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Graphene nanosheets (GNSs) were synthesized by reducing exfoliated graphite oxides. Their structure, surface morphology and
lithium storage mechanism were characterized and investigated systematically using X-ray diffraction, atomic force microscopy,
scanning electron microscopy, charge-discharge tests, cyclic voltammetry and electrochemical impedance spectroscopy. It was
found that the GNSs, which were obtained via chemical synthesis, were primarily less than 10 graphene layers. The GNS elec-
trodes, which were fabricated from the reduced GNSs, exhibited an enhanced reversible lithium storage capacity and good cyclic
stability when serving as anodes in lithium-ion batteries. Also, the first-cycle irreversible capacities of the system were relatively
high, because of the formation of a solid electrolyte interphase film on the surface of the GNS electrode and the spontaneous
stacking of GNSs during the first lithiation. The electrochemical impedance spectroscopy results suggest that the solid electrolyte
interphase film on the GNS electrode during first lithiation were primarily formed at potentials between 0.95 and 0.7 V. Also, the

symmetry factor of the charge transfer was measured to be 0.446.
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Graphene is a flat monolayer of sp’-hybridized carbon
atoms tightly packed in a two-dimensional honeycomb lat-
tice [1]. Recent research has shown that graphene exhibits
many unusual electronic, thermal, structural, and mechani-
cal behaviors. Also, it has high specific surface areas (over
2600 m* g '), and fascinating transport phenomena such as a
room-temperature quantum Hall effect, an ambipolar elec-
tric-field effect, and ballistic conduction of charge carriers
[2-8]. Partoens et al. [9] found that the electronic structure
of few-layer graphene (number of layers less than 10) is
different from that of bulk graphite. Because of this, it is
useful to define three different types of graphene: single-
layer graphene (SG), bilayer graphene (BG), and few-layer
graphene (FG, number of layers <10) [10].

*Corresponding author (email: zhuangquanchao@ 126.com)

© The Author(s) 2011. This article is published with open access at Springerlink.com

These properties make graphene very promising for
many applications such as solar cells, sensors, supercapaci-
tors, and hydrogen storage. Despite optimistic expectations
for graphene-based electronics, it seems unlikely that they
will become commonplace within the next two decades. In
the meantime, many other graphene-based applications are
coming of age. One of these exciting possibilities is using
bulk graphene powders as anode materials for reversible
lithium storage in lithium-ion batteries (LIB) [11,12]. Be-
cause of its large surface-to-volume ratio and highly con-
ductive nature, graphene may have properties that make it
more suitable than graphite for reversible lithium storage in
lithium-ion batteries. This is because lithium ions could be
bound not only on both sides of the graphene sheets, but
also at the edges and covalent sites of the graphene nano-
platelets. Its theoretical capacity (740—780 mA h g™') is
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more than two times of that of bulk graphite. Therefore, we
expect that graphene could overtake its 3D counterpart
(graphite) for enhanced Li storage in LIB. In addition, when
graphene is used as an anode material, the diffusion of the
lithium-ions is much easier. Thus, the rate capability is sig-
nificantly enhanced. However, as an anode material, gra-
phene has two disadvantages. First, graphene sheets are
prone to stack into multilayer structures. Thus they lose
their high specific surface areas and intrinsic properties.
Second, there is a rather large irreversible capacity in the
first charge-discharge cycle, because of the subsequent loss
in surface areas. An explanation of the mechanism of inter-
calation-deintercalation of the lithium ions in the graphene
is important for solving these problems. However, currently,
no explanation has been put forth.

In this work, graphene nanosheets (GNSs) were synthe-
sized by reducing exfoliated graphite oxides. Their structure,
surface morphology and lithium storage mechanisms were
characterized and investigated systematically using X-ray
diffraction (XRD), atomic force microscopy (AFM), field-
emission scanning electron microscopy (FE-SEM), charge-
discharge tests and cyclic voltammetry (CV). The first lithi-
ation process of the GNSs was studied using electrochemi-
cal impedance spectroscopy (EIS), and the variation in the
impedance with decreasing electrode polarization potential
was analyzed.

