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To solve the energy crisis and environmental pollution problems, the
use of clean and renewable energy to replace fossil energy has
become a top priority. The oxygen evolution reaction (OER) is the
core of many renewable energy technologies. Developing low-cost
and high-performance OER electrocatalysts is the key to implement-
ing efficient energy conversion processes. Here, we synthesize
ordered mesoporous iron—cobalt oxides using a hard template strat-
egy. As a mesoporous oxide catalyst, meso-CoFeg 50, exhibits low
OER overpotentials of 280 and 373 mV at current densities of 10 and
100 mA cm2, respectively, and does not show deactivation for at
least 18 hours at 100 mA cm~2. The introduction of iron can change
the electronic structure of Co, and the orbital electrons are easily
transferred from cobalt to iron. The enhanced OER performance can
be attributed to concerted catalysis between the iron and cobalt sites
that lowers the OER energy barrier, and the large specific surface area
of the porous oxide providing efficient active sites for the reaction.

With the rapid consumption of fossil fuels, we are encounter-
ing an energy crisis, environmental pollution, and climate
change, which force us to develop efficient energy storage and
conversion techinques." The oxygen evolution reaction (OER) is
a key process in these technologies, which involves a multiple-
step electron transfer. A large reaction barrier will result in high
overpotentials and low energy utilization.? To date, noble metal
catalysts, such as iridium- and ruthenium-based materials,
have been widely used as OER catalysts, but their scarcity, high
cost, and poor charge-discharge stability have prevented their
large-scale commercial application.®> Therefore, in recent
years, more and more effort has been made to develop abun-
dant, efficient and durable non-noble metal electrocatalysts.®™®

The physical and chemical properties of transition metal
oxides vary with structure. Among them, cobalt-based catalysts,
such as spinel, perovskite, hydroxyl oxides, and layered hydroxides
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have been vigorously studied as OER electrocatalysts. Spinel type
cobalt-based metal oxides have attracted much attention because
of their multifunctional properties.” The spinel Co;0, contains
one Co(n) ion in the tetrahedron (Co®*-Td) and two Co(m) ions
in the octahedron (Co**-Oh), and exhibits excellent OER
properties.’® Although the Co*" ion is the active site for the
OER, the adjacent Co®>*-Oh can also promote OER kinetics."!
Nevertheless, only the adjacent surface Co;0, can be oxidized to
amorphous CoO,(OH), with a change from Co*'-Td to Co®'-Oh.

SBA-15 with P6mm symmetry is a mesoporous silica mole-
cular sieve, which can be used as a hard template to prepare
porous metal oxides. Metal oxides were usually prepared by wet
leaching with the assistance of hard templates.'> During the
calcination process, a slow heating rate is adopted to allow the
molten metal precursors to fully spread into the silica pores
and then decompose into the homologous metal oxides. After
removing the SBA-15 template, the obtained mesoporous
oxides usually have a large specific surface area.'* Calcination
temperature, silica pore size and precursor loading capacity will
determine the order degree and particle size of the mesoporous
structure. The introduction of iron into cobalt oxides can fine-
tune the electronic structure to facilitate the adsorption of
reactants. For instance, Chen et al. reported that iron ions at
octahedral sites interacting with cobalt at tetrahedral sites in
spinel structures promoted the OER."* Wang et al. synthesized
iron-doped o-Co(OH),, and found that the modified redox
characteristics made the OER more effective.”® In this work, a
new type of mesoporous Co-Fe oxide (meso-CoFe,O,, n repre-
sents the molar ratio of Fe/Co atoms) was synthesized by using
SBA-15 as the hard template, which shows high OER activity
and excellent stability under alkaline conditions.

The structure of the as-synthesized meso-CoFeO, was analyzed
using XRD. As shown in Fig. 1a, the diffraction angle of meso-
CoFe, 050, accurately matches the crystal planes of spinel Co;0,
(JCPDS No. 76-1802), indicating that the Fe ions are highly
dispersed in Co;0, and do not destroy the structure.'® From the
FT-IR spectra (Fig. 2b), the vibration peaks of the Si-O-Si bond in
the SBA-15 are centered at ca. 1086, 969, 801, and 461 cm™*, which
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Fig. 1 (a) XRD patterns of SBA-15 and meso-CoFeq 50y (b) FT-IR spectra
of meso-CoFeg os0,, meso-Coz0O4 and SBA-15. (c and d) N, adsorption—
desorption isotherms and pore size distributions of (c) SBA-15 and
(d) meso-CoFeq 50

