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1.1 Experimental of Co—Pi electrodeposition

The three-electrode cells were fabricated with TZF2ZQ photoanodes as the working electrode,
Pt mesh as the counter, and Ag/AgCl as the reference electrodes, respectively. The 0.5 mM
cobalt nitrate in 0.1 M potassium phosphate solution was used as an electrolyte. The
electrodeposition of Co—Pi on TZF2Z(Q photoanodes was carried out at an applied potential of
0.9 V vs. Ag/AgCl, and a deposition time of 10 min.! Current densities were typically

approximately 2—4 pA/cm? during Co—Pi electrodeposition process.

1.2 Characterizations

The morphologies of the as-prepared photoanodes on the FTO substrate were examined using
high-resolution scanning electron microscopy (HRSEM, Hitachi SU8230) at the Jeonju Center
for Korea Basic Science Institution (KBSI). The crystal structure and the preferential
orientation of the as-prepared o-Fe,O; photoanodes were studied by a synchrotron X-ray
diffraction (SR-XRD) at the BL5A materials science beamline at the Pohang Light Source 11
(PLS-II) in Korea. The X-ray wavelength was 0.1072 nm (11.57 keV), and the SR-XRD data
were measured in a conventional theta-two theta measurement. Ultraviolet-visible diffuse
reflectance (UV-DRS) spectra of as-prepared photoanodes were collected using a Shimadzu
UV-vis-spectrophotometer (UV-2600). The energy bandgap of the photoanodes was

determined using the Tauc method:?
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where 1 is Planck’s constant, V is the photon frequency, a is the absorption coefficient, £, is
the bandgap, A4 is a proportionality constant, and n is an exponent dependent on the nature of
electronic transitions (n = 2 for Fe,O; indirect transitions). The structural and chemical

information of the as-prepared samples was obtained using a transmission electron microscope
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(TEM, JEOL ARM-200F) operated at 200 kV, equipped with energy dispersive spectroscopy
(EDS). The chemical state and elemental quantification of the as-synthesized samples were
investigated using X-ray photoelectron spectroscopy (XPS) on a Thermo Fisher Scientific K-
Alpha spectrometer using a monochromatic AlKa X-ray source (hv = 1486.6 eV, 25 W, and
15 kV) at the Center for Research facilities at Kongju National University. X-ray absorption
experiments were conducted on the 7D beamline of the Pohang Accelerator Laboratory (PLS-
I1, 3.0GeV) to understand the local structure in photoanodes. The fluorescence spectra were
produced for the Fe K-edge (E¢=7,112eV) on as-prepared photoanodes. The incident X-ray
beam was detuned by 20% at 7112 eV to attenuate the flux from higher-order Bragg diffraction
of Si (111) crystals in a monochromator, and its intensity was monitored with a He-filled IC
Spec ionization chamber. The fluorescence signal from the sample was measured using a Lytle-
type detector combined with a passivated implanted planar silicon (PIPS) diode. The obtained
spectra were background-removed and normalized using ATHENA in the IFEFFIT suite of
programs.> Time-resolved photoluminescence (TRPL) was carried out using a confocal
microscope (MicroTime-200, Picoquant, Germany). A single-mode pulsed diode laser (LDH-
P-C-470, Picoquant, Germany) with a 20 MHz repetition rate, ~30 ps pulse width, and 0.5 mW
average power was used as an excitation source. A dichroic mirror (490 DCXR, AHF), a long-
pass filter (HQ500Ip, AHF), and a single-photon avalanche diode (PDM series, MPD) were
used to collect emission photons from the catalysts. The time-correlated single-photon counting
(TCSPC) technique was used to count emission photons. TRPL images consisting of 200x200
pixels were recorded using the time-tagged time-resolved (TTTR) data acquisition technique.
The acquisition time of each pixel was 2 ms. Exponential fitting for the PL decays (which were
extracted from the TRPL images) with 8 ps temporal resolution was achieved by iterative least-
squares deconvolution fitting using the Symphotime-64 software (Ver. 2.2) using an

exponential decay model, as follows:*
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Here, I (t) is the time-dependent PL intensity, 4 is the amplitude, 7 is the PL lifetime, and 1 is

