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Photoelectrochemical measurements

The PEC tests were carried out using a CHI660D workstation and a standard three-electrode
system in a 1 M NaOH solution, illuminated by simulated sunlight AM 1.5 G (100 mW cm?)
over a test area of approximately 0.1 cm?. Photoelectrochemical impedance spectroscopy (PEIS)
measurements were conducted under light conditions by applying a 10 mV AC perturbation in
the frequency range of 0.1 Hz-10° Hz at 1.0 Vryg, and Mott-Schottky tests were performed at
1 kHz under dark conditions. The carrier concentration (N4) was subsequently calculated

according to the following equation:

where ¢ is the dielectric constant of a-Fe,03, gy represents the vacuum permittivity (8.854x10-
4 F cm™), ey is the elementary charge (1.602x10"° C), and C is the space charge layer
capacitance (F cm™). ! In this work the surface roughness and nanorod dimensions of the
photoanode are also considered, the calculation of carrier concentration incorporates the surface

roughness factor (Ag): ?

1
N
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Furthermore, the relationship between the surface roughness factor and the specific surface

area of the photoanode has been expressed by this formula :

As
SSA=—
pt

where SSA is the specific surface area (m? g!), p is the density of a-Fe,0s, t is the (average)



thickness of the film (set as 250 nm), Ag is the surface roughness factor (dimensionless).
The efficiencies for surface charge injection (ng,f) and bulk charge separation (Mpu) were

derived from:

Ju,
Nsurf = - X 100%
H,0,
-] 2Y2
Motk = 2 X 100%
]abs

where Jip0 and Jipno, are the photocurrent densities (mA ¢m2) measured in 1 M NaOH with
and without 0.5 M H,0,, respectively; J.; is the calculated photocurrent density (mA cm)

assuming complete conversion of absorbed photons. !

fiz yi (mW)
Jabs_ j'l 1240 Pabs(i)di sz

where I, is the integrated current density (mA cm?), P, is power of light actually
absorbed by the photoanode (mW c¢m nm!). 3
By applying the equation to the impedance values obtained from fitting the PEIS data, the

charge transfer efficiency (Ny.ns) can be determined.

Rtrap

Ntrans™ Rtrap+Rct

where Ry, 1s the bulk resistance and R is the interfacial charge transfer resistance of the
equivalent circuit model in Figure 2d.?
The incident photon-to-current conversion efficiency (IPCE) at 1.23 Vgyg, across 300-

650 nm, was calculated as:

1240 Ju
IPCE = == 5 219 100%
A Prgne




where Jj;gn is the photocurrent density (mA cm™), A is the wavelength (nm), and Pj;gn denotes
the light intensity at the corresponding wavelength (mW ¢m? nm!). 4
The ABPE (applied bias photon-to-current efficiency) was evaluated using the equation

below.:

Jx (123 —E)
ABPE = - x 100%

where J is the photocurrent density (mA cm2), E is the applied potential, and P is the incident
power density. >

The electrochemically active surface area (ECSA) was evaluated by determining the
double-layer capacitance (Cy) through cyclic voltammetry (CV) conducted at scan rates from
20 to 100 mV s! in 20mV s! intervals. The value of Cq was obtained from the slope of the
linear fit between capacitive current density and scan rate.’

The carrier lifetimes are calculated by:

TI’[:-

xsT (dOCP)'l
e \ dt

doCP

where t,, kp, T, e, and are the carrier lifetime, Boltzmann’s constant, temperature (K),

charge of single electron, and derivative of the OCP transient decay, respectively.
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Figure S1. Schematic illustration of the synthesis processes for Fe,O3 and Fe,O53 (LV).
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Figure S2. Schematic illustration of the synthesis processes for In-Fe,Os.
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Figure S3. XRD patterns of Fe,0;, Fe,O;3 (LV), In- Fe,O3 (LV) with the reference data of -

F6203.
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Figure S4. (a) N, adsorption-desorption isotherms and the corresponding BET values of Fe,Os,

Fe,0; (LV) and In-Fe, 05 (LV), respectively. (b) HRTEM images of In-Fe,O; (LV).
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Figure S5. (a) TEM image and (b) elemental mappings of Fe,Os3, respectively.
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Figure S6. (a) TEM image and (b) elemental mappings of Fe,Os3 (LV), respectively.
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Figure S7. J-V curves of Fe,O3 (LV) with different concentrations of InCl; solution (30, 60,

90, 120 mg mL1).
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Figure S8. J-V curves with and without H,O, (0.5 M) for (a) Fe,03, (b) Fe,O3 (LV) and (c) In-

Fe,O; (LV), respectively.
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Figure S9. (a) Surface charge separation efficiency (ng,f) and (b) bulk charge separation

efﬁciency (T]bulk) of F6203.
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Figure S10. (a) Bulk charge separation efficiencies (Npux) and Anpui of Fe;O3 (LV) and In-
Fe,O5 (LV). (b) Calculated current density flux and integrated current density (J,ps) of In-Fe,O;

