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Abstract 17 

 Photocatalytic water splitting system using particulate semiconductor materials is a promising 18 

strategy for converting solar energy into hydrogen and oxygen. In particular, visible-light-driven ‘Z-19 

schematic’ printable photocatalyst sheets are cost-effective and scalable systems. However, little is 20 

known about the fundamental photophysical processes, which are key to explain and promote 21 

photoactivity. Here, we applied the pattern-illumination time-resolved phase microscopy (PI-PM) for 22 

the printed photocatalyst sheet, composed of Mo-doped BiVO4 and Rh-doped SrTiO3, indium tin oxide 23 

(ITO) as an electron mediator, to investigate photo-generated charge carrier dynamics. Using the PI-24 

PM, we successfully observed for the first time the position- and structure-dependent charge carrier 25 

behavior, including visualization of the active/inactive sites in the sheet, under the visible-light 26 

irradiation via the time sequence images and the clustering analysis. This combination methodology 27 

could not only lead to the maximum performance of photocatalyst sheets but also applicable to other 28 

systems involving electron transfer. 29 

Keywords: z scheme, water splitting, photoexcited carrier dynamics, microscopy, spectral clustering 30 
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Introduction 32 

 Water splitting into hydrogen and oxygen by sunlight energy is one of the most promising clean 33 

energy resources in the future, and tremendous efforts have been made mostly for the development of 34 

new materials,1–3 and extended for the device fabrication and large-scale development.4,5 In the overall 35 

water splitting, careful selection of the band positions is necessary both for the reduction of proton and 36 

the oxidation of water, and co-catalysts are necessary to promote the reactions. New materials have 37 

emerged one after another, and one of the materials which can split water using a single semiconductor 38 

photocatalyst, aluminum-doped strontium titanate (SrTiO3:Al), showed high efficiency with an 39 

apparent quantum efficiency of almost 100% overall water splitting efficiency under UV light 40 

illumination in 2020,6 and the mechanism had been studied.7 Alternatively, two different materials are 41 

used by combination; each one is used for hydrogen and oxygen generation, and the remaining charges 42 

are compensated by charge transfer between two materials, called as ‘Z-scheme water splitting system.’ 43 

1,2,8–10  44 

 In the Z-scheme strategy, various combinations of two different semiconductors were introduced. 45 

One of the favored combinations is BiVO4 and Rh doped SrTiO3 (SrTiO3:Rh) as oxygen and hydrogen 46 

generation catalysts. In the earlier stage of the Z-scheme researches, the photo-excited electrons in 47 

BiVO4 were transferred to SrTiO3:Rh via a redox shuttle in an aqueous solution. Still, the number of 48 

candidates for redox shuttles is limited, such as IO3/I-, Fe2+/Fe3+. As a next step, the Z-scheme was 49 

demonstrated without using the redox mediator by direct contact between BiVO4 and SrTiO3:Rh 50 

semiconductors,11 where the photo-excited electrons and holes in each photocatalyst recombine 51 

directly at the interface. The conductive binders have been searched and introduced to promote charge 52 

transport between two materials. Alternatively, particulate photocatalyst sheets, wherein the 53 

photocatalyst particles are fixed onto a glass substrate, have been reported in recent years. For example, 54 

a physical vapor deposition (PVD)-based photocatalyst sheet composed of SrTiO3:Rh,La and 55 

BiVO4:Mo embedded in an evaporated Au layer can split water under solar light with solar-to-56 

hydrogen conversion efficiency of 1.1 %.12,13 Also, we have recently developed a new-type 57 

photocatalyst sheet named a printable photocatalyst sheet, which can be prepared via facile and 58 

extensive screen-printing method incorporating a conductive colloidal binder (e.g., Au, ITO) with a 59 

highly-packed film structure.13–15 However, the STH was merely 0.4 %,15 and it is necessary to 60 

understand the electron transfer process and design the optimal film structure for achieving STH > 61 

1 %. 62 

 In the water splitting by photocatalysts, it is essential how efficiently photo-excited charge 63 

carriers are separated and utilized for water oxidation and reduction without losing them due to 64 

recombination. So far, charge carrier dynamics in various photocatalyst particles and films, including 65 

SrTiO3 or BiVO4, have been studied. Transient absorption and time-resolved photoluminescence have 66 
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been frequently utilized to understand the processes. Concerning SrTiO3, various doping causes trap 67 

sites, and the lifetime of the charge carriers was extended from microseconds to milliseconds, and the 68 

effect was studied in relevance to the photocatalytic activity. In several reports, doping of a single 69 

element induced a recombination center and reduced the charge carriers, but co-doping could suppress 70 

the recombination.16–18 The charge carrier dynamics was also studied for BiVO4 on the ultrafast and 71 

wide time range. The effects of trap states were discussed mostly for elongation of hole lifetimes,19–22 72 

and the effect of active and inactive oxygen defects were clarified.23 Also, a heterojunction of BiVO4 73 

with WO3 was studied and revealed that the junction effectively removed electrons at the interband 74 

states,24 providing a benefit for water oxidation on a millisecond to second order.25 75 

