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1. Background of the work 
Solar-to-energy conversion 
The sun provides the largest energy source on the earth, with more energy from sunlight 

striking the earth in 1 h than all of the energy consumed on the planet in an entire year.1 

Thus, considerable research efforts have been devoted to the field of solar energy capture 

and conversion in order to free us from the reliance on fossil fuels and reduce the carbon 

emission. In the past years, the remarkable development of the photovoltaic (PV) 

technologies enables the practical solar energy conversion into electricity.2 

Polycrystalline silicon is now widely used to make solar panels, while the metal-halide 

perovskite (MHP) solar cells have emerged as the next generation solar cells due to their 

low-cost solution fabrication process and efficient solar energy harvesting.3–6 Other forms 

of the solar-to-energy conversion system are the particulate photocatalytic system7–13 and 

the photoelectrocatalytic (PEC) system,14–17 where solar energy is converted directly into 

a storable chemical energy form, such as H2 produced via water splitting, as natural 

photosynthesis does (Figure 1).

 

 

 Although the energy form converted from solar energy depends on the system 

employed, the basic working principle is in common as they basically employ 

semiconductor materials to capture solar energy (Figure 2). Light irradiation, with energy 

more than the band gap of the semiconductor, generates electrons and holes excited in the 

conduction band (CB) and the valance band (VB), respectively. After rapid relaxation to 

the edges of their respective bands, these charge carriers migrate inside the semiconductor 

Figure 1. Solar-to-energy conversion systems, producing electricity or chemicals from abundant 

solar energy. 



 

 

4 

toward the interface with electrode or reactants, where the photoexcited carriers in the 

semiconductor is converted to electricity or chemicals. Using as much of the solar 

spectrum as possible and suppressing the recombination between the electrons and holes 

during their migration are essential for high efficiency in every solar-to-energy system.18 

 

 

 

 

Particulate semiconductor photocatalyst 
The photocatalytic system using particulate semiconductor materials is one of the most 

simplest photoconversion system,7–13,19,20 where light absorption and electron-to-

chemical conversion take place on single particle. In other words, both the solar-to-

electricity conversion by solar cells and the electricity-to-chemical conversion by 

electrochemical system are included in one particle (Figure 3). The system has attracted 

huge interest as the system design is simple, cheap, and easily scaled up, as demonstrated 

by Domen et.al., though further improvement of the solar-to-energy conversion is 

necessary for the practical use.10,12,13,21,22 

Figure 2. Schematic image if the solar-to-energy conversion system using semiconductor photoabsorber. 
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One of the requirements is to utilize wide range of the solar spectrum. Although 

photocatalytic water splitting with quantum efficiency with almost unity was achieved by 

using SrTiO3:Al, the STH was only 0.65% under sunlight as SrTiO3:Al having a wide 

bandgap of 3.2 eV captures only ultraviolet light.12 As shown in Figure 4, the STH can be 

significantly enhanced by utilizing the visible light region in the solar spectrum.23 

Therefore, significant research efforts have been devoted to find new photocatalyst 

materials working under visible light.7,20,24–39 

  Not only finding new materials, design strategy is also important for efficient 

utilization of the charge carrier generated in the photocatalyst. The elaborated synthetic 

methods and the surface modification such as cocatalyst loading drastically affect the 

photocatalytic activity.8,12,18,30,40–42 

Figure 3. Solar-to-chemical conversion using a single particle semiconductor photocatalyst. 

Figure 4. Solar spectrum and solar-to-hydrogen efficiency for photocatalytic water splitting 

with a quantum efficiency of 100%. 
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Post transition-metal based semiconductor  
Semiconductor materials containing post-transition cation with ns2np0 (i.e., Sn (Ⅱ), Pb 

(Ⅱ), Sb (Ⅲ) and Bi (Ⅲ)) have emerged as promising semiconductors for efficient solar-

to-energy conversion system as represented by MHPs. One of the origin of the high 

performance in MAPbX3 has been reported to be the defect tolerant nature owing to the 

Pb-6s2 – X-np (e.g., I-5p) hybridization.43 The VBMs of the MAPbX3 are composed of 

anti-bonding states between filled Pb-6s and filled X-np orbitals.44 Therefore, the energy-

level of the X– dangling bonds produced by Pb defect is below the VBM and thus the 

deep hole-traps inside the band gap is hardly produced in MAPbX3. In BiVO4, one of the 

most efficient water splitting photocatalyst, the 6s2 – O 2p hybridization causes not only 

the VBM more negative than the conventional d0 metal oxide such as TiO2 but also the 

light hole effective mass.45 Notably, the CBM of BiVO4 consist of a relatively localized 

V-3d band, although doped Nb with a more delocalized band can reduce the electron 

effective mass.46 As in the MHPs, the CB contributed by p orbitals is more desirable due 

to good electron conductivity derived from the low effective mass of electron provided 

by the spatially delocalized p orbitals as compared the localized d orbital.47,48 From the 

view points of the chemistry of ns2np0 cation,47,49 the post-transition cation (e.g., Pb (Ⅱ), 

and Bi (Ⅲ)) based semiconductors are promising candidates for efficient solar-to energy 

conversion. 

 

Sillén–Aurivillius layered oxyhalides 
In recent years, bismuth (or lead)-based oxyhalides with layered structure have emerged 

as promising photocatalysts for dye degradation,50,51 water splitting,32,52,53 and CO2 

reduction.54 The bismuth/lead oxide based fluorite-like layer, [M2O2], intergrown with 

single, double or triple halide layer, [X], [X2], or [M’xX3] is the common moiety in their 

structures. The simple intergrowth phase between the fluorite layer and the halide layer, 

which is so-called Sillén phase, includes BiOCl, PbBiO2Cl, and PbBi3O4Cl3 

photocatalysts (Figure 5a-d).55,56 The Sillén phases intergrow with the Aurivillius phases, 

of general formula [Bi2O2][An–1BnO3n+1], producing Sillén–Aurivillius (S–A) phases, of 

the general formula [A2O2][Xn][A2O2][A’m–1BmO3m+1] (Figure 5e-h).57 The Sillén–

Aurivillius phase is represented by its simplest member Bi4NbO8Cl (i.e, n = 1, m = 1),58 
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a promising photocatalyst for visible light water splitting for clean production of 

hydrogen (Figure 5e).32  

 

The electronic structures of these bismuth/lead-based oxyhalides are characterized by 

participation by Bi(Ⅲ) or Pb (Ⅱ) with 6s2p0 electronic configuration.59,60 The 6s2 – O 2p 

hybridization reduces O 2p localization, resulting in their valence band maxima (VBM) 

located more negative than that of the conventional oxide based photocatalysts, such as 

TiO2, SrTiO3, which affords visible light responsibility to the bismuth/lead base 

photocatalysts (e.g., Bi4NbO8Cl,32,59 Bi2YO4Cl,61 PbBiO2Cl60 and PbBi3O4Cl362). Their 

VBMs composed of Bi/Pb-6s and O-2p not of halide (chloride) afford stability of these 

oxyhalides during photocatalytic reaction, while other visible-light responsible mix-

oxides or non-oxide materials with the VBMs composed of non-oxide orbitals (e.g., S, 

Se, and N) often suffer from self-oxidation of these anions caused by the holes 

photoexcited in the VBM, which is so-called self-oxidation.63,64 It is noteworthy that the 

Figure 5. Crystal structure of Sillén and v Sillén–Aurivillius layered oxyhalides; (a) BiOX, 

(b)PbBiO2Cl, (c)Bi2YO4Cl, (d) PbBi3O4Cl3, (e) Bi4NbO8X (n = 1), (f) Bi3Ba2Nb2O11X (n = 2), (g) 

Bi5BaTi3O14X (n = 3) and (h) Sillén-Aurivillus-related oxyhalide Bi6NbWO14X. 
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CBMs of these oxyhalides mainly consist of Bi/Pb-6p orbitals. The chemistry of ns2np0 

cation suggests that the electronic structures where s and p orbital contribute to the VBM 

and CBM, respectively, allow the favorable optoelectronic properties for solar-to-energy 

conversion system,47,49 while, in the conventional photocatalysts, more-localized anion p 

(O-2p, S-3p, N-2p) and cation d (Ti-3d, V-3d, Nb-4d, Ta-5d, W-5d) orbitals mainly 

contribute to the VBM and CBM, respectively (Figure 6).18 The unique electronic 

structure owing to the ns2np0 electronic configuration provides Sillén–(Aurivillius) 

oxyhalides with the visible-light responsibility and the stability under light irradiation, 

setting them as a plausible candidate for solar-to-energy conversion. 

 

2. Outline of the work 
In the present thesis, the design strategies for Sillén–Aurivillius oxyhalides are developed, 

especially focusing on the exploitation of the wide range of visible-light and efficient 

utilization of the charge carrier generated in a particulate photocatalyst. The thesis 

consists of the following six chapters. 

  In Chapter 1, the author demonstrates that a Sillén–Aurivillius oxyiodide functions as 

water oxidation photocatalyst under visible-light. Thus far, semiconductors containing 

iodine have been rarely used for photocatalytic water splitting because of the facile self-

Figure 6. Band alignment and electronic structure of the typical semiconductor photocatalysts for 

water splitting. 
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oxidation of iodide under light irradiation. Herein, the introduction of iodine narrows the 

band gap of the Sillén–Aurivillius oxyhalide with double perovskite layer without 

sacrifice of the stability under light irradiation.33 The highly polarizable iodide causes the 

electrostatic destabilization of O 2p orbitals in perovskite layer and successfully increases 

the VBM composed of O-2p band. This is in stark contrast to conventional band control 

where the non-oxide anion orbital (e.g., S-3p, N-2p, I-6p) with a lower electron affinity 

occupies the VBM, shifting VBM position negatively, but leading to self-decomposition 

by photo-excited carriers.65 The iodide in the Sillén–Aurivillius oxyhalide also provides 

longer carrier lifetime, leading to significantly higher quantum efficiency and 

photocatalytic activity as compared to the Cl/Br counterparts. Chapter 1 demonstrates that 

the iodine introduction enables both the exploitation of the wide range of visible-light and 

efficient utilization of the photoexcited carrier of Sillén–Aurivillius oxyhalide. 

In Chapter 2, the introduction of iodine is applied to other Sillén–Aurivillius oxyhalides 

and three novel oxyiodides are successfully synthesized. In contrast to the case with n = 

2 in Chapter 1, their CBMs, as well as VBMs, are negatively shifted as compared to the 

chloride counterparts. The origin of the CBM shift by iodine introduction is discussed 

based on the interlayer Bi-Bi interaction and revised lone pair (RLP) model.47 The novel 

oxyiodides function as visible light water oxidation photocatalyst, showing much higher 

O2 evolution activities than their chloride counterparts. Chapter 2 offers a strategy for 

shifting CBM negatively without sacrifice of visible light absorbability and photocatalytic 

activity of Sillén–Aurivillius oxyhalides. 

  In Chapter 3, the flux synthetic method, using molten salts, of Bi4NbO8Cl particles is 

developed.66 The obtained particles with nanoplate morphology are featured by a larger 

surface and higher crystal quality than those prepared via the conventional solid-state 

reaction. The flux synthesis much improves the photoconductivity and thus the 

photocatalytic activity of Bi4NbO8Cl. Chapter 3 demonstrates that the elaborated 

synthesis enables the efficient utilization of the photoexcited carriers in the oxyhalide.  

  In Chapter 4, the carrier dynamics in the Bi4NbO8Cl nanoplate is unveiled and 

successfully modified for efficient charge separation in a particle. In the pristine 

Bi4NbO8Cl, the parallel flow of the electrons and holes ends in the recombination at the 

edge of the nanoplate. Depositing Rh cocatalyst at the edges of nanoplates manipulates 
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the carrier flow of layered Bi4NbO8Cl; the intrinsic but undesirable parallel carrier flow 

is changed into the orthogonal one, resulting in spatial charge separation and a significant 

enhancement of the photocatalytic activity. Chapter 4 shows the carrier flow inside a 

Bi4NbO8Cl nanoplate can be modified via cocatalyst deposition for efficient charge 

separation. 

  In Chapter 5, the charge transfer at the interface of Bi4NbO8Cl and Rh cocatalyst is 

further improved. The chromium oxide lying between Bi4NbO8Cl and Rh acts as an 

electron transport layer, enhancing the selectivity of electron transfer from the CB of the 

photocatalyst to cocatalyst by suppressing the undesirable hole transfer, which results in 

the improved photocatalytic activity. Chapter 5 introduces the electron transport layer as 

employed in the field of solar cells to the particulate photocatalyst system for efficient 

utilization of the photoexcited carrier. 

  In Chapter 6, not only the chromium oxide shown in Chapter 5, earth abundant iron 

oxide can be applied to facilitate the charge separation in an oxychloride.67 The iron oxide 

loaded on the oxychloride photocatalyst selectively captures photoexcited electrons in the 

CBM, enhancing the charge separation in the photocatalyst. In addition, the iron oxide 

catalyzes the multi-electron reduction of IO3− on the surface of the oxychloride. Chapter 

6, in combination with Chapter 5, shows transition metal oxide loaded on the Sillén–

Aurivillius oxyhalides facilitates the charge separation in the photocatalyst by selectively 

capturing one of the photoexcited carriers. 

  These strategies developed thorough the present thesis for broadening the absorption 

range of visible-light (Chapter 1, 2) and efficient utilization of the photoexcited carrier of 

Sillén–Aurivillius oxyhalide (Chapter 3-6) paving the way of the future of the Sillén–

Aurivillius photocatalysts.  
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Lifetime Carriers for Water Splitting Photocatalysis 
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1.1. Introduction 
Iodine (I) is a key element for realizing various functionalities, such as high ionic 

conductivity and efficient photoelectric conversion.1–4 These properties frequently result 

from the “soft” characteristics of iodide ion (I−) arising from low electronegativity and 

high polarizability. The low electronegativity causes iodine-based semiconductors to 

exhibit band gaps much narrower than their chloride or bromide counterparts, as seen in 

metal halide perovskites (MHPs), including CH3NH3PbI3 (MAPbI3), 

HC(NH2)2PbI3(FAPbI3), and CsPbI3. These materials are promising photo-absorbers for 

next-generation solar cells.5,6 In these materials, the high polarizability of the Pb–I 

sublattice contributes to protecting the carriers from scattering by charged defects and 

optical phonons, thereby increasing the carrier lifetimes.2,6,7 Furthermore, smaller elastic 

moduli and lower thermal conductivities8 induce a strong phonon bottleneck effect, which 

allows a long-lived hot carrier population for photovoltaic energy conversion.9 

Despite such interesting features of iodine-based semiconductors, they have been 

rarely used for photocatalytic water splitting (involving oxygen (O2) evolution).10–12 This 

is because of the facile self-oxidation of iodide compared to water oxidation.10 The 

valance band maximum (VBM) is shifted upward due to the dominant contribution of the 

high-energy I 5p band, thereby reducing the band gap. However, the iodide ions are 

preferentially oxidized by photo-generated holes, which decomposes the photocatalyst 

itself and deactivates water oxidation.10 This problem, i.e., the tradeoff between a narrow 

band gap and photostability, is common to other photocatalysts with low-

electronegativity anions (e.g., S2−, N3−, Cl−, Br−).13–15 

Sillén–(Aurivillius) oxychlorides and oxybromides (e.g., Bi4NbO8X,16 PbBiO2X10) 

offer an effective strategy to overcome this tradeoff problem, serving as stable visible-

light water oxidation photocatalysts. Here, the VBM is dominated by an elevated O 2p 

band (vs. halogen (Cl or Br) bands), which is robust against self-oxidation by holes and 

achieves photostability, along with ensuring suitable band levels.16 The unique valence 

band structure, or the elevated O 2p band is interpreted in terms of Pb/Bi 6s electrons 

(revised lone pair (RLP) model)17,15 and Madelung site potential (MP) of oxygen.18 Their 

VBMs (typically 2.4 V vs. RHE) are more favorable than those of conventional oxides 

(3.0 V vs. RHE), but still higher than the requirement for water oxidation (1.23 V vs. 
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RHE). Some iodine-containing Sillen-based compounds, e.g., PbBiO2I,13 have higher 

VBM due to the I 5p band, which causes, as mentioned above, a self-oxidative 

deactivation by photogenerated holes.  

In the present study, we demonstrate that a Sillén–Aurivillius oxyiodide, 

Bi3Ba2Nb2O11I, has an unusually high-energy O 2p band that surpasses the I 5p band level, 

thus avoiding photoinstability and achieving more efficient water oxidation activity. The 

unexpected O-2p band location is rationalized by incorporating the high polarizability of 

iodide in the MP analysis, thus providing a new pathway to design narrow-band gap 

photocatalysts with intrinsic high stability. The high polarizability of iodide in 

Bi3Ba2Nb2O11I affect the carrier dynamics – it leads to longer carrier lifetime than the 

chloride and bromide-based counterparts. Furthermore, visible light-driven Z-scheme 

water splitting was realized for the first time in an iodine-based system using 

Bi3Ba2Nb2O11I as an oxygen-evolution photocatalyst. 

 

1.2. Experimental 

Synthesis. 

All the oxyhalides were prepared by solid-state reactions. In the case of Bi3Ba2Nb2O11X 

(X = Cl, Br, I), the Sillén-type BaBiO2X and Aurivillius-type Bi3BaNb2O9 were mixed in 

1.05 : 1 composition, heated in air (X = Cl, Br) an evacuated silica tube (X = I, and Cl for 

a certain case) at 800 °C for 20 h.19 BaBiO2X precursors were prepared by calcining a 

stoichiometric mixture of BaCO3 (FUJIFILM Wako Pure Chemical Corporation) and 

BiOX in air (X = Cl, Br) an evacuated silica tube (X = I) at 800 °C for 20 h. BiOCl was 

purchased from FUJIFILM Wako Pure Chemical Corporation, while BiOBr and BiOI 

were synthesized by a soft liquid deposition method;20 5 mmol of Bi(NO3)3·5H2O 

(FUJIFILM Wako Pure Chemical Corporation) was dispersed in 30 mL of ethanol and 

mixed with the solution of 5 mmol of KX (X = Br or I) (FUJIFILM Wako Pure Chemical 

Corporation) dissolved in 10 mL of pure water. After 5 h stirring at room temperature, the 

precipitate was collected by centrifugation, washed several times with water and ethanol, 

and finally dried in air at 60 °C. Bi3BaNb2O9 was prepared by calcinating the mixture of 

Bi2O3 (FUJIFILM Wako Pure Chemical Corporation), BaCO3 and Nb2O5 (FUJIFILM 

Wako Pure Chemical Corporation) at 1000 °C for 24 h.21 
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 SrTiO3:Rh22 was prepared by solid-state reaction. A mixture of TiO2, SrCO3 and Rh2O3 

(Ti : Sr : Rh = 1 : 1.07 : 0.01) was calcined in air at 800 °C for 1 h and subsequently at 

1000 °C for 10 h. A Ru-based cocatalyst (0.7 wt% calculated as metal) was loaded onto 

SrTiO3:Rh by photo-deposition using RuCl3·nH2O (FUJIFILM Wako Pure Chemical 

Corporation) as a precursor.23 

 

Characterization. 

Powder XRD (MiniFlex II, Rigaku, X-ray source: Cu Kα), UV−visible diffuse reflectance 

spectroscopy (V-650, JASCO), SEM-EDX (NVision 40, Carl Zeiss-SIINT) were used for 

characterization of samples. SXRD patterns were collected at the BL02B2 in SPring-8, 

Japan (λ = 0.41943 Å) and were analyzed by the Rietveld method using the RIETAN-FP 

program.24 The energy levels of each anion in the oxy-halides were determined by the 

sum of electron affinities and Madelung site potential calculated using VESTA.25 

 

Mott–Schottky Measurement. 

The sample was mixed with a small amount of water, then the obtained paste was coated 

on a fluorine-doped tin oxide (FTO) conductive substrate via a squeezing method and 

dried in air at 60 °C. The Mott−Schottky plots were recorded on an electrochemical 

analyzer (PARSTAT2263, Princeton Applied Research). Electrochemical measurements 

were performed in a three-electrode cell using a Pt wire counter-electrode, a Ag/AgCl 

reference electrode, and a phosphate-buffered solution (0.1 M, pH = 2.5–8.0) with 10 mV 

amplitude and a frequency of 1 kHz. The flat-band potentials are assumed to be CBMs 

due to the n-type nature of the samples. 

 

Time-Resolved Microwave Conductivity (TRMC) Measurement. 

The X-band microwave (∼9.1 GHz) was as the probe. The third harmonic generation 

(THG; 355 nm) of a Nd:YAG laser (Continuum Inc., Surelite II, 5−8 ns pulse duration, 

10 Hz) or visible light (440–600 nm) from an optical parametric oscillator (Continuum 

Inc., Panther) seeded by a Nd:YAG laser were used as the and excitation. The THG (4.6 

× 1015 photons cm−2 pulse−1) was used unless otherwise note. The powdered samples were 
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fixed to quartz substrates using optically clear adhesive tape (the tape does not interfere 

with any TRMC signal). The photoconductivity Δσ was calculated by the following 

formula: Δσ = ΔPr/(APr), where ΔPr, A, and Pr are the transient power change of 

microwave reflected, the sensitivity factor, and the power of microwave reflected, 

respectively. The obtained Δσ values were then converted to the product of the quantum 

yield (φ) and the sum of the charge carrier mobilities (∑μ = μ+ + μ−) by the following 

formula: φ∑μ = Δσ(eI0Flight)−1, in which e and Flight are the unit charge of a single electron 

and a correction (or filling) factor, respectively. All of the TRMC measurements were 

performed in ambient atmosphere at room temperature (25 °C). Fitting of TRMC 

transients was conducted using a stretched exponential function, α exp(–(kt) β), where α, 

k, and β are the coefficient, the rate constant, and the power factor of the exponent, 

respectively. The β was fixed at 0.20 to secure the consistency in the comparison of the 

decays. The lifetime (t) is defined by the inverse of k (t = 1/k). 

 

Density Functional Theory Calculation. 

The band structure calculation of the oxyhalides was performed within the framework of 

density functional theory (DFT) using plane-wave pseudopotential method as 

implemented in the Cambridge Serial Total Energy Package (CASTEP) code of 

BIOVIA’s Material Studio 2020.26 The interaction between the ionic core and valence 

electrons is treated with the OTFG ultra-soft pseudopotential with the scalar relativistic 

Kolling-Harmon approximation. The Perdew-Burke-Ernzerhof (PBE) function of 

generalized gradient apporoximation (GGA) was employed as exchange-correlation 

functional. An energy cut off and the Monkhorst-Pack k-point mesh of a plane wave 700 

eV and 6×6×2, respectively. The minimization algorithm of Broyden–Fletcher–Goldfarb–

Shanno (BFGS) was employed for geometry optimizations with total energy convergence 

tolerance 10–6 eV per atom. Other convergence parameters were as follows: self-

consistent field tolerance 1 × 10–5 eV per atom, maximum stress 0.05 GPa, and maximum 

ionic displacement 1 × 10–3 Å. 

Effective mass m* was calculated according to the obtained band structure. m* is defined 

by the following equation: 
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where m0 is the free electron mass, k is the reciprocal lattice vector in the direction of 

interest, and d2ε/dk2 is the curvature of band at a maximum or a minimum, respectively. 

Assuming the band around their minima/maxima to be parabolic, we estimate the 
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Photocatalytic Reaction. 

The photocatalytic reactions were performed in a gas closed-circulation system. 

Photocatalyst powders (0.1 g) were dispersed in an aqueous AgNO3 solution (8 mM, 100 

mL) in a Pyrex top-window cell. The photocatalysts were irradiated with visible light (λ 

> 400 nm) through a cutoff filter (HOYA; L42) from a 300-W Xe-arc lamp (PerkinElmer; 

Cermax- PE300BF). The quantity of the evolved gases was determined using an online 

gas chromatograph (thermal conductivity detector; molecular sieve 5 Å column packing; 

Ar carrier gas). The apparent quantum efficiency (AQE) was evaluated using a 405 nm 

monochromatic LED light source (ASAHI SPECTRA, CL-1501). 

 For hydrogen evolution reaction, Rh co-catalyst was loaded on Bi3Ba2Nb2O11X 

particles by photoreduction method using Rh(NO3)3 as metal sources. Bi3Ba2Nb2O11X 

powder (0.2 g) and metal precursors (1 wt%) were mixed in 20 vol% MeOH aqueous 

solution. For photocatalytic reaction, photocatalyst powder (0.1 g) was dispersed in an 

aqueous methanol solution (20 vol%, 100 mL), irradiated with UV and visible light (λ> 

300 nm). 

For water oxidation reaction in the presence of Fe3+ electron acceptor, ruthenium oxide 

(RuO2) was loaded as a cocatalyst (0.5 wt% calculated as). Ru(acac)3 for RuO2 deposition 

and Fe(NO3)3 for Fe3+ source were employed to exclude the possibility of anion exchange 

from I– to, for example, smaller Cl– in precursors. Small amount of sample was mixed 

with an aqueous solution containing Ru (Ⅲ) acetylacetonate (Ru(acac)3) (Sigma-Aldrich) 

followed by heating under an Ar flow at 450 °C for 30 min. 

Z-scheme water-splitting reaction was conducted using RuO2-loaded Bi3Ba2Nb2O11I, 

Ru-loaded SrTiO3:Rh (50 mg each), as H2- and O2-evolving photocatalysts, respectively. 
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They were suspended in an aqueous Fe(NO3)3 solution (2 mM, 100 mL). The solution pH 

was adjusted to ∼2.4 with diluted aqueous HNO3 solution. The suspension was irradiated 

with visible light (λ > 400 nm). 

 

Complexometric Titration of Fe2+. 

The amount of Fe2+ produced from Fe3+ reduction during the O2 evolution reaction was 

quantified as follows. After the photocatalytic reactions, the powdery sample were 

removed from the solution by filtration. The concentrations of Fe cations remaining in 

the solutions were determined from the absorption spectra of the solutions measured by 

UV−vis spectroscopy (Shimadzu, UV-1800). The reaction solution (50 µL), 2 M acetate 

buffer solution (2.1 mL) and 9.6×10–4 M TPTZ solution (0.7 mL) were mixed, then 

produced amount of Fe2+ was determined on the basis of the absorbance at 596.5 nm. 

 

 
1.3. Results and Discussion 

Photoabsorption and Band Alignment 

Bi3Ba2Nb2O11I is a double-perovskite layered Sillén–Aurivillius oxyhalide comprising 

perovskite, fluorite, and halide layers (Figure 1-1a). Photocatalytic properties of the 

oxyiodide, including its optical absorption and band structure, have remained elusive. 

Bi3Ba2Nb2O11X (X = Cl, Br, I) were synthesized based on reported literature (see X-ray 

diffraction (XRD) and scanning electron microscopy–energy dispersive X-ray 

spectroscopy (SEM-EDX)) in Figures 2 and 3).19 The oxyiodide absorbs longer 

wavelength light (Figure 1-1b), and its bandgap is determined to be approximately 2.3 eV. 

We estimated the conduction band minimum (CBM) from the flat-band potential 

determined based on a Mott–Schottky analysis (Figure 1-4). As presented in Figure 1-1c, 

the negative shift in the VBM of Bi3Ba2Nb2O11I accounts for the narrowed band gap. 

Bi3Ba2Nb2O11I possesses a much more negative VBM (+1.78 V at pH 6, which 

corresponds to +2.13 V vs. RHE based on its Nernstian response slope (Figure 1-4d)) 

than previously reported Sillén–Aurivillius oxyhalides (typically 2.4 V vs. RHE).15,10,27 
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Notably, the band positions (VBM/CBM) meet the thermodynamic requirements for both 

water reduction and oxidation (i.e., −0.35 V and +0.88 V vs. SHE at pH 6 for H+/H2 and 

O2/H2O, respectively). Note that both Bi3Ba2Nb2O11Cl and Bi3Ba2Nb2O11Br have VBMs 

similar (approximately +2.46 V vs. RHE) to other Br/Cl-based compounds. 

Figure 1-1. a, Crystal structure of Sillén–Aurivillus (n = 2) oxyhalide. b, Diffuse reflectance spectra 

and product color of Ba2Bi3Nb2O11X (X = Cl, Br or I). c, Band edge positions of Ba2Bi3Nb2O11X (X 

= Cl, Br or I) and Ba2Bi3Nb2O11Br1–xIx (x = 0.25, 0.5, and 0.75) (denotes as I_0.25, I_0.5, and I_0.75, 

respectively) estimated from Mott–Schottoky plots in 0.1 M phosphate buffer solution (pH = 6). Flat-

band potentials are considered as CBMs.  
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Figure 1-2. Rietveld refinement of SXRD pattern of Ba2Bi3Nb2O11X (X = (a) Cl, (b) Br or (c) I) using 

a proposed model with a tetragonal system (space group: P4/mmm).  

 

Figure 1-3. SEM images and SEM-EDS elemental mapping of Ba2Bi3Nb2O11X (X = Cl (a), Br (b) 

or I (c)) samples. 
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Figure 1-4. The pH dependence of the flat band potentials of Ba2Bi3Nb2O11X (X = Cl (a), Br (b) or I 

(c)) in 0.1 M phosphate buffer solution (pH = 2.5, 3.5, 6 and 8). d, The flat band potentials are 

dependent on the pH with a Nernstian gradient of 59 mV pH–1 like metal oxides. 

 

Photocatalytic Activity 

We evaluated the photocatalytic water oxidation activity under visible light in the 

presence of electron acceptors, Ag+ ions. Bi3Ba2Nb2O11I exhibited O2 evolution along 

with Ag+ reduction (Figures 5 and 6). The X-ray photoelectron spectroscopy (XPS) and 

SEM–EDX analyses confirmed that iodide ions do not elute from Bi3Ba2Nb2O11I under 

photoirradiation (Table 1-1), showing its photostability, in contrast to PbBiO2I.10 Note 

that the oxyiodide exhibited much more O2 generation than its chloride and bromide 

counterparts (Figure 1-5a), partly because it can utilize visible light with wavelength up 

to ~500 nm (Figure 1-5b). We confirmed that the surface area is not the determining factor 

for the significant water oxidation activity of the oxyiodide (Figure 1-3). Bi3Ba2Nb2O11I 
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also presented a higher H2 evolution activity than the oxychloride (Figure 1-7), reflecting 

the suitable band-edge positions for water splitting. 

