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α-Fe2 O3 thin ﬁlms have been synthesized and used as photoanodes for photo-electrochemical
(PEC) water oxidation. Molybdate was introduced to mediate hematite thin ﬁlms via two
synthesis routes (namely in situ mediation and ex situ modiﬁcation). Through the in situ mediation process, the morphology and ﬁlm thickness could be changed signiﬁcantly due to the
addition of MoO4 2− , while for the ex situ modiﬁcation, the PEC performance of the hematite
has been greatly improved without changing the nanorod morphology. Various characterizations such as UV-Vis absorption, transmission electronic microscopy, scanning electronic
microscopy, Mott-Schottky, electrochemical impedance spectroscopy were conducted and the
PEC performances were investigated.
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(PE-CVD) [13, 14], atomic layer deposition (ALD) [15,
16], hydrothermal synthesis [17−21], spray pyrolysis
[22, 23], and atmospheric-pressure chemical vapor deposition (APCVD) [24, 25], have been adopted for fabricating nanostructured hematite thin ﬁlms to shorten
the pathway that the photoexcited carriers have to
travel.
In addition, elemental doping is another eﬀective
strategy to improve the performance of hematite photoanodes. Some metal ions, such as Ti [8, 26], Sn [27,
28], Pt [29], Zr [30], Si [27], Cr [31], Zn [32], and Mn
[33] have been doped into hematite to increase the electric conductivity and facilitate charge transfer in the
bulk. For instance, indium and tin elements were codoped into α-Fe2 O3 by temperature-driven ionic diﬀusion from the ultrathin ITO layer which was sputtered
on the FTO substrate. It was found that a 32 nm thick
ITO underlayer exhibited 3-fold photocurrent enhancement over pristine hematite at 1.23 V vs. RHE [34].
Other successful approaches to improve hematite
properties involve developing heterocomposite electrode, which may cause various eﬀects (catalytic, plasmonic, passivation). For instance, some high-eﬃciency
co-catalysts like cobalt-phosphate (Co-Pi) [35, 36] or
iridium oxide (IrO2 ) [37] could facilitate the complex
four-electron transfer process and speed up the reaction
kinetics. Pt-functionalized Fe2 O3 photoanodes were
prepared by plasma-enhanced chemical vapor deposition (PECVD) followed by sputtering of platinum and
annealing in air. It was found that the PEC performances of the hematite photoanodes were eﬀectively
enhanced due to the improved nano-organization of he-

I. INTRODUCTION

Photo-electrochemical (PEC) water splitting is generally believed to be one of the most promising and
green approaches to solve the energy crisis issues [1−4].
Hematite (α-Fe2 O3 ) has been extensively studied as
a promising photoanonde materials for water splitting
due to its low toxicity, ample abundance, broad visible
light adsorption, appropriate band edge position, and
high chemical stability [5, 6]. Theoretically, the solarto-hydrogen eﬃciency (STH) of α-Fe2 O3 is estimated
to be 16.8% under AM 1.5G irradiation [7]. However,
it is diﬃcult to achieve this value due to several intrinsic deﬁciencies of α-Fe2 O3 [5, 6]. For instance, the
photocurrent onset potential (Vonset ) may shift positively by about 0.5 V due to the sluggish water oxidation kinetics [8]. Moreover, poor electrical conductivity and short carrier diﬀusion length (2−4 nm) lead
to a short electron-hole pair lifetime and high recombination rate [9−11]. In this regard, nano engineering is
a useful strategy to overcome these issues by shortening
the hole diﬀusion path [12]. Nanostructured hematite
thin ﬁlms, such as nanowires, nanotubes, nanorods,
nanocubes and mesoporous structure, have been developed to shorten the charge-transport pathway and
increase the accessible surface. Numerous techniques
including plasma enhanced-chemical vapor deposition
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matite and the redox eﬀect of platinum [38]. In addition, an overlayer of TiO2 through ALD technique gave
an ten-fold photoactivity enhancement with respect to
bare Fe2 O3 [39, 40]. The signiﬁcant improvement in the
PEC performance was mainly attributed to the beneﬁcial role of Fe2 O3 -TiO2 heterojunctions, which led to
increased charge separation and less recombination rate.
Besides, some undesirable surface states, mainly
Fe3+ /Fe2+ redox couples and dangling bonds [41, 42],
exist on the surface of α-Fe2 O3 crystallites [43−45],
which will act as recombination centers, trapping holes
or electrons. Several types of passivation layers, including Ga2 O3 [46], Al2 O3 [47], SiOx [48] ultrathin layers,
have been applied on the surface of Fe2 O3 to enhance
PEC performance by reducing the charges trapped in
the interface between hematite and electrolyte.
Based on the above observations, it can be inferred
that the interface between the hematite and electrolyte
is of great importance. There are a few studies focusing
on the molybdenum eﬀect on the morphology, structure and PEC properties of hematite thin ﬁlms. In an
earlier study [31], Mo doped hematite was prepared by
soaking FeOOH nanorods into varied dopant precursor solutions, followed by 800 ◦ C annealing treatment.
Mo was found to have a negative eﬀect on the PEC
performance of hematite. The Mo modiﬁed hematite
photoanode exhibited low photocurrent density, which
was attributed to the lower bulk charge transport resistance and higher charge resistance in the interface
between the hematite and electrolyte. Herein, we report a comparison study of Mo modiﬁed hematite thin
ﬁlms via two synthesis routes (namely in situ and ex situ
process) to investigate the inﬂuences on the activity of
PEC water oxidation in detail. To our best knowledge,
sodium molybdate was used as the mediating agent for
the ﬁrst time.

