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ABSTRACT: An ultrathin Fe-based film was prepared by
electrodeposition from an FeII solution through a fast and
simple cyclic voltammetry method. The extremely low Fe
loading of 12.3 nmol cm−2 on indium tin oxide electrodes is
crucial for high atom efficiency and transparence of the
resulted film. This Fe-based film was shown to be a very
efficient electrocatalyst for oxygen evolution from neutral
aqueous solution with remarkable activity and stability. In a 34
h controlled potential electrolysis at 1.45 V (vs NHE) and pH
7.0, impressive turnover number of 5.2 × 104 and turnover
frequency of 1528 h−1 were obtained. To the best of our
knowledge, these values represent one of the highest among electrodeposited catalyst films for water oxidation under comparable
conditions. The morphology and the composition of the catalyst film was determined by scanning electron microscopy,
transmission electron microscopy, energy-dispersive X-ray, and X-ray photoelectron spectroscopy, which all confirmed the
deposition of Fe-based materials with FeIII oxidation state on the electrode. This study is significant because of the use of iron, the
fast and simple cyclic voltammetry electrodeposition, the extremely low catalyst loading and thus the transparency of the catalyst
film, the remarkable activity and stability, and the oxygen evolution in neutral aqueous media.
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1. INTRODUCTION

Energy and environmental concerns related to the use of fossil
fuels have forced people to seek renewable and clean energy
resources.1−4 One promising solution is to use solar energy to
split water for hydrogen and oxygen production.5−7 As one of
the half reactions, the oxidation of water to produce O2 is
challenging from both thermodynamic and kinetic points of
view, and thus, this process is considered to be the bottleneck
for water splitting.4,7 Extensive efforts have been made recently
in identifying molecular complexes and solid materials that are
active for electrocatalytic oxygen evolution reaction
(OER).4,8−21 Although complexes and materials made of
ruthenium and iridium have been shown to be active to
catalyze the oxidation of water,22−30 the low earth abundance
and high cost of these noble metal elements limit their
widespread applications. It is therefore extremely desirable to
find low-cost, active, and robust catalysts for water oxidation.
Metal oxides,31−42 hydroxides,43−45 and oxyhydroxides46−49

of earth-abundant iron group elements (i.e., iron, cobalt, and
nickel) have been generally acknowledged to be one of the
most competent candidates as OER catalysts. Despite these
achievements, however, substantial improvements in the design
and preparation of OER catalysts of iron group elements are

still needed, particularly in the following two subjects. First, few
OER catalysts operate in neutral aqueous media. Typically,
concentrated basic solutions are required for the aforesaid
catalysts to show satisfactory OER activity and stabil-
ity.10,20,34−36 For example, we recently demonstrated that a
Ni-based catalyst film deposited on electrodes retained its OER
activity in basic solutions but quickly deactivated at neutral pH,
probably due to the dissolution of the Ni-based material during
electrocatalysis under conditions of insufficient bases.50 Because
basic solutions are corrosive and are not environmentally
benign, their uses are restricted. As a result, OER catalysts that
are effective and stable in neutral aqueous solution are
preferred.
Second, Fe-based electrocatalysts for water oxidation have

been much less explored as compared to Co and Ni,51 which is
in a sharp contrast to the fact that Fe has very rich redox
properties for O2 activation in both biological and biomimetic
systems.52,53 In addition, Fe is more earth abundant and
cheaper and is less toxic than the other two iron group
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elements. One possible reason for the lack of studies on Fe-
based electrocatalysts may be the difficulty for the preparation
of Fe-based catalyst films via electrodeposition, which is a
generally employed method to prepare Co- and Ni-based
catalyst films onto electrodes.9,10,35,54−56 It is known that the
solubility of FeIII in neutral or basic aqueous solutions is
extremely low, which challenges the electrodeposition from
FeIII solutions. Although there are many kinds of preparation
methods, such as dip-coating,57 spin-coating,58 aerosol spray,59