Figure 1-5. a, Time course of O2 evolution over Ba2Bi3Nb2O11X (X = Cl (black), Br (blue), or I (red)) 

in AgNO3 (aq.) (8 mM) under visible light (λ > 400) irradiation. b, Wavelength dependence of 

photocatalytic activity of Ba2Bi3Nb2O11I. 

 

Figure 1-6. XRD patterns (a) and XPS spectra of Ag 3d region (b-d) of Ba2Bi3Nb2O11X (X = Cl, Br 

or I) samples after the photocatalytic water oxidation in aqueous AgNO3 solution (8 mM). e, SEM 

images and SEM-EDS elemental mapping of Ba2Bi3Nb2O11I sample after the photocatalytic reaction. 
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Table 1-1. X/Bi ratios of Ba2Bi3Nb2O11X (X = Cl, Br or I) before and after O2 evolution along with 

those after stirring in the AgNO3(aq) under dark conditions.  

 

Figure 1-7. Time courses of H2 evolution over Rh (1 wt%)-modified Ba2Bi3Nb2O11X (X = Cl or I) in 

methanol-water mixed solution (1:4, v/v) under UV-visible light irradiation (λ > 300 nm).  

We used Ba2Bi3Nb2O11I as an O2 evolution photocatalyst in Z-scheme water splitting. 

RuO2-loaded Bi3Ba2Nb2O11I achieved O2 evolution in the presence of Fe3+, which is the 

oxidant of the Fe3+/Fe2+ redox mediator, under visible-light illumination (Figure 1-8a). 

The amount of Fe2+ ions converted from Fe3+ ions by the photoexcited electrons in this 

half reaction was estimated by complexometric determination (Figure 1-8b), which was 
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exactly four times the O2 evolved, confirming the stoichiometric redox reaction (e.g., 

4Fe3+ + 2H2O →O2 + 4Fe2+ + 4H+), free from self-oxidation. Subsequently, visible-light 

water splitting using RuO2-loaded Bi3Ba2Nb2O11I (Figure 1-9) was conducted with the 

Fe3+/Fe2+ couple as the redox mediator and Ru-loaded strontium titanate doped with Rh 

cations23 (Ru/SrTiO3:Rh, Fig. 10) as the H2-evolution photocatalyst. As shown in Figure 

1-8c, H2 and O2 evolve stoichiometrically at steady rates, demonstrating Z-scheme water 

splitting using oxyiodide photocatalysts for the first time. The present apparent quantum 

yield (AQY) at 420 nm is approximately 0.1 %.

Figure 1-8. a, Time course of O2 evolution over RuO2-loaded Ba2Bi3Nb2O11I in Fe(NO3)3 (aq.) (8 mM, 

100 mL) at pH 2.4 under visible light irradiation (λ > 400 nm). b, Absorption spectra of Fe2+ after 

photocatalytic reaction, which is detected as Fe2+–2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ) complex. 

c, Time courses of H2 and O2 evolution over mixture of RuO2-loaded Ba2Bi3Nb2O11I (50 mg) and 

Ru/SrTiO3:Rh (50 mg) in FeCl3 (aq.) (2 mM, 100 mL) at pH 2.4 under visible light irradiation (λ > 

400 nm). The gas phases were evacuated after the initial 5 h operation. Note that the ratio of H2 to O2 

produced during the 20 h operation was approximately 2.1. 
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Figure 1-9. XPS spectra of Ru 3d region of Ru-species loaded Ba2Bi3Nb2O11I. This result shows that 

the valence state of Ru species loaded via impregnation method with Ru(acac)3 is similar to that of 

RuO2.  

 

Figure 1-10. XRD pattern (a) and DRS (b) of as-prepared SrTiO3:Rh. c, Schematic energy diagram 

of the Z-scheme water splitting system composed of RuO2/Ba2Bi3Nb2O11I, Ru/SrTiO3:Rh and 

Fe3+/Fe2+ redox. 
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Band Structure of Bi3Ba2Nb2O11I 

The electronic structure of Bi3Ba2Nb2O11I was obtained by density functional theory 

(DFT) calculations. The DOS shows that its VBM consists of O 2p levels (Figure 1-11a), 

with the primary contribution from the O atoms in the middle of the [BaNb2O7] perovskite 

slab (O1, O2, and O3), instead of that in the [Bi2O2] fluorite layer (O4) (Figure 1-11b). 

Specifically, the O 2p in the perovskite layer energetically lies above I 5p, despite lower 

electronegativity of iodine (vs. oxygen), which prevents self-oxidation of iodide ions in 

this oxyiodide. The obtained electronic structure differs from those of Sillén BiOI and 

PbBiO2I, whose I 5p-dominated VBMs are responsible for their negligible water 

oxidation activity10 (Figure 1-12). The difference between Bi3Ba2Nb2O11I and these Sillén 

oxyiodides appears to be related to the included perovskite layer in the former structure, 

implying that the perovskite layer is a key factor in the oxygen participation in the VBM 

and the excellent photocatalytic function.

 

Figure 1-11. a, Electronic density of state (DOS) projected for Ba2Bi3Nb2O11I. b, Site-projected DOS 

for oxygen. c, Ionic orbital energy levels of O2– at O1 site in Ba2Bi3Nb2O11X (X = Cl, Br and I) 

calculated by the sum of Madelung potential and second electron affinity of oxygen. d, The effect of 

the partial charge of I anion on the energy levels of O1 site in the Madelung potential analysis. 
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Figure 1-12. Crystal structure of Sillén oxyhalides BiOI (a) and PbBiO2I (b). Electronic density of 

state projected for BiOI (c) and PbBiO2I (d). e, Time courses of O2 evolution over BiOI and PbBiO2I 

in aqueous AgNO3 solution (8 mM) under visible-light (λ > 400) irradiation.

 

Let us discuss why the VBM of Bi3Ba2Nb2O11I is elevated compared to its chloride and 

bromide counterparts. In our previous study, the elevated VBMs of the Sillén and Sillén–

Aurivillius oxyhalides have been attributed mainly to the destabilization of the oxide 

anion in the Bi2O2 fluorite block, based on the Bi 6s lone-pair effect15,17 and the 

electrostatic effect.18,28 In contrast, the DFT result on Bi3Ba2Nb2O11I shows that the VBM 

position is governed primarily by the oxide ions in the perovskite block, rather than those 

in the fluorite block. Thus, we performed the MP analysis, focusing on O1 in the middle 

of the perovskite layer (see Figure 1-1a). However, as shown in Figure 1-11c, the ionic 

energy level of O1 site decreases from X = Cl to I due to the increased O1–X distance 

and the resultant decreased charge repulsion. This tendency is inconsistent with their 

VBM positions (Figure 1-1c), which, in turn, implies that the nonionic (highly 

polarizable) character of iodine must to be taken into consideration, since Madelung site 

potentials are entirely based on an ionic basis.  

The polarizability of the iodide anion, relative to other halide anions, has been 

addressed theoretically. For example, Bichoutskaia23 has discussed the contribution of 

polarization of iodide and electron correlations by ab initio calculations for Alkali metal 

halides (F, Cl, Br, I) in rock salt and CsCl type structures. Huang24 performed DFT 

calculations for Sillen-type BiOX (X = F, Cl, Br, I) and estimated the effective charges to 
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be −0.7 (F), −0.5 (Cl), −0.4 (Br), and −0.3 (I). Bi3Ba2Nb2O11I consists of a stacking 

sequence of [Ba0.5Bi1.5O2]+1.5–[BaNb2O7] −2–[Ba0.5Bi1.5O2]+1.5–[I]−1. However, given the 

high polarizability of iodide, let us assume here that the iodide layer possesses an effective 

valence of −1+δ. It also is natural to assume that the adjacent bismuth ions with a 

moderate electronegativity of 2.02 has a reduced charge, namely, 

[Ba0.5Bi+30.5Bi+3−δ/2O2]+1.5–δ/2. Then, the [BaNb2O7]−2 perovskite layer, which is 

sandwiched by the [Ba0.5Bi1.5O2]+1.5−δ/2 fluorite layers, should be less electrostatically 

stabilized, leading to the elevated oxygen band in the perovskite block. By changing the 

formal charge of iodide (−1+δ), we calculated the Madelung site potential at O1 site, and 

found that, as δ increases from 0 to 1, O1 is destabilized, as shown in Figure 1-11d. We 

thus conclude that the energy level of O1 is determined by the balance between the 

destabilizing effect of the ionic radius (Figure 1-11c) and the stabilizing effect of the 

polarizability (Figure 1-11d), and the latter effect is dominant in Bi3Ba2Nb2O11I. 

It should be noted that in Bi3Ba2Nb2O11X (n = 2) (Cl, Br) (Figure 1-13) and other 

oxyhalides (n = 3-5) with perovskite layers, the electronic structures by DFT show that 

the oxygen in the perovskite layer makes a substantial contribution.27,29 This means that, 

by using a perovskite layer as a base  
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 of the fluorite-type Bi2O2 layer that has been emphasized, it will be possible to control 

the band gap reasonably and extensively with other materials. 

 

Figure 1-13. Site-projected DOS for oxygens in Ba2Bi3Nb2O11X (X = Cl, Br). 

 

Carrier Lifetime in Bi3Ba2Nb2O11X 

The observation of the highest apparent quantum efficiency (AQE) of Bi3Ba2Nb2O11I at 

405 nm among the other oxyhalides (Table 1-2) suggests that the iodine introduction not 

only reduces the band gap but also affects the carrier dynamics. Again, the high 

polarizability of the iodide is at play, which is also inferred from long-life carriers in the 

iodine-based MHPs. Hence, we compared the carrier dynamics of Bi3Ba2Nb2O11X, using 

a time-resolved microwave conductivity (TRMC) method,30–32 where photoconductivity 

φ∑μ is given by the product of charge carrier photogeneration efficiency φ and sum of 

the photogenerated charge carrier mobilities ∑μ.31–33 From the decay profile of φ∑μ at 

355 nm excitation (Figure 1-14a), we extracted φ∑μmax and carrier lifetime τ (see the 

details in the Experimental section). Figure 1-14b shows that φ∑μmax is improved in 

Bi3Ba2Nb2O11I, though it includes contributions from both carrier mobility and lifetime 

owing to the problem of time resolution (~ 40 ns).34 However, Figure 1-14c clearly shows 

that the carrier lifetime τ is greatly prolonged by introducing iodine. Notably, the carrier 

lifetime of Bi3Ba2Nb2O11I is approximately 3.3 µs, which is similar in the carrier lifetime 

order of MHPs35–38 and is one-order magnitude longer than those of previously reported 

oxychlorides such as Bi4TaO8Cl.39 
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Table 1-2. AQEs at 405 nm for water oxidation over Ba2Bi3Nb2O11X (X = Cl, Br or I) and 

Ba2Bi3Nb2O11Br1–xIx (x = 0.25, 0.5, 0.75). 

 

 

Figure 1-14. a, TRMC transients of Ba2Bi3Nb2O11X (X = Cl, Br or I) and Ba2Bi3Nb2O11Br1–xIx (x = 

0.25, 0.5, 0.75) samples (λex = 355 nm, I0 = 4.6 × 1015 photons cm−2 pulse−1). Inset: a zoomed view of 

initial decays. TRMC transient maxima (φΣμmax). c, Lifetimes (τ) of signal in (a) correlation with O2 

evolution rate over Ba2Bi3Nb2O11X in AgNO3 (aq.) (striped bars). The onset wavelength of the TRMC 

signal is consistent with the absorption of Bi3Ba2Nb2O11I (Figure 1-15). 

Figure 1-15. Wavelength dependence of TRMC signal. a, Photoconductivity transients: ∆! (λex = 

440–600 nm, I0 = 5.0 × 1015 photons cm−2 pulse−1) of Ba2Bi3Nb2O11I. b, The photoconductivity 

maxima (∆!max).

 

Cl Br Ba2Bi3Nb2O11Br1–xIx I

x = 0.25 0.5 0.75

% 0.25 0.27 0.35 0.66 0.99 1.12
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To ensure the impact of the iodine introduction on the carrier dynamics and other 

properties, solid solutions of Ba2Bi3Nb2O11Br1–xIx (x = 0.25, 0.5, 0.75) were synthesized 

(Figures 16 and 17 and Table 1-3). The solid solution presents a continuous evolution; as 

x increases, the VBM level experiences a negative shift (Figure 1-1c), offering a precise 

control of the VBMs, which cannot be achieved by changing the Cl/Br ratio. Importantly, 

the TRMC investigation shows that τ gradually increases with increasing x. As a result, 

the photocatalytic activity and the AQE value also increase with increasing x (Figure 1-

14c and Table 1-2). The positive correlation between the O2 evolution activity and τ 

further supports the role of iodine in prolonging the carrier lifetime for realizing efficient 

photocatalytic reaction (Figure 1-14c). It is likely that the high polarizability of the iodide 

can protect the photoexcited carrier from recombination by screening the Coulomb 

potential, as discussed for MHPs and other materials.40–42  

 

Figure 1-16. a, XRD patterns of Ba2Bi3Nb2O11Br1–xIx (x = 0.25, 0.5, 0.75). b, Lattice parameter c vs. 

the halide ionic radii. Diffuse reflectance spectra (c), and product color (d) of Ba2Bi3Nb2O11Br1–xIx (x 

= 0.25, 0.5, 0.75).  
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Figure 1-17. SEM images and SEM-EDS elemental mapping of Ba2Bi3Nb2O11Br1–xIx (x = 0.25 (a), 

0.5 (b), 0.75 (c)).  

 

Table 1-3. X/Bi Ratios of Ba2Bi3Nb2O11Br1–xIx (x = 0.25, 0.5, 0.75) determined SEM-EDS analysis 

as shown in Figure 1-17. 

 

 

 

 

I_0.25 I_0.5 I_0.75

Br:I 3.2:1 1.3:1 1.3:3

ideal 3:1 1:1 1:3
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1.4. Conclusion 
In summary, we propose a novel approach to manipulate the band structure and carrier 

dynamics by incorporating polarizable "soft" anions into the building blocks of layered 

materials. Bi3Ba2Nb2O11I functions as an O2 evolution photocatalyst with much higher 

activity than its chloride or bromide counterparts. The highly polarizable iodide (or low 

effective valence) significantly suppresses the electrostatic stabilization of O 2p orbitals 

in perovskite layer and successfully increases the VBM. This is in stark contrast to 

conventional band control, which takes advantage of the destabilization of the 6p orbital 

of iodine (but leads to self-decomposition by photo-excited carriers). This study provides 

a different design principle based on perovskite layers instead of the previously used 

fluorite layers. The high polarizability of iodide provides not only a static effect (narrower 

gap) but also a dynamic effect, i.e., longer carrier lifetime, leading to significantly higher 

quantum efficiency compared to the Cl/Br counterparts. Visible light-driven Z-scheme 

water splitting is realized for the first time in an iodine-based system, by using 

Bi3Ba2Nb2O11I as an oxygen-evolution photocatalyst.  

Considering that most of the reported Sillén-Aurivillius-type compounds are chlorides 

and bromides,43 we can expect to develop more efficient water splitting systems by 

increasing the repertoire of iodides. It is noteworthy that Bi3Ba2Nb2O11I was prepared in 

this study by the conventional solid-state reaction method. More elaborate synthetic 

methods, such as a two-step method using a polymerized-complex reaction39 and the flux 

method30, would improve its crystallinity and enhance the carrier lifetime and 

photocatalytic activity. The new approach of the Sillen-Aurivillius system using iodine 

will be an important strategy for solar energy conversion systems using other reactions. 

The modified MP analysis considering the effective charge can be applied to the layer-

by-layer method shown previously,28 and thus is a simple tool for screening and predicting 

the band structure.  
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Chapter 2 
Tuning of Conduction Band via Inter-layer Interaction in 

Layered Perovskite Oxyiodide Photocatalysts 
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2.1. Introduction 

Interlayer interaction in 2D layered materials affect their electronic structure, changing 

electron conductivity, band gaps, and photoluminescence property.1 For example, in 

bilayer graphene, which is originally semimetal, selective adjustment of the carrier 

concentration in each layer opens the gaps between the valence band (VB) and conduction 

band (CB), which can be achieved by breaking the inversion symmetry of the two layers 

and changing the interlayer interaction.2 An electrical field applied perpendicularly to the 

sample can also be employed to tune the band gap.3 Few-layered black phosphorus (BP) 

has sizable covalent interlayer interaction, exhibiting strongly layer-dependent electronic 

structures such as the hole effective mass.4 Layer dependent bang gaps has been 

demonstrated in the transition metal dichalcogenides (TMDs),5 which has emerged as a 

new class of semiconductors attracting huge interest as next-generation transistors,6 light-

emitting diodes,7 photovoltaics,8 and catalysts.9 For example, the reduction of the layer 

number increases the band gap of MoX2 owing to the quantum confinement effect.5 

Exfoliation of MoS2 to a monolayer causes an indirect to direct bandgap transition, 

triggering the photoluminescence in the monolayer.10 The heterostructure of two different 

TMDs such as MoS2/WS2 can facilitate electron-hole separation after photoexcitation 

between each layer, holding great promise for future optoelectronic and photovoltaic 

applications.11 

In recent years, bismuth (or lead)-based oxyhalides with layered structure have 

emerged as promising photocatalysts for dye degradation,12,13 water splitting,14–16 and 

CO2 reduction.17 The bismuth/lead oxide based fluorite-like layer, [M2O2], intergrown 

with single, double or triple halide layer, [X], [X2], or [M’xX3] is the common moiety in 

their structures. The simple intergrowth phase between the fluorite layer and the halide 

layer, which is so-called Sillén phase, includes BiOCl, PbBiO2Cl, and PbBi3O4Cl3 

photocatalysts.18,19 The Sillén phases intergrow with the Aurivillius phase, of general 

formula [Bi2O2][An–1BnO3n+1], producing Sillén–Aurivillius (S–A) phases, of the general 

formula [A2O2][Xn][A2O2][A’m–1BmO3m+1].20 The Sillén–Aurivillius phase is represented 

by its simplest member Bi4NbO8Cl (i.e, n = 1, m = 1),21 a promising photocatalyst for 

visible light water splitting for clean production of hydrogen.14  

The electronic structure of the bismuth/lead-based oxyhalides characterized by 
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participation by Bi(Ⅲ) or Pb (Ⅱ) with 6s2p0 electronic configuration.22,23 The 6s2 – O 2p 

hybridization reduces O 2p localization, resulting in their valence band maxima (VBM) 

located more negative than that of the conventional oxide based photocatalysts, such as 

TiO2, SrTiO3, which affords visible light responsibility to the bismuth/lead base 

photocatalyst (e.g., Bi4NbO8Cl,14,22 Bi2YO4Cl,24 PbBiO2Cl23 and PbBi3O4Cl325). Their 

conduction band minima (CBM) mainly consists of Bi/Pb-6p orbital. Notably, the 

electronic structures where s and p orbital contribute to the VBM and CBM, respectively, 

have been reported to allow the favorable optoelectronic properties for solar-to-energy 

conversion system.26,27 This is in stark contrast to the conventional photocatalysts, where 

anion p (O-2p, S-3p, N-2p) and cation d (Ti-3d, V-3d, Nb-4d, Ta-5d, W-5d) orbitals 

mainly contribute the VBM and CBM, respectively.28 The 6s2 – O 2p hybridization not 

only shifts the VBM negatively but also enlarges the hole mobility as reported in 

PbWO4.29 It was also reported that the defect tolerance of the lead-halide perovskites 

(LHPs) is provided by the 6s2 – X-np (e.g., I-5p) hybridization.30,31 In addition, the CB 

contributed by p orbitals affords good electron conductivity owing to the low effective 

mass of the carrier provided by the spatially delocalized conduction band as compared 

the localized d orbital.26,32 From the view points of the chemistry of ns2np0 cation,26,27 the 

bismuth/lead based semiconductors are promising candidates for efficient solar-to energy 

conversion. 

  In the present study, we demonstrate that the interlayer interaction of the bismuth-based 

layer in S–A compounds can shift the CBM position negatively. Although the negative 

shift of CBM of the bismuth based layered oxychloride has been achieved by changing 

the intralayer interaction of Bi and O, this negative shift is accompanied by the breaking 

the Bi–O bonds, the decreasing photoconductivity, and the widening the band bap, where 

the photocatalytic activity is significantly deteriorated.33 Strategies for shifting CBM 

negatively without sacrifice of visible light absorbability and photocatalytic activity have 

not been established yet. 

Recently, we have revealed that iodine introduced in S–A with double perovskite layer 

(n = 2), Bi3Ba2Nb2O11X, electronically destabilizes the oxygen in the perovskite layer, 

providing the negatively shifted VBM of the oxy-iodide as compared to its chloride and 

bromide counterparsts.34 Therefore, the oxy-iodide has a narrower band gap and a much 
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higher photocatalytic water oxidation activity under visible light than its chloride and 

bromide counterparts, while the chloride and the bromide have almost same band gaps 

and photocatalytic activities. Notably, the iodine introduction to this compound having 

double perovskite layer (n = 2) exerts little influence on the CBM position.34 

S–A oxyhalides have many structural variety other than the double perovskite layer (n 

= 2) type.20 However, most of the synthetic reports are for the chlorides, and there are few 

reports on synthesis of oxy-iodides.35,36 In the present study, we synthesize three novel 

layered perovskite oxy-iodides, Bi4NbO8I, Bi5BaTi3O14I and Bi6NbWO14I (Figure 2-1a-

c) via replacing chloride by iodide in various S–A oxyhalides besides n = 2. In contrast 

to the case with n = 2, their CBMs, as well as VBMs, are negatively shifted as compared 

to the chloride counterparts. The negative shifts of both band edge positions via replacing 

the chloride by iodide are not accompanied by widening the band gaps, which allows the 

negative shift of CBM without sacrifice of visible light responsibility. We discuss the 

origin of the CBM shift by iodine introduction, focusing on the interlayer Bi-Bi 

interaction and revised lone pair (RLP) model.26 In addition, they function as visible light 

water oxidation photocatalyst, showing much higher O2 evolution activities than their 

chloride counterparts. 

 
2.2. Experimental 

Synthesis 

All the oxyhalides were prepared by prepared by solid-state reactions. In the case of 

Bi3Ba2Nb2O11X (X = Cl, Br, I), the Sillén-type BaBiO2X and Aurivillius-type 

Bi3BaNb2O9 were mixed in 1.05 : 1 composition, heated in air (X = Cl, Br) an evacuated 

silica tube (X = I, and Cl for a certain case) at 800 °C for 20h.36 BaBiO2X precursors were 

prepared by calcining a stoichiometric mixture of BaCO3 (FUJIFILM Wako Pure 

Chemical Corporation) and BiOX in air (X = Cl, Br) an evacuated silica tube (X = I) at 

800 °C for 20h. BiOCl was purchased from FUJIFILM Wako Pure Chemical Corporation, 

while BiOBr and BiOI were synthesized by a soft liquid deposition method;37 5 mmol of 

Bi(NO3)3·5H2O (FUJIFILM Wako Pure Chemical Corporation) was dispersed in 30 mL 

of ethanol and mixed with the solution of 5 mmol of KX (X = Br or I) (FUJIFILM Wako 

Pure Chemical Corporation) dissolved in 10 mL of pure water. After 5 h stirring at room 
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temperature, the precipitate was collected by centrifugation, washed several times with 

water and ethanol, and finally dried in air at 60 °C. Bi3BaNb2O9 was prepared by 

calcinating the mixture of Bi2O3 (FUJIFILM Wako Pure Chemical Corporation), BaCO3 

and Nb2O5 (FUJIFILM Wako Pure Chemical Corporation) at 1000 °C for 24h.38 

Bi3BaMNb2O11X (M = Sr, Ca, X = Cl, I) were also prepared via similar procedures, where 

Bi3MNb2O9 (M = Sr, Ca) were used as precursors. SrCO3 (FUJIFILM Wako Pure 

Chemical Corporation) or CaCO3 (FUJIFILM Wako Pure Chemical Corporation) was 

used instead of BaCO3. The mixture of BaBiO2X (X = Cl, I) and Bi3MNb2O9 were 

calcinated in an evacuated silica tube at 800 °C (M = Sr), or 850 °C (M = Ca) for 20h. 

 Bi4NbO8X (X = Cl, I) were synthesized by solid-state reaction of BiNbO7 and BiOX 

(X = Cl, I). These precursors were thoroughly mixed with a molar ratio of 1 : 1.05, heated 

in an evaluated silica tube at 700 °C for 10h. BiNbO7 precursor was prepared by 

calcinating the mixture of Bi2O3 and Nb2O5 at 800°C for 5h. Bi5BaTi3O14I were 

synthesized by calcination of Bi2O3, TiO2 (FUJIFILM Wako Pure Chemical Corporation), 

and BaBiO2X (10 mol% excess) in an evaluated silica tube at 850 °C for 20h. 

Bi6NbWO14X (X = Cl, I) were prepared by calcinating the mixture of Bi2O3, Nb2O5, WO3 

(Kojundo Chemicals) and BiOX (5 mol% excess) in an evaluated silica tube at 800 °C 

for 20h.  

SrTiO3:Rh39 was prepared by solid-state reaction. A mixture of TiO2, SrCO3 and Rh2O3 

(Ti : Sr : Rh = 1 : 1.07 : 0.01) was calcined in air at 800 °C for 1 h and subsequently at 

1000 °C for 10 h. A Ru-based cocatalyst (0.7 wt% calculated as metal) was loaded onto 

SrTiO3:Rh by photo-deposition using RuCl3·nH2O (FUJIFILM Wako Pure Chemical 

Corporation) as a precursor.40 

 

Density Functional Theory Calculation 
The band structure calculation of the oxyhalides was performed within the framework of 

density functional theory (DFT) using plane-wave pseudopotential method as 

implemented in the Cambridge Serial Total Energy Package (CASTEP) code of 

BIOVIA’s Material Studio 2020.41 The interaction between the ionic core and valence 

electrons is treated with the OTFG ultra-soft pseudopotential with the scalar relativistic 

Kolling-Harmon approximation. The Perdew-Burke-Ernzerhof (PBE) function of 
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generalized gradient apporoximation (GGA) was employed as exchange-correlation 

functional. An energy cut off and the Monkhorst-Pack k-point mesh of a plane wave basis 

set were as follows; 700 eV 6×6×2 for Bi3Ba2Nb2O11X, 700 eV 6×6×2 for Bi4NbO8I, 700 

eV 3×3×2 for Bi5BaTi3O14I, 700 eV 6×2×6 for Bi6NbWO14I. The minimization algorithm 

of Broyden–Fletcher–Goldfarb–Shanno (BFGS) was employed for geometry 

optimizations with total energy convergence tolerance 10–6 eV per atom. Other 

convergence parameters were as follows: self-consistent field tolerance 1 × 10–5 eV per 

atom, maximum stress 0.05 GPa, and maximum ionic displacement 1 × 10–3 Å.  

 

Characterization 
Powder XRD (MiniFlex II, Rigaku, X-ray source: Cu Kα), UV−visible diffuse reflectance 

spectroscopy (V-650, JASCO), SEM-EDX (NVision 40, Carl Zeiss-SIINT) were used for 

characterization of samples. High-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) and annular bright-field scanning transmission 

electron microscopy (ABF-STEM) images were collected using a JEM-ARM200CF 

(JEOL Ltd., Tokyo, Japan) operating at an accelerating voltage of 200 kV and equipped 

with a cold field emission gun and a Cs corrector in order to observe atomic columns of 

Bi4NbO8Cl. Elemental analysis was carried out using JEM-ARM200CF equipped with 

energy dispersive X-ray spectroscopy (EDX). Samples were prepared by grinding the 

material and depositing a few drops of the suspension onto a holey copper grid covered 

with a thin carbon film. SXRD patterns were collected at the BL02B2 in SPring-8, Japan 

(λ = 0.419432 Å) and were analyzed by the Rietveld method using the RIETAN-FP 

program.42 

 

Mott–Schottky measurement 
The sample was mixed with a small amount of water, then the obtained paste was coated 

on a fluorine-doped tin oxide (FTO) conductive substrate via a squeezing method and 

dried in air at 60 °C. The Mott−Schottky plots were recorded on an electrochemical 

analyzer (PARSTAT2263, Princeton Applied Research). Electrochemical measurements 

were performed in a three-electrode cell using a Pt wire counter-electrode, a Ag/AgCl 

reference electrode, and a phosphate-buffered solution (0.1 M, pH = 2.5–8.0) with 10 mV 
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amplitude and a frequency of 1 kHz.  

   

Photocatalytic reaction 
The photocatalytic reactions were performed in a gas closed-circulation system. 

Photocatalyst powders (0.1 g) were dispersed in an aqueous AgNO3 solution (8 mM, 100 

mL) in a Pyrex top-window cell. The photocatalysts were irradiated with visible light (λ 

> 400 nm) through a cutoff filter (HOYA; L42) from a 300-W Xe-arc lamp (PerkinElmer; 

Cermax- PE300BF). The quantity of the evolved gases was determined using an online 

gas chromatograph (thermal conductivity detector; molecular sieve 5 Å column packing; 

Ar carrier gas). The apparent quantum efficiency (AQE) was evaluated using a 405 nm 

monochromatic LED light source (ASAHI SPECTRA, CL-1501). 

For water oxidation reaction in the presence of Fe3+ electron acceptor, ruthenium oxide 

(RuO2) was loaded as a cocatalyst. Small amount of sample was mixed with an aqueous 

solution containing Ru (Ⅲ) acetylacetonate (Ru(acac)3) (Sigma-Aldrich) followed by 

heating under an Ar flow at 450 °C for 30 min. 

Z-scheme water-splitting reaction was conducted using RuO2-loaded Bi6NbWO14I 

(0.05 g), Ru-loaded SrTiO3:Rh (0.05 g), as H2- and O2-evolving photocatalysts, 

respectively. They were suspended in an aqueous Fe(NO3)3 solution (2 mM, 100 mL). 

The solution pH was adjusted to ∼2.4 with diluted aqueous HNO3 solution. The 

suspension was irradiated with visible light (λ > 400 nm).  

