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Supplementary Experimental

Calculation of surface/bulk charge separation efficiency
For quantitative assessment of charge separation efficiency, photocurrent comparison between water 

oxidation/hole scavengers (H2O2, SO3
2-) was used. 

Water oxidation: 2H2O + 4h+ → 4H+ + O2 , Eo=1.23 VRHE

Sulfite oxidation: SO3
2- + h+ → SO3

- , Eo=0.73 VRHE

Light absorption by a photocatalyst generates absorbed photocurrent (Jabs) that undergoes two major losses of 
bulk and surface recombination. Hence the measured photocurrent during water oxidation (JH2O) is expressed 
by; 

JH2O = Jabs × ηbulk × ηsurf 

where η denotes the charge separation yield in the bulk of semiconductor (ηbulk) or on the surface (ηsurf). Since 
the surface charge separation yield of SO3

2- is almost 100% (ηsurf = 1), as discussed above, the photocurrent from 
its oxidation can be expressed as follows: 

JSO3= Jabs × ηbulk

For calculation of Jabs value, below correlation between absorbance and radiation proposed by Choi’s group 1.
Pd = P010-A

Pabs = P0(1-10-A)
P0 (unit : mWcm-2nm-1) is provided power by solar simulator (in this case, AM 1.5G), Pabs is power of light actually 
absorbed by photoanode and Pd is power of light not absorbed to photoanode but dissipated (reflection & 
penetration). A is absorbance of photoanode (in this case, BiVO4) and LHE (light harvesting efficiency) is defined 
as 1-10-A. So light which is not absorbed at photoanode will be 10-A. Integrated Pabs(λ) (mWcm-2nm-1) along with 
wavelength λ gives total power (unit of mWcm-2) which is power of light absorbed by photoanode (maximum 
power of photoanode). Below formula shows such relationship for photon absorption (Jabs).            
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Jabs is avg. 5.23 mA/cm2 for 1% Mo:BiVO4 films, while Jmax = 7.5 mA/cm2 for 100% of LHE till 2.4 eV (516nm) 
threshold is assumed. Bulk and surf separation efficiencies were calculated by:

ηbulk = JSO3 / Jabs

ηsurf = JH2O / JSO3
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Supplementary Figures 

Figure S1. XRD results ofpurified CoP nanoparticles.

Figure S2. (a) SEM and (b,c) TEM images of CoP nanoparticles.



Figure S3. TEM images of (a) CoP nanoparticles, and (b) a magnified CoPnanoparticle. XPS spectra for (c) Co 2p 
and (d) P 2p of CoP nanoparticles.
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Figure S4. IV curves of CoP nanoparticlessuspension applied on FTO (a) anodic curve and (b) cathodic curve. 
Measurement conditions: electrolyte = 0.5 M Kpi (pH 7.0), CoP suspension loading = 2ul/0.7 cm2 (FTO). Overall 

water splitting overpotential can be expressed as, η overall=η OER (1.525 (onset potential for OER) – 1.23)– η HER 

(0.0 – 0.1125 (onset potential for HER)) = 0.4075 V.

Figure S5. Pictures of CoP suspension, CoP/1% Mo:BiVO4photoanode, and CoP/Ni foam cathode used for 
experiments. Small inset is CoP/1% Mo:BiVO4 photoanode in action showing evolution of O2 bubbles under 
simulated solar illumination (AM 1.5G) with an applied bias of 1.0 VRHE.



Figure S6. (a) Surface charge separation efficiency (surf) of photoanodes. (b) Nyquist plots of 1% Mo:BiVO4 

photoanode modified with various electrocatalysts with 1.23 VRHE of applied potential. Measurement conditions: 

AM 1.5G (100 mW/cm2), electrolyte = 0.5 M KPi (pH 7.0), cathode = Pt rod.