are absent for meso-CoFe 50y, which confirms that the template
SBA-15 was removed after alkaline treatment. Moreover, there are
two new strong vibration peaks at ca. 661 and 562 cm ™' in meso-
CoFey 050y, which are slightly different from those of the Co-O
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Fig. 2 (a) SEM image and (b) TEM image of meso-CoFeg 50y. (c) SEM
image used in the EDS mapping, and (d-f) the corresponding EDS
mapping of the elements Fe, Co, and O.
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bond at 664 and 567 cm ™' due to the influence of Fe-doping."”
From the Raman patterns, the five peaks of meso-CoFe, ¢sO, are
obviously deflected from those of meso-Co;0, (Fig. S1, ESI}),
which suggests that the Fe ions were successfully immobilized
into the lattice of Co;0,."® Fig. 2c and d show the N, adsorption—
desorption isotherms and pore size distribution of SBA-15 and
meso-CoFe o505, both of which exhibit typical IV isotherms, which
indicates the presence of a mesoporous structure in the synthe-
sized meso-CoFeyo50,."> The BET specific surface area of
meso-CoFeq 050, is 76.6 m> g~', which is lower than that of
SBA-15 (553.5 m> g~ '). The pore size of meso-CoFe, ¢50y is mainly
centred at around 3.6 and 4.6 nm, and is smaller than that
(7.5 nm) of SBA-15.

The morphology of meso-CoFe, os0, was disclosed using
SEM and TEM. As displayed in Fig. 2a, a cellular structure
can be observed, indicating that meso-CoFej 50, possesses
mesopores. From Fig. 2b, the mesopores in meso-CoFe 50y
are clearly observable. The elemental composition and distri-
bution of meso-CoFe, 50, was measured using SEM-EDS, and
shows that Fe, Co and O are evenly distributed in the selected
area and that the Fe ions were successfully doped into the
framework of cobalt oxide. The element analysis revealed that
the Co/Fe ratio of meso-CoFe 50, is very close to 1:0.05. From
the HRTEM results, the crystal plane spacing of meso-
CoFe( 050, is ca. 0.253 nm, which is different from that of
cobalt oxide, and further testifies that iron ions were doped into
the lattice of cobalt oxide (Fig. S2, ESIT).

The elemental compositions and metal valences of meso-
CoFe 050, were studied using XPS. As demonstrated in Fig. 3,
the measured spectrum shows the presence of the elements Fe,
Co and O in meso-CoFe, ¢s0,. The high resolution Fe 2p;,, peak
can be deconvoluted into two peaks at binding energies of
710.9 eV and 713.1 eV, and indicates that Fe exists as Fe*" and
Fe** (Fig. 3b).?°?" In the Co 2p spectrum, the peak of Co 2ps,
and Co 2py, is located at 779.7 eV and 794.8 eV, respectively.
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Fig. 3 (a) XPS survey spectrum, and (b—d) high-resolution XPS spectra of
Fe 2p (b), Co 2p (c), and O 1s (d) of meso-CoFeg 5Oy.
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The high resolution Co 2p3/, peak can be deconvoluted into two
peaks at 779.6 and 781.0 eV, which correspond to Co**and Co*",
respectively (Fig. 3c).>>** The O 1s peak can be fitted into three
peaks at 529.3, 530.7 and 532.2 eV, which are due to M-O
(M = Fe and Co), defective oxygen sites and surface hydroxyl
groups, respectively (Fig. 3d).>**°

The OER performance of the as-prepared mesoporous
cobalt-iron oxides was assessed using LSV measurements in
1.0 M KOH. As exhibited in Fig. 4a, commercial Co;0, needs a
high overpotential (1119) of 386 mV to reach a current density of
10 mA cm 2. The OER activity can be improved by transforming
the bulk Co;0,4 to mesoporous Co;0,, and meso-Co;0, exhibits
an overpotential (1719) of 359 mV. The OER activity can be
immensely enhanced by introducing a small amount of Fe
ions. For example, meso-CoFe, ¢,0, exhibits an 7,, of 340 mV
(Fig. S3, ESIt). With an increasing Fe content, the OER activity
increases and reaches a maximum at an Fe/Co ratio of 0.05.
meso-CoFe, ¢sO, requires an overpotential of only 280 and
373 mV to achieve current densities of 10 and 100 mA cm 2
respectively, which surpasses or is comparable to most Fe/Co-
based electrocatalysts reported previously (Table S1, ESIT). A
further increase of the Fe content would lead to a decrease in
electrocatalytic activity. For instance, meso-CoFe 4750, and
meso-CoFe, ;O, require an 7, of 321 and 377 mV, respectively.
The excellent OER activity is further reflected by its small Tafel
slope value (68 mV dec™ ') (Fig. 4b), which indicates an OER
rate-determining step following the first electron transfer.>®
The doping of iron modifies the electronic property of Co,
and thus influences the redox ability (Fig. S4, ESIt).">*” The
introduction of iron can change the electronic state of Co, and
the orbital electrons are easily transferred from cobalt to iron.>®
Moreover, the valence state and e, electrons of Co*" can be
adjusted by introducing high spin state Fe*" into the octahedral
position since Fe** tends to occupy the octahedral site due to its
low formation energy. The formation of Fe**-0O will reduce the
lattice symmetry and split the d orbital of Co®*".?° The inter-
action between them leads to excellent OER catalytic activity.>®
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Fig. 4 (a) OER polarization curves. (b) Tafel plots. (c) Multi-current
electrochemical process of meso-CoFeg osO,. (d) Chronoamperometric
measurements.
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The electrochemical surface area (ECSA) can be used to
reveal the available electrocatalytically active sites for the
OER, which can be measured by comparing the capacitance
of the double layer (Cq)).?° As illustrated in Fig. $5-S7 (ESIt), the
ECSA of meso-CoFeq 050y is 32 m> g, and is larger than those
of commercial Co;0, (6 m> g~ ') and meso-Co;0,4 (10 m> g™ ),
which implies that more active sites are accessible in meso-
CoFeg 050,. The ECSA of meso-CoFe, 50, is also larger than
those of meso-CoFey,0, (17 m> g '), meso-CoFeg 50,
(19 m* g™ "), meso-CoFeg 4750, (25 m> g ') and meso-CoFeq 10,
(21 m*> g7 ") (Fig. S8-S11, ESI¥).

