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a b s t r a c t

Organic cathode materials are drawing increasing attention in lithium-ion battery for their abundance,
environmental friendliness, high specific capacity, low cost, and flexibility. But their application has been
hindered by poor electrochemical performance because of inherent low conductivity and high solubility
in the polar organic electrolyte. Herein, an organic-inorganic composite by impregnating electrochem-
ically active 4,8-dihydrobenzo [1,2-b:4,5-b’] dithiophene-4,8-dione (BDT) into the pores of 3D cross-
linked graphene-based honeycomb carbon (3DGraphene) has been prepared, which not only offers a
highly conductive framework with plenty of interconnected pores from the 3D graphene network, but
also simultaneously overcomes the two typical drawbacks of organic cathode materials. The excellent
confinement effect of the nanopores and the strong p-p interaction between BDT and 3DGraphene
largely avoid the dissolution of BDT in the electrolyte. Therefore, the obtained BDT/3DGraphene com-
posite shows a much improved good rate capability (more than 100 mAh g�1 at 4.0C vs less than 50 mAh
g�1 for BDT) and cycling stability (about 80% capacity retention at 0.5C while only ~14% for BDT for 200
cycles), as well as high reversible specific capacity (over 210 mAh g�1).

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Electrochemical energy storage devices, especially lithium-ion
batteries (LIBs), are indispensable for the portable electronics,
electric vehicles, and emerging large-scale energy storage systems,
not to mention that for the utilization of renewable and clean but
intermittent power sources like solar and wind [1e3]. However, the
state-of-the-art LIBs based on non-renewable insertion-mecha-
nism inorganic electrode materials are reaching the limit of their
energy density for thewidely used transition metal-based cathodes
[4e6]. Furthermore, the process of extraction and synthesis of
these inorganic oxide compounds is often energy intensive and also
creates large amounts of toxic materials and heavy metal waste
[7e9]. Therefore, organic electrode materials have been intensively
).
investigated these days as cathodes for LIBs because of their easy
processability, lightweight, redox stability, structural diversity,
resource recyclability, infinite availability from environmentally
friendly materials, and potential flexibility and low cost [10e14]. In
particular, some quinone-based compounds with tunable and
diverse structure, two-electron redox behavior, high theoretical
specific capacity, and electrochemical reversibility are among the
most promising organic electrode materials to replace the tradi-
tional inorganic cathodes for the next generation of advanced LIBs
[15e20]. However, the practical applications of such organic cath-
odes have been impeded bymainly two factors including their high
solubility in the aprotic electrolyte (especially small organic mol-
ecules) and intrinsically low electronic conductivity. These draw-
backs are leading to serious shuttle effect and inefficient use of
active materials, rapid capacity decrease and inferior rate
capability.

Generally, to overcome the troublesome dissolution of small
organic compounds in electrolyte, several effective methods have
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been applied to enhance the utilization of the active materials
during the charge/discharge process, including formation of poly-
mer [16,21e23], oligomer or organic salts [13,19,20,24], anchoring
onto carbon nanotubes [25], and optimization of the electrolyte by
additive [26] or replacing traditional liquid electrolyte with gel-
state electrolyte [27]. But these approaches still have some disad-
vantages concerning poor electronic conductivity and low
anchoring efficiency. Recently, carbon-based nanostructured ma-
terials like carbon nanotubes andmesoporous carbon are applied to
load organic materials and exhibit superior electrochemical per-
formance [23,28,29]. However, the dissolution problem of organic
cathodes still exists due to the miserable confinement of the sub-
strate and the weak interaction between them. Therefore, we need
to design an ideal host for organic cathode, which should have the
following merits: 1) 3D porous structure with high conductivity; 2)
high specific surface area and large pore volume; 3) strong inter-
action with organic molecule.