Figure S7. IV curves (a, c, e) and calculated charge separation efficiency (b, d, f) of bare BiVO4, 1% Mo: BiVO4 and 
H, 1% Mo: BiVO4 modified by CoP loading. Measurement conditions: AM 1.5G illumination, electrolyte: 0.5 M 

KPi (pH 7.0), counter electrode: Pt rod. The surf and bulk values were calculated procedure was described in 

Supplementary Procedure of this SI with Jabs (absorption photocurrent) of BiVO4 of 5.23 mA/cm2. The surfis the 
ratio of currents obtained from photooxidation of water relative to that of the hole scavenger Na2SO3. 



Figure S8. XRD spectra of 1% Mo:BiVO4 and CoP loaded 1% Mo:BiVO4 after PEC cell operation (~20 min). Below 
patterns are reference patterns of BiVO4 (sheelite monoclinic, blue) and CoP (green).

Figure S9. X-ray photoelectron spectra (XPS) of(a) Bi 4f, (b) V 2p and (c) Mo 3d of 1% Mo:BiVO4(before PEC 
reaction) and (d) O 1s, (e) P 2p and (f) Co 2p of CoP/1% Mo:BiVO4 before/after PEC water oxidation. 



Figure S10. IV curve of 1% Mo:BiVO4 with/without CoP loading with KCi electrolyte instead of KPi with similar 
pH (7.0). (a) 1st and (b) 2nd linear sweep. Measurement condition: AM 1.5G illumination, electrolyte: 0.5 M KCi 
(pH 7.0, CO2 purged).



Figure S11. SEM images of (a) pristine surface of 1% Mo:BiVO4, (b) CoP/1% Mo:BiVO4 before PEC reaction and 
(c) CoP/1% Mo:BiVO4 after PEC reaction. Large clusters of smaller CoP particles observed in (b) mostly disappear 
after PEC reaction in (c). 



Figure S12. Optimization of the state of CoP loaded on 1% Mo:BiVO4. Measurement conditions: AM 1.5G (100 
mW/cm2), electrolyte = 0.5 M KPi (pH 7.0), cathode = Pt rod.

Figure S13. Optimization of CoP or Co-Pi loading amount on 1% Mo:BiVO4. Measurement conditions: AM 1.5G 
(100 mW/cm2), electrolyte = 0.5 M KPi (pH 7.0), cathode = Pt rod.



Figure S14. (a) Equivalent (Randle) circuit model for curve fitting and (b-f) PEIS of 1% Mo:BiVO4 and various 
surface modifications (bare, CoP and Co-Pi) with different bias range (-0.3 – 0.6 V vs. Ag/AgCl). Table includes 
parameters extracted from PEIS.



Figure S15. Mott-Schottky plots of BiVO4-based photoanodes measured in 0.5 M KPi (pH 7.0) under dark, with 
a frequency of 1000 Hz and scan rate: 20mV/sec.

Figure S16. (a) Light harvesting efficiency (LHE), transmittance (T) of 1% Mo:BiVO4 and (b) LHE corresponding to 
AM 1.5G spectrum. Jabs (absorption photocurrent) was calculated to be 5.23 mA/cm2 with the procedure 
described in Supplementary Procedure of this ESI.



Figure S17. IV curves of (b) 2ps c-Si solar cell with/without 1% Mo:BiVO4 filter.

Figure S18. Tandem cell operating points determined by performance curves of the CoP/H, 
1%Mo:BiVO4photoanodes and solar cell (2ps c-Si) and actual operation of tandem cell with applied bias of 0.0 
VRHE. (a) Three electrode measurement. (b) Two electrode measurement. Measurement conditions: AM 1.5G 
illumination, electrolyte : 0.5 M KPi (pH 7.0). 



Supplementary Tables

Table S1.Electrochemical hydrogen evolution reaction from water.

