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Abstract

A facile hydrothermal route has been developed to prepare graphene-CoszO,
nanocomposite. The graphene-Cos0, nanocomposite catalyst demonstrates an
excellent catalytic activity toward oxygen reduction reaction including a much more
positive half-wave potential (-0.23V) than the pristine graphene (-0.39V) as well as
higher cathodic currents. Importantly, this catalyst shows a better long-term durability
than the commercial Pt/C catalyst in an akaline solution. The preliminary results
indicate that the graphene-CosO,4 nanocomposite is an efficient and stable bifunctiona
catalyst for a Li-air battery. It may be as an alternative to the high-cost commercial
Pt/C catalyst for the ORR/OER in akaline solutions.

Keywords: Graphene, Co304, nanocomposite, oxygen-reduction reaction,

synergistic effects
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1. Introduction

The oxygen reduction reaction (ORR) is an important process in the energy
conversion and storage, such as, fuel cells*? and metal-air batteries*®. For proton
exchange membrane (PEM) fuel cells, high cost of Pt cathode and its poor durability
are still main obstacles that hinder its commercial development. Among various
metal-air batteries, lithium (Li)-air batteries possess the highest theoretical
gravimetric energy density (11 140 Wh kg™) if oxygen is accessed directly from the
air.”> However, for the rechargeable Li-air battery, besides the challenges of cost,
another issue that has to be addressed in the current technology is the limitations of
ORR during discharging process and oxygen evolution reaction (OER) during
charging process. The sluggish kinetics of the ORR and OER in Li-air batteries is
ascribed to the low efficiency of catalysts.*> The performance of the Li-air batteries
can be drastically improved by incorporating an efficient catalyst to achieve higher
discharge voltage, lower charge voltage and rate performance.® Therefore, the design
of a low-cost and stable bifunctional electrocatalyst is a major challenge to the
construction of efficient Li-air batteries.

The cathode catalysts normally used to catalyze the air reactions are carbon black
or carbon loaded with a noble metal > Oxidation of a carbon support in Li-air batteries
should be paid more attention as that in the PEM fuel cell. Many spinel cobaltite
oxides have been investigated as electrocatalysts for the ORR or OER.”® Bruce et al.
reported a screening of many catalysts that could be used in facilitating the
electrochemical properties of the O, electrode in a non-aqueous Li-O, cell.® Among
the various oxide catalysts studied, CozO, gives the best compromise between initial
capacity and capacity retention as well as the lowest charging voltage of 4V. Recently,
we demonstrated the perovskite SrogsCep0sC003.5 loaded with copper nanoparticles
on their surface are shown to be excellent, low-cost, and stable bifunctional catalysts
for oxygen-reduction and oxygen-evolution reactions in an aqueous solution.®> Dai et
al. reported a hybrid material consisting of CosO, nanocrystals grown on reduced
graphene oxide as a high-performance bi-functional catalyst for the ORR and OER.™
Yang et al. demonstrated the influence of morphology on the bifunctionality of porous
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Cos;04 microspheres for the Li-air batteries.* Among carbon materials, graphene, a
two-dimensional aromatic monolayer of sp>hybridized carbon atoms, has become a
promising candidate for the ORR catalysis due to its high conductivity and excellent
mechanical properties, which are greatly favorable for the harsh ORR process.™*?
Recently, the bifunctional composite catalysts of CosO4 nanofibers immobilized on
nonoxidized graphene nanoflakes have been demonstrated in Li-O, batteries by Ryu
et al..®* The mechanism of CosO4/graphene catalytic activity in Li-O, batteries with
carbonate based electrolytes has been studied by Lim et al..** To our knowledge, there
are no reports on the systematic studies on ORR and OER properties of graphene
(G)-Co30,4 nanocomposite as well as its applications as a bifunctional catalyst for
Li-air batteries so far. Herein, we report highly active and stable graphene (G)-Co304
nanocomposite electrocatalysts synthesized via a facile hydrothermal route and
subsequent thermal treatment process. The catalytic properties toward ORR and OER
were investigated by means of cyclic voltammetry (CV) and linear sweep
voltammograms (LSVs). As a bifunctional catalyst, a round-trip electric-energy

storage efficiency of 76.5% for the graphene-CosO, catalysts was observed in an

aqueous Li-air cell.

