obvious advantages as photocatalysts,
as mentioned from Misono and Tanaka:*! (1) they are composed by a wide variety of
elements, while the basic structures are similar; (2) their structure details can be well
characterized, and their surface information can be inferred from the well-defined
structure information; (3) the valence and stoichiometry of internal constituent can be
adjusted by selecting different elements; (4) much information about their physical
and chemical properties had been accumulated. Despite many advantages, most of
perovskite oxides can only respond UV light, which largely limits their application.
Therefore, the discovery of (oxy)nitrides with perovskite structure would undoubtedly
promote the further development of perovskite photocatalysts for the

visible-light-driven water splitting.

Table 1. Chemical and physical properties of O and N.46-48

Parameters 0 N
Charges -2 -3
Tonic radii (A)? 1.4 1.5
Electronegativity 34 3.0
Atomic polarizability (A%) 0.8 1.1
Electron affinity (kJ/mol) 601 1736
Bond energy X-X (kJ/mol)® 498 941

3Coordination number is recognized as 4; °X represents O or N atoms.

An ideal perovskite oxide belongs to the cubic structure with Pm3m space group,
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in which the BOs octahedra is combined by sharing corner to form the basic
framework, B is located in the center of octahedra, and A is filled in the octahedral
interstice. However, under the influence of external conditions (e.g., temperature,
pressure, and doping), the real perovskites usually show a degree of lattice distortion
because of the octahedron titling around its center, resulting in the crystal phases
transform into rhombohedral, monoclinic, orthogonal, tetragonal, and triclinic
phase.**7? Therefore, the degree of distortion is regarded as an important parameter to
evaluate the stability and formability, expressed by tolerance factor. There are two
common calculation methods for tolerance factor, depending on ionic radius and
cation-anion distances. For perovskite (oxy)nitrides, it can be considered as the
position of oxygen in perovskites to be randomly replaced by nitrogen. Thus, the
formula for (oxy)nitrides can be similarly expressed as AB(ON); which contains two
forms of ABO2N and ABON3, and the corresponding calculations of tolerance factor
for each form are shown in the Table 2.°°> Studies have shown that the tolerance
factors of structurally stable perovskites are between 0.78 and 1.05.>* It provides the
basis for the preparation and modification of perovskite (oxy)nitrides. To date, only a
limited number of (oxy)nitride perovskites have been reported, and even fewer are
investigated for photocatalytic water splitting under visible light.

Table 2. Perovskite tolerance factor of ABO3;, ABO>N and ABON; depending on

1onic radius and cation-anion distances.

Perovskite Tolerance factor depending on
ionic radius cation-anion distances
ABO; _TatTo _da-o0
V2(rg + 1p) V2ds_o
ABO:N [(ra + 70)® (ra + ) *]/*2 (21 deaom) V2
1/6
V2[(rp + 10)* (1 + 1) 2]/ V2(TEy ds—oymy) ™
ABON [(ra +10)* (14 + 73)®]/"2 (i d(A—O/N))l/12
1/6
V2[(rp + 10)2(r + )]/ V2(TEy ds—oymy) ™

where 14, 15, Ty, and 7y are the ionic radius of A, B, oxygen, and nitrogen,
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respectively. dy_g, da_o, da_—o/n, and dy_g/y, are the cation-anion geometric

distance.

Tantalum-based (oxy)nitrides, which have suitable band potentials for water
redox reactions, are regarded as a group of very promising photocatalysts for efficient
water splitting. ATaO>N (A = Ca, Ba, Sr), TaON, LaTaON. are the typical
representative tantalum-based (oxy)nitrides and their basic properties related to
photocatalytic performance are shown in Table 3.34%4355-58 Except for TaON, which
shows baddeleyite structure, the others exhibit perovskite crystal structure. In addition,
although LaTaON; belongs to perovskite structure, it shows a large distortion of the
Ta(O, N)¢ octahedral network, and the tolerance factors calculated from ionic radius
and cation-anion distances are 0.95 and 0.96, respectively. As shown in Figure 4,
LaTaON; with lattice parameters of a = 8.09 A, b =16.12 A, ¢ = 5.71 A, a. =90°, B
=134.82°, and y = 90° in the C2/m space group shows a totally ordered distribution of
the anions (oxygen and nitrogen ions), in which two oppositely distributed oxygen
and four nitrogen ions form the octahedron, and lanthanum is indirectly filled in the
octahedral interstice. It seems that because of this larger distortion, LaTaON; usually
contains more defects and thus exhibits poor performance.

Table 3. Basic properties of representative tantalum-based (oxy)nitrides.

Tantalum-based Crystal Absorption Bandgap
(oxy)nitrides structure edge (nm) (eV)
CaTaO;N Perovskite 510 2.4
SrTaO>N Perovskite 570 2.2
BaTaOoN Perovskite 660 1.9
LaTaON Perovskite 640 1.9
TaON Baddeleyite 510 2.4

For ATaO>N (A = Ca, Ba, Sr), the octahedra consists of four oxygen and two
nitrogen ions with disorder distribution and is combined by sharing corner to form the
basic framework, as shown in Figure 5. The crystal structure of CaTaO>N has been

solved in the Pnma space group, with slightly unbalanced displacement parameters (a
10



=555A,b=563A,c=79A, a=p=y=90°A) and a small tolerance factor of
0.95. In the case of SrTaO:N, the lattice parameters are a =b = 5.69 A, ¢ = 8.07 A,
and o = B =y = 90° in the /4/mcm space group. Both CaTaO,N and SrTaO>N have a
distortion by the octahedral tilting and show a noticeably smaller Ta-O/N distance of
approximately 2.02 A. BaTaO:N is a cubic perovskite-type compound with lattice
parameters of a = b =c=4.11 A and a= = y=90° in the Pm3m space group and a
Ta-O/N distance of 2.06 A, showing a tolerance factor of 1.04. Due to the simple and
reasonable structure, BaTaO>N usually shows fewer defects than other (oxy)nitrides

and presents a wide modifiable space.

Figure 4. Crystal structure of LaTaON; viewed from different directions, produced

using VESTA program.*

It has been demonstrated that BaTaO>N can produce H> or O in the presence of
related sacrificial reagents under visible light irradiation because of the narrow band
gap (Eg = 1.9 eV) that can harvest visible light up to 660 nm and the suitable band
position that straddles the potentials for water reduction and oxidation. Matoba et al.
reported that BaTaO>N exhibited hydrogen evolution from water without sacrificial
agents under visible light by forming a solid solution with BaZrQ;.°° Ueda et al.
prepared a BaTaO:N photoanode by particle transfer method with Co cocatalysts
which showed a photocurrent of 4.2 mA-cm 2 at 1.2 Vrue in the photoelectrochemical
water oxidation reaction under simulated sunlight (AM1.5).®! Moreover, a certain
modified BaTaO:N also was widely used in the two-step photocatalytic water splitting

11



(Z-scheme) system. Maeda et al. illustrated that the Pt-loaded BaZrO3;-BaTaOxN is the
most suitable hydrogen evolution photocatalyst in the Z-scheme system to achieve the
simultanecous H> and O: evolution, in combination with PtO3/WQOs or TiO2 as an
oxygen evolution photocatalyst and 1037/I" pair as redox mediator under visible
light.®* However, the performance of BaTaO>N photocatalyst is still low due to the
lack of suitable methods to obtain crystals with high crystallinity and specific

morphology.

90/N ©Ta °Ca °Sr o Ba

Figure 5. Crystal structures of (a) CaTaO:N, (b) SrTaO:N, and (c¢) BaTaO>N viewed

from different directions, produced using VESTA program.>
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3. Preparation of (oxy)nitrides

Compared with metal oxide photocatalysts, the preparation of (oxy)nitride usually
requires an ammonia flow and a high temperature. Because of the high stability of N»,
NH; gas was widely applied a nitrogen source.®*** Generally, the conventional
synthesis methods include two step processes: (1) the preparation of corresponding
oxide precursors (BasTasO15 or Ba;Ta,O7) and (2) the high temperature nitridation
process in which the O% ions in oxide precursor was replaced by N3~ ions produced
by the dissociation of ammonia.®>®’ In the first step, the corresponding precursor can
be fabricated via traditional solid-state reaction, hydrothermal, and polymerized
complex. In the second step, however, there are many limits because of the existence
of ammonia. It involves the tail gas treatment and the choice of chemicals. Some
elements are banned in ammonia atmosphere. When the temperature is above 600,
ammonia would gradually dissociate on the surface of photocatalysts to form active

nitriding species, as shown in equation (1)—(4).

2NH3 — Nz + 3H> (1
2NH; — 2NH; + 3H» (2)
2NH, — 2NH + 3H, (3)
2NH — 2N + 3H, 4)

It has been demonstrated that N has no effect on the nitridation and the

generation of active species at high temperature are important.

Therefore, a long
reaction time and high reaction temperature are required in this process. Meanwhile,
the anion vacancies and some reduced metal species are easily formed due to the
charge compensation caused by the replacement of O*" ions with N*~ ions and the
reducing ammonolysis atmosphere, which act as recombination centers for
photogenerated electrons and holes and thereby cause a low activity.®>° To reconcile
the harsh synthetic condition, a few novel approaches have been explored to reduce

the reaction temperature and realize sufficient nitridation. In 2012, Kachina reported

that TiN prepared by treating TiO> using the NH3—CCls mixtures exhibited excellent
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optical absorption property and high photocatalytic performance.”! The great
advantages of introducing CCls into NH; are to obtain highly dispersed nitrogen
(equation (5) and (6)) and reduce the nitridation temperature because of the beneficial
change in reaction thermodynamics.

6TiO2 + 8NH3 — 6TiN + 12H>0 + N (5)

6TiO; + 6CCls + 8NH3 — 6TiN + 8HCI + N2 + 6CO> (6)

In addition, other nitrogen sources, such as cyanamide and urea, also have been
employed for the preparation of (oxy)nitride. Gomathi et al. successfully synthesized
a series of (oxy)nitrides MTaO,N (M = Ca, Sr, or Ba), MNbO:N (M = Sr or Ba),
LaTiO;N and StMoO;_N; by the urea route.”” In this method, the corresponding
metal carbonates and transition metal oxides as raw materials were mixed with excess
urea and then heated at an appropriate temperature in N> atmosphere, which avoided
proceeding the high ammonolysis process. Urea decomposes at 523 K and almost
completely at 823 K. However, although the decomposition temperature of urea was
low, the obtained samples have poor crystallinities. As shown in equation (7), NH3
was produced by the decomposition of urea. To obtain highly crystallized crystals, the
reaction temperature should be enhanced and then the ammonia indirectly becomes a
nitrogen source.

CO(NH2): — NH; + HCNO (7)

Flux method, which utilizes a high-temperature molten salts (the flux) as the
solvent, has been demonstrated to be a powerful method to synthesize the high-quality
(oxy)nitride crystals during the high-temperature nitridation process. For example,
Kawashima et al. fabricated highly crystallized LaTiO2N crystals with smooth surface
and particle size of 39-120 nm by using KCI flux.” It simplified the synthesis process
by directly heating the mixtures of source materials (La2O3 and TiO2) and KCI flux
under a NH; flow and avoided the dissolution and recrystallization of the
corresponding oxide precursors (La2Ti2O7) compared with the conventional two-step
method. With the assistance of KCI flux, LaTiOoN crystals with low defects were

successfully obtained in a relatively short nitridation process and showed a good
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activity for photocatalytic O, evolution from water. Dong et al. synthesized BaTaO>N
crystal by nitriding the Ba-rich LiBasTa3;O12 precursor using flux method and found
that this sample showed a higher activity than the conventional sample prepared by
solid state reaction, because of the decreased defect density and the enhanced surface
area.”

Certainly, the selection of suitable flux is the key point to obtain the target
products.”>”7 A good flux usually should meet the following requirements: (1) a low
melting point, which can decrease the reaction temperature by forming a eutectic melt
with precursors; (2) a high solubility for the reagents, which can reduce the diffusion
resistance of solute and obtain highly crystalized crystals; (3) low volatility; (4) easy
to be removed from the obtained products; (5) low cost; (6) unreactive with the
crucible or other experimental tools; (7) low toxicity. Moreover, the anions and
cations with special chemical or physical properties in flux also affect the crystal
habits. For example, mineralizers (F~, CI") can be used for stabilizing the complexes
to promote the dissolution of precursors and widening the metastable region to alter
the viscosity of melt, thereby controlling the growth process. Some oxo-anions, such
as SO4*, NOs™ and COs%, tend to generate O> ions which can promote the dissolution
of metal oxides and then form the corresponding oxo-complexes during the high
temperature melting reaction, leading to the change of intermediate phase and
consequently crystal morphology and crystallinity. Therefore, the types of ions should
also be one of the considerations for choosing suitable fluxes.

