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1 Brief summary of the study on the intra-bandgap states on

hematite photoanodes

Supplementary Table 1. Brief summary of the study on the intra-bandgap states on

hematite photoanodes

Method Types Role Chemical Density Energy Ref
identity level
2 SS1: Rec center  SS1 Fe-OH 1
Theoretic DFTE SS2:CT center ~ SS2 Fe-O- /
calculations 1 CT center Fe-O- 2
/
1 CT center 3 4
SECL / / / °
1 Rec center 6
/ / /
Optical TASI 1 Rec center 7.8
experiments / / / 9
PIASI 1 Rec center 10
/ / /
NEXAFSE 2 1
/ / / /
ATR-IRst 1 CT center Fe!lV= 12
/ /
1 CT center ~17 / 5
cvhl / uC cm-?
2 SS1: Rec center $$2:~150 1.3 Vrue 3
Electrical SS2: CT center / uF cm?
experiments
1 CT center ~155 1.3Vree
/ uF cm?
ElISt
2 Both SS1 and SS2 Ss1:~24  sS1:~08 15
are CT center, and / uFcm?  VRhg
interplay SS2:~16  SS1:~14
uFcm?  VRrhg
2 SS1:Rec center SS1:~100  SS1:~0.64 16
SS2: CT center uFcm?  Vrhg
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SS2:~70 SS1:~1.04
pF cm2 VRHE;
IMPSI 1 CT center 1

Note:[1]. the explanation for the shorthand notations in the column of Methods are as follow:[a]
Density functional theory; [b] Spectroelectrochemical spectroscopy; [c] Transient absorption
spectroscopy; [d] Photoinduced absorption spectroscopy; [e] Near-edge X-ray absorption fine
structure; [f] Infrared spectroscopy; [g] Cyclic voltammetry; [h] Electrochemical impedance
spectroscopy; [i] Intensity modulated photocurrent spectroscopy.

[2]. the SS1 or 2 are denoted as the different types of the surface state; Rec center/ CT center is

denoted as recombination and charge transfer center in the column of Role.

2 Theory background

2.1 The measurements of the intra-bandgap states

Electrochemical impedance spectroscopy (EIS) can be used to characterize the
intra-bandgap states at an n-type semiconductors as reported previously.!® 19 2021, 22
The filling and emptying of the electrically active intra-bandgap states would give rise
to an additional response impedance parallel to that of the space charge layer when the
applied potential changes. As a result, the measured impedance corresponded to the
intra-bandgap states Cp(w), after subtraction of space charge layer capacitance (Csc),
can be obtained from the real (Re(Z)) and imaginary (Im(Z)) parts of the measured

impedance, as shown in Supplementary eq.(1) and (2).1%°
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Cp(Eappr, @) = [@Im(Z)(1 + D] = (s 1)
D = 2K o)
According to previous report!®, for those intra-bandgap states interacting only with
the conduction band which may be observed both in the dark and under illumination as
illustrated in Supplementary Figure 1a, the Cy(w) is described by Supplementary
eq.(3), where ke is the surface recombination rate constant of these intra-bandgap states
with the electron at conduction band, ks is the rate constant of the electron detrapping
from the intra-bandgap states into the conduction band, @ is angular frequency, St is
the density of the intra-bandgap states, g is the elementary charge, kg is the Boltzmann
constant, and T is the temperature .
Cp(a’) = %%Stot (3)
From Supplementary eq.(3), at low frequencies, a frequency-dependent
maximum in capacitance (denoted as C,(max),,,o) Will be observed as a function of
the applied potential at:
ke = k_g 4)

In this case, the C,(max),_,o can be described as:

2
Cp(max)w—>0 = 4:?5}01: ©)
Consequently, St can be determined from the C,(max),,_,, When plotting Cp(c)
vs. applied potential (implicit in ksr) for various frequencies.

Similarly, if the intra-bandgap states function as recombination center for the

photocarriers as illustrated in Supplementary Figure 1b, the density of the occupied
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states (Sqor) IS given by Supplementary eq.(6) and the Cp(w) is described by
Supplementary eq.(7):1°

- Ksr
Stot = ) Stot (6)

(ktrap +ksr

o) = o e he P g
Where kirap IS the rate constant of photohole trapped in the intra-bandgap states.
At low frequencies, C,(max),_,o can be found in the plots of Cp(w) vs. applied
potential approximately at the potential, where:
ksr = Kirap + /(ktrap)z + w? 8
For the low frequency limit (w—0), Supplementary eq.(8) can be approximated
to be:

kg = 2ktrap (9)

In this case, Supplementary eq.(6) and Supplementary eq.(7) can be described

by:
_ 2
Stot = EStot (8)
C,(max) = )
p w0 = 57,7 dtot

From Supplementary eq.(9), the density of the recombination centers, S, can be
obtained from the maximum capacitance, C,(max), .