2. Experimental
Materials synthesis. Graphene sheets used in this work were purchased from

Nanjing XFNano Material Tech Co., Ltd, and their diameter and thickness are in the
range of 0.5-2 um and 0.8 nm, respectively. The oxygen content in the greaphene is
about 7wt%. The synthesized processes of graphene is described below. Typically,
graphite oxide (GO) was prepared from natural graphite through a modified Hummers
method."® The GO was thermally treated at a high temperature under N, flow, and
then was reduced at 1200 °C under H, atmosphere.® To prepare graphene-cobalt
oxide/cobalt composites, a hydrothermal method was used as reported previously.” In
a typical synthesis, 0.2g of Co(NOs3),.6H,0 was dissolved in 7ml of distilled water
under magnetic stirring. 0.005 g of graphene was dispersed in the solution under
ultrasonic conditions. Then 28 ml of 28-30% concentrated ammonia was slowly

added. After sonication for 10 min, the mixture was transferred into a Teflon-lined
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stainless steel autoclave with a capacity of 50 ml for hydrothermal treatment at 100°C
for 8h. As the autoclave cooled to room temperature naturally, the precipitates were
separated by centrifugation, washed with distilled water and absolute ethanol, then
dried under vacuum. Thus, graphene-Co3O, nanocomposite was obtained by
annealing at 150 °C for 30 min under Ar gas flow. After annealing at 270°C for 1 h
under Ar/H, (10vol%) gas flow, graphene-Co nanocomposite was obtained.

Characterizations. XRD analyses were performed on a X’ Pert Pro diffractometer
with Cu Ko radiation (k:1.54A). Scanning electron microscopy (SEM) was

performed on a scanning electron microscope (JEOL-JSM-6700F). High resolution
scanning transmission electron microscopy (STEM) and electron energy loss
spectroscopy (EELS) measurements were carried out on FElI Tecnai-F20 TEM
operated at 200 kV.

Electrochemical measurements. A saturated calomel electrode (SCE) was used as
the reference electrode in all measurements. Cyclic voltammetry (CV) and linear
sweep voltammograms (LSVs) were conducted in a three-electrode electrochemical
cell with aPt plate (10x10x0.3 mm) and a glassy carbon (GC, ¢ =5 mm) electrode as
the counter electrode and the working electrode, respectively. The Pt/C (Hispec 3000,
Alfa Aesar-A Johnson Matthey Company), cobalt(ll,lll) oxide (CosO4 Strem
Chemicals, Inc.), the pristine graphene, graphene-Co and graphene-Coz0O, catalysts
were dispersed into 1.0 mg mL™ suspension with 0.05 wt% ethanol mixed with
Nafion solution, respectively. Then 10 pl or 20 pl of the above suspensions were
transferred onto the polished GC electrode substrates, respectively. The prepared
electrodes were solidified for 0.5 hours at ambient before testing. Electrochemical
measurements were performed by CV with VMP3 (Bio-Logic SA) and rotating disk
electrode (RDE, M636, Pine Research Instrumentation). The scan rates were 100 mV
st for CV and 10 mV s’ for ORR and OER measurements, respectively. All the
potentialsin LSV and CV measurements are relative to SCE.

The agueous Li-air battery was assembled as that previously described.® The air
catalytic electrode included a catalyst layer and a gas-diffusion layer. Teflon-treated
carbon paper (Fuel Cell Sore, Inc.,, 200 um in thickness) was used as the gas
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diffusion layer. Catalyst ink solutions were prepared by mixing the catalyst (80 wt.%)
with ionomer (Tokuyama A4, 20wt.%) as a binder and tetrahydrofuran (Acros
Organics) as a solvent in an ultrasonic bath for 1 h. The ink solution was sprayed onto
one side of the Teflon-treated carbon paper. The area of the air electrode was 4 cm?,
and the mass loading of the catalyst sample was ~1.25 mg with a thickness of
approximately 10 um. The assembled Li-air battery was exposed to ambient air and
connected to the testing station. A Solartron 1470 cell tester was employed to perform

the charge and discharge tests at different current densities.