 On the other hand, our approach for studying the charge carrier dynamics uses the special 76 

combination of the measurement of the refractive index change and its accompanying original analysis 77 

method called spectral clustering method, instead of the absorption change or photoluminescence.26,27 78 

As for the former measurement approach, the monitorization via the refractive index change has merit 79 

to favor the detection of the interfacial charge transfer because the limitation of the detection 80 

wavelength is relaxed due to the broad wavelength response. So far, this method has been applied for 81 

studying charge transfer at the interfaces of the photocatalyts28 and dye-sensitized solar cells.29 For 82 

detecting the refractive index change, we used the transient grating (TG) method and studied the 83 

dynamics of the charge carriers for TiO2,30–32 and hematite photoanodes.33–35  84 

 The charge carrier behavior depends on the local structure and is inhomogeneous in nature for 85 

the photocatalysts, typically composed of calcinated particles and aggregates. Many researches have 86 

been devoted for studying the spatio-temporal behavior of charge carrier dynamics by using TA and 87 

photoluminescence microscopy on micro-scales,36–38 and the photocurrent behavior by microscopic 88 

photo-electrochemical measurements.39,40 We also have extended our measurements of the refractive 89 

index change for a local mapping of the transient responses of photo-excited charge carriers. (pattern-90 

illumination phase microscopy (PI-PM)). By illuminating a pattern of light, the sequence of images 91 

due to the refractive index change was obtained, and the image quality was recovered by the image 92 

recovery calculation techniques.41 The lifetime distribution of the charge carriers for a TiO2 particulate 93 

film was obtained, and the research clarified a broad range of the lifetime of charge carriers.42 94 

Furthermore, the local responses of charge carriers were categorized by the spectral clustering method 95 

and found the hidden local responses of the non-radiative exciton relaxation for higher pump 96 

intensities.43 Thus, using the combination of PI-PM and the spectral clustering method, we can 97 

investigate the position- and structure-dependent charge carrier behavior under light irradiation, and 98 

also assign the carrier at specific positions. 99 

 These findings have motivated us to apply this combination of PI-PM and clustering analysis 100 

method for one of the most promising Z-scheme water splitting materials, BiVO4:Mo/SrTiO3:Rh with 101 

a conductive colloidal binder (ITO), as a printable photocatalyst sheet with a conductive colloidal 102 
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binder (ITO) prepared by the printing method. We could visualize the spatially-resolved photocatalytic 103 

activity by the categorization of the charge carrier behaviors. This new methodology could detect the 104 

real active and inactive sites in the photocatalytic device and will support the optimization of the active 105 

structure of the photocatalyst. 106 

 107 

Result and Discussion 108 

The time-resolved experiments were performed on the visible-light responsible printed 109 

photocatalyst sheet composed of SrTiO3:Rh, BiVO4:Mo, and ITO (STOR/ITO/BVOM) in two 110 

different solvents (acetonitrile (ACN) and water). Figure 1 shows the image sequences of the refractive 111 

index change for SrTiO3:Rh/ITO/BiVO4:Mo (STOR/ITO/BVOM) in different solvents ((a) in ACN, 112 

(b) in water) observed by the PI-PM method. The irradiated region by the pump light corresponds to 113 

the brighter regions in the images. The contrast of images originated from the refractive index change 114 

due to photo-excited charge carriers in these regions. Although the images in ACN retained overall 115 

brightness until 10-100 µs, the bright regions in water gradually faded out for 1 µs. The overall 116 

refractive index change decayed due to the charge recombination; however, images in ACN did not 117 

show a simple single-component decay. Furthermore, it was noticed that the brightness in the excited 118 

regions in images strongly depended on the sample position, meaning that the materials in this sample 119 
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were not homogeneously distributed on the substrate. 120 

Fig.1  The image sequence of the refractive index change after photo-excitation by a UV pump 121 

light for SrTiO3:Rh/ITO/BiVO4:Mo (STOR/ITO/BVOM) Z-scheme water splitting sheet measured by 122 

the patterned-illumination time-resolved phase microscope (PI-PM) in different solvents ((a) in ACN, 123 

