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ABSTRACT: A facile strategy to synthesize the novel composite paper of
graphene nanosheets (GNS) coated Co;0, fibers is reported as an advanced
anode material for high-performance lithium-ion batteries (LIBs). The GNS were
able to deposit onto Co;0, fibers and form the coating via electrostatic
interactions. The unique hybrid paper is evaluated as an anode electrode for LIBs,
and it exhibits a very large reversible capacity (~840 mA h g™ after 40 cycles),
excellent cyclic stability and good rate capacity. The substantially excellent
electrochemical performance of the graphene/Co;O, composite paper is the
result from its unique features. Notably, the flexible structure of graphenic scaffold
and the strong interaction between graphene and Co;0, fibers are beneficial for
providing excellent electronic conductivity, short transportation length for lithium
ions, and elastomeric space to accommodate volume varies upon Li* insertion/
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1. INTRODUCTION

Rechargeable lithium ion batteries (LIBs) have attracted a
tremendous amount of attention in the scientific and industrial
fields because they are currently the dominant power source for
popular consumer electronics and the most 1promising
candidate to power the upcoming electric vehicles." ™ So far,
various electrode materials with a high charge/discharge rate
and a high reversible capacity have been extensively
investigated.*® Transition metal oxides such as Fe,0,,°
Mo0,,” CuO,® and Co;0,” exploited as the anode materials
for LIBs have attracted extensive interest due to their higher
theoretical specific capacity (ca. 700—1000 mA h g™') than the
commercial graphite (372 mA h g™').">"" In contrast to the
intercalation mechanism, ~ the transition metal oxides operate
based on the conversion reaction from metal oxides to small
metal clusters with the oxygen reacting with Li* to form Li,O."
Hence, upon lithiation/delithiation during cycling, the oxides
suffer large volume expansion/contraction and severe particle
aggregation, leading to a large irreversible capacity loss and
poor cycling stability.'*"> Therefore, it still remains a challenge
to develop simple and effective synthetic strategies to fabricate
high-performance metal oxides electrodes with high reversible
capacity and long cycle life.

To overcome these disadvantages, various porous structures
such as nanospheres,'® porous nanotubes,'’ or bundle-like
nanostructure'® have been synthesized. The assembled porous
architectures can provide an elastic buffer space to accom-
modate the volume expansion/contraction of active materials
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during Li insertion/extraction process, thus maintaining large
capacity, good cycling stability and high rate capability.'
Moreover, carbon coating has been widely used to prevent the
exfoliation of the active materials and facilitate the electron
transportation in the electrodes, thus reduce the reversible
capacity loses during Li" insertion/extraction.”®*' Graphene,
which is a new two-dimensional carbon material, is becoming
one of the most appealing matrices to integrate with other
nanoparticles for LIBs due to its superior electrical conductivity,
large surface area (2630 m* g™'), excellent structural flexibility
and high thermal and chemical stability.”* Importantly, the
graphene nanosheets (GNS) not only can preserve the high
electric conductivity of the overall electrode but also can
effectively prevent the volume expansion/extraction and the
aggregation of metals or metal oxides during charge/discharge
processes.”> Electrode construction consisting of graphene
paper-like structure could facilitate faster Li ion and electron
transfer and significantly reduces polarization, thereby resulting
in enhanced electrochemical performance.”* In particular,
graphene/metal or graphene/metal oxides composites paper
have been produced by integrating 3D graphenic scaffold with
guest nanoparticles and assembly.”> However, these flexible
graphene sheets could not ensure effect electrical contact
between the active materials and interconnected graphene,
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which causes inferior Li ion accessibility and thus modest
improvement in the cell performance. Kang et al*® have
demonstrated the efficient fabrication of composite papers of
GNS coated cellulose fibers, in which GNS coating forms a
continuous network through a bridge of cellulose fibers,
providing a high electric conductivity. Therefore, the self-
assembly of 2D graphene into 3D heterogeneous structures is
particularly promising for establishing improved electrode.
Herein, we developed a facile strategy to fabricate 3D
hierarchical structures of GNS/Co;0, fibers composite papers
by dispersing Co;0, fibers in GNS solution and followed by
infiltration (Figure. 1). The electrospun Co;0, fibers are coated
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Figure 1. Fabrication of GNS/Co;0, fiber composite paper.

by the graphene sheets and embedded in 3-D graphenic
scaffold, forming paper-like structure. The composite paper not
only ensure solid contact between the Co;0, fibers and the
GNS, but also facilitate electron transport, and renders the
elastomeric space needed to accommodate the volume variation
of Co;0, upon Li" insertion/extraction. In addition, the
assembled porous fiber architecture can relieve the volume
variations during the Li" insertion/extraction process, which
contributes to the excellent electrochemical performance. Thus,
when used in LIBs, this GNS/Co50, fibers composite paper
exhibits a very large capacity, high rate capability, and excellent
cycling stability.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. All the chemicals were of analytical
grade and used without any further purification. Polyvinylpyrrolidone
(PVP; MW = 1300000) was purchased from Sigma-Aldrich
Chemicals Co. 3-Aminopropyltrimethoxysilane (APS) was purchased
from J&K Chemical Ltd. And all other chemicals were purchased from
Shanghai Chemical Reagent Co. Ultrapure water (18 MQ cm) was
used for all experiments.

2.2. Instruments. Scanning electron microscope (SEM) images
were taken by using a JEOL JSM-6360LV microscopy. Transmission
electron microscope (TEM) images were taken on a JEOL JEM 2011
microscope (JEOL, Japan) at an acceleration voltage of 200 kV. The
crystalline structure was investigated by X-ray power diffraction
(RIGAK, D/MAX 2550 VB/PC, Japan). Raman spectra were recorded
on an inVia Raman microprobe (Renishaw Instruments, England) with
785 nm laser excitation.

2.3. Synthesis and Preparation. Co;O, fibers were initially
prepared by electrospinning technique.*’ In a typical procedure, 1 g of
polyvinylpyrrolidone (PVP) polymer was added to 9 mL of ethanol,
and stirred at room temperature for few hours to form homogeneous
solution. Then, 0.8 g of Cobalt(II) acetate tetra hydrate (Co(Ac),)
were added to the above solution with stirring for 3 h. Subsequently,
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using a voltage of 10 kV applied between the electrospinning jet and
the collector, with a distance of 10 cm and at a flow rate of 2 mL/h,
the as-prepared solution was electrospun into nanofibers. To remove
the solvent residuals, the as-prepared PVP/Co(Ac), composite fibers
were dried in an oven at 60 °C for several hours. Then, the Co;0,
fibers were obtained after annealing at 450 °C for S h in an
atmospheric environment.

Graphene oxides were prepared by the modified Hummers
method.*®*® To integrate graphene sheets and Co;0, fibers into an
assembly, the Co;0, fibers were first modified by APS. The prepared
GO suspensions were dispersed in water (4 mg mL™") by a sonication
process. pH control is very critical for fabricating the final continuous
GNS/Co;0, composite paper. Both the GO solution and the modified
Co;0, fibers (25:75 in weight ratio) were first mixed at pH 8. The
GNS/Co;0, composite papers were fabricated by filtering the above
mixed solution through membrane filters (0.22 um) by vacuum
suction. During the filtration, the pH value of the solution was
adjusted to 4 to make both components oppositely charged, and thus
triggered by the electrostatic interactions between both components,*
the assembled GNS/Co;0, composite paper was left in the filtration
apparatus and immediately carried through hydrazine reduction. For
comparison, the pure graphene paper was prepared in a similar process
without Co;0, fibers.

2.4. Electrochemical Measurements. For the testing of GNS/
Co;0, composite paper and graphene paper, the working electrode
was prepared by directly pressing a piece of sample paper onto the Cu
current collector. For comparison, the traditional working electrodes
were prepared by a slurry coating procedure. The slurry was obtained
by mixing the active materials (Co;0,), acetylene black, and
polyvinylidene fluoride (PVDF) at a weight ratio of 80:10:10 in N-
methylpyrrolidinone. This slurry was uniformly pasted onto Cu foils
and dried at 80 °C for 12 h in vacuum to remove the remove the
solvent. Electrochemical measurements were performed using
Swagelok-type cells with Lithium foil as the counter/reference
electrode, Celgard 2400 membrane as the separator. The electrolyte
was a 1 M LiPF, solution in a 50: SO (w: w) mixture of ethylene
carbonate (EC) and diethyl carbonate (DMC). The cells were
assembled in argon-filled glovebox. Cyclic voltammetry was performed
on a CHI660D electrochemical workstation over the potential range of
0.01-3.00 V vs Li*/Li at a scan rate of 0.1 mV s '. Galvanostatic
cycling test were performed in a LAND-CT2001A test system at a
voltage window of 0.01—3.00 V at current density of 100 mA g~'. To
test rate performance, the electrodes were first cycled at current
density of 100 mA g™' for S cycles, and the current was increased in
stages to 200, 300, 500, and 1000 mA g_l. Here the total weight of the
GNS/Co3;0, composite paper was used to calculate the capacity
values.

3. RESULTS AND DISCUSSION

3.1. Characterization of GNS/Co;0, Composite Paper.
Figure 2a shows the typical X-ray diffraction (XRD) profile of
the bare Co;0, fibers and the GNS/Co;0, composite paper.
Compared to that of bare Co;0, fibers, an additional broad and
small diffraction peak appears at around 23° for GNS/Co;0,
composite paper, which can be indexed into the disorderedly
staked GNS.>' The interlayer distance between sheets
calculated according to Bragg’s equation is close to but lager
than the dgy,-spacing of graphite (3.35 A). The increased d-
spacing for GNS/Co;0, composite paper can be ascribed to
the presence of a small amount of oxygen-containing functional
groups and the existence of Co;0, fibers.>> All the other peaks
are also observed in the Co;0, fibers and assigned to the well-
crystallized Co;0, with a face-centered cubic (fcc, Fd3m (227),
a = 0.808 nm) structure (JCPDS no.42—1467). In the Raman
spectra of GNS/Co;0, composite paper (Figure 2b), the
characteristic D band at ~1345 cm™ and the G band at ~1596
cm™' are observed for the GNS/Co;0, composite paper. In
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Figure 2. (a) Wide-angle XRD patterns of Co;0, fibers and GNS/

Co30, composite paper. (b) Raman spectra of GNS/Co;0,
composite paper.

addition, the peaks of Raman shift at 191, 486, 525, 603, and
686 cm™ correspond to the E, F2, an and A, vibration
modes of Co;0, These results demonstrate the existence of
both graphene and well-crystallized Co;0,. For quantifying the
amount of Co;0, in the GNS/Co;0, composite paper,
thermogravimetric analysis (TGA) was carried out in air (see
Figure S2 in the Supporting Information). Clearly, the weight
of graphene is almost lost before 700 °C. The result reveals that
the Co;0, content in the GNS/Co;0, composite paper is
estimated to be 78.3%.

Figure. 3a shows the scanning electron microscopy (SEM) of
the electrospun Co(Ac),/PVP fibers. As observed, the
composite fibers exhibit ultrafine fiber morphology and smooth
surface. The average diameter of fibers can range from 700 to
800 nm. After annealing at 450 °C, Co;0, fiber are formed due
to the oxidative decomposition of Co(Ac), and removal of

Figure 3. (a) SEM image of electrospun Co(AC),/PVP fibers. (b)
SEM image of Co;0, fibers after annealed at 450 °C. (c) TEM image
of Co;0, fibers after annealed at 450 °C. (d) HRTEM image showing
the lattice fringe of Co30,.
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PVP. The average diameter of the resultant Co;0, fibers
decreases to about 600 nm (Figure 3b). The TEM image
(Figure 3c) demonstrates that the fibers consist of numerous
interconnected Co;O, nanocrystals forming the mesoporous
structure. The periodic fringe spacing of 0.46 nm is shown in
Figure 3d, which agrees with the (111) lattice of cubic Co;0,,
and it further confirms the high crystallinity of the Co;0, fibers.

The structure of GNS/Co;0, composite paper was
characterized by SEM to provide the micrographs in Figure
4. As shown in Figure 4a, the cross-section of GNS/Co;0,

500 nm

Figure 4. (a) SEM image of the cross-section of a GNS/Co;0,
composite paper; inset shows the digital image of a GNS/Co;0,
composite paper. (b) Enlarged cross-sectional view of the paper. (c)
TEM image of GNS/Co;0, composite paper. (d) HRTEM image of
GNS/Co;0, composite paper.

composite paper revealed uniform thickness (~20 pm). And
because of the existence of Co;0, fibers, the sheets appeared
more crumpled, and pocketed the void space. The porosity
promotes the diffusion of Li ions in the electrode and enables
the achievement of high-rate capability. A higher magnification
SEM image revealed the core—shell structure and graphene
sheets are indeed tightly attached onto the Co;0, fibers (Figure
4b). Besides, some free graphene sheets reconstitute graphite to
serve as the highly conductive channels between Co;0,, which
decreases the inner resistance of electrodes and is favorable for
stabilizing the electronic conductivity. The SEM images of top
surfaces sections revealed homogeneously dispersed Co;0,
fibers coated by reassembled graphene sheets (see Figure S1
in the Supporting Information). Overall, the graphene coated
Co;0, core—shell fibers are embedded in a 3D graphenic
scaffold. The N, adsorption/desorption isotherms of the final
products is shown in Figure S3. The BET specific surface area
of the final products was 43.2 m* g~". The high specific surface
area could be attributed to the formation of secondary pores
between Co;0, fibers and graphene sheets, and is believed to
be beneficial to the enhancement of its electrochemical
performance.

To provide further insights into the morphology and
structure on the resulting GNS/Co;0, composite paper,
TEM investigations were carried out. The TEM images
confirmed the Co;0, fibers were well-coated by the extremely
thin and flexible GNS via electrostatic interactions (Figure 4c).
Figure 4d shows the HRTEM image taken from the edge of
graphene-coated Co;0, fibers. The well-resolved lattice fringes
are clearly observed along the (111) zone axis of Co;0,. The
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interplanar spacing of ~0.37 nm corresponds to the separation
between (002) lattice planes of graphite. This further confirmed
that the Co;0, fibers are well coated by few layer GNS.*’
However, it is unlikely that the graphene forms continuous
layers on the surface of the particle. Lithium ions can still easily
penetrate the few-layer structure and react with Co;0, particles
for electrochemical reaction to take place. In this unique
structure, a portion of the graphene sheets reconstitute graphite
to form a continuous, highly conducting 3D network, and the
presence of the graphene stacks on the surface of the particle
most likely provides good conductivity and also prevents the
agglomeration of the individual Co;0, fibers.**

3.2. Electrochemical Properties of GNS/Co;0, Com-
posite Paper. The unique structure endows the GNS/Co;0,
composite paper electrodes with excellent lithium story
capacity, which was evaluated using various electrochemical
tests. Cyclic voltammetry (CV) experiments were fist
conducted to investigate the electrochemical performance at a
scanning rate of 0.1 mV s~ over the voltage range 0.01—3.00 V
(Figure. S). In the first cycle, the main cathodic peak was
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Figure S. Cyclic voltammograms of the GNS/Co;0, composite paper
electrode at a scan rate of 0.1 mV s~ for three cycles.

observed at around 0.50 V, which can arise from the
electrochemical reduction (lithiation) reaction of Co;0, with
Li* and the formation of solid electrolyte interphase (SEI)
films. The observed dominant anodic peak at 2.24 V was
ascribed to the oxidation (delithiation) reaction of C0,0,.*°
Because of the hysteresis in the CV technique, the cathodic
peak negatively shifted, and the anodic peak positively shifted
compared to the discharge/charge voltage plateaus (Figure
6a).° The lithium storage mechanism of Co;0, can be
described by the electrochemical conversion reaction: Co;0, +
8Li — 4Li,O + 3Co.”” During the subsequent cycles, the main
reduction peak is shifted to 0.86 V, peak intensity drops
significantly in the second cycle, indicating the occurrence of
some irreversible processes in the electrode material in the first
cycle. On the other hand, the oxidation peak at ~2.2 V in the
anodic sweep exhibits little change in the first three cycles,
indicating a good reversibility of the electrochemical reaction.*®
The CV behavior confirms the overall capacity of GNS/Co;0,
composite paper arises mainly from the properties of the metal
oxide, and further indicates that the electrochemical reversibility
is gradually built after the initial cycle.

To highlight the superiority of the unique GNS/Co;0,
composite paper for anode materials of LIBs, we evaluated
the electrochemical performance of the free-standing GNS/
Co;0, composite paper, G paper, and traditional Co;0,
electrode for Li insertion/extraction using galvanostatic cycling
in a Swagelok-type cell with Li metal as the counter electrode.
The cell was charge/discharge at a current density of 100 mA
g~! over the range of 0.01 and 3.00 V vs Li*/Li. Figure 6 shown
the charge/discharge profiles of the conventional Co;0,
electrode, G paper and GNS/Co30, composite paper in the
first and second cycles. In the first discharge step, no voltage
plateau was observed for graphene, and the voltage profiles
were similar for both the Co;0, fibers and GNS/Co;0,
composite paper. The two similar voltage curves in the first
cycle presented a well-defined long voltage plateau at ca.0.9—
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Figure 6. Frst and second cycle of discharge/charge profiles for different samples: (a) traditional Co;0, electrode, (b) G paper, (c) GNS/Co;0,

composite paper. The current density is 100 mA g™
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1.0 V associated with the conversion from Co;O, to an
intermediate-phase CoO (or Li,Co;0,) and then to metallic
Co, followed by a sloping curve down to the voltage of 0.01 V,
indicative of typical characteristics of voltage trends for the
Co;0, electrode.® It is observed that the initial discharge and
charge capacities are 1356.3 and 500 mA h g™ for the
conventional Co;0, electrode, 550.2 and 216.1 mA h g™' for
the graphene paper electrode, and 1404.8 and 1005.7 mA h g™*
for GNS/Co;0,, composite paper. The initial capacity loss may
result from the incomplete conversion reaction and irreversible
lithium loss due to the formation of solid electrolyte interphase
layer.>> Compared to the theoretical capacity of bulk Cos0,
(890 mA h g7!), the extra capacity in initial cycles probably
contributed to the larger electrochemical active surface area of
graphene and grain boundary area of the Co,0, fibers.*’
Figure 7a shows the cyclic performances of conventional
Co;0, electrode, G papers, and GNS/Co;0, composite paper,

(a)l 600
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Figure 7. (a) Cyclic performances of electrodes fabricated by
traditional Co;0, electrode, G paper, GNS/Co;0, composite paper
at current rate of 100 mA g~'. (b) Charge—discharge performances of

Co;0, electrode, GNS/Co;0, composite paper at various current
rates.

respectively. Since the second cycle, the GNS/Co;0,
composite paper exhibits much better electrochemical lithium
storage performance than graphene paper and Co;0, electrode.
After the first cycle, GNS/Co;0, composite paper maintains
the reversible capacity well and exhibits a high reversible
capacity of 840 mA h g™" after 40 cycles, whereas it can be seen
that the reversible capacity of graphene paper and Co;0,
decreases from 525 to only 194 mA h g™ and from 218 to
110 mA h g7, respectively, up to 40 cycles. In addition, the
Coulombic efficiency of GNS/Co;0, composite paper rapidly
rises from 71.6% in the first cycles to 96.4% in the second one
and then remains above 95% in the following cycles, indicating
very good reversibility (see Figure S4 in the Supporting
Information). From Figures 6 and 7a, it is important to note
that the enhanced cycling stability of the paper can be ascribed
to the flexible GNS/Co0;0, composite paperlike structure that
favors fast electron and ion transport, providing an elastic buffer
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space to accommodate the volume change and preventing the
aggregation of the nanoparticles and the cracking or crumbling
of the electrode material upon lithium-ion insertion/extrac-
tion.*! In addition to the high reversible capacity, the GNS/
Co;0, composite paper exhibited a much better rate capacity
compared to the traditional Co;0, electrode cycled at various
rates between 100 and 1000 mA g~ (Figure 7b). For example,
the specific capacity of GNS/Co;0, composite paper at a
current density of 300 mA g~' is as high as 754 mA h g7,
whereas the reversible capacity of traditional Co;0, electrode
rapidly drops 76 mA h g~'. Moreover, the GNS/Co;0,
composite paper electrode can still deliver a high capacity of
295 mA h g7! at a rate of 1000 mA g™, whereas the Co;0,
cannot store charges any more. Importantly, after the high-rate
measurements, the specific capacities of the GNS/Co;0,
composite paper electrode cycled at 100 mA g~' were able to
recover to the initial reversible values, implying their good
reversibility.

The highly reversible capacity, good cyclic performance, and
enhanced rate capacity, may be attributed to the unique
hierarchical of the GNS/Co;0, composite paperlike structure.
First, the graphene sheets in the composite papers have an
enhanced conductivity compared to the custom Co;0,
electrode.”” Moreover, the graphene sheets can serve as the
continuous conductive channels between Co;0, fibers, which
decrease the inner resistance of LIBs and are favorable for
stabilizing the electronic conductivity. Second, the loose
stacking of the graphene sheets induced by the presence of
Co;0, fibers enables good electrolyte penetration. This is
beneficial to give rise to a large contact area between the active
material and the electrolyte, and thus provides fast transport
pathways and large accessible sites on the surface of active
materials for electrolyte ions.*> Third, the flexible two-
dimensional graphene sheets encapsulated Co;0, fibers
architecture not only can accommodate the volume change
and suppress the aggregation of Co;0, upon Li" insertion/
extraction, but also can efficiently prevents the cracking or
crumbling of the electrode materials. Therefore, an excellent
cyclic performance can be expected. Moreover, the unique
porous rod-like architecture made of interconnected Co;0,
nanocrystals is beneficial to buffer the strain from the volume
change during the charge/discharge processes, thus leading to
the enhanced cylability.** The above synergetic effects arising
from conducting graphene sheets, Co;0, fibers and the unique
3D paperlike structure is responsible for the excellent
electrochemical performance of the overall electrode through
the maximum utilization of the electrochemically active
materials.

4. CONCLUSION

In conclusion, we have demonstrated a facile strategy to
synthesize the novel GNS/Co;0, composite paper. The GNS
was deposited onto the Co;0, fibers and forms a coating under
controlled infiltration. Therefore, the flexible structure of
graphenic scaffold and the strong interaction between graphene
and Co;0, fibers are beneficial for efficiently preventing
volume expansion/contraction and aggregation of Co;0,
during the Li charge/discharge process. Therefore, such a
composite paper is capable of effectively utilizing the good
conductivity, mechanical flexibility, and good electrochemical
performance of graphene as well as the large electrode/
electrolyte contact area, and short path length for Li transport.
When used as an anode material LIBs, this material exhibits a
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very large reversible capacity, excellent cyclic stability, and good
rate capacity. Finally, we believe this binder free 3D hierarchical
GNS/metal oxides composites paper exhibits a high electro-
chemical activity as an electrode in supercapacitor or lithium
ion batteries with a promising electrochemical performance.
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