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SUMMARY 

Strong metal-support interaction (SMSI) has been widely discussed for activity 

promotion of heterogeneous catalysis, but it remains unclear for photocatalysis. Here 

we employ bismuth vanadate (BiVO4) supported iridium (denoted as Ir/BVO) as a 

model photocatalyst to observe highly dispersed iridium overlayers as well as 

moderate SMSI effect between Ir and BiVO4. It is revealed that charge separation on 

the Ir/BVO can be remarkably promoted by the SMSI effect. Together with right 

distribution of dual cocatalysts (Ir and IrO2) achieved by a simple photoinduction, the 

water oxidation activity on optimal Ir/BVO is about 75 times of magnification with 

respect to the pristine BVO. Finally, we construct an effective redox-driven Z-scheme 

overall water splitting system with a benchmarking apparent quantum efficiency of 16.9% 

under visible light irradiation of 420 ± 10 nm at room temperature. Our work extends 

application territory of SMSI into photocatalysis to provide alternative way of promoting 

photocatalytic activity.  

 

KEYWORDS: photocatalysis, overall water splitting, metal-support interaction, 

hydrogen, charge separation 
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INTRODUCTION 

Strong metal-support interaction (SMSI) in supported metal catalysts has been 

extensively reported for remarkable promotion on various heterogeneous catalysis1-5 

One of its merits is to modify the interface between metal and support for efficient 

electron transfer as well as structural modulation of the active sites to remarkably 

promote the activity3,6. The SMSI concept has been early demonstrated in the platinum 

group metals supported on reducible oxides such as TiO2, Fe3O4 and CeO2
1,7,8. To date, 

its territory has been widely extended into other metals (i.e., Au, alloys, single-atom 

metals) and inert/conducting supports (i.e., phosphates, hydroxides, conducting 

carbon and carbides etc.)9-14. To our knowledge, however, it still remains unclear 

whether territory of the SMSI concept can be further extended into the supported metal 

photocatalyst (also called as metal supported photocatalyst) for promotion of solar-to-

chemical conversion. 

Supported metal photocatalyst is one of the most typical supported metal catalysts, 

which has been extensively employed for suspended powder-based heterogeneous 

photocatalytic water splitting or carbon dioxide reduction to produce solar fuels such 

as hydrogen and methanol15-20. Different from conventional thermal-catalysis, the 

photocatalysis involves photo-absorption and charge separation of photogenerated 

carriers in addition to surface catalysis19. Meanwhile, the loaded metal, generally called 

as the cocatalyst of the metal supported photocatalyst, has been known to own 

functionalities of promoting both charge separation and surface catalysis21. It has also 

been demonstrated that the intimate interface between the semiconductor support and 
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metal cocatalyst is extremely favorable for the interfacial charge separation as well as 

photocatalytic activities22,23. In this case, it renders us to reasonably wonder whether 

the interfacial charge separation and photocatalytic overall water splitting (OWS) 

activity on the supported metal photocatalysts can be also promoted by the SMSI. 

Monoclinic bismuth vanadate (BiVO4, denoted as BVO hereafter) is one of the most 

popularly discussed visible-light-responsive O2-evolving photocatalysts24-30. Recently, 

we have demonstrated that the metallic Ir loaded on the BVO is highly active as the 

cocatalyst for the reduction of [Fe(CN)6]3– as well as Z-scheme OWS28. Here, both Ir 

cocatalyst and BVO semiconductor are thus chosen to construct the 

metal/semiconductor support interface for model discussion on the metal-support 

interaction effect. We find that a moderate SMSI exists in the semiconductor BVO 

supported iridium (Ir/BVO) photocatalyst, which is first experimentally confirmed to 

make a remarkable promotion on the interfacial charge separation as well as 

photocatalytic water splitting performance. The water oxidation activity of optimal 

Ir/BVO photocatalyst is enhanced by 75 times with respect to the pristine BVO, and 

through employing it as the O2-evolving photocatalyst (OEP), the redox-driven Z-

scheme OWS system was constructed together with H2-evolving photocatalyst (HEP) 

and [Fe(CN)6]3–/4– redox mediator. We achieve stoichiometric H2 and O2 evolution with 

a benchmarking apparent quantum efficiency (AQE) of 16.9% at 420 ± 10 nm and 

solar-to-hydrogen (STH) efficiency of 0.8% under one-sun illumination in the 

suspended solution at room temperature. 
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RESULTS  

Identification of moderate SMSI effect  

The monoclinic BVO with exposed {010} and {110} facets was synthesized by 

hydrothermal method (Figure S1), on the surface of which the iridium precursor was 

then randomly deposited through the impregnation method and reduced at the 

temperature region of 473–673 K under the flow of 5 vol% H2/Ar. The obtained samples 

are correspondingly denoted as Ir/BVO-n (“n” represents the reduction temperature). 

As for discussion, photo-deposition of iridium at room temperature was carried out to 

obtain the Ir/BVO-PD named sample free of the SMSI effect. 

The actively moderate SMSI effect is observed in our prepared Ir/BVO-573 and 

Ir/BVO-673 photocatalyst based on the following facts: (1) the deposited Ir 

nanoparticles remain dispersed on the surface of semiconductor BVO with a thin layer 

covered (Figure 1A and Figure S2), and the thin layer will disappear after the O2/Ar 

oxidation treatment (Figure S3). (2) remarkable electron transfer from BVO to the 

deposited metallic iridium is observed by comparing their Ir 4f binding energies with 

that of Ir/BVO-PD (Figure 1B). (3) the peak belonging to CO adsorption on the Ir metal 

is observed on the Ir/BVO-473 sample, but disappears for Ir/BVO-573 and Ir/BVO-673 

samples (Figure 1C) due to the existence of nanolayer on the Ir nanoparticles. The 

schematic diagram of SMSI over the Ir/BVO-n samples is simply described in the inset 

of Figure 1C. It is worth noting that here the deposited Ir nanoparticles on the Ir/BVO-

573 and Ir/BVO-673 samples are aggregated with increasing reduction temperature 

(Figure 1A and Figure S2), demonstrating the SMSI is relatively moderate. This should 
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result from the low work function of Ir metal and/or the weak reducibility of BVO. It is 

also worthy of being mentioned that no SMSI should exist in the Ir/BVO-473 sample 

due to the similar shortage of thin covering layer (Figure S4) and its similar binding 

energy as that of Ir/BVO-PD free of thermal treatment as well as the SMSI (Figure S5). 

