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a b s t r a c t

Li-ion capacitors (LICs) are promising devices to realize the high energy density at high power density.
Unfortunately, the development of high energy density LICs is hindered by the low capacity of capacitor-
type cathode. Herein, we design a graphene@hierarchical meso-/microporous carbon (G@HMMC) with
rational oxygen containing group for ultrahigh energy density LICs. In the ingenious designed G@HMMC
material, the novel hierarchical meso-/microporous carbon provides abundant adsorption sites, the
graphene structure provides high-speed channel for electron, and rational oxygen-containing group
enhances the specific capacity. Therefore, the ingenious designed lithium-ion capacitor composed of
G@HMMC cathode and pre-lithiated graphite anode demonstrates ultrahigh energy densities of 233.3
e143.8Wh kg�1 at power densities from 450.4 to 15686Wkg�1. Consequently, the G@HMMC material is
one of the most promising cathode materials for LICs. The simultaneous manipulation of hierarchical
meso-/microporous structure, sp2 type carbon, and oxygen-containing group provides new opportunities
for the high-performance electrodes.

© 2018 Published by Elsevier Ltd.
1. Introduction

Advanced energy-storage systems with various characteristics,
including high energy density, high power density, and long cycling
life are needed to satisfy the increasing development of electrical
transportation, consumer electronics, clean energy storage, and
grid storage [1e5]. Lithium-ion batteries (LIBs) and electrochemical
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supercapacitors (ECs) are the most promising devices among these
energy-storage systems. LIBs deliver a specific energy of
150e250Wh kg�1, but with low power density (<400Wkg�1).
While ECs possess high power density of 10 kWkg�1, but with
specific energy density of less than 10Wh kg�1 [6e14]. Special
energy-storage devices with high energy density and power den-
sity are highly desired. As a result, a hybrid energy-storage device
inheriting the individual advantages of LIBs and ECs is designed by
integrating the working mechanism of LIBs and ECs [15,16]. The
new designed lithium-ion capacitors (LICs) are generally composed
of a capacitor-type cathode with fast charge/discharge capability
and a battery-type anodewith large capacity [17e21]. However, the
development of LICs with high energy density and power density is
hindered by the mismatch of charge-storage capacity and electrode
kinetics between capacitor-type cathode and battery anode. To
address the sluggish kinetics of battery-type anode, many fast and
large capacity anodes were developed for LICs [22e27]. Therefore,
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the development of high performance LICs significantly depends
upon the advancement of cathode materials because the cathode
materials have a much lower specific capacity than anode
materials.

In the LICs, the capacity of cathodematerials depends upon their
adsorption/desorption abilities for ions [28]. Activated carbons
(ACs) with high specific surface area (SSA) and abundant porous
structure are widely used as the cathode materials for LICs because
of their excellent absorption/desorption performances [28e30].
However, the commonly used ACs suffer from the low conductivity
and little mesoporous structure, resulting in the low power density.
Except for the porous structure tuning, the advisable surface
functionality is considered as the key factor in improving the per-
formance of AC cathode materials [31]. Recently, some reports
show that heteroatom doping (such as B, N doping) can increase the
specific capacitance of AC materials [32e34]. Graphene structure
can enhance the electrical conductivity of electrode materials and
improve the power density of LICs [35e40]. Unfortunately, it is still
a great challenge to develop high performance cathode materials
with high energy density and power density for LICs.

Herein we report a novel graphene@hierarchical meso-/micro-
porous carbon (G@HMMC)with advisable functional group for high
performance LICs (Fig. 1a). The optimized G@HMMC shows a high
SSA of 2674.6m2 g�1, a moderate O content of 3.99 at%, and abun-
dant sp2 carbon. Owing to the novel structure, the optimized
G@HMMC delivers a high specific capacity of 112mAh g�1 for LICs.
The LIC constituted by G@HMMC cathode and pre-lithiated
graphite anode demonstrates an ultrahigh energy density of
233.3Wh kg�1 at power density of 450.4W kg�1, and a high energy
density of 143.8Wh kg�1 at ultrahigh power density of
Fig. 1. The fabrication process of G@HMMCmaterial (a). The SEM (b) and TEM (c,d) images of
element mappings: C (f) and O (g).
15.7 kWkg�1, which is among the highest numbers reported for
LICs. Thus, the G@HMMC material is one of the most promising
cathode materials for LICs.