II. EXPERIMENTS
A. Materials preparation

FeCl3 ·6H2 O (Sigma-Aldrich, 99%), NaNO3 , and
Na2 MoO4 were used without further puriﬁcation. A
piece of FTO (F:SnO2 , 14 Ω/sq) was cleaned by sonication in acetone and ethanol for 30 min, respectively.

1. Synthesis of bare hematite films

Pristine α-Fe2 O3 ﬁlms on conductive glass (FTO)
substrate were fabricated based on a facile hydrothermal method. Typically, a clean FTO glass was placed
into a 10-mL beaker, which contained 4 mL of solution of 0.0972 g FeCl3 ·6H2 O (0.09 mol/L) and 0.034 g
NaNO3 (0.1 mol/L) at pH=1, adjusted by HCl. Next,
the above beaker was carefully placed into the 100-mL
Teﬂon-lined autoclave and kept in an oven at 95 ◦ C
DOI:10.1063/1674-0068/31/cjcp1806133

for 4 h. After cooling to room temperature, a homogeneous yellowish FeOOH layer was formed on the FTO.
The resultant samples were washed with distilled water
for several times and blow-dried with nitrogen. Then,
the FeOOH ﬁlms were heated up from room temperature to 550 ◦ C with a ramp rate of 5 ◦ C/min and held
for 2 h then annealed at 750 ◦ C for 15 min in air. After
cooling to room temperature naturally, a uniform bare
hematite ﬁlm in bright orange color was obtained.

2. Synthesis of in situ molybdate mediated hematite films

The in situ sodium molybdate mediated hematite
ﬁlms were synthesized through the same method. All
the steps were identical with those of bare hematite,
except the precursor solution (FeCl3 ). To prepare the
molybdate mediated hematite ﬁlms, a certain amount
of NaMoO4 was added to the FeCl3 solutions to give different concentrations of NaMoO4 mixed solutions: 0.3,
0.45, 1.5, and 3 mmol/L. The above Mo in situ mediated samples were further characterized by SEM-EDXS
to measure Mo/Fe ratios, and were named according to
the actual Mo/Fe ratios. For instance, sample Fe2 O3 /in
situ Mo 0.01 stands for the atomic ratio of Mo/Fe=0.01.

3. Preparation of ex situ molybdate modified hematite films

To prepare the ex situ molybdate modiﬁed hematite
ﬁlms, a series of bare hematite ﬁlms were prepared
ﬁrst for further modiﬁcation. Those as-synthesized
bare hematite ﬁlms were immersed into solutions
of 0.3 mmol/L Na2 MoO4 , 1.2 mmol/L Na2 MoO4 ,
6 mmol/L Na2 MoO4 , 30 mmol/L Na2 MoO4 solutions
for 15 min, respectively, then washed with distilled
water and dried in air at 300 ◦ C for 2 h. The assynthesized samples were referred to as Fe2 O3 /ex situ
Mo 0.3, Fe2 O3 /ex situ Mo 1.2, Fe2 O3 /ex situ Mo 6,
Fe2 O3 /ex situ Mo 30 respectively. To observe the inﬂuence of annealing temperature, diﬀerent annealing temperatures were attempted including 25, 100, 200, 300,
400, 750 ◦ C.

