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Supplementary Experimental Information

PEC Performance Measurements

PEC measurements were conducted at room temperature using a three-electrode 

testing system equipped with an electrochemical workstation (CHI660E). In this 

system, all samples served as the WE with a fixed exposed active area of 1 cm2, while 

Pt and Ag/AgCl electrodes were employed as the CE and RE. The illumination source 

was a simulated sunlight AM 1.5G (100 mW·cm-2), and a 0.2 M Potassium borate (KBi) 

solution (pH =8.4) was used as the electrolyte. Current-voltage (J-V) curves were 

recorded at a scanning rate of 20 mV·s-1. The formula for potential conversion is as 

follows1: 

ERHE = EAg/AgCl + 0.197 + 0.059 × pH                       (1)

Where ERHE refers to the converted potential versus RHE. The value of EAg/AgCl is 

0.1976 V at ambient temperature (25℃) and EAg/AgCl is the obtained potential versus 

Ag/AgCl. Applied bias photon-to-current efficiency (ABPE) is calculated using the 

following equation2:

ABPE =
I(mA ∙ cm - 2) × (1.23 - Vbias)(V)

Plignt(mW ∙ cm - 2)
                 (2)

Where I is the photocurrent density, Vbias is the applied potential, Plight is the incident 

illumination power density (100 mW⋅cm2). The incident photon-to-current conversion 

efficiency (IPCE) can be calculated by the following formula3:

IPCE =
Jph(mA ∙ cm - 2) × 1240(V × nm)

λ(nm) × Plight(mW ∙ cm - 2)
× 100%        (3)



Where Jph is the measured photocurrent density at specific wavelength, λ is the 

wavelength of incident light, and Plight is the measured light power intensity at that 

wavelength. The absorbed photon-to-current efficiency (APCE) can be calculated by 

the following formula4.

APCE =
IPCE
LHE

        (4)

Where LHE is the light harvesting efficiency calculated using LHE = 1 – 10-A(λ)，

where A(λ) is the absorbance. The electrochemical impedance spectroscopy (EIS) was 

measured using small-amplitude alternating current signals ranging from 10-2 to 105 Hz 

under 0.8 VRHE. The charge injection efficiency (ηinj ) and the charge separation 

efficiency (ηsep)was calculated as the following equation5:

ηinj = Jwater Jsulfite         (5)

ηsep = Jsulfite Jabs            (6)

Where Jsulfite is the photocurrent density measured in 0.2 M potassium borate buffer 

with 0.2 M Na2SO3 electrolyte (pH=9.5), which serves as a hole scavenger and ensures 

the hole injection rate approaches 100%, and Jwater is the photocurrent density measured 

in 0.2 M potassium borate buffer (pH=8.4). The Jabs is the photon adsorption rate 

expressed as the photocurrent density. The Faradaic efficiency can be determined as 

following equation6.

𝜂𝐻2
=

2𝐹𝑛𝐻2

𝑄
               (7)

Where F is Faraday constant (96485 C·mol-1), n is the production of hydrogen (mol), 

and Q is the amounts of charges generated by photocarriers (C). The charge carrier 

density (Nd) was calculated as following equation.



Nd =
2

eεϵ0[d
1

C2

dV ] - 1         (6)

The quantization using parameter D was calculated as following equation7:

D = It - Is Im - Is         (7)

where It, Is and Im are the time-dependent photocurrent, the steady-state photocurrent 

and the transient photocurrent spike, respectively. The electron lifetime (τr) is defined 

as the time at which lnD = -1.

DFT Computation

The OER reaction is a four-electron transfer process involving the modeling of 

intermediates *OH, *O, and *OOH:

*+ OH - → * OH + e - ,  ∆G1                                         (8)

* OH + OH - → * O + e - + H2O,  ∆G2                              (9)

* O + OH - → * OOH + e - ,          ∆G3                            (10)

* OOH + OH - →O2 + e - + H2O,  ∆G2                             (11)



Figure S1. (a) Linear sweep voltammogram curves and (b) The transient photocurrent 

density curves of BiVO4, FeOOH/BiVO4 and Ni:FeOOH/BiVO4 prepared at different 

temperatures and times.



Figure S2. SEM images of (a) BiOI (b) BiVO4 photoanodes.

Figure S3. SEM images of (a) BiVO4 (b) FeOOH/BiVO4 and (c) Ni:FeOOH/BiVO4.



Figure S4. SEM EDS of Ni:FeOOH/BiVO4.