Graphene, a single-layer sheet composed of sp2 hybridized
carbon, has extraordinary properties of large theoretical specific
surface area (SSA), high electronic conductivity and high chemical
stability and shows promising applications in energy storage ma-
terials [30e33]. Several groups have used graphene as the
conductive additives or loading substrates for organic cathode
materials [18,34,35]. However, graphene, if used directly, is still not
an effective matrix to confine soluble small organic molecules
because of severe aggregation and lack of nanostructured pores, so
the “shuttle” problem still exists during charge/discharge process.
Therefore, it is highly demanded to design a novel structure to load
higher content of active materials, which should not only ensure
excellent electronic conductivity but also confine the soluble
organic materials in the composites effectively.

Our group have developed a three-dimensional graphene-based
honeycomb type carbon (3DGraphene) with high SSA and large
pore volume and successfully applied in supercapacitors, LieS, and
lithium-ion capacitors [36e38]. This 3DGraphene is expected to be
an excellent host for organic cathode materials due to the following
reasons. Above the strong p-p interaction between the graphene
sheets in 3DGraphene and quinone-based organic cathode mate-
rials, its hierarchical honeycomb pore structure can not only load
more organic cathode materials but also depress the solubility of
organic cathode in the polar aprotic electrolyte due to its strong
confinement effect, thus improving cycling stability. Furthermore,
the superior electronic conductivity and plenty of interconnected
pores of 3DGraphene can facilitate electron and ion transport, so
that the rate capability of the composite could also be enhanced.
Note that electrochemically active 4,8-dihydrobenzo [1,2-b:4,5-b’]
dithiophene-4,8-dione (BDT) has high reversible specific capacity
and contains large ring conjugate aromatic structure which can
form strong p-p interaction with graphene-based materials. Thus,
in this work, a BDT/3DGraphene composite was fabricated by
loading BDT into the nanopores of 3DGraphene with a simple
impregnation method, and the multiple effects from 3DGraphene
on the lithium ion storage properties of BDT were examined. The
electrochemical studies of the as-prepared BDT/3DGraphene
composite demonstrate that the problems of poor electronic con-
ductivity and solubility in electrolyte associated with small organic
cathode materials such as BDT in this case can be simultaneously
essentially overcome. Compared with the case using BDT directly,
BDT/3DGraphene composite shows much improved rate capability
of 100 mAh/g at 4C (less than 50 mAh g�1 for BDT) and better
cycling stability with over four times higher than that of using BDT.
All these results are ascribed to the effective restriction of the
nanostructured honeycomb pores and the high electrical conduc-
tivity of graphene-based carbon framework in 3DGraphene.
2. Experimental

2.1. Materials synthesis

2.1.1. Synthesis of 3D cross-linked graphene-based honeycomb
carbon

The synthesis of the 3D cross-linked graphene-based honey-
comb carbon material has been reported in our previous work [36].
In a typical synthesis of 3DGraphene, 0.35 g graphite oxide was
homogeneously dispersed in 70ml water by ultrasonication to
form a stable aqueous dispersion of graphene oxide (GO), then
2.34 g phenol (P) and 3.36 g formaldehyde (F) (35wt %) were added
into the GO solution. After stirring for 30min, the homogeneous
dispersion was transferred to a sealed 100ml Teflon-lined auto-
clave, heated up to 180 �C and maintained at 180 �C for 12 h. The
resulting solid product was then washed with distilled water and
finally dried in vacuum at 120 �C for 24 h. The obtained interme-
diate product was mixed with 4 times weight of KOH, and heated at
5 �C min�1 to 900 �C for 1 h under Ar. After cooling down to room
temperature, the product was thoroughly washed with 0.1MHCl to
remove any inorganic salts, then washed with distilled water until
the pH value reached 7, and finally the 3D cross-linked graphene-
based honeycomb carbon with plenty of interconnected pores was
obtained after being dried in vacuum at 120 �C for 24 h.

