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Abstract

For an active electrode material, the morphology, microstructure and the effective speciﬁc
surface area derived from them, have a dominant effect for the high performance
supercapacitors. In this study, 3D interconnected activated carbons with controlled and
optimized morphologies and porous structures were prepared from accessible carbon source and
graphene oxide by a hydrothermal carbonization and following an activation method. Through
optimizing the ratios of the precursors and reaction conditions, an electrode material with
excellent speciﬁc surface area of 2318 m2 g−1, meso-/macro-pore ratio of 63.2% (meso-/macropore volume reached to 0.83 cm3 g−1), as well as an outstanding electrical conductivity of
46.6 S m−1, was obtained. The materials exhibit superior double-layer capacitive performances
on a symmetric supercapacitor, delivering superior speciﬁc capacitance of 157 F g−1 in organic
electrolyte system at current density of 0.5 A g−1, excellent energy density of 37.6 W h kg−1
with a power density of 7.1 kW kg−1 and good cycling stability of capacitance retention of 94%
over 7000 cycles. These results offer a practical method to prepare the desired carbon electrode
materials with controlled morphology and structure for high efﬁciency electrochemical energy
storage devices.
Supplementary material for this article is available online
Keywords: 3D carbon, graphene, morphology, microstructure, supercapacitor
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

attracting tremendous attentions together with other various
energy storage devices [1, 2]. As one type of SCs, electrochemical double-layer capacitors (EDLCs), which store
energy depending on the electrolyte ion fast adsorption and
desorption at the electrode material/electrolyte interface
under an applied voltage, have been used as a very promising

Based on the excellent charge–discharge properties, high
power density and long lifetime, supercapacitors (SCs) are
∗

Authors to whom any correspondence should be addressed.

0957-4484/21/085401+11$33.00

1

© 2020 IOP Publishing Ltd Printed in the UK

Nanotechnology 32 (2021) 085401

Y Lu et al

energy device because of its improved cycling stability,
superior reversibility and enhanced economic applicability
[3–6]. Activated carbons (ACs) are considered to be the most
promising materials as commercial electrodes of EDLCs
owing to its outstanding speciﬁc surface area (SSA) and rich
porous structures, which are beneﬁcial to the adsorption and
desorption of the electrolyte ions, and sequentially easily
forming the electrical double layers [7–11]. However, the
performance of most commercial ACs based electrode
materials is still far from the requirements of practical
applications and theoretical prediction in terms of the limitation of high effective SSA (not total SSA) [12–14], low
electrical conductivity and kinetic behavior of electrolyte ion
transport in tortuous porosity at high current rate [15, 16].
Considering the charge storage mechanism of EDLCs, the
ability of storing charges of the ACs are directly depended
on the effective SSA of the active electrode material
[12, 13, 17, 18], not the total SSA, and thus an optimal
electrode material of EDLC should possess a combination of
high SSA and appropriate pore size distribution (PSD). Based
on previous studies, the mesopores are the main contributors
for the active sites for electrolyte ions, especially for the large
size ions, such as ionic liquid and organic electrolyte systems
[12, 13, 19, 20]. The macropores can be served as electron
reservoirs for shortening ion transport and diffusion pathways
during electrochemical processes [18, 21, 22]. Therefore, it is
crucial to design and prepare the active electrode materials
with high effective SSA (not the total SSA), abundant meso-/
macro-pores and fully structural interconnectivity for high
performance EDLC, which could be achieved by controlling
their morphologies and microstructures. Unfortunately, less
attentions have been given for this part compared with that on
the total SSA of the materials. Also, in most of the related
literatures for the ACs [23–26], the same token has been
applied, with much less works have been focused on the
control of morphologies and PSD with high meso-/macropore ratio. Furthermore, the impact of low electrical conductivity of such ACs is missing some attention too, as
pristine/conventional ACs always show limited conductivity
due to its amorphous/disordered structures [15].
In this work, using an easily accessible carbon source
together with a small amount of 2D carbon material of graphene oxide (GO) as precursors, a 3D interconnected porous
activated carbons (3DAC) with controlled morphology,
microstructure and effective SSA as well as large proportion
of meso-/macro-pore was obtained using the standard
industry hydrothermal carbonization and activation process.
The 3D architecture not only prohibit the stacking of the
carbon domains and thus leading to a high SSA and abundant
meso-/macro-pores for the transport of the electrolyte ions,
but also maintain the nature and intrinsic properties of individual graphene sheets, such as the excellent electron transport properties [27–29]. Compared with the conventional
directly hydrothermal and carbonization method, this 3D
interconnected meso-/macro-pore dominant carbon material
prepared through optimizing the ration of precursors, with a
mass ratio of 20 to 1 of carbon source derived hydrothermal
product and GO, exhibits a superior SSA of 2318 m2 g−1,

