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ABSTRACT: Hematite is a promising material for solar water splitting; however,
high efficiency remains elusive because of the kinetic limitations of interfacial
charge transfer. Here, we demonstrate the pivotal role of proton transfer in water
oxidation on hematite photoanodes using photoelectrochemical (PEC) character-
ization, the H/D kinetic isotope effect (KIE), and electrochemical impedance
spectroscopy (EIS). We observed a concerted proton−electron transfer (CPET)
characteristic for the rate-determining interfacial hole transfer, where electron
transfer (ET) from molecular water to a surface-trapped hole was accompanied by
proton transfer (PT) to a solvent water molecule, demonstrating a substantial KIE
(∼3.5). The temperature dependency of KIE revealed a highly flexible proton
transfer channel along the hydrogen bond at the hematite/electrolyte interface. A
mechanistic transition in the rate-determining step from CPET to ET occurred
after OH− became the dominant hole acceptor. We further modified the proton−
electron transfer sequence with appropriate proton acceptors (buffer bases) and achieved a greater than 4-fold increase in the
PEC water oxidation efficiency on a hematite photoanode.

■ INTRODUCTION

Photoelectrochemical (PEC) water splitting is one of the most
important strategies to store solar energy in chemical bonds. In
this approach, water oxidation at photoanodes composed of
metal oxides such as TiO2,

1 WO3,
2 and α-Fe2O3 (hematite)

3 is
considered to be the major bottleneck limiting a system’s
efficiency. Hematite is a promising photoanode material for
PEC water oxidation because of its desirable optical band gap
(1.9−2.2 eV), high natural abundance, and good stability.3

However, despite intensive efforts to improve the PEC activity
of hematite by nanostructure engineering,4,5 doping,6−8 or
surface modification,9 the solar-to-hydrogen (STH) conversion
efficiency of hematite electrodes remains far below the
theoretical limit.3

The sluggish water oxidation kinetics on the surface of
hematite is known to be a major efficiency-limiting factor. The
mechanistic details for the associated elemental steps are poorly
understood. The challenge lies in the complexity of the coupled
4e−/4H+ processes, particularly the simultaneous potential/pH-
determined interfacial reaction pathways in the rate-determin-
ing step (RDS). A thorough understanding of the underlying
mechanism for this proton-coupled interfacial electron transfer
process is of vital importance for obtaining efficient water
splitting by engineering the surface to accelerate the sluggish
kinetics.
Protonation equilibrium of the hematite surface has been

investigated to gain mechanistic insight into the water oxidation
properties of hematite. The stability of protonated vs
deprotonated surface states has been hypothesized to

determine both the thermodynamics of surface hole trapping,
which is the first step in water oxidation on hematite, and the
hematite water oxidation activity.10−12 The literature contains
evidence that the protonated surface states lead to quasi-Fermi-
level pinning and that only deprotonated surface states have
sufficient energy to initiate water oxidation.13,14 The results of
these previous studies on the effect of protonation equilibria on
hole transfer suggest that the proton transfer could play an
important role in water oxidation on the surface of hematite by
controlling the thermodynamics of surface protonation/
deprotonation. However, the significance of the kinetics of
the associated proton transfer in water oxidation on hematite
remains largely unexplored.
In this work, we exploit the H/D kinetic isotope effect to

obtain direct information about the proton transfer kinetics and
use electrochemical impedance spectroscopy (EIS), which is
capable of distinguishing the process of hole trapping by surface
states from that of the interfacial hole transfer to acceptors, to
demonstrate that the surface hole transfer to a water molecule
occurs via a concerted proton−electron transfer (CPET)
pathway. To the best of our knowledge, this work represents
the first direct evidence for a CPET pathway for the interfacial
hole transfer from hematite surface states to water, although
such a mechanism has been proposed for homogeneous water
oxidation by molecular catalysis.15−21 Inspired by these
findings, we further regulate the proton transfer process using
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buffer bases such as borate to improve the water oxidation
activity of hematite photoanodes at near-neutral pH levels (pH
7−11).

