
Unification of Catalytic Water Oxidation and Oxygen Reduction
Reactions: Amorphous Beat Crystalline Cobalt Iron Oxides
Arindam Indra,† Prashanth W. Menezes,† Nastaran Ranjbar Sahraie,‡ Arno Bergmann,‡ Chittaranjan Das,§

Massimo Tallarida,§ Dieter Schmeißer,§ Peter Strasser,*,‡,⊥ and Matthias Driess*,†

†Metalorganics and Inorganic Materials, Department of Chemistry, Technische Universitaẗ Berlin, Straße des 17 Juni 135, Sekr. C2,
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ABSTRACT: Catalytic water splitting to hydrogen and oxygen is considered
as one of the convenient routes for the sustainable energy conversion.
Bifunctional catalysts for the electrocatalytic oxygen reduction reaction (ORR)
and the oxygen evolution reaction (OER) are pivotal for the energy conversion
and storage, and alternatively, the photochemical water oxidation in biomimetic
fashion is also considered as the most useful way to convert solar energy into
chemical energy. Here we present a facile solvothermal route to control the
synthesis of amorphous and crystalline cobalt iron oxides by controlling the
crystallinity of the materials with changing solvent and reaction time and
further utilize these materials as multifunctional catalysts for the unification of
photochemical and electrochemical water oxidation as well as for the oxygen
reduction reaction. Notably, the amorphous cobalt iron oxide produces
superior catalytic activity over the crystalline one under photochemical and
electrochemical water oxidation and oxygen reduction conditions.

■ INTRODUCTION

With increasing demand of global energy production and highly
negative impact on the environment from the fossil fuels, it
becomes an obvious challenge for modern day science and
technology to procure clean and sustainable energy sources.1

Splitting water to produce hydrogen and oxygen is one
convenient way for energy conversion.2 On the other hand,
electrochemical oxygen redox reactions are considered to be
the key for energy conversion and storage including fuel cells
and metal−air batteries.3 A single catalyst system used for
photochemical and electrochemical water oxidation as well as
for oxygen reduction was rare until today. A continuous search
of bifunctional catalysts for electrochemical oxygen evolving
reaction (OER) and oxygen reduction reaction (ORR) saw the
light of success only in recent years.4,5 At the same time, a
single heterogeneous catalyst for the photochemical and
electrochemical water oxidation has also been developed.6

Development of efficient water oxidation catalyst systems
with earth-abundant elements still remains the most challenging
task for artificial photosynthesis.7 Several previously reported
catalysts for water oxidation contain precious metals as the
active species.8,9 Biomimicking water oxidation with transition
metal oxides has been extensively developed and explored for

the past 40 years.10−14 Since oxido bridged calcium and
manganese cubical subcluster was found to be the core group of
the oxygen evolving center in photosystem II,15 manganese
oxide based catalysts were extensively studied.11a,b,16 Similarly,
cobalt and nickel oxide based catalysts were also developed for
the efficient photochemical and electrochemical water oxidation
due to their abundance and eco-friendly features.12,14 Use of
ferrite materials for the water oxidation is in increasing demand
because of their high abundance, stability, and magnetic
properties.17,18 Fukuzumi et al. reported an efficient photo-
catalytic water oxidation with nickel ferrite in the presence of
[Ru(bpy)3]

2+ (bpy = 2,2′-bipyridine) as the photosensitizer and
persulfate as the electron acceptor.19

On the contrary, platinum based materials are considered as
the most active catalysts for the ORR, but they show low
efficiencies for the electrochemical water oxidation.20 Recently,
some of us reported the active catalysts for the oxygen
reduction reaction based on Pt alloy.21,22Although the Pt based
alloys (Pt/Au, Pt/Ir)23 have shown some enhanced electro-
catalytic activities in OER, high cost and scarcity of these metals
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make the systems far away from commercialization. Therefore,
the approaches were taken to lower the amount of noble metal
in the catalyst system by introducing transition metals (Fe, Co,
Ni)24 as well as exploring new catalytic materials with
comparable electrochemical activities.25