Bugaris et al. provided a comprehensive review on the application of flux agents
for the crystal growth and materials discovery of novel complex oxides.”” A lot of
commonly used fluxes including alkali metal chlorides, carbonates, hydroxides, and
some oxides with low melting point were discussed by their applicability and typical
reaction temperature. Moreover, many other literatures have introduced and discussed
the enhancement of reaction kinetics and crystal growth in the flux agents.”>7%7880 The
crystal growth process can be simply described as four steps, as shown in Figure 6.

Firstly, the reactants gradually decompose and dissolve with increasing temperature (1).
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When the temperature is higher than the melting point of the flux, the flux completely

melts, and the reactants diffuses through the flux (ii). Once the solute concentration

reaches the supersaturation point, the atoms produced by the decomposition of

reactants start to aggregate into nuclei (iii). At last, these nuclei grow into nanocrystals

with increasingly larger size until the atoms on the surface of the nanocrystals are in

equilibrium with the atoms in the solution (iv). During the nucleation and growth stages,

the control of growth parameters (such as surface energy, temperature, time, solute

concentration etc.,) and crystalline phase is critical in determining the final size, shape,

and surface feature. Because of the assistance of flux, highly crystalline and

well-developed faceted surface could be obtained in a relatively low reaction

temperature.
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Figure 6. Schematic illustration of the crystal formation in flux: (i) the decomposition

and dissolution of reactants; (ii) reactant diffusion through the flux; (iii) nucleation; (iv)

crystal growth.



4. Goal and scope of present work

In author’s group, it has been reported that BaTaO>N prepared by one step process
using flux method in which the raw materials were directly treated in the NH3 flow
exhibited a higher photocatalytic activity than that by two-step conventional method
because it avoids the dissolution and recrystallization of the corresponding oxide
precursors.’! However, there are few reports on the control of crystallinity, surface,
and morphology of BaTaO,;N by flux method which have an extremely important
effect on photocatalytic performance. Therefore, in this thesis, the goal is to grow
high crystalized BaTaO,N crystals with some special surface features by selecting or
combining suitable fluxes to obtain an excellent photocatalytic activity for H»
evolution.

In Chapter 1, attention is focused on the growth of BaTaO:N crystals with
different exposure facets and investigating its effect on photocatalytic performance.
The charge separation has been regarded as one of the most important factors
affecting the activity of photocatalysts in solar light-driven water splitting. Some
groups have reported that the exposure of anisotropic facets on photocatalysts is
beneficial to the charge separation and results in higher activity.®** However, it is
difficult to create the exposed facets that facilitate spatial charge separation on
(oxy)nitride materials, because the crystal growth of (oxy)nitrides is usually
uncontrollable during the conventional high-temperature nitridation procedure.

Here, BaTaOxN crystals exposed with sole {100} facets and co-exposed with
anisotropic {100} and {110} facets are fabricated by using the one-pot NaCl or
KCl-assisted nitridation approach, respectively. When modified with Pt as a H»
evolving cocatalyst, the photocatalytic activity for H> production on BaTaO:N with
co-exposed {100} and {110} facets is nearly tenfold over those on BaTaO,N with
only {100} facets or irregularly shape. The enhanced activity is attributed to the
efficient spatial charge separation, that is, the accumulation of photogenerated

electrons and holes on the {100} and {110} facets of BaTaO:2N, respectively.



In Chapter 2, attention is focused on the selection of more suitable flux to obtain
BaTaO:xN crystals with better crystallinity to further improve the activity. BaTaO2N is
an important (oxy)nitride photocatalyst for water splitting under visible light.
However, the preparation of BaTaO:N crystals with low defect densities and high
crystallinities is challenging via ammonolysis at high temperatures. Although NaCl
and KCI fluxes are used for assisting the growth of BaTaO>N in the above chapter, no
other chloride fluxes are examined for the synthesis of BaTaO,N crystals.

Thus, the effects of the flux type (RbCI, CsCl, and BaCl,-2H>0) on the
morphology, crystallinity, and photocatalytic performance of the BaTaO>N crystals
are studied initially. It is found that the BaTaO2N crystals grown using a RbCl flux
exhibits a significantly higher photocatalytic H> evolution rate than those grown using
the other two fluxes. In particular, the observed activity was almost twice as high as
that reported over BaTaO:N crystals grown using a KCI flux. Such an excellent
activity is attributed to the lower defect density and higher crystallinity, which are
confirmed by UV-vis diffuse reflectance spectroscopy and composition analysis.
Subsequently, the effects of the source ratio, solute concentration, reaction
temperature and time on the crystallinity and morphology of the BaTaO2N crystals
grown using a RbCl flux are studied systematically to gain insight into the BaTaO>N
crystal growth mechanism.

In Chapter 3, attention is focused on obtaining platy BaTaO,N crystals and
studying its photocatalytic activity for H2 production. Shape-controlled syntheses of
inorganic single crystals play a crucial role in the determination of their physical and
chemical properties. Nevertheless, the main shape of BaTaO:xN is still cubic because
BaTaO:N belongs to the cubic system and has a highly symmetric lattice.®>%¢ It has
been reported that the plate-like structure of photocatalyst materials can decrease the
charge carrier diffusion distance from the bulk to the surface, thus promoting the
photo-excited charge separation and transfer towards efficient photocatalytic

7

reactions.” Therefore, plate-like structured BaTaO.N crystals that are well

crystallized are expected to be explored and so are their photocatalytic performances
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for H evolution.

Herein, highly crystalline BaTaO>N crystal with a plate-like structure from
K>CO3;—KCl binary flux under a nitridation atmosphere are fabricated. The fabricated
platy BaTaOxN is characterized and the results as well as formation mechanism are
discussed accordingly. Because of the formation of oxo-complex [TaO3] by the
assistance of CO3> and the dissociation of NHs, the formation and transformation of
BasTasO15 occurred simultaneously. Moreover, the atomic arrangement of the
BaTaO;N (111) plane matches well with that of the BasTasO15 (001) plane, resulting
in a platy BaTaO:N crystals with well-developed {111} facets. Upon optimizing the
molar ratio of K2CO; and KCI, an excellent photocatalytic performance for H»
evolution is obtained at the molar ratio of 20/80 due to the plate-like structure and

high crystallinity of the BaTaO>N photocatalyst.
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Chapter 1. Construction of Spatially Charge-Separation
Facets on BaTaO:N Crystals by Flux Growth Approach for

Visible-Light-Driven H2 Production

1. Introduction

Charge separation is a crucial process for enhancing the solar-to-hydrogen energy
conversion efficiency in photocatalytic ~water splitting by particulate
semiconductors.!> Although electron and hole pairs can be generated in one
semiconductor by harvesting a wide range of the solar spectrum, they are easily
recombined during the migration to the surface because of the lack of an electron or
hole transfer pathway and the close proximity of the surface electron-accumulating and
hole-accumulating sites. Moreover, modification of Hz-evolving and/or Oz-evolving
cocatalysts can provide the catalytic active sites and extract electrons or holes toward
the photocatalytic reaction. However, if the cocatalysts are randomly distributed on the
surface of the semiconductor, there is a high probability that the cocatalysts will be
located at the incorrect surface sites, implying that the H2-evolving cocatalysts may be
positioned at the surface hole-accumulating sites and the O2-evolving cocatalysts may
be placed at the surface electron-accumulating sites. As a result, the separation of the
photo-generated electrons and holes toward efficient photocatalytic reactions may be
significantly suppressed.®” Therefore, the construction of spatially charge-separation
facets on photocatalysts with the site-selectively deposited cocatalyst is regarded as a
desirable method to maximize the charge separation efficiency.

Recently, some groups demonstrated that the exposure of anisotropic facets of
different photocatalysts was beneficial to the charge separation, based on the different
atomic construction and coordination between two adjacent facets.!®'* As a
representative example, Li et al. achieved considerably high photocatalytic activity
based on the efficient charge separation on the different facets of BiVOs crystals.!

Additionally, they demonstrated that the selective deposition of reduction and oxidation
28



cocatalysts on the respective electron-rich and hole-rich facets of SrTiOs crystals
greatly increased the photocatalytic activity.'® In addition, Jaroniec et al. proved that the
co-exposed {001}/{101} facets of TiO; exhibited a type-II band alignment according to
the different band structures of {001} and {101} facets by density functional theory
(DFT) calculations, and a new concept “facet junction” was proposed that may generate
an internal field between the anisotropic facets.!” Thus, efficient charge separation can
be realized on the anisotropic facets to enhance the photocatalytic activity of various
oxide photocatalysts. However, it is difficult to create the exposed facets that facilitate
spatial charge separation based on (oxy)nitride materials whose visible light absorption
can reach longer than 600 nm, because the crystal growth of (oxy)nitrides is usually

uncontrollable during the conventional high-temperature nitridation procedure.

BaTaO:N with a cubic perovskite structure is regarded as one of the promising
photocatalysts, because it has a narrow band gap (E; = 1.9 eV) that can harvest visible
light as long as 660 nm and suitable band positions that straddle the potentials for water
reduction and oxidation.'®!? It has been demonstrated that BaTaO:N can produce H> or
O photocatalytically from aqueous solutions containing relative sacrificial reagents.
Usually, BaTaO>N fabricated through the conventional nitridation process exhibits an
irregular morphology without the exposure of clear facets. The one-pot flux-assisted
nitridation approach can be a promising way to tailor the crystal morphology of
(oxy)nitride materials. By the mediation of the flux reagent, rearrangement and
recrystallization of (oxy)nitride precursors in the melting salt occur during the
high-temperature nitridation process, which results in the formation of well-grown
(oxy)nitride crystals.?>?! Therefore, symmetric BaTaO>N crystals are expected to be
obtained with the selectively exposed facets, and the spatial charge separation between
different facets is expected to be investigated. In this study, we focus on the
investigation into the effect of BaTaO;N with different exposure facets on
photocatalytic performance. BaTaO:N crystals firstly prepare by the one-pot NaCl or
KCl-assisted nitridation procedure and conventional method, respectively. The activity
for Hy evolution on each sample located with Pt as a Hz-evolving cocatalyst will be

29



examined. Subsequently, the theoretical calculation will be used to analyze the
electronic structure of facets and combined the experimental results to comprehensive
understand the effect of BaTaO>N exposed different facets on the electrons and holes

separation.

2. Experimental section

Materials preparation. BaTaOxN crystals were prepared by the one-pot flux-assisted
nitridation approach. The starting materials BaCO3 (99.9%) and Ta;Os (99.9%) were
purchased from Wako Pure Chemical Industries, Ltd., and were mixed with flux
reagents with a solute concentration of 10 mol.%. Reagent-grade NaCl (99.5%) or KCI
(99.5%) was selected as the flux. In order to prevent TaO,N, formation due to barium
volatilization during the nitridation process, the ratio of Ba/Ta was adjusted to 1.1.%2
After manually mixed using mortar, mixtures (~2 g) were put in an alumina crucible
and then nitrided at 950 °C for 8 h under a NH3 flow rate of 200 ml'min . When the
temperature of the tube furnace cooled to 300 °C, the NH3 was converted to N> and then
cooled to room temperature. The obtained samples were washed by hot water a few
times to remove the residual flux reagents and then dried at 100 °C for 6 h. For
comparison, the BaTaOxN crystal was also nitrided at 950 °C for 8 h without the flux
reagent. Hereafter, the flux-assisted samples are denoted as BTON (NaCl) and BTON
(KCl), and the conventional sample is denoted as BTON (w/0).

Photocatalytic H2 evolution reaction. Before the photocatalytic H» evolution
reaction, the obtained samples were loaded with Pt by the photo-deposition method.
H>PtCle:6H2O was selected as the precursor, and CH3OH as the hole scavenger.
Normally, 0.1 g of the as-prepared powders and CH30H (10 vol.%) were added in 150
ml of distilled water. After ultrasound for a few minutes, a corresponding amount of
H,PtCls-6H>O was added into the mixtures. The mixed solution was vacuumed using
water splitting equipment and irradiated by a 300-W Xe lamp with a 420 nm cutoff
filter under continuous stirring. After 5 h, the Pt-deposited powders were obtained, and

the system was vacuumed again. Then, the H> gas was produced and determined.
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Theoretical calculation. Plane-wave-based DFT was conducted to obtain the
electron structure and energy state location using the CASTEP program.?> The
exchange-correlation functional was treated by Perdew-Burke-Ernzerhof generalized
gradient approximation. Geometry optimization of the bulk BaTaO>N was performed
with a 380-eV cut-off energy. In the calculation, the energy convergence accuracy was
5 x 107° eV per atom, the force acting on each atom was not more than 0.01 eV A, the
internal stress was not more than 0.02 GPa, and the maximum displacement tolerance
was 5 x 107* A. The calculated parameters were based on the structure of BaTaO2N: g =
b=c=4.1128 A, which formed a cubic perovskite structure with the space group Pm3
m.?* In the unit cell of BaTaO,N, Ba is at the origin (0, 0, 0) and has a coordination
number of 12 with anions (O and N), Ta is at the body center (+1/2, +1/2, +1/2) with
octahedral coordination (Ta(O, N)s), anion with composition of 0.67 and 0.33 for O

and N, respectively, is at the face center.