 

Complexometric titration of Fe2+ 
The amount of Fe2+ produced from Fe3+ reduction during the O2 evolution reaction was 

quantified as follows. After the photocatalytic reactions, the powdery sample were 

removed from the solution by filtration. The concentrations of Fe cations remaining in 

the solutions were determined from the absorption spectra of the solutions measured by 

UV−vis spectroscopy (Shimadzu, UV-1800). The reaction solution (50 µL), 2 M acetate 

buffer solution (2.1 mL) and 9.6×10–4 M TPTZ solution (0.7 mL) were mixed, then 

produced amount of Fe2+ was determined on the basis of the absorbance at 596.5 nm.  
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2.3. Results and Discussion 

Syntheses of the Novel Oxyiodides 
We synthesized the S–A type layered perovskite oxyiodides with single perovskite layer 

(n = 1); Bi4NbO8I (Figure 2-1a), triple perovskite layer (n = 3); Bi5BaTi3O14I (Figure 2-

1c), and different staking pattern with Sillén–Aurivillius–Aurivillius (S–2A); 

Bi6NbWO14I (Figure 2-1d). Their chloride counterparts function as water oxidation 

photocatalyst under visible light,14,16,43,44 whereas the syntheses and, of course, the 

photocatalytic properties of these iodides have remained uninvestigated.

 

Figure 2-2a shows synchrotron powder X-ray diffraction (SXRD) pattern of Bi4NbO8I. 

Rietveld refinement was carried out in combination with neutron powder diffraction 

(NPD; Figure 2-3), testifying successful synthesis of the targeted material. Note that, 

Bi4NbO8I has been considered to be difficult to synthesis due to the lattice mismatch 

between the perovskite [NbO4] layer and fluorite [Bi2O2] layer.35 To tackle this problem, 

we employed an oxygen-deficient fluorite type Bi3NbO745 as a precursor of Nb species 

(Figure 2-4), whereas the previous attempt did a “rigid” oxide already containing 

perovskite layer such as BiNbO4.35 The present result on Bi4NbO8I synthesis indicates 

that, not only the lattice matching, but also the choice of the precursor materials affects 

Figure 2-1. Crystal Structure of Sillén-Aurivillus oxyhalides (a) Bi4NbO8X (n = 1), (b) 

Bi3Ba2Nb2O11X, (c) Bi5BaTi3O14X (n = 3) (b) and (d) Sillén-Aurivillus-related oxyhalide 

Bi6NbWO14X. 
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the success or failure of the synthesis of the targeted layered structures. We also 

successfully synthesized Bi5BaTi3O14I (n = 3) and Bi6NbWO14I (Figure 2-5: XRD 

patterns). HAADF-STEM images recorded parallel to the layers, along with the 

STEM/EDX line scan analysis and elemental maps (Figure 2-2b-d, Figure 2-6–8), are 

consistent with each crystal structures obtained from the XRD analysis. SEM-EDX 

mappings of these oxyhalides, showing the uniform distribution of the constitute elements 
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at a stoichiometric elemental ratio, further confirm successful formation of these products 

(Figure 2-9).

Figure 2-2. a, Rietveld refinement of SXRD pattern of prepared Bi4NbO8I. h-j, HAADF-STEM 

image, atomic resolution STEM-EDX elemental maps for Bi4NbO8I (h) along the [100]t direction, 

Bi5BaTi3O14I (i) along the [110]t direction, Bi6NbWO14I (j) along the [110]t direction. 



 56 

 

Figure 2-3. Final Rietveld plot for Bi4NbO8I using the NPD pattern collected at room temperature; 

Rp = 0.0754, Rwp = 0.0966, RB = 0.0713, RF = 0.0310, χ2 = 1.171. 

Figure 2-4. (a) XRD pattern and (b) Crystal structure of Bi3NbO7. 

Figure 2-5. Rietveld refinement of SXRD pattern of prepared (a) Bi5BaTi3O14X (n = 3) and (b) 

Bi6NbWO14X. 
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Figure 2-6. a,b, HAADF (a) and ABF (b) STEM images for Bi4NbO8I particle. b, Close-up HAADF 

and blue ABF images together with the corresponding Bi4NbO8I crystal structure. d-h, STEM-EDX 

atomic resolution elemental maps of the regions shown in d for Bi (e), Nb (f), O (g), I (h). 

Figure7. a,b, HAADF (a) and ABF (b) STEM images for Bi5BaTi3O14I particle. b, Close-up HAADF 

and blue ABF images together with the corresponding Bi5BaTi3O14I crystal structure. d-h, STEM-EDX 

atomic resolution elemental maps of the regions shown in d for Bi (e), Ba (f), Ti (g), O (h), I (i). 



 58 
 

Figure 2-8. a,b, HAADF (a) and ABF (b) STEM images for Bi6NbWO14I particle. b, Close-up 

HAADF and blue ABF images together with the corresponding Bi6NbWO14I crystal structure. d-

h, STEM-EDX atomic resolution elemental maps of the regions shown in d for Bi (e), Nb (f), W 

(g), O (h), I (i). 

Figure 2-9. SEM images and SEM-EDS elemental mapping of of Bi4NbO8I, Bi5BaTi3O14I and 

Bi6NbWO14I along with elemental molar ratios determined SEM-EDS analysis. 
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Band Gaps and Positions 
These oxyiodides absorb photons of longer wavelength and thus have narrower band gaps 

than the corresponding chloride counterparts (Figure 2-10a). In addition to the above three 

oxyioides, BaMBi3Nb2O11I (M = Ba, Sr, Ca) with double perovskite layer (n = 2) were 

also synthesized (Figure 2-11). While the n = 2 with M = Ba was reported as an active 

photocatalyst in our previous study,34 the optical properties of its Sr and Ca substitutes 

have not investigated yet despite there being a synthetic report.36 Figure 2-10b 

summarizes the band edge positions of these oxyiodides and the corresponding 

oxychloride, where VBMs of all the oxyiodides are negatively shifted as compared to the 

chloride counterparts. The VBMs of these oxyiodides are mainly composed of oxygen in 

the perovskite layers (Figure 2-12). As discussed in the previous report for n = 2, the high 

polarizability of iodine may energetically destabilize the oxygen in the perovskite layer, 

contributing to the negatively shifted VBM (Figure 2-13).

Figure 2-10. Absorption spectra (a) and band edge positions (b) of the series of oxychlorides and 
oxyiodides: Bi4NbO8X, BaMBi3Nb2O11X (M = Sr, Ca), Bi5BaTi3O14X and Bi6NbWO14X. 
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Figure 2-11. XRD patterns of Bi4NbO8X, BaMBi3Nb2O11X (M = Ca, Sr, Ba), Bi5BaTi3O14X and 

Bi6NbWO14X. As for Bi5BaTi3O14I and Bi6NbWO14I, the simulated diffraction patterns, with 

space group same as reported oxychloride (P2an and Fmmm, respectively) and  lattice 

parameters determined by Le bail refinement, were shown. 
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Figure 2-12. a-b, Crystal Structure and (d-f) electronic density of (a,d) Bi4NbO8I, (b,e) 

Bi5BaTi3O14I and (c,f) Bi6NbWO14I. 
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A notable difference from the case of n = 2 is the change of the CBM positions 

accompanied by replacing the chloride by iodide. While, in the case of n = 2, the iodine 

introduction exert little influence on the CBM position,34 the other oxyiodides (Bi4NbO8I, 

Bi5BaTi3O14I, and Bi6NbWO14I) have about 0.14~0.16 eV negatively shifted CBMs as 

compared its chloride counterparts (Figure 2-10b). Namely, both CBM and VBM are 

shifted by iodine introduction in the same direction, which enables negative CBM shift 

without sacrifice of the photo-absorption. 

  To elucidate the origin of the CBM shift accompanied by iodine introduction, we 

focused on the orbital interactions in the [M2O2] fluorite layer which mainly contributing 

to the CBMs of S–A compounds.22,46 The characteristic structure of the fluorite like 

[M2O2] layer, where all four coordinated oxygen atoms are found on one side of M, is 

Figure 2-13. a, Crystal Structure of Bi4NbO8I. b, Ionic orbital energy levels of O2– at O site in Bi4NbO8I 

(a) calculated by the sum of Madelung potential and second electron affinity of oxygen. d, The effect 

of the partial charge of I anion on the energy levels of O1 site in the Madelung potential analysis. 
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common in compounds containing post-transition metals with ns2 electronic 

configuration, such as Sn2+, Pb2+ and Bi3+, providing unique orbital interaction and band 

structures as intensively studied in various fields such as solar-to-energy conversion.26 

The key orbital interaction is the intra-layer interaction between metal-ns, -np orbitals and 

anion orbitals, according to the RLP model proposed by Walsh et al..26 In addition to the 

intra-layer interaction, the inter-layer interaction between two ns2 metals should be 

considered as Umezawa et al. demonstrated for the electronic structure of SnO.47 Based 

on these reports, and by adding some modification, we can explain the origin of the CBM 

shift accompanied by iodine introduction. 

  Let us start with the intra-layer interaction between Bi and O in O-Bi-O block based 

on the RLP model. As illustrated in Figure 2-14a, Bi-6s orbital interacts with O-sp3 orbital 

to form the bonding and antibonding states.26 The latter is further interact with Bi-6p 

orbital (6pz in this case) to form (Antibonding + pz) and (Antibonding + pz)* state, while 

Bi-6px, py have non-bonding characters. Although most studies have focused on the 

(Antibonding + pz) state because their interests are mainly in the VBM (occupied 

state),14,22,26 the (Antibonding + pz)* state should be taken in to account to discuss about 

the CBM. Note that the (Antibonding + pz)* state should not be energetically far from the 

non-bonding Bi-6px, 6py, because antibonding-nature of this state may be not so strong 

(Figure 2-14a). 

  Next, the inter-layer Bi-Bi interaction is considered for the conduction “band” 

formation.48 Umezawa et al. showed that the CBM of the SnO is formed by the inter-

layer Sn-Sn interaction.47 The inter-layer Bi–Bi distance in the present materials (e.g., 3.9 

Å in Bi4NbO8Cl)21,49 is comparable to the Sn–Sn distance in SnO (3.8 Å),47 which 

suggests that the inter-layer interaction should be considered also in the present case. In 

SnO, only the px–px (py–py) interaction between Sn2+ ions in different layers was 

discussed, because the pz orbitals in SnO are not facing each other and their orbital overlap 

is small. On the other hand, in the present S–A compounds, the pz–pz interaction may be 

stronger than the px–px (py–py) because pz orbitals of Bi in the different fluorite layers are 

facing each other. In other words, as shown in Figure 2-14b, the band width of the 

(Antibonding + pz)* state may be wider than the px (py) state. Note that the stronger the 

Bi-Bi interaction is, the wider the (Antibonding + pz)* is (Figure 2-14b). Therefore, 
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although the px (py) state is energetically lower than the (Antibonding + pz)* state without 

consideration of “band-width”, the lower part of the unoccupied band can be contributed 

by the (Antibonding + pz)* band if it has a wide band-width to overwhelm the px (py) band 

(the right part of Figure 2-14b). In other words, the CBM composition depends on the 

strength of the Bi–Bi interaction; with weak interaction, the px (py) state forms the CBM, 

while, with strong interaction, the (Antibonding + pz)* state does.

 

The difference of CBM composition can explain whether the CBM is shifted or not by 

the iodine introduction. The replacement of Cl in a S–A compound by I increases the Bi–

Bi distance, narrowing the band width of the (Antibonding + pz)* band. Therefore, when 

the CBM of an oxy-chloride is composed of the (Antibonding + pz)* band (the right side 

in Figure 2-14b), the iodine introduction will shift the CBM negatively by narrowing the 

band width. On the contrary, when the px (py) band contributed to the CBM of an oxy-

chloride (the middle or left side in Figure 2-14b), the iodine introduction will not strongly 

influence on the CBM position. As shown in Figure 2-15, the CBM of the n = 1 mainly 

comprises pz (Figure 2-15a). In addition, the density of state (DOS) that reveals the 

apparent participation of the antibonding state (Bi-6s and O orbital) to the CBM of the n 

= 1 (Figure 2-16), suggesting that the CBM is mainly composed of the (Antibonding + 

pz)* band and therefore the CBM of n = 1 is negatively shifted by iodine introduction. On 

the other hand, for n = 2, x, y components of Bi-orbital apparently contribute to the CBM 

Figure 2-14. Formation of the conduction band of the S–A compounds via the (a) intra- and (b) inter- 

layer interaction. 
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(Figure 2-15c). These results suggest that the difference of the CBM component 

determines whether the CBM is shifted or not by the iodine introduction. 

 

 
 

Figure 2-15. Orbital distribution of the lower parts of the conduction band of (a, b) Bi4NbO8X (X = (a) 

Cl, (b) I) and (c, d,) Bi3Ba2Nb2O11X (X = (c) Cl, (d) I) estimated by DFT calculation. 

Figure 2-16. Density of state (DOS) around the CBM of Bi4NbO8Cl and Bi3Ba2Nb2O11Cl. 
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The different composition of the CBM between the n = 1 and 2 may be associated with 

the inter-layer Bi–Bi distance in these chlorides. The n = 2 has the longer Bi–Bi distance 

than the n = 1, 3 and S–2A chlorides (Table 2-1). As shown in Figure 2-17, shortening 

Bi–Bi distance of the n = 2 chloride in DFT calculation with the strain-induced crystal 

structure increases Bi-pz component contributing to the CBM as in the n = 1. Therefore, 

the pz–pz interaction in the n = 2 chloride having a long Bi–Bi distance may be relatively 

week, and thus the band width of the (Antibonding + pz)* is narrow therein, which results 

in the CBM contributed by px (py) component. 

  These results demonstrated that Bi–Bi distance controls the band width and the position 

of CBM of the S–A oxyhalides. It was theoretically reported that inter-layer Sn–Sn 

interaction determine the band gap of SnO, where the band-gap engineering can be 

realized by adjusting the number of the layers.47 However, the CBM negative shift with 

this strategy is accompanied by widening the band gap because decreasing the Sn–Sn 

interaction narrows the band width of not only CBM but also VBM comprising 

(Antibonding + Sn–p) state. On the other hand, in the present S–A materials having 

unique electronic structures, the CBM is composed of the fluorite layer whereas the VBM 

is composed of the perovskite layer. The present study demonstrated that their positions 

are dominated by different factors; the former is affected by the interlayer Bi–Bi distance 

while the latter by the energetic stability of the oxygen in the perovskite layer. The iodine 

introduction exerts influence on the electronic structure of CB and VB thorough different 

mechanism, which enables the negative shift of both the CBM and VBM positions 

simultaneously and thus the CBM negative sift without the sacrifice of the photo-

absorption.

 

Table 2-1. Interlayer Bi–Bi distance (Å) in each compound 

 Bi4NbO8Cl Bi3Ba2Nb2O11Cl Bi5BaTi3O14Cl Bi6NbWO14Cl 

Cl 3.895 3.934 3.8897 3.88566 

I 4.621 4.566 4.62076 4.689 
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Photocatalytic Activity 
Table 2-2 summarizes the photocatalytic water oxidation activities of each sample under 

visible light in the presence of electron acceptors, Ag+ ions. All the oxyiodides show O2 

evolution, functioning as water oxidation photocatalysts, which is in stark contrast to the 

case of negative shift of CBM by breaking Bi-O bonds, which results in the lost 

photocatalytic activity. Notably, the photocatalytic activity of each oxyiodide is superior 

to that of their oxychloride counterpart. 

 

Table 2-2. The photocatalytic water oxidation activities of each sample under visible light in the 

presence of electron acceptors, Ag+ ions.a 

no. compound Initial rate of O2 evolution / µmol h–1 

I Cl 

1 Bi4NbO8X (n = 1) 41.5 4.8 

2 Ba2Bi3Nb2O11X (n =2) 37.6 4.7 

3 BaSrBi3Nb2O11X 62.0 7.7 

4 BaCaBi3Nb2O11X 32.3 6.2 

5 Bi5BaTi3O14X (n = 3) 24.2 4.3 

6 Bi6NbWO14X 89.6 13.8 

aReaction condition: photocatalyst (0.1 g) dispersed in aqueous AgNO3 solution (8 mM, 100 mL), light 

source: Xe lamp (300 W) fitted with L42 cutoff filter for visible-light irradiation (λ > 400 nm). 

 

Figure 2-17. The effect of the decreased c lattice of the unit cell of the Bi3Ba2Nb2O11Cl on the CBM 
distribution estimated by DFT calculation. 
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We used Bi6NbWO14I showing the highest photocatalytic activity as an O2 evolution 

photocatalyst in Z-scheme water splitting. RuO2-loaded Bi6NbWO14I achieved O2 

evolution in the presence of Fe3+, which is the oxidant of the Fe3+/Fe2+ redox mediator, 

under visible-light illumination (Figure 2-18a). The amount of Fe2+ ions converted from 

Fe3+ ions by the photoexcited electrons in this half reaction was estimated by 

complexometric determination (Figure 2-18b), which was exactly four times the O2 

evolved, confirming the stoichiometric redox reaction (e.g., 4Fe3+ + 2H2O →O2 + 4Fe2+ 

+ 4H+). Subsequently, visible-light water splitting using RuO2-loaded Bi6NbWO14I was 

conducted with the Fe3+/Fe2+ couple as the redox mediator and Ru-loaded strontium 

titanate doped with Rh cations40 (Ru/SrTiO3:Rh) as the H2-evolution photocatalyst. As 

shown in Figure 2-18c, H2 and O2 evolve stoichiometrically at steady rates, demonstrating 

Z-scheme water splitting. 

Figure 2-18. a, Time courses of O2 evolution over RuO2-loaded Bi6NbWO14I sample in an aqueous 

Fe(NO3)3 solution (8 mM, 100 mL) at pH 2.4 under visible light irradiation (λ > 400 nm). b, 

Absorption spectra of Fe2+ after the photocatalytic reaction of Fig. 3a detected as Fe2+-2,4,6-tris(2-

pyridyl)-1,3,5-triazine (TPTZ) complex complex. c, Time courses of H2 and O2 evolution over a 

mixture of RuO2-loaded Bi6NbWO14I and Ru/SrTiO3:Rh (50 mg each) in FeCl3 aqueous solution (2 

mM, 100 mL) at pH 2.4 under visible light irradiation (λ > 400 nm). 
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2.4. Conclusion 

Three novel S–A oxyiodides was successfully synthesized. While the replacement of the 

chloride by iodide in S-A compound with n = 2 exerts little influence on the position of 

the CBM, the replacement by iodide negatively shift the CBM of n = 1, 3 and S–S–A, 

where the Bi–Bi interlayer interaction plays an important role. All the novel S–A 

oxyiodides show photocatalytic O2 evolution activity much higher that their oxy chloride 

counterparts. The present study demonstrated the negative shift of the CBM by 

introducing iodine and changing the inter-layer interaction without sacrifice of the phot-

absorptivity, and photocatalytic activity, which cannot be achieved via the previous 

strategy using the intra-layer interaction.33 Further modification of the charge of each 

layer and making solid-solutions of Cl and I will control the Bi–Bi interlayer interaction, 

enabling fine tuning of the band positions. The present strategy using the interlayer 

interaction will offer a new insight into the controlling the optoelectronic property of 

ns2np0 semiconductors. 
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Chapter 3 
Flux Synthesis of Layered Oxyhalide Bi4NbO8Cl Photocatalyst 

for Efficient Z‐Scheme Water Splitting Under Visible Light  
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3.1. Introduction 
Photocatalytic water splitting employing semiconductor materials is of great attractive 

because of the potential for clean H2 production by harvesting abundant solar light.1–6 The 

efficient utilization of visible light, which constitutes approximately half of the incident 

light of the solar spectrum, is indispensable for achieving a high efficiency in terms of 

solar to hydrogen conversion. Hence, various narrow bandgap semiconductors have been 

widely studied as potential candidates for visible-light responsible photocatalysts, which 

are subsequently applied to the conventional one-step or the two-step (i.e., Z-scheme) 

water splitting systems.3,4,7–13 We have reported stable and efficient water oxidation by a 

layered Sillén−Aurivillius-type oxychloride Bi4NbO8Cl under visible light. The stable Z-

scheme water splitting was also demonstrated when combined with a H2-evolving 

photocatalyst via an Fe3+/Fe2+ shuttle redox.14 Subsequently, a series of isostructural 

Bi4MO8X (M = Nb, Ta; X = Cl, Br)15 are also found to function as stable photocatalysts 

for visible light O2 evolution.16 The valence band maxima (VBMs) in Bi4MO8X consist 

primarily of O-2p orbitals, instead of Cl-3p or Br-4p orbitals, with much more negative 

potential than those of typical oxides or oxychlorides.16,17 These features allow visible-

light responsibility and high photostability, while maintaining sufficiently negative 

conduction band minimums (CBMs) even for water reduction.16 

A following synthetic study on Bi4MO8X via solid-state reaction (SSR) revealed that 

the photocatalytic activity of Bi4MO8X particles is significantly affected by both the 

calcination temperature and the amount of halogen precursors.18 When the stoichiometric 

precursors were heated at higher temperatures, the crystallite sizes of Bi4MO8X decreased 

with the production of cleavages along the in-plane direction. In addition, higher 

temperature treatment led to the volatilization of halogen species, creating halogen 

defects that can act as recombination centers of photogenerated carriers and consequently 

lower the photocatalytic activity. Hence, adding excess amount of the precursor BiOX 

considerably improved the photocatalytic activities of Bi4MO8X, possibly due to the 

reduced halogen defects.18 

Given the above, the flux synthesis with molten salts containing the halogen anions 

seems an effective strategy to improve the activity of such oxyhalide photocatalysts. The 

molten salts are expected to serve as a halogen source minimizing unfavorable halogen 
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defects, not only working as a flux that provides high crystallinity with well-defined 

surfaces and thereby improving the activity as proven on some metal oxide and oxynitride 

photocatalysts.19–21 An improved photocatalytic activity of Bi4TaO8Cl was recently 

demonstrated by employing the KCl/NaCl molten salt as a flux at 700 °C.22 It is however 

unfortunate that neither the influence of the preparation conditions nor the origin of the 

improved activity were presented. 

Here, we report the synthesis of Bi4NbO8Cl via a liquid-state flux method in air using 

three different molten salts: KCl, CsCl, and the eutectic mixture of CsCl/NaCl, under a 

range of calcination conditions, to systematically investigate their influence on the 

physicochemical properties of the obtained Bi4NbO8Cl particles and the resultant 

photocatalytic activity. Time-resolved microwave conductivity (TRMC) was utilized to 

reveal the relation between the synthesis procedure and the charge dynamics in the 

Bi4NbO8Cl photocatalyst, as well as the role of cocatalysts for enhancing the activity. 

Improved efficiency of the Z-scheme water splitting into H2 and O2 under visible light is 

achieved for optimized Bi4NbO8Cl photocatalyst coupled with Ru-loaded SrTiO3:Rh as 

a H2-evolving photocatalyst and an Fe3+/Fe2+ electron mediator. 
 

3.2. Experimental 
Sample Preparation 

Bi4NbO8Cl samples were prepared by a flux method using Bi2O3 (Wako Pure Chemicals 

Industries, Ltd., 99.99%), BiOCl (Wako Pure Chemicals Industries, Ltd., 99.5%), and 

Nb2O5 (Wako Pure Chemicals Industries, Ltd., 99.9%) as raw materials. A molten salt of 

an alkali metal chloride (KCl (Wako Pure Chemicals Industries, Ltd., 99.5%), CsCl 

(Wako Pure Chemicals Industries, Ltd., 99.0%)), or the eutectic mixture (65:35) of CsCl 

and NaCl (Wako Pure Chemicals Industries, Ltd., 99.5%) (CsCl/NaCl) was used as a flux. 

The flux was mixed with Bi2O3, BiOCl, and Nb2O5 at the stoichiometric molar ratio for 

Bi4NbO8Cl (3:2:1), at a solute concentration (Bi4NbO8Cl/ (Bi4NbO8Cl + flux)) of 5 mol% 

(0.5 and 1 mol% for CsCl/NaCl). The total mass was set as 25 g. The mixture was placed 

in an alumina crucible with a capacity of 30 cm3, heated to a setting temperature (600–

800 °C) at a heating rate of 50 °C h−1, and held at the temperature for 10 h. After natural 

cooling, the product was thoroughly washed with deionized water and finally collected 

by filtration. The obtained powder samples were dried at room temperature. For the 
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reaction with the CsCl/NaCl flux, various conditions (solute concentration: 0.5, 1, and 5 

mol%, calcination time: 5, 10 and 20 h) were employed. For comparison, the Bi4NbO8Cl 

sample was prepared by SSR;15 A stoichiometric mixture of Bi2O3, BiOCl, and Nb2O5 

was heated in an evacuated silica tube at 900 °C for 20 h.  

As a cocatalyst on Bi4NbO8Cl particles, ruthenium oxide (denoted hereafter as RuO2) 

or platinum (Pt) was loaded. A small amount of Bi4NbO8Cl specimen was mixed with an 

aqueous solution containing RuCl3･nH2O (Wako Pure Chemicals Industries, Ltd., 99.9%) 

or H2PtCl6･6H2O (Wako Pure Chemicals Industries, Ltd., 99.9%), followed by heating 

under an Ar flow at 450 °C for 30 min or a H2 flow at 150 °C for 30 min. X-ray 

photoelectron spectroscopy showed that these metal species after the loading were Ru4+ 

and Pt0. 

 Rh-doped SrTiO3 powder, with the atomic ratio of Sr/Ti/Rh of 1.07/1.0/0.01 was 

prepared by the following SSR.23 The production of the intended SrTiO3:Rh was 

confirmed using XRD and UV-visible DRS. Ru (0.7 wt%) was photodeposited on the 

photocatalyst as a cocatalyst in a 10 vol% aqueous MeOH solution containing 

RuCl3•nH2O, as reported in a previous paper.24 

 

Characterization 

Powder X-ray diffraction (XRD) patterns were obtained by a Rigaku MiniFlex 

Ⅱdiffractometer using Cu Ka radiation. Scanning electron microscopy (SEM) images 

were collected using a Zeiss Nvision 40 microscope. Transmission electron microscopy 

(TEM) was carried out using a JEOL JEM-2100F microscope. The Brunauer-Emmett-

Teller (BET) surface area was measured using a MicrotracBEL BELSORP–miniII 

instrument at the liquid nitrogen temperature. X-ray photoelectron spectroscopy (XPS) 

measurements were carried out using an ULVAC-PHI 5500MT system.  

 

Photocatalytic Reactions 

The photocatalytic reactions were performed in a gas closed-circulation system. 

Photocatalyst powders (0.1 g) were dispersed in an aqueous FeCl3 solution (100 mL) in 

a Pyrex top-window cell. The reactant solution pH was adjusted to ~2.4 with diluted 

aqueous HCl solution. The photocatalysts were irradiated with visible light (λ > 420 nm) 
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through a cutoff filter (HOYA; L42) from a 300-W Xe-arc lamp (Perkin Elmer; Cermax-

PE300BF). The quantity of the evolved gases was determined using an online gas 

chromatograph (thermal conductivity detector (TCD); molecular sieve 5 Å column 

packing; Ar carrier gas). The apparent quantum efficiency (AQE) was evaluated using a 

420-nm monochromatic light source. 

For the overall water-splitting reaction, the Ru-loaded SrTiO3:Rh (0.05 g) and 

Bi4NbO8Cl (0.05 g), as H2- and O2-evolving photocatalysts, respectively, were suspended 

in an aqueous FeCl3 solution (2 mM, 100 mL). The solution pH was adjusted to ~2.4 with 

diluted aqueous HCl solution. The suspension was irradiated using a 300-W Xe-arc lamp. 

The evolved gases were analyzed using an online gas chromatograph. 

 

Adsorption Experiments 

The amounts of Fe3+ and Fe2+ adsorbed onto each photocatalyst sample were qualified as 

follows. The photocatalyst particles (20 mg) were suspended in an aqueous solution (5 

mL) containing different amounts of Fe cations (FeCl3 or FeCl2, 1–8 mM) in darkness at 

20 °C for 15 h by use of a magnetic stirring. After filtrating the sample aliquots, the 

concentrations of Fe cations remained in the solutions were determined from the 

absorption spectra of the solutions measured by UV-vis spectroscopy (UV-1800, 

Shimadzu) to estimate the adsorption amounts.  

 

Time-resolved Microwave Conductivity (TRMC) Measurement 

TRMC experiments were conducted to evaluate the charge dynamics of the samples. The 

X-band microwave (~9.1 GHz) and third harmonic generation (THG; 355 nm) of a 

Nd:YAG laser (Continuum Inc., Surelite II, 5–8 ns pulse duration, 10 Hz) were used as 

the probe and excitation (4.6 × 1015 photons cm−2 pulse−1), respectively. The 

photoconductivity Δσ was calculated by the following formula: Δσ = ΔPr/(APr), where 

ΔPr, A, and Pr are the transient power change of microwave reflected, the sensitivity factor, 

and the power of microwave reflected, respectively. The obtained Δσ values were then 

converted to the product of the quantum yield (φ) and the sum of the charge carrier 

mobilities [∑µ (= μ+ + μ–)] by the following formula: f∑µ = Δσ(eI0Flight)–1, in which e 

and Flight are the unit charge of a single electron and a correction (or filling) factor, 
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respectively. All of the TRMC measurements were performed in ambient atmosphere at 

room temperature (25 °C). 

 

Electrochemical Measurement 

The catalytic ability of metal oxides (RuO2) or metal (Pt) used as cocatalysts were 

evaluated by electrochemical measurements. Each particles was prepared on a conductive 

glass (FTO) substrate via the same procedure as that on Bi4NbO8Cl as follows: A small 

amount (50 μL) of RuCl3 or H2PtCl6･6H2O aqueous solution (10 mM) was deposited on 

an FTO substrate, and the substrate was dried in air at room temperature and subsequently 

calcined under an Ar flow (20 mL min−1) at 450 °C for 30 min or a H2 flow (20 mL min−1) 

at 150 °C for 30 min. It is confirmed that the valence states of the metal cations loaded 

on the FTO substrates were the same as those loaded on Bi4NbO8Cl by XPS analysis. The 

electrochemical measurements were performed using a potentiostat (VersaSTAT3, 

Princeton Applied Research Co., Ltd.) and a cell consisted of a prepared electrode, a Pt 

wire and a Ag/AgCl electrode as the working electrode, the counter electrode and the 

reference electrode, respectively. 

