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Supplementary figures and discussions

Fig. S1. (a) LSV curves of mixed gas of NH3 and N2 annealed BiVO4 photoanode at 

various time and (b) various temperatures.
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Fig. S2. XRD pattern of fluorine-doped SnO2 (FTO), BiVO4, N-BiVO4, 

BiVO4/NiFeOx, N-BiVO4/NiFeOx.
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Fig. S3. SEM image of the top view of BiVO4.
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Fig. S4. TEM images of N-BiVO4/NiFeOx.
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Fig. S5. Raman spectra of N-BiVO4 and N-BiVO4/NiFeOx photoanodes.
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Fig. S6. TEM-EDS (a) elemental mapping (b) and line scanning analysis for N-

BiVO4/NiFeOx photoanodes.

As shown in Fig. S5a, the dimensions Bi, Fe and Ni element distributions in the 

TEM-EDS mapping have been precisely measured, demonstrating larger distribution 

of Fe and Ni element (62 nm) than Bi element (58 nm). In addition, from line-scan 

image (Fig. S5b), before the appearance of Bi element, obvious Fe and Ni signal has 

been detected in the line-scan profiles. Base-on the above analysis, it can be confirmed 

that the surface layer on N-BiVO4 crystal was NiFeOx.
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Fig. S7. XPS survey scan spectra of BiVO4, N-BiVO4 and N-BiVO4/NiFeOx.
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Fig. S8. High-resolution XPS spectra of N-BiVO4/NiFeOx: (a) Ni 2p; (b) Fe 2p.
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Fig. S9. VB XPS of N-BiVO4 and N-BiVO4/NiFeOx.
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Fig. S10. The repeatability of LSV curves for N-BiVO4/NiFeOx photoanodes measured 

in 0.5 M KBi electrolyte.
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Fig. S11. The multiple test LSV curves for N-BiVO4/NiFeOx photoanodes measured in 

0.5 M KBi electrolyte.



S13

Fig. S12. Chopped photocurrent density in 0.5 M KBi electrolyte (pH=9.3).
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Fig. S13. (a)LSV curves in dark for BiVO4, N-BiVO4 and N-BiVO4/NiFeOx; (b) the 

estimated Tafel slope for BiVO4, N-BiVO4 and N-BiVO4/NiFeOx.

Fig. S8a shows that the N-BiVO4/NiFeOx photoanode possesses a lower 

overpotential and steeper current density, indicating its outstanding electrochemical 

performance.

In Fig. S8b, the estimated Tafel slope for N-BiVO4/NiFeOx (228 mV dec-1) is 

small than that of N-BiVO4 (347 mV dec-1) and BiVO4 (491 mV dec-1), indicating that 

an enhanced oxygen evolution kinetics.
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Fig. S14. Calculated photocurrent density curves by integrating IPCE curves (Fig. 3c) 

and the standard AM 1.5G solar spectrum.

The theoretical photocurrent densities (Jc) for synthetic photoanodes by 

integrating IPCE values and standard AM 1.5G solar spectrum were obtained by the 

following equation [1]:

𝐽𝐶(𝑚𝐴/𝑐𝑚2) =
600

∫
350

 
𝜆(𝑛𝑚) × 𝐼𝑃𝐶𝐸(𝜆) × 𝑃𝑙𝑖𝑔ℎ𝑡(𝑚𝑊/𝑐𝑚2)

1240
𝑑(𝜆)

Where Plight and λ were photocurrent density and the corresponding light wavelength, 

respectively. Therefore, the calculated values of photocurrent density for BiVO4, N-

BiVO4, BiVO4/NiFeOx and N-BiVO4/NiFeOx were 1.23, 2.28, 3.80 and 5.43 mA/cm2, 

respectively. According to Fig. 3a, the measured values for BiVO4, N-BiVO4, 

BiVO4/NiFeOx and N-BiVO4/NiFeOx were 1.31, 2.37, 3.81, 5.40 mA/cm2, 

respectively. The calculated values are very near the measured values, suggesting the 
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simulated solar light was excellently matched with the standard AM 1.5G solar 

spectrum.
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Fig. S15. Photocurrent density under chopping irradiation of BiVO4, N-BiVO4, 