meso-/macro-pore ratio of 63.2% and satisﬁed electrical
conductivity of 46.6 S m−1. With above combined characteristics, 3DAC delivers a signiﬁcant and important
improved electrochemical performance using as the active
electrode material for EDLCs, delivering an excellent speciﬁc
capacitance value of 157 F g−1 in organic electrolyte at the
current density of 0.5 A g−1, superior charge and discharge
process at the current density range of 0.5–10 A g−1 and
excellent cycling stability after 7000 cycles (94% retention).
All the outstanding electrochemical performance have beneﬁted from the favorable 3D interconnected morphologies with
both high but controlled SSA and dominant meso-/macropores, which not only provide abundant ion accessible/
adsorption sites for high capacitance but also offer facilitated
channels to faster transportation and diffusion of electrolyte
ions to high rate performance.

2. Experimental
2.1. Materials synthesis

GO was prepared through a modiﬁed Hummer’s method
according to our reported works [30, 31]. The commercial
pollen pini was purchased from Jilin Hunchun Superior
Products Co., Ltd. Before used, the pollen pini was dried for
12 h at 120 °C in vacuum. The 3DAC was prepared using a
hydrothermal carbonization procedure and sequential activation process based on our reported methodes [13, 18]. Typically, pollen pini powder (8.00 g) was ﬁrstly dispersed in the
distilled water (60 ml). After stirring at room temperature for
2 h, the suspension liquid was put into an autoclave (100 ml)
and heated to 180 °C and kept for 12 h. The hydrothermal
products were ﬁltered, followed by washing and then drying
at 120 °C in vacuum for 12 h. After grinding, a dark brown
powder was obtained. These ﬁrst hydrothermal products,
named as fHP, were re-dispersed into distilled water, and
mixed with GO suspension from the smallest to largest
additive amount at the different weight ratio of 30:1, 25:1,
20:1 and 15:1, respectively. The as-prepared mixture was then
conducted by the second hydrothermal process at 120 °C for
12 h, following the ﬁrst hydrothermal and dried procedures.
The second hydrothermal products, named as sHP-30, sHP25, sHP-20 and sHP-15 according to the ratio of fHP and GO
with 30:1, 25:1, 20:1 and 15:1, was mixed with KOH activation agent with four times weight. According to our earlier
works [12, 13], the activation temperature of 800 °C–900 °C
was optimized. Therefore, the above homogeneous mixture
was activated at 800 °C for 2 h in a horizontal tube furnace
with a heating rate of 5 °C min−1 under Ar. The activation
product was then washed with HCl (0.1 M) and distilled water
until pH reached to∼7. The ﬁnal products were dried at
120 °C in vacuum for 12 h, and named as 3DAC-15, 3DAC20, 3DAC-25 and 3DAC-30, respectively. A control sample
without GO was prepared using the same prepared method
and was named as 3DAC-0.
2

Nanotechnology 32 (2021) 085401

Y Lu et al

Scheme 1. Schematic for the preparation process of 3DAC materials.

capacitors were assembled in an inert atmosphere glove box.
The device consists of two electrodes separated by a cellulose
ﬁlm (TF4030, NKK), which are immersed in an organic
electrolyte of 1.0 M tetraethylammonium tetraﬂuoroborate
salt in acetonitrile (TEABF4/AN, Novolyte Co. Ltd).

