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Abstract. To balance the performance in specific surface area and electrical conductivity, ordered sheets of graphene
aerogels were induced into porous carbon foam for supercapacitors with enhanced specific capacitance. Systematic investigations into morphology, structure and electrochemical properties confirmed that the introduction of graphene aerogels can
effectively make specific surface area to increase, however, the declined resistance is neither due to electrolyte diffusion
nor charge transfer, which gave rise to the improvement of electrochemical performance by 55.3% with a great specific
capacitance of 210.5 F g−1 at the current density of 0.5 A g−1 compared to that of carbon foam.
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1. Introduction
Supercapacitors are regarded as prominent energy storage devices owing to their excellent power density, high
charge/discharge rate and long use lifespan, which are widely
applied in electric vehicles, smart electric devices and so
on. Electrode materials of electrochemical supercapacitors
can be categorized into three types such as metal oxides,
conducting polymers and carbon materials [1–6]. Thanks
to good electrical conductivity and electrochemical stability as well as acceptable cost, carbon materials [7], such
as carbon nanotubes, graphene and activated carbon, are the
earliest materials for supercapacitors. Recently, on account
of high specific surface area, exceptional corrosion resistance and outstanding temperature stability, carbon foam
can be considered as a current collector substrate with
providing numerous pathways for electrons and ions in
three-dimensional (3D) architectures and played a crucial
role in the development of electrochemical supercapacitors
[8].
Although specific surface area and electrical conductivity
as well as pore size distribution are the major targets affecting electrochemical performances, an increase in the surface
area with broken networks in carbon foam or even in other
carbon materials normally makes conductivity declined and
gives rise to a degraded power performance. On this issue,
tremendous efforts have been proposed so far, such as constructing specific nanostructure from 0 to 3 dimensions [9,10],
elemental-doping such as nitrogen [11–13] and combining
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with other metal oxides [14] or one-dimensional (1D) and
two-dimensional (2D) nanomaterials [15,16]. Indeed, integration of 2D materials into scaffolds in three dimensions is
regarded as an effective route to solve the issue of insufficient ionic and/or electronic properties and gives rise to high
performance devices [17]. It seems that compositing with 2D
materials such as graphene in carbon foam can easily achieve
a trade-off between surface area and electrical conductivity
of carbon. However, the composite route that directly introduces graphene sheets into the carbon foam usually leads
to facile stacking for graphene and hinders the achievement
of excellent specific capacitors. Besides, the incompatibility
issue between electroactive materials and carbon foam is still
a great challenge which always brings about high charge transfer resistance with weak stability during the charge/discharge
process.
Herein, we designed and synthesized an interconnected
network in three dimensions by embedding graphene aerogels into the porous framework of carbon foam, which shows
good conductivity with high specific surface area due to the
presence of ordered graphene sheets of aerogels in porous
structure of carbon foams. The systematic investigation into
morphology, structure and electrochemical performance of
samples has been carried out in this paper. The results showed
that the presence of graphene aerogel interconnecting the
porous framework in carbon foam not only gave rise to a
high specific surface area of 737.6 m2 g−1 but also good conductivity to decline the charge transfer resistance in samples
and enhance the capacitor performance as a result.
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2. Experimental
Water-soluble phenolic resin [18], liquid foam [19] as well
as diphenyl methane diisocyanate were mixed uniformly and
then porous resin was obtained via drying for 24 h by using
a freeze-dryer. After carbonization under a reduced atmosphere, hierarchical carbon foam was acquired and noted as
CF. The obtained CF (0.2 g) was pretreated under vacuum
conditions (150◦ C, 3 h) in a three-necked flask with negative pressure. CoCl2 ·6H2 O (0.25 g), resorcinol (0.45 g) and
formaldehyde (665 µl) were mixed well in graphene oxide
solution [20] (20 ml, 1 mg ml−1 ) and the mixture was injected
into the three-necked flask under negative pressure to make
solution infiltrating into pores of porous resin. The obtained
product was consequently transferred into a hydrothermal
vessel (100 ml) and reacted at 85◦ C for 24 h. After a wash
using deionic water and freeze-dried for 24 h, followed by carbonization at 800◦ C, carbon foam/graphene aerogel (labelled
CF/GA) was obtained.
Morphological observation of samples was confirmed
by using a field emission scanning electron microscope

