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1. Calculation of charge separation and charge injection efficiency [1, 2]
The photocurrent density generated by PEC water oxidation can be described by the
following formula:

x P x P

IpEC = Jabsorbed charge separation charge injection
Where J,psorved 18 the photocurrent density generated by the complete conversion of the
the absorbed irradiation absorbed by the material, which is constant with fixed
semiconductor photocatalyst and lighting source. Pcharge separation 18 the charge
separation yield of the photogenerated charge carriers. Pcharge injection 18 the charge
injection yield from electrode to electrolyte, which reflects the efficiency of water
oxidation process. This equation reflects the energy loss in different reaction
processes of PEC water oxidation reaction.

To obtain detailed information on the efficiency of each process, the widely used hole
scavenger Na,SO; (0.1 M) was added to the electrolyte (0.5 M Na,SO,), and all the
holes collected on the surface were consumed. By this way, the charge injection
efficiency was 100% to further determine the charge separation efficiency. As

described above:

JNazSO3 - Jabsorbed x Pcharge separation

Therefore, the charge separation and charge injection efficiency can be calculated as

follows:
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2. Calculation of the carrier concentrations (Np )and the width of space charge
layer (dsc) [1, 3, 4]

The carrier concentrations can be calculated quantitatively according to the Mott-
Schottky equation as below:
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The constant C on the left side of the formula is the space charge capacitance in the
semiconductor, while the constants Np, e, € and € on the right side of the formula are
the carrier density, elemental charge, permittivity of a vacuum and relative
permittivity of the semiconductor, respectively. The constants E, Eg, T and k in
parentheses are the applied potential, flat band potential, temperature and Boltzmann
constant, respectively. In addition, the carrier density (Np) and the width of space

charge layer (dsc) could also be quantified by the following equation:
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wheree=1.6 x 107 C,K=1.38x 108 J/K, T=298 K, ¢y=8.86 x 10712 F/m and ¢
=20 F/m for WOs;.

3. The measurement of electrochemical surface area (ECSA) [5, 6]

The ECSA values were estimated by determining the double-layer capacitance of the
system from CV. First, a non-Faradaic region was identified from CV in quiescent
solution. And all the measured currents in this region were assumed to be from the
double-layer charging. Based on this assumption, the charging current (i) was equal
to the product of electrochemical double layer capacitance, Cq and the scan rate (v),

as shown in the following equation:
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Plotting i. as a function of v yields a straight line with a slope of Cy;. So, the ESCA of
the photoelectrode can be calculated through dividing Cg4 by the specific capacitance

of the sample as shown in in the following equation:

Here we used a general specific capacitance of 0.040 mF cm for the metal oxide.
4. The specific optimization processes of photoanode materials

The electrochemical reduction voltage and time of WO; were optimized with
respect to the PEC performances for RhB degradation and H, evolution. As shown in
Fig. S1-2, the WO; photoanode exhibited the highest PEC performances for the RhB
degradation and H, evolution after the electrochemical reduction at 3.76 V vs. NHE
for 60 min. The optimized conditions were also supported by FESEM observations
(Fig. S3). When the electrochemical reduction voltage exceeds 3.76 V vs. NHE, or the
electrochemical reduction time was extended for more than 60 min, as observed in
Fig. S4-5, the monoclinic structure of WO;3 was maintained, but it porous cotton-like

morphology collapses, which might be detrimental to a PEC process.
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Fig. S1. (a) PEC RhB degradation and (b) H, evolution rate over the WO;

photoanodes electrochemically reduced under different voltages for 40 min.
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Fig. S2. (a) PEC RhB degradation and H, evolution rate over the WO; photoanodes

electrochemically reduced under -3.76 V vs. NHE for different time.
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Fig. S3. FESEM images of the porous cotton-like WO; photoanodes
electrochemically reduced under different conditions: (a) -3.76 V vs. NHE for 40 min,

(b) -4.76 V vs. NHE for 40 min, (c) -3.76 V vs. NHE for 60 min, (d) -3.76 V vs. NHE

for 80 min.
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Fig. S4. XRD patterns of the samples with different electrochemical reduction

voltages..
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Fig. S5. XRD patterns of the samples with different electrochemical reduction times.
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Fig. S6. Cyclic voltammograms of (a) WOj; and (b) E-WO; photoanodes respectively.