2.2. Characterization

The SSA was examined on a Micromeritics apparatus (ASAP
2020) at a test temperature of 77 K. The SSA and PSD analysis were performed using Brunauer–Emmett–Teller (BET)
and non-local density functional theory method, respectively.
Scanning electron microscopy (SEM) analysis was conducted
to examine the surface morphology of materials on a Phenom
Pro SEM. For microstructure analysis, high resolution transmission electron microscopy (HR-TEM) was performed on
FEI Tecnai G2 F20 model electron microscope with 200 kV
acceleration voltage. Raman spectra were analyzed with a
spectrometer of LabRAM HR, and laser excitation wavelength of 514.5 nm was selected. ID/IG was nominated as the
intensity ratio of D and G band. Lorentzian ﬁtting was used to
calculate the position and full-width half-maximum (FWHM)
of D and G peaks. According to La=(560/E4) (ID/IG)−1, the
mean size of carbon domains (La, nm) was obtained. Here, E
is the laser energy with the value of 2.41 eV, ID and IG stands
for the FWHM of the D and G bands, respectively. The
crystalline phase studies of 3DAC materials were performed
by x-ray diffraction (XRD, D/Max-2500, Rigaku) equipped
with Cu Kα radiation. The basal plane interlayer distance (d)
was calculated according to the equation of nλ=2d sin θ
based on the (002) diffraction peak (λ is the wavelength, θ is
the Bragg angle). The height of stacking carbon domains (Lc)
was carried out from (002) peak based on Scherrer’s equation,
Lc=Kλ/(βc×cos θ), where, the parameters of K, λ, βc and
θ represent the shape factor (0.89), wavelength, FWHM and
Bragg angle, respectively [15, 18]. X-ray photoelectron
spectroscopy (XPS) analysis was determined using a Kratos
Analytical spectrometer (AXIS HIS 165) with monochromator and Al Kα radiation).

2.4. Electrochemical measurements

The cyclic voltammetry (CV), along with the galvanostatic
charge–discharge tests were studied on an electrochemical
analyzer (CHI660C, Shanghai Chenhua) and a battery test
system (CT2001A, Wuhan LAND) respectively. The voltage
range of 0–2.7 V was selected. The electrochemical impedance spectroscopy (EIS) measurements were studied on the
electrochemical workstation (Princeton P4000, USA) from
100 kHz to 10 mHz. The speciﬁc capacitance Cs (F g−1),
speciﬁc energy density (E, W h kg−1) and speciﬁc power
density (P, W kg−1) of the symmetric SC devices, as well as
the conductivity of 3DAC materials were tested and calculated according to our previous reported methods [18, 33–35].

3. Results and discussion
3.1. Structure and morphology characterization

As discussed above, introduction of GO in the raw materials,
a 3D cross-linked and meso-/macropore dominant porous
carbon material was designed and prepared through engineering the ratios of fHP and GO in the second hydrothermal
carbonization and activation process. After hydrothermal and
high temperature annealing in Ar, reduced graphene oxide
(rGO) sheets will be formed [36]. As shown in scheme 1,
these 2D rGO sheets would construct a 3D cross-linked carbon skeleton through addition GO precursor in the second
hydrothermal process, and thereby a whole interconnected
framework could be formed with these rGO sheets supported
amorphous carbon domains, as will be discussed in details
below. Through controlling and optimizing the additive
amount of GO and the conditions of hydrothermal reaction as
well as the activated process, 3DAC material with high
effective SSA and optimized microstructure was obtained.
Beneﬁtting from their unique structure, the prepared 3DAC
materials can deliver improved capacitive performance
for SCs.
The microstructures including SSA and PSD of the series
of 3DAC materials with different additive amount of GO
were ﬁrstly investigated by nitrogen adsorption–desorption

2.3. Fabrication of SCs

The symmetrical two-electrode SC devices were fabricated
with 3DAC as electrode materials according to our previous
reported methods [32, 33]. Typically, 3DAC materials were
mixed with conductive carbon and polytetraﬂuoroethylene at
the weight ratio of 85:5:10. The mixture was then grinded
with a small amount of ethanol and subsequently rolled into a
sheet with the thickness of 80–120 μm. After punching into a
circle shape with a diameter of 12 mm and dried at 120 °C in
vacuum for 6 h, the electrode slices were matched weight and
then pressed onto the hot carbon coated aluminum foils. The
electrode slides were continued to be dried at 180 °C for 6 h
under vacuum. Finally, the symmetrical 2032 coin-type
3
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Figure 1. (a) Nitrogen adsorption–desorption isotherms. (b) PSD analysis of series of 3DAC materials.

