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process. Electrochemical results indicate that the graphene film exhibits good rate and cycle behavior

compared with the commercial mesocarbon microbeads (MCMB)/copper system. More importantly,
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In the present era of lithium ion batteries (LIBs), there is demand
for higher energy densities to power mobile electronic devices
with higher power consumption and to improve the driving
endurance of EVs." The energy density is dependent on the
specific capacities and potential difference of the anode and the
cathode, so seeking active materials displaying higher specific
capacities, with higher potential for the cathode and lower
potential for the anode have been the main focus in this research
field. In the case of the anode, tin-based and silicon-based
anodes possessing relatively high capacities compared to
graphite have attracted researchers’ attention.> However, a very
large irreversible capacity in the first cycle and fast capacity
fading in the following cycles due to the so-called pulverization
effects and high cost greatly limit their practical use.® In other
words, an increase in the energy density cannot be fulfilled by
utilizing these high capacity materials at least for the time being
and other routes have to be found to improve the energy density.

As is well known, commercial mesocarbon microbead
(MCMB) anode materials mixed with binders and conductive
additives are usually coated on a copper (Cu) foil through
a doctor blade method. In general, the weight of binders,
conductive additives and current collectors, should be less 10
wt% of the total electrode because they commonly contribute
no capacity. The polarization of the electrodes can be increased
in the presence of binders because they not only decrease the
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after excluding the dead-weight copper collector, the gravimetric energy density could be enhanced to
some extent. This may provide an alternative in the demand for higher energy density lithium-ion batteries.

electrical conductivity, but prevent the access of ions to the
active materials as well.* The Cu current collector provides the
structural support for the electrode and an electrical conductive
pathway to active materials. It is estimated that the areal density
of Cu foil (10 um) is about 10 mg cm 2. This copper component
is considerably heavy, accounting for about 10% of the total
weight of the cell® and will reduce the gravimetric energy density
of the whole battery. For example, a 10 um copper collector
makes up about 45% of the weight of the anode side if the
copper foil was double-coated with an areal density of 6.0 mg
cm 2, Thus, gravimetric energy density will be increased by
about 45% on the anode side if graphene film electrode without
copper collector was used. So, higher energy density can be
achieved if the dead-weight Cu collector is excluded from the
electrode. However, powdered MCMB material cannot form
free-standing electrodes without the support of the Cu collector
so other carbon-based materials have to be found.

Graphene, an extraordinary carbon nanostructure obtained
by exfoliating graphite, has opened up new prospects as
a candidate anode material for LIBs® since its first isolation in
2004. Graphene can also directly act as a flexible anode in the
form of graphene paper or a membrane, which is simply ob-
tained by vacuum filtration of a reduced graphene oxide (rGO)
dispersion or chemical vapor deposition (CVD) method” and
high capacities compared to graphite have been reported.
Nevertheless, the most capacity has been achieved at potentials
of 1-3.0 V, making them impossible to use as an anode in
commercial use.®* More importantly, large hysteresis, which is
mainly caused by Li storage on defects such as edges and/or
oxygen- and hydrogen-containing surface groups,” has been
observed in the cycling performance of these electrodes. This
voltage hysteresis will result in poor energy efficiency of the
cells.’ Thus, preparing high quality graphene with improved
performance favorable for practical use is crucial.

This journal is © The Royal Society of Chemistry 2017
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In this paper, high quality graphene sheets were first
synthesized by a microwave-assisted pre-exfoliation of graphite
and subsequent liquid-phase exfoliation (the details are
described in the ESIT). Then, collector and binder-free graphene
film without a copper current collector was successfully ob-
tained by simple vacuum filtration of the mixture of the as-
prepared graphene sheets, nanocarbon fiber and carbon black
in ethanol with a mass ratio of 80 : 10 : 10. Compared with the
commercial mesocarbon microbead (MCMB)/copper system in
lithium-ion batteries, such film acting as both an anode-active
material and current collector exhibited enhanced electro-
chemical performance, and thus will lead to a higher energy
density.

