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ABSTRACT: Single or mixed oxides of iron and nickel
have been examined as catalysts in photocatalytic water
oxidation using [Ru(bpy)3]

2+ as a photosensitizer and
S2O8

2− as a sacrificial oxidant. The catalytic activity of
nickel ferrite (NiFe2O4) is comparable to that of a catalyst
containing Ir, Ru, or Co in terms of O2 yield and O2
evolution rate under ambient reaction conditions. NiFe2O4
also possesses robustness and ferromagnetic properties,
which are beneficial for easy recovery from the solution
after reaction. Water oxidation catalysis achieved by a
composite of earth-abundant elements will contribute to a
new approach to the design of catalysts for artificial
photosynthesis.

Artificial photosynthesis that directly converts solar energy
into chemical energy is one of the most promising systems

for realizing a sustainable energy cycle.1 Artificial photosynthesis
systems are composed of at least three functional units; a catalyst
for water oxidation (2H2O → O2 + 4H+ + 4e−) to extract
electrons and protons, a catalyst for reduction of protons or other
chemicals to produce fuels, and light-harvesting and charge-
separation molecules for solar energy harvesting and utiliza-
tion.1g For the construction of truly sustainable systems, the use
of noble or minor metals in each unit should be avoided.
Photocatalytic hydrogen evolution was recently achieved with Ni
nanoparticles instead of Pt nanoparticles,2 and a long-lived
charge-separated state can be established with a donor−
acceptor-linked dyad that does not include metal ions.3 On the
other hand, developing efficient water oxidation catalysts
(WOCs) with earth-abundant elements still remains the most
challenging task for artificial photosynthesis.4

Most of the previously reported WOCs contain the precious
metals iridium and ruthenium as active species.5−20 Previous
screening of various metal oxides suggested that cobalt oxides
show relatively high activity among nonprecious metals.15,16

Thus, much effort has been devoted to improving the catalytic
activity of cobalt oxide by various methods. A distinguished
example is the use of cobalt phosphate, which exhibits high
catalytic activity in the electrocatalytic water oxidation.1c

Homogeneous cobalt complexes have also been used as
precursors for WOCs, which include residues derived from
organic ligands during the photocatalytic water oxidation
reaction.17 Additionally, doping with trivalent metal ions such
as La3+ has been reported to improve the catalytic activity of

cobalt oxides for photocatalytic water oxidation using [Ru-
(bpy)3]

2+ (bpy = 2,2′-bipyridine) as a photosensitizer and S2O8
2−

as a sacrificial oxidant.18 However, foreign-metal-ion doping of
iron oxides, which are much more earth-abundant than cobalt
oxides, has yet to be reported for photocatalytic water oxidation.
We report herein a highly active and robust photocatalytic

water oxidation catalyst composed of iron oxide doped with
foreign elements. Before the iron oxide was doped with foreign
metal ions, catalysis by Fe3O4, which contains Fe

2+ and Fe3+ ions,
was compared with that of Fe2O3, which is known as the most
stable form under ambient conditions.15 Fe3O4 was chosen
because it is isostructural to Co3O4, which shows high activity in
photocatalytic water oxidation.16 Next, the Fe2+ ion of Fe3O4 was
replaced by another divalent metal ion (Ni2+, Mg2+, or Mn2+) to
improve the activity and robustness of the catalyst under water
oxidation conditions. In comparisons of MFe2O4 (M = Mg, Mn,
Fe, Ni) catalysts in terms of O2 evolution rate and O2 yield, the
highest activity for the photocatalytic water oxidation was
exhibited by nickel ferrite (NiFe2O4), which has often been used
for organic oxidation reactions.21 The O2 yields obtained usinig
NiFe2O4 are comparable to those using Co3O4. Additionally, the
ferromagnetic properties of NiFe2O4 are quite beneficial,
allowing the catalyst to be recovered from the solution after
the reaction using a magnet without any loss. The superior
catalysis of NiFe2O4 shown in the photocatalytic water oxidation
was also found in electrochemical water oxidation. The condition
of the surface of NiFe2O4 after the photocatalytic water oxidation
was investigated by X-ray photoelectron spectroscopy (XPS).
The highly active and robust WOC composed of only the earth-
abundant elements of Fe and Ni is disclosed in the photocatalytic
system for the first time.
The photocatalytic water oxidation was performed in a

phosphate buffer (50 mM, pH 8.0, 2.0 mL) containing a metal
oxide catalyst, Na2S2O8 (5.0 mM) as a two-electron oxidant, and
[Ru(bpy)3]SO4 (0.25 mM) as a photosensitizer. The solution
was purged with Ar gas for 10 min in a vial (∼1 cm i.d.) and then
sealed with a rubber septum. The reaction was started by
irradiating the solution with a Xe lamp (500 W) through a
transmitting glass filter (λ > 420 nm) with vigorous magnetic
stirring at room temperature. The overall photocatalytic cycle of
water oxidation with Na2S2O8, [Ru(bpy)3]SO4, and a WOC is
depicted in Scheme 1. Photoinduced electron transfer from
[Ru(bpy)3]