Figure S5. EPMA elemental mapping of Ni in Ni:FeOOH/BiVO4.



Figure S6. TEM EDS spectrum of Ni:FeOOH/BiVO4.



Figure S7. XPS survey spectra of BiVO4, FeOOH/BiVO4 and Ni:FeOOH/BiVO4.



Figure S8. EPR spectra FeOOH/BiVO4 and Ni:FeOOH/BiVO4.



Figure S9. (a) XPS survey spectra (b) Ni 2p of Ni:FeOOH/BiVO4 with replacement 

conditions of 300℃ for 20 minutes.



Figure S10. XPS survey spectra of Ni 2p in Ni:FeOOH/BiVO4 with Ar+ etching.



Figure S11. SEM EDS of α-FeOOH/BiVO4.

Figure S12. Linear sweep voltammogram curves of BiVO4, α-FeOOH/BiVO4 and 

Ni:α-FeOOH/BiVO4.



Figure S13. LSV curves of BiVO4, Electrodeposited FeOOH/BiVO4 and 

Photoelectrochemical deposition of FeOOH/BiVO4.



Figure S14. LSV curves of BiVO4, BiVO4-vc, FeOOH/BiVO4 and FeOOH/BiVO4-vc.



Figure S15. LSV curves of (a) NiFeOOH/BiVO4 with varying NiFe ratios and (b) 

BiVO4, FeOOH/BiVO4, NiOOH/ BiVO4, NiOOH/FeOOH/BiVO4 and 

Ni:FeOOH/BiVO4.



Figure S16. LSV curves of (a) BiVO4, NiOOH/BiVO4, Fe:NiOOH/BiVO4 and (b) he 

photocathode before and after the replacement of FeOOH and NiOOH.



Figure S17. Chopping LSV curves of BiVO4, FeOOH/BiVO4 and Ni:FeOOH/BiVO4 

measured in 0.2 M borate buffer (pH = 8.4) electrolyte.



Figure S18. APCE curves of different photoanodes at 1.23 VRHE under AM 1.5G 

illuminations.



Figure S19. LSV curves of BiVO4, FeOOH/BiVO4 and Ni:FeOOH/BiVO4 measured 

in 0.2 M borate buffer (pH = 8.4) electrolyte with 0.2 M Na2SO3.



Figure S20. (a) J-T curves of Ni:FeOOH/BiVO4 at 0.8 VRHE, (b) LSV curves, (c) SEM 

and (d) TEM of Ni:FeOOH/BiVO4 after stability test.



Figure S21. TEM EDS of 14h-Ni:FeOOH/BiVO4.



Figure S22. Faradaic efficiency and gas evolution at 1.23 VRHE of Ni:FeOOH/BiVO4 

photoanode.



Figure S23. CV curves of (a) BiVO4 (b) FeOOH/BiVO4 (c) FeOOH/BiVO4-vc and (d) 

Ni:FeOOH/BiVO4.



Figure S24. The transient photocurrent decay curves of BiVO4, FeOOH/BiVO4 and 

Ni:FeOOH/BiVO4.



Figure S25. The optimized configurations of *OH, *O, and *OOH adsorbed on 

Ni:FeOOH/BiVO4 for OER.



Figure S26. The corresponding Gibbs free energy diagrams of each step of OER at Fe 

and Ni active sites under conditions of (a) 0 V and (b) 1.23 V.



Table S1. SEM elemental content ratio of Bi, V, O, Fe, Ni of Ni:FeOOH/BiVO4.

Elements Bi V O Fe Ni

wt% 65.26 14.69 19.76 0.21 0.08

at% 16.96 15.67 67.09 0.20 0.07

Table S2. ICP of Bi, V, O, Fe, Ni of FeOOH/BiVO4 and Ni:FeOOH/BiVO4.

Elements Bi V Fe Ni

FeOOH/BiVO4 47.0% 46.2% 6.8%

Ni:FeOOH/BiVO4 43.5% 43.2% 7.1% 6.2%

Table S3. XPS peak positions of BiVO4, FeOOH/BiVO4 and Ni:FeOOH/BiVO4 O 1s.

Sample OL (eV) OH (eV) OC (eV)

BiVO4 529.71 531.41 532.64

FeOOH/BiVO4 529.80 531.37 532.27

Ni:FeOOH/BiVO4 529.85 531.45 532.43



Table S4. XPS area ratio of BiVO4, FeOOH/BiVO4 and Ni:FeOOH/BiVO4 O 1s.