Meanwhile, if these intra-bandgap states simultaneously involves with the charge
transfer processes in addition to serve as recombination center as illustrated in
Supplementary Figure 1c, a kinetic model of surface states mediated charge transfer

and recombination can be proposed for water oxidation at the irradiated hematite
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electrode?® 222 which will be introduced in details below.

(a) o b) . ©
A CB—‘_J ? e _—_/
5 k| 1] der ke ke
g SS > ss > SS ch Redox
g hv W v T Koeap
gl w— I_J I__'/ i
= 0 0

Interacting only with
the conduction band

Recombination centers at the
surface under illumination

Mediating charge transfer and
recombination under illumination

Supplementary Figure 1. Energy-band diagrams showing processes at the hematite
and electrolyte interface (a) intra-bandgap states interacting only with the conduction
band, which may be observed both in the dark and under illumination; and (b)
recombination centers at the surface under illumination; (c) intra-bandgap states

mediating charge transfer and recombination under illumination.

2.2 Theoretic model of intra-bandgap states mediating charge
transfer and recombination
Generally, the elemental processes for water photooxidation at an n-type
semiconductors are schematically illustrated in Supplementary Figure 1c. Upon
illumination, the absorbed photons will create electron-hole pairs in the electrodes. A
part of photogenerated holes after escaping the bulk recombination move to the surface,

generating a photohole flux, in terms of current, I,where they can transfer directly from



valence band to any surface complex with the rate constant ivs. However, it is
suggested the probability of direct hole transfer from the valence band to the electrolyte
should be very low due to the absence of a one-electron redox couple in the electrolyte®®
23,24 Thus, the kvs process is neglected in this model. Alternatively, holes reached at
the electrode surface can be captured by the intra-bandgap states (located at an energy
level Ess, with a density of Stt) with the rate constant kwap. Holes captured at the intra-
bandgap states can transfer to electron donors with the rate constant k¢, or recombine
with electrons with the rate constant kg.. We introduce at this point the shorthand
notations, k.. = ki [D] and k. = king, wWhere ng is the electron density at the
surface.

In this model, the applied potential (¢) across the semiconductor liquid junction
(SCLJ) is regarded to be distributed between the part of the space charge layer (¢sc)
and that of the Helmholtz layer (¢n). As a result, the potential dependent surface
recombination rate constant ksr and charge transfer rate constant ket can be described as
follow:

kor = korns = krexp(— (10)
kew = kbexp(E12) (12)
Where ns is the surface density of electrons, k2. is the value of ks at psc=0, ais

the ideality factor, q is the elementary charge, kg is the Boltzmann constant, and T is

the temperature. k2, is the value of ket at gn = 0, S is the charge transfer coefficient.



The rate constant kirap is assumed to be independent on the potential drop in the
depletion layer.?°

Based on the continuity equation as reported previously?> %, the steady state
concentration of photohole accumulated in the surface state, pd and photocurrent, jst

can be described as Supplementary eq.(12) and (13), respectively.

Io
(kcttksr)

pgs = (12)

kctlo

(kct+ksr) (13)

Jst = kerpgs =
Based on this model, a theoretic impedance expression for water photooxiation on
the photoanodes can be derived. Analysis of the theoretic impedance expression gives
the relationship of ket and characteristic frequency (@h,q,) at the low frequency: 2°
Ohnax = b |1+ 58 4 Lo Do = ket (1+28)+ 28 (g
It shows that the w},,, is affected by 3 parts:1) the first part is caused by the
potential drop on space charge layer gsc; 2) the potential drop across the Helmholtz
layer ¢n; 3) the accumulation of photoholes on the surface states. Therefore, as long as
the Csc/Cy + Bqpl/xsTCy < 1 is not satisfied, ke is expected to be potential and
light intensity dependent in the EIS response. On the other hand, if the applied potential
only drops on the space charge layer (for the case Csc < Cy) and the effect of the
photohole accumulation can be ignored completely (for the case I, < Cy(ket +
k<) k5T /Bq), then, ket would be constant as described in Supplementary eq.(15):%

w}nax = ket (15)

Besides, under high light intensity (for the case, Iy >» Cy(kee + ksr) k8T /£9q), it
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is predicted that @, is proportional to js, as given in Supplementary eq.(16).%°

5cht10 —_ ﬁq . (16)

1
. = =
max = T (kertksr) | maTCrSt

The above theoretic predictions allow us to verify the rationality of the model.