3. Resultsand Discussion

The crystallinity and purity of the as-synthesized samples were investigated by
X-ray powder diffraction (XRD). Fig. la shows a typical XRD pattern of the
graphene-Coz0,4 nanocomposite prepared under Ar atmosphere. In the XRD pattern,
all diffraction peaks can be indexed to a cubic phase Cos0O, (JCPDS 43-1003). An
additional small and broad diffraction peak that appears at 26 of 22.5-27.5° can be
indexed to the disordered graphene sheets. It indicates that the composite consists of
the well-crystallized CozO,4 and the disorderedly stacked graphene sheets. After the
graphene-Coz04 composite is annealed at 270°C for 1 h under Ar/H; gas flow, the
graphene-Co nanocomposite is obtained. Fig. 1b shows a typical XRD pattern that
consists of the mixture of hexagonal phase cobalt (JCPDS 05-0727) and face-centered
cubic phase cobalt (JCPDS 89-4307). It implies that the CozO,4 in the composite is
transformed into the metallic cobalt after the thermal treatment in Ar/H; gas flow. In
addition, a weak diffraction hump at 26 of 20-30 assigned to the graphene is still
present in the pattern, suggesting that the nanocomposite consists of graphene and

cobalt.
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Fig. 1 XRD patterns of (a) the product synthesized under Ar atmosphere and (b) the
product synthesized under H,-Ar atmosphere.

The size and morphology of the products were examined by SEM and TEM
measurements. Low-magnification SEM and TEM images show that CozO4 and Co
nanoparticles are well dispersed on the surface of the graphene sheets. Fig. 2b and 3b
show annular dark-field (ADF) scanning transmission electron microscopy (STEM)
images of the as-prepared graphene-CozO,4 prepared under Ar and Ho-Ar atmosphere,
respectively. It displays that the CosO, particles have a diameter of about 200 nm and
consist of many smaller NPs, forming a porous structure as shown in Fig. 2c.
However, the Co nanoparticles have a similar size but with a solid structure (Fig. 3c).
It indicates that the calcination atmosphere plays an import role in the morphology of
the resultant products. Both the excellent conductivity property of the graphene and
the excellent catalytic properties of CozO4 as well as its porous characteristic are
expected to have favorable functions for ORR and OER.*®#%

To further clarify the chemical composition of the samples obtained under different
atmosphere, the electron energy loss spectroscopy (EELS) analysis is aso shown in
Fig. 2d and 3d. It reveals the characteristic Co and O-shell ionization edges. These
results further clearly indicate that nanoparticles on the graphene prepared under Ar

and Hx-Ar atmosphere are CozO,4 and Co, respectively.
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graphene-Cos0O, prepared under Ar atmosphere, (d) The corresponding EELS analysis

taken at the nanoparticle.

400 nm
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Fig. 3 (a) SEM, (b) ADF-STEM, and (c) TEM images of the as-prepared graphene-Co
prepared under Ho-Ar atmosphere, (d) The corresponding EEL S analysis taken at the

nanoparticle.

The ORR catalytic activities of the graphene-Cos;0O, composites prepared under
different atmosphere were studied by the rotating disk electrode (RDE) in the
O,-saturated 0.1M KOH solution and compared with those of the commercia Pt/C,
commercia Coz0O4 and the pristine graphene catalysts. Fig. 4a shows the cyclic
voltammetry (CV) curves of the pristine graphene, commercia CosO, and the
graphene-CosO, composite in O, or Ar-saturated 0.1 M KOH solution. There are
apparent cathodic peak in O,-saturated 0.1 M KOH solution, which are ascribed to the
electrocatalytic oxygen reduction on the electrode. For fuel cells and meta air
batteries, an oxygen cathode with a high working potential leads to sufficiently high
energy conversion efficiency. Therefore, it is important to compare the potential of
oxygen reduction for different catalysts.”*?® A better catalyst is characterized by a
higher induced current density at a given applied potential or a more positive ORR
onset potential. As shown in Fig. 4a, the graphene-CozO, composite shows a much
positive ORR peak potentia (~ -0.23V) than the pristine graphene and shows higher
cathodic currents. Fig. 4b clearly shows the onset potential of the graphene-CozO,
composite (~ -0.11 V), which is higher than the pristine graphene (~ -0.21 V) and the
commercia CozO4 (~ -0.31 V). Alternatively, the half-wave potential, a potential at



