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Materials and Reagents

FeCl;-6H,0 and urea were purchased from Aladdin Industrial Corporation. KOH and
Na,SO; were purchased from Sinopharm Chemical Reagent Co., Ltd. Co(NO3), 6H,0,
Ni(NOj3),-6H,0O, and sodium citrate were purchased from Tianjin Guanghua
Technology Development Co., Ltd. Deionized (DI) water (18.2 MQ cm) used in this
work was obtained from a Molecular Lab water purifier. Before the experiments,
fluorine-doped tin oxide-coated glass (FTO, < 15 Q sq’!, Nippon Sheet Glass Co., Ltd.)
was cut into 1 x 2.5 cm and was ultrasonically cleaned with acetone, ethanol and DI
water for 20 min each. All reagents above were analytical grade and were used without

further purification.



Characterizations

The morphology of all photoanodes were characterized by a field emission scanning
electron microscopy (SEM; Hitachi S-4800). Transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) associated with an X-ray energy-dispersive
spectrometer (EDS) were analyzed on a Tecnai G?Tf20 transmission operated at 200
kV. The crystallization was studied by the X-ray diffraction spectra (XRD), conducted
on a Rigaku D/max-2400 diffractometer with the X-ray source of Cu Ka radiation and
data were collected in Bragg—Brentano mode with a scan rate of 0.2° s7! in the range of
10°-90°. The surface bonding information was analyzed by X-ray photoelectron
spectroscopy (XPS) measurements, operated on a Kratos Axis Nova X-ray
photoelectron spectrometer with a monochromated Al Ka X-ray source, operating at
15 kV and 10 mA and referenced to the C 1s peak (284.8 eV). Raman spectra were
researched Via Renishaw confocal spectroscopy with 633 nm laser excited, and the
sample side of photoanode faced the laser source. The light absorption abilities of all
samples were measured with UV/Vis absorption spectra (Hitachi U-4000) with BaSO,4

as the reference.
Photoelectrochemical (PEC) measurements

The PEC measurements of all photoanodes were achieved on the CHI760E
electrochemical workstation (CH Instruments Co.) in a standard three-electrode system,
which containing the photoanodes (WE), a Pt fossil (1 x 1 cm?, CE), a saturated
Ag/AgCl electrode (RE). All PEC measurements were performed in the 1 M KOH
electrolyte (PH=13.6), and the effective work area of the photoanodes was adjusted to
1 cmx 1 em?. A 300 W xenon arc lamp (Perfect Light solar simulator) equipped with
an AM 1.5 G filter was employed as the light source, and the light intensity on the
electrode surface was adjusted to 100 mW cm™ (1 sun illumination). Linear sweep

voltammetry curves were obtained with a scan rate of 5 mV s'! in the potential range of
0.5 V~1.6 V vs. RHE. A monochromator was utilized to measure the incident

photon-to—-current efficiency (IPCE) with a 300 W Xe lamp as the



simulated light source. Mott-Schottky (M-S) curves were gained at the
dark condition and with a fixed frequency of 1 kHz with a scan rate of
20 mV-'. Electrochemical impendence spectroscopy (EIS) was obtained at
a 1.23 V vs. RHE under light with an ac voltage amplitude of 5 mV over

a frequency range from 107" to 108 Hz, and was fitted by ZView software.

Equations in this work

1. The measured potential was converted to the reversible hydrogen electrode

(RHE) using the Nernst equation:
Epyr = EAg/AgCl + EOAg/AgCl +0.0591 V x pH equation S1

Where Egryg is the converted potential vs. RHE, E g qc; 1s experimentally measured
potential against Ag/AgCl reference electrode, and E®sgaqci=0.1976 V (vs. Ag/AgCl)
at 25 °C.!

2. Calculation of the Applied bias photo-to-current conversion efficiency (ABPE)

Assuming 100% Faradaic efficiency, the ABPE was obtained by the following

equation:

ABPE (%) = [J % (1.23 - Ep,)/ Piigne ] X 100% equation S2
Where J is the measured photocurrent density (mA cm2), E,,, is the applied potential
(V vs. RHE) and Py, is the incident illumination power density (100 mW cm2).

3. Calculation of the Incident photo-to-electron conversion efficiency (IPCE):
IPCE(%) = [(Jono X1240) / (AXP0n0)] * 100% equation S3
where J,,,,,, 1S the measured photocurrent density at the specific measurement

wavelength (mA cm2), 4 is the incident light wavelength (nm) and P,,,,,, is the
measured irradiance at the specific measurement wavelength (mW m-).

4. Electrochemical double layer capacitance (Cy))

The electrochemically active surface area (EASA) was estimated from the

electrochemical double-layer capacitance. Cyclic voltammograms were performed at



the scan rate of 20, 40, 60, 80, 100, 120, 140, 160, 180, 200 mV s'! (Fig. S8). Then the
EASA was determined by measuring the capacitive current associated with double-
layer charging from the scan-rate dependence of CVs. The double layer capacitance
(Cq) was estimated by plotting the AJ = (J, - J.) at 1.23 V vs. RHE against the scan
rate as shown in Fig. 3d, where J, and J. are the anodic and cathodic current,

respectively. The linear slope is twice of the Cg, which can be used to represent the

EASA.?