The schematic synthesis process and the structural charac-
terization such as SEM, TEM, XRD, Raman and XPS of graphene
sheets (GS) have been described in detail in our previous work."*
The thickness of the graphene used in this work was estimated
to be less than 5 layers according to the 2D band (~2700 cm™")
which is characteristic of few layer graphene (Fig. S1 in the
ESIt).*” Collector and binder-free high quality graphene film
(preparation process is schematically illustrated in Fig. 1) was
also characterized by XRD, XPS and Raman spectroscopy, as
shown in Fig. 2. The film exhibits almost the same features as
those of GS, indicating that the GS maintained their basic
characteristics during the subsequent mixing and filtration
process. However, a blue shift of the 2D band occurs indicating
that the GS folded with arbitrary orientation to some extent
during filtration.*® The areal density and the thickness of the
electrode are about 3.5 mg cm > and 60 um, respectively. The
electrical conductivity of the film was measured using the four-
point probe technique and was estimated to be as high as
~1100 S m~ ! which is consistent with Cheng’s report.*

Fig. 3a shows the first three cyclic voltammetry (CV) curves of
the as-obtained graphene film in the voltage of 0.01-3.0 V at
a scan rate of 1 mV s~ ', which is consistent with that of gra-
phene' and MCMB (Fig. S2 in the ESI{). In the first scan, two
broad reduction peaks located at about 1.33 V and 0.60 V were
ascribed to the decomposition of ethylene carbonate solvent'
and the formation of solid electrolyte interphase (SEI) films,*
respectively. The formation of SEI mostly accounts for the
irreversible capacity of carbonaceous materials during the first
cycle. Another reduction peak below 0.2 V corresponded to the
insertion of Li" into the graphene film electrode, while the
oxidation peak at 0.35 V could be ascribed to the de-insertion of
Li" from the electrode. Fig. 3b displays the first charge-
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Fig. 1 Schematic illustration of the synthesis route for graphene film.
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Fig. 2 (a) Optical image, (b) XRD patterns, (c) Raman spectra and (d)

XPS spectra of the as-prepared graphene film.

discharge curve of the as-obtained graphene film electrode
conducted between 0.005 and 1.2 V vs. Li'/Li at 0.1C. The initial
charge capacity is 643 mA h g with a reversible discharge
capacity of 352 mA h g~ . The coulombic efficiency of the first
cycle is low compared with that of the commercial MCMB/
copper system (Fig. S3 in the ESIf), which may be due to
more SEI films formed in graphene film having a large specific
surface area and partial re-stacking of graphene layers."”
Nevertheless, the first-cycle irreversible capacity is much lower
than those in the literature,” which may be a result of the very
few defects in the as-obtained graphene sheets.” Moreover,
there exists a distinct potential plateau in the charge-discharge
curve, which is quite different from that prepared by the RGO
and CVD method. The mechanism of lithium insertion can be
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Fig. 3 (a) Cyclic voltammetry profiles of the as-obtained graphene

film at a 1 mV s~* scan rate (voltage range: 0.01-3.0 V) and (b) gal-
vanostatic charge—discharge curves for the first cycle cycled between
0.01V and 1.2 V versus Li*/Li at 0.1C. (c) Cycling performance of the
as-obtained graphene film at different current densities and (d) rate
capability of the as-obtained graphene film and the commercial
MCMB/copper system.
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concluded from the staging behaviour observed in the charge-
discharge profiles, namely, it reaches into the formation of LiCs
(ref. 18) by intercalating within graphene layers progressively.
No obvious voltage hysteresis in the voltage profile, indicating
few edge defects and very few extrinsic oxygen- and hydrogen-
containing surface groups, makes it appropriate for practical
utilization.

Discharge capacities of 330 mA h g~ " at 0.2C and 143 mA h
g ' at 1C can be retained after 200 cycles (Fig. 3c), which are
also much better than those of the commercial MCMB/system
(Fig. S4 in the ESI}) and indicate better cycling performance
with low coulombic inefficiency (Fig. S5 in the ESIt), which was
associated with the excellent structural stability during the
charge and discharge process. The MCMB electrode has been
rolled to almost the same thickness of the graphene electrode.
At 0.2C, volume changes (10%) in the MCMB electrode and
some side effects between the electrolyte and inactive materials
such as binders during lithiation/delithiation resulted in poor
cycling stability to some extent. When the current density
increased to 1C, the specific capacity experienced a dramatic
fading because the electrical conductivity decreased due to the
presence of binders which prevent the access of ions to the
surface of the active materials. The as-obtained graphene film
also demonstrates good rate capability. Reversible capacities of
316, 235, 233, 230 and 195 mA h g~ * can be delivered at various
rates from 0.2C to 0.5C, 1 C, 2C and 5C, respectively (Fig. 3d).
The good electrochemical performance of the as-prepared gra-
phene film could be ascribed to the high electrical conductivity
and a rapid charge transfer reaction for lithium ion insertion
and extraction’ resulting from a relatively large contact area
between the electrolyte and the film electrode.