template synthesis,60 and solid state reaction,61 electro-
deposition is a simple, convenient, energy-saving, and efficient
method used to prepare catalyst films onto a variety of large-
surface electrodes.62 Therefore, the development of highly
active and robust Fe-based OER catalyst films via electro-
chemical routines remains a fundamental challenge.
Herein, we report the preparation of an Fe-based film by

electrodeposition from an FeII solution and its remarkable
electrocatalytic performance for OER in neutral aqueous media.
This film was prepared by cyclic voltammetry (CV) method.
The ultrathin and transparent film has an extremely low Fe
loading of 12.3 nmol cm−2. In a 34 h electrolysis in pH 7.0
aqueous solution with a constant applied potential of 1.45 V vs
normal hydrogen electrode (NHE; all potentials reported in
this work are referenced to NHE), impressive turnover number
(TON) 5.2 × 104 and turnover frequency (TOF) 1528 h−1

were obtained. Characterization of this film material by
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), energy-dispersive X-ray (EDX) and X-ray
photoelectron spectroscopy (XPS) confirmed the deposition of
Fe-based materials with FeIII oxidation state on the electrode.
This study is significant in several aspects, including the use of
iron, the fast and simple CV electrodeposition, the ultrathin and
transparent film with an extremely low catalyst loading, the

remarkable activity and stability, and the oxygen evolution in
neutral aqueous media.

2. RESULTS AND DISCUSSION

2.1. Preparation of Fe-based Film. Because FeIII ions
have very limited solubility in neutral buffer solutions, FeII ions
are chosen in this study as an iron source for film deposition.
We first tried to prepare Fe-based films via electrodeposition
onto indium tin oxide (ITO) electrodes from a 0.1 M pH 7.0
phosphate buffer solution (PBS). However, precipitation
happened immediately upon the addition of FeSO4, which
obviously challenged the preparation of Fe-based films. As
shown in Figure 1b, CV of this slurry solution for film
deposition displayed small currents even scanning to 1.35 V,
which indicated the absence of active catalyst films that may
possibly be deposited onto the electrode. After this treatment,
the ITO electrode was taken out, gently rinsed with deionized
water, and was then examined in an Fe-free 0.1 M pH 7.0
phosphate buffer. As we expected, CV of such pretreated
electrodes showed even smaller OER current densities as
compared to blank ITO electrodes, probably due to the poor
electrical conductivity of the precipitated materials covered on
the electrode surfaces (Figure 1d).
The use of electrolytes such as sulfate, nitrate, and

perchlorate that are commonly used in electrochemistry gave
no obvious film deposition due to their lack of proton-accepting
properties.63 The use of buffer anions that can accept protons is
necessary for successful film electrodeposition, because proton-
accepting anions are able to keep a stable local pH environment
by taking the protons released from water molecules during the
deposition of metal oxide or hydroxide films.63 It is known that
protons accumulate at the working electrode when metal oxides
or hydroxides are forming. In the absence of proton acceptors,

Figure 1. (a) CVs of ITO electrodes in 0.1 M pH 7.0 HEPES buffer with and without 1.0 mM of FeSO4. (b) CV of an ITO electrode in 0.1 M pH
7.0 phosphate buffer with 1.0 mM of FeSO4. (c) LSV of blank and catalyst-coated ITO in 0.1 M pH 7.0 phosphate buffer. The catalyst-coated ITO
was obtained by electrodeposition from a 1.0 mM of FeII in 0.1 M pH 7.0 HEPES buffer via 5 CV cycles of 0.20 to 1.35 V at 50 mV s−1 scan rate. (d)
CVs of blank and pretreated ITO in 0.1 M pH 7.0 phosphate buffer. The pretreated ITO was obtained in a similar way as in c except the use of PBS
buffer. Conditions: scan rate 50 mV s−1, 20 °C.
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deposited metal oxides or hydroxides will corrode. As a result,
the presence of proton-accepting anions is crucial to the film
formation process. Similarly, borate buffer solutions were not
used in this work for film deposition due to the insufficient
buffering capacities of borate anions at neutral pH.
Due to the above-mentioned reasons, we decided to choose

