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A three-dimensional (3D) graphene-Cos;0,4 electrode was prepared through a two-step method
DOL: 10.1039/x0xx00000x in which graphene was initially deposited on a Ni foam with Co3;0,4 then grown on the resulting
www.rse.org/ graphene structure. Cross-linked Co;04 nanosheets with an open pore structure were fully and
vertically distributed through the graphene skeleton. The free-standing and binder-free
monolithic electrode was used directly as a cathode in a Li-O, battery. This composite
structure exhibited enhanced performance with a specific capacity of 2453 mAh g™’ at 0.1 mA
cm™ and 62 stable cycles with 583 mAh g (1000 mAh geupon'). The excellent electrochemical

performance is associated with the unique architecture and superior catalytic activity of the 3D

electrode.

Introduction

With increasing demand for high-energy-density storage
systems, Li-O, batteries have triggered worldwide and strong
interest as novel and superior rechargeable batteries. Li-O,
batteries can deliver substantially higher energy density
(~11700 Wh kg') when compared with other chemical
batteries, such as conventional Li-ion batteries.!”
Abandoning the requirements for certain chemicals inside the
cell and allowing lithium to react directly with O, from the
air at a porous electrode increases the capacity remarkably.
However, Li-O, batteries are still in their developmental
infancy and at present the energy density of such Li-O,
batteries fails to reach the theoretical value in practical
applications. Other limitations of this complex system, such
as poor cyclability and low round-trip efficiency, still need to
be studied in detail.*® Among all the factors that strongly
influence the capacity and the cycle efficiency, the catalyst
used is considered by many to be key.'*"?

Previous studies have suggested that the use of active
catalysts could accelerate the generally sluggish kinetics of
the oxygen reduction reaction (ORR) during discharging and
the oxygen evolution reaction (OER) during charging.'*"> A
great deal of effort has therefore been devoted to exploring
the design and synthesis of efficient catalysts for Li-O,
batteries, including noble metals,'®!” carbon materials!®?!
and transition metal oxides.”>>® Bruce et al. reported that a
dissolved catalyst, tetrathiafulvalene (TTF), also considered
as redox mediator, delivered complete reversibility of Li,O,
formation/decomposition for 100 cycles, and the charge
voltage is less than 3.5 V.2® Their work provides a distinctive
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method to improve the performance of Li-O, cell, but it does
not upgrade immobilized catalyst essentially.

Among the various oxide catalysts studied, Co;O,4 has been
considered to be a promising electroactive material with great
potential in view of its low cost, high redox activity, and
environmental friendliness. For example Bruce ef al. showed
that Co3;0, exhibited the best combination between a high
first discharge capacity and capacity retention on cycling.?’
Previously reported Co3;04-based electrodes for Li-O,
batteries have been produced by traditional slurry-coating
technology.?®?’ Using this method the catalyst may not be
dispersed uniformly on the support and using organic binders
is thought to promote degradation of the Li-O, battery as a
result of binder-related side-effects.’® Wang er al. presented a
binder-free Ru/TiSi, electrode system using gas phase
preparation method, and the cathode permits Li—O,
operations for over 100 cycles with average round-trip
efficiencies >70%. However, taking into account the high
cost of the noble metal, inexpensive alternatives have to be
considered.’' Therefore, novel and binder-free -electrodes,
which result in electroactive Co;04 being in direct and better
electric contact with substrates are highly desirable to avoid
aforementioned problems that plague electrochemical
performance. To date several researches have focused on
designing binder-free electrodes for Li-O, batteries and these
have been shown to yield high -capacities and cycle
performance.’*>*

In addition to the use of catalyst promoters it is also known
that graphene presents great promise in the development of
new systems due to its extraordinary electronic conductivity,
and ultra large specific surface area. 43¢ Many approaches
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have been explored to fabricate graphene-based

nanocomposites  for 37-40

energy-related  applications.
Compared with chemically reduced graphene oxide
(rGO),*"** the chemical vapour deposition (CVD)-
synthesized graphene foams are seamlessly continuous and
highly conductive due to the low fraction of surface
defects. >

In this work, we report the fabrication of a binder-free air
electrode consisting of a three-dimensional (3D) graphene-
Co0504 structure using a two-step method. Firstly, 3D
graphene was deposited on a Ni foam by CVD. Subsequently
Co30,4 nanosheets were grown on the graphene through a
hydrothermal reaction. To the best of our knowledge, this is
the first study reporting a 3D graphene-Co;0, electrode with
this approach for Li-O, batteries. Fig. 1 illustrates the overall
fabrication process of the composite electrode. This obtained
3D graphene-Co3;0,4 could be directly used as the O, cathode,
and demonstrates enhanced performance in a Li-O, battery.

