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ABSTRACT: Inspired by natural processes, there is an

enormous interest in light-driven water splitting to convert Water Oxidation Routes
solar energy into electrical and chemical energy. This approach is
thought to be able to eventually solve the main energy problem
that society will face more dramatically in the near future. The
water oxidation reaction is widely considered a major barrier for
utilizing solar energy in artificial photosynthesis. Due to the
relatively high overpotential and slow kinetics of the reaction,
numerous efforts are made on the development of non-noble e
metal oxygen evolution catalysts such as transition metal oxides. — ——
Among them, cobalt-oxide-based materials have shown decent Photoelectrochemical
activity and thus present themselves as a promising candidate. In
this perspective, we summarize the state of the art in synthesis of
cobalt-oxide-based materials and application as water oxidation catalysts through electrochemical, photochemical, and
photoelectrochemical approaches. Additionally, we state the future challenges that are critical to overcome to push the catalyst
performance one step further.
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Bl INTRODUCTION challenging since it requires the transfer of four electrons and
the formation of oxygen—oxygen bands. A large overpotential
(n), which is the extra potential needed to be applied beyond
the thermodynamically required value, is always mandatory for
fuel production due to the relatively slow kinetics of the oxygen
evolution reaction (OER). One of the major aspects to be
considered for improving the overall kinetics of the OER is the
nature of the electrode, which should meet the requirements
such as moderate efficiency, corrosion resistance, long-term
stability, and low fabrication cost. The development of stable

There has been an increasing demand for sustainable clean
energy due to the shortage of fossil fuels and arising
environmental issues in the last decades. The current world
energy consumption is around 15 TW, and many method-
ologies and technologies are being suggested as possible
solutions for the energy and climate problems associated with
the growth of human population to around 10 billion and the
corresponding energy consumption to 20 TW." Solar energy is
the most abundant clean energy source available with 120 000

TW of light striking the surface of the earth. Among all the water oxidation catalysts (WOC) with a moderate reaction rate
efforts that have been undertaken, solar fuel production and small overpotential still remains a challenge for the
community.

through artificial photosynthesis is emerging as an attractive
approach to tackle energy problems because the solar energy
can be transferred to chemical energy and stored as high energy
carriers.”

Nature harvests solar energy to extract electrons and release
protons from water, a process that is called photosynthetic
water oxidation or oxygen evolution. This reaction is vital to the
planet because it directly produces dioxygen and reducing
equivalents and intermediates for carbon dioxide reduction to
carbohydrates. In artificial photosynthesis schemes, either
splitting water to hydrogen and oxygen or transforming carbon
dioxide directly to liquid fuel, electrons must be transferred

Metal oxides have been intensively studied as water oxidation
catalysts since they show attractive durability and activity.
Oxides of noble metals, in particular RuO, and IrO,, have been
proven to be highly active OER catalysts with overpotentials
around 300 mV to reach a current density of 10 mA/cm?.'' ™'
Although plenty of work has been conducted on the structural
engineering of electrode materials, their practical application in
large scales is still hindered by the scarcity and high cost of
corresponding metal species. On the other hand, oxides/
hydroxides of first-row transition metals have been substantially
investigated as potential OER catalysts, and some of them are

from water to the final products, in which process water is showing  competitive catalytic performance.’ For instance,
oxidized through transfer of four electrons.”’® Overall, water
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nanostructured Mn(III) oxide has been electrochemically
deposited on glassy carbon electrodes, and the obtained film
demonstrates OER activity comparable to the best-known
precious metal catalysts.'” Subsequently, manganese oxide
clusters supported on mesoporous silica were also shown to be
able to efficiently evolve O, from aqueous solution through a
photochemical approach.w’19 Very recently, oxyhydroxide
species such as amorphous FeOOH and NiOOH functionalized
as promising WOCs in photoelectrochemical systems, where a
photocurrent of 2.73 mA/cm” was achieved with an applied
bias of 0.6 V vs RHE on porous BiVO, electrodes.”***
Another demonstration on transition metal oxides is the Ni—Fe
hydroxide nanoplate, which was shown to be a highly active
oxygen evolution catalyst in alkaline condition.”®

Among all candidates, cobalt-based materials demonstrate
decent activity and have gained considerable attention as water
oxidation catalysts.”'***~>" A well-known cobalt phosphate
(Co—Pi) system was reported by the Nocera group in 2008,
where they observed an in situ electrochemical formation of
OER catalyst on ITO substrate from a phosphate-buffered
solution containing Co?* ions.”* > The formed catalyst layer
was able to oxidize water under a neutral pH with a moderate
overpotential. Following this, the electrolyte influence, such as
the buffer solution species and Co** concentration, were
investigated, and the analogous cobalt borate system was
applied in a practical manner to silicon-based light-harvesting
semiconductors.’** In order to further understand the
reaction mechanisms, X-ray spectroscopy and electron para-
magnetic resonance measurements were employed, and the
presence of Co(IV) was proposed to be responsible for the
water oxidation at neutral pH.>*>* Molecular
[Co4(H,0),(PW,034),]10— (Co,—POM) was also reported
as active water oxidation catalyst with a catalytic turnover
frequencies above S s™' at pH 8, although the identification
concerning the true catalyst (CoO, or Co,—POM) under
reaction conditions still remains a challenge.>>™>” Apart from
these achievements, a vast amount of work has been conducted
on cobalt oxide (CoO,)-based materials, and promising results
have been shown for oxidation evolution through electro-
chemical, photochemical, and also photoelectrochemical
approaches.®® ™' In this perspective, we will briefly discuss
the recent progress concerning the materials design and
synthesis in this specific field and at the end give a brief
outlook.

