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Abstract: Water oxidation is the key step in natural and
artificial photosynthesis for solar-energy conversion. As this
process is thermodynamically unfavorable and is challenging
from a kinetic point of view, the development of highly efficient
catalysts with low energy cost is a subject of fundamental
significance. Herein, we report on iron-based films as highly
efficient water-oxidation catalysts. The films can be quickly
deposited onto electrodes from FeII ions in acetate buffer at
pH 7.0 by simple cyclic voltammetry. The extremely low iron
loading on the electrodes is critical for improved atom
efficiency for catalysis. Our results showed that this film
could catalyze water oxidation in neutral phosphate solution
with a turnover frequency (TOF) of 756 h¢1 at an applied
overpotential of 530 mV. The significance of this approach
includes the use of earth-abundant iron, the fast and simple
method for catalyst preparation, the low catalyst loading, and
the large TOF for O2 evolution in neutral aqueous media.

Catalytic water splitting is an appealing way of using solar
energy to produce hydrogen fuels as a clean, carbon-free, and
renewable energy source and thus to eliminate the energy and

environmental problems caused by burning fossil fuels.[1–3]

Electrochemical water splitting has received extensive atten-
tion because this process can convert electric energy from
renewable but intermittent sources into chemical energy for
easier storage and delivery.[4–6] As one of the half reactions,
water oxidation becomes the bottleneck for large-scale water
splitting, as it is challenging from both thermodynamic and
kinetic points of view.[1,7] Extensive efforts have been made to
develop efficient and robust water-oxidation catalysts
(WOCs) that can catalyze oxygen evolution at considerable
rates at low overpotentials (h). Examples include homoge-
neous and heterogeneous systems based on noble metals, such
as Ru[8–10] and Ir,[10–12] and first-row transition metals, such as
V,[13] Mn,[14–20] Fe,[21–25] Co,[2, 26–30] Ni,[4,6, 31, 32] and Cu,[5, 33, 34] and
mixed-metal materials.[35–39] However, substantial improve-
ment of catalyst activity and stability is still needed, in
particular for WOCs made of cheap earth-abundant transi-
tion-metal elements.

Iron is the most abundant transition metal in the earthÏs
crust, and it is less toxic than Co and Ni. Meanwhile, iron is
attractive for water oxidation because of its rich redox
properties and the extensive biological/biomimetic activity
of iron enzymes/complexes for oxygen activation.[40, 41] Iron-
based films have been much less explored as electrocatalysts
for water oxidation than those of Co and Ni, although iron
oxides (Fe2O3) have been shown to be photocatalysts for this
process[22,23] and are known to be important cocatalysts for Co
and Ni oxides.[35, 36, 38,39] One possible reason is that the direct
preparation of iron-based films by electrodeposition,
a method generally employed to deposit other metal oxides
onto electrodes, is difficult because FeIII ions will precipitate
out (probably as Fe(OH)3, Ksp = 2.6 × 10¢39) from water under
neutral conditions.

Herein, we report an iron-based thin film as a highly
efficient catalyst for water oxidation under neutral conditions.
This iron-based thin film was prepared in a fast and simple
manner through electrodeposition from a solution of FeII ions
in acetate buffer at pH 7.0. Characterization of the resultant
film revealed that it had a very low iron coverage
(10.2 nmol cm¢2) on the electrode and was composed of
iron-based polycrystalline particles of approximately 5 nm in
size. This film could catalyze the electrochemical oxidation of
water to O2 in neutral, iron-free phosphate solution with
a turnover frequency (TOF) of 756 h¢1 at h = 530 mV. The low
catalyst loading and high TOF of this iron-based film for
water oxidation are significant and will contribute to the
future development of iron-based WOCs.

Iron-based films were initially prepared by electrodepo-
sition on glassy carbon (GC) electrodes. Prior to the
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dissolution of iron(II) sulfate, nitrogen gas was bubbled
vigorously through an acetate buffer (pH 7.0) for at least
30 min to remove oxygen in the solution and thus prevent the
oxidation of FeII to FeIII and enable well-controlled deposition
to occur. At pH 7.0, FeIII will precipitate, which may hinder
efficient electron transfer on the electrode surface and may
also affect the composition and arrangement of deposited
films. A cyclic voltammogram (CV) recorded on a GC
electrode for FeSO4 (1.0 mm) in 0.1m sodium acetate buffer
(pH 7.0) displayed an anodic wave at Ep,a = 1.20 V versus the
normal hydrogen electrode (NHE; all potentials reported
herein are referenced to NHE). Unless otherwise noted,
compensated cell resistance (iR) was measured prior to cyclic
voltammetry. At more positive potentials, a pronounced
catalytic wave appeared with an onset at about 1.30 V
(Figure 1a). In blank controls, there were no such anodic

