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ABSTRACT: Electrocatalysts (ECs) are indispensable for
high-efficiency photoelectrochemical (PEC) water splitting,
but the underlying mechanism for performance modulation is
still not clear. Taking the α-Fe2O3 semiconductor (SC)
decorated with the cobalt oxide ECs as the model photoanode
system, we demonstrate the opposite changes of PEC water
oxidation activities by tuning the charge-storage capacity of
ECs. Holes stored in the EC can increase the hole density on
the photoanode surface, which can benefit the multihole
surface water oxidation reaction, as well as aggravate the SC−
EC interfacial charge recombination due to the Coulomb
attraction. Both experimental and theoretical data prove that
the EC with low hole-storage capacity brings limited interfacial
charge recombination, enabling faster hole injection to improve the water oxidation activity. In contrast, the EC with high hole-
storage capacity causes severe interfacial charge recombination, hindering the hole injection, thus decreasing the water oxidation
activity. As a result, the PEC activity of photoanodes changes nonmonotonically with increasing surface hole density. This study
can provide insightful guidance to interface design for solar energy-conversion systems.

■ INTRODUCTION

Photoelectrochemical (PEC) water splitting over semiconduc-
tors (SCs) provides a potentially scalable approach to convert
solar energy into clean and renewable H2 fuel.1−3 Electro-
catalysts (ECs) are often deposited on SCs to promote the
surface reaction during the PEC process.4,5 However,
integration of an EC with an SC cannot guarantee improved
PEC performance since it changes the original SC−electrolyte
interface into SC−EC and EC−electrolyte interfaces, compli-
cating the relevant interfacial charge behavior, including
interfacial charge transfer and recombination.6 Therefore,
understanding and modulating the interfacial charge behavior
are pivotal for developing high-performance photoelectrodes.7

Significant progress has been made toward understanding
the SC−EC−electrolyte interfaces in the PEC water-splitting
system. Here, we focus on the photoanode, which is more
challenging because the four-hole oxygen evolution reaction
(OER) requires higher overpotentials.8 Most currently
reported efficient ECs for the OER are composed of oxides
or (oxy)hydroxides of transition metals, which always have
multiple valence states and pseudocapacitive characteristic, and
thus ECs can store charges from SCs during the PEC process

through the redox reactions of transition metal ions.9−12 The
hole-storage behavior of some ECs has been evidenced in
various SC−EC composite photoanodes through complemen-
tary techniques, and it has been reported to have beneficial
effects on the OER performance.11,13−15 Boettcher’s group
demonstrates that the adaptive junction forms between SCs
and ion-permeable ECs, in which the positive charges
accumulated in ECs under the PEC condition increase the
effective Schottky barrier height and the resultant photo-
voltage.13 Li and co-workers suggest that an EC with hole-
storage behavior can extract and store holes away from the SC,
resulting in promoted charge separation and decreased
photocorrosion in SCs.12,16 Additionally, holes stored in ECs
can increase the hole density on the photoanode surface, thus
promoting the OER kinetics according to the rate law analysis
on photoanodes.17−19

In the aforementioned works, only beneficial effects of ECs
were reported, and the interfacial charge recombination
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influenced by ECs, especially its negative effects, was omitted.
It is suggested that the interface states between ECs and SCs
can act as recombination centers, thus decreasing the PEC
performance,20 or an EC can slow the interfacial charge
recombination as demonstrated by measuring the rate
constants.21 However, the underlying mechanism about how
the interfacial charge behavior in the PEC system depends on
ECs is still not clear. Besides, it was questioned whether the
simple model for calculating the rate constant is valid for the
complicated OER when an EC is involved.22,23 Therefore,
fundamental understanding of the EC-involved interfacial
charge behavior is needed to better control the solar water-
splitting performance.
Herein, we report a mechanism study of the influence of

fundamental interfacial charge behavior on the PEC OER
activity using the hematite (α-Fe2O3) photoanodes coated with
Co-based ECs as a model system. Hematite is commonly used
for the solar water-splitting mechanism studies because of its
good stability, which can exclude the influence of self-corrosion
during the PEC process.24−27 The Co-based ECs employed
here are Co3O4 and CoO nanoparticles with pseudocapacitive
characteristic, and they have different hole-storage capacities
due to their different Co valence states. Both ECs are active for
the electrocatalytic OER, but they exert opposite effects on the
PEC OER performance when coated on the hematite
photoanodes. The performance changes are dominated by
the competition between interfacial charge transfer and
recombination that depends on the hole-storage capacities of
ECs, as demonstrated through a combined experimental and
theoretical study. This study suggests that the interfacial charge
behavior and accordingly the solar water-splitting performance
can be modulated by the hole-storage capacities of ECs,
expanding the understanding and controlling of device
interfaces for solar energy conversion.