Controllable conversion of dual cocatalysts by photoinduction 

Photoinduction was carried out to rationally convert the randomly impregnated 

iridium species (Ir, IrO2) into controllable metallic Ir and IrO2 cocatalysts on the 

corresponding {010} and {110} facets of BVO for the purpose of fabricating efficient 

redox-driven Z-scheme OWS as illustrated in Figure 2A. Meanwhile, the photoinduced 

Ir on the {010} facet and IrO2 on the {110} facet of BVO are expected as selectively 

deposited dual cocatalysts to make a better promotion on the charge separation as 

well as O2-evolving activity of BVO with respect to the sample with the dual cocatalysts 

randomly deposited31. Above expectation is highly feasible and reasonable according 

to our previous reports: (1) spatial separation of photogenerated electrons and holes 

among different facets of BVO happens during photoirradiation to cause the 

accumulation of photogenerated electrons and holes on the {010} and {110} facets, 

respectively25. (2) the metallic Ir is favorable for the electron transfer and the reduction 

of [Fe(CN)6]3– 28, while the IrO2 has been widely reported to promote hole transfer and 

activation of water oxidation32,33. The corresponding evolution of iridium species during 

the photoirradiation could be described as Figure 2B, where the photoreduction of IrO2 

into metallic Ir only happens on the electrons-accumulated {010} facets, while the 

photooxidation of metallic Ir into IrO2 just proceeds on the holes-enriched {110} facets 
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of BVO. Besides the spatial separation of photogenerated electrons and holes among 

the {010} and {110} facets of BVO, the selective photoinduced conversion also greatly 

benefits from the feature of photocatalysis that only photogenerated electrons can be 

used for reduction, while holes can be just used for the oxidation process. The 

photoinduced samples are correspondingly denoted as Ir(P.I.)/BVO-n for convenient 

discussion. 

The oxidation of metallic iridium on the {110} facets of BVO during the photoinduction 

was experimentally confirmed by the emergence of IrO2 species34 on the Ir(P.I.)/BVO-

673 compared to the Ir/BVO-673 with metallic iridium only detected (Figure 2C), in 

consideration of the fact that the oxidation of iridium species can only happen on the 

holes-accumulated {110} facets. In contrast, the reduction of iridium species on the 

{010} facets of BVO during the photoinduction can be revealed by results of in situ 

spatially resolved X-ray photoelectron spectroscopy (XPS) analysis on the specific 

{010} facet of single Ir/BVO-573 particle, which was achieved by connecting low energy 

electron microscopy (LEEM) with element chemical-state-specific X-ray photoemission 

electron microscopy (XPEEM) (Figure S6) to focus the measurement on the {010} facet. 

It was found that the IrO2 species on the {010} facet of BVO under dark have been 

effectively converted into metallic iridium34 after the 515 nm laser irradiation according 

to the obviously shifted binding energy (Figure 2D). Another evidence to support the 

structural evolution of deposited iridium species during photoirradiation is that the 

content ratio of Ir and IrO2 species on the Ir/BVO-573 or 473 sample after the 

photoinduction is remarkably changed with respect to them without photoirradiation 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



(Figure S7 and Table S1). 

Charge separation promotion based on SMSI and dual cocatalysts 

Promotion of photoinduced Ir and IrO2 dual cocatalysts on the charge separation of 

Ir/BVO photocatalysts can be remarkably observed and evidenced by the spatially 

resolved surface photovoltage spectroscopy (SRSPS) analysis35 on the single particle 

of Ir/BVO-573 and Ir(P.I.)/BVO-573. First of all, the contact potential difference (CPD) 

values on both {010} and {110} facets of both particles under photoirradiation and dark 

were measured with results given in Figure S8, based on which the SPV value (i.e., 

difference of CPD under irradiation and dark) on the Ir(P.I.)/BVO-573 particle are 

generally higher than those of Ir/BVO-573 one (Figure 3A and B), well demonstrating 

the better promotion effect of photoinduced dual cocatalysts on the charge separation 

of BVO. Secondly, the promotion extent of photoinduced dual cocatalysts can be 

quantitatively described by measuring the CPD values obtained along the line direction 

scanning of both particles (Figure S9). On the basis, the difference of the CPD (ΔCPD, 

i.e., SPV) on them are calculated and given in Figure 3C and D, respectively. It is found 

that the ΔSPV value between {110} and {010} facets on the Ir(P.I.)/BVO-573 particle 

(ca. 97 mV) is over 7-fold higher than that (ca. 13 mV) on the Ir/BVO-573 one (Figure 

3C and D). Thirdly, the promotion effect of photoinduced dual cocatalysts on the charge 

separation can be further supported by results of the steady-state photoluminescence 

(PL) spectra (Figure S10). 

Strikingly, the promotion effect of the loaded dual cocatalysts on the charge 

separation of the Ir(P.I.)/BVO-n samples is also found to strongly depend on the SMSI 
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interface between the Ir cocatalysts and BVO. By comparing the surface voltage 

change on the typical powder samples under irradiation and dark, we can find that the 

SPV amplitude on the Ir(P.I.)/BVO-473 sample is similar to that on the Ir/BVO-PD 

photocatalyst free of the SMSI effect (Figure S11), implying that here promotion of the 

charge separation on them mainly results from the effect of photoinduced Ir and IrO2 

cocatalysts. Compared to the Ir(P.I.)/BVO-473, however, the Ir(P.I.)/BVO-673 with 

worse iridium dispersion but SMSI effect (Figure S2 and Figure 1C) exhibits much 

higher SPV amplitude (Figure 3E), as confirms that the interfacial SMSI makes an 

obvious promotion effect on the charge separation of BVO beyond the cocatalysts. 