B ELECTROCHEMICAL WATER OXIDATION BY
COBALT-OXIDE-BASED CATALYSTS

Electrochemical water splitting or electrolysis of water is a
process where water molecules are decomposed into oxygen
and hydrogen under applied external bias (electric voltage). As
shown in Figure 1, in a typical electrochemical cell, an electrical
power source is connected to the anode and cathode, where the
oxidation and reduction reactions occur, respectively. Elec-
trolysis of water needs excess energy in the form of
overpotential to overcome the activation barriers. Although
this process produces clean hydrogen, it is barely used in
industrial applications because hydrogen production through
steam reforming of fossil fuels is more affordable. As a result of
the shortage of the fossil fuels and their harsh effects on the
environment, currently there is a massive interest in water
electrolysis to produce clean hydrogen. With respect to the
practical and economical aspects, it is essential to develop
cheaper and more efficient catalysts.
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Cathode Reaction:
2H20+26' _> H2+2 OH-

Anode Reaction:
40H —/ 0,+4¢ +2H,0

“ Oxygen (J«) Hydrogen ® WOC

Figure 1. Schematic description of electrolysis of water.

In order to gain a reasonable evaluation for the electro-
catalytic activity of water oxidation catalysts in lab scales, three-
electrode systems with a rotating disc electrode configuration
are generally employed. Usually, an alkaline electrolyte is used
for transition metal oxide catalysts in order to increase the
conductivity of electrolyte and inhibit the oxide corrosion,
which is the major issue under acidic working condition. The
rotation of the electrode is critical to remove the gaseous
product and thus avoid bubble accumulation on the electrode
surface. To check the activity, a polarization scan or cyclic
voltammogram is conducted at reasonable scan rates, typically
20—50 mV/s. Because a current density of 10 mA/cm? is
expected for an integrated solar water splitting device with 10%
solar-to-fuel efliciency, the overpotential required to reach this
value is in general a key parameter to assess an oxygen
evolution catalyst.'”* Another practical issue concerning
electrocatalysts is material stability. This can be characterized
either by controlled-current electrolysis, where the voltage
required to obtain a certain value of current is recorded, or by
chronoamperometric measurement, where the current at a
constant applied voltage is recorded during an appropriate time
period under working conditions. Other details concerning the
evaluation of electrochemically surface area, Faradaic efficiency,
and turnover frequency (TOF) can be found in a
comprehensive protocol recently described by the Jaramillo
group.”

Co;0, has a spinel structure, which consists of Co®" at the
tetrahedral sites and Co®* at the octahedral sites. The change of
surface species of cobalt oxide spinel upon base conditions has
been studied by cyclic voltammetry intensively since the late
nineties by electrochemists.**~* It is widely agreed that at the
rest potential, the surface of Co;0, is partially oxidized to a
CoOOH phase, and with further increasing the applied voltage,
an anodic feature appears before the onset of water oxidation
reaction, which is attributed to the Co0O,/CoOOH redox
couple.*” These findings suggested that the presence of Co"
may be essential to catalyze oxygen evolution, and this view is
further supported by recent experimental work, where gold
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Figure 2. TEM images of cubic Co;0, nanoparticles with average sizes of (a) 6, (b) 21, (c) 47 nm. (d) Polarization activities for Co;0,
nanoparticles loaded Ni foam in 1.0 M KOH electrolyte. Scan rate: 1 mV/s. Ni foam area: 1 cm? Catalyst loading: 1 mg/cm” Reprinted with

permission from ref 59. Copyright 2009 American Chemical Society.

supports or nanoparticles have been proven to enhance the
water oxidation activity of cobalt oxide by increasing the
population of Co"™ due to the electronegativity of gold.***’
Discussion of the details concerning the water oxidation
mechanism on Co oxide surface can be found elsewhere.””!
Nevertheless, the development of nanotechnology has
enabled us to synthesize materials with unique mechanical,
electrical, and optical properties compared with bulk
materials.*>”>* By tuning the size and nanostructure, superior
catalytic performance compared with traditional bulk materials
can be achieved.>>™ High surface area is especially favored in
catalysis due to the fact that more active sites would be present
on the surface. Because the catalytic reaction happens on the
surface atoms, the surface-to-volume ratio is a critical parameter
in heterogeneous catalysis. A particle with 100 nm size has
around 1% surface atoms, whereas particles with 10 and 1 nm
size have about 10% and 90% surface atoms, respectively.
Syntheses of cobalt-based nanoparticles have been well
developed, and the particle size can be precisely controlled by
adjusting the reaction conditions. For example, in the
hydrothermal approach proposed by Zhang, particles with
average sizes of 3.5, 6, 11, 19, and 70 nm were prepared by
varying the solvent composition and the cobalt precursor
amount.>® OER activity of Co;0, nanoparticles with various
sizes were further investigated by Bell and Tilley, where they
loaded nanoparticles in size of 6, 21, and 47 nm on Ni foam
and evaluated their catalytic activity for oxygen evolution from
1.0 M KOH electrolyte.”® It was found quantitatively that the
increase in surface area by 1 order of magnitude decreased the
overpotential by 50 mV at a fixed current density of 10 mA/
cm?, as shown in Figure 2. Later on, the comparison of cobalt-
based nanoparticles with different oxidation state and crystal
structure—Co;0,, CoO, and &-Co in size of ~10 nm—was
reported by the same group, where very similar catalytic
activities were observed after 20 consecutive scans under basic
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conditions. It was attributed to the similar particle size, surface
species, and reaction mechanisms.*’

Apart from traditional synthesis routes, very recently a PLAL
(Pulsed-Laser Ablation in Liquids) method was developed, and
it was able to prepare surfactant-free Co;0,4 nanoparticles with
a size of ~2.5 nm.®" The crystalline material showed an
overpotential of 314 mV at 0.5 mA/cm’ in 1 M KOH.
Moreover, cobalt oxide nanoparticle/carbon composites have
proven themselves to be an approach to push the performance
of water oxidation electrocatalysts one step further. Two-
dimensional graphene/graphene oxide has been explored in
numerous applications for energy storage and conversion due
to the advantages such as high conductivity, charge carrier
mobility, high surface area, and outstanding durability
compared with other carbon materials.*>~’ Through a facile
hydrothermal approach, Co;O, nanocrystals were grown on
mildly oxidized graphene oxide sheets.”® The size of nano-
crystals was further reduced from 15 to 25 nm to 4—8 nm by
adding NH,OH during the synthesis, which introduced an
interaction between NH; and cobalt cations. In 1 M KOH
solution, the hybrid material showed a rather stable electro-
catalytic activity with overpotential of ~330 mV at 10 mA/cm?,
being among the best nonprecious metal-based catalysts for
oxygen evolution. Co;0,/SWNTs (single-walled carbon nano-
tubes) hybrid materials were demonstrated later by the Xie
group, where a superior OER activity compared with bare
Co,0, was observed in neutral and alkaline solution.”” Overall,
the unusual catalytic activity of such materials arises from
synergetic chemical and electric coupling effects between active
nanocrystals and carbon supports.