Metal and oxide-selective photo-deposition. The Pt metal particles and MnO,
oxides were photo-deposited on the BaTaO,N by imitating previous work.* It should be
noted that the contents of the deposition of the Pt mental particles were modified to 2
wt.% to facilitate observation of the depositional position. 50 mg of as-prepared
powders and CH30H (20 vol.%) were dissolved in 150 ml of distilled water, and then
the mixed solution was operated similarly with H evolution reaction. As for the MnOy
oxide deposition, Mn(NOs3), was selected as the precursor and NalO3z was selected as
the electron acceptor. The deposition process is similar to that of the Pt metal particles.
The co-deposition of the Pt and MnO, was performed similarly using photo-deposition

with dual precursors.

To alleviate the effect of the metals and oxides being selectively adsorbed onto
specific facets, an impregnation method was adopted. The loading amounts of the
cocatalysts were consistent with those of the previous photo-deposition process. Pt and
MnO, were impregnated from H>PtCle:6H2O and Mn(NOs): solutions by
post-calcination at 200 °C for 1 h under a H» flow and at 350 °C for 1 h in air,

respectively.

31



Characterization. The phase of the obtained samples was analyzed by X-ray
diffraction (XRD) (MiniFlexIl, Rigaku) with Cu Ko irradiation. The 26 range was
varied from 10 to 80°. The UV-vis diffused reflectance spectroscopy (UV-vis DRS) was
recorded using a JASCO V-670 spectrophotometer. The morphologies and elemental
chemical analysis were observed by field-emission scanning electron microscopy
(FESEM; JSM-7600F, JEOL) and energy-dispersive spectroscopy (EDS; NORAN
System 7, Thermo Fisher Scientific, USA) attached to the FESEM. The exposed facets
were further verified by transmission electron microscopy (TEM; JEM-2000 EX-II,
JEOL) with a 200-kV accelerating voltage. The nitrogen adsorption-desorption
isotherm (BELSORP-mini) was recorded to obtain the surface area. The chemical
composition and valence of the elements were measured by X-ray photoelectron
spectroscopy (XPS, JPS-9010MX, JEOL). The behavior of electrons and holes was
investigated using transient absorption spectra (TAS). In this experiment, samples were
irradiated by UV laser pulses (355 nm and 0.2 mJ-pulse ') and measured at 15200

cm ! and 11000 cm™!.
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Figure 1. (a) XRD patterns and (b) UV-vis DRS of BTON (w/0), BTON (NaCl) and
BTON (KCl).

3. Results and discussion

The crystal structure and visible-light absorption property of different BaTaO>N
samples prepared by the one-pot NaCl or KCl-assisted nitridation approach were
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characterized by XRD and UV-vis DRS. The XRD patterns of these samples were in
good agreement with the cubic perovskite BaTaOoN structure (ICDD PDF
01-084-1748) except for BTON (w/0), in which a small number of impurities assigned
to BasTa;O15 was observed because of an insufficient nitridation time for the
conventional sample (Figure 1a). Moreover, the peak intensities of the BTON (NaCl)
and BTON (KCl) samples were higher than that of the BTON (w/0) sample. These
results indicate that highly crystalline BaTaO2N particles with the pure phase were
successfully obtained with a relatively short nitridation process with the assistance of
flux reagents. In addition, the light absorption edges of both BTON (NaCl) and BTON
(KCl) were located at 660 nm, as shown in the UV-vis DRS (Figure 1b), and the
existence of BasTasO1s impurities led to a blue shift in the absorption edge for BTON
(w/0). It should be noted that the background absorption flux-treated BaTaO>N was

lower than that of conventional BaTaO2N, indicating that the flux-assisted nitridation

process can decrease the formation of defect densities in BaTaO2N.
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Figure 3. (a) SEM image, (b) high-magnification image and (c) TEM image of
BTON (NaCl). (d—f) Similar to (a—c) but for BTON (KCIl), respectively.
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Figure 4. Selected area electron diffraction (SAED) patterns of (a) BTON (NaCl) and
(b) BTON (KCI).

The as-prepared samples were further observed by SEM and TEM to confirm the
detailed morphological information. As shown in Figure 2, the BTON (w/o0) sample
exhibits an irregular crystal shape with a severe aggregation of particles. Conversely,
the flux treatment gives a significant change in morphology of the BaTaO>N crystals.
The BTON (NaCl) samples grow into an almost perfect cubic structure with six
isotropic {100} facets, and the particle size are less than 300 nm (Figures 3a—c). The
BaTaO:N treated by KCl display a similar cubic-like structure and particle size to those
treated by NaCl but with exposed smooth edges at the intersection of the {100} facets,
as shown in Figures 3d—f. Based on the included angles between the edge and (100)
facet (135°, Figure 3f), the corresponding exposed edge planes were determined to be
{110} facets. Moreover, the diffraction spots of the selected area electron diffraction in
Figure 4 indicate that both the BTON (NaCl) and BTON (KCI) were well-crystallized
single crystals. These results demonstrate that the one-pot flux-assisted nitridation
approach is a very effective method for tailoring the crystal morphology and obtaining
highly crystallized crystals of BaTaO:;N at present. The exposed facets mainly
depended on the types of ionic species of the flux reagents. During crystal growth, ionic

species of flux reagents will adsorb on the facets which grow rapidly and change the
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electrostatic interactions among particles. Compared to Na“, K" more easily occupied
the positions of Ba®" on the interfaces between BaTaO>N and KCI because the size of
K* (164 pm) is close to that of Ba** (161 pm). The valence change of cations on the
interface will influence the electrostatic interactions and further influence the
aggregation and growth of particles, which will prohibit the crystal growth along with
the most stable {100} facets and result in the formation of second stable {110} facets.
The XPS analysis of BTON (KCI) revealed that the signal could not be observed in the
K 2p region (Figure 5a). Furthermore, the position of the main peak (110) at 30.7° did
not shift relative to the standard XRD pattern (Figure 5b). These results indicate that the
K ions are not retained in the sample, such that the effects of the K species on the
surface charge separation can be excluded. Although the exposed {110} facets are not
very uniform on the edge, it is clear that a well-structured facet junction was formed in
the BTON (KCIl) samples, which may benefit charge separation and transfer, thereby

enhancing the photocatalytic performance.
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Figure 5. (a) XPS spectrum of K 2p in BTON (KCl). (b) Magnified XRD patterns.

Table 1. Brunauer—Emmett-Teller (BET) surface area of BaTaO,N crystals.

Photocatalysts BET surface area / m% !
BTON (w/0) 5.03
BTON (NaCl) 3.24
BTON (KCl) 3.84
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Figure 6. (a) H> evolution reaction over Pt-modified BTON (w/0), BTON (NaCl), and
BTON (KCI), respectively. (b) Cyclic test using BTON (KCI). Reaction conditions:
0.1 wt.% Pt-BTON 0.1g; ultrapure water 150 ml; 10 vol.% CH30H; 300-W Xe lamp
(A>420 nm).
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Figure 7. Photocatalytic activities of BTON (NaCl) and BTON (KCIl) under

visible-light irradiation (A > 420 nm). (a) H2 evolution reaction as functions of the
amount of Pt. (b) O» evolution reaction of photocatalysts without cocatalysts
modification. Reaction conditions: (a) Pt-modified BTON 0.1g; ultrapure water 150 ml;
10 vol.% CH3OH. (b) BTON 0.1g; ultrapure water 150 ml; La,O3 0.05g; 0.2 mol L™
AgNO:s.
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Figure 8. Decay curves of transient absorption of BTON (w/o), BTON (NaCl), and
BTON (KCl) irradiated by UV laser pulses (355 nm and 0.2 mJ-pulse!) probed at (a,
¢) 15200 and (b, d) 11000 cm™".

The photocatalytic activity for H> evolution under visible-light irradiation was
investigated using three BaTaO,N samples with different morphologies, as shown in
Figure 6a. Both flux-treated BaTaO2N samples show higher photocatalytic activities
than the conventional sample, even though the specific surface areas of the former were
smaller (Table 1), which implies that the activity of the present samples did not strongly
depend on the surface areas. The photocatalytic activity of BTON (NaCl) was slightly
higher than that of BTON (w/0), which can be attributable to the high crystallization
during the flux-assisted nitridation, leading to a decrease of defect densities.
Interestingly, the BTON (KCI) exposed with both {100} and {110} facets exhibited a
photocatalytic activity nearly ten times higher than BTON (NaCl) with sole {100}
facets, whereas both samples possessed a similar crystallinity and particle size. It is
clear that the exposure of both {100} and {110} facets on the BTON (KCI) played an
important role in such a significant enhancement of photocatalytic H> evolution. Figure
6b shows the cyclic Hz evolution reaction using the BTON (KCI) photocatalyst with

intermittent evacuation. During the first three cycles, the photocatalytic activity of
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BTON (KCI) remained relatively stable. After that, a slight decrease was observed,
probably due to the consumption of the sacrificial agent (CH3OH) in the long
photocatalytic reaction. In addition, we explored the effects of the amount of Pt on the
BTON (NaCl) and BTON (KCIl) (Figure 7a). The photocatalytic activities leading to
the H> evolution for both samples were found to be similarly dependent on the Pt
loading, with the activity increasing sharply with the Pt loading, reaching an optimal
level of performance at a Pt content of 0.1 wt.% and then decreasing as the Pt content
increased further. It is likely that the number of active sites on the photocatalyst
increases as the cocatalyst content increases. However, excessive Pt loading (more than
0.1 wt.%) will block the active sites on the surface and also shade the photocatalyst
from the light.?>2® Moreover, the activities of all the BTON (KC1) samples were much
higher than those of all the BTON (NaCl) samples regardless of the amount of Pt.
Similar results were obtained from the Oz evolution reaction, in which the O; evolution
rate on the BTON (KCIl) was significantly higher than that on the BTON (NaCl) (Figure
7b). During the Oz evolution, a small amount of N> was detected under visible-light
irradiation because of the self-oxidative decomposition (2N* + 6h* — N>), which has
been found in some (oxy)nitrides.?”?® As the duration of the irradiation increased, this
N2 evolution did not increase notably, but remained relatively balanced. Furthermore,
Nz evolution did not occur in the H> evolution test. These results indicate that the
BaTaO:N photocatalyst remains stable in individual oxidation and reduction reactions.
The transient absorption spectroscopy curves in Figure 8 display the decay processes of
photogenerated charge carriers in three BaTaO,N photocatalysts by monitoring the
absorption intensity changes at 15200 and 11000 cm™!, which reflect the trapped holes
and electrons, respectively.?’? In comparison to BTON (w/0), BTON (NaCl) exhibits a
lower absorption intensity and slightly faster decay at 15200 and 11000 cm™
simultaneously. This indicates that there were fewer defect states in the BTON (NaCl)
photocatalyst functioning as trapping centers for photogenerated electrons, and the high
crystallization of BTON (NaCl) improved the mobility of photogenerated charges; thus,

the contribution of electrons in BTON (NaCl) to the photocatalytic H> evolution
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reaction increased. Moreover, the absorption intensity of trapped holes and electrons in
the BTON (KCI) photocatalyst further decreased and the decay processes clearly
accelerated, suggesting that much fewer defect states existed in the BTON (KCI)
photocatalyst and the efficient migration of photogenerated charges took place. It is
anticipated that the construction of {100} and {110} facets on the BTON (KCI) will
result in the spatial separation of photogenerated charges that promote the electron

mobility and facilitate electron transfer to the H» evolution sites.

(a)

{100} facet

Figure 9. Slabs model of atomic surface structure of BaTaO;N (a) {100} facet and (b)
{110} facet (green ball: Ba atom, blue ball: Ta atom, red ball: O/N atoms). The

vertical upward directions of (a) and (b) are [100] and [110], respectively.