waves in the acetate buffer alone. In successive CVs, the first
anodic wave moved cathodically to 1.13 V (see Figure S1 in
the Supporting Information), probably because of the insta-
bility of the electrode at the very start and the rearrangement
of deposited materials on the electrode surface. The second
catalytic wave showed a similar cathodic shift accompanied by
a slight current increase.

After electrodeposition in one CV cycle (0.20–1.35 V,
Figure 1a), the GC electrode was removed from the acetate

buffer, gently rinsed with deionized water, and then immersed
in (iron-free) 0.1m phosphate buffer solution at pH 7.0. When
this pretreated GC electrode was used, a strong catalytic wave
of 10.1 mAcm¢2 with an onset potential of 1.30 V was
observed by cyclic voltammetry (at j = 1.0 mAcm¢2 ; Fig-
ure 1b). This result confirms the formation of a highly active
WOC film on the GC electrode. The activity of this film in
neutral aqueous solution is remarkable, as basic media are
typically required for water oxidation with many metal-oxide-
based materials.[4, 6,32, 36–38]

Subsequently, we produced iron-based films under various
conditions and examined their performance for water oxida-
tion. First, we deposited films on GC electrodes by CV
scanning to more positive potentials. A film generated in one
CV cycle of 0.20–1.55 V (Figure 1b) showed very similar
electrochemical behavior to that of the film formed during

one CV cycle of 0.20–1.35 V, thus
indicating that larger anodic
potentials applied for film deposi-
tion by cyclic voltammetry have
a negligible effect on catalysis. This
result is significant for large-scale
preparation and application, as it is
critical to make active films with
less energy input. Next, we exam-
ined films generated by cyclic vol-
tammetry with various scan rates
and found that they showed similar
catalytic waves, although earlier
onsets and slightly increased cur-
rents were observed for films
formed at lower scan rates (see
Figure S2). It has been shown that
the morphology and arrangement
of metal-oxide films deposited on
electrodes depend on the CV scan
rate.[42, 43] We also found that at
lower scan rates, more of the
catalyst was deposited with
a more compact arrangement (see
below for details). As a result, in
films formed by cyclic voltamme-
try at lower scan rates, more iron
active sites were generated for
catalysis. Finally, we found that
films deposited in five CV cycles
displayed an enhanced catalytic
current (11.2 mAcm¢2) and an ear-
lier onset (1.27 V, measured at j =

1.0 mA cm¢2) as compared to films
prepared in one CV cycle (see Figure S3). This difference is
attributed to the larger catalyst loading derived from more
CV cycles.[44] The current declined as the applied potential
increased above 1.45 V (Figure 1b), which indicated the
exfoliation of the catalyst film from GC electrodes under
conditions for oxygen evolution. This hypothesis was verified
by successive CV cycles, which showed a constant decrease in
the current as the number of CV scans increased (see
Figure S16).

Figure 1. a,c) CVs of GC (a) and ITO electrodes (c) in 0.1m acetate buffer (pH 7.0) with and without
FeSO4 (1.0 mm). Inserts: Magnification of the CV scans to 1.35 V. b,d) CVs of blank and catalyst-
coated GC (b) and ITO electrodes (d) in (iron-free) 0.1m phosphate buffer (pH 7.0; scan rate:
50 mVs¢1, 20 88C).
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Similar results were obtained when indium tin oxide
(ITO) electrodes were used to prepare this iron-based film
(Figure 1c). An ITO electrode with a catalyst film deposited
in one CV cycle of 0.20–1.35 V displayed a catalytic current of
10.5 mAcm¢2 at 1.55 V, and a value of h = 480 mV was
determined at the potential with the current density j =

1.0 mAcm¢2 (Figure 1d). The influences of the applied
anodic potential, the scan rate, and the number of CV
cycles for film generation and deposition on ITO electrodes
were investigated. The amount of deposited iron increased if
the scan rate decreased, increased slightly upon CV scanning
to more positive potentials, and increased considerably with
more CV cycles (see Table S2 in the Supporting Information).
On the basis of our results, and also in consideration of the
time and energy cost, we chose five CV cycles of 0.20–1.35 V
at a scan rate of 50 mVs¢1 in the following experiments to
make the iron-based films, unless otherwise noted. As
compared to those on GC electrodes, catalyst films on ITO
exhibited much enhanced stability (see Figure S17; the same
catalytic activities were observed in successive CV cycles).
Therefore, ITO electrodes were used in all studies to
determine the film morphology and composition, the Far-
adaic efficiency of the catalyst for O2 evolution, the catalyst
stability, and the Tafel plot of the catalyst.