In recent years, the transition metal based mixed metal oxides
and spinels have been developed for bifunctional OER and
ORR.26 Stability of the mixed metal oxides in alkaline solution
makes them highly promising for this purpose.26,27 Chen et al.
described the room temperature synthesis of Co−Mn−O
spinels for the electrochemical oxygen reduction and evolution
whereas Rios et al. reported the catalytic activities of mixed
valence spinel MnxCo3−xO4 for both the OER and the
ORR.4b,27 Recently, Dai et al. discovered Co3O4 on graphene
as the bifunctional catalyst for OER and ORR.28 Takeguchi et
al. described the role of layered perovskite oxide LaSr3Fe3O10
for both OER-ORR that could be utilized for rechargeable
metal−air batteries.29 Hybrids of graphene and NiCo2O4 or
NiCo2S4 as the bifunctional electrocatalyst have been
established very recently.30 In addition, nitrogen doped
nanoporous carbon materials were also designed for the
effective OER−ORR.31
In the past few years, special interest has grown on the

synthesis and application of amorphous materials for electro-
catalysis.32−37 Electrocatalytic OER with amorphous materials
exhibited better performance in terms of overpotential and
Tafel slope values.32−34 Recently, we reported a new route for
the synthesis of amorphous manganese oxides for the efficient
photochemical and electrochemical water oxidation.35 Few
examples of ORR with amorphous materials have also been
reported.36,37 In the literature, the electrochemical deposition33

and photochemical metal organic deposition (PMOD)34 have
been used as the possible routes for the synthesis of amorphous
films only and not suitable for the large scale synthesis of
materials. This led us to investigate a potential route for the
formation of amorphous materials which is not only scalable
but also highly active toward OER and ORR.
Here we present a highly crystalline (CIO-1: CoFe2O4) and

an amorphous (CIO-2: CoFe2On, n = ∼3.66) cobalt iron oxide
by applying a simple solvothermal process by controlling the
crystallinity of the materials with changing solvent and reaction
time (see Scheme 1). The as-prepared CIO-1 and CIO-2

materials were then characterized extensively before subjecting
them to photochemical and electrochemical water oxidation
and ORR. Under photochemical conditions, the amorphous
CIO-2 exhibited catalytic activity superior to that of the
crystalline CIO-1. As an electrocatalyst, the amorphous CIO-2
also displayed better performance in OER in comparison to the
crystalline CIO-1 in terms of lower potential. In addition to
OER, a similar trend was also followed by ORR, where the
CIO-2 showed lower onset potential along with exceptional
stability in the region of diffusion limited current density.
Overall, we have now developed a method to control the
synthesis of crystalline and amorphous materials that are active

and could solve the prime issues encountered in the field of
energy conversion and storage technologies.

■ RESULTS AND DISCUSSION
As amorphous materials have shown promising electrochemical
activities,32−37 our main approach was to develop a large scale
and simple synthetic route for the formation of amorphous
oxides with high active sites. Therefore, we started with a
template free solvothermal procedure and controlled the
crystallinity by changing solvent and reaction time. Moreover,
we have used simple inorganic salts as the precursors instead of
expensive, air and moisture sensitive metal complexes used for
PMOD.34 On the other hand, electrochemical deposition
procedures can be applied to form films, and the predetermined
control in synthesis is not possible.33 A well crystalline material
(CIO-1) was obtained using water as solvent, whereas in
tertiary butanol an amorphous phase (CIO-2) was formed
(Scheme 1). In addition to the nature of materials (crystalline
or amorphous), significant importance has also been given in
literature to understand whether the water oxidation is purely a
surface catalyzed reaction or a bulk phenomenon.15b,38

Recently, the interest has grown to synthesize materials with
higher surface area assuming that a larger number active sites
are available for water oxidation and oxygen reduction.
Interestingly, the Brunauer−Emmett−Teller (BET) surface
area of the amorphous CIO-2 (127 m2 g−1) is significantly
higher (1.5 times) than that of the crystalline CIO-1 (83 m2

g−1).
PXRD of CIO-1 belongs to the cubic CoFe2O4 inverse spinel

(Figure 1), and the corresponding (111), (220), (311), (222),

(400), (422), (511), (440), (531), (620), (533), (622), and
(444) planes were clearly assigned (JCPDS no. 22-1086).
PXRD of CIO-2 revealed that the material was amorphous
without having any detectable reflections (Figure 1). The
chemical compositions of the materials were determined by
energy dispersive X-ray (EDX) (Supporting Information Figure
S1) and inductively coupled plasma atomic emission spectros-
copy (ICP-AES) analyses. The atomic ratios of Co and Fe were
determined to be ∼1:2 in both materials. For the amorphous
CIO-2, the Co:Fe:O was also determined to be ∼1:2:3.66 from
XPS analysis, and the formula could be written as CoFe2O3.66.
The morphology and the size of the particles were

determined by TEM analysis (Figure 2). CIO-1 forms cubic
type particles with 8−16 nm size, whereas for CIO-2, smaller

