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� [B(OH)4]
� as a Lewis base can

selectively passivate acceptor sur-

face states.

� The FexNi1-xOOH thin layer can

further improve water oxidation

kinetics.

� FexNi1-xOOH/B/TieFe2O3 could

achieve 3.39 mA/cm2 at 1.23 V vs.

RHE.

� FexNi1-xOOH/B/TieFe2O3 exhibits

the outstanding PEC performance.
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a b s t r a c t

Improving the water-splitting performance of hematite (a-Fe2O3) is still hindered due to its

severe charge recombination and poor water oxidation kinetics. Herein, borate-treated Ti

eFe2O3 combined with a FexNi1-xOOH cocatalyst (FexNi1-xOOH/B/TieFe2O3) greatly

improved the performance of TieFe2O3, and reached a notable photocurrent density of

3.39 mA/cm2 at 1.23 V vs. RHE. Transient surface photovoltage spectroscopy (TPV) directly

reveals that [B(OH)4]
� as a Lewis base can selectively passivate acceptor surface states on Ti

eFe2O3 photoanode surface, efficiently enhancing the charge separation efficiency. More-

over, the FexNi1-xOOH thin layer is devoted to further facilitate holes injection into the

electrolyte, accelerating the water oxidation kinetics of TieFe2O3 photoanode. The syner-

getic integration of acceptor surface states passivation and FexNi1-xOOH cocatalyst pro-

vides a novel strategy for the construction of efficient photoanodes by surface engineering.
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Introduction

As a clean and pollution-free energy source, hydrogen energy

has become a research hotspot [1,2]. In particular, the use of

inexhaustible solar energy to split water for hydrogen pro-

duction has always been regarded as a reliable strategy with

low cost [3]. As an outstanding water oxidation photoanode,

hematite has been widely reported as a result of its low

toxicity, sufficient edge positions of the valence band and high

chemical stability in alkaline electrolytes [4,5]. However, pure

a-Fe2O3 has abundant acceptor surface states and sluggish

water oxidation kinetics, which lead to serious charge

recombination on the surface and limit its PEC performance

for application.

Various surface states exist on the surface of hematite

[6], and it is known that the acceptor surface states usually

preferentially capture photogenerated electrons on the sur-

face and seriously recombine with the holes [7], thereby

inhibiting the improvement of its PEC performance.

Currently, the strategy to suppress the surface state density

of a-Fe2O3 is mainly by decorating the surface passivation

layer material, such as Ga2O3 [8], Al2O3 [9], In2O3 [10]and

MoO3 [11], etc. However, conventional electrodeposition or

precipitation methods, which often produce thick or non-

uniform overlays, can lead to non-selective passivation

[12]. As the conjugate base of H3BO3, [B(OH)4]
� with tetra-

hedral geometry has been reported that it acts as a regu-

lating ligand and passivator in the molecular level

modification, rather than forming a thick surface passiv-

ation layer [13]. Zhang et al. reported that self-anchored

[B(OH)4]
� ligands on BiVO4 inhibit charge recombination

while enhancing the transport of holes to the electrolyte

[14,15]. In fact, the acceptor surface state on hematite can be

regarded as a Lewis acid site, and the [B(OH)4]
� as a Lewis

base will selectively bind to it. Considering the specific

properties of the acceptor surface states, borate treatment

should be able to passivate acceptor surface states of a-

Fe2O3 while suppressing charge recombination. Further-

more, bimetallic oxygen evolution cocatalysts are often able

to greatly promote holes transfer at the photoanode/elec-

trolyte interface and reduce the onset potential of a-Fe2O3,

such as ZnCo-LDH [16], FeNiOOH [17], FeCoOx [18] and

MnCoOx [5,19], etc. Therefore, we can reasonably infer that

the synergetic integration of acceptor surface states passiv-

ation and bimetallic cocatalysts can greatly improve the

photoelectrochemical properties of Fe2O3 for water

oxidation.