conductivity as observed before [21]. As shown in table 1,
with the increasing of GO content, the electrical conductivity
was correspondingly increased. For 3DAC-20 sample,
although it did not manifest the best conductivity, it also
showed obviously higher value than that of the control sample
of 3DAC-25 (40.4 S m−1) and 3DAC-0 (35.3 S m−1). Such
superior electrical conductivity of these electrode materials
can contribute to a better electrochemical performance for
SCs, such as rate performance and cycling stability.
The 3DAC materials appear as powder solid on the
macroscopic morphology, as shown in the optical photos in
ﬁgure S1 (available online at stacks.iop.org/NANO/32/
085401/mmedia). The microscopic morphology analysis of
the series of 3DAC samples were evaluated by SEM and
TEM. From the SEM images in ﬁgure 2, compared with the
bulk agglomerate structures of 3DAC-0 (ﬁgures 2(a) and (b)),
the irregular interconnected porous structures of 3DAC-15,
3DAC-20 and 3DAC-25 samples (ﬁgures 2(c)–(h)) were
exhibited, which may be attributed to the contribution of rGO
sheets [15]. Especially for 3DAC-20, the magniﬁed SEM
images in ﬁgures 2(d) and S2 showed the skeleton structure
constructed by rGO sheets which has been loaded surrounding AC domains formed in the hydrothermal carbonization
process. This looks like a reinforced concrete structure, where
rGO sheets work as the template and form a 3D interconnected structure through cross-linking, and AC particles
were deposited on the graphene sheets. Such a porous 3D
structure not only offer enough macropores working as the
electrolyte ion storage reservoir and are beneﬁcial for the
transport and diffusion, but also possess abundant mesopores
favorable for electron ion adsorption.
The TEM images further highlighted the structures of the
3DAC materials. For 3DAC-0 material, an aggregated block
morphology (ﬁgure 2(i)), along with a porous microstructure
(ﬁgure 2(j)) were displayed. By contrast, 3DAC-20 material
showed the dispersed graphene sheet structure, as shown in
ﬁgure 2(k), which played a crucial role in the formation of 3D
structure. The high-resolution TEM of 3DAC-20 (ﬁgure 2(l))

isotherms. As shown in ﬁgure 1(a), the typical type-IV curves
of 3DAC materials were exhibited, indicating of the major
meso-porous structures [37]. The PSD analysis, as shown in
ﬁgure 1(b), demonstrated the porous structures including
micro-, meso- and macro- pores of the materials.
The SSA and PSD data for these samples with different
GO loading deserve a careful analysis, as the loading has
signiﬁcant impact on SSA and PSD results, indicating probably morphology control/change. As shown in table 1,
3DAC-25 sample, with the lowest GO content, delivered the
highest BET SSA of 2580 m2 g−1. However, its PSD illustrated that most pores were micropores and the ratio of
meso-/macro-pores was only 49.4%, which would not be
favorable for fast electrolyte ion transport and diffusion [38].
With increased GO content, the meso-/macro-pore volume
ratios were signiﬁcantly increased. For 3DAC-20, the meso-/
macro-pore ratio reached to 63.2%, corresponding to the
increased mesopore and macropore volume to 0.68 and
0.15 cm3 g−1 respectively, as well as the highest total pore
volume of 1.32 cm3 g−1. Such unique microstructures contribute to a high effective/accessible SSA for electrolyte ions.
With further increasing of the GO content, for the 3DAC-15
sample, the SSA was found to decrease to 2044 m2 g−1,
corresponding to the lowest total pore volume of
1.03 cm3 g−1, which may be attributed to the overlap of the
graphene sheets and the collapse of partial pore structure
owing to the more GO content [38]. The above analysis
results demonstrate that the microstructures of 3DAC strongly
relies on the additive amount of GO precursors. Thus, the
optimum microstructure of the ACs can be obtained through
selecting the raw materials and controlling the ratios of the
precursors at the optimized reaction conditions.
The above PSD analysis indicates that the 3DAC-20
sample has a meso-/macro-pore domination structure, which
can contribute to the high accessible SSA and fast kinetic
behavior of electrolyte ions and thus improve the 3DAC
performance for electrode materials. Moreover, the introduction of GO can also lead to a relatively higher electrical
4
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Table 1. Adsorption parameters and the electrical conductivities of 3DAC samples.

