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ABSTRACT: The incorporation of oxygen vacancies in hematite has been
investigated as a promising route to improve oxygen evolution reaction activity
of hematite photoanodes used in photoelectrochemical water oxidation.
However, introducing oxygen vacancies intentionally in α-Fe2O3 for active
solar water splitting through facile and effective methods remains a challenge.
Herein, air plasma treatment is shown to produce oxygen vacancies in α-Fe2O3,
and ultrathin α-Fe2O3 nanoflakes are used to investigate the effect of oxygen
vacancies on the performance of photoelectrochemical oxygen oxidation.
Increasing the plasma treatment duration and power is found to increase the
density of oxygen vacancies and leads to a significant enhancement of the
photocurrent response. The nanoflake photoanode with the optimized plasma
treatment yields an incident photo-to-current conversion efficiency of 35.4% at
350 nm under 1.6 V vs RHE without resorting to any other cocatalysts, an
efficiency far exceeding that of the pristine α-Fe2O3 nanoflakes (∼2.2%). Evidence for the presence of high density of oxygen
vacancies confined in nanoflakes is clarified by X-ray photoelectron spectroscopy. The increased number of oxygen vacancies
after plasma treatment resulting in an increased carrier density is interpreted as the main cause for the enhanced oxygen evolution
reaction activity.
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■ INTRODUCTION

Photoelectrochemical water splitting is a promising way to
convert solar energy into chemical energy in the form of
storable hydrogen.1−3 Using low-cost metal-oxide semiconduc-
tors to realize photoelectrochemical water splitting has attracted
much attention in recent years. Among possible semiconductor
materials for solar water splitting, hematite offers decisive
advantages such as a suitable band gap for sun light absorption
(∼2.2 eV) and being earth abundant, nontoxic, and chemically
stable under photoanodic conditions.4−6 Hematite theoretical
solar-to-hydrogen efficiency can be as large as 16.8% under
solar irradiation (AM 1.5G illumination, 100 mW/cm2) at 1.23
V vs RHE, generating a photocurrent density of 12.6 mA
cm−2.4,6

However, the performance of the produced hematite
photoanodes being limited by many factors remains low with
solar-to-hydrogen efficiency below 2%.7,8 The short hole
diffusion length (2−4 nm) and long photon penetration
depth in the visible wavelength range render hematite
particularly challenging to achieve a balance between efficient
carrier collection and light absorption.9 This serious drawback
may be addressed by using ultrathin structures or nanostruc-
tures,2,10 in which the thickness of hematite structures should
be restricted to less than 50 nm.10 Ultrathin hematite films can
be deposited by atomic layer deposition,11 spray pyrolysis,12,13

or other techniques. These ultrathin hematite films without

modification show low performance in photoelectrochemical
(PEC) water splitting, as the thin film thickness leads to small
light absorption. Besides, much effort from utilizing the micro-
and nanostructures has been used to decouple the directions of
light absorption and photoinduced carrier collection.2,14−16 For
hematite, various nanostructures have been prepared to realize
water splitting, including porous nanostructures, nanowires,
dendrites, and nanoflakes.17−20 The combination of nanostruc-
tures and doping such as Si,21,22 Sn,18,23 Al,23 Ti,24−26 Pt,7,27

Zn,28 and P6 was found to improve carrier collection and
conductivity and thus enhance the PEC activity of hematite.
However, most fabrication methods are based on the
combination of a hydrothermal method and a subsequent
annealing at high temperature, thus increasing the complexity
and cost of the fabrication process.
Recently, oxygen vacancies have been reported to improve

the activity of semiconductor photonaodes for water
oxidation.8,29−32 Oxygen vacancies in In2O3 porous sheets
were shown to increase solar light absorption through
narrowing the band gap and also serve as the active sites to
improve the carrier separation efficiency, thus finally achieving
improved water splitting efficiency.29 NiCo2O4 ultrathin
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nanosheets with high-density oxygen vacancies was also found
to exhibit a higher oxygen evolution reactivity, benefiting from
the lowered adsorption energy of H2O on the nanosheets.30