 
3.3. Results and Discussion 
Effect of the Kind of Molten Salts on the Formation of Bi4NbO8Cl Particles 

In the present study, three kinds of molten salts with different melting points (KCl: 771 °C, 

CsCl: 645 °C, CsCl/NaCl: 486 °C) were employed as a flux to prepare Bi4NbO8Cl 

particles. Figure 3-1 shows the XRD patterns of the samples prepared with fluxes at 

different temperatures from 600 °C to 900 °C. It is noteworthy that the air calcination of 

the precursor mixture at 650 °C without any molten salts resulted in several strong 

impurity peaks, as shown in Figure 3-2. On the contrary, when the salts were used, the 

Bi4NbO8Cl phase was observed as the primary product even at 650 °C, though some 

peaks derived from impurities were present. As shown in Figures 1a and 1b, the synthesis 

with KCl or CsCl at below 700 °C resulted in small but appreciable impurity peaks at 

approximately 2q = 29° (see the enlarged panels). Most remarkably, when a eutectic 

mixture CsCl/NaCl with a much lower melting point was used the impurity formation 

was drastically suppressed. As shown in Figure 3-1c, an almost pure Bi4NbO8Cl phase 
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was obtained at 650 °C. Clearly, the lower melting point of the CsCl/NaCl flux promotes 

the sufficient diffusion of precursor ions, affording the single-phase formation. A lower 

temperature treatment (e.g. 600 °C) gave again impurity reflections. 

 

Figure 3-1. XRD patterns of Bi4NbO8Cl samples prepared with (a) KCl, (b) CsCl or (c) CsCl/NaCl.  



 81 

 
Figure 3-2. XRD patterns of Bi4NbO8Cl prepared by calcination of the mixture of the materials in air 

at 650 °C without any flux. 

 

Figure 3-3 shows the SEM images of the Bi4NbO8Cl samples prepared at different 

conditions. The morphologies of the particles prepared with flux were different from 

those prepared via SSR; the synthesis above the melting points of molten salts resulted in 

plate-like shaped particles. For the CsCl/NaCl (m.p. 486 °C) flux, we found well-grown 

plate-like particles of Bi4NbO8Cl when reacted at 650 °C. The TEM of the sample 

prepared with the CsCl/NaCl flux at 650 °C indicates that the major facet is the (00l) 

plane (Figure 3-4). For the CsCl or KCl flux (m.p. 645, 771 °C), however, many irregular 

shaped particles were observed when reacted at 650 °C and 700 °C, though plate-like 

particles become pronounced at higher temperatures (Figure 3-5). It seems reasonable to 

assume that the calcinations at the temperatures lower than (or close to) the melting point 

of salt result in the insufficient ionic diffusion of precursors, in other words, disable the 

salt to function as flux, consequently producing such irregular shaped particles. It is 

noteworthy that Bi4NbO8Cl prepared with CsCl/NaCl flux below 700 °C exhibits much 

higher specific surface areas. 
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Figure 3-3. SEM images of Bi4NbO8Cl prepared via (a) SSR or (b-i) flux method. (b,c) with KCl at 

700 , 800 °C; (d-f) with CsCl at 650, 700, 800 °C; with (g-i) CsCl/NaCl at 650, 700, 800 °C. 

 

 

Figure 3-4. TEM image and electron diffraction patterns of Bi4NbO8Cl prepared via the flux method 

(CsCl/NaCl flux at 650 °C). 
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Figure 3-5. SEM images of Bi4NbO8Cl prepared via the flux method (a,b) with KCl at 600 and 650 

°C; (c) with CsCl at 600 °C; (d) with CsCl/NaCl at 600 °C. 

 

Figure 3-6 shows the photocatalytic O2 evolution on the Bi4NbO8Cl samples. The 

reactions were performed in the presence of Fe3+ as an electron acceptor under visible-

light irradiation. Notably, higher activity was achieved for the samples prepared with 

CsCl/NaCl at low temperatures (600 °C and 650 °C). The rates of O2 evolution for 650 °C 

is slightly better than 600 °C. The higher temperature treatments drastically deactivate 

the reactions, which is probably caused by the reduced surface area (see values shown in 

Figure 3-3) and/or the formation of Cl defects.18 The sample using CsCl showed a similar 

trend, whereas for KCl the activity was moderate up to 700 °C above which it became 

negligibly low. The optimized activities with KCl or CsCl are lower than that obtained 

with CsCl/NaCl at 650 °C. This is likely due to the insufficient crystal growth at such low 

temperatures where neither the KCl nor CsCl salts melt completely. From these results, 

we conclude that using the eutectic mixture of CsCl/NaCl is effective for preparing fine 

Bi4NbO8Cl particles with high photocatalytic activity. 
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Figure 3-6. Initial rates of O2 evolution over Bi4NbO8Cl samples prepared with KCl, CsCl or 

CsCl/NaCl flux at various calcination temperatures in an aqueous FeCl3 solution (8 mM, 100 mL) 

under visible light irradiation (λ > 420 nm). 

 

Optimization of synthetic conditions with CsCl/NaCl eutectic mixture  

As shown above, the Bi4NbO8Cl samples prepared with CsCl/NaCl at 600 °C and 650 °C 

exhibit considerably higher activity, whereas the sample prepared at 600 °C appreciably 

contains an impurity phase. Although various conditions were applied to produce pure 

and highly active samples at 600 °C, they failed. Hence, we further optimized the 

conditions at 650 °C; the results are summarized in Table 3-1. Figures 7a and 7c show 

the XRD patterns and SEM images of the samples prepared at different solute 

concentrations (0.5, 1 and 5 mol%) at a fixed calcination time of 10 h. The particle size 

increased with increasing solute concentration, undoubtedly due to the increased 

frequency of the ionic collision in the flux. Consequently, the sample prepared with 1 

mol% of solute exhibited the highest activity. With the fixed solute concentration of 1 

mol%, the optimum calcination time was determined to be 10 h. The lower activity with 

shorter time (5 h) is likely due to the presence of a small fraction of impurity phases and/or 

the insufficient quality of crystals (see Figure 3-7b). Meanwhile, a longer time (20 h) 

resulted in excessive crystal growth (Figure 3-7d) accompanied by considerable 



 85 

decreased surface area (from 7.2 m2 g–1 to 3.6 m2 g–1), and most likely lowered the activity. 

Subsequently, the Bi4NbO8Cl samples prepared by the calcination of 1 mol% of solute at 

650 °C for 10 h were used following the investigations. 

Table 3-1. Experimental condition for preparation of Bi4NbO8Cl under CsCl/NaCl flux.a 

Solute 

conc.  

/ mol% 

Calcination time 

/ h 

O2 evolution rate 

/ µmol h–1 

BET surface area 

/ m2 g–1 

5 10 4.6 5.9 

0.5 10 4.8 6.8 

1 10 6.2 7.2 

1 5 5.0 7.3 

1 20 4.4 3.6 

aCalcination temperature was 650 °C. 

 

Figure 3-7. (a,b) XRD patterns and (c,d) SEM images of Bi4NbO8Cl prepared with CsCl/NaCl flux at 

various solute concentrations and calcination times. 
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As shown in Figure 3-8, the Bi4NbO8Cl sample prepared by the optimized condition 

exhibits approximately three times higher O2 evolution rate than the sample prepared by 

the optimized SSR method (at 900 °C for 20 h, Figure 3-9). The AQE measured under a 

420 nm monochromatic light have also improved from 0.5% to 0.8%, as shown in Table 

3-2. 

 

Figure 3-8. Time courses of O2 evolution over Bi4NbO8Cl samples prepared via flux method 

(CsCl/NaCl flux at 650 °C) and solid-state reaction method in an aqueous FeCl3 solution (8 mM, 100 

mL) under visible light irradiation (λ > 420 nm). 

 

 

Figure 3-9. Initial rates of O2 evolution over Bi4NbO8Cl samples prepared at various temperature (650 

~ 950 °C) via the solid-state reaction method in an aqueous FeCl3 solution (8 mM, 100 mL) under 

visible light irradiation (λ > 400 nm).  
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Table 3-2. Apparent quantum efficiencies of each sample.a 

 

Recently, Sayama et. al. reported that the photocatalytic O2 evolution activity of WO3 

was significantly improved by the surface Cs-modification.25 In the present study, since 

CsCl was employed in the flux synthesis, such effect can be considered. Indeed, as shown 

in Figure 3-10, the cesium specie residue remained at the just surface of the flux (was not 

incorporated in the bulk). In order to investigate the effect of the surface Cs-modification 

on the Bi4NbO8Cl, we actually conducted the impregnation of CsCl on the SSR sample 

according to the literature. The Cs-modification had little effect on the O2 evolution 

activity from Fe3+ aqueous solution over Bi4NbO8Cl (without treatment: 2.2 µmol h–1, 

with Cs-modification: 2.5 µmol h–1), indicating that the significant improvement of the 

photocatalytic activity by the flux method is not due to the surface Cs residue. 

 

Figure 3-10. XP spectra of Cs 3d region of the flux sample before and after Ar sputtering (2, 5, 10 

min). The binding energies were referenced to the Au 4f7/2 level of deposited Au metal. 

 

 

 SSR flux RuO2/SSR RuO2/flux Pt/SSR Pt/flux 

AQE 0.5 0.8 0.9 1.3 0.8 2.5 
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Carrier dynamics and surface adsorption property of Bi4NbO8Cl samples prepared 

by two different methods 

As demonstrated above, the present synthesis with CsCl/NaCl flux proved to be an 

effective method to prepare a highly active Bi4NbO8Cl photocatalyst for water oxidation. 

One of the crucial factors for the higher activity likely be the higher surface area of the 

Bi4NbO8Cl particles obtained by the CsCl/NaCl flux method, as confirmed by their SEM 

images and specific surface area measurement. In addition to the surface area, the amount 

of crystal defects (i.e., crystallinity) significantly affects the photocatalytic activity 

because such defects generally serve as the recombination sites of photogenerated 

electrons and holes.26,27 To visualize the charge dynamics in the prepared Bi4NbO8Cl 

samples, we employed TRMC, which has been reported as a powerful measurement to 

provide an access to the local mobility and lifetimes of photogenerated charge carriers 

without an electrode.28 Figure 3-11 shows the transient f∑µ of Bi4NbO8Cl by 355 nm 

laser excitation (I0 = 4.6 ´ 1015 photons cm–2), which is presumably attributed to 

photogenerated electrons, because of the well-known n-type nature.16 Figure 3-12 shows 

the dependence of f∑µ maximum (f∑µmax) on the incident laser intensity (I0) of the flux 

sample, where the appearance of a convex curve is caused by a trap-filling effect that 

have been reported in TiO2 nanoparticle.29,30 The optimized flux sample exhibited ~4.8 

times greater signal (f ∑μ max = 7.6 ´ 10–6 m2 V–1s–1) than the optimized SSR sample (f 

∑μ max = 7.6 ́  10–6 m2 V–1s–1) (0.1 µs after the laser excitation), indicating much improved 

carrier generation efficiency and/or mobility in the flux-synthesized one. This is certainly 

attributed to the high crystallinity and/or low defect density of the flux-synthesized 

samples. This property was achieved by employing the liquid-state reaction synthesis, 

where higher-quality crystals can be expected compared to using an SSR; the flux 

synthesis resulted in well-orientated plate-like crystals as confirmed in the SEM images 

(Figure 3-7). Moreover, in the present study, molten salts of chlorides were used as 

solvents, and possibly enabled the suppression of the Cl– defects in the bulk of the flux 

samples. This is supported by the UV-vis diffuse reflectance spectra of the flux and SSR 

samples, as shown in Figure 3-13. A broad absorption at l ≥ 480 nm was observed for 

the SSR samples; this absorption is often attributed to the presence of anion defects and/or 

the reduced species of cations.31,32 
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Figure 3-11. TRMC signals of RuO2 or Pt-loaded Bi4NbO8Cl samples prepared via flux method 

(CsCl/NaCl flux at 650 °C).  

 
Figure 3-12. Dependence of f ∑μ max on the incident laser intensity (I0) of the flux sample. The initial 

increase of f ∑μ max with increasing I0 is due to a trap filling effect (an increase and saturation of ∑μ), 

while the gradual decrease at high I0 is rationalized by a high order deactivation process such as 

exciton−exciton annihilation, exciton−carrier annihilation, and charge recombination, which occur 

within the time resolution.2,3  
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Figure 3-13. DRS of Bi4NbO8Cl samples prepared via the flux method (CsCl/NaCl flux at 650 °C) 

and the solid-state reaction method. 

 

Another important factor to consider is the adsorption capability of the surface to the 

redox mediator (i.e., Fe3+/Fe2+), which is sometimes associated with the facets exposed.33 

In the present reaction system, the photogenerated electrons reduce Fe3+ while the 

photogenerated holes oxidize water. Therefore, a higher amount of Fe3+ adsorbed on the 

surface of the photocatalyst is favorable to enhance the reaction of electrons and thereby 

increase the rate of water oxidation by holes. Additionally, a higher amount of Fe2+ 

adsorbed certainly increases the probability of backward reactions (i.e., re-oxidation of 

Fe2+ by holes) and thereby lower the efficiency of water oxidation (i.e., O2 evolution). 

Figures 14a and 14b show the amount of Fe3+ or Fe2+ ions adsorbed on each sample in 

aqueous solutions with different concentrations of FeCl3 or FeCl2. No apparent difference 

is shown between the two samples, while the sample prepared via the flux method adsorbs 

a slightly higher amount of both Fe3+ and Fe2+. As shown in Figure 3-15, the initial rates 

of O2 evolution on both samples were obviously and similarly lowered by the increased 

concentration of Fe2+ ions with a fixed concentration of Fe3+ (8 mM). These findings 

strongly suggest that the difference in the adsorption property is not the primary reason 

for the higher activity of the flux sample.  
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Figure 3-14. Adsorption properties of (a) Fe3+ and (b) Fe2+ ions on the Bi4NbO8Cl samples prepared 

via the flux method (CsCl/NaCl flux at 650 °C) and the solid-state reaction method. 

 

 

Figure 3-15. Initial rates of O2 evolution over Bi4NbO8Cl samples prepared via the flux method 

(CsCl/NaCl flux at 650	°C) and the solid-state reaction method in an solution containing different 

concentrations of Fe2+ (0 ~ 4 mM) and a fixed concentration of Fe3+ (8 mM, 100 mL) under visible 

light irradiation (λ > 400 nm).  

 

 

From these results, we conclude that the higher activity of the flux sample is due to the 

favorable factors simultaneously obtained by the present flux synthesis at a lowered 

temperature with CsCl/NaCl flux, i.e., the lower defect density and the high surface area. 
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Effect of Cocatalyst Loading on O2-evolving Activity  

Loading a cocatalyst onto photocatalyst particles is an effective way to improve the 

activities for various photocatalytic reactions such as the water-splitting reaction. In the 

present study, loadings of well-known Pt34,35 and RuO236–39 were attempted via the 

impregnation method to improve the activity of the Bi4NbO8Cl photocatalyst for O2 

evolution with Fe3+ electron acceptor. The cocatalyst loaded samples are hereafter 

denoted as Pt/flux which is an example of the Bi4NbO8Cl sample synthesized by flux 

method with loading of Pt cocatalyst. The particle sizes of Pt and RuO2 loaded were 

confirmed to be ~4 nm and 3 nm, respectively, regardless of the origin of the mother 

Bi4NbO8Cl photocatalyst, as shown in Figure 3-16. Although the loading of these 

cocatalysts increased the rate of O2 evolution on both the Bi4NbO8Cl photocatalysts 

prepared via SSR and the flux methods, the enhancement in the flux sample is 

astonishingly higher compared to that of the SSR sample as seen in Figure 3-17.40 The 

rates of O2 evolution on the RuO2/flux and Pt/flux were ~3.5 and 7 times higher than the 

unloaded one, respectively, along with distinct improvements in quantum efficiencies 

(see Table 3-2). As shown in Figure 3-18, RuO2/flux showed the steady O2 evolution over 

the RuO2/flux without a notable decrease in the evolution rate, reaching complete 

consumption of the added electron acceptor (Fe3+). Additionally, the XRD patterns of 

RuO2/flux are almost identical before and after the reaction, indicating the sufficient 

stability of the RuO2/flux sample. 
 

 

Figure 3-16. TEM images of (a,d) Pt- or (b,e) RuO2-loaded Bi4NbO8Cl, along with (c,f) unmodified 
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ones. The Bi4NbO8Cl samples prepared via (a-c) the flux method (CsCl/NaCl flux at 650	°C) and (d-

f) the solid-state reaction method. 

 

 
Figure 3-17. Initial rates of O2 evolution over cocatalyst (Pt or RuO2) loaded Bi4NbO8Cl samples 

prepared via flux method (CsCl/NaCl flux at 650 °C) and solid-state reaction method in an aqueous 

FeCl3 solution (8 mM, 100 mL) under visible light irradiation (λ > 420 nm). Each cocatalyst was 

loaded via impregnation followed by heated under H2 flow (20 mL min–1) at 150 °C for Pt or Ar flow 

(20 mL min–1) at 450 °C for RuO2. 

 

 

Figure 3-18. (a) Time course of O2 evolution over a RuO2-loaded Bi4NbO8Cl sample prepared via the 

flux method (CsCl/NaCl flux at 650 °C) in an aqueous FeCl3 solution (8 mM, 100 mL) under visible 

light irradiation (λ > 400 nm). (b) XRD patterns of the RuO2-loaded Bi4NbO8Cl before and after the 

photocatalytic reaction.  
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The primary role of such cocatalysts has been generally regarded as (1) enhancing the 

charge separation in the semiconductor particles, and (2) catalytically facilitating the 

surface chemical reactions by the carriers.3 TRMC measurements were conducted to 

investigate the influence of the former (i.e., charge separation process). The peak intensity 

had drastically decreased by the loading of the cocatalyst as seen in Figure 3-19, 

indicating the decrease in density of the photoexcited electrons on the conduction 

band41,42 of Bi4NbO8Cl. The results suggested that one of the roles of RuO2 and Pt 

cocatalysts is the collectors of photogenerated electrons on the conduction band of 

Bi4NbO8Cl. As for the latter (i.e., catalytic activity), the electrochemical measurement on 

the Pt- or RuO2-loaded FTO electrode confirmed their comparable activity for the 

reduction of Fe3+, as shown in Figure 3-20. For the water oxidation, the RuO2-loaded FTO 

exhibited a higher activity than the Pt-loaded one (i.e., lower overpotential and higher 

current), while a simple comparison is difficult due to the possible difference in other 

factors such as their morphologies.  

 
Figure 3-19. TRMC signals of RuO2 or Pt-loaded Bi4NbO8Cl samples prepared via flux method 

(CsCl/NaCl flux at 650 °C).  
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Figure 3-20. CV profiles of FTO substrates loaded with Pt or RuO2 in 0.5 M aqueous Na2SO4 solution 

(a) in the absence and (b) presence of Fe3+ (8 mM, pH 2.4). 

 

These findings suggested that one of the key functions of both the RuO2 and Pt 

cocatalysts is effective capturing the photoexcited electrons and catalyzed the reduction 

of Fe3+ on the surface, providing significantly improved rate of O2 evolution. However, 

one cannot exclude the possibility that the RuO2 species accelerate the oxidation of water 

in part along with the reduction as reported previously.35 More importantly, the effect of 

cocatalyst loading was much more prominent on the flux sample compared to that on the 

SSR sample. This is reasonable because the unmodified flux sample exhibited a much 

higher TRMC signal compared to the SSR sample (see Figure 3-11). Such higher signals 

generally indicate improved efficiency in carrier generation and/or mobility in the bulk, 

both of which will positively assist the capture of electrons by the cocatalysts. 

 

Overall Water Splitting with Two-step Visible-light Excitation  

An overall water splitting was subsequently attempted using the optimized Bi4NbO8Cl 

samples as O2-evolving photocatalysts in the presence of Fe3+/Fe2+ redox. Strontium 

titanate doped with Rh cations (1 mol% to Ti) was used as the H2-evolving photocatalyst 

after the loading of Ru-based cocatalyst (denoted as Ru/SrTiO3:Rh).23,24 Figure 3-21 

shows the time courses of the gas evolution from the mixed suspension of Ru/SrTiO3:Rh 

and RuO2/Bi4NbO8Cl samples under visible light. Clearly, the use of the RuO2/flux 
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resulted in higher rates of H2 and O2 evolutions compared to the case of RuO2/SSR, 

reflecting their activities for the half reaction (O2 evolution) as described above. The gas 

evolution with the stoichiometric ratio continued without a notable decrease in the 

evolution rates. The AQE for Z-scheme overall water splitting with the use of RuO2/flux 

and RuO2/SSR were determined to be 1.3% and 0.7% at 420 nm, respectively. 

 

Figure 3-21. Time courses of H2 and O2 evolution over a mixture of RuO2/Bi4NbO8Cl samples 

prepared via flux method (CsCl/NaCl flux at 650 ℃) or solid-state reaction method (50 mg) and 

Ru/SrTiO3:Rh (50 mg) in FeCl3 aqueous solution (2 mM, 100 mL) at pH 2.4 under visible light 

irradiation (λ > 420 nm). 

 

When the Pt/flux sample was used instead of the RuO2/flux one, the rates of gas 

evolution in the steady sate were obviously lowered (see the second run of Pt/flux in 

Figure 3-22), despite the higher activity of the former in the half reaction (see Figure 3-

17). Although the initial rate of the O2 evolution in the first run with the Pt/flux is indeed 

higher, the rate drastically decreased after 2 h of irradiation. The suppressed gas evolution 

is undoubtedly due to the occurrence of a backward reaction over the Pt cocatalyst (i.e., 

catalytic water formation from H2 and O2). Indeed, the gas pressure of the mixture of H2 

and O2 (2:1) in a closed system with the Pt/flux rapidly decreased due to the water 

formation, whereas it almost unchanged with the RuO2/flux (Figure 3-23). 
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Figure 3-22. Time courses of H2 and O2 evolution over a mixture of bare or Pt-loaded Bi4NbO8Cl 

samples prepared via the flux method (CsCl/NaCl flux at 650 °C) (50 mg) and Ru/SrTiO3:Rh (50 mg) 

in FeCl3 aqueous solution (2 mM, 100 mL) at pH 2.4 under visible light irradiation (λ > 400 nm). 

 

Figure 3-23. Water formation from H2 and O2 in the gas-phase reaction over Pt/flux, RuO2/flux and 

flux. A mixture of H2 and air gases (H2 : O2 = 2 : 1) was introduced into a gas-circulating system with 

a Pyrex glass cell containing 20 mg of photocatalyst powder without water.  

 

In summary, we demonstrated that the combination of the highly active Bi4NbO8Cl 

photocatalyst prepared via the appropriate flux and RuO2 cocatalyst that facilitates the 

surface reaction but suppresses the backward water formation, thus enabling the 
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improvement in the total efficiency in the Z-scheme water splitting using Bi4NbO8Cl as 

an O2-evolving photocatalyst with Fe3+/Fe2+ redox. 

 

 
3.4. Conclusion 
In summary, this study demonstrated that the liquid-state reaction, i.e., using the flux 

method with the appropriate molten salt is an effective method to improve the activity of 

the Bi4NbO8Cl photocatalyst for water oxidation in the presence of the Fe3+ electron 

acceptor under visible light irradiation. We found that the choice of molten salt, which is 

primarily associated with the melting point, is critical for producing a highly efficient 

Bi4NbO8Cl photocatalyst because the higher temperature with flux had caused a reduced 

surface area and possibly increased the Cl defects. Thus, the CsCl/NaCl eutectic mixture 

was the best choice among the molten salts employed, thereby affording sufficiently high 

ionic diffusion and providing well-grown crystals even at low temperatures of 650 °C 

without superfluous crystal growth that decrease the surface area. As confirmed by the 

TRMC measurements, the sample prepared via the flux method possesses favorable bulk 

properties such as much improved carrier generation efficiency and/or mobility. Thus, 

the liquid-state synthesis with the appropriate flux can simultaneously satisfy a larger 

surface and higher crystal quality, both of which are strongly desired to improve the 

photocatalytic activity. Another important finding is that the positive effect by loading 

the cocatalyst was much more prominent in the flux sample compared to that on the SSR 

sample, certainly due to the improved efficiency in carrier generation and/or mobility in 

the bulk, both of which will positively assist the capture of electrons by the cocatalysts. 

The findings in the present study will offer useful insights into the preparation of highly 

active oxyhalide photocatalysts, not only Bi4NbO8Cl but also a wide range of those with 

the Sillen−Aurivillius perovskite or related structure, and thereby provide the possibility 

of highly efficient water splitting under solar light based on such oxyhalide photocatalysts. 
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4.1. Introduction 

Semiconductor photocatalysis is a promising solar energy conversion method. Therein, 

photogenerated charge carriers migrate from the bulk to the surface to induce redox 

reactions–water splitting being the primary target.1–3 For practical solar-to-hydrogen 

conversion system via photocatalytic water splitting, both the effective absorption of 

photons in visible light region and the efficient charge separation of photoexcited charge 

carriers (electrons, holes) are crucial. Thus, semiconductor materials with narrow band 

gaps such as non-oxides and mixed-anion materials have increasingly been investigated 

as photocatalysts.4–9 Although an extraordinarily high quantum efficiency of nearly 100 % 

has recently been demonstrated under UV light on Al-doped SrTiO3 particulate 

photocatalyst,3 such highly efficient charge separation has not yet achieved on visible-

light-responsive photocatalysts with narrow bandgaps. Recent efforts, including the 

above mentioned Al-SrTiO3 and some visible-responsive materials (e.g., BiVO4, 

BaTaO2N), have focused on facet engineering to expose crystal faces suitable for redox 

reactions,3,10–13 where the energy level of each facet determines the charge separation. 

However, it is not always possible to expose a desired facet of the targeted semiconductors. 

Moreover, this strategy relies on the intrinsic characteristics of photocatalysts’ facets and 

does not answer the fundamental question of how charge separation is achieved in the 

bulk of photocatalysts; the carrier flow inside the photocatalyst particle is still not fully 

understood. 

Layered semiconductors such as UV-responsive K4Nb6O17 have shown promise in 

photocatalysis4,14,15 with a couple of advantages, including their controllability of the 

chemical composition through ion exchange16–18 and large surface-to-volume ratios.19 

However, from the viewpoint of efficient charge separation inside the photocatalysts, two-

dimensional crystal structures may be unfavorable because both photoexcited electrons 

and holes travel mainly along the in-plane direction, as observed theoretically20–23 and 

experimentally.24–26 Such parallel carrier flows based on the crystal and band structure 

make it difficult to separate the oxidation and reduction reaction sites in the photocatalyst 

particles, often resulting in charge recombination. Although the reduction and oxidation 

sites on several layered photocatalysts such as BaLa4Ti4O15 were separated,13,27 the 

underlying carrier flows in the bulk of the photocatalysts remain elusive.  
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We have recently reported that Bi4NbO8Cl with a layered Sillén-Aurivillius structure 

comprising [Bi2O2], [NbO4], and [Cl] modules (Figure 4-1a), exhibits the highest activity 

among layered compounds, as an O2 evolution photocatalyst in visible-light Z-scheme 

water-splitting.28 When prepared by a flux method, Bi4NbO8Cl yields nanoplates with 

good crystallinity.29 However, despite its band positions suitable for both H2 and O2 

production from water, the H2 evolution activity of Bi4NbO8Cl was negligible, and 

surprisingly, the situation did not change when Pt, an established H2 evolution cocatalyst,4 

was introduced.30,31 This result suggests that charge carriers are not effectively separated 

in Bi4NbO8Cl. 

Here, we demonstrate an efficient spatial charge separation in Bi4NbO8Cl nanoplates 

by controlling the direction of carrier flows with Rh loading. In the absence of a cocatalyst, 

both photoexcited electrons and holes travel along the in-plane direction based on the 

band dispersions, resulting in recombination at the edge of the nanoplate. However, site-

selective Rh deposition at the edge allows the electrons to migrate in the in-plane direction 

and to be captured by the cocatalyst, while the holes hop along the out-of-plane direction. 

The resultant spatial charge separation significantly improves the H2 evolution activity. 

Based on experimental and theoretical investigations, we discuss the carrier flow 

dynamics and the associated photocatalytic properties of Rh-loaded Bi4NbO6Cl 

nanoplates in comparison to unloaded- and Pt-loaded ones. 

 
4.2. Experimental 

Materials. 

CsCl (99.0%), NaCl (99.5%), Bi2O3 (99.99%), BiOCl (99.5%), Nb2O5 (99.9%), H2PtCl6 

(99.9%), CH3OH (99.8%), Pb(NO3)2 (99.9%), and MnSO4•5H2O (99.9%) were 

purchased from FUJIFILM Wako Pure Chemical Corporation. Rh(NO3)3 and Na3RhCl6 

were purchased from Kanto Chemical Corporation. Sodium 2-Sulfonate-1,3,5,7-

tetramethyl-8-(3,4-dinitrophenyl)-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (MS-DN-

BODIPY) was synthesized according to literature. Water was purified using a Milli-Q 

purification system (Direct-Q UV S.).  

 

Preparation of Bi4NbO8Cl Nanoplates. 
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Bi4NbO8Cl nanoplates were synthesized via flux method according to our previous 

report.29 An eutectic mixture (65:35) of CsCl and NaCl was used as a flux. The flux was 

mixed with a stoichiometric mixture of Bi2O3, BiOCl, and Nb2O5 at a solute concentration 

of 1 mol %. The total mass was set to be 25 g. The mixture was placed in an alumina 

crucible with a capacity of 30 cm3, and then heated at a rate of 50 °C h−1 to 650 °C, being 

held at the final temperature for 10 h. After the natural cooling under ambient conditions, 

the product was washed thoroughly with deionized water, collected by filtration, and air-

dried.  

 

Cocatalyst Loading. 

Rh and Pt and other cocatalysts (Ru, Ir, and Pd) were loaded on Bi4NbO8Cl by photo-

deposition (PD) and impregnation. In the PD process, metal cations in precursors are 

reduced by photogenerated electrons and deposited on photocatalysts. The following 

precursors were employed: H2PtCl6, RuCl3, Na3IrCl6, H2PdCl4 and Na3RhCl6. In a typical 

procedure of photo-deposition, 0.2 g of Bi4NbO8Cl powder and a calculated amount of 

metal precursor (0.5–20 wt% for Pt and Rh, 0.5 wt% for others) were mixed in 250 mL 

of 20 vol% MeOH aqueous solution. The suspension was then irradiated with visible light 

(λ > 400 nm) for 5–12 h through a cutoff filter from a 300-W Xe-arc lamp with continuous 

stirring in a Pyrex reaction vessel connected to a closed circulation system under Ar 

atmosphere at around 298 K.  