Herein we used borate solution to treat the surface of

TieFe2O3 photoanode, and the [B(OH)4]
� as Lewis base will

selectively bind to acceptor surface states. The surface pho-

tovoltage spectroscopy (SPV), transient photovoltage (TPV)

and necessary electrochemical measurements demonstrate

that acceptor surface states on TieFe2O3 surface are passiv-

ated, efficiently enhancing its charge separation efficiency.

Moreover, the FexNi1-xOOH thin layer is devoted to extract

holes from B/TieFe2O3 to accelerate surface reaction. The

synergetic integration of acceptor surface states passivation

and FexNi1-xOOH cocatalyst provides a novel strategy for the

construction of efficient PEC photoanodes.
Experimental section

Sample preparation

Preparation of Ti-doped Fe2O3

Ti-doped Fe2O3 nanorod array were prepared according to the

previously reported method [20,21]. Typically, the FTO was

ultrasonically cleaned with ethanol, acetone, ethyl acetate,

etc. for 15 min each. 0.15 M FeCl3$6H2O, 1 M NaNO3 and 150 mL

0.05% TiCl4 ethanol solution (volume percentage) were dis-

solved in 100 mL deionized water under constant stirring.

Immediately thereafter, a piece of cleaned FTO was trans-

ferred to a 50 mL autoclave along with the homogeneous so-

lution. The autoclave was heated in an oven at 100 �C for 12 h,

cooled to room temperature, and the yellow filmwas removed

and rinsed with deionized water. After drying, the yellow film

was calcined in air at 550 �C for 2 h to obtain TieFe2O3.

Preparation of B/TieFe2O3

In short, the obtained TieFe2O3 photoanode was placed in a

0.5 M borate buffer solution at 90 �C for 1 h (pH ¼ 9.3). Finally,

the resulting film was rinsed with deionized water and dried

naturally and the synthesized sample is marked as B/

TieFe2O3.

Preparation of FexNi1-xOOH/B/TieFe2O3

FexNi1-xOOH cocatalyst was synthesized via dipping method

[22]. Briefly, the B/TieFe2O3 electrode was immersed into the

mixed solution of FeCl3$6H2O (0.15 mM) and NiCl2$6H2O

(0.25 mM) solution for 15 min. 2 M NaOH solution was then

added to adjust its pH to 9 by gently stirring for 5 min. The

solution was stood for 30 min. At last, the sample was washed

with deionized water and then dried naturally to obtain

FexNi1-xOOH/B/TieFe2O3. To optimize the composition of the

Ni2þ and Fe3þ, the total moles of them in the mixed solution

were maintained at 0.4 mM, the molar ratio of FeCl3.6H2O to

NiCl2.6H2O is set to 1:0, 0.625:0.375, 0.75:0.25, 0.5:0.5, 0.25:0.75,

and 0:1.

For comparison, the FexNi1-xOOH/TieFe2O3 electrode was

also obtained.

Characterization

The morphologies of all photoanodes were characterized by

field emission scanning electron microscopy (FE-SEM) and

transmission electron microscopy (TEM). The light absorption

properties of all photoanodes were characterized through

ultraviolet-diffuse reflectance absorption (UV/vis DRS). The

elemental compositions and their chemical states of all pho-

toanodes were characterized by X-ray photoelectron spec-

troscopy (XPS) and corrected using the C1s peak. The crystal

phase structures of all photoanodes were characterized by X-

ray diffraction (XRD) ranging from 20 to 80�.
The dynamic separation behaviors of photogenerated

charges were characterized by locking-based surface photo-

voltage spectroscopy (SPV) and transient photovoltage spec-

troscopy (TPV). The SPV test was completed from 300 to

800 nm and the test frequency was 24 Hz, which consisted of

the monochromator (ZLolix SBP500), data processor, optical
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chopper (SR540), lock Phase amplifier (SB830-DSP) and 500 W

Xe lamp (CHF-XM-500 W). The TPV test was performed under

100 mJ laser irradiationunder (Laser wavelength: 532 nm),

which consisted of the signal capture amplifier, digital oscil-

loscope (500 MHz, Tektronix), data processor, and pulsed laser

(Polaris II, New Wave Research, Inc.).

