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Figure S1. High resolution XPS spectra of C 1s, Sn 3d and In 3d of the Fe,0s, ITO/Fe,03 ITO/Fe,03/Fe,TiOs, and
ITO/Fe,05/Fe,TiOs/FeNiOOH electrodes.
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Figure S2. (A): Grazing incidence XRD patterns of the Fe,0;, ITO/Fe,0; ITO/Fe,03/Fe,TiOs, and
ITO/Fe,05/Fe,TiOs/FeNIOOH electrodes. (B): Absorptance of the Fe,0;, ITO/Fe,03 ITO/Fe,03 /Fe,TiOs, and

ITO/Fe,05/Fe,TiOs/FeNIOOH electrodes; this plot was obtained from transmittance (T, %) and total reflectance
(R, %) measurements on these electrodes by UV-Vis spectrum.

Characteristic XRD peaks of Fe,0; (JCPDS no. 33-0664) and SnO, (JCPDS no. 41-1445, mainly
derived from FTO substrate) can be observed in the four electrodes shown in Figure S2A. The
XRD pattern of the ITO/Fe,0;, ITO/Fe,05/Fe,TiOs, and ITO/Fe,05/Fe,TiOs/FeNiOOH electrodes
exhibit the diffraction peaks assigned to In,0; (JCPDS no. 22-0336) from the initial sputtered
ITO underlayer. The diffraction peaks related to the pseudobrookite (Fe,TiOs, JCPDS no. 41-
1432) phase of ITO/Fe,05/Fe,TiOs, and ITO/Fe,03/Fe,TiOs/FeNiOOH electrodes are very weak,
which is attributed to the ultrathin shell (30 ALD cycles, estimated ca. 0.81 nm) of Fe,TiOs
coating.! Besides, there is a weak broad peak located at 11°, which can be assigned to the
FeNiOOH,** indicating its poor crystalline structure. UV-vis absorptance spectra are obtained to
account for the photo-activity of the Fe,0;, ITO/Fe,03 ITO/Fe,0s/Fe,TiOs, and ITO/Fe,0s/
Fe,TiOs/FeNiOOH electrodes, as shown in Figure S2B. All photoanodes exhibit an overall high
absorption in the visible region (wavelength<<580 nm) with a relative steep absorption edge at

approximately 580 nm.
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Figure S3. EDS obtained on the Fe,03 (A), ITO/Fe,03 (B), ITO/Fe,03/Fe,TiOs (C), and ITO/Fe,03/Fe,TiOs/FeNiOOH (D)
electrodes.




Figure S4. 1*1*1 unit crystal model of hematite, In,03, Fe,TiOs and FeNiOOH based on the crystal data in ICSD and

reported data® for the identification of the crystal phase.



Figure S5. Low magnification TEM images of a nanowire from the Fe,0; electrode. Left: low magnification TEM
micrograph shows the nanowire morphology of the Fe,O; electrode; Right: several TEM images showing the
detailed structure of the Fe,05 nanowire.
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Figure S6. HRTEM, FFT spectrum and IFFT images obtained on a nanowire extracted from the ITO/Fe,0; electrode.

Top rows: left: the low magnification TEM micrograph shows the morphology of a small Fe,03; nanowire directly
grown on ITO matrix; Right: the detailed crystal structure of different regions of the small nanowire.

Bottom rows: left column: the power spectrum of the red squared area indicating its single crystal structure
corresponding to trigonal Fe,0s, [R3-CH]-Space group 167, also known as hematite, with lattice parameters ofa=b
=0.50342 nm, c= 1.37483 nm, and a =f=90° and y=120° as visualized along the [42-1] direction; and the IFFT image
of the red squared area. Middle column: the atomic HRTEM and temperature colored HRTEM of the blue squared
area shows the ordered structure of hematite. Right column: the HRTEM of the green squared area and the
corresponding reduced FFT spectrum indicates that the species can be assigned to Trigonal In,0;3, [R3-CH]-space
group 167, with lattice parameters of a = b = 0.5438 nm, c= 1.4474 nm, and a = = 90° and y=120° as visualized
along [42-1] direction.
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Figure S7. HRTEM, FFT spectrum and IFFT images corresponding to nanowire-like structures extracted from the
ITO/Fe,0; electrode. Top rows: left: low magnification TEM micrograph shows the distribution of several nanowires;
Right: the magnified TEM images of these nanowires. Middle rows: left: HRTEM obtained on the red squared area;
Middle: the detailed structure obtained on the blue squared area and its corresponding power spectrum indicating
its hematite single crystal structure as visualized along the [110] direction; Right: atomic IFFT image of the green
squared area. Bottom rows: left: HRTEM micrograph corresponding to the orange squared area; Middle: detail
structure in the yellow squared area and the corresponding power spectrum indicating its hematite single crystal
structure as visualized along the [110] direction; Right: atomic IFFT image of the purple squared area.

