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DO 10.1039/X0XX00000x reaction (OER) is a prodigious challenge for the rapid growth of global energy demand.

Herein, an active catalyst composed of porous graphene and cobalt oxide (PGE-CoO) has been
www.rsc.org/ synthesized, demonstrating high porosity, large specific surface area and fast charge transport
kinetics. The catalyst also exhibits excellent electrochemical performance towards OER with a
low onset potential and high catalytic current density. The enhanced catalytic activity could be
ascribed to porous structure, high electroactive surface area and strong chemical coupling
between graphene and CoO nanoparticles. Moreover, this OER catalyst also shows good

stability in the alkaline solution. The high performance and strong durability suggest that the

porous structured composite is favorable and promising for water splitting.

Introduction

The electrochemical or photoelectrochemical splitting of water
is an efficient solution for the current energy demands.'™
However, water splitting is mainly hindered by the sluggish
kinetics of oxygen evolution reaction (OER).*® The major
challenge for OER is to develop catalysts with high efficiency,
low overpotential, as well as long-term stability. At present,
precious metal oxides or complexes of ruthenium (Ru) and
Iridium (Ir) are the most active catalysts towards OER,
achieving high electrochemical performance.®® However, the
scarcity and prohibitive cost of these noble metals impede them
to be used on large scale. Therefore, it is important to develop
new highly active catalysts for oxygen evolution, especially
those composed of earth-abundant and inexpensive materials.
Recently, electrode materials based on transition metal or
their composites, such as cobalt,!" nickel'*"” and
manganese, ®'7 have attracted extensive attentions. Among
them, cobalt-based materials, such as cobalt oxides (CoO,
C03O4),18'20 substituted cobaltites M,Co,O4 (M = Ni, Fe, or
rare-earth cations),?'** and cobalt phosphate (Co3(PO,),),>>%’
have been investigated due to their high performances.
Particularly, cobalt oxides are the most preferable because of
facile preparation and high activity. However, further
improving the performance of cobalt oxides is plagued by the
inherently low electrical conductivity and the intense causticity
in alkaline solution. Therefore, the structure and electrical
conductivity should be considered when developing catalysts
with high catalytic performance and good stability. Recently,
cobalt oxides have been studied by depositing on different
substrates, such as Au,?® nickel foam,? or a series of carbon
materials.’®** These substrates can not only improve the
conductivity, but also avoid the agglomeration of cobalt oxides
particles so that the activity of the composite could be

This journal is © The Royal Society of Chemistry 2013

enhanced. Bell and coworkers developed gold-supported cobalt
oxide, showing higher turnover frequency of 40 times
compared to that of the bulk one.?® Chen’s group reported 3D
crumpled graphene-cobalt oxide nanohybrids as a high
performance bi-functional electrocatalyst.>® These results have
illustrated that suitable substrate could efficiently enhance
catalytic activity.

Porous carbon materials have garnered extensive interests
because of their attractive properties such as ordered pores,
large pore volume and good conductivity.*** The porous
structure could efficiently prevent graphene sheets from
restacking and further provide a significantly enhanced specific
surface area.’® In addition, the porous structure, especially
mesoporous and macoporous structure, can facilitate electrolyte
diffusion.'*” These properties make porous graphene as an ideal
matrix for improving the catalytic activity of embedded
electrocatalysts.

Herein, we developed an active catalyst, CoO nanoparticles
wrapped by porous graphene sheets. The porous graphene was
prepared by using 1D silica nanorods as the template. The
results indicate that ultrafine CoO nanoparticles were uniformly
dispersed and wrapped by porous graphene, which could
efficiently avoid the corrosion during electrochemical test. The
homogenous distribution of particles and porous structure of
graphene enable the efficient utilization of catalysts, which
could be used as an active non-precious metal material for
oxygen evolution.