PEC measurements

Photoelectrochemical tests were performed with simulated

sunlight illumination (AM 1.5 G, 100 mW/cm2) from the sam-

ple side, using an electrochemical station (CHI660E) config-

ured with a standard three-electrode system, where the Ag/

AgCl, photoanode and platinum wire were used as reference,

working and counter electrodes. By Nernst equation (ERHE-

¼ EAg/AgCl þ 0.059 pH þ EqAg/AgCl) conversion, the Ag/AgCl

reference electrode potential is converted to the potential

relative to the standard hydrogen electrode, the electrolyte is

1 M potassium hydroxide (pH ¼ 13.6), 0.283 square cm as the

reaction area. The stability test of FexNi1-xOOH/B/TieFe2O3

was carried out under the condition of 1.23 V vs. RHE contin-

uous illumination for 2 h. PEIS was performed under light in

the frequency range 5 � 10�2-105 Hz (1.0 V vs. RHE).

The conversion efficiency is obtained from the relationship

between incident photons and current:

IPCE ¼ J� 1240
Pmono � l

where l is the irradiation wavelength, the wavelength range is

390e570 nm, Pmono is the light intensity, and J is the photo-

current density.

The applied bias photon-to-current efficiency (ABPE) is

obtained through the following equation:

ABPE¼
�
Jlight � Jdark

�� ð1:23� VRHEÞ
Plight

where Plight represents the incident light intensity (100 mW/

cm2), VRHE represents the potential relative to the standard

hydrogen electrode, and Jlight and Jdark represent the current

density of thephotoanode in light anddark states, respectively.
Scheme 1 e The synthesis proces
The injection efficiency (hinj) is obtained by the following

formula:

hinj ¼
JH2O

JH2O2

where JH2O and JH2O2 represent the photocurrent densities

obtained in 1 M potassium hydroxide and its electrolyte con-

taining 0.5 M hydrogen peroxide, respectively.

Cyclic voltammetry (CV) plots were performed in potential

range of �0.4 to �0.3 V vs. Ag/AgCl at the scan rates of 0.01,

0.03, 0.05, 0.07 and 0.09 V s�1, respectively.
Results and discussions

Synthesis and characterization

Scheme 1 shows the synthesis process of FexNi1-xOOH/B/

TieFe2O3 photoanode. Fe2O3 nanorod array with Ti dopant

aiming to improve the conductivity, first, was synthesized on

FTO. For the borate treatment, the prepared TieFe2O3 was

placed in a 0.5 M borate buffer solution for a certain time,

which was labelled as B/TieFe2O3. Finally, the FexNi1-xOOH

thin layer is modified onto B/TieFe2O3 via pH-modulated

method, and the target photoanode was marked as FexNi1-

xOOH/B/TieFe2O3.

From the top-view SEM of the photoanode (Fig. S1), it can

be seen that TieFe2O3 is assembled by a large number of

nanorods with an average diameter of 54 nm. However, there

is no apparent morphology changes after borate treatment

and cocatalyst modification on TieFe2O3. Subsequently, the

microstructure and morphology of the as-synthesized FexNi1-

xOOH/B/TieFe2O3 were then further analyzed by HRTEM and

TEM. In Fig. 1A and B, a 5 nm-thick ultrathin layer of amor-

phous FexNi1-xOOH is uniformly deposited on TieFe2O3

[15,23]. The lattice fringe of 0.254 nm displayed in the FexNi1-

xOOH/B/TieFe2O3 HRTEM image in Fig. 1C corresponds to the

a-Fe2O3 (110) plane [24]. The elemental mapping in Fig. 1D

clearly showed the uniform distribution of Fe, O, Ti, B and Ni

in FexNi1-xOOH/B/TieFe2O3, indicating further the formation
s of FexNi1-xOOH/B/TieFe2O3.
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Fig. 1 e (A) TEM image of FexNi1-xOOH/B/TieFe2O3, (B) and (C) HRTEM image of FexNi1-xOOH/B/TieFe2O3, (D) EDS elemental

mapping of Fe, O, Ti, B and Ni of FexNi1-xOOH/B/TieFe2O3.
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of ultrathin FexNi1-xOOH nanolayers, as well as boron

adsorption.