■ EXPERIMENTAL AND THEORETICAL SECTION

Preparation of the α-Fe2O3 Films. The Ti-doped α-
Fe2O3 films were synthesized by a hydrothermal method
reported previously.28 First, a solution of 0.05 M FeCl3·6H2O
and 0.05 M Na2SO4 in 20 mL deionized water was prepared.
Then, 0.3 mL of TiCl4 solution (0.11 mL TiCl4 + 10 mL
ethanol) was added to the above solution. The mixed solution
was transferred to a 50 mL Teflon-lined stainless-steel
autoclave with a fluorine-doped tin oxide (FTO) substrate
inside. Then, the autoclave was sealed and kept at 120 °C for 4
h to grow the FeOOH film. After growth, the film was rinsed
with deionized water and dried with a N2 flow. Finally, the
sample was annealed at 600 °C for 1 h.
Synthesis and Dispersion of the ECs. For Co3O4

synthesis,29 2 mmol Co(CH3COO)2·4H2O was dissolved in
20 mL of ethanol, into which 3.2 mL 25% NH3·H2O was
added dropwise under vigorous stirring. The mixture was
stirred in air for about 10 min and transferred into a 50 mL
autoclave, sealed, and kept at 120 °C for 3 h. For CoO
synthesis,30 1 mmol of cobalt(II) acetylacetonate (97% purity)
was added to 28 mL of tert-butanol (≥99.7%). After stirring for
about 10 min in air, the suspension was transferred into a 50
mL autoclave, sealed, and kept at 190 °C for 12 h. In both
cases, the obtained precipitate was centrifuged at 8000 rpm for
5 min, followed by rinsing three times in ethanol. Finally,
Co3O4 or CoO nanoparticles were dispersed in an acetic acid/
ethanol solution (volume ratio = 7/3) by sonication.

Preparation of EC/α-Fe2O3 Composite Photoanodes.
The Co3O4 or CoO nanoparticles were integrated to hematite
films through a simple spin-coating process. Briefly, 30 μL of
Co3O4 or CoO dispersion was dropped onto the hematite
films, and spin coated at 1000 rpm for 10 s, followed by 3000
rpm for 30s. Then, the obtained samples were dried at 100 °C
for 1 h. To eliminate the difference caused by the acetic acid/
ethanol solution, the bare hematite was treated by the acetic
acid/ethanol solution without EC through the same process
described above to serve as a control.

Material Characterizations. X-ray diffraction (XRD)
patterns were recorded on an X’Pert PRO MPD diffractometer
with Cu Kα radiation (λ = 1.5405 Å). Raman spectra were
collected with a Raman Microscope (Renishaw inVia plus)
with a laser power of 0.5 mW and an excitation wavelength of
633 nm. A Hitachi-SU8220 field emission scanning electron
microscope (SEM) at an accelerating voltage of 10 kV was
used to characterize the micromorphology of the samples. An
FEI Tecnai G2 F20 U-TWIN transmission electron micro-
scope (TEM) operated at 200 kV was used to examine the
micromorphologies and crystal structures of the samples. X-ray
photoelectron spectroscopy (XPS) and valence band spectra
measurements were performed on a Thermo Scientific
ESCALAB 250 Xi system. The absorptance spectra were
measured by using a UV-2600 spectrophotometer equipped
with an integration sphere, and the absorptance of the sample
was calculated by the formula A = 1 − T − R, where T is the
transmittance and R is the reflectance. In the measurements,
the sample was positioned at the frontside for collecting
transmittance data and at the backside for collecting
reflectance data. Photoluminescence (PL) spectra were
collected on a photoluminescence spectrometer (NanoLOG-
TCSPC) with an excitation wavelength of 440 nm.

