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H
igh-energy and power density en-
ergy-storage devices are urgently
demanded to meet challenges of

the ever-increasing development of large-
scale electric energy storage for renewable
energy and sustainable road transport.1�8

Among the electrochemical energy-storage
devices, supercapacitors can deliver high
power but suffer from low-energy density.9,10

On the contrary, lithium ion batteries (LIBs)
hold high-energy density, but for use as a
versatile power source, the power density
still needs to be significantly improved.11�13

In achieving a high-power density of LIBs,
many strategies, such as downsizing the
electrode materials to nanoparticles (NPs),
coating, or mixing with more conductive

materials, and/or doping of electrode ma-
terials with foreign atoms have been devel-
oped. Although charge and discharge rates
are improved, these methods suffer from
more or less severe drawbacks such as poor
cycling stability (intrinsic agglomeration of
small NPs) and requirement of a high per-
centage of conducting carbon black.8,11,14

Therefore, it is still a great challenge to
significantly enhance both the cyclability
and rate capability of LIBs.
Graphene, aone-atom-thick two-dimensional

carbon material, is an ideal candidate
as a high-power and high-energy anode
material for LIBs due to its intrinsically
superior electrical conductivity, excellent
mechanical flexibility, remarkable thermal
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ABSTRACT

In the development of energy-storage devices, simultaneously achieving high power and large energy capacity at fast rate is still a great challenge. In this

paper, the synergistic effect of structure and doping in the graphene is demonstrated for high-performance lithium storage with ulftrafast and long-cycling

capabilities. By an in situ constructing strategy, hierarchically porous structure, highly conductive network, and heteroatom doping are ideally combined in

one graphene electrode. Compared to pristine graphene, it is found that the degree of improvement with both structure and doping effects is much larger

than the sum of that with only structure effect or doping effect. Benefitting from the synergistic effect of structure and doping, the novel electrodes can

deliver a high-power density of 116 kW kg�1 while the energy density remains as high as 322 Wh kg�1 at 80 A g�1 (only 10 s to full charge), which provides

an electrochemical storage level with the power density of a supercapacitor and the energy density of a battery, bridging the gap between them.

Furthermore, the optimized electrodes exhibit long-cycling capability with nearly no capacity loss for 3000 cycles and wide temperature features with high

capacities ranging from �20 to 55 �C.

KEYWORDS: energy storage . high power . in situ synthesis . synergistic effect . graphene
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conductivity, and high surface area.15�22 To turn the
alluring promise into reality, many efforts have been
made to develop various kinds of graphene-based
anode materials, including pure graphene sheets re-
duced by different methods,23�27 porous graphene,28,29

flexible holey graphene paper,30,31 and heteroatom
doping graphene,32 and high reversible capacity up
to 1264 mAh g�1 at a low rate (50�100 mA g�1) has
been achieved.27 However, the rate capability of these
materials for high-power applications is still far from
satisfying. For example, even a moderate degree of
high rate capability still severely depends on addition
of a large amount of carbon black NPs.32 Compared to
the numerous reports exploring the intrinsic properties
of graphene itself, there is few reports on the rational
design and optimization of the graphene electrode
structure, which is believed to be essential to further
boost the graphene performance in LIBs.33�40 For
example, graphene electrodes prepared by the con-
ventional method with binder suffer from severe gra-
phene aggregation which would inevitably hinder
inferior ionic accessibility. What's worse, the randomly
and loosely stacked graphene sheets have large inter-
face resistance, which would impede high-rate elec-
tron conductivity, especially when insulated binder is
added.32 Consequently, the inefficient ionic and elec-
tronic transport in traditional graphene electrodes has
led to poor rate capabilities and serious capacity fading
on cycling. On the other hand, the latest theoretical
research shows that lithium ions can hardly stabilize
and diffuse in the graphene without defects. It has
been demostrated that heteroatom doping can intro-
duce much defects in the basal plane of graphene,
which increases the lithium ions diffusion and active
sites.41�45 Therefore, design and optimization of struc-
ture and doping of the graphene electrode to achieve
supercapacitor-like rate capabilities while maintaining
battery-like storage capacities are highly desirable yet
still very challenging.
Herein, we first demonstrate the synergistic effect of