B. Materials characterization

X-ray powder diﬀractometer (Rigaku D/MAX-2500)
using Cu Kα radiation (λ=0.15418 nm) was used to
characterize the crystal structure. Scanning electron
microscope (SEM, JEOL/JSM7500) was employed to
characterize the surface morphology of the samples and
SEM-EDXS were used to measure the atomic concentration of diﬀerent elements. The high resolution transmission electron microscope (TEM, JOEL/2100F) was
used to examine the microstructure of the samples
bare Fe2 O3 and Fe2 O3 /ex situ Mo 0.3. X-ray photoelectron spectroscopy (XPS) was carried out on an
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ESCALAB-250XI spectrometer (Thermo Fisher Scientif, USA) with monochromated Al Kα (150 W) as the
X-ray source for excitation. The binding energies obtained from the XPS analysis were corrected by referencing C 1s to 284.6 eV. The UV-Vis absorption spectra were collected in transmission mode at normal incidence by a UV-visible spectrophotometer (Shimadzu,
UV-2600), with bare FTO as a reference. The photocurrent generated in hematite ﬁlm is estimated using
the following equation:
∫ λmax
[
]
Jph = q
ϕph (λ) 1 − 10−A(λ) dλ
(1)
λmin

where ϕph is the characteristic solar radiation spectrum,
A is absorbance, λ is wavelength, and q is the elementary charge.
C. Photoelectrochemical measurements

The photoelectrochemical experiments were conducted using a Zennium electrochemical workstation
(ZAHNER, Germany) in a three-electrode system with
the as-prepared sample as the working electrode,
Ag/AgCl electrode as the reference electrode and coiled
platinum wire (1 cm2 in area) as the counter electrode in
a 1.0 mol/L NaOH solution. A 300-W xenon lamp solar
simulator was used as the light source. The light power
density at test point was adjusted to be 100 mW/cm2
with a power meter. The electrochemical impedance
spectroscopy (EIS) was carried out in the dark with a
0.05 V bias against a reference electrode of Ag/AgCl
in an aqueous solution containing 0.5 mol/L KCl,
0.01 mol/L K3 [Fe(CN)6 ], and 0.01 mol/L K4 [Fe(CN)6 ]
using the same three-electrode system. Mott-Schottky
(M-S) measurements were performed with a potential
frequency of 1 kHz under dark condition. According
to the Nernst equation VRHE =VAg/AgCl +0.1976 V+pH
(0.059 V), all potentials were converted to the reversible
hydrogen electrode (RHE) scale.
III. RESULTS AND DISCUSSION
A. Na2 MoO4 in situ mediated hematite photoanodes

The molybdate in situ mediated hematite ﬁlms were
further characterized by SEM-EDXS to measure Mo/Fe
ratios, and were named according to the actual Mo/Fe
ratios. Samples mediated with varied concentrations
of NaMoO4 of 0.3, 0.45, 1.5, 3 mmol/L were referred
to as Fe2 O3 /in situ Mo 0.01, Fe2 O3 /in situ Mo 0.014,
Fe2 O3 /in situ Mo 0.022, Fe2 O3 /in situ Mo 0.036 respectively. The X-ray diﬀraction (XRD) patterns for
the pristine and Mo-mediated hematite ﬁlms are shown
in FIG. 1(a). In comparison with the spectra of FTO
substrate, two additional diﬀraction peaks at 35.6◦ and
64.5◦ appeared in all the synthesized samples, which
DOI:10.1063/1674-0068/31/cjcp1806133

FIG. 1 X-ray diﬀraction patterns (a) and UV-Vis absorbance spectra (b) of pristine and Na2 MoO4 in situ mediated hematite photoanodes.

could be assigned to the (110) and (300) planes of
α-Fe2 O3 (JCPDS No.33-0664), respectively. The grain
sizes of diﬀerent hematite ﬁlms were deduced from the
broadening of the (110) diﬀraction peak. With the increasing concentration of Na2 MoO4 , the crystallite size
of hematite was decreased from ∼64 nm to 14 nm.
This was probably due to the absorption of MoO4 2−
to the FeOOH [49], which would aﬀect the crystallization of FeOOH. In our earlier study [50], the adsorption of phosphate groups (PO4 3+ ) on the certain
planes of FeOOH nuclei was also found to aﬀect the
growth of FeOOH, leading to the formation of an ultrathin nanocube-structured FeOOH ﬁlm. FIG. 1(b)
shows optical absorbance spectra of the bare and Mo
mediated hematite ﬁlms. The hematite ﬁlms show an
absorption edge at around 600 nm, which is compatible
with its band gap energy (2.2 eV). Since hematite has
an indirect band gap, the indirect/direct optical band
gap energies were estimated by tauc plot as shown in
FIG. S1 (supplementary materials). Direct and indirect transition band gaps of the bare hematite were
found to be 2.15 eV and 2.11 eV respectively, which
is consistent with the band gap of hematite in Ref.[51].
However, the in situ mediated samples showed a little larger band gap due to the introduction of Mo element (maximum: 2.17 eV for direct band gap and
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FIG. 3 J-V characteristics curves of Mo in situ mediated
hematite ﬁlms recorded in 1.0 mol/L NaOH in the dark
(dashed lines) and under light illumination.