(b) in water). (c) The light intensity pattern of the pump light and the selected regions for the cluster 124 

analysis is indicated in red squares. The result of the cluster analysis for area No.1 is shown in Fig.5-125 

7, and the others are presented in Fig.S4-S8 in Supporting information (SI)). 126 

 127 

For the assignment of the response on the STOR/ITO/BVOM photocatalyst sheet in the two 128 

different solutions, the temporal changes of the average contrast change of the refractive index images 129 

were obtained, which were calculated by taking the Fourier amplitude of the periodic stripe pattern at 130 

the spatial frequency corresponding to the inverse of the stripe spacing, and it is shown in Fig.2(a). 131 

The detailed calculation process was written in the previous papers.41,42 The signal response for the 132 

STOR/ITO/BVOM in ACN were categorized into three response components; rapidly increased for 133 

30 ns and decayed for 100 ns (first response), an additional rising for 1 µs and decayed for a couple 134 

of µs (second response), a plateau until 10 µs and decay for 100 µs (third response).  135 

(a) (b) 

(c) 
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 136 

Fig.2  (a) The average refractive index change response of STOR/ITO/BVOM until 100 μs in 137 

acetonitrile (ACN) and water obtained from the PI-PM image sequence (Fig.1). The response was 138 

obtained from the signal amplitude at the light irradiated regions. (b) A schematic drawing of the 139 

charge transfer/decay processes for STOR/ITO/BVOM in ACN. Surface trapped carriers cannot be 140 

transferred to the solution side in ACN, where all the processes of charge dynamics are completed in 141 

the system. 142 

 143 

As shown in Fig. 2(b), photo-excited charge carriers were generated in the conduction band and 144 

valence band after the excitation because the wavelength of the pump laser was 355 nm, and its energy 145 

exceeds the bandgap energy of both materials (BiVO4=2.4 eV, SrTiO3=3.2 eV). Therefore, we 146 

monitored the charge carrier dynamics after the interband transition of both materials. These charge 147 

carriers were rapidly trapped to shallow or deep trap states originated from multiple types of defect. 148 

This trapping process almost finishes within the picosecond time region.21,22,44,45 These trapped charge 149 

carriers decayed due to the recombination inside the materials or the extraction outside the materials. 150 

The first component can be considered as the mixture of these fast charge carrier dynamics. Since 151 

ACN is an inert solvent for charge carriers, they were confined inside the materials. Thus, these 152 

carriers remained in a slower time scale, and the response was observed until hundreds of 153 

microseconds, which corresponds to the microsecond recombination for BiVO4 and SrTiO3,16,25 154 
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included in the third component. 155 

On the other hand, the second component in ACN disappeared in the water. It indicates that the 156 

second component (100 ns to 1 µs) in ACN was attributed to electrons in STOR or holes in BVOM 157 

on the surfaces because these surface trapped charge carriers were consumed by water and utilized for 158 

water splitting reactions. The loss of the component by water indicates that the corresponding charge 159 

carriers were used for the water-splitting reactions, which are ensured by the fact that this 160 

photocatalytic sheet had a high water splitting efficiency even for pure water (Fig. S11 in SI). Vise 161 

versa, this result demonstrated that the surface trapped carriers were effectively extracted to water in 162 

this system. 163 

In terms of the Z-scheme water splitting system, the working mechanism is complicated, and 164 

many processes of photo-excited charge carriers are included in the response. To simplify the 165 

assignment, we investigated the charge carrier dynamics of BVOM and STOR separately, using the 166 

same materials used for the Z-scheme system. Figure 3 shows the refractive index responses obtained 167 

for BVOM and STOR in ACN and water, respectively. We could confirm the second components 168 

(100 ns to 1 µs) were observed in ACN in both samples, and they disappeared in water in both cases. 169 

These results supported that these second components were attributed to the holes in BVOM and 170 

electrons in STOR, respectively, and they were utilized for water splitting reactions, as shown in 171 

Fig.2(b). It is supposed that the holes in BVOM and electrons in STOR for water splitting were 172 

observed as a mixture in the response of the Z-scheme sample because these lifetimes matched by 173 

chance. In addition to this finding, we could recognize that the second rising component was delayed 174 

until 10 μs in STOR in ACN. STOR has a mid-gap state corresponding to the Rh3+/4+ state within the 175 

bandgap. Rh is doped for the visible light absorption via the transition from the Rh3+ state to the 176 

conduction band and the valence band to the Rh4+ state, corresponding to 2.3 and 2.7 eV, 177 

respectively.18,46 The considerable delay of the response in STOR implies that the response of STOR 178 

in ACN included unique components of photo-excited charge carriers due to the loss of the water-179 

splitting reactions in ACN instead of water.  180 

 181 
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Fig.3  The average responses of the refractive index changes for (a) BVOM and (b) STOR until 182 