5. Mott-Schottky measurement

M-S plots were collected at an AC frequency of 1kHz in the dark, and the N, of the

photoanodes could be estimated by the following equation:
d 1
, 43
Np= €&y dv i equation

S4

Where C is the space charge capacitance in the semiconductor (obtained from M-S
curves), e is the electron charge, ¢ is the vacuum permittivity (8.85x1012 F m™!), g is
the relative dielectric constant of hematite (o = 80),% Np is the charge donor density
(cm?), V is the electrode applied potential, Vg, is the flat band potential, k is the
Boltzmann’s constant (1.38x10-23 J K-') and T is the absolute temperature (K). It should
be noted that the capacitance (C) is based on a flat structure, and therefore it is not
suitable for our non-flat structure of the one-dimensional geometry nanorod arrays. In
general, the comparison results of the flat structure and non-flat structure show that an
underestimate of the donor density by 20% is achieved for the latter mode when it is
considered as the former one. In this work, all the Fe,03-based nanoarrays photoanodes
are non-flat structure, thus the N values for them are 20% larger than the experimental

results calculated by equation.

6. Light harvesting efficiency (LHE)

LHE is defined as the fraction of photons absorbed per photons impinging on the
sample, which could be calculated using the following equation:

LHE=1- 10-4% equation S5



A(7) is the absorbance at a specific wavelength.
7. Theoretical maximum photocurrent density (Jabs)

Theoretical maximum photocurrent density (J,,s) is the photocurrent density assuming
that all absorbed photons can be converted into current (i.e., APCE = IPCE/LHE =
100%), it is a constant with the AM 1.5G spectrum and the light harvesting efficiency
of the fixed photoelectrode. In the case of J,,, it can be calculated according to the

following equation:

p
A X LHE() x P(A
Jabs - j () ( )d(j')
1240
A .
! equation
S6

where L and P() are the light wavelength (nm) and the corresponding power density
(mW cm? nm'!) for the standard solar spectrum AM 1.5G (ASTMG-173-03),

respectively.

8. The surface charge injection efficiency (Msurface) and bulk charge separation

efficiency (Npui)

Photocurrent density arising from PEC water oxidation can be described by the

following equation :

.0 = Javs X Moutk ™ Msurfuc
H2 abs bulk surface equation S7

M 18 the yield of photo-induced holes which have migrated to the
semiconductor/electrolyte interfaces and 7face 1S the yield of holes which are involved
in water oxidation reaction. In this work, we chose the widely used Na,SOj; as the hole
scavenger. Moreover, 77, and 77g,5c. were calculated according to the equations,

respectively :
J
Na,S0,

Motk = 7
abs equation S8

nsu}fface - JN w0
Y3 equation S9



JNa SO JH 0 .- . . .
2""3and 2" are the photocurrent densities measured in 1M KOH with and without

1 M Na,SOs, respectively.

9. The transient decay time

The transient decay time of the photoanodes were calculated according to the transient

photocurrent curves in Fig. 5c by the following equation:

D=(1-1,)/(1,-1,) equation S10

where I; represents current at time. The transient decay time is defined as the time at

which In D = -1.
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Fig. S1. LSV curves of (a) the composite photoanodes with different Co/Ni ratios and (b) the

F-Fe,05;@Cit-Nig oCog ;(OH), synthesized with different spin-coating times.



Fig. S2. SEM image of a-Fe,O; NAs.
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Fig. S3. (a) XRD pattern and (b) Raman spectra of Cit-Nig9Cog ;(OH), powder.
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Fig. S4. (a) F 1s and (b) O 1s high-resolution XPS spectra of F-Fe,O3@Cit-Nig¢Cog 1(OH)y
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Fig. SS. Fitted band-gaps of a-Fe,0;, F-Fe,03 and F-Fe,O3@Cit-Nig ¢Cog ;(OH)y.
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S6. (a) LSV curves under chopped illumination at 0.5~1.6 V vs. RHE and (b) an enlarged

range of 0.6~1.0 V vs. RHE.
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Fig. S7. Chronoamperometry curve of the target F-Fe,O3;@Cit-Nig ¢Cog ;(OH), photoanode at 1.23

V vs. RHE.
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Fig. S8. UV-visible absorption spectra of F-Fe,O;@Cit-Ni(OH), photoanode.
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Fig. S9. J s of (a) a-Fe,03, (b) F-Fe,03, (¢) F-Fe,O3@Cit-Ni(OH)y, (d) F-Fe,Oz@Cit-
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Fig. S10. Mott-Schottky plots of all as-prepared photoanodes.

