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Abstract: A solvent-exchange approach for the preparation of
solvated graphene frameworks as high-performance anode
materials for lithium-ion batteries is reported. The mechan-
ically strong graphene frameworks exhibit unique hierarchical
solvated porous networks and can be directly used as electro-
des with a significantly improved electrochemical performance
compared to unsolvated graphene frameworks, including very
high reversible capacities, excellent rate capabilities, and
superior cycling stabilities.

Electrochemical energy storage has become a key enabling
technology for sustainable, clean, and efficient energy supply.
In this regard, lithium-ion batteries (LIBs) with high energy
and power densities are highly desired devices for advanced
portable electronic devices and electric vehicles.[1–3] The
electrode materials are the central components of LIBs and
largely dictate their ultimate performance. Although graphite
has been widely used as an anode material in current
commercial LIBs, its low theoretical capacity (372 mAh g¢1)
and poor rate capability cannot meet the increasing require-
ments for next-generation LIBs. Graphene, a single-atom-
thick two-dimensional carbon lattice, has been considered as
a promising alternative electrode material for LIBs owing to
its superior intrinsic electrical conductivity, high specific
surface area, excellent mechanical flexibility, and broad
electrochemical window.[4–6] However, the strong van der
Waals and p–p stacking interactions between graphene sheets
make them readily aggregate to form graphite-like powders
or films with dense layered microstructures when they are
processed into bulk electrode materials, leading to a severely
decreased surface area and much higher Li ion diffusion
resistance and therefore inefficient utilization of the graphene
layers for Li storage.[7–10] Furthermore, polymer binders and/
or conductive additives are generally indispensable, which

increases not only the complexity of electrode preparation
but also the weight of the passive components and imposes an
adverse effect on the electrochemical performance.

Monolithic graphene frameworks with three-dimensional
(3D) interconnected porous networks in the form of hydro-
gels, aerogels, or foams have recently received intense interest
as electrochemical energy storage devices because of their
large specific surface area, multidimensional continuous
electron-transport pathways, and rapid ion-diffusion charac-
teristics as well as excellent mechanical strength.[11–18] Taking
advantage of these desirable features of graphene frame-
works, considerable efforts have been focused on the
incorporation of various nanostructured transition-metal
oxides and sulfides into the graphene frameworks to prepare
3D hybrids that efficiently combine the advantages of both
components and show high reversible capacities, fast charge/
discharge rates, and good cycle performances when employed
as anode materials for LIBs.[19–35] However, previous studies
of 3D graphene hybrids have largely been limited to graphene
aerogels that were prepared by freeze-drying of the hydrogel
precursor, which is expected to disturb the pristine micro-
structure of the graphene frameworks and thus prevent
achieving the full potential of 3D graphene. A fundamental
understanding of how the graphene framework functions as
an anode material is urgently needed for the further develop-
ment of 3D graphene materials for advanced LIBs.

Herein, we report, for the first time, the preparation of
solvated graphene frameworks (SGFs) through a convenient
solvent-exchange approach for high-performance anodes in
LIBs. The mechanically strong SGFs can be used directly as
electrodes without adding any other binders or conductive
additives and deliver a very high reversible capacity of
1158 mAh g¢1 at a charge/discharge rate of 0.1 Ag¢1, which is
2.6 times higher than that of unsolvated graphene frameworks
(439 mAhg¢1). Moreover, the SGFs show excellent rate
capabilities with a significant capacity of 472 mAhg¢1 at
a high charge/discharge rate of 5.0 Ag¢1 and superior cycling
stabilities with a capacity retention of 93% over 500 charge/
discharge cycles at 5.0 Ag¢1. The electrochemical perfor-
mance of the SGFs is comparable to that of the best
graphene-based anode materials that have been reported
thus far, and could be largely attributed to the unique solvated
porous network of the SGFs, which leads to a higher specific
surface area and faster Li ion diffusion than in the unsolvated
graphene frameworks used before.