Generally, the aggregated dispersion of Ir nanoparticles on the Ir/BVO-673 will not 

provide abundant interface contact area to cause enough efficient interface charge 

separation. In this case, the promotion of charge separation can be further enlarged 

on the Ir(P.I.)/BVO-573 sample with relatively good iridium dispersion and SMSI effect 

(Figure 3E). It reveals that the interface charge separation is greatly affected by the 

SMSI and dispersion of cocatalysts.  

Similar dependance on the photoinduced cocatalysts and SMSI is also observed for 

the photocatalytic water oxidation activities. As expected, the obvious photoinduction 

periods of about 1 h are all observed for the water oxidation on the Ir/BVO-n 

photocatalysts in the presence of redox [Fe(CN)6]3– ions (Figure S12), after which the 

O2 evolution rates on them become constant and enlarged. This well reveals the 

importance of photoinduced process to render the metallic Ir and IrO2 rightly loaded on 

the {001} and {110} facets of BVO. As seen in Figure 3F, compared with the 
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Ir(P.I.)/BVO-473 photocatalyst free of SMSI, the constant O2 evolution rate on the 

Ir(P.I.)/BVO-673 with worse iridium dispersion is much larger, demonstrating the 

obvious promotion of SMSI on the water oxidation. Compared with the pristine BVO 

photocatalyst, furthermore, the increase of O2 evolution rate on the Ir(P.I.)/BVO-573 

photocatalyst (150 μmol/h) is much larger than the summation of increase on the 

Ir(P.I.)/BVO-673 (56 μmol/h) and Ir(P.I.)/BVO-473 (40 μmol/h) sample, further revealing 

the importance of SMSI as well as dispersion of cocatalysts.  

Photocatalytic performance of Z-scheme OWS 

The photoinduced Ir(P.I.)/BVO-573 sample was finally employed as the OEP to 

construct Z-scheme OWS together with the ZrO2-modified TaON (denoted as 

ZrO2/TaON) or MgTa2O6–xNy/TaON heterostructure as the HEP and [Fe(CN)6]3–/4– as 

redox ions in a suspended solution. The HEPs were similarly synthesized according to 

our previous report29 with preparative details given in the experimental section, whose 

results of basic structural characterizations are shown in Figure S13 and Figure S14. 

Figure 4A and Figure S15 give their typical time course of photocatalytic Z-scheme 

OWS, in which the H2 and O2 are evolved with molar ratio of 2:1 at the experimental 

region. Regardless of using RhyCr2–yO3-ZrO2/TaON or RhyCr2–yO3-MgTa2O6–xNy/TaON 

as the HEP, the rates of H2 and O2 evolution can similarly reach ca. 200 and 100 μmol/h, 

respectively. The multiple-cycle of time-course curves under visible light and AM 1.5G 

solar simulator are given in Figure 4B and Figure S16, which show no obvious decay 

in the experimental region, demonstrating its good photochemical stability. The 

wavelength-dependent trend of the AQE value during OWS (Figure 4C) is in good 
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accordance with the UV-Vis diffuse reflectance spectra (DRS) of the OEP and HEP, 

indicating that the Z-scheme OWS system is driven by visible light excitation. The 

optimal AQE at 420 ± 10 nm was evaluated as 16.9%, and the corresponding STH 

energy conversion efficiency was calculated as 0.8% (Figure S16 and Table S2). To 

our knowledge, this should be the first report that the metal-support interaction can be 

successfully used for significant promotion on the photocatalytic OWS performance. 

Moreover, both the AQE and STH values reported here should be the highest among 

the suspended particulate photocatalytic Z-scheme OWS systems under visible light 

irradiation (Figure 4D). The solar energy conversion efficiency is also comparable to 

the natural photosynthesis in most plants, whose efficiencies are generally located in 

the region of 0.1%~1%36. It is worthy of being mentioned that the STH value reported 

here is also superior to the recently reported SrTiO3:Al with a quantum efficiency of 

almost unity under UV light (STH: 0.76%)37 and visible-light-responsive InGaN/GaN 

(STH: 0.5%) at room temperature38. 

DISCUSSION  

Here, we give the first demonstration that the existence of SMSI could obviously 

promote the interfacial charge separation as well as photocatalytic OWS activity of one 

supported metal photocatalyst. Together with the photoinduction treatment to render 

the deposited iridium to be controllably converted into the metallic Ir and IrO2 on the 

corresponding {010} and {110} facets of BVO, the charge separation as well as water 

oxidation activity on the Ir(P.I.)/BVO-573 could be significantly promoted. On the basis 

of it, we finally fabricate one photocatalytic OWS system with benchmarking STH 
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efficiency of artificial photosynthesis using suspended powder photocatalyst. The 

promotion effect of metal-support interaction on the charge separation as well as 

photocatalytic OWS performance discovered in this work should open a new venue of 

constructing efficient supported metal photocatalysts for promising energy and 

environmental photocatalysis.  

 

EXPERIMENTAL PROCEDURES 

Resource Availability 

Lead Contact 

Further information and requests for resources should be directed to and will be fulfilled 

by the Lead Contact, Fuxiang Zhang (fxzhang@dicp.ac.cn). 

Materials Availability 

This study did not generate new unique reagents.  

Data and Code Availability 

The data generated during this study are available in the main text and the 

supplemental information. 

Synthesis of HEPs 

ZrO2/TaON (Zr/Ta = 0.1) and MgTa2O6−xNy/TaON (Mg/Ta = 0.15) were synthesized 

by nitridation of the ZrO2/Ta2O5 and MgTa2O6/Ta2O5 composite, respectively under an 

ammonia flow (20 mL min–1) at 1123 K for 15 h by referring to the previous works28,39. 

The deposition of nanoparticulate rhodium-chromium mixed oxides (denoted as 

RhyCr2yO3) as the cocatalyst was carried out by the photodeposition method. 0.2 g 
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ZrO2/TaON (or MgTa2O6−xNy/TaON) was dispersed in 150 mL solution containing 20 

vol% methanol. A certain amount of Na3RhCl6 and K2CrO4 (1.0 wt% Rh and 1.5 wt% 

Cr for ZrO2/TaON, 2.5 wt% Rh and 3.75 wt% Cr for MgTa2O6–xNy/TaON) were also 

added to provide the precursor. The deposition was performed under the full-spectrum 

irradiation for 6 h. Whereafter, the solution was centrifuged and washed with distilled 

water for three times, and then dried at 353 K for overnight to get the HEPs (denoted 

as RhyCr2–yO3-ZrO2/TaON and RhyCr2–yO3-MgTa2O6–xNy/TaON, respectively). 