On the other hand, in the impregnation method, the deposition process is initiated by the 

“forced” adsorption of metal cations onto photocatalyst surfaces by solvent evaporation, 

followed by thermal reduction5. First, 0.2 of Bi4NbO8Cl powder was immersed in an 

aqueous solution containing each precursor (0.5 wt%). In the case of 5 wt% of Rh 

deposition by the impregnation method, Rh(NO3)3 was used. The suspension was 

evaporated under constant stirring until complete dryness was reached, followed by 

heating under an H2 flow at 200 °C for 30 min.  

 

Characterization. 

Scanning electron microscopy (SEM) images were taken using a Zeiss Nvision 40 

microscope. High-angle annular dark-field scanning transmission electron microscopy 
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(HAADF-STEM) and annular bright-field scanning transmission electron microscopy 

(ABF-STEM) images were collected using a JEM-ARM200CF (JEOL Ltd., Tokyo, 

Japan) operating at an accelerating voltage of 200 kV and equipped with a cold field 

emission gun and a Cs corrector to observe atomic columns of Bi4NbO8Cl. Elemental 

analysis was carried out using JEM-ARM200CF equipped with energy dispersive X-ray 

spectroscopy (EDX). The samples were prepared by grinding the material and depositing 

a few drops of the suspension onto a holey copper grid covered with a thin carbon film. 

Transmission electron microscopy (TEM) was carried out using a JEOL JEM-2100F 

microscope. X-ray photoelectron spectroscopy (XPS) measurements were performed 

with an ULVAC-PHI 5500MT system.  
 

Photocatalytic Reaction. 

Photocatalytic reactions were performed in a gas closed-circulation system. Photocatalyst 

powder (0.1 g) was dispersed in a methanol aqueous solution (20 vol%, 100 mL) in a 

Pyrex top-window cell. The photocatalyst was irradiated with UV and visible light (λ > 

300 nm) or visible light (λ > 400 nm) through a cutoff filter from a 300-W Xe-arc lamp. 

The quantity of the evolved gas was determined using an online gas chromatograph 

(thermal conductivity detector; molecular sieve 5 Å column packing; Ar carrier gas). The 

apparent quantum efficiency (AQE) was evaluated using a 405 nm monochromatic LED 

light source (ASAHI SPECTRA, CL-1501). 
 

Single-molecule Fluorescence Imaging. 

To obtain isolated Bi4NbO8Cl particles, a well-dispersed methanol suspension of 

Bi4NbO8Cl in low concentration was spin-coated onto a cleaned cover glass. The particle-

coated cover glass was annealed at 363 K for 30 min to immobilize the particles on the 

glass surface, and then placed in a chamber filled with an Ar-saturated aqueous methanol 

solution of MS-DN-BODIPY (1 μM). A 488-nm CW laser (OBIS 488LX, Coherent; 10 

mW cm–2) passing through an objective lens (CFI Plan Apo λ100×H, Nikon; NA 1.45) 

after reflection by a dichroic mirror (Di02-R488, Semrock) was reflected completely at 

the cover glass-solution interface to generate an evanescent field, which made it possible 

to detect the fluorescent products selectively on the bottom surface of the crystal. The 
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emission from the sample was collected by the same objective lens, after which it was 

magnified by a 1.5× built-in magnification changer, and passed through a band-pass filter 

(FF01-535/50, Semrock) to remove undesired scattered light. The emission images were 

recorded using an electron-multiplying charge-coupled device (EMCCD) camera (Evolve 

512, Roper Scientific) using Micro-Manager (https://www.micro-manager.org/). All 

experimental data were obtained at room temperature.  

 

Single-particle PL Imaging. 

PL microscopy measurement was also conducted based on a Nikon Ti-E inverted 

fluorescence microscope. For wide-field microscopy, the 405 nm CW laser (OBIS 405LX, 

Coherent; 30 mW cm–2) was used to excite the Bi4NbO8Cl. The emission images were 

recorded on an EMCCD at a rate of 30 frames s−1. A suitable dichroic mirror (Di02-R488, 

Semrock) and a long-pass filter (BLP01-488R, Semrock) were used to improve the 

signal-to-noise ratio. For confocal microscopy, the 405-nm pulsed diode laser (Advanced 

Laser Diode System, PiL040X; 45-ps FWHM, 1 MHz repetition rate) was used to excite 

the samples. The emitted photons were passed through a 100-μm pinhole and then 

directed onto a single-photon avalanche diode (Micro Photon Devices, SPD-050). The 

signals from the detector were sent to a time-correlated single photon counting module 

(Becker & Hickl, SPC-130EM) for further analysis. A dichroic mirror (Semrock, Di02-

R405) and a longpass filter (Semrock, BLP01-458R) were used to remove the scattering 

from excitation light. PL spectra were obtained by directing the emission into an imaging 

spectrograph (SOL instruments, MS3504i) equipped with a CCD camera (Andor, 

DU416A-LDC-DD) through a slit. All experimental data were obtained at room 

temperature under air. The data were analyzed using the open source image software 

ImageJ (http://rsb.info.nih.gov/ij/) and Origin 2015 (Origin-Lab).  

 

Photocatalytic Deposition of PbO2 and MnO2. 

Photo-deposition of PbO2 or MnO2 was conducted with Pb(NO3)2 or MnSO4. 

Photocatalyst powders (20 mg) were dispersed in 10 mL of an aqueous Pb(NO3)2 or 

MnSO4 solution (5 wt% as Pb or Mn) in a test tube. After the suspension was purged with 

O2 gas for 30 min, visible light (λ > 400 nm) was irradiated by a 300-W Xe-arc lamp. 
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After the 3 h irradiation, the suspension was filtered, washed with deionized water and 

dried at room temperature. 

 

TRMC Measurements. 

X-band microwave (∼9.1 GHz) and third harmonic generation (THG; 355 nm) of a 

Nd:YAG laser (Continuum Inc., Surelite II, 5−8 ns pulse duration, 10 Hz) were used as 

the probe and band-gap excitation (4.6 × 1015 photons cm−2 pulse−1), respectively. A 

powdery Bi4NbO8Cl sample was fixed onto a quartz substrate using optically clear 

adhesive tape that does not interfere with any TRMC signal. The photoconductivity Δσ 

was calculated using the following formula: Δσ = ΔPr/(APr), where ΔPr, A, and Pr are the 

transient power change of the reflected microwave, the sensitivity factor, and the power 

of reflected microwave, respectively. The obtained Δσ values were then converted into 

the product of the quantum yield (φ) and the sum of the carrier mobilities (∑μ = μ+ + μ−) 

using the following formula: φ∑μ = Δσ(eI0Flight)−1, in which e and Flight are the unit charge 

of a single electron and a correction (or filling) factor, respectively. All TRMC 

measurements were performed under an ambient atmosphere at 25 °C. 

 

TRAS Measurements. 

A set of custom-built TRAS spectrometers was employed as described previously.32 In 

the femtosecond to nanosecond regions, experiments were performed using a 

conventional pump−probe method based on a Ti:sapphire laser system (Spectra Physics, 

Solstice & TOPAS Prime; duration, 90 fs; repetition rate, 1 kHz). In this experiment, a 

355 nm laser pulse was used as the pump pulse. The experiments were performed in air 

to prevent heating of the sample and to minimize the accumulation of electrons in the 

photocatalyst due to the high-frequency pump pulse irradiation (500 Hz). In the 

microsecond to seconds region, transient absorption spectra were measured from 25,000 

to 1,000 cm−1. 355 nm light (Continuum, Surelite-II, 6 ns, 355 nm, repetition rate of 

5−0.01 Hz) was used as the pump pulse. The spectra were obtained at intervals of 200 

cm−1 and averaged over 300 scans per spectrum. The measurements were performed 

under vacuum at room temperature. The powder photocatalyst was fixed on a CaF2 plate 

with a density of ∼1 mg cm−2, and the sample plate obtained was placed in a stainless 
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steel cell. For fair comparison with PD-Rh-Bi4NbO8Cl and PD-Pt-Bi4NbO8Cl, Bare-

Bi4NbO8Cl was irradiated by visible light for 5 h in a MeOH solution prior to use.  
 

Density Functional Theory Calculation. 

The band structure calculation of Bi4NbO8Cl was performed within the framework of 

Density Functional Theory (DFT) using a plane-wave pseudopotential method as 

implemented in the Cambridge Serial Total Energy Package (CASTEP) code of 

BIOVIA’s Material Studio 2019.33 The interaction between the ionic core and valence 

electrons was treated with the OTFG ultra-soft pseudopotential using the scalar 

relativistic Kolling-Harmon approximation. The non-scalar relativistic effects and spin–

orbital coupling (SOC) were not considered. The Perdew-Burke-Ernzerhof (PBE) 

function of generalized gradient approximation (GGA) was employed as the exchange-

correlation functional. A plane wave basis set with an energy cut off of 630 eV and the 

Monkhorst-Pack 3 × 3 × 1 k-point mesh was used. The minimization algorithm of 

Broyden–Fletcher–Goldfarb–Shanno (BFGS) was employed for geometry optimizations 

with total an energy convergence tolerance of 10–6 eV per atom. The separation between 

k-points in the band structure calculations was adopted by 0.001 Å. Other convergence 

parameters are as follows: a self-consistent field tolerance of 1 × 10–5 eV per atom, a 

maximum stress of 0.05 GPa, and the maximum ionic displacement of 1 × 10–3 Å.  

Effective mass m* was calculated according to the obtained band structure. m* is defined 

by the following equation: 

!!
!∗ =	

!!
ħ#

##$
#%#	                                                       (6) 

where m0 is the free electron mass, k is the reciprocal lattice vector in the direction of 

interest, and d2ε/dk2 is the curvature of band at a maximum or a minimum, respectively. 

Assuming the band around their minima/maxima to be parabolic, we estimate the 

curvature of the band using the finite differences approximation: 

##$
#%# ≈	

&[$(%)	∆%)-$(%)]
∆%# 	                                          (7) 

where Δk = 0.05 Å. 
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4.3. Results and Discussion 

Improvement of Bi4NbO8Cl Photocatalytic H2 Evolution Activity  

As stated above, the H2 evolution activity of bare Bi4NbO8Cl (hereafter denoted as Bare-

Bi4NbO8Cl) is low even though it has a conduction band (CB) potential sufficient for H+ 

reduction,30 and little improvement is seen when the Pt cocatalyst (5 wt%) is loaded by a 

photodeposition (PD) method (Pt-Bi4NbO8Cl; Figure 4-1b). In contrast, Rh loading (5 

wt%) via PD significantly enhances photocatalytic H2 production, as displayed in the time 

course of H2 evolution (Rh-Bi4NbO8Cl; Figure 4-1b). We additionally investigated H2 

production activities for samples with various metal cocatalysts (Pt, Ru, Ir, Pd, Au, Rh) 

deposited by PD and impregnation methods, the most frequently used methods for 

particulate photocatalysts. The results highlight the superiority of Rh-Bi4NbO8Cl (Figure 

4-2). H2 evolution is observed at a remarkably high rate under visible-light irradiation (λ 

> 400 nm) on Rh-Bi4NbO8Cl (Figure 4-3). This result confirms that visible-light water 

splitting is possible and that photocatalytic H2 evolution is based on the bandgap 

excitation of Bi4NbO8Cl (Figure 4-4). Although the activity decreased during long-term 

irradiation due to physical detachment of the cocatalyst (Figure 4-5), the stability will be 

improved further by elaborated loading procedures.

Figure 4-1. a, Crystal Structure of layered perovskite oxyhalide Bi4NbO8Cl. b, Time courses of H2 

evolution over Bare-Bi4NbO8Cl (squares), and Rh-Bi4NbO8Cl (triangles) and Pt-Bi4NbO8Cl 
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(circles) in a methanol aqueous solution (20vol%) under photoirradiation (λ > 300 nm). 

 

  
Figure 4-2. Various metal cocatalysts (0.5 wt% calculated as metal) were loaded by the 

photodeposition (PD) or impregnation (imp) method.  

Figure 4-3. Time courses of H2 evolution over Bare-Bi4NbO8Cl (squares), Rh-Bi4NbO8Cl 

(triangles) and Pt-Bi4NbO8Cl (circles) in a methanol aqueous solution (20 vol%) under 

visible-light irradiation (λ > 400 nm).  
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Figure 4-4. Diffuse reflectance spectra of Bi4NbO8Cl. 

Figure 4-5. a, Repeatability test for photocatalytic H2 evolution using Rh-Bi4NbO8Cl (20 wt% Rh) 

in a methanol aqueous solution (20 vol%) under visible light irradiation (λ > 400 nm). b, XP spectra 

of Rh 3d regions of Rh-Bi4NbO8Cl before and after the catalytic reaction in a. c, d, SEM images and 

EDX analysis for Rh-Bi4NbO8Cl after the photocatalytic H2 evolution reaction. The H2 evolution 

activity of Rh-Bi4NbO8Cl was deteriorated after 24 h operation. This is due to the detachment of Rh 

from the photocatalyst during the catalytic process, where the photocatalyst suspension was 

illuminated upon continuous stirring. After the photocatalytic reaction, XPS showed a decrease in the 

relative intensity of Rh with respect to Bi. Herein, the photocatalytic particles were collected by 

filtration with a PTFE membrane filter having 0.2 µm pore size (Omnipore). Therefore, the detached 

Rh nanoparticles smaller than 0.2 µm were not be collected, which resulted in the decreased intensity 

of Rh with respect to Bi after the reaction. Some of the Rh particles peeled off from the Bi4NbO8Cl 

nanoplate were observed also in SEM images. Note that such cocatalyst detachment is often 

problematic in various photocatalytic systems.1–3 In the present case, the Rh cocatalyst is aggregated 

largely, which could promote the mechanical detachment upon stirring.  
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Site-selective Deposition of Metal Cocatalyst 

We conducted detailed investigations using mainly electron microscopic tools (Figure 4-

6) to understand why Rh-Bi4NbO8Cl showed excellent H2 evolution activity. Figure 4-

6a and 4-7 represents a typical SEM image of Bare-Bi4NbO8Cl synthesized by the flux 

method, which has nanoplate morphology with large aspect ratios; typical lateral length 

and thickness are approximately 1 µm and 50 nm, respectively.29 The TEM/SAED pattern 

(Figure 4-8) indicated that the dominant facet is the (001) plane. HAADF-STEM images 

recorded along the [110] and [100] directions are shown in Figures 4-6f, g and Figure 4-

9, consistent with the reported crystal structure.34 Notably, the STEM/EDX line scan 

analysis and elemental maps suggest that the outermost layer is the [Bi2O2] layer (Figures 

4-6h-l and Figure 4-9).
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Figure 4-6. a-c, SEM images of Bare-Bi4NbO8Cl (a), Rh-Bi4NbO8Cl (b), and Pt-Bi4NbO8Cl (c). d, 

e, Bright-field TEM images of Rh-Bi4NbO8Cl (d) and Pt-Bi4NbO8Cl (e). The insets show HRTEM 

images of the cocatalysts. f, HAADF-STEM image of a Bare-Bi4NbO8Cl nanoplate along the [110] 

direction. g, Close-up in the red rectangle in f, together with the Bi4NbO8Cl crystal structure. h-l, 

STEM-EDX line scan analysis (h) along the yellow arrow in f and atomic resolution elemental maps 

(i-l) for Bi (i), Nb (j), O (k), Cl (l). 
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Figure 4-7. SEM images of Bare-Bi4NbO8Cl 

 

 

Figure 4-8. Bright-field TEM images (a, c) and TEM/SAED (b) for the Bi4NbO8Cl nanoplate.
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Figure 4-9. a-c, HAADF (b) and ABF (a, c) STEM images for the same Bi4NbO8Cl particle shown in 

Figure 4-2a. b, c Zoomed view of the yellow box in a. d, ABF-STEM image of another Bi4NbO8Cl 

nanoplate along the [100] direction. e, f, Zoomed view of the green box in d. g, Close-up in the red 

(HAADF) and blue (ABF) rectangles in e and f, respectively, along with the corresponding Bi4NbO8Cl 

crystal structure. h, Zoomed view of the yellow box in d. i, j, Atomic resolution STEM-EDX line 

analysis (i) along the yellow arrow in h and elemental maps (j). These results are consistent with the 

chemical composition and crystal structure of Bi4NbO8Cl and also show that the outermost layer 

comprises of the [Bi2O2] layer.

 

A major difference between Rh-Bi4NbO8Cl and Pt-Bi4NbO8Cl is the location of the 

cocatalyst, as seen in SEM and HRTEM images; Rh cocatalyst, deposited as 
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agglomerations, was found only at the edges of the Bi4NbO8Cl nanoplate (Figures 4-5b,d), 

whereas Pt cocatalyst was observed as nanoparticulate dispersed mainly on the (001) facet 

(Figures 4-6c,e). Absorption spectroscopy (Figure 4-10) ensured that precursors for the 

Rh and Pt cocatalysts, RhCl63– and PtCl42–, were fully consumed during the PD process. 

The analysis of HRTEM (Figures 4-6d, e) and XPS (Figure 4-11) confirmed that the Rh 

and Pt species were reduced to zero-valence by photogenerated electrons. The crystal 

phase and the valance state of Bi4NbO8Cl were not changed by the cocatalyst loading 

(Figure 4-12). For Rh-Bi4NbO8Cl, no Rh species were observed on the (001) facet 

(Figure 4-13), showing selective deposition at the edges. Direct photoreduction of Rh3+ 

was ruled out by a control experiment (Figure 4-14). We also verified that the p/n type, 

doping level, and Zeta potentials were not affected by the Pt and Rh loading (Figure 4-

15). The H2 evolution rate of Rh-Bi4NbO8Cl reached 222.4 µmol h–1 at 20 wt% loading 

(Figure 4-16), showing an apparent quantum efficiency (AQE) value of 2.6 % at 405 nm 

(Table 4-1); note that there is room for improvement as the Rh particles grew into 

aggregates (Figures 4-17d–f, 18c,d). 

 

Figure 4-10. Absorption spectra of precursors for cocatalysts (RhCl6
3– (a-c) and PtCl4

2– (d-f)) in the 

solutions before and after the PD process onto Bi4NbO8Cl (feed amount: 1–20 wt%). 
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Figure 4-11. XPS spectra of Rh-Bi4NbO8Cl and Pt-Bi4NbO8Cl in the Rh 3d (a) and Pt 4f (b) regions. 

The binding energies of elemental Rh and Pt were referred to from a reference handbook.35 

Figure 4-12. a, XRD patterns of Bare-, Rh-, and Pt-Bi4NbO8Cl. b-e, XPS spectra of Bare-, Rh-, and 

Pt-Bi4NbO8Cl in the Bi 4f (b), Nb 3d (c), O 1s (d), and Cl 2p (e) regions.  

 

 



 121 

Figure 4-13. SEM image (a), SEM/EDX mapping (b), and SEM/EDX point analysis (c) for Rh-

Bi4NbO8Cl. 

Figure 4-14. a, Absorption spectra of a solution containing the Rh3+ precursor (Na3RhCl6) after 5 h 

stirring with or without photoirradiation (λ > 400 nm). b, Time courses of H2 evolution under light 

irradiation (λ > 400 nm) from a Na3RhCl6 methanol aqueous solution (hollow downward triangle) and 

Rh-Bi4NbO8Cl in a methanol aqueous solution (red upward triangles). 
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Figure 4-15. a, Mott–Schottky plots in a 0.1 M phosphate buffer solution (pH = 6). b, Zeta potentials-

pH plots for Bare-Bi4NbO8Cl, Pt-Bi4NbO8Cl, and Rh-Bi4NbO8Cl. 

Figure 4-16. Initial H2 evolution rate over Rh-Bi4NbO8Cl and Pt-Bi4NbO8Cl is plotted versus the 

loading amount (in wt% (a), mol% (b)) of Rh and Pt. Light source, 300 W xenon lamp (! > 300 nm); 

Medium, 100 mL of a methanol aqueous solution (20 vol%). In both plots, Rh-Bi4NbO8Cl clearly 
shows much higher H2 evolution activity than Pt-Bi4NbO8Cl at a low loading amount, where Rh is 

selectively deposited on the edge while Pt is scattered on (001) of the Bi4NbO8Cl nanoparticle (Figure 

4-17). At high mol%, where Pt comes to be deposited on both edge and (001) surface, the H2 evolution 

activity looks similar in Pt and Rh despite better catalytic activity for HER of Pt than Rh.36 This result 

indicates that Pt on (001), acting as a recombination site, affords a negative contribution to the H2 

evolution, while Pt of the edge provides a positive contribution to the H2 evolution, showing the 

importance the deposition site of the cocatalyst for efficient H2 evolution. 
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Table 4-1. AQE values for sacrificial hydrogen evolution reactions on semiconductor photocatalysts. 

Photocatalyst BG 
/ eV 

 H2 evolution  

 Activity /  
µmol h–1 

AQE / % 

SrTiO3:Rh37 2.3 MeOH 117 5.2 (420nm) 
TaON38 2.5 MeOH 120 0.8 (420–

500nm) 
Ta3N539 2.1 MeOH 10 0.1 (420-600 

nm) 
LaTiO2N40 2.1 MeOH 30 0.15 (420 nm < 

λ < 600 nm) 
Sm2Ti2O5S241 2 MeOH 22 0.3 (440 nm < λ 

< 650 nm) 
La–In oxysulfide42 2.6 MeOH 10 0.2 (420 nm < λ 

< 600 nm) 
Bi4NbO8Cl  
(This work) 

2.4 MeOH 93 2.6 (405 nm) 

 

Figure 4-17. SEM images Pt-Bi4NbO8Cl (a-c) and Rh-Bi4NbO8Cl (d-f) with various loading 

proportions (1–20 wt%). 
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Figure 4-18. a, b, HRTEM images of Pt-Bi4NbO8Cl with 1 wt% (a) and 20 wt% (b) of Pt loading. c, 

d, HRTEM images of Rh-Bi4NbO8Cl with 1 wt% (c) and 20 wt% (d) of Rh loading.

 

As in the case of Rh and Pt, photoreduction of Au3+ and Ag+ resulted in preferential 

deposition as elemental metals on the edges and dominant facet, respectively (Figure 4-

19). Note that although Au was deposited at the edge as Rh, the Au-loaded Bi4NbO8Cl 

showed a negligible activity (Figure 4-2), due to the much inferior HER catalytic activity 

of Au to Rh.28 The observed variation in metal deposition sites is unaccountable by the 

known facet-dependent redox mechanism in which reductive cocatalyst deposition should 

take place at fixed sites suitable for reduction, regardless of the metal species.11 A possible 

mechanism for the variation in the metal deposition site is described in Figure 4-20, where 

reduction rate of each metal may be a key.  
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Figure 4-19. a, b, SEM images of Bi4NbO8Cl nanoplates loaded with Ag- (a) or Au- (b) via PD. 5 

wt% of Ag and Au were loaded with AgNO3 and HAuCl4 as precursors, respectively. c, d, XPS spectra 

for Ag- and Au-loaded Bi4NbO8Cl nanoplates focusing on the Ag 3d (c) and Au 4f (d) region. The 

binding energies of Ag0 and Au0 were referred to from a reference hand book.35 These results indicate 

a selectivity of deposition site depending on metal species. Although Au was deposited at the edge as 

Rh, the Au-loaded Bi4NbO8Cl showed a negligible activity (less than 0.01 µmol h–1, Figure 4-2), which 

is accounted for by the fact that the HER activity of Au is inferior to that of Rh.36 
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Figure 4-20. a, Experimental setup to acquire time-course PL decays by the metal deposition on 

Bi4NbO8Cl. b, Decay in the PL intensity of Bi4NbO8Cl in the presence of Pt4+ or Rh3+ under 405 nm 

laser irradiation. c, XP spectrum focusing on the Pt 4f region for Bi4NbO8Cl after 5 min in the Pt 

photo-deposition process (λ > 400 nm, 300 W Xe-lamp). The binding energies of the Pt species were 

referred to a previous literature.43 e-g, SEM images Rh- and Pt-TaON (d,e) and Rh- and Pt-TiO2 (f,g). 
The PL intensity decay in b was much faster in the presence of Pt4+. This indicates that Pt4+ is 

reduced faster, which should lead to the lesser selectivity in the deposition site. As a result, especially 

at low Pt-loading wt%, Pt is deposited preferentially on the (001) facet with an area much greater than 

the edge (Figure 4-14a, b). A greater reduction rate is reported to produce smaller particles,44 which is 

consistent with the present case. In contrast, Rh3+ is reduced at a slower rate, which allows the Rh to 

be selectively deposited on the edge where electrons accumulate. The Rh deposited via the 

impregnation method are not selectively on the edge of the particle, indicating that the specific 

absorption property of Rh may not determine the deposition site as shown in Figure 4-21. In addition, 

we have conducted Pt and Rh photo-deposition on TaON and TiO2, both of which are often-used 

photocatalyst. As shown in d–g, Rh was deposited aggregately, while Pt were highly dispersive on 

TaON and TiO2. These results indicate that the reactivity of the Pt4+ and Rh3+ itself affects the 
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photoreduction process and reduction sites. 

Although further investigation is required to draw a concrete conclusion, the number of electrons 

participating in the reduction of metal ions might be associated with the reduction rates. The numbers 

of electrons to be required for the each reduction step of a metal ion, are greater for Rh and Au than 

for Pt and Ag: [RhIIICl6]3– + 3e– ® Rh + 6Cl–; [AuIIICl4]– + 3e– ® Au + 4Cl–; [PtⅣCl6]2– + 2e– ® 

[PtIICl4]2– + 2Cl and [PtIICl4]2– + 2e– ® Pt + 4Cl–; Ag+ + e– ®Ag. Note that PtII was the genuine 
intermediate for the photodeposition process of PtⅣ, which was clarified by the XP spectrum measured 

for a Bi4NbO8Cl sample in the early stage of the photodeposition (c).  

In general, dispersed nanoparticles with small overpotentials for target reactions are 

preferable as cocatalysts and can often enhance photocatalytic reactions.45–47 However, 

the contrasting H2 evolution activities of Pt-Bi4NbO8Cl and Rh-Bi4NbO8Cl suggest that 

the effect of the deposition site is pivotal, rather than the intrinsic catalytic capability of 

the cocatalyst, which is supported by the following four additional observations:  

(1) The impregnation method produced Rh particles mainly dispersed on the (001) facet 

(with a minor fraction on the edge), which did not serve as an effective H2 evolution 

cocatalyst (Figure 4-21). (2) Pt cocatalyst enhanced H2 evolution when loaded on the 

edges of Bi4NbO8Cl nanoplates. With increased loading (20 wt%), some Pt nanoparticles 

appeared on the edges of Pt-Bi4NbO8Cl (Figures 4-17a-c, 18a,b). The Pt-Bi4NbO8Cl 

sample with 20 wt% Pt exhibited a rate of H2 evolution of 65.9 µmol h–1 (Figure 4-16), 

which was greater than those of the samples with 1 wt% and 5 wt% Pt mainly on the (001) 

facet (0.3 and 2.4 µmol h–1). (3) When Pt were deposited on not only (001) surface but 

also the edge at high loading amount, the H2 evolution activity of Pt-Bi4NbO8Cl were not 

higher than that of Rh-Bi4NbO8Cl, regardless whether the activity is plotted versus the 

loading amount in wt% or mol% (Figure 4-16), despite better catalytic activity for HER 

of Pt than Rh. This result indicates that Pt on (001) affords a negative contribution to the 

H2 evolution. (4) When additional Pt (1 wt%) was deposited on the (001) facet of Rh-

Bi4NbO8Cl with 5 wt% Rh, the photocatalytic activity deteriorated substantially (from 

39.5 to 8.5 µmol h–1, Figure 4-22). (5) Rh-Bi4NbO8Cl showed a higher photocatalytic 

activity for not only water reduction but also water oxidation than Pt-Bi4NbO8Cl (Figure 

4-23a), although the catalytic activity for IO3– reduction of Rh is inferior to that of Pt 

(Figure 4-23b, c). These results clearly show that the deposition site, rather than the metal 

species, of the cocatalyst significantly affects the photocatalytic activity.
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Figure 4-21. SEM images (a) and SEM/EDX point analysis (b) of a Rh-loaded Bi4NbO8Cl sample (5 

wt%) by the impregnation method. c, Time courses of H2 evolution in a methanol aqueous solution 

(20 vol%) under visible light irradiation (λ > 400 nm). d, XPS spectrum for a Rh-loaded Bi4NbO8Cl 

sample by the impregnation method in the Rh 3d region. Note that the impregnation method often 

affords random depositions, because this process is initiated by the “forced” adsorption of metal 

cations onto photocatalyst surfaces by solvent evaporation, followed by thermal reduction8.
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Figure 4-22. SEM (a) and HRTEM (b) images of Pt (1 wt%)-loaded Rh-Bi4NbO8Cl (5 wt% Rh). c, 

Time courses of H2 evolution over Pt (1 wt%)-loaded Rh-Bi4NbO8Cl (5 wt% Rh) in a methanol 

aqueous solution (20 vol%) under light irradiation (λ > 300 nm).  
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Figure 4-23. a, Time courses of O2 evolution over Bare-Bi4NbO8Cl (squares), Rh-Bi4NbO8Cl 

(triangles) and Pt-Bi4NbO8Cl (circles) in in aqueous NaIO3 solution (4 mM) under visible-light (λ > 

400 nm) irradiation. b, c, Cyclic voltammogram of FTO substrates loaded with Rh (b) or Pt (c) in 0.5 

M aqueous Na2SO4 solution with or without 4 mM IO3
–, at a scan rate of 50 mVs–1. The Pt and Rh 

electrodes ware prepared via the drop-casting method on a fluorine-doped tin oxide (FTO) glass 

electrode. A small amount of H2PtCl6 or Na3RhCl6 aqueous solution was spread on an FTO substrate. 