The incorporation of oxygen vacancies has also been shown to
be an effective approach to improve the activity of hematite
photoelectrodes.8,33 Through transient absorption spectroscopy
analysis, Cowan et al. suggested that the primary effect of
introducing oxygen vacancies is to block slow surface hole-bulk
electron recombination pathways.8 Ozin et al. investigated high-
temperature treatment of ultrathin film of hematite under an
atmosphere of H2 and Ar and suggested that the generated
oxygen vacancies upon high temperature treatment are
responsible for the activation of the photoanode by improving
the electron collection.33 Finally, thermal annealing under
oxygen-deficient atmosphere of hematite was reported as an
efficient means to control oxygen vacancy density, which was
used to increase the photocurrent of hematite photo-
anodes.34,35

Herein, we combine a low-temperature fabrication technique
of ultrathin hematite nanoflakes with a plasma post-treatment
to control the density of oxygen vacancies and investigate the
effect of oxygen vacancies on photocatalysis with the aim of
realizing high photoactivity for nanostructured hematite
photoanodes. The ultrathin nanoflakes provide a short path
length for hole diffusion, and the self-standing array of
nanoflake structures enhances light absorption due to light
scattering by the nanostructures. Thus, the pristine hematite
nanoflakes prepared with the low temperature process provide
an excellent two-dimensional nanostructure to decouple the
directions of light absorption and photogenerated carrier
collection. A relatively low power plasma treatment is used so
that surface activation of the nanoflakes is obtained while
maintaining the nanoflake morphology. Intentionally incorpo-
rated oxygen vacancies during the plasma treatment activate the

electrochemically active sites on the nanoflakes to promote the
photoactivity of the hematite photoanode.

■ EXPERIMENTAL SECTION
Preparation of Hematite Nanoflakes. For the preparation of the

hematite nanoflakes, high pure quality (99.99%) iron foils with a
thickness of 0.2 mm were obtained from Nilaco Corporation. The foil
surface was pretreated by mechanical polishing and then cut into 6 ×
10 mm2 pieces. For comparison purposes, foils without polishing were
also used. The foils were degreased by successively sonicating them for
10 min in acetone and ethanol. Then the foils were rinsed at least
three times in deionized water and dried by blowing dry air. The foils
were placed in the center of an alumina crucible and then sintered in a
muffle furnace (Yamato, FO100). The temperature was increased with
a rate of 10 °C per minute until it reached the sintering temperature of
400 °C and maintained at 400 °C for 1 h. After natural cooling of the
muffle furnace, the samples were treated in plasma. The plasma
treatment was performed using a plasma cleaner (Harrick PDC-32G)
equipped with a radio frequency coil with adjustable power. The
plasma treatment was performed for the two available plasma powers,
namely a medium power of 10.5 W (PM) and a high power of 18 W
(PH). The effect of the plasma treatment duration (4, 10, 15, 20, 25,
30 min for PM and 5, 15, 25, 35, 45 min for PH) was also investigated.
The samples are referred to “as-prepared” for the samples obtained
after the sintering process and “PM” and “PH” for the plasma treated
samples using the available medium power and high power,
respectively.

Additional deposition of Co-Pi on the surface of the PH sample was
performed using photoassisted electrodeposition.36,37 The Co-Pi
cocatalyst was deposited in a stirred solution of 0.5 mM Co(NO3)2
in 0.1 M KPi buffer at pH 7. A 500 W xenon lamp was used as the light
source (285 mW/cm2). Photoassisted electrodeposition was per-
formed at 0.1 V vs Ag/AgCl for 5 min. The Co-Pi modified sample
was finally washed in deionized water.