Electrochemical impedance spectroscopy (EIS) was used to
investigate the resistance involved in the system and the
dynamics for OER (Fig. S12, ESIf). The charge transfer resis-
tance (R.) of meso-CoFe, 5Oy is ca. 6.8 Q cm?, which is far
smaller than those of meso-Co;0, and commercial Co;0,, and
illustrates the advantageous OER kinetics of meso-CoFe o50y.
The OER energy barrier (AG) on meso-CoFe 50, is calculated
to be ca. 261 kJ mol ' according to eqn (1-4), which is far lower
than those on commercial Coz04 (385 kJ mol ") and meso-
C0304 (332 k] mol ™), which indicates that the introduction of a
small amount of Fe into the Co-based oxide system can
significantly lower the OER energy barrier due to concerted
catalysis between the Fe and Co sites.

(1-0)F(E~Ey)

J=Joxe RT (1)
—AG
k = Ae'RT (2)
AG = AGy, — (1 — o)nFE 3)
1
0]

Where J is the exchange current density, the Faraday constant
(F) is 96485 C mol ', the universal gas constant (R) is
8.314 ] mol ™!, T is the experimental temperature, the number
of electrons transferred (n) in the OER reaction is 4, « is the
Tafel slope, and £ is the reaction rate constant.

The stability of meso-CoFe, 050, was evaluated by loading it
onto a graphite sheet (Fig. 4c and d). meso-Fe, o5Co0, exhibits
excellent durability at different current densities (Fig. 4c). At a
high current density of 100 mA cm ™2, meso-Fe, 5C00, does not
show any deactivation after continuous operation for 18 hours
(Fig. 4d). The OER polarization curve of meso-CoFe, 50, after
the stability test is similar to the initial one, which indicates
excellent OER stability (Fig. S13, ESIT). The long-term stability
of meso-CoFe, 50, can be attributed to the spinel phase, which
has a variety of oxidation states and can provide faster ion
transport and charge transfer.’’ The introduction of iron
caused the d band centre of Co to move down, and further
increased the OER tolerance of meso-CoFe, 50,.>> The meso-
porous structure favours exposure of the catalytic active centre
to the electrolyte and promotes the release of oxygen, which
reduces the mass transfer resistance and thus improves the
OER activity. The electron interaction between iron and cobalt
can provide more active sites and promote water oxidation.®
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From the SEM and TEM images and the XRD pattern of meso-
CoFe, 050, after OER, the morphology and structure do not
change significantly, which further confirms the excellent
stability (Fig. S14 and S15, ESIT).

The chemical compositions and metal valences in meso-
CoFe, 050, after OER electrocatalysis were studied using XPS.
From Fig. S16 (ESIT), it can be seen that the relative amount of
Fe*'/Fe*" on the meso-CoFe, 5O, surface increases from 1.1:1
to 1.8:1 after OER electrocatalysis, and confirms that Fe>* was
partially oxidized to Fe*".** Meanwhile, some of the Co** was
also oxidized to the higher valence Co®" during the OER.*
Furthermore, the defective oxygen sites also increased during
OER electrocatalysis, which indicates that surface and/or lattice
oxygen species participated in the reaction.

To sum up, we have successfully synthesized mesoporous
cobalt-iron oxides using a hard template strategy. meso-
CoFeg 50, exhibited high OER activity (710 = 280 mV, and
100 = 373 mV) and outstanding stability at 100 mA cm™? in
alkaline aqueous solutions. Compared with commercial Co;0,
and meso-Co30,4, meso-CoFe, 050, showed a lower OER energy
barrier due to its large specific surface area, small charge
transfer resistance, and concerted catalysis of the Fe and Co
sites. This study offers a facile strategy for the synthesis of
mesoporous mixed oxide electrocatalysts for energy conversion
and storage devices.
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