FIG. 2 SEM micrographs of bare and Na2 MoO4 in situ mediated hematite of the photoanodes.

2.13 eV for indirect gap). Besides, the spectra proﬁles of the Na2 MoO4 mediated photoanodes were signiﬁcantly changed. With increasing the concentration
of the Na2 MoO4 (0.3−3 mmol/L), the absorbance decreased due to the introduction of Na2 MoO4 , indicating
the reduced thickness of the hematite ﬁlms as shown in
FIG. 2 [52].
The surface morphology of the as-synthesized samples was examined by SEM. FIG. 2 gives the topview and cross section SEM images (inset) of the bare
Fe2 O3 and Mo mediated α-Fe2 O3 . As shown in FIG. 2,
nanorod arrays grow evenly on the FTO substrate in
the vertical direction for bare hematite and low-level
Mo mediated samples. However, further increasing to
1.5 mmol/L, surface morphology and particle sizes began to change. Larger nanoparticles with enlarged feature size were observed for sample Fe2 O3 /in situ Mo
0.022. Combining with the XRD analysis results, it can
be inferred that the larger particles are polycrystalline
and composed of many coalesced crystalline grains.
Very small nanoparticles were randomly dispersed on
the FTO surface if excessively high concentration of
Na2 MoO4 (3 mmol/L) was introduced. This is consistent with the results of the XRD and absorbance spectra. In general, introduction of Na2 MoO4 can severely
inﬂuence the growth of FeOOH grains. Increasing the
concentration of the Na2 MoO4 (0.3−1.5 mmol/L) led
to the ﬁlm thickness decreasing from 145 nm to 71 nm.
The J-V curves of the as-synthesized samples were
recorded in the dark and light illumination and the results are shown in FIG. 3. Compared with the bare
hematite, the photocurrents of the Mo in situ meDOI:10.1063/1674-0068/31/cjcp1806133

diated samples were greatly improved. A photocurrent of 0.45 mA/cm2 was obtained for the pristine
Fe2 O3 at +1.23 VRHE . The photocurrent increased
to 0.98 mA/cm2 @1.23 VRHE for the Fe2 O3 /in situ Mo
0.01. However, further increasing the concentration of
Mo deteriorated the PEC performance, such as sample
Fe2 O3 /in situ Mo 0.022 and Fe2 O3 /in situ Mo 0.036.
The dark current onset potential for water oxidation
of all photoanodes was also measured. A positive shift
of about 100 mV in the dark current onset potential
was observed for all Mo mediated hematite samples,
which suggested that the Mo mediated samples made
the water oxidation kinetics slow down. In this case,
the surface catalysis eﬀects can be excluded [36].
In order to elucidate reasons behind the enhancement, the J-V characteristic curves were recorded in
the presence of H2 O2 , which was a strong hole scavenger [53, 54].
J-V curves of Mo in situ modiﬁed hematite electrodes
were recorded in 1.0 mol/L NaOH containing 0.5 mol/L
H2 O2 . The total photocurrent generated (JH2 O ) by
a photoanode in 1 mol/L NaOH can be expressed as
Eq.(1) [53].
JH2 O = Jabsorbed · ηcharge separation · ηcharge injection (2)
Jabsorbed is the photocurrent calculated based on the
corresponding UV-Vis absorption spectra. The total
photocurrent generated (JH2 O ) depends on the charge
separation eﬃciency (ηcharge separation ) in the bulk of
hematite and charge injection eﬃciency (ηcharge injection )
in the interface between the hematite and electrolyte.
As an strong hole scavenger, the charge transfer from
the hematite to H2 O2 is very fast, so ηcharge injection is
assumed to be 100%. Then,
JH2 O2 = Jabsorbed · ηcharge separation

(3)

Therefore,
ηcharge separation =

JH2 O2
Jabsorbed

(4)
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FIG. 5 (a) Mott-Schottky (M-S) plots and (b) EIS Nyquist
plots of bare Fe2 O3 and Mo in situ mediated samples.
FIG. 4 (a) Yields of charge separation and (b) yields of
charge injection for bare and Mo in situ α-Fe2 O3 ﬁlms.

