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� HPSNCs were obtained by a simply
large-scale preparing method.

� Hierarchically porous structure from
micro-to-macro-pores are obtained.

� High power density along with high
energy density are achieved.

� The HPSNC-based EDLCs show
superior cycling stability.
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Supercapacitors with ionic liquid (IL) electrolytes can reach high work voltage and accompanied high
energy density, which are the critical parameters for supercapacitors’ rapid development. However,
supercapacitors with IL electrolytes usually suffer from low power density due to low conductivity, large
ionic size and high viscosity of the electrolytes. Herein we reported hierarchically porous sheet-like
nanocarbons (HPSNCs) prepared by direct activation of graphene oxide and polytetrafluoroethylene
(PTFE) polymer are promising electrode materials for high power supercapacitors with also high energy
density. During the activation process, the PTFE particles as a spacer that can effectively hinder the
restack of graphene oxide and simultaneously transformed into sheet-like nanocarbons at high temper-
atures. As a result, the as-prepared samples exhibit highest surface area of �2000 m2 g�1 and largest pore
volume of 1.90 cm3 g�1. Benefit from hierarchically porous structure from micro-to-macro-pores, which
largely shorten the diffusion distance of electrolyte ions, the HPSNC electrodes show a high energy den-
sity of 51.7 Wh kg�1 at a power density of 35 kW kg�1 in symmetric supercapacitors with IL electrolyte.
In addition, the HPSNC-based supercapacitors also possess an excellent cycling stability with 88% capac-
itance retention after 5000 cycles. Unambiguously, this work demonstrated the potential of HPSNCs for
high power supercapacitors with high energy density and application in integrated energy management
electronics.

� 2017 Published by Elsevier B.V.
1. Introduction

Electrochemical double layer capacitors (EDLCs), one kind of
supercapacitors, are new energy storage devices that store
charge by electrostatic interaction between electrode/electrolyte
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interfaces. Benefit from unique reversible ion adsorption, they pos-
sess high power density (>10 kW kg�1), fast charge/discharge rate
(within seconds) and long cycle life (>105 cycles). Unfortunately,
they usually suffer from relatively low energy density
(�6Wh kg�1), which cannot meet the increasing requirements in
portable electronic devices and electric vehicles [1–7]. Therefore,
many strategies have been developed to improve its energy den-
sity, including (i) enhancing the physicochemical properties like
specific surface area (SSA), pore structure, and the electrical con-
ductivity, etc. of a single electrode material [8–11], (ii) structural
design and chemical composite of electrode materials with
multi-dimensional or micro/nano-structures [12–14], (iii) using
the electrolyte with higher work voltage like ionic liquid elec-
trolytes [15–17], and (iv) improving the manufacturing technology
of the whole device [18].

Ascribing to much more electrochemical stability of IL elec-
trolytes, the energy density of EDLCs has being considerably
improved. For examples, hierarchical porous nitrogen-doped car-
bon in 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4)
electrolyte possess a high energy density of 59.8 Wh kg�1 at a
power density of 875 W kg�1, while in 6 M KOH aqueous elec-
trolyte, only exhibits an energy density of 10.3 Wh kg�1 at a power
density 1.3 kW kg�1 [19]. Ma’s group demonstrated that the
graphene-activated carbon composite had an energy density of
6.1 Wh kg�1 in KOH aqueous electrolyte, while in EMIMBF4 elec-
trolyte, the energy density reached up to 52.2 Wh kg�1 [20]. More-
over, Tian et al. had reported that a renewable graphene-like
nitrogen-doped carbon displayed a maximum energy density of
51 Wh kg�1 in the IL mixture of 1-ethyl-3-methylimidazolium bis
(trifluoromethylsulfonyl)imide (EMIMTFSI) and EMIMBF4 elec-
trolyte [21]. However, due to their low electrical conductivity, lar-
ger ionic size and high viscosity in nature, one typical IL electrolyte
EMIMBF4 shows �1/10 in electrical conductivity comparing to
commercial organic electrolyte tetraethylammonium tetrafluorob-
orate dissolved into acetonitrile solution (TEABF4/AN), the superca-
pacitors with IL electrolytes usually suffer from low power density,
meaning high equivalent series resistance (ESR) and rapid capaci-
tance decline at a high current. Even through incorporating
single-walled carbon nanotube with high electrical conductivity
into graphene aerogel, the composited carbon aerogel electrodes
in EMIMBF4 electrolyte showed a high energy density of
65.6 Wh kg�1 along with a low power density of 9.1 kW kg�1

[22]. Since the energy density of EDLCs is far from lower than the
secondary batteries like Li-ion batteries, the intrinsic advantages
of high power and rapid charge-discharge must be maintained.

The power density, to some extent, is limited by the resistance
to electronic transmission in porous electrodes and especially by
the resistance to ionic current flow in the electrolyte [23]. There
will be a confine to the small size of the pores that is related to
the accessible pores to the ion from the electrolyte solution. As
the average pore size becomes closer to the ion size, the electroad-
sorption kinetics slows down [24–25]. And the increasing resis-
tance is another factor that is responsible for the commonly
observed decline in rate-capability as the total surface area is
increased, particularly at large surface area. Hence, it is very impor-
tant to meet the balance between the pore size and the ion size of
the electrolyte that are suitable for EDLCs. Alternatively, develop-
ing one kind of electrode material with hierarchical pore structure
and high ion-accessible surface area that is helpful to ion trans-
portation is probably to meet the demands of both high energy
and high power for EDLCs. The previous works implied that hierar-
chical porosity design, large pore volume and wide pore size distri-
bution could efficiently improve the ion-accessible surface area
and hence leading to high capacitance [8,26–27]. However, these
EDLCs in IL electrolytes greatly improve energy density at the sac-
rifice of high power density. And increasing energy without com-
promising power is still the topical challenge for supercapacitors
[28].