Page 9 of 21

Journal of Materials Chemistry A

which the current is a half of the limiting current in aL SV curve, has al'so been widely
used for this purpose.’® As can be seen from Fig. 4b, the current density of the
graphene-CosO, composite at the half-wave potential is 2.34 mA cm, which is about
2.41 and 2.21 times of that of the commercial CosO4 (0.97 mA cm™®) and the pristine
graphene (1.06 mA cm®), respectively. Fig. S1b shows the ORR polarization curves
obtained at a rotation rate of 1600 rpm. Both the positive potential and higher current
density suggests there is a synergetic effect in the CozO4-graphene catalysis for the
ORR.
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Fig. 4 Electrochemica ORR catalytic performance on different catalysts. (a) CV
curves of the CozO4-graphene composite, the commercial CosO4 and the pristine
graphene on glassy carbon electrodes in O,-saturated (solid line) or Ar-saturated 0.1M
KOH (dash line) with a scan rate of 100 mV s*, (b) ORR polarization curves of
different catalysts at a scan rate of 10 mV s* and a rotation speed of 1600 rpm in
O,-saturated 0.IM KOH solution. Catalyst loading was 0.102 mg cm? for all
catalysts.

To gain more insight into the ORR process on the various catalysts, linear sweep
voltammograms on a RDE were recorded at different rotating speeds from 400 rpm to
3600 rpm in 0.1M KOH electrolyte saturated with O,. It can be seen that the limiting
current density increases with increasing rotation rate (Fig. 5a and 5c). The

corresponding Koutecky-Levich (K-L) plots (Fig. 5b and 5d) show the inverse current
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(i) as a function of the inverse of the square root of the rotation speed (v %) at
different potential values. For comparison, Fig. S2b shows the K-L plots of the
commercial Pt/C catalyst. The linearity of the K-L plots and near parallelism of the
fitting lines at different potentials from -0.4V to -0.9V suggests first-order reaction
kinetics toward the concentration of dissolved O, on various catalysts.'® The number
of electrons involved per O, in the ORR on various catalysts was determined by the
K outecky-L evich equation:™°

1 1 1

J Jk Bl 2 1
where j is the kinetic current and w is the angular velocity, and B is determined from
the slope of the K-L plots based on the Levich equation as follows.

B=0.62nFCo: (D, )2 (2)

where n represents the number of electrons transferred per oxygen molecule (O,), F is
the Faraday constant (96485 C mol™), Do, is the diffusion coefficient of O, in 0.1M

C

KOH (1.9x10° cm?s™), v is the kinetic viscosity (0.01 cm?s™), and “°:is the bulk

concentration of O, (1.2x10° mol cm®).*? The eectron transfer number (n) in
Equation (2) for the commercia Pt/C, graphene-Cos0,4, and graphene-Co can be
determined from the slopes of the K-L plots at -0.6V to be about 4, 3.47 and 3.64,
respectively. The calculated electron transfer numbers for the graphene-CosO,, and
graphene-Co are comparable to those graphene based catalysts.**?*%* It indicates the
ORR on the graphene-Co3;0./Co catalysts favor afour electrons process.
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Fig. 5 LSVsat different rotating speeds and K-L plots of different catalysts at various
potentials tested in O,-saturated 0.1M KOH: (a,b) the graphene-Cos0, catayst, (c,d)
the graphene-Co catalyst.