(LV), F6203 (LV) and F6203.
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Figure S11. Mott-Schottky plots and Ny values of Fe,0;, Fe,0; (LV) and In-Fe,O5 (LV).
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Figure S12. (a-e) Transient photocurrent densities of Fe,O;, Fe;O; (LV) and In-Fe,O3 (LV) at

0.93, 1.03, 1.13, 1.23 and 1.33 Vgyg, respectively.
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Figure S13. (a) OCP transient decay curves and (b) SPV curves of Fe,0;, Fe,O3 (LV) and In-

F6203 (LV)

17



—
Q
~

—Fe,0,4 (b) T,e=1.61Ns o Fe,0,
—Fe,0,(LV) e =4.60ns @ Fe,0,(LV)
. ——In-Fe,0, (LV) 10* 4 1,,.=8.99ns o In-Fe,0,(LV)
3 3
S o
= 810°;
a c
g 3
£ o
102 4
CJ
4 ! T L) ¥ 101 g T T T
400 450 500 550 600 650 0 10 20 30 40 50
Wavelength (nm)

Time (ns)

Figure S14. (a) Steady-state PL and (b) TRPL of Fe,03, Fe,0O3 (LV) and In-Fe,O5 (LV).
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Figure S15. CV curves of (a) Fe,0;, (b) Fe,O5; (LV) and (d) In-Fe,O3 (LV) measured at
different scan rates (20, 40, 60, 80 and 100 mV s™). (d) Linear relationship of the capacity

currents at 0.65 Vyyg against the scan rates for Fe,O;, Fe,O3 (LV) and In-Fe, O3 (LV).
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Figure S16. (a) UV-visible absorption spectra and (b) the derived Tauc plots of Fe,O;, Fe,O;

(LV) and In-Fe,05 (LV).

20



(a)s - @ In-Fe,0, (LV) (b) In-Fe,0; (LV)
n.aE go| — Calculate H,
4l G —— Calculate O,
IO L L L L L T I ey
N g 604 9 H:
§3 B 3 - @- 02
< 3
éz | E 40 |
- >
4
1l @ 20 -
O
0 - - : . e
0 20 40 60 80 0 10 20 30 40 50 60 70 80
Time (min) Time (min)
(c) (d)
- -7 7 4
2.0 4 Slzope =3.58x10 2.0 Slope =3_40x10-6
R%=0.998 R2=0.997
1.5 4 .
s s
E E
1.0 1.
T o]
0.5 -
0.0 0.0

1x10% 2x10° 3x10® 4x10° 5x10° 6x10° 1x105 2x10° 3x10° 4x10° 5x10° 6x10°
Peak area (a.u.) Peak area (a.u.)

Figure S17. (a) I-t curve used for Faradaic efficiency and (b) H, and O, evolution curves using

In-Fe,O3 (LV) as the photoanode. (c) The calibration curve between the peak area and amount

of H,. (d) The calibration curve between the peak area and amount of O,.
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Figure S18. Chopped light chronoamperometry curve of In-Fe,O3 (LV) at 1.23 Vgyg.
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Figure S19. (a) Enlarged J°-V curves of Fe,03, Fe,0; (LV), In-Fe,03 (LV) and FeNiOOH-In-

Fe,O; (LV). (b) TRPL of Fe,O5 (LV), In-Fe,O5 (LV) and FeNiOOH-In-Fe,O; (LV).
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Figure S21. (a) PEIS spectra and (b) ABPE of Fe,O; (LV), In-Fe,O5 (LV) and FeNiOOH-In-

F6203 (LV)

25



(a)s @ FeNiOOH-In-Fe,0, (LV) (b) 100 JEH, B0,
B o i SRS S ot g "
53 = 60
E w
[T

32 “

1 204

0 s : : . . 0 a

0 30 60 90 120 150 30 60 a0 120 150

Time (min) Time (min)

Figure S22. (a) I-t curve used for Faradaic efficiency and (b) Faradaic efficiencies (FEs) of

FeNiOOH-In-Fe,O; (LV) at 1.23 Vyyg.
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Figure S23. (a) XPS survey scans of Fe,03, Fe;O3 (LV) and In-Fe,O; (LV). High-resolution

spectra at Fe 2p of Fe,O; (b) and Fe,O3 (LV) (¢). High-resolution spectrum of In,O3/In reference

at In 3d (d). (e) The EPR data of Fe,03, Fe,O5 (LV) and In-Fe,O5 (LV).
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Figure S24. (a) Fe K-edge XANES spectra and (b) k3-weighted Fourier-transform spectra from
EXAFS for Fe,0;, In-Fe,03, Fe,0O5 (LV) and In-Fe,O5 (LV). (¢) J-V curves of Fe,O;3 and In-

F6203.
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Table S1. Parameters of the equivalent circuit elements.