Preparation of BVO-based samples 

1) Synthesis of BVO 

Typically, 10 mmol NH4VO3 was first diffused in 50 mL distilled water, into which 

about 8 mL nitric acid was added to fully dissolve NH4VO3 with stirring. Afterwards, 

Bi(NO3)3·5H2O (10 mmol) was added with stirring kept for about 30 mins. Secondly, 

the ammonia solution (25-28 wt%) was added drop by drop into the mixture until the 

pH value was adjusted to be about 0.5. After another 2 h stirring, the mixed solution 

was transferred to a Teflon-lined stainless steel autoclave for hydrothermal treatment 

at 473 K for 10 h. Finally, the cooled solution was filtrated, fully washed with distilled 

water and dried for use. 

2) Preparation of Ir/BVO-n and Ir(P.I.)/BVO-n samples 

0.2 g BVO was immersed in a calculated K2IrCl6 (0.8 wt%, the concentration of 

solution: 1 mg mL–1) aqueous solution with ultrasonic agitation for ca. 5 min. After the 

solution was completely evaporated in a water bath at 353 K, it was reduced at 473 K, 

573 K, 673 K for 1 h under a flow of 5% H2/Ar (200 mL min–1), respectively. And the 
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obtained samples were correspondingly named as Ir/BVO-473, Ir/BVO-573 and 

Ir/BVO-673. Furthermore, all above samples are photoinduced under the presence of 

[Fe(CN)6]3– to rationally convert the deposited iridium species into metallic Ir on the 

{010} and IrO2 on the {110} facets, respectively. The corresponding samples are 

denoted as Ir(P.I.)/BVO-n, where n stands for the reduction temperature.  

3) Preparation of Ir/BVO-PD sample 

0.2 g BVO powder was dispersed in deionized water containing a calculated amount 

of Na3IrCl6 (0.8 wt%, the concentration of solution: 1 mg mL–1). The well mixed solution 

was then irradiated by 300 W xenon lamp without cut-off filter for 2 h. 

Photocatalytic reactions 

All the tests of photocatalytic activities were carried out in a Pyrex top irradiation-

type reaction vessel, which was connected to a closed gas circulation system to 

evacuate the reaction system containing suspended solution of powder photocatalysts. 

The mixed suspended solution with temperature of 288 K maintained by a flow of 

cooling water was irradiated using a 300 W Xenon lamp with a cut-off filter (Hoya, L-

42; λ ≥ 420 nm). The gases evolved were analyzed by gas chromatography (Agilent; 

GC-7890A, MS-5A column, TCD, Ar carrier). During the photocatalytic water oxidation, 

50 mg Ir/BVO-n was dispersed in the 100 mL 25 mM sodium phosphate buffer solution 

(pH = 6.0) containing K3[Fe(CN)6] (5 mM). As for the photocatalytic Z-scheme overall 

water splitting (OWS), 35 mg Ir(P.I.)/BVO-573 and 100 mg RhyCr2–yO3-ZrO2/TaON (or 

150 mg RhyCr2–yO3-MgTa2O6–xNy/TaON) were dispersed in the 100 mL 25 mM sodium 

phosphate buffer solution (pH = 6.0) containing K4[Fe(CN)6] (10 mM). 
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Measurements of AQE and STH conversion efficiency 

The AQE was measured using a 300 W xenon lamp equipped with band-pass filters 

(Asahi Spectra Co., FWHM: 10 nm) through a Pyrex top-irradiation-type reaction 

vessel. The incident number of photons was measured using a calibrated Si 

photodiode (LS-100, EKO Instruments Co., LTD.), and the equation of AQE () is as 

follows:   

                𝜑(%) = (𝐴𝑅/𝐼) × 100                    (1) 

where A, R, and I are coefficients. The A is a coefficient (4 for H2 evolution; 8 for O2 

evolution) and R is the evolution rate of H2 or O2. After testing, the total number of 

photons at 420, 460, 480, 500, and 560 nm reaching the reaction solution are 

measured to be 8.4 × 1020, 6.5× 1020, 7.1 × 1020, 4.8 × 1020, and 6.9 × 1020 photons 

h1, respectively. The reaction condition is that 50 mg Ir(P.I.)/BVO-573 and 150 mg 

ZrO2/TaON were dispersed in the 150 mL 25 mM sodium phosphate buffer solution 

(pH = 6.0) containing K4[Fe(CN)6] (10 mM). And the cooling water was used to maintain 

the reaction system at 298 K. The evolution rates of H2 under the wavelength of 420, 

460, 480, 500, and 560 nm were tested to be 58.6, 31.2, 24.1, 10.5 and 0 μmol h1, 

respectively.  

The equation of STH energy conversion efficiency () is as follows:  

               𝜂(%) = (𝑅𝐻 × 𝛥𝐺𝜃)/(𝑃 × 𝑆) × 100                  (2) 

The RH represents the rate of H2 evolution (mol s–1). The ΔGθ denotes the standard 

Gibbs energy of water (237.13 × 103 J mol–1). The P is the intensity of simulated 

sunlight (0.1 W cm–2) and S is the irradiation area (4.0 cm2). The light source is an AM 
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1.5G solar simulator (XES-40S2-CE, San-Ei Electric) through the top-irradiation 

reaction vessel. The reaction condition is that 50 mg Ir(P.I.)/BVO-573 and 150 mg 

ZrO2/TaON were dispersed in the 150 mL 25 mM sodium phosphate buffer solution 

(pH = 6.0) containing K4[Fe(CN)6] (10 mM). And the cooling water was used to maintain 

the reaction system at 288 K. The initial rates of H2 and O2 evolution are about 48 and 

24 μmol/h, separately. 
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Figure 1. Identification of SMSI over Ir/BVO photocatalysts 

(A) Representative high resolution transmission electron microscopy (HRTEM) image 

of Ir/BVO-573.  

