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PEC measurement, potential conversion, Impedance measurement, electrochemical surface 

area and Space width charge region calculation 

The exposed backside area of photoanode for light illumination was 1 cm2. For 1 sun illumination, 

a solar simulator (Newport 67005) equipped with an AM 1.5G filter used as a light source which 

is integrated with potentiostat/galvanostatic (PARSTAT-2273). The photoanodes were mounted 

perpendicular to the light source to maintain measurement accuracy. 1 sun illimitation intensity 

was assured in Figure S1a which shows solar light intensity calibration with the X-Y direction at 

7 cm from the light source.

The light intensity distribution for the solar simulator (Newport Model # 67005) was determined 

using a lux meter (Silicon photo-detector; Extech Model # SDL400) using insulating tape as a 

black mask with hole of 1 cm x 0.8 cm (size of exposed thin film) and calibrated with the X-Y 

direction at 7 cm from the light source. It was validated from the Figure S1a that the light 

illumination is 100 mW.cm-2
 irradiating on the photoanode surface (geometrical area = 1 cm2) after 

placing the sample at the center. Slight error in sample placement will affect (reduce) the light 

illumination intensity on the photoanode surface. An assumed experimental error in the placement 

of photoanodes are in the order of 0.25 cm which provides a representative value to the alignment 

of the photoanode with the naked eye. This led to the light illumination intensity variation in the 

range of 95-100 mW.cm-2 which is small enough to avoid. The PEC measurement was conducted 

in the open environment inside the lab. The other errors such as reflection from glass-air media, 

glass-water interfaces and the electrolyte solution media during measurements would cause further 

decrease in the actual light illumination intensity below 1 sun. For clarity, we have placed the 

sample approximately 2 cm from the edge of the glass. It is worth noting that we followed the 

protocol in the literature1.
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The potential was converted to reverse hydrogen electrode (RHE) as given relationship (eq 1). 

                                      (1)𝐸𝑅𝐻𝐸 = 𝐸𝑆𝐶𝐸
0 + 𝐸𝑆𝐶𝐸 + 0.059 𝑝𝐻

𝑊ℎ𝑒𝑟𝑒  𝐸𝑆𝐶𝐸
0 = 0.2415 𝑉 𝑣𝑠. 𝑅𝐻𝐸, 𝑎𝑡 298 𝐾

Electrochemical Impedance measurement was carried out in frequency range 100 mHz to 100 kHz 

with AC amplitude of 20 mV at 1.23 V vs RHE under 1 sun illumination and using 0.1 M K2HPO4 

electrolyte (pH 8.0). Resistance and capacitance values were estimated by curve fitting using 

Randles circuits in software EC-Lab v11.20 . Electrochemical surface area (ECSA) was estimated 

by analyzing current voltammetry (CV) in the dark (non-faradaic zone) at various scan rate as 

given in litrature2. Flat band (onset) potential was measured by Mott–Schottky at 1 kHz in dark 

with AC amplitude of 20 mV at 1.23 V vs RHE in  0.1 M K2HPO4 electrolyte (pH 8.0) by 

relationship given in eq (2)3.  

                                      (2)

1

𝐶2
=

2

(0𝐴2𝑒𝑁𝐷)
 (𝑉𝑎𝑝𝑝 ‒ 𝑉𝐹𝐵 ‒

𝐾𝐵𝑇

𝑒
)

Where, C is capacitance in space charge region;  is relative permeability which is taken 68 for  

the calculation; 0 is vacuum permeability (8.8 ×10-12 F m-1); A (cm2) is area of photoanode thin 

film; e is charge of electron (1.602 × 10-19 C); ND is number of charge carrier per cm-3 and 

estimated from Mott-Schottky measurement plot (Table S3); Vapp ( vs RHE) applied potential; VFB 

flat band potential estimated from Mott-Schottky plot; KB Boltzmann constant (1.38 × 10-23 JK-

1); T (K) is the temperature at which measurement performed (298K). Width space charge region 

(WSCL) or depletion layer was estimated from eq (3)3.
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                                   (3)
𝑊𝑆𝐶𝐿 =

20

(𝐴2𝑒𝑁𝐷)
 (𝑉𝑎𝑝𝑝 ‒ 𝑉𝐹𝐵 ‒

𝐾𝐵𝑇

𝑒
)  

Theoretical photocurrent calculation:

Calculate light harvesting efficiency (LHE) which is also known as absorption efficiency abs from 

the absorption by given relationship (eq 4)

                                                             (4)𝐿𝐻𝐸 = 1 ‒ 10 ‒ 𝐴()      = 𝑎𝑏𝑠

A: absorbance with wavelength ()

In the next step photon energy and photon flux calculated from AM1.5G solar irradiance with 

wavelength by following relation (eq 3-5). 