■ RESULTS AND DISCUSSION
The J−V profiles of the hematite photoanode under AM 1.5G
irradiation in unbuffered electrolytes (Figure 1) show three

distinct pH regimes (Figure 1, inset): From pH 7 to pH 10, the
activities are very poor, with photocurrent densities less than
0.16 mA cm−2 at 1.23 VRHE. Above pH 12, the onset potential
decreases with increasing pH in a Nernstian fashion
(approximately 59 mV/pH), whereas the photocurrent density
continues to increase. Intriguingly, an evident transition regime
was observed between pH 10 and pH 12. In this regime, the
onset potentials were approximately 0.8 VRHE and remained
unchanged, whereas the photocurrent increased gradually with
increasing pH. The pKa of the singly coordinated oxygen atoms
on the surface of hematite (FeIII−OH) has been reported to be
approximately 10.22−24 Around this pH, the interfacial
protonation/deprotonation equilibrium shifts the valence
band edge of hematite by 59 mV/pH vs NHE.25 The behavior
of the onset potential in this regime is consistent with proton-
coupled surface hole trapping to give the same pH dependency
as the valence-band potential.10,11,26 Above pH 12, the surface
is fully deprotonated, with no proton loss associated with the
hole-trapping step and with the onset potential shifted by 59
mV/pH on the RHE scale.
Notably, photocurrent plateaus appeared between pH 10.5

and pH 12, and the plateau potential shifted anodically with
increasing pH. In the electrolyte, the OH− and H2O are the
only species that can be oxidized by holes. The oxidation of
OH− is known to be more energetically favorable than the
oxidation of molecular water (EO2/OH

− = 0.401 V and EO2/H2O =
1.229 V vs RHE27). At low potentials, oxidation of OH− should
dominate the faradic current, whereas the oxidation of H2O is
thermodynamically hindered. At higher pH, a higher applied
potential is required for significant OH− depletion, which
corresponds to an anodic shift in plateau potential (the plateau

was not observed at pH 13 and 13.6 below 1.5 VRHE with
sufficient OH−). It is, however, difficult to explain the J−V
feature of the presence of the plateau and its anodic shift just by
oxidation of OH− at pH < 12. The consumption of OH− would
lead to its depletion on the electrode. If OH− oxidation is the
only reaction, a “pseudopeak” (a decrease in dJ/dV, as in cyclic
voltammetry under the condition of competitive substrate
consumption and diffusion), instead of a plateau, would be
expected. The presence of a photocurrent plateau in our
experiments (Figure 1) suggests oxidation of additional species
to sustain the photocurrent after OH− is depleted at high
potentials. It is the competitive oxidation of this species and
OH− that is responsible for the appearance of the plateau.
Naturally, the dominant hole acceptor after the plateau is
assigned to the other oxidable reagent H2O in the electrolyte,
since the oxidation of molecular H2O would become
thermodynamically favorable at high potentials. The continuous
photocurrent increase after the plateaus (at high potential, pH
10.5−11) is an indication that the solvent water molecule is the
dominant reactant in this region, because the concentration of
the solvent molecule is not limited by diffusion and its
oxidation on the electrode would lead to continuously
increased current until it is limited by the amount of
photogenerated holes.28

The switch from OH− to H2O as the dominant hole acceptor
was further confirmed by the photocurrent transients (I−t
curves) at constant applied potentials (see the details in the
Supporting Information, Figure S1). Briefly, I−t profiles
exhibited an initial rapid decay, which is a typical feature of
electron and surface-trapped hole recombination,29 and a slow
decay below pH 12 due to the depletion of OH− and the
release of the proton. Interestingly, the latter was most
prominent at plateau potentials, consistent with the switch
from OH− to H2O as the dominant hole acceptor. The slow
photocurrent decays became less remarkable after the plateau
potentials, which suggests that the diffusion of OH− and proton
does not limit the photocurrent anymore under high applied
potentials, further supporting that the solvent water is oxidized
at high potentials. In the presence of sufficient OH− (pH > 12),
oxidation of OH− dominated the photocurrent, with no slow
decay observed below 1.5 VRHE (Figure S1).
To gain insight into the role of proton transfer in the water