To prepare the SGFs, we first synthesized free-standing
graphene hydrogels (GHs) using a modified hydrothermal
self-assembly method (Figure 1 a, left). After freeze-drying,
we obtained graphene aerogels (GAs), which showed little
change in shape and size compared to the GHs (Figure 1a,

[*] Dr. Y. X. Xu, Z. Y. Lin, Dr. X. Zhong, B. Papandrea, X. F. Duan
Department of Chemistry and Biochemistry
University of California, Los Angeles
California 90095 (USA)
E-mail: xduan@chem.ucla.edu

Prof. Y. Huang
Department of Materials Science and Engineering
University of California, Los Angeles
California 90095 (USA)

[**] We acknowledge the Electron Imaging Center for Nanomachines
(EICN) at the California NanoSystems Institute for technical
support of the TEM measurements. X.F.D. acknowledges partial
support by a Dupont Young Prof. Award (electrochemical charac-
terization).

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201500677.

Angewandte
Chemie

5345Angew. Chem. Int. Ed. 2015, 54, 5345 –5350 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/ange.201500677
http://dx.doi.org/10.1002/anie.201500677
http://dx.doi.org/10.1002/anie.201500677


right). Scanning electron microscopy (SEM) images revealed
that the GAs had an interconnected porous network with
pore sizes ranging from less than one micrometer to several
micrometers and pore walls consisting of thin layers of
stacked graphene sheets, which arise from the 3D self-
assembly of graphene (Figure 1b).[14] Raman and X-ray
photoelectron spectroscopy as well as transmission electron
microscopy (TEM) studies confirmed the efficient reduction
of graphene oxide (GO) during the synthesis of GH
(Supporting Information, Figure S1). Although there was no
obvious difference in the appearance of GH and GA, the X-
ray diffraction (XRD) patterns exhibited a remarkable differ-
ence (Figure 1c). The GA showed a diffraction peak at
approximately 2588, which corresponds to a d spacing of
0.36 nm, which is slightly larger than that of graphite
(0.33 nm) owing to the existence of residual oxygen functional
groups on reduced GO.[36] In contrast, the GH gave no
prominent peak at this angle but showed much broader
diffraction peaks ranging from approximately 2088 to 5088,
indicating that the ordering of graphene sheets along their
stacking direction is worse in GH than in GA, which is likely
due to the water molecules confined within the pore walls of
GH.[37,38] This result also suggests that the pore walls of GH

are composed of a few layers of stacked graphene sheets,
which is consistent with the TEM studies (Figure S1c).

To further probe the difference between the microstruc-
tures inside GH and GA, we employed the methylene blue
(MB) dye adsorption method to measure the specific surface
areas of both samples. In contrast to the frequently used gas
adsorption and desorption method, this approach could be
used under the pristine wet conditions of the GH to
determine its intrinsic specific surface area.[39] Surprisingly,
the GH showed a high specific surface area of approximately
980 m2 g¢1, which is about 1.8 times larger than that of GA (ca.
530 m2 g¢1; Figure 1d). Together, these studies suggest that
the face-to-face stacking of reduced GO sheets in the pore
walls of GH is much less tight than the stacking of pristine
graphene in graphite owing to the flexible corrugated
structure and colloidal interactions between hydrated re-
duced GO sheets containing oxygen functional groups, thus
creating abundant micro- and mesopores within the pore
walls of GH, which are filled by water molecules and
accessible to the MB molecules.[37, 38] Upon freeze-drying,
a significant portion of the pores within the pore walls of GH
were compressed by the gradual growth of ice crystals and the
removal of water (Figure 1e), resulting in stronger stacking of
reduced GO within the pore walls and a lower specific surface
area in the GAs, although some micro- and mesoporosity
survived (Figure S2). Furthermore, the macroporous network
built by the pore walls can be retained after freeze-drying, and
thus no obvious appearance change between GH and GA was
observed.