Experimental

Material synthesis

Synthesis of porous graphene catalysts (PGE): 1D silica
nanorods were used as the template to synthesize PGE. The 1D
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silica nanorods were prepared according to a previous
literature, using F127 and CTAB (hexadecyl trimethyl
ammonium bromide) as binary templates in alkaline aqueous
solutions at room temperature.*® Typically, a solution formed
by F127 (0.123 g), H,O (3.5 mL), CTAB (12.5 mL, 0.04 M),
and aqueous ammonia solution (15 mL, 2.5 wt %) and then
TEOS (tetracthyl orthosilicate, 0.6 mL) was added under
stirring. After stirring for 2 mins, the mixture was kept for 3 h
at room temperature, resulting in the formation of a white
suspension. After that, the resultant suspension (~ 20 ml) was
dialyzed for 48 h and then diluted to 40 ml with deionized
water. Concentrated HCl (10 ml, 10 M), DMDMS
(dimethoxydimethylsilane, 0.5 ml) and Pluronic F108 (0.50 g)
were added into the diluted suspension. The reaction was
allowed to continue for another 48 h and then neutralized by the
ammonium hydroxide solution (25 wt %). Graphene oxide
(GO, obtained by oxidation and exfoliation of the natrual
graphite) suspension (120 ml, 1.0 mg ml™") was mixed with the
neutralized solution and the mixture was left to stir for 12 h at
room temperature. Then, the solid precipitate was obtained by
centrifugation at 4500 r min"' and dried at 50 °C in vaccum
oven. The dried precipitate was calcined at 900 °C for 5 h under
the inert atmosphere. The final product (PGE) was achieved by
washing with NaOH solution (2 M) twice to remove the
template.

Synthesis of PGE-CoO catalyst: An ethanolic solution (20
mL) of cobalt nitrate (Co(NO;),-6H,0, 40 mg) was constantly
stirred for 24 h at room temperature with 30 mg of PGE.*® The
resultant product was separated by filtration and dried at room
temperature. The dried sample was then heat treated at 600 °C
for 2 h in inert atmosphere to obtain the final product, PGE-
CoO.

Synthesis of the comparision catalysts: Non-porous
graphene-CoO (GE-CoO) was synthesized by the same method
by replacing PGE with GE and the pure CoO was prepared
without PGE.

Structural Characterization

The morphology of the as prepared materials was characterized
by field emission scanning electron microscopy (FESEM, Zeiss
Supra 55VP) and transmission electron microscopy (TEM,
Model JEM-2011, JEOL). Element mapping was performed
with Zeiss Evo SEM. X-ray diffraction (XRD) patterns were
recorded by Siemens D5000 using Cu Ko radiation with a
scanning step of 0.02° per second. X-Ray Photoelectron
Spectroscopy (XPS) was performed on ESCALAB250Xi
(Thermo Scientific, UK) equipped with mono-chromated Al K
alpha (energy 1486.68 eV). The Brunauer—-Emmett—Teller
(BET) surface area of the obtained materials was calculated by
experimental points at a relative pressure of P/P, = 0.05-0.25.
The percentage of CoO nanoparticles in PGE-CoO composite
was analyzed using a TGA/differential thermal analysis (DTA)
analyzer (TA Instruments, SDT 2960 module, New Castle, DE,
USA) at a heating rate of 10 °C min™' from room temperature to
800 °C in air atmosphere.

Electrochemical Measurements

All electrochemical measurements were performed in a
standard three electrode glass cell on an electrochemical
workstation (CHI 660E) with platinum wire as the counter
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electrode and Ag/AgCl (1 M KCl) as the reference electrode.
The potentials reported here were quoted against the reversible
hydrogen electrode (RHE) according to Nernst equation Egyg =
Eagagar T 0.059xpH + 0.2224. The working electrode was
prepared by depositing the target materials on the glassy carbon
(GC) electrode with a diameter of 3 mm. 4 mg of the material
was dispersed in 1 ml solvent (1:1 v/v water/isopropanol) by
ultrasonication, followed by 80 xl Nafion (5 wt %) was added
to obtain a homogeneous ink. The catalyst ink (10 ul) was
loaded onto the GC electrode and then dried at room
temperature. Linear sweep voltammetry (LSV) was conducted
in KOH solution (selected concentration) at a scan rate of 10
mV s™'. The polarization curves were all corrected by 95% iR
compensation and turnover frequency (TOF) was calculated by
the equation of TOF=ng,/nc,=(Q/4F)/nc, (F is the faraday
constant, 96485 C mol™). Electrical impedance spectroscopy
(EIS) was recorded under the following condition: ac voltage
amplitude 5 mV, frequency ranges from 10° to 0.01 Hz, and
open circuit or selected overpotential. Cyclic voltammetry
measurements were conducted from -0.12 to -0.04 V (vs.
Ag/AgCl) without faradaic processes at different scan rates (1
to 20 mV s™).

Results and discussion

CH: modified
silica nanorods

1,
o8 T
L)

le

Self-assembly in aqueous solution

graphene oxide (GO)

GOsilica nanorod composite
nanosheets

assembly

—

calcination Jf silica etching

CoO
functionalisation

PGE-CoO porous graphene

Scheme 1. Schematic illustration for the synthesis procedure of
PGE-CoO materials.