The substrate was dried in air at room temperature and subsequently calcined under an H2 flow (20 

mL min−1) at 473 K for 30 min. Electrochemical measurements were performed using a potentiostat 

(VersaSTAT4, Princeton Applied Research Co., Ltd.) and a cell consisting of a prepared electrode, Pt 

wire, and Ag/AgCl electrode as the working electrode, counter electrode, and the reference electrode, 

respectively.  
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Carrier Flows in Bare-Bi4NbO8Cl 

We hereafter elucidate the dynamics of photoexcited carriers in Bi4NbO8Cl. Let us first 

discuss the results of time-resolved microwave conductivity (TRMC),48,49 which provides 

direct insight into the carrier flow in Bare-Bi4NbO8Cl. Of note, we adopted two 

measurement configurations (Figure 4-24a) taking advantage of the morphology of 

Bi4NbO8Cl nanoplates; the anisotropy of carrier mobilities perpendicular and parallel to 

the (001) plane was evaluated by changing the direction of the incident microwave with 

respect to the nanoplates fixed to a substrate (Figure 4-25). The conductivity transients 

for the two settings are displayed in Figure 4-24b, indicating an intense signal for the in-

plane direction, with a maximum value of photoconductivity φ∑μ being 17 times higher. 

Provided that φ is constant (supported by the fact that the photoexcitation for carrier 

generation is fixed throughout the experiment), the TRMC results indicate that the 

Bi4NbO8Cl nanoplate exhibits a large anisotropy in the charge carrier flow, with greater 

mobility along the in-plane direction.  

Theoretical investigations further support the anisotropic nature of the carrier flow in 

Bi4NbO8Cl. Figure 4-24c depicts orbital distribution estimated by DFT calculations, 

indicating that Bi-6p orbitals in the [Bi2O2] layer mainly contributes to the bottom of the 

conduction band (CB, blue) and O-2p orbitals in the [NbO4] layer to the top of the valence 

band (VB, orange). The band structure of Bi4NbO8Cl (Figures 4-24d, 26) shows that both 

the CB and VB have greater dispersion along the in-plane directions (Г-X and Г-Y) than 

the out-of-plane direction (Г-Z), in common with layered materials (e.g., PbBiO2Cl23 and 

Sr2TaO3N50). However, a closer look reveals that the CB is more dispersive than the VB, 

and the effective mass of electrons (0.25 m0) is smaller than that of holes (1.4 m0). Thus, 

electrons have in-plane mobility much higher than holes.
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Figure 4-24. a, Schematic illustration of the experimental setup for the anisotropic TRMC 

measurement. b, Conductivity transients for Bare-Bi4NbO8Cl. Blue and green profiles are those 

observed along the in-plane and out-of-plane direction against the (001) plane corresponding to the 

blue and green arrows in a, respectively. A signal intensity is photoconductivity φ∑μ, where φ and ∑μ 

are the quantum efficiency of the charge carrier photogeneration and sum of the carrier mobilities, 

respectively. c, Orbital distribution of the lower parts of the conduction band (blue) and the upper parts 

of the valence band (orange) of Bi4NbO8Cl estimated by DFT calculation. d, Band structure of 

Bi4NbO8Cl, where both CB minimum and VB maximum are located at the Г point. 

Figure 4-25. SEM image of the Bi4NbO8Cl sample deposited on a quartz substrate. Simple deposition 

of Bi4NbO8Cl sheets onto a quartz substrate resulted in a fixed, face-to-face orientation against the 

substrate, which allowed us to evaluate the anisotropy of carrier mobility in directions perpendicular 

and parallel to the (001) plane. 
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Figure 4-26. First Brillouin zone of Bi4NbO8Cl. The magenta line corresponds to the path of the band 

structure diagram, and g1, g2, and g3 denote the reciprocal vectors.  

 

 

Fate of the Carriers 

The fate of photogenerated carriers in Bi4NbO8Cl was visualized by single-particle 

photoluminescence (PL) imaging,51 using recombination of the electron and hole, or 

redox reaction products as probes. The PL image of a single Bare-Bi4NbO8Cl nanoplate 

excited by a 405 nm pulse laser (Figure 4-27a and Figure 4-28) shows strong emission on 

the edges of the nanoplate when referring to a concurrent optical transmission image of 

the nanoplate (Figure 4-27b). Herein we conclude that the optical waveguide effect does 

not play a chief role in the strong emission on the edge, because PL from the bulk and 

that from the edge possess lifetimes different with each other, and the waveguide effect 

is negligible when the particle is irradiated with a 532 nm laser Bi4NbO8Cl does not 

absorb (Table 4-2 and Figure 4-28). Combined with the TRMC results, this single-particle 

PL imaging result of Bare-Bi4NbO8Cl indicates that both photogenerated carriers move 

in the in-plane direction, leading to recombination at the nanoplate edges.
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Figure 4-27. a,b, PL (a) and transmission images (b) of a single Bare-Bi4NbO8Cl nanoplate 

immobilized on a cover glass in air under 405 nm laser irradiation. The PL intensity was integrated 

over all monitored wavelengths. c, Reductive turn-on conversion of the fluorescent molecular probe 

used in single-molecule fluorescence imaging. d, e, Fluorescence (d) and transmission (e) images of 

a single Bare-Bi4NbO8Cl nanoplate immobilized on a cover glass in an Ar-saturated aqueous 

methanol solution containing MS-DN-BODIPY (0.3 µM). For d, the image was taken under 488 nm 

laser irradiation. The red dots in e represent fluorescence bursts observed during 180 s irradiation. f, 
g, SEM images of Rh-Bi4NbO8Cl after the photocatalytic deposition of PbO2 (f) and MnO2 (g). 

 



 135 

Figure 4-28. Transmission (a) and PL images (b, c) of a single Bare-Bi4NbO8Cl nanoplate 

immobilized on a cover glass in air under 405 nm laser irradiation. The PL intensity was integrated 

over all monitored wavelengths (> 500 nm). d-f, PL spectra (d) and decays (e, f) from the edge and 

center of the nanoplate monitored in the white boxes in c. g, A transmission image of a single Bare-

Bi4NbO8Cl nanoplate immobilized on a cover glass in air. The illuminated region by a 532 nm laser 

in h is shown by the green circle. h, Another image of the same region taken in the dark except for the 

illumination by a focused 532 nm laser. The full width at half maximum (FWHM) of the bright spot 

on the crystal is approximately 570 nm, which was determined by Gaussian fitting. 

The PL image shown in Figure 4-23a is a wide-field image in which the entire particle was 

photoexcited at once. On the other hand, here we employed confocal microscopy technique, where the 

luminescence was recorded point-by-point (100.7 nm intervals) under localized laser excitation. The 

PL intensity was much greater at the edge than at the basal plane. Moreover, decay profiles and 

lifetimes are different between luminescence at the edge and that from the center of the (001) plane. 
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In addition, when only the center of a Bi4NbO8Cl nanoplate was irradiated by a focused 532 nm CW 

laser, at which wavelength Bi4NbO8Cl has a negligible absorption (Figure 4-4), the incident light did 

not propagate to the edges of the nanoplate (h). From these experimental facts, we have concluded the 

PL observed at the edge originates from the edge itself, and there is a minor contribution from 

luminescence transmitted from the bulk part of Bi4NbO8Cl through the optical waveguide mode. 

 

Table 4-2. Fitting parameters for the PL decays. 

 

 

 

 

 

 

a〈"〉 = (&!"!" + &"""" + &#"#")/(&!"! + &""" + &#"#) 

 

We then performed two measurements in the presence of reactants to study the 

dynamics of either carrier, using single-molecule fluorescence imaging technique for 

electrons52,53 and oxidative PD of metal oxides for holes. Figure 4-27d shows the 

fluorescence image of a single Bare-Bi4NbO8Cl nanoplate excited at 488 nm in an Ar-

saturated aqueous methanol solution containing MS-DN-BODYPY molecular probe for 

electrons (Figure 4-27c), wherein methanol served as a hole scavenger. Green and yellow 

spots showing intense fluorescence were observed mostly at the edge of the Bi4NbO8Cl 

nanoplate. These spots arose from luminescent MS-HN-BODIPY converted from non-

luminescent MS-DN-BODYPY upon reduction by photogenerated electrons,54 as 

supported by the time evolution of fluorescence mapping (Figure 4-29). Several 

fluorescence bursts were detected during 180 s of photoirradiation, which are displayed 

in Figure 4-27e as red spots overlaid with a concurrent optical transmission image of the 

nanoplate, with the reproducibility checked on other nanoplates (Figure 4-30). Overall, 

the single-molecule fluorescence experiments show that photoexcited electrons 

predominantly move along the in-plane direction and accumulate at the nanoplate edge.

 

 
a1 τ1 (ns) a2 τ2 (ns) a3 τ3 (ns) <τ> (ns)a 

center 1697 0.38 109 2.0 53 15.4 7.9 

edge 4971 0.52 1354 2.3 923 14.6 10.7 
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Figure 4-29. The green fluorescence from individual product molecules appeared as burst-like signals 

due to dissociation from the surface into the bulk solution15. 

Figure 4-30. a, c, e, The fluorescence images were taken under 488 nm laser irradiation. b, d, f, The 

red dots represent fluorescence bursts observed during 180 s irradiation. 

 

Turning to the holes, we conducted photocatalytic oxidation of Pb2+ and Mn2+ in 

oxygen-saturated aqueous solution. Here, the metal ions are oxidized by photogenerated 

holes to the corresponding metal oxides (PbO2 and MnO2) deposited on the photocatalyst 

surface, thereby acting as probes for the oxidation sites of photocatalysts.11 On the other 

hand, photoexcited electrons are trapped by electron acceptors (O2 and/or H2O). For 
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Bare-Bi4NbO8Cl nanoplate, negligible metal oxide deposition was observed under 

visible light irradiation (λ > 400 nm) (Figure 4-31), which suggests that holes recombine 

with electrons before participating in oxidation. In contrast, Rh-Bi4NbO8Cl experienced 

PbO2 and MnO2 deposition (Figures 4-32-35); a number of particles and sponge-like 

deposits, in the cases of Pb2+ and Mn2+, respectively, were scattered on the (001) facet 

(Figures 4-27f, g). The result for Rh-Bi4NbO8Cl is particularly important as it indicates 

that photogenerated holes are allowed to migrate along the out-of-plane direction and 

reach the (001) surface, despite the dispersionless VB structure along this direction. 

Together with the hydrogen evolution experiments (Figure 4-1b), we conclude that the 

carrier dynamics of Rh-Bi4NbO8Cl is characterized by a unique charge separation, where 

electrons and holes are spatially separated and migrate, respectively, toward Rh at the 

nanoplate edge and toward the basal plane, triggering their respective redox reactions.

Figure 4-31. SEM images of the Bare-Bi4NbO8Cl after visible light irradiation in Pb(NO3)2 (a) and 

MnSO4 (b) solutions with O2 bubbling.  

Figure 4-32. SEM image and SEM/EDX analysis for Rh-Bi4NbO8Cl after the photocatalytic 

deposition of PbO2. 



 139 

Figure 4-33. XPS spectra of Rh-Bi4NbO8Cl after the photocatalytic deposition of PbO2 in the Pb 4f 

region. The binding energies of Pb2+ and Pb4+ were referred to from a reference hand book.35 

Figure 4-34. SEM image and SEM/EDX analysis for Rh-Bi4NbO8Cl after the photocatalytic 

deposition of MnO2. 

Figure 4-35. XPS spectra of Rh-Bi4NbO8Cl after the photocatalytic deposition of MnO2 in the Mn 

2p region. The binding energies of Mn2+ and Mn4+ were referred to from a reference hand book.35 
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Carrier decay dynamics 

We further compared the charge carrier decay profiles using time-resolved absorption 

spectroscopy (TRAS), as used for semiconductor photocatalysts.32,55 A microsecond 

transient spectrum for Bare-Bi4NbO8Cl, when excited by a 355 nm laser pulse (Figure 

4-36a), shows three characteristic absorption peaks at 2,000 cm–1, 13,000 cm–1, and 

20,600 cm–1. Referring to previous results (e.g., TiO2,56–58 α-Fe2O359 and LaTiO2N32), the 

first absorption is attributed to photogenerated free (or shallowly trapped) electrons in the 

CB,60,61 the second one to the excitation of trapped electrons from the mid-gap state to 

the CB55 (derived from halogen defects, see Figure 4-37), and the third one to the 

photogenerated holes. The initial decay profiles after photoexcitation were examined 

using femtosecond TARS, focusing on the absorbance changes at 2,000 and 20,600 cm−1 

(Figures 4-36b-e). The decay of free electrons at 2,000 cm−1 was accelerated by the 

loading of Rh or Pt compared to Bare-Bi4NbO8Cl (Figures 4-36b,c); especially Pt-

Bi4NbO8Cl decayed more rapidly than Rh-Bi4NbO8Cl. Regarding hole absorption at 

20,600 cm−1 (Figures 4-36d, e), the Pt cocatalyst accelerated a decline in the absorption 

peak, while the decay acceleration was less prominent in Rh-Bi4NbO8Cl. These 

observations suggest that Pt on the (001) facet traps both electrons and holes, while Rh at 

the edge captures only electrons, leaving holes in the bulk of Bi4NbO8Cl on picosecond 

timescales.
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Figure 4-36. a, Microsecond TRAS of Bare-Bi4NbO8Cl measured in the vacuum. The sample was 

excited by 355 nm laser pulses (6 ns duration, 0.5 mJ, 5 Hz). b-e, Femtosecond decay profiles of 

transient absorptions at 2,000 cm−1 (b, c) and 20,600 cm−1 (d, e) for Bare-Bi4NbO8Cl, Rh-Bi4NbO8Cl, 

and Pt-Bi4NbO8Cl. The samples were excited by 355 nm laser pulses (90 fs duration, 6 μJ, 500 Hz) 

in air for the several pico-second (ps) region. 
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Figure 4-37. Time-resolved absorption spectra of Bi4NbO8Cl prepared via the conventional solid-state 

reaction (SSR) and flux synthesis. The samples were excited at 355 nm (6 ns duration, 0.5 mJ, 5 Hz). 

We previously reported that Bi4NbO8Cl prepared by a high temperature solid-state-reaction (SSR) 

method suffered from Cl defects.62 In the present study, the Bi4NbO8Cl samples prepared via the flux 

method, where Cl defects are relatively suppressed, were used.29 In fact, as shown in Figure 4-6a, f-l, 

and Figure 4-8, the flux-prepared sample feature high quality of crystals. The signal intensities 

originating from the trapped electrons (at the mid-gap state) and free ones are, respectively, greater 

and smaller in SSR-prepared Bi4NbO8Cl than flux-prepared one. The TRAS result indicates the mid-

gap state should stem from the Cl defects.

 

Carrier Flow Engineering 

Figure 4-38 illustrates the suggested carrier flow dynamics and charge separation of the 

three Bi4NbO8Cl nanoplate samples. The thorough and systematic study described above 

allows us to reveal how the deposition site of the cocatalyst affects the direction of the 

carrier flow in the bulk and influences the H2 evolution photocatalytic activity. Hereafter, 

the carrier flow in each material is discussed from the viewpoints of solid-state chemistry, 

solid state physics, semiconductor engineering, and catalysis science. 

In Bare-Bi4NbO8Cl, photogenerated carriers (both electrons and holes) are likely to 

travel in-plane, as expected from the layered crystal structure and band dispersion. More 

precisely, the in-plane dispersion of the conduction band is greater than that of the valence 
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band (Figure 4-24d), suggesting that electrons are lighter than the holes and can migrate 

faster along this direction. However, since the bare surface of Bi4NbO8Cl has no catalytic 

site for H+ reduction, the lighter electrons cannot flow out of the nanoplate. As a result, 

the electrons are trapped by the holes that subsequently reach the nanoplate edges, causing 

recombination, as confirmed by PL imaging (Figure 4-27).  

Once Rh is loaded on the nanoplate edges (Rh-Bi4NbO8Cl), the situation changes 

drastically. Herein, the “light” electrons, which arrive at the edge first, can be extracted 

from the nanoplate by Rh and then used in the reduction of H+/H2O, instead of 

recombining with the holes, as demonstrated by TRAS (Figure 4-36). With the electrons 

being consumed, the photo-generated “heavy” holes must move to the surface of the 

nanoplate to react with methanol in order to satisfy charge neutrality in the bulk 

Bi4NbO8Cl. Of importance here is that our Bi4NbO8Cl crystals are in the form of 

nanoplates with a thickness of about 50 nm, and this forces the holes to hop towards the 

nearest (001) facet (Figure 4-38c) against the dispersionless out-of-plane VB. The 

resultant orthogonal carrier flow realizes the spatial separation of photoexcited electrons 

and holes, greatly enhancing photocatalytic activity.  

In Pt-Bi4NbO8Cl, Pt captures both electrons and holes, contrary to what the band 

dispersion of Bi4NbO8Cl tells us (Figure 4-38b). Here, changes in the flows of both 

carriers are accounted for by band bending. In general, when novel metals such as Pt are 

brought into contact with an n-type semiconductor, upward band bending and Schottky 

barrier are formed in the space charge layer.63 In fact, such upward band bending was 

reported to allow photogenerated holes to migrate from n-type photocatalysts to Pt.64–66 

In Pt-Bi4NbO8Cl, Pt nanoparticles are highly dispersed on the basal plane (i.e., (001) 

facet) of the nanoplate (Figure 4-6c). Considering the fact that the typical thickness of the 

space charge layer is a few tens of nanometers,67 the thickness of about 50 nm in the 

present nanoplates means that the scattered Pt and n-type Bi4NbO8Cl junctions give 

effective upward band bending over the entire crystal, allowing the photogenerated holes 

to move into Pt. On the other hand, the photogenerated electrons are prone to move in the 

in-plane direction toward the edge of Bi4NbO8Cl due to the high mobility along the in-

plane direction. However, in Pt-Bi4NbO8Cl, they cannot be consumed at the edge, 

because of the inertness to H+ reduction in the absence of a cocatalyst there. As a result, 
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electrons are eventually captured by Pt on the (001) plane, followed by recombination 

with holes therein, as shown by TRAS (Figure 4-36). The electron transfer mechanism 

from Bi4NbO8Cl to Pt might be tunneling through the Schottky barrier,68–70 where the 

high dispersity of Pt on the (001) facet should increase the probability of electron transfer 

to Pt via tunneling. Note that the preceding hole transfer from Bi4NbO8Cl to Pt reduces 

the band bending and barrier height, which may make the subsequent electron transfer 

easier. In addition, the requirement for charge neutrality in the bulk Bi4NbO8Cl after the 

hole transfer to Pt may also be at play in the electron transfer to Pt and subsequent 

recombination with the holes. Other possible case is that, at the edge, electrons are 

recombined with holes that are not captured by Pt as in Bare-Bi4NbO8Cl. 

Recall that previous studies on photocatalytic systems relied on facet engineering for 

efficient charge separation; in TiO2,10 BiVO4,11 SrTiO312 and Bi2MoO6,13 where the 

photooxidation and reduction sites are separated inherently on different facets. For 

example, in BiVO4,11 photo-oxidation and photo-reduction take place preferentially on 

the (110) and (010) facets, respectively, which is associated with the VBM/CBM levels 

and the energy of each facet surface. This means that the direction of the carrier flow is 

determined by the inherent properties of photocatalysts themselves. The choice of the 

facet plane is a parameter to control. However, there are difficulties and uncertainties in 

exposing the desired facet experimentally. The present study proposes another strategy 

for the efficient charge separation: site-specific metal loading manipulates the carrier flow 

of layered Bi4NbO8Cl; the intrinsic but unfavorable parallel carrier flow was changed into 

the orthogonal one.
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Figure 4-38. a-c, Suggested major carrier flow in Bare-Bi4NbO8Cl (a), Pt-Bi4NbO8Cl (b) and Rh-

Bi4NbO8Cl (c). In Bare-Bi4NbO8Cl, both electrons and holes are prone to move in the in-plane 

direction according to their band dispersions, resulting in recombination at the nanoplate edges. In Pt-

Bi4NbO8Cl, both carriers are collected by the Pt cocatalyst based on the band bending mechanism, 

leading again to recombination (Figure 4-37b). However, the edge-deposited Rh cocatalyst in Rh-

Bi4NbO8Cl can collect photogenerated “light” electrons predominantly, while “heavy” holes left in 

the photocatalyst hop towards the (001) facet thanks to the anisotropic crystalline shape 

(approximately 50 nm in thickness). The orthogonal carrier flow leads to the high photocatalytic 

hydrogen activity.  
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4.4. Conclusion 

In summary, we successfully manipulated the carrier flow in a layered Bi4NbO8Cl 

nanoplate suffering from charge recombination by Rh deposition at the edge, which leads 

to the spatial charge separation and significantly improves the photocatalytic activity. In 

conjunction with differences in the in-plane dispersion between the conduction and 

valence bands, the site-selective deposition allows the Rh cocatalyst to extract 

photoexcited light electrons efficiently from the photocatalyst, which then forces the 

remaining heavy holes to hop perpendicular to the plane with the aid of anisotropic crystal 

geometry. We believe the present strategy is applicable not only to other Sillén-

(Aurivillius) layered oxyhalide series,30,71,72 but also to a variety of semiconductor 

photocatalysts including mixed-anion compounds with narrow band gaps;57–59 above all, 

those considered to be useless or inefficient as photocatalysts can be transformed into 

effective ones by metal-species deposition on appropriate sites using knowledge on band 

structures. The present work provides a deeper understanding on, and a new insight for 

charge separation in semiconductor photocatalysts. 
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Chapter 5 
CrOx layer promoting electron transfer from photocatalyst to 

noble-metal cocatalysts for efficient charge separation and H2 

evolution  
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5.1. Introduction 

Photocatalytic water splitting employing semiconductor materials is of great attractive 

because of the potential for clean H2 production by harvesting abundant solar light.1–4 

Therein, cocatalysts loaded on semiconductor photocatalysts are essential for highly 

efficient photocatalytic water splitting. They have mainly two roles: (1) to capture 

photoexcited carriers (electrons or holes) and (2) to reduce the activation energy of 

surface reactions as “catalysts”.5 Owing to the low activation energy for water reduction 

(i.e., excellent abilities as HER catalysts), noble metals (Pt, Rh, etc.) are often used as 

cocatalysts for H2 evolution photocatalysis.6 However, the former role, how they capture 

photoexcited carriers, remains not fully understood because the nanoscale metal-

semiconductor interface is highly complex process.7,8 Some reports show that Pt captures 

photoexcited holes as well as electrons in some cases, which results in undesirable 

recombination.9–11 Thus, there should be sufficient room for the elaboration of co-

catalysts based on their carrier capturing abilities. 

Herein, we focus on chromium oxide (CrOx). CrOx/Rh cocatalyst, where Rh core is 

encapsulated by CrOx shell, is one of the most commonly used cocatalysts for 

photocatalytic water splitting,12,13,4 owing to its excellent resistance to backward reactions 

such as water formation (from H2 and O2) and O2 reduction, which are problematic in 

bare-noble metals like Pt and Rh.5 The role of the CrOx layer is known to shield Rh from 

O2; the CrOx layer is permeable to H+ but not to O2, preventing O2 molecules from 

reaching the Rh surface.14 However, we have noticed that some previous results cannot 

be explained only by the suppression of back reactions caused by O2. For example, co-

loading of CrOx with Rh enhanced the activity of the H2 evolution half-reaction from a 

sacrificial agent,14,15 where O2 did not evolve and the suppression of back reactions with 

O2 cannot be the origin of the enhancement. This result motivated us to investigate the 

unrevealed function of CrOx. As the CrOx does not catalyze H+ reduction,16,17 we have 

focused on effect of the CrOx on the carrier transfer process from photocatalysts to noble 

metal reaction sites. 

In the present study, we propose a favorable role of CrOx in electron transfer from 

photocatalysts to a noble metal (i.e., reduction site); CrOx functions as an electron 

transport layer. The CrOx layer loaded on the pre-loaded Rh improves photocatalytic H2 
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evolution activity under visible light over the Bi4NbO8Cl. The H2 evolution is further 

improved by encapsulation of Rh nanoparticles in amorphous CrOx, which is achieved by 

newly developed deposition method where Rh and Cr species are simultaneously loaded 

on the photocatalyst by using Cr3+ as a precursor. Time-resolved spectroscopy reveal that 

the loaded CrOx functions as an electron transport layer between the Bi4NbO8Cl 

photocatalyst and the Rh, where an appropriate band alignment between them is an 

essential factor.  

 
 
5.2. Experimental 

Material 
Bi2O3 (99.99 %), BiOCl (95.0 %), Nb2O5 (99.9 %), NaCl (99.5 %), CsCl, methanol 

(99.8 %), Rh2O3, K2CrO4 (99.0 %), and BN were purchased from FUJIFILM Wako Pure 

Chemical Corporation. Na3RhCl6·nH2O (80.0 %), Cr(NO3)3·9H2O (98.0 %), and Cr2O3 

(98.5 %) were purchased from Kanto Chemical Corporation. 

Synthesis of Bi4NbO8Cl by the flux method 

Bi4NbO8Cl was synthesized by the flux method as reported in our previous work.18 

Briefly, a stoichiometric mixture of Bi2O3, BiOCl, and Nb2O5 was mixed with flux (NaCl 

and CsCl in a molar ratio of 35:65) at 1 mol%. The mixture (25 g) placed in a 30 mL 

alumina crucible was heated at a rate of 50 °C h–1 to 650 °C and held at the final 

temperature for 10 h. The product was naturally cooled to room temperature, thoroughly 

washed with distilled water, filtered, and dried in the air. 

 

Loading of co-catalyst 

Prepared Bi4NbO8Cl (0.2 g) was dispersed in an aqueous methanol solution (20 vol%, 

250 mL). Depending on the preparation conditions, Rh precursor (Na3RhCl6·nH2O) 

and/or Cr precursor (Cr(NO3)3·9H2O or K2CrO4) were added to the solution. The amount 

of precursor added was 1.0 wt% for Rh and 1.5 wt% for Cr as a metal cation. After 

degassing, the solution was irradiated with visible light (λ > 400 nm) for 5 h at room 

temperature with continuous stirring. The irradiation was conducted using a 300 W Xe 

lamp equipped with a CM1 cold mirror and an L-42 cutoff filter. The product was filtered, 
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washed thoroughly with distilled water, and dried in the air. 

 

Characterization 
The prepared samples were studied by powder X-ray diffraction (XRD), X-ray absorption 

fine structure (XAFS) spectroscopy, X-ray photoelectron spectroscopy (XPS), 

transmission electron microscopy (TEM), and scanning electron microscopy (SEM). The 

XRD measurement was carried out with MiniFlex II (Rigaku) using Cu-Kα as an X-ray 

source. The XAFS measurement was carried out at the AR-NW10A and BL12C beamline 

of Photon Factory (High Energy Accelerator Research Organization, Tsukuba, Japan). 

The X-ray energy was varied using a Si(111) double-crystal monochromator. Reference 

samples (Rh foil, Rh2O3, Cr(NO3)3, Cr2O3, Cr(OH)3, and K2CrO4) were measured in the 

transmission mode. Cr(OH)3 was obtained from the precipitate formed by adding NaOH 

to Cr(NO3)3 solution. Rh2O3, Cr(NO3)3, Cr2O3, Cr(OH)3, and K2CrO4 were diluted in 

boron nitride and compressed to form pellets. The prepared various Bi4NbO8Cl samples 

were measured in fluorescence mode using a multichannel solid-state detector. The XPS 

measurements were carried out with 5500MT (ULVAC-PHI) using Mg-Kα as an X-ray 

source. The spectra were calibrated with a 4f7/2 peak (84.0 eV) of Au deposited on the 

sample surface using a magnetron sputtering device (MSP-1S). TEM and SEM 

observations were conducted using JEM-2100F (JEOL) and Nvision 40 (Zeiss), 

respectively. 

 

Photocatalytic reaction 
Photocatalytic reactions were performed in a closed circulation system. A sample (0.1 g) 

was dispersed in an aqueous methanol solution (20 vol%, 250 mL) in a Pyrex reaction 

vessel. After degassing, the solution was irradiated from a 300 W Xe lamp at room 

temperature with continuous stirring. In the case of Bi4NbO8Cl, the visible light (λ > 400 

nm) was irradiated using a CM1 cold mirror and an L-42 cutoff filter. Evolved gases were 

analyzed using a thermal conductivity detector (TCD) gas chromatograph (GC-8A, 

SHIMADZU) using Ar as a carrier gas. 

 

Transient absorption measurement 
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The transient absorption (TA) measurements were performed using a custom-built 

spectrometer as described previously. Briefly, for microsecond measurements, samples 

fixed on a CaF2 plate were excited by a 355 nm laser pulse (0.5 mJ pulse energy, 0.5–1 

Hz repetition rate). As a probe light, the visible to near-IR light (25,000–6,000 cm–1) was 

irradiated from a halogen lamp and the mid-IR light (6,000–1,000 cm–1) was irradiated 

from the MoSi2 coil. The transmitted or diffuse reflected probe light monochromated by 

a spectrometer was detected by Si, InGaAs, and MCT detectors for the visible, near-IR, 

and mid-IR regions, respectively. The picosecond measurements were performed by 

using a Ti:sapphire laser system (Spectra-Physics, Solstice & TOPAS Prime; 90 fs 

duration; 500 Hz repetition rate). To excite the samples, 355 nm pulses (6 μJ pulse energy) 

were used. The probe 20,800 cm–1 and 2,000 cm–1 pulses were detected by a 

photomultiplier and MCT detector, respectively. All TA measurements were performed 

in N2 (20 torr). The bare sample was irradiated with visible light in an aqueous methanol 

solution in advance to make the conditions the same as other photodeposited samples. 

 

5.3. Results and Discussion 

Characterization of Rh and CrOx loaded on Bi4NbO8Cl 
We employed Bi4NbO8Cl, a promising visible-light water-splitting photocatalyst,19 

synthesized by the flux method.18 Cocatalysts were loaded using Na3RhCl6, CrNO3·9H2O 

(CrIII), and K2CrO4 (CrVI) as precursors. When a photocatalyst is irradiated in an aqueous 

Cr(NO3)3 solution, Cr3+ precipitates as CrOx on the photocatalysts via the reaction with 

OH– produced in the reduction of NO3– by the photogenerated electrons (NO3– + H2O + 

2e– → NO2– + 2OH–).20 In the case of K2CrO4, Cr2O3 is deposited on photocatalysts via 

the photoreduction of CrVI to CrIII.21 

Herein, we employed two different deposition procedures: stepwise21,22 and 

simultaneous deposition.23 In the stepwise deposition process, after Rh is deposited on the 

photocatalyst via photo-reduction (Rh3+ + 3e– → Rh), CrOx is coated on it, which is 

denoted as CrIII/Rh or CrVI/Rh depending on the precursor used. In the simultaneous 

deposition, the photocatalyst is irradiated in the solution containing both Rh and Cr 

precursor (denoted as Rh+CrIII or Rh+CrVI). To our knowledge, the simultaneous 

deposition using CrIII as a precursor has not been investigated so far. A sample loaded 
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with only Rh was also prepared. 