Combining Eq.(2) and Eq.(3), ηcharge injection can be obtained:
ηcharge injection =

JH2 O
JH2 O2

(5)

Combining Eq.(4) and Eq.(5), the values of the
ηcharge separation can be calculated according to the values of JH2 O , JH2 O2 , and Jabsorbed . The charge separation and injection eﬃciency values versus applied potential are plotted in FIG. 4 (a) and (b), respectively.
Compared with the bare hematite ﬁlm (11.4%), the
charge separation yields for the Mo mediated samples
increased a little bit to 13.6% for the best trial. On the
other hand, the ηcharge injection for Mo mediated samples
electrodes are almost the same (∼73% at 1.23 V vs.
RHE). Compared with the bare Fe2 O3 (36% at 1.23 V
vs. RHE), it is a rise of two fold, indicating that the
severe surface recombination was greatly alleviated.
To better analyze the diﬀerences in the electrochemical properties, Mott-Schottky measurement and electrochemical impedance spectroscopy were conducted in
the dark. As shown in FIG. 5(a), the Mott-Schottky
(M-S) plots for all the samples show positive slopes,
which indicates both bare and Mo-mediated hematite
are n-type semiconductors. The slopes ﬁtted from the
DOI:10.1063/1674-0068/31/cjcp1806133

M-S plots can be used to estimate the carrier densities
according to the following equation [55]:
(
)
2
kB T
As 2
=
V − Efb −
(6)
Ccs
qεε0 Nd
e
where As refers to the real surface area of the electrode, Ccs refers to the space charge capacitance,
q is the elementary charge, ε is the dielectric constant of hematite, ε0 is the permittivity of vacuum
(8.854×10−14 C·V−1 ·cm−1 ), V refers to the applied potential, kB is Boltzmann’s constant, Efb represents the
ﬂat-band potential, T is the absolute temperature and
Nd is the carrier density in the photo-electrode. As
shown in FIG. 5(a), the carrier densities of Mo mediated
samples ranged from 2.8×1019 cm−3 to 4.0×1019 cm−3 ,
which is comparable to that of the bare Fe2 O3 ﬁlms,
suggesting that the doping eﬀect is not pronounced for
the Mo mediated samples. Then, we sought to further
examine those Mo mediated samples by taking electrochemical impedance spectroscopy (EIS) in dark. The
Nyquist plots of all the samples are shown in FIG.
5(b). The spectra consisted of two overlapping semicircles. To better interpret the results, an equivalent
circuit model was built to ﬁt the EIS data (inset, FIG.
5(b)), where Rs refers to all the series resistances in the
system, Rct refers to the charge transfer resistance in
bulk of Fe2 O3 , Rtrap is associated with the interfacial
c
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TABLE I Fitting results for EIS plots of bare and Mo in
situ mediated hematite ﬁlms.
Samples
Rs /Ω
Rct /Ω
Rtrap /Ω
Bare Fe2 O3
76.2
27.2
335.5
Fe2 O3 /in situ Mo 0.3
81.6
32.4
211.2
Fe2 O3 /in situ Mo 0.45
84.0
61.9
252.0
Fe2 O3 /in situ Mo 1.5
105
44.5
383.9
Fe2 O3 /in situ Mo 3
109
50.9
376.5

hole transfer from the surface states. The ﬁtting results in Table I show that in comparison to bare Fe2 O3 ,
samples Fe2 O3 /in situ Mo 0.01 and Fe2 O3 /in situ Mo
0.014 show relatively lower Rtrap , indicating a decreased
charge transfer resistance of the Fe2 O3 /electrolyte interface. However, higher concentration of Mo led to
fairly high Rtrap , which is more likely due to the more
defective surface of samples Fe2 O3 /in situ Mo 0.022 and
0.036. As shown in FIG. 1(a) and FIG. 2, those samples
with high level of Mo are composed of agglomerates of
smaller crystallites (14−16 nm), possessing more surface area and defects, which led to more severe charge
recombination.

