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Experimental for the preparation of the Ex-situ Zr-doped hematite photoanodes

0.4 g FeCl;.6H,0 and 0.85 g NaNO; were added into a 20 mL glass vial containing
10 mL deionized water with a pH of 1.5 and the cleaned FTO was kept in the vial. Then, the
hydrothermal synthesis was conducted at 100 °C for 6 h. After the reaction, the as-grown [-
FeOOH nanorod electrodes were systematically washed with DI water and immediately dried
under nitrogen gas flow. Then, the as-grown -FeOOH nanorod electrodes were immersed in
the 4 % ZrO(NOj), ethanolic solution (4.1336 puL ZrO(NOs), in 10 mL ethanol) for 2 min.
Subsequently, ex-situ Zr-doped FeOOH (Ex-Zr-FeOOH) thin films were heated for 10 min at
different temperatures such as 650 °C, 700 °C, 750 °C, and 800 °C (heating rate 5 °C/min,;
average times taken to reach the temperatures are 130, 140, 150 and 160 min, respectively)
and then quenched to room temperature. Further Ex-Zr-FeOOH converted into Ex-situ Zr-
doped hematite and denoted as Ex-ZrQ650, Ex-ZrQ700, Ex-ZrQ750 and Ex-ZrQS800,

respectively.

Table S1. Crystallite size of Zr-series samples annealed at different temperatures.

Samples FWHM (110) Crystallite size (nm)
ZrQ450 0.47 19
ZrQ550 0.45 20
ZrQ650 0.34 26
ZrQ700 0.28 31
ZrQ750 0.26 34

ZrQ800 0.25 35




Table S2. The atomic percentage of the elements from XPS for ZrO,-FeOOH CF, ZrQ650,

ZrQ700, ZrQ750, and ZrQ800 photoanodes respectively.

Samples Zr (%) Fe(%) O (%) Sn (%)

ZrO,-FEOOHCF 7.20  21.13  71.67 0.00

ZrQ650 726 2427  68.32 0.15
ZrQ700 595 2754 6636 0.14
ZrQ750 529 2839  66.18 0.14
ZrQ800 488 2938  65.61 0.12

Table S3. Structural parameters calculated from Fe K-edge EXAFS fits for ZrQ750 and

EtQ750 photoanodes.

Samples R; (A R,(A)P o2 (A?)¢ R-factord

ZrQ750 1.890  2.055 0.0037  0.0009
EtQ750 1.953  2.125 0.0040  0.0003
Fe,Osref* 1957 2128 0.0047  0.0002

abFe-O bond distance (uncertainty < 0.005), *Debye-Waller factor (uncertainty < 0.001),
da sum-of-squares measure of the fractional misfit.
*bulk a-Fe,05 in powder



Table S4. Comparative photocurrent density results of hematite photoanodes prepared by

different synthetic methods with low-temperature activation.

In situ elemental doping  Heat-treatment condition SKI/[I;IEIGOS&S Electrolyte Jph (MA/cm?) Ref.
. . at 550°C for2 h 0.7
Ti doped hematite & 650 °C for 15 min Hydrothermal 1M NaOH (1.4 V vs. RHE) [1]
Ti doped hematite at 550 °C for 2 h Electrospra IM NaOH 1.09 [2]
p spray (1.8 V vs. RHE)
deposition
Sn doped hematite (ex- at 550 °C for 2 h Hydrothermal IM NaOH 0.94 3]
situ doping) & 750 °C for 20 min Drop-coating (1.23 V vs. RHE)
. o . 0.5M 0.53
Ta doped hematite at 750 °C for 30min Hydrothermal N2,SO, (1.0V vs. RHE) [4]
. at 400°C for 4 h 0.45
Sn doped hematite & 500°C for 0.5 h Hydrothermal 1M NaOH (123 V vs. RHE) [5]
1.17
at 700 °C for 10 min Hydrothermal 1M This
ZrOrFe;0; CF at 750 °C for 10 min  with dilution =~ NaOH 1.43 study

(1.23 V vs. RHE)

Table S5. Electron transport time results of the IMPS response for PQ800, ZrQ700, ZrQ750

and ZrQ800 at 1.23 V vs. RHE.

Samples Frequency (Hz) Electron transport time (ms)
PQ800 335 0.475
ZrQ700 355 0.449
ZrQ750 422 0.377
ZrQ800 502 0.317




Table S6. PL lifetime parameters of the hematite photocatalysts prepared from different

synthetic conditions.

Sample A (%) Ti(ms) Ay(%)  To(ms) As3(%) T3(ns) <> (ns)
PQ800 99.2 0.24 0.8 2.8 - - 0.47
EtQ800 99.2 0.22 0.8 6.5 - - 1.39
ZrQ800 98.9 0.21 0.9 3.4 0.2 64 23

3 The average lifetime (<t>) is defined by . ; - S A Ar, [6]

Table S7. EIS fitting parameters obtained by fitting the experimental data of PQ750, EtQ750,
and ZrQ750 photoanodes.