Figure 5-1 shows the Rh-K and Cr-K edge X-ray absorption near edge structure 

(XANES) spectra of the prepared samples. Rh was loaded as a metal, except for Rh+CrVI 

where Rh was loaded as a trivalent oxide (Figure 5-1a). The Cr-K spectra of all prepared 

samples were in good agreement with that of Cr2O3•nH2O (Figure 5-1b) and CrOx species 

loaded on GaN:ZnN,14,22 which is supported by the XPS analysis (Figure 5-2). 

 

Figure 5-1. (a) Rh-K and (b) Cr-K edge XANES spectra of Bi4NbO8Cl loaded with Rh and 

Cr prepared in various methods. The Rh-K edge spectra of Rh foil and Rh2O3 and Cr-K edge 

spectra of Cr(NO3)3, Cr2O3, Cr2O3•nH2O)3, K2CrO4 are shown as a reference. Cr2O3•nH2O 

was obtained from the precipitate formed by adding NaOH to Cr(NO3)3 solution. 
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When only Rh was loaded on Bi4NbO8Cl, Rh was deposited as agglomerates with a 

size of approximately 40–50 nm (Figures 5-3a and 4); the lattice fringes in the 

transmission electron microscopy (TEM) image ensured the zero-valent state of the Rh. 

After CrOx deposition on the Rh-loaded sample (CrIII/Rh and CrVI/Rh), Rh was coated 

with the amorphous CrOx layer (Figure 5-3b, c), while the morphology and size of Rh 

itself remain unchanged. In Rh+CrIII, the highly dispersed small particles were observed, 

where Rh with a size of a few nanometers is fully enclosed by an amorphous CrOx shell 

(Figure 5-3d). Although some large particles were also observed (Figure 5-5), their 

number is quite small (less than 5.2% in the observed 200 particles). On the other hand, 

in Rh+CrVI, only an amorphous particle was deposited, which may be RhIII-CrIII mixed-

oxide by referring to literature24,23 and the observed trivalency of the Rh in this sample 

(Figure 5-1a). 
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Figure 5-3. HR-TEM images of (a) Rh, (b) CrIII/Rh, (c) CrVI/Rh, (d,e) Rh+CrIII, and (f) Rh+CrVI 

loaded Bi4NbO8Cl. 

Figure 5-4. SEM images of (a) bare and (b) Rh, (c) CrIII/Rh, (d) CrVI/Rh, (e) Rh+CrVI, and (f) 

Rh+CrIII loaded Bi4NbO8Cl. 
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Photocatalytic activity 
The H2 evolution activity of the prepared samples was evaluated in a sacrificial aqueous 

methanol solution under visible irradiation (λ > 400 nm) (Figure 5-6). The co-deposition 

of CrOx with Rh improved the photocatalytic activity (except for Rh+CrVI). Especially, 

Rh+CrIII showed over 10 times higher activity than the case with only Rh. The stepwise 

deposition of CrOx on Rh (CrIII/Rh and CrVI/Rh) also enhanced the activity. On the other 

hand, the activity of Rh+CrVI was negligible probably because Rh species is not the 

zerovalent state, and thus, we excluded Rh+CrVI hereafter. As described in the 

introduction, these results clearly show another favorable role of CrOx for efficient H2 

evolution other than the shielding effect of O2 molecules from Rh. 

Figure 5-5. TEM images of Rh+CrIII loaded Bi4NbO8Cl. 
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Effect of CrOx on the carrier dynamic 
Based on the two main roles of cocatalysts, the CrOx may affect the charge transfer 

process from the photocatalyst to Rh as it has been reported that the CrOx does not 

promote catalytical HER.16,17 The effect of the CrOx on the carrier dynamics in the 

Bi4NbO8Cl was verified using transient absorption (TA) spectroscopy, a powerful 

technique to study carrier dynamics in particulate photocatalysts.25,26 Figure 5-7a shows 

the TA spectra of bare Bi4NbO8Cl, where the bandgap excitation induces two absorption 

increases in the infrared (IR) (2,000 cm–1) and the visible (20,800 cm–1) regions. The IR 

features have been attributed to photogenerated free electrons in the conduction band 

(CB) and/or shallowly trapped electrons,27,28 while the visible features have been 

associated with the photogenerated holes.26,29 Figure 5-7b and c show the IR (2,000 cm–

1) and visible (20,800 cm–1) TA kinetics, reflecting the population of the photoexcited 

carriers, of the bare and the CrOx loaded Bi4NbO8Cl. The CrOx loading decreases the IR 

signal but increases the visible signal, where the intensity changes caused by CrOx appear 

at the rise of signal due to instrumental limit. This result suggests that the loaded CrOx 

affects the initial process of the carrier dynamics in Bi4NbO8Cl, resulting the decrease 

and increase of the population at µs region of the photoexcited electrons and holes, 

respectively, in Bi4NbO8Cl. The initial process of the charge transfer was further studies 

Figure 5-6. Time courses of H2 evolution of Bi4NbO8Cl loaded with Rh and Cr prepared in various 

methods. The reactions were conducted in an aqueous methanol solution (20 vol%, 250 mL) under 

visible light irradiation (λ > 400 nm). 
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using femtosecond TA. Figures 5-7d, e show decays of the IR and visible signals, 

respectively, in picosecond region. The CrOx loading accelerated the decay of the electron 

(IR) but deaccelerated that of holes (visible), which suggests that the CrOx captures the 

photoexcited electrons from Bi4NbO8Cl, prolonging the hole lifetime by promoting 

spatial separation of electrons and holes. The carrier transfer from semiconductors to 

cocatalysts generally takes place on the pico-to-nanosecond time scale,8,25,30 as is the 

present case with CrOx. These results suggest that the loaded CrOx selectively captures 

photoexcited electrons from the photocatalyst but not holes. 

 

 

Figure 5-7. a, Time-resolved absorption spectra of bare Bi4NbO8Cl exited by UV laser pulses (355 

nm, 0.5 mJ cm–2) in a vacuum. b-f, Decay kinetics of the transient absorption in the (b,c) 

microsecond and (e,f) picosecond regions measured at (a,e) 2000 cm–1 and (b,f) 20800 cm–1 in N2 

(20 Torr). The samples were excited by UV laser pulses (355 nm). 
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Carrier dynamic in CrOx and Rh coloaded Bi4NbO8Cl 
The function of CrOx as an electron transporting layer was observed also in case of the 

co-loading of CrOx with Rh on Bi4NbO8Cl. As shown in Figures 5-8a and 8b, Rh 

deposition decreased the signal intensity of electron but increased hole absorptions, which 

suggests that Rh captures photoexcited electrons as discussed in Chapter 4. The stepwise 

deposition of CrOx on Rh (CrIII/Rh and CrVI/Rh) decreased the electron signal but had 

little effect on the hole signal, which indicates that the loaded CrOx facilitates the 

photoexcited electron transfer from the photocatalyst to Rh. More importantly, in Rh+CrIII, 

showing the highest photocatalytic activity, the signal of holes was further increased as 

compared with the sample loaded by only Rh, while the electron signal was decreased as 

is the case of CrIII/Rh and CrVI/Rh, which indicates that the selective electron transfer 

from the photocatalyst to Rh was further enhanced in Rh+CrIII sample as compared to the 

Rh-loaded sample. 

 

From these results, we concluded that the CrOx serves as an electron transport layer 

between the photocatalyst and the reaction site (Rh) and enhances the charge-separation 

and thus photocatalytic activity. Figure 5-9a illustrates the suggested carrier flow 

dynamics and charge separation in the CrIII/Rh (or CrVI/Rh) and Rh+CrIII samples. In 

CrIII/Rh and CrVI/Rh, CrOx layer is loaded on the pre-loaded Rh (Figure 5-3). The CrOx 

species capture the photoexcited electrons from the Bi4NbO8Cl, as revealed by TA study 

(Figures 5-7 and 8). Therefore, we concluded that the CrOx layer serves as an electron 

Figure 5-8. Decay kinetics of the transient absorption in the picosecond regions measured at (a) 

2000 cm–1 and (b) 20800 cm–1 in N2 (20 Torr). The samples were excited by UV laser pulses (355 

nm). 
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path between Bi4NbO8Cl and Rh, facilitating electron transfer to Rh and increasing the 

number of electrons participating H+ reduction on Rh (Figure 5-9a).  

Notably, in Rh+CrIII showing the highest activity, the highly dispersed small particles 

were observed and Rh nanoparticles are almost fully enclosed by an amorphous CrOx 

shell. Therein, the electron transfer to Rh was promoted despite the reduced interface 

between Rh and Bi4NbO8Cl, while the undesirable hole transfer to Rh was further 

suppressed. Given the results of CrIII/Rh and CrVI/Rh showing that the CrOx layer serves 

as an electron path, we concluded that CrOx intermediating between Bi4NbO8Cl and Rh 

in Rh+CrIII selectively pass electrons, suppressing the undesirable hole transfer to Rh 

(Figure 5-9b), which can be problematic when the photocatalyst is directly in contact with 

Rh. Although some large particles without CrOx were also observed in this sample as 

stated above, they may not be responsible for the photocatalytic activity and the observed 

TA kinetics, given the small ratio of the large particles (about 5%). 

 

 

Figure 5-9. a,b Schematic illustration of the role of CrOx in the carrier transfer process from 

semiconductor to Rh in (a) CrIII/Rh ( or CrVI/Rh) and (b) Rh+CrIII. c, Energy level diagram for 

Bi4NbO8Cl, Cr2O3·nH2O, and Rh. 
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The origin of the function of CrOx as an electron transport layer 
By analogy with the “electron transport layer”employed in solar-cells,31 the unveiled role 

of the CrOx, promoting electron transfer between semiconductor and noble-metal reaction 

site, should stems from the band alignment between them. Cr-oxide species have actually 

been reported to work as electron transport layer between a photo-absorber layer 

consisted of a semiconductor (e.g., lead-halide perovskite solar cells) and an electrode 

(e.g., a fluorine-doped tin oxide (FTO) and Ag substrates).32,33 

  The band alignment between Bi4NbO8Cl and CrOx was estimated by diffuse reflectance 

spectroscopy (DRS) and photoelectron yield spectroscopy (PYS), as shown in Figure 5-

10. The Cr2O3•nH2O particles were prepared via precipitation method where OH– was 

added to the solution containing Cr3+ ions to imitate the photo-deposition process of CrOx 

from Cr3+ on Bi4NbO8Cl. The Cr-K edge XANES of the prepared Cr2O3•nH2O particles 

are almost same as that of the CrOx species loaded on Bi4NbO8Cl (Figure 5-1). Figure 5-

9c shows the estimated band alignment between Bi4NbO8Cl and Cr2O3•nH2O. The CBM 

(Cr 3d*)34 position of the Cr2O3•nH2O is favorable for electrons transfer from the CBM 

of Bi4NbO8Cl to Cr2O3•nH2O. On the other hand, the difference between the VBM (Cr 

3d) position35 of Cr2O3•nH2O and Bi4NbO8Cl is less than that of the CBMs, which may 

be the reason for the hole transfer from the VBM of the Bi4NbO8Cl to Cr2O3•nH2O being 

slower than the electron transfer. 

 

Figure 5-10. (a) Diffuse reflection spectra and (b) photoemission yield spectra of Bi4NbO8Cl, 

Cr2O3•nH2O, SrTiO3, and TiO2. 
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We also confirmed that the role of the CrOx as electron transport layer is not specific 

to Rh. As discussed in Chapter 4, Pt does not function as an effective cocatalyst on 

Bi4NbO8Cl because the Pt captures both electrons and holes, being the recombination 

center. We expected that if the CrOx selectively transfer electrons from Bi4NbO8Cl to Pt, 

Pt should work as HER cocatalyst by selectively capturing the electrons. As shown in 

Figure 5-13, the subsequent deposition of CrOx layer on Pt (Figure 5-11, 12) did not 

enhance the photocatalytic activity, which is in contrast to CrIII/Rh and CrVI/Rh. This is 

because, when Pt and Bi4NbO8Cl are in contact, Pt serves as a recombination center by 

capturing holes and electrons more considerably than Rh (Chapter 4), and thus CrOx layer 

on Pt exerts little influence on the charge separation between Pt and Bi4NbO8Cl. On the 

other hand, when Pt and Cr species were simultaneously loaded on Bi4NbO8Cl (Pt+CrIII), 

Pt was encapsulated by amorphous CrOx (Figure 5-11, 21) as with the case of Rh+CrIII, 

which results in the significant improvement of the photocatalytic activity (Figure 5-13). 

The CrOx layer intermediates between Pt and Bi4NbO8Cl to some extent in Pt+CrIII, 

suppressing the undesirable hole transfer to Pt and enabling selective electron transfer 

from the photocatalyst to the noble metal, which was revealed by TA measurement 

(Figure 5-14).  

From these results, we conclude that the CrOx functioning as an electron transport layer 

promotes charge separation between the photocatalyst and noble metal reaction site, 

which results in significant improvement of the photocatalytic activity. 

 

Figure 5-11. TEM images of (a-b) Pt, (c-d) CrVI/Pt, and (e-f) Pt+CrIII loaded Bi4NbO8Cl. 
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Figure 5-12. TEM images of (a-b) Pt, (c-d) CrVI/Pt, and (e-f) Pt+CrIII loaded on the dominant facet 

((001)) of Bi4NbO8Cl. 

Figure 5-13. Time courses of H2 evolution of Pt and/or Cr loaded Bi4NbO8Cl samples. The reactions 

were conducted in an aqueous methanol solution (20 vol%, 250 mL) under visible light irradiation 

(λ > 400 nm). 

Figure 5-14. Decay kinetics of the transient absorption in the picosecond regions measured at 20800 

cm–1 in N2 (20 Torr) of Pt and/or Cr loaded Bi4NbO8Cl samples. The samples were excited by UV 

laser pulses (355 nm). 
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Applicability to other photocatalysts 
As shown in Figure 5-15a, the effectivity of the co-loading of CrOx and Rh on the H2 

evolution reaction depends on the semiconductor photocatalysts employed. The 

simultaneous photodeposition of Cr and Rh on SrTiO3 (Rh+CrIII) shows higher activity 

than the Rh loaded SrTiO3, although the enhancement was moderate as compared to the 

case with Bi4NbO8Cl. The valence band of SrTiO3 is more positive than that of 

Bi4NbO8Cl (Figure 5-15b), which may result in the holes transfer to CrOx easier than the 

case of Bi4NbO8Cl, and thus the low improvement rate. The deposited Rh and CrOx/Rh 

particles on SrTiO3 have similar morphology to those on Bi4NbO8Cl (Figure 5-16). In 

contrast to Bi4NbO8Cl and SrTiO3, co-deposition of CrOx lowered the photocatalytic 

activity of Rh loaded TiO2 probably because the inappropriate band alignment between 

TiO2 and CrOx36 where the driving force of the electron transfer from the CB of TiO2 to 

that of CrOx was lower than the case with Bi4NbO8Cl and SrTiO3 (Figure 5-15b). 

Although the amorphous CrOx was not clearly observed on Rh (Figure 5-17b), XPS 

confirms the loading of CrOx via simultaneous photodeposition (Figure 5-17c). 

Figure 5-15. a-b, Effect of CrOx co-deposited with Rh on the photocatalytioc activity over (a) 

Bi4NbO8Cl (λ > 400 nm), (b) SrTiO3 (λ > 300 nm), and TiO2 (λ > 300 nm). d, Energy level diagram 

for Bi4NbO8Cl, SrTiO3, TiO2, and Cr2O3·nH2O. 
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Figure 5-16. TEM images of (a) Rh, (b) Rh+CrIII/SrTiO3. c, XPS spectra for Rh+CrIII/SrTiO3 focusing 

on the Cr 2p region. 

 

 

Figure 5-17. TEM images of (a) Rh, (b) Rh+CrIII/TiO2. c, XPS spectra for Rh+CrIII/TiO2 focusing on 

the Cr 2p region. 
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Suppression of the backward reactions in overall water splitting 
In the present study, we revealed that the simultaneous deposition method using Cr3+ 

precursor (Rh+CrIII), which had not been investigated so far, can be an effective 

deposition method of CrOx/Rh cocatalyst, from the viewpoint of the carrier transfer 

process (Figure 5-9b). As noted in the introduction, the CrOx layer has been employed as 

a resistance to backward reactions such as water formation (from H2 and O2) and O2 

reduction on noble metal cocatalyst. To investigate the suppression of the backward 

reaction by CrOx in Rh+CrIII, we conducted the overall water splitting using SrTiO3 under 

UV and visible light irradiation. Notably, Bi4NbO8Cl does not successfully split water 

even when CrOx was deposited via the conventional (CrVI/Rh) or the present (Rh+CrIII) 

method, which is our future work.  

As shown in Figure 5-18, the Rh-loaded SrTiO3 without CrOx does not show 

stoichiometric water splitting due to the undesirable reaction with O2 molecule on the 

exposed Rh.5 On the other hand, the CrOx deposition (Rh+CrIII or CrVI/Rh) enables 

stoichiometric water splitting, showing the resistance to backward reactions. Moreover, 

the SrTiO3 with Rh and CrOx loaded via the present method (Rh+CrIII) shows slightly 

higher photocatalytic activity than the SrTiO3 with Rh and CrOx loaded via the 

conventional method (CrVI/Rh). From these results, the CrOx layer deposited via the 

present method (Rh+CrIII) has resistance to the backward reaction as in the case of the 

conventional method. 
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5.4. Conclusion 

In summary, we demonstrate that CrOx helps the photoexcited electrons to transfer from 

a photocatalyst to a noble-metal reaction site. The CrOx layer on the pre-loaded Rh serves 

as an electron path, facilitating electron transfer from Bi4NbO8Cl photocatalyst to Rh, 

which results in improved H2 evolution activity under visible light. Notably, when Rh and 

CrOx are loaded simultaneously via the photodeposition method using Cr3+ precursor, Rh 

nanoparticles fully enclosed by amorphous CrOx are produced. Therein, the CrOx layer 

passes only electrons to Rh, suppressing the undesirable hole transfer to Rh, which affords 

further improvement on the activity. Thus far, facilitation of surface reactions (e.g., HER, 

OER) have mainly been investigated as functions of cocatalysts. On the other hand, we 

revealed the crucial role of CrOx on the carrier transfer process from the photocatalyst to 

the catalyst (reaction site). We believe that the precise control of the physicochemical 

property of Cr species by, for example, doping,37 making solid solutions with other 

transition metal compounds,34 employing other ligands (anions),38,39 enable us to reveals 

the more detailed carrier dynamics during the carrier transporting to noble metal for 

suppressing the undesirable charge recombination more effectively. The present study 

offers a new approach to design cocatalysts based on their carrier capturing abilities. 
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Chapter 6 
Earth-abundant iron(III) species serves as a cocatalyst boosting 

the multi-electron reduction of IO3−/I− redox shuttle in Z-scheme 

photocatalytic water splitting 
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2.2. Introduction 
Water splitting based on semiconductor photocatalysts is regarded as a promising strategy 
to achieve clean hydrogen production from solar energy.1–4 While several semiconductors, 
such as SrTiO3, split water with high efficiencies under ultraviolet (UV) illumination,4 
visible light utilization is crucial for practical applications as nearly half of the solar 
energy incident on the earth lies in the visible light region. Z-scheme water splitting 
facilitates visible light utilization by allocating the Gibbs free energy for water splitting 
between two photocatalysts that are responsible for O2 and H2 evolution. Therefore, the 
two photocatalysts are tethered electrically by a redox shuttle couple (e.g., Fe3+/Fe2+, 
IO3−/I−), which transports electrons between them.1,5 

The IO3−/I− couple has been employed as a redox shuttle in various Z-scheme systems,5 
enjoying an advantage that IO3−/I− may work in mild pH conditions of 5 – 9, where most 
photocatalysts do not suffer from deactivation (e.g., dissolution). 6 However, its multi-
electron reduction (IO3− + 6H+ + 6e− ⇄ I− + 3H2O; 1.09 V vs. RHE) suffers from a small 
reaction rate on the O2 evolution photocatalyst surface, which deteriorates the overall 
water splitting efficiency. Although facilitating this process should be crucial, cocatalysts 
for redox shuttles have attracted less attention than those for oxygen and hydrogen 
evolution reactions.7 Thus far, the example of redox cocatalysts for IO3− is limited to 
noble metal species, such as Pt, Ru, and Ir,6–11 leaving sufficient room for investigation, 
especially from the perspective of resources.  

In this study, we demonstrate that earth-abundant iron oxide (FeOx) functions as an 
effective cocatalyst for the 6-electron reduction of IO3−, allowing the Bi4TaO8Cl 
photocatalyst to evolve O2 from water containing IO3−. A series of experimental 
investigations have argued that the FeIII/FeII redox couple in FeOx is responsible for the 
acceleration of electron capture from Bi4TaO8Cl and reduction of IO3−. FeOx also serves 
as a redox cocatalyst for other photocatalysts and redox mediators. We also demonstrate 
that FeOx-loaded Bi4TaO8Cl applies to a visible-light Z-scheme system with an IO3−/I− 
redox shuttle. 
 
2.2. Experimental 
Synthesis 

Bi4TaO8Cl was prepared by a two-step synthesis via the polymerized complex (PC) 
method according to the literature.12 The particulate Bi3TaO7 sample was initially 
prepared by the PC method as follows: Bi(NO3)3•5H2O (9 mmol, FUJIFILM Wako Pure 
Chemical Corporation) and TaCl5 (3 mmol, Kojundo Chemical Laboratory Co., Ltd.) 
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were mixed in methanol (20 mL) followed by addition of citric acid (0.13 mol, FUJIFILM 
Wako Pure Chemical Corporation). The mixture was stirred at 423 K to obtain a 
transparent solution. After the addition of ethylene glycol (32 mL, FUJIFILM Wako Pure 
Chemical Corporation), the solution was heated at 593 K on a hot stirrer with stirring. 
The obtained brown gel was further heated at 623 K using a mantle heater to produce a 
black solid mass. Finally, the black solid mass was calcinated at 773 K for 2 h in air. The 
produced Bi3TaO7 (6.7 mmol) was then mixed with BiOCl (FUJIFILM Wako Pure 
Chemical Corporation, 7.0 mmol), followed by heating in an evacuated silica tube at 973 
K for 20 h. 

SrTiO3:Rh was prepared by solid-state reaction.13 A mixture of TiO2, SrCO3 and Rh2O3 
(Ti : Sr : Rh = 1 : 1.07 : 0.01) was calcined in air at 1073 K for 1 h and subsequently at 
1273 K for 10 h. A Pt cocatalyst (0.5 wt% calculated as metal) was loaded onto SrTiO3:Rh 
by the impregnation method using H2PtCl6·6H2O (FUJIFILM Wako Pure Chemical 
Corporation) as a precursor by calcination at 473 K for 1 h in H2 flow (20 mLmin–1). 
BiVO4 was prepared according to literature via a room temperature aqueous process.14 A 
commercially available WO3 (Kojundo Chemical Laboratory Co., Ltd., consisting mainly 
of monoclinic as well as a portion of triclinic phase) was used after the removal of the 
fine particles with triclinic phase by several cycles of an ultrasonic dispersion into Milli-
Q water followed by centrifugation at 1000 rpm for 10 min.15 A commercially available 
TiO2 (Merck, Anatase) was used. β-FeOOH was also synthesized according to the 
literature16 for a reference sample in the X-ray absorption experiments. 

 
Deposition of FeOx 

The Fe species were loaded using the impregnation method. The Bi4TaO8Cl powder (0.3 
g) was dispersed in an aqueous solution containing FeCl3 (12.75 mM, 2.0 mL) followed 
by evaporation of the solvent in a water bath, and heat treatment at 573 K for 1 h in an Ar 
flow (20 mLmin–1). The loading amount of Fe species was set to 10 mol% for the 
Bi4TaO8Cl. 

 
Characterization 

Powder XRD (MiniFlex II, Rigaku, X-ray source: Cu Kα), UV-visible diffuse reflectance 
spectroscopy (V-650, JASCO), SEM-EDX (NVision 40, Carl Zeiss-SIINT) were used to 
characterize the samples. Transmission electron microscopy (TEM) was performed using 
a JEOL JEM-2100F microscope. Fe K-edge X-ray absorption fine structure (XAFS) 
measurements were performed at the BL01B1 beamline of SPring-8. The X-ray 
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absorption spectra were measured in transmission or fluorescence mode at room 
temperature using a Si(111) two-crystal monochromator. 

 
Photocatalytic reaction 

Photocatalytic reactions were performed using a gas closed-circulation system. 
Photocatalyst powders (0.2 g) were dispersed in an aqueous NaIO3 solution (4 mM, 250 
mL) in a Pyrex cell. The photocatalysts were irradiated with visible light (λ > 400 nm) 
through a cutoff filter (HOYA; L42) from a 300-W Xe-arc lamp (PerkinElmer; Cermax- 
PE300BF). In the case of TiO2, UV and visible light were irradiated without the cutoff 
filter (λ > 300 nm). The quantity of the evolved gases was determined using an online gas 
chromatograph (thermal conductivity detector; molecular sieve 5 Å column packing; Ar 
carrier gas). The apparent quantum efficiency (AQE) for O2 evolution was measured 
using a Xe lamp (MAX-302, Asahi Spectra Co. Ltd.) attached with a bandpass filter 
(central wavelength: 420 nm).  

The Z-scheme water-splitting reaction was conducted using FeOx-loaded Bi4TaO8Cl 
(50 mg) and Pt-loaded SrTiO3:Rh (100 mg) as O2- and H2-evolving photocatalysts, 
respectively. They were suspended in NaI (0.98 mM) and NaIO3 (0.02 mM) aqueous 
solution (250 mL) at pH 5. The suspension was irradiated with visible light (λ > 400 nm).  

 
Electrochemical experiment 

The FeOx electrode was prepared by the drop-casting method on a fluorine-doped tin 
oxide (FTO) glass electrode. A small amount (50 μL) of FeCl3 MeOH solution (12.5 mM) 
was spread on an FTO substrate. The substrate was dried in air at room temperature and 
subsequently calcined under an Ar flow (20 mL min−1) at 573 K for 1 h. Electrochemical 
measurements were performed using a potentiostat (VersaSTAT4, Princeton Applied 
Research Co., Ltd.) and a cell consisting of a prepared electrode, Pt wire, and Ag/AgCl 
electrode as the working electrode, counter electrode, and the reference electrode, 
respectively.  

Mott–Schottky measurements were conducted to evaluate the flat-band potential of 
semiconductors as follows: The sample was mixed with a small amount of water, and the 
obtained paste was coated on a fluorine-doped tin oxide (FTO) conductive substrate via 
a squeezing method and dried in air at 80 °C. The Mott–Schottky plots were recorded 
using electrochemical analyzer (PARSTAT2263, Princeton Applied Research). 
Electrochemical measurements were performed in a three-electrode cell and a Na2SO4 
solution (0.5 M, pH 5.0 adjusted by HCl) with 10 mV amplitude and a frequency of 1 



 182 

kHz. The flat-band potentials are assumed to be CBMs owing to the n-type nature of the 
samples. 

 
Reaction between Fe(OH)2  and IO3– 

All the experiments were conducted under Ar bubbling to prevent the oxidation of FeII by 
O2 in air. Fe(OH)2 colloidal solution (0.2 M as Fe, greenish-white) was prepared as 
described in the literature.36 First, FeCl2•4H2O (10 mmol) was dissolved in Milli-Q water 
(30 mL). Then, the FeCl2 aq. (0.33 M, 30 mL) was mixed with aqueous NaOH (1 M, 20 
mL) with vigorous stirring. 2 mL of this colloidal solution was added to the aqueous 
solution with or without NaIO3 (4 mM, 100 mL, adjusted to pH5 using HCl aq.) with 
stirring.  

After stirring the mixed solutions, 500 μL of each solution was sampled and 
immediately added to aqueous HCl (1 M, 4.5 mL). The obtained solution (50 µL), 2 M 
acetate buffer solution (2.1 mL), and 9.6×10–4 M TPTZ solution (0.7 mL) were mixed, 
and the amount of Fe2+ was determined based on the absorbance at 596.5 nm using UV-
vis spectroscopy (UV-1800, Shimadzu).  

For quantification of IO3− and I−, 500 μL of this mixed solution was sampled and added 
to Milli-Q water (4.5 mL). Then, IO3– and I– in the solution were quantified by ion 
chromatography (CDD-10ASP, Shim-pack, IC-SA2, Shimadzu). 

 
TRMC Measurement 

An X-band microwave (∼9.1 GHz) was used as the probe. The third harmonic generation 
(THG; 355 nm) of a Nd:YAG laser (Continuum Inc., Surelite II, 5−8 ns pulse duration, 
10 Hz) as the excitation source (4.6 × 1015 photons cm−2 pulse−1)  The powdered samples 
were fixed to quartz substrates using optically clear adhesive tape (the tape does not 
interfere with any TRMC signal). The photoconductivity Δσ was calculated using the 
following formula: Δσ = ΔPr/(APr), where ΔPr, A, and Pr are the transient power change 
of the reflected microwave, the sensitivity factor, and the power of microwave reflected, 
respectively. The obtained Δσ values were then converted to the product of the quantum 
yield (φ) and the sum of the charge carrier mobilities (∑μ = μ+ + μ−) using the following 
formula: φ∑μ = Δσ(eI0Flight)−1, where e and Flight are the unit charge of a single electron 
and a correction (or filling) factor, respectively. All TRMC measurements were performed 
in an ambient atmosphere at room temperature (25°C). 
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TRAS measurement 

A set of custom-built TRAS spectrometers was employed as described previously.17 In 
the femtosecond to nanosecond regions, experiments were performed using a 
conventional pump–probe method based on a Ti:sapphire laser system (Spectra Physics, 
Solstice & TOPAS Prime; duration, 90 fs; repetition rate, 1 kHz). In this experiment, a 
355 nm laser pulse was used as the pump pulse. The experiments were performed in air 
to prevent heating of the sample and to minimize the accumulation of electrons in the 
photocatalyst due to the high-frequency pump pulse irradiation (500 Hz). In the 
microsecond to second region, the transient absorption spectra were measured from 
25,000 to 1,000 cm−1. A 355 nm light (Continuum, Surelite-II, 6 ns, 355 nm, repetition 
rate of 5−0.01 Hz) was used as the pump pulse. The spectra were obtained at intervals of 
200 cm−1 and averaged over 300 scans per spectrum. The measurements were performed 

under vacuum at room temperature. The powder photocatalyst was fixed on a CaF2 plate 
with a density of ∼1 mg cm−2, and the obtained sample plate was placed in a stainless 
steel cell.  