As a free-standing monolithic electrode without any
polymer binder, this approach holds many tailored
advantages: (1) Co304 assembled by uniform and cross-
linked nanosheets grows directly on graphene, which inherits
the interconnected 3D scaffold of the Ni foam thus favouring
oxygen transport and electrolyte penetration; (2) Compared
with conventional paste coating methods the direct contact,
without the need for a binder, of Co;04 nanosheets with the
highly conductive graphene could facilitate continuous and
high electron transfer flux throughout the cathode; (3) The
open macropores between the Co3;0, nanosheets offers
sufficient channels and abundant catalytic sites.

.
Bl 3D graphene-Co:04 Coi0a |,

3D graphene-Co304

Fig. 1 Schematic of the synthetic procedure used to obtain the 3D
graphene-Co3;04 nanocomposite.

Experimental

Synthesis of 3D Graphene

Ni foam (320 g m™ with a thickness of 1.2 mm) was cut
into pieces of 12 mm radius and cleaned in 3M HCI solution,
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ethanol and then deionized water for 15 min, respectively.
The treated Ni foam was then placed in the centre of a quartz
tube, followed by heating to 1000 °C within 3 hours in a
horizontal tube furnace under Ar (200 s.c.c.m.) and H, (40
s.c.c.m.) after which it was held at 1000 °C for 10 min in
order to clean the surface. Ethanol was then introduced into
the tube under the Ar/H, flow and atmospheric pressure at
1000 °C to grow graphene on the Ni foam skeleton. After
reaction for 10 min, the furnace was quickly cooled to room
temperature at a cooling rate of >200 °C/min while still under
the Ar/H, atmosphere by quickly removing it from the hot-
zone of the furnace. The loading of graphene was measured
by micro-balance with an accuracy of 0.01 mg. The weight of
graphene on each Ni foam was around 0.7 mg.

Synthesis of Co;0,4 nanosheets on 3D graphene

Herein we employed an ammonia-evaporation-induced
method to facilitate the growth of the Co;0, catalyst on the
3D graphene structure. 30 mmol Co(NOs),"6H,O and 10
mmol (NH4),SO,4 were dissolved in 70 mL of H,O, then 45
mL of ammonia solution was slowly added with vigorous
magnetic stirring. The mixture, after being magnetically
stirred for another 10 min, was transferred to an incompletely
covered glass bottle. The 3D grapheme electrode was
immersed in the reaction solution with growth of the Co;0,
occurring at 90 °C for 3 h, 6 h and 9 h. The electrode was
then removed, washed with distilled water repeatedly and
dried at 60 °C for 2h. This was followed by calcination at 300
°C for 3 h under Ar. On average, approximately 0.4 mg, 0.5
mg and 0.7 mg of Co;0,4 nanosheets were grown on each 3D
graphene electrode, corresponding to different time of 3 h, 6
h and 9 h for growing Co30,, respectively.

Characterisation

The morphology was characterised using a scanning
electron microscope (SEM, QUANTA FEG 250) and high
resolution transmission electron microscope (HRTEM, JEOL
JEM 2010). The obtained products were characterized by X-
ray diffraction (XRD, Rigaku Ultima IV, Cu Ka radiation,
40KV, 40 mA). X-ray photoelectron spectroscopy (XPS) was
carried out on Physical Electronics 5400 ESCA. The specific
surface area and pore size distribution were determined by N,
adsorption-desorption measurements (Quantachrome
Instrument ASIQMOVHO002-5). Raman was also performed
on a Renishaw RM 2000 using a 633 nm laser.