oxidation elemental steps, we first compared the PEC water
oxidation in H2O and D2O at various pH/pD values (pD =
pHread + 0.4) and applied potentials. To avoid complications
from surface hole trapping (nonfaradic current), the steady-
state photocurrent from the I−t curves at each potential after
60 s of irradiation was used to calculate the kinetic isotope
effect (KIE = I(H2O)/I(D2O)). As shown in Figure 2A, for all
tested potentials, pronounced KIEs were observed at lower pH
values (9−11), whereas the KIE value dropped to 1.5−1.7 at
pH 12.0 and became nearly unity at pH 13.0 and 13.6. The KIE
was potential-dependent, with higher values being obtained at
more positive potentials. For example, the KIE increased from
2.0 to 3.1 with applied potentials of 1.0−1.2 V at pH 9.0.
Because oxidation of molecular H2O is the dominant reaction
at low pH and high potentials, as noted in the discussion of
Figure 1 and Figure S1, a large KIE is correlated to the
oxidation of H2O, indicating that the cleavage of the O−H
bonds of water molecules is involved in RDS of water
oxidation. It proceeds through a concerted proton−electron
transfer (CPET) pathway; i.e., the electron transfer occurs
simultaneously with the proton transfer to break the O−H

Figure 1. J−V scans (50 mV/s) under AM 1.5G illumination in
unbuffered electrolytes (0.5 M NaClO4) at different pH levels. The
inset shows the photocurrent densities at 1.23 VRHE and the onset
potentials at different pH levels. (The onset potential below pH 10.5 is
not shown because an accurate determination was not possible at the
low photocurrent level.)

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b12069
J. Am. Chem. Soc. 2016, 138, 2705−2711

2706

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12069/suppl_file/ja5b12069_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12069/suppl_file/ja5b12069_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12069/suppl_file/ja5b12069_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b12069


bond. Such a mechanism is adopted in homogeneous
catalysis15−21 and biological systems16 for water oxidation
because of its thermodynamic advantage of avoiding the high-
energy intermediates. At high pH or at low potentials, much
lower KIE values were observed, reaching 1.0 at pH 13.6, which
suggests that electron transfer is the dominant pathway in OH−

oxidation.
As the water dissociation constant is smaller in D2O than in

H2O,
30 the concentration of OD− is 7.5 times smaller than that

of OH− when [H+] = [D+]. To exclude the possibility that the
pronounced KIE in the proposed H2O oxidation region
originates from the concentration difference of OH− in H2O
and D2O (the so-called concentration isotope effect),31 we
compared the photocurrent between H2O and D2O systems at
the same concentrations of OH− and OD−. Pronounced “KIE”
values were again observed at low pH values, and exhibited a
tendency similar to that at [H+] = [D+] (Figure S2). These
observations confirm that the pronounced KIE is the intrinsic
feature of oxidation of molecular H2O. It is also notable that
“KIE” values for [OH−] = [OD−] were lower than those
measured in the [H+] = [D+] situation, which suggests that the
concentration difference of OH− in H2O and D2O could
contribute moderately to the KIEs measured at [H+] = [D+].
To gain a deeper insight into proton transfer in the CPET

step, the temperature dependency of KIE was investigated at
pH 10.0 between 1.0 VRHE and 1.2 VRHE, ranging from 298 to
338 K, as shown in Figure 2B and Figure S3. The calculated
activation energy and pre-exponential factors are listed in Table
1. For all tested potentials, the observed KIE values decreased
with the elevated temperatures (Figure S3A). The activation
energy (Ea) was quite insensitive to the applied potentials, in

agreement with the previous reports for PEC water oxidation
on hematite.32 The fitted Ea in D2O was pronouncedly larger
than that in H2O, and the ΔEa became more prominent at
positive potentials (ΔEa = 3.5 kJ/mol at 1.0 VRHE to 5.5 kJ/mol
at 1.2 VRHE). It is interesting to find that the pre-exponential
factors in H2O were much smaller than that in D2O (AH/AD ≪
1). In addition, the ratios were reduced with the increased
potentials (from 0.50 at 1.0 VRHE to 0.30 at 1.2 VRHE). Such
differences in the Arrhenius parameters (AH/AD ≪ 1 and large
ΔEa) between D2O and H2O suggest that the proton transfer
occurs in a very flexible environment,33−37 as discussed below.
It has been well accepted that water oxidation on hematite is

mediated by surface-trapped holes,10,13 which means that
photogenerated holes are first trapped by surface iron species
(most likely FeIIIOH) and then further react with surface-
adsorbed H2O/OH