2. Experiments

2.1. Material fabrication

Graphene oxide (GO) was prepared by oxidation of graphite
using modified hummers method [41]. 10 g of sucrose and 100mg
of GO were dissolved in 120mL aqueous solution by stirring and
sonication. 60mL of sulfuric acid was added slowly to the solution
and refluxed at 120 �C for 10 h, and then the black suspension was
filtered several times and dried at 100 �C for 10 h. The obtained
materials were heated at 500 �C for 3 h. Afterwards, the obtained
nanocomposite and KOH with mass ration of 1:4 were dispersed in
the aqueous solution under sonication and stirring for 12 h. The
obtained slurry was dried at 100 �C for 12 h and then heated at
800 �C for 2 h under Argon protection. Afterward, the as-prepared
materials were washed with HCl solution and distilled water for
several times, and then dried at 100 �C for 10 h. The obtained
products were nominated as G@HMMC800 (800 represent the
activation temperature). The G@HMMC700, G@HMMC850, and
G@HMMC900 samples were fabricated according to similar route
mentioned above. The HMMC800 sample was fabricated without
the addition of GO.

2.2. Material characterization

Scanning electron microscope (SEM) images were obtained
G@HMMC850 material. HAADF-TEM image (e) of G@HMMC850 and the corresponding
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using a Nova NanoSEM 450 with a 5 kV beam voltage. Transmission
electron microscope (TEM) images were measured on a Tecnai G2
F20 S-TWIN TMP instrument. N2 adsorption-desorption analysis
was carried out using a Quadrasorb SI instrument. Raman charac-
terization was performed on a LabRAM HR Evolution instrument
with a laser wavelength of 532 nm. X-ray photoelectron spectros-
copy (XPS) was examined on a Thermo Scientific ESCALab 250Xi
using 200W monochromated Al ka radiation.

2.3. Electrochemical test

To prepare the electrodes of Li-ion capacitors (LICs) for testing,
the active materials (G@HMMC, graphite) were mixed with poly-
vinylidene (PVDF) and conductive carbon at a ratio of 8:1:1 with N-
Methyl-2-pyrrolidone (NMP) as the solvent. The cathode material
(G@HMMC) was coated onto the aluminum foil and the anode
material (graphite) was coated on the copper foil, respectively. The
mass loading of the active materials in both cathode and anode are
4 and 2mg, respectively. 1 M LiPF6 in a mixture of ethylene car-
bonate, diethyl carbonate, and dimethyl carbonate
(EC:DEC:DMC¼ 1:1:1 by volume) solution was used as the elec-
trolyte for LICs. Lithiummetal was used as the anode for half-cell of
LICs. The energy density and power density were calculated based
on the total mass of active materials on both cathode and anode.
Electrochemical impedance spectroscopy (EIS) with a frequency
range from 100mHz to 100 kHz with an amplitude of 5mV were
performed on a Princeton PARSTAT MC 1000 multi-channel elec-
trochemical workstation.

2.4. Energy and power density calculation

The capacity (mAh) was obtained directly from the instrument
reading. The energy density (Em, Wh kg�1) and power density (Pm,
W kg�1) were calculated by numerically integrating the Q-V graph
area during the discharge process using the formula:

E ¼
Zt2

t1

IVdt

Em ¼ E
ma þmb

Pm ¼ Em
Dt

Where E (Wh) is total energy, I is the constant current density (A
g�1), t1 and t2 are the start time and end time in the discharge
process, V is the Voltage, ma and mb are the mass of cathode and
anode material, Dt is discharge time, respectively.