Structural Characterization. The sample morphology was
characterized using a field-emission scanning electron microscope
(JEOL JSM 7600FA). The X-ray diffraction (XRD) data was acquired
with a Rigaku Miniflex II-MW in both Bragg−Brentano (theta-2theta)

Figure 1. SEM images of the samples showing the nanoflake nanostructures: (a) as-prepared sample annealed at 400 °C for 1 h in air, (b) is a
magnified image of (a), (c) after medium power plasma treatment, and (d) after high power plasma treatment.
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and grazing incidence (detector scan) modes using the Cu Kα
radiation. The XRD spectra were acquired for the 2θ range of 25−65°
with a scan step of 0.02° and a scan speed of 1° per minute. Raman
spectra were recorded at room temperature on a Renishaw inVia
Raman Microscope system with a 488 nm excitation light (0.82 mW)
directed through a ×100 objective. The UV−vis diffuse reflectance
spectra were measured with a spectrophotometer equipped with an
integrating sphere (V-560 and DRS, JASCO). X-ray photoelectron
spectroscopy (XPS) spectra were collected with a PHI 5000
VersaProbe (ULVAC-PHI) using an Al Kα X-ray source (1486.6
eV). The electron analyzer was operated at pass energies of 117.4 eV
for the wide scans and 23.5 eV for the narrow scans.
Photoelectrochemical Measurement. Photoelectrochemical

water splitting performance of the fabricated photoelectrodes were
obtained using a three-electrode cell. The nanoflake structured
photoanodes were used as the working electrode, Pt wire as the
counter electrode, and Ag/AgCl electrode as the reference electrode.
The potential of the working electrode was controlled with a
potentiostat (VersaSTAT 4, Princeton Applied Research). The
measured potentials vs Ag/AgCl were converted to the reversible
hydrogen electrode (RHE) scale according to the relationship ERHE =
EAg/AgCl + 0.059 pH + E0Ag/AgCl, where EAg/AgCl is the measured
potential against the reference electrode and E0Ag/AgCl = 0.1976 V at 25
°C. An aqueous solution of 1 M NaOH (pH 13.6) was used as the
electrolyte. The electrolyte was stirred and purged with Ar gas for 15
min before the measurements. The fabricated hematite photoanodes
were illuminated with a 500 W xenon lamp delivering an irradiance of
285 mW/cm2 on the photoanodes. The scan rate was 10 mV/s for the
current−potential (J-E) curves, and the scans were performed from
negative to positive potentials. When the incident photon conversion
efficiency (IPCE) was measured, the photoanodes were illuminated
using the same light source, which was filtered using bandpass filters
(full width at half-maximum of 38 ± 2 nm) having center wavelengths
of 350, 400, 450, 500, and 550 nm. The IPCE measurements were
carried out at 1.23 and 1.6 V vs RHE. The IPCEs were calculated for
each center wavelength using the equation IPCE = [(1240/λ) × (Jlight
− Jdark)/Plight] × 100%, where Jlight is the steady-state photocurrent
density at a specific wavelength, Jdark is the dark current density, λ is
the wavelength of the incident light, and Plight is the light intensity at
the corresponding wavelength.
The Mott−Schottky and electrochemical impedance spectroscopy

(EIS) measurements were performed using the same electrochemical
measurement system as for the PEC measurements. Mott−Schottky
measurements were obtained under dark conditions at a frequency of
1000 Hz in 1 M NaOH (pH 13.6) solution with a scan rate of 10 mV/
s. EIS measurements were performed at an applied potential of 1.8 V
vs RHE in dark for a frequency range between 100,000 and 1 Hz using
10 mV amplitude sinusoidal perturbation.

■ RESULTS AND DISCUSSION

Figure 1 (a) shows the SEM image of the as-prepared sample
obtained by annealing the Fe foil in the muffle furnace at 400
°C for 1 h. A uniform coverage of nanoflakes was obtained
upon annealing of the Fe foil. Figure 1 (b) shows a high
magnification image of the nanoflakes on the as-prepared
sample. The nanoflakes have a thickness of approximately 20−
30 nm and a length of 1−2 μm. It should be noted that
prepolishing of the Fe foil annealing is necessary to obtain
uniformly distributed nanoflakes. Without polishing, the sample
observed after annealing exhibited a sparse distribution of
nanoflakes, as shown in Figure S1. This may be explained by
the presence of a passivation layer (native oxide layer) formed
on the surface of the as-received Fe foils and the removal of the
passivation layer by polishing, resulting in a uniform growth of
nanoflakes on the pure iron layer. The effect of the plasma
treatments on the sample morphology is examined using SEM
images of plasma treated samples for 25 min. Figure 1 (c) and