sulfonate-based N-(2-hydroxyethyl)piperazine-N′-(2-ethanesul-
fonate) (HEPES) buffer solution for the electrodeposition of
Fe-based films. Before the dissolution of FeSO4, the 0.1 M pH
7.0 HEPES buffer was thoroughly purged with nitrogen gas for
at least 30 min to remove dissolved oxygen. This treatment is
essential because FeII can be oxidized to FeIII by O2 that is
dissolved in aqueous solution. The resulted FeIII ions will be
precipitated as Fe(OH)3 (Ksp = 2.6 × 10−39) prior to the
electrodeposition, and Fe(OH)3 is known to have low electrical
conductivity and thus to adversely affect the efficient electron
transfer on electrode surfaces. After dissolution, the film was
prepared by electrodeposition on ITO electrodes. The CV of
1.0 mM of FeII displayed a pronounced catalytic wave with an
onset at about 1.16 V (Figure 1a). Unless otherwise noted,
compensated cell resistance (iR) was accounted for all CVs.
Importantly, there was no such anodic wave observed in the
HEPES buffer alone under identical conditions. The successive
CVs were almost identical to the first CV cycle (Figure S1).
The observation of a pronounced catalytic wave in the CV of an
FeII HEPES buffer is a strong evidence for the formation and
deposition of an Fe-based film that is active for electrocatalytic
water oxidation.
2.2. Electrocatalytic OER Activity of Fe-based Film.

After electrodeposition, the ITO electrode was removed from
the HEPES buffer and gently rinsed with deionized water. Its
catalytic performance was then examined in an Fe-free 0.1 M
pH 7.0 phosphate buffer. Linear sweep voltammetry (LSV) of
this catalyst-loaded electrode displayed a strong catalytic wave
of 7.0 mA cm−2 at 1.45 V, which corresponds to an
overpotential (η) of 630 mV (Figure 1c). The onset of this
catalytic wave was at 1.29 V (measured at current density j =
1.0 mA cm−2). The OER activity of several well-known catalyst
systems based on earth-abundant transition metal elements in
neutral aqueous solution9,14,57,64−70 is summarized in Table S1.
Importantly, no further treatments, such as aging, annealing or
anodic oxidation, were needed to reach this high activity with
the as-prepared catalyst film. The strong anodic wave was
attributed to the catalytic oxidation of water to O2, as large
amounts of gas bubbles were observed on the electrode surface.
This result is noteworthy because the development of efficient

OER catalysts that are active in neutral aqueous solutions is the
key for large-scale applications.
The electrocatalytic performance of this Fe-based film was

further examined in controlled potential electrolysis (CPE)
experiments. Electrolysis was carried out in 0.1 M pH 7.0
phosphate buffer in a two-compartment cell with an applied
potential of 1.45 V (η = 630 mV). As shown in Figure 2a, the
current density maintained above 1.80 mA cm−2 in a 34 h
electrolysis with the deposited Fe-based film. The slight current
decrease was caused by pH decrease during electrolysis
according to eq 1.

→ + ++ −2H O O 4H 4e2 2 (1)

After 34 h of CPE, the measured pH value was 6.35.
Significantly, the electrolysis current could be recovered if the
pH was adjusted back to 7.0 with the addition of NaOH.
Current density of <30 μA cm−2 was observed in control
experiments using blank ITO electrodes. These results showed
that this Fe-based film was highly active and robust in
prolonged CPE measurements in neutral aqueous solution.
During electrolysis, a large amount of O2 bubbles was observed,
and the amount of evolved O2 was quantitatively determined by
gas chromatography, which gave a Faradaic yield of >98%.
The amount of Fe-based catalyst deposited on the ITO

electrode was carefully determined by using inductively coupled
plasma atomic emission spectroscopy (ICP-AES). After
electrodeposition from a 1.0 mM of FeII in 0.1 M pH 7.0
HEPES buffer via 5 CV cycles of 0.20−1.35 V at 50 mV s−1