3. Results and discussion

3.1. Morphology and structure characterizations

During the carbonization process, the carbon materials derived
from sucrose is generated on the GO layers and assembled into
sandwich-type structure, which is composed of reduced GO (RGO)
and carbon nanocomposite (Fig. 1a). During the activation process,
a lot of meso-/microporous structure is generated, and RGO layers
are reduced to graphene by calcination at high temperature,
thereby creating a three-dimensional (3D) network of G@HMMC
materials. The porous structure of G@HMMC material is formed by
KOH activation [42]. The predominant overall reaction
stoichiometry between KOH and carbon during chemical activation
is most probably

6KOH þ 2C / 2K þ 3H2 þ 2K2CO3 (1)

Furthermore, the physical activation and metallic K activation
are involved in KOH activation process. The typical structure of
G@HMMC material is stacked by wrinkled multilayer nanosheets
(Fig. 1b and S1). These nanosheets are composed of graphene
sheets and porous structure, seen from the TEM images (Fig. 1c and
d). Thus, the graphene structure is retained after the activation
process, which is advantageous for improving the conductivity of
G@HMMC materials. The element mapping (Fig. 1eeg) reveals that
carbon and oxygen are uniformly distributed on the G@HMMC
materials, elucidating the existing of oxygen-containing functional
group. Furthermore, the SEM images of high-performance graphite
anode is shown in Fig. S2.

The N2 adsorption-desorption isotherms are applied to study
the porous structure of HMMC and G@HMMCmaterials (Fig. 2a and
b and Table S1). The pore distribution curves show that the HMMC
and G@HMMC materials have hierarchical meso-/microporous
structure (Fig. 2b). Based on all the analysis results (SEM, TEM, N2
adsorption-desorption), the G@HMMC materials possess sandwich
structure stacked by graphene sheets and meso-/microporous
carbon. In comparison with the HMMC800, the surface area and
pore volume of G@HMMC800 are found to increase slightly. The
G@HMMC materials show type I curve at relative P/P0¼ 0e0.4,
indicating the existing a lot of microporous structure in the
G@HMMC materials. Furthermore, the hysteresis between the
adsorption and desorption branches at relative P/P0¼ 0.4e0.6 can
be clearly observed, demonstrating that the G@HMMC materials
possess a certain amount of mesoporous structure [43e45]. The
pore distribution curves show that the G@HMMCmaterials possess
hierarchical meso-/microporous structure with peaks around 0.9,
1.6, 3, and 4 nm. The HMMC material also possesses hierarchical
meso-/microporous structure with peaks around 0.9, 1.4, 1.8, and
3e4 nm, which is similar with G@HMMC materials. It is worth
noting that the G@HMMC850 material has the highest surface area
(2674.6m2 g�1) and the largest pore volume (1.67 cm3 g�1). The
carbon structure of G@HMMC materials are investigated by the
Raman spectrum (Fig. 2c). With increasing of the activation tem-
perature, the value of IG/ID increases in the G@HMMC materials
(Fig. 2f) because of the carbonization at higher temperature.
Therefore, the content of sp2 hybrid carbon in the G@HMMC ma-
terials increases, which is beneficial to the conductivity of the
G@HMMCmaterials. The X-ray photoelectron spectroscopy (XPS) is
employed to further clarify the contents and types of O species in
the G@HMMC materials. In the C 1s spectrum (Fig. 2d) of
G@HMMC850, a small amount of CeO (286.4 eV) [46,47], C]O
(288.6 eV) [48], and COO (290.9 eV) [48] group can be detected.
These functional groups are advantageous to the capacity of the
porous carbon because of their fast reaction with lithium and
improving the wettability of the pore walls [28,32]. Deconvolution
of O 1s spectrum (Fig. 2e) for G@HMMC material can be deconvo-
luted into C]O (531.4 eV) [49], COO (532.4 eV) [47], and CeO
(533.4 eV) [47] group, which is corresponding to the C 1s spectrum.
Other XPS spectrum of G@HMMC materials are shown in Figs. S3
and S4. With increasing of the activation temperature, the
oxygen-containing functional groups decrease (Fig. 2f) because of
the carbonization at higher temperature. The changes of pore vol-
ume, the value of IG/ID, and oxygen-containing functional group on
the surface of G@HMMC materials with different activation tem-
perature are summarized in Fig. 2f. These parameters play impor-
tant roles in the electrochemical performance of the G@HMMC
materials.