2.1.2. Synthesis of 4,8-dihydrobenzo[1,2-b:4,5-b’] dithiophene-4,8-
dione/3D cross-linked graphene-based honeycomb carbon (BDT/
3DGraphene) composite

The BDT/3DGraphene composite was prepared by a simple
impregnation method. In a typical synthesis process, 300mg BDT
was firstly dissolved in N-Methyl pyrrolidone (NMP) to obtain BDT/
NMP solution (10wt%), then 200mg 3DGraphene was added to the
solution, and the mixture was stirred at room temperature for
30min. After that, NMP was removed under vacuum. The obtained
powder was heated at 265 �C for 3 h in a sealed vessel under Ar and
finally the BDT/3DGraphene composite with a mass ratio of 1.5:1
was collected. BDT/3DGraphene composites with mass ratios of 1:1
and 2:1 were also prepared with similar method.

2.2. Characterization

Scanning Electron Microscopy (SEM) and Energy Dispersive X-
ray Spectroscopy (EDS) images were obtained using LEO 1530 VP
field emission scanning electron microscope with an acceleration
voltage of 10 kV. Powder X-ray diffraction (XRD) patterns were
collected on a Rigaku D/Max-2500 diffractometer with Cu KR ra-
diation. The Raman spectra were examined with a LabRAM HR
Raman spectrometer using laser excitation at 514.5 nm. Thermog-
ravimetric analysis (TGA) was carried out for thermal stability
measurements from room temperature to 600 �C at a heating rate
of 10 �C min�1 in N2 using a NETZSCH STA-409PC instrument. The
nitrogen adsorption/desorption analysis was conducted at 77 K on a
Micromeritics ASAP 2020 apparatus. The specific surface area was
calculated by the BET (Brunauer-Emmett-Teller) method based on
adsorption data in the relative pressure (P/P0) range of 0.05e0.3.
The pore size distribution was analyzed using a NL-DFT (Nonlocal
Density Functional Theory) method with a slit pore model from the
nitrogen adsorption data.

2.3. Cell fabrication and electrochemical characterization

Electrochemical measurements of the samples were carried out
by assembling coin-type cells in a glove box filled with argon. To
prepare the working electrodes, BDT/3DGraphene composite and
polytetrafluoroethylene with a mass ratio of 9:1 were directly



Fig. 2. SEM images of (a) 3DGraphene, and BDT/3DGraphene composites with mass
ratios of (b)1:1, (c)1.5:1, (d)2:1.
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mixed, and rolled into thin sheets, which were then punched into
1 cm diameter electrodes and hot pressed onto carbon-coated
aluminum foil with a mass loading of ~4mg. After heating at
90 �C for 3 h under vacuum, the coin-type cells were assembled in
an argon-filled glovebox with lithium metal foil as the counter/
reference electrode. The electrolyte used was lithium bis-(tri-
fluoromethanesulfonyl)imide (1M) in 1:1 (v/v) 1,2-dimethoxy
ethane and 1,3-DOL, containing 2wt % LiNO3. The charge/
discharge measurements were conducted using a battery test sys-
tem (LAND CT2001A model, Wuhan LAND Electronics. Ltd.) at an
operational voltage window from 1.5 to 3.5 V at room temperature
and the specific capacity was calculated based on the mass of BDT.
Cyclic voltammetry (CV) and Electrochemical impedance spectral
(EIS) measurements were performed using an Autolab system
(Metrohm). CV tests were carried out at a scan rate of 0.1mV s�1

with a potential range of 1.5e3.5 V. EIS measurements were carried
out at AC amplitude of 5mV, and the frequency range was from
100mHz to 100 KHz. As a control, the BDT electrode composed of
54wt% BDT, 36wt% Super P and 10wt% PTFE were also prepared,
and its electrochemical performance was compared with that of
BDT/3DGraphene.