Figure 1. SEM image of: (a, b) CF and (c, d) CF/GA.
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(Nova400 Nano SEM, FE-SEM), while their porous structural analysis such as pore volume was examined at 77 K
(JW-BK132F, Brunauer–Emmett–Teller model, Beijing
JWGB). The crystalline phase of CF and CF/GA was identified by X-ray diffraction (X’Pert Pro, Philips, XRD, Cu-Kα
radiation) and Raman spectroscopy (DXR2xi, Thermo Fisher
Scientific, excited at 532 nm). X-ray photoelectron spectra
(VGMulti lab 2000 spectrometer, Thermo Electron Corporation, Al-Kα radiation, XPS) were obtained to investigate
the chemical environment of each element of the resulting
materials.
The CHI 660E electrochemical workstation (Shanghai,
Chenhua) was employed for electrochemical experiments
equipped with a Pt sheet as a counter electrode and Ag/AgCl
as a reference electrode. Systematic cyclic voltammetry (CV)
measurements, as well as galvanostatic charge/discharge
(GCD) and electrochemical impedance spectroscopy (EIS)
measurements were carried out to study the capacitive performance of samples. Runs for CV measurements were
taken in a voltage range from −1.0 to 0 V (vs. RHE) at
2–100 mV s−1 . The GCD curves were recorded with a voltage
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ranging from −1.0 to 0 V at different current densities (from
0.2 to 20 A g−1 ). EIS measurement was performed at open circuit potential with an AC voltage of 5 mV (100 kHz–0.01 Hz).

3. Results
The morphological observation of CF and CF/GA was taken
at different magnifications as shown in figure 1. For all asprepared materials, a similar porous structure was observed
with the CF as the framework. As shown in figure 1a, more
distinct large pores scaled in 100–300 µm and small ones with
a diameter in the range of 5–10 µm were maintained in CF,
while the pores of different sizes distributed almost uniformly
in materials with the small pores dispersed on the inner wall
of the large ones. Differently, the CF/GA demonstrates two
levels of structure with micrometre-sized pores from CF as
a substrate and the network graphene aerogels filled in the
porous framework of CF (figure 1c and d). The particular
structure can be taken as a dissection process to the pores of
CF by aerogels, which construct more pores and thus achieved
an attractive specific surface area.
The crystalline phases of CF and CF/GA were characterized according to the XRD patterns in figure 2. For all
samples, two broad peaks around 2θ = 23 and 43◦ in curves
corresponded to the (002) and (001) planes and indicated a
low degree of graphitization occurred due to the disordered
structure of CF. Moreover, the Raman spectra were also used
to characterize the graphitization degree of the as-prepared
materials, shown in figure 3. It was found that two characteristic peaks at ~1350 and ~1590 cm−1 ascribed respectively to
D-band and G-band were detected, while the intensity ratio of
ID /IG with ID /IG (CF) = 0.958 and ID /IG (CF/GA) = 0.937 for
CF and CF/GA indicated that the graphitization degree was
improved after introducing graphene aerogels in CF.

Figure 2. XRD patterns of CF and CF/GA.

Figure 3. Raman spectra of CF and CF/GA.

The nitrogen adsorption/desorption isotherm and pore-size
distribution of samples are exhibited in figure 4. From figure 4a, the dramatic rise at P/P0 < 0.1 in the nitrogen
adsorption isotherm for two specimens implied the presence
of amount of micropores in the CF monolith. The hysteresis
loop around 0.44 < P/P0 < 1 for CF/GA can be ascribed to
the intrinsic pores of graphene. Pore-size distribution curves
(figure 4b) showed obvious increment in the mesopore and
micropore regions, which confirmed that the introduction of
graphene aerogels can efficaciously enhance the specific surface area. According to the porous structure analysis, the
average pore volume increased from 0.219 to 0.341 cm3 g−1
because of introduction of GA into CF while the average pore
diameter decreased from 1.988 to 1.850 nm. Correspondingly,
the specific surface areas of CF and CF/GA were about 440.3
and 737.6 m2 g−1 , respectively, as presented in table 1.
XPS spectra were recorded to investigate the chemical
state of each element in samples as shown in figure 5. It is
observed that elements C, N and O were contained in the CF
sample with a ratio of about 81.8:14.1:4.1 in weight. Three
peaks existed in C 1s spectra at 284.6, 285.3 and 288.4 eV
which were respectively ascribed to the presence of sp2 hybrid
carbon in the graphitic structure (C=C), sp3 -bonded carbon with nitrogen and O–C=O bonding [21] (figure 5b).
The peaks around 399.9 and 405.6 eV suggested the formation of pyrrolic N and oxidized-N in the CF (figure 5c).
Parallelly, the ratio of C, N and O in CF/GA was slightly
changed to 82.8:13.4:3.4 in weight as revealed in figure 5d.
The peaks appearing at 284.6 and 286.8 eV were correspondingly assigned to sp2 hybrid carbon (C=C) and C–O–N
bonding (figure 5e). Besides, the peak for oxidized-N disappeared in CF/GA instead of the shift of pyrrolic N (400.1 eV)
and appearance of pyridinic N at 398.6 eV (figure 5f).
The electrochemical performance of samples was evaluated by using a three-electrode system. Runs for CV

153

Page 4 of 7

Bull. Mater. Sci.