To provide insights into the effect of co-exposing {100} and {110} facets on the
photocatalytic performance, DFT calculations were performed to study the electronic
structure and density of states (DOS) of different BaTaO2N facets. According to the
slab models of {100} and {110} facets (Figure 9), the exposure and bonding of atoms in
these facets are different, which results in different electronic structures of these facets.
The calculated surface energy of the {110} facet (1.558 J m~2) is higher than that of the
{100} facet (1.268 J m2), implying that the former is less stable than the latter. This
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explains why it is not easy to obtain a large surface area of {110} facets.?! As shown in
Figure 10a, the electronic structures of the BaTaO;N facets are similar to those of the
bulk BaTaO>N (Figure 11a), where the highest occupied molecular orbital mainly
consists of hybridized N 2p and O 2p orbitals, while the lowest unoccupied molecular

orbital is mainly composed of the Ta 5d orbital, which is in good agreement with the
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Figure 10. (a) DOS of different energy levels for {100} and {110} facets of BaTaO>N.
Er: Fermi level is set to 0 eV. The red arrows were located on the tops of the valence
bands and bottoms of the conduction bands of the {100} and {110} facets, respectively.

(b) The diagram of electron-hole transfer in {100} and {110} facet junction.

previous reports.>>?* It is noticeable that both the top of the valence band and bottom of
the conduction band for the {100} facet are positioned lower than those for the {110}
facet, respectively. Therefore, a facet junction with type-II band alignment is formed
between the co-exposed {100} and {110} facets of BaTaO>N (Figure 10b). Because of
the difference in energy levels of {100} and {110} facets, the generation of an internal
field between the anisotropic facets makes photogenerated electrons and holes

efficiently transfer to the {100} and {110} facets separately.
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Figure 11. (a) DOS and (b) band structure of BaTaO,N using bulk model. Er: Fermi

level is set to 0 eV.
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Figure 12. (a) SEM image of photo-deposited metal Pt on the {100} facets. (b) EDS
analysis of 1 point of (a). (¢) XPS spectrum and (d) schematic illustration of
photo-deposited metal Pt on the {100} facets. The diagram in (d) was produced using
the VESTA program.>*

Site-selective photo-depositions of metallic Pt and MnO, were then carried out to

confirm that the photogenerated electrons and holes were spatially separated and
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accumulated on the anisotropic facets of BTON (KCl) as predicted by DFT calculations,
in which H2PtCle-6H20 and Mn(NOs), were used as precursors. From the SEM images
and EDS (Figures 12a, b), it is clearly observed that the Pt particles are primarily
formed on the {100} facets, while sponge-like MnOy species are located on the edges
({110} facets) of the cubic BaTaOxN (Figures 13a, b). In the XPS of Pt 4f (Figure 12¢),
the peaks at 74.4 and 71.1 eV are attributed to the Pt 45, and Pt 4f7, of metallic Pt,
revealing that all of the photo-deposited elements on the {100} facets of BTON (KCI)
are metallic.>? As illustrated in Figure 12d, the photogenerated electrons tend to transfer
to the {100} facets and are available for the reduction of H,PtCles-6H>O. In addition,
photogenerated holes tend to transfer to the {110} facets and facilitate the oxidation of
Mn(NO3)2, as shown in Figure 13d. The oxide form of MnO;x (x = 1.5-2) by the
photo-oxidation was determined by the binding energy of Mn 2p, which is between
Mn;03 and MnO; in the XPS (Figure 13c).!® Following the site depositions, we further
investigated the co-deposition of Pt and MnOy (Figure 14). It is interesting to note that
the Pt particles are still primarily formed on the {100} facets, while the sponge-like
MnO: species are selectively located on the {110} facets.
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Figure 13. (a) SEM image of photo-deposited oxide MnO, on the {110} facets. (b)

EDS analysis of 2 point of (a). (¢) XPS spectrum and (d) schematic illustration of
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photo-deposited oxide MnOy, on the {110} facets. The diagram in (d) was produced
using the VESTA program.>*

Figure 14. SEM image of photo-deposited dual-cocatalysts (Pt and MnO,) on BTON
(KCI).

There are two possible reasons for the selective photo-deposition of metal ions on
different facets: one is the selective accumulation of electrons and holes on the different
facets, and the other is the selective adsorption of the reactants on those facets.!”
Meanwhile, the accumulation of electrons and holes on the different facets is affected
by the dynamic factor (the difference in the mobility of the charge carriers towards the
different facets), as well as the thermodynamic factor (different degrees of surface
bending or band alignment for different facets). We firstly checked the adsorption of the
reactants on the different facets by using an impregnation method (Figure 15). It was
found that Pt particles were randomly formed on both the {100} and {110} facets,
while MnO, species were observed on the {100} facets, thereby excluding the
adsorption factor for selective photo-deposition of metal ions on specific facets.
Regarding the difference in the mobility, according to the band structure of bulk
BaTaO;N (Figure 11b), we calculated the effective masses of the electrons and holes
along the [100] and [110] axes, which are inversely proportional to the mobility,?* as
shown in Table 2. It can be seen that the effective masses of both the electrons and holes
along the [110] axis are smaller than those along the [100] axis, indicating that the
electrons and holes migrate toward the {110} facet more directly than to the {100}

facet. Therefore, the mobility difference cannot be the reason for the selective
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photo-deposition of metal ions on different facets. On the other hand, based on the DFT
calculation results, the work functions of the {100} and {110} facets were 3.11 and
3.19 eV, respectively (Figure 16a, b). Given that all the facets share the same bulk
Fermi energy, it can be concluded that the surface band bending for the {110} facet
should also be greater than that for the {100} facet (Figure 16¢). Therefore, a higher
built-in electric field in the space charge region beneath the {110} facet is generated to
drive the directional hole accumulation on the {110} surface.***” However, at the same
time, such band bending would hinder the migration of electrons from the bulk phase to
the surface,*® leaving the difference in the conduction band positions of the {100} and
{110} facets to be the only reason for the electrons to accumulate on the {100} facet, as

discussed in Figure 10.

(b)

100 nm .’ 100 nm

Figure 15. SEM images of impregnated (a) Pt and (b) MnO. on BTON (KCl),

respectively.

Table 2. The calculated effective mass of carriers along the different directions for bulk

BaTaO:N.
Direction Effective mass of Effective mass of
electron hole
[100] 0.29 mo (M— R) 48 mo (R—M)
[110] 0.19 mp (G—M) 1.4 mo (G—M)

myo is the mass of free electrons.

92(k)

The carrier effective mass is calculated by the following formula, m* = #*[ pTe; 1!

(where &(k) are the band edge eigenvalues, £ is the wave vector, / is the reduced Planck
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constant, and m* is the carrier effective mass).>

These results further confirmed that reduction reactions preferentially take place
on {100} facets, while oxidation reactions preferentially occur on {110} facets, proving
that the electron-accumulation and hole-accumulation sites were separately located on
the {100} and {110} facets of the BTON (KCl) crystals. As a result, the spatial
separation of electron-accumulating and hole-accumulating sites by the construction of
{100} and {110} facets on BaTaO:N is beneficial to the separation and transfer of

photogenerated charges and consequently promotes the photocatalytic performance of

BaTaOxN in this work.
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Figure 16. Potential diagrams of (a) {100} and (b) {110} facets based on the
first-principles simulation (Er: Fermi level). (¢) Schematic diagram of surface band

bending in the ideal case of clean surface model.

4. Conclusion

In summary, symmetric BaTaO2>N crystals co-exposed with anisotropic facets were
successfully achieved using the one-pot KCI flux-assisted nitridation procedure. The
photo-deposition of metal/metal oxide on the corresponding
electron/hole-accumulating facets revealed that the photogenerated electrons and holes
separately transfer to the {100} and {110} facets of BaTaO>N because of the different
energy levels of {100} and {110}. Because of such a spatial separation of charge
carriers, the H, evolution over BaTaON crystals with {100} and {110} facets showed a

tenfold increase over that of BaTaO:N crystals with sole {100} facets. This finding
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provides an innovative approach to the development of efficient (oxy)nitride

photocatalysts for solar energy conversion.
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Chapter 2. Fabrication of Single-Crystalline BaTaO:N from
Chloride Fluxes for Photocatalytic H: Evolution under
Visible Light

1. Introduction

Tantalum (oxy)nitrides, such as TaON, Ta3zNs, LaTaON», and ATaO>N (A = Ca, Sr, Ba),
have been extensively studied for photocatalytic and photoelectrochemical (PEC)
water splitting reactions to convert abundant solar energy into renewable, clean, and
storable energy.!® Generally, efficient photocatalysts must possess a narrow band gap
to ensure the effective use of sunlight. In addition, they should have suitable band edge
positions to straddle the water redox potentials. Compared with traditional
transition-metal oxides photocatalysts, whose lowest unoccupied molecular orbitals
(LUMOs) and highest occupied molecular orbitals (HOMOs) mainly consist of
transition-metal d orbitals and O 2p orbitals, respectively, tantalum-based (oxy)nitrides
have HOMOs and LUMOs of Ta 5d orbitals and hybridized N 2p and O 2p orbitals,
respectively. The potential of N 2p orbitals is higher than that of O 2p orbitals, which
results in the potential of the HOMO of (oxy)nitrides being located at a higher potential
energy than that of the corresponding oxide, thereby producing a sufficiently small
band gap (1.7-2.5 eV) that can respond to visible light and render tantalum
(oxy)nitrides promising photocatalysts.” '

Cubic perovskite-type BaTaOoN is a typical representative of the tantalum
(oxy)nitrides and has been demonstrated to produce both Hz and O under visible light
irradiation in the presence of related sacrificial reagents.!!!? Like other (oxy)nitrides,
BaTaO:N is commonly fabricated via the transformation of the precursor oxide during
ammonolysis at high temperatures (>700 °C). However, the preparation of these
oxynitrides is accompanied by the formation of anion vacancies and reduced tantalum
species due to the charge compensation caused by the replacement of oxide ions (0%")

with nitride ions (N*7). Moreover, the formation of reduced tantalum species can also
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be promoted by the reducing ammonolysis atmosphere. The resulting defects in these
materials thereby suppress the charge separation, leading to the inefficient conversion
of energy. To achieve a high photocatalytic or PEC performance, the defect densities
must be reduced, and the quality of the tantalum (oxy)nitrides crystals must be
improved.!*™15

In this context, flux growth has been demonstrated to be a powerful method for the
synthesis of high-quality (oxy)nitride crystals during the high-temperature nitridation
procedure, in which a high-temperature molten salt (the flux) is utilized as the solvent
for crystallization.!¢"'® For example, Zhang et al. achieved single-crystalline LaTaON;
oxynitride crystals via a one-pot flux method, where the resulting LaTaON> exhibited a
higher photocatalytic and PEC performance than that prepared via polymerization or
conventional solid state methods due to the decreased defect density and improved
crystallinity.!® In addition, Kodera et al. reported that BaNbO>N crystals with different
morphologies and crystallinities can be prepared using a range of alkali halide fluxes,
and they demonstrated that the types of cations present in the flux play an important
role in determining the shapes of the resulting BaNbO>N crystals.?’ It is noted that the
morphology and crystallinity of crystals are also determined by the synthetic conditions
employed, as these can influence the solubility of the solutes; examples include the
precursor-to-flux molar ratio, the operating temperature, and the nitridation time.?!
The optimization of these conditions along with the flux is therefore of particular
importance. In our previous report, the photocatalytic H> evolution of BaTaO:N
crystals prepared by the flux method was found to be higher than that of crystals
prepared by conventional solid state methods due to the improved crystallinity,
enhanced particle dispersion, and well-developed facets.?* In particular, a higher
photocatalytic performance was obtained for the BaTaO2N crystals treated by a KCl
flux compared to those treated by a NaCl flux, since the anisotropic facets on the
KCl-treated BaTaO:N crystals were conductive to charge separation, thereby resulting
in the efficient conversion of energy. However, no other chloride fluxes were examined

for the preparation of BaTaOxN crystals. We therefore wished to examine whether the
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photocatalytic performance of BaTaO:N crystals could be further improved by
exploring additional types of chloride flux.

Thus, we herein report our investigation into the effect of different types of
chloride flux (i.e., RbCl, CsCl, and BaCl>-2H>O) in the direct fabrication of
single-crystalline BaTaO;N during ammonolysis at high temperatures. The
morphologies and photocatalytic performances of the obtained crystals will be
examined, paying particular attention to the defect density and the crystallinity.
Subsequently, the effects of various experimental parameters (i.e., Ba/Ta molar ratio,
solute concentration, holding temperature, and holding time) on the crystallinity and
morphology of the BaTaOxN crystals grown using a RbCl flux will be systematically

investigated.

