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Graphic Abstract

Binder-free electrodes have been synthesized by coupling compressible graphene
aerogels with CoO nanostructures, which exhibit superior electrochemical
performance to conventional electrodes made of powders and binders in lithium-ion
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Compressible graphene aerogels (CGAs) supported CoO
nanostructures were synthesized via hydrothermal strategy.
Benefited from good mechanical stability, they can be directly
used as binder-free electrodes in lithium-ion batteries, which
exhibit superior electrochemical performance to conventional
electrodes made of powders and binders.

Lithium-ion batteries (LIBs) have become the predominant
power source for portable electronics for many years in virtue
of high energy density, long lifespan and environmental
benignity."* The continuously surging demand in large-scale
energy applications such as electric vehicles further boosts
great interests in developing high-performance electrode
materials that can store more energy efficiently. Among the
available alternatives, cobalt oxides (mainly CoO and Co3;0,)
have been regarded as very appealing substitute of conventional
graphite anodes because of the high capacity (716 mA h g™’ for
CoO and 892 mA h g! for Co;04) for lithium storage.>®
However, the reversible conversion reaction between lithium
ions and cobalt oxides adversely causes fast capacity fading due
to drastic volume change and severe destruction of the
electrode during cycling. The sluggish reaction kinetics and
poor conductivity of cobalt oxides also induces additional
performance degradation of the electrodes, especially at high
current rate.’

So far, enormous efforts have been devoted to improve the
electrochemical properties of cobalt oxides by engineering the
nanostructures with optimized particle size, shape and
composition.> ”'* However, suffering from low thermodynamic
stability, particulate nanostructures tend to self-aggregate
during deep cycling, resulting in severe electric isolation
between electrode components that inevitably reduces the
electrode conductivity. Auxiliary additives such as polymer
binders (e.g., polyvinylidene fluoride, PVDF) and conductive
agents (e.g., carbon black) have been used to enhance
mechanical stability and electronic conductivity of the
electrodes. But they adversely reduce battery performance with
undesirable inactive volume and side reaction during lithium
storage.'* Recently, the integrated electrodes, where the
nanostructures of active materials are conformably coated on or
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have been
15, 16

embedded into free-standing carbon matrix,
demonstrated with ultrafast power rate and long lifespan.
Successful integration of sturdy carbon support with well-
designed nanostructures not only improves the electrode
performance, but provides the battery with robust mechanical
flexibility and enhanced energy density, rendering this type of
electrodes very attractive for deformation-tolerant power
sources.

Graphene has been counted as very appealing carbon matrix
to support guest materials because of the good conductivity,
large surface area, high stability and unique 2D sheet-like
structure. However, individual graphene sheets usually tend to
restack as a result of strong n—= interactions and van der Waals
force between them, which reduces its operational properties
and processability. To overcome this problem, various
graphene aerogels (GAs) with rich porosity and large surface
area have been employed to support active materials for energy
storage.!”?° Unfortunately, the pristine GAs tends to collapse or
distortion under compression due to the fragile structure, which
hindered their application in binder-free electrode in LIBs.?*

Herein, we report the construction of high-performance
binder-free electrode by coupling CoO nanostructures with
robust highly compressible GAs (denoted as CGAs). By tuning
the surface characteristics of graphene, various CoO
nanostructures including the nanowires and urchin-like spheres
can be grown on CGAs to form free-standing, easy handling
macroassemblies. The excellent mechanical stability and
flexibility of CGAs, even after CoO loading, enables them to
withstand the electrode preparation and huge volume expansion
of the electrode during lithium insertion. Therefore, CoO/CGAs
macroassemblies can be directly used as binder-free electrodes
in LIBs, exhibiting stable capacity retention for 100 cycles with
high capacities and excellent high-rate capabilities. Such free-
standing electrodes avoid the use of auxiliary additives in the
electrode and heavy metal current collectors (e.g., Cu and Al
foils), thus enhancing the overall energy density of the batteries.
Their high compressibility may be further beneficial to the
volumetric energy density of the batteries.
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Fig. 1 (a) XRD patterns of CoO/p-CGAs, CoO/b-CGAs
macroassemblies and the powder of CoO nanostructure; (b)
FTIR spectra of GO, p-CGAs and b-CGAs macroassemblies.

The synthesis of CoO/CGAs electrodes involves two steps.
Polypyrrole functionalized CGAs (denoted as p-CGAs) are
firstly fabricated via hydrothermal self-assembly of graphene
oxide (GO) in the presence of pyrrole, followed by freeze
drying. The conjugated structure of pyrrole allows it easily
attach to GO surface by hydrogen boning or n—n interaction.
This feature not only prevents the self-stacking of resultant
reduced graphene oxide (rGO) sheets, but interlocks individual
rGO sheets together to form macroassemblies with high
mechanical strength and compressibility. Even after the
removal of chemical groups by annealing in N, flow, the robust
structure of CGAs can still be well maintained, leading to the
formation of CGAs with bare surface (denoted as b-CGAs). The
robust structure of both CGAs provides the feasibility for
loading CoO nanostructures by hydrolysis of cobalt salts and
subsequent thermal conversion. It eventually results in CoO/p-
CGAs and CoO/b-CGAs macroassemblies as binder-free
electrodes in LIBs.