Photoelectrochemical Characterization. Photoelectro-
chemical measurements were performed at room temperature
in a three-electrode configuration on an electrochemical
workstation (Zahner Zennium, Germany), with a prepared
photoanode as the working electrode, a saturated Ag/AgCl
electrode as the reference electrode, a Pt foil as the counter
electrode, and 1 M NaOH aqueous solution (pH = 13.6) as
the electrolyte. The light source was a 500 W xenon lamp
(CEL-S500, Aulight, Beijing, China) equipped with an AM
1.5G filter, and the distance from the light source to the
samples was adjusted to realize an irradiation of 100 mW cm−2

(1 sun). The samples were irradiated from the backside for all
of the tests. The current density−applied potential (J−V) plots
of the photoanodes were measured at a scanning rate of 17 mV
s−1. Photovoltages were measured by recording the open-
circuit potentials under light and in the dark. Intensity-
modulated photocurrent spectroscopy (IMPS) was conducted
with a Zahner CIMPS system under continuous illumination
from a white light-emitting diode (100 mW cm−2). IMPS
response was collected using a 7% light intensity modulation
over a frequency range from 10 kHz to 0.1 Hz. The
photoelectrochemical impedance spectroscopy (PEIS) data
were gathered under 1 sun irradiation using a 5 mV amplitude
perturbation between 100 kHz and 0.1 Hz without setting any
stabilization time and the data were fitted using Zview
software. The error bars in IMPS and PEIS are calculated by
the fo rmu la o f s amp le s t anda rd dev i a t ion(s) ,

= ∑ − ̅ −=s x x n( ( ) )/( 1)i
n

i1
2 , where xi refers to the
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measured or fitted value of samples, x̅ stands for the mean
value of samples, and n represents the number of samples.
Computational Details. First-principle density functional

theory (DFT) calculations were performed using the Vienna
ab initio simulation package (VASP).31−33 The projector
augmented wave (PAW) method implemented by Kresse et al.
was used to calculate the electronic and atomic structures of all
of the systems studied here.34 Exchange−correlation effects
were treated in generalized gradient approximation
(GGA) with the Perdew−Burke−Ernzerhof (PBE) potential.35
To eliminate 3d-state self-interaction error of Co atoms, the
DFT + U method36,37 with an effective Hubbord parameter
(Ueff = U − J) of 3.70 eV was applied to Co atoms in our
calculation. The kinetic energy cutoff was chosen to be 500 eV.
Brillouin zone integration was sampled with 6 × 6 × 6
Monkhorst−Pack mesh K-points for the bulk Co3O4 and CoO
relaxation. For the (110), (100), and (111) surface systems of
Co3O4 and CoO, 3 × 3 × 1 K-points were used for the
relaxations and 5 × 5 × 1 K-points were used for the electronic
property calculations. A vacuum region of 15 Å was used for
the surface systems to eliminate the interaction of periodic
images of the systems. Gaussian smearing method38 with a
width of 0.05 eV was employed to determine electron
occupancies. During optimization, the minimizing force acting
on each atom was less than 0.01 eV Å−1 and the convergence
of energy was set to 10−5 eV.

■ RESULTS AND DISCUSSION

The α-Fe2O3/EC photoanodes were prepared by spin coating
Co3O4 or CoO ECs onto the α-Fe2O3 photoanode, which has
a Ti-doped worm-like nanostructure (Figures S1 and S2) made
by a facile method.28 For single EC, the X-ray diffraction
(XRD) peaks at 31.2, 36.9, 44.8, 59.9, and 65.0° are assigned
to the (220), (311), (400), (511), and (440) planes of spinel
Co3O4, and the peaks at 36.5, 42.4, and 61.5° are designated to
the (111), (200), and (220) planes of rock salt CoO,