The morphology and composition of the catalyst films
were analyzed. Scanning electron microscopy (SEM) and
energy-dispersive X-ray (EDX) analysis of ITO electrodes
before and after electrodeposition clearly showed the for-
mation of an iron-based film on the ITO surface (see
Figures S4 and S5). These SEM images revealed that more-
compact films were formed at lower scan rates. Transmission
electron microscopy (TEM) of the material scraped from the
ITO electrode after film deposition exhibited layered struc-
tures (Figure 2 a,b), and high-resolution TEM (HRTEM)
showed that it was composed of aggregates of polycrystalline
particles of approximately 5 nm in size (Figure 2c,d). The
poorly defined diffraction rings in the SAED pattern (Fig-
ure 2a, insert) and the distorted lattice observed in the
HRTEM images indicated the poor crystallinity of the
deposited material on the electrode. The deposition of iron-
based materials was further verified by X-ray photoelectron
spectroscopy (XPS; see Figure S7). The XPS spectrum of the
Fe 2p energy region could be reasonably well resolved to
show the characteristic peaks of FeIII (Figure 2e). The energy
separation between the envelope (710.8 eV) and satellite
(719.1 eV) of Fe 2p3/2 was 8.3 eV. This value is consistent with
the FeIII oxidation state and is different to the value for FeII,
which lies around 5 eV. The envelope of Fe 2p3/2 can be fitted
well on the basis of the multiplets and surface peak for FeIII

2p3/2.
[45,46] The FeIII valence state was also examined by

Mçssbauer spectroscopy (see Figure S9 and Table S1). Anal-
ysis of the Mçssbauer data suggested the existence of iron in
two different kinds of coordination environments with an
approximate ratio of 44:56. The isomer-shift values of
approximately 0.38 suggested that both are FeIII states.[47,48]

The XPS spectrum of the O 1s energy region could be
resolved with three strong subpeaks (Figure 2 f), which
suggested that this iron-based film is distinct from the
amorphous FeOOH WOC material recently reported by

Mullins and co-workers.[49] The lower-binding-energy (BE)
peaks at 530.0 and 531.4 eV can be assigned to oxygen atoms
of oxide ions and hydroxy groups, respectively. The higher-BE
peak at 532.4 eV is characteristic of carbonyl oxygen atoms.

Figure 2. a,b) TEM and c, d) HRTEM images of a sample of the as-
prepared iron-based film scraped from the ITO electrode. The insert in
image (a) is the selected-area electron diffraction pattern (SAED) of
the aggregates. Scale bars: a) 500 nm (insert, 5 nm¢1); b) 100 nm;
c) 5 nm; d) 2 nm. e, f) Sections of the XPS spectrum around the Fe 2p
(e) and O 1s (f) energy regions.

..Angewandte
Communications

4872 www.angewandte.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 4870 –4875

http://www.angewandte.org


This result is indicative of the pres-
ence of acetate groups in the film.[50]

Likewise, the XPS spectrum of the
C 1s region showed a strong peak at
288.4 eV, which is consistent with
acetate groups in the deposited film
(see Figure S8).[50] Infrared spec-
troscopy further confirmed the ace-
tate content by showing strong res-
onance peaks for both carboxy and
methyl groups (see Figure S6).

To determine the surface iron-
catalyst coverage on the electrode,
we dissolved iron-based films gen-
erated in five CV cycles on 17.5 cm2

ITO in 0.1m HNO3 (5.0 mL) and subjected the resultant
solution to inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The number of deposited iron
atoms could be calculated by the working-curve method. Our
results showed that an amount of 10.2 nmol of iron was
electrodeposited onto 1.0 cm2 of the ITO electrode, which
corresponds to 15 iron atoms per 25 è2. This number
indicates the formation of a three-atom-layer film in five
cycles of CV experiments.[4] Furthermore, the integrated
charges that passed through the electrode gave a surface iron
coverage of (11.0� 0.5) nmol per 1.0 cm2, which is in a good
agreement with the result derived from ICP-AES, as only
a portion of the charge was consumed for electrodeposition
(i.e. the rest was consumed for water oxidation). Owing to the
extremely low catalyst loading, the iron-based films were
transparent (see Figure S10). This transparence could be
crucial for the application of film catalysts in light-harvesting
devices for water splitting.[51]