Electrochemical measurements

The 2025-type coin cells were assembled in an argon-filled
glove box (MBRAUN, H,0< 0.5 ppm, O,< 0.5 ppm). Cell
pans were machine drilled with 7 x @ 1.0 mm holes in an
evenly distributed pattern for oxygen access. Free-standing
3D graphene-Co3;0,4 and 3D graphene served as the cathode
directly while pure lithium metal was used as the anode, a
glass filter (Whatman grade GF/D) was employed as a
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separator and 1 M LiCF;SOj; in tetraethylene glycol dimethyl
ether (TEGDME) was used as the electrolyte. The
galvanostatic discharge-charge measurements were
performed on battery test system (LAND CT2001A) between
2.0 and 4.3 V (vs. Li"/Li) at different rates at room
temperature. The specific capacity was calculated based on
the total amount of graphene and Co;0, if not specified.
Cyclic voltammetry (CV) experiments were conducted at a
scan rate of 0.1 mV s between 2.0 and 4.5 V vs. Li"/Li on a
CHI 660D (Shanghai Chenhua Instrument). Electrochemical
impedance spectroscopy (EIS) was performed on a
PARSTAT 2273 at a frequency range from 100 kHz to 10
mHz with an AC voltage amplitude of 5 mV.

Fig. 2 SEM images of (a) initial Ni foam; (b, ¢) 3D graphene at
different magnifications; (d, e, f) 3D graphene-Co;0; at different
magnifications. The hybrid electrode was prepared with 6 h
growing time of C0304.

Results and discussion

The microstructure of the Ni foam, 3D graphene and 3D
graphene-Co3;0, were examined using scanning electron
microscopy (SEM). A porous Ni foam, with an
interconnected 3D scaffold (Fig. 2a), was used as a template
for the growth of graphene. Graphene was coated on the
surface of the Ni foam by the CVD (Fig. 2b and 2c¢). The
images indicate that wrinkles and ripples were clearly formed
on the graphene films, which are attributed here to the
different thermal expansion coefficients of nickel and
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graphene.** Following hydrothermal treatment, the graphene
skeleton is almost fully and uniformly covered by the
network of Co;0, nanosheets (Fig. 2d). It is likely that the
wrinkles and ripples result in better mechanical interlocking
and consequently improved adhesion, which ensures the
formation of a free-standing structure and favourable low-
resistance pathway for electron transfer. The different
growing time of Co;0, nanosheets affect the morphology and
thickness of product (Fig. S1). For the 3D graphene-Co;0,
composite, the growing Co3;0, sheets for 6 h are
interconnected with each other, exhibiting an open pore
structure, as shown in Fig. 2e. The cross section of Co3;04
layer is revealed in Fig. 2f, indicating that the thickness of
Co0304 on the substrates is about 150 nm. The Co30,
nanosheets vertically aligned to the graphene not only
possesses good conductivities due to the shortest pathway in
the through-thickness direction, but can facilitate oxygen and
electrolyte transportation efficiently. In addition, the
electrode without the need for binder can exclude several
binder-related side-effects.*

The transmission electron microscopy (TEM) image shows
that numerous mesopores with sizes about 5-10 nm are
distributed in the nanosheets which are composed of plentiful
interconnected nanoparticles (Fig. 3a). High-resolution TEM
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Fig. 3 (a) TEM and (b) HRTEM images of 3D graphene-Co;O4 (c)
N, adsorption-desorption isotherms, and inset is the pore-size
distribution of 3D graphene-Co3;0;4 electrode (d) Raman spectra of
3D graphene and 3D graphene-Co3;0, composite (¢) XRD pattern of
C0304. (f) Co 2p XPS spectra of 3D graphene-Co30, composite. The
hybrid electrode was prepared with 6 h growing time of C030,.
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Fig.4 (a) CV curves between 2.0 and 4.5 V at 0.1 mV s (b)
Discharge-charge curves at a current density of 0.1 mA cm™ for a
Li-O, battery with a 3D graphene electrode and a 3D graphene-
Co030; electrode (c) the rate performance of Li-O, batteries with
3D graphene-Co;0;4 electrode. The hybrid electrode was prepared
with 6 h growing time of C030,.