(d) displays the SEM images for the PM and PH samples.
When compared to the morphology of the as-prepared
nanoflakes, the PM and PH samples show no obvious change.
The plasma treatment used in this report did not deteriorate
the nanostructures of the as-prepared samples, thus providing a
method for surface treatment of low-dimensional nanostruc-
tures on a sample surface.
The XRD measurement in the Bragg−Brentano config-

uration for the as-prepared nanoflakes and the sample treated
with medium power plasma is shown in Figure S2. All XRD
peaks of Figure S2 were indexed to magnetite and iron. In the
case of Fe foil annealing under high temperatures, a
multilayered oxide coating is usually formed on the surface of
the iron foil, consisting of hematite as the outer layer, Fe3O4 as
the intermediate layer, and FeO as the inner layer in direct
contact with the iron substrate.38,39 The formation of hematite
and magnetite can be summarized as follows:40,41

+ →2Fe O 2FeO2

+ →6FeO O 2Fe O2 3 4

+ →4Fe O O 6Fe O3 4 2 2 3

The decreased oxygen content along the depth of the
multilayered oxide coating (from the oxide top surface to the
Fe substrate) may account for the formation of the Fe3O4 phase
during thermal oxidation.31,34,35,42 Additional information
about the phase of the nanostructures forming the sample
top surface is obtained using X-ray diffraction (XRD) patterns
performed with a grazing incidence angle of 0.5°. The XRD
spectra presented in Figure 2 (a) show that all samples contain

Figure 2. (a) XRD spectra performed with grazing angle incidence
collected for the as-prepared, medium power (PM) and high power
(PH) plasma treatments. (b) Raman spectra for the as-prepared, PM
and PH samples.
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hematite, magnetite, and iron, a result consistent with the
mixed iron oxides formed during thermal oxidization of iron
foils.38 However, the peaks belonging to the hematite phase,
indexed as (113), (024), and (300), have weak intensity. The
(110) peak of hematite superimposes with that of the (311)
magnetite peak. Thus, Raman spectroscopy with a probe light
of 488 nm was used to identify the hematite phase since this
technique is more sensitive to an absorbing surface phase such
as hematite than XRD analysis.38 Figure 2 (b) shows the
Raman spectroscopy measurements for the samples with and
without plasma treatments. All samples display the same
characteristic hematite peaks: the six peaks of hematite (D6

3d

space group) include 227 and 498 cm−1 corresponding to the
A1g mode and 247, 294, 411, and 611 cm−1 attributed to Eg
modes.31,43 From both XRD and Raman results, it is concluded
that all samples consist of a top surface layer made of hematite
stacked on a magnetite layer.
The Fe oxidation state of the sample surfaces was further

examined by XPS, which provides a depth analysis of a few

nanometers.33 Figure 3 summarizes the XPS results for the as-
prepared, PM and PH samples. The Fe 2p spectrum of the as-
prepared sample (Figure 3 (b)) reveals a typical Fe2O3

spectrum having the binding energies of 710.2 eV for Fe
2p3/2 and 723.6 eV for Fe 2p1/2, the shakeup satellite located at
718 eV, and the characteristic satellite peaks for the α-Fe2O3 or
γ-Fe2O3 phases.

44−47 Although γ-Fe2O3 is reported to exhibit
the same Fe 2p core-level spectra with α-Fe2O3,

46 the possible
presence of the γ-Fe2O3 is excluded by the Raman spectra
analysis, in which no vibration mode from γ-Fe2O3 was found.
As seen in Figure 3 (b), the plasma treatment shifts the peak
positions of the Fe 2p core levels to higher binding energy: the
Fe 2p3/2 and Fe 2p1/2 peak positions of the PM and PH samples
are 711 and 724 eV and 711.2 and 724.6 eV, respectively. The
shift to higher binding energy upon plasma treatment very
likely results from the appearance of the Fe(II) oxidation
state,47,48 resulting from the generation of oxygen vacancies.
The presence of oxygen vacancies is confirmed by analyzing the
O 1s peaks reported in Figure 3 (c), (d), and (e). The observed

Figure 3. X-ray photoelectron spectroscopy analysis: (a) survey spectra of the as-prepared, PM, and PH samples, (b) Fe 2p peaks of the as-prepared,
PM, and PH samples, (c,d,e) O 1s peaks of the as-prepared, PM, and PH samples.