3. Results and discussion

The BDT/3DGraphene composite was facilely prepared by
impregnating the electrochemically active BDT into the pores of
highly conductive 3D graphene-based honeycomb carbon
following the previous procedure before [36,38], as demonstrated
in Fig. 1. Firstly, phenol and formaldehyde were in-situ polymerized
to form phenolic resin on the surface of GO during the hydrother-
mal process. Then the intermediate product was chemically acti-
vated by KOH at 900 �C and 3DGraphene with high electrical
conductivity and hierarchical structure was obtained. Finally, the
BDT was loaded into the interconnected nanopores to get the BDT/
3DGraphene composite using a simple impregnation method.

The morphology and microstructure of 3DGraphene and BDT/
3DGraphene composites with different content of BDT were char-
acterized by SEM (Fig. 2 and Fig. S1). As shown in Fig. 2a, the gra-
phene modified phenolic resin was converted into three
dimensional cross-linked honeycomb carbon material with fuzzy
surface and abundant pores after chemical activation at high tem-
perature, endowing the 3DGraphene with large SSA and pore vol-
ume besides a high conductivity, as has been demonstrated before
[36,39]. Materials of such typical porous structure are proved to be
a perfect matrix to load non-conductive materials such as S and
organic cathodes [26,38]. As we can see in Fig. 2b, c, and 2d, the
overall structure of 3DGraphene is well-kept after impregnation of
BDT, but their surfaces become smoother with increase of the mass
ratio of BDT and 3DGraphene, demonstrating that BDT was suc-
cessfully loaded into the pores of 3DGraphene. Especially for the
sample with a mass ratio of 2:1, the pores in it completely disap-
pear, and the excess BDT was presented on the external surface of
Fig. 1. Schematic of the fabrication of the BDT/3DGraphene composite. (A colour
version of this figure can be viewed online.)
3DGraphene, from which we suppose such high quantity of BDT is
out of the loading capacity of the pores of 3DGraphene. Moreover,
the BDT existing on the outside of 3DGraphene is detrimental to its
electrochemical properties because of the high solubility of BDT
and its lithiation state in polar organic electrolytes.

The porosity properties of 3DGraphene and BDT/3DGraphene
composites were investigated by nitrogen adsorption/desorption
experiments, as displayed in Fig. 3 and Table S1. According to the
nitrogen adsorption data, 3DGraphene shows both high SSA
(2803.1 cm2 g�1) and large pore volume (1.79 cm3 g�1) with the
pore size distribution of 1e10 nm, which can ensure a high loading
content of BDT. But after the impregnation of BDT, the SSA sharply
decreases to 464.9 cm2 g�1 for BDT/3DGraphene (1:1) and further
to 93.3 cm2 g�1 for BDT/3DGraphene (1.5:1), while the pore volume
drops to 0.45 and 0.13 cm3 g�1, respectively. What’s more, the mi-
cropores of 1e2 nm are gradually diminished, and the mesopores
with the size of 2e10 nm are largely depressed. There is no doubt
that BDT was successfully loaded into the pores of 3DGraphene
through the simple impregnationmethod. However, the SSA is only
22.1 cm2 g�1, and the pore volume can be neglected for the BDT/
3DGraphene (2:1) composite, suggesting BDT was over-loaded.
Combining the porosity properties analysis and SEM images of
these composites, it can be concluded that BDT/3DGraphene (1:1)
has insufficient loading of BDT while BDT/3DGraphene (2:1) is too
much. Therefore, we choose BDT/3DGraphene (1.5:1) for further
study and compare its electrochemical performance with that of
BDT.

