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Abstract 35 

The introduction of protonated interlayers in layered perovskite compounds has already 36 

demonstrated promising results in terms of photocatalytic activity. However, the 37 

mechanisms behind the observed enhancements remain unexplored. Here, we report a 38 

rapid and efficient proton exchange process for Na0.5Bi2.5Nb2O9 (ABNO), involving 39 

selective leaching of (Bi2O2)2- layers accompanied by the introduction of interlayer H+. 40 

This process, using acid treatment at room temperature is completed within only 24 hours, 41 

the fastest method to date for a layered perovskite. Protonation induces changes at the 42 

molecular and electronic level, investigated using Synchrotron-based techniques, diffused 43 

reflectance spectroscopy (DRS), DFT calculation, and transient absorption spectroscopy 44 

(TAS), influencing the electronic band structure, surface properties, and charge carrier 45 

dynamics of the compounds. After protonation, BET surface area increases by more than 46 

20 times, to 156.19 m2/g. These structural and surface modifications unlock the material's 47 

latent photocatalytic potential, enabling H+ exchanged Na0.5Bi2.5Nb2O9 (HABNO) to 48 

achieve a H2 production rate of 242 mol/h/g. This work delves into the photocatalytic 49 

mechanism, revealing how substitution by H+ provides more active sites and enhances 50 

the ability of the material to generate more highly reactive electrons that can participate 51 

in H2O reduction. This study highlights the promising strategy of altering the structure 52 

and electronic properties of layered materials through protonation to improve their 53 

performance for applications in photocatalysis for a cleaner and more sustainable future. 54 
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Research highlights 71 

- Proton-exchanged Na0.5Bi2.5Nb2O9 was prepared using the fastest process to date. 72 

- Electronic band structures of Na0.5Bi2.5Nb2O9 and its protonated form are 73 

reported. 74 

- A lower work function unlocks the latent photocatalytic H2 production activity. 75 

- The first study of charge carrier dynamics reveals the photocatalytic mechanism. 76 

 77 
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 80 

Introduction 81 

 The reliance on fossil fuels to support urbanization and industrial growth poses 82 

significant threats to the environment and human health. Alternative technologies like 83 

photocatalysis [1–3],  which can convert solar energy to chemical energy, either for 84 

removing pollutants or producing energy carriers like clean H2 fuel offer a promising 85 

solution [4]. The design of photocatalysts that efficiently convert solar energy into H2 is 86 

an active field of research [5]. However, meeting all the necessary requirements remains 87 

challenging due to the many factors involved. The crystal structure of the photocatalyst 88 

is a critical factor in determining its activity because it affects orbital overlap and the 89 

resulting electronic band structure. This includes the energy of the bandgap and the 90 

position of the band edges, which influence the amount of solar energy the material can 91 



absorb and its ability to drive redox reactions on its surface [6]. Layered perovskites are 92 

an appealing class of material increasingly studied for photocatalytic applications [7]. 93 

Their interlayer spaces serve as reaction sites and can generate intrinsic electric fields 94 

that help separate charge carriers [2,8,9]. In addition, the ability of reactants to penetrate 95 

the 2D layers of these perovskites shortens the distance charge carriers must travel, 96 

reducing recombination and enhancing activity [10,11]. Despite these advantages, some 97 

compounds with layered structures may not function efficiently as solar water splitting 98 

photocatalysts due to unfavorable electronic band structures [8,10]. However, 99 

substitution of ions in the lattice can create new active sites and modify the electronic 100 

band structures [10,12–15]. In line with this strategy, ion exchange, especially proton (H+) 101 

exchange, has been shown to enhance photocatalytic activity for water splitting in layered 102 

perovskites [1,8,10].  103 

Various studies have explored H+ exchange in different layered-perovskite 104 

structure types, such as Ruddlesden-Popper and Dion-Jacobson [10,16]. Despite 105 

demonstrating significant improvements in photocatalytic H2 production [17,18], layer 106 

perovskites based on the Aurivillius structure type, expressed with the general formula 107 

Bi2An-1BnO3n+3 or Bi2O2[An-1BnO3n+1]), have been less studied for H+ exchange. The 108 

understanding of photocatalytic properties in protonated Aurivillius-type structures has 109 

so far been limited to specific compounds. Studies on H+-exchanged ABi2Ta2O9 (A = Ca, 110 

Sr, Ba, K0.5La0.5) indicate that H+ intercalation enhances H2O migration during water 111 

splitting reactions [11,19,20]. In SrBi2Nb2O9 [21], proton exchange increases surface area, 112 

while the layered structure aids carrier separation. Similarly, changes in the conduction 113 

band edge potential following H+ exchange have been linked to improved H2 production 114 

activity in K0.5La0.5Bi2M2O9 (M = Nb, Ta) [22] and Bi2SrNaNb3O12 [23]. However, direct 115 

evidence supporting these claims remains lacking. Although the protonation strategy has 116 

shown promise, the mechanism underlying photocatalytic H2 production in these 117 

protonated Aurivillius-type layered perovskites is still unclear. Furthermore, the acid 118 

treatment procedure often used typically takes several days to facilitate proton exchange 119 

[11,19,22,24,25]. 120 

 In this work, we present the first report on the proton-exchange of Na0.5Bi2.5Nb2O9, an 121 

Aurivillius-phase layered perovskite compound. The materials were prepared through rapid 122 

acid treatment and completed within a 24-hour timeframe, representing the fastest process 123 

reported in the literature to date (Table S1). The proton exchange is shown to activate the 124 

ability of Aurivillius-type perovskite-layered compound to produce H2 through 125 



photocatalytic water reduction. By employing various investigation methods, this work 126 

provides a comprehensive understanding of the role of H+ in the layered structure on the 127 

photocatalytic mechanism. The key findings revealed the improved charge transfer 128 

efficiency in H+ form as Synchrotron-based techniques, including X-ray photoelectron 129 

spectroscopy (XPS), Ultraviolet photoelectron spectroscopy (UPS), and diffused 130 

reflectance spectroscopy (DRS) expose reduced work function and Transient absorption 131 

spectroscopy (TAS) unveils enhanced electron reactivity. This allowed us to gain unique 132 

insight on the reasons for the enhanced photocatalytic H2 production activity seen in the proton-133 

exchanged perovskite produced and studied herein, and could influence the rational design of 134 

more active perovskite structured materials. 135 

 136 

Experimental 137 

Materials. 138 

 Starting materials, including Bi(NO3)35H2O (99%, Sigma-Aldrich), C4H4NNbO9 139 

(99.99%, Sigma-Aldrich), NaOH (98%, Sigma-Aldrich), HCl (37% fuming, Carl Roth), and 140 

HNO3 (68-70%, Carl Roth) were used without further purification. 141 

Sample preparation. 142 

 Na0.5Bi2.5Nb2O9 was synthesized using a method similar to a previously reported 143 

procedure [2]. In a typical synthesis, the precursors were dissolved in suitable solvents: 3 144 

mmol of Bi(NO3)35H2O in 6 mL of 4 M HNO3 solution and 2.88 mmol of C4H4NNbO9 in 145 

46 mL of DI water. The solutions were mixed through 5 minutes of stirring, after which 6 mL 146 

of a 30 w/w% NH3 solution and 20 mL of 6 M NaOH solution were introduced. The mixture 147 

was stirred for 30 minutes and then transferred to a Teflon-lined stainless-steel autoclave, 148 

heated at 180 C for 36 hours. Subsequently, the resulting mixture was centrifuged, and 149 

the precipitate was washed three times with DI water before being dried at 80 C 150 

overnight. This resulting sample is identified herein as ABNO. 151 

 Proton exchange was performed using HCl treatment. In a typical procedure, 2 g 152 

of ABNO was dispersed in 400 mL of 3 M HCl and stirred for 24 hours at room 153 

temperature. Following this, the resulting precipitate was collected through 154 

centrifugation, washed three times with DI water and dried overnight at 80 °C. The 155 

obtained sample is denoted as HABNO. Moreover, optimization for acid treatment was 156 

conducted using 1 M HCl with different treatment durations, including 24, 48, and 72 hours. 157 