Graphene with highly porous structure was synthesized by a
hard template method, which is effective for achieving porous
graphene with controlled pore size. Scheme 1 displays the
schematic illustration for the synthesis route of the PGE-CoO
hybrid. The 1D silica nanorods with a size about 200 nm wide
and 400 nm long were first prepared by the well-known Stober
method (see Fig. S1) and then functionalized with surface
methyl groups. Subsequently, GOi/silica composites were
formed by mixing silica nanorods and GO nanosheet
suspension together. The as-prepared composites were then
calcinated in the inert atmosphere to reduce GO into PGE. The
final products PGE-CoO were obtained by heating the mixture
of PGE and cobalt precursor.

The SEM image of PGE in Fig. 1a depicts the highly porous
architecture with nanorod-shape pores. The structure and size
of the pore are consistent with the particle shape of the silica
nanorod templates. The BET results in Fig. S2a reveal that PGE
has a surface area of 417 m? g and a large pore volume of 1.69
cm® g'. The low magnification SEM image of PGE-CoO
composite in Fig. S3 show that the material maintains the
structure of porous graphene. Fig. 1b shows the high

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 The cnharacterizatinlof ﬁlire PGE and PGE-CoO ybrid:
(a) SEM image of PGE, (b) high magnification SEM image of
PGE-Co0O, (c, d) TEM images of PGE-CoO.

magnification SEM image of PGE-CoO composite. PGE and
CoO particles are co-assembled into a well-organized hybrid.
Moreover, highly distributed and ultrafine CoO nanoparticles
were wrapped by porous graphene, which could efficiently
avoid aggregation and corrosion of CoO particles. TEM images
in Fig. lc, d not only show the uniform distribution and good
crystalline structure of CoO nanoparticles, but also confirm the
wrapped structure. The uniform distribution of CoO particles
on porous graphene was also proved by element mapping,
which shows homogeneous distribution of C, Co, O elements
inside PGE-CoO composite (see Fig. S4). The SEM images of
pure CoO and GE-CoO are shown in Figure S5. The pure CoO
particles highly aggregated together, while GE-CoO displayed a
relatively uniform distribution of CoO particles on graphene
surface. The nitrogen sorption isotherm of PGE-CoO hybrid
shows a surface area of 254 m> g and a pore volume of 1.35
cm® g!, which are much higher than those of GE-CoO (32 m?
g, 0.14 cm® g (see Fig. S2b, c).
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Fig. 2 (a) XRD patterns of PGE-CoO and PGE, high-resolution
spectra XPS (b) Co 2p, (c) O 1s, (d) thermogravimetric analysis
in air of PGE-CoO.
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Fig. 2a shows the wide-angle XRD patterns of the PGE and
PGE-CoO composite. The diffraction peak around 25° could be
assigned to graphene (002) for both PGE and PGE-CoO. After
loading CoO nanoparticles into PGE, two broad weak
diffraction peaks appeared in the XRD pattern, which can be
indexed to the (111) and (200) crystal planes of the cubic CoO
(PDF No. 43-1004). XPS measurements were carried out on
PGE-CoO to further investigate the composition and determine
the surface electronic state. The high-resolution Co 2p spectrum
exhibits two prominent peaks at 797.6 and 781.4 eV,
corresponding to the Co 2p;,, and Co 2p;,, spin-orbit peaks of
CoO (Fig. 2b). The peak O at 531.5 eV corresponds to the
dominant O 1s feature in CoO (Fig. 2¢).>**° The TGA curve of
PGE-CoO is presented in Fig. 2d, from which the content of
CoO can be determined to be 16.8 wt %.
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Fig. 3 Electrochemical performance of the OER catalysts: (a)
polarization curves for PGE-CoO, GE-CoO, CoO and PGE on
GC celectrodes in 0.1 M KOH. (b) Tafel curves of PGE-CoO,
GE-CoO and CoO in 0.1 M KOH. (c¢) electrochemical
capacitance measurements: cyclic voltammograms (CV) were
performed in 0.1 M KOH solution in a potential window
without faradaic processes. (d) scan rate dependence of the
average capacitive currents at -0.08 V vs Ag/AgCl for PGE-
CoO and GE-CoO.