The hydrated GHs could allow for the one-step direct
exchange of their interior water molecules with hydrophilic
organic solvents, such as ionic liquids (ILs), ethanol, ethylene
carbonate (EC), and dimethylformamide (DMF), to prepare
a variety of SGFs (Figure 2a). In fact, the GHs are also a kind
of SGF but here we use different terms to describe these two
materials for reasons of clarity. Even for water-insoluble
diethyl carbonate (DEC), we could follow a two-step
procedure with ethanol and DEC as the successive exchange
solvents to prepare a SGF fully infiltrated with DEC (Fig-
ure 2a). Although the XRD patterns of the SGFs showed
a peak shift compared to GH, which is probably due to the
different solvation effects on the reduced GO sheets, similarly
broad diffraction peaks were observed, indicating that the
unique stacking structure of the reduced GO and the
hierarchical porosity in GH were largely retained in the
SGFs (Figure 2b), which is particularly important to extend
the function of SGFs for various applications.

To study the electrochemical performance of SGFs as
anode materials in LIBs, we used the solvent-exchange
method to prepare SGFs infiltrated with 1m LiPF6 in EC/
DEC electrolyte. A piece of approximately 2 mm thick
mechanically strong SGF was pressed on copper foil to
form an approximately 30 mm thick SGF film, which was
directly used as the electrode without any other additives or
further impregnation with electrolyte to assemble the cells
(Figure 3a). The pressed SGF film with a graphene packing
density of 0.65 g cm¢3 showed a high electrical conductivity of
approximately 950 S m¢1. XRD studies of the SGFs before
and after pressing (Figure S3) showed similar diffraction peak

Figure 1. a) Photographs of GH and GA. b) SEM images of the interior
microstructures of GA with a high-magnification image shown in the
inset. c) XRD patterns of GH and GA. d) Specific surface areas of GH
and GA determined by the MB adsorption method. e) Schematic
representation of the structural evolution of GH upon freeze-drying.
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widths and intensities, suggesting that little re-stacking of the
graphene sheets had occurred, and that the unique solvated
porous network was largely maintained in the pressed SGF
film owing to the robust interlock of graphene sheets in the
SGF. For comparison, the GA was also tested under the same
conditions as an unsolvated graphene framework. Figure 3b–
e shows the galvanostatic charge/discharge profiles of SGF
and GA electrodes at a current density of 0.1 Ag¢1 within
a cutoff voltage window of 0.01–3.0 V versus Li+/Li. The SGF
electrode delivered a specific capacity of 2815 mAh g¢1 in the
initial discharging process and a reversible capacity of
1367 mAh g¢1 in the first charging cycle with a Coulombic
efficiency of 48.5%. The presence of a plateau at approx-
imately 0.8 V and the irreversible capacity loss in the first
cycle could be associated with electrolyte decomposition and
the formation of a solid–electrolyte interphase (SEI) on the
electrode surface (Figure 3b).[7–10] The capacity of the SGF
electrode became stable after five charge/discharge cycles.
The SGF electrode exhibited a high reversible capacity of
1158 mAh g¢1 after 30 cycles with a high capacity retention of
85% (Figure 3c). In contrast, the GA electrode showed much
lower reversible capacities of 510 and 439 mAhg¢1 in the first
cycle and after 30 cycles, respectively (Figure 3d,e).