Mott-Schottky (M-S) analysis was conducted at a fixed frequency of 1kHz in dark.
Donor density (Np) was evaluated from the slopes of the normalized M-S plots by
equation S4, and the flat-band potentials were estimated from x-axis intercept. Fig. S10
clearly shows that all photoanodes own the typical positive slopes of n-type
semiconductors, with the electrons as the majority charge carriers. The flat-band
potentials present a trend of gradual cathodic shift from o-Fe,O; to the target
photoanode. The N, value increases dramatically from 5.14x10'” cm=3to 1.93x10%° cm-
3 after doping with F, suggesting that fluorine anion acts as a promising n-type dopant
to largely enhance the carrier concentration of the hematite. After encapsulating F-
Fe,0; with the surface overlayers, the Np values of the composite photoanodes slightly
increase to 2.72x10%° c¢m and 3.59x10%° c¢cm for F-Fe,O;@Cit-Ni(OH), and F-
Fe,0;@Cit-Nig oCoy 1(OH)y, respectively.
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Fig. S11. LSV curves collected in 1 M Na,SOs+1 M KOH electrolyte.
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Fig. S12. Voltammograms of (a) a-Fe,0;, (b) F-Fe,03, (¢) F-Fe,0;@Cit-Ni(OH), and (d) F-

Fe,03@Cit-NigoCog 1(OH), photoanodes at various scan rates (20-200 mV s!) .
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Fig. S13. Comparison of Nyquist plots of a-Fe,O; and F-Fe,O; photoanodes.

Table S1. The fitted resistances of the photoanodes.

Sample Ryrap (2 cm2) R (2 cm?)
F-Fe,0;@Cit-Nig 9Cog (OH), 327 51.3
F-Fe,O;@Cit-Ni(OH), 38.1 85.7
F-Fe,0;@Cit-Co(OH), 44.2 65.9
F-Fe,03 56.5 86.4

a-Fe O 236.4 540.6
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Fig. S14. (a) UV-visible absorption spectra (inset: J,,s of the F-Fe,O;@Cit-Co(OH), photoanode),
(b) LSV curves collected in 1M KOH and in 1M Na,SOs+ 1M KOH and (c) bulk charge separation
efficiency and surface charge transfer efficiency of the F-Fe,O3;@Cit-Co(OH), photoanode; (d) the

comparison of Nyquist plots between the F-Fe,O3; and F-Fe,O3;@Cit-Co(OH), photoanodes.
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Fig. S15. FT-IR spectra of F-Fe,O3;@Cit-Niy ¢Coy ;(OH), photoanode (before and after long-term

stability test) and sodium citrate.

Fourier-transform infrared (FT-IR) spectra of the target photoanode (before and after 4h-stability
test) and sodium citrate suggest the existence of citrate anion in F-Fe,O3@Cit-NigoCog (OH),. As
shown in Fig. S14, the peaks at 1589 cm™! and 1386 cm™! could be ascribed to the asymmetric
vibration and symmetric vibration of COO- of citrate anion,* while the two sharp peaks of 539 cm

'and 460 cm! are Fe-O stretching and bending peaks of crystalline hematite.’
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Fig. S16. (a) Comparison of LSV curves of F-Fe,O;@Cit-NigyCog(OH)y, and F-
Fe,03@NipoCog 1(OH),; (b) Chronoamperometry curve of the F-Fe,O3@NipoCog1(OH),
photoanode; (c) TEM and (d) HRTEM images of the F-Fe,O;@Ni9Cog.;(OH), photoanode after

the 6000s-photostability test.


mailto:F-Fe2O3@Cit-Ni0.9Co0.1(OH)x
mailto:F-Fe2O3@Ni0.9Co0.1(OH)x
mailto:F-Fe2O3@Ni0.9Co0.1(OH)x
mailto:F-Fe2O3@Ni0.9Co0.1(OH)x

Table S2. A comparison of the target F-Fe,O;@Cit-Nij¢Cog;(OH)x photoanode in this work with

previously reported Fe,O3-based photoanodes for PEC water oxidation.

The onset Current IPCE (%) at

Composite photoanode potential (V density at 1.23 V vs. Referenc

vs. RHE) 1.23 V vs. RHE e
RHE

F-Fe,03@Cit-Nig oCoq 1 (OH) 0.79 2.52 mA c¢cm? 40 (300 nm) This work
Fe@Ni-MOF/Fe,0;:Ti 0.7 23mA cm?  34.2 (350 nm) 6
Fe,03/Fep sMny sOOH ~0.4 3.36 mA c¢cm? no 7
Fe,ZrOs-Fe,0; 0.77 1.65mA cm? 27 (370 nm) 8
CeO,-modified hematite ~0.65 0.6 mA cm?  ~41 (350 nm) 9
a-Fe,O3/MXenes;; NRs ~0.9 1.1 mA cm? 10 (350 nm) 10
F-Ti-Fe,05/Co(salen) 0.81 3.02mA cm? 40 (360 nm) 1
Ti:a-Fe,05-OH ~0.9 ~0.9 mA cm?  ~49 (400 nm) 12
Fe,O3 NT-FeOOH/NiOOH ~0.65 2.0 mA cm?2 no 13
C-Co-Ti-Fe, 05 0.7 224mA cm? 40 (370 nm) 14
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