B. Na2 MoO4 ex situ mediated hematite photoanodes

Generally, there are several factors aﬀecting the PEC
performances, such as morphology, conductivity, surface characteristics etc. In order to avoid being inﬂuenced by morphology change or doping eﬀect, Na2 MoO4
was introduced in the third stage: bare Fe2 O3 ﬁlms
were soaked in Na2 MoO4 solution, followed by diﬀerent
temperature heat treatment. FIG. S2 in supplementary materials shows the morphology of the Na2 MoO4
modiﬁed hematite samples under diﬀerent temperatures. It can be seen that, at lower temperatures
such as 300 ◦ C, the hematite nanorods were covered
with layered Na2 MoO4 crystallites. However, at higher
temperatures (400−750 ◦ C), a smoother surface was
observed due to the migration and decomposition of
Na2 MoO4 . As can be seen in FIG. S3 in supplementary materials, varied temperature heat treatments led
to diﬀerent PEC responses, the photocurrent density
increased slightly with increasing the heating temperatures and then decreased when excessively high temperatures (400−750 ◦ C) were used. Then 300 ◦ C were
selected for further study. The eﬀects of diﬀerent concentrations of Na2 MoO4 were investigated as well.
As can be seen in FIG. 6(a), similar absorbance spectra with band gap around 2.15−2.17 eV (FIG. S4 in
supplementary materials) were observed for all Mo ex
situ modiﬁed samples, indicating that the ﬁlm thickness
and light absorbance were not aﬀected by the surface
modiﬁcation. However, the photocurrent was substantially improved due to the surface modiﬁcation with
Na2 MoO4 . A photocurrent of 1.1 mA/cm2 was obDOI:10.1063/1674-0068/31/cjcp1806133

FIG. 6 (a) UV-Vis absorbance spectra and (b) J-V characteristics curves of Mo surface modiﬁed hematite ﬁlms
recorded in NaOH (1.0 mol/L) solution in the dark (dashed
lines) and illuminated conditions (solid lines).

tained for the Fe2 O3 /ex situ Mo 1.2 at +1.23 VRHE .
However, further increasing the concentration of Mo
deteriorated the PEC performance, such as sample
Fe2 O3 /ex situ Mo 30. Diﬀerent from the Fe2 O3 /in situ
Mo samples, the morphology and doping eﬀect can be
excluded in this case. The enhanced performance could
be attributed to the surface catalysis or passivation
of the surface state. Normally, the surface decoration
of electro-catalysts (e.g., IrOx , Co-Pi [56, 57], CoOx )
or deposition with passivation layers (e.g., Al2 O3 [47],
Ga2 O3 [46], SiOx [48]) often highly enhance the PEC
performances of Fe2 O3 . It has been found that the former played a role mainly through promoting the hole
transfer in the interface [57, 58], while the latter could
decrease the recombination center in the interface works
through passivating the surface trap states [47]. In our
case, the obvious anodic shift of the dark current onset potential was observed for all the Mo mediated or
surface modiﬁed samples (FIG. 3 and FIG. 6(b)), indicating that those Mo based surface layer do not have
good catalytic properties for water oxidation [47, 48].
Then how does those surface molybdate aﬀect the
PEC performance? Actually, the surface polymerization of Mo(VI) on hematite has been well studied by
in situ infrared spectroscopy and DFT+U theoretical
analysis [49]. Molybdate on the surface of Fe2 O3 was
c
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observed in high concentration (∼1 mmol/L) whose
growth starts from two dimensions, then in threedimension upon increasing its concentration. While,
in the low concentration ranges (∼0.01 mmol/L), monodentate surface complexation mainly exists in the surface of hematite. It is reported that the oxygen distance
(2.6−3.0 Å) on the hematite (0001) face is close to that
in the molybdate (2.6−3.6 Å) [49], which facilitates the
formation of polyoxomolybdate on the hematite surface.
In our case, the concentration of molybdate ranges from
0.3 mmol/L to 30 mmol/L and it is believed that the
surface polyoxomolybdate existed among most of the
samples. Those polymers may serve as passivation layers to reduce the surface state and saturate the dangling
bonds in the surface. As shown in FIG. 6(b), the photocurrent onset potential (Vonset ) of the bare Fe2 O3 is
0.75 V vs. RHE, then its photocurrent density increases
slowly and reaches a saturated value of 0.69 mA/cm2 at
1.7 V vs. RHE. For the samples with passivation layers, its photocurrent onset potential shifts slightly more
negative, and its photocurrent density increases much
faster and reaches 1.74 mA/cm2 at 1.7 V vs. RHE for
the best one. Yet, all the dark current onset potential
of the Mo modiﬁed samples shifts more positive, further
indicating that the role of surface molybdate complex
is passivation eﬀect.
The eﬃciency of charge separation and injection were
also calculated as shown in FIG. S5 in supplementary
materials. Similar to the in situ method, charge separation yield was not improved much, but the charge
injection yield was greatly enhanced due to the passivation eﬀect. The concentration of the modifying agent
inﬂuences the PEC performance signiﬁcantly. For instance, thin polyoxomolybdate layers may passivate appropriate amount of defect states without inhibiting
hole transfer. But an excessively thick layers of polyoxomolybdate in sample Fe2 O3 /ex situ Mo 30 will block
the hole transfer, thus leading to a lower photocurrent
density (FIG. 6(b)).
The suppression of surface states by the polyoxomolybdate layers was then further investigated by
Mott-Schottky and EIS measurement [46−48], and the
results are shown in FIG. 7. It is interesting to ﬁnd that
the carrier densities (FIG. 7(a)) for the Mo surface modiﬁed samples have nearly doubled compared with bare
hematite. Moreover, compared with the bare hematite,
Mott-Schottky curves of the Mo modiﬁed samples tend
to increase linearly with potential, indicating the surface states have been partly suppressed [42]. The passivation eﬀect of polyoxomolybdate is expected to inﬂuence the recombination pathways of the photo-excited
holes at the hematite-electrolyte interface. FIG. 7(b)
shows Nyquist plots of EIS data for all samples. The
spectra consist of two overlapping semicircles and are
ﬁtted with the equivalent circuit as shown in the inset of FIG. 7(b), which is mainly considered as charge
transfer resistance through the bulk ﬁlm and interfacial
hole transfer resistance from the surface states. Fitting
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TABLE II Fitting results for EIS plots of bare and Mo ex
situ mediated hematite ﬁlms.
Samples
Rs /Ω
Rct /Ω
Rtrap /Ω
Bare Fe2 O3
76.2
27.2
335.5
Fe2 O3 /ex situ Mo 0.3
88.9
45.1
231.0
Fe2 O3 /ex situ Mo 1.2
70.4
37.0
250.3
Fe2 O3 /ex situ Mo 6
56.9
66.6
232.1
Fe2 O3 /ex situ Mo 30
63.8
78.6
214.2