The crystalline phase of all photoanodes in Fig. 2A were

investigated by X-ray diffraction (XRD) pattern. In the XRD

spectra of FexNi1-xOOH/B/TieFe2O3 and FexNi1-xOOH/TieFe2-
O3, there are no other diffraction peaks except for a-Fe2O3
Fig. 2 e (A) XRD patterns and XPS spectra of (B) Fe 2p, (C) O 1s, (

TieFe2O3 and FexNi1-xOOH/B/TieFe2O3.
(PDF#33e0664) and FTO, which is due to amorphous structure,

ultrathin thickness and high dispersion of FexNi1-xOOH [25]. In

addition, through X-ray photoelectron spectroscopy (XPS), the

elemental composition of all photoanodes and their chemical

states were measured. The two peaks at 710.1 eV and 723.9 eV

can be observed in Fig. 2B, which are assigned to Fe2p3/2 and
D) Ti 2p collected from TieFe2O3, B/TieFe2O3, FexNi1-xOOH/
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Fig. 3 e (A) LSV curves in 1 M KOH under AM 1.5 G illumination, (B) Applied bias photon-to-current efficiencies (ABPE), (C)

Incident photon-current efficiency (IPCE) at 1.23 V vs. RHE of four photoanodes. (D) Photostability measurement of FexNi1-

xOOH/B/TieFe2O3 photoanode at 1.23 V vs. RHE for 2 h.
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Fe2p1/2 of Fe3þ [26]. In Fig. 2C, hydroxide (OH�) and lattice

oxygen (O2�) correspond to two peaks at 529.7 eV and 531.1 eV,

respectively [27]. It is worth noting that the peak intensity of

OH� increased significantly after borate treatment, which

could be attributed to absorption of [B(OH)4]
� or OH�. Fig. 2D

shows the XPS spectrum of Ti 2p3/2 and Ti 2p1/2 of Ti4þ. The
peaks at around 855.8 and 873.7 eV in Fig. S2A are marked as

the characteristic positions of Ni 2p3/2 and Ni 2p1/2 of Ni2þ,
respectively, while the broad peaks at 861.7 and 880.1 eV serve

as their satellite peaks. In the borate-surface-treated

sample(Fig. S2B), the weak B 1s XPS signal at 192.4 eV in-

dicates that boron is a light element that cannot be easily

detected [28].

PEC properties for water splitting

The PEC performance of TieFe2O3, B/TieFe2O3, FexNi1-xOOH/

TieFe2O3 and FexNi1-xOOH/B/TieFe2O3 are tested with AM

1.5 G solar illumination. The photocurrent density of B/

TieFe2O3 (2.0 mA/cm2) in Fig. 3A is much higher than that of

TieFe2O3 (0.4 mA/cm2) at 1.23 V vs. RHE. And the optimized B/

TieFe2O3 is treated with 1 M borate solution for 1 h (Figs.

S3AeC). The effects of other salt ion treatments such as

NaOAc, phosphate buffered saline or sodium hydroxide were

also compared in Fig. S3D. It's not hard to find [B(OH)4]
� has a

more significant effect on the PEC performance of TieFe2O3

[29]. In the precursor solution of FexNi1-xOOH, the optimal

used ratio of Fe:Ni is 0.625:0.375 (Fig. S9), and a higher

photocurrent density (3.39 mA/cm2 at 1.23 V vs. RHE) was
obtained by FexNi1-xOOH/B/TieFe2O3 photoanode, much

higher than most Fe2O3-based photoanodes (Table S1). The

onset potential of FexNi1-xOOH/B/TieFe2O3 cathodically shif-

ted to 0.85 from 0.95 V vs. RHE (TieFe2O3) in 1 M KOH elec-

trolyte (Fig. S4). From parallel experiments, the cooperation

between borate treatment and FexNi1-xOOH further improves

the PEC performance.