BiVO4/NiFeOx and N-BiVO4/NiFeOx photoanodes.   
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Fig. S16. Mott-Schottky curves under dark of BiVO4, N-BiVO4 and N-BiVO4/NiFeOx.
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Fig. S17. PL spectrum under laser excitation of 380nm: (a) FTO (SnO2) substrates; (b) 

as-prepared photoanodes.
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Fig. S18. Open-circuit potential under AM 1.5 G illumination in 0.5 M KBi electrolyte 
(pH=9.3).



S21

Fig. S19. UV–vis absorbance spectrum of BiVO4, N-BiVO4, and N-BiVO4/NiFeOx 
photoanodes.
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Fig. S20. (a) Light harvesting efficiency (LHE) of BiVO4, N-BiVO4 and N-

BiVO4/NiFeOx photoanodes. (b) Spectra of the simulated solar light and corresponding 

Jabs.

LHE and Jabs could be calculated by the following equation [2]:

𝐿𝐻𝐸= 1 ‒ 10 ‒ 𝐴(𝜆)

𝐽𝑎𝑏𝑠= 𝐽𝑚𝑎𝑥 × 𝐿𝐻𝐸

Where A(λ) is absorbance at λ wavelength (nm). Jmax is the maximum theoretical 

photocurrent (mA·cm-2) under the irradiation of simulated sunlight, and Jabs refers to 

photocurrent (mA·cm-2) when light harvesting efficiency is 100%.
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Fig. S21. LSV curves of BiVO4, N-BiVO4 and N-BiVO4/NiFeOx photoanodes in 0.5 

M KBi electrolyte with and without hole scavenger (0.5 M Na2SO3).

The charge separation (ηsep) and charge transfer efficiencies (ηtran) were calculated 

by the following equation [3]:

𝜂𝑠𝑒𝑝= 𝐽𝐻𝑆/𝐽𝑎𝑏𝑠

𝜂𝑡𝑟𝑎𝑛= 𝐽𝑃ℎ/𝐽𝐻𝑆

Where JHS refer to photocurrent density (mA·cm-2) measured in KBi containing hole 

scavenger electrolyte and JPh is photocurrent density (mA·cm-2) performed in KBi 

electrolyte.
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Fig. S22. Photocurrent density stabilities of N-BiVO4/NiFeOx and N-BiVO4 

photoanodes measured in 0.5 M KBi electrolyte at 1.23 V vs. RHE.
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Fig. S23. High-resolution XPS spectra of N 1s for N-BiVO4 before and after test.
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Fig. S24. XRD patterns of N-BiVO4/NiFeOx photoanode before and after stability 

testing.
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Fig. S22. TEM images of N-BiVO4/NiFeOx photoanode after stability test.

The HR-TEM image of N-BiVO4/NiFeOx exhibits that the thickness of NiFeOx 

co-catalyst layer is about 4 nm and uniformly decorated on the N-BiVO4 surface.
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Fig. S23. XPS spectra of N-BiVO4/NiFeOx photoanode before and after PEC 

measurements (a) Bi 4f; (b) V 2p; (c) O 1s and (d) N 1s.
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Fig. S24. LSV curve of large size N-BiVO4/NiFeOx photoanode (9 cm2).
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Fig. S25. Comparison of PEC kinetic curves of TCH removal by different photoanodes.
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Fig. S26. LSV curves of N-BiVO4/NiFeOx photoanode measured in different 

electrolytes.
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Fig. S27. (a) The LC-MS spectra of the TCH solution during degradation by N-

BiVO4/NiFeOx photoanode; and (b) the total spectrum of mass-to-charge ratio (m/z).
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Table S1. The fitted results of EIS curves using the equivalent circuit model in Fig. 3f. 