1 Experimental

1.1 Preparation of the GNSs

Graphene oxide was prepared from natural graphite powder
via the modified Hummers method [11,13]. The obtained
graphite oxide was re-dispersed in DI water. The exfoliation
of the graphite oxide to nanosheets was achieved through
ultrasonication of the dispersion using an Ultrasonic In-
strument (FS-600, Shanghai Sonxi Ultrasonic Instrument
Co. Ltd., Shanghai, China). In the procedure for the chemi-
cal conversion of graphite oxide to graphene [14], the re-
sulting homogeneous dispersion was poured into a round-
bottomed flask, to which hydrazine monohydrate solution
(reducing agent) was subsequently added. An ammonia so-
lution was used to adjust the pH value of the solution to 10.
After being refluxed at 100°C for 2 h, the suspension grad-
ually changed to a dark black color as the GNS dispersion
was formed. The suspension was filtered to produce a fluffy
graphene cake. The graphene cake was dried to obtain a
bulk GNS powder. Finally, GNSs obtained using chemical
reduction were heat treated at 500°C in a nitrogen atmos-
phere for 2 h to remove the —H and —OH groups.

1.2 Nanostructural and physical characterizations

The structures of GNSs were analyzed using XRD (Bruker
AXS D76181 X-ray diffractometer, Karlsruhe, Germany)
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and FE-SEM (JEOL 6701F, Tokyo, Japan). The GNS elec-
trodes were characterized using AFM (Pico Scan 2100,
Molecular Imaging Co. Ltd., Tempe, AZ, USA).

1.3 Electrochemical testing of GNS electrodes

The graphene electrodes used in this study were prepared by
spreading a mixture of 80% GNS powder and 20% polyvi-
nylidene fluoride (Kynar FLEX 910, EIf Atochem, Issaquah,
WA, USA) binder dissolved in N-methyl pyrrolidone (Fluka
Inc., St. Louis, MO, USA) onto a Cu foil (thickness: 20 pm)
current collector. The electrolyte consisted of 1 mol L™
LiPF¢ in a mixture of ethylene carbonate (EC), dimethyl
carbonate (DMC), and diethyl carbonate (1:1:1, weight
ratio, Guotaihuarong Co., Zhangjiagang, China).

The charge-discharge experiments were conducted in a
two-electrode button cell using a Li foil (99.9%, China En-
ergy Lithium Co., Ltd., Tianjin, China) as a counter elec-
trode. The cells were galvanostatically charged and dis-
charged at a current density of 100 mA g™ over a range of
0-3 V. The CV and EIS measurements were performed in a
three-electrode glass cell with Li foils serving as both the
auxiliary and reference electrodes in an electrochemical
work station (CHI 660C, Chenhua Co., Shanghai, China).
The CV curves were measured at 1 mV s~ over the range
from 3 to 0 V. The amplitude of the ac perturbation signal
was 5 mV and the frequency range was varied from 10* to
1072 Hz, and the electrode was equilibrated for 1 h before
the EIS measurements to attain steady state conditions.

2 Results and discussion

2.1 XRD analysis

Figure 1 shows the XRD patterns of both the raw graphite
and the final products. The sharp peak near 26° can be seen
in both samples. This peak is attributed to the (002) planes
of carbon materials. However, GNS exhibited a slightly
larger dy, interlayer spacing (3.49 A) than the raw graphite
(3.38 A). Moreover, the (002) diffraction peak of GNS
weakened in intensity and slightly broadened, because of
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Figure 1 XRD patterns of the (a) graphene and (b) raw graphite.
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the short-range ordering in the crystal structure and the
existence of defects in the products. This is in accordance
with previously reported results [15,16].

2.2 SEM and AFM observation

Figure 2 (a) shows a FE-SEM image of a top-view of the
GNSs. From the figure, it can be seen that the layered plates
are composed of many curled nanosheets with diameters
ranging 10—20 pum. However, in Figure 2 (b), it can be seen
that the edges the restacked GNS are made up of finely
divided nanoplates with intrinsic ripples. The thickness of
an individual stack in the nanoplates was estimated to be 5
nm. This suggests that the self-restacked GNSs consist of
several layers, because along their scrolled edge [10,12], the
actual thickness of prepared graphene sheets should be
much less than 5 nm. Figure 3 shows a 3-D AFM topogra-
phy image of an individual exfoliated graphene sheet. In
this image, the wrinkled and ragged structure of the surface
can be seen. Corrugation and scrolling are part of the intrin-
sic nature of graphene nanosheets. They result from the fact
that the 2D membrane structure becomes thermodynami-
cally stable via bending [1,12,17]. Therefore, the GNSs
prepared in this work do not exceed 10 layers.