Figure 4. (a) Diffuse reflectance spectra for the as-prepared, PM, and PH samples. (b) Kubelka−Munk plots used to estimate the band gap of the
samples.
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main peak at 529.9 eV (O 1s) is due to oxygen atoms bound to
metals,29,49,50 while the shoulder peak at approximately 532 eV
is attributed to the defect sites with a low oxygen coordination,
i.e. oxygen vacancies.29,30,33,51 Deconvolution of the O 1s
spectra shows that the intensity of the shoulder peak around
532 eV relative to that of the main oxide peak at 529.9 eV
increases from 0.46, 0.78, to 1.00 for the as-prepared, PM, and
PH samples, respectively. These results indicate that plasma
treatment introduces oxygen vacancies into the hematite
nanoflakes, and the increase in the plasma power results in a
higher density of oxygen vacancies. The vacancy formation
mechanism may involve direct removal of oxygen from the
hematite lattice by the plasma energetic species and also
removal of oxygen assisted by local heating under the oxygen-
deficient atmosphere. The oxygen vacancies ionized the
hematite lattice, thus generating electrons in the conduction
band:34,52

→ + + −O
1
2

O (g) V 2ex
O 2 O

..

This result is important because it provides a means to
control the amount of oxygen vacancies, which have been
reported to play an important role in the oxygen evolution
reaction.29,30,33 In summary, a rational and effective introduc-
tion of oxygen vacancies into hematite nanoflakes using a
simple plasma treatment was demonstrated and has potential
contribution toward enhanced photo-electro-oxidation catalysis.
Figure 4 (a) shows the UV−vis diffuse reflectance spectra of

the samples. The α-Fe2O3 nanoflakes exhibited a clear
absorption edge around 600 nm, in agreement with the
characteristic absorption edge of hematite in the literature.9,33

All three samples showed similar optical properties from the
ultraviolet to the visible region. The reflectance spectra showed
a very low reflectance which may be attributed to the
nanostructured morphology enhancing light trapping. The
absorption of solar radiation with a wavelength smaller than
600 nm could be used to excite the photogenerated carriers,
enabling an effective utilization of visible solar radiation in PEC
water splitting reaction. In order to evaluate the band gap
energy of the samples, (F(R) × hν)1/2 values for an indirect
band gap material53 were plotted versus excitation energy as
shown in Figure 4 (b). The absorption coefficient F(R) was
calculated according to the Kubelka−Munk (K−M) equa-
tion54,55

= −
F R

R
R

( )
(1 )

2

2

(1)

where R is the sample reflectance. The band gaps are estimated
to be 2.13, 2.11, and 2.12 eV, for the as-prepared, PM, and PH
samples, respectively.
The linear scan voltammetry (LSV) results taken in 1 M

NaOH (pH 13.6) electrolyte at a scan rate of 10 mV/s under a
Xe lamp are presented in Figure 5. The as-prepared sample
yielded a relatively low photocurrent density of 0.17 mA/cm2 at
1.23 V vs RHE. After the medium power plasma treatment
(PM for a 25 min plasma treatment), the photocurrent density
was enhanced by a factor of ∼7.6, reaching 1.30 mA/cm2 at
1.23 V vs RHE. The photoactivity is found to increase with the
plasma treatment duration, and the photoactivity improvement
reached a plateau after 25 min of treatment (Figure S3), a
duration corresponding to the optimum performance. Increas-
ing the power of the plasma (PH for 25 min) resulted in further
improvement of the photoactivity. Indeed, the photocurrent