                                                                    (5)           𝐸() = ℎ × 𝐶/

                    𝐸():𝑝ℎ𝑜𝑡𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦   ℎ:𝑃𝑙𝑎𝑛𝑘 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡    𝐶:𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑔ℎ𝑡

                                         (6)𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 = ℎ × 𝐶/

                                   (7)𝑃ℎ𝑜𝑡𝑜𝑛𝑠 𝑓𝑙𝑢𝑥 ( ()) = 𝑃()/𝐸()

Finally, theoretical photocurrent calculated assuming 100% incident to photon conversion 

efficiency (IPCE) and by following relationship4,5.

                               (8)

𝐽𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =

2

∫
1

𝑒 ×  () × 𝐿𝐻𝐸 × 𝑑



5

Charge separation and charge transfer efficiency calculation:

Theoretical photocurrent undergoes two major losses bulk and surface recombination which are 

known as charge separation (sep) and charge transfer or charge injection efficiency (trans), given 

relationship eq (9).

                                      (9)
𝐽𝐻2𝑂 = 𝐽𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 × 𝑠𝑒𝑝 × 𝑡𝑟𝑎𝑛𝑠

The transfer efficiency is almost 100% in the presence of hole scavengers, which is given by 

relationship  eq (10)5. 

                                                (10)                        
𝐽𝑁𝑎2𝑆𝑂3

= 𝐽𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 × 𝑡𝑟𝑎𝑛𝑠

Now, sep and trans can be calculated using eq (8-10)

Charge IPCE and APCE calculation:

PCD (Jmono) was measured at different wavelength using light monochromator (Newport CS-130) 

and PARSTAT-2273 galvanostat/potentiostat in 0.1 M K2HPO4 electrolyte (pH 8.0). Light 

intensity (Pmono)coming out of monochromator was measure using power meter (Newport PMKIT-

05-01). IPEC was measured by relationship given in eq (11).

https://www.newport.com/p/PMKIT-05-01
https://www.newport.com/p/PMKIT-05-01
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                                                            (11)
𝐼𝑃𝐶𝐸 =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 

=  
𝐽𝑚𝑜𝑛𝑜 × ℎ × 𝐶

𝑃𝑚𝑜𝑛𝑜 × 

APCE (absorbed photon-to-current conversion efficiency) is calculated as given relationship in eq 

(12)

                                                                                 (12)
𝐴𝑃𝐶𝐸 =  

𝐼𝑃𝐶𝐸
𝐿𝐻𝐸

Integrated current calculation:

Integrated current (Jintegrated) calculated using eq (4-7) and relationship given in eq (13)

                          (13)

𝐽𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 =

2

∫
1

𝑒 ×  () × 𝐼𝑃𝐶𝐸 × 𝐿𝐻𝐸 × 𝑑

Band bending calculation:

Total amount of band bending at WO3 and BiVO4 interface is calculated based on the eq (14)6.

∆𝐸 =  𝐸𝐹,𝑊𝑂3
‒ 𝐸𝐹,(𝑌,𝑊):𝐵𝑖𝑉𝑂4

= 𝑘𝐵𝑇𝑙𝑛 (𝑁𝐷,(𝑌,𝑊):𝐵𝑖𝑉𝑂4

𝑁𝐷,𝑊𝑂3
)

Where,  

 𝐸𝐹,𝑊𝑂3
𝑎𝑛𝑑 𝐸𝐹,(𝑌,𝑊):𝐵𝑖𝑉𝑂4

 𝑎𝑟𝑒 𝑡ℎ𝑒 𝐹𝑒𝑟𝑚𝑖 𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑒𝑣𝑒𝑠 𝑜𝑓 𝑊𝑂3 𝑎𝑛𝑑 (𝑌,𝑊):𝐵𝑖𝑉𝑂4

 𝑓𝑖𝑙𝑚 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦.