2.3 Charge-discharge test

The charge-discharge curves and cycling performance of
the GNS anode are shown in Figures 4 and 5, respectively.
From these figures, the charge-discharge behavior over the

Figure 2 SEM images of the GNS. (a) Top view and (b) edge.
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Figure 3 Topographic AFM image of an exfoliated single graphene sheet.
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Figure 4 Charge-discharge profiles of the GNS anode at a current density
of 100 mA g™
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Figure 5 Cycling performance of the GNS anode at a current density of
100mA g

range 0-3 V can be seen. In the profile, the first cycle dis-
charge and charge capacities of the GNS/Li battery at a
current density of 100 mA g ' are 1481.5 and 601 mA h g™\,
This greatly exceeds the theoretical capacity of graphite,
which is 372 mA h g”'. Nevertheless, the first cycle colum-
bic efficiencies are relatively low (40.6%) and the irreversi-
ble capacities are higher. Note that the reversible capacity
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from the 2nd cycle is maintained at 85% after 80 cycles.

Figure 6 shows cyclic voltammograms of the GNS anode.
The shape of the CV curves matches well with that of the
charge-discharge profiles. Two cathodic peaks can be seen
during the first lithiation process. The first current peak
appeared in voltage range of 0.8-0.4 V and disappeared
during subsequent cycles. This can be attributed to the for-
mation of solid electrolyte interphase (SEI) films on the
surface of the GNS electrode [18,19]. The irreversible
capacity of carbonaceous materials during the first cycle can
be primarily associated with the consumption of lithium
ions in the course of the reaction with the active sites of the
electrode, and the decomposition of electrolytes, which
leads to the formation of SEI films on the surface of the
electrode [11,15]. This peak can be typically enhanced by
increasing the specific surface area and structural disorder
of the electrode materials. The second peak is located below
0.2 V, which corresponds to the insertion of Li" into the
lattice of the GNS electrode. A large voltage hysteresis can
be observed during first delithiation process. According to
the Li storage model of GNS [20], the reaction of Li with
the active defects during the discharge processes occurs at
low voltages. However, the breaking of the relatively strong
bonds of the Li atom with the defects during the charge
processes takes place at high voltages. Thus, resulting in a
large voltage hysteresis. After several cycles, the current
peaks became stable, which indicates that the insertion-
extraction of Li* produces good reversibility and low hyste-
resis.

After 15 charge-discharge cycles, SEI films were
observed on the surface of the GNS electrode. This can be
seen in the SEM images (Figure 7). Apparently, the SEI
films are made up of insoluble granular particles (Figure
7(b)), which arise from the decomposition of the electrolyte
solvent. Figure 8 shows the XRD pattern of the GNS anode
after being subjected to 15 charge-discharge cycles. After
the charge-discharge cycles, GNS anode has features typical
of expanded graphite [21,22], a weak (002) peak and a
broader peak at 23-28°. This suggests that the stacking of
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Figure 6 Cyclic voltammogram of the GNS anode in a three-electrode
glass cell using Li foils as both counter and reference electrodes; scan rate:
ImVs™.
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Figure 7 SEM images of the GNS electrode after 15 charge-discharge
cycles.
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Figure 8 XRD pattern from the GNS electrode after 15 charge-discharge
cycles.

graphene sheets is substantially disordered during the lithia-
tion-delithiation cycles. This can also be confirmed through
the SEM images (Figure 7 (a)).

2.4 EIS features of the GNS electrode

EIS spectra of the GNS electrode for different potentials
during the first lithiation process are shown in Figures 9 and
10. The Nyquist plot of the GNS electrode at open circuit
potential (OCP) (3.0 V) has a semicircle shape in the high-
frequency (HF) range and is a slightly inclined line in the
low-frequency (LF) region. This represents the blocking
character of the nonlithiated electrode at the equilibrium
potential [23]. Because there is not an initial SEI film on the
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Figure 9 Nyquist plots for the GNS electrode at various potentials ranging from 3.0 to 0.7 V during the first lithiation over the frequency range 10*~10~ Hz.
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Figure 10 Nyquist plots for the GNS electrode at various potentials from 0.65 to 0.1 V during the first lithiation over the frequency range 10°~10~ Hz.

surface of GNSs or a formation process for SEI films at OCP with a decreased electrode polarization potential. The
OCP, the semicircle in the high frequency region can be similar features include a semicircular in the high frequency
only attributed to contact problems, which was suggested by region and a line in the low frequency region. Also, there
Holzapfel et al. [24]. were no important modifications to the EIS traces in the

The Nyquist plots above 1.0 V are similar to those at high frequency region. These results illustrate that the
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formation and growth of the SEI films, which are caused by
electrolyte reduction decomposition, do not occur on the
GNS electrode when the electrode polarization potential is
above 1.0 V. This is in accordance with the CV results.