The rate performances of the SGF and GA electrodes at
different current densities were further studied (Figure 4). At
a current density of 0.2 Ag¢1, the SGF electrode could be
reversibly charged to 1066 mAh g¢1 in the fifth cycle, which is
much higher than the value for the GA electrode
(397 mAhg¢1). When the current density was increased to
0.5, 1.0, and 2.0 Ag¢1, the SGF electrode could deliver
reversible capacities of 875, 749, and 626 mAhg¢1, respec-
tively. More importantly, even at a very high current density
of 5.0 Ag¢1, a stable reversible capacity of 472 mAh g¢1 could
still be achieved for the SGF electrode, which is 3.7 times
higher than that of the GA electrode (101 mAh g¢1). Partic-
ularly, when the current density was returned to the initial
0.2 Ag¢1, a reversible capacity of 1034 mAh g¢1 could be
recovered (Figure 4c). Moreover, the kinetic features of the
charge/discharge curves at high current densities were similar
to those at low current densities (Figure 4a). For graphene
electrode materials, the capacity below 0.5 V (vs. Li+/Li)
comes from lithium intercalation into the graphene layers,
whereas the capacity above 0.5 V (vs. Li+/Li) is mainly
associated with the Faradic capacitance on the surface or edge
sites of the graphene sheets.[7] Therefore, for the SGF
electrode, the capacities arising from lithium intercalation
are approximately 903 and 322 mAh g¢1 at 0.1 and 5.0 Ag¢1,
respectively, contributing as much as approximately 78% and
68% of the total capacity of the SGF electrode, respectively,
which is significantly more than the values achieved with the
GA electrode (ca. 70 and 51% at 0.1 and 5.0 Ag¢1,
respectively), especially at a high current density. These
results suggest that the SGF electrode has more favorable
charge transport and ion diffusion processes than the GA
electrode, which was confirmed by electrochemical impe-
dance spectroscopy (EIS; Figure 4d). The semicircle in the
high-to-medium frequency regime of the Nyquist plot was
assigned to the charge-transfer resistance between electrode
and electrolyte, whereas the line inclined at 4588 is the

Figure 2. a) Schematic representation of solvent exchange for the
preparation of SGFs (top) and photographs of SGFs in various organic
solvents (bottom). b) XRD patterns of SGFs.

Figure 3. a) Preparation of a binder-free SGF electrode. A piece of SGF
(left), its pressed-film electrode on copper foil placed in a coin cell
case (middle), and SEM image of the cross-section of the pressed SGF
film (right). b) Galvanostatic charge/discharge profiles and c) cycle
performance and Coulombic efficiency of the SGF electrode at a low
current density of 0.1 Ag¢1 between 3.0 and 0.01 V versus Li+/Li.
d) Galvanostatic charge/discharge profiles and e) cycle performance
and Coulombic efficiency of the GA electrode at a low current density
of 0.1 Ag¢1 between 3.0 and 0.01 V versus Li+/Li.
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Warburg region associated with lithium-ion diffusion in the
electrode. Obviously, the SGF electrode exhibited a smaller
semicircle diameter and a shorter 4588 Warburg region,
indicating a lower charge-transfer resistance and more
efficient lithium-ion diffusion within the SGF electrode.

The SGF electrode also demonstrated excellent cycling
stability in rate performance tests with a high reversible
capacity of 435 mAh g¢1 and a remarkable capacity retention
of 93 % over 500 charge/discharge cycles at a high current
density of 5.0 Ag¢1 (Figure 4e). The superior structural
stability of SGF was also confirmed by similar Nyquist plots
before and after the cycling tests (Figure 4 f), and could be
attributed to the mechanically strong 3D porous network
structure, which can accommodate the volume change caused
by repeated lithium insertion/extraction during the cycling
test. Based on the above results, the significantly improved
electrochemical performance of SGF compared to GA could
be attributed to its unique solvated hierarchical porous
network given that the chemical structure of reduced GO in
SGF and GA is identical. First, the high surface area and
solvated porous structure in SGF could provide a large
electrode–electrolyte interface and promote efficient and
rapid lithium-ion diffusion into the entire graphene network,
including the deeply buried locations within the stacked
graphene layers. Second, owing to the increased intersheet
distance arising from the solvation effect on the reduced GO
in SGF, more active sites for lithium storage could be exposed.