100 μs in ACN and water obtained by the PI-PM image sequences.  183 

 184 

A general understanding of the mechanism of the Z-scheme system is explained here, based on 185 

the description provided by Osterloh, et al.47 By irradiation of the visible light, both BVOM and STOR 186 

are photo-excited, and the photo-generated holes in BVOM and photo-generated electrons in STOR 187 

are used for the water splitting to oxygen and hydrogen, respectively. Photo-excited electrons in 188 

BVOM are transferred to the neighboring STOR particles, and the Rh4+ elements are reduced to Rh3+ 189 

by the electron transfer. The Rh4+ elements work as the electron acceptor in this case. With regard to 190 

STOR, electrons are excited from the Rh3+ state to the conduction band for the visible light absorption, 191 

causing Rh4+ species generation. Water splitting continues when these reactions and charge transfer 192 

cycles repeatedly occur. It was reported that the Rh4+ states reduce the activity of water splitting by 193 

working as the recombination sites for the electrons in the conduction band, and much effort has been 194 

made to reduce the Rh4+ states.18,46 In our experiments, it was confirmed that the slow rising until 10 195 

μs in STOR in ACN was due to the formation of the Rh4+ state by the hole transfer from the valence 196 

band to the Rh3+ states, as understood from the experiment of the methanol (MeOH) scavenger effect, 197 

as described in detail in Fig. S1 in Supporting Information (SI). 198 

The schematic flow of the whole charge dynamics of STOR/ITO/BVOM is summarized in Fig.4. 199 

Based on the series of results, we concluded the response included at least three components. As a first 200 

step, photo-excited charge carriers decayed for <100 ns due to the intrinsic recombination processes 201 

because the responses in this time region were not influenced by water. During these processes, free 202 

charge carriers and trapped charge carriers at shallow trap states recombined inside each material. 203 

(a) 

(b) 

BVOM 

STOR 
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(first component) The processes could include the recombination between the electrons in BVOM and 204 

the holes in STOR as well because of the smooth charge transfer via the ITO binder. In the second 205 

component, until ~1 μs, the response decayed due to the recombination of the surface-trapped charge 206 

carriers in ACN. The components were lost for water splitting when the photocatalytic sheets had 207 

contact with water. This response includes the contributions from both of the electrons in STOR and 208 

the holes in BVOM, considering the responses of STOR and BVOM only (Fig.3). The third component 209 

until ~100 µs includes the hole accumulation decayed process from the valence band to Rh3+state in 210 

STOR (~10 µs) because this component was observed for STOR only and was quenched well by 211 

MeOH. The third component also includes other slower recombination processes. The hole 212 

accumulation in STOR contributed less in the Z-scheme system because ITO worked to mediate the 213 

electron transfer in BVOM to STOR and effectively reduce the Rh4+ state. However, we could confirm 214 

the accumulation of Rh4+ (slow rising component) was enhanced due to inefficient electron transfer 215 

from BVOM without the charge transfer mediator (ITO binder) (Refer to Section of ‘The effect of 216 

ITO binder’ and Fig.S2 and S3, for the detailed discussion on the ITO binder). In terms of the water 217 

splitting, the effective charges on each material in the second process are essential, and the high 218 

efficiency of water splitting of this Z-scheme system is possibly due to the well-matching of the 219 

lifetimes of the surface-trapped electrons in STOR and holes in BVOM. Furthermore, the oxidized 220 

Rh4+ state was reduced effectively by the smooth electron transfer from BVOM; otherwise, the state 221 

is well-known to deteriorate the hydrogen-generating electrons in STOR due to the recombination. 222 

 223 

Fig.4  The schematic flow diagram of the whole charge dynamics in STOR/ITO/BVOM in ACN. 224 

Step 1 includes intrinsic recombination inside materials and charge transfer between two materials. 225 

Step 2 indicates the decay of surface trapped charge carriers in ACN, which are utilized for water 226 

splitting reactions with water outside. Step 3 includes the hole trapping to Rh3+/4+ state in STOR and 227 

the slower recombination.  228 

 229 

        Many types of charge carrier responses were overlapped for the Z-scheme systems because they 230 
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consisted of more than one material. Furthermore, we noticed the inhomogeneity of the responses in 231 

the image sequences measured by the PI-PM method. Hence, we categorized the position-dependent 232 

(local) responses based on their similarity by the clustering analysis of the transient image sequence. 233 