Subsequently, various HCl concentrations, including 1 M, 2 M, and 3 M, were studied with 158 

fixed treatment duration of 24 hours. 159 



Sample characterizations. 160 

 X-ray diffraction (XRD) was conducted using a Bruker D2 Phaser with parallel 161 

beam optics equipped with a Lynx-Eye detector. Cu Kα1 (λ = 1.54056 Å) and Cu Kα2 162 

radiation (λ = 1.54439 Å) were used (intensity ratio 2:1). High-quality XRD patterns were 163 

recorded between 5°  2θ  120° with an increment of 0.02 and 2 s per step. Lattice 164 

parameters and the average crystallite size were determined using a least-squares 165 

refinement and the Scherrer equation. Scanning electron microscopy (SEM) images were 166 

acquired using a Zeiss AURIGA field emission gun scanning electron microscope (FEG-167 

SEM) operating at an acceleration voltage of 5 kV. Additionally, a high-resolution 168 

transmission electron microscope (HRTEM) image and elemental composition were obtained 169 

using a Talos F200X Thermo Fisher Scientific field-emission transmission electron 170 

microscope (FE-TEM). Raman spectra were collected using a VERTEX 70 Bruker Fourier 171 

Transform Infrared Raman Spectrophotometer with a 1045 nm laser (220 mW light 172 

intensity). Thermogravimetric analysis (TGA) was performed under N2 gas and from 173 

room temperature to 1000 oC at a heating rate of 10 oC/minute. The UV-visible diffuse 174 

reflectance spectra (DRS) were obtained using a Cary 60 Agilent UV-visible 175 

spectrophotometer with BaSO4 as the reference. N2 adsorption-desorption measurements 176 

were conducted using a Micromeritics ASAP 2420 porosimeter with the N2 adsorbent. 177 

The BET method was used to determine specific surface areas. Prior to analysis, the 178 

samples were degassed at 150 °C for 3 hours.  179 

Elemental composition and oxidation states of the samples were determined using a 180 

Thermo Scientific K-Alpha X-ray photoelectron spectrometer with Al Kα monochromatic X-181 

ray radiation (1486.6 eV). Adventitious carbon in the C 1s spectrum (284.8 eV) was used 182 

as a reference. The work function (Φ) was determined using monochromatic synchrotron 183 

light source (hν = 60 eV) located at BL3.2a of the Synchrotron Light Research Institute 184 

(SLRI), Thailand. Φ can be calculated using the relation between hν, the cutoff edge 185 

(Ecutoff), and Fermi level (EF) from the photoemission spectra with the equation Φ = hν – 186 

(Ecutoff - EF). To separate the secondary electrons and acquire the local vacuum level of the 187 

sample, especially if it is more negative than that of the detector, the system was biased at -9.5 188 

eV. The energy scale of the UPS spectrum was calibrated using gold (Au) as a reference, 189 

where EF of Au was set to 0 eV. The EF, valence band maximum (VBM), and Ecutoff of the 190 

samples were then determined relative to this calibration. 191 

 Transient absorption spectroscopy was measured from the microsecond to second 192 

timescale in diffuse reflection mode. A Nd:YAG laser (Litron Lasers, Stable Resonator Nano 193 



S 120-20) was used as the excitation source, generating 355 nm UV light from the third 194 

harmonic (~725 μJ.cm-2 per pulse, repetition rate of 0.7 Hz, ~4-7 ns pulse width) A 100 W 195 

Bentham IL1 quartz halogen lamp was used to generate probe light. Long pass filters (Comar 196 

Instruments) were placed between the lamp and sample to minimize short wavelength 197 

irradiation of the sample. Transient change in diffuse reflectance from the sample was collected 198 

using a 2” diameter, 2” focal length lens and directed to a monochromator (Oriel Cornerstone 199 

130). These changes were measured at wavelengths from 600 to 1100 nm, in 100 nm intervals. 200 

Time-resolved changes in diffuse reflectance were collected using a Si photodiode 201 

(Hamamatsu S3071). Data for times faster than 3.6 ms was recorded using an oscilloscope 202 

(Tektronics DPO3012) after passing through an amplifier box (Costronics), and data for times 203 

slower than 3.6 ms was recorded on a National Instrument DAQ card (NI USB-6251). 204 

Acquisitions were triggered by a photodiode (Thorlabs DET10A) from scattered laser light. 205 

Data was acquired and processed using home-built software written in Labview. Each kinetic 206 

trace was obtained from the average of between 100 and 350 laser pulses and measurements. 207 

Measurements were carried out in air. For each experiment, a few milligrams of each powder 208 

sample were pressed between two microscope slides, and held tight by tape, to make a 209 

homogeneous pressed powder sample. For chemical scavenger experiments, a few microliters 210 

of a chemical scavenger was placed on the surface of one side of the powder sample before 211 

being closed between the two microscope slides, with measurements carried out on the side of 212 

the sample where the scavenger was placed. Two chemical scavengers were studied, glycerol 213 

(Sigma-Aldrich, ≥99.0%) and an aqueous silver nitrate solution (Acros Chemicals, 99.99%, 20 214 

mM). 215 

 Computational method. 216 

 The first-principles calculations were conducted using the projector augmented wave 217 

(PAW) method [26] within the Vienna ab initio simulation package (VASP) [27]. The 218 

generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerh (PBE) [28] 219 

functional was employed for the exchange-correlation energy. To optimize the crystal 220 

structures, electronic wave functions were expanded using a plane wave basis set with a cut-221 

off energy of 520 eV. Brillouin zone integration was performed using a Monkhorst-Pack [29] 222 

mesh with a 7  7  1 grid in primitive cells for both structures. The relaxation convergence 223 

criteria for energy and force were set to 0.001 eV/atom and 0.01 eV/Å, respectively. The 224 

calculated Local Density of States (LDOS) of the system utilized a Monkhorst-Pack mesh with 225 

a 13  13  2 grid in primitive cells for both structures.  226 

Photocatalytic test. 227 



 A suspension containing 50 mg of photocatalyst, 5.3 µL of H2PtCl6.6H2O (0.25 M) and 228 

120 mL of Milli-Q water/methanol (90/10 %v/v) was added to a photocatalytic reactor. The 229 

suspension was stirred under N2 and a water-cooling bath was connected to the reactor to keep 230 

at constant temperature of 25 °C. The suspension was purged with N2 a flow rate of 20 mL.min-231 

1 for 1 hour to remove residual O2. The solution was illuminated for 3 hours using a Xe lamp 232 

(1000 W), with light passed through an AM 1.5 and an IR filter to achieve 1 sun power (100 233 

mW.cm-2 on the photocatalytic cell entrance). The reaction products were analyzed every 300 234 

s by gas phase compact chromatograph. 235 

 236 

Results and discussion 237 

1. Material characterizations 238 

Crystal structures. 239 

The layered perovskite compound, Na0.5Bi2.5Nb2O9 (ABNO), and its proton-exchange 240 

form (HABNO), were successfully synthesized, with their XRD patterns depicted in Figure 1a. 241 

The diffraction peaks confirm a single phase Aurivillius-type structure with 242 

orthorhombic symmetry (space group A21am), as per the standard database (PDF42-243 

0397). As illustrated in Figure 2a, the crystal structure comprises (Bi2O2)
2+ layers interleaved 244 

with pseudo-perovskite (Na0.5Bi0.5Nb2O7)
2- layers [30]. Sharp XRD peaks observed in the 245 

ABNO sample indicate high crystallinity. The crystallite size obtained using Scherrer’s 246 

equation for the (115) peak was 31.58 nm. Notably, the intensities of the XRD peak 247 

corresponding to the (200) and (020) diffractions are approximately two times higher 248 

than the standard pattern. This suggests preferential crystal evolution along the [200] and 249 