We also tested the electrochemical performance of
graphite as a state-of-the-art anode material for further
comparison (Figure S4). The graphite material showed
capacities of 326 and 121 mAhg¢1 at 0.1 and 1.0 Ag¢1,
respectively, which mainly comes from the lithium intercala-
tion reaction (below 0.5 V vs. Li+/Li), in agreement with
previous results.[40] The capacities of graphite are much lower
than those of the SGF electrode even considering only the
capacity coming from lithium intercalation (903 and
550 mAhg¢1 at 0.1 and 1.0 Ag¢1, respectively). It should
also be noted that most of the previous studies on graphene-
based anode materials only reported the gravimetric capacity
and neglected the volumetric capacity. However, the volu-
metric capacity is another important metric to consider for
many practical applications. Taking the packing density of the
graphite anode material as approximately 2.0 gcm¢3, graphite
can deliver volumetric capacities of 652 and 242 mAhcm¢3 at
0.1 and 1.0 Ag¢1, respectively. With a high packing density of
0.65 gcm¢3, the SGF electrode can achieve significantly
higher volumetric capacities of 753 and 487 mAhcm¢3 at 0.1
and 1.0 Ag¢1, respectively. Even considering only the con-
tribution of lithium intercalation, the SGF electrode can still
show excellent volumetric capacities of 587 and
358 mAhcm¢3 at 0.1 and 1.0 Ag¢1, respectively, which
approach that of graphite at low current densities and greatly
surpass that of graphite at high current densities. The
electrochemical performance of SGF is also comparable to
that of the best graphene-based anode material among a wide
range of chemically modified graphene and graphene hybrids
(Table S1). It is worth noting that our SGF electrode is free-
standing and does not contain any other binders or additives
and thus shows the highest capacity when normalized by the
total weight of the entire electrode. Considering the easy
large-scale and low-cost preparation as well as the lower
charge/discharge potential compared to previous 3D gra-
phene hybrids, whose capacity mainly comes from the
reaction above 0.5 V (vs. Li+/Li), the SGFs are extremely
promising anode materials for LIBs with higher energy and
power densities.

In summary, we have developed a convenient solvent-
exchange strategy to prepare SGFs where the stacking of
graphene layers and the interior microstructure within the
pore walls are significantly different from those of unsolvated
graphene frameworks. The SGFs can be used directly as
additive-free LIB anodes and exhibit greatly improved
electrochemical properties compared to unsolvated graphene
frameworks, including a high reversible capacity
(1158 mAh g¢1 and 753 mAhcm¢3 at 0.1 Ag¢1), excellent
rate capability (472 mAhg¢1 and 307 mAhcm¢3 at
5.0 Ag¢1), and superior cycling stability (93% capacity
retention after 500 cycles at 5.0 Ag¢1). These properties are
mainly due to the higher specific surface area and faster
lithium-ion diffusion as well as an increased intersheet
distance arising from the unique solvated porous network of
SGFs. This work provides fundamental insights into the
structure–property relationships of graphene frameworks,
which will promote the rational design and synthesis of 3D
graphene materials for electrochemical energy storage and
beyond. It should also be noted that the SGF anodes show

Figure 4. a,b) Galvanostatic charge/discharge profiles of SGF (a) and
GA (b) electrodes. c) Rate capabilities and cycle performance of SGF
and GA electrodes over a wide range of current densities from 0.2 to
5.0 Ag¢1. d) Nyquist plots for SGF and GA electrodes. e) Cycling
stability of the SGF electrode at a high current density of 5.0 Ag¢1 after
a rate performance test. The charge and discharge capacities essen-
tially overlap with each other owing to the high Coulombic efficiency.
f) Nyquist plots for the SGF electrode before and after the cycling
tests.
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a relatively large charge/discharge voltage hysteresis, similar
to various chemically modified graphene anode materials
reported previously, which will be an important topic to
explore in future studies.

Experimental Section
Preparation of GO, GH, and GA: GO was prepared by oxidation of
natural graphite powder according to the modified HummersÏ
method.[41, 42] The GH was prepared using a modified hydrothermal
reduction method. Briefly, an aqueous solution of ascorbic acid
(0.3 mL, 1m) was added into an aqueous dispersion of GO (6 mL,
2 mgmL¢1), and the mixture was sealed in a Teflon-lined autoclave
and maintained at 180 88C for 2 hours. The autoclave was naturally
cooled to room temperature, and the as-prepared GH was taken out
with tweezers and washed with water to remove residual ascorbic acid
for the following experiments. GA was prepared by freeze-drying of
GH using liquid nitrogen.