2. Experimental section

Solute: BaCO,, Ta,05 Flux: RbCl, CsCl, BaCl,-2H,0

Ba/Ta molar ratio: 1.01-1.15 Solute concentration: 5-50 mol%

Tube furnace
Mixing /
AVAVAVAVAVAY? FAVAVY AV
<\ flow
Al;0; crucible
Nitridation

VAVAVAVANVAV. VANV AN
BaCO;, Ta;0; & Flux

Holding temperature: 900-1000°C

4

Washing and drying

Holding time: 6-10h

NH; flow rate: 200 ml-min*

L 4

BaTaO,N

Figure 1. Synthetic route to the BaTaOxN crystals.
Preparation of BaTaO:2N. BaCOs3 and Ta;Os were used as the oxide precursors, while
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RbCl, CsCl, and BaCl,-:2H,O were employed as the fluxes. All chemicals were
purchased from Wako Pure Chemical Industries, Ltd. and were used as received. In a
typical procedure, the oxide precursors with a Ba/Ta molar ratio of 1.10 were mixed
using the desired flux at a solute concentration of 10 mol%, where the solute
concentration is defined as the molar ratio of BaTaO2N to the flux. An excess of barium
was employed to compensate for barium volatilization during the high temperature
nitridation process. Following manual mixing, the prepared mixtures (~2 g) were
heated in an alumina crucible at 950 °C for 8 h under a flow of NH3 (200 mL-min "),
then cooled inside the tube furnace to 300 °C. Finally, the NH3 was replaced with N>
and the sample was cooled to 25 °C. To remove the remaining flux, the powders were
washed with hot water and dried at 100 °C for 6 h. When BaCl,-2H>0 was selected as
the flux, a mixture of the oxide precursors and the flux with a solute concentration of 50
mol% also was employed. Hereafter, the RbCl, CsCl, and BaCl,-2H;O-assisted
samples will be referred to as BTON (RbCl), BTON (CsCl), and BTON (BaCly),
respectively.

To investigate the effects of the various experimental parameters on the growth of
BaTaON crystals using a RbCl flux, the oxide precursors (BaCOs3; and Ta;Os) with
different Ba/Ta molar ratios (1.01—1.15) were mixed with the RbCl flux in a solute
concentration range of 5-50 mol%. Similarly, the mixtures were nitrided at
900—1000 °C for 6—10 h under a flow of NH3 (200 mL-min '), and then cooled to 25 °C
after replacing NH3 with N> at 300 °C (Figure 1).

The Photocatalytic Reaction. H, evolution was carried out using a gas-closed
circulation system with a top-irradiation Pyrex reaction vessel. Prior to each reaction,
the as-prepared BaTaO,N samples were loaded with a Pt (0.1 wt%) cocatalyst via the
photodeposition method using an aqueous solution of HoPtCls-6H>0O and CH30H (10
vol%). The resulting solution was evacuated twice to ensure the complete removal of
air. This was followed by irradiation under visible light (A > 420 nm) for 5 h through a
cutoff filter from a 300-W Xe lamp. Subsequently, the reaction system was evacuated

once again and the evolved H» gas was detected by online gas chromatography.
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Material Characterization. X-ray diffraction (XRD) measurements were
collected on a MiniFlex II powder diffractometer (Rigaku) with Cu Ka irradiation in
the 26 range of 10—80°. UV-vis diffuse reflectance spectroscopy (UV-vis DRS) was
carried out using a JASCO V-670 spectrophotometer, and a BaSO4 plate was applied as
a reference to correct the baseline. A test step of 0.5 nm was employed in the 300—800
nm wavelength range. The chemical valence of Ta was characterized by X-ray
photoelectron spectroscopy (XPS, JPS-9010MX, JEOL). The morphologies of the
as-prepared samples were verified by field-emission scanning electron microscopy
(FESEM; JSM-7600F, JEOL) with an operating acceleration voltage of 5 kV. The
exposed dominant facets and the crystalline nature were recorded using transmission
electron microscopy (TEM, JEM-2000EX-II, JEOL) and corresponding selected area
electron diffraction (SAED) patterns, with an operating acceleration voltage of 200 kV.
The quantities of Ba and Ta were determined using inductively coupled plasma atomic
emission spectroscopy (ICP-AES, Thermo Fischer Scientific, iCAP 7600duo), while
those of O and N were obtained using oxygen/nitrogen/hydrogen (ONH) analysis
(LECO corporation, TCH600).

3. Results and discussion

Since selection of the flux reagent is one of the most important factors in influencing
the morphology, size, and quality of the grown crystals, we initially examined the
effects of different types of chloride flux for BaTaO2N crystal growth. Thus, Figure 2a
shows the XRD patterns of the BaTaO2N crystals grown using RbCl, CsCl, and
BaCl,-2H»0 fluxes with solute concentrations of 10 mol% for RbC1 and CsCl, and 50
mol% for BaCl,-2H>0 (950 °C, 8 h). All diffraction peaks were assigned to the cubic
perovskite BaTaO>N (ICDD PDF 01-084-1748) with the space group Pm3m, indicating
that single phase BaTaO:N crystals were successfully obtained. It should be noted here
that when BaCl>-2H>O was used as the flux with a solute concentration of 10 mol% at
950 °C for 8 h, impurity phases such as Ta3Ns, TaON, BasTasO15, were observed

(Figure 3). This can be accounted for by considering that the melting point of
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BaCl>-2H>0 is 962 °C higher than the heating temperature, and so the partially melted
BaCl>-2H;0 prevents efficient diffusion of the solutes. In other words, the excess
unmelted BaCl>-2H,0 acted as spacer and suppressed the growth of BaTaO:N crystals
at a solute concentration of 10 mol%. Upon increasing the solute concentration to 50
mol%, pure phase BaTaO;N was obtained. We then compared the physical and
chemical properties of the BTON (RbCI), BTON (CsCl), and BTON (BaCl,) samples
synthesized with solute concentrations of 10, 10, and 50 mol%, respectively. As shown
in Figure 2b, the UV-vis DRS results indicated that all samples exhibited a visible
absorption edge at ~660 nm, which was consistent with the photoabsorption
characteristics of BaTaO:N. In addition, the background absorption of BTON (BaCly)
originating from the presence of reduced tantalum species or anionic vacancies was
higher than those of BTON (RbCl) and BTON (CsCl). In the XPS spectra of Ta 4f
(Figure 4), a higher density of reduced species Ta*" was observed for BTON (BaCl,)
than for BTON (RbCl) and BTON (CsCl), implying that BTON (BaCl>) contained the
highest defect density among the prepared samples. Considering the differences in
electronegativity between N and O, the binding energy between the Ta>* and N~

species was lower than that between the Ta’" and O* species.*

(a ) ( b ) —— BTON (RbCI)

—— BTON (CsCl)

—— BTON (BaCl,)

BTON (BaCl,) 5§
- l =
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k] e 24
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8 =
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Figure 2. (a) XRD patterns and (b) UV-vis DRS spectra of BTON (RbCI), BTON
(CsCl), and BTON (BaCly).

The morphology and crystallographic nature of each BaTaO,N sample prepared

using the different chloride fluxes were further characterized by SEM, TEM, and
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SAED. When RbCl and CsCI were employed, the BaTaO>N crystals maintained a cubic
structure (150-300 nm in size) despite slight edge truncation, and the dominant
exposed facets were determined to be {100} facets (Figures 5a—f). No additional
diffraction spots or diffuse streaks were observed in the SAED patterns, indicating that

BTON (RbCl) and BTON (CsCl) were well-crystallized single crystals. However,

(a) v Ta N, (b)r
TaON 1
* BagTa,05 - ’ft.

Intensity (a.u.)

BaTaO,N
ICDD PDF 01-084-1748

T T T
10 20 30 40 50 60 70 80

Figure 3. (a) XRD pattern and (b) SEM image of BTON (BaCl,) prepared using a

solute concentration of 10 mol%.

compared with BTON (RbCl), BTON (CsCl) exhibited a greater number of small steps
at the edges. According to the bright-field TEM image and the corresponding SAED
pattern of BTON (CsCl) (Figures 5e and 5f), the angles between two neighboring steps
were right angles, which suggested that the main facets of these steps were the {100}
facets. Interestingly, the BaTaO:N crystals grown using BaCl,-2H>O differed in shape
from those grown using RbCl and CsCl, although their sizes were similar (Figures
5g—51). More specifically, the BTON (BaCl) particles presented a tetradecahedral
shape surrounded by {111} and {100} facets. The clearly ordered diffraction spots,
along with the [111] zone axis of the BTON (BaCl) crystal, indicated that BTON
(BaCly) possessed a single crystalline nature.

The different morphologies of the BaTaO:N crystals were attributed to the
different fluxes inducing changes in the electrostatic forces among the precursor
particles during the growth process, in analogy to the case previously described for
LaTaON>.?* More specifically, the flux exhibits an ionic state at higher temperatures, in

which the cations and anions are adsorbed on the surfaces of the precursor particles to
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form an electric double layer between the precursor particles and the molten salts. C1~
anions exhibit a larger negative adsorption energy than the alkali cations, resulting in
their more facile adsorption on the surface, which induces a negative surface charge on
BaTaO:N. These surface negative charges are then neutralized by the adsorption of
alkali cations on the surface. The strength of the repulsion force between the particles
due to the surface negative charges is therefore determined by the amount of adsorbed
alkali cations. However, the adsorption energy of the alkali cation decreases as the size
of the alkali cation increases, implying that smaller cations can be adsorbed more easily

on the BaTaO>N surface to decrease the repulsion force and promote the aggregation of

BTON (Bacl,)

--------

(O)Ta%

BTON (CsCl)

Intensity (a.u.)

32 3 28 26 24
Binding energy / eV
Figure 4. Ta 4f XPS spectra of BTON (RbCI), BTON (CsCl), and BTON (BaCl,).
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BaTaO;N particles. As Cs* (0.18 nm) is slightly larger than Rb* (0.17 nm), the
BaTaO:xN particles grown in the CsCl flux have a greater repulsion force than those
grown in the RbCI flux. This increased repulsion force will suppress aggregation of the
BaTaO:xN particles, leading to the formation of additional edge steps in the BTON
(CsCl) samples. In the case of the BTON (BaCl,) samples, the Ba** cations (0.16 nm)
are smaller than both Rb* (0.17 nm) and Cs" (0.18 nm), thereby resulting in increased
Ba?" cation adsorption on the surfaces of the BaTaOxN particles. However, as barium is
one of the constituent elements of BaTaO2N, excess Ba?* adsorption on the surfaces of
the growing BaTaO:xN particles can affect the atomic arrangement of the BaTaO:2N,

resulting in the exposure of different crystal facets.

010
' [001]
e
.010 -
[001]
-t 1
110
. 12-1
[111]

Figure 5. SEM images, TEM images, and SAED patterns of (a, b, c) BTON (RbCl), (d,
e, f) BTON (CsCl), and (g, h, 1) BTON (BaCl.). The pink arrow in part (e) indicates the

right angle between two neighboring steps.
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Figure 6. (a) H> evolution rates of BTON (KCI), BTON (RbCl), BTON (CsCl), and
BTON (BacCl). (b) Quantity of H> evolved upon increasing the reaction time for BTON
(RbCI) initially in the absence of light and later under irradiation. Reaction conditions:
0.1 wt% Pt-modified BTON 0.1 g; ultrapure water 150 mL; 10 vol% CH3OH; 300-W
Xe lamp (A > 420 nm). The H> evolution rate of BTON (KCl) is adapted with

permission from REF.24.

The photocatalytic evolution of Hz on the various BaTaO;N samples prepared
using different fluxes was then examined under visible light irradiation (A > 420 nm)
using Pt nanoparticles as the reduction cocatalysts and CH3OH as the sacrificial reagent.
The results are presented in Figure 6a. It should be noted that the rate of H> evolution
over BTON (KCIl) was also compared here with the permission of REF.24, since KCI
has been demonstrated to be a suitable flux for the growth of BaTaO:N crystals with a
high photocatalytic performance for H> evolution. Thus, as indicated, the BTON (RbCl)
sample showed a higher photocatalytic activity than the BTON (KCI), BTON (CsCl),
and BTON (BaCl») samples. The typical time course of H> evolution over BTON (RbCl)
is shown in Figure 6b. In the absence of light, no photocatalytic activity for H:
evolution was detected due to the lack of light excitation resulting in the necessary
generation of electrons to drive the H> evolution. In contrast, upon irradiation, the
amount of evolved H: increased almost linearly with the reaction time, indicating a
good photocatalytic stability. In addition, elemental analysis was carried out to evaluate
the chemical compositions of these samples. As outlined in Table 1, the atomic ratio of

60



BTON (RbCI) was closest to the theoretical value, while BTON (BaCl,) showed
insufficient nitridation and the absence of tantalum in the lattice. These results
indicated that BTON (RbCl) had fewer defects that could act as trapping centers,?*?’ in
addition to a higher crystallinity to allow efficient photocatalytic reactions to take place;
this is consistent with the UV-vis DRS results presented in Figure 2b. As such, RbCl
was determined to be the preferred chloride flux for the growth of BaTaO2N crystals
exhibiting a high photocatalytic performance.