2+* (where the * denotes the excited state) to S2O8
2−
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affords [Ru(bpy)3]
3+, SO4

2−, and SO4
•−. The produced SO4

•−,
which is known to be a very strong oxidant [E0(SO4

•−/SO4
2−) =

2.6 V vs NHE], can oxidize another [Ru(bpy)3]
2+ to produce 2

equiv of [Ru(bpy)3]
3+ in the overall photoinduced process.22

Finally, [Ru(bpy)3]
3+ can oxidize water in the presence of the

WOC to evolve O2. However, decomposition of the photo-
sensitizer by nucleophilic attack of OH− or water on [Ru-
(bpy)3]

3+ under neutral or basic conditions competes with
electron transfer from the WOC to [Ru(bpy)3]

3+, leading to low
O2 evolution yields.20 Thus, highly active WOCs must improve
the lifetime of the photosensitizer and the O2 yield.
To confirm the effect of the crystal phase of the iron oxides on

the catalytic activity for the photocatalytic water oxidation, Fe2O3
and Fe3O4 were synthesized by reported methods23a,b and
characterized by powder X-ray diffraction (PXRD) measure-
ments (Figure 1a). Co3O4, which is known as an active WOC,
was also synthesized and characterized by PXRD as a reference.18

All of the PXRD peaks were clearly indexed as the spinel
structure for Fe3O4 (magnetite) and Co3O4 or the corundum
structure for Fe2O3 (hematite).

The time courses of O2 evolution with these metal oxides are
shown in Figure 1b. Table 1 tabulates the O2 evolution rates
(RO2

) and O2 yields obtained for all of the metal oxides studied.
No O2 evolution was confirmed from a reaction solution without
a catalyst. The stoichiometric amount of O2 evolution is 5.0 μmol
in the present reaction systems, because Na2S2O8 is a two-
electron acceptor. A comparison between the reaction systems
with iron oxides indicates that the amount of O2 obtained after 30
min of photoirradiation with Fe3O4 (1.5 μmol) was larger than
that with Fe2O3 (1.0 μmol). Even when the concentration of
Fe3O4 was reduced to half in the reaction solution, the same
amount of O2 evolution (1.5 μmol) was achieved, with a similar
O2 evolution rate [Figure S1 in the Supporting Information
(SI)]. After the first run of the photocatalytic reaction, Fe2O3 was
recovered from the reaction solution by centrifugation for further
experiments, and Fe3O4 was collected by a magnet. A fresh buffer
solution containing Na2S2O8 (5.0 mM) and [Ru(bpy)3]SO4
(0.25 mM) was added to the collected particles for the repetitive
examination under photoirradiation. No significant change in the
total amount of O2 evolution was observed in the second and
third runs from the reaction solutions with these three catalysts.
These results indicate that Fe3O4 is a better WOC than Fe2O3 in
the photocatalytic system. However, the catalysis by Fe3O4 is
inferior to that by Co3O4 in terms of RO2

and O2 yield (i.e., the O2

evolution of 3.2 μmol with Co3O4 is more than double of that
with Fe3O4).
To improve the catalytic activity and robustness of iron-based

oxides for photocatalytic water oxidation, the Fe2+ ions in Fe3O4,
which are easily oxidized to Fe3+ under highly oxidizing
conditions, were substituted with Ni2+, Mg2+, and Mn2+ while
maintaining the spinel structure. A series of spinel MFe2O4 (M =
Ni, Mg and Mn) catalysts were synthesized by reported
methods23c−e and characterized by PXRD (Figure 1c), which
confirmed the spinel structure. Figure 1d shows the time courses
of O2 evolution with NiFe2O4, MgFe2O4, and MnFe2O4 in the
photocatalytic water oxidation. While the amounts of O2 evolved
from reaction solutions with MgFe2O4 (0.95 μmol) and
MnFe2O4 (0.42 μmol) were smaller than that with Fe3O4 (1.5
μmol), the amount of O2 evolved from the reaction solution with
NiFe2O4 (3.7 μmol) was higher than that with Co3O4 (3.2
μmol). NiFe2O4 could be easily collected from the solution after
the reaction because of its ferromagnetic properties (Figure S2).
The high O2 yield with NiFe2O4 was maintained even after the
10th run in 5 h (Figure S3). The NiFe2O4 catalyst was examined
before and after the reaction by PXRD and transmission electron