Besides nanoparticles, mesoporous metal oxides are another
category of nanostructured materials that are particularly
attractive for heterogeneous catalysis. Mesoporous materials
refer to solids with distribution of pores in the size range of 2 to
50 nm. In the past decades, multiple efforts have been made on
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the syntheses of mesoporous frameworks with uniformly
ordered pore systems because they combine high surface
area, crystalline walls, rigid frameworks, and durable stabil-
ities.”’”"> Among all the synthesis strategies, hard templating
(nanocasting) processes were studied deeply, and a wide range
of transition metal oxides have been successfully prepared.”*~"
In a typical nanocasting procedure (Figure 3), a hard template

10 nm

=1 .l
N Q0 >
Infiltration of @ @ @ Template
Precursor @ @ Removal
Template Composite Replica

Figure 3. Schematic illustration of nanocasting pathway. Reprinted
with permission from ref 74. Copyright 2006 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

(mostly ordered mesoporous silica) is first prepared. In the
second step, the template is impregnated with suitable
precursors and followed by calcination under air or inert
atmosphere. In the final step, the silica template is removed
with hot alkaline solution and the products result in an inverse
replica of the hard template. By varying the precursor, the type,
and the texture parameters of the hard template, one can easily
control the dimension, symmetry, domain and crystallite size,
texture parameters, and crystallinity of the final products.””~"®

This class of materials offers many fascinating properties and
a range of catalytic functions, as illustrated in Figure 4.

Controllable crystalline
or amorphous stable wall thickness

Interconnectivity
and microporosity

Selective active
component deposition

Concave surface

curvature functionality

Internal and external

Tailored porosity, high surface area

size and space constraints

Figure 4. Properties of ordered mesoporous oxides those are
responsible for exceptional catalytic performance. Reprinted with
permission from ref 72. Copyright 2013 Elsevier Books.

Properties such as composition, crystallinity, thermal/chemical
stability, surface area, porosity, surface curvature, and surface
functionality (which can also be provided by anchored active
sites) have effects on the catalytic activity of ordered
mesoporous metal oxides (OMMs).”> The main advantages
that differentiate these materials from many others as catalysts
are the high surface area, the tunable porosity and composition,
and the structural stability.

In the past few years, our group has devoted considerable
effort to the design of various ordered mesoporous materials, in
particular for magnetic and catalytic applications.’>**~*° Based
on the idea of utilizing ordered mesoporous transition metal
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oxides for the water oxidation reaction due to their distinctive
physical and chemical properties, our group focuses on ordered
mesoporous Co;0,. As the basis of our study, pure Co;0, was
first prepared using cubic ordered mesoporous silica as a hard
template via the nanocasting route.”’ As aforementioned, by
controlling the aging temperature during the hydrothermal
synthesis of the silica hard template, the pore size, crystallite
size, symmetry, and more interestingly, the surface area of
Co,0, replica was tuned. As shown in the TEM images (Figure
5), Co30,-35, which was fabricated from KIT-6—a widely used
ordered mesoporous silica template with cubic symmetry—
aged at the temperature of 35 °C, has a more open, uncoupled
subframework compared with C0;0,-100 and Co;0,-135 (100
and 135 indicate aging temperature of KIT-6 silica hard
template).

In addition, the pore size of the silica hard template increases
with higher aging temperature. Consequently, the particle size
and surface area of the Co;0, replica originating from such
templates would follow an opposite trend. This was well
supported by N, sorption measurements where surface areas of
156, 113, and 72 m?/g for mesoporous Co;0, were obtained.
Then, the electrocatalytic activities of nanocast Co;O, were
investigated in alkaline condition, and the catalytic performance
was found to be significantly dependent on the external surface
area. The highest activity was achieved on Co;0,4-35, which had
the highest surface area due to the higher number of the
catalytic sites on the surface. The structural stability and
catalytic durability were tested by applying a constant bias at 0.8
V vs Ag/AgCl at pH 13, and it was found that the measured
current density did not show visible deactivation in 100 min,
with the mesoporous framework of the catalyst remaining
intact. Similar work on mesoporous Co;0, for water oxidation
electrocatalysts was also conducted by the Joo group.”

It is important to compare the ordered mesoporous
structures with the analogous nonordered structures and
nanoparticle morphology in order to identify the advantages
of such nanostructure. Thus, we recently synthesized Co;0,
nanoparticles, mesoporous Co;O, from a disordered meso-
porous silica-gel template, Co;O, in bulk form, and further
tested in electrochemical water oxidation. From the linear
sweeps presented in Figure 6, it can be seen that the Co;0,
with ordered mesoporous structure clearly indicates higher
catalytic activity than disordered Co;0, templated from silica
gel and nanoparticle counterparts. The bulk Co;0, shows the
lowest activity due to the lowest surface area. A distinct
advantage of mesoporous Co;0, over nanoparticle is that the
skeleton can be quite stable during the storage and harsh
reaction conditions while the nanoparticles tend to aggregate.
This results in larger size which consequently lowers the
number of catalytic active sites.>®