Sample
5

3DAC-15
3DAC-20
3DAC-25

BET SSA
(m2 g−1)

Total pore volume
(cm3 g−1)

Micropore volume
(cm3 g−1)

Mesopore volume
(cm3 g−1)

Macropore volume
(cm3 g−1)

Ratio of meso- and
macro-pores (%)

Electrical conductivity
(S m−1)

2044
2318
2580

1.03
1.32
1.22

0.43
0.49
0.62

0.58
0.68
0.58

0.01
0.15
0.03

56.8
63.2
49.4

47.5
46.6
40.4
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Figure 2. SEM and TEM images of series of 3DAC materials. (a), (b) Low magniﬁcation and high-resolution SEM images of 3DAC-0.

(c), (d) Low magniﬁcation and high-resolution SEM images of 3DAC-20. (e), (f) Low magniﬁcation and high-resolution SEM images of
3DAC-15. (g), (h) Low magniﬁcation and high-resolution SEM images of 3DAC-25. (i), (j) TEM and high-resolution TEM images of
3DAC-0. (k), (l) TEM and high-resolution TEM images of 3DAC-20.

centered at 1346 cm−1 and 1586 cm−1 were exhibited, which
corresponded to the structural defects and ordered carbon
domain structure respectively. The integrated intensity ratio
of D to G bands (ID/IG), is usually used as a measure for the
disorder carbon. Among the series of 3DAC samples, 3DAC0 showed the smallest ID/IG value of 1.46, which can be
attributed to the agglomerate structure. By contrast, with the
addition and increasing content of GO, the ID/IG values were
obviously increased. For 3DAC-20, the value reached to 2.61,
supporting a high degree of structural disorder [41, 42]. With
further increasing of the GO content, the ID/IG value of
3DAC-15 declined due to the overlap of the more graphene
sheets. Based on the Raman results, the mean width (La) of
the carbon domains in 3DAC samples are estimated to about
6.37–11.37 nm, as shown in ﬁgure 4(b). Simultaneously,
3DAC-20 sample presented the smallest size of∼6.37 nm,
indicating the formation of abundant edge parts in 3DAC-20
and thus contributing to a high SSA [13, 15]. For the surface
chemical composition analysis of 3DAC-20 and the control
samples, XPS studies were further employed. Figure 3(c)
showed that the typical 3DAC-20 sample material mainly
consisted of C element with 97.44 at%, together with small

exhibited the micro-/meso- pores distributed throughout the
carbon matrix, which formed in the evaporation process of
activation agent which left void space [18]. This 3D interconnected porous structures of 3DACs, accompanied by a
high ratio of meso-/macro-pores, can provide impressive
pathways for the transport and diffusion of electrolyte ions,
and thus leading to a high electrochemical performance for
SCs. As one of the series of material, 3DAC-15 and 3DAC-25
also presented the similar TEM structures as 3DAC-20 sample, as shown in ﬁgure S3.
The structures of 3DAC-20 and the control samples were
further evaluated by XRD, Raman and XPS analyses. The
XRD pattern in ﬁgure 3(a) showed two typical peaks around
25° and 42°, belonging to the (002) and (100) planes of
carbon [39, 40]. According to the broad (002) diffraction peak
at 2θ=25°, the plane interlayer distance of∼0.36 nm for the
series of samples was shown, indicating a loosened layered
structures. The c-axis height (Lc) of the carbon domains is
0.78–1.04 nm calculated by Scherrer equation, being similar
to 2–3 layer-stacked graphene sheets [23]. The structural
characteristic of 3DAC was further evaluated through Raman
spectroscopy. In ﬁgure 3(b), the D and G characteristic peaks
6
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Figure 3. Structure analysis of 3DAC samples. (a) XRD results. (b) Raman analysis spectrum. (c)–(e) XPS survey and high resolution spectra

of C 1s and O 1s for 3DAC-20.