The OER catalytic properties were investigated in a three-
electrode system in 0.1 M KOH solution by LSVs.
Comparative studies were performed on GE-CoO, CoO and
PGE with the same loading. The PGE-CoO hybrid shows a
high activity with a small onset potential of 504 mV (vs.
Ag/AgCl, determined by Chen’s method, Fig. 3a),*' which is
more negative than that of other samples, GE-CoO (560 mV)
and CoO (570 mV). Moreover, the high activities can also be
derived by the comparison of current density of the samples,
especially for the current density of 10 mA cm™. The PGE-CoO
composite achieved a current density of /=10 mA cm™ at the
overpotential of 348 mV, which is even comparable to that of
previously reported noble metal catalysts,”® and higher than
many other Co-based materials (366 mV for NG-CoSe, and
390 mV for Co;0,/CNT) at the same conditions.’** On the
contrary, both CoO (510 mV) and GE-CoO (438 mV) exhibit
much lower OER activities in terms of the same current
density.

TOF could be calculated by the proportion of the CoO in the
hybrid obtained from the TGA result and the current density.
We achieved a high TOF of 1.37 s referring to per Co atom
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for PGE-CoO hybrid at the overpotential of 400 mV (GE-CoO
0.38 s and CoO 0.045 s™) in 0.1 M KOH. This value is the
lower limits for turnover frequency, assuming that deposited
materials were all involved in the electrochemical reaction. The
TOF of PGE-CoO is also much higher than that of other
previously reported Co based materials.'*°

The Tafel plots were derived from the LSVs, which are
usually used to evaluate the efficiency of the catalytic reaction.
The linear regions were fitted to the Tafel equation (7 = b
log(j/jy), where 7 is the overpotential, b is the Tafel slope, j is
the current density, and j, is the exchange current density). The
PGE-CoO composite exhibits a Tafel slope of 79 mV dec™
(Fig. 3b), which is much smaller than that of GE-CoO (192 mV
dec™) and CoO (354 mV dec™"). The small Tafel slope and high
current density of PGE-CoO catalyst could be ascribed to the
fast charge transport kinetics of the porous graphene and the
strong interaction between PGE and CoO particles. This theory
can also be confirmed by the EIS results under the condition of
open circuit (see Fig. S6). The samples displayed the similar
trend with both of the semi-circles and the slopes. This
indicated the similar mass transport properties and the reaction
mechanism. However, PGE-CoO hybrid shows much lower
impedance compared to GE-CoO and CoO, which contributes
to the high catalytic activities.

The electrochemically active surface areas for PGE-CoO and
GE-CoO were estimated from the electrochemical double-layer
capacitance of the catalytic surface.**** Representative plots for
the determination of PGE-CoO and GE-CoO surface areas are
shown in Fig. 3c, d and S7, respectively. Cyclic voltammetry
measurements were conducted in a region of -0.12 ~ -0.04 V
(vs. Ag/AgCl), where the currents are mainly attributed to the
charging of the double layer. The capacitance of PGE-CoO is
14.29 mF cm?, while the capacitance of GE-CoO is only 1.62
mF cm™. The measured active surface areas is not an absolute
value, however, it could serve as a guide for the comparison of
surface roughness for the similar materials. The results are in
good agreement with that of the BET results (PGE-CoO, 254
m? g' and GE-CoO, 32 m* g'). The larger specific surface
areas and active surface areas play an important role on the
high performance of PGE-CoO towards OER.

EIS at various overpotentials was measured to further
investigate the interface reaction and electrode kinetics of PGE-
CoO hybrid towards OER in 0.1 M KOH solution. The
representative Nyquist and Bode plots are presented in Fig. 4.
The analogous plot profiles at different overpotentials suggest
the similar electrochemical mechanism towards OER. The
PGE-CoO hybrid electrode displays two semicircles in the
Nyquist plots at the selected overpotentials, which reveals the
presence of two time constants: high-frequency time constant
and low-frequency time constant.***® The semicircle at high-
frequency is attributed to the porous structure of the modified
electrode and it displays constant properties over the different
overpotentials; While the other one at low-frequency is related
to process of electrochemical reaction at the interface. The
Bode plots also display the same trend of two time constants.
The superior electrocatalytic performance of PGE-CoO hybrid
could be explained by the observation of the lower charge
transfer resistance (R.) and higher interfacial capacitances
during the reaction process (derived from the fitted data of low
frequency) (see Fig. S8). R is related to the kinetics of
electrocatalysis, and a lower value represents a fast reaction
rate, which is strongly reliant on the overpotential. In this
system, R decreased from 1145 Q at 500 mV (vs. Ag/AgCl) to
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Fig. 4 (a) Nyquist and (b) Bode plots for the PGE-CoO hybrid
modified GC electrode recorded at various OER overpotentials
in 0.1 M KOH.