Table 1. Elemental analyses of BTON (KCl), BTON (RbCl), BTON (CsCl), and
BTON (BaCl,) (atomic ratio)

Sample Ba Ta o? N? Sum Ba/Ta O/N
BTON (KCI) 093  0.96 2.04 096  4.89 0.97 2.12
BTON (RbCl) 1.01 1.03 2.03 097 5.04 0.98 2.08
BTON (CsCl) 0.98 1.00 2.04 096 498 0.99 2.11
BTON (BaCly) 1.00  0.87 2.19 0.81  4.86 1.15 2.73

BTON (theoretical) 1.00 1.00 2.00 1.00  5.00 1.00 2.00

2The sum of O and N has been normalized to be 3.00.

In addition, the growth conditions, including the Ba/Ta molar ratio of the source
materials, the solute concentration, the reaction temperature, and the reaction time,
were found to have a significant influence on the crystallinity and morphology of
BTON (RbCI). We initially examined the effect of the Ba/Ta molar ratio, where Figures
7 and 8 present the XRD patterns and SEM images of BTON (RbCl) prepared by
nitridation of the mixtures of BaCO3 and Ta>Os powders at different Ba/Ta molar ratios
(1.01-1.15), while maintaining a solute concentration, holding temperature, and
holding time of 10 mol%, 950 °C, and 8 h, respectively. When the Ba/Ta molar ratio
was <1.10, although perovskite BaTaO>N was the major product, a small number of
Ta3Ns byproducts were also clearly observed. In contrast, no secondary phase was
detected in the samples prepared using Ba/Ta ratios >1.10. According to the SEM
images (Figure 8), undeveloped BaTaOxN particles consisting of some rod-like shapes

were observed at lower Ba/Ta molar ratios (1.01 and 1.05), while only homogeneous
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cubic BaTaOxN particles were obtained at higher Ba/Ta molar ratios (1.10 and 1.15).
These results indicate that a suitable excess of BaCO3 could compensate for the loss of
barium through volatilization during the high temperature nitridation process,?® which

was beneficial to the growth of BaTaO:N crystallites.
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Figure 7. XRD patterns of BTON (RbCl) prepared using Ba/Ta molar ratios of 1.01,
1.05, 1.10, and 1.15.

Subsequently, the effect of the solute concentration (1-50 mol%) on the growth of
BTON (RbCl) crystals with a Ba/Ta molar ratio of 1.10 at 950 °C for 8 h was studied.
The XRD patterns of BTON (RbCl) crystals prepared using different solute
concentrations are presented in Figure 9. At 5 mol%, the main diffraction peaks were
indexed as the BaTaO:N phases, with some minor diffraction peaks also being assigned
to Ta3Ns impurity phases. Upon increasing the solute concentration (10—50 mol %), the
impurity phases disappeared, and strong diffractions peaks were observed at a solute
concentration of 10 mol%. Figure 10 shows the SEM images of the BTON (RbCI)
crystals prepared using different solute concentrations. As shown, cubic-like BaTaO2N
crystals with clear edges and a homogeneous crystal size were observed at solute
concentrations of 5 and 10 mol%, while some rod-like impurities were observed at a

solute concentration of 5%. Upon increasing the solute concentration beyond 10 mol%,
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the BaTaOxN crystals gradually became irregularly shaped due to the stronger diffusion
barrier of the solute in the solvent. These results suggested that an appropriate solute

concentration for the growth of BaTaO2N from a RbCI flux is 10 mol%.

Figure 8. SEM images of BTON (RbCl) prepared using Ba/Ta molar ratios of (a) 1.01,
(b) 1.05, (c) 1.10, and (d) 1.15.
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Figure 9. XRD images of BTON (RbCl) prepared using solute concentrations of 5, 10,
15, 20, and 50 mol%.
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We subsequently investigated the effect of the holding temperature and time on the
growth of BTON (RbCI) crystals. Figure 11 and 12 show the XRD patterns and SEM
images, respectively, of the BTON (RbCI) crystals prepared using different holding
temperatures with a solute concentration of 10 mol% and a Ba/Ta molar ratio of 1.10
for 8 h. These crystals exhibited similar diffraction patterns and morphologies with the
exception of those prepared at 900 °C, in which weaker diffraction peaks and some
idiomorphic irregular shapes were observed due to insufficient nitridation. The UV-vis
DRS of the BTON (RbCl) crystals prepared using different holding temperatures are

shown in Figure 13. All samples exhibited a visible absorption edge at ~660 nm, while

300 nm
—

Figure 10. SEM images of BTON (RbCl) prepared using solute concentrations of (a) 5,
(b) 10, (c) 15, (d) 20, and (e) 50 mol%.
the background absorption of BTON (RbCl) prepared at 950 °C was lower than those

prepared at 900 and 1000 °C. In addition, XPS analysis (Figure 14) showed that the
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density of the reduced Ta*" species in BTON (RbCl) prepared at 950 °C was lower than
those of the corresponding samples prepared at 900 and 1000 °C, thereby implying that
the BTON (RbCl) prepared at 950 °C contained the fewest number of defects. This is
likely due to the fact that increasing the temperature from 900 to 950 °C led to sufficient
nitridation, thereby decreasing the number of defects. In addition, the hydriding species
produced along with the nitriding species upon the dissociation of NH3 gas resulted in
the reduction of some Ta>* at higher temperatures (1000 °C), while the increased vapor
pressure or flux decomposition caused by such high temperatures resulted in the
formation of nitrogen defects.? It was therefore apparent that the BaTaO>N crystals

function more effectively at 950 °C.
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Figure 11. XRD patterns of BTON (RbCl) prepared using holding temperatures of 900,

950, and 1000 °C.

Figure 12. SEM images of BTON (RbCI) prepared using holding temperatures of (a)

900, (b) 950, and (c) 1000 °C.
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Figure 14. Ta 4f XPS spectra of BTON (RbCl) prepared using holding temperatures
0f 900, 950, and 1000 °C.

Finally, we studied the growth of BaTaO:N crystals at 950 °C with different
holding times, a solute concentration of 10 mol%, and a Ba/Ta molar ratio of 1.10. As
shown in Figure 15, all diffraction patterns were assigned to the BaTaO>N phase. Upon
comparison of the BaTaO:N crystals grown over 6, 8, and 10 h, the diffraction peaks
were more intense for the BaTaO:N crystals grown for 8 h, indicating a higher
crystallinity. The holding time was found to have no significant impact on the

morphologies of the BaTaO;N crystals compared to those observed in the previous

experiments (Figure 16).
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Figure 15. XRD patterns of BTON (RbCl) prepared using holding times of 6, 8, and 10
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Figure 16. SEM images of BTON (RbCl) prepared using holding times of (a) 6, (b) 8,
and (c) 10 h.

4. Conclusion

We herein investigated the crystal growth of BaTaO2N using a range of chloride fluxes,
and subsequently determined the effect of the flux type (i.e., RbCl, CsCl, or
BaCl>-2H;0) on the morphology, crystallinity, and photocatalytic performance of the
BaTaO:;N crystals. An excellent photocatalytic performance was obtained for H»
evolution over BTON (RbCl) due to the lower defect density and higher crystallinity.
Upon optimization of the experimental parameters, the pure phase BTON (RbCl)
crystals with homogenous cubic shapes and a high crystallinity were directly fabricated
using a Ba/Ta molar ratio of 1.10 (or 1.15) and a solute concentration of 10 mol% at
950 °C for 8 h under an NH3 atmosphere. These results are of importance since they
indicate that the use of different chloride fluxes and optimization of the reaction
conditions can improve the crystallinity and morphology of BaTaO:N crystals for H>
evolution, and to ultimately convert abundant solar energy into renewable, clean, and

storable energy.

Moreover, in our recent studies, we found that the highly crystalized BTON (RbCl)
also play a pivotal role in achieving high photocatalytic activity for Z-scheme water
splitting under visible light irradiation. An effective sequential deposition of Pt
nanoparticles was utilized to deal with BTON (RbCl) particulate photocatalyst,
involving an impregnation-reduction pre-treatment and a subsequent photo-deposition
process. In the impregnation-reduction process, uniformly dispersed Pt seeds form an
intimate contact with BaTaO:N. Subsequently, photo-deposition allows Pt
nanoparticles to uniformly grow at the numerous active Pt seeds. Because of the
uniform distribution of Pt cocatalysts and the high crystallinity, Pt-located BTON
(RbCI) exhibited a good photocatalytic activity for H> evolution from an aqueous

methanol solution and Z-scheme water splitting constructed with WOs.
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Chapter 3. Platy BaTaO:N Crystals Fabricated from
K>COQO3;—KCl Binary Flux for Photocatalytic H2 Evolution

1. Introduction

Shape-controlled syntheses of inorganic single crystals play a crucial role in the
determination of their physical and chemical properties.' In particular, the design and
discovery of photocatalysts with desirable shapes have become an important strategy to
effectively harvest incident light, expose active facets, and accelerate charge separation
and transfer, thereby maximizing their photocatalytic water splitting performance.*”’
According to the principles of crystal growth, the crystal shape is determined not only
by the thermodynamic factors, in which the most stable crystal product is formed with
the minimized total interfacial free energy of a system, but also by the kinetic factors,
which limit the growth process by generating barriers such as decomposition, diffusion,
and rearrangement of ions in the starting materials. Therefore, many studies have
focused on the controllable growth of particulate photocatalysts to form a unique shape
with better performance.®® Unconventional TiO; crystals with a curved surface were
successfully prepared using synergistic organic-inorganic capping agents, and it
exhibited a higher photocatalytic performance than the conventional faceted TiO:
crystals.!” The design of CdS photocatalysts with nanorod structures via a one-pot
solvothermal method significantly improved the Hz-evolution activity when compared
with CdS nanoparticles.!! Crystalline carbon nitride nanosheets with an inherent
2-dimensional crystal structure prepared by a sonication-centrifugation process showed
significantly enhanced photocatalytic activity for H, generation.'”> However, the
relationship between the morphology and the photocatalytic performance based on
narrow band-gap photocatalysts especially for the (oxy)nitride materials with the
intense wide-range visible light harvest is rarely reported.'>!*

Perovskite-type (oxy)nitride BaTaO;N is a promising photocatalyst that has

gained considerable attention for its ability to convert solar energy into chemical fuel
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Hb. This is because BaTaO:N has a narrow band gap that can utilize visible light up to
660 nm and a band edge position that is suitable for the reduction and oxidation
reaction of water.!>!® However, compared with other oxide materials, it is more
difficult to control the morphology of BaTaO:N owing to the harsh syntheses
conditions that require a high temperature and involve an ammonia flow. BaTaO>N has
been fabricated via traditional solid-state reaction, hydrothermal, polymerized complex,
and flux methods.!”2° However, most of the prepared BaTaO:N crystals were
aggregated particles that contained many defects due to the rearrangement of metal ions
and the diffusion and replacement of nitrogen atoms during the nitridation process.
High-quality BaTaO>N crystals with well-developed {100} facets were obtained using
the flux method, in which an alkali chloride was employed as the solvent to reduce the
diffusion resistance of the solutes for crystallization. Nevertheless, the main shape of
BaTaOxN is still cubic because BaTaO2N belongs to the cubic system and has a highly
symmetric lattice. It has been reported that the plate-like structure of photocatalyst
materials could decrease the charge carrier diffusion distance from the bulk to the
surface, thus promoting the photo-excited charge separation and transfer towards
efficient photocatalytic reactions.>! Therefore, plate-like structured BaTaO2N crystals
that are well crystallized are expected to be explored and so are their photocatalytic
performances for H> evolution.