(2020) 43:153

Figure 4. (a) Nitrogen absorption–desorption isotherms of CF and CF/GA and (b) pore size distribution curves of CF and CF/GA.

Figure 5. XPS spectra of CF and CF/GA: (a, d) survey spectra; (b, e) C 1s high-resolution spectra and (c, f) N 1s high-resolution
spectra.

Table 1. Specific surface area, average pore diameter and total pore
volume of CF and CF/GA.
Sample

S(BET) (m2 g−1 )

Average pore
diameter (nm)

Total pore volume
(cm3 g−1 )

CF
CF/GA

440.3
737.6

1.988
1.850

0.219
0.341

were taken in a range from −1.0 to 0 V (vs. RHE) at
2–100 mV s−1 . CV curves of CF/GA at different scan speeds
are shown in figure 6a while those of samples at 10 mV s−1 are
shown in figure 6b. It is observed that all curves were shaped
approximately in rectangle revealing double-layer behaviour
inside. Besides, the larger curve area of CF/GA revealed better
electrochemical performance than that of CF with the former
191 F g−1 and the latter about 102.2 F g−1 at 10 mV s−1 .
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Figure 6. (a) CV curves of CF/GA from 2 to 100 mV s−1 and (b) CV curves of CF and CF/GA at 10 mV s−1 .

Figure 7. (a) GCD curves of CF and CF/GA at 0.5 A g−1 and (b) GCD curves of CF/GA in a range of 0.2–20 A g−1 .

Figure 8. Specific capacitance of CF and CF/GA at different current densities.

The GCD curves of samples at a certain current density
(0.5 A g−1 ) and GCD curves at different current densities of
CF/GA are shown in figure 7. The obtained quasi-symmetric
triangle shapes of curves confirmed electric double-layer
capacitors (EDLCs) behaviour and good stability in the
charge/discharge process in samples. Longer duration for
the discharge process occurred because of the introduction
of graphene aerogel, suggesting higher capacity obtained in
CF/GA as shown in figure 7a. The calculated specific capacitance was about 135.5 F g−1 (0.5 A g−1 ) for CF and that of
CF/GA was about 210.5 F g−1 which increased about 55.3%.
From figures 7b and 8, the specific capacitance at different
current densities for CF/GA showed a similar decline tendency to other carbon electrodes owing to its double-layer
characteristics.
The change of conductivity of samples with the addition
of graphene in CF was examined by EIS. It was observed
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Figure 9. (a) Nyquist plots, the zoom-in of Nyquist plots at high frequency and equivalent circuit (inset in a), Bode plots of (b) real
of capacitance and normalized capacitance (inset in b), (c) imaginary parts of capacitance, (d) total impedance and (e) phase angle vs.
frequency of CF and CF/GA.

that curves at low frequency emerged in line for both samples
while those at high frequency exhibited in a semi-circle in
figure 9a. The equivalent electric circuit is given in the inset
in figure 9a with the best-fitted curves (calculated chi-square
values (χ 2 ) were below 10−3 ). The calculated electrode
series resistance (RS ) and charge transfer resistance (RCT )
of CF/GA, which were about 0.48 and 0.36 , were both
lower than those of CF (0.55 and 0.65 , respectively). It
implied that introduction of GA into CF can really reduce the
electrode series resistance (RS ) and charge transfer resistance
at the electrode/electrolyte interface, which corresponded to
a higher slope of EIS curve at low frequency with a smaller
diameter of semi-circle observed in the high frequency region
in the case of CF/GA in figure 9a. The Bode plots of real and
imaginary parts of the specific capacitance of samples are
given in figure 9b and c, respectively. After the normalization
by weight of samples used in the EIS test, it is observed that a
higher specific capacitance was presented in the CF/GA electrode than that of CF in the frequency range of 0.01–1 Hz as
shown in figure 9b which implied that an effective active content of CF/GA might be larger than that of CF [22]. Although
the presence of GA might decline the wettability of the electrolyte when it was applied at low frequency, the increased
specific surface area and conductivity of the electrodes can
cover the shortage of weakened electrolyte accessibility by
the contribution of a high capacitor. Moreover, the normalized