As can be seen from Figure S6, Trigonal In,0; phase is identified at the bulk matrix, where the
small Fe,03; nanowires are directly grown onto. It is noteworthy that the Fe,0; nanowires
grown with a ITO under layer presents single crystal hematite phase, as confirmed by the FFT
spectrum and atomic resolution HRTEM displayed in Figures S6 and S7. The improved crystal
quality of Fe,03; nanowires may be derived from the epitaxial relationship between Fe,03 and
In,03 phase since they belong to the same Space group-167 [R3-CH] and with similar crystal
constant. Besides, Figure S7 indicates that even the nanowire structure shows a slightly

curved-shape, the nanowires crystal orientation does not vary at different regions.
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Figure S8. HRTEM and RGB IFFT images of ITO/Fe,0s/Fe,TiOs electrode. left: low magnification TEM image showing
a Fe,0;3/Fe,TiOs composite nanowire directly grown on the ITO matrix; Middle: detail of structure at the red
squared area; Right: the corresponding power spectrum indicating it is composed of hematite and pseudobrookite
visualized along [42-1] and [001] directions, respectively; and the RGB IFFT images of hematite, pseudobrookite and
their composite, indicating the homogenously coating of pseudobrookite on the surface of the hematite nanowires.

Figure S9. HRTEM and RGB IFFT images in the nanowires-like structure extracted from the ITO/Fe,0;/Fe,TiOs
electrode.

Top row: Left: low magnification TEM micrograph showing the edge of the nanowire; Middle: HRTEM detail
corresponding to the red squared region; Right: detail of the structure in the blue rectangle region.

Bottom row: Left: the corresponding power spectrum of blue squared region indicating it is composed of hematite
and pseudobrookite visualized along [021] and [100] directions, respectively; and the RGB IFFT images of hematite
(green), pseudobrookite (red) and their composite, showing the atomic stack sequence of hematite and
pseudobrookite.

As we can see from Figures S8 and S9, the low magnification IFFT RGB and the atomic IFFT RGB
images together demonstrate the homogeneously coating of Fe,TiOs onto Fe,03; nanowires in

the case of ITO/Fe,05/Fe,TiOs electrode.
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Figure S10. Several TEM images showing the distribution of FeNiOOH nanodots on the surface of Fe,0;/Fe,TiOs
composite nanowires of ITO/Fe,05/Fe,TiOs/FeNiOOH electrode.
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Figure S11. EELS chemical composition maps obtained from the red rectangled area of the ADF-STEM micrograph of
a nanowire extracted from the Fe,0; electrode. Individual Fe (red), O (green), Sn (blue) maps and their composite.
(The inset of the ADF-STEM micrograph shows the atomic model for Fe,03 electrode)

13



Figure S12. EELS chemical composition maps obtained from the red rectangled area of the ADF-STEM micrograph of
a nanowire extracted from the Fe,0; electrode. Individual Fe (red), O (green), Sn (blue) maps and their composite.

As displayed in Figures S11 and S12, the diameter and length of the Fe,0; nanowires from the
Fe,03 electrode are estimated to be ca. 50 nm and 1 pum, respectively. The STEM-EELS
mappings (Figures S11 and S12) reveal that the Sn elemental signal is only present at the
bottom part of the Fe,03; nanowire, the diameter of which is bigger than the top region of the
nanowire. The Sn diffusion in the case of the Fe,0; electrode is much weaker than that in the
ITO/Fe,03, ITO/Fe,05/Fe,TiOs, and ITO/Fe,05/Fe,TiOs/FeNIOOH electrodes, respectively, as we

will see below in Figures S13- S17.
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Figure S13. EELS chemical composition maps obtained from the red rectangled area of the ADF-STEM micrograph in
the nanowire-like structure extracted from the ITO/Fe,0; electrode. Individual Fe (red), O (green), Sn (blue) and In
(purple) maps and their composite. (The inset of the ADF-STEM micrograph shows the atomic model for ITO/Fe,05
electrode).