FIG. 7 (a) M-S plots and (b) EIS Nyquist plots of bare
Fe2 O3 and Mo ex situ modiﬁed samples.

results are listed in Table II. Compared with the bare
hematite, the Rtrap for all the samples have been greatly
decreased, indicating a decreased charge transfer resistance and less recombination due to the passivation of
surface states. This is consistent with the results in
FIG. 6(b).
Then the surface electronic structure of the bare and
Mo mediated hematite ﬁlms were further characterized by XPS. As expected the XPS survey spectra collected from all the samples in FIG. 8(a) show Fe, O, Sn
(Sn:FTO glass) peaks. Additional Mo 3d peaks were
observed for both Mo modiﬁed samples. The ﬁne XPS
spectra of Fe 2p and Mo 3d are shown in FIG. 8 (c)
and (e), respectively. The Fe 2p spectra for bare and
Mo-mediated hematite conﬁrmed the existence of Fe3+
in both samples [59, 60]. However, for the Mo-modiﬁed
ﬁlms, the Fe2+ shakeup satellite peak appears at 716 eV
c
⃝2018
Chinese Physical Society

840

Chin. J. Chem. Phys., Vol. 31, No. 6

Qi Zhang et al.

FIG. 8 Survey scan XPS spectra of bare and Mo modiﬁed samples (a), ﬁne XPS spectra of O1s spectra (b, d, f), Fe 2p
spectra (c) and Mo 3d spectra (e) for bare and Mo mediated hematite ﬁlms.