Long-term stability of catalysts is an important parameter for their applications.
To examine and compare the durability of the Pt/C and graphene-Coz0./Co prepared
under different atmosphere, cyclic voltammetries were performed at a scan rate of 100
mV s* under ambient condition. As shown in Fig. 6a, the solid lines and dash lines
correspond to the 1% and the 3000™ scanning, respectively. After the 1% and the 3000"
CV scanning, the LSV curves of different catalysts were also recorded at a scan rate
of 10 mV s and a rotation speed of 1600 rpm in O,-saturated 0.1IM KOH solution,
shown in Fig. 6b, 6¢, 6d, respectively. It can be seen clearly that the current densities
were decreased with the scanning time increasing. Thus, the degradation rate was
calculated by the following Equation.

Loss of current density % = (jigs—jaooom) jis (3

where jigand jsooorn are the current density in the 1% and the 3000™ LSV scanning at
-0.2 V, respectively. The losses of current densities of the Pt/C, graphene-CozO,,
graphene-Co catalysts were determined to be 48.8%, 46.5% and 50.6%, respectively.
Therefore, the graphene-CosO, shows a better long-term stability than the PUY/C
catalyst in alkaline solution. It is usually believed that the electrochemical corrosion
of the carbon support is one of the most critical issues that affect the durability of the
Pt/C catalyst.”* These results indicate that graphene-based composites have better

11
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corrosion-resistant performance in alkaline solution.
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Fig. 6 Comparison of the long-term stability of the Pt/C, graphene-CozO, and
graphene-Co prepared under different atmosphere: (a) cyclic voltammetries were
scanned at a scan rate of 100 mV s* under ambient condition; (b-d) LSV curves of
different catalysts recorded at a scan rate of 10 mV s and a rotation speed of 1600
rpm in Oy-saturated 0.1M KOH solution.

To study the electrocatalytic activity of the catalysts for OER, LSV was performed
with the pristine graphene, the commercial CozO4and the graphene-CosO,4loaded on
the glassy carbon electrodes measured in an Ar-saturated 0.1 M KOH solution with a
scan rate of 10 mV s*. As shown in Fig. 7a, the graphene-CosOs, the pristine
graphene, the commercial CosO, catalysts result in a current density of 1.5 mA cm’ at
a potential of 0.65V, 0.69 V and 0.73V, respectively. Tafel plots of LSVs are derived
and shown in Fig. 7b, from which small Tafel slopes down to 67.8, 69.1 and 71.4 mV

12
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per decade were found for the graphene-CozOy4, the pristine graphene, the commercial
Co304 catalysts, respectively. Similar to that of ORR, the graphene-CozO, aso shows
a synergetic effect for OER considering a decreased overpotential and a smaller Tafel

slope.
(a)" (b)n,su
Graphene = Graphene
».«‘; —Co0,0, 0.75 « Co,0, /
2 9 Graphene-Co O, =) + Graphene-Co,0, o
] : ! < o
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2 4 > L
S e |l et -
= = 065 . u
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Fig. 7 () Oxygen evolution currents of the pristine graphene, the commercial CozO4
and the graphene-Co3z0,40n glassy carbon electrodes measured in an Ar-saturated 0.1
M KOH solution with a scan rate of 10 mV s™. (b) Tafel plots of OER currentsin Fig.
(a). Catalyst loading was 0.051 mg cm for all the three catalysts.

For a rechargeable Li-air battery, a bifunctional electrocatalyst is required for
simultaneously catalyzing ORR and OER reactions. In this work, we further examine
the potential application of the graphene-CozO, catalyst in the rechargeable Li-air
battery. The catalyst was tested in a cell with hybrid electrolytes as previousy
described in the reference.® The first discharge and charge curves of the cell with the
graphene-Cos0O, catalyst were compared with those tested with Vulcan XC-72 and
state-of-the-art 50% Pt/carbon-black catalyst, as shown in Fig. 8a. The discharge
voltage of the cells with the graphene-Cosz0, catalyst is lower than that of the 50%
Pt/carbon-black catalyst, but higher than that of the Vulcan XC-72 at the rate of 80
mA g™. It is obvious that the charge voltage of cells with the graphene-CosO; catalyst
is lower than that of the Vulcan XC-72. It means that the graphene-Coz0, catalyst is
more effective for OER.