[020] directions, promoting anisotropic development for the (001) plane and causing nanosheet 250 

growth [31]. Such variations in relative peak intensity are common in anisotropic 251 

nanomaterials [32–34].  252 

Proton-exchanged HABNO was prepared via acid treatment, where H+ interacts 253 

with oxygen atoms in the perovskite oxide, replacing cations through protonation [16,25]. 254 

However, acid treatment can dissolve the layered perovskite structure or introduce 255 

impurities like Ruddlesden-Popper phases and BiOCl. Therefore, conditions were 256 

optimized to achieve a pure H+ substituted phase. Figure S1 illustrates XRD patterns of 257 

samples treated with different acids, concentrations, and durations. After 24 hours of 258 

treatment with 3 M HCl, the XRD peaks aligned with the parent ABNO phase, indicating 259 

preserved long-range order. However, broader and weaker diffraction peaks suggest 260 

reduced crystallinity and a smaller crystallite size of 7.56 nm. The unit cell parameters of 261 



HABNO were determined using a least-squares refinement method and found to be 262 

smaller than those of ABNO, confirming successful proton exchange. The cell parameters 263 

a, b, and c for ABNO are 5.4690(8) Å, 5.4784(12) Å, and 25.3581(51) Å, respectively. In 264 

comparison, the corresponding parameters for HABNO are 5.4378(8) Å, 5.4488(12) Å, 265 

and 25.3367(51) Å. As a consequence, the unit cell volume is also smaller for HABNO, 266 

refined as 750.70(18) Å3 compared to 759.76(19) Å3 for ABNO. 267 

The TEM image of ABNO (Figure 1b) shows lattice fringes with d-spacings of 268 

0.272 nm and 0.269 nm, corresponding to the (200) and (020) planes, respectively. 269 

Considering the orthorhombic crystal system and growth mechanism, these findings suggest 270 

the exposure of the {001} crystal planes on the surface of the crystals. The SAED pattern of 271 

the ABNO sample (Figure 1d) reveals high crystallinity, with the angle between (200) and 272 

(020) planes matching the theoretical value of 90°. The same d-spacing is observed in the 273 

HABNO sample (Figure 1c), indicating that H+ was introduced into the interlayers 274 

perpendicular to [001] direction without affecting the exposed {001} crystal plane. 275 

Moreover, the SAED pattern of HABNO (Figure 1e) shows a diffused ring pattern, 276 

confirming a partial amorphization of the sample. 277 

The Raman spectra are shown in Figure 1f to provide insights into the lattice 278 

structures. For ABNO, all observed Raman bands correspond to the vibrational modes 279 

of the Na0.5Bi2.5Nb2O9 lattice [35,36]. Significant changes were observed in the Raman 280 

spectrum of HABNO. A reduction in the intensities of bands (1), (2), and (4), assigned to 281 

the Bi3+ vibration in the (Bi2O2)2+ layer, indicates the disappearance of the (Bi2O2)2+ 282 

component. The band (3), related to the Nb5+ vibration, disappeared entirely. The band 283 

(5), associated with the vibration of the Bi–O bond corresponding to Bi3+ located at the 284 

A-site in the perovskite layer, was also absent, suggesting that Bi3+ in this position was 285 

replaced by H+. The band (6), attributed to Nb–O stretching, shifted to a higher frequency 286 

(blue shift), while band (8), corresponding to symmetric Nb–O stretching, disappeared. 287 

This indicates that only an asymmetric Nb–O environment remained due to the 288 

substitution of Bi3+ at the A-site with a much smaller cation like H+. The band (7) is likely 289 

related to lattice distortion or internal stress caused by proton exchange. 290 

With evidence from XRD, TEM, and Raman, formations of ABNO and HBNO 291 

are summarized in Figure 1g-i. Due to its intrinsic layer structure and the higher chemical 292 

potential of (200) and (020) planes, the crystal exhibits anisotropic growth along [200] 293 

and [020] direction [2,31]. Consequently, the nanosheets with a (001) surface are obtained 294 

under hydrothermal conditions. Acid treatment causes ion-exchange reactions in the 295 



layered structures of ABNO, selectively leaching the (Bi2O2)2+ layers and introducing H+ 296 

ions into the lattice between the interlayers [16,24,25]. Interestingly, cell parameter c of 297 

the sample changes only slightly after proton exchange, indicating that the interlayer 298 

spacing is preserved despite the removal of the (Bi2O2)2+ layers. This suggests that the 299 

ABNO crystal structure includes large void spaces between the layers, facilitating water 300 

diffusion during catalytic reactions. 301 



 302 

Figure 1. XRD patterns of ABNO and HABNO (a). HRTEM images and SAED patterns of ABNO 303 
(b, c), and HABNO (d, e). Raman spectra of ABNO and HABNO (f). Schematic illustration of 304 
crystal structures from the origin (g), after hydrothermal synthesis (h), and after proton exchange 305 
(i). 306 

 307 



Chemical composition. 308 

EDS analysis confirmed the chemical composition of the prepared compounds. As 309 

shown in Figure 2, TEM-EDS mappings illustrate an even distribution of Na, Bi, Nb, and 310 

O in the ABNO sample, with a metal ratio of Na0.48Bi2.78Nb2 for ABNO, close to the 311 

expected ratios of Na0.5Bi2.5Nb2. After proton exchange, significant reductions in Na and 312 

Bi were observed, resulting in a ratio of Na0.12Bi0.43Nb2 for HABNO. These decreases 313 

indicate the replacement of (Bi2O2)2+ layers and some Na in the perovskite layer with 314 

protons [11,16,25]. While H+ content, likely in the form of H3O+, cannot be measured by 315 

EDS, TGA analysis (Figure S2) of HABNO shows approximately 10 w/w% loss of tightly 316 

bound H3O+ (around 100-400 oC). This value aligns with the expected 9.96 w/w% if all 317 

(Bi2O2)2+ layers and 0.4 Na+ are exchanged [22].  318 

 319 

Figure 2. EDS mappings from transmission electron microscopy (TEM) techniques of ABNO (a) 320 
and HABNO (b). 321 

 322 

XPS survey spectra confirm the presence of all expected elements in ABNO and 323 

HABNO, with no impurity elements detected (see Figure S3). Core-level XPS spectra for 324 

Na 1s, Bi 4f, Nb 3d, and O 1s, are presented in Figure 3. The binding energies of the 325 

deconvoluted peaks are reported in Table S2, and were identified as Bi3+, Nb5+, and Na+ [2,3]. 326 

For O 1s spectra, two types of oxygen environments are observed in ABNO: oxygen 327 

bonded with cations in the lattice and oxygen bonded with adventitious C [2]. The 328 

additional peak in O 1s spectra of HABNO corresponds to adsorbed water molecules 329 

[2,37]. Upon H+ introduction, the binding energies of Bi 4f and Nb 3d shifted higher by 330 

~0.5 to 0.7 eV, indicating an electron-deficient local structure due to proton incorporation. 331 

Notably, Na 1s signals were insufficiently resolved in HABNO, indirectly confirming H+ 332 

substitution at Na+ sites in the structure. 333 



 334 
Figure 3. XPS spectra of core-level orbitals in ABNO and HABNO including Na 1s (a), Bi 4f (b), Nb 335 

3d (c), and O 1s (d). 336 

 337 

Physical properties. 338 

The particle morphologies are shown in SEM and TEM images (Figure 4a-4h). Under 339 

hydrothermal synthesis conditions, these compounds typically form nanosheets due to 340 

their layered structure [2,31]. The ABNO sample consists of nanosheets with the size 341 

ranging from 1.9 to 4.8 μm and the thickness of 31.5  11.4 nm, with smaller granular 342 

structures (39.7  9.4 nm) distributed on their surface. After proton exchange, HABNO 343 

nanosheets are smaller (82.7 nm to 1.2 μm) and thicker (57.5  21.4 nm). Particle size 344 

histograms of ABNO and HABNO are shown in Figure 4i. Furthermore, the proton 345 

exchange enhances the surface area from 7.08 m2/g for ABNO to 156.19 m2/g for HABNO. 346 