structure and doping in the graphene by designing
and fabricating a novel type of doped hierarchically
porous graphene (DHPG) electrode through a facile
in situ constructing strategy in nickel foam using
graphene oxide (GO), sulfonated polystyrene (S-PS)
spheres, and poly(vinyl pyrrolidone) (PVP) as precur-
sors. Interestingly, the GO and S-PS are assembled into
three-dimensional (3D) continuous structure with the
assistance of the surfactant of PVP in the nickel foam
during evaporation of solvent. After calcination in N2

atmosphere, the removal of the template and surfac-
tant results in an interconnected porous graphene
framework. Thanks to the advantageous combination
of the macroporous structure of nickel foam, the
formed graphene electrodes hold novel hierarchically
porous architectures, which could intrinsically opti-
mize ion transport and also provide sufficient contact

area between the electrode and electrolyte. Further-
more, as porous graphene directly grows on the
skeletons of nickel foam without the addition of any
binder, high electron conductivity in the electrode
assembly can be ensured. It should be noted that, for
the first time, nitrogen atoms from PVP and sulfur
atoms from S-PS are successfully in situ doped into
the graphene during pyrolysis of the precursor. Bene-
fitting from the synergistic effect of special structure
and heteroatom doping, the as-prepared graphene
electrodes exhibit ultrafast, supercapacitor-like dis-
charge and charge rate capabilities while maintaining
battery-like storage capacities. Furthermore, the novel
electrode is synthesized directly as a whole part and is
free of binder and the conventional complex prepara-
tion process of anodes, and thus could be of great
benefit to large-scale application.

RESULTS AND DISCUSSION

A schematic illustration of the fabrication process for
the DHPG electrode is depicted in Figure 1. The first
step of the synthesis process is impregnation of the
precursor colloidal solution containing GO, PVP, and
S-PS into a freshly washed nickel foam. The SEM and
TEM images of GO and S-PS are shown in Figure S1 in
the Supporting Information. The sizes of GO are around
1�2 μm, which is smaller than that of S-PS (2.5�3 μm)
and thus can facilitate the assembling of GO on the
surface of S-PS. In addition, due to the existence
of �COOH in GO and �SO3H in S-PS, the precursor
solution is weak acid (pH = 1.5), which leads to weakly
dissolving of the nickel (Ni) foam. The positively
charged Ni2þ ion would electrostatically interact with
the negatively charged GO and S-PS in the Ni foam.
Second, the water in the precursor composite is
removed using a freeze-drying technology, which
ensures the preservation of the uniform dispersion of

Figure 1. Schematic illustration of the synthesis procedures
of the DHPG electrodes: (a) impregnating the precursor
solution containing GO, PVP, and S-PS into the porous
collector of nickel foam; (b) freeze-drying the precursor
solution; (c) in situ calcining the precursor gel; (d) illustration
of the features in the interior structure of DHPG electrodes.
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GO and S-PS in the precursor gel, wherein the PVP
interacts with GO and S-PS and thus makes the colloi-
dal system stable. Finally, the DHPG electrodes are ob-
tained by calcining the precursor gel in N2 atmosphere,
where PVP and S-PS are decomposed (Figure S1e),
leaving a sphere-like void, and furthermore, part of the
nitrogen and sulfur atoms in the PVP and S-PS are
in situ doped into the graphene at the same time.
The pristine nickel foam with macroporous skele-

tons is shown in Figure 2a. After in situ synthesis of
hollow graphene, a visible black coating in the whole
nickel foam can be clearly observed (Figure S2). The
low-magnification SEM images (Figure 2c and Figure
S3) of the DHPG electrodes show that the hollow
graphene assemblies exhibit sheet-like morphology.
These graphene assembly sheets are loosely packed
and aligned roughly perpendicular to the skeleton
surface of the Ni foam, which forms a free-standing
structure, producing large interconnected tunnels
throughout the entire electrode depth. These favor-
able tunnels would facilitate wetting of the electrolyte
and lithium ion transport. From the cross-section
images (Figure S4), the sheets grow on the skeletons
of nickel foam and adjacent sheets are interconnected
with each other. The thickness of the sheets is about
3�10 μm with 1�3 layers of S-PS spheres. High-
magnification observation (Figure 2d) of the sheets
reveals that the sheets consist of hollow graphene
spheres with numerous small nanoscale pores be-
tween spheres. Some Ni nanoparticles are also ob-
served on the surface of graphene because the
dissolved nickel ions are reduced into nickel metal
particles by carbon atoms in the graphene gel during