respectively (Figure 1a).39 The EC identifications are also
confirmed by the Raman spectra (Figure S3a).39 The valence
states of Co in the ECs are analyzed by X-ray photoelectron
spectroscopy (XPS) (Figure 1b). Co3O4 shows the binding
energies of Co 2p3/2 and Co 2p1/2 located at 780 and 795 eV,
and small satellite peaks are observed (Figure 1b), indicating
the dominant valence state of Co(III). In comparison, CoO
shows ∼1 eV higher binding energy values of Co 2p3/2 and Co
2p1/2 and much stronger satellite peaks at 786 and 803 eV
(Figure 1b), which correspond to the feature peaks of
Co(II).40 The dominant valence states of Co(III) in Co3O4
and Co(II) are also confirmed by the cyclic voltammogram
(CV) technique (Figure S3b).41,42 Additionally, the non-
rectangular shapes of the CV curves (Figure S3b) display that
the two ECs have pseudocapacitive charge-storage character-
istics originating from reversible redox reactions.43 XRD
patterns of the α-Fe2O3, α-Fe2O3/Co3O4, and α-Fe2O3/CoO
samples (Figure S3c) show the characteristic diffraction peaks
of α-Fe2O3, and no signal of Co3O4 or CoO is observed due to
the tiny loading amount. However, both XPS Fe 2p spectra
and CV diagrams of α-Fe2O3/Co3O4 and α-Fe2O3/CoO
samples suggest the decent coverage of the electrocatalysts
on the surface of the nano hematite (Figure S3d,e). Scanning
electron microscopy (SEM) images (Figure S2a−c) display
that both modified α-Fe2O3 photoanodes preserve the
morphology similar to that of the bare α-Fe2O3. Transmission
electron microscopy (TEM) images (Figures 1c,d and S2d−f)
show the surface of α-Fe2O3 decorated by irregularly shaped
nanoparticles of Co3O4 and CoO ECs, which have similar
morphology and size range of 4−10 nm.
α-Fe2O3/Co3O4 and α-Fe2O3/CoO containing the same

mass of Co element were used as the model samples for the in-
depth study after tuning the amount of EC loading (Figure
S4). The α-Fe2O3/Co3O4 photoanode shows a cathodically
shifted photocurrent onset potential from 0.99 to 0.92 VRHE
(volts versus reversible hydrogen electrode), and an increased

Figure 1. (a) XRD patterns and (b) XPS spectra of Co 2p for Co3O4 and CoO. High-resolution transmission electron microscopy images of (c) α-
Fe2O3/Co3O4 and (d) α-Fe2O3/CoO.
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photocurrent density from 0.82 to 1.31 mA cm−2 at 1.23 VRHE
compared to the bare α-Fe2O3 (Figure 2). In contrast, α-

Fe2O3/CoO shows an anodically shifted onset potential of 1.07
VRHE and a decreased photocurrent density of 0.41 mA cm−2 at
1.23 VRHE (Figure 2). Here, the photocurrent onset potential is
calculated by extrapolating the linear portion of the J−V curves
to zero current.44 The small photocurrent density (below 0.2
mA cm−2) of α-Fe2O3/CoO sustained from 0.75 to 1.07 VRHE
is a charging current due to the oxidation of Co(II) to Co(III)
rather than water oxidation current,45 which can be indicated
by the zero steady-state photocurrent before 1.1 VRHE (blue
hollow symbols in Figure 2) read from the chronoamperom-
etry (CA) measurements (Figure S5a−c). The above results
demonstrate that Co3O4 and CoO have opposite effects in the
PEC OER activity after modifying the α-Fe2O3 photoanodes

(Figure 2). To ensure the reproducible behavior of the three
electrodes, J−V plots of more than three batches of
independently prepared samples were tested, and the samples
from all batches disclosed consistent results (Figures S6a and
S7a).
To investigate the underlying reason for the opposite

changes in the PEC OER activity caused by different EC
modification, a thorough thermodynamic (light absorption and
photovoltage) and kinetic (electrocatalytic activity, bulk, and
interfacial charge transfer/recombination) analysis was carried
out.
UV−visible absorptance spectra (Figure S8a) indicate that

the EC-coated α-Fe2O3 photoanodes show negligible differ-
ence in light absorption compared to the bare one. Both ECs
can form p−n junctions with α-Fe2O3 (Figure S8a−f), and
thus the photovoltages of α-Fe2O3/Co3O4 and α-Fe2O3/CoO
are higher compared to the bare one (Figure S9a). The OER
electrocatalytic activity of Co3O4 and CoO evaluated from J−V
curves and EIS in the dark (Figure S9b,c) indicates that both
ECs are dramatically more active than the bare α-Fe2O3. The
bulk charge recombination process was detected by photo-
luminescence (PL) emission spectra (Figure S9d). The PL
peak at 584 nm (2.1 eV) consistent with the band gap value
(Figure S8b) of α-Fe2O3 is assigned to the interband charge
recombination. The slightly weakened PL intensity after
coating Co3O4 and CoO implies that both ECs suppress the
bulk charge recombination in α-Fe2O3 to a similar extent.
In a word, both ECs do not change the light absorption of α-