density reached 2.03 mA/cm2 at 1.23 V, achieving an
enhancement factor of ∼12 with respect to the as-prepared
sample. The high power plasma treatment is also found to be
more effective, as a 5 min PH treatment lead to a photocurrent
higher than that of the 25 min PM treatment. The PH
treatment improvement saturates at about 25 min (Figure S4)
and shows an increase in the photocurrent at more positive
applied voltages. Moreover, it is found that the plasma
enhanced photoactivity is strongly dependent on the sample
morphology, the best results being achieved for a high density
of nanoflakes. Samples prepared without prepolishing of the
iron foil lead to the formation of sparse distribution of
nanoflakes, whereas applying a prepolishing process results in a
uniform and dense distribution of nanoflakes in a reproducible
manner. The photocurrent comparison between the sparse and
dense nanoflake samples after PH treatment reveals a much
larger current for the dense nanoflake sample (Figure S5). This
result proves that the two-dimensional nanoflakes standing on
the sample surface provide a unique platform for PEC
performance enhancement due to the possible creation of a
large number of electrochemically active sites and the decrease
in the diffusion path length of the minority carriers.29,30

It is also noted that the plasma treatment shifts the onset
potential toward more positive potentials. The onset potential
for the as-prepared sample of 0.55 V increased to 0.65 and 0.7
V for the PM and PH treatments, respectively. The adverse
positive shift of the onset potential suggesting limited kinetics
for water oxidation likely originated in the increase in the
surface trapping states as a result of the plasma treatment.
Oxygen vacancies produced by the hydrogen treatment have
been reported to act as surface trapping states.33 Co-catalysts
are widely used for facilitating the interfacial water oxidation, so
that cocatalysts can remediate the overpotential resulting from
the plasma treatment. Co-Pi is one of the cocatalysts used in
combination with hematite. Co-Pi has a brownish color and an
absorption coefficient of ∼3 × 106 m−1.56 To ensure that more
than 90% of the incident light reaches the hematite layer, the
thickness of Co-Pi should be less than 35 nm.56 According to
Co-Pi composition (Co:K:P of 2.7:1:1) and mass density (3 g/
cm3), and assuming that all charges were used to oxidize Co2+

in the solution to Co3+ in Co-Pi,56,57 the Co-Pi deposited
thickness on the hematite photoanode was estimated to be less
than 20 nm (total charge density of 4.7 mC/cm2). For this
small thickness, no important change in the optical properties
of the samples coated with Co-Pi should be observed, as
evidenced by the reflectance spectra of the PH samples without

Figure 5. J-E curves for the as-prepared, PM and PH samples under
500 W Xe lamp (285 mW/cm2) illumination (solid lines) and dark
condition (dashed lines) in 1 M NaOH (pH 13.6).
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and with Co-Pi deposition (Figure S6). Thus, the Co-Pi coating
conditions should ensure that most incident light reaches the
hematite layer of the photoanode. As shown in Figure 5,
deposition of “Co-Pi” cocatalyst on the surface of the PH
sample drastically shifted the onset potential toward negative
values (0.55 V was achieved, corresponding to onset potential
before plasma treatment), indicating a decreased overpotential
and improved kinetics for water oxidation. At the same time,
the photocurrent showed a remarkable enhancement over a
large potential range (0.6−1.6 V). The photocurrent density
reached 1.29 mA/cm2 at 0.8 V, 3.02 mA/cm2 at 1.23 V, and the
highest photocurrent density of 4.1 mA/cm2 at 1.6 V vs RHE.
The sample IPCEs with and without plasma treatment

measured as a function of wavelength are presented in Figure 6.
In contrast to literature results for which high temperature
annealing (∼800 °C) or doping were used to activate the
hematite PEC performance, we show that nanoflakes
synthesized at low temperature (∼400 °C) can be activated
by introducing oxygen vacancies through a plasma treatment.
Under 1.23 V vs RHE (Figure 6(a)), the IPCE measured for
the as-prepared nanoflakes is 1.43% at λ = 350 nm. The IPCE
of PM sample increased to 12% at λ = 350 nm, providing an
8.4-fold increase compared to the as-prepared sample. This
result is also higher than the pristine hematite synthesized via
hydrothermal method and then annealed at 750 °C.6 The PH
plasma treatment further increases the IPCE to 15.6% at λ =
350 nm, a result comparable to that of the pristine hematite
nanowires prepared at 800 °C and even better than the Sn-
doped hematite nanocorals fabricated at 650 °C and Sn-doped
hematite nanowires.18,31 Under 1.6 V vs RHE, the highest IPCE