high-temperature treatment (Figure S3e,f). For com-
parison, no nickel particles are observed if the synthesis
is not carried out in nickel foam, while meanwhile, no
small pores are observed (Figure S5), indicating that
the existence of Ni particles will not only improve the
electrical conductivity but also play an important role
in creating the pores between spheres. Such interest-
ing phenomenon is further illustrated by two extra
experiments (section 5 in Supporting Information), and
it can be clearly observed that porous structures are
formed during the production of Ni particles (Figure S6).
The porous structure of graphene is also confirmed by
the TEM image (Figure 2e). In addition, the high-
resolution TEM image (Figure 2f and Figure S3d) shows
that the thickness of graphene sheets is around 2 nm
with 5�6 layers of the single graphene layer. Interest-
ingly, the layer-to-layer distance (d spacing) is about
0.4 nm, which is larger than that of graphite (0.335 nm).
The enlarged d spacing could facilitate lithium ion
diffusion and storage. Furthermore, high-angle annular
dark-field scanning transmission electron microscopy
(STEM) elemental mapping (Figure 3) reveals that
nitrogen and sulfur heteroatoms are uniformly distrib-
uted in the graphene sheets. It is also found that the
interfaces between graphene spheres grow together
(Figure S7), which could alleviate the interface resis-
tance and enable fast electron transport and would
benefit the rate capability (vide infra). The surface area
of the hollow graphene is 70 m2 g�1, which is three
times higher than that of pristine graphene (17 m2 g�1),
ensuring sufficient contact area between the electrode
and electrolyte in the hollow porous structure. On the
contrary, when prepared by the conventional method,
only seriously aggregated pristine graphene and its

Figure 2. SEM images of (a) pristine nickel foam, (b) pre-
cursor, (c,d) DHPG electrodes; (e) TEM and (f) HRTEM images
of DHPG electrodes.

Figure 3. (a) STEM image of the N,S-codoped DHPG elec-
trodes; (b) C-, (c) N-, and (d) S-elemental mapping of the
square region.
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corresponding electrodes can be obtained (Figure S8).
There are two reasons for the relatively low surface area
of the DHPG graphene: (1) multiple-layer graphene
sheets with enlarged d spacing are produced during
the synthesis process; (2) hollow graphene spheres
grow together and form a continuous structure, which
leads to partial superposition of graphene sheets. The
DHPG is a special 3D graphene structure with the
peculiar advantages for Li storage, as illustrated in
the following results.
The successful codoping of graphene with N and S

atoms is further investigated (elemental compositions
and heteroatom bonding configurations) using XPS
and Raman spectra. The N 1s and S 2p peaks can be
observed in the XPS sepctra of DHPG electrodes
(Figure S9), further illustrating the coexistence of N
and S elements. As shown in Figure 4a, two peaks
positioned at 398.4 and 401.0 eV can be identified for
the N atoms, corresponding to pyridinic N and quatern-
ary N, respectively,46 which are formed predominately
through substituting a carbon atom by N on edges or
defect sites in the plane because such carbon atoms
are much more chemically active than those within
the plane of perfect graphene. Similarly, two peaks at
163.8 and 165.1 eV are identified in the S 2p XPS
spectra, which correspond to the covalent C�S bonds
and S�O bonds,47 respectively (Figure 4b). XPS mea-
surement reveals that the doping level is 4.2% for
nitrogen and 0.94% for sulfur. Compared with widely
employed surface chemical postmodificationmethod

for graphene doping, for example, ammonia treat-
ment of graphene at high temperature, our work
provides a simple in situ synthesis route to produce
heteroatom-doped graphene. Raman spectra further
provide additional proof for the N,S-codoped gra-
phene. With respect to pristine graphene, the in-
creased ID/IG ratio and down-shift of the G band are
observed for doped graphene (Figure S10), which is
consistent with the previous reports.48,49