Fe2O3. The effects of both ECs on photovoltage, electro-
catalytic activity, and bulk charge recombination are beneficial
for improving the PEC OER activity, which is inconsistent with
the opposite activity changes induced by Co3O4 and CoO.
Additionally, due to the similar size and morphology of the two
ECs, the tiny loading amount, as well as the spin-coated α-
Fe2O3−EC interfaces without facet-selective adsorption, the
influence of interface states at the α-Fe2O3−Co3O4 and α-

Figure 2. Photocurrent densities of α-Fe2O3/Co3O4, α-Fe2O3/CoO,
and α-Fe2O3 under 1 sun irradiation. The solid lines indicate the J−V
curves recorded from linear sweep voltammetry with a scan rate of 17
mV s−1. The hollow symbols stand for the steady-state photocurrent
densities recorded from the CA measurements, which exclude the
charging current. The dashed lines represent the corresponding dark
current densities of all of the photoanodes. The green lines indicate
the extrapolation from the linear portion of the J−V curves to zero
current for the onset potential determination.

Figure 3. (a) IMPS complex plots at 0.95 VRHE of the α-Fe2O3/Co3O4, α-Fe2O3/CoO, and α-Fe2O3 photoanodes. (b) LFIs, (c) HFIs, and (d) dr of
the IMPS response from 0.8 to 1.1 VRHE of the α-Fe2O3/Co3O4, α-Fe2O3/CoO, and α-Fe2O3 photoanodes. The error bars are representative of
three independent experiments. Solid lines are guides to the eye.
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Fe2O3−CoO interfaces can be regarded as similar. Therefore,
the above factors can be excluded as the determinant reason
for the PEC OER activity changes.
Next, we studied the interfacial charge behavior by IMPS

and PEIS. The photoanodes keep their original J−V behaviors
(Figures S6a and S7a) and Co valence states (Figure S7b) after
the tests. This good sample stability ensures the validity of our
analysis.
IMPS measurements were performed to directly detect the

surface hole current and recombination current of the
photoanodes under working conditions. The small-amplitude
modulation of the light intensity alters only the surface charge
concentration but not the band bending degree of the
semiconductor, providing valid probe of the charge carrier
behavior.21 The IMPS response from 0.8 to 1.1 VRHE (Figure
S6b−d) was collected aiming at explaining the different
irradiated J−V behavior of the bare and modified electrodes
around their onset potentials. Figure 3a shows the
representative IMPS spectra at 0.95 VRHE. Each IMPS
spectrum is composed of two semicircles distributed above
and below the real axis with two intercepts. The low-frequency
intercept (LFI) accounts for the steady-state photocurrent,
which is determined by charge transfer across the photo-
anode−electrolyte interface.23 The high-frequency intercept
(HFI) generally corresponds to the hole flux toward the
photoanode surface since the surface recombination is
supposed to be frozen out at sufficiently high frequency.20,23

The diameter (dr) of the upper semicircle (also called
recombination semicircle) indicates the surface recombination
current of electrons from the SC conduction band and holes
on the surface.23

The LFIs at different potentials (Figure 3b) agree well with
the corresponding photocurrent densities read from the J−V
plots measured under the same light source as in the IMPS test
(Figure S6a), confirming the reliable assignment of the LFIs.
As implied by the HFIs (Figure 3c), for the bare α-Fe2O3 and
α-Fe2O3/Co3O4, the hole currents increase with potential,
which is due to the decreasing charge recombination in the

space-charge region with the increasing potentials.46 For α-
Fe2O3/CoO, the HFI increases with potential before 1.0 VRHE,
and then slightly decreases with potential from 1.0 to 1.1 VRHE.
This might be ascribed to the fast interfacial charge
recombination at the α-Fe2O3−CoO interface, which is not
completely frozen out, resulting in the measured HFI values
smaller than that of the practical hole flux.20 The EC-coated
photoanodes show higher hole flux compared to the bare one,
demonstrating more pronounced band bending and thus less
charge recombination in the space-charge region of α-Fe2O3
since the rapid hole transfer from α-Fe2O3 to ECs,46 which is
also consistent with the increased photovoltage after coating
ECs (Figure S9a).13