Catalysts Onset potential
[mV]

η(10mA/cm2)

[mV]
Tafel Slope
[mV dec-1]

Electrolyte

CoP 61 145 62 1.0M H2SO4

CoP 71 205 97 1.0M KPi

CoP 78 170 151 1.0M NaOH

Pt/C 0 57 31 1.0M H2SO4

Pt/C 0 77 36 1.0M KPi

Pt/C 0 70 52 1.0M NaOH



Table S2. Recent reports on electrocatalyst/BiVO4 based photoanode for solar water oxidation (2006-2017).

*Ref.
Photoanode

(electrocatalyst/semicon
ductor)

**Electrolyte
(pH)

***Method ****Feature Ref

(1) Ag+/BiVO4
0.1 M Na2SO4 (pH 

~7.0)
Dip in Ag+ sol

ution
Cation exchange in BiVO4 surface 8

(2) CoOx/BiVO4
0.5 M Na2SO4 (pH 

~7.0)
Wet impregnati
on + annealing

(light source : 1000 W, > 420 nn) 9

(3) RhOx/Mo:BiVO4 Sea water
Wet impregnati
on + annealing

~2.7 mA/cm2 (1.23VRHE), Sea 
water oxidation

10

(4) Co-Pi/W:BiVO4
0.1 M KPi
(pH 8.0)

PED

~1.3 mA/cm2 (1.23VRHE)
440 mV cathodic onset potenti

al shift
Complete charge separation

(ηsurf = 100%)

5

(5) Co-Pi/BiVO4
0.1 M KPi
(pH 7.0)

ED, PD, PED
Comparison of Co-Pi deposition 

method
7

(6)
CoOx, IrOx, MnOx, RuOx/

BiVO4

0.1 M KPi
(pH 7.0)

Wet impregnati
on + annealing

Comparison with PEC and wate
r oxidation

11

(7) Pt/Mo, W:BiVO4

0.1 M KPi + Na2S
O4

(pH 7.0)
PD ~2.0 mA/cm2 (1.23VRHE) 12

(8) FeOOH/BiVO4
0.1 M KPi
(pH 7.0)

PED
~1.8 mA/cm2 (1.23VRHE)

+6 h stable
(ηsurf = ~100%)

13

(9) Co-Bi/BiVO4

0.2 M KBi + Na2S
O4

(pH 9.0)
ED

~2.0 mA/cm2 (0.4 VSCE)
(light source : 300 W Xe, > 42

0 nm)

14

(10) Ni-Bi/BiVO4
0.1 M KBi
(pH 9.2)

ED, PD ~1.2 mA/cm2 (1.23VRHE) 15

(11) Co-Pi/W:BiVO4
0.1M KPi
(pH 7.0)

PED
~3.6 mA/cm2 (1.23VRHE), Tandem 

cell with 2jn a-Si (STH = ~5%)
16

(12) Co-Pi/BiVO4/W:BiVO4
0.1M KPi
(pH 7.0)

PED
~4.0 mA/cm2 (1.23VRHE), Tandem 

cell with 2jn a-Si (STH = 5.2%)
17

(13) MnOx/BiVO4
0.5 M K2SO4 (pH 

6.8)
PD

Preferential deposition on 
specific (110) facet

18

(14) CoOx/BiVO4
1 M NaOH(pH13.6

)
ALD

~1.5 mA/cm2 (1.23 VRHE)
Stable in pH 13.6

19

(15) PdOx/BiVO4
0.1 M KPi
(pH 7.0)

Wet impregnati
on + annealing

~1.1 mA/cm2 (1.23VRHE)
Comparable with Co-Pi

(ηsurf = ~90%)

20

(16) Ni/TiO2/BiVO4
1 M NaOH(pH13.6

)
ALD (Ni)/ALD (

TiO2)
~1.2 mA/cm2 (1.23VRHE)