3 The preparation of the photoanodes

The processes for the preparation of the photoanodes were the same as previous
reports?® 27, but with a slight modification of the rate of spin-coating. Generally, the
precursor solution, which contains 60 mM FeClz in the ethanol, was dispersed into the
indium-doped tin oxide (ITO) conducting glass by spin-coating. The coated glass was
dried at the room temperature and subsequently heated in a muffle furnace (Nabertherm,
N7/H, Germany) in air at 350 <C for 5 min. This procedure was repeated eight times

and then the film was annealed in air at 550 <C for 4 h.

4 The characterization of the Photoanodes

4.1 (Photo)-electrochemical measurements

The (photo-)electrochemical experiments were performed in a conventional three-
electrode cell as reported previously?®. The film electrode was used as a working
electrode, a large surface area of Pt mesh as a counter electrode and all potentials were
measured against a calomel reference electrode (SCE). The electrolyte was aqueous
solution of 1 M NaOH (pH 13.8) and different pHs of 8.2, 10.1, 12.0 for the electrolyte
are adjusted by adding HCIO4. To keep oxygen free, all electrolyte were purged with

nitrogen prior experiment. The electrochemical station (Reference 600, Gamry Co. Ltd.,
10



USA) was used as constant voltage source. For illumination condition, the light source
was 150 W xenon lamp coupled with an AM 1.5 global filter (Newport 81094). The
illuminated surface area of films was 1 cm?. The light was incident from the electrolyte-
electrodes side. All potentials were measured with respect to SCE in the text unless
otherwise specified.

The EIS measurements for the ke derivation were the same as described
previously?!. The Mott-Schottky experiments were performed under illumination and
other experimental conditions were the same as that in prior report?’. Impedance
measurements for analysis of intra-bandgap states were the similar to the Mott-Schottky

experiments, with a 3 mV (rms) amplitude at changing frequencies.

4.2 Spectroelectrochemical measurement

The spectroelectrochemical measurement was conducted on a UV-Vis
spectrometer (UV-7502, Shanghai Xinmao Instruments Co., Ltd., China) where the
three-electrode cell setup as described above was placed inside the UV -vis chamber.
The optical absorption signals were recorded at different applied potential which is
controlled by the electrochemical station (CHI 630b, Shanghai Chenhua Co., Ltd.,
China).
4.3 Transient absorption spectroscopy (TAS) measurements
21,22’ In

Transient absorption measurements were the same as reported previously

general, the measurement were performed on a home-modified laser flash photolysis
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spectrometer (LP920, Edinburgh Instruments Ltd., U.K.). A Nd:YAG laser (Opolette
355 LD-HE, 355 nm, 7 ns pulse width) operating at 1 Hz was the UV excitation source.
Care was taken to ensure that the entire immersed area of the electrodes was irradiated
by the UV excitation source. The repetition rate was chosen to ensure that all charge
carriers had fully decayed prior to the next excitation event. The wavelength of the
probe light (150 W tungsten halogen lamp, Beijing Yonghe Ganzhi Ltd., China) was
selected by using two monochromators placed prior to and after the sample. The probe
light was detected with a preamplifier Si photodiode (Mk2, Costronics Electronics,
U.K.), and the detected signal was sent to the main amplification system with an
electronic band-pass filter (Costronics Electronics 2015) to improve the signal-to-noise
ratio. The amplified signal was recorded with a 100 MHz oscilloscope (Tektronix
TDS3012C), which was synchronized with a trigger signal of the laser pulse. The
detected transient absorbance AOD was controlled to be small as possible by adjusting
the laser intensity. The data shown were the result of averaging between 100 and 200

laser shots per trace.
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5 Photoelectrochemical performance measurements results
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Supplementary Figure 2. Photoelectrochemcial performance. I-V curves of the a-
Fe20Os3 photoanodes. (a) in the dark and under illumination of different light intensities
(50, 70, 100 mW cm) in 1.0 M NaOH deoxygenated aqueous solution; (b) in the
dark and under illumination of 100 mW cm2in different pHs (8.2, 10.1, 12.0) in 1.0

M NaOH deoxygenated aqueous solution.
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6 Mott-Schottky results