Scheme 1. Synthetic Routes for the Preparation of the
Catalysts CIO-1 and CIO-2 Figure 1. Powder XRD patterns of CIO-1 and CIO-2. The reflections

from CIO-1 belong to CoFe2O4 spinel whereas no noticeable
reflections were obtained for CIO-2.
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spherical shaped particles (2−8 nm) were observed. The lattice
spacing of CIO-1 in the HRTEM image (Figure 2a, right) was
determined to be 0.49 nm that corresponds to (111) plane of
cubic CoFe2O4. Selective area diffraction pattern (SAED) also
depicted the crystalline nature of CIO-1. Conversely, the
HRTEM image of CIO-2 showed clearly an amorphous phase
(Figure 2b).
The oxidation states of the elements were first studied by

photoemission spectroscopy (PES). The Fe 2p3/2 spectra of
both CIO-1 and CIO-2 were similar, representing the +3
oxidation state of Fe (Supporting Information Figure S2).39

The Co 2p3/2 spectra showed the presence of Co2+ and Co3+,
though a substantial difference was observed in the ratio of two
oxidation states of CIO-1 and CIO-2 (Supporting Information
Figure S2).40 Further, X-ray absorption spectroscopic (XAS)
studies were performed for a deeper understanding of the
oxidation and electronic states of each element in the catalysts
(Figure 3).
XAS studies of Co L2,3 edges of both CIO-1 and CIO-2

catalysts represent two main peaks in energy regions of 778 to
785 eV for L3 edge and 791 to 798 eV for L2 edge. The
multiplet splitting causes the fine structures at L3 edges, and the
position and intensity of these fine structures are sensitive to
the local chemical environment of the oxides. The L3 edge
shows five characteristic peaks at 777.1, 778.5, 778.9, 779.8, and
782.2 eV, which is consistent with different valence states in
tetrahedral and octahedral symmetry (peaks 1−5 in Figure 3a).

In comparison with reference CoO and Co3O4 spectra, it is
revealed that CIO-1 has higher Co2+ contribution than Co3+

whereas CIO-2 contains more of Co3+.26a,41 The first three
peaks are attributed to Co2+ oxidation states and the peaks 4
and 5 to Co3+ oxidation states.42 The Co L2,3 spectrum of CIO-
1 is consistent with that of inverse spinel CoFe2O4 where Co

2+

ions are occupying octahedral sites.43 Previously, it has been
reported that the high spin Co2+ configuration contains peaks 2
and 3 with higher intensity compared to peak 4, while the low
spin configuration has a reverse behavior.44,45 In CIO-2, the
characteristic higher energy L3 edge peak 4 is more pronounced
than that in CIO-1. The ratios of the peaks at the L3 edge are
also in good agreement with a mixed occupied spinel (AB2O4)
structure. In addition, the L2 edge peak is shifted to higher
energy in CIO-2 as compared to CIO-1. Co 2p1/2−2p3/2 spin−
orbit coupling spacing also indicates that the mixed oxidation
states are present in CIO-1 and CIO-2.40b,46

The XAS spectra of the Fe L2,3 edge represent three main
peaks at 708.4, 709.7, and a satellite around 713 eV (peaks 7−9
in Figure 3b). The L2 edge shows two peaks of equal intensity
(peaks 10−11). The spectra of both CIO-1 and CIO-2
resembles the previously reported Fe L2,3 edge spectrum of
CoFe2O4.

43 The peak at 708.4 eV signifies the presence of
octahedral sites of Fe2+, whereas ∼710 eV represents both
octahedral and tetrahedral sites of Fe3+.43 In addition, the
spectra are also comparable to that of α-Fe2O3 or Fe3O4.

47,48

Additionally, the total amount of reducible sites was
determined using temperature-programmed reduction (TPR)
in H2. The total amount of reducing sites determined from the
area integration revealed that CIO-2 (26%) has more reducible
sites than CIO-1 (19%) which is consistent with XAS where
more Co3+ is present in CIO-2 (Supporting Information Figure

Figure 2. TEM images of the catalysts (a) crystalline CIO-1, inset
showing the lattices of the crystalline material with lattice spacing of
0.49 nm and selected area diffraction pattern, and (b) amorphous
CIO-2, inset figure showing higher resolution image and diffraction
pattern.