Scheme 1. Cycle of Photocatalytic Water Oxidation with
Na2S2O8 and [Ru(bpy)3]

2+ Using a Water Oxidation Catalyst

Figure 1. (a) PXRD patterns of Fe2O3, Fe3O4, and Co3O4. Each peak is
labeled with its hkl index. (b) Time courses of O2 evolution under
photoirradiation (Xe lamp, λ > 420 nm) of a phosphate buffer solution
(pH 8.0, 2.0 mL) containing Na2S2O8 (5.0 mM), [Ru(bpy)3]SO4 (0.25
mM), and either Fe2O3, Fe3O4, or Co3O4 (0.50 g L−1) at room
temperature in three repetitive examinations. (c, d) Same as (a, b) but
using NiFe2O4, MgFe2O4, and MnFe2O4.

Table 1. O2 Evolution Rates (RO2
) and O2 Yields of WOCs in

the Photocatalytic Water Oxidation

catalyst RO2
(μmol s−1 g−1)a O2 yield (%)b

NiFe2O4 5.3 ± 0.2 74 ± 4
NiO 3.0 ± 0.1 38 ± 2
Fe2O3 1.3 ± 0.1 21 ± 2
Fe3O4 1.9 ± 0.2 29 ± 3
Co3O4 4.8 ± 0.1 64 ± 3

aO2 evolution rates (normalized by the catalyst mass) after 10 min of
photoirradiation (λ > 420 nm) of an aqueous buffer solution (pH 8.0,
2 mL) containing the catalyst (0.50 g L−1), Na2S2O8 (5.0 mM), and
[Ru(bpy)3]

2+ (0.25 mM). The reported values are averages of three
repetitive examinations. bO2 yields, defined as twice the amount of O2
per mole of Na2S2O8. The reported values are averages of three
repetitive examinations.
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microscopy (TEM). No significant change in either the PXRD
pattern or the morphology of the NiFe2O4 catalyst was observed
(Figures S4 and S5). Although the NiFe2O4 was contaminated
with a small amount of Fe2O3, the high catalytic activity of
NiFe2O4 can be ascribed to the pure NiFe2O4 because the
addition of Fe2O3 to NiO or Fe3O4 showed no significant
improvement in the O2 yield (Figure S6). The catalytic activity of
theMFe2O4 series decreased withM in the order of Ni > Fe >Mg
> Mn. The catalytic activity of NiO for the photocatalytic water
oxidation was also examined (Figure S7) and found to be ∼1.9
μmol, which is only half that with NiFe2O4. These results clearly
indicate that NiFe2O4 is a highly active and robust catalyst for the
photocatalytic water oxidation.
As the catalytic activities of heterogeneous catalysts are usually

compared after normalization by the specific surface area, the RO2

values calculated from the initial slopes (10 min) of the time
courses were normalized by the Brunauer−Emmett−Teller
surface areas determined byN2 adsorptionmeasurements at 77 K
(48 m2 g−1 for NiFe2O4, 45 m2 g−1 for Fe3O4, 34 m2 g−1 for
Co3O4, and 150 m2 g−1 for NiO) to obtain apparent turnover
frequencies (TOFs). The apparent TOF of 0.11 μmol s−1 m−2

obtained with NiFe2O4 was higher than those with Fe3O4 (0.042
μmol s−1 m−2) and NiO (0.020 μmol s−1 m−2). These results
indicate that the high activity of NiFe2O4 results from the
composite effect of nickel and iron oxides. The apparent TOF
with NiFe2O4 is slightly smaller than that with Co3O4 (0.14 μmol
s−1 m−2). However, the O2 yield obtained with NiFe2O4 (74%)
was higher than that with Co3O4 (64%) by 10%. The O2 yield
with NiFe2O4 is also higher than those reported for catalysts
containing precious metals such as IrO2 particles (69%, pH
5.0)15 and RuO2 particles (22%, pH 5.0)15 and abundant
elements such as MnxOy particles (55%, pH 5.8)19 and
comparable to that with LaCoO3 particles (74%, pH 7.0).18

Thus, NiFe2O4 composed of earth-abundant elements is one of
most active catalysts for the photocatalytic water oxidation.
The superior catalysis of NiFe2O4 for the photocatalytic water

oxidation was scrutinized under electrocatalytic conditions. The
electrochemical deposition of nickel or cobalt on the surface of
hematite Fe2O3 has previously been reported to improve the
catalysis of electrochemical water oxidation by Fe2O3.