(average of three experimental tests).

samples Rs (Ω) Rct (Ω)

BiVO4 9.4 137.9

N-BiVO4 8.8 109.2

BiVO4/NiFeOx 9.5 77.4

N-BiVO4/NiFeOx 8.8 46.9

The Rs and Rct refer to solution resistance plus the intrinsic conductivity of 

samples and charge transfer resistance, respectively [4].
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Table S2. Decay-fitted parameters of TRPL decay curves for BiVO4, N-BiVO4 and 

N-BiVO4/NiFeOx photoanodes.

samples τ1 (ns) τ2 (ns) τ3 (ns) A1 (%) A2 (%) A3 (%) τavg (ns)

BiVO4 0.17 0.87 4.40 84.19 12.80 3.01 1.82

N-BiVO4 0.16 1.01 5.16 76.16 20.28 3.56 2.28

N-BiVO4/NiFeOx 0.13 1.35 7.00 89.04 8.61 2.35 3.35

Triple-exponential function fitting was conducted to apply the TRPL decay 

curves, and the average recombination lifetime (τave) was calculated by the equation [5, 

6]:

𝐿(𝑡)= 𝐴1𝑒
‒
1
𝜏1 + 𝐴2𝑒

‒
1
𝜏2 + 𝐴3𝑒

‒
1
𝜏3 + 𝑦0

𝜏𝑎𝑣𝑔=
𝐴1𝜏

2
1 + 𝐴2𝜏

2
2 + 𝐴3𝜏

2
3

𝐴1𝜏1 + 𝐴2𝜏2 + 𝐴3𝜏3

Where τ1, τ2 and τ3 refer to the time constant of the decay processes, and A1, A2 and 

A3 are their corresponding weighted amplitudes, respectively.
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Table S3. Comparison of OER performance for BiVO4 based photoanodes.

Photoanodes
Photocurrent density 

(1.23 V vs. RHE)
Ref.

Bi1-xVO4/CO-Bi 4.5 mA/cm2 S7

BiVO4/FeOOH/NiOOH 4.2 mA/cm2 S8

BiVO4/Co-Sil 5.0 mA/cm2 S9

β-FeOOH-B- BiVO4 4.96 mA/cm2 S10

NiOOH/BP/BiVO4 4.48 mA/cm2 S11

BiVO4/ZnCoFe-LDH 3.43 mA/cm2 S12

CoNi-MOFs/ BiVO4 3.2 mA/cm2 S13

Mo:BiVO4@TANF 5.10 mA/cm2 S14

BiVO4/FeOOH/TANi 4.6 mA/cm2 S15

H-CoAl-LDH/BiVO4 3.5 mA/cm2 S16

NiFe-MOFs/ BiVO4 4.61 mA/cm2 S17

BiVO4/Co3O4/CoFe‐LDH 3.9 mA/cm2 S18

BiVO4-N/C-CoPOM 3.3 mA/cm2 S19

N-BiVO4/NiFeOx 5.40 ± 0.1 mA/cm2 This work
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Table S4. The elemental composition analysis from XPS for N-BiVO4/NiFeOx 

photoanode before and after testing.

Element Atomic % 

(before testing)

The proportion of 

relative to C 1s 

(before testing)

Atomic % 

(after testing)

The proportion of 

relative to C 1s 

(after testing)

C 1s 32.79 100% 37.66 100%

Bi 4f 7.29 22.23% 6.05 16.06%

V 2p 14.97 45.65% 14.27 37.89%

O 1s 36.13 110.19% 34.76 92.30%

N 1s 1.93 5.89% 1.92 5.10%

Ni 2p 2.68 8.17% 1.58 4.20%

Fe 2p 4.2 12.81% 3.75 9.96%
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