scan rate, the ITO electrode was taken out from the solution,
gently washed with deionized water, and the deposited catalyst
film was then dissolved in 0.1 M HNO3. The resulted solution
was subjected to ICP-AES analysis, which gave an extremely
low Fe loading of 12.3 nmol cm−2 (see the Experimental
Section for details). This number corresponds to 18 Fe atoms
per 25 Å2 and indicates the formation of averagely a three-
atom-layer film on the electrode.10 Due to the extremely low
catalyst loading, the deposited film was transparent (Figure S2).
This feature is important, as transparent catalyst films are ideal
to be employed in devices for solar cells and photocatalytic
water splitting.71,72

With this information, we can calculate the TON of 5.2 ×
104 in a 34 h electrolysis at pH 7.0 under 1.45 V applied
potential, and the TOF was 1528 h−1 per deposited Fe ion. The
TOF value of this Fe-based film is extraordinary as compared to
many other catalyst films of Mn, Co, and Ni, and represents
one of the highest among electrodeposited OER catalyst films.

Figure 2. (a) Current curves of CPE at 1.45 V in 0.10 M pH 7.0 phosphate buffer using blank or catalyst-coated ITO electrodes. The Fe-based film
was electrodeposited from 0.1 M pH 7.0 HEPES buffer containing 1.0 mM FeSO4 with 5 CV cycles between 0.20 and 1.35 V at 50 mV s−1 scan rate.
(b) Tafel plot, η = Eappl − iR − E0, of the Fe-based film from HEPES in 0.1 M phosphate buffer (pH 7.0). In this equation, Eappl is the applied
potential, and E0 = 0.82 V is the thermodynamic potential for water oxidation at pH 7.0. The slope is 47 mV per decade.
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It is necessary to note that the use of concentrated alkaline
solution and/or different electrodes, such as gold and nickel
foam substrates, is expected to lead to considerably enhanced
activity for electrocatalytic water oxidation.20,47,49,59,73−75

Therefore, the evaluation of OER activity should be carried
out under comparable conditions. In addition, all Fe ions were
assumed to participate in the OER catalysis in our TOF
calculation. As the number of active sites is expected to be only
a fraction of the number of Fe ions, a lower limit of the TOF
was obtained for the Fe-based catalyst film. In addition to
prolonged CPE test, the robustness of this Fe-based catalyst
film was further examined by an accelerated durability test
(ADT).76−80 The ADT was carried out with CV cycling
between 0.20 to 1.45 V at 500 mV s−1 scan rate. As shown in
Figure S7, the electrochemical behaviors of the catalyst film on
an ITO electrode before and after 500 ADT cycles were almost
unchanged, which indicated its stability during OER. The Tafel
plot, which provides the relationship between the rate of an
electrochemical reaction and the overpotential, was also
determined in 0.1 M pH 7.0 phosphate buffer (Figure 2b).
The Tafel slope of this Fe-based film is 47 mV per decade,
which is also an evidence for its great performance in
electrocatalytic OER (Table S1).
2.3. Characterization of Fe-based Film. The morphol-

ogy of the Fe-based catalyst film was analyzed by SEM. As
shown in Figure 3, the film was composed of slender strips,
which showed the structure of rippled nanosheets. SEM studies
revealed that these strips became longer and thicker with more
cycles of CV deposition. After 50 CV cycles, the ITO electrode
surface was completely covered by such strips (Figure 3c,d).
These strips interconnected to form macroporous film
nanostructures. This morphology expands the surface area for
water oxidation. TEM suggested a layered structure morphol-
ogy for the electrodeposited film scraped from the ITO
electrode (Figure 4a,b), and high-resolution TEM (HRTEM)
showed that this film is a polycrystalline material with many

crystallites of varying sizes (ca. 5 nm) and orientations (Figure
4c,d).