As discussed above, BDT is evenly dispersed in the pores of
3DGraphene for the optimal mass ratio of 1.5:1, which can be
further reflected by other characterizations discussed below. As
shown in Fig. 4a of EDS measurements, the element oxygen and
sulfur of BDT are highly homogeneous distributed in the whole
BDT/3DGraphene composite. XRD was used to characterize the
crystal structure of 3DGraphene, BDT, and BDT/3DGraphene com-
posite. Clearly, pure BDT (JCPDS no. 05-005-3387) exists in a good
crystalline state with sharp diffraction patterns, which can be
indexed to a monoclinic structure (space group: P21/n, lattice
constants: a¼ 5.6402 Å, b¼ 5.7745 Å, c¼ 13.6223 Å), in a good
match with other report and simulation [40,41]. 3DGraphene
shows an amorphous state and only a very weak and extremely
suppressed broad peak between 15� and 30� because of chemical
activation. After filling BDT into the pores of 3DGraphene, its typical
diffraction peaks vanished completely while a strong broad peak at
about 25� presents, demonstrating that the BDT exists in a highly



Fig. 3. (a) The nitrogen adsorption/desorption isotherms and (b) pore-size distribu-
tions of 3DGraphene and BDT/3DGraphene with various mass ratios. (A colour version
of this figure can be viewed online.)

Fig. 4. (a) EDS elemental mappings of BDT/3DGraphene composite; (b) XRD patterns
and (c) Raman spectra of the 3DGraphene, BDT powder and BDT/3DGraphene com-
posite; (d) TGA curves of BDT and the prepared BDT/3DGraphene composite. (A colour
version of this figure can be viewed online.)
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dispersed amorphous state which could enhance the utilization of
the active material in the electrochemical reactions. The Raman
spectra of 3DGraphene, BDT, and BDT/3DGraphene composite are
displayed in Fig. 4c and Fig. S2. For 3DGraphene, there are two
broad peaks at ~1350 cm�1 (D band) and ~1580 cm�1 (G band),
which can be ascribed to the defects and sp2 carbon networks,
respectively. BDT shows typical peaks in the range of
400e1800 cm�1, but only a small weak peaks exists at 1431 and
1647 cm�1 in the BDT/3DGraphene composite, indicating that all
the BDT is loaded in the pores of 3DGraphene in a highly amor-
phous state without long-range ordering, which is well consistent
with the conclusion from XRD patterns. TGAwas used to determine
the content of BDT, amounting to 59.5 wt% of the BDT/3DGraphene
composite, as shown in Fig. 4d. It should be noted that the BDT
loaded in the 3DGraphene is more stable than in the pure state
because of the strongp-p interaction and the effective confinement
of the pores of 3DGraphene, which is supposed to decrease the
solubility and diffusion of BDT and its lithiated state in the organic
electrolyte.

Based on the above analysis, 3DGraphene has plenty of inter-
connected pores with high SSA and large pore volume, making it a
perfect matrix to load BDT for lithium ion battery. More impor-
tantly, the strong p-p interaction between BDT and 3DGraphene
further enhances the confinement of the pores. By impregnating
BDT into the pores of 3D cross-linked graphene-based porous car-
bon, the problems of BDT associated with high solubility in organic
electrolytes can be solved. 3DGraphene with high inherent elec-
trical conductivity forms good three-dimensional conductive



Fig. 5. (a) CV curves of BDT/3DGraphene at a sweep rate of 0.1mV s�1 for the first
three cycles (Inset: the proposed electrochemical redox mechanism of BDT); (b)
Dischargeecharge curves at 0.1C of BDT/3DGraphene composite for the first, second,
and third cycles; (c) The rate capability of BDT/3DGraphene composite and BDT; (d)
The cycling performance and the corresponding Coulombic efficiency of BDT/3DGra-
phene and BDT at 0.5C. (A colour version of this figure can be viewed online.)
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network and can help to overcome the non-conductivity of BDT.
Therefore, BDT/3DGraphene could be expected to have good elec-
trochemical performance because of the synergetic effect of the
two components.