The dr values of all three photoanodes are exhibited in
Figure 3d as a measure of surface charge recombination. At low
potentials, the recombination currents of all samples increase
with potential, displaying the same trend as the hole flux. This
is because all of the holes reaching the photoanode surface
recombine with electrons at low potentials. Further increasing
the applied potentials gradually reduces the surface charge
recombination. Compared to the bare α-Fe2O3, α-Fe2O3/
Co3O4 shows higher recombination currents before 0.95 VRHE
and slightly lower recombination currents thereafter. In
contrast, α-Fe2O3/CoO sustains the highest recombination
current in the whole potential range. In a word, coating CoO
greatly increases the surface charge recombination, whereas
coating Co3O4 shows relatively smaller influence on the surface
charge recombination.
Then, PEIS measurements were carried out to shed light on

the limiting process of the PEC OER activity.47 The frequency
value of each peak in PEIS−Bode plots reflects the time scale
of the relevant process, and the phase value helps to identify
the limiting process.56 Three peaks in the Bode plots (Figure
4a,b) are observed for all of the examined electrodes. The
peaks centered at the high (2000−5000 Hz), middle (50−100
Hz), and low frequencies (0.1−1.5 Hz) are assigned to charge
transport across the FTO-α−Fe2O3 interface, within the bulk
α-Fe2O3, and across the electrode−electrolyte interface,

Figure 4. (a) PEIS−Bode plots at (a) 0.8 and (b) 1.1 VRHE under 1 sun irradiation; PEIS fitting results of (c) Rtrap/Rct and (d) Csurf for α-Fe2O3/
Co3O4, α-Fe2O3/CoO, and α-Fe2O3. The error bars are representative of three independent experiments.
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respectively.47,48 At 0.8 VRHE (Figure 4a), all of the examined
electrodes show the highest peak phase value at low frequency
(<1 Hz), suggesting that charge transfer at the electrode−
electrolyte interface is the limiting process. At 1.1 VRHE (Figure
4b), for both α-Fe2O3 and α-Fe2O3/Co3O4, the peaks at the
low frequency (∼1.5 Hz) reduce and those at the middle
frequency (∼100 Hz) predominate, suggesting that the OER
performance is limited by the bulk property of the electrodes.
In contrast, α-Fe2O3/CoO still shows the highest phase value
at the low frequency (∼0.2 Hz), implying that charge transfer
at the electrode−electrolyte interface is the limiting process in
the whole tested potential range. Moreover, the corresponding
peak frequency value of α-Fe2O3/CoO (∼0.2 Hz) is even
smaller than that of the bare α-Fe2O3 (∼1.5 Hz), suggesting a
slower charge-transfer rate from the electrode to the electrolyte
after CoO coating. Given that CoO is an active EC for the
OER (Figure S9b,c), the blocked charges at the α-Fe2O3−CoO
interface could be the reason for the slower charge transfer.
The PEIS data are fitted to extract charge-transfer resistances

and capacitances at different interfaces. The equivalent circuit
(Figure 4c, inset) used for the PEIS fitting is established on the
basis of the widely reported reaction mechanism for hematite-
based photoanodes.11,47,49 Under low potentials around the
photocurrent onset, holes are trapped and stored in the surface
states for a bare photoanode or in the EC for an EC-coated
photoanode before a threshold of the surface hole density for
the OER is reached.11,49 The processes can be modeled by a
hole-trapping resistance toward the photoanode surface, Rtrap, a
surface capacitance coming from the hematite surface states or

ECs, Csurf, and a charge-transfer resistance from the electrode
to the electrolyte, Rct.
The competition between the interfacial charge transfer and

recombination is interrogated by comparing Rtrap and Rct. The
ratio of Rtrap/Rct is proportional to the ratio of charge transfer
and recombination rate constants (kct/krec), and thus this ratio
value provides insights into the kinetics of charge transfer
competing with charge recombination at the electrode−
electrolyte interface.50 Compared to the bare α-Fe2O3, α-
Fe2O3/Co3O4 shows increased Rtrap/Rct values (Figure 4c), in
accordance with the improved photocurrent and lower onset
potential, implying that charge transfer outcompetes charge
recombination in α-Fe2O3/Co3O4 to a greater extent than that
in the bare α-Fe2O3.