The composition of the catalyst film was determined by EDX
(Figure S3) and XPS (Figure 5 and Figure S4), which all
confirmed the deposition of Fe-based materials on the ITO
electrode. The XPS spectrum of a blank ITO electrode was
shown in Figure S8. No Fe signals but sharp peaks of In 3p1/2
and Sn 3p3/2 were observed around the Fe 2p energy region
from a blank ITO electrode. The XPS spectrum of the Fe 2p

Figure 3. SEM images of (a) blank and (b−d) catalyst-coated ITO electrodes. The Fe-based film was electrodeposited from 0.1 M pH 7.0 HEPES
buffer containing 1.0 mM FeSO4 via different CV cycles between 0.20 and 1.35 V at 50 mV s−1 scan rate; (b) 5 cycles and (c and d) 50 cycles.

Figure 4. (a and b) TEM and (c and d) HRTEM images of the Fe-
based film sample scraped from the ITO electrode. (a, inset) Selected-
area electron diffraction (SAED) pattern of the aggregates with a 5
nm−1 scale bar.
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energy region from the electrodeposited film indicated FeIII

oxidation state based on the established method (Figure 5a).81

First, the spectrum can be well fitted to show characteristic
multiplets and surface peak for FeIII 2p3/2. Second, the 7.9 eV
peak splitting between the envelope (711.2 eV) and the satellite
(719.1 eV) of Fe 2p3/2 was consistent with the FeIII oxidation
state (for FeII, this value was around 5 eV). The XPS spectrum
of the O 1s energy region was also resolved (Figure 5b). The
three subpeaks with binding energy (BE) at 530.0, 531.5, and
533.2 eV were assigned to oxygen atoms of oxide and
hydroxide groups and to water molecules, respectively. The
catalyst film was further characterized by UV−vis and Raman
spectroscopy (Figure S5 and S6), and these results were
consistent with the formation of an Fe-based material on the
electrode.

3. EXPERIMENTAL SECTION
3.1. General Materials and Instruments. All chemical reagents,

including FeSO4·7H2O (99.999%, Alfa), NaH2PO4·2H2O (99.99%,
Alfa), Na2HPO4 (99.99%, Alfa), HEPES (99%, Acros), NaOAc·3H2O
(99.5%, Acros) and HOAc (99.8%, Acros) were purchased from
commercial suppliers and were used without further purification. Milli-
Q water of 18 MΩ cm was used in all experiments. UV−visible
absorption spectra were acquired on U-3900 spectrophotometer using
a standard accessory instead of the square cell holder to fixate ITO
electrodes. Two blank ITO electrodes were first inserted into the
accessory for baseline correction, and then one was replaced by an
ITO electrode electrodeposited with catalyst film via 5 CV cycles.
Wavelength was set from 240 to 800 nm, and scan speed was 300 nm/
min. Raman spectra of catalyst films were measured by HR-800 with a
He−Ne laser, whose wavelength was at 633 nm. To make sure enough
catalyst loading for test, catalyst film was electrodeposited onto a 1.0

cm2 ITO electrode via 200 CV cycles. SEM images were obtained
using JSM 7401F. After electrodeposition, film-coated ITO electrodes
were taken out, rinsed with deionized water and dried in air before
being loaded into the instrument. Images were obtained with an
acceleration voltage of 3−5 kV. TEM, HRTEM images, SAED
patterns, and EDX spectra were obtained using JEM-2100F(UHR).
After electrodeposition of Fe-based films onto ITO of 10.0 cm2 via 5
CV cycles, the ITO electrodes were rinsed gently with deionized water
and dried in air, and then the deposited material was carefully scraped
off. The combined material was dispersed in absolute ethanol by
ultrasound, and a drop of the mixture was dried on a carbon-coated
copper grid for analysis. The amount of loaded Fe after electro-
deposition via 5 CV cycles was ascertained by ICP-AES using VISTA-
MPX ICP-AES. The Fe-based film formed on 6.0 cm2 ITO via 5 CV
cycles was dissolved in 5.0 mL of 0.1 M HNO3. The Fe concentration
of 0.82 mg/L was obtained using the working curve method, which
suggested that 12.3 nmol of Fe was electrodeposited onto 1.0 cm2 of
ITO electrode. XPS was performed on ThermoFisher ESCALab 250Xi
using 200 W monochromated Al Kα radiation. The 500 μm X-ray spot
was used for XPS analysis. The base pressure in the analysis chamber
was about 3 × 10−10 mbar. Typically the hydrocarbon C 1s line at
284.6 eV from adventitious carbon is used for energy referencing. The
sample used for XPS was prepared by depositing Fe-based film on ITO
via 5 CV cycles between 0.20 and 1.35 V. The survey scan is shown in
Figure S4, and the energy regions of Fe 2p and O 1s are shown in
Figure 5a,b.