−. KIE obtained from the photocurrent
provides overall information about the significance of proton
transfer in water oxidation reaction kinetics. To differentiate the
role of proton transfer in surface hole trapping and in the
subsequent hole transfer steps, EIS experiments were
performed for unbuffered electrolyte in H2O and D2O at
pH/pD = 10.0. The Nyquist plots exhibited two semicircles
(Figure 3 and Figure S5) at 1.23 VRHE, consistent with water

oxidation on a hematite photoanode occurring through the
holes accumulated at the surface states.10,12,13 The high-
frequency semicircle, which represents the process of hole
trapping by the surface states (hole accumulation at the
surface),13,38 was almost the same for the photoanode in H2O
and D2O. However, the radius of the low-frequency semicircle,
which reflects the process of the interfacial hole transfer to
water,9,10 was much smaller for the photoanode in H2O than in
D2O. The parameters of charge transfer kinetics were fitted
from the Nyquist plots using the equivalent circuit in Figure
S4.13,38 As shown in Table 2, the fitted Rtrapping (resistance in
surface hole trapping) and Ctrap (charges accumulated at surface

Figure 2. (A) KIE values calculated from the steady photocurrent ratio
in H2O and D2O for a hematite photoanode in unbuffered electrolyte
at various electrolyte pH levels and potentials and under LED
illumination with λ = 470 nm and I0 = 216 mW/cm2. (B) Arrhenius
plots of the temperature-dependent KIE performed at pH 10.0
between 1.0 and 1.2 VRHE, ranging from 298 to 338 K.

Table 1. Activation Energy and Pre-Exponential Factors
Calculated from Arrhenius Plots at Different Potentials (vs
RHE)

1.0 V 1.1 V 1.2 V

H2O D2O H2O D2O H2O D2O

Ea(kJ/mol) 12.8 16.3 13.4 18.2 13.2 18.7
A 0.033 0.066 0.053 0.142 0.054 0.183

AH/AD 0.50 0.37 0.30
ΔEa (kJ/mol) 3.5 4.8 5.5

Figure 3. Nyquist plots for EIS conducted in H2O and D2O for a
hematite photoanode at 1.23 VRHE in an unbuffered electrolyte at pH/
pD 10.0.
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states) in H2O and D2O were consistently quite similar,
excluding that the KIE is caused by the surface hole trapping.
These results also exclude the possibility that the “equilibrium
isotope effect” caused by the different adsorption/desorption
equilibria of H/D on the hematite surface is responsible for the
observed KIE. The adsorption/desorption equilibrium of H/D
would change the surface-protonating state, which is reported
to determine the hole-trapping process.14 Since the hole-
trapping process was not influenced by the replacement of H2O
with D2O, the “equilibrium isotope effect” should not
contribute much to the KIEs under the present conditions.
By contrast, 1/Rct,trap, which is used here to represent the

feasibility of hole transfer to water, was substantially larger in
H2O than that in D2O, corresponding to a KIE of 3.5,
consistent with the value obtained from the photocurrent at
1.23 VRHE (Table 2) during the EIS experiments. These results
allow the assignment of the CPET mechanism to interfacial
hole transfer, not surface hole trapping.
The proton transfer pathways for interfacial hole transfer

under different conditions are summarized in Scheme 1. The

surface-trapped holes have been suggested to possess a
chemical nature of high-valent FeIVO species (sometimes
referred to as a surface state with a particular energy level in the
band gap).10,13,39 Water oxidation involves four-electron loss
(hole transfer) and four-proton release.40,41 Although every
hole transfer step involves a proton transfer in principle, the
sequence of the electron−proton transfer in each step and its
role in the whole water oxidation process are quite complex. In
the present study, the large KIE values indicate that the RDS
step proceeds according to a CPET mechanism. On the basis of
the previous theoretical and experimental results on oxide-
based water oxidation,14,32,42 the RDS is tentatively assigned to
the first hole transfer from the surface-trapping site to adsorbed
H2O, as shown in Scheme 1.
Our experiments revealed a potential/pH-dependent elec-