Mott-Schottky measurements are conducted to obtain the flatband potential (E)
of the a-Fe;03 electrodes. In the dark, the Es is -0.62 Vsce for the electrode in 1 M
NaOH solution as shown in Supplementary Figure 3a, in good agreement with
previous reports.?® %0 Besides, the Em, under changing pH approximately satisfies the
Nernstian equation with a slope of -68 mV/pH unit (Supplementary Figure 3b-d).
Under illumination, the E is shifted positively with the increasing light intensity and
gradually saturated at high light intensity (Supplementary Figure 3a). This manifests
that there are positive charge trapped in the electrode surface and the saturation at the
high light intensity suggests a limitation for the positive charge storage at the electrode
surface. As such the density of the trapped photoholes (Nwap) on the electrodes can be
estimated from the limitation on E, shift according to Supplementary eq.(17). Given
that the maximum shift of the Es is ~0.067 Vsce and the Helmholtz capacitance (Cr) is
assumed to be 120 uF cm2, Nirp is estimated to be 5.05x10'% cm,
dEg, = —dAgy = qNCt—H" (17)

Where ¢ is the potential drop on the Helmholtz layer, q is the elementary charge.
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Supplementary Figure 3. Mott-Schottky plots of a-Fe>Os electrode. (a) in the dark
and under illumination of different light intensities (50, 70, 100 mW cm™) in
deoxygenated 1 M NaOH (pH 13.8); the electrolyte of different pHs (8.2, 10.1, 12.0,
13.8) in the dark (b) and under illumination at 100 mW cm (c); the pH dependent Es,
in the dark and under illumination at 100 mwW cm (d); (e) comparison of Mott-
Schottky plots of a-Fe,Os electrode in 1 M NaOH (pH 13.8) at 100 mW cm2 without
and with the addition of efficient hole scavenger [Na;SO3z] = 30 mM. The measured

frequency is 1 kHz.
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7 Measurements of the intra-bandgap state
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Supplementary Figure 4. Electrochemical measurements of the intra-bandgap
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states. (a) curves of parallel capacitance Cy(w) after subtraction of the space charge
capacitance versus with varying applied potential (E) at different frequencies in the
dark and under illumination of different light intensities (50, 70, 100 mW cm); (b)
Cp(w) vs. E curves with the addition of efficient hole scavenger [Na;SOz] = 30 mM in
the dark and under 100 mW cm at different frequencies; Cp(w) vs. E curves for
different frequencies in the dark and under illumination 200 mW cm without and
with the efficient hole scavenger [Na2SOs] = 30 mM: (c) pH 12.0; (d) pH 10.1; (e) pH
8.2; (f) Cp(w) vs. E curves at 0.1 Hz of different pH (8.2, 10.1, 12.0, 13.8) at 100 mW
cm2 with respect to corresponding Es; (g) Cp(®) vs. E curves at 0.1 Hz of different
light intensities (25, 50, 70, 100 mW cm2) at pH13.8 with respect to corresponding

Efp.
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8 1-V curves in the presence of hole scavenger Na>SOs

a
(a) oo _PH 8.2

w/o Na,SO, (light)

with Na,SO, (light)
w/o Na,SO, (dark)
with Na,SO, (dark)

40 -

Scan rate
10mvs?

Current (uA)
o
1

o
1

T T T T T T T T T
-06 -04 -02 00 0.2 0.4
Potential (V vs. SCE)

(b) pH 10.1

80 :
w/o Na,SO, (light)
50 with Na,SO, (light)
. w/o Na,SO, (dark)
< with Na, SO, (dark)
S 40- =
o
c
[¢)]
=
> 20 -
O scan rate
1 10mvs?
0 -

T I T I T I T I
-06 -04 -02 00 0.2 0.4
Potential (V vs. SCE)

23



() pH 12.0
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Supplementary Figure 5. I-V curves of the a-Fe>O3 photoanodes without and with

the addition of efficient hole scavenger [Na2SOz] = 30 mM in the dark and under

illumination 100 mwW cm.(a)-(d) pH 8.2, 10.1, 12.0, 13.8.
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9 Spectroelectrochemistry results of hematite photoanode

reported in the literatures
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Supplementary Figure 6. Absorption difference measured at 580 nm as a function of
applied bias for the hematite-based photoanode which is derived from
spectroelectrochemistry results in the dark as reported previously. (a) a-Fe203
electrodes results from the Figure 5a and c in ref®; (b) CoOx surface modified o-
Fe,Os electrodes results from the Figure 5b and ¢ in ref®; (c) o-Fe,0s electrodes

results from the Figure 5a and ¢ in ref®,
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10 Cyclic voltammetry (CV) measurements
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(c) Dark