Moreover, applying the bias photon-current efficiency

(ABPE) in Fig. 3B, calculated from the J-V curves, showed that

FexNi1-xOOH/B/TieFe2O3 achieved the highest ABPE value of

0.48%, which is 1.7 times that of FexNi1-xOOH/TieFe2O3 and 3

times that of B/TieFe2O3, respectively. Then, the incident

photon-current efficiency (IPCE) was obtained by the rela-

tionship between the photoelectrochemical performance and

the incident light wavelength. FexNi1-xOOH/B/TieFe2O3 ach-

ieved the highest IPCE value of 71% over the entire region in

Fig. 3C. Compared with TieFe2O3, FexNi1-xOOH/B/TieFe2O3

can maintain approximately 93% of the initial photocurrent

density after 2 h photostability measurement in Fig. 3D,

indicating its stability during the reaction.

SEM images (Fig. S1) andXRDpatterns (Fig. 2A) ofB/TieFe2O3

were not significantly different from that of TieFe2O3. All

photoanodes in Fig. 4 also exhibited similar absorption edges at

600nmthroughUV/Visabsorption spectra, indicating that light

absorption is not the dominant factor. The above results sug-

gest that borate species may change the surface state of

TieFe2O3, inhibit surface charge recombination, while FexNi1-

xOOH thin layer with more active sites may extract holes

from B/TieFe2O3 to accelerate the water oxidation reaction.

https://doi.org/10.1016/j.ijhydene.2022.10.277
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Fig. 4 e UV/Vis absorption spectra (A) and the Tauc's plots (B) of TieFe2O3, B/TieFe2O3, FexNi1-xOOH/TieFe2O3 and FexNi1-

xOOH/B/TieFe2O3 photoanodes.
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Enhancement of charge separation after borate treatment

To explore the change of surface state on TieFe2O3 after

borate treatment and the role of [B(OH)4]
�, transient surface

photovoltage spectroscopy (TPV) were conducted (Fig. 5). It is

generally believed that a positive TPV response indicates the

migration of photogenerated holes to the surface, while a

negative response signal indicates the accumulation of pho-

togenerated electrons on the surface [27,30]. The TieFe2O3

photoanode obtains two TPV response signal peaks under

532 nm (~2.3 eV) pulsed laser irradiation, indicating that two

distinct photogenerated charge transfer processes occur

sequentially.

Firstly, the TPV response reached one negative maximum

value (2.3� 10�7 s) for TieFe2O3 photoanode, whichmeans the

photogenerated electrons are preferentially captured by the
Fig. 5 e Transient surface photovoltage spectroscopy under

100 mJ laser (Laser wavelength: 532 nm, the inset is a

diagram of the setup) of the TieFe2O3, B/TieFe2O3, FexNi1-

xOOH/TieFe2O3 photoanodes.
acceptor surface states. Then, more photogenerated holes

migrate to the surface under the space charge region, which

the negative photovoltage response is converted into the

positive photovoltage response [31]. In contrast, the negative

transient photovoltage response of B/TieFe2O3 obviously dis-

appears, indicating that the adsorbed Lewis base [B(OH)4]
�

could act as passivator to greatly reduce the acceptor surface

states and inhibit charges recombination [32]. The above

result confirms the type of surface state on the TieFe2O3

surface, as reported by Lan [23] and Wu [31] et al., and it is

beyond doubt that it can act as a Lewis acid site. Meanwhile,

the degree of photogenerated charge separation can also be

seen according to the TPV response intensity. It is evident

from Fig. 5 the recombination time is prolonged from

3.7 � 10�4 s to 2 � 10�3 s after the surface passivation, which

indicates that selectively passivating the acceptor surface

states can significantly suppress the charge recombination

centers, thus promoting charge separation more than FexNi1-

xOOH cocatalyst.

To further investigate the separation degree of charges

after co-modification, we performed surface photovoltage

spectrum (SPV), the open circuit photovoltage and photo-

luminescence spectrum of the obtained photoanodes. In

Fig. 6A, the SPV positive response of B/TieFe2O3 is the stron-

gest, indicating that charge separation is easier after acceptor

surface state passivation [33]. Interestingly, the SPV value of

FexNi1-xOOH/B/TieFe2O3 is poorer than that of B/TieFe2O3 due

to the introduction of interfacial resistance. On the other

hand, wemeasured the open-circuit photovoltage (OPV) in 1M

KOH electrolyte [34,35]. The OPV values in Fig. 6B increase in

order of FexNi1-xOOH/TieFe2O3 (0.11 V) < TieFe2O3 (0.13 V) < B/

TieFe2O3 (0.15 V) < FexNi1-xOOH/B/TieFe2O3 (0.19 V), proving

that after borate treatment, a stronger interfacial electric field

is formed between the solid and liquid, and the cocatalyst

further promotes charge separation. Photoluminescence (PL)