Sample OL OH OC

BiVO4 78.7% 17.3% 4.0%

FeOOH/BiVO4 38.6% 37.5% 23.9%

Ni:FeOOH/BiVO4 44.2% 43.0% 12.8%

Table S5. SEM elemental content ratio of Bi, V, O, Fe, Ni of Fe:NiOOH/BiVO4.

Elements Bi V O Fe Ni

wt% 65.65 14.72 19.35 0.07 0.21

at% 17.28 15.91 66.53 0.07 0.21

Table S6. TEM elemental content ratio of Bi, V, O, Fe, Ni of 14h-Fe:NiOOH/BiVO4.

Sample Bi V O Fe Ni

Ni:FeOOH/BiVO4 atoms% 26.99 16.22 55.01 1.57 0.21

14h-Ni:FeOOH/BiVO4 atoms% 25.65 15.57 57.21 1.42 0.15



Table S7. Comparison of our work with recent BiVO4 photoanodes modified with 

cocatalyst for PEC water oxidation at 1.23 VRHE under AM 1.5G (100 mW∙cm-2) 

illumination.

Photoelectrode J(mA·cm-2) ABPE(%) ηinj(%) ηsep(%) Stability(h) Ref.

Ni3POM/FeOOH/BiVO4 5.20 1.10 74.8 69.3 1 8

B-BiVO4/FexCo1-xOOH 5.21 2.05 90.6 69.5 8 9

Ni:FeOOH-Vo/BiVO4 4.15 1..62 61.9 89.7 5 10

CoTAA/FeOOH/BiVO4 4.97 1.66 77.1 66.3 3 11

Fe:Ni/BiVO4 4.72 1.67 90.9 98.1 8 12

BiVO4/FeOOH/TANi 4.60 1.3 88.5 61.3 3 13

Ni/BiVO4 4.41 1.92 81.6 95.8 10 14

BiVO4/F/CoS-NIR 4.86 1.56 89.2 87.7 3 15

BiVO4/PDA/β-FeOOH 4.84 1.52 79.6 80.9 8 16

BiVO4/ZnCo-

MOFs/NiFeBi
4.40 1.30 62.8 93.5 4 17

Ni(OH)2/Cl-BiVO4 4.33 1.13 76.9 83.7 3 18

NiFe-MOFs/ BiVO4 4.61 1.81 70 83 3 19

M-CoS/BiVO4 5.22 1.58 83.4 84.2 8 20

BiVO4/TAFC 4.97 1.48 78.9 82.0 3 21

CuMTZ/BVO 3.32 1.04 89.0 69.0 3 22

NiFe/CA/Fe-BiVO4 6.2 2.15 86.1 96.8 12 6

NiCoFe-

Bi/CuSCN/BiVO4

5.6 2.31 84.6 84.5 10 23

Ov-BiVO4/MIL-101 5.91 2.15 86.0 92.0 3.5 24

Ni:FeOOH/BiVO4 5.71 1.74 94.5 80.6 10
This 

work



Table S8. The values of Nd and the slope of the M-S plots.

Sample Slope (×109) Nd (×1018, cm-3) Efb (V)

BiVO4 5.47 3.79 0.35

FeOOH/BiVO4 3.85 5.39 0.34

Ni:FeOOH/BiVO4 3.36 6.17 0.31

Table S9. The charge transfer resistance (Rct) of electrodes.

Sample Rs(Ω) Rct(Ω) CPE(F)

BiVO4 38.64 253.60 2.67E-5

FeOOH/BiVO4 41.20 15.15 6.71E-5

Ni:FeOOH/BiVO4 38.73 13.83 1.91E-5



Table S10. Free energy changes four elementary steps for OER in BiVO4, 

FeOOH/BiVO4, Ni:FeOOH/BiVO4-Ni sites and Ni:FeOOH/BiVO4-Fe sites systems at 

0 V and 1.23 V, and the free energy unit is eV.

Sample U(V) Step 1 Step 2 Step 3 Step 4

0 2.57 2.43 0.10 -0.17
BiVO4

1.23 1.34 1.20 -1.13 -1.40

0 0.39 1.74 1.20 1.59
FeOOH/BiVO4

1.23 -0.81 0.51 -0.03 0.36

0 1.08 1.39 1.13 1.32Ni:FeOOH/BiVO4-

Ni sites 1.23 -0.16 0.16 -0.10 0.10

0 0.16 1.97 1.26 1.53Ni:FeOOH/BiVO4-

Fe sites 1.23 -1.07 0.74 0.03 0.30
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