Composite or alloy materials have been shown to be superior
catalysts in various applications.””™> Taking ordered meso-
porous Co;0, as a skeleton material, we further fabricated a
family of composite materials based on a solid—solid reaction of
Co;0, with other transition metal oxides.’® In detail, the
porous Co;0, template was first filled with metal precursor by
a wet-impregnation route. After drying, the mixture was then
thermally decomposed at relatively low temperature (250 °C)
to form a reactive dopant oxide species on the cobalt oxide
surface. Final calcination at 550 °C promoted the reaction
between metal oxide and Co;0,, resulting in a composite
phase. N, sorption measurements along with electron
microscopy showed that the typical mesoporous structures
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Figure 5. TEM images C0;0,-35 (2), C030,-100 (c), Co;0,-130 (d), and Co;0,-35 after electrochemical measurement (b). Reprinted with

permission from ref 91. Copyright 2014 Springer.
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Figure 6. Comparison of Co;O, with various morphologies as
electrochemical water oxidation catalysts. For experimental, catalysts
were dispersed on glassy carbon electrode and measured in 0.1 M
KOH electrolyte (catalyst loading ~0.12 mg/cm” for all the samples).
The inset figure shows the current increment in a narrow voltage range
(0.54—0.70 V vs Ag/AgCl). Adapted with permission from ref 38.

were retained after the thermal treatment. Overall, this versatile
strategy allows the preparation of composite materials with
similar morphology and textural parameters but with diverse
surface species of mixed transition metal oxides, which can be
of great interest in catalysis.
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Catalytic activities of prepared composite materials were
investigated for water oxidation reaction in alkaline conditions.
It was found that the nanocast Co;0, doped with Fe, W, Mo,
and Ni showed comparable catalytic behavior as pure Co;0,,
though the current densities were slightly different at higher
applied voltages. On the other hand, Co;0,—CuCo,0, showed
a significantly lower onset potential for water oxidation and a
higher current density in spite of the lower BET surface area in
comparison with ordered mesoporous Co;0,. The enhance-
ment is more remarkable in a narrow overpotential range, as
shown in Figure 7a. Inspired by the Cu surface-doped Co;0,, a
series of samples with different amounts of Cu were prepared
by the direct nanocasting method, in which Cu was
homogeneously distributed in the catalyst by impregnating
Co and Cu precursors simultaneously. The polarization curves
are shown in Figure 7b. As can be seen, higher OER activity
from the homogeneously doped material was observed
compared with the surface doped one. The enhancement
could be attributed to the relatively higher surface area due to
the fact that the mesoporous structure was partially disturbed
by the surface modification methodology. In a specific case of
Cu,Co,0, (y/x = 8), current density of 10 mA/cm* was
obtained with an overpotential of 391 mV in 1 M KOH
solution, which is quite comparable to the benchmarking OER
electrocatalyst proposed by Jaramillo group recently.

Another interesting example we recently demonstrated is Fe
incorporated mesoporous Co;0,.*" Although there is common
agreement that the symmetry of the replica obtained from cubic
ordered mesoporous KIT-6 template is dependent on the

dx.doi.org/10.1021/cs500713d | ACS Catal. 2014, 4, 3701-3714
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Figure 7. Oxygen evolution currents of (a) as-made Co;0,, Co;0,—
CoM,0, (M = Fe, Mn), Co;0,—CoMO, (M = Mo, W), and Co,0,—
MCo,0, (M = Cu, Ni) composites and (b) of as-made mesoporous
Co30,, Cu,Co,0, (y/x =2, 4, 8, 16) samples. Catalysts were dispersed
on glassy carbon electrode and measured in 0.1 M KOH electrolyte
(catalyst loading ~0.12 mg/cm? for all the samples). The inset figure
shows the current increment in a narrow voltage range (0.54—0.70 V
vs Ag/AgCl). Adapted with permission from ref 38.

interconnectivity between both channels in the nanocasting
process, we found that the symmetry and mesoporous structure
of Co;0, can be further tuned by a small amount of Fe
doping”*”” As shown in the SAXS (small angle X-ray
scattering) profile (Figure 8a), pure nanocast Co;0, shows a
typical pattern with (211) and (220) reflections, which has the
symmetry of Ia3 d as one would expect from a KIT-6 template
aged at 100 °C. However, when Fe precursor was added in the
impregnation procedure—even at Co/Fe atomic ratio of 64—
the obtained replica indicated an extra (110) reflection, which
was assigned to a lower symmetry of [4,32.°® Furthermore,
iron-doped Co;0, samples with an atomic ratio of 64, 32, 16
(Co/Fe) showed enhanced OER activities than pure Co;0,
(Figure 8b), and we assume this to be related with the textural
parameters, crystal, and/or electronic structures of materials.
Besides crystalline nanostructured materials, progress was
also made on the preparation of amorphous cobalt oxide for
catalyzing OER reaction. For instance, electrodeposition of
Co0,, NiCoO,, CoFeO, has been achieved by early researchers
while recently a comprehensive survey on catalytic activity
toward water oxidation was performed.***'® These non-
noble metal catalysts all showed similar but promising activity
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Figure 8. SAXS profile Co;0, and Fe—Co;0, with various iron
amounts (a). Oxygen evolution currents of ordered mesoporous
Co;0, and Fe—Co;0, with various iron amounts (b). Catalysts were
dispersed on glassy carbon electrode and measured in 0.1 M KOH
electrolyte (catalyst loading ~0.12 mg/cm” for all the samples). The
inset figure shows the current increment in a narrow voltage range
(0.56—0.72 V vs Ag/AgCl). Reprinted with permission from ref 41.

in 1 M NaOH electrolyte, reaching a current density of 10 mA/
cm” in an overpotential range between 0.35 and 0.43 V. It was
found that under alkaline conditions, cobalt-oxide-based OER
catalyst showed superior stability compared with electro-
deposited IrO, during 2 h of constant current electrolysis,
although a lower overpotential of ~0.32 V was observed at the
initial period for the latter. However, the electrodeposition
technique does not translate to every metal, and the
composition of the deposited film is not convenient to control
due to the specific voltage response of metal species.