also revealed the separation of photogenerated charges before

and after borate treatment. In Fig. S5, the intensity of B/

TieFe2O3 was much poorer than that of TieFe2O3, which

means the charge recombination is effectively suppressed

[36].
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Fig. 6 e (A) Surface photovoltage spectra (the inset is a diagram of the setup), (B) Open-circuit potentials (VOC) of TieFe2O3, B/

TieFe2O3, FexNi1-xOOH/TieFe2O3 and FexNi1-xOOH/B/TieFe2O3 photoanodes.
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Accelerated water oxidation kinetics and charge transfer
after co-modification

To further analyze the congestion of holes on the surface, we

measured the transient photoresponse of four photoanodes

(Fig. 7A). Due to the poor water oxidation rate of TieFe2O3, the

photogenerated holes reaching the surface cannot oxidize

water in time and accumulatewhen the light is turned on, and

the photocurrent reaches instantaneous spike [37]. After the

co-modification of borate treatment and FexNi1-xOOH thin

layer, the anodic spike of FexNi1-xOOH/B/TieFe2O3 almost
Fig. 7 e (A) J-Vcurves under chopped light illumination, (B) J-t c

under AM 1.5G illumination (CPE, Rct, and Rbulk represent capac

resistance, respectively) and (D) hinj of four photoanodes.
completely disappeared, indicating that it facilitated more

holes transport from the photoanode to the electrolyte in

Fig. 7B and Fig. S6.

Furthermore, the different photoanode/electrolyte in-

terfaces resistance (Rct) was obtained by electrochemical

impedance spectroscopy (EIS). Generally speaking, the smaller

the arc radius of the Nyquist point in the low frequency re-

gion, the smaller the charge transfer resistance between the

solid-liquid interface. In Fig. 7C, the TieFe2O3 photoanode

exhibits a larger semicircle, indicating a higher interfacial

transfer barrier, while the Rct of FexNi1-xOOH/B/TieFe2O3 is
urves at 1.23 V vs. RHE, (C) Nyquist plots at 1.0 V vs. RHE

itive elements, solid-liquid interface resistance and bulk
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https://doi.org/10.1016/j.ijhydene.2022.10.277


Table 1 e EIS fitting results of TieFe2O3, B/TieFe2O3, FexNi1-xOOH/TieFe2O3 and FexNi1-xOOH/B/TieFe2O3 photoanodes.

Photoanode Rs(U) Rbulk (U) CPE1(F.cm�2) Rct (U) CPE2(F.cm�2)

TieFe2O3 60.25 236 2.167�10�5 3362 1.795�10�4

B/TieFe2O3 42.94 145.7 5.347�10�5 1383 2.077�10�4

FexNi1-xOOH/TieFe2O3 49.79 148.5 2.988�10�5 539.8 3.392�10�4

FexNi1-xOOH/B/TieFe2O3 53.11 82.75 5.761�10�5 348.9 6.852�10�4
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significantly smaller. Compared with FexNi1-xOOH/TieFe2O3,

the radius of FexNi1-xOOH/B/TieFe2O3 in high frequency re-

gion is obviously smaller in Fig. S7, indicating that the

passivation of the acceptor surface states reduces the transfer

resistance of holes from TieFe2O3 to the surface of FexNi1-

xOOH. Moreover, the fitted values obtained from the equiva-

lent circuit model are shown in Table 1. The fitted Rct (384.9 U)

of the FexNi1-xOOH/B/TieFe2O3 photoanode is significantly

smaller than that of the B/TieFe2O3 photoanode (1383 U),

indicating that the photogenerated holes on the surface of

FexNi1-xOOH/B/TieFe2O3 are transported more smoothly at

the solid-liquid interface, which can be quickly injected into

the electrolyte for water oxidation reaction [38].