𝑘𝐵 𝑖𝑠 𝐵𝑜𝑙𝑡𝑠𝑚𝑎𝑛𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 𝑇 𝑖𝑠 𝑡ℎ𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑎𝑛𝑑  𝑁𝐷,𝑊𝑂3
 & 𝑁𝐷,(𝑌,𝑊):𝐵𝑖𝑉𝑂4

 𝑎𝑟𝑒 𝑡ℎ𝑒 𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑟𝑟𝑖𝑒𝑟 

𝑑𝑒𝑛𝑠𝑖𝑡𝑖𝑒𝑠 𝑓𝑜𝑟 𝑊𝑂3 𝑎𝑛𝑑 (𝑌,𝑊):𝐵𝑖𝑉𝑂4 𝑓𝑖𝑙𝑚 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦.
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Figure S1 (a) Solar light intensity calibration chart with the X-Y direction at 7 cm from the light 
source. Linear sweep voltammetry (LSV) curves for (b) Yb (1 – 5%), (c) Y (2 – 6%) doped BiVO4.
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Figure S2 SEM images of (a) BiVO4 (b) Yb:BiVO4 (c) Y:BiVO4 (d) W:BiVO4. (e) Raman spectra 
of pristine BiVO4, Yb:BiVO4, Y:BiVO4, W:BiVO4, (Yb,W): BiVO4 and (Y,W):BiVO4 photoanodes. 
XPS spectra of (f) Bi 4f, (g) V 2p, (h) Yb 4d, (i) Y 3d and (j) W 4f. 
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Figure S3 (a) Calculated LHE plot, (b) reflection plot, (c) sep plot, (d) trans plot of pristine BiVO4, 
Yb:BiVO4, Y:BiVO4, W:BiVO4, (Yb,W): BiVO4 and (Y,W):BiVO4 photoanodes. (e) Cyclic 
voltammetry in dark at 20 mV/sec in 0.1 M K2HPO4.

In order to understand the recombination center or reaction sites at the photoanode surface and 

electrolyte interface, CV measurement performed in K2HPO4 electrolyte from potential 0.45 to 2.5 

V vs RHE in the dark (Figure S3e). The observed cathodic peak at ~1.45 V vs RHE describes the 

surface reaction given in eq 147.

          (14)𝑉𝑂2
+  (𝑠𝑢𝑟𝑓𝑎𝑐𝑒) + 2𝐻 +  (𝑎𝑞) + 𝑒 ‒

𝑖𝑛𝑗𝑒𝑐𝑡 → 𝑉𝑂2 +  (𝑠𝑢𝑟𝑓𝑎𝑐𝑒) + 𝐻2 
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Surface reaction VO2
+/VO2+ is irreversible direct that charge transfer from trap sites (termed as 

surface state) and detrapping process is slow which lead to accumulation of charges in the trap 

sites and then increases recombination (eq 15)5.

    (15)𝑉𝑂2
+  (𝑠𝑢𝑟𝑓𝑎𝑐𝑒) + 2𝐻 +  (𝑎𝑞)      (𝑒 ‒

𝑝ℎ𝑜𝑡𝑜 + ℎ𝑡𝑟𝑎𝑝)𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛       𝑉𝑂2 +  (𝑠𝑢𝑟𝑓𝑎𝑐𝑒)

Since the peak potential is greater than the water oxidation potential (1.23 V vs RHE), the potential 

range for this state extend over the water oxidation in dark.  W:BiVO4 photoanodes shows smaller 

peak intensity compared to other photoanodes which depicts the low number of trap sites formation 

which lead to higher PEC performance. The peak intensity (estimated by peak ~1.45 V vs RHE 

fitting using Matlab software) decreasing sequence is as follows: W:BiVO4  (Y,W):BiVO4 > 

(Yb,W):BiVO4 > Y:BiVO4 > Yb:BiVO4 > BiVO4.

The formation of heterojunction and surface OER catalyst over photoanodes revealed that the 

WO3/(Y,W):BiVO4/Fe:NiO/Co-Pi photoanode shows the best performance rather than 

WO3/W:BiVO4/Fe:NiO/Co-Pi. The observed phenomena is explained by the formation of 

recombination centers on the electrode surface (surface states) with Y/Yb doping along with W7. 