tron−proton transfer sequence in the RDS. Below pH 12 and

at high potentials, transfer of the surface-trapped hole to the
water molecules dominates the photocurrent. Under these
conditions, the CPET pathway prevails (Scheme 1a), where an
electron is transferred from H2O to FeIVO (surface hole)
with concomitant proton transfer to break the O−H bond. At
low pH values, the most likely proton acceptor is the solvent
water molecule. Because water is an extremely poor proton
acceptor (H3O

+ pKa = −1.7), the present work suggests that
the absence of an appropriate proton acceptor in the interfacial
hole transfer processes is largely responsible for the slow water
oxidation kinetics and poor activity of hematite photoanodes at
low pH. Notably, KIE values were nonunity even under quite
low potentials, where the hole transfer to OH− dominated the
photocurrent, as shown in Figure 1 and Figure S1.
Two possible origins can be invoked to rationalize the

moderate KIEs of 1.5−1.7 at low potentials: (1) Apart from
oxidation of OH−, oxidation of H2O might occur and could
contribute to the nonunity KIEs. (2) The moderate KIEs might
also originate from the oxidation process of OH− itself. If the
first possibility is the case, the relative importance of the
oxidation of OH− and H2O to the photocurrent and
consequently the KIE values should be markedly condition-
dependent. Our experiments showed that the KIEs at pH 12.0
under all tested potentials and at potential of 0.9 VRHE between
pH 9 and pH 12 remained approximately constant (1.5−1.7)
(Figure 2A), thereby excluding the first possibility. The
nonunity KIE at pH ≤ 12 at low potentials should be mainly
due to the CPET-based oxidation of OH−. Also, the
concentration difference of OH− in H2O and D2O could
contribute partly to the observed KIEs, as mentioned above. At
pH > 12, the unity KIEs at all applied potentials suggest an
electron transfer (ET) as the dominant pathway; that is, the
proton transfer is no longer involved in the rate-determining
step. Under these conditions, the OH− can act as a proton
acceptor instead of the solvent water because of its high
concentration. The high proton affinity of OH− can decrease
the magnitude of KIE, similar to the buffer effect discussed
below. Notably, the mechanisms for the interfacial hole transfer
for the formation of an O−O bond have been reported to
proceed via either nucleophilic attack of FeIVO by water or
by the coupling of two adjacent FeIVO species on the
surface.43 The KIE observed here supports the hypothesis of
nucleophilic attack by a water molecule for the investigated
hematite photoanode because the multiple FeIVO coupling
process does not involve proton transfer.
The temperature-dependent KIE experiments revealed a

compelling feature of proton transfer in CPET at the hematite
surface (Figure 2B and Table 1). Proton transfer is very
sensitive to the potential energy barrier shape, which may be
modulated by environmental oscillations of the reaction sites.
The enhanced environmental oscillations would compress the
proton transfer distance in the reaction coordinate and vice
versa.36,37 The significant temperature dependence of the KIE,
AH/AD ≪ 1 and large ΔEa are the evident indications that the
environment of the interfacial sites for the occurrence of the
CPET reaction is quite “soft”; that is, the oscillation frequency
of the environment is low enough to be thermally accessible.
The temperature-dependent environment oscillation would
change the distance for hydrogen transfer. Consequently, the
hydrogen-tunneling probability can be modulated through the
temperature. According to our mechanistic proposal (Scheme
1), the proton acceptor in the CPET process is the solvent
water molecule. It is evident that this water molecule is located

Table 2. Fitted EIS Parameters and the Photocurrent
Measured in Different Electrolytesa

Rtrapping (Ω) Ctrap (μF) Rct,trap (Ω) photocurrent (mA)

H2O 60.5 540 769 0.14
D2O 66.2 398 2700 0.05
H2O + buffer 69.8 1150 250 1.4
D2O + buffer 66.3 1380 230 1.2

aMeasured in unbuffered and borate-buffered electrolyte at pH/pD
10.0 and at 1.23 VRHE under LED illumination with λ = 470 nm and I0
= 216 mW/cm2.