With decreasing electrode polarization potential, the
inclined straight line, which is strongly potential dependent,
moves closer towards the real axis. The plot becomes semi-
circular in the medium-frequency (MF) region at 0.9 V.
Also, a steep-slope line in the low frequency region is also
formed at 0.8 V. In the region from 0.8 to 0.55 V, the
Nyquist plots consist of three parts, two semicircles and one
line. According to previous results for graphite electrodes
[25-30], the HF semicircle is caused by lithium-ion migra-
tion through the SEI films, the MF semicircle can be
attributed to the charge transfer step, and the steep-slope
line is caused by solid state Li-ion diffusion in the bulk ac-
tive mass. As previously mentioned, there is an initial semi-
circle in the high frequency region when the potential is
above 1.0 V. Therefore, the HF semicircle observed in this
study is not only related to the contact problems, but also
lithium-ion migration through the SEI films. With the fur-
ther decreases in electrode potential, the HF semicircle and
the MF semicircle begin to overlap (below 0.5 V), and then
totally merged into one single compressed semicircle (be-
low 0.3 V).

2.5 Equivalent circuits proposed for EIS analysis

Based on the results obtained in this work, an equivalent
circuit, which is shown in Figure 11, was proposed to match
the impedance spectra of the GNS electrode during the first
lithiation process. In this equivalent circuit, R, represents
the ohmic resistance, R; is the resistance of the SEI films
and/or the contact problems, R is the resistance of the
charge-transfer reaction. The capacitance of the SEI films
and the capacitance of the double layer are represented us-
ing the constant phase elements (CPE) Q; and Qyg, respec-
tively. The low frequency region, however, cannot be mod-
eled properly using a finite Warburg element. We chose,
therefore, to replace the finite diffusion with a CPE, i.e. Op.
This approach has been used to characterize graphite elec-
trodes [31,32], and has allowed us to obtain a good match
with the experimental data.

2.6 Variation in R, with the electrode polarization
potential

Figure 12 shows the variation in R, with the electrode

o Qu

- m
RS

R Ret Qp

Figure 11 Equivalent circuit for the impedance spectra of the GNS elec-
trode. R,: ohmic resistance; R;: resistances of the SEI and the contact prob-
lems; R, charge-transfer resistance; Q;: SEI film capacitance; Qq: double
layer capacitance; Qp: diffusion capacitance.
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Figure 12 Variation in R, with the electrode potential. This curve was
obtained from fitting the experimental impedance spectra of the GNS elec-
trode during the first charge-discharge cycle.

polarization potential. This was obtained by fitting the exper
imental impedance spectra from the GNS electrode during
the first lithiation process. It can be seen that R, remains
fairly constant above 1.0 V. The value of R, can be attribut-
ed to contact resistance, which was discussed above. When
the electrode polarization potential decrease from 0.95 to
0.7 V, R, rapidly increases. This corresponds to SEI film
formation and the thickness of the newly formed SEI films.
However, R, quickly decreases with the decreasing electrode
polarization potential below 0.7 V. This may be caused by
the volume increase in the graphene sheets increases associ-
ated with lithium-ion intercalation. This improves contact
among the graphene sheets and between the current collec-
tor and the graphene sheets, which leads to a decrease in R;.

2.7 Variation in charge transfer resistance with
electrode polarization potential

The basic reaction mechanism of lithium-ion intercalation
in the GNS electrode is represented by eq. (1):

xLi" +xe” +C, <=>Li C, (1)

First, assume that the velocity of the forward reaction r¢
(lithium-ion intercalation in the GNS electrode) is propor-
tional to ¢r (1-x) and the concentration (M™) of lithium-ions
in the electrolyte near the electrode. cr (1—x) is the concen-
tration of intercalation sites on the GNS electrode surface
unoccupied by lithium-ions, x is the intercalation level, cr
(mol em™) is the maximum concentration of lithium-ions in
GNS electrode. Then, the deintercalation rate, ry, is propor-
tional to crx, which represents the lithium-ion sites. There-
fore the intercalation velocity, r; and the deintercalation
velocity, ry,, can be expressed as [33]:

=k, (1-x)M", 2)
r, = kycx. (3)

Therefore:
i=r,—n =nFc, [kf(l—x)M+—kbx], 4)
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where n is the number of electron exchanges during charg-
ing and discharging, and F is the Faraday constant.