A detailed procedure of this analysis was introduced in our previous paper.43 Briefly, one of the local 234 

regions in the excited area was selected for the analysis, and the local responses in the selected region 235 

were extracted from each pixel in the image sequence. These responses were classified into several 236 

categories of the charge carrier responses based on the similarity calculated by the rise and decay 237 

profile. We applied this analysis to the local responses in the image sequence of STOR/ITO/BVOM 238 

in ACN (Fig.5). The selected position for the analysis is indicated in the red square in Fig.1(c) (No.1). 239 

Figure 5(a) shows a sequence of the temporal images of the refractive index change, representing a 240 

position-dependent response, where some micron-sized particles showed a large refractive index 241 

change with higher brightness, lasting until 1 µs, and fading out for 10 µs. 242 

 243 

Fig.5  (a) An image sequence of the refractive index change for STOR/ITO/BVOM in ACN in a 244 

square region (20×50 µm) corresponding to No.1 in Fig.1(c) on the order from nanoseconds to 245 

microseconds. The scale bar corresponds to 20 µm. (b) The categorized mapping of the charge carrier 246 

responses of (a). An outlier positioned far from all categories were colored in black (#0). (c) A 247 

microscopic image in the same area as (a). (d) The averaged responses for each category in (b) are 248 

shown. 249 

 250 

From the spectral clustering,48 the transient responses were classified into three categories, 251 

and they were mapped out in Fig.5(b). The outliers, far from the three categories, were indicated as #0 252 
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(black) in this mapping. The original microscopic phase image of the sample is shown in Fig. 5(c). In 253 

the sample image, aggregations with a few microns in diameter were recognized. The bright positions 254 

in the transient image sequence were almost overlapped with the positions of the aggregations. In each 255 

category, the responses at all the pixels in the same category were averaged and shown in Fig.5(d). 256 

From Fig.5(b) and (d), the categorized map was mostly composed of red and blue regions. Based on 257 

the assignment in Fig.2(a), the response in the red region was similar to an averaged overall response 258 

(data1 in (d)), and the blue response seems to be composed of the first and third responses (data2 in 259 

(d)). There was a small portion of green regions in Fig.5(b), and it showed a slow rising component 260 

corresponding to the third component (data3 in (d)). Based on the assignment described earlier, the 261 

response of data1 in Fig.5(d) was composed of the intrinsic recombination and the decay of the surface 262 

trapped carriers until 1 µs utilized for water splitting reactions. Therefore, water splitting reactions 263 

should mostly occur in the red region. The blue response was composed of the intrinsic recombination 264 

with the hole decay to Rh3+ state (Rh4+ formation) in STOR. The area of the green regions, 265 

corresponding to Rh4+ formation in Fig.5(d), was much smaller compared with the red and blue regions. 266 

It means that the blue and green regions do not have a water-splitting activity. This analysis was 267 

applied to other regions (No.2~No.4 in Fig.1(c)), and the results are shown in Fig.S4-S6 in SI. Figure 268 

S4 and S5 had almost the same categories of the responses as Fig.5. However, the red regions mostly 269 

occupied the whole area compared with Fig.5. It means that regions No.2 and No.3 were more active 270 

for water splitting reactions than that for region No.1. On the other hand, as shown in Fig.S6, t the 271 

green region increased for region No.4. It indicated the Rh4+ formation process was observed in a large 272 

portion of this region, leading to ineffective water-splitting. Based on these results, each material was 273 

not dispersed homogeneously and mixed well on the substrate, indicating that some regions were not 274 

an ideal STOR/ITO/BVOM composition. 275 

The same analysis was conducted in the case of a Z-scheme sample without the ITO binder 276 

(STOR/BVOM) to confirm the effect of ITO (Fig.6). As you can see from these results, the same types 277 

of categories for transient responses were found. However, the area of the green regions in the 278 

categorized map (Fig.6(b)) drastically increased, while the number of the red region decreased 279 

considerably compared with Fig.5(b). The ratio of the blue region remained almost the same. This 280 

result indicated that the area of the Rh4+ formation drastically increased if there was no ITO binder in 281 

the system. This is exactly the reason why the water splitting reaction was inefficient for this system. 282 

Additionally, the green region was observed at the positions of aggregations in the sample image 283 

(Fig.5(c)). It implies that the recognized aggregation in the sample image corresponded to the positions 284 

of the STOR particle aggregates. The same experiments and analyses were applied to other regions 285 

(No.2 and No.3 in Fig.1 (c)), and the results are shown in Fig.S7 and S8. We could confirm that the 286 