Aiming on this goal, another new methodology, which is
named as photochemical metal—organic deposition (PMOD),
is reported to be a facile technique to deposit amorphous metal
oxide with precise control of compositions.'®" In this approach,
solutions of metal precursor complexes were first prepared by
dissolving desired amounts of precursors in hexane. Then the
solution was deposited on a conductive substrate (fluorine
doped tin oxide (FTO)) by spin coating and irradiated with UV
light to liberate the low molecular weight ligands from metal.
Annealing at 100 °C completed the film preparation. This
particular methodology allows the synthesis of amorphous
metal oxide films in complex compositions with homogeneous
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ACS Catalysis

Table 1. Preparation, Electrochemical Test Condition, and Performance of Representative Metal Oxide Electrocatalysts for

Water Oxidation

sample amount/electrode/ Tafel slope overpotential (mV) at
materials synthesis method electrolyte (if available) (mV/dec) 10 mA/cm? ref
IrO, photochemical metal—organic 0.1 ug cm™2/FTO/1 M H,S0, ~34 220 14
deposition (PMOD
IrO, electrodeposition glassy carbon (GC) /1 M NaOH 320 42
Ni—Fe LDH(layered double hydrolysis and solvothermal 0.2 mg cm™2/GC/0.1 M NaOH ~31 300 23
hydroxide)/CNTs treatment
MnO, electrodeposition GC/0.1 MNaOH 440 17
NiO, electrodeposition GC/1 M NaOH 420 42
NiCoO, electrodeposition GC/1 M NaOH 380 42
NiCuO, electrodeposition GC/1 M NaOH 410 42
CoO, electrodeposition GC/1 M NaOH 390 42
CoFeO, electrodeposition GC/1 M NaOH 370 42
CoO, photochemical metal—organic FTO/0.1 M KOH ~42 101
deposition (PMOD
Fe4yC040NiggO, PMOD FT0/0.1 M KOH ~31 101
Co;0, NPs (~5.9 nm) hydrothermal 1 mg em™*/Ni foam/1 M KOH 328 59
CoO NPs (~10 nm) organic synthesis 1 mg cm™*/Ni foam/1 M KOH 291 60
Co30, nanocrystals/N-graphene hydrothermal 0.24 mg cm™*/GC/0.1 M KOH ~67 310 68
Co;04 NPs/CNTs noncovalent functionalization 0.05 mg/ITO/ ~104 69
0.1 M phosphate buffer
meso-Co30, nanocasting 0.12 mg cm™*/GC/0.1 M KOH 525 91
Fe-doped meso-Co30, nanocasting 0.12 mg cm™2/GC/0.1 M KOH 486 41
meso-Cu,Co,0, nanocasting 0.12 mg cm™?/GC/1 M KOH 391 38
meso-Co;0, with Au NPs nanocasting ~0.015 mg/GC/0.1 M NaOH ~46 440 49
distribution of metal species. Fe,0; CoO,, NiO,, and N *
Fe,Co,Ni,O were prepared by PMOD and the cobalt-based AN P
materials showed outstanding activity for oxygen evolution. In U NS
the case of Fe,Co/Ni,O, a detailed study was conducted to N TU\N N S,04%
investigate the effect of concentrations of specific metals.'®* It I N - ]
was found that an appropriate addition of Fe would produce an N
improvement in overpotential and Tafel slope while the
presence of Ni and Co was critical for lowering the potential
at which the reaction initiated. Both factors made the ternary
amorphous Fe yCoyNiyO, a comparable OER catalyst to 5
noble metal oxides. 5047
Above-mentioned water oxidation electrocatalysts are
summarized in Table 1, where experimental details (sample N N
weight, support, and electrolyte) are listed as well, because the _ | WP 2N I N P
material performance is closely related to the practical N 'N\ N N JOD I
conditions. Although some of the information is missing from u* \N/TU\N N
the reports due to various criteria, the materials represent the | N Lo

benchmark for cobalt-oxide-based electrocatalyst. It should be
kept in mind the value of the overpotential at a certain current
density depends on several parameters including the electro-
chemical setup, type and concentration of the electrolyte, film
preparation method, sample amount, and so forth.

B PHOTOCHEMICAL WATER OXIDATION BY
COBALT-OXIDE-BASED CATALYSTS

In addition to electrocatalytic water oxidation, cobalt-oxide-
based materials were also utilized in photocatalytic water
oxidation, where a [Ru(bpy);]**-Na,S,04 system was well
established and the Ru species was employed as a sensitizer to
harvest the light."®>'** As illustrated in Figure 9, in a typical
reaction scheme, [Ru(bpy);]** as a sensitizer is first excited by
light irradiation. The electron is then transferred to S,04> and
thus generating a oxidized [Ru(bpy);]*" species. The oxidation
of water happens upon the collision between water oxidation
catalyst (WOC) and [Ru(bpy),]**, where the hole is injected to
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H* + 0, H,0

Figure 9. Schematic illustration of visible light sensitization of Co;0,
WOC by excitation of [Ru(bpy);]** in the presence of S,04*.
Adapted with permission from ref 107. Copyright 2014 Macmillan
Publishers Limited.

the WOC. The overpotential for water oxidation generated
using this system is 350 mV at the pH value of 5.8."® The hole
injection process can be further directed by connecting oxygen
evolving catalyst with hole conducting molecular wires." /106
Experimentally, the detection of evolved O, from WOC is done
using a Clark electrode at short time scales and a reactor-mass
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ACS Catalysis

Figure 10. TEM images of (a) SBA-15/Co30, (4%), (b) SBA-15/Co;0, (8%), and (c) Co;0, (8% sample) after removal of SBA-15 substrate using
hot NaOH solution. (d) Oxygen evolution in aqueous suspensions (40 mL) of (a) SBA-15/NiO (8%), (b) micron size Co;0, particles, (c) SBA-15/
Co;0, (8%), and (d) SBA-15/Co;0, (4%). Adapted with permission from ref 24. Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.