Figure S14. EELS chemical composition maps obtained from the red rectangled area of the ADF-STEM micrograph in
the nanowire-like structure extracted from ITO/Fe,0; electrode. Individual Fe (red), O (green), Sn (blue) and In
(purple) maps and their composite.
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Figure S15. EELS chemical composition maps obtained from the red rectangled area of the ADF-STEM micrograph in
the nanowire-like structure extracted from ITO/Fe,03/Fe,TiOs electrode. Individual Fe (red), O (green), Sn (blue) and
Ti (indigo) maps and their composite.

Figure S16. EELS chemical composition maps obtained from the red and blue rectangled area of the ADF-STEM
micrograph in the nanowire-like structure extracted from ITO/Fe,0;/Fe,TiOs electrode. Individual Fe (red), O
(green), Sn (blue), In (purple) and Ti (indigo) maps and their composite. (The inset of the ADF-STEM micrograph
shows the atomic model for ITO/Fe,05/Fe,TiOs electrode).
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Figure S17. EELS chemical composition maps obtained from the red rectangled area of the ADF-STEM micrograph in
the nanowire-like structure extracted from ITO/Fe,05/Fe,TiOs/FeNIOOH electrode. Individual Fe (red), O (green), Sn
(blue), Ti (indigo) and Ni (yellow) maps and their composite. (The inset of the ADF-STEM micrograph shows the
atomic model for ITO/Fe,05/Fe,TiOs/FeNiOOH electrode).
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Figure $18. SEM images of the pristine FTO substrate, ITO-105 nm, ITO-245 nm, ITO-105 nm-Fe,0; and ITO-245 nm-
Fe,0; electrodes.
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Figure S19. Top: the atomic model for optimized ITO/Fe,0; electrodes. Bottom: Left: CV curves of the ITO/Fe,0;
electrodes with different ITO thickness sintering on 750 °C for 30min under illumination; Right: the photocurrent
density at 1.23 V vs. RHE related to the ITO thickness (the error bar stemmed from the standard deviation of
statistic data collected at least three repeated electrodes).
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As displayed in Figure S19, with the increment of ITO deposition thickness from 0 nm to 105
nm, the photocurrent at 1.23 V vs. RHE gradually increases to 1.05 mA cm™. In stark contrast,
the corresponding photocurrent at 1.23 V vs. RHE decreases intensively upon further
extending ITO deposition thickness to 245 nm. This intensive reduction of photocurrent might
be attributed to the deteriorated nanowire structure of hematite because of the exorbitantly
doped Sn from the thick ITO matrix, which is evidenced by the randomly inclined hematite

nanowires of ITO-245nm-Fe, 05 electrode as shown in Figure S18.
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Figure $20. SEM images of the ITO/Fe,0;/Fe,TiOs electrodes with different ALD cycles (TiO, thickness), e.g. 15 cycles,
30 cycles, 50 cycles, 100 cycles and 150 cycles.
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Figure S21. Top: the atomic model for optimized ITO/Fe,05/Fe,TiOs electrodes. Bottom: Left: CV curves of the
ITO/Fe,0;/Fe,TiOs electrodes with different ALD TiO, cycles (thickness) sintering on 750 °C for 30 min under
illumination; Right: the photocurrent density at 1.23 V vs. RHE related to the ALD TiO, cycles (the error bar
stemmed from the standard deviation of statistic data collected at least three repeated electrodes).