Stable in pH 13.6
21

(17)
NiOOH/FeOOH

/BiVO4

0.5 M KPi
(pH 7)

PED
~4.3 mA/cm2 (1.23 VRHE)
Immense +48 h stable

22

(18) NiFeOx/BiVO4 1 M NaOH
Metal organic 
decomposition

~0.6 mA/cm2 (1.23VRHE) 23

(19) Ru cat./BiVO4
0.1 M KPi

(pH 7)

Metal complex 
preparation + 

absorption

~1.2 mA/cm2 (1.23VRHE)
Comparable with Co-Pi

24

(20) Ni-Ci/W:BiVO4 0.1 M KCi PED ~2.0 mA/cm2 (1.23 VRHE) 25



(pH 7) +24 h stable

(21) Co-Al LDH/BiVO4
0.1 M KPi

(pH 7)
Hydrothermal ~1.0 mA/cm2 (1.23VRHE) 26

(22) NiOx/CoOx/BiVO4
0.1 M KPi

(pH 7)
ALD/ALD ~3.5 mA/cm2 (1.23VRHE) 27

(23) Co-Ci/H, Mo:BiVO4
0.1 M KCi
(pH 7, 9)

PED

~4.8 mA/cm2 (1.23VRHE)
+12 h stable

Tandem cell with Perovskite so
lar cell

(STH = ~5%)

28

(24) TiCo or TiNi/BiVO4

0.1 M KBi
0.2M Na2SO4

(pH 9.2)

Single solution 
precursor drop 
+ electrodeposi

tion

~1.5 mA/cm2 (1.23VRHE)
Bifunctional (OER, HER)

Half-life photo stability of 5 hr
Tandem cell with TiCo or TiNi/p-Si 

photocathode

29

(25) NiOOH/FeOOH/N2:BiVO4 0.5 M Kpi(pH 7) PED
~5.0 mA/cm2 (1.23 VRHE)

 +20 h stable
30

(26) Co2+/ZnFe2O4/BiVO4
0.1M KOH (pH 
12)

Ion 
absorption/Ther
mal conversion

~2.5 mA/cm2 (1.23VRHE)
Basic electrolyte stability

31

(27)
NiLaCeCoOx 

(mixed)/BiVO4

0.1M NaOH + 
0.5M Na2SO4  
(pH 13)

Precursor drop 
casting/anneali

ng

~3.3 mA/cm2 (1.23VRHE)
Optimum composition found by 

combinatorial scanning
Basic electrolyte stability

32

(28) Ni doped CoOx/BiVO4
0.5M Na2SO4

(pH 7.0)
Spray 

deposition
~2.5 mA/cm2 (1.23VRHE) 33

(29) NiFe-Bi/Mo:BiVO4/Ni/Sn
1.0M KBi (pH 
9.0)

In-situ 
photoelectroch

emical 
deposition (via 
equlibrium of 

dissovled Ni/Fe 
species)

~3.8 mA/cm2 (1.23VRHE)
 +1100 h stability

34

(30)
Co-La double 

hydroxide/BiVO4

0.5 M KPi (pH 
7.0)

In-situ 
photoelectroch

emical 
deposition

~2.1 mA/cm2 (1.23VRHE)
 +80% charge separation

35

This 
work

CoP/H, 1% Mo:BiVO4

0.5 M KPi

(pH 7.0)

Particle drop + 
In-situ transitio

n 
(via OER)

~4.7 mA/cm2 (1.23VRHE)
+4 h stable

Tandem cell with c-Si PV
(STH= ~5.3%)

*Reports are arranged in year, but not in actual publication date.
**KPi : potassium biphosphate, KCi : potassium bicarbonate, KBi : Potassium borate
***PD : photodeposition, ED : electrodeposition, PED : photoelectrodeposition
****light source of all results are AM 1.5G, 100mW/cm2 (1 sun) unless it is individually denoted. 
ηsurf = surface charge separation efficiency. (photocurrent ratio between oxidations of a sacrificial reagent and wate
r).
Material is denoted as stable if constant potential operation was demonstrated without serious efficiency drop (
<25%).
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