The SS has been reported to influence charge transfer at the semiconductor electrode/electrolyte 

interface because they can work as reaction sites and/or recombination centers on the electrode 

surface8. Doping of Y and Yb enhanced light absorption efficiency (Figure 3b) better than W doped 

BiVO4 sample. However, there are formation of recombination centers on the BiVO4 photoanode 

surface (surface states) with Y& Yb doping and it remain even along with W co-doping. As given 

in above supporting Figure S3e, the SS has been reported to influence charge transfer at the 

semiconductor electrode/electrolyte interface because they can work as reaction sites and/or 

recombination centers on the photoanode surface. The irreversible peak (VO2
+/VO2+ at ~ 1.45 V 
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vs RHE, Figure S3e) intensity values follow the order: (Yb,W):BiVO4 > (Y,W):BiVO4 > 

W:BiVO4, indicating formation of large number of recombination sites for the (Yb,W):BiVO4 and 

(Y,W):BiVO4 photoanodes. This is a direct evidence for the PCD with the following order: 

(Yb,W):BiVO4 < (Y,W):BiVO4 < W:BiVO4. However, after forming heterojunction (WO3) and 

surface catalyst Fe:NiO/Co-Pi, the additional enhancement in the PCD performance of 

WO3/(Y,W):BiVO4/Fe:NiO/Co-Pi photoanode is due to effectively utilizing individual properties 

of Y and W in co-doped sample. The extended absorption behavior of Y (increased abs) facilitates 

generation of increased charge pairs, WO3 film help in transfer of highly mobile electrons from 

bulk to FTO interface and OER catalyst layer help in increasing charge transfer at the surface 

electrolyte interface5. On the other hand, PEC performance of WO3/W:BiVO4 photoanode did not 

increase very significantly because W helps in the charge separation and generation of free charge 

carriers in the bulk. But there are no additional charge carriers generated as it was observed in Y 

or Yb doping due to extended absorption.              
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Figure S4. (a) Equivalent Randles circuit, (b) electrochemical surface area (ECSA) plot for 
pristine BiVO4, Yb:BiVO4, Y:BiVO4, W:BiVO4, (Yb,W): BiVO4 and (Y,W):BiVO4 photoanodes. 
Cyclic voltammetry curves in dark for (c) pristine BiVO4, (d) Yb:BiVO4, (e) Y:BiVO4, (f) W:BiVO4, 
(g) (Yb,W): BiVO4 and (h) (Y,W):BiVO4 photoanodes. The dark current measured at 1.03 V vs 
RHE. 
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Figure S5. (a) PCD values after catalyst Fe:NiO and Co-Pi at 1.23 V vs RHE. (b-d) Transient 
current plots measured for 10 sec at 1.23 V vs RHE in 0.1 M K2HPO4 electrolyte at 1sun 
illumination, (e) current onset plot, (f) shift in conduction band edge for BiVO4, WO3/W:BiVO4, 
WO3/(Y,W):BiVO4  and WO3/(Y,W):BiVO4/Fe:NiO/Co-Pi photoanode, (g) UV-vis absorption 
spectra, absorption efficiency (inset), (h) sep plot, (i) trans plot for WO3/W:BiVO4, 
WO3/(Y,W):BiVO4  and WO3/(Y,W):BiVO4/Fe:NiO/Co-Pi photoanodes. 
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Figure S6 (a) Open circuit potential (∆OCP), (b) space charge width (SCL) plot for 
WO3/W:BiVO4, WO3/(Y,W):BiVO4  and WO3/(Y,W):BiVO4/Fe:NiO/Co-Pi photoanodes.
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Table S1. Cell parameters evaluated from Rietveld refinement for pristine BiVO4, Yb:BiVO4, 
Y:BiVO4, W:BiVO4, (Yb,W): BiVO4 and (Y,W):BiVO4 samples.

Photoanode
Lattice 

parameter, 
a (Å)

Lattice 
parameter, 

b (Å)

Lattice 
parameter, c 

(Å)

Angle
(Degree) Volume, (Å 3)

BiVO4 5.1758 5.1079 11.6707 89.9270 308.5515
Yb:BiVO4 5.1759 5.1002 11.6811 89.9985 308.3630
Y:BiVO4 5.1808 5.1034 11.6579 89.9905 308.2370
W:BiVO4 5.1759 5.1042 11.6743 89.9975 308.42133

(Yb,W):BiVO4 5.1768 5.09729 11.6841 89.9990 308.3204
(Y,W):BiVO4 5.1808 5.1034 11.6571 89.9989 308.2101

Table S2. Calculated parameters pristine BiVO4, Yb:BiVO4, Y:BiVO4, W:BiVO4, (Yb,W): BiVO4 
and (Y,W):BiVO4 photoanodes.