(B) The Ir 4f XPS spectra of the Ir/BVO-573, Ir/BVO-673 and Ir/BVO-PD.  

(C) Diffuse reflectance infrared Fourier transform spectra of CO obtained after CO 

adsorption and evacuation with argon at room temperature (inset: the diagram of SMSI 

formation over Ir/BVO-n samples). 

 

Figure 2. Photo-induced valence change of Ir element  

(A) The diagram of redox-driven Z-scheme OWS based on metallic Ir and IrO2 on the 

corresponding {010} and {110} facets of BVO.  

(B) The diagram of cocatalysts evolution loaded on the BVO with distinct facets after 

photoinduction. 

(C) Ir 4f XPS spectra of Ir/BVO-673 and Ir(P.I.)/BVO-673.  

(D) Ir 4f XPS spectra recorded from the {010} facets of the single Ir/BVO-573 particle 

in Figure S7B before and after the irradiation of 515 nm laser for 10 mins. 

 

Figure 3. The promotion effect of SMSI and photoinduced dual cocatalysts (Ir 

and IrO2) on the charge separation of BVO  

(A) Spatial distribution of SPV signals of Ir/BVO-573.  

(B) Spatial distribution of SPV signals of Ir(P.I.)/BVO-573.  

(C) CPD differences between the CPD values in the dark and under illumination along 
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the line shown and corresponding height cross section profile Ir/BVO-573.  

(D) CPD differences between the CPD values in the dark and under illumination along 

the line shown and corresponding height cross section profile of Ir(P.I.)/BVO-573.  

(E) Comparison of SPV values on the series of Ir(P.I)/BVO-n and parent BVO under 

chopped visible light irradiation.  

(F) The rate of O2 evolution on the Ir(P.I.)/BVO-n and pristine BVO samples.   

 

Figure 4. Photocatalytic activity of Z-scheme OWS  

(A) Time course of Z-scheme OWS on the optimized conditions under visible light 

irradiation. 

(B) Multiple cycles of curve of Z-scheme OWS under visible light irradiation. 

(C) Dependence curve of AQE value as a function of irradiation wavelength, and UV-

Vis DRS of the ZrO2/TaON and BVO.  

(D) Comparison of AQE value in this work and other reported representative redox-

based visible-light-driven Z-scheme OWS at 420 nm in the suspended aqueous 

solution at room temperature.  
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Figure S1. Structural and morphological characteristics of BVO. (A) XRD patterns and (B) 

FESEM image. According to the XRD patterns, the peaks of obtained sample well match the 

PDF card of monoclinic phase of BVO. The morphology of BVO prepared through the 

hydrothermal method is regular decahedron with {010} and {110} facets exposed.  
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Figure S2. Typical HRTEM image of Ir/BVO-673 sample. The Ir nanoparticles loaded on the 

BVO tend to gather together under the high temperature treatment, but the nanolayer on the 

surface of Ir nanoparticles can be still observed, indicating the existence of metal-support 

interaction between Ir and BVO. 
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Figure S3. Typical HRTEM image of Ir/BVO-573 after the O2/Ar oxidation treatment at 673 

K for 30 mins. 
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Figure S4. Representative HRTEM images. (A) Ir/BVO-473 and (B) Ir/BVO-PD samples. 

There is no obvious oxide coverage on the surface of deposited Ir nanoparticles, indicating no 

metal-support interaction in both Ir/BVO-473 and Ir/BVO-PD sample. 
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Figure S5. The Ir 4f XPS spectra of Ir/BVO-473 and Ir/BVO-PD. The binding energy of Ir0 on 

the Ir/BVO-473 is almost the same as that on Ir/BVO-PD sample, indicating their similar 

interface interaction between Ir and BVO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Binding Energy (eV)

IrIr

IrIr

IrO2
IrO2

IrO2IrO2

66 64 62 60 58

In
te

n
s

it
y

 (
a

.u
.)

Ir/BVO-PD

Ir/BVO-473



 
Figure S6. The results of X-ray photoemission electron microscopy (XPEEM) 

measurement. (A) LEEM image of single Ir/BVO-573 particle recorded at 7 eV and (B) XPEEM 

image of single Ir/BVO-573 particle with Ir 4f photoelectron signals of {010} facets collected and 

integrated. It should be mentioned that here the shape of individual Ir/BVO-573 particle looks 

like rectangle from the top view due to the limitation of LEEM resolution (Figure S6A), but the 

morphology of decanedron can be confirmed by FESEM image (Figure S1B). Affected by the 

intensity of photoelectron emission and the distribution of Ir elements, the shape of the 

individual particle also tends to be rectangular under the XPEEM (Figure S6B), where the bright 

area in the XPEEM image represents the high content of deposited iridium species. On the 

basis of above morphology observation, we thus could move the particle under the light spots 

of X-ray and analyze the valence change of iridium species deposited on the {010} facet of BVO 

under the irradiation of 515 nm laser irradiation. It should be pointed out that both X-ray and 

515 nm laser could excite the electrons to cause reduction of IrO2 into metallic Ir on the {010} 

facet of BVO, but the direct irradiation of X-ray on the iridium species including IrO2 does not 

cause their reduction into metallic Ir. This well rules out the possibility of direct reduction of IrO2 

into Ir by the X-ray. 
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Figure S7. Comparison of the Ir 4f XPS spectra before and after the photoinduction. (A) 

Ir/BVO-473 and Ir(P.I.)/BVO-473. (B) Ir/BVO-573 and Ir(P.I.)/BVO-573. It is found that the 

contents of IrO2 species on both Ir(P.I.)/BVO-473 and Ir(P.I.)/BVO-573 sample are increased 

with respect to their corresponding sample without photoinduction, well demonstrating the 

existence of photoreduction process of IrO2 into Ir and photooxidation of Ir into IrO2 during the 

photoinduction. We would like to mention again that the photoreduction of deposited IrO2 

species only happens on the {001} facets and the photooxidation of metallic Ir species only 

proceeds on the {110} facets due to the accumulation of photogenerated electrons and holes 

on the corresponding {010} and {110} facets of BVO during the irradiation. 
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Figure S8. The SRSPS of single particle. Height image of a single particle of Ir/BVO-573 (A) 

and Ir(P.I.)/BVO-573 (B); Spatially distribution of CPD signals in the dark of Ir/BVO-573 (C) and 

Ir(P.I.)/BVO-573 (D); Spatially distribution of CPD signals under illumination of Ir/BVO-573 (E) 

and Ir(P.I.)/BVO-573 (F). The height image shows that the morphology of BVO single particle 

is decahedron (Figure S8A and B). The CPD values of {110} facet from Ir/BVO-573 and 

Ir(P.I.)/BVO-573 are both increased under irradiation, indicating the holes accumulation due to 

the surface band bending. However, the CPD values of {010} facet from Ir/BVO-573 and 

Ir(P.I.)/BVO-573 is changed in the opposite direction, indicating that the electron accumulation 

is promoted after photoinduction.  
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Figure S9. CPD values in the dark and under illumination along the line shown and 

corresponding height cross section profile. (A) Ir/BVO-573 and (B) Ir(P.I.)/BVO-573. 
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Figure S10. The photoluminescence (PL) images of single particle. (A) BVO, (B) Ir/BVO-

573, (C) Ir(P.I.)/BVO-573 and (D) comparison of their average PL intensities collected at five 

different positions of single BVO, Ir/BVO-573 and Ir(P.I.)/BVO-573 particle. As seen in Figure 

S10D, the average PL intensity on the Ir(P.I.)/BVO-573 is remarkably lower than that of the BVO 

or Ir/BVO-573, revealing better promotion of the photoinduced dual cocatalysts on the charge 

separation of BVO. 
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Figure S11. Comparison of SPV values on the BVO, Ir(P.I.)/BVO-473 and Ir/BVO-PD 

samples obtained under dark and irradiation. As seen in Figure S11, the enhancement of 

SPV value is observed for both Ir-modified samples with respect to the BVO sample, indicting 

the promotion effect of deposited iridium on the charge separation. It is worth noting that 

compared to the pristine BVO, the amplitude increases (ΔSPV) of the SPV signals on the 

Ir(P.I.)/BVO-473 (ca. 82 μV) is close to that on the Ir(P.D.)/BVO (ca. 92 μV), further implying 

that the promotion of the charge separation in the Ir(P.I.)/BVO-473 free of SMSI mainly results 

from the effect of photoinduced iridium cocatalysts. 
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Figure S12. Time courses of O2 evolution on the series of Ir/BVO-n and pristine BVO 

samples. 
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Figure S13. Structural characterizations of MgTa2O6−xNy/TaON and ZrO2/TaON. (A) XRD 

patterns, (B) UV-vis spectra. According to the XRD patterns, the peaks of obtained sample well 

match the PDF card of pure phase TaON and the peaks marked with asterisk belong to 

MgTa2O6–xNy. The absorption of MgTa2O6−xNy/TaON and ZrO2/TaON shows wide visible 

response.  
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Figure S14. The FESEM images of HEPs. (A) ZrO2/TaON and (B) MgTa2O6−xNy/TaON. The 

surface of TaON is rough and porous (Figure S14A). The heterostructure of MgTa2O6−xNy/TaON 

can be observed between the different morphology of MgTa2O6−xNy and TaON (Figure S14B). 
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Figure S15. Time courses of photocatalytic Z-scheme OWS under visible light irradiation 

of Xe lamp. Reaction condition: 35 mg Ir(P.I.)/BVO-573; 150 mg RhyCr2–yO3-MgTa2O6–

xNy/TaON; 100 mL 25 mM sodium phosphate buffer solution (pH = 6.0) containing K4[Fe(CN)6] 

(10 mM).  
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Figure S16. Time courses of photocatalytic Z-scheme OWS under illumination of the 

standard solar simulator. Reaction condition: 50 mg Ir(P.I.)/BVO-573, 150 mg ZrO2/TaON, 

150 mL 25 mM sodium phosphate buffer solution (pH 6.0) containing K4[Fe(CN)6] (10 mM); 

irradiation area: 4.0 cm2; temperature: 288 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 1 2 3

0

30

60

90

120

150
H2

O2

A
m

o
u

n
t 

o
f 

g
a
s
e
s
 e

v
o

lv
e
d

 (
m

m
o

l)

0 1 2 30 1 2 30 1 2 3

Time (h)

0 1 2 30 1 2 30 1 2 30 1 2 3



 

Scheme S1. Schematic diagram of the measurement of the number of incident photons 

with top-illuminated illumination 

 

 

 

 

 

 

 

 

 

 

Table S1. The relative content of Ir and IrO2 species on the Ir/BVO-473 and Ir/BVO-573 

samples before and after the photoinduction based on X-ray photoelectron 

spectroscopy (XPS) analysis. 

 

Ir IrO2 

before after Before after 

Ir/BVO-473 56% 46% 44% 54% 

Ir/BVO-573 81% 72% 19% 28% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2. Representative redox-based visible-light-driven Z-scheme OWS systems in the 

suspension system under room temperature. 