In order to evaluate the potential applications of the gra-
phene film, the issue of large first-cycle irreversible capacity
related to more solid electrolyte interphase (SEI) films has been
successfully addressed by a suitable prelithiation treatment by
directly contacting the electrode with Li foil wetted by the
electrolyte solution' for 2 h. The prelithiation occurred once
the Li foil and graphene film were shorted and a battery
shorting mechanism has been put forward in Cui’s report.”®
Fig. 4a and b compare the voltage profiles of the first charge-
discharge cycle of a lithium cell using a primitive graphene film
electrode and a surface-treated graphene film electrode,
showing the beneficial effect of the prelithiation treatment. In
the first cycle, a considerably large irreversible capacity (due to
the formation of more SEI films in materials with larger specific
surface area) and a relatively low coulombic efficiency
amounting to 60% are shown in Fig. 4a. Thereafter, the elec-
trode delivers a stable reversible capacity of 340-350 mA h g™,
associating with the electrochemical process involving lithium
insertion/disinsertion into graphene layers. A remarkable
reduction of the irreversible capacity and a high coulombic
efficiency of 97.4% can be achieved (shown in Fig. 4b). More-
over, the pretreated graphene cell has a lower open circuit
voltage (~0.2 V) than that of the regular graphene cell (~3.0 V),
indicating that SEI has been formed during the ex situ lithiation
process,** which can be further confirmed by the SEM images
shown in Fig. 4c and d. Solid electrolyte interphase (SEI) films
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Fig. 4 Galvanostatic charge—discharge curves for the first cycle
between 0.01 V and 1.2 V versus Li*/Li at 0.1C of the as-obtained
graphene film before (a) and after (b) surface treatment. SEM images of
the film before (c) and after (d) surface treatment.

are made up of insoluble granular particles arising from the
decomposition of the electrolyte solvent.”* The cycling and rate
performance of the two cells have also been compared. As can
be seen in Fig. 5a and b, the cell using a surface-treated gra-
phene film electrode displays somewhat better electrochemical
performance than that of the pristine graphene film, demon-
strating that this electrode can indeed operate under a high rate
and can keep a stable capacity at a current of 1C after 200 cycles
and can find its application in practical lithium ion batteries.
The graphene electrode will indeed experience volume changes
(10%) during lithiation/delithiation. Fortunately, the flexibility
of graphene sheet can effectively buffer and compensate volume
changes. Meanwhile, the film possesses a higher mechanic
strength with a tensile modulus of 540 MPa. Thus, good
connection can be maintained during the charge/discharge
process.

In summary, collector and binder-free high quality graphene
film has been successfully synthesized by a simple filtration
process after the graphene sheets were synthesized by a solid-
exfoliation of graphite and a subsequent wet chemical
method. The nanocarbon fibers were selected as the scaffolds,
not only to reinforce the mechanical flexibility of the film, but to
separate the graphene sheets from compactly re-stacking as
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Fig.5 Cycling performance of the galvanostatic test run at a rate of 1C
(a) and at various C-rates (b) of the graphene film before and after
a surface treatment.
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well. When used as anode materials in lithium-ion batteries, the
as-obtained graphene film not only exhibited enhanced elec-
trochemical performance compared with commercial MCMB/
copper system, but showed a satisfactory charge-discharge
profile. The initial coulombic efficiency has been improved by
an effective pre-lithiation strategy. More important, after
excluding the dead-weight copper collector, the gravimetric
energy density could be enhanced to some extent. This may
provide an alternative in the demand for higher energy density
of lithium-ion batteries.
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