The electrochemical performance of DHPG electro-
des is then investigated as anodes for LIBs. As shown in
Figure 5a, the DHPG electrodes show similar cyclic
voltammogram curves with pristine graphene elec-
trodes (Figure S11). Two reduction peaks in the potential
range of 1.0�1.5 and 0.3�0.9 V are clearly observed in
the first cycle. The peak at 1.0�1.5 V is attributed to the
reaction of lithium with functional groups at the
graphene surface, which has been well-studied in
carbonaceous electrodes.50 A reduction of overall in-
tensity on subsequent cycles indicates a partially
reversible characteristic of this reaction. The peak
at 0.3�0.9 V can be attributed to the formation of
solid electrolyte interphase (SEI) films.51 From the
second to the tenth cycle, there is no clear change,
implying that the SEI film and electrode are stable
after the first cycle. No peaks of NiO or other impu-
rities are observed, indicating that the graphene is
the exclusive active component in the electrode
(Figure S12). Figure 5b shows the galvanostatic
discharge/charge profiles of DHPG electrodes at a
current density of 0.1 A g�1. The DHPG electro-
des exhibit reversible capacities of 1137 and
957 mAh g�1 in the first and tenth cycles, respectively,
which are ∼3 times of the theoretical capacity of
graphite and also much higher than those of the
pristine graphene electrode (577 mAh g�1 in the first
cycle and 429 mAh g�1 after 10 cycles, Figure S11b). In
addition, the Coulombic efficiency in the first cycle
increases from 44% for the pristine graphene to 52%
for the DHPG.
In the CV and charge/discharge curves, it is observed

that redox peaks and potential plateaus are not distin-
guishable, implying the presence of multiple Li storage
positions in DHPG electrodes. It shuold be noted that
the Li storage in DHPG is not an electric double-layer
capacitor (EDLC) behavior, and the capacity from
lithium ion adsorption on the surface of graphene is
negligibledue to the relatively lowsurfacearea (FigureS13).
The capacity of the potential region lower than 0.5 V
should be due to lithium intercalation into the gra-
phene layers, while the absence of a potential plateau
suggests a disordered stacking of the graphene nano-
sheet structures, resulting in electrochemically and
geometrically non-equivalent Li ion sites.23,24 The
capacity above 0.5 V may be associated with lithium
insertion/extraction from the defects in the DHPG
electrodes, such as pores, vacancies, and edges of

Figure 4. (a) N 1s XPS spectrum and (b) S 2p XPS spectrum
of doped graphene electrodes.
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the graphene layers.52,53 Similar Li storage behavior
can also be observed in hard carbon. The large irrever-
sible capacity occurring in the first discharge/charge
cycle is a common phenomenon for carbon materials
due to the formation of SEI films on the electrode
surface.23�32 To increase the initial efficiency, one
feasible approach is preforming the SEI layer on the
anode materials before use.54,55 For our DHPG elec-
trodes, the initial Coulombic efficiency can be improved
to 94% by simply placing the electrolyte-wetted DHPG
electrodes in direct contact with Li foil for about
15�20 min (Figure S14).
Another significant improvement of the DHPG elec-

trode for LIBs is their superior charge and discharge
performance. It can be seen that the DHPG electrodes
show very high capacity and good stability even at
high current densities (Figure 5c). At a current density
of 0.5 A g�1, the DHPG electrodes can be reversibly
charged to 860 mAh g�1 in about 1.75 h. Furthermore,
at a current density of 5 A g�1 with a charge time of
7min, the reversible capacities can reach 560mAh g�1.
Most significantly, the DHPG electrodes can be fully
charged very fast in tens of seconds. At an ultrahigh
current density of 80 A g�1, corresponding to a charge
time of 10 s, the reversible capacities can still reach a
high value of 220 mAh g�1, showing an ultrahigh rate
capability of DHPG electrodes for LIBs (Figure S15a).
These results are far more superior to those of the
pristine graphene and other carbon materials, such as