Herein, we present a simply scalable approach to prepare hierar-
chically porous sheet-like nanocarbons based on direct KOH activa-
tion of graphene oxide and PTFE polymer. The obtained hierarchical
porous carbon exhibits relatively high SSA (�2000 m2 g�1), good
electric conductivity and excellent electrochemical performance.
Moreover, the optimized HPSNCs show abundant of micropores,
mesopores and macropores that are beneficial to realize both high
energy density and power density. The energy density reaches up
to 51.7 Wh kg�1 with an extremely high power density of
35 kW kg�1 for HPSNC-based symmetric EDLCswith EMIMBF4 elec-
trolyte. In addition, the symmetrical EDLCs also possess long-term
cycling stability with 88% retention after 5000 cycles. These obser-
vations unambiguously demonstrate the capability of simply large-
scale processed HPSNCs as high-performance electrode materials
for EDLCs with IL electrolytes, which opens up a new approach
for high-performance energy storage.
2. Experimental section

2.1. Materials

Graphite powders (8000 mesh) and 1-ethyl-3-methylimida-
zolium tetrafluoroborate (EMIMBF4) ionic liquid electrolyte were
purchased from Aladdin Industrial Corporation (Shanghai, China).
Concentrated sulfuric acid (H2SO4), sodium nitrate (NaNO3), potas-
sium permanganate (KMnO4) and hydrogen peroxide (H2O2, 30 wt
%), hydrochloric acid (HCl) and potassium hydroxide (KOH) were
analytical pure grade, which were purchased from Kelong Chemi-
cal Reagents Company (Chengdu, China) without further purifica-
tion. Polytetrafluoroethylene (PTFE, 60 wt% dispersion in water)
was purchased from Dakin (Japan). The polypropylene paper sepa-
rator with a thickness of 20 lm was purchased from NKK
Corporation.

2.2. Synthesis of HPSNCs

GO was synthesized by a modified Hummers method [29] and
the detailed process is given in Supporting information (SI, Exper-
imental S1). For preparing HPSNCs, in a typical procedure, 50 mg
GO was uniformly dispersed into 50 ml deionized water by ultra-
sonic vibration for 2 h. And then, PTFE emulsion with a mass ratio
of 60 wt% was weighed based on the weight ratio of GO to PTFE
(from 1:1 to 1:20) and mixed with 20 ml deionized water under
magnetic stirred for 5 min. Then, a certain amount of KOH with a
weight ratio of 1:6 (KOH to GO and PTFE) was added into the
above-obtained solutions and magnetic stirred for 15 min. After
GO solution was added, the mixed solution was further agitated
for 2 h. Afterwards, the plastic breaker with the solutions was
transferred to a water bath kept at 60 �C under continually stirring
until obtained solid mixture. After that, the solid mixtures were
transferred into the tube furnace (U 80 � 1000 mm, BTF-1400C,
Anhui BEQ Technology CO., LTD, China) and firstly kept constant
at 400 �C for 2 h and followed by reacted at 800 �C for 2 h under
Ar atmosphere, and then immerse into enough 2 M HCl aqueous
solution for 12 h. Finally, the mixture was washed with deionized
water under vacuum filtration and desiccation at 80 �C for 12 h and
the obtained samples were denoted as HPSNC-1, HPSNC-5, HPSNC-
10, HPSNC-15, and HPSNC-20, respectively.

2.3. Sample characterizations

The morphologies of the as-prepared samples were character-
ized by a FEI QUANTA FEG 250 scanning electron microscopy
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(SEM) and a JEOL JEM-2100F transmission electron microscopy
(TEM), respectively. X-ray diffraction (XRD) patterns were
obtained on a PANalytical X’Pert Powder diffractometer with Cu
Ka radiation between 5 and 80�. Raman spectra measurements
were conducted using a RM2000 microscopic confocal Raman
spectrometer with a 514 nm laser beam. X-ray photoelectron spec-
troscopy (XPS) measurements were performed on Thermo Scien-
tific ESCALAB 250Xi. TG and DSC analysis were carried out with
NETZSCH STA 449F3. N2 adsorption/desorption isotherms at
�196 �C were carried out with a Micromeritics ASAP 2020 surface
area and pore size analyzer, and the specific surface area values
and pore size distribution curves were obtained by Brunauer-
Emmett-Teller (BET) and density functional theory (DFT) methods,
respectively.

2.4. Preparation of EDLC electrodes

In order to prepare the working electrode, 95 wt% of the as-
prepared HPSNCs and 5 wt% PTFE binders with a mass ratio of
10 wt% were mixed in isopropyl alcohol. The mixture was placed
in an oven at 80 �C to remove excess isopropyl alcohol after
blended for 30 min. And then, kneaded thoroughly and rolled
down to �100 lm thick slices. After drying at 120 �C for 24 h, the
slices were punched into disk-shaped electrodes with a diameter
of 1.2 cm. The loading mass of a single electrode for HPSNC-1,
HPSNC-5, HPSNC-10, HPSNC-15 and HPSNC-20 is 3.46 ± 0.04,
2.45 ± 0.05, 2.01 ± 0.08, 1.82 ± 0.03, and 1.55 ± 0.04 mg cm�2,
respectively. And the electrode density is 0.30 ± 0.04, 0.21 ± 0.05,
0.17 ± 0.07, 0.17 ± 0.03, 0.15 ± 0.04 g cm�3 for HPSNC-1, HPSNC-5,
HPSNC-10, HPSNC-15 and HPSNC-20, respectively. Finally, the
disk-shaped HPSNC electrodes were pressed onto nickel foam with
a thickness of 100 lm.

2.5. Electