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Experimental section
1.1 Materials

Ammonium metatungstate hydrate (AMT: (NH4)6H2W12O40·xH2O), hydrochloric 

acid (HCl, 12M), hydrogen peroxide solution (H2O2, 30wt%), oxalic acid dihydrate 

(C2H2O4·2H2O, 99.5%), tungstic acid (H2WO4), urea (H2NCONH2, 99%), acetonitrile 

(CH3CN). Potassium dihydrogen phosphate (KH2PO4, 99.5%), and dipotassium 

hydrogen phosphate trihydrate (K2HPO4·3H2O, 99%) were obtained from Sinopharm 

Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals can be suitable for direct 

use. The water used for the reaction in the laboratory was deionized water.

1.2 Preparation of WO3-110 photoanode

The h-WO3 thin film photoanodes were fabricated directly on FTO glass using a 

hydrothermal method. Initially, 0.75 g of ammonium metatungstate was dissolved in 

75 mL of deionized water, followed by the addition of 3 mL of concentrated 

hydrochloric acid, and stirred for 10 minutes. Subsequently, 1.5 mL of 30wt% hydrogen 

peroxide (H2O2) was introduced. A piece of cleaned FTO glass (3×4 cm2), with the 

conductive side facing down, was placed in a 100 mL Teflon reactor filled with the 

solution. The assembly was then subjected to treatment at 170 °C for 4 hours, allowed 

to cool naturally, and the film was subsequently rinsed with DI water. The film was 

dried at room temperature and then further heat-treated in air at 400 °C for 2 hours. The 

resulting material was denoted as WO3-110. (Fig. 1a)

1.3 Preparation of WO3-200 photoanode

Based on the preparation of WO3-110 photoanodes, an additional 1.11105g of 

oxalic acid was added after stirring 1.5 mL of 30 wt.% H2O2 for a period of time to 

fully dissolve and form a transparent precursor. The following experimental procedures 

and conditions were the same as those in WO3-110. The resulting photoanode after the 

reaction is called WO3-200 (Fig. 1b).

1.4 Preparation of WO3-001 photoanode

WO3-001 photoanode was prepared using the solvothermal method. First, 1 g of 

H2WO4 and 0.4 g of polyvinyl alcohol (PVA) were dissolved and dispersed in 12 mL 

of H2O2 to prepare the seed crystal masterbatch. The prepared seed crystal masterbatch 
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was spin-coated on a conductive glass FTO at a speed of 2000 rpm for 18 s and annealed 

at 500 °C for 1 h in air. Subsequently, 1 g of H2WO4 was added to 28 mL of DI water 

and 12 mL of H2O2 and heated to 95°C to facilitate dissolution and obtain the reaction 

masterbatch. Finally, 0.1 g of oxalic acid, 0.1 g of urea, 1.25 mL of HCl (12 M), 5.0 

mL of DI water, and 10.0 mL of H2WO4 masterbatch were added to 62.5 mL of 

acetonitrile. The resulting solution was transferred to a 100 mL Teflon reactor 

containing FTO (loaded with a seed layer) and treated at 180 °C for 2 h. After natural 

cooling, the film was washed several times with DI water, dried at room temperature, 

and then treated at 400 °C for 2 h in air. This sample was labeled as WO3-001 (Fig. 

1c).

1.5 Characterization and photoelectrochemical performance

The UV-Vis optical properties of the samples were analyzed using the TU-1901 

dual-beam UV-visible spectrophotometer from Beijing General. The crystallinity and 

growth orientation of the h-WO3 photoanodes were determined using an X-ray powder 

diffractometer (XRD, Japan/Ultima IV) with Cu Kα radiation (40 kV, 450 mA, λ = 

0.1541 nm). XRD texture analysis was conducted to investigate the crystal structure, 

texture orientation, and directionality of the samples using the Smartlab equipment. The 

elemental composition and valence states of the three types of h-WO3 surfaces were 

analyzed using X-ray photoelectron spectroscopy (XPS, Thermo Fisher 

Scientific/NEXSA). The microstructural growth morphology of the thin film 

photoanodes was observed using a scanning electron microscope (SEM, JEOL/JSM-

7610FPlus). Transmission electron microscopy (TEM) images were captured using a 

high-resolution transmission electron microscope (JEOL JEM 2100). Spherical 

aberration electron microscopy tests were carried out using a condenser spherical 

aberration-corrected transmission electron microscope (ABF-STEM, Thermo 

Scientific, Themis Z). Measurement of steady-state photoluminescence spectra and 

fluorescence lifetimes using the Edinburgh Steady-State/Transient Fluorescence 

Spectrometer (PL, FLS1000). Surface band structure analysis of the samples was 

conducted using ultraviolet photoelectron spectroscopy (UPS, Thermo ESCALAB 

250XI).
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All samples were analyzed using a three-electrode system at 25 °C in a 0.2 M KPi 

solution (pH ≈ 7). The working electrode consisted of the thin film photoanode, while 

a Pt electrode served as the counter electrode, and the Ag/AgCl electrode served as the 

reference electrode. A series of photoelectrochemical tests were performed under AM 

1.5G simulated solar light irradiation (light intensity of 100mW cm−2), and 0.2 M 

Na2SO3 was added as a hole sacrificial agent. The photochemical tests were carried out 

on the electrochemical workstation IGS1130, while the Electrochemical Impedance 

Spectroscopy (EIS) and Intensity Modulated Photocurrent Spectroscopy (IMPS) were 

performed on the Zahner electrochemical workstation.

1.6 Density functional theory (DFT) calculation

The density functional theory (DFT) calculation was performed using Vienna ab 

initio simulation package (VASP),1, 2 and Perdew−Burke−Ernzerhof functional (PBE) 

with DFT-D3 were considered.3 According to the XRD and TEM results, h-WO3(110) 

and h-WO3(001) were selected. The energy of slabs before and after absorbing NH4+ 

were calculated.  For calculation, the energy cutoff, Gaussian searing, force, total 

energy were 400 eV, 0.1 eV, 0.02 eV/Å and 5.0×105 eV, and the dipole correction as 

well as spin polarization were applied.
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Supplementary Figures

Table S1 The XRD peak intensity ratios for WO3-110, WO3-200 and WO3-001

(001)/(110) (110) /(110) (200) /(110) (101) /(110) (201) /(110)
WO3-110

0.03 1.00 0.17 0.03 0.04

(001)/(110) (110) /(110) (200) /(110) (101) /(110) (201) /(110)
WO3-200

0.32 1.00 1.03 0.17 0.35

(001)/(110) (110) /(110) (200) /(110) (101) /(110) (201) /(110)
WO3-001

7.11 1.00 1.35 1.37 0.72
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XRD texture pole figure to determine the crystal structure texture orientation and 

directionality of h-WO3

Fig. S1. XRD texture pole figures of h-WO3 film after calcination: (a)-(c) H2O2-WO3; 

(d)-(f) OA-WO3; (g)-(i) ACE-WO3

In order to distinguish them more clearly, we named the three h-WO3 of WO3-110, 

WO3-200, and WO3-001 as H2O2-WO3, OA-WO3, and ACE-WO3 respectively to 

facilitate subsequent testing of their textural compositions. From the XRD results, iIt 

can be observed that in addition to the dominant peaks, there are other peaks showing 

obvious crystal texture characteristics. Since the positions of the three peaks (001), 

(110), and (200) are close to each other, to prevent interference in the experimental 

results, we measured the (110), (001), and (100) peaks of these three types of h-WO3, 

respectively. Detailed XRD texture pole testing is conducted to further analyze the 

crystal structure's texture orientation and directionality of the sample. These samples 

were named "**-WO3-facets".
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TEM; HRTEM; and SAED plots for each photoanode

Fig. S2. TEM images of (a)WO3-200, (d) WO3-001; HRTEM images of (b)WO3-200, 

(e) WO3-001; SAED images of (c) WO3-200, (f) WO3-001.
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X-ray diffraction testing (XRD) and XRD texture (pole figure) testing

Fig. S3. XRD patterns of h-WO3 films before calcination: (a) WO3-110; (b) WO3-200; 

(c) WO3-001 (c) WO3-001

The samples were characterized by X-ray diffraction (XRD) to determine their 

crystal structure and crystal facet orientation. In Fig. S3a-c, the XRD patterns clearly 

show that the films obtained by hydrothermal growth exhibit different crystal plane 

growth orientations. Prior to calcination, most of its diffraction peaks are consistent 

with the standard profiles of h-WO3 (JCPDS no. 75-2187) 4and WO3·0.33 H2O (JCPDS 

no. 72-0199)5. The WO3-110, WO3-200, and WO3-001 samples display strong exposed 

surfaces corresponding to (110), (200), and (001) facets, respectively. Some of the 

characteristic peaks in Fig. S3c that correspond to the characteristic peaks of SnO2 in 

the standard map (JCPDS no. 46-1088) can be attributed to the FTO glass used in our 

experiments.
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Fig. S4. XRD patterns of (a) WO3-110 post-calcination at different reaction durations; 

(c) WO3-110 during the first two hours of reaction, and (d) WO3-110 after two hours 

of reaction.

NH4
+ surface adsorption energy calculation：
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Ultraviolet-visible (UV-Vis)

The diffuse reflectance spectra were converted to the corresponding UV-vis absorption 

spectra using Equation (S1). The Tauc diagram was plotted using Formula (S2). The 

energy gaps of WO3-110, WO3-200, and WO3-001 were determined by plotting tangent 

lines.

   )                      (S1)
𝛼 = 𝑙𝑔⁡(

100
𝑅

=           (S2)(𝛼ℎ𝑣) 
1
2 𝐴(ℎ𝑣 ‒ 𝐸𝑔)

α represents absorbance, hv denotes photon energy, A stands for the constant, and Eg 
signifies the band gap. 
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Ultraviolet photoelectron spectroscopy (UPS)

To determine the relative band edge positions of h-WO3 crystals, we utilized ultraviolet 

photoelectron spectroscopy (UPS) to analyze the surface band structure of the samples. 

Based on UPS data, along with equation S3, we calculated the work function (Φ) of 

each sample, while equation S4 enabled us to determine the position of each valence 

band edge. Further analysis of the band gap enabled us to clarify the band structure in 

greater detail.

Φ= 21.2 eV- EFemi                        （S3）

EVB= Φ + Ecutoff                            （S4）

Fig. S5. (a)-(i) UPS spectra of three photoanodes.
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photoelectrochemical performance：

All experiments were conducted using a three-electrode setup in a 0.1 M KPi 

solution (pH ≈ 7) at 25°C. The working electrode consisted of a thin-film photoanode, 

with a Pt sheet serving as the counter electrode, and Ag/AgCl as the reference electrode. 

Photoelectrochemical assessments were conducted under AM 1.5G simulated solar 

illumination (light intensity of 100 mW cm−2), supplemented with 0.2 M Na2SO3 as a 

hole sacrificial agent. Various photoelectrochemical evaluations of the photoanode 

were conducted using the IGS1130 electrochemical workstation. Intensity-modulated 

photocurrent spectroscopy (IMPS) and electrochemical impedance spectroscopy (EIS) 

were conducted using the Zahner electrochemical workstation in Germany. For IMPS, 

a direct current (DC) of 50 mA was applied to the light source, with a disturbance 

current of 5 mA, tested across a frequency range from 1 kHz to 0.1 Hz. EIS analysis 

was conducted in a 0.1 M KPi solution at 1.23 V vs. RHE, using an amplitude 

perturbation of 10 mV and a frequency range from 104 Hz to 10-1 Hz.

All electrode potentials were converted to the reversible hydrogen electrode 

(RHE) reference by applying Equation S3.

     (S5)𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059 ∗ 𝑝𝐻 + 0.197

Where ERHE represents the reversible hydrogen electrode, EAg/AgCl denotes the electrode 

potential relative to the reference electrode Ag/AgCl, and pH indicates the pH value of 

the electrolyte solution.

 estimate:𝑗𝑎𝑏𝑠

Assuming complete conversion of absorbed light into photocurrent, the maximum 

photocurrent densities for WO3-110, WO3-200, and WO3-001 were calculated using 

formula S6, in conjunction with the UV-visible diffuse reflectance spectra.

      （S6）
𝑗𝑎𝑏𝑠 = 𝑞∫Φ𝜆[1 ‒ 𝑒𝑥𝑝( ‒ 𝛼𝜆𝑑)]𝑑𝜆

In the formula, q represents the electron charge, λ stands for the wavelength, Φλ denotes 

the photon flux, d indicates the photoanode film thickness, and α represents the 

absorption coefficient. The maximum photocurrent densities of WO3-110, WO3-200, 
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and WO3-001 were calculated by formula (S6) as follows: 3.36 mA·cm−2, 3.58 

mA·cm−2, and 2.17 mA·cm−2, respectively.

ƞsep and ƞinj calculation

The carrier separation efficiency (ƞsep) and carrier injection efficiency (ƞinj) can be 

calculated using the following formulas:

…….(S7)
𝜂𝑠𝑒𝑝 = (𝑗𝐾𝑃𝑖 + 𝑁𝑎2𝑆𝑂3

)/(𝑗𝑎𝑏𝑠)

          (S8)
𝜂𝑖𝑛𝑗 = (𝑗𝐾𝑃𝑖)/(𝑗𝐾𝑃𝑖 + 𝑁𝑎2𝑆𝑂3

)

Among them,  represents the photocurrent density measured with 0.2 M 
𝑗𝐾𝑃𝑖 + 𝑁𝑎2𝑆𝑂3

Na₂SO3 as a hole sacrificial agent to a 0.2 M KPi solution.  denotes the theoretical 𝑗𝑎𝑏𝑠

maximum photocurrent density for the three samples, while  represents the 𝑗𝐾𝑃𝑖

photocurrent density measured in a 0.2 M KPi solution.
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Table. S2 The synthesis method and photocurrent density of pure WO3 in recent years

Material Method Electrolyte used Current density Reference

h-WO3@110
hydrothermal 

method

0.2 M 

KPi（PH=7）
1.86 mA cm−2

 at 1.23 
V vs VRHE

This 
work

h-WO3 nanotree 
@001@W

hydrothermal 
method

0.5 M Na2SO4
0.07 mA cm−2

 at 1.23 
V vs VRHE

6

h-WO3 powder 
@FTO

spin-coated 0.5 M Na2SO4
0.25μA cm−2

 at 1.23 

V vs VRHE

7

h-WO3 nanosphere 
@FTO

hydrothermal 
method

0.5 M Na2SO4
0.37 mA cm−2

 at 1.23 
V vs VRHE

8

h-WO3@101@FTO
hydrothermal 

method
0.1 M Na2SO4

0.19 mA cm−2
 at 1.23 

V vs VRHE

9

Cr doped h-
WO3@001@FTO

hydrothermal 
method

0.5 M Na2SO4
0.024 mA cm−2

 at 1.23
V vs VRHE

10

h-WO3@200@FTO dip-coating 0.1 M Na2SO4
6μA cm−2

 at 0.0 V (vs. 

SCE)
11

h-WO3@200@FTO
electrophoretic 
deposition (EPD)

0.5 M Na2SO4
0.35 mA cm−2

 at 1.23 
V vs VRHE

12

h-WO3@FTO
hydrothermal 

method

0.5 M 

Na2SO3（PH=7.

2）

0.44 mA cm−2
 at 1.23 

V vs VRHE

13

h-WO3@ITO
hydrothermal 

method
0.5 M Na2SO4

0.35 μA cm−2
 at 1.23 

V vs VRHE

14

h-WO3@FTO
WO3

nanopowders 
coated

0.5 M Na2SO4
0.11mA cm−2

 at 0.0 V 
(vs. SCE)

15

h-WO3@FTO hydrothermal 
method

1 M H2SO4
0.45 mA cm−2 at 0.8

V vs VRHE

16

m-WO3 hydrothermal 
method

0.5 Na2SO4
0.5 mA cm−2 at 1.23

V vs VRHE

17

m-WO3 hydrothermal 
method

0.5 M Na2SO4
0.3 mA cm−2 at 1.23

V vs VRHE

18
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Fig. S6.  The LSV Curve of WO3-110 in the 0.5M Na2SO4 solution
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Electrochemcial Active Surface area (ECSA)

To investigate the impact of surface capacitance on the PEC performance of the 

three h-WO3 photoanodes, the CV curves of the three photoanodes in the non-Faraday 

region at 0.41 - 0.61 V vs. RHE with different sweep rates (20 mV/s to 100 mV/s) were 

obtained using cyclic voltammetry (Fig. S7). A plot of current difference (Δj) versus 

sweep rate (v) was obtained by calculating the current difference versus sweep rate at 

0.51 V vs. RHE. Since the WO3 bilayer capacitance Cdl is half of the slope of the Δj-v 

curve 19, the ECSAs of WO3-110, WO3-200, and WO3-001 can be roughly calculated 

according to Eq. (S9).

               （S9）
𝐸𝐶𝑆𝐴 =

𝐶𝑑𝑙

𝐶𝑠

Where Cs represents the capacitance per unit area of the sample, which is typically a 

constant value within the same electrolyte. Cdl denotes the double-layer capacitance of 

WO3. 

Fig. S7. The cyclic voltammetry results for (a) WO3-110, (b) WO3-200, and (c) WO3-
001. (d) the anode-cathode current difference at different scan rates (0.51 V vs. RHE).
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Electrochemical Impedance Spectroscopy（EIS）

Table S3. Summary of Parameters from EIS Fitting of WO3-110, WO3-200, and 

WO3-001 in 0.2M KPi solution

Photoanode RS(Ω) RCT(Ω) CPE-T CPE-P

WO3-110 29.34 374.9 0.000260 0.8421

WO3-200 17.9 1057 0.000465 0.4964

WO3-001 23.94 5316 0.000020 0.9079

Electrochemical impedance fitting equivalent circuit diagram

The electron lifetimes (τ)

The electron lifetimes (τ) of the three photoanodes were calculated using Eq. (S10) 
and the frequency (f) at the lowest point in the plot.

               （S10）
𝜏 =

1
2𝜋𝑓
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Modulated Photocurrent Spectroscopy (IMPS)

The semicircles of all the samples appeared in the fourth quadrant. Among them, 

the magnified view of WO3-001 is shown in Fig. S7. According to Eq. (S11) and the 

frequency (fmin) at the lowest point, the electron transfer time (τet) of the three 

photoanodes can be found.

               （S11）
𝜏𝑒𝑡 =

1
2𝜋𝑓𝑚𝑖𝑛

Fig. S8.  The magnified plot of IMPS for WO3-001.



S-19

Table S4. Biexponential decay-fitted parameters of time-resolved photoluminescence 

decay curves for WO3-110, WO3-200, and WO3-001photoanodes

Biexponential function fitting was employed to analyze the time-resolved 

photoluminescence decay curves, and the average recombination lifetime, taverage was 

calculated by the following Equation (S12).

             （S12）
𝑡𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =

𝐵1𝜏2
1 + 𝐵2𝜏2

2 + 𝐵3𝜏2
3

𝐵1𝜏1 + 𝐵2𝜏2 + 𝐵3𝜏3

In the formula, τ1, τ2 and τ3 are defined as the decay time for the fluorescence 

intensity,

representing the speed of carrier recombination.

photoanodes τ1/ns τ2/ns τ3/ns B1(%) B2(%) B3(%) τave/ns

WO3-110 1.30 4.96 20.38 14.90 66.41 18.69 12.91 

WO3-200 0.85 4.02 15.40 37.57 44.04 18.39 10.37 

WO3-001 0.70 3.53 15.16 23.40 52.84 23.76 10.89 
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Incident Monochromatic Photon-Electron Conversion Efficiency (IPCE)

The Incident Photon-to-Current Efficiency (IPCE) is a critical metric for 

evaluating the photoelectrochemical performance of electrodes across different 

wavelengths. It quantifies the efficiency of photon-to-current conversion. The formula 

for calculating IPCE is given by follows S13:

              (S13)𝐼𝑃𝐶𝐸 = (|𝑗𝑝ℎ𝑜𝑡𝑜| ∗ 1240)/(𝑃𝑚𝑜𝑛𝑜 ∗ 𝜆)

Where  denotes the photocurrent density (mA·cm−2),  signifies the optical 𝑗𝑝ℎ𝑜𝑡𝑜 𝑃𝑚𝑜𝑛𝑜

power of monochromatic light (mW·cm−2), and λ represents the wavelength of 

monochromatic light.

Light Harvesting Efficiency (LHE)

LHE stands for "Light Harvesting Efficiency", which measures how effectively a 

material absorbs incident light within a specific wavelength range. The value is 

calculated using Formula S14.

              (S14)𝐿𝐻𝐸 = 1 ‒ 10 ‒ 𝐴(𝜆) 

where A represents the absorbance corresponding to the wavelength

Absorbed Photon-to-Current Conversion Efficiency (APCE)

APCE assesses the ability of a photoelectrode to convert absorbed incident light 

into electrical current. A higher APCE value signifies greater efficiency in photon 

absorption and current generation by the photoelectrode. APCE is calculated using 

formula S15

APCE =IPCE / LHE              (S15)

Applied Bias Photon-to-current Efficiency (ABPE)

ABPE quantifies the ratio of solar energy converted to hydrogen energy under 

specific bias voltage conditions. It is calculated using formula S16.

              (S16)𝐴𝐵𝑃𝐸 = (|𝑗𝑝ℎ𝑜𝑡𝑜| ∗ (1.23 ‒ 𝐸))/𝑃𝑚𝑜𝑛𝑜

where jphoto is the photocurrent density when bias voltage E is applied, and Pmono is the 
incident light intensity.
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Open-circuit Potential (OCP)

Fig. S9.  The open circuit potential (OCP) transient decay profile.

The stability of the photoanode was tested in a 0.1 M KPi solution (i-t).

Fig. S10.  (a) Current-time (i-t) curves measured in 0.2 M KPi (pH=5) solution. (b) 

Light chopping graph at 1.23 V vs. RHEi-t test (light 20s, dark 20s)
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Quantitative analysis of hydrogen and oxygen production in PEC water splitting.

Fig. S11. Quantitative analysis of hydrogen and oxygen production in PEC water splitting.

Table S5. Data organization for the quantitative analysis of hydrogen and 

oxygen production in photoelectrochemical water splitting

t (s) Hydrogen production.( 
μmol)

H2 Faradaic 
efficiency.

Oxygen production.( 
μmol)

O2 Faradaic 
efficiency.

1200 9.15 98.12 4.04 86.60 

2400 16.50 98.29 7.46 88.84 

3600 23.77 97.25 10.88 89.01 

4800 31.66 99.45 13.73 86.22 

6000 38.33 97.83 17.72 90.44 

The formula for Faradaic efficiency of products is:（S17）

              (S17)
𝐹𝐸 =

𝑚 × 𝑛 × 𝐹
𝐼 × 𝑡

× 100%

“m” represents the number of electrons required to produce the product, “n” is the number of 
moles of the product, “F” is the Faraday constant (96485 C·mol-1), “I” is the average current 
density, and “t” is the reaction time.
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Photoelectrocatalytic Performance of WO3-110 for Glucose and Glycerol 

Oxidation: LSV and i-t Analysis

Fig. S12.  Electrochemical Testing of h-WO3-110 in 0.2 M KPi Solution with 0.2 M 

Glucose and 1 M Glycerol: (a) LSV Curves and (b) i-t Measurements at 1.0 V vs. RHE 

for Glucose and (c) LSV and (d) i-t at 1.23 V vs. RHE for Glycerol
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