The increase in surface area through proton exchange can be attributed to structural 347 

changes induced by the process. Proton exchange replaces the larger, positively charged 348 

(Bi2O2)²⁺ groups in the material's framework with smaller H+ ions (protons). This 349 



substitution loosens the parent layered structure, increasing the surface area available as 350 

active sites for adsorption of reactant and photocatalytic processes [23]. N2 adsorption-351 

desorption isotherms of all samples (Figure S4) can be classified as a non-porous or 352 

mesoporous material with weak adsorbent-adsorbate interaction. Both samples exhibit a 353 

primary pore size distribution around 50 nm, indicative of particle porosity. However, 354 

the total pore volume is significantly higher in HABNO, confirming that acid treatment 355 

enhances porosity, as evidenced by the increased BET surface area. HABNO also features 356 

smaller pores (<5 nm) attributed to H+ interlayers, which are less prominent in samples 357 

treated with 2 M HCl for 72 hours. This highlights the importance of treatment conditions, 358 

as complete proton exchange is necessary to improve porosity and surface area, 359 

underscoring the role of interlayer space in enhancing material properties. 360 

 361 

Figure 4. SEM images of ABNO (a, b) and HABNO (e, f). TEM images of ABNO (c, d) and 362 
HABNO (g, h). Particle size histogram of ABNO and HABNO (i). 363 
 364 

2. Photocatalytic properties 365 

For the photocatalytic H2 production test, all samples were loaded with 0.5 w/w% 366 

Pt as a cocatalyst [22]. The XRD patterns of samples after 0.5 w/w% Pt loading showed 367 

no differences from the parent compounds (Figure S5a). Methanol (10 v/v%) was added 368 

as a sacrificial agent to prevent the back reaction (i.e. recombination of H2 with OH and 369 



photogenerated holes to form H2O). Figure 5 illustrates the cumulative H2 production of the 370 

photocatalysts during 3 hours of simulated solar light irradiation. The 0.5 w/w% Pt/ABNO 371 

showed minimal H2 production (10 mol/h/g), while 0.5 w/w% Pt/HABNO demonstrated 372 

a significantly enhanced H2 production rate of 242 µmol/h/g. However, the prepared 373 

HABNO photocatalyst could not be reused for the subsequent cycle. The deactivation was 374 

suggested by the significant increase in BET surface area to 437.0 m2/g and the 375 

agglomeration of catalyst particles (Figure S5b-f). These changes are related to surface 376 

properties where the photocatalytic reaction takes place. While directly comparing H2 377 

production rates across different reports is challenging, the efficiency of the HABNO 378 

photocatalyst in this study is comparable to other proton-exchanged Aurivillius oxides 379 

(see Table S3 in the Supporting Information) [11,19,21–23]. Notably, the improvement 380 

after H+ incorporation relative to the pristine phase is evident. 381 

A result from the acid-treat sample using 2 M HCl for 72 hours is also added in 382 

the plot, which exhibited a H2 production rate of 22 mol/h/g for its platinized form, 383 

which is only slightly higher than the one of pristine ABNO. This result suggests the 384 

importance of optimized conditions for proton exchange. It should be noted that the BET 385 

surface area of this sample (99.77 m2/g) is only 37% lower than that of HABNO, while its 386 

photocatalytic H2 production is 10 times lower. The much lower photocatalytic efficiency 387 

in this sample could then be due to its higher amorphosity, illustrated by lower signal to 388 

noise ratio detected for XRD pattern (Figure S1).  389 

 390 



Figure 5. Photocatalytic H2 production (mol/g) under solar simulated light irradiation at 1 sun 391 
irradiance (Xe lamp, AM 1.5 and IR filter, 100 mW.cm-2) for platinized ABNO, HABNO (3M HCl, 392 
24h), and the acid-treated ABNO using 2 M HCl for 72 hours. 393 

 394 

3. Electronic band structures 395 

While earlier works reports the photocatalytic efficiency enhancement in some 396 

proton-exchanged Aurivillius oxides, detail investigations on the exact roles of proton in 397 

the lattice and its correlation to the observed properties are still missing. To investigate 398 

this in detail, we experimentally determined the band edge positions and calculated the 399 

electronic band structure (EBS) of the compounds. Figure 6a presents the band edge 400 

positions of ABNO and HABNO. The ϕ values, representing the energy difference 401 

between the vacuum level and EF, were determined using the aforementioned equation 402 

and validated through the measured valence band and cut-off spectra shown in Figure 403 

S6. The ϕ values for ABNO and HABNO were found to be 5.8 eV and 4.1 eV, respectively, 404 

enabling the determination of the EF positions. The valence band maximum (EVBM) was 405 

obtained by extrapolating the valence states for each sample, yielding values of 1.1 eV 406 

and 2.4 eV below EF for ABNO and HABNO, respectively (Figure S6b). The conduction 407 

band minimum (ECBM) was then calculated using the relationship Eg = ECBM - EVBM, 408 

where Eg is the band gap energy. Finally, the energy levels relative to the vacuum level 409 

(Evac) were converted to the normal hydrogen electrode (NHE) scale using the equation: 410 

ENHE (V) = (Evac + 4.44 eV)/e, where e is the electrical charge of an electron [39,40].  411 

The band gap energies of ABNO and HABNO determined from the Tauc plots 412 

(Figure S6a) are 3.05 eV and 3.30 eV, respectively. The larger band gap in proton-413 

exchanged sample is attributed to a distortion in the layered perovskite structure, 414 

resulting in a change in the bond angle between metal and oxygen (M-O-M, where M 415 

represents metals) [41]. Figure 6a shows that both ABNO and HABNO have an ECBM 416 

below 0 V relative to NHE, indicating theoretical feasibility for photocatalytic H2 417 

production. On the other hand,  represents the minimum energy required for electrons 418 

to be removed into the vacuum. In our case, EF relatively to the NHE scale, is 1.5 V for 419 

ABNO and  -0.5 V for HABNO, indicating that electrons in HABNO could be more easily 420 

transferred. Particularly, a work function of lower than ENHE suggests the lower energy 421 

barrier for photocatalytic hydrogen production in HABNO [42–44]. 422 

The EBS and local density of states (LDOS) shown in Figure 6b-f are obtained 423 

using the fully relaxed lattice parameters of a = 5.49370 A˚, b = 5.45710 A˚, c = 24.91690 A˚, 424 

and V = 747.00 A˚3 for Na0.5Bi2.5Nb2O9 and a = 5.61281 A˚, b = 5.26052 A˚, c = 19.21597 A˚, 425 



and V = 567.30 A˚3 for the system after proton exchange, where (Bi2O2)2+ layers are 426 

substituted with two H+. The results reveal that the VBM primarily consists of O p states, 427 

while the CBM primarily comprises Nb d states, resulting in an indirect band gap energy 428 

of 2.58 eV in ABNO. After proton exchange, a similar distribution of O and Nb states is 429 

observed in the valence band region across the same energy range. However, a decrease 430 

in Bi p states is noticeable due to (Bi2O2)2+ leaching. It is noted that H s states are primarily 431 

detected at deep levels of around -6 eV due to their hybridization with O and Nb states. 432 

Interestingly, a mid-gap state is present at around 1 eV in HABNO, suggesting small 433 

alterations from the environment of O and Bi atoms, related to their p and s states, 434 

respectively. The calculated band gap of 2.78 eV for the HABNO sample agrees well with 435 

the trend observed from DRS. 436 

 437 



Figure 6. Band alignment of ABNO and HABNO samples as a function of vacuum level and NHE 438 

potential (ENHE = -(Evac+4.44)) (a). Structural models (b) used for calculating DFT band 439 

structures and local density of states (LDOS) for ABNO (c, d) and HABNO (e, f).  440 