The electrochemical properties of the BDT/3DGraphene com-
posite were evaluated using half cells. From the CV curves of BDT/
3DGraphene at 0.1mV s�1 (Fig. 5a), we can see two main redox
peaks at 2.49 V and 2.67 V corresponding to the reduction (lith-
iation) and oxidation (de-lithization) process of the carbonyl
groups (inset of Fig. 5a). As shown in the galvanostatic charge/
discharge profiles for the first three cycles at 0.1C
(1C¼ 243mA g�1) in Fig. 5b, BDT/3DGraphene displays an initial
discharge capacity of ~208 mAh g�1, which slightly increases to
~215 mAh g�1 (amounting to 88.4% of the theoretical capacity of
BDT and higher than other report [18]) in the second cycle because
of better contact between active material and electrolyte and easy
lithium ion transport. What’s more, consisting with the redox
peaks of CV curves, it demonstrates an apparent flat charge/
discharge plateau of around 2.5 V. It should also be noted that the
distance between the two redox peaks or charge/discharge plateau
is minimal and the lithiation/de-lithiation process is highly
reversible, indicating that 3DGraphene with high conductivity and
abundant interconnected pores is favorable to electron and lithium
ion transportation for the BDT/3DGraphene composite.

The rate capability of the BDT/3DGraphene composite and BDT
was investigated at different rates, as shown in Fig. 5c. Compared
with the directly used BDT, the 3DGraphene-based composite
demonstrates a much better rate performance, especially at high
rates. Specifically, BDT/3DGraphene delivers 205 and 160 mAh g�1

at 0.2 and 0.5C, respectively, which is over 60 mAh g�1 higher than
that of BDT. Even at the high rate of 4C, BDT/3DGraphene still
maintains a specific capacity of ~100 mAh g�1, whereas the
discharge capacity of BDT is less than 40 mAh g�1, demonstrating
an excellent rate performance for the composite. The improved rate
capability of the composite is ascribed to the uniformly dispersed
amorphous state BDT with high electrochemical activity, high
electronic conductivity of 3DGraphene to facilitate electron trans-
port, and abundant interconnected pores of the matrix to help
lithium ion transport and also shorten the ion diffusion distance.

Fig. 5d present the cycling performance of the BDT/3DGraphene
composite and BDT at 0.5C. Not surprisingly, BDT loaded in the
pores of 3DGraphene shows higher capacity and much better
cycling stability than that of BDT over the whole 200 cycles. BDT/
3DGraphene delivers an initial discharge capacity of 178 mAh g�1

and still maintains 142 mAh g�1 after 200 cycles with capacity
retention of about 80% and stable Coulombic efficiency (CE) of
~100%. However, BDT exhibits inferior initial capacity (only ~140
mAh g�1) at 0.5C compared with BDT/3DGraphene, indicating
lousy utilization of the active material, which is properly due to the
poor contact between BDT and conductive additive. Furthermore,
the discharge capacity decays rapidly, and only ~20 mAh g�1 (~14%
capacity retention) remains after 200 cycles with a fluctuant CE
over 100% through the 200 cycles resulting from the dissolution of
BDT in the electrolyte. As designed, these results illustrate that the
3DGraphene matrix could effectively improve the cycling perfor-
mance of BDT, which is attributed to the confinement of the
abundant 3D interconnected nanopores and the strong p-p inter-
action between BDT and 3DGraphene. This could be further
confirmed by the results that no clear defect was observed for the
integrated and uniform morphologies of BDT/3DGraphene elec-
trode after 200 cycles (see Fig. S3). The BDT/3DGraphene also
shows superiority electrochemical performances over the state-of-
the-art organic cathode composites with carbon-based substrates
in terms of cycling stability and rate capability, as can be seen in
Table 1.



Table 1
The electrochemical performances of recently reported organic cathode composites.

Sample Voltage rage (V) Cycles/capacity retention Rate capability (mAh g�1)/capacity retention Reference

BDT/3DGraphehe 1.5e3.5 200/80% @ 0.5C 100/46.5% @ 4C This work
PI/FLEG 1.5e3.5 200/80% @ 0.5C 38/21.5% @ 5C [42]
DNTCB-GO 1.5e4.5 50/85% @ 0.1C 60/42.8% @ 4C [43]
AQ/CMK-3 2.0e2.8 100/84.9% @ 0.2C 146/69.2% @ 2C [26]
MC/AQ 1.5e3.5 50/38.3% @ 1.2C 96/43.2% @ 2.3C [44]
H2bhnq/CMK-3 1.5e3.5 50/65.6% @ 0.1C 150/48.6% @ 5C [29]
BDTD/graphene 1.5e3.5 100/65% @ 0.1C ~80/38.5% @ 5C [18]
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In order to further understand their electrochemical perfor-
mance, EIS measurements were conducted on the BDT/3DGra-
phene composite and BDT electrodes before and after 200 cycles at
0.5C. As shown in Fig. 6, both the samples exhibit higher imped-
ances after 200 cycles and all of the profiles showa semicircle in the
high-middle frequency region and an inclined line in the low-
frequency region. The semicircle can be assigned to the combina-
tion of the charge-transfer resistance (Rct) at the electrode surface
and the double-layer capacitance (CPE) between the electrolyte and
the cathode while the inclined line is attributed to Warburg
impedance (WZ) of the Li þ transport in the electrode [29,38]. The
simulated values of EIS by using the equivalent circuit model (inset
of Fig. 6) are summarized in Table S2. It can be seen that all the
samples show comparable ohmic resistance (Rs) which is related to
the electrolyte and contact resistances and BDT/3DGraphene
samples demonstrate lower WZ. Apparently, it could be concluded
that the resistance of BDT associated with charge transfer is much
higher than that of BDT/3DGraphene at the same cycle from the
diameter of the semicircle [45], demonstrating that the conduc-
tivity can be significantly increased after the uniform impregnation
of BDT into the nanopores of 3DGraphene due to good contact and
high conductivity of the graphene-based porous carbon matrix.

All the above results indicate that 3DGraphene, with high con-
ductivity and unique microstructure, can effectively enhance the
electrochemical performances of BDT because of the following
reasons. First of all, BDT filled in the nanopores of 3DGraphene is
highly dispersed with an amorphous state and therefore provides
more active sites for the electrochemical reaction and enables the
full utilization of active materials. Secondly, the dissolution of BDT
in the electrolyte can be effectively restricted because of the
confinement effect of the abundant interconnected nanopores of
3DGraphene and the strong p-p interaction between 3DGraphene
and BDT. Overall, the highly conductive graphene-based porous
carbon framework facilitates both the electron and lithium ion
Fig. 6. The electrochemical impedance spectra of BDT/3DGraphene and BDT before
and after 100th cycles. (A colour version of this figure can be viewed online.)
transportation through the whole electrode. Therefore, by
impregnation of BDT into the pores 3DGraphene, the composite
shows much better electrochemical performance.

4. Conclusions

BDT/3DGraphene composite has been prepared by employing a
facile impregnation of the electrochemically active BDT into the
nanopores of 3D graphene-based honeycomb carbon matrix. All
the characterizations have shown that BDT, which is in an amor-
phous and highly dispersed state, was successfully loaded into the
interconnected pores of 3DGraphene. The BDT/3DGraphene com-
posite demonstrates excellent electrochemical results with a
reversible capacity of over 210 mAh g�1 at 0.1C, good rate capability
(100 mAh g�1 at 4.0C vs 40 mAh g�1 for BDT), and stable cycling of
80% capacity retention at 0.5C (only ~14% for BDT) for 200 cycles.
The enhanced performance of BDT/3DGraphene can be attributed
to the introduction of 3DGraphene as the matrix, which simulta-
neously increases the conductivity and inhibits the dissolution of
BDT. Moreover, the method used in this work could be applied to
other organic cathode materials which have the same problems of
inherent low conductivity and high solubility in an organic
electrolyte.
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