20 In contrast, the low Rtrap/Rct values of α-
Fe2O3/CoO indicate that the fast charge recombination at the
α-Fe2O3−CoO interface inhibits the OER, causing a late-onset
potential and a low photocurrent density.20 The shapes of the
Rtrap/Rct values as a function of applied potentials for both the
bare and modified electrodes resemble the general trend of
their corresponding J−V curves (Figure 2), and this agreement
indicates that the PEC J−V behavior is determined by the
competition between the interfacial charge transfer and
recombination process.
To reveal how the interfacial charge behavior depends on

the EC property, the hole-storage behavior of the ECs was
scrutinized. The surface hole concentrations of the three
electrodes are characterized by Csurf values from PEIS fitting
(Figure 4d), and a variation trend of Csurf (α-Fe2O3/CoO) >
Csurf (α-Fe2O3/Co3O4) > Csurf (α-Fe2O3) is observed,
indicating the hole-storage behavior of the two ECs. The

Figure 5. Schematic illustration of the (a) negative and (b) positive charge-storage processes. Ball and stick models with a top view of (c) Co3O4
(110) and (d) CoO (110); purple, green, and orange balls indicate Co2+, Co3+, and O2− ions, respectively. DFT calculation results of (e) Co3O4
(110) and (f) CoO (110) facets. The total DOS (gray lines) and the PDOS of Co d-orbitals (green lines) are referenced to the vacuum level. The
red lines indicate the integral PDOS of Co d-orbitals from the Fermi levels (Ef). The light blue regions from the Ef to the OER potential indicate
the PDOS integration ranges to determine the hole-storage capacity.
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large Csurf (α-Fe2O3/CoO) value is consistent with the
significant charging current of the α-Fe2O3/CoO photoanode
as displayed in Figure 2. The surface hole densities (Q)
calculated from the negative current transients under chopped
light condition (Figure S5) also exhibit a variation trend of
Q(α-Fe2O3/CoO) > Q(α-Fe2O3/Co3O4) > Q(α-Fe2O3),
which coincides with the results from the Csurf measurement.
These results demonstrate that both Co3O4 and CoO can store
holes from α-Fe2O3, and CoO exhibits a larger hole-storage
capacity than Co3O4.
The different hole-storage capacity of the two ECs can be

ascribed to their different band bendings or their different
valence states of Co. The built-in electric field in the EC due to
band bending can store holes and may contribute to the
observed difference in hole-storage capacity. However, as both
CoO and Co3O4 nanoparticles have very small sizes of around
5 nm, so the band bending is negligible in CoO and Co3O4
nanoparticles with such small sizes,51 which is further
supported by band diagram simulations in α-Fe2O3/Co3O4
and α-Fe2O3/CoO heterojunctions (Figure S10 and Table S1).
It can thus be confirmed that the capacitance effect of ECs is
not related to their band bending. Therefore, the hole-storage
behavior of Co-based ECs can be interpreted as Co(II) or
Co(III) being oxidized by the photogenerated holes from α-
Fe2O3, and holes are stored as Co(IV) in the ECs, as reported
by the previous hematite−CoPi system.11 Meanwhile, it has
been confirmed that Co-based ECs catalyze the OER through
a Co(IV) intermediate.52,53 One hole is accepted for each
Co(III) site to reach Co(IV), while two holes for each Co(II)
site, thus resulting in the valence state-dependent hole-storage
capacity.
A DFT calculation was performed to further explain the

different charge-storage capacities between Co3O4 and CoO.
The intrinsic charge-storage capacity of a pseudocapacitive
material can be indicated by the density of states (DOS)
between the original Fermi level and the external scan
voltage.54,55 Gaining electrons in the unoccupied orbitals
above the Fermi level corresponds to reducing the transition
metal atoms and storing negative charges (Figure 5a), whereas
losing electrons in the occupied orbitals below the Fermi level
corresponds to oxidizing the transition metal atoms and storing
positive charges (Figure 5b). In our system, the two ECs are
coated on the hematite photoanode, storing positive charges,
and catalyzing the OER, and thus the number of electrons lost
per Co atom (Ql) was calculated by integrating the projected