Scheme 1. Electron−Proton Transfer Pathways during
Interfacial Hole Transfer for Oxidation of (a) H2O and (b)
OH−
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in a very flexible environment formed by other water molecules
through hydrogen bonds, which may rationalize the temper-
ature-dependent characteristics of KIE. In addition, the
changing tendency of higher ΔEa and lower AH/AD at higher
applied potentials (Table 1) suggests the softer environment of
the reaction sites for the CPET on hematite at high potentials,
where the oxidation of molecular H2O is proposed to occur.
The aforementioned results suggest that the photoelec-

trochemical water oxidation on hematite under near-neutral
conditions is limited kinetically by the proton transfer because
of the poor proton-accepting property of solvent water.
Fortunately, buffer bases, which have been used extensively to
regulate the proton-coupled electron transfer process by
facilitating proton transfer,17,44,45 are promising for enhance-
ment of the PEC water oxidation efficiency. As shown in Figure
4, greatly improved performance was observed upon addition of

boric acid/borate buffer at pH 10.0. For example, the
photocurrent density at 1.23 VRHE increased from 0.13 mA/
cm2 in the unbuffered electrolyte to 0.57 mA/cm2 (enhance-
ment of over 4-fold) in the presence of 20 mM borate buffer,
similar to the activity obtained at pH 12. Indeed, the
introduction of other buffers, including H2PO4

−/HPO4
2−,

HCO3
−/CO3

2−, H3SiO3/H2SiO3
−, and HTeO3

−/TeO3
2−, also

boosted the PEC efficiencies for water splitting in specific pH
ranges (Figure S6). The photocurrent enhancement vs pH
followed the titration curve of the buffer, rising sharply at the
approximate pKa of the buffer (Figure S7A). For example, the
photocurrent enhancement in the presence of H3BO3/H2BO3

−

appeared at pH 8.5 and reached its maximum at pH 10.5 (the
pKa of boric acid is 9.24)16 (Figure S7B). The correlation
between the photocurrent enhancement’s inflection and pKa
confirmed that only the base components are critical for
improving the activity via accepting the proton from the O−H
bond. Notably, the dependence of the J−V profile on the buffer
concentration (Figure 4) was similar to that observed for J−V
as the pH increases (Figure 1), including the photocurrent
enhancement and the anodic shift of the photocurrent plateau
potentials.
The role of the buffer base in proton transfer was further

investigated by KIE measurements. Similar to the case of OH−,
the addition of borate greatly decreased the KIE value at all
applied potentials (Figure S8). Such changes in the J−V profile
and KIE upon the addition of buffer suggest that the enhanced
activity in the buffered electrolytes could originate from the
increased local concentration of OH−, because the buffer effects
can maintain the OH− concentration at the interface once it is
consumed during oxidation. In addition, due to the higher
basicity of buffer ions, the use of buffer would greatly accelerate

the proton transfer kinetics during water oxidation, compared
to the water molecules. This would also lead to a decrease in
the KIE.16 Therefore, the role of buffers in boosting the water
oxidation is two-fold: the buffer (I) maintains the interfacial
local concentration of the active species OH− and (II) acts as a
proton acceptor to accelerate the proton transfer.
Recently, Lee and co-workers reported that phosphate

modification of the hematite surface can be a feasible strategy
to mitigate charge recombination by extraction of photoexcited
holes to the surface owing to the surface negative charge and
realize a remarkable activity in a neutral electrolyte (potassium
phosphate buffer).46 Their EIS study also indicated that the
interfacial charge transfer was greatly improved on the modified
anode. Our EIS measurements revealed that buffer ions in
neutral electrolyte could also facilitate the surface hole transfer
to adsorbed H2O at low pH by regulating the PCET step
(Table 2). It is reasonable that the critical role of surface PCET
proposed in the present study should work in Lee’s system and
contribute to the enhanced PEC activity in a neutral electrolyte.