Figure 3. X-ray absorption spectra (XAS) of CIO-1 and CIO-2 for (a)
Co L2,3 edge compared with CoO and Co3O4 and (b) Fe L2,3 edge.
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S3). The resistivities of CIO-1 and CIO-2 were also measured
using a four-probe resistivity setup, and the value obtained for
crystalline material (9.1 ± 0.2 × 106 Ohm·cm) was significantly
lower than that of amorphous material (1.2 ± 0.2 × 108 Ohm·
cm).
The well characterized materials were tested for photo-

chemical water oxidation reaction. Water oxidation is a
thermodynamically uphill reaction with the transfer of four
electrons and four protons. Since the synthesized materials
were not photoactive, [Ru(bpy)3]

2+ was used as the photo-
sensitizer with Na2S2O8 as the electron acceptor. Holes and
electrons were generated on the surface of the catalyst after the
absorption of the photon by the sensitizer. The electrons were
consumed by persulfate, and holes help in the oxidation of
water to oxygen (Supporting Information Figure S4). The
amount of dissolved O2 was measured by a Clark oxygen
electrode system. No oxygen was detected when [Ru(bpy)3]

2+

and Na2S2O8 were used in the presence of light confirming that
involvement of catalyst is essential to produce oxygen.
The total amount of oxygen produced for CIO-1 was ∼16

mmol(O2) mol(cat)
−1 in the first 200 s whereas for CIO-2 it is

∼60 mmol(O2) mol(cat)
−1 (Figure 4). Catalytic activities of CIO-

1 and CIO-2 were compared with the commercially available
single metal oxides CoO and Fe2O3 that shows that the mixed
metal oxides are more efficient for photochemical water
oxidation in phosphate buffer of pH 7.2. To compare with a
previously reported NiFe2O4 catalyst used for the photo-
chemical water oxidation, we synthesized the material and
tested it in our setup.19 The total mass activity of CIO-1 was
∼3 times better than NiFe2O4 whereas CIO-2 showed ∼11
times increment.
As described earlier, the surface area and the number of

active sites of the catalyst play a crucial role in water oxidation.
The O2 evolution normalized with BET surface area produces
2.09 × 10−3 mmol(O2) m−2

(surface) for CIO-2 whereas CIO-1
generates 8.2 × 10−4 mmol(O2) m

−2
(surface) in 200 s. This shows

that the amorphous material produces ∼2.4 times better activity
compared to the crystalline material, even after the surface
normalization. It should be mentioned here that CIO-2 also
contains a higher amount of low spin Co3+ species. Previously,
it has been evidenced that the Co3+ in the octahedral site
facilitates the oxygen evolution reaction, and Co2+ is tetrahedral
sites were proposed to be inactive for the OER.26b,30a,49 In
addition, recently, a better performance of Zn2+Co3+2O4 than

Co2+Co3+2O4, reported by Choi and co-workers also displayed
that Co2+ in the tetrahedral site remains inactive during oxygen
evolution.50 Thus, better catalytic activity of CIO-2 can be
explained by the combination of higher surface area as well as
the presence of more of Co3+ in octahedral sites.
Long-term photochemical water oxidation in the presence of

Na2S2O8 as the sacrificial electron acceptor has certain
disadvantages due to consumption of peroxodisulfate in the
reaction cycle with significant decomposition in the presence of
light (Supporting Information Figure S4).38a,51,52 In addition,
the photosensitizer [Ru(bpy)3]

2+ is also unstable long-term in
the reaction mixture. For a stable catalyst system, the activity
could be regained by adding sacrificial agent and photo-
sensitizer.51,52 For this purpose, we checked the particle
morphology after the first run of experiment and no
agglomeration was observed for CIO-1 by TEM analysis
(Supporting Information Figure S5). Particles became more
dispersed after the photochemical experiment in the case of
amorphous material (Supporting Information Figure S6).
Therefore, the O2 evolution with both catalysts has been
further studied for the second run with addition of [Ru-
(bpy)3]