DOS (PDOS) of Co d-orbitals from the original Fermi level to
the OER potential. The calculated DOS of the two materials
should be referenced to the vacuum level to enable direct
comparison with the externally applied voltages, and it is
possible to calculate the vacuum level only for lattice planes
but not for bulk models.54,56 Therefore, we did the calculation
on representative lattice planes rather than the bulk models.
Additionally, the spin-coated ECs are irregularly shaped
nanoparticles without certain facet exposure. Hence, (110)
(Figure 5c,d), (100) (Figure S11a,b), and (111) (Figure
S11c,d) facets of both Co3O4 and CoO are selected as the
study model due to their good stability and catalytic
activity.57,58 The Fermi level of Co3O4 (110) is calculated to
be −5.12 eV (Figure 5e). In comparison, CoO (110) shows a
higher Fermi level of −3.95 eV (Figure 5f), corresponding to
more occupied PDOS of Co atoms, which is consistent with
the lower Co valence state in CoO than that in Co3O4. As a
result, the Ql value of CoO (1.2) is higher than that of Co3O4
(0.4). Furthermore, the averaged Ql values over the three
selected facets are 1.2 for CoO and 0.7 for Co3O4 (Table S2),
confirming the larger hole-storage capacity of CoO than that of
Co3O4, agreeing well with the experimental observation.
On the basis of the above analysis, the opposite effect of

Co3O4 and CoO on the PEC OER activity of the α-Fe2O3-
based photoanodes can be understood now. For the
unmodified photoanode (Figure 6a), the photogenerated
holes are trapped and stored in the surface states of α-Fe2O3.
After coating an EC, the surface states of α-Fe2O3 are
passivated, and a more favorable path for hole storage is
provided,26 resulting in a higher surface hole density compared
to that of the bare one (Figure 6b,c). The two ECs exhibit
different hole-storage capacity, which can be ascribed to their
different Co valence states. The accumulated surface holes on
photoanodes can promote the PEC OER kinetics,19,59 but it
can also lead to interfacial charge recombination due to the
Coulomb attraction, thus leading to a nonmonotonic variation
trend of the OER activity with increasing surface hole density
(Figure S12). When coating Co3O4 on α-Fe2O3 (Figure 6b),
the Csurf is enhanced to an optimal state, where it induces
relatively limited interfacial charge recombination, and thus the
increased surface reaching holes can be efficiently utilized for
the OER, resulting in the promoted OER activity. However,
when the Csurf is further increased as in the case of α-Fe2O3/
CoO (Figure 6c), the highly concentrated holes in the EC
cause a fast SC−EC interfacial charge recombination, which

Figure 6. Illustration of the interfacial charge behavior under irradiation at a potential in the range of 0.8−1.1 VRHE for the (a) α-Fe2O3, (b) α-
Fe2O3/Co3O4, and (c) α-Fe2O3/CoO photoanodes. Green arrows refer to the beneficial contributions including charge generation from
photoexcitation, electron transport to the substrate, and hole transfer to the electrolyte. Red arrows refer to the deleterious contributions including
photogenerated charge recombination in the bulk and at interfaces. The black arrows refer to the hole trapping toward the photoanode surface. The
arrow line thickness indicates the relative rates of charge transfer and recombination, and the thicker arrow lines represent the faster rates than the
thinner ones.
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inhibits hole transfer to the electrolyte, thus decreasing the
OER activity. A similar nonmonotonic photoactivity variation
trend dominated by the interfacial charge behavior was also
demonstrated in another solar water-splitting system,60

indicating that the above mechanism analysis is reasonable.

■ CONCLUSIONS
In summary, taking the α-Fe2O3 SC coated by two cobalt oxide
ECs as a model system, we demonstrate the EC’s hole-storage
capacity-dependent PEC OER activity as proved by both
experimental and theoretical data. ECs can store holes from
the SC, thus increasing the surface hole density on the
photoanode. The OER activity changes nonmonotonically
with increasing surface hole density. For α-Fe2O3/Co3O4, the
low hole-storage capacity of Co3O4 leads to limited interfacial
charge recombination and thus benefits the surface hole
utilization for the OER. In contrast, for α-Fe2O3/CoO, CoO
shows a large hole-storage capacity that exceeds the optimal
state and induces severe SC−EC interfacial charge recombi-
nation, thus hindering the charge transfer for the OER. As a
result, the OER activity of the α-Fe2O3 photoanode is
improved by Co3O4 but decreased by CoO. Therefore, the
EC’s hole-storage capacity is critical in governing the
competition between interfacial charge transfer and recombi-
nation, thus determining the OER activity of the EC-modified
photoanodes. These results provide a new strategy of tuning
the interfacial charge behavior, allowing further development
of more efficient devices for solar energy conversion.
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