A few studies noted that the combination of two kinds of flux (binary flux) with
different properties can tailor the crystal morphology, which has inspired us to employ
suitable binary flux in the nitridation process to control the particulate structure of the
BaTaON crystals.”>?* In the current study, we focus on the fabrication of platy
BaTaO:N crystals with a lower defect density and higher crystallinity by simply
varying the molar ratio of K2COs3/KCl during the nitridation process. Subsequently, the
formation mechanisms of the platy BaTaOxN crystals and the effects of the KoCO3/KCl

molar ratio on the photocatalytic activity for Hz evolution were investigated.
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2. Experimental section

Preparation of BaTaO:N crystals. Oxynitride BaTaO2N crystals were directly grown
from K>CO3—KCl binary flux during the nitridation process. BaCO3, Ta>Os, K2COs,
and KCl were purchased from Wako Pure Chemical Industries, Ltd., and used as
received without further purification. Typically, stoichiometric mixtures of BaxCOs3 and
Ta20s were mixed with K;CO3—KCl binary flux at a solute concentration of 10 mol.%,
in which the solute concentration was defined as a molar ratio of BaTaO2N to that of the
sum of BaTaO>N and K>CO3—KCl binary flux, and the molar ratio of KoCO3/KCl was
varied within a range of 5/95 to 50/50. The mixtures (~2 g) were then placed in an
alumina crucible and heated to 950 °C at a rate of 10 °C-min ™. They were subsequently
held at this temperature for 8 h in an NH3 atmosphere with an NH3 flow rate of 200
ml-min!. Afterward, the crucible was naturally cooled to 300 °C in an NH3 atmosphere
and then cooled to room temperature in a N> atmosphere. The obtained powders were
immersed in hot water to remove the residual flux and then dried at 100 °C for 4 h.
Hereafter, the samples grown from different molar ratios of K2CO3/KCl were denoted
as BTON (5/95), BTON (10/90), BTON (20/80), BTON (30/70) and BTON (50/50).
For comparison, BaTaO,N was also prepared through a solid-state reaction, single
K>COs3, and single KCI flux with a solute concentration of 10 mol.% under the same
heat-treatment conditions, which were hereafter denoted as BTON (SSR), BTON
(KCO), and BTON (KCl), respectively. To investigate the formation mechanisms of the
platy BaTaOxN crystals, similar samples were prepared at 750—950 °C for 0—8 h using
K>COs3/KCl binary flux with a molar ratio of 20/80 in an NH3 atmosphere with an NH3
flow rate of 200 ml-min~'.

Photocatalytic H2 production. The photocatalytic H> evolution reaction on the
BaTaOxN crystals was tested after Pt modification by the impregnation method. Firstly,
the obtained powders were immersed in a HoPtClg:6H20 aqueous solution with 0.1 wt%
of Pt to BaTaO:N, followed by heating at 200 °C for 1 h under a mixed H (20 ml-min ")
and N> (200 ml-min') atmosphere. Subsequently, the Pt-modified BaTaO:N (0.1 g)
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was dispersed in a 150 ml aqueous solution with 10 vol% methanol as the hole
scavenger. After completely removing the dissolved air, the mixed solution was
irradiated using a 300-W Xe lamp with a 420-nm cutoff filter, and the evolved gas was
detected by an online thermal conductivity detector gas chromatography system.
Characterization. The crystallization phases of the samples were determined
using X-ray diffraction (XRD; MiniFlexIl, Rigaku) with Cu Ka irradiation. The optical
properties of the samples were measured using UV-vis diffused reflectance
spectroscopy (UV-vis DRS) with a JASCO V-670 spectrophotometer. The
morphologies of the samples were detected by field-emission scanning electron
microscopy (FESEM; JSM-7600F, JEOL). The exposed facet of the optimized sample
was determined using transmission electron microscopy (TEM; EM-002B, TOPCON)
and selected area electron diffraction (SAED) patterns. The surface areas of the
samples were obtained by nitrogen adsorption-desorption isotherms (BELSORP-mini).
X-ray photoelectron spectroscopy (XPS) was used to determine the defect density

(JPS-9010MX, JEOL) and the valence band position (PHI Quantera II) of the samples.

3. Results and discussion

The molar ratio of KoCO3/KCl greatly influences the crystallinity and morphology of
BaTaO:N. Figure la shows the XRD patterns of the BaTaO2N crystals grown from
K>COs;—-KCl binary flux with various molar ratios and a solute concentration of 10 mol%
at 950 °C for 8 h. All the diffraction peaks in the XRD patterns of the crystals grown
with a KoCO3/KCI molar ratio of <20/80 were attributed to the single-phase BaTaO>N
by referring to the International Center for Diffraction Data Powder Diffraction File
(ICDD PDF 01-084-1748). Upon increasing the KoCOj3 content (molar ratio >20/80), a
hexagonal BasTasO15 (ICDD PDF 01-072-0631) impure phase was produced along
with the main crystalline phase of BaTaO;N and the diffraction peak intensities of
BasTasO15 increased as the KoCOs3 content increased. When only KoCOs3 was employed
as flux, some stronger diffraction peaks of impurities that were assigned to BasTasO15s

and TazNs (ICDD PDF 01-079-1533) were observed, and the obtained sample exhibited
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a highly aggregated irregular shape (Figure 2 and Figure 3a). In contrast, similar
cubic-like BaTaO2N crystals with a small amount of rod-like TazNs impure phases were
obtained when only KCI flux was used (Figure 4 and Figure 3b), in which the formation
of TasNs was attributed to the loss of barium with the KCI volatilization during the
high-temperature nitridation process.?*?* These results implied that the use of K2CO3
alone as flux is not suitable for growing single-phase BaTaO>N crystals, while a
suitable K2COs3 content could help avoid the loss of barium volatilization and obtain
single phase of BaTaO2N from the KCI flux. In addition, the UV-vis DRS spectra
(Figure 1b) shows that the sample with a K;CO3/KCI molar ratio of <20/80 has a visible
absorption edge at ~660 nm, corresponding to a band gap of ~1.89 eV. However, for
the sample with a K»CO3/KCl molar ratio of >20/80, the absorption edge shifted

towards shorter wavelengths due to the existence of the BasTasO15 impure phase.
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Figure 1. (a) XRD patterns and (b) UV-vis DRS spectra of BaTaO;N grown from
K>CO3;—KCl binary flux with various molar ratios at 950 °C for 8 h.
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Figure 2. XRD pattern of BaTaO2N grown from K>COs3 flux at 950 € for 8 h.

Figure 3. SEM images of BaTaO>N grown from (a) single K>COs flux, (b) single KCI
flux, and K»CO3—KClI binary flux with molar ratios of (c, d) 5/95, (e, f) 10/90, (g, h)

20/80, and (i, k) 30/70 at 950 °C for 8 h.
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Figure 4. XRD pattern of BaTaO2N grown from KCI flux at 950 € for 8 h.

Generally, it is suggested that the BaTaO2N crystal grows into a cubic shape
because the crystal structure of BaTaO2N belongs to the cubic system. As shown in
Figure 3b, similar cubic-like BaTaO2N crystals were obtained when only KCI was
employed as flux. Conversely, a significant change in morphology was observed for the
BaTaO:N grown from the K2CO3—KCl binary flux, as shown in Figure 3c—k. When a
small amount of K,COs3; was added, the BTON (5/95) sample exhibited a polyhedral
crystal shape with a particle size from 150 nm to 700 nm. This large difference in
particle size was most likely due to the uneven diffusion of small amounts of K>,CO3
(Figure 3c, d). Upon increasing the KoCO3/KCI molar ratio, platy crystals were formed
(Figure 3e-h). However, when the molar ratio of KoCO3/KCl increased to 30/70, the

edges of the platy crystals became rough (Figure 31, k).
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Figure 5. (a) Bright-field TEM image, (b) SAED pattern, and (¢c) HRTEM image of
BaTaOxN grown from K>CO3—KCl binary flux with molar ratio of 20/80 at 950 °C for
8 h.
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Figure 6. XRD patterns of BaTaO>N grown from K>CO3;—KCl binary flux with molar
ratio of 20/80 at different temperatures for 0 h. Herein, 0 h indicates that the raw
materials were heated to different temperatures (750 °C, 800 °C, 850 °C, etc.),

without going through the holding stage, and then cooled to room temperature.

To further investigate the exposed facets of the platy crystals, the typical BTON
(20/80) sample was characterized using bright-field TEM and SAED. Figure 5 shows
the bright-field TEM image, SAED pattern, and high-resolution TEM (HRTEM) image
of the platy crystals. The highly and clearly ordered diffraction spots, viewed from the
[111] direction of BTON (20/80), indicate that the platy BaTaO>N was a single crystal
with high crystallinity. The HRTEM image, taken near the edge of the platy crystal in
the circled area indicated in Figure 5a, shows that the spacing between the adjacent
lattice fringes is 0.29 nm which corresponds to the (-101) lattice spacing of BaTaO:N.
Moreover, these diffraction spots on the left side of Figure 5b can be indexed as 0-11,
-1-12, and -101; thus, we can conclude that the platy BaTaO>N crystal dominantly

exposed {111} facets and was enclosed by {-211} as shown in Figure 5a. The SEM and
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TEM results implied that the platy BaTaO>N crystals with exposed {111} facets could
be fabricated by simply varying the molar ratio of KoCO3/KCI during the nitridation
process, indicating that the KoCOs critically affected the crystallization behavior, and
this led to a significant change in morphology of BaTaO:N.

Next, the BaTaOxN crystals from the KoCO3—KCl binary flux with a molar ratio of
20/80 was grown at different temperatures and holding times to gain insight into the
formation mechanism of the platy BaTaO>N crystals. Figure 6 shows the XRD patterns
of the samples prepared at different temperatures for 0 h. Herein, 0 h indicates that the
raw materials were heated to different temperatures (750 °C, 800 °C, 850 °C, etc.),
without going through the holding stage, and then cooled to room temperature. In these
samples, the BaCO3 gradually decomposed to BaO, BasTasO15 and KTaOs; phases were
observed. As the temperature increased to 850 °C, the intensity of the diffraction peaks
increased as the liquid-phase line of the KoCO3—KCl binary flux with a molar ratio of
20/80 is close to 700 °C,?¢ this allowed the reactants to decompose, diffuse and react
with each other sufficiently. However, according to a previous study by Hojamberdiev
et al.,’” when only KCl was selected as the flux for the growth of BaTaO,N, BaTa,0s
with lattice parameters of @ = b = 21.12 A and ¢ = 3.92 A in the hexagonal P6/mmm
space group”® was initially formed and no KTaO; was detected during the heating
process, indicating that the intermediate phase can be controlled via the appropriate

d,?*3% oxo-anions such as SO4>,

addition of COs>" in the flux. Moreover, as reporte
NO;™ and COs* tend to generate O°~ ions which can promote the dissolution of metal
oxides and then form the corresponding oxo-complexes during the high temperature
melting reaction. In our case, besides KCl, K2COs3 with a melting point of 891 °C was
also added in the reaction system. Therefore, the decomposition and diffusion of the
precursors occurred in the binary flux, and the oxo-complex [TaO3]” was subsequently
formed through the reaction between dissolved Ta>Os and the O?~ produced by K>CO:.
These oxo-complexes were combined by corner-sharing to form the basic framework

of KTaO3, or to form 2-dimensional arrays of BasTa4O15. This explains why KTaO3; was

not observed when only KCI was used as flux, while it was observed when K>CO3/KCl
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was used as flux. BasTa4O15 was formed instead of BaTaxOs during the heating stage,
this is because of the generation of oxo-complex [TaOs] ™ assisted by COs>~ and part of
the tantalum source was consumed by the formation of KTaOs.
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Figure 7. XRD patterns of BaTaO;N grown from K>CO3—KCl binary flux with molar
ratio of 20/80 at 950 °C for different holding time.

However, BasTasO15 and KTaO; only existed as intermediate phases during the
nitridation process, in which O?~ was replaced by N*~ produced by the dissociation of
NHs. As shown in Figure 7, KTaO3 was transformed into Ta3;Ns in a relatively short
nitridation time (<1 h), with the volatilization of potassium ions and the formation of
BaTaO>N accompanied by the transformation of BasTasO15s and TasNs. Moreover, the
diffraction peak intensity of TazNs decreased faster than that of BasTa4O15 due to the
reaction of TazNs with completely dissolved BaO. As a result, BasTa4O1s was the main
intermediate phase for the formation of BaTaO2N in the subsequent reaction. With the
further dissociation of NHj3 resulting in a considerable amount of nitriding species in
the reaction system, the pure BaTaO2N phase was observed after 2 h at 950 °C and the
relevant diffraction peaks became stronger as the holding time increased. Figure 8
shows the SEM images of the samples prepared at 950 °C for different holding times.