Rh4+ formation occurred in a large portion of these regions. From the combination of the transient 287 

image sequence and the spectral clustering, we could successfully visualize the position where the 288 
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water-splitting reactions proceeded and clarify the role of ITO for higher efficiency. Since the 289 

positions for the high and low efficiencies of water splitting reactions were spatially separated, it 290 

indicates that the charge transfer between BVOM and STOR were efficient in some regions and not 291 

in other regions, and possibly can be improved by the mixing and deposition conditions on the 292 

substrate.  293 

Fig.6  (a) An image sequence of the refractive index response for STOR/BVOM in ACN in a 294 

square region (18×50 µm) corresponding to No.1 in Fig.1(c) on the order from nanoseconds to 295 

microseconds. The scale bar corresponds to 20 µm. (b) The categorized mapping of the charge carrier 296 

responses of (a). An outlier positioned far from all categories were colored in black (#0). (c) A 297 

microscopic image in the same area as (a). (d) The averaged responses for each category in (b) are 298 

shown. 299 

 300 

Finally, we studied that the local responses of STOR/ITO/BVOM in water by using the same 301 

cluster analysis to compare the difference from the results in ACN, as shown in Fig.7. The analysis 302 

was applied for the exactly same region as the region in Fig.5, and only the solvent was replaced with 303 

water. From Fig.7 (b) and (d), the categorized map was composed of the blue and green regions, 304 

corresponding to the fast decay (data1) and the weak response (data2) regions, and we could not 305 

observe the red and green regions found under the ACN condition (Fig.5). This result indicated that 306 

all the surface trapped charge carriers in the case of ACN were utilized for water splitting reactions in 307 

water. These components were completely removed by water, and only intrinsic recombination was 308 

observed. The comparison of the results in Fig.5 and 7 ensures the reaction of water splitting on the 309 

surface. 310 
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The categorization of local charge carrier responses with a combination of the PI-PM 311 

measurements and the clustering analyses reported herein provides useful information for designing 312 

and fabricating highly-efficient photocatalytic films or devices that have heterojunctions between 313 

different semiconductor particles. This method can positively affect a broad range of physicochemical 314 

processes that involve solid-state electron transfer. 315 

 316 

 317 

Fig.7  (a) An image sequence of the refractive index response for STOR/ITO/BVOM in water in 318 

a square region (20×50 µm) corresponding to No.1 on the order from nanoseconds to microseconds. 319 

The location of the sample was exactly the same as Fig.5(a). The scale bar corresponds to 20 µm. (b) 320 

The categorized mapping of the charge carrier responses of (a). An outlier positioned far from all 321 

categories was colored in black (#0) (c) A microscopic image in the same area as (a). (d) The averaged 322 

responses for each category in (b) are shown. 323 

 324 

Conclusion 325 

  This work revealed the origin of the efficient water splitting reactions in STOR/ITO/BVOM 326 

photocatalyst sheets that can split water to H2 and O2 under visible light by employing our original 327 

clustering analysis of photo-generated charge carrier responses in the transient image sequence. The 328 

combination of the observation technique (PI-PM) and the clustering analysis could lead to visualize 329 

reactive sites for efficient water-splitting reactions and inactive sites deteriorating water splitting 330 
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efficiency. From the averaged responses of the refractive index change for different combinations of 331 

materials in various solvents, we could find three components, corresponding to the intrinsic 332 

recombination of photo-excited charge carriers inside materials (~100 ns), recombination of surface 333 

trapped charge carriers which can essentially contribute to split water (~1 µs), and the hole trapping 334 

(accumulation) to the Rh state in STOR, generating Rh4+ state (~10 µs). Consequently, we could 335 

visually demonstrate that the region of the hole trapping to the Rh state, where is the region to suppress 336 

the water splitting reactions in the photocatalyst sheet, decreased in the sheet including ITO mediators 337 

at the reaction sites due to the efficient inter-particular charge transfer. This technique will be a 338 

powerful tool for the detection of active/inactive sites for the water-splitting materials but also the 339 

other materials involving electron transfer reactions, providing swift optimization for photocatalytic 340 

materials. 341 

 342 

Method 343 

The principle of the PI-PM is described in the previous papers.41,43 In brief, an arbitrary light 344 

pattern is irradiated on a sample to excite charge carriers. The charge carriers decay or diffuse as time 345 

passes due to the recombination, charge trapping, and transport, and the charge carrier distribution is 346 

varied in time. The distribution of the photo-excited charge carriers is observed from the refractive 347 

index change by the phase-sensitive imaging. The refractive index was imaged by the Talbot self-348 

imaging technique.49 The pattern-illumination is required for applying various image recovery 349 

algorithms, as described in a different paper.41 In this study, only the background correction was 350 

processed before the analyses to prevent the loss of small features in images. In this optical 351 

configuration, the TA responses could also be included in the image, but the refractive index change 352 

was the major contribution to the signal, which could be confirmed by optimizing the focus position 353 

because the TA signal intensity does not depend on the focus position. 354 

The experimental setup is fully described in Fig. S9 in SI. Briefly, the wavelengths of the 355 

pump and probe pulse lights were 355 and 532 nm, respectively, with pulse widths of 5 ns. The pump 356 

light was illuminated as a Ronchi ruling pattern similar to the transient grating (TG) technique, as we 357 

reported previously to understand the refractive index change response easily as the amplitude change 358 

by Fourier transform. The width of each line in the ruling-pattern was 25 µm, and the spacing was 45 359 