HEP OEP 
Electron 

mediator 

Light 

source 

Reactant 

solution 
Efficiency Refs 

Dye-adsorbed 

Pt/H4Nb6O17 

IrO2‑

PtOx/WO3 
I3

−/I− 

300 W Xe 

lamp 

(>420 nm) 

pH = 4.5 

AQE: 0.05% 

at 480 nm for H2 

evolution 

[1] 

Pt/SrTiO3:Rh BiVO4 
[Co(bpy)3]

3+/2+ or 

[Co(phen)3]
3+/2+ 

300 W 

lamp 

(>420 nm) 

H2O 
AQE: 2.1% 

at 420 nm 
[2] 

Pt/SrTiO3:Rh WO3 Fe3+/Fe2+ 

300 W Xe 

lamp 

(>420 nm) 

pH = 2.4, H2SO4 

mediated 

AQE: 0.5% 

at 420 nm 
[3] 

Ru/SrTiO3:Rh Bi4NbO8Cl Fe3+/Fe2+ 

300 W Xe 

lamp 

(>420 nm) 

pH = 2.5, HCl 

mediated 

AQE: 0.4% at 

420 nm for O2 

evolution 

[4] 

Ru/SrTiO3:Rh BiVO4 Fe3+/Fe2+ 

300 W Xe 

lamp 

(>420 nm) 

pH = 2.4, H2SO4 

mediated 

AQE: 4.2% 

at 420 nm, 

STH: 0.1% 

[5] 

Pt/SrTiO3:Cr/Ta PtOx/WO3 IO3
−/I− 

300 W 

Xe lamp 

(>420 nm) 

H2O 
AQE: 0.1% 

at 420 nm 
[6] 

Pt/TaON PtOx/WO3 IO3
−/I− 

300 W 

Xe lamp 

(>420 nm) 

H2O 
AQE: 0.4% 

at 420 nm 
[7] 

Pt/ZrO2/TaON PtOx/WO3 IO3
−/I− 

300 W Xe 

lamp 

(>420 nm) 

H2O 
AQE: 6.3% 

at 420 nm 
[8] 

Pt/MgTa2O6−xNy/TaON PtOx/WO3 IO3
−/I− 

300 W Xe 

lamp 

(>420 nm) 

H2O 
AQE: 6.8% 

at 420 nm 
[9] 

RhyCr2‒yO3- 

ZrO2/TaON 

Au/CoOx 

-BiVO4 
[Fe(CN)6]

3−/4− 

300 W Xe 

lamp 

(>420 nm) 

H2O (25 mM 

sodium 

phosphates, pH 

= 6.0) 

AQE: 10.3% 

at 420 nm, 

STH: ~0.5% 

[10] 

RhyCr2‒yO3- 

ZrO2/TaON or 

MgTaO6-xNy/TaON 

Ir/FeCoOx 

-BiVO4 
[Fe(CN)6]

3−/4− 

300 W Xe 

lamp 

(>420 nm) 

H2O (25 mM 

sodium 

phosphates, pH 

= 6.0) 

AQE: 12.3% 

at 420 nm, 

STH: ~0.6% 

[11] 

RhyCr2‒yO3- 

ZrO2/TaON or 

MgTaO6-xNy/TaON 

Ir/BiVO4 [Fe(CN)6]
3−/4− 

300 W Xe 

lamp 

(>420 nm) 

H2O (25 mM 

sodium 

phosphates, pH 

= 6.0) 

AQE: 16.9% 

at 420 nm, 

STH: ~0.8% 

This 

work 

 



Supplemental Experimental Procedures 

 

Chemicals  

The Ta2O5 (99.9%, High Purity Chemicals), ZrO(NO3)2·2H2O (ZrO2 45.0%, Guangfu Chemical 

Reagent), MgSO4 (99.5%, Alfa Aesar), Bi(NO3)3·5H2O (99.0%, Sinopharm Chemical), NH4VO3 

(99.0%, Sinopharm Chemical) and polyvinyl alcohol (PVA, Sigma-Aldrich, 99%) were used for 

the preparation of ZrO2-modified TaON, MgTa2O6–xNy/TaON composite and BiVO4 samples. 

Na3RhCl6·12H2O (Rh 17.1%, Alfa Aesar), K2CrO4 (99.5% Kermal Chemical Reagent), K2IrCl6 

(Ir: 39% Alfa Aesar), and Na3IrCl6·xH2O (Sigma-Aldrich) were employed as the precursors of 

cocatalysts. Methanol (99.5%, Sinopharm Chemical) and K4[Fe(CN)6]·3H2O (99.5%, 

Sinopharm Chemical) were used as hole acceptors. K3[Fe(CN)6] (99.5%, Sinopharm Chemical) 

were used as electron donors. All chemicals were used as-purchased without further 

purification. 

 

Preparation of BVO electrodes 

The BVO photoanode was prepared by referring to the previous work12. First of all, the 

precursor solution was prepared by dissolving Bi(NO3)3·5H2O, NH4VO3 and polyvinyl alcohol in 

60% HNO3. Then it was spin-coated on the fluorine doped tin oxide (FTO). In order to get the 

BVO seed layer, the precursor solution was spin-coated on the FTO and then heated at 623 K 

for 2 h in the air. Secondly, the BVO precursor film solution was formed by dissolving 

Bi(NO3)3·5H2O and NH4VO3 in 2.0 M HNO3 and adjusting the pH to be about 0.9 with ammonia 

solution, meanwhile, the treated FTO was immersed. After that, the solution and as-prepared 

substrate was transferred to a Teflon-lined autoclave for hydrothermal treatment at 473 K for 

12 h. Finally, the BVO photoanode film was calcined at 773 K for 4 h. The K2IrCl6 (10 mL, the 

concentration of solution: 1 mg mL–1) solution was added on the surface of BVO photoanode 

and after drying it was treated at 473 K, 573 K, 673 K for 0.5 h under a flow of 5% H2/Ar (200 

mL min–1) for the tests of surface photovoltage. 

 

The method of measuring the photon number 

The method of measuring the photon number for a specific single wavelength (top irradiation-

type) is described as follows: First of all, the light intensity near the center of the circular spot 

was measured to find the point with the largest light intensity, which was then set up as the 

center of the circle (yellow dot in Scheme S1). Secondly, the number of photons at the top, 

bottom, left and right from the center (white dot in Scheme S1) with the interval of about 3 mm 

was separately measured for three times, and their average photon number was considered as 

the even photon number with this circle/ring area. Similar procedure and measurement were 

carried out for other circle with every diameter enhanced by 3 mm (as shown in Scheme S1: 

the dotted line represents the center of different rings and the average value of the four points 

represents the number of photons per point of the entire shadow circle/ring). Finally, the total 

photon number of the circle/ring is obtained through multiplying the circular/ring area and 

average photon number, and then the different circular/ring photon numbers are added to get 

the total number of photons under the irradiation area. 