spectrometer (in some cases, a gas chromatograph) setup in a
long time period. A Clark electrode system consists of a
semipermeable membrane which allows the diffusion of oxygen,
an Ag/AgCl anode which provides electrons for O, reduction
and a noble metal cathode where O, is reduced. Because the
oxygen which passes through the membrane is reduced in the
cathodic reaction, the electrode produces a current at a
constant polarizing voltage, and the amplitude of the current is
dependent on the partial pressure of diffused oxygen. In this
way, the amount of O, dissolved in the overall solution is
calculated.""”” This method is very powerful to investigate the
initial catalysis behavior of the WOC, because it has been
suggested that on a relatively short time scale, the initial surface
species are critical for catalysis even if the catalyst itself is not
stable.*” However, because the surface of the catalyst will
undergo reconstructing under catalytic environment and the
reaction mechanism can differentiate from each other on
different active sites, the investigation of long-term catalysis
behavior and stability is essential for material evaluation.*>'%”
To achieve this purpose, the reactor is combined with mass
spectroscopy (MS) and gas chromatography (GC), and the gas
phase in the head space can be analyzed. It is worth noting that
the amount of oxygen dissolved in solution should also be
taken into account.

One system that has been intensively investigated in
photocatalytic water oxidation is cobalt oxide clusters
supported on mesoporous silica scaffolds.'®'*** The composite
material was synthesized by wet impregnation of cobalt
precursor into ordered mesoporous SBA-15 silica followed by
calcination. As shown in Figure 10a,b, uniform distribution of

cobalt oxide nanoclusters was obtained on hexagonally ordered
mesoporous SBA-15 silica with different loading. A detailed
picture of single Co;O, nanocluster after silica leaching is
shown in Figure 10c.

Evolution of oxygen catalyzed by Co;0, nanoclusters was
observed in the aforementioned [Ru(bpy);]**-Na,S,Oyq system,
and a TOF of 1140 s per Co;0, nanocluster was calculated
for SBA-15/Co;0, with (4 wt % loading). Specifically, the TOF
number here was calculated on the basis of the number of
clusters (overall loading divided by the approximate weight of
each cluster, while the average cluster size was determined
according to TEM micrographs) applied in the catalysis and
overall oxygen yield. Further increasing the catalyst loading led
to a higher TOF of 3450 s™' per cluster. However, due to the
increasing number of nanorods per silica and less access to
water, a lower TOF based on projected area was observed. To
investigate the role of the silica support, the activity of SBA-15/
Co;0, composite was compared with bare clusters devoid of
the silica scaffold and micrometer-size Co;0, particles. After
the removal of silica by NaOH etching, the bare clusters
showed severe aggregation, and the O, yield per second for
silica supported nanorod was 1550 times higher than micron
size Co;0, particles on condition that same amount of Co;0,
was taken into account. Figure 10d shows the oxygen evolution
comparison for prepared composite materials. This enhance-
ment was mainly attributed to the substantially large geo-
metrical surface area provided by nanostructure. In addition,
Co surface sites of nanoclusters were more catalytically efficient
than those of micrometer-sized particles’* The effect of
geometry of silica supports was further investigated by Jiao
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Figure 11. Oxygen yield for mesoporous Co;0, and Mg-substituted Co;0,. Measurements were conducted in (a) Clark electrode system for 120 s
and (b) reaction-GC system for 30 min. Reprinted with permission from ref 40. Copyright 2014 American Chemical Society.

group and KIT-6 with a 3D porous structure was found to be a
better support than SBA-15 which has 1D parallel channels.'%®
This phenomenon could be due to the more convenient
reactant transport in the 3D cubic nanostructure.

Co;0,/mesoporous silica composite materials were also
prepared by impregnating silica templates with prior-prepared
Co;0, nanoparticles.'® In this case, the size of ligand-free
Co03;0, nanoparticles was precisely controlled by synthetic
strategy, and a detailed study on the size effect was conducted.
Unsurprisingly, the activity toward OER increased with
decreasing particle size. It is worth noting that the functionality
of the silica template was to prevent nanoparticle aggregation
and scatters incoming light to enhance light absorbance. The X-
ray photoelectron spectroscopy (XPS) results also indicated
that due to the heterojunction between Co;0, nanoparticle and
silica, the oxidation state of cobalt was higher than that for bulk
materials, which could affect the activity for water oxidation.
Independent cobalt-based spinel nanoparticles were also
prepared by hydrothermal synthesis, and it has been shown
that the photocatalytic water oxidation activity could be further
tuned by substituting cobalt with other transition metals in the
spinel structure.''® Recent studies showed that the catalytic
activity is dependent on the binding strength between metal
and oxygen evolution intermediates. In the case of Mn-
substituted Co;0, nanoparticles which had a higher TOF (8.7
X 107* per transition metal) compared with Co;O, nano-
particle (5.8 X 107* per transition metal), the oxidation state of
Mn was calculated to be 3.1 and it was proposed that Mn*'* at
the octahedral sites of Co;0, spinel had the optimal binding
energy.''® However, when the material was prepared in a
mesoporous manner, the oxidation state of the introduced Mn
was calculated to be 3.7. This resulted in a negative effect on
the binding energy and was unfavorable for oxygen evolution
compared with mesoporous Co;0,."""