Figures S20 and S21 correlate the photocurrent response of the ITO/Fe,03/Fe,TiOs electrodes
with the ALD TiO, deposition cycles. Figure S21 exhibits the photocurrent of the ITO/Fe,03/
Fe,TiOs electrodes varies with the increment of ALD TiO, deposition cycles. At 30 ALD TiO,
deposition cycles, the ITO/Fe,03/Fe,TiOs electrode possess the highest photocurrent of 1.56
mA cm?, indicating suitable coating of the Fe,TiOs onto the ITO/Fe,0; electrode, without
residual TiO, on the surface of the ITO/Fe,05/Fe,TiOs electrode and the formation of
deleterious heterojunction like the Fe,05/Fe,TiOs/TiO,,° as confirmed by Figures S8-S9 and S15
—S16.
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Figure $22. SEM images of the ITO/Fe,05/Fe,TiOs-30 cycles electrodes with different sintering time at 750°C, e.g. 10
min, 30 min, 40 min and 80 min.
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Figure S23. Top: the atomic model for optimized ITO/Fe,05/Fe,TiOs electrodes. Bottom: Left: CV curves of the

ITO/Fe,05/Fe,TiOs-30 cycles electrodes with different sintering time on 750 °C under illumination; Right: the

photocurrent density at 1.23 V vs. RHE related to the sintering time (the error bar stemmed from the standard

deviation of statistic data collected at least three repeated electrodes).

o

In order to reduce the surface defects, enhance the Sn doping and retain the nanostructure
texturing of hematite nanowires at the same time, an optimization of sintering time for the
ITO/Fe,03/Fe,TiOs-30 cycles electrode has been performed, as shown in Figures S22 and S23.
Figure S22 reveals the sintering time substantially affect the morphology of the Fe,03/Fe,TiOs
nanowires. As the sintering time over 30 min at 750 °C, the Fe,03/Fe,TiOs nanowires initiate
the deformation and finally evolve into a film-like structure, which somehow reduce the
surface area exposure to electrolyte. The monitoring of the PEC performance in Figure S23
indicates the highest photocurrent response of the ITO/Fe,0s/Fe,TiOs-30 cycles electrode can

be obtained with sintering parameter at 750 °C for 30min.
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Figure S24. SEM images of the ITO/Fe,0;/Fe,TiOs/FeNiOOH electrodes with different FeNiOOH deposition charge,
e.g. 0mC, 5mC, 10 mC, 15 mC and 20 mC.
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Figure S25. Top: the atomic model for the optimized ITO/Fe,03/Fe,TiOs/FeNiOOH electrode. Bottom: Left: CV
curves of the ITO/Fe,0;/Fe,TiOs/FeNiOOH electrodes with different FeNiOOH deposition charge under illumination;
Right: the photocurrent density at 1.23 V vs. RHE related to the FeNiOOH deposition charge (the error bar stemmed
from the standard deviation of statistic data collected at least three repeated electrodes).

It is well established that the OER activity of the FeNiOOH can be adjusted according to the
OEC film thickness.”” In our case, the electrodeposition charges of FeNiOOH onto ITO/Fe,03
/Fe,TiOs electrode have been optimized, as displayed in Figures S24 and S25. With the 10 mC
decorations of the FeNiOOH nanodots, the photocurrent of the ITO/Fe,05/Fe,TiOs electrode
can be further enhanced to 2.2 mA cm™. It reveals that coupling the FeNiOOH on the ITO/Fe,05;
/Fe,TiOs electrode effectively suppress the electron-hole pair recombination and accelerate

reaction kinetics at the SEJ.***!
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Figure $26. SEM images of the Fe,03/Fe,TiOs-30 cycles electrodes with different sintering time at 750 °C, e.g. 10
min, 30min, 1 hand 2 h.

26



Photocurrent Density (mAfcmz)

I T e

20

J——650 20min
1.84 —— 700 20min 08
15]——700 30min
~——7001n 07
144 —— 750 10min b
{—— 750 30min gt
21——750 1h i
10d——7502n %
4 ——800 20min 9 o4
0.8 <4 .%
-0
0,6-‘ 37
0.4- 5#02
0.2 01
0.0
L] I 1 L) L] L) I
06 0.8 1.0 1.2 14 16 1.8