Preparation of the SGFs: For the preparation of SGFs with IL (1-
ethyl-3-methylimidazolium tetrafluoroborate, EMIMBF4), the GH
was immersed in neat EMIMBF4 under vacuum at 100 88C for 12 hours
to exchange its interior water molecules with EMIMBF4. For the
preparation of SGFs with hydrophilic organic solvents, the GH was
immersed in the fresh solvent with 10 times the volume under stirring
for 6 hours, which was repeated three times. For the preparation of
SGFs with LIB electrolyte, a piece of GH was first converted into
SGF with EMIMBF4 ; then the EMIMBF4 within the SGF was further
exchanged with the LiPF6 EC/DEC (1m, 1:1 v/v) electrolyte. For
comparison, the GA was also sequentially immersed in EMIMBF4

and LiPF6 EC/DEC (1m) electrolyte.
Materials characterization: The morphologies of the GHs and

GAs were characterized by SEM (JEOL 6700) and TEM (FEI
CM120). XRD measurements were conducted with a Panalytical
XÏPert Pro X-ray Powder Diffractometer with Cu Ka radiation. The
MB dye adsorption method was employed to measure the specific
surface areas of HGFs and GFs. MB adsorption is a standard method
for measuring the specific surface area of graphitic materials, with
1 mg of adsorbed MB molecules covering a surface area of 2.54 m2.[39]

The surface areas were calculated by adding a piece of GH or GA into
a solution with a standard concentration of MB in deionized water for
a total of 48 hours to completely reach the adsorption equilibrium.
The MB concentration was determined by analyzing the supernatant
by UV/Vis spectroscopy at a wavelength of 665 nm and a comparison
to the initial standard concentration of MB prior to interacting with
GH or GA. Raman spectra were measured and collected using
a 632.8 nm laser with a Renishaw 1000 under ambient conditions.

Electrochemical measurements: The working electrode was
prepared by direct pressing of a piece of SGF or GA with electrolyte
on copper foil with 100 MPa pressure, during which the squeezed
electrolytes were removed with filter papers. The mass loading of
graphene was ca. 2 mg cm¢2. To determine the packing density of the
SGF electrode, we calculated the volume (V) by measuring the radius
(r) and thickness (h) of the pressed SGF film (V = hp r2), and directly
weighed the net mass of the dried SGF film after removal of interior
electrolyte by repeated washing. We thus obtained the packing
density by dividing the net mass by the volume of the SGF film. The
graphite electrode was prepared by mixing graphite powder (95 wt%)
and poly(vinylidene fluoride) binder (5 wt%) in N-methyl-2-pyrro-
lidinone and coating the above mixture slurry on a copper foil, which
was followed by vacuum drying at 120 88C and pressing. The mass
loading of graphite was ca. 2 mgcm¢2. The Li/SGF cells were
assembled in an argon-filled glovebox with less than 1 ppm of
oxygen and water, using lithium metal as the counter/reference
electrode, a Celgard 2400 membrane separator, and LiPF6 electrolyte
solution (1m) dissolved in a mixture of EC and DEC (1:1 v/v). CR2032
(3 V) coin-type cells were used for electrochemical measurements.

All of the electrochemical experiments were carried out using
VersaSTAT 4 from Princeton Applied Research. Galvanostatic
charge/discharge cycles were measured at various current densities
of 0.1–5.0 Ag¢1 between 3.0 and 0.01 V versus Li+/Li at room
temperature. EIS studies were carried out at open-circuit potential
with a sinusoidal signal over a frequency range from 100 kHz to
10 mHz at an amplitude of 10 mV.

Keywords: anodes · electrochemistry · graphene ·
lithium-ion batteries · porous materials
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