[59]. The Mo 3d peaks for all the samples are centered
at 232.8 eV with a very narrow FWHM of 0.9 eV which
can be assigned to Mo6+ [61, 62]. No Mo5+ was found in
samples by XPS [60]. The binding energy of O 1s shows
a broad peak which can be ﬁtted into three contributions for all the samples (FIG. 8(b, d, f)). For the bare
hematite, the main peak centering at 528.9 eV originates from the α-Fe2 O3 lattice oxygen [63]; the peaks at
530.64 and 531.69 eV are generally ascribed to the contribution of surface adsorbed oxygen species (e.g Oads ,
OH− ) [13]. Diﬀerently, a small peak with a higher binding energy of 532 eV was observed for the Mo modiﬁed
samples (in situ and ex situ) as shown in FIG. 8 (d, f),
which can be ascribed to the contribution of O in the
MoOx [64].
In order to further examine the surface of the Mo
modiﬁed samples, the high resolution transmission
electron microscopy (TEM) and high-angle annular
dark ﬁeld scanning transmission electron microscopy
(HAADF-STEM) were conducted for the bare and
Fe2 O3 /ex situ Mo 0.3 as shown in FIG. 9 and FIG. S6
in supplementary materials. TEM image in FIG. 9(a)
conﬁrmed the nanorod structure of the hematite. Lattice fringes can be clearly observed in the HRTEM
of bare hematite (FIG. 9(b)). However, for the sample Fe2 O3 /ex situ Mo 0.3 (FIG. 9(d)), the surface of
nanorod has been covered by amorphous polyoxomolybdate layers as shown in FIG. 9(d). Furthermore, it
can be clearly seen from the HAADF-STEM images
(FIG. S6 in supplementary materials) that, Mo, O, and
DOI:10.1063/1674-0068/31/cjcp1806133

FIG. 9 High resolution transmission electron microscopy
(TEM) images of sample the bare hematite (a, b) and
Fe2 O3 /ex situ Mo 0.3 (c, d).

Fe elements were uniformly distributed over the sample
Fe2 O3 /ex situ Mo 0.3 nanorods. To further examine
the thickness of the polyoxomolybdate layer, elemental compositions of sample Fe2 O3 /ex situ Mo 0.3 were
characterized by XPS after diﬀerent etching time. The
c
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corresponding XPS survey spectra, Fe 2p and Mo 3d
ﬁne spectra are shown in FIG. S7 (supplementary materials). The Mo/Fe atomic ratios were calculated and
the relative XPS depth proﬁle was plotted as shown in
FIG. S8 (supplementary materials). It can be seen that
the Mo/Fe exhibited the highest value of 0.06 in the outmost layer of Fe2 O3 /ex situ Mo 0.3. Then the Mo/Fe
ratio decreased gradually with increasing the etching
time. Mo/Fe ratio was found to be 0.01 when the etching time reached 60 s, which is estimated to be about
16 nm in thickness. This is consistent with the observation in the HRTEM (FIG. 9(d)).
The incident photon-to-current eﬃciency (IPCE) was
also measured for the bare and Mo ex situ modiﬁed hematite samples at 1.23 VRHE . As displayed in
FIG. S9 in supplementary materials, the Mo modiﬁed
hematite ﬁlms exhibited much higher IPCE values than
that of bare Fe2 O3 at each wavelength. The IPCE
values of 2.1% were obtained at 400 nm for the bare
hematite at 1.23 VRHE , which is similar to the values
from other reports [8, 65]. A higher 7.5% IPCE values
were achieved for Fe2 O3 /ex situ Mo 1.2, which is consistent with the trend in J-V curves (FIG. 6). As moving
to long wavelengths, the IPCE decreased gradually and
dropped to zero above 600 nm, which is consistent with
the results of UV-Vis absorption spectra.

and No.21503147) and Research Project of Tianjin Municipal Education Committee (2017KJ261).

IV. CONCLUSION

In this study, MoO4 2− was introduced to hematite
via two synthesis routes: in situ mediation and ex situ
modiﬁcation. Through in situ mediation process, it
was found the morphology and ﬁlm thickness could be
changed signiﬁcantly due to the addition of MoO4 2− ,
while for the ex situ modiﬁcation, the PEC performance
of the hematite has been greatly improved by simply
soaking in Na2 MoO4 . It was found that the molybdates could enhance the charge injection eﬃciency more
signiﬁcantly because of the sensitivity of surface recombination kinetics to the surface sites, which will be
suppressed by the adsorbed molybdates. Amorphous
polyoxomolybdate layer with a thickness of ∼16 nm
was observed by TEM and conﬁrmed by XPS. This
work presents a facile and eﬀective surface passivation
method for hematite via in situ and ex situ mediation
with molybdates, which oﬀers an alternative strategy
for improving the PEC properties of hematite.
Supplementary materials: The SEM micrographs
and J-V characteristics curves of Mo ex situ hematite
ﬁlms, HAASF-STEM images are given.
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