Samples/ R R R CPE1 CPE2
Parameters (®)) ©) QY (F) (F)
PQ750 26.76 300 3312 263x 10" 1.46x 10~
EtQ750 18.91 564 789 1.40x 107 124x10°

ZrQ750 27.58 110 1742 9.83x 10" 1.89x 107
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Fig. S1. Reference experiment of synthesis of PQ800 synthesized by conventional

hydrothermal approach.
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Fig. S2. Formation mechanism of the ZrO,-FeOOH CF during the hydrothermal synthesis.
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Fig. S3. (a) XRD patterns of ZrQ450, and ZrQ550 photoanodes. = The ‘*’ denotes the
hematite (a-Fe,O3) and ‘@’ denotes the FTO substrate (JCPDS 41-1445).
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Fig. S4. XRD peaks of f-FeOOH and ZrO,-FeOOH CF samples.



Intensity (Arb. unit) >

o® : FTO * : Hematite B o o :FTO *: Hematite
L 8
— [ ] *
* [ ] -~
L 'i;u * P E _.....JL_*LtL L :_m__
l = = PQSOO = PPN L E ASOO
== - S = s
S kA A_':A_ < |\ 2
PQ7S0| 3, EtQ750
Y I S | T
PQ700 2 EtQ700
c
_i_m ST B N L o
PQ650 EtQ650
20 30 40 50 60 70 20 30 40 S50 60 70
20 (degree) 20 (degree)

Fig. S5. X-ray diffraction patterns of (A) P-series samples and (B) Et-series samples,

respectively.



Fig. S6. FE-SEM, top view and cross-view images of (a-d) p—FeOOH, (b-e) ZrO,—FeOOH

CF, and (c-f) Et—=FeOOH samples.



Fig. S7. FE-SEM, top view and cross-sectional images of Et-series samples (a-¢) EtQ650, (b-

) EtQ700, (c-g) EtQ750 and (d-h) EtQ800, respectively.
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Fig. S8. FE-SEM, top view and cross-sectional images of P-series samples (a-e¢) PQ650, (b-f)

PQ700, (c-g) PQ750 and (d-h) PQ800, respectively.
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Fig. S9. (A) UV-vis absorbance spectra and (B) Tauc plots for the indirect bandgap of

PQ800 and Zr-series photoanodes.



Fig. S10. (a) Low magnification TEM images, (b) HR-TEM images, (c) ADF-STEM images
and EDS elemental mapping images of ZrQ750. Insets: FFT pattern of HR-TEM images.
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Fig. S11. XPS survey scan of (a) ZrO,—FeOOH CF, (b) ZrQ650, (c) ZrQ700, (d) ZrQ750 and

(e) ZrQ800 photoanodes.
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Fig. S12. Deconvolution of the Ols spectra for (A) ZrO,—FeOOH CF, (B) ZrQ650, and (C)

ZrQ800 photoanodes.
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Figure S13. (a) Schematics of FTO samples with and without quenched at different
temperatures, (b-f) actual photographs of the resistance measurements of FTO with a

multimeter set on resistance mode for Zr-series samples.
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Fig. S14. (a) Photoluminescence spectra of the PQ800 (square), ZrQ700 (circle), ZrQ750 (up
triangle), and ZrQ800 (down triangle) materials. (b) The photoluminescence spectra of the
PQS800 (square), EtQ800 (up triangle), and ZrQ800 (circle) materials set are additionally

displayed for clear comparison. A 470 nm laser line was used for this PL study.
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Fig. S15. (A) Photocurrent density—potential curves under light (solid lines) and dark (dashed
lines) conditions, (B) Nyquist plots measured at 1.23 V vs. RHE with an equivalent circuit,
(C) Mott—Schottky plots that were measured under a dark condition (D) Time-resolved PL

decays of the PQ800, EtQ800, and ZrQ800 photoanodes. The overlapped dotted line is the

fitted line.



~  |—=—PQ700
"= | —EtQ700
£1.24 Q
< ——7ZrQ700
Z£°0.8-
3
= 0.4-
3
5
__—.——-I——_’
OO.O- =

—7r1r r 1 r 1 r 17
04 06 08 1.0 12 1
Potential ( V vs. RHE )

Fig. S16. Photocurrent density—potential curves under illumination (solid lines) and dark
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Fig. S17. Propose mechanism of erratic ZrO, formation during hydrothermal and Zr diffusion

during the transformation of ZrO,-FeOOH CF to ZrO,- Fe,O5 CF.
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Fig. S18. Photocurrent density—potential curves under illumination (solid lines) and dark

(dashed lines) conditions for (A) PQ800, (B) ZrQ700, (C) ZrQ750, and (D) ZrQ800

photoanodes with /without 0.5 M H,0, as a hole scavenger.
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Fig. S19. Faradaic efficiency for the ZrQ650/CoPi and ZrQ800/CoPi photoanodes at an

applied voltage of 1.23 V vs. RHE.
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