A rather interesting study reported recently by the Jiao group
was the fabrication of mesoporous Co;0, with high surface area
by the selective leaching of Mg in the spinel structure.*
Mesoporous Mg—Co;0, with an atomic ratio of Mg/Co = 0.36
was first prepared by the nanocasting method. A surface area of
102 m?/ g was obtained, and it was typical for a replica from the
KIT-6 hard template (aging temperature 100 °C). The X-ray
absorption spectroscopy showed that the Mg atoms were
randomly distributed at both tetrahedral and octahedral sites.
The initial photocatalytic water oxidation measurement was
conducted in a Clark electrode system within a period of 120 s.
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As shown in Figure 11, pure Co;0, exhibited better oxygen
evolution activity than Mg-substituted counterpart. However,
when the same reaction was carried out in the reactor-GC
system to check the long-term catalyst behavior, the Mg-
substituted Co;0, showed surprisingly high activity compared
to Co;0,, with a TOF of 1.6 X 107 s™* per surface Co atom
(the TOF for mesoporous Co;0, was 5 X 107* s7'). This
enhancement was later attributed to the Mg leaching process
which happened under weak acidic environment (pH = 5.8). In
detail, due to the loss of Mg cations from the octahedral sites,
defects or vacancies in the spinel structure were created, and
the catalyst was activated. The recovered catalyst was later
characterized and the Mg to Co ratio dropped to 0.27 after
reaction, while the mesoporous nanostructure, oxidation state,
and coordination environment of Co remained the same as
original Mg—Co;0,. N, sorption measurement indicated that
the leaching process led to an increment of ~100 mz/g on
surface area, which was then responsible for the high catalytic
activity.

B PHOTOELECTROCHEMICAL WATER OXIDATION
BY COBALT-OXIDE-BASED CATALYSTS

Photoelectrochemical (PEC) water splitting using semiconduc-
tor materials has attracted considerable attention due to their
potential in utilizing solar energy in the past decades.®''>''?
The principle of PEC water splitting is illustrated in Figure 12.
The overall process consists of three steps: (1) Absorption of
photons and excitation of semiconductors to generate
electron—hole pairs. (2) Migration of generated electrons/
holes to the semiconductor-electrolyte interface. (3) Surface
reaction of hydrogen and oxygen evolution.

Although numerous materials have been shown to be capable
to split water, the overall efliciency is still far from practical
application. The performance is always limited by factors such
as band gap and band positions of the semiconductors, charge
separation and recombination during migration, the slow
kinetics of surface reaction, among others.”"*!15 Because
overall water splitting is a thermodynamically uphill reaction
which involves a four-electron transfer, one of the biggest
challenges is to enhance hydrogen evolution and oxygen
evolution half reactions. Cocatalysts loaded on the surface of
semiconductors have been proven to be able to facilitate
photocatalytic reactions by accommodating excited electrons/
holes and promoting redox reaction kinetics.''® As shown in
Figure 13, on the photoanodes in PEC cells, overpotential is
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Figure 13. Schematic description of the role of water oxidation
cocatalyst in (a) photocatalytic and (b) photoelectrochemical water
splitting systems. Adapted with permission from ref 116. Copyright
2013 American Chemical Society.

always necessary to drive the water oxidation reaction due to
the activation energy. By decreasing the activation energy
(Figure 13a), O, evolution cocatalysts can improve the
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photocurrent and negatively shift the overpotential (Figure
13b) and hence improve the solar and electric energy utilization
efficiency. Noble metal oxides such as IrO, and RuO, were
investigated as conventional water oxidation cocata-
lysts.">"*7~"** However, non-noble transition metal oxides are
emerging as oxygen evolution cocatalysts with advantages such
as earth abundance, low cost, and moderate catalytic activity."*°
Among them, cobalt oxide has been intensively integrated with
semiconductors such as hematite and tantalum (oxy)-nitride
materials. In the following content, we will introduce the major
achievements concerning these two systems.

Hematite (a-Fe,0;) is a suitable candidate for photo-
electrochemical water oxidation due to its natural abundance,
stability, and suitable photonic properties. The band gap of
hematite is 2.2 eV, which makes it a visible-light-responsive
semiconductor.'*' '3 Although the valence band is 1 V more
positive than thermodynamically required potential for water
oxidation, the efficiency is always limited mainly by the charge
carriers recombination, hole diffusion issues, and slow kinetics
of the oxygen evolution reaction. Regarding the Co-Pi WOC,
the Gamelin group found that when cobalt phosphate
cocatalyst was electrodeposited on a mesoporous a-Fe,O,
photoanode, a S-fold enhancement of photocurrent and O,
evolution rate were observed at 1 V vs RHE compared with a
bare Fe,O; photoanode in buffered electrolyte (pH = 8)."**'*°
Recently, hematite nanorods decorated with Co;O, nano-
particles were reported as effective photoanodes, and in their
synthesis, the Fe,0;/Co30, hybrid materials were prepared in
one step by high temperature annealing after the hydrothermal
growth of hematite nanorods on FTO substrate."*® The XPS
spectra indicated that the Co species were mostly located on
the surface and with an optimal amount of Co loading (5%),
the overpotential for water oxidation negatively shifted 40 mV,
and a photocurrent improvement of 67% was observed at 1.23
V versus RHE under alkaline conditions (pH = 13.6). Incident-
photon-to-current efficiencies and oxygen evolution amounts
were also compared. Although the advantages of coupling
cobalt-based species with hematite photoanodes have been
widely confirmed, it has to be mentioned that the original
functionality of such modification is still under discussion. The
controversies are mainly about whether the photogenerated
holes are transferred to and stored by the cobalt oxide layer, or
the enhancement is largely due to the formation of
heterojunction between photoanode and Co overlayer which
contributes to enhance electron depletion in the Fe,O;. In the
latter case CoO, is playing a noncatalytic role.'*”~'*°