54.7 Q at 600 mV. Furthermore, PGE-CoO displayed high
constant phase element (CPE) during the test, varying from
13.25 mF cm? to 6.97 mF cm™ and the decreased value of CPE
may be ascribed to the bubbles blocking the active sites of the
electrode materials during the test. The low charge transfer
resistance and high interfacial capacitances during the test are
mainly attributed to the superior conductivity of porous
graphene and large specific surface area, which further
illustrated the high electrocatalytic performance of PGE-CoO
hybrid towards OER.
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Fig. 5 The stability of PGE-CoO and GE-CoO modified
electrodes before and after LSV testing for 1000 cycles.

Besides the high catalytic activities, the good stability
towards OER is also important for energy conversion system.
The stability of the materials was measured for 1000 cycles.
The PGE-CoO hybrid showed excellent durability in 0.1 M

This journal is © The Royal Society of Chemistry 2012
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alkaline solution. Even after long time cycles, PGE-CoO
electrocatalyst still remained a similar polarization curve to that
in the initial cycle (Fig. 5), which should be ascribed to the
unique wrapped structure and synergistic effects between CoO
and flexible porous graphene. However, the stability of GE-
CoO modified GC electrode was not as good as that of the
PGE-CoO. After 1000 cycles, the anodic current density of the
GE-CoO electrode was reduced by about 20% (from 21.3 mA
cm™? to 16.9 mA cm™ at 0.8 V, vs. Ag/AgCl). In addition, the
ex-situ SEM also confirmed that the morphology of PGE-CoO
is well maintained, however, the particles of GE-CoO all
aggregated together after the stability test (see Fig. S9). This
further demonstrates the advantage of the wrapped structure of
PGE-CoO composite, in which CoO particles are well confined
by the porous graphene, which could not only prevent
aggregation, but also protect CoO particles from corrosion, and
therefore enhance the stability.
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Fig. 6 (a) Polarization curves for PGE-CoO in various KOH

concentrations. (b) current densities at 0.7 V vs. Ag/AgCl for

PGE-CoO in solutions with various KOH concentrations.

12.0 125

The excellent catalytic activity and durability indicate that
PGE-CoO is an efficient OER catalyst, which could be
attributed to the porous, wrapped structure and the strong
chemical and electronic coupling between graphene and CoO.
Normally, there are three intermediate steps in the oxygen
evolution process. These include the adsorption of water onto
electrode surface, splitting water into molecular oxygen and
oxygen evolution. The porous structure of graphene can
provide large specific surface areas for water adsorption and
also play an important role for cobalt precursor to form the
deposition of the active center (CoO particles). The porous
structure could efficiently suppress the agglomeration of CoO
particles and further expose much more active sites to oxidise
OH" to oxygen, which could accelerate the reaction process.
This study also illustrates that electrolyte concentration (OH") is
also an important parameter for electrochemical reactions.
Electrochemical catalysis using PGE-CoO catalyst was

This journal is © The Royal Society of Chemistry 2012
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conducted in a series of KOH solutions with different pH. The
results are presented in Fig. 6. It was found that the oxidative
catalytic activity gradually decreases with the lowering of
alkaline concentration (from pH = 14, 224.89 mA cm™ to pH =
12, 14.89 mA cm™ at 0.7 V, vs. Ag/AgCl). Moreover, the high
conductivity of graphene can offer fast charge transport
between the material and the electrode. The porous structure
plays an important role of access by water to “inner” catalytic
layers in electrocatalytic reaction. The fast diffusional mass
transport to the particles further confirms the efficient
utilization of the catalyst. The wrapped structure is also
attractive because it could not only enhance their interface
contact, but also efficiently avoid the corrosion of CoO
particles during the test and further enhance the stability.
Finally, the synergetic effect between PGE and CoO is also an
important factor for the enhanced catalytic activity and high
durability.

Conclusions

In conclusion, we devised a noble-metal free electrocatalytic
material for efficient oxygen evolution. The material consists of
a well-organized structure, in which the CoO nanoparticles are
well wrapped by porous graphene. The highly porous structure
and the excellent chemical and electronic coupling between the
composite material lead to the superior OER activity with a low
overpotential and high catalytic current density. Furthermore,
PGE-CoO also exhibited good stability in alkaline solution,
indicating the wrapped structure could efficiently prevent the
corrosion of CoO nanoparticles. PGE-CoO could be a
promising electrocatalyst for oxygen evolution reaction.
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We devised CoO nanoparticles wrapped by porous graphene (PGE-CoO) as a noble-metal
free electrocatalytic material for efficient oxygen evolution. The highly porous structure and
excellent chemical and electronic coupling between the composite material lead to the

superior OER activity and good stability.
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