■ CONCLUSION
Our study demonstrated that the rate-determining interfacial
hole transfer to water molecules at the hematite surface is a
concerted proton−electron transfer process at pH < 12, as
evidenced by the significant H/D kinetic isotope effect arising
from O−H bond cleavage upon proton transfer to solvent
water. An important implication of our results is that the low
activity under neutral conditions arises from proton transfer
concomitant with the interfacial hole transfer due to the lack of
an appropriate proton acceptor. This allows us to regulate the
proton transfer kinetics and sequences by addition of buffer
bases, achieving greatly enhanced PEC water oxidation activity
by the buffer either maintaining the local interfacial OH−

concentration or acting as a proton acceptor. Our study
highlights the significance of tuning interfacial proton transfer
for improvement of solar water splitting with hematite
photoanodes.

■ EXPERIMENTAL SECTION
Photoanode Preparation. Hematite nanowires were prepared on

a fluorine-doped tin oxide (FTO; TCO-15, Nippon Sheet Glass, Japan,
14 Ω/sq) glass substrate by a modified procedure reported by Yat Li
and co-workers.7 Briefly, 100 mL of aqueous solution containing 2.43 g
of ferric chloride (FeCl3·6H2O; Alfa Aesar, 98%) and 0.85 g of sodium
nitrate (NaNO3; J&K, 99%) at pH 1.4 (adjusted by HCl) were
prepared in a Teflon-lined stainless steel autoclave. Several FTO glass
slides (2 × 4 cm), washed with acetone, ethanol, and then deionized
water, were placed in the autoclave and heated at 95 °C for 4 h. After
the hydrothermal treatment, a uniform layer of iron oxyhydroxide
(FeOOH) was coated on the FTO glass, which was washed
completely with deionized water to remove any residual salts. The
obtained film was sintered in air at 550 °C for 2 h and at 750 °C for 15
min to convert FeOOH into hematite.

Photoelectrochemical Characterization. The PEC perform-
ances of the photoanodes were measured in a three-electrode
electrochemical cell. The electrolyte solution was deaerated by purging
argon for 30 min before the J−V scan. The measured potentials vs Ag/
AgCl were converted to the reversible hydrogen electrode (RHE) scale
according to the Nernst equation: ERHE = EAg/AgCl + 0.059pH +
0.1976. A 150 W xenon lamp coupled to a filter (AM 1.5G) was used
as the light source. The light power density of 100 mW/cm2 was
measured with a radiometer (CEAULIGHT, CEL-NP2000). The J−V
scan rate was 50 mV/s. The transient I−t experiments were performed
under AM 1.5G illumination equipped with an electronic shutter. KIE
and EIS experiments were measured under LED illumination (λ = 470

Figure 4. J−V scans collected for a hematite photoanode with different
concentrations of borate buffer solution at pH 10.0.
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nm, I0 = 216 mW/cm2), recorded by an electrochemical workstation
(PGSTAT302N autolab, Metrohm). For EIS measurement, a
sinusoidal voltage pulse of 10 mV amplitude was applied on a bias
voltage, with frequencies that ranged from 10 kHz to 1 Hz. The raw
data were fitted and simulated using Nova 1.8 software from Metrohm
Inc. For KIE experiments, D2O (99.9%) was purchased from
Cambridge Isotope Laboratories, Inc. The pH values of the solution
were measured by a pH meter (Thermo Scientific, 3-Star). The pD
values were obtained followed the relation pD = pHread + 0.4. The pD
values were adjusted by NaOD (Alfa Aesar, 40% (w/w) solution in
D2O, 99.5% (isotopic)) and D2SO4 (Alfa Aesar, 96% min in D2O,
99.5% (isotopic)). All experiments were performed at a room
temperature of 25 ± 3 °C unless otherwise noted. The KIE results
were the averaged values from four experimental runs. For
temperature-dependent KIE experiments, the temperature was
controlled by a homemade thermostatic water bath device equipped
with a matched water-recycled electrochemical cell. The LED
illumination reaching the working electrode in this cell is 180 mW/
cm2. The effect of the temperature on the reference electrode was
calibrated by the reported temperature-dependent standard potential
of the Ag/AgCl electrode.47
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(18) Sjödin, M.; Styring, S.; Åkermark, B.; Sun, L.; Hammarström, L.
J. Am. Chem. Soc. 2000, 122, 3932.
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