µm.  360 

The sample was Rh-doped SrTiO3 and Mo-doped BiVO4, including ITO nanoparticles as a 361 

conductive binder, and printed on a glass substrate with a thickness of 1 m. The detailed preparation 362 

method is described in SI. The SEM images of Rh-doped SrTiO3 and Mo-doped BiVO4 are shown in 363 

Fig. S10 in SI. The average diameters of them were 300 nm and 2 m, respectively. The gas evolution 364 

data for this photocatalyst sheet in pure water is shown in Fig. S11 in SI, and the STH was 0.4 %. 365 
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The solid/liquid interface was prepared by putting another glass slide together with a silicon 366 

rubber spacer (thickness: 0.5 mm), and liquids were sandwiched within the gap. Each film sample was 367 

measured in contact with acetonitrile (ACN) and water. ACN is an inert solvent for photocatalytic 368 

reactions, where no charge transfer at the interface is guaranteed,28 while it occurs for water. We used 369 

methanol (MeOH) as a hole scavenger for assignment and confirmation of the hole responses.  370 

 371 

Supporting Information 372 

Fig. S1 The transient responses of STOM for the scavenger. 373 

Fig. S2 The transient responses of Z-scheme sample with and without ITO. 374 

Fig. S3 The transient responses of Z-scheme sample without ITO for the scavenger. 375 

Fig. S4 Mapping example of the charge responses for Z-scheme sample in region No.2. 376 

Fig. S5 Mapping example of the charge responses for Z-scheme sample in region No.3. 377 

Fig. S6 Mapping example of the charge responses for Z-scheme sample in region No.4. 378 

Fig. S7 Mapping example of the charge responses for Z-scheme sample without ITO in region 379 

No.2. 380 

Fig. S8 Mapping example of the charge responses for Z-scheme sample without ITO in region 381 

No.3. 382 

Fig. S9 Experimental setup of PI-PM method. 383 

Fig. S10 SEM images of STOR and BVOM. 384 

Fig. S11 Oxygen and hydrogen evolution experiment for Z-scheme sample. 385 

 386 
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Figure captions 515 

 516 

Fig.1 The image sequence of the refractive index change after photo-excitation by a UV pump light 517 

for SrTiO3:Rh/ITO/BiVO4:Mo (STOR/ITO/BVOM) Z-scheme water splitting sheet measured by the 518 

patterned-illumination time-resolved phase microscope (PI-PM) in different solvents ((a) in ACN, (b) 519 

in water). (c) The light intensity pattern of the pump light and the selected regions for the cluster 520 

analysis is indicated in red squares. The result of the cluster analysis for area No.1 is shown in Fig.5-521 

7, and the others are presented in Fig.S4-S8 in Supporting information (SI)). 522 

 523 

Fig.2  (a) The average refractive index change response of STOR/ITO/BVOM until 100 μs in 524 

acetonitrile (ACN) and water obtained from the PI-PM image sequence (Fig.1). The response was 525 

obtained from the signal amplitude at the light irradiated regions. (b) A schematic drawing of the 526 

charge transfer/decay processes for STOR/ITO/BVOM in ACN. Surface trapped carriers cannot be 527 

transferred to the solution side in ACN, where all the processes of charge dynamics are completed in 528 

the system. 529 

 530 

Fig.3  The average responses of the refractive index changes for (a) BVOM and (b) STOR until 531 

100 μs in ACN and water obtained by the PI-PM image sequences. 532 

 533 

Fig.4  The schematic flow diagram of the whole charge dynamics in STOR/ITO/BVOM in ACN. 534 

Step 1 includes intrinsic recombination inside materials and charge transfer between two materials. 535 