E (V) vs RHE
Figure S27. Top: the atomic model for the optimized Fe,0;/Fe,TiOs-30 cycles electrode. Bottom: Left: CV curves of
the Fe,05/Fe,TiOs-30 cycles electrodes with different sintering conditions under illumination; Right: the
photocurrent density at 1.23 V vs. RHE related to the sintering conditions (the error bar stemmed from the standard
deviation of statistic data collected at least three repeated electrodes).
As a proof of the necessity of ITO underlayer between FTO substrate and Fe,0s/Fe,TiOs
nanowires, the Fe,0s/Fe,TiOs-30 cycles electrode was also fabricated and the sintering
condition has been optimized, as presented in Figures S26 and S27. According to Figure S27,
the optimization sintering condition for the Fe,03/Fe,TiOs-30 cycles electrode is 750°C for 30
min and the corresponding photocurrent is 0.81 mA cm™, which is much lower than 1.56 mA

cm? of the ITO/Fe,05/Fe,TiOs-30 cycles electrode and thus further confirm the beneficial

function of the ITO underlayer.
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Schematic S1. A: Equivalent circuit (EC) for the charge transfer process of hematite composite under illumination,
the hematite composite/electrolyte interface is mediated by surface states. R, resistance associated with the
electric contacts of the electrode, electrolyte, etc. Ryappings resistance associated with charge trapping at surface
states. Cyyy, Capacitance associated with charge accumulation in the bulk. R 1p, resistance associated with the
charge transfer process from surface states. Cy,,, capacitance associated with charge accumulation on the surface
states. B: simple Randles circuit for the charge transfer process of hematite composite under dark. R, resistance
associated with the electric contacts of the electrode, electrolyte, etc. In this case, the Cgap and R, are eliminated
because there is no surface states mediated process under dark.
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Figure S28. Nyquist (Imaginary vs. Real component of impedance) plots under light illumination of the Fe,03,
ITO/Fe,05 ITO/Fe,03/Fe,TiOs, and ITO/Fe,03/Fe,TiOs/FeNiOOH electrodes at -0.35, -0.3, -0.25, -0.2, -0.15, -0.10, -
0.05, 0.00, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30 and 0.35 V vs Ag/AgCl reference electrode. (Electrolyte: 1 M NaOH. AC
amplitude: 5 mV. Frequency range: 100 mHz - 1MHz.)
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Figure $S29. Nyquist (Imaginary vs. Real component of impedance) plots in the dark of the Fe,0;, ITO/Fe,0;,
ITO/Fe,05/Fe,TiOs, and ITO/Fe,05/Fe,TiOs/FeNiOOH electrodes at -0.45, -0.4, -0.35, -0.3, -0.25, -0.2, -0.15, -0.10, -
0.05, 0.00 and 0.05 V vs Ag/AgCl reference electrode. (Electrolyte: 1 M NaOH. AC amplitude: 5 mV. Frequency range:
100 mHz- 1MHz.)
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Figure $30. Cy i Of the Fe,0; ITO/Fe,0; ITO/Fe,05/Fe,TiOs, and ITO/Fe,03/Fe,TiOs/FeNiOOH electrodes as a
function of the applied potential obtained from fitting EIS data in contact with 1M NaOH electrolytes under 1 sun
illumination. Error bars stem from the goodness of the EIS data fittings.
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Figure $31. Mott-Schottky plots (C? vs. E) of the Fe,0s, ITO/Fe,05 ITO/Fe,05/Fe,TiOs, and ITO/Fe,03/Fe,TiOs/
FeNiOOH electrodes. Each point was obtained upon fitting the corresponding Nyquist plot at each potential in the
dark to a classic Randles circuit (i.e. resistance and capacitance in parallel). Linear fittings (obtained in the 0.55-1.05
V vs. RHE potential range) are also depicted on each case. Electrolyte: 1 M NaOH. AC amplitude: 5 mV. Frequency
range: 100 mHz - 1 MHz.

In order to gain further information on the bulk of hematite nanowires, impedance
measurements were performed in the dark to derive the corresponding Mott-Schottky plots.
Upon fitting the Nyquist plots to a Randles circuit (Schematic 1B), the potential-dependent
capacitances were plotted following the Mott-Schottky model (C? vs. E, Fig. S31). When this

model holds, equation (1) is used to fit the plots:®

— == (E—Efb—ij) (1)

c2  eegNp

where N; is the charge donor density (cm?), Egis the flat band potential (V), €is the vacuum
permittivity (8.85x10™ F m™), g, is the relative dielectric constant of hematite (g,= 32), k is

the Boltzmann constant (1.38 X 10”*J K™") and T is the absolute temperature (K).