(HRTEM) images confirm that the Co;O,4 nanocrystals have a
good crystalline structure (Fig. 3b). It is revealed that the
lattice spacings of Co;0,4 nanocrystals are 0.24 and 0.47 nm,
which match well with the lattice spacings of the (311) planes
and (111) planes, respectively. The electrode was further
characterized by using N, adsorption-desorption experiments.
The Brunauer-Emmett-Teller (BET) surface area of the 3D
graphene-Co3;0, electrode with different growing time was
recorded in Table S1. The electrode with 6 h growing time
exhibited the maximum specific surface area, estimated to be
72.05 m® g, corresponding to the maximum active sites
apparently(Fig. 3c). The pore-size-distribution curve in the
inset shows that the pores in the hybrid electrode are mainly
mesoporous with a range of 3-10 nm, which is in good
agreement with the TEM result. Such structures may be

4 | J. Mater. Chem. A, 2014, 00, 1-6

attributed to the ammonia-evaporation-induced method and
the subsequent calcination process.*’

Raman spectra of the 3D graphene and 3D graphene-
Co304 composite demonstrate the existence of both excellent
graphene and well-crystallized Co;0,. Fig. 3d shows that the
characteristic G band at ~1575 cm™ and the 2D band at
~2740 cm™ from graphene were observed. High quality
graphene results in an unconspicuous D band at ~1350 cm™,
which is the characteristic peak of the C-C lattice
imperfection.*> Furthermore, five characteristic peaks from
Co;0, located at 189, 471, 514, 606 and 678 cm’
correspond, respectively, to 3 F2 g, 1 Eg, and 1 A1 g Raman
active modes of the Co;0, nanocrystals.’®>! The evidence of
Co30, is also provided by X- ray diffraction (XRD) and X-
ray photoelectron spectroscopy (XPS). In the XRD patterns
(Fig. 3e), seven obvious diffraction peaks, coincide with the
(111), (220), (311), (400), (422), (511), and (440) planes in
the standard Co;04 spectrum (JCPDS 43-1003). The Co 2P
XPS spectrum shows two major peaks with binding energies
at 779.8 and 795.0 eV (Fig. 3f), corresponding to Co 2P3/2
and Co 2P1/2, respectively, with a spin-energy separation of
15.2 eV, which is characteristic of a Co;04 phase,** further
confirming that the cobalt exists in the Co;0,4 form.

The electrocatalytic activity of the 3D graphene-Co;0,
electrode was investigated by Cyclic Voltammetry (CV) (Fig.
4a). Compared with the 3D graphene electrode without
Co0304 (2.7 V), the 3D graphene-Co50, electrode exhibits a
higher ORR onset potential (~3.1 V), which implies a lower
ORR kinetic overpotential. However, it is noticed that the
peak current of the 3D graphene electrode is slightly higher
than that of the 3D graphene-Co;0, electrode. This may be
related to the fact that the conductivity of 3D graphene
electrode is superior on account of the absence of poorly
conductive metal oxides. During anodic scans (> 3 V), the
decomposition voltage of discharge products starts earlier and
the current density is much more considerable for the 3D
graphene-Co30,4. These findings indicate that the 3D
graphene-Co;0,4 electrode is obviously more efficient at
catalysing the discharge products than the 3D graphene
electrode.

In Fig. 4b, the first galvanostatic charge-discharge profile
for 3D graphene-Co3;0, is compared to basic 3D graphene at
a current density of 0.1 mA cm™. The battery with the 3D
graphene-Co;0,4 cathode exhibits a higher discharge capacity
i.e. 2453 mAh g compared with 1535.7 mAh g for the 3D
graphene. Another important point is that the hybrid electrode
exhibits a discharge plateau between 2.5-2.8 V, about 200
mV higher than that of the electrode without Co;04, and
moreover, the charge overpotential was reduced by 350mV.
The variation of charging potential with and without Co30, is
more obvious compared with the difference of the discharge
voltage, probably because the discharge voltage is closer to
the thermodynamic potential (2.96 V). Another possible
reason is that mechanism of the charging process depends
more on the nature of the catalyst.’” Obviously, the higher
catalytic activity of graphene-Co;O, hybrid relative to

This journal is © The Royal Society of Chemistry 2014
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graphene should be responsible for the enlarged capacity and
low polarization of 3D graphene-Co030,.