Step 2 indicates the decay of surface trapped charge carriers in ACN, which are utilized for water 536 

splitting reactions with water outside. Step 3 includes the hole trapping to Rh3+/4+ state in STOR and 537 

the slower recombination. 538 

 539 

Fig.5  (a) An image sequence of the refractive index change for STOR/ITO/BVOM in ACN in a 540 

square region (20×50 µm) corresponding to No.1 in Fig.1(c) on the order from nanoseconds to 541 

microseconds. The scale bar corresponds to 20 µm. (b) The categorized mapping of the charge carrier 542 

responses of (a). An outlier positioned far from all categories were colored in black (#0). (c) A 543 

microscopic image in the same area as (a). (d) The averaged responses for each category in (b) are 544 

shown. 545 

 546 

Fig.6  (a) An image sequence of the refractive index response for STOR/BVOM in ACN in a 547 

square region (18×50 µm) corresponding to No.1 in Fig.1(c) on the order from nanoseconds to 548 

microseconds. The scale bar corresponds to 20 µm. (b) The categorized mapping of the charge carrier 549 

responses of (a). An outlier positioned far from all categories were colored in black (#0). (c) A 550 
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microscopic image in the same area as (a). (d) The averaged responses for each category in (b) are 551 

shown. 552 

 553 

Fig.7  (a) An image sequence of the refractive index response for STOR/ITO/BVOM in water in 554 

a square region (20×50 µm) corresponding to No.1 on the order from nanoseconds to microseconds. 555 

The location of the sample was exactly the same as the Fig.5(a). The scale bar corresponds to 20 µm. 556 

(b) The categorized mapping of the charge carrier responses of (a). An outlier positioned far from all 557 

categories were colored in black (#0) (c) A microscopic image in the same area as (a). (d) The 558 

averaged responses for each category in (b) are shown. 559 

 560 



Figures

Figure 1

The image sequence of the refractive index change after photo-excitation by a UV pump light for
SrTiO3:Rh/ITO/BiVO4:Mo (STOR/ITO/BVOM) Z-scheme water splitting sheet measured by the patterned-
illumination time-resolved phase microscope (PI-PM) in different solvents ((a) in ACN, (b) in water). (c)
The light intensity pattern of the pump light and the selected regions for the cluster analysis is indicated
in red squares. The result of the cluster analysis for area No.1 is shown in Fig.5-7, and the others are
presented in Fig.S4-S8 in Supporting information (SI)).



Figure 2

(a) The average refractive index change response of STOR/ITO/BVOM until 100 μs in acetonitrile (ACN)
and water obtained from the PI-PM image sequence (Fig.1). The response was obtained from the signal
amplitude at the light irradiated regions. (b) A schematic drawing of the charge transfer/decay processes
for STOR/ITO/BVOM in ACN. Surface trapped carriers cannot be transferred to the solution side in ACN,
where all the processes of charge dynamics are completed in the system.



Figure 3

The average responses of the refractive index changes for (a) BVOM and (b) STOR until 100 μs in ACN
and water obtained by the PI-PM image sequences.



Figure 4

The schematic �ow diagram of the whole charge dynamics in STOR/ITO/BVOM in ACN. Step 1 includes
intrinsic recombination inside materials and charge transfer between two materials. Step 2 indicates the
decay of surface trapped charge carriers in ACN, which are utilized for water splitting reactions with water
outside. Step 3 includes the hole trapping to Rh3+/4+ state in STOR and the slower recombination.



Figure 5

(a) An image sequence of the refractive index change for STOR/ITO/BVOM in ACN in a square region
(20×50 μm) corresponding to No.1 in Fig.1(c) on the order from nanoseconds to microseconds. The scale
bar corresponds to 20 μm. (b) The categorized mapping of the charge carrier responses of (a). An outlier
positioned far from all categories were colored in black (#0). (c) A microscopic image in the same area as
(a). (d) The averaged responses for each category in (b) are shown.



Figure 6

(a) An image sequence of the refractive index response for STOR/BVOM in ACN in a square region
(18×50 μm) corresponding to No.1 in Fig.1(c) on the order from nanoseconds to microseconds. The scale
bar corresponds to 20 μm. (b) The categorized mapping of the charge carrier responses of (a). An outlier
positioned far from all categories were colored in black (#0). (c) A microscopic image in the same area as
(a). (d) The averaged responses for each category in (b) are shown.



Figure 7

(a) An image sequence of the refractive index response for STOR/ITO/BVOM in water in a square region
(20×50 μm) corresponding to No.1 on the order from nanoseconds to microseconds. The location of the
sample was exactly the same as Fig.5(a). The scale bar corresponds to 20 μm. (b) The categorized
mapping of the charge carrier responses of (a). An outlier positioned far from all categories was colored
in black (#0) (c) A microscopic image in the same area as (a). (d) The averaged responses for each
category in (b) are shown.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

20210225SupportinginformationZscheme.pdf

https://assets.researchsquare.com/files/rs-276945/v1/cac0900650f449bd0d34d998.pdf