Another attractive semiconductor candidate utilized in PEC
water oxidation is tantalum (oxy)-nitride-based materi-
als.">'™"* Similar to hematite, the narrow band gap of such
materials ensures the absorption of visible light, and the band
positions of the conduction band and valence band are suitable
for hydrogen and oxygen evolutions, respectively.135 However,
the efficiency is still low and the stability of nitride-based
materials suffers from self-oxidative deactivation due to the
accumulation of photogenerated holes on the surface. The
facile fabrication of TaON and Ta;N; photoanodes by
electrophoretic deposition (EPD) was first introduced by
Abe/Domen."* After that, IrO, was employed as cocatalyst to
enhance the activity and at the same time to maintain the
photoanode stability at Na,SO, electrolyte (pH = 6).* Later
on from the same group, CoO, nanoparticles were deposited
on as-prepared TaON particles by a simple impregnation—
calcination method prior to photoanode preparation, and they
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Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

were further reduced in NH; stream (XPS spectra indicated
that prepared CoO,/TaON electrodes predominantly contains
Co®* species). The photocurrent measurements showed that in
the time range of 60 min, the performance of CoO,-modified
TaON photoanode remained stable at 1.07 V versus RHE at
Na,SO, solution (pH = 8) under visible light irradiation. More
surprisingly, a higher photocurrent was observed compared to
IrO,/TaON electrode.®” Although a direct comparison was
not feasible here because the preparation procedures were not
identical, it still demonstrated the superiority of utilizing cobalt-
oxide-based materials as low-cost water oxidation cocatalysts. In
another work where Ta;N; photoanodes were modified with a
Co(OH), layer and Co;0, nanoparticles, better performance
relative to bare Ta;Nj electrodes were observed as well, and the
photocurrent curves at 12 V vs RHE showed substantial
enhancement in the photoanode stability (electrolyte pH =
138 Similar work was also

conducted by the Bard group in which Co;0, nanoparticles
13

13.6), as can be seen from Figure 14.

were deposited on Ta;Ny nanotube arrays.'>> Moreover, it was
demonstrated that a cobalt bilayer (Co;0,/Co(Il)) catalyst
decorated Ta;Ng nanorod exhibited substantial enhancement
on photocurrent and long-term stability compared with single
Co;0,-modified photoanodes. EIS (electrochemical impedance
spectroscopy) measurements implied that decoration with
Co0;0,/Co(1I) bilayer catalysts significantly enhanced the
electron mobility by reducing the electron—hole pairs
recombination."*°

Besides the above-mentioned semiconductors, other materi-
als such as TiO, nanosheets, porous LaTiO,N, and BaTaO,N
were also investigated with CoO, being water oxidation
cocatalyst."*'~'*} Very recently, a photoanode consisting of a
novel molecular semiconductor and CoO, is reported by Finke
group. By photodepositing CoO, cocatalyst on a single-layer
organic semiconductor thin film, the device is able to oxidize
water under visible light with an internal quantum efficiency of
~19%."** All these results suggest that CoO, nanoparticles can
be promising substitutes for noble metal oxides as cocatalysts in
photo- and photoelectrochemical water splitting.

371

B FUTURE PROSPECTS FOR COBALT-OXIDE-BASED
WoC

The design and engineering of materials is likely the most
important step for fundamental research in addition to their
application in various fields, particularly in catalysis. By
considering the sustainable energy requirements of society,
new materials and technologies need to be developed in order
to solve energy-related matters. Nowadays, solar energy can be
effectively transferred to electrical energy. This process is
commercialized, and the process costs have been decreased
dramatically in the past decade. The main dispute of this
process is that the energy cannot be stored. Thus, it is necessary
to consider the possibility of transferring solar energy to
chemical energy where the energy can be stored as a dense
renewable fuel. This can be achieved by artificial photosyn-
thesis; however, suitable catalysts are essential to boost kinetics
of water oxidation reaction and enhance efficiency in overall
schemes. In this perspective, we have demonstrated the
possibility of utilizing cobalt-oxide-based catalysts for water
oxidation reaction and applications in electrochemical, photo-
chemical, and photoelectrochemcial approaches are discussed
separately. Although a great deal of work has been conducted,
there is still room for further improvement.

Key factors such as composition, nanostructure, and support
materials are playing important roles on the overall activity of
the catalysts. In the case of nanocrystals, shape and exposed
crystal planes can have a considerable effect on the catalytic
performance due to the different surface atom arrangement and
number of dangling bonds.'** Such investigation concerning
the OER activity could be interesting and helpful to material
design. Nanosize composite and alloy materials could also be
promising to further enhance the activity. Although materials in
this concept have been reported, they still lack nanostructure
optimization. Apart from oxides, nanostructured oxyhydroxides
and hydroxides of transition metals are also demonstrated to be
promising candidate for water oxidation. It has been recently
reported that nickel—iron oxyhydroxide and nickel hydroxide
exhibit superior electrocatalytic activity in basic condi-
tions.>***'**1*7 Considering the possible phase transformation
of cobalt species under bias and the positive effect that the
other metal doping may offer, it is of great interest to conduct

dx.doi.org/10.1021/cs500713d | ACS Catal. 2014, 4, 3701-3714



ACS Catalysis

study focusing on the synthesis and catalytic activity of
nanostructured cobalt-based (oxy)-hydroxide, in which hydro-
thermal synthesis pathway may play a critical role.

In terms of ordered mesoporous materials, the pore system,
pore volume, and surface curvature of catalysts can be further
tailored by synthesis strategy. For example, Co;0, in 1D, 2D,
and 3D nanostructures can be easily prepared through the
nanocasting approach by utilizing different silica templates.
Morphologies with high aspect ratio such as 1D ordered
nanowire arrays could be used to overcome the poor hole-
transport properties and related slow surface reaction kinetics.
The domain size and porosity can be further tuned by the
amount of precursor applied in the synthesis. Design and
development of novel mesostructured binary and ternary
composite oxides might be motivating as well. These factors
may have an effect on catalyst performance. Moreover, the rigid
framework provided by ordered mesoporous oxides can serve
as a platform for further surface modification or phase
transformation. This makes it more convenient to survey the
activity of a variety of catalysts.

For photoelectrochemical water splitting, apart from
extending the absorption band of the semiconductor and
reducing electron—hole recombination by material engineering,
the integration of cocatalyst with photocatalyst is also a critical
aspect. Discovery of more efficient WOCs could have the
possibility to protect narrow band gap photocatalysts, such as
oxynitrides or oxysulfides, from photocorrosion and achieve
overall water splitting. It is also extremely significant to
engineer interactions between cocatalysts and semiconductors
for higher efficiency and performance. Studies based on binary/
ternary transition metal oxides and their combination with high
surface area mesostructured semiconductor materials is in
process in our research group.
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