The molar intercalation energy, AGjy, of lithium-ions in
the GNS electrode can be expressed as:

AG,, =a+ gx, 5)
where a is the interaction energy between an intercalated
ion and a host lattice near it, and g is the interaction energy

between two intercalated ions at different sites.
According to activated complex theory:

P —a(nFE+AG,,) ©
=k, exp| ——8@8 = |,
P RT

k, =k, exp

{(%a)(ngfmam)} o

where «is the symmetry factor for the electrochemical re-
action. The velocity constants, k? and k2, can be expressed in
the Arrhenius form [34]:

-AG
k= A ex Oe | 8
e =4 p( RT ] (8)
-AG
kl? = Ab CXp(R—Toaj. (9)

Substituting eqs. (6) and (7) into eq. (4), the current, i, can
be obtained from the following expression:

—a(nFE+AG,),)
i = nF kO 1— M+ int
i =nFegk] (1-x) exp{—RT }
1- FE +AG,
—nFCTk:xexp|:( a)(nRT+ Gmt):l. (10)

For the equilibrium state, E = E, and i = 0. Therefore, the
exchange current density, iy, can be expressed as:

~a(nFE+AG,,
iO = I’lFCkaO (1 —]C)M+ exp{%}

i (1-a)(nFE+AG,,) .
=nrec XEX .
T™b p RT ( )
Thus:

iy = nFegky (M1 —x)!" x4, (12)

where k(is the standard reaction speed constant, and kjcan
be expressed as:

ky = k! exp[

1-a)(nFE, + AG,,
Lo rsse)]

—a(nFE, +AG,,)
RT

=k, exp
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The charge transfer resistance can be defined as:
R, =RT/nFi,. (14)

Substituting eqs. (10) and (12) into eq. (14) gives the fol-
lowing formula:
B RT

nzFZCTkO (M+ )(lfa) (1 _ x)(lfa) xa :

5)

ct

If the reactions of lithium-ion intercalation and deintercala-
tion in the GNS electrode are invertible, o will be equal to
0.5. Then:

RT

R, = . 16
ct nZFZCTkO (M+)045 (1 _ x)O.S x045 ( )

Equation (16) predicts a rapid increase in R, with the
decreasing x for x < 0.5, and a rapid decrease in R with
increasing of x for x > 0.5. The minimum R, can be attained
when x = 0.5. Equation (16) can explain the relation
between the charge-transfer resistance and the electrode
polarization potential. This is shown in Figure 13.

If the interaction between intercalated lithium ions at
different sites and the interaction between intercalated lith-
ium ions and the host lattice near are neglected, a Langmuir
type isotherm can be used to describe lithium insertion-
extraction into GNS electrode. In this case, the relationship
between the insertion level, x, and the electrode polarization
potential has the following form [35]:

x/(1—-x) =exp[ f(E - E,)], 17

Where f= F/RT; R and F are the thermodynamic and Far-
aday constants, respectively); E and E, are the electrode’s
real and standard potentials, respectively.

Initially, a lithium ion is inserted into or extracted from
the active mass during the electrochemical processes. That
is to say, for a very low insertion level (x—0). Equation (17)
takes the form:

x=explf(E—E))I (18)

After substituting eq. (18) into eq. (16), R, can be rewritten
as:

- RT
n*Fe k(M *)")

exp[-a f(E-E)]. (19)

ct

By linearizing eq. (19) using a logarithm, we obtain the fol-
lowing expression:

RT
n?Fepky (M)

InR, =In —-af(E-E,). (20)
Equation (20) indicates that, if x—0, InRand E has a linear

variation. The symmetry factor & can be obtained from the
slope. Figure 13(b) shows the variation in InR., with electrode
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Figure 13 Variations in R, and In(R.) with the electrode polarization
potential obtained from fitting the experimental impedance spectra of the
GNS electrode during the first lithiation.

polarization potential, which was obtained by fitting the
experimental impedance spectra of the GNS electrode.
From this, it can be seen that eq. (20) can be used to
properly interpret the experimental data. InR,, varies linearly
with the electrode polarization potentials between 0.5 and
1.0 V during the first lithium-ion intercalation process and a
value of 0.446 for & can be calculated using the slope of the
line in Figure 13 (b).

3 Conclusions

In summary, GNSs were synthesized by reducing exfoliated
graphite oxides. It was found that, GNSs were primarily
few-layer graphene sheets with less than 10 layers. We fab-
ricated GNS electrodes that exhibited an enhanced reversi-
ble lithium storage capacity and good cyclic stability when
serving as anodes in lithium-ion batteries. Also, the first-
cycle irreversible capacities were relatively high, because of
the formation of solid electrolyte interphase films on the
surface of the GNS electrodes and the spontaneous stacking
of GNSs during the first lithiation. The EIS results suggest
that the SEI films that formed on GNS electrodes during
first lithiation did so at potential values between 0.7-0.95 V.
We also measured the symmetry factor of the charge trans-
fer to be 0.446.
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