 

Basic characterizations of photocatalysts 



X-ray diffraction (XRD) measurement was performed on a Rigaku D/Max-2500/PC powder 

diffractometer (Cu K radiation) with an operating voltage of 40 kV and current of 200 mA. The 

scan rate applied was 5° min−1 in the experimental range. UV-Vis diffuse reflectance spectra 

(DRS) was carried out on a UV-Vis spectrophotometer (JASCO V-550) equipped with an 

integrating sphere, and BaSO4 powder was used as the reference for baseline correction. The 

morphologies were examined by field emission scanning electron microscopy (FESEM; S-5500, 

Hitachi) taken with a Quanta 200 FEG scanning electron microscope. High-resolution 

transmission electron microscopy (HRTEM) was carried out on a JEOL JEM-ARM200F 

microscope. The binding energies were determined by X-ray photoelectron spectroscopy (XPS, 

Thermo Esclab 250Xi, a monochromatic Al K X-ray source), and calibrated by the C 1s peak 

(284.6 eV) for each sample. Diffuse reflectance infrared Fourier transform (DRIFT) spectra 

were recorded with a VERTEX 80V spectrometer. For each CO adsorption measurement, the 

sample was pretreated to remove the adsorbed water molecules (heated at 473 K for 0.5 h 

under Ar atmosphere) and then in situ reduced with H2 for 1 h at different temperature (473 K, 

573 K, 673 K), followed by cooling to room temperature. The gas flow was then switched to Ar 

and held at this temperature for 0.5 h to collect the background spectrum. Then, CO was 

introduced into the system until reaching the saturated adsorption of CO. Subsequently, the 

system was purged with Ar to remove gaseous CO, following which the DRIFT spectrum of CO 

was collected in Kubelka-Munk mode. The lock-in-based surface photovoltage (SPV) 

spectroscopic measurement system consisted of a 500 W xenon lamp (LSH-X500, Zolix), a 

grating monochromator (Omni-5007, Zolix), a lock-in amplifer (SR830-DSP, Stanford) with a 

light chopper (SR540, Stanford), a photovoltaic cell, and a computer. Monochromatic light was 

provided by passing light from a 500 W xenon lamp through the grating monochromator. A low 

chopping frequency of 23 Hz was used in the conventional testing. And the measurements were 

carried out in air atmosphere at room temperature.  

 

The X-ray photoemission electron microscopy (XPEEM) measurement  

The Ir/BVO-573 sample was dispersed in ethanol solution and loaded on the indium tin oxides 

(IFO) glass by spin-coating. The element chemical-state-specific X-ray photoemission electron 

microscopy (XPEEM) measurement was conducted at the XPEEM endstation (BL09U, 

Dreamline) at the Shanghai Synchrotron Radiation Facility (SSRF) equipped with an 

aberration-corrected spectroscopic photoemission and low-energy electron microscopy system 

(SPELEEM III, ELMITEC GmbH). A 515 nm wavelength laser (2.4 eV, 1000 W cm–2) was used 

to excite BiVO4, which was the second harmonic of the Yb:KGM laser (1030 nm, pulse width 

less than 100 fs, 76 MHz, Flint, Light Conversion) from a lithium triborate (LBO) crystal. 

Measurements were carried out in an ultra-high vacuum chamber with a base pressure of 2 × 

10–10 Torr or better. And the PEEM experiment was carried out at room temperature. In addition 

to PEEM imaging, LEEM (low-energy electron microscopy) imaging was also utilized to capture 

the topography of the sample surface and to spatially correlate the PEEM signatures.  

The XPEEM utilized synchrotron radiation X-rays to achieve spatially resolved XPS. An X-ray 

photon energy of 350 eV was used to directly emit photoelectrons from atomic core levels, 

which were then imaged by PEEM. The energy-filtered XPEEM images were recorded in a 

stack by scanning the kinetic energy of core-level photoelectrons within a narrow kinetic energy 

window for the interested ranges, such as Ir 4f5/2. Spatially resolved XPS spectra were obtained 



by extracting the photoelectron intensities from different facets in the stacked XPEEM images. 

   

Single-Particle photoluminescene (PL) measurements 

The BVO, Ir/BVO-573 and Ir(P.I.)/BVO-573 samples were centrifuged at 8000 rpm for 5 min 

and wash with ethanol. Then it was diluted (1:3) with MilliQ ultrapure water. The well dispersed 

aqueous suspensions of NPs were spin-coated on the cleaned quartz cover glass. A scanning 

confocal microscope system (PicoQuant, MicroTime 200) coupled with an Olympus IX73 

inverted fluorescence microscope was used to obtain single-particle PL images and spectrum. 

The nanoparticles were excited through an oil-immersion objective lens (Olympus, 

UplanSApochromat, 100× , 1.4 NA) with a 405 nm continuous wave (CW) laser controlled by a 

PDL-800B driver (PicoQuant). To obtain single-particle of PL images and spectrum, the intensity 

of laser was set to 0.05 mW.  

 

Single-particle SRSPS (spatially resolved surface photovoltage spectroscopy) 

measurement  

The Ir/BVO-573 sample was deposited on the FTO by the particle transfer method13. The 

contact potential difference (CPD) of the sample was measured using Kelvin probe force 

microscopy (KPFM, Bruker Dimension Fastscan) under ambient atmosphere in amplitude-

modulated mode. The lift mode was used with a height of 100 nm for SPV. In lift mode, the 

topography and CPD signals were sequentially recorded. The Pt/Ir-coated Sb-doped Si tip 

(SCM-PIT-V2) was used as a Kelvin tip. A blue LED (λ = 405 nm, 0.2 mW cm–2) almost parallel 

to the substrate was used to measure the CPD under illumination. The difference of the surface 

potential mapping under dark and light conditions in the same locations was extracted as the 

surface photovoltage image. 

SPV is the difference between the CPD values obtained before and after illumination. The 

formula can be expressed as SPV = CPDlight – CPDdark
14. The SPV magnitude is directly 

proportional to the number of separated charges and the SPV sign reflects the types of surface 

photogenerated charge. The positive sign denotes the photogenerated holes and negative sign 

denotes the photogenerated electrons15.  
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