Fig. 4c shows the discharge-charge curves of Li-O, cells
with 3D graphene-Co;O, cathodes at different current
densities. The specific capacity decreases with the
progressively increasing current from 0.1 mA cm™ to 1.0 mA
cm™. Remarkably, the discharge capacity at a high current
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Fig.5 (a) Voltage profiles and cycle performance of Li-O, batteries
with 3D graphene-Co;0;4 electrode, (b)Cycle performance of Li-O,
batteries with 3D graphene electrode and with 3D graphene-Co3;04
electrode, (c) Electrochemical impedance spectra of Li-O, batteries
with 3D graphene-Co;0; electrode, (d) Li 1s XPS of the 3D
graphene-Co3;0, electrode after discharge-charge processes. The
hybrid electrode was prepared with 6 h growing time of Co3O..
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density of 0.5 mA cm?™ can still reach 743 mAh g'. It is
noticed that the two-step characteristic was obviously
observed at 0.1 and 0.2 mA cm™, which should be closely
related to the hierarchical porous structures.”® The
macropores in sizes of hundreds of nanometers are
distributed throughout the network of Co3;04 nanosheets
while the mesopores of sizes in the range 3-10 nm exist in the
flakes as suggested by the pore distribution curves. The
varied overpotentials in discharge processes can result from
different O, diffusion rates, which are in turn related to the
different pore size of macropores and mesopores.

Following the capacity-limited cycle approach and to avoid
a large depth of discharge, Fig. 5a displays the voltage
profiles and cyclic performance of the Li-O, battery with a
3D graphene-Co3;0, cathode at a current density of 0.1 mA
cm™ and with the capacity limited to 583 mAh g™ (1000 mAh
Zearbon ). After 62 cycles the cut-off discharge voltage is still
above 2.0V, showing the enhanced stability of Li-O, cells
with the 3D graphene-Co;0,4 cathode while the battery with
3D graphene electrode barely delivers 28 stable cycles even
with the capacity cutoff of 500 mAh g'. One possible factor
for this improved cycling performance is the electrode
structure i.e. the intrinsically unblocked pores of the Ni foam
cathode are conducive to free oxygen transport and allow
easy electrolyte penetration. Another possible reason is that
distinctive porous structure consisting of Co;0O4 nanosheets
grown on 3D graphene conductive channels can
accommodate and degrade the insoluble discharge product
efficiently, which is supported by the electrochemical
impedance spectra (EIS) discussed below.

EIS at different discharge-charge stages were measured to
get insight into the electrochemical performance of the 3D
graphene-Co3;0, electrode (Fig. 5c). Compared with the
initial electrode, the impedance of the cell increases
dramatically after the first discharge. This is attributed to the
discharge products generated in the cathode being poorly
conductive. Fortunately, there is no distinct addition in the
impedance values after first charge, which demonstrates that
insulated discharge products are nearly completely
decomposed. XPS measurement results on the products after
discharge-charge further supported this reasoning, also
identified discharge products on the electrode. The Li,O,
(55.2 eV) can be detected after 1st discharge in Fig. 5d while
the peak corresponding to Li,O, apparently disappeared after
charge. However, after the 5th and 10th discharge, a small
amount of Li,CO; was generated (Fig. S2). It might be from
the electrolyte decomposition.'' Probably due to the negative
impact of Li,CO;, Li,O, was not completely degraded after
the 5th and 10th charge. It is speculated that accumulation of
Li,COj3 and incomplete decomposition of Li,O, may lead to
the weakened performance of Li-O, batteries with repeated
cycles. The design of electrolyte and air electrode system that
avoid efficiently accumulation of Li,COj; is expected to guide
further Li-O, battery development.
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Conclusions

In summary, we have designed a 3D graphene-Cos;0,
electrode through a two-step method that deposits graphene
onto Ni foam on which are grown Co3;0,4 nanosheets. This
binder-free and freestanding electrode not only inherits the
unblocked porous structure of Ni foam, but also possesses
uniform Co3;0, nanosheets interconnected with each other.
The unique 3D structure and superior catalytic activity
facilitates O, and electrolyte transport in the inner electrode
products.
prepared
electrode presents enhanced electrochemical performance

and efficiently decomposes discharge

Electrochemical evaluation reveals that the
with enlarged specific capacity and reduced overpotential
compared with electrodes merely using a 3D graphene grown
onto Ni foam. The Li-O, battery delivers a specific capacity
of 2453 mAh g at 0.1 mA cm™ and demonstrates 62 stable
cycles with 583 mAh g' (1000 mAh gepon'). As an
attractive alternative method, the synthesis strategy described
here may be further extended in other energy-storage device

applications.
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