3.2. Electrochemical Studies. All electrochemical experiments
were carried out at 20 °C using CH Instruments (model CHI 660D
Electrochemical Analyzer). CVs were performed in 15 mL of aqueous
solution with a conventional three-electrode configuration: a 0.25 cm2

ITO working electrode, a saturated Ag/AgCl reference electrode, and
a Pt wire auxiliary electrode. All potentials were reported versus NHE
through the addition of 0.197 V to the measured potentials.
Compensation for iR drop was accounted for all CVs. CPE was
recorded in 20 mL of 0.10 M pH 7.0 phosphate buffer at 1.45 V in a
fritted cell with a 0.25 cm2 ITO working electrode.

3.3. Formation of Fe-based Films. The Fe-based films were
prepared through CV electrodeposition method. A 0.25 cm2 ITO
electrode was used as the working electrode. The deposition solution
consisted of 1.0 mM of FeSO4 in 10 mL of 0.1 M pH 7.0 HEPES
buffer, and the solution was vigorously bubbled with N2 for at least 30
min to remove O2 before the dissolution of FeSO4. The scan rate was
50 mV s−1 unless otherwise noted.

3.4. Tafel Plot. Current−potential data were acquired by CPE in
20 mL of 0.1 M pH 7.0 phosphate buffer at a variety of applied
potentials in a two-compartment cell. One compartment contained a
Pt auxiliary electrode and the other compartment contained the
working and Ag/AgCl reference electrodes. The working electrode
was prepared by depositing Fe-based film on 0.25 cm2 ITO via 5 CV
cycles between 0.20 and 1.35 V. All data were collected with iR
compensation. The stable currents were measured at applied potentials
ranging from 1.19 to 1.33 V in every 20 mV step for 600-s CPE
experiments with the solution being gently stirred. Typically, the
current reached a steady state at a particular potential in 2−3 min at
every certain potential with currents ranging from 0.32 μA/cm2 to 0.22
mA/cm2.

3.5. Characterization of Oxygen Evolution. Analysis of O2
produced in CPE experiments was conducted by using a gas
chromatography (GC-2014C of SHIMADZU) with a gastight
electrochemical cell. The experiment was performed in a three-
compartment gastight electrochemical cell. The working electrode was
prepared by depositing Fe-based film on 1.0 cm2 ITO via 5 CV cycles
between 0.20 and 1.35 V.

4. CONCLUSIONS

In summary, we reported on an Fe-based catalyst film with
remarkable activity and stability for electrocatalytic OER in
neutral aqueous solution. This film was prepared by a fast and
simple CV electrodeposition method, and showed an

Figure 5. XPS spectrum around the (a) Fe 2p and (b) O 1s energy
regions.
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impressive TON of 5.2 × 104 and TOF of 1528 h−1 in a 34 h
CPE experiment at 1.45 V and pH 7.0. To the best of our
knowledge, these values represent one of the highest among
electrodeposited OER catalyst films. The extremely low Fe
loading of 12.3 nmol cm−2 is critical for high atom efficiency
and transparency of the resulted catalyst film. The use of iron
and the OER in neutral aqueous media is significant, and
therefore this study should bring new insights into the
preparation of more efficient OER catalysts.
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