The catalyst-loaded ITO electrode was applied to con-
trolled-potential electrolysis (CPE). By the use of a two-
compartment cell, electrolysis was
carried out in a 0.1m phosphate
buffer (pH 7.0) at 1.35 V. During
CPE, a stable current density of
approximately 0.90 mAcm¢2 was
maintained (Figure 3a), which was
indicative of the stability of the
catalyst film. The slight decrease in
the current was caused by a decrease
in the pH value during electrolysis.
After CPE for a period of 10 h, the
measured pH value was 6.75. If the
pH value was adjusted back to 7.0,
the current for CPE could be recov-
ered. Furthermore, after CPE for
10 h, the ITO electrode displayed
an almost identical CV to that
before CPE (see Figure S11). The
small diminution may be attributed
to the exfoliation of the catalyst
(see Table S2). In control experi-
ments with blank ITO electrodes,
the current was at a baseline level of
< 30 mAcm¢2. During CPE with

catalyst-loaded ITO, a substantial amount of bubbles of O2

gas were observed, which confirmed that the electrocatalytic
current corresponded to water oxidation to produce O2. The
amount of evolved O2 was measured by a calibrated Ocean
Optics FOXY probe (model NeoFox). During electrolysis for
20 h, 61 coulombs of charge passed (see Figure S12) with
156 mmol of O2 evolved (Figure 3b), which gave a Faradaic
yield of more than 98 %. At 1.35 V and pH 7.0, the turnover
number (TON) of this iron-based film was 1.5 × 104, and the
turnover frequency (TOF) was 756 h¢1 per deposited Fe ion.
This result is extraordinary: The TOF value of this iron-based
film is one to two magnitudes larger than the TOF values of
many well-known catalyst films of Mn, Co, and Ni at the same
or even higher overpotentials (Table 1).[2, 4, 15–20, 27, 28, 32,52]

As metal phosphates are known as WOCs, we examined
the possibility that the high activity of the iron-based film was
due to the formation of an iron–phosphate-based film as the
active material. The surface Fe/P atomic ratio of the catalyst
film after CPE in a phosphate buffer was quantified by XPS to
be 0.92:0.08 (see Figure S18).[53] The Fe 2p3/2 XPS peak after

Figure 3. a) Current curves of blank and catalyst-coated ITO during CPE. b) Observed and theoretical
amount of O2 evolved during CPE for 20 h with catalyst-coated ITO. Conditions: 0.1m phosphate
buffer (pH 7.0), applied potential: 1.35 V, S = 1.0 cm2, 20 88C. c) Tafel plot, h= Eappl¢iR¢E0, of the iron-
based film in 0.1m phosphate buffer (pH 7.0). In the equation, Eappl is the applied potential, and
E0 =0.82 V is the thermodynamic potential for water oxidation at pH 7.0. The slope of the graph is
52 mV per decade.

Table 1: Comparison of catalytic performances and conditions for a variety of WOC films containing
earth-abundant transition metals.

Film Catalyst
loading
[nmolcm¢2]

pH h

[mV at j = 1 mAcm¢2]
TOF
[h¢1 at h = 530 mV]

Ref.

Fe-based 10.2 7.0 480 756 this study
Mn-based 80 7.0 590 36 [15]
nano-MnO2 –[a] 7.0 –[a] 0.18 (600 mV) [52]
a-MnO2-Py �1600 7.5 660 11.3 (910 mV) [16]
Mn3(PO4)2 611 7.0 680 (0.32 mAcm¢2) 4.4 (680 mV) [17]
LiMnP2O7 1059 7.0 680 (0.5 mAcm¢2) 4.2 (680 mV) [18]
PAH-MnO2 1300 8.0 590 (0.03 mAcm¢2) –[a] [19]
MnOx-573 K 1800 7.0 450 –[a] [20]
Co-based 100 7.0 550 61.2 [2, 15] and

this study[b]

Co-based 1000 7.0 –[a] 10 (545 mV) [27]
Li2Co2O4 276 7.2 545 8.5 (580 mV) [28]
Ni-based 100 9.2 540 36 [4, 15] and

this study[b]