R, (Q) Cou (UF) Rirap (€2) Crrap (UF) Ry ()
Fe,0s 12.120.1 25.6£1.2 109.6£1.9  278.6+7.1 354.124.0
Fe,Os (LV) 11.2+0.1 33234631 29.183.6 3249536  460.7+4.8
Tn-Fe,05 (LV) 9.720.1 41204655 26822  607.8+614  58.0+2.0
FeNIOOH-In-Fe.05 g 5 0.1 137.0+8.4 34.0£12 167101032 23.0£13

(LV)
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Table S2. Comparison of the photocurrents on hematite-based photoanodes (at 1.23 Vgryg).

Electrodes Solutions J (mA cm?) Reference
FeNiOOH-In-Fe,0; (LV) 1 M NaOH (pH 13.6) 4.32 This work
FeNiOOH-P-Hf-Fe,05 (LV) 1 M NaOH (pH 13.6) 5.24 1
NiFe(OH),/ Ge:Ti:Sn—Hy, 1 M NaOH (pH 13.6) 5.10 4
FeNiOOH—Ge-Fe,0; (LV) 1 M NaOH (pH 13.6) 5.09 5
NiFeOy@Ge-PH 1 M NaOH (pH 13.6) 4.60 6
ZMO/ZNH/FS/FCN 1 M KOH (pH 13.6) 4.57 7
DASs Ru-P:Fe,04 1 M KOH (pH 13.6) 4.55 8
H-0.5A1-3.0Zr/NiFeOy 1 M NaOH (pH 13.6) 4.50 9
Ti-PH+L-Cys 1 M NaOH (pH 13.6) 4.45 10
NiFeO,/Si:Ti-Fe,04 1 M NaOH (pH 13.6) 4.30 11
Fe,O3 (Ti) MCs 1 M NaOH (pH 13.6) 4.30 12
NiFeO,/P:Sn:Ti-Fe,O; 1 M NaOH (pH 13.6) 4.30 13
Ti-Fe,05/FeS/FeOOH 1 M KOH (pH 13.6) 4.25 14
Sb<3*:/Sb*>*:Fe,0; p-n
1 M NaOH (pH 13.6) 4.21 3
homojunction-NiCoFe(OOH),
FeNiOOH-CoMo-Fe,0; (LV) 1 M NaOH (pH 13.6) 4.18 15
NiCoFe(OH),-Hf:Fe,O3@HfO, 1 M NaOH (pH 13.6) 4.13 16
Co-Ci/Zr-Fe, 05 (LV) 1 M NaOH (pH 13.6) 4.10 17
NiFeO,/Ti:Si-Fe, O3
1 M NaOH (pH 13.6) 4.00 18
(Dual photoanode)
Sas Pt: Fe,05-0, 1 M KOH (pH 13.6) 3.65 19
F/Sn: Fe,0; 1 M NaOH (pH 13.6) 3.64 20
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Ti-Fe,05-Joule-FeNiOOH 1 M NaOH (pH 13.6) 3.59 21
CoP/Sn0,:Fe, 05 1 M NaOH (pH 13.6) 3.54 22
Fe,05/Fe,TiOs/LDH 1 M NaOH (pH 13.6) 3.54 23
F/Co-CN/FeNiOOH 1 M KOH (pH 13.6) 3.50 24
RuFe,(OH)x/Eu, Nb:Fe,O3 1 M NaOH (pH 13.6) 3.49 25
InO, layer/Fe, 03 1 M NaOH (pH 13.6) 3.40 26
NiFe(OH),/Ta:Fe,O;@Fe,04 1 M NaOH (pH 13.6) 3.22 27
ZnFe,04/Fe,04 1 M NaOH (pH 13.6) 3.17 28
a-Fe,03/ZnO/CoTCPP/FeOOH 1 M NaOH (pH 13.6) 3.07 29
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Table S3. The XPS fitting parameters of In-Fe,O53 (LV), Fe,O3 (LV), Fe,O3 and In,O5/In.

Binding energy (eV)
. Fe2p,), Fe2p,, Fe 2p
Fe" 2p
709.9 723.5 /
Fe2p,, Fe2p, , satellite
Fe,0, Feo 2p
711.1 724.7 718.7 732.9
O, Oy Oon
Ols
529.9 531.1 532.4
Fe2p,, Fe2p, , Fe 2p
2+
Fe" 2p
709.9 723.5 716.3
Fe2p,, Fe2p, , satellite
Fe,0, (LV) [ Fe’" 2p
711.1 724.7 718.7 732.3
O, Oy Oon
Ols
529.9 531.1 532.4
. Fe2p,, Fe2p,, Fe2p
Fe" 2p
709.8 723.6 716.0
Fe 2p3/2 Fe 2p1/2 satellite
Fe'' 2p
In-Fe,O, 711.0 724.9 718.7 732.8
(LV) O, O, Oox
Ols
529.9 531.1 532.4
N In 3d,,, In 3d,,
In" 3d
4442 451.7
. In 3d;), In3d,,
In" 3d
4431 450.6
In,0,/In
. In 3d,,, In3d,,
In" 3d
444.2 451.8
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