2+ and Na2S2O8 in the reaction mixture after the
completion of the first run of the photochemical reaction. A
significant amount of O2 was detected that proved the stability
of the catalyst in the reaction mixture (Supporting Information
Figure S7).
The electrochemical activity of CIO-1 and CIO-2 with

respect to the water oxidation reaction was measured in 0.1 M
potassium hydroxide solution using cyclic voltammetry (CV) at
semi-stationary conditions with a scan rate of 6 mV s−1 (Figure
5). The electrocatalytic oxygen evolution started at an electrode

potential of ∼+1.6 V vs RHE, and the anodic current density
reached 400 mA mg−1 at a potential of +1.74 V for CIO-2 and
370 mA mg−1 at +1.84 V for CIO-1. The mass activity of the
amorphous CIO-2 material clearly outperformed that of the
ordered CIO-1 material over the entire water oxidation
potential range (1.5 V to 1.8 V). Electrochemical oxygen
evolution also depends largely on the surface area of the
catalyst. The CV after normalization by BET surface area
reveals that the current density for the crystalline material
reaches 19 mA m(surface)

−2 and for the amorphous material is 14
mA m(surface)

−2 (Supporting Information Figure S8). However,
CIO-2 requires 490 mV to reach a current density of 10 mA
m(surface)

−2 whereas 560 mV is required for the crystalline CIO-
1. This confirms the better performance of the amorphous

Figure 4. Oxygen evolution profiles for the photochemical water
oxidation with CIO-1, CIO-2, NiFe2O4, and commercial CoO, Fe2O3
using [Ru(bpy)3]

2+ as the photosensitizer, and persulfate as the
electron acceptor in the presence of 300 W Xe lamp with a cut off filter
of 420 nm at 20 °C.

Figure 5. Cyclic voltammograms (CV) of CIO-1 and CIO-2 in 0.1 M
potassium hydroxide with a scan rate of 6 mV s−1.
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material in terms of overpotential in comparison to the
crystalline phase.
The Tafel slopes were determined from quasi-stationary

experiments. Potential−log[i] profiles showed a linear relation
in the potential range of +1.50 and +1.65 as well as +1.65 and
+1.78 V for both materials. Tafel slope of 48 mV dec−1 for
CIO-2 and 61 mV dec−1 for CIO-1 in lower current density
region and substantial increase of 89 mV dec−1 was observed
for CIO-2 compared to 41 mV dec−1 for CIO-1 (Supporting
Information Figure S9).
The stability of the catalysts was compared by potentiostatic

electrolysis in 0.1 M KOH at +1.75 V (Supporting Information
Figure S10). Improved sustained electrochemical stability of the
crystalline CIO-1 material was observed compared to the
amorphous catalyst CIO-2. The enhanced loss in electro-
catalytic activity of the amorphous CIO-2 can be plausibly
linked to a more rapid loss in active sites due to structural
changes or loss of material from the electrode. In this context,
we examined the catalysts after electrolysis (at constant
potential of 1.75 V for 30 min in 0.1 M KOH) in a relaxed
state by TEM analysis. Formation of an amorphous layer was
clearly seen on the surface of the crystalline CIO-1 nano-
particles (Supporting Information Figure S11). This type of
observation has been already reported previously by us and by
other groups.12a,25a,45b Rearrangement of atoms on the surface
of the catalyst under high anodic potential and alkaline pH led
to the formation of this amorphous layer that indeed acts as the
active catalyst for the oxygen evolution. The crystallinity of
CIO-1 was retained after electrolysis except for the change on
the surface (Supporting Information Figure S11d). For the
amorphous CIO-2, highly dispersible ultrasmall particles (∼1−
2 nm) were observed by HRTEM (Supporting Information
Figure S12). The amorphous nature of the particles was also
confirmed by the selected area diffraction (Supporting
Information S12d). Ultrasmall particles led to the catalyst loss
during long-term electrolysis, resulting in lower stability and a
decrease in the current density over time.
As our earlier work reveals that the surface of the catalysts

after the electrochemical measurements could result into a
different composition and structure, we carried out the X-ray
photoelectron spectroscopic (XPS) measurements after the
chronoamperometry to understand the surface phenomena.12a

Comparing Co 2p edges of the fresh sample and after
electrochemistry, peak broadening and shifting toward higher
energy was observed for both amorphous as well as crystalline
materials (Supporting Information Figures S13a and S14a).
This indicates the increase in the concentration of Co3+ after
chronoamperometry, and similar observation was also resulted
for Fe 2p peaks (Supporting Information Figures S13b and
S14b). More conclusive evidence was obtained from the O 1s
edge for CIO-1 and CIO-2, which can be deconvoluted into
three main peaks. Two lower energy peaks were attributed for
metal−oxygen−metal bonds and surface oxide species26a while
the highest energy peaks at ∼532 eV indicated the
concentrations of the hydroxide species and were significantly
increased after electrochemistry for both catalysts (Supporting
Information Figures S13c and S14c). Therefore, from XPS
analysis, it is clear that a significant amount of surface hydroxide
and oxyhydroxide species were formed under the anodic
potential and high pH and the obtained results are consistent
with other reports with first row transition metal oxide
catalysts.12a