2. The average lifetime < 7> is defined as follows:>

1.3 Photoelectrochemical measurements

PEC studies were conducted with an Ivium CompactStat potentiostat (Ivium
Instruments, Netherlands), using an electrochemical cell with a three-electrode system. The as-
prepared Fe,O; photoanode, Hg/HgO (1 M NaOH), and Pt coil were employed as the working,
reference, and counter electrodes, respectively. An aqueous solution of 1.0 M NaOH (pH 13.6)
was used as the electrolyte throughout the PEC measurements. The photoanode was exposed
to the light source (standard global solar light, AM 1.5G, 100 mW/cm?) with an active area of
1 cm?, to perform photo-electrochemical measurements with front-side illumination. The
potential was calculated against the reversible hydrogen electrode (RHE) by the following

Nernst equation:®
Evs. ke = Evs.ngingo ¥ 0059PH + Eyyg oo (4)
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Current density—potential curves (J—F) were recorded in the range of 0.3 to 1.7 V vs.
RHE with a scan rate of 50 mV/s. Electrochemical impedance spectroscopy (EIS)
measurements were carried out in 1 M NaOH electrolyte under visible light illumination
conditions at 1.23 V vs. RHE over the frequency range of (3x10%) to (5x10-') Hz. The
equivalent circuit used to fit the Nyquist plots consisted of the series resistance (R;), which

mainly includes the sheet resistance of the FTO substrates, and two resistor-capacitor (RC)

circuits. The current density according to PEC performance (/pgc) can be described as follows:”



]HZO =]abs X Nputke X r]surface
Here, Jabs is the photocurrent density if the absorbed photons are perfectly converted into
current (i.e., absorbed photon-to-current efficiency (APCE) = 100%). The value of H292 i
measured for as-prepared photoanodes by adding 0.5 M H,0, to I M NaOH electrolyte and is

independent of the surface H,O, oxidation kinetics (regarding Nsurface ~ 100%). Therefore,

Mbutk and "surface can be calculated according to Equation (6) as
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where, 29 is the photocurrent acquired from PEC water oxidation, H292 is the photocurrent
acquired from H,O, oxidation, and P()A) indicates the solar irradiance at the wavelength (4).
Intensity-modulated photocurrent spectroscopy (IMPS) measurements were performed on the
same cell using a green light-emitting diode (LED, peak wavelength 520 nm) driven by a
frequency-response analyzer. The light intensities were modulated with a depth of 10%, and
the frequency was swept from 10 kHz to 0.1 Hz. The PEC solar hydrogen generation tests were
carried out in a three-electrode cell at room temperature with an Ivium CompactStat
potentiostat under standard global solar light (AM 1.5G, 100 mW c¢m2). The Co-Pi/TZF2ZQ
photoanode, a Pt wire, and a Hg/HgO (1.0 M NaOH) were utilized as working, counter, and
reference electrodes, respectively. A blank test was conducted without irradiation of the
photoanode before starting the experiment, showing no hydrogen/oxygen evolution. The

evolved oxygen and hydrogen gases produced during PEC water splitting were quantified using



a gas chromatography system equipped with a thermal conductivity detector (GC-TCD,

Agilent 7820, U.S.A.) with a 5-A molecular sieve column.®

Table S1. Comparative photocurrent density results of Fe,O; photoanodes with

underlayer/overlayer modifications at 1.23 V vs. RHE with previous studies.