C pattern of CF/GA was similar to that of CF, which implied
that the introduction of GA did not change the basic capacitor nature of CF (the inset of figure 9b). The relaxation time
was probably τm = 11 s (τ0 = 1/ f 0 ) for the CF/GA electrode, shorter than that of CF electrode (τm = 9 s), implying
that higher power discharging occurred and it took a shorter
time for the charge–discharge in the latter system [23], which
might be originated from the weakened electrolyte accessibility of GA embedded in the pores of CF to hinder the fast
charge–discharge process. The absolute impedance and phase
shift plots as a function of frequency for samples are provided
in figure 9d and e. It is observed that a lower impedance
obtained at both low frequency and high frequency, which
signified a better resistive and capacitive performance for
CF/GA (figure 9d) because of the contribution of GA with
better conductivity. The Bode phase angle at low frequency
was around 80.6◦ for the samples, which was closer to that
of an ideal capacitor (figure 9e), while the shallow slope at
high frequency was ascribed to the faradic-type charge storage performance [24].
Cyclic stability testing at 2.5 A g−1 for 5000 cycles is
shown in figure 10. A dramatic decrease occurred after the
initial 200 cycles which might originate from the exfoliation
of graphene aerogels in the porous foam framework at the
beginning. After 5000 cycles, the capacitance retention rate
was about 73.5%.
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Figure 10. Cyclic stability of CF/GA for 5000 cycles.

4. Conclusion
The graphene aerogel was induced via the in-situ solvothermal method into CF frameworks to enhance the capacitance
property. The results showed that graphene aerogel filling
closely in the pores of CF can well develop the porosity of
materials from 440.3 to 737.6 m2 g−1 with large quantities
of micropores. The presence of graphene aerogel maintained
the EDLC behaviour of the electrode with its specific capacitance increasing from 102.2 to 191 F g−1 at 10 mV s−1 and
from 135.5 to 210.5 F g−1 at 0.5 A g−1 because of the balance
between the increased specific surface area and declined both
of instinct and charge transfer resistance in supercapacitors.
Acknowledgements
The authors acknowledge financial support from the National
Natural Science Foundation of China (No. 11774270).

References
[1] Wang G, Zhang L and Zhang J 2012 Chem. Soc. Rev. 41 797

Page 7 of 7

153

[2] Lu Q, Lattanzi M W, Chen Y, Kou X, Li W, Fan X et al 2011
Angew. Chem. Int. Ed. 50 6847
[3] Zhang K, Zhang L L, Zhao X S and Wu J 2010 Chem. Mater.
22 1392
[4] Liu C, Yu Z, Neff D, Zhamu A and Jang B Z 2010 Nano Lett.
10 4863
[5] Guo Z, Yang L, Wang W, Cao L and Dong B 2018 J. Mater.
Chem. A 6 14681
[6] Deb Nath N C, Jeon I-Y, Ju M J, Ansari S A, Baek J-B and Lee
J-J 2019 Carbon (N. Y.) 142 89
[7] Pandolfo A G and Hollenkamp A F 2006 J. Power Sources 157
11
[8] Shen L, Wang J, Xu G, Li H, Dou H and Zhang X 2015 Adv.
Energy Mater. 5 1400977
[9] Wu X, Jiang L, Long C and Fan Z 2015 Nano Energy 13
527
[10] Yu Z, Tetard L, Zhai L and Thomas J 2015 Energy Environ.
Sci. 8 702
[11] Chen J, Xu J, Zhou S, Zhao N and Wong C-P 2016 Nano Energy
25 193
[12] Wang J, Shen L, Nie P, Yun X, Xu Y, Dou H et al 2015 J. Mater.
Chem. A 3 2853
[13] Li B, Dai F, Xiao Q, Yang L, Shen J, Zhang C et al 2016 Energy
Environ. Sci. 9 102
[14] He S and Chen W 2014 J. Power Sources 262 391
[15] Wang W, Guo S, Penchev M, Ruiz I, Bozhilov K N, Yan D et al
2013 Nano Energy 2 294
[16] Wang W, Guo S, Lee I, Ahmed K, Zhong J, Favors Z et al 2014
Sci. Rep. 4 4452
[17] Zhao M-Q, Xie X, Ren C E, Makaryan T, Anasori B, Wang G
et al 2017 Adv. Mater. 29 1702410
[18] Wang F, Zhao L, Fang W, He X, Liang F, Chen H et al 2016
Int. J. Appl. Ceram. Technol. 13 133
[19] Du X, Zhao L, Chen H, Qu W, Lei Z, Li Y et al 2013 Colloids
Surf. A 436 599
[20] Marcano D C, Kosynkin D V, Berlin J M, Sinitskii A, Sun Z, Slesarev A et al 2010 ACS Nano 4
4806
[21] Yang J, Wu H, Yang P, Hou C and Huo D 2018 Sens. Actuator.
B Chem. 255 3179
[22] Tanerna P L, Simon P and Fauvarque J F 2003 J. Electrochem.
Soc. 150 A292
[23] Toupin M, Belanger D, Hill I R and Quinn D 2005 J. Power
Sources 140 203
[24] Biswal M, Banerjee A, Deo M and Ogale S 2013 Energy
Environ. Sci. 6 1249