In view of the above results, the hole injection efficiencies

(hinj) of the four photoanodes in Fig. 7D, were further calcu-

lated from the photocurrent measurements with H2O2 [39].

FexNi1-xOOH/B/TieFe2O3 photoanode manifested the highest

value of 74% at 1.23 V vs. RHE, much higher than that of B/

TieFe2O3 (39%) and TieFe2O3 (12%). The excellent injection

efficiency of FexNi1-xOOH/B/TieFe2O3 means that more holes

are involved in the reaction of oxidizing water, which can be

attributed to the passivation of acceptor surface states

inhibiting charge recombination, and the cocatalyst FexNi1-

xOOH with more active sites can rapidly extract holes from

B/TieFe2O3 to electrolyte [40]. The same results were also

observed in the EIS spectrum and LSV test.
Scheme 2 e The illustration of reaction mechanism of (A) TieFe

TieFe2O3. Eachprocess represents: 1. Formationofphotogenerate

electron-hole pairs, 3. Electrons transfer to conductive substrate

Acceptor surface states as recombination centers, 6. Hole-transp
To further unveil the reason of excellent photo-

electrochemical performance of FexNi1-xOOH/B/TieFe2O3, we

have approximately evaluated its electrochemical active sur-

face area (ECSA) according to the electrochemical double-layer

capacitance (Cdl) [41,42]. It should be noted that Cdl should be

calculated by monitoring the current density in the non redox

peakareaat different scanning rates (Figs. S10AeC). Obviously,

the Cdl of FexNi1-xOOH/B/TieFe2O3 (37 m F cm�2) is much

higher than that of B/TieFe2O3 (21 m F cm�2) and TieFe2O3

(12 m F cm�2) in Fig. S10D, which shows that FexNi1-xOOH/B/

TieFe2O3 exposes the highest active sites due to the passiv-

ation of surface state and the presence of FexNi1-xOOH. This

results further indicate that the synergetic integration of

acceptor surface states passivation and FexNi1-xOOH cocata-

lyst provides a new strategy for improving the photo-

electrochemical properties of Fe2O3 for water oxidation.

Analysis of the charge migration mechanism in the reaction

The reactionmechanism in the process, therefore, is proposed

in Scheme 2. For the TieFe2O3, photogenerated electrons from

the conduction band are preferentially captured by acceptor

surface states, and then they recombine with holes from the

valence band, severely limiting the water oxidation reaction

(Scheme 2A). After Lewis base [B(OH)4]
� gradually interacts

with the acceptor surface state on the TieFe2O3 surface, the
2O3, (B) B/TieFe2O3 photoanodes and (C) FexNi1-xOOH/B/

d charges, 2.Nonradiative recombinationofphotogenerated

s, 4. Electrons captured by the acceptor surface states, 5.

ort to the FexNi1-xOOH cocatalyst overlayer.
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recombination center is inhibited, thereby promoting more

electron-hole pairs separation (Scheme 2B). Finally, when the

surface of B/TieFe2O3 is decorated with FexNi1-xOOH thin

layer possessing more active sites, holes can be rapidly

participated to the water oxidation reaction, thus accelerating

the OER reaction kinetics (Scheme 2C).
Conclusions

In summary, FexNi1-xOOH/B/TieFe2O3 greatly improved the

performance of TieFe2O3 photoanode. Firstly, borate treat-

ment can efficiently suppress charges recombination through

the selective passivation of the acceptor surface states, and

secondly, the modification of FexNi1-xOOH can further

improve the efficiency of photogenerated holes injection into

the electrolyte, accelerating the water oxidation kinetics of

TieFe2O3. The photocurrent density of FexNi1-xOOH/B/

TieFe2O3 photoanode (3.39 mA/cm2 at 1.23 V vs. RHE) shows a

8.5-fold increasement when compared with that of TieFe2O3

photoanode (0.4 mA/cm2 at 1.23 V vs. RHE). The synergetic

integration of acceptor surface states passivation and FexNi1-

xOOH cocatalyst provides a new strategy for the construction

of efficient PEC photoanodes by surface engineering.
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