Material Deposition methods of Photocurrent Ref
underlayer/overlayer (mA/cm? at
1.23 VRug)
TiO,/Fe, 05 Layer-by-layer deposition 0.373 [9]
Ti0,/Fe, 05 Spin-coating 0.614 [10]
Si0,/Ti-Fe, 04 Spin-coating 0.760 [11]
Ti;C, MXene/Fe,03 Drop-casting 1.30 [12]
710,/Fe; O3 Spin-coating 1.00 [13]
Fe,05/Sn0,/TiO, Spin-coatin%1 :;Pf?soizion of SnO, 500 [14]
Fe,Os/Ferrous lactate Spin-coating 1.44 [15]
Fe,Os3/Graphene chemical vapor deposition 0.75 [16]
Fe,O3/Graphene chemical vapor deposition 1.64 [17]
Fe,05/Ta,05 Atomic layer deposition 0.80 [18]
tozereoz0, | Simemglaniion 0.y, T




Table S2. Minimum imaginary component f,;, (Hz) and electron transit time in the IMPS
spectra for F2Q, ZF2Q, TZF2Q, ZF2ZQ, and TZF2ZQ photoanodes at 1.23 V vs. RHE.

Samples Jmin (HZ) Electron transport time (ps)
ZF2Q 668.3 238

TZF2Q 944.1 169

ZF27Q 1059 150

TZF272Q 1189 134

Table S3. PL lifetime parameters of the hematite photoanodes.

Sample Ay (%) 11 (ns) As (%) 1, (ns) A3(%) 13(ns)  <>¥(ns)
ZF2Q 73.4 0.05 26.3 0.28 0.3 2.8 0.40
TZF2Q 71.2 0.06 27.9 0.33 0.9 3.7 0.91
ZF27Q 65.9 0.06 33.9 0.28 0.2 4.3 0.48

TZF27Q 70.9 0.06 28.8 0.28 0.3 3.5 0.46
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Fig. S1 Schematics of experimental procedures of (a) F2Q, (b) ZF2Q, (¢) TZF2Q, (d) ZF2ZQ,
and (e) TZF2ZQ photoanodes.
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Fig. S2 (a) UV-Vis absorbance spectra and (b) Tauc plot for F2Q, ZF2Q, TZF2Q, ZF2ZQ, and
TZF27ZQ photoanodes, respectively.
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Fig. S3 (a) XPS survey scan spectra, XPS spectra of (b) O 1s of ZF2Q, TZF2Q, ZF2ZQ, and
TZF2ZQ photoanodes.
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Fig. S4 Raman spectra of F2Q, ZF2Q, TZF2Q, ZF27ZQ and TZF2ZQ photoanodes.
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Fig. S5 Photocurrent density—potential (J-F) curves under I-sun standard illumination

conditions of F2Q, ZF2Q, TZF2Q, ZF27Q, and TZF2ZQ photoanodes.



&

5
— — ZF2Q+H,0,
& |- = 1ZF2Q +HO, L
8 44— _ 1zrz0+Ho0, ;
- 4
? —_—7F2Q /:{ "
g 3]/ TZF2Q A
—TZF2ZQ B
:§> S8
w
=
-}
<
—
=
@
1=
-
=
&)
L}

04 06 08 10 12 14 16
Potential (V vs. RHE)

100
b 204 C —7F2Q
—TZF2Q
80{——1ZF220Q
151 =
< // < 60+
= g
= 104 =
£ Z 401
SEE =3
54 —ZF2Q 204
—TZF2Q
—TZF2ZQ
0 T T 0 T T
1.0 11 1.2 1.3 1.0 11 1.2 1.3
Potential (V vs. RHE) Potential (V vs. RHE)

Fig. S6 (a) Photocurrent density—potential (J—F) curves under light with H,O (solid lines) and
with H,O + H,0, (dashed lines) under 1-sun standard illumination conditions, charge

separation efficiencies (b) in the () and (c) on the surface (suface) of ZF2Q, TZF2Q, and
TZF2ZQ photoanodes.
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Fig. S7 (a) Representation of an equivalent circuit used for EIS data fitting, EIS fitted plots of
(b) F2Q, (¢) ZF2Q, (d) TZF2Q, (e) ZF2ZQ and (f) TZF2ZQ photoanodes at different applied
potentials.



Fig. S8 Plots of equivalent circuit parameters (a) R, (b) Ry, (¢) R,, and (d) charge transfer
efficiencies values measured at various applied potentials for the F2Q, ZF2Q, TZF2Q, ZF2ZQ,
and TZF2ZQ photoanodes.
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