 
Density Functional Theory Calculation 

The band structure calculation of Bi4TaO8Cl was performed within the framework of 
density functional theory (DFT) using a plane-wave pseudopotential method as 
implemented in the Cambridge Serial Total Energy Package (CASTEP) code of 
BIOVIA’s Material Studio 2020.18 The Perdew-Burke-Ernzerhof (PBE) function of the 
generalized gradient approximation (GGA) was employed as the exchange-correlation 
functional. A plane wave basis set with an energy cut-off of 630 eV and the Monkhorst-
Pack 3 × 3 × 1 k-point mesh was used. The minimization algorithm of Broyden–Fletcher–
Goldfarb–Shanno (BFGS) was employed for geometry optimizations with a total energy 
convergence tolerance of 10−6 eV per atom. The separation between the k-points in the 
band structure calculations was 0.001 Å. Other convergence parameters are as follows: a 
self-consistent field tolerance of 1 × 10−5 eV per atom, a maximum stress of 0.05 GPa, 
and the maximum ionic displacement of 1 × 10−3 Å.  
The effective mass m* was calculated based on the obtained band structure. m* is defined 
as follows. 

!!
!∗ =	

!!
ħ#

##$
#%#	                                                        (2) 

where m0 is the free electron mass, k is the reciprocal lattice vector in the direction of 
interest, and d2ε/dk2 is the curvature of the band at a maximum or minimum, respectively. 



 184 

Assuming the band around their minima/maxima to be parabolic, we estimate the 
curvature of the band using the finite difference approximation: 

##$
#%# ≈	

&[$(%)	∆%)-$(%)]
∆%# 	                                          (3) 

where Δk = 0.05 Å. 

 
 
2.3. Results and Discussion 
Characterization of Fe species loaded on Bi4TaO8Cl 

The FeOx cocatalyst was loaded onto Bi4TaO8Cl via the impregnation method. The 
loading amount of the Fe species was set to be 10 mol% against Bi4TaO8Cl 
(approximately 0.5 wt% as Fe), unless otherwise stated. Negligible differences were 
observed in the XRD pattern and the band edge positions of Bi4TaO8Cl before and after 
the loading of FeOx (Figures 6-1 and 2).

Figure 6-1. XRD pattern of bare and FeOx-Bi4TaO8Cl samples. 
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Figure 6-2. a, DRS of bare and FeOx- Bi4TaO8Cl. b, Time courses of O2 evolution over FeOx-

Bi4TaO8Cl in aqueous NaIO3 solution (4 mM) under visible-light (λ > 400 or > 500 nm) irradiation. 

FeOx-Bi4TaO8Cl shows an absorption shoulder at 480-620 nm. However, upon excitation with 500 nm, 

negligible O2 evolution was observed. We then assign the absorption shoulder to light scattering by 

the FeOx particles, rather than the direct interfacial charge transfer.

 
The FeOx cocatalyst was identified by K-edge X-ray absorption near edge structure 

(XANES) spectroscopy (Figure 6-3a). β-FeOOH, Fe2O3, FeCl3, and FeO were used as the 
reference samples. FeCl3 is the precursor for FeOx loading. The FeOx cocatalyst on 
Bi4TaO8Cl shows a spectrum similar to that of β-FeOOH and Fe2O3, while it exhibits a 
difference from that of FeO. This result demonstrates the trivalency of the loaded Fe 
species. As shown in Figure 6-3b, we also acquired Fe K-edge Fourier-transformed 
extended X-ray absorption fine structure (EXAFS) spectra. β-FeOOH, Fe2O3, and FeCl3 

were used as the Fe (III) references. The FeOx cocatalyst sample features a nearest 
neighbor distance similar to those for β-FeOOH and Fe2O3 while that for FeCl3 is greater. 
Therefore, the nearest neighboring atom for Fe in the FeOx cocatalyst is oxygen. From 
the XANES and EXAFS results, we conclude that the identity of FeOx is trivalent 
oxides/oxyhydroxides. Transmission electron microscopy (TEM) revealed the 
amorphous nature of the FeOx cocatalyst (Figure 6-3c), which is highly dispersed on the 
photocatalyst (Figure 6-4).
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Figure 6-3. Fe K-edge XANES (a) Fourier transforms of EXAFS (b) spectra for FeOx-Bi4TaO8Cl. c, 

TEM image of FeOx-Bi4TaO8Cl. 

 
Figure 6-4. SEM image and SEM-EDS elemental mapping of FeOx-Bi4TaO8Cl. 

 

Activation of photocatalytic O2 evolution by FeOx 
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The photocatalytic activity of bare and FeOx-loaded Bi4TaO8Cl for O2 evolution was 
evaluated in the presence of IO3− as an electron acceptor. As shown in Figure 6-5, bare 
Bi4TaO8Cl exhibited negligible O2 evolution under visible-light irradiation (λ > 400 nm). 
Note that bare Bi4TaO8Cl is capable of oxidizing water into O2 in the presence of one-
electron acceptors (Ag+ + e− ® Ag; Fe3+ + e− ® Fe2+).12,19 Therefore, the negligible 
activity of the bare sample should stem from the absence of active sites for the 
multielectron reduction of IO3−. In contrast, FeOx-loaded Bi4TaO8Cl showed O2 evolution 
at a relatively high and steady rate. The amount of evolved O2 in 10 h was 65.6 µmol, 
which was much greater than the O2 provided the stoichiometric oxidation of H2O 
proceeded by loaded-FeOx (17 µmol / 4 e- = 4.2 µmol). Note that the loading amount and 
calcination temperature for FeOx loading were optimized for the O2 evolution reaction 
(Figure 6-6) and the apparent quantum efficiency (AQE) at 420 nm was 1.4 %. The O2 
evolution of bare Bi4TaO8Cl was not improved by the addition of Fe3+ in the aqueous 
medium (Figure 6-7), indicating that FeOx loaded on the surface of the photocatalyst is 
essential for boosting O2 evolution. The possibility of direct interfacial charge transfer20 
from the valence band maximum of Bi4TaO8Cl to FeIII was ruled out by the negligible O2 
evolution under light irradiation below the band gap of Bi4TaO8Cl (Figure 6-2b). FeOx-
loaded and bare Bi4TaO8Cl did not show a significant difference in the pH-dependent zeta 
potentials (Figure 6-8).

Figure 6-5. Time courses of O2 evolution over FeOx-Bi4TaO8Cl (red circle) or bare Bi4TaO8Cl (black 

square) in aqueous NaIO3 solution (4 mM) under visible-light (λ > 400 nm) irradiation. 
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Figure 6-6. The effect of the loading amount (a) and the calcination temperature (b) for FeOx-loading 

on photocatalytic activity.  

 

Figure 6-7. The effect of the adding of the Fe3+ cation of same amount as the loaded FeOx (17 µmol) 

into the reaction solution (NaIO3 solution (4 mM), pH = 2.5) on O2 evolution under visible-light (λ > 

400 nm) irradiation. Mere adding of Fe3+ to the reaction solution (blue triangle) show much lower O2 

evolution activity than the FeOx-Bi4TaO8Cl. The small amount of O2 on bare Bi4TaO8Cl sample by the 

addition of Fe3+ was probably generated through the reduction of Fe3+ to Fe2+ by photoexcited 

electrons. 
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Figure 6-8. The pH dependence of Zeta potentials of bare and FeOx-Bi4TaO8Cl.

 
From these results, we concluded that FeOx on Bi4TaO8Cl acts as a redox cocatalyst for 

the multielectron reduction of the IO3− electron acceptor. To the best of our knowledge, 
this is the first earth-abundant cocatalyst to promote IO3− reduction. 
 
Photogenerated electron capture by FeOx  

The role of a cocatalyst is to capture photogenerated carriers from the semiconductor 
photocatalyst and promote the catalytic reaction.21 To clarify the electron capture ability 
of FeOx, we employed time-resolved microwave conductivity (TRMC) measurement, 
which is known as a useful tool to investigate carrier dynamics in powdery 
photocatalysts.22–24 Note that, based on the facts that the effective mass of electron is 
much smaller than that of holes in Bi4TaO8Cl (Figure 6-9) and that the Bi4TaO8Cl is a n-
type semiconductor, electrons mainly contribute to the TRMC signal of Bi4TaO8Cl. As 
shown in Figure 6-10, FeOx loading lowered the transient photoconductivity, which 
suggests efficient electron capture by FeOx.
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Figure 6-9. Band structure of Bi4TaO8Cl. Effective masses were estimated from the DFT results. The 

mean of the relative effective masses in the in-plane (Г-X and Г-Y) directions are 0.25 m0 and 1.4 m0 

for electrons and holes, respectively. 

Figure 6-10. TRMC transients of FeOx loaded (red) or bare (black) Bi4TaO8Cl samples (λex = 355 nm, 

I0 = 4.6 × 1015 photons cm−2 pulse−1).  

 
This assignment was further supported by time-resolved absorption spectroscopy 

(TRAS), another useful tool for examining carrier dynamics in semiconductor 
photocatalysts.17 Figure 6-11 shows microsecond transient absorption spectra for bare 
Bi4TaO8Cl, where the band gap excitation induces three absorption increases at 2,000 
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cm−1, 13,800 cm−1, and 21,400 cm−1 (Figure 6-11a). Referring to previous results on 
TiO225–29 and LaTiO2N,17 the first is attributed to photogenerated free electrons in the 
conduction band (CB) and/or shallowly trapped electrons,30,31 the second is attributed to 
the excitation of trapped electrons from the mid-gap state to the CB,17 and the third to 
holes. We then acquired the initial decay profiles using femtosecond TRAS, focusing on 
2,000 cm−1 and 21,400 cm−1. Figure 6-11b and c show the decay curves of the bare 
Bi4TaO8Cl and FeOx-Bi4TaO8Cl. The loading of FeOx accelerated the decay of free 
electrons (Figure 6-11b) while the influence on the hole decay was found to be negligible 
(Figure 6-11c). These results indicate that FeOx selectively captured electrons from 
Bi4TaO8Cl

Figure 6-11. a, Microsecond TRAS of bare Bi4TaO8Cl measured in the vacuum. The sample was 

excited by 355 nm laser pulses (6 ns duration, 0.5 mJ, 5 Hz). b, c, Femtosecond decay profiles of 

transient absorptions at 2,000 cm−1 (b) and 21,400 cm−1 (c) for bare Bi4TaO8Cl, FeOx-Bi4TaO8Cl. The 

samples were excited by 355 nm laser pulses (90 fs duration, 6 μJ, 500 Hz) under air for the several 

pico-second (ps) region.
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The catalytic property of FeOx for IO3– reduction 

To verify the catalytic activity of FeOx for the reduction of IO3−, an FeOx-decorated 
electrode was prepared on a fluorine-doped tin oxide (FTO) glass plate. Figure 6-12 
shows the cyclic voltammograms obtained using bare FTO and the FeOx/FTO electrodes. 
In the absence of the IO3−, the FeOx/FTO electrode exhibited a small cathodic current at 
approximately −0.0 ~ −0.3 V vs. Ag/AgCl; through referral to a previous report on a 
FeOOH electrode,32 this was attributed to the reduction of FeIII to FeII. The presence of 
IO3− did not affect the onset potential of cathodic current from FeIII reduction (observed 
from about 0.0 V), which was followed by intense cathodic currents with an onset 
potential of approximately −0.4 V. The second cathodic current may stem from the 
catalytic reduction of IO3− by the produced FeII species, because, in the absence of FeOx 
(bare-FTO), the cathodic current was much lower. In addition, the anodic current from 
FeII oxidation (observed from approximately −0.7 to −0.2 V) was suppressed by the 
increased IO3− concentration. This result also suggests that the produced FeII species 
during the cathodic sweep were consumed for IO3− reduction.

Figure 6-12. Cyclic voltammogram of a FeOx/FTO and FTO electrode in 0.1 M Na2SO4 solution 

containing 0–40 mM IO3
– (pH 5), at a scan rate of 50 mVs–1
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The working mechanism of FeOx cocatalyst 

Based on the above-mentioned results, the role of FeOx as a cocatalyst for IO3− 

reduction is illustrated in Figure 6-13. After photoexcitation of the Bi4TaO8Cl 
photocatalyst, photogenerated electrons in the conduction band are captured by FeOx (step 
1). As a result, FeIII is reduced to FeII (step 2), which allows FeOx to accumulate electrons. 
Then, FeII ions reduce IO3− to I− while FeII is re-oxidized to FeIII (step 3). Through the 
catalytic cycle (steps 1 – 3), FeOx can facilitate both carrier capture from the photocatalyst 
and reduction of the redox mediator, functioning as a cocatalyst. Step 1 was confirmed 
by time-resolved spectroscopy (Figures 6-10 and 11). Step 3 was proposed using 
electrochemical measurements (Figure 6-12).

Figure 6-13. Schematic illustration of the role of FeOx deposited on the photocatalyst to promote 

reduction of IO3
−.

 
Although we have not yet achieved direct observation of the FeII species generated in 

FeOx (step 2) (Figure 6-14), the generation of FeII was indirectly confirmed. Based on the 
Pourbaix diagram,33 FeII species should dissolve in the aqueous solution as Fe2+ when the 
pH is approximately 5. Actually, visible light irradiation (10 h) on FeOx-Bi4TaO8Cl in an 
aqueous solution without IO3– produced Fe2+ in the aqueous phase, as detected by a 
colorimetric method (Figure 6-15). The amount of the produced Fe2+ (6.1 µmol) was 
approximately 36 % of the initial FeIII species (17 µmol) within the loaded FeOx. The 
production of Fe2+ should be accompanied by O2 evolution, but the produced amount of 
the O2 (2.1 µmol) was about 38% more than the estimated amount (1.5 µmol) from the 
Fe2+ detected in the aqueous solution (6.1 µmol), which in turn implies that a part of 
produced FeII remains in the FeOx without dissolving in water. In sharp contrast, the 
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presence of IO3– suppressed the dissolution of FeOx during the O2 evolution reaction 
(Figure 6-15), which suggests that the FeII species produced in FeOx were promptly re-
oxidized to insoluble FeIII in the photocatalytic reaction by IO3−. Despite the persistency 
of the FeII species on Bi4TaO8Cl in the presence of IO3−, the stability of the O2 evolution 
has still large room to improve, which results from, for example, the aggregation and 
surface passivation of FeOx on Bi4TaO8Cl (Figure 6-16).

 

Figure 6-14. XP spectra focusing on Fe 2p region for FeOx-Bi4TaO8Cl before and after 

photoirradiation (10 h) in the absence of IO3
−. The FeOx species should underwent facile oxidation by 

the ambient O2.  

 

Figure 6-15. Absorption spectra of Fe2+ produced in the reaction solution after the photo-irradiation 

on FeOx-Bi4TaO8Cl with or without IO3
– in the reaction solution. 
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Figure 6-16. a, Repeatability test for the photocatalytic O2 evolution over FeOx-Bi4TaO8Cl in NaIO3 

aqueous solution (4 mM) under visible light irradiation (λ > 400 nm). b, Cyclic voltammogram for a 

FeOx/FTO working electrode in 0.1 M Na2SO4 solution containing 4 mM NaIO3. c,d, SEM images of 

the FeOx/FTO working electrode before and after the electrochemical operation. e, SEM image of bare 

FTO. In the cyclic voltammetry, the catalytic current for the reduction of IO3
− decreased by repeating 

the cycle. The morphology of FeOx/FTO changed after the electrochemical operation, where the 

aggregation of FeOx proceeded in SEM.

 
Steps 2 and 3 were further verified by a complementary experiment, in which the 

spontaneous reduction of IO3– by FeII (Eq. (1)) were tested (Figure 6-17).  
IO3− + 6FeII + 6H+ → I− + 6FeIII + 3H2O                (1) 

An Fe(OH)2 colloidal solution (greenish-white, as shown in Figure 6-17a) was added 
to an aqueous solution of NaIO3. After mixing, the color of the solution changed 
immediately to brown, indicating the formation of Fe(OH)3 (Figure 6-17d). In contrast, 
the addition of Fe(OH)2 to pure water resulted in no color change (Figure 6-17e). Figure 
6-18 shows the time courses of the FeII amounts in each mixture, which were quantified 
by colorimeter analysis (see the details in the experimental section). FeII was rapidly 
consumed to reduce IO3–. Another important finding was the almost complete (i.e., via 6-
electrons) reduction of IO3− to I−, without leaving other intermediates, such as I2 (or I3−); 
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this was confirmed by the quantification of IO3− and I− through ion chromatography. As 
summarized in Table 6-1, the amounts of FeII, IO3−, and I− were roughly in accordance 
with the theoretical amount from Eq. (1).

 
Figure 6-17. Pictures of as-prepared Fe(OH)2 colloidal solution (a), NaIO3 aqueous solution (b), water 

(c). Fe(OH)2 colloidal solution (0.4 mmol as Fe) after adding to IO3
– aqueous solution (4 mM, 100 

mL ) (d) and water (e). 
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Figure 6-18. Time course of the Fe(II) amount after the adding of Fe(OH)2 colloidal solution to IO3
− 

aqueous solution (red) and water (black). 

 

Table 6-1 The amount (µmol) of reactants in the IO3
− solution after adding the Fe(OH)2 colloidal 

solution  

 before After 10 min Estimated amount from Eq. (1). 

IO3– 400 µmol 355 333 

I– 0 61 67 

Fe(II) 400 n.d. 0 

 
The above results and discussion emphasize the proposed role of FeOx as a cocatalyst 

to boost O2 evolution on the Bi4TaO8Cl photocatalyst with an IO3− electron acceptor 
(Figure 6-13). Although the actual redox potential of FeIII/FeII in FeOx remains elusive, 
based on the redox potentials of Fe species (e.g., Fe(OH)3/Fe(OH)2: −0.02 V; 
Fe(OH)3/Fe2+: +0.17 V vs. SHE at pH 5) and IO3− (IO3−/I−: +0.79 V vs. SHE at pH 5), FeII 
can thermodynamically reduce IO3−. Further application of the present FeOx cocatalyst to 
various semiconductors may shed light on the redox potential, as will be discussed in the 
next section. 
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Applicability to other photocatalysts and redox  

We investigated the utility of FeOx in other photocatalysts and redox shuttles. FeOx was 
found to be effective for other photocatalysts, improving the O2 evolution activity of 
BiVO4 and anatase-TiO2 in the presence of the IO3− electron acceptor (Table 6-2). In 
contrast, it did not work for WO3. The effect of FeOx reliant on photocatalysts is in stark 
contrast to previous cocatalysts for IO3− reduction (e.g., Pt is effective for both BiVO4 
and WO3),1 providing a hint on the redox potential of FeIII/FeII in FeOx. It is widely 
recognized that the conduction band minimum of WO3 is more positive than that of 
BiVO4.34 We also measured the flatband potentials of BiVO4 and WO3 as −0.10 and +0.04 
V (vs. SHE at pH 5), respectively (Figure 6-19). Thus, the lack of enhancement of WO3 
by FeOx strongly suggests the insufficient reduction power of photoexcited electrons in 
WO3 for FeIII/FeII in FeOx.

 
Table 6-2 The effect of FeOx loading on O2 evolution reaction 

Photocatalyst Electron 

Acceptor 

O2 evolution in 3h / µmol 

bare with FeOx 

BiVO4 IO3− 12.7 28.5 

TiO2 IO3− 7.3 28.3 

WO3 IO3− n.d. <0.2 

Bi4TaO8Cl CoIII(bpy)33+ 5.1 70.3 

Bi4TaO8Cl Fe(CN)63− n.d. 57.4 
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Figure 6-19. a-d, Mott–Schottky plots for Bi4TaO8Cl (a), TiO2 (b), BiVO4 (c), WO3 (d) in 0.5 M 

Na2SO4 solution (pH = 5). e, CBM positions of these samples estimated from the Mott-Schottky plots 

along with redox potentials of FeIII/FeII, IO3
–/I–, Co(bpy)3

3+/ Co(bpy)3
2+, [Fe(CN)6]3–/[Fe(CN6)]4–.

 
It is noteworthy that FeOx loading on Bi4TaO8Cl is also effective for other redox 

mediators (not only multi-electron acceptors), such as CoIII(bpy)33+ or Fe(CN)63− (Table 
6-2). In each case, the evolved O2 is more significant than the estimated O2 evolution, 
accompanied by the reduction in all the loaded-FeOx (FeIII) to FeII (4.2 μmol). These 
results also indicate that the redox potential of FeIII/FeII in FeOx is more negative than 
those of CoIII(bpy)33+ (+0.32 V) and Fe(CN)63− (+0.37 V). Given the above, the redox 
potential of FeIII/FeII in FeOx seems to be located between −0.10 and +0.32 V (vs. SHE at 
pH 5).  

The Pourbaix diagram for Fe species27 provides us the redox of Fe(OH)3/Fe2+ (+0.17 
V) when pH is 5. However, this potential should not directly apply to the present situation 
where FeII is in FeOx not in the solution. We may estimate the redox potential of FeIII/FeII 
in FeOx from another related redox: Fe(OH)3/Fe(OH)2 existing only above pH 9 from the 
Pourbaix diagram. Assuming that FeII does not dissolve into water even at pH 5, and that 
the redox of Fe(OH)3/Fe(OH)2 follows a Nernst slope, the redox potential might be 
approximately −0.02 V (vs. SHE at pH 5). This hypothetical value falls within the above-
mentioned value (−0.10 ~ +0.32 V) and might justify the FeIII/FeII redox cycles with 
hydroxide forms in FeOx (Figure 6-13). Although further studies are necessary, these 
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results suggest that FeOx loading can apply to other redox-based photocatalytic O2 
evolution systems if the potential relationship is appropriate (i.e., conduction band < 
FeIII/FeII < electron acceptor).  
 
Z-scheme water splitting 

Finally, we applied FeOx-loaded Bi4TaO8Cl to a Z-scheme water splitting system as an 
O2 evolution photocatalyst. Herein, the IO3−/I− couple as a redox mediator and Pt-loaded 
strontium titanate doped with Rh cations35 (Pt/SrTiO3:Rh) as a H2-evolving photocatalyst 
were employed. As shown in Figure 6-20, H2 and O2 evolved stoichiometrically upon 
illumination with λ > 400 nm light, demonstrating visible-light Z-scheme water splitting.

Figure 6-20. Time course of H2 and O2 evolution over a mixture of FeOx-Bi4TaO8Cl sample (50 mg) 

and Pt/SrTiO3:Rh (100 mg) in NaI (0.98 mM) and NaIO3 (0.02 mM) aqueous solution (250 mL) at pH 

5 under visible light irradiation (λ > 400 nm) 
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2.4. Conclusion 
In this study, we demonstrated that FeOx catalyzes the reduction of multi-electron IO3− 
on the surface of photocatalysts. Based on experimental investigations, such as time-
resolved spectroscopy, we elucidated the mechanism of the IO3− reduction by FeOx. The 
redox cycle of (FeIII/FeII) in the loaded FeOx facilitates both the carrier capture from the 
photocatalyst and the reduction of the redox mediator. In addition, the loading of FeOx 
was effective for other photocatalysts and redox mediators. We believe that the present 
strategy, modification by FeOx promoting photocatalytic reactions via its redox cycle 
(FeIII/FeII), can be widely applied to other photocatalytic systems and other transition 
metal species. Moreover, various materials containing transition metal cations with 
tunable redox potentials, such as hexacyanoferrate-based materials36 and metal-organic 
frameworks,37 are potential candidates for such cocatalysts. The present study marks the 
dawn of earth-abundant cocatalysts applicable to various redox mediators, paving the way 
for the future of visible-light water splitting. 
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In the present thesis, the Sillén–Aurivillius oxyhalide photocatalysts were designed, 

especially focusing on the exploitation of the wide range of visible-light and efficient 

utilization of the charge carrier generated in a particulate photocatalyst.  

  In Chapter 1, the Sillén–Aurivillius oxyioide photocatalyst with a narrow band gap and 

long lifetime carriers was developed. Although iodine-based semiconductors had been 

regarded to be unstable under the photocatalytic water splitting condition, the Sillén–

Aurivillius oxyioide functions as a photocatalyst for water oxidation. The highly 

polarizable iodide causes the electrostatic destabilization of O 2p orbitals in perovskite 

layer and successfully increases the VBM composed of O-2p band without sacrifice of 

the stability under photoirradiation. The introduction of iodide to the Sillén–Aurivillius 

oxyhalide with a double-perovskite layer (n = 2) also provides longer carrier lifetime, 

leading to significantly higher quantum efficiency and photocatalytic activity as 

compared to the Cl/Br counterparts. Chapter 1 demonstrates that the iodine introduction 

enables both the exploitation of the wide range of visible-light and efficient utilization of 

the photoexcited carrier of Sillén–Aurivillius oxyhalide. 

In Chapter 2, novel three Sillén–Aurivillius oxyiodides were successfully synthesized. 

These oxyiodides have narrower band gaps and show higher photocatalytic water 

oxidation activities than their chloride counterparts. In contrast to the case with n = 2 in 

Chapter 1, their CBMs, as well as VBMs, are negatively shifted as compared to the 

chloride counterparts, enabling the negative shift of the CBM without sacrifice of visible 

light absorbability and photocatalytic activity of Sillén–Aurivillius oxyhalides. Although, 

in the previous study, the CBM up shifting of the bismuth based layered oxychloride has 

been achieved by changing the “intra”-layer interaction of Bi and O, this up shift is 

accompanied by the breaking the Bi–O bonds, the decreasing photoconductivity, and the 

widening the band bap, where the photocatalytic activity is significantly deteriorated. In 

the present case, the change of the “inter”-layer Bi-Bi interaction by iodine introduction 

was shown to be the origin of the negative shift of the CBM. Chapter 2 not only developed 

novel three Sillén–Aurivillius oxyiodides photocatalysts but also demonstrated that the 
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interlayer Bi-Bi interaction, which can be changed by replacing chlorine by iodine, is a 

controlling factor of the electronic structures of Sillén–Aurivillius oxyhalides. 

  In Chapter 3, the flux synthetic method of a Sillén–Aurivillius oxychloride, 

Bi4NbO8Cl, particles is developed. The obtained particles with nanoplate morphology 

have a larger surface and higher crystal quality than those prepared via the conventional 

solid-state reaction. The flux synthesis much improves the photoconductivity and thus 

the photocatalytic activity of Bi4NbO8Cl. Herein, the elaborated synthesis enables the 

efficient utilization of the photoexcited carriers in the oxyhalide.  

  In Chapter 4, the carrier dynamics in the Bi4NbO8Cl nanoplate is unveiled and 

successfully modified to achieve efficient charge separation in a particle. In the pristine 

Bi4NbO8Cl, the parallel flow of the electrons and holes, which is typical for layered 

materials, end in the recombination at the edge of the nanoplate. Depositing Rh cocatalyst 

at the edges of nanoplates manipulates the carrier flow of layered Bi4NbO8Cl. The Rh 

cocatalyst extracts photoexcited light electrons efficiently from the photocatalyst, which 

then forces the remaining heavy holes to hop perpendicular to the plane with the aid of 

anisotropic crystal geometry. Herein, the intrinsic but undesirable parallel carrier flow 

was changed into the orthogonal one, resulting in spatial charge separation and a 

significant enhancement of the photocatalytic activity. The present work provides a 

deeper understanding on, and a new insight for charge separation in semiconductor 

photocatalysts. 

  In Chapter 5, the charge transfer at the interface of Bi4NbO8Cl and Rh cocatalyst is 

further improved. The chromium oxide between Bi4NbO8Cl and Rh selectively transfer 

the photoexcited electrons in Bi4NbO8Cl to the Rh cocatalyst, suppressing the undesirable 

hole transfer to the cocatalyst, which results in the improved photocatalytic H+ reduction 

activity. The concept of electron transport layer as employed in the field of solar cells was 

successfully introduced to the particulate photocatalyst system for selective carrier 

transfer between photocatalyst and cocatalyst, which resulted in efficient utilization of 

the photoexcited carrier. 
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  In Chapter 6, earth abundant iron oxide can also be applied to facilitate the charge 

separation in an oxychloride. The iron oxide loaded on the oxychloride photocatalyst 

selectively captures photoexcited electrons in the CBM, leaving holes in the VB of the 

photocatalyst and enhancing the charge separation in the photocatalyst. Moreover, the 

iron oxide catalyzes the multi-electron reduction of IO3− on the surface of the oxychloride, 

allowing the oxychloride to oxidize water and to reduce IO3− under visible light 

irradiation. Z-scheme water splitting was demonstrated by using the iron oxide loaded 

oxychloride as a water oxidation photocatalysts, Ru-loaded and Rh-doped SrTiO3 as a H2 

evolution photocatalyst, and IO3−/I− redox shuttle. Chapter 6, in combination with 

Chapter 5, shows transition metal oxide loaded on the Sillén–Aurivillius oxyhalides 

facilitates the charge separation in the photocatalyst by selectively capturing one of the 

photoexcited carriers, improving photocatalytic activities. 

  These strategies developed thorough the present thesis for broadening the absorption 

range of visible-light (Chapter 1, 2) and efficient utilization of the photoexcited carrier of 

Sillén–Aurivillius oxyhalide (Chapter 3-6) not only pave the way for the future of the 

Sillén–Aurivillius photocatalysts but also provide a deeper understanding on, and a new 

insight for controlling band gap and facilitating charge separation in semiconductor 

photocatalysts.  
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