 441 

4. Charge carrier dynamics 442 

Transient absorption spectroscopy (TAS) was employed to investigate the intrinsic 443 

lifetime and reactivity of photogenerated charge carriers in ABNO, HABNO, and their 444 

platinized forms [45]. To our knowledge, the time-resolved charge carrier behavior of these 445 

materials has not previously been studied.  446 

The recombination dynamics of ABNO and HABNO (Figure S7) followed a power-447 

law function: 448 

⁺(⁺) = ⁺⁺−⁺
       (Equation 1) 449 

where f(t) is the charge carrier concentration at time t, and A and α are constants. Such behavior 450 

arises when ideal bimolecular recombination (seen for α = 1) is disrupted by multiple trapping 451 

processes, in which a carrier is repeatedly thermally excited to the band-edge in order to move 452 

through the crystal [46,47]. Both materials exhibited similar initial transient absorption (~1 453 

ΔO.D.% at 10 µs), which assuming a similar extinction coefficient of photogenerated charge 454 

carriers in both ABNO and HABNO, indicates a similar initial population of photogenerated 455 

charge carriers. For ABNO, charge carrier recombination was faster at NIR wavelengths, 456 

indicating that there is a distribution of trap states in the material (Figure S7a). At 800 nm, a 457 

fit to the power law model (Equation 1) revealed an α of ~0.31 and a t50% (i.e. the time taken 458 

for half the population of charges seen to decay from the start of the measurement, 10 µs) of 459 

~110 µs. For HABNO (Figure S7b), charge carrier recombination was faster, with an α of 460 

~0.63 and a t50% of ~32 µs. The intrinsic transient absorption spectra (Figure S8) of both 461 

materials showed broad transient absorption across the blue to NIR. ABNO consistently 462 

absorbed stronger in the blue (Figure S8a), while HABNO initially showed stronger NIR 463 

absorption (i.e. at 10 µs) (Figure S8b), shifting to blue at longer times, suggesting similar trap 464 

state variations. 465 

Upon platinization, the recombination kinetics in both systems were substantially 466 

slowed, with t50% increasing to ~300 µs for ABNO-Pt and ~195 µs for HABNO-Pt (Figure S9). 467 

The near-linear decay on a logarithmic timescale indicates tunneling-mediated recombination 468 

[47] Also, after their platinization, the degree of initial transient absorption decreased in both 469 

materials (~90% and ~60% lower transient absorption for HABNO and ABNO, respectively), 470 

which we attribute to parasitic light absorption losses by Pt. Both platinized materials showed 471 

broad visible-to-NIR absorption, with stronger absorption in the blue region (Figure S10). 472 



 For ABNO, the transient absorption decays and spectra in the presence of electron and 473 

hole scavengers are shown in Figure S11, and the decay kinetics at 800 nm and transient 474 

absorption spectra at 1 ms in the absence and presence of these scavenges are shown in Figure 475 

S12. In the presence of the electron scavenger, the photogenerated charge lifetime increased 476 

(t50% of ~510 µs is observed), while the hole scavenger caused no significant change (Figure 477 

S12b). This suggests photogenerated electrons in ABNO are more mobile and reactive than 478 

holes. The transient absorption spectra (Figure S12d) show that hole carrier signals absorb 479 

more strongly in the blue region. Also, the transient absorption spectra of ABNO in the 480 

presence of an electron scavenger are similar to spectra measured in the absence of scavengers 481 

(Figure S12d).  482 

For HABNO (Figures S13 and S14), scavenging effects were observed for both hole 483 

and electron scavengers. The hole scavenger increased the charge carrier lifetime (t50% of ~370 484 

µs at 800 nm) while the electron scavenger has much smaller effects (t50% of ~51 µs at 800 nm) 485 

(Figure S14b). This was the reverse of what was seen in ABNO, and indicate that 486 

photogenerated holes in HABNO are more mobile and reactive than photogenerated electrons. 487 

The transient absorption spectra indicate that photogenerated electrons absorb more strongly 488 

in the NIR and photogenerated holes absorb more strongly in the blue (Figure S14d), which is 489 

similar to the prominent semiconductor photocatalyst, TiO2 [48,49]. 490 

For ABNO-Pt (Figures S15 and S16), the electron scavenger significantly extended the 491 

charge carrier lifetime (t50% ~810 µs at 800 nm), but not the hole scavenger (t50% ~32 µs at 800 492 

nm) (Figure S16b). For HABNO-Pt (Figures S17 and S18), the hole scavenger had a reduced 493 

effect, indicating lower mobility/reactivity of photogenerated holes after platinization. 494 

However, the activity in the presence of the electron scavenger was significantly enhanced 495 

(t50% ~57,200 µs at 800 nm) more so than any of the other materials examined herein, which 496 

indicated that photogenerated electrons were more reactive and/or mobile after platinization of 497 

this system.  498 

The charge carrier behavior of ABNO and HABNO, and its platinized forms, ABNO-499 

Pt and HABNO-Pt, are compared in Figure 7. The carrier lifetime of ABNO is intrinsically 500 

higher than that of HABNO. Despite the smaller particle size and shorter diffusion distance in 501 

HABNO, its lower crystallinity adversely impacts carrier mobility, leading to reduced overall 502 

charge transport efficiency. After platinization, the initial populations of photogenerated 503 

charge carriers at 800 nm decreased due to parasitic light absorption, more prominent in 504 

HABNO (Figure 7a). Platinization significantly enhanced the intrinsic lifetimes of charge 505 

carriers, especially in HABNO (t50% increased from ~32 to ~220 µs) compared to ABNO (t50% 506 



increased from ~~115 to ~330 µs) (Figure 7b). At 1 ms after the laser pulse, the timescale 507 

where water splitting processes typically occur, [50] both materials exhibited ~50% lower 508 

transient absorption, with a similar spectral shape favoring blue over NIR regions (Figure 7c). 509 

Despite reduced charge populations, platinization markedly improved charge carrier reactivity. 510 

In ABNO, carrier lifetimes roughly doubled in the presence of both electron and hole 511 

scavengers. In HABNO, electron scavenging increased carrier lifetimes by nearly three orders 512 

of magnitude (Figure 7d). 513 

  514 

  515 
Figure 7. Comparisons of transient absorption behavior of ABNO and HABNO, and its platinized 516 

forms ABNO-Pt and HABNO-Pt (355 nm laser excitation pulse, ~725 μJ.cm-2 per pulse, repetition 517 

rate of 0.7 Hz, ~4-7 ns pulse width). Non-normalized (a) and normalized (b) transient absorption 518 

decays measured in the absence of chemical scavengers at a probe wavelength of 800 nm. Transient 519 

absorption decays 1 ms after the laser pulse measured in the absence of chemical scavengers (c). 520 

Charge carrier lifetime (t50% from 10 µs) of decays measured at a probe wavelength of 800 nm in 521 

the presence and absence of chemical scavengers (hole scavenger = glycerol, electron scavenger 522 

= aqueous silver nitrate solution) (d).  523 

 524 

Discussion 525 

The significant difference in photocatalytic H2 production of ABNO and HABNO arise 526 

from differences in their chemical and physical properties, which can be rationalized as 527 



follows: 1) HABNO possesses a more suitable EBS, having a higher CBM than ABNO, thus 528 

having a larger thermodynamic driving force to drive proton reduction [42,51,52]. 529 

Additionally, the Fermi level of HABNO is also more negative than the proton reduction 530 

potential and the Fermi level of Pt. Thus, electron transfer from HABNO to Pt cocatalyst 531 

is more feasible and the enhanced carrier activity is more pronounced for platinized 532 