The crystals prepared for 1 h exhibited small and irregular platy morphologies, which

82



mainly reflected the morphology of BasTa4O1s intermediate phases according to the
XRD results. BasTasO15 consists of five close-packed asymmetric layers and it belongs
to the hexagonal crystal system, so it can show a hexagonal platy shape.’! Upon
prolonging the holding time at 950 °C, these crystals grew larger and the edges became
clearer. We observed that these plates did not transform into the cubes which are part of
the thermodynamically stable shape of BaTaO:N, but it still maintained the shape of
BasTa4O15, indicating that there is some correlation between the structures of

BasTasO15 and BaTaO,N.

Figure 8. SEM images of BaTaO:N grown from K>CO3;—KClI binary flux with molar
ratio of 20/80 at 950 °C for (a, b) 1 h, (c, d) 2 h, (e, f) 4 h, and (g, h) 6 h. The SEM
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images of the crystals grown from K>CO3—KCl binary flux with molar ratio of 20/80 at

950 °C for 8 h are shown in Figure 3e, f.
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Figure 9. (a) Crystal structures of BasTasO15 viewed from the [00-1] direction
(top) and BaTaO;N viewed from the [111] direction (bottom), produced using
the VESTA program.*? (b) Schematic illustration of the formation mechanism of

the platy BaTaO:2N crystal.
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Figure 10. (a) H> evolution rates of BaTaO>N grown from K>CO3;—KCl binary flux
with various molar ratios at 950 °C for 8 h. Reaction conditions: 0.1 wt% Pt-modified
BaTaOsN, 0.1g; ultrapure water, 150 ml; 10 vol.% CH3OH; 300-W Xe lamp (A > 420
nm). (b) Ta 4f XPS spectra of BaTaO2N grown from K>CO3—KCl binary flux with

various molar ratios at 950 °C for 8 h.

As shown in Figure 9a, the atomic arrangement of the BasTasO15 (001) plane
matches well with that of BaTaO>N (111) plane with a lattice mismatch of 0.7%,
implying that the BaTaO:N crystal with exposed {111} facets can be obtained from the
transformation of BasTasOis {001} facets. However, it has been proven that the
BaTaOoN grown by directly nitriding the BasTa4Ois precursor had a porous
morphology owing to the replacement of three O*" by two N*". Therefore, we can
conclude that BaTaO;N with a smooth surface can be obtained when the formation and
transformation of BasTasOis simultaneously occurs during the growth stage of
BaTaO;N. Based on these analyses, we proposed a possible growth mechanism of the
platy BaTaO>N with a smooth surface. During the heating stage, KTaO3 and BasTasO15

were produced with the assistance of COs>". After that, the KTaOs transformed quickly
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Figure 11. (a) H> evolution rates of BTON (SSR), BTON (KCl) and BTON (20/80)
samples. (b) Oz evolution rates of BaTaO:N grown from K>CO3—KCl binary flux with
various molar ratios at 950 °C for 8 h. Conditions: (a), 0.1 wt% Pt-modified BaTaOxN,
0.1g; ultrapure water, 150 ml; 10 vol.% CH30H; 300-W Xe lamp (A > 420 nm). (b), 0.5
wt% Co-modified BaTaO:N, 0.1g; ultrapure water, 150 ml; La>O3, 0.05 g; 0.2 mol-L™!

AgNOs3,300-W Xe lamp (A > 420 nm).
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to TazNs with the volatilization of potassium ions in NH3 atmosphere. Upon prolonging
the holding time at 950 °C, Ta3Ns completely reacted with BaO, and thus BasTasO15s
was the main intermediate phase for the formation of BaTaO:N in the subsequent
reaction. Since the flux is as excessive as the solvent, the CO3?" in the flux continued to
produce the oxo-complexes [TaOs;]” and promote the formation of BasTasOis.
Meanwhile, a considerable amount of nitriding species produced by the dissociation of
NH;3 replaced the O* in the oxo-complexes, thereby leading to the simultaneous
formation and transformation of BasTasO1s, as shown in Figure 9b. Consequently, the
platy BaTaOxN crystals with smooth surface were obtained.

Table 1. Brunauer—Emmett-Teller (BET) surface area of BaTaO>N grown from

K>COs;-KCl binary flux with various molar ratios at 950 °C for 8 h.

Photocatalysts BET surface area / m’g !
BTON (5/95) 2.51
BTON (10/90) 4.28
BTON (20/80) 3.45
BTON (30/70) 4.38

We then investigated the photocatalytic performance of Hz evolution on BaTaO:N
grown from K>COs;—KCl binary flux under visible irradiation. Each sample was
modified with 0.1 wt% Pt cocatalysts via an impregnation process before the reaction.
As shown in Figure 10a, the photocatalytic H> evolution activity strongly depended on
the K>COs3/KCl molar ratios. As the molar ratio of K>CO3/KCl increased, the
photocatalytic H> evolution rate was enhanced significantly, reaching an optimal
activity at a K2COs3/KCl molar ratio of 20/80. Moreover, the H> evolution rate on
BTON (20/80) was also higher than that on BaTaOxN prepared by a solid-state reaction
and single KCI flux (Figure 11a). As mentioned, KoCOs as flux is not suitable for
growing single-phase BaTaO:N crystals but is suitable for controlling the morphology
of BaTaO:N, thereby BTON (KCI) showed a good activity but was still lower than
BTON (20/80). In addition, we explored the evolution of O, on BaTaO,N grown from

K2CO3—KCl binary flux (Figure 11b). This was similar to the H» evolution reaction, in
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which the O, evolution rate on BTON (20/80) was clearly higher than those on other
samples. Although the specific surface areas of BTON (20/80) were slightly smaller
than BTON (10/90) and BTON (30/70) (Table 1), BTON (20/80) still exhibited the best
photocatalytic performance. This indicated that the activity of these samples did not
strongly depend on the surface areas. According to the band positions of BaTaO>N
(Figure 12), the conduction band of BTON (20/80) is lower than that of BTON (30/70)
and the valence band is higher than that of BTON (5/95), suggesting that BTON (20/80)
does not have the strongest reduction or oxidation driving forces among these samples.
Therefore, the outstanding activity of BTON (20/80) was not caused by the driving
forces. In contrast, the reduced tantalum species produced by the reducing
ammonolysis atmosphere and the replacement of three O?~ with two N°~ ions could act
as the recombination centers of photo-generated electron-hole pairs and affect the
photocatalytic performance.’®> The XPS analysis of the as-prepared samples are shown
in Figure 13 and Figure 10b. There is no signal in the region of K 2p and Cl 2p,
reflecting that K and Cl elements did not remain in the samples. Owing to the difference
in the electronegativity of O and N atoms, the binding energy of Ta’>" with N*~ was
lower than that of Ta’" with O*.3* Apart from the main peaks of Ta>*, some reduced Ta
species (Ta*", Ta**) were also detected at lower binding energies, which were greatly
affected by the addition of K2CO3. The density of Ta*" decreased as the K,CO3/KCl
molar ratio increased and reached a minimum at a ratio of 20/80 while reduced Ta**
species were simultaneously observed. However, the density of Ta>" increased when
the molar ratio was greater than 20/80 indicating that BTON (20/80) had fewer defects.
Moreover, as described above, BTON (20/80) showed a well-crystallized plate-like
structure, which would shorten the diffusion distance of photo-excited charges and
facilitate the charge carriers transfer from the interior to the surface of the BaTaO2N
plate.?'*> As such, the performance of the BTON (20/80) photocatalyst for
photocatalytic Hz evolution was good. For the first time, we obtained a well-grown and
highly-crystalline BaTaO>N plate photocatalyst with comparable or higher

Ha-evolution activities than previous BaTaO>N with different morphologies.?”-*¢37
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Although highly crystalline platy crystals were obtained, they still contained a few
defects on the surface and in the bulk of BaTaO2N generated during the crystallization
process, as discussed in the XPS section. Therefore, there is enough room to further
improve the photocatalytic efficiency of H> evolution on platy BaTaO>N by decreasing
the thickness of the plate structure and defect density in the crystal structure via
refinement of the fabrication procedure and the use of various carbonate-chloride
binary flux species. In addition, it is desirable to extend the application of multiple
fluxes in the fabrication of shape-controlled and well-crystallized oxynitrides with high

photocatalytic performance.
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Figure 12. (a) Valence band XPS spectra, and (b) schematic illustration of the band
positions of BaTaO>N grown from K>CO3;—KCl binary flux with various molar ratios at
950 °C for 8 h. The band gaps of (b) were calculated according to the results of UV-vis
DRS in Figure 1b.
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Figure 13. (a) K 2p and (b) Cl 2p XPS spectra of BaTaO2N grown from K>CO3;—KCl

binary flux with various molar ratios at 950 °C for 8 h.

4. Conclusion

Platy BaTaO:N crystals with dominantly exposing {111} facets were synthesized by
simply varying the molar ratio of KoCO3/KCI binary flux during a nitridation process.
The formation mechanisms of the platy BaTaO>N were investigated by controlling the
growth conditions. By the assistance of COs>" and the dissociation of NHj, the
formation and transformation of BasTasO15 occurred simultaneously during the growth
stage of BaTaOoN. In addition, the atomic arrangement of the BaTaO>N (111) plane
matches well with that of BasTasO15 (001) plane. These resulted in a platy BaTaO>N
crystal with dominantly exposing {111} facets. Moreover, we observed that the
K>CO3/KCl molar ratio of 20/80 was the most suitable for obtaining well-grown and
high-quality BaTaO;N platy crystals. Because of the plate-like structure and high
crystallinity that shortened the travel distance and facilitated the transfer of
photo-excited carriers, BTON (20/80) showed excellent photocatalytic performance in

this study.
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General Conclusion

In this thesis, flux method is used to obtain high crystallized BaTaO:N crystals with
some special surface features, thereby improving the photocatalytic performance. In
the Chapter 1, BaTaO2N crystals co-exposed with {100} and {110} facets are
achieved by using KCI flux assisted nitridation process, which show a higher activity
than BaTaO,N crystals with sole {100} facets prepared by NaCl flux and BaTaO>N
crystals prepared by conventional method. Based on the analysis of experimental and
theoretical results, the samples prepared by flux method contain fewer defects than
that prepared by conventional method, and the photogenerated electrons and holes
separately transfer to the {100} and {110} facets of BaTaO>N because of the different
energy levels of {100} and {110}. Due to the enhanced crystallinity and spatial
separation of charge carriers, BTON (KCI) shows a good performance. Following
Chapter 1, the effect of other chloride fluxes on the crystallinity and activity of
BaTaOxN is studied, and the optimal flux is selected to explore the suitable synthetic
conditions in Chapter 2. An excellent photocatalytic activity for Hz evolution is
obtained by using RbCI flux due to the lower defect density and higher crystallinity.
The suitable synthetic conditions for BTON (RbCl) are Ba/Ta molar ratio of 1.10 (or
1.15), solute concentration of 10 mol%, holding temperature of 950 € and holding
time of 8 h. Differently, in Chapter 3, the binary flux (K2COs3 and KCl) is used to
control the morphology of BaTaO2N. During the nitridation process, the existence of
COs%" promotes the formation of oxo-complex [TaOs], and the O* in the
oxo-complexes is replaced by the nitriding species produced by the dissociation of
NHj;, leading to the simultaneous formation and transformation of BasTa4Ous.
Moreover, the atomic arrangement of the BaTaO2N (111) plane matches well with that
of the BasTa4O1s (001) plane, so that the platy BaTaOxN crystals exposed with {111}
facets are obtained consequently. Owing to the plate-like structure and high
crystallinity, the platy BaTaO2N exhibits an excellent photocatalytic performance for

H> evolution at the molar ratio of 20/80.
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In summary, BaTaOxN co-exposed with {100} and {110} facets is developed to
facilitate spatial charge separation, a higher crystallinity BaTaO>N with low defects is
fabricated to reduce the generation of recombination centers, and a platy BaTaOxN is
obtained to decrease the migration distance of photogenerated electrons and holes.
All these positive features result in an enhanced activity of BaTaO,N. Therefore, the
design and discovery of photocatalysts with desirable shape and high crystallinity via
refinement of the fabrication procedure and the use of various flux species is an
important strategy to further improve the photocatalytic performance of (oxy)nitrides.
For example, highly crystalline one-dimensional (rods and wires) and
two-dimensional (discs and plates) (oxy)nitride photocatalysts, which usually have
large surface area and low defect density, are expected for water splitting by using
suitable flux with some special properties. Moreover, since the different electronic
properties of different facets will affect the photogenerated charge separation, it is
worth investigating the (oxy)nitride crystal uniformly exposed isotropic or anisotropic
facets by considering the characteristics of ions in flux. This study provides a facile

approach to develop efficient (oxy)nitride photocatalysts for solar energy conversion.
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