(c) Electrochemical surface area measurements of WO; and E-WO; photoanodes.
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Fig. S7. Nyquist plots of the WO3; and E-WO; photoanodes at open circuit voltage.
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Fig. S8. The linear sweep voltammetry (LSV) measured by WO; and E-WO;
photoanodes (a) in 0.5 M Na,SO, solution (in water) and (b-c) with a further addition

of 0.1 M Na,SO; solution (in hole scavenger).
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Fig. S9. (a) Schematic illustration for PEC system using the E-WO; photoanode. (b)

Degradation efficiencies of different pollutants (RhB, and 4-CP) under light

irradiation without any catalysts.
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Fig. S10. The current density stability tests for WO3; and E-WO; photoanodes in an
aqueous solution of Na,SO, (0.5 M).
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Fig. S11. (a) XRD patterns (b) XPS survey spectra of the E-WOj; photoanode after ten
cycles of 2 h activity tests.
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Fig. S12. Mott-Schottky plots of WO3 and E-WO; photoanodes measured at fixed
frequencies of 1000 Hz.

Table S1. Fitting results of Mott-Schottky plots and indirect inter-band transition
energy for the WO; and E-WO; photoanodes.

Samples Eg, Ecgp Eg (eV) Evg
WO, 0.45 0.02 2.70 2.72
E-WO; 0.34 -0.04 2.70 2.66

S9



Table S2. The carrier concentrations (Np) in WO; and E-WOj; photoanodes obtained

by Mott-Schottky plots measured at 1000 Hz and space charge layer (dsc) values.

Samples WO; E-WO;
Np (cm™) 7.49x10%8 1.25x10%
dsc (nm) 9.42 8.21

Table S3. The overview on the application of different WOj3; based photoanodes with

different morphologies in PEC field.

H, and O,
Morphology/crystal Synthesis evolution/
structure method Electrolyte = Photocurrent Pollutants References
removal
Ijrzléolriig’ciﬁiﬁzj’ Pulsed laser 0.1M 1.9 mA/cm? at 143 Hrrzlzol*h'l 7]
.. deposition Na,SOy 1.6 Vvs. RHE O
monoclinic 0O,: -
HzZ
0.5M .
Layered porous RF plasma Na,SO,4+ 6.3 mA/cm? at 187.6 pmol*h
microstructur/ . O;: [8]
monoclinic sputtering 1.2M 1.0 Vvs. SCE 93.2 pmol*h'!
CH;0H '
1.61 mA/cm? at
3D nanowalls/ 0.1M 1.23 V vs. H,: -
monoclinic Hydrothermal Na,SO,4 RHE 0O,: - 7]
1.06 mA/cm? at
Nanorods/ Two-step 0.1 M 1.23 Vvs. Hy: - [10]
monoclinic flame heating Na,SO, RHE 0O, -
Chemical
10 mg/L 4- ’
Nanoplgte;/ bat.h. CP+0.1M 1.38 mA/cm? at 98.9 % 4-CP (1]
monoclinic deposition 1.2 Vvs SHE
Na2804
method
Nanoplate/ Modified 10 mg/LL  2.37 mA/cm?at 1 0
monoclinic hydrothermal  Phenol + 0.1 V vs. SCE. >8 % Phenol [12]
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method M KPB
Dense layer,
nanoplate arrays, 0.5M 1.81 mA/cm? at H,: - [13]
tiny particles/ Hydrothermal Na,SOy4 1.23 V vs. RHE O,: -
monoclinic
H,: 16.05
pumol*h-!
5 mg/L RhB 100 % RhB, 90
> 0 0
) ) MB, 4-CP, 0.31 mA/cm? at 7o MB, 60 %
Porous coral-like/ Anodic MO, 19.2 % 4-
.. o BPA and 0.5V vs. [14]
monoclinic oxidation CP,57.1 %
PFOA + 0.5 Ag/AgCl
M Na-SO BPA and 44.2
A5 % PFOA
Nanoplates and
hexagonal a two-step 20 mg/L ) 0
prisms/hexagonal- hydrothermal BPA +0.1 M 3.6 mA/em? at 99.8 % of [15]
. 1.2 Vvs. RHE BPA
monoclinic phase method Na,SO4
junction
Chemical 20 me/L
Nanoplate/ bath TC.H Cig vl 1.4 mA/cm? at 99 % TC-HCI, [16]
single crystal deposition M Na.SO 1.23 Vvs. RHE  97.8 % NOR
method 2o
Rl}?Bmffé H,: 226.81
. Anodic o’ 39mA/cm?at  pmol*h*cm™
Porous cotton-like/ |ty iy MB.4-CPH 4 55 SCE - 100 % dyes and Our work
monoclinic 0.5M
Né 30 90.8 % 4-CP
2904
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