content of O element (2.56 at%). In the HR C 1s spectrum
shown in ﬁgure 3(d), three individual peaks at 284.6, 285.7
and 289.1 eV can be obtained, belonging to C=C, C−O and
O−C=O, respectively [37, 43]. The existence of O was
conﬁrmed by the peaks at 532.3 and 536.2 eV in the O 1s
spectrum shown in ﬁgure 3(e) [44, 45]. The similar characterization results for the other control samples were
obtained, as shown in ﬁgures S4–S6.

sample was thus investigated using as the electrode material
for EDLC [32]. Figure 4 show the capacitive performance of
3DAC-20 and the control samples for SCs in TEABF4/AN
organic electrolyte. The CV measurements of 3DAC-20
material were conducted at the scan rates of 10, 20, 50 and
100 mV s−1, and the results were shown in ﬁgure 4(a). The
neat rectangular CV curves suggest an ideal EDLC behavior
with fast charge–discharge processes [32]. Moreover, when
the scan rate increase to 100 mV s−1, the shape of the CV
curve was still kept nearly perfectly rectangular, conﬁrming
the excellent capacitance response even during the high
charge–discharge process. The galvanostatic charge–discharge tests were simultaneously performed at the current
densities of 0.5, 1, 2, 5 and 10 A g−1 to further study the

3.2. Electrochemical performance

With its impressive meso-/macro-porous structure and high
accessible/effective SSA based on the above microstructure
analysis, the electrochemical performance of the 3DAC-20
7
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Figure 4. Electrochemical performance of prepared 3DAC materials for symmetric SCs in TEABF4/AN organic electrolyte. (a) CV results of
3DAC-20 electrode material at the scan rates of 10, 20, 50 and 100 mV s−1 with the potential range of 0–2.7 V. (b) Galvanostatic charge–
discharge test results for 3DAC-20 electrode material at current densities of 0.5, 1 and 2 A g−1. (c) Rate performances of 3DAC-20 and the
control samples of 3DAC-15, 3DAC-25, 3DAC-30 and 3DAC-0 electrode materials at current densities of 0.5, 1 and 2 A g−1. (d) Ragone
plots of 3DAC-20 and the control samples including 3DAC-15 and the reported carbon materials. (e) Nyquist plots of 3DAC-20 electrode
material and the control samples of 3DAC-0, 3DAC-15 and 3DAC-25 based SCs. (f) Cycling life for 3DAC-20 electrode material after 7000
cycles, tested at a current density of 1 A g−1 in the potential range of 0–2.7 V.

capacitive performance of the 3DAC-20 sample. As shown in
ﬁgures 4(b) and S6–S7, the linear symmetric triangle shape
charging/discharging proﬁles demonstrated a fully reversible
EDLC’s capacitive characteristic in accordance with the CV
results. The slight IR-Drop appeared at the early stage of the