HABNO [11,20]. 2) Proton substitution in the (Bi2O2)2+ layers creates large interlayer 533 

space, promoting hydration and water intercalation. This facilitates the transport of H2O 534 

and methanol, into the interlayer and creates additional active sites for the oxidation and 535 

reduction reactions [12,13,53,54]; 3) It is evident that the proton-exchanged forms have 536 

significantly increased BET surface areas,  indicating more active sites to facilitate 537 

reactions [10,55,56]. Even though the photo-generated electrons and holes possess 538 

thermodynamically sufficient potentials for water splitting, they will recombine if active 539 

sites for redox reactions are not present on the surface. Furthermore, larger surface areas 540 

also suggest that Pt deposition might be more effective on HABNO, increasing the positive 541 

effects of Pt cocatalyst as evidenced from TAS results.  542 

 543 

Conclusion 544 

The Aurivillius phase, double-layered perovskite Na0.5Bi2.5Nb2O9 (ABNO) was 545 

proton-exchanged to form HABNO using a simple 3 M HCl treatment at room 546 

temperature for 24 hours. Our samples were characterized by various physical 547 

characterization methods. XRD revealed a single-phase HABNO material, with 548 

symmetry consistent with ABNO phase. As suggested by TEM-EDS, Raman, and TGA 549 

results, H+ was introduced into the crystal lattices at the interlayers perpendicular to 550 

[001] direction. The elemental composition measured by EDS and XPS techniques 551 

revealed the leaching and replacement of (Bi2O2)2+ layers with protons. Importantly, 552 

Photocatalytic H+ production showed over a tenfold increase in activity for platinized 553 

HABNO compared to the platinized ABNO. The remarkable improvement of the 554 

photocatalytic activity was attributed to a dramatic increase in BET surface area, new active 555 

sites created by H+ interlayers, smaller work function, and higher electron activity. The proton 556 

exchange process unlocked the latent photocatalytic potential of ABNO, enabling H2O 557 

reactant to access interlayer spaces and facilitating efficient transfer of photogenerated 558 

electrons and holes to H2O for effective H2 evolution. Additionally, the reduced work 559 

function and enhanced electron reactivity improved charge transfer efficiency. This work 560 

highlights the potential of proton exchange as a general strategy to enhance the electronic 561 



and physicochemical properties of layered semiconductor materials, providing a pathway 562 

to significantly improve photocatalytic H+ production in various systems. 563 

 564 

Acknowledgement 565 

This work is supported by the Research and Innovation Fund (NSRF) via the Program 566 

Management Unit for Human Resources & Institutional Development, Research and 567 

Innovation [grant number B42G670035] Suranaree University of Technology, Thailand 568 

Science Research and Innovation (TSRI) and National Science, Research and Innovation Fund 569 

(NSRF) (grant number 4693521). A. Jiamprasertboon acknowledges MOPGA 2022 Visiting 570 

Fellowship Program for Yong Researchers (the candidate reference: mopga-postdoc-2022-571 

7681826726), and the internal research fund provided by Walailak University under grant 572 

number WU66287. J. Q. is grateful to region Grand Est for funding through FRCR HyPE 573 

project. The authors would like to thank Thierry Dintzer from the SEM-Cro platform for SEM 574 

images. A. K. thanks the EPSRC for a Programme Grant (EP/W017075/1) and the Royal 575 

Society for an Equipment Grant (RSG/R1/180434). 576 

 577 

References 578 

[1] J. Ghosh, S. Parveen, P.J. Sellin, P.K. Giri, Recent Advances and Opportunities in 579 

Low‐ Dimensional Layered Perovskites for Emergent Applications beyond 580 

Photovoltaics, Adv. Mater. Technol. 8 (2023) 2300400. doi:10.1002/admt.202300400. 581 

[2] A. Jiamprasertboon, P. Phonsuksawang, C. Sunkhunthod, S. Sertwatsana, S. Wet-osot, 582 

A. Kamkaew, T. Siritanon, {001} facet exposed Na0.5Bi2.5Nb2O9 nanosheet: An 583 

effective visible light responsive photocatalyst for wastewater treatment, Mater. Res. 584 

Bull. 144 (2021) 111501. doi:10.1016/j.materresbull.2021.111501. 585 

[3] A. Jiamprasertboon, A. Kafizas, E. Hawkins, S. Singsen, T. Butburee, S. 586 

Wannapaiboon, W. Sangkhun, S. Nijpanich, T. Eknapakul, N. Chanlek, A. Waehayee, 587 

S. Suthirakun, T. Siritanon, Photocatalytic NOx Oxidation of BiOCl Nanostructure-588 

Based Films Grown Using Aerosol-Assisted Chemical Vapor Deposition, ACS Appl. 589 

Nano Mater. 6 (2023) 738–749. doi:10.1021/acsanm.2c05034. 590 

[4] A. Fujishima, K. Honda, Electrochemical Photolysis of Water at a Semiconductor 591 

Electrode, Nature. 238 (1972) 37–38. doi:10.1038/238037a0. 592 

[5] K. Ashok Kumar, K. Subalakshmi, S. Sekar, P. Sivaprakash, I. Kim, S. Arun Kumar, 593 

S. Lee, S. Arumugam, Hexagonal cage like structured reduced graphene Oxide-594 

NiCo2S4 nanocomposite for high performance hydrogen evolution reaction, Int. J. 595 



Hydrogen Energy. 52 (2024) 1384–1392. doi:10.1016/j.ijhydene.2023.03.175. 596 

[6] Q.-L. Liu, Z.-Y. Zhao, J.-H. Yi, Effects of crystal structure and composition on the 597 

photocatalytic performance of Ta–O–N functional materials, Phys. Chem. Chem. 598 

Phys. 20 (2018) 12005–12015. doi:10.1039/C8CP00432C. 599 

[7] M. Shaterian, M. Enhessari, D. Rabbani, M. Asghari, M. Salavati-Niasari, Synthesis, 600 

characterization and photocatalytic activity of LaMnO3 nanoparticles, Appl. Surf. Sci. 601 

318 (2014) 213–217. doi:10.1016/j.apsusc.2014.03.087. 602 

[8] F.E. Osterloh, Inorganic Materials as Catalysts for Photochemical Splitting of Water, 603 

Chem. Mater. 20 (2008) 35–54. doi:10.1021/cm7024203. 604 

[9] X. Yin, X. Li, H. Liu, W. Gu, W. Zou, L. Zhu, Z. Fu, Y. Lu, Realizing selective water 605 

splitting hydrogen/oxygen evolution on ferroelectric Bi3TiNbO9 nanosheets, Nano 606 

Energy. 49 (2018) 489–497. doi:10.1016/j.nanoen.2018.05.001. 607 

[10] Y. Hu, L. Mao, X. Guan, K.A. Tucker, H. Xie, X. Wu, J. Shi, Layered perovskite 608 

oxides and their derivative nanosheets adopting different modification strategies 609 

towards better photocatalytic performance of water splitting, Renew. Sustain. Energy 610 

Rev. 119 (2020) 109527. doi:10.1016/j.rser.2019.109527. 611 

[11] W. Chen, X. Chen, Y. Yang, J. Yuan, W. Shangguan, Synthesis and performance of 612 

layered perovskite-type H-ABi2Ta2O9 (A = Ca, Sr, Ba, K0.5La0.5) for photocatalytic 613 

water splitting, Int. J. Hydrogen Energy. 39 (2014) 13468–13473. 614 

doi:10.1016/j.ijhydene.2014.03.096. 615 

[12] T. Takata, Y. Furumi, K. Shinohara, A. Tanaka, M. Hara, J.N. Kondo, K. Domen, 616 

Photocatalytic Decomposition of Water on Spontaneously Hydrated Layered 617 

Perovskites, Chem. Mater. 9 (1997) 1063–1064. doi:10.1021/cm960612b. 618 

[13] T. Takata, K. Shinohara, A. Tanaka, M. Hara, J.. Kondo, K. Domen, A highly active 619 

photocatalyst for overall water splitting with a hydrated layered perovskite structure, J. 620 