of the PH sample was achieved at λ = 350 nm reaching a value
of 35.4%, which is 1.6 times that of the PM sample (22% at λ =
350 nm) and 16 times that of the as-prepared sample, as shown
in Figure 6(b). At λ = 400 nm, the IPCE of the PH sample
(29.8%) is 1.5 times that of the PM sample (19.9%) under 1.6
V. As shown in Figure 6, the PH sample showed higher IPCE
values than those of the PM treated and as-prepared samples
over the whole region for light absorption. The wavelength
dependence of IPCE for the samples was consistent with the
absorbance spectrum (Figure 4) and photocurrent densities
(Figure 5). The observed enhanced IPCE and photocurrent
density for the PH sample could be ascribed to the high density
of oxygen vacancies introduced by the plasma treatment.29,30

Finally, the stability of the plasma treatment was checked by
measuring the photocurrent of the photoanodes treated with
PM and PH plasma at 1.5 V versus RHE for 20 min (Figures S7
and S8). The constant photocurrent for both PM and PH
photoanodes indicated that the incorporated oxygen vacancies
were stable.
The pronounced effect of the plasma treatment is further

examined with Mott−Schottky measurements. The Mott−
Schottky curves of the samples presented in Figure 7 (a)
revealed positive slopes, indicating that the samples are n-type
semiconductors having holes as minority carriers. In the
following, the flatband potential at the sample/solution
interface and the sample carrier density are estimated from
the Mott−Schottky equation18

ε ε
= − −

⎛
⎝⎜

⎞
⎠⎟
⎡
⎣⎢

⎤
⎦⎥C e N

V V
kT
e

1 2
( )2

0 d
fb

(2)

Figure 6. Comparison between the IPCEs of the as-prepared, PM, and PH samples measured at (a) 1.23 V vs RHE and (b) 1.6 V vs RHE. The
electrolyte was 1 M NaOH (pH 13.6).

Figure 7. Mott−Schottky plots (a) and Nyquist plots (b) for the as-prepared, PM, and PH samples obtained in 1 M NaOH electrolyte (pH 13.6)
under dark conditions. Inset (a): enlarged Mott−Schottky plot for the PH sample. Inset (b): the equivalent circuit used for fitting the experimental
data.
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where C is the specific capacitance (F cm−2), e is the electron
charge, ε0 is the permittivity of vacuum, ε is the dielectric
constant of hematite (ε = 80),58,59 Nd is the donor density, V is
the applied voltage, Vfb is the flatband potential, kB is the
Boltzmann constant, and T is the absolute temperature.
Extrapolating the linear region of the Mott−Schottky plots
and reading the intercept value on the x-axis give an estimate of
the flat band potential (Vfb). The Vfb of the as-prepared sample
was 0.48 V, a value close to another report.18 For the PM and
PH samples, Vfb was found to be 0.72 and 0.80 V, respectively.
The increase in Vfb with the plasma treatment is consistent with
the increase in the onset potential observed in LSV measure-
ments.
The donor density is estimated from the slope determined in

the Mott−Schottky plots:
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The donor densities of the samples increased from 6.44 × 1019

cm−3, 9.32 × 1019 cm−3, to 6.07 × 1020 cm−3 for the as-
prepared, PM, and PH samples, respectively (here a relative
comparison is provided to study the effect of the plasma
treatment at constant sample shape and no correction is made
to take into account the sample geometry, for example using
the roughness factor60). The increase in the carrier density
upon plasma treatment is thought to promote the sample
conductivity and therefore improve the PEC performance.6,29,33