graphite, mesoporous carbon, carbon nanotubes, and
carbon nanofibers, highlighting the power of the DHPG
electrodes as very promisinghigh-rate and large-capacity
electrodes for next-generation LIBs.23�32,50�57 Further-
more, a capacity of 900 mAh g�1 can be recovered
once the current density is restored to the initial 0.5Ag�1,
implying a very good reversibility. Furthermore, the
DHPG electrodes also exhibit long cycling stability at a
high current density. As shown in Figure 5d, the cell
maintains good capacity retention up to 3000 cycles at
a current density of 5 A g�1, and even increasing the
current density to 10 A g�1, the cell can still keep
high cycle stability for 2000 cycles with a high
capacity of around 470 mAh g�1 (Figure S15b). It
should be noted that the porous graphene assem-
blies are still anchored on the nickel foam after
cycling (Figure S16), demonstrating the high stability
of DHPG electrodes.
The most important advantage of the DHPG elec-

trode is simultaneous achievement of supercapacitor-
like power density and battery-like energy density. A
performance comparison of DHPG and pristine gra-
phene electrodes is highlighted in the Ragone plots in
Figure S17a. The specific power density of DHPG
electrodes, calculated by integrating the charge
curves,32 is much higher than that of pristine graphene
electrodes and comparable to that of supercapacitors
while having orders of magnitude larger energy density.
At a current density of 0.5 A g�1, the DHPG electrodes

Figure 5. Electrochemical performance of DHPG electrodes: (a) cyclic voltammograms at a scan rate of 0.1 mV s�1; (b)
charge�discharge curves at 0.1 A g�1; (c) capacity over cycling at different current densities; (d) cycling and Coulombic
efficiency at current density of 5 A g�1.
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deliver a maxium energy density of 867 Wh kg�1 with
a power density of more than 481 W kg�1. More
surprisingly, at a very high charge/discharge rate in
10 s (80 A g�1), the power density reaches 116 kW kg�1

while the energy density can still maintain 322 Wh kg�1,
which is much higher than those of the pristine
graphene (51 kW kg�1 and 71 Wh kg�1 at 40 A g�1).
To the best of our knowledge, this is the highest level
for graphene achieved in LIBs reported to date. The
ultrafast charge and discharge capability of DHPG
electrodes opens a new avenue to break through
the power density limitation of LIBs for high-power
applications.
The superior electrochemical performance of the

DHPG electrodes can be reasonably attributed to the
synergistic effect of the unique electrode structure and
heteroatom doping of the graphene. As shown in
Figure 6a, the two factors of the structure effect
and doping effect are almost equally important, and
if without integrative structure or without N,S-doping,
the performance is affected greatly (Figures S18
and S19). At 5 A g�1, the capacity with both structure
and doping effects (560 mAh g�1) is much larger than
that with only structure effect (309mAh g�1) or doping
effect (271 mAh g�1). More importantly, compared to
the capacity of pristine graphene (178mAh at 5 A g�1),
the increase of capacity with both structure and

doping effects (382 mAh g�1) is larger than that of
the sum with each effect (131 þ 93 = 224 mAh g�1),
that is to say Estructure doping > Estructure þ Edoping. At all
of the current densities, there is the same phenomen-
on. It is obviously demonstrated that the synergistic
effect of structure and doping in the graphene occurs
during the electrochemial reactions.
Ionic and electronic transport kinetics lies at the

heart of energy storage and conversion systems. An
ideal architecture of an electrode for providing effi-
cient ion and electron transport should consist of a 3D
interpenetrating network of electron and ion path-
ways.38 In our case, the binder-free interconnected po-
rous structure of graphene combined with the macro-
porous framework of Ni foam provides effective elec-
trolyte transport and Liþ diffusion and creates a
sufficient contact interface between the electrolyte
and active materials. Meanwhile, the hollow porous
graphene grows together during high-temperature
treatment, which alleviates the junction resistance
between neighboring sheets. Furthermore, the gra-
phene sphere assemblies in situ grow on the skeletons
of the Ni foam, providing a direct path for the fast
transport of electrons. As shown in Figure S17b, the
Nyquist plots reveal that the electrolyte resistance
(RΩ = 5.3 Ω) and charge transfer resistance (RCT =
33.5Ω) of DHPG electrodes are much lower than those
of the pristine graphene electrodes (RΩ = 10.8Ω, RCT =
56.1 Ω). In addition, N,S-codoping simultaneously in-
creases the electrical conductivity and electrochemical
activity of graphene in the high-rate electrochemical
process. The topological defects produced during the
doping process may enable the doped graphene to be
favorable for Li storage and consequently improve the
reversible capacity.41�45 The Li storagemodel of DHPG
electrodes is suggested in Figure 6b. Some Li ions may
be stored reversibly between graphene layers, and a
large part of Li ions involve the defect-based reversible
storage. The N,S-doping process generates extrinsic
defects in the basal plane of graphene, through which
Li ions can diffuse into interlayer space of graphene
sheets, thus making full use of the interlayer space for
Li storage, and also providesmore favorable binding of
doped sites with Li ions.45 Moreover, the enlarged d

spacing could also increase the Li storage perfor-
mance. Recently, the theoretical calculation method
was used to try to explain the phenomenon of lithium
storage in graphene layers and emphasize the impor-
tant roles of defects in the graphene anodes,41,42 which
is consistent with our results. When the special struc-
ture effect combines with the heteroatom doping
effect, two effects interact and simultaneously improve
the performance of lithium storage, which leads to the
favorable synergistic effect of the DHPG-based LIB
anode.
The working potential of the anode is generally

lower than 3.0 V versus Liþ/Li,58 and from the aspect

Figure 6. (a) Comparison of lithium storage performance
with different effect and pristine graphene; (b) Li storage
model of in situ constructed doped porous multiple-layer
graphene in the DHPG electrodes.
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of the materials' research, the charge cutoff voltage of
the anode materials is usually assigned to 3.0 V,
which is widely applied in the carbon-based anode
research,23�30,32,41�45,51�57 and the charge cutoff volt-
age of 3.0 V may reflect the maximum performance in
the half cells. For the convenience of comparable
study, we carry out the test with the widely used
conditions (0.01�3.0 V). At the same time, consider-
ing operating voltage of the full cell, we also carry out
the test at the charge cutoff voltage of 1.5 V. As
expected, the DHPG electrodes also exhibit excellent
performance in the potential range of 0.01�1.5 V
(Figure S20). At 1 A g�1, the capacity can reach
510 mAh g�1, and at 5 A g�1, the capacity remains
at 380 mAh g�1 for 2000 cycles with only about 5%
loss. Moreover, even at 80 A g�1, the capacity could
remain at 100 mAh g�1. As a common phenomenon
for carbon materials, the low charge cutoff voltage
would lead to low initial Coulombic efficiency, but
this problem can be solved by prelithiation treat-
ment (Figure S12).
As a device that delivers high power, the Joule effect

should be considered because large heat can be
generated during the charge/discharge process at
high power.59 Meanwhile, the low-temperature per-
formance is also a very important aspect from the

viewpoint of practical applications. Therefore, it is
crucial to study the temperature-dependent perfor-
mance. Measurements are carried out at 55, 5, and
�20 �C. Figure 7a clearly shows that, with the increase
of temperature, the rate capability significantly im-
proves. Surprisingly, at 80 A g�1, the capacity can
maintain 280mAh g�1. Furthermore, the DHPG anodes
also show excellent cyclability with high capacity at
high current density (Figure 7b). The capacity can reach
810 mAh g�1 even after 1000 cycles at 5 A g�1. The
increase in capacity with cycling can be attributed to
the further activation process of the DHPG anode at
high temperature due to the accelerating ion move-
ment. As the temperature increases, the resistance of
the cell decreases and the ion mobility in the elec-
trolyte can be enhanced. At low temperature (5 �C),
the rate performance slightly decreases due to the
low-temperature-induced high resistance but still
delivers high capacities. At 0.5 and 80 A g�1, the
capacities correspond to 610 and 120 mAh g�1

(Figure 7a), respectively. Importantly, the cell shows
excellent cycling stability, and no obvious capac-
ity loss is observed after 1000 cycles at a current
density of 5 A g�1 (Figure 7b). More interestingly, the
cell can work at �20 �C and exhibit a high capacity
of 220 mAh g�1 with good cycling at 1 A g�1

(Figure S21). The high performance of DHPG elec-
trodes over a wide temperature range is a very
beneficial feature and expands the range of applica-
tions of LIBs.

CONCLUSIONS

In summary, the synergistic effect of structure and
doping in the graphene has been clearly demonstrated
for ultrafast and long-cycling rechargeable lithium
storage by a facile and effective in situ constructing
method using freeze-dry technology. It could deliver a
high-power density of 116 kW kg�1, while the energy
density remains as high as 322 Wh kg�1, which pro-
vides an electrochemical storage level with the power
density of a supercapacitor and the energy density of a
battery. This is the highest storage level achieved in
LIBs for graphene reported to date. Furthermore, the
optimized electrodes exhibit long-cycling capability
with nearly no capacity loss for 3000 cycles and wide
temperature features with high capacities ranging
from �20 to 55 �C. Such superior performance of
graphene electrodes is attributed to the synergistic
effect of the hierarchically porous structure, highly
conductive network, and heteroatom doping,
which facilitates mass transport and fast electro-
chemical reactions simultaneously. This study high-
lights the importance and provides a promising
example of rational electrode design and opens
up a promising strategy to develop high-performance
energy-storage devices. Furthermore, the design

Figure 7. (a) Rate capabilities of DHPG electrodes at 5 and
55 �C; (b) cycle performance of DHPG electrodes at 5 A g�1

at 5 and 55 �C.

A
RTIC

LE



WANG ET AL. VOL. 7 ’ NO. 3 ’ 2422–2430 ’ 2013

www.acsnano.org

2429

principle and optimized graphene electrode construc-
tion can be expanded to other applications including

fuel cells, metal�air cells, and other energy-storage
devices.

EXPERIMENTAL SECTION
Synthesis of DHPG Electrodes. GO is synthesized following the

literature procedure.60 Nickel foam (110 PPI, 420 g m�2) is first
washed with dilute HCl solution and then cut into electrode
disks with a diameter of 1.2 cm and a thickness of 1.4 mm. In a
typical preparation process, GO (4 mL, 0.5 wt %) solution is
dispersed by sonication for 4 h and then PVP surfactant (40 mg)
and S-PS spheres (1 g) are added in the GO solution. After
stirring and sonication, the colloidal mixture is dropped into the
nickel foam disks and then frozen in a refrigerator for 2 h. The
water in the resulting gel is removed from the pores of the gel
network by a freeze-dry technology. The dry gel embedded in
the nickel foam is calcinated in N2 at 400 �C for 2 h and then at
800 �C for 2 h, and the obtained products are DHPG electrodes
that could be directly used as the anode of LIBs. For comparison,
the samples with only doping effect are synthesized without
nickel foam, and the samples with only structure effect are
synthesized without PVP and sulfonated PS. Themass of carbon
in the nickel foam is measured by sonication of the DHPG
electrode and etching Ni particles with HCl solution. On aver-
age, the mass of active material in each electrode is 0.6 mg.

Material Characterization. The morphology is observed with
scanning electron microscopy (SEM, HITACHI S-4800) opreated
at 10 kV and transmission electron microscopy (TEM, FEI Tacnai
G2) with an accelerating voltage of 200 kV. X-ray photoelectron
spectroscopy (XPS) measurements are performed on an ESCA-
LAB 250 photoelectron spectrometer. Raman spectra are mea-
sured and collected using a 633 nm laser by a Lab RAM HR800.
The specific surface areas are determined by a Micrometritics
ASAP 2020 analyzer.

Electrochemical Measurements. The electrochemical perfor-
mance of the DHPG electrodes is measured with 2035 coin
cells. Lithium foil is used as the anode, 1 mol L�1 LiPF6 in a
mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) (1:1, by volume) as electrolyte, and Celgard 2300 as
separator. The galvanostatic charge/discharge tests are carried
out in the potential of 0.01�3.0 V and 0.01�1.5 V vs Liþ/Li on a
Land CT2001A (China). The capacities of batteries are based on
the weight of graphene only. Cyclic voltammetry and electro-
chemical impedance spectra are measured by a VMP3 electro-
chemical workstation (Biologic Inc.).
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