Table S1. Flat band potential values (Es), bulk donor densities (Ng) and total surface state
density (Ng) of the Fe,0s, ITO/Fe,0s ITO/Fe,03/Fe,TiOs, and ITO/Fe,0s/Fe,TiOs/FeNiOOH
electrodes. Eg, and Np values were respectively estimated from the x-intercepts (at C2 = 0) and
slopes of the Mott-Schottky plots (Figure S31).

Samples Ng/cm? Eq/V vs. RHE N./cm™

Fe,03 4.60E+18 0.465 9.53E+14

ITO/Fe,03 2.75E+19 0.353 1.54E+15
ITO/Fe,03/Fe,TiOs 5.80E+19 0.475 2.17E+15
ITO/Fe,0s/Fe,TiOs/FeNiOOH 6.89E+19 0.468 1.23E+16
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Figure $S32. SEM images of FeOOH nanowires on FTO substrate.

Figure S33. SEM images of FeOOH nanowires on FTO substrate after sintering at 550°C for 2h.
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Schematic S2 The sample preparation process of FTO/ITO/Fe,03/Fe,TiOs/FeNiOOH electrode for TEM and STEM-
EELS characterization.

In order to avoid the chemical contamination from the solvent (ethanol, hexane etc.) and
intensive mechanical damage (ultrasonic dispersion) during the TEM sample preparation, we
directly scratched these nanowires from the as-prepared electrode. As displayed in schematic
S2, the fragile nanowires were scratched and dispersed randomly on a lacey carbon Cu grid. It
should be pointed out that some of the scratched nanowires disconnect from the ITO matrix,

meanwhile other nanowires were still adhered to the ITO matrix.
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Table S2. Photoelectrochemical performance comparison of hematite based electrodes.

Reference Materials Fabrication methods Photocurrent at
no. 1.23 Vvs RHE
(mA/cm?)
[6] Fe,03/Fe,TiOs Sol-gel 1.35
[12] Fe,0s/molecular Ir catalyst Hydrothermal, soaking reaction 0.66
[13] Fe,03/NiOx Hydrothermal, photoelectrodeposition 0.6
[14] Fe,0;/Fe-Pi Hydrothermal, furnace heating 0.8
[15] Fe,05/TiO, Hydrothermal, CBD 1.3
[16] Fe,0s/graphene Hydrothermal, CBD 0.5
[17] Fe,03 Hydrothermal 0.8
[18] C/Co304-Fe,0; Hydrothermal, electrodeposition 1.48
[19] Fe,03/TiO, Thermal oxidation, lithography 0.45
[20] Mesoporous Fe,03 Chemical etching 0.61
[21] Fe,0s film Spray pyrolysis 0.65
[22] Fe,03/FeOOH PLD, photodeposition 0.85
[23] TiO,/Fe,05/Ni(OH), ALD, hydrothermal, dipping 0.3
[24] Fe,05/TiOx/FeOOH Hydrothermal, electrodeposition 1.5
[25] Co-N,|P doped Hydrothermal, chemical bath 2.15
carbon/graphene/Fe,0;
[26] Acid etched Fe,04 Chemical etching 1.0
[27] Fe,03/FeOOH Hydrothermal, chemical bath 1.21
[28] Fe,0,/TiO, PE-CVD, ALD 1.8
[29] Fe,03/Zr0,/Co-Pi Hydrothermal, ALD, photo-electrodeposition 1.87
[30] Fe,03/1r0Oy Hydrothermal, Soaking 0.7
[31] Fe,03 Electrodeposition 1.0
[32] Fe,03/Fe,TiOs Hydrothermal 1.4
[33] Fe,0s/cobalt phosphate Reactive ballistic and photo depositions 2.0
[34] Fe,03/NiOy Hydrothermal, photodeposition 0.6
[35] Fe,05/Si0,/Sn doping Hydrothermal, Chemical bath 2.0
Our work ITO/Fe,03/Fe,TiOs/FeNiOOH Sputtering, Hydrothermal, ALD, 2.20

photoelectrodeposition
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