The crystallographic structure and phase purity of CoO/p-
CGAs is determined by X-ray powder diffraction (XRD), as
shown in Fig. l1a. The broad peak appears at 26° can be ascribed
to (002) reflection of stacked graphene sheets.'® 2 The
formation of CoO is revealed by three pronounced peaks at
36.5°,42.5 °and 61.5 °, which can be assigned to the reflection
from (111), (200) and (220) planes of cubic CoO (JCPDS 42-
1300). No peaks from the impurities such as Co(OH), or Co30,
are identified. TGA analyses reveal that the loading amount of
CoO in CoO/p-CGAs and CoO/b-CGAs is ca. 51.6 wt. % and
52.7 wt. %, respectively (Fig. S1).

The surface properties of GO, p-CGAs and b-CGAs are
examined by Fourier transform infrared spectrometer (FTIR),
as shown in Fig. 1b. In the spectrum of GO, the absorption
peaks at 1723 cm ', 1380 cm™!, 1061 cm™ ! and 1615 cm ™' can
be ascribed to stretching vibrations of C=0, -OH, carbonyl C-O
bonds and C-C aromatic ring modes, respectively.® The broad
absorption peaks at 3000-3600 cm ' correspond to the O-H
stretching vibrations of hydroxyl groups on GO surface and
adsorbed water molecules. After the reaction with pyrrole, the
intensity of these peaks from oxygen-containing groups is
greatly suppressed, while new peaks arise at 1557 cm™, 1184
cm™, 780 cm™ and 963 cm™' that can be assigned to typical
polypyrrole ring vibrations and C-N stretching vibration for the
formation of polymerized pyrrole.””*® The presence of N atoms
has known to facilitate the chemical binding of metal atoms via
coordination to them with lone-pair electrons, thus providing
sufficient active site for the growth of CoO nanostructures.?® *°
After annealing at 800 °C, however, almost all the peaks from
chemical groups disappeared, leaving bare carbon surface with
poor material compatibility to foreign materials. Raman spectra
of GO, p-CGAs and b-CGAs is shown in Fig. S2, in which the
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intensity ratios between D-band and G-band (Ip/Ig) is used to
identify the structural variation of GO. The Ip/Ig value changes
from 0.90 to 0.99 for b-CGAs due to partially reduction of GO.
For p-CGAs, the Ip/lg value significantly increases to 1.07,
indicating that oxygen-containing groups in GO is effectively
removed and subsequently more defects are formed, which is
consistent with FTIR result.

Fig. 2 SEM images of (a) p-CGAs, (b) CoO/p-CGAs and (c)
CoO/b-CGAs macroassemblies; their corresponding TEM
images are shown in Fig. 2d, Fig. 2e and Fig. 2f, respectively.

A panoramic view by scanning electron microscopy (SEM)
reveals that p-CGAs have a foam-like structure with
interconnected pores ranging from hundreds of nanometers to
few micrometres (Fig. 2a). The graphene walls in p-CGAs are
almost transparent under electron irradiation of TEM (Fig. 2d).
The robust structure of p-CGAs allows their porosity to be
retained after the growth of CoO nanowires with an average
diameter of 100 nm and length up to 5 um (Fig. 2b and Fig. 2e).
The ends of these nanowires well contact with rGO surface,
indicating the intimate interactions between them. However,
when b-CGAs are employed, urchin-like spheres with a size of
4-5 um are obtained on graphene walls by self-assembly of
CoO nanowires under the same conditions (Fig. 2c and Fig. S2).
The distinct shape of CoO nanostructures can be explained by
the growth behaviour of CoO crystals on graphene with
different surface characteristics. On p-CGAs, the presence of
chemical groups provides sufficient active site for the
absorption of cobalt ions, as well as heterogeneous nucleation
and anisotropic growth of CoO nanowires. While for b-CGAs,
homogenous nucleation of CoO in solution is preferred due to
the weak interaction between CoO crystals and bare graphene.
In this case, urchin-like assembly of CoO nanowires is formed
to reduce the total surface free energy of the nanostructures.

Regardless the structure of CoO, both CoO/p-CGAs and
CoO/b-CGAs macroassemblies exhibit excellent mechanical
compressibility, as shown in Fig. 3. They can be easily
squeezed into a pellet under pressure but recover from strain as
high as 50%. Once the external pressure is removed, they
unfold almost completely, while the conventional GAs recovers
only partially and severe collapse happens simultaneously. The
high compressibility of CGAs is the result of the compact
junctions among rGO sheets in CGAs.'® 3" 32, This unique
feature makes it possible to produce free-standing electrodes for
lithium storage by simply cutting the CoO/CGAs
macroassemblies to round pieces. Fig. 4a shows the typical
discharge/charge profiles of CoO/p-CGAs electrodes at the 1%,
20", 50 and 100" cycles. They deliver an initial discharge and
charge specific capacity of 951 and 612 mA h g'. The
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irreversible capacity loss of 35 % is due to the irreversible
process such as the formation of SEI films and trap of the
lithium in crystal lattice. From second cycle onwards, CoO/p-
CGAs electrodes exhibit stable capacity retention of 100 %
with a high capacity of 743 mA h g™’ at a current density of 100
mA g, This value is slightly higher than the theoretical value
for CoO/graphene composite (C = Ccoo X Weoo + Coyraphene X
Woraphene = 727.2 mA h g'l; C and W is defined as the theoretical
capacity and weight ratio of labelled materials), showing high
utilization of the active materials. The capacity rise throughout
the cycling is not uncommon for cobalt oxides because of the
reversible formation of organic polymeric/gel-like layer by the
decomposition of the electrolyte and the activation of the active
materials.> ** ** For CoO/b-CGAs electrodes, they exhibit an
initial discharge and charge specific capacity of 925 and 755
mA h g with an irreversible capacity loss of 18.4 %. After 100
cycles, a lower but comparable charge capacity of 544 mA h g
can be achieved, corresponding to a capacity retention of 72 %.
With the aim of demonstrating the advantages of CoO/CGAs
electrodes on lithium storage, the cycling performance of the
electrode made from the powders of CoO nanostructures, as
well as the CGAs electrodes, are also investigated under the
same conditions. The former shows fast capacity decay in 40
cycles while GAs electrodes deliver very low capacity of 300
mA h g' throughout 100 cycles. Apparently, the unique
combination of CoO nanostructure and CGAs can significantly
improve the electrochemical properties of CoO-based
electrodes.
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Fig. 3 Optical images showing high compressibility of (a)
CoO/p-CGAs, (b) CoO/b-CGAs macroassemblies and (c) the
fragility of conventional GAs.

Benefitted from unique structure, CoO/p-CGAs eclectrodes
also exhibit excellent cycling response to continuously varying
current rates although cobalt oxides are generally observed to
suffer from sluggish kinetics. Even cycled at high current
densities of 300 to 3000 mA g, comparable capacities of 125-
649 mA h g can still be reserved, as shown in Fig. 4d. After
deep cycling at 3000 mA g, stable high capacity could be
largely restored for repeated cycles after abruptly switching the
current density back to 300 mA g, indicating the excellent
robustness and stability of the electrode. As a comparison,
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Co0O/b-CGAs electrodes and CoO powder electrodes exhibit
fast capacity fading with current density increasing and most of
the capacities are lost at high current densities of 1000-2000
mA g'. When cycled back to 300 mA g, apparent capacity
fading is observed due to poor electrode stability during
repeatedly discharge/charge cycles.
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Fig. 4 Discharge/charge profiles of (a) CoO/p-CGAs and (b)
CoO/b-CGAs electrodes at the current of 100 mA g™'; (c)
cycling performance of CoO/p-CGAs, CoO/b-CGAs, CoO
powder and CGAs electrodes; (d) rate capability of CoO/p-
CGAs, CoO/b-CGAs and CoO powder electrodes at various
current densities.

The excellent electrochemical performances of CoO/p-CGAs
electrodes closely rely on their unique structures. First, nanowire
structure greatly shortens the ionic diffusion length and provides
sufficient electrode-electrolyte contact area for lithium storage
reactions in Co0.** *® They are grown firmly on graphene sheets
without aggregation, thus can be fully accessible by Li" in the
electrolyte. In conventional electrodes made from powders, however,
severe agglomeration of the nanostructures is likely to occur and
largely eliminate the active interface. Moreover, the CGAs also play
an important role to enhance the electrode conductivity by forming a
continuous 3D electronic path for fast and stable charge transfer, as
characterized by electrochemical impedance spectroscopy (EIS) (Fig.
S3), while granting the electrode with large surface area, high
porosity, high mechanical flexibility and stability. Their high
compressibility also helps to enhance the volumetric energy density
of the cells when being compressed. The integration of all these
advantageous features makes CoO/CGAs electrodes highly attractive
for deformation-tolerant power sources and electronic devices.

Conclusions

In summary, CoO/CGAs macroassemblies have been
successfully synthesized by hydrothermal growth of various
CoO nanostructures on compressible graphene aerogels with
tuneable surface characteristics. The morphology of CoO
nanostructures on CGAs can be tailored by tuning the surface
chemistry of CGAs, yielding uniform CoO nanowires or
urchin-like CoO spheres. Benefited from unique structural
merits, CoO/CGAs macroassemblies could serve as binder-free
anodes for LIBs to exhibit excellent cycle stability for over 100
cycles and good rate capability at high current rate of up to
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3000 mA g'. The present strategy may shed some light on the
construction of binder-free, easy-handling electrodes for
deformation-tolerant LIBs.
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