discharge process at all tested current densities manifested a
small resistance, which will be further discussed in the following EIS studies. Based on the galvanostatic charge–discharge results, the speciﬁc capacitance at the series of current
densities of 3DAC-20 and the control samples were
8
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calculated, as shown in ﬁgure 4(c). Clearly, 3DAC-20 sample
with the superior microstructure delivered higher capacitance,
along with excellent rate performance. 3DAC-20 sample
showed a speciﬁc capacitance of 157 F g−1 at the current
density of 0.5 A g−1, signiﬁcantly superior than that of
3DAC-0 (124 F g−1), 3DAC-15 (147 F g−1) and 3DAC-25
(146 F g−1) samples and comparable to the value (186 F g−1)
of all GO derived electrode material using the same preparation method [33]. The enhanced speciﬁc capacitance of
3DAC-20 sample can be attribute to the higher ratio of
meso-/macro-pores and the corresponding larger meso-/
macro-porous volume, which contributed abundant accessible
active sites for the electrolyte ions. Furthermore, the microstructure of the electrode materials also are associated with
the rate performance, which is another crucial performance
parameter of SCs. As expected, the 3DAC-20 sample, with
optimum meso-/macro-porous structures beneﬁted to rapidly
transport for electrolyte ions and quickly electrical double
layer formation, demonstrated the best rate performance. As
the current density changed from 0.5 to 2 A g−1, the speciﬁc
capacitance was kept at 96.6% better than that of 3DAC-0
(96.0%), 3DAC-15 (89.3%) and 3DAC-25 (94.6%) samples.
Even more, the 3DAC-20 electrode materials even retained
94.6% of its original capacitance with 148.5 F g−1 when the
current density enhanced to 10 A g−1 (ﬁgures S7 and S8).
Overall, 3DAC-20 sample delivered a superior speciﬁc
energy density of 39.7 W h kg−1 with a speciﬁc power density
of 340 W kg−1, showing a higher value than the control sample
of 3DAC-15 (37.1 W h kg−1 at 338 W kg−1) and other reported
carbon materials (table S1). Ragone plots of the 3DAC electrode
materials were displayed in ﬁgure 4(d). Moreover, with the
current density reached to 10 A g−1 and a power density of
7.1 kW kg−1 was obtained, the 3DAC-20 electrode material still
retains an energy density of 37.6 W h kg−1, indicative of a good
rate capability.
EIS investigation from 100 kHz to 10 mHz were conducted to study the ion diffusion behavior and charge transfer
resistance of the 3DAC-20 electrode material and the control
samples. As shown in ﬁgure 4(e), the Nyquist plots of the
materials exhibited excellent electrical characteristic, including a straight line at the low frequency region, a straight
Warburg line with 45° slope at the middle frequency region
and a semicircle shape at the high frequency region [38]. The
3DAC-20 electrode material delivered much smaller size
semicircle than that of 3DAC-0, as well as 3DAC-25 sample,
showing a lower ion charge transfer resistance at the electrode/electrolyte interface [46, 47]. It is noted that 3DAC-15
shows the smallest size semicircle, which can be contributed
to the highest graphene content and the enhanced electrical
conductivity. The oblique lines in the low frequency region of
the electrode materials were obtained, indicative of a diffusion controlled double layer charge storage process. The steep
slope of 3DAC materials based plot suggests a better capacitive behavior [32]. Simultaneously, the short Warburg lines
at the 45° portion represent a lower ion diffusion resistance in
the electrode [33]. These excellent EIS results for 3DAC
materials, especially for 3DAC-20, should come from
its 3D interconnected conductive structure and dominant

meso-/macro-pores. The cyclic life of the 3DAC-20 material
in TEABF4/AN organic electrolyte was further evaluated
through the galvanostatic charge–discharge studies at a current density of 1 A g−1. As shown in ﬁgure 4(f), after 7000
cycles, the 3DAC-20 electrode material presented a capacitance retention ratio of∼94%, demonstrating an excellent
cycling stability.
As discussed above, the outstanding electrochemical
performance of the 3DAC-20 electrode material is assigned to
its unique microstructures. The 3D connected networks constructed by rGO sheets support the abundant macropores for
the fast transport and diffusion of electrolyte ions and electrons. The mesopores produced in the KOH activation process
offers sufﬁcient active sites being beneﬁcial to the formation
of electrical double layer for electrolyte ions. Thus, the 3D
meso-/macro-porous structure contributes the large accessible/effective SSA, excellent electrical conductivity from the
networked carbons, efﬁciently taking advantage of the inner
pore’s SSA, together with the considerably enhanced ion
transport based on the short diffusion lengths between the
carbon layers. Thus, it results in remarkably promoted electrochemical performance [43].

4. Conclusions
Using an easily accessible carbon source and GO as precursors, a 3D interconnected porous AC material with controlled meso-/macro-pore structure was prepared through
controlling the GO content and the reaction conditions. By
controlling such microstructure/morphology, an optimized
3DAC-20 material was obtained and delivers the best capacitive performance in TEABF4/AN organic electrolyte system than other controlled samples, in accordance with the
speciﬁc energy and power density, together with excellent
cycling life-time performance. These results demonstrates that
by carefully optimizing the precursors and preparation process, the morphology and microstructure of the obtained
carbon based materials, such as ACs, could be controlled and
optimized for high performance SC electrode materials.
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