In the following, electrochemical impedance spectroscopy
(EIS) under dark conditions is used to investigate the interfacial
electrical conductivity of hematite in the electrolyte solution.
Fitting the EIS data to equivalent circuits consisting of a
combination of resistances and capacitors offers a means to
discuss the charge transport. A typical set of data taken under
1.8 V is plotted in Figure 7 (b) in the form of a Nyquist plot.
The measured points (symbols) are used to fit curves (solid
lines) corresponding to the equivalent circuit (inset of Figure 7
(b)), which consists of a serial resistor (RS) and an RC circuit.
The RC circuit models the parallel combination of the
interfacial charge transfer resistance (RCT) and the constant
phase element (CPE), attributed to the interface between the
photoanode surface and the electrolyte. The charge transfer
resistance and double layer capacitance of the samples without
and with plasma treatment are listed in Table S1. Compared
with the as-prepared hematite nanoflake photoanode, the
charge transfer resistance of the samples treated with plasma
decreased and the corresponding capacitances increased,
indicating that the plasma treatment reduced the charge
transfer resistance and improved the capacitance at the
photoanode/electrolyte interface, thus enhancing the PEC
water splitting performance.
In summary, the improved PEC performance of the hematite

nanoflakes treated by plasma treatment is attributed to the
increase in the oxygen vacancy density produced during the
plasma treatment.29,33 The ultrathin nanoflake structures
developing a large surface area provide more electrochemically
active surface sites on the sample surface than flat films, leading
to efficient catalysis toward water oxidation. The two-
dimensional nanoflake structures with ultrathin thickness
(20−30 nm) also help to shorten minority carrier transport
length, which may decrease carrier recombination during the
water oxidation process.4 Moreover, it is reported that the

introduction of oxygen vacancies in the ultrathin structure can
decrease the energy required for the adsorption of water
molecules onto the sample surface and thus increase the oxygen
evolution reaction rate.30 Plasma treatment is found to increase
the number of oxygen vacancy sites on the surface of hematite
nanoflakes. The surface oxygen vacancy sites are favorable for
hydroxyl adsorption, thus increasing water adsorption.61,62

Measurement of the water contact angle of the hematite with
and without plasma treatment is discussed in the following.
Figure S9 (a) showed that the surface of an as-prepared sample
has a water contact angle of ∼118°. Modification of the
hematite surface by plasma treatment with medium and high
power plasma produced a highly hydrophilic surface with a
contact angle of ∼0°, as shown in Figure S9 (b) and (c). In
summary, the surface of hematite nanoflakes becomes hydro-
philic upon plasma treatment so that improved adsorption of
water molecules on the nanoflake surface may contribute to the
improvement of the oxygen evolution reaction efficiency.30 In
our results, the introduction of oxygen vacancies in nanoflakes
not only improves the water molecules adsorption ability on
the sample surface but also increases the carrier density of the
samples, resulting in intimate contact with the electrolyte and
enhanced PEC activity toward water splitting.

■ CONCLUSION
Ultrathin hematite nanoflakes forming a nanostructured
photoanode were used to investigate the effect of intentionally
incorporated oxygen vacancies on the PEC water splitting
activity. The nanoflakes were prepared by annealing iron foils at
400 °C in air and were activated using a plasma treatment that
generates oxygen vacancies in the hematite nanoflakes.
Combining XPS and Mott−Schottky analysis, it is concluded
that the increased density of the oxygen vacancies induced by
the plasma treatment are responsible for the increase in the
carrier density of the photoanode. The optimum plasma
treatment of the hematite photoanode resulting in high density
of oxygen vacancies exhibited high PEC water oxidation activity
reaching a photocurrent of 2.03 mA/cm2 at 1.23 V vs RHE
under a 500 W Xe lamp (285 mW/cm2) illumination. This
photocurrent is 12 times higher than that of the as-prepared
hematite without plasma treatment. The improved PEC
performance was attributed to the introduction of oxygen
vacancies, which lower the adsorption energy of H2O and
increase the carrier density. This work not only adopts low
temperature annealing to obtain hematite nanoflakes but also
develops a simple strategy to introduce oxygen vacancies for the
promotion of water splitting efficiency. The intentional control
of the oxygen vacancy density realized using a plasma treatment
is thought to be applicable to other hematite nanostructures
and metal oxide materials which could be used to improve PEC
performance.
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