50 -
T 0
3
3
e  -50 -
8
‘O
S .100 -
[
o
-150 -
I T I T I T I T I T I
-0.6 -0.4 -0.2 0.0 0.2 0.4
Potential (V vs. SCE)
d
@
0 - 2nd and 3rd cycle
<
S
c
L .10+
S 1st cycle
@)
-20 ! —— 100 mW cm™

T T T T

T T T T
-06 04 -02 00 02 04
Potential (V vs. SCE)

Supplementary Figure 7. Fast cathodic CV scans (0.1 V s, otherwise separately
labeled) of the a-Fe>Os electrodes in the dark at pH 13.8 after preconditioning at high
potential for 3 min. (a) comparison of different scan cycles; (b) comparison of the
first cycle measured at different potential; (c) the capacitive plot of different scan rates
(0.1,0.2,0.5V sh); (d) CV scans under illumination of 100 mWcm and other

condition are the same as (a).
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11 Transient absorption spectroscopy (TAS) results
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Supplementary Figure 8. TAS decay results. Comparison of TAS for the with and
without 30 mM Na>SOs probed at 580 nm (a, c, e, g) and 650 nm (b, d, f, h) at
different potential: (a), (b) at 0 Vscg; (), (d) at 0.2 Vsce; (e), (f) at 0.3 Vscg; (g), (h) at

0.4 Vsce.

12 Electrochemical impedance spectroscopy (EIS) results

Typical EIS response of the a-Fe>Os electrodes obtained as a function of applied

potential at different light intensity in 1 M NaOH at 100 mW cm2 is presented in
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Supplementary Figure 9a-d. According to previous reports?: 22 27 29 the second
semicircle on Nynquist plots can be assigned to photoelectrochemical reaction process.
Therefore, ket equals to the angular frequency of the maximum imaginary
component( @k, ) of the second semicircle arc on Nynquist plots, which can be
obtained by mathematic fitting of equation 23 in Ref?®. Note that the @}, can be
directly determined from the Nyquist plots during the maximum frequency range as
illustrated in Supplementary Figure 9c (red dotted circle). As presented in
Supplementary Table 2, the @}, derived by mathematic fitting in good match with
that directly obtained from the Nyquist plots. This consistency supports the
appropriateness of the derived ket. Thus, we can use ket to verify the proposed kinetic
model. Satisfactory results have been achieved between the actual case and the theoretic
expectation of model, even for the less potential independence w},,, observed at high
anodic potential (Figure 3c and Supplementary Figure 9e). According to
Supplementary eq.(14), the less potential independence w},,,, May be caused by two
reasons: 1) the Csc is further decreased at high anodic potential, leading to even smaller
Csc/Cy; 2) the faster ket at high anodic potential compared to that at lower applied
potential would accelerate photohole transfer, which results in decreased accumulation
of photoholes, bringing about smaller Bqpd/xsTCy. All these factors may contribute
to less increase in the amplitude of ¢ with respect to that at lower applied potential,
consequently resulting in the potential independent k.. Besides, as shown in

Supplementary Figure 9f, a good linear correlation between ., and js was
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observed at strong light intensity of 100 mW cm™, consistent with the theoretic
prediction of Supplementary eq.(14). From the slope of @}, Vs. jst curve, the Cy are
determined to be 120 uF cm™ for a-Fe;Os electrodes in 1 M NaOH, which further

validate the estimation of Nip by the positively shifted Es, in Supplementary Figure

3a.
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Supplementary Figure 9. EIS measurement results. Typical EIS responses of the
a-Fe,03 electrodes under illumination at different light intensities (50, 100 mW cm?):
(a)(c) Nynquist plots and (b)(d) Bode plots. The data in line were used to derive
ohax DY fitting equation 23 in Ref?; (e) influence of potential on the @}, for the
a-Fe;0zelectrode at at different light intensities (50, 100 mW cm); (f) curves of the

@ . VS. jst OF the a-Fe203 electrodes at 100 mW cm™.
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Supplementary Table 2. Comparison of the «},,, obtained by mathematic fitting

and directly determined from EIS data at 100 mW cm in the electrolyte of pH 13.8

Potential/ V vs. SCE ~ wl,.x by mathematic  @},,, directly determined from EIS

fitting/ st data points (2xf) / s

-0.18 0.08209 0.09236 (0.0147 Hz)

-0.15 0.14826 0.13509 (0.0215 Hz)

-0.12 0.22394 0.19792 (0.0315Hz)

-0.09 0.31312 0.29154 (0.0464 Hz)

-0.06 0.42569 0.42789 (0.0681 Hz)
0 0.55252 0.62832 (0.1 Hz)
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