Photochem. Photobiol. A Chem. 106 (1997) 45–49. doi:10.1016/S1010-621 

6030(97)00037-3. 622 

[14] P. Chen, H. Liu, W. Cui, S.C. Lee, L. Wang, F. Dong, Bi‐ based photocatalysts for 623 

light‐ driven environmental and energy applications: Structural tuning, reaction 624 

mechanisms, and challenges, EcoMat. 2 (2020) 1–31. doi:10.1002/eom2.12047. 625 

[15] X. Chen, S. Shen, L. Guo, S.S. Mao, Semiconductor-based Photocatalytic Hydrogen 626 

Generation, Chem. Rev. 110 (2010) 6503–6570. doi:10.1021/cr1001645. 627 

[16] W. Sugimoto, M. Shirata, K. Kuroda, Y. Sugahara, Conversion of Aurivillius Phases 628 

Bi2ANaNb3O12 (A = Sr or Ca) into the Protonated Forms of Layered Perovskite via 629 



Acid Treatment, Chem. Mater. 14 (2002) 2946–2952. doi:10.1021/cm0115620. 630 

[17] B. Aurivillius, Mixed Bismuth Oxides with Layer lattices. I. The structure type of 631 

CaNb2Bi2O9, Ark. Kemi. 1 (1949) 463–480. 632 

[18] B. Aurivillius, Mixed bismuth oxides with layer lattices. II. Structure type of 633 

Bi4Ti3O12, Ark. Kemi. 1 (1949) 499–512. 634 

[19] Y. Li, G. Chen, C. Zhou, Z. Li, Photocatalytic Water Splitting Over a Protonated 635 

Layered Perovskite Tantalate H1.81Sr0.81Bi0.19Ta2O7, Catal. Letters. 123 (2008) 80–83. 636 

doi:10.1007/s10562-008-9397-5. 637 

[20] W. Chen, H. Wang, L. Mao, X. Chen, W. Shangguan, Influence of loading Pt, RhO2 638 

co-catalysts on photocatalytic overall water splitting over H1.9K0.3La0.5Bi0.1Ta2O7, 639 

Catal. Commun. 57 (2014) 115–118. doi:10.1016/j.catcom.2014.08.007. 640 

[21] B. Zhang, Y. Li, J. Luo, H. Zhao, J. Zhao, G. Dong, Y. Zhu, C. Wang, Synthesis and 641 

photocatalytic property for H2 production of H1.78Sr0.78Bi0.22Nb2O7 nanosheets, Appl. 642 

Surf. Sci. 391 (2017) 499–506. doi:10.1016/j.apsusc.2016.06.143. 643 

[22] W. Chen, C. Li, H. Gao, J. Yuan, W. Shangguan, J. Su, Y. Sun, Photocatalytic water 644 

splitting on protonated form of layered perovskites K0.5La0.5Bi2M2O9 (M = Ta; Nb) by 645 

ion-exchange, Int. J. Hydrogen Energy. 37 (2012) 12846–12851. 646 

doi:10.1016/j.ijhydene.2012.05.090. 647 

[23] M. Kudo, S. Tsuzuki, K. Katsumata, A. Yasumori, Y. Sugahara, Effects of selective 648 

leaching of bismuth oxide sheets in triple-layered Aurivillius phases on their 649 

photocatalytic activities, Chem. Phys. Lett. 393 (2004) 12–16. 650 

doi:10.1016/j.cplett.2004.06.010. 651 

[24] Y. Tsunoda, M. Shirata, W. Sugimoto, Z. Liu, O. Terasaki, K. Kuroda, Y. Sugahara, 652 

Preparation and HREM Characterization of a Protonated Form of a Layered Perovskite 653 

Tantalate from an Aurivillius Phase Bi2SrTa2O9 via Acid Treatment, Inorg. Chem. 40 654 

(2001) 5768–5771. doi:10.1021/ic010266m. 655 

[25] W. Sugimoto, M. Shirata, Y. Sugahara, K. Kuroda, New Conversion Reaction of an 656 

Aurivillius Phase into the Protonated Form of the Layered Perovskite by the Selective 657 

Leaching of the Bismuth Oxide Sheet, J. Am. Chem. Soc. 121 (1999) 11601–11602. 658 

doi:10.1021/ja9927265. 659 

[26] J.P. Perdew, A. Zunger, Self-interaction correction to density-functional 660 

approximations for many-electron systems, Phys. Rev. B. 23 (1981) 5048–5079. 661 

doi:10.1103/PhysRevB.23.5048. 662 

[27] G. Kresse, J. Furthmüller, Efficiency of ab-initio total energy calculations for metals 663 



and semiconductors using a plane-wave basis set, Comput. Mater. Sci. 6 (1996) 15–50. 664 

doi:https://doi.org/10.1016/0927-0256(96)00008-0. 665 

[28] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized Gradient Approximation Made 666 

Simple, Phys. Rev. Lett. 77 (1996) 3865–3868. doi:10.1103/PhysRevLett.77.3865. 667 

[29] H.J. Monkhorst, J.D. Pack, Special points for Brillouin-zone integrations, Phys. Rev. 668 

B. 13 (1976) 5188–5192. doi:10.1103/PhysRevB.13.5188. 669 

[30] Y. Zhu, Y. Lv, Y. Xiao, H. Sun, Q. Zhang, X. Hao, Defect modulated luminescent and 670 

photochromic behaviors in Pr/Er codoped Na0.5Bi2.5Nb2O9 ceramics for display and 671 

optical storage, J. Lumin. 215 (2019) 116626. doi:10.1016/j.jlumin.2019.116626. 672 

[31] C. Zhang, Y. Zhu, Synthesis of square Bi2WO6 nanoplates as high-activity visible-673 

light-driven photocatalysts, Chem. Mater. 17 (2005) 3537–3545. 674 

doi:10.1021/cm0501517. 675 

[32] L. Zhang, A.A.S. Gonçalves, M. Jaroniec, Identification of preferentially exposed 676 

crystal facets by X-ray diffraction, RSC Adv. 10 (2020) 5585–5589. 677 

doi:10.1039/d0ra00769b. 678 

[33] A. Jiamprasertboon, M.J. Powell, S.C. Dixon, R. Quesada-Cabrera, A.M. Alotaibi, Y. 679 

Lu, A. Zhuang, S. Sathasivam, T. Siritanon, I.P. Parkin, C.J. Carmalt, Photocatalytic 680 

and electrically conductive transparent Cl-doped ZnO thin films via aerosol-assisted 681 

chemical vapour deposition, J. Mater. Chem. A. 6 (2018) 12682–12692. 682 

doi:10.1039/C8TA01420E. 683 

[34] Z. Kása, E.E. Almási, K. Hernádi, T. Gyulavári, L. Baia, G. Veréb, Z. László, Z. Pap, 684 

New insights into the photoactivity of shape-tailored BiVO4 semiconductors via 685 

photocatalytic degradation reactions and classical reduction processes, Molecules. 25 686 

(2020) 1–14. doi:10.3390/molecules25204842. 687 

[35] C. Long, H. Fan, P. Ren, Structure, Phase Transition Behaviors and Electrical 688 

Properties of Nd Substituted Aurivillius Polycrystallines Na0.5NdxBi2.5–xNb2O9 ( x = 689 

0.1, 0.2, 0.3, and 0.5), Inorg. Chem. 52 (2013) 5045–5054. doi:10.1021/ic302769h. 690 

[36] M. Huang, X. Jiang, C. Chen, X. Nie, X. Huang, S. Huang, C. Chen, C. Zhao, S. Yan, 691 

Effect of B-site W/Mn co-doped on the structural and electrical properties of 692 

CaBi2Nb2O9, J. Mater. Sci. Mater. Electron. 34 (2023) 2070. doi:10.1007/s10854-023-693 