NiOx-en 270 9.2 510 54 (ca. 610 mV) [32]
NiOx-aqua 280 9.2 570 39.6 (ca. 610 mV) [32]
NiOx-NH3 290 9.2 560 –[a] [32]

[a] Not reported. [b] The cobalt/nickel-based films were prepared according to Refs. [2] and [4]. The
performance of these two catalyst films was examined by us and others (see Ref. [15]).
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CPE could be well resolved on the basis of the FeIII subpeaks,
and the locations and shapes of these subpeaks were identical
to those before electrolysis (see Figure S19). Furthermore, the
Fe 2p3/2 peak position (710.8 eV) of our samples before and
after electrolysis was 1.7 eV lower than the Fe 2p3/2 peak
position of iron phosphate (ca. 712.5 eV[54,55]). Considering
this large difference and the very low phosphorus content in
the sample after electrolysis, we assumed that the small
amount of phosphorus was due to the physical adsorption of
phosphate on the electrode surface, and that it contributed
negligibly to water oxidation. An additional argument against
the possibility that an iron–phosphate-based film was formed
and acted as the active material for water oxidation is that the
catalytic current did not increase during successive CV cycles
(see Figure S17) or during CPE (Figure 3a).

There are several lines of evidence to support the stability
of this catalyst film. First, the current remained constant
during electrolysis for 10 h at 1.35 V, and the electric charges
accumulated had a linear dependence on time (see Fig-
ure S12). Second, the CV of the film after CPE was almost
identical to that before electrolysis (see Figure S11). Third,
the CV of an aged film (in air for 24 h) was the same as that of
a freshly prepared film (see Figure S13). However, the
catalyst film was less stable during CPE at higher applied
potentials. For example, at a potential of 1.45 V, the current
density decreased from 2.2 to 1.3 mAcm¢2 during electrolysis
for 15 h (ca. 60% of the current was retained; see Figure S14).
We also examined the stability of films generated in different
numbers of CV cycles (i.e. 1, 10, and 50 cycles). Our results
showed that for films formed in one CV cycle, the current
rapidly decreased from 1.9 to less than 0.3 mAcm¢2, whereas
for films formed in 10 and 50 cycles, more than 70 % of the
current could be retained. At higher applied potentials, the
generation of O2 bubbles became more violent, which caused
the catalyst film to fall from the ITO electrode (see Table S2).
As the amount of catalyst deposited in a few CV cycles was
small, catalyst loss and thus current decrease are striking.
However, more of the catalyst was deposited in 50 CV cycles,
which caused the influence of catalyst loss on the current to be
less marked (i.e. more of the catalyst was stored as
a backup).[44]

The Tafel plot of this iron-based film was determined in
0.1m phosphate buffer (pH 7.0) at different applied potentials.
All data were collected with iR compensation. Stable currents
were measured at applied potentials ranging from 1.21 to
1.35 V at every 20 mV step for 600 s CPE experiments with
stirring. A steady state could be obtained at every particular
potential with currents ranging from 3.1 mAcm¢2 to
1.37 mAcm¢2. The Tafel plot of h versus log j produced
a slope of 52 mV per decade (Figure 3c), which further
indicated the outstanding activity of this iron-based film for
electrocatalytic water oxidation.

In summary, iron-based films were prepared as highly
active WOCs by a fast and simple electrodeposition method.
The film can be generated in less than a minute in several
cycles of CV from dilute FeII in a neutral acetate buffer. These
conditions are critical to minimize time and energy costs for
large-scale applications. The extremely low catalyst loading of
10.2 nmol of iron per 1.0 cm2 of an ITO electrode is significant

in improving atom efficiency and making the electrode
transparent. The resultant film on GC and ITO electrodes
can catalyze the electrochemical oxidation of water to O2

from a phosphate buffer (pH 7.0) with a large current and
moderate overpotentials. In a 20 h CPE experiment at 1.35 V
and pH 7.0, an impressive TON of 1.5 × 104 and TOF of
756 h¢1 for evolved oxygen per deposited Fe ion on ITO were
observed. The use of iron, the fast and simple preparation
method, the large current and TOF, the evolution of oxygen in
neutral aqueous media, the transparency of the catalyst, and
the high catalyst stability are remarkable. This study may
therefore lead to more convenient and competitive routes for
the conversion and usage of solar energy.

Keywords: electrocatalysis · film preparation · iron ·
oxygen evolution · water splitting
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