Photoanodes Jtheoretical 
(mA.cm-2) abs (%) sep (%) trans (%) abs × sep × 

trans (%)
Band gap 

(eV)
BiVO4 7.5 62 ± 3 26 ± 1.4 8 ± 0.4 1.29 ± 0.07 2.51

Yb:BiVO4 9.6 68 ± 3.2 34 ± 1.8 12 ± 0.5 2.77 ± 0.14 2.37
Y:BiVO4 9.6 73 ± 4 38 ± 2 14 ± 0.8 3.88 ± 0.2 2.29
W:BiVO4 7.5 63 ± 3.1 79.5 ± 4 55 ± 2.8 27.55 ± 1.38 2.51

(Yb,W):BiVO4 9.6 71 ± 3.5 67.5 ± 3.4 28 ± 1.5 13.42 ± 0.7 2.37
(Y,W):BiVO4 9.6 77 ± 3.9 73 ± 4 36 ± 1.8 20.24 ± 1 2.29

Rb (k) Rs (kW) Cb (F) Cs (F) AECSA (cm2) ND (cm-3) PCD 
(mA.cm-2)

2.1 ± 0.1 4.33 ± 0.22 409 ± 20.4 36.5 ± 1.9 0.44 ± 0.024 2.8916E+19 0.095 ± 
0.005

1.82 ± 0.094 3.81 ± 0.19 242 ± 12.5 83.2 ± 4.2 0.56 ± 0.03 3.0116E+19 0.26 ± 0.013
1.64 ± 0.083 3.62 ± 0.18 173 ± 8.7 190 ± 9.5 0.68 ± 0.035 3.7816E+19 0.37 ± 0.17
0.48 ± 0.025 0.85 ± 0.043 5.4 ± 0.45 410 ± 20.5 1.16 ± 0.06 1.07236E+20 2.2 ± 0.13
0.51 ± 0.056 1.19 ± 0.06 8.3 ± 0.52 334 ± 17 0.92 ± 0.1 9.62267E+19 1.29 ± 0.06
0.49 ± 0.024 0.96 ± 0.05 6.27 ± 0.48 387 ± 20 1.05 ± 0.055 1.04236E+20 1.94 ± 0.1
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Table S3. Calculated parameters WO3/W:BiVO4, WO3/(Y,W):BiVO4 and 

WO3(Y,W):BiVO4/Fe:NiO/Co-Pi photoanodes.

APCE (%) JIntegrated 
(mA.cm-2) PCD (mA.cm-2) PCD with hole scavangers 

(mA.cm-2)
4 ± 0.18 0.15 ± 0.0075   
51 ± 2.5 2.6 ± 0.15 2.48 ± 0.12 4.78 ± 0.28
82 ± 2.6 4.38 ± 0.22 4.32± 0.22 7.6 ± 0.4

~ 98 5.81 ± 0.3 5.77 ± 0.3 7.8 ± 0.5

Photoanodes
Jtheoretical 
(mA.cm-

2)
abs (%) sep (%) trans (%)

abs × 
sep × 
trans (%)

Total 
charge 

recobine 
(%)

ND (cm-3)

BiVO4      90 ± 5 2.8916E+19
WO3/W:BiVO4 7.5 71 ± 3.6 92 ± 4.8 50.5 ± 2.5 33 ± 2.5 42 ± 2 1.14522E+20

WO3/(Y,W):BiVO4 9.6 84 ± 4.5 94 ± 4.7 57 ± 3 45 ± 2.9 31 ± 2 1.26141E+20
WO3/(Y,W):BiVO4/Fe:NiO/Co-

Pi 9.6 84 ± 4.5 98 ± 5 73 ± 4 60 ± 3.7 19 ± 1.2 2.95041E+20

Vonset (V 
vs RHE)

VFB (V vs 
RHE)

∆OCP (V 
vs RHE)

WSCL 
(nm)

Band Bending 
(mV vs RHE) AECSA (cm2) IPCE (%)

0.23 0.21  16.24 0 ± 0 3.3  ± 0.17
0.18 0.15 0.3 8.43 35.34 ± 1.8 1.2 ± 0.025 45  ± 2.15
0.11 0.08 0.24 8.29 37.83 ± 1.9 1.35 ± 0.08 73  ± 3
0.07 0.03 0.15 5.67 60 ± 0.3 1.46 ± 0.1 97 ± 4.5
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