11454-y. 694 

[37] A. Jiamprasertboon, T. Kongnok, S. Jungthawan, P. Kidkhunthod, N. Chanlek, T. 695 

Siritanon, Investigation on crystal structures, optical properties, and band structure 696 

calculations of In2-xMxTeO6 (M = Ga, Bi, La), J. Alloys Compd. 702 (2017) 601–610. 697 



doi:10.1016/j.jallcom.2017.01.227. 698 

[38] A. Waehayee, C. Pongsawakul, A. Ngoipala, P. Phonsuksawang, A. Jiamprasertboon, 699 

S. Wannapaiboon, H. Nakajima, T. Butburee, S. Suthirakun, T. Siritanon, Promoting 700 

superoxide generation in Bi2WO6 by less electronegative substitution for enhanced 701 

photocatalytic performance: an example of Te doping, Catal. Sci. Technol. 11 (2021) 702 

6291–6304. doi:10.1039/D1CY00739D. 703 

[39] W. Chang, W. Xue, E. Liu, J. Fan, B. Zhao, Highly efficient H2 production over 704 

NiCo2O4 decorated g-C3N4 by photocatalytic water reduction, Chem. Eng. J. 362 705 

(2019) 392–401. doi:10.1016/j.cej.2019.01.021. 706 

[40] J.-C. Wang, L. Zhang, W.-X. Fang, J. Ren, Y.-Y. Li, H.-C. Yao, J.-S. Wang, Z.-J. Li, 707 

Enhanced Photoreduction CO2 Activity over Direct Z-Scheme α-Fe2O3/Cu2O 708 

Heterostructures under Visible Light Irradiation, ACS Appl. Mater. Interfaces. 7 709 

(2015) 8631–8639. doi:10.1021/acsami.5b00822. 710 

[41] Y. Miseki, H. Kato, A. Kudo, Water splitting into H2 and O2 over niobate and titanate 711 

photocatalysts with (111) plane-type layered perovskite structure, Energy Environ. Sci. 712 

2 (2009) 306. doi:10.1039/b818922f. 713 

[42] L. Jiang, J. Li, Y. Li, X. Wu, G. Zhang, Promoted charge separation from nickel 714 

intervening in [Bi2O2]
2+ layers of Bi2O2S crystals for enhanced photocatalytic CO2 715 

conversion, Appl. Catal. B Environ. 294 (2021) 120249. 716 

doi:10.1016/j.apcatb.2021.120249. 717 

[43] L. Jiang, Y. Li, X. Wu, G. Zhang, Rich oxygen vacancies mediated bismuth oxysulfide 718 

crystals towards photocatalytic CO2-to-CH4 conversion, Sci. China Mater. 64 (2021) 719 

2230–2241. doi:10.1007/s40843-020-1622-8. 720 

[44] Y. Luo, H. Han, J. Li, Q. Wang, W. Zhang, Y. Jia, Fe doped Bi2O2S nanosheets for 721 

improved organic pollutants photo-Fenton degradation and CO2 photoreduction, Sep. 722 

Purif. Technol. 306 (2023) 122734. doi:10.1016/j.seppur.2022.122734. 723 

[45] R. Godin, A. Kafizas, J.R. Durrant, Electron transfer dynamics in fuel producing 724 

photosystems, Curr. Opin. Electrochem. 2 (2017) 136–143. 725 

doi:10.1016/j.coelec.2017.03.012. 726 

[46] J. Nelson, R.E. Chandler, Random walk models of charge transfer and transport in dye 727 

sensitized systems, Coord. Chem. Rev. 248 (2004) 1181–1194. 728 

doi:10.1016/j.ccr.2004.04.001. 729 

[47] B. Moss, K.K. Lim, A. Beltram, S. Moniz, J. Tang, P. Fornasiero, P. Barnes, J. 730 

Durrant, A. Kafizas, Comparing photoelectrochemical water oxidation, recombination 731 



kinetics and charge trapping in the three polymorphs of TiO2, Sci. Rep. 7 (2017) 2938. 732 

doi:10.1038/s41598-017-03065-5. 733 

[48] X. Wang, A. Kafizas, X. Li, S.J.A. Moniz, P.J.T. Reardon, J. Tang, I.P. Parkin, J.R. 734 

Durrant, Transient Absorption Spectroscopy of Anatase and Rutile: The Impact of 735 

Morphology and Phase on Photocatalytic Activity, J. Phys. Chem. C. 119 (2015) 736 

10439–10447. doi:10.1021/acs.jpcc.5b01858. 737 

[49] A. Kafizas, X. Wang, S.R. Pendlebury, P. Barnes, M. Ling, C. Sotelo-Vazquez, R. 738 

Quesada-Cabrera, C. Li, I.P. Parkin, J.R. Durrant, Where Do Photogenerated Holes Go 739 

in Anatase:Rutile TiO2? A Transient Absorption Spectroscopy Study of Charge 740 

Transfer and Lifetime, J. Phys. Chem. A. 120 (2016) 715–723. 741 

doi:10.1021/acs.jpca.5b11567. 742 

[50] C.A. Mesa, L. Francàs, K.R. Yang, P. Garrido-Barros, E. Pastor, Y. Ma, A. Kafizas, 743 

T.E. Rosser, M.T. Mayer, E. Reisner, M. Grätzel, V.S. Batista, J.R. Durrant, Multihole 744 

water oxidation catalysis on haematite photoanodes revealed by operando 745 

spectroelectrochemistry and DFT, Nat. Chem. 12 (2020) 82–89. doi:10.1038/s41557-746 

019-0347-1. 747 

[51] P. Miao, Z. Zhang, J. Sun, W. Walasik, S. Longhi, N.M. Litchinitser, L. Feng, Orbital 748 

angular momentum microlaser, Science (80-. ). 353 (2016) 464–467. 749 

doi:10.1126/science.aaf8533. 750 

[52] A. Tarasov, S. Zhang, M. Tsai, P.M. Campbell, S. Graham, S. Barlow, S.R. Marder, 751 

E.M. Vogel, Controlled Doping of Large‐ Area Trilayer MoS2 with Molecular 752 

Reductants and Oxidants, Adv. Mater. 27 (2015) 1175–1181. 753 

doi:10.1002/adma.201404578. 754 

[53] I.A. Rodionov, E. V. Mechtaeva, A.A. Burovikhina, O.I. Silyukov, M.A. Toikka, I.A. 755 

Zvereva, Effect of protonation on the photocatalytic activity of the K2La2Ti3O10 756 

layered oxide in the reaction of hydrogen production, Monatshefte Für Chemie - 757 

Chem. Mon. 149 (2018) 475–482. doi:10.1007/s00706-017-2105-7. 758 

[54] K. Domen, J. Yoshimura, T. Sekine, A. Tanaka, T. Onishi, A novel series of 759 

photocatalysts with an ion-exchangeable layered structure of niobate, Catal. Letters. 4 760 

(1990) 339–343. doi:10.1007/BF00765319. 761 

[55] S. Wang, L. Wang, W. Huang, Bismuth-based photocatalysts for solar energy 762 

conversion, J. Mater. Chem. A. 8 (2020) 24307–24352. doi:10.1039/D0TA09729B. 763 

[56] Y. Li, S. Li, H. Huang, Defective Photocathode: Fundamentals, Construction, and 764 

Catalytic Energy Conversion, Adv. Funct. Mater. 33 (2023) 2304925. 765 



doi:10.1002/adfm.202304925. 766 

 767 



Declaration of interests 
  
☒ The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
  
☐ The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests: 
 

 
  
  
  
 

Declaration of Interest Statement



  

Supplementary Material

Click here to access/download
Supplementary Material

Supporting information 08-01-2025.pdf

https://www2.cloud.editorialmanager.com/mrb/download.aspx?id=493184&guid=68551f13-3783-47c2-8318-a23d8e6dbc67&scheme=1