24,25 Figure
2 shows cyclic voltammograms (CVs) of water using a working
electrode modified with a metal oxide catalyst in a pH 8.0 buffer
solution. The anodic currents with NiFe2O4 started growing at
∼0.8 V vs SCE and reached more than 650 μA at 1.5 V vs SCE,
which is larger than those with iron-based oxides. The

overpotential of NiFe2O4 for the electrochemical water oxidation
(η = 0.43 V) is comparable to the reported overpotentials of
catalysts such as cobalt phosphate,1c CoOx,

26 and nickel
borate27(Table S1 in the SI). At ∼0.8 V, a small redox couple
assignable to the redox of Ni2+ species appears. A similar redox
couple has been assigned to Ni2+/Ni3+ for a nickel oxide
electrode formed on Ni in alkaline solution.28 Recently, the
oxidized nickel species at anodic potentials has been assigned as
Ni4+ in nickel borate by X-ray absorption near-edge structure
spectra.27 Further investigation is necessary to clarify the valence
of the active nickel species of NiFe2O4, but the growth of this
oxidation peak ensures that a high-valent nickel species is an
active species for the water oxidation. The onset potentials for
water oxidation with both Fe2O3 and Fe3O4 were observed at
∼1.1 V. The anodic currents with Fe2O3 and Fe3O4 at 1.5 V were
as small as 190 and 290 μA, respectively. These results suggest
that incorporation of Ni2+ ions enhances the water oxidation
ability of iron oxides, which can exhibit high activity for
photocatalytic water oxidation.
A critical issue for a series of spinel compounds under highly

oxidizing conditions is oxidation of divalent metal species. The
oxidation may lead to microphase separation and deactivation of
the catalyst. It has been reported that magnetite Fe3O4 is oxidized
to form Fe2O3 under highly oxidizing conditions.

29 NiO is rather
stable, but its transformation to nonstoichiometric nickel oxide
under highly oxidizing conditions has been reported.30 Thus,
confirmation of the surface conditions of each component after
water oxidation was necessary. The change in the surface
conditions of NiFe2O4 before and after the photocatalytic
reaction was observed by XPS, which was performed in the Fe
2p3/2, Ni 2p3/2, O 1s, Ru 3d, and C 1s energy regions. No peak
was observed in the Ru 3d region. The binding energy of each
element was corrected using the C 1s peak from residual carbon
(284.8 eV). Figure 3a displays the XPS spectra for the Ni 2p3/2

peak at 854.8 eV with a weak satellite peak at 861 eV for NiFe2O4
samples before and after the reaction. The binding energies of
these peaks indicate that the Ni species in the samples are Ni2+ by
comparison with theNi 2p3/2 peak positions of Nimetal andNiO
(Figure S8a). The similar intensity ratios for the main and
satellite peaks for the two samples indicate that the surface
conditions were the same even after the photocatalytic water

Figure 2. CVs in a buffer solution (pH 8.0) with a carbon paste working
electrode (A = 0.071 cm2) containing no metal oxide (gray), 5%
NiFe2O4 (orange), Fe3O4 (black), or Fe2O3 (red) (standard calomel
electrode; Pt wire counter electrode; scan rate 100 mV s−1). The inset
shows the initial range of the electrocatalytic current.

Figure 3.XPS spectra of NiFe2O4 before and after the reaction in the (a)
Ni 2p3/2, (b) Fe 2p, and (c) O 1s energy regions.
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oxidation was performed under highly oxidizing conditions.
Figure 3b displays the XPS spectrum for the Fe 2p3/2 peak at
710.2 eV with a weak satellite peak at 723.7 eV for NiFe2O4
before the reaction and that at 710.6 eV with a weak satellite peak
at 724.1 eV after the reaction. These peaks are assigned to Fe3+ by
comparison with the Fe 2p3/2 peaks of Fe2O3 and Fe metal
(Figure S8b). Although the main Fe 2p3/2 peak from the sample
after the reaction was slightly shifted in the direction of higher
binding energy, the same separation between the main and
satellite peaks in the two samples and the similarity of the peak
shapes, including the satellite peaks, over the whole energy
region between 700 and 730 eV strongly indicate that there was
no change in the valence state of Fe3+. The absence of changes in
the surface conditions of NiFe2O4 before and after the reaction
was also supported by the absence of a shift in the O 1s peak
(Figure 3c). Thus, NiFe2O4 is highly robust even during the
photocatalytic water oxidation.
In summary, we have demonstrated for the first time superior

catalysis of photocatalytic water oxidation by a material
composed of only earth-abundant elements, NiFe2O4. This
catalyst possesses high catalytic activity as well as durability in
photocatalytic water oxidation with Na2S2O8 and [Ru(bpy)3]

2+,
as evidenced by the maintenance of a high O2 yield after 10
repeated uses. Cyclic voltammetry studies of electrocatalytic
water oxidation with NiFe2O4 suggested that a high-valent nickel
species is the active species for the photocatalytic water
oxidation. This has important implications for the exploitation
of efficient WOCs to expand the use of iron-based oxides for
water oxidation.
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