The difference between discharge and charge voltages (AV) as marked in Fig. 8afor

13
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the Vulcan XC-72, the commercial CozO, powder, the graphene-Coz0O4 and 50%Pt/C
catalysts are 1.43V, 1.65 V, 0.97V and 0.68V, respectively, at the current rate of 80
mA g . The round-trip efficiency (the ratio of discharge to charge voltage) is 76.5%
for the cell with the graphene-Coz0O, catalyst. This valueislower than that of the 50%
Pt/C catalyst (83.0%), but higher than those of the Vulcan XC-72 (67.6%) and the
commercia Coz0,4 powder (63.8%). The discharge voltage of the commercial CozO4
powder in micro meter size (Aldrich) is lower than that of the graphene-Co30,, and
the charge voltage is much higher (Fig. 8a). In addition, the graphene-Cos0O, is also
operated well at high current rates (Fig. 8b). Fig. 8c shows the charge/discharge
curves at a current density of 160 mA g™ It clearly indicates that the cell can be
reversibly charged/discharged and the graphene-CozO, catalyst has a good cycle
performance. It was reported in recent literatures that Li-O, batteries tested with pure
oxygen exhibited an improved cycle performance with a larger capacity.* However,
the electrochemical performances of the cell was sharply degraded when tested under
air atmosphere due to complex reactions arising from CO, and H,O in air as well as
the clog effect of the discharged product Li,O, in the porous electrode. In contrast to
Li-O, batteries, our cell was exposed to air atmosphere during cycling of the cell,
which was designed to test real air as the cathode for Li-air battery. Although the
recent Li-O, batteries with non-aqueous electrolyte showed a relatively large capacity
at the first cycle, they quickly degradaded with cycling even tested under pure oxygen
atmosphere.®*** |t is worth pointing out that there is alimitation arising from the solid
electrolyte plate used for cell testing. The commercial solid electrolyte that is
commonly used in an aqueous Li-air battery is Liiix+yAlxTi2xSiyP3yO12 (OHARA Inc.,
Japan). This solid electrolyte has been known to be unstable in akali liquid
electrolytes for a long period time (>100 h), which will eventually affect the cell
voltage and cycle life.*® Thus, the cycle test in thiswork was performed with a limited
discharge-charge depth of 200 mAh/g and a the current rate of 160 mA/g.
Considering the higher round-trip efficiency and excellent long-term stability as well
as lower cost compared with noble metal catalysts, the graphene-CozO, materia is a
promising bifunctional catalyst for the Li-air battery.
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Fig. 8 (&) Comparison of the first charge and discharge curves of the prepared Li-air
batteries with various catalysts at a current density of 80 mA g*, (b) comparison of
discharge voltage as a function of current densities at different current densities
between Vulcan XC-72 and the graphene-Cos0, catalyst, () the discharge-charge
curves of the prepared Li-air batteries with the graphene-CozO, catalyst at a current
density of 160 mA g™ at different cycles. Catalyst loading was 1.25 mg.

4. Conclusion

In summary, we have successfully prepared the graphene-Cos;O4 nanocomposite via
a combined hydrothermal method and subsequent thermal treatment process. The
obtained graphene-CozO4 nanocomposite catalyst shows efficient and stable ORR and
OER catalytic activities. Importantly, this catalyst shows a better long-term durability
than the commercial Pt/C catalyst in an alkaine solution. It may be as an alternative

to the commercia Pt/C catalyst for the ORR/OER in alkaline solutions. The improved
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performance of the graphene-Coz;O, nanocomposite catalyst can be ascribed to the
synergetic effect of Coz;O4 and graphene. We believe that the present synthetic
strategy can be extended to develop other 3D oxide/metal-graphene composites for

various applications, such as batteries, supercapacitors and sensors.
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