Electrochemical oxygen reduction ability of pure CIO is
poor, and therefore, 20% CIO on carbon (Vulcan X-72) was
prepared and characterized (Supporting Information Figures
S15−S16). The BET surface area after the loading on Vulcan
was determined to be 136 m2 g−1 for CIO-1 and 140 m2 g−1 for
CIO-2. Catalytic activities for the electrochemical reduction of
molecular oxygen (ORR) for the carbon loaded materials were
tested by linear sweep voltammetry (LSV) in N2- and O2-
saturated electrolytes (Figure 6). The catalytic ORR perform-

ances of the mixed metal oxides were compared with
commercial carbon-supported Platinum (20 wt % Pt on Vulcan
X-72) as a reference. Both CIO-1 and CIO-2 showed catalytic
ORR activity. The ORR activity of CIO-2 was significantly
higher as reflected by its more positive onset potential (+0.8 V
compared to +0.74 V for CIO-1), where a negative (cathodic)
faradaic current density emerged, indicating the reduction of
oxygen molecules.
Unlike CIO-2, the diffusion-limited current density of CIO-1

did not reach the expected value. Our data suggests that on a
geometric surface area basis the amorphous CIO-2 material
more efficiently catalyzes the transfer of electrons from the
electrode to molecular oxygen. The observed ORR activities
also surpasses those of previously reported ferrite or cobaltite
catalyst materials.30 Earlier, Fe3O4 based materials have been
explored for the effective oxygen reduction,53 and improvement
of catalytic activity by substitution of iron sites with Co2+ and
Mn3+ have been reported.54 Use of amorphous mixed metal
oxide for the ORR with high efficiency is rare.
To analyze electrochemical kinetic parameters of the

amorphous CIO-2 material, we performed an Koutecky−
Levich (K−L) analysis to evaluate the number of transferred
electrons (Supporting Information Figure S17). On the basis of
the K−L plot, the number of transferred electrons was
estimated to be close to 4 which is consistent with a selective
reduction of molecular O2 to H2O. Comparison of the
electrochemical Tafel slope of CIO-2 and the Pt reference
catalysts revealed a steeper slope for the non-noble catalysts
reflecting a rapid surge in overpotential needed for increasing
current densities (Supporting Information Figure S18). The
difference in the initial slopes is indicative for difference in the
detailed mechanistic pathway of the four electrons on the
amorphous materials compared to the Pt surface.
The electrochemical stability of the CIO-1 and CIO-2 during

ORR in alkaline conditions was evaluated and compared to a

Figure 6. Linear sweep voltammetry (LSVs) of CIO-1 and CIO-2
compared with 20 wt % Pt/Vulcan X-72 as reference catalyst in O2-
saturated electrolyte in 0.1 M KOH (1600 rpm, 10 mV s−1 scan rate)
at room temperature.
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reference Pt/C catalyst (Supporting Information Figure S19).
The activity normalized to the initial activity as a function of
time served as a criterion for catalyst stability. Over 100 min,
the ORR activity of catalysts CIO-1 and CIO-2 maintained 92%
and 94% of their initial values, respectively.

■ CONCLUSIONS
In summary, we demonstrated the control over the synthesis of
crystalline and amorphous cobalt iron mixed metal oxides
starting from simple inorganic salts. Superior performance of
the amorphous material was observed in photochemical water
oxidation in comparison with the crystalline one. In addition,
both the mixed cobalt iron oxides attained far better catalytic
activities than NiFe2O4, CoO, or Fe2O3. Electrocatalytic water
oxidation followed the same trend as photochemical water
oxidation by exhibiting lower overpotential for the amorphous
material. Increase in the catalytic activity of the amorphous
material in terms of onset potential and diffusing limiting
current density has also been observed in electrocatalytic O2
reduction reaction. Especially, the amorphous catalyst achieved
significantly higher catalytic performance in the kinetics regime.
The amorphous catalyst simultaneously owns promising
catalytic activity for the ORR and for the OER over the
crystalline material. Altogether, our study clearly introduces the
scalable synthesis of amorphous and crystalline materials with
higher activity that acts as a multifunctional catalyst for the
unification of photochemical and electrochemical water
oxidation and oxygen reduction.
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