Fig. 2. The N2 adsorption/desorption (a) and pore distribution curves (b) of HMMC and G@HMMC materials. Raman spectra of G@HMMC materials. C 1s (d) and O 1s (e) XPS spectra
of G@HMMC850. The pore volume, O containing on surface, and IG/ID values (f) of G@HMMC materials.
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3.2. Electrochemical performance

To evaluated the electrochemical performance of the G@HMMC
materials, half-cell tests were carried out using coin cells with Li foil
as counter electrodes. Type charge/discharge curves of the
G@HMMC materials in the potential range of 2e4.5 V are shown in
Fig. 3a. At current density of 1 A g�1, the G@HMMC700, HMMC800,
G@HMMC800, G@HMMC850, and G@HMMC900 material show
discharge capacity of 101.8, 98.0, 106.9, 103.5, and 73.2mAh g�1,
and deliver capacity of 87.4, 86.2, 98.5, 102.5, and 75.1mAh g�1

after 300 cycles, respectively (Fig. 3b). The rate performance of
G@HMMC materials improve markedly with increasing of the
activation temperature (Fig. 3c). Fig. 3d shows the Nyquist plots of
HMMC800 and G@HMMC materials. These curves are fitted by an
electric equivalent circuit model (Fig. S5). The value of Re for HMMC
and G@HMMC materials is approximate. The charge transfer
resistance of G@HMMC materials decreases with the increasing of
activation temperature because of the improved conductivity of
G@HMMC materials at higher activation temperature. It is worth
noting that the introduction of graphene structure can significantly
reduce the charge transfer resistance of HMMC materials, thereby
improving the rate performance and cycling performance of HMMC
material. The G@HMMC materials show higher capacity than the
graphene material without activation (Fig. S6). Thus, the HMMC
structure can improve the capacity of carbon materials. The
G@HMMC800 material possesses the highest discharge capacity,
while its rate performance and cycling performance is inferior to
G@HMMC850 and G@HMMC900. The G@HMMC900 material
possesses the best cycling performance and rate performance,
while its capacity is lower than other materials. Consequently, the
G@HMMC850 material possesses the best electrochemical
performance.

To investigate the electrochemical performance of G@HMMC
materials in LIC, G@HMMC850 is selected as the cathode material



Fig. 3. The charge/discharge curves (a) and cycling stability (b) of HMMC800 and G@HMMC materials. The rate performances (c) and Nyquist plots (d) of HMMC800 and G@HMMC
materials.
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and pre-lithiated graphite is selected as the anode material. The
discharge/charge curves and cycling performance of G@HMMC850
at potential range of 2e4.6 V are shown in Fig. S7. The high-
performance graphite exhibits excellent electrochemical perfor-
mance (Fig. S8). As shown in Fig. 4a, the G@HMMC based LIC de-
livers a capacity of 112mAh g�1 at a current density of 0.2 A g�1 and
a capacity of 73.3mAh g�1 at a current density of 8.0 A g�1, con-
firming the remarkable rate performance of the G@HMMC based
LIC. It is worth noting that LIC composed of G@HMMC850 cathode
and lithiated graphite anode can achieve an ultrahigh energy of
233.3Wh kg�1 at a power density of 450Wkg�1 (Fig. 4c), which is
the highest value for hybrid capacitor that ever reported before
[24,32,34,39]. Furthermore, it still can retain 143.8Wh kg�1 at an
ultrahigh power density of 15.7 kWkg�1. The G@HMMC based LIC
demonstrates an excellent cycling stability (90.6% capacity reten-
tion after 3000 cycles at a current density of 1 A g�1) and a good
Coulombic efficiency (about 98e99%) during the long cycling
(Fig. 4d). Furthermore, the G@HMMC based LIC exhibits
outstanding cycling stability for 10000 cycles (Fig. S9). The high
energy density and power capability of the G@HMMC material
based LIC are superior to previously LICs, such as MnO@GNS//HNC
[38], active carbon//Si-C [27], activated polyaniline-derived car-
bon//VN-RGO [26], and GNS//GNS-TiO2 [36]. In addition, the
G@HMMC material based LIC shows excellent performance in
aqueous electrolyte (Fig. S10).
3.3. Discussion

In the LICs, the capacity of cathode material is depending on
their adsorption ability for anion. Therefore, the structure and
surface functional group play crucial roles in the performance of
cathode material for LICs. The graphene structure can improve the
rate performance and cycling stability of cathode material by
reducing the charge transfer resistance. With the increasing of
activation temperature, the oxygen-containing groups on surface of
G@HMMC materials decrease, and the sp2 hybrid carbon content
increases in the G@HMMC materials, thereby reducing the charge
transfer resistances of G@HMMC materials. Consequently, the rate
performance and cycling stability of G@HMMC materials are
improved with the activation temperature. The G@HMMC850
material possesses larger surface area and higher pore volume than
the G@HMMC800 material, while the G@HMMC800 material has
higher discharge capacity in the LIC. The most likely reason is that
the G@HMMC800 material has higher oxygen-containing groups
than G@HMMC850 material. The oxygen-containing groups
including CeO, C]O, and COO may increase the ions adsorption
capacity and improve the wettability of the pore walls of carbon
materials, which is similar to the previous reports [33,50,51].
Therefore, the G@HMMC900material with little oxygen-containing
group has lower capacity than other G@HMMC materials. In this
ingenious designed strategy, the hierarchical meso-/microporous
structure provides abundant adsorption sites for the PF6� ions, the
abundant sp2 type hybrid carbon enhances the conductivity of
G@HMMC materials, and the appropriate oxygen-containing
groups improve the adsorption capacity of the G@HMMC mate-
rials. Consequently, the rational designed G@HMMC850 cathode
and pre-lithiated graphite anode possesses high discharge capacity,
good cycling stability, and excellent rate performance for LICs. This
design strategy provides a promising route for LICs with high en-
ergy density at high power density.



Fig. 4. Full cell performance. The discharge/charge curves (a), rate performance (b), and long cycling performance (d) of LIC composed of G@HMMC850 and pre-lithiated graphite.
Ragone plot (c) of the present LIC compared with previously reports.
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4. Conclusion

In summary, a series of G@HMMC materials with hierarchical
meso-/microporous structure, graphene structure, and oxygen-
containing groups are designed for high performance LICs. The
hierarchical meso-/microporous structure provides abundant
adsorption active sites, the sp2 type carbon enhances the electronic
transmission performance, and the oxygen-containing groups
improve the specific capacity. Therefore, the ingenious designed
LICs composed of optimized G@HMMC cathode and pre-lithiated
graphite anode exhibit high energy densities of 233.3e143.8Wh
kg�1 at power densities from 450.4 to 15686Wkg�1, which are
among the highest numbers reported for LICs. In addition, the
G@HMMC850 material has good cycling performance (90.6% ca-
pacity retention after 3000 cycles) for LIC. Consequently, the
G@HMMCmaterial is one of the most promising cathode materials
for LICs. This simultaneous manipulation of hierarchical meso-/
microporous structure and graphene nanocomposite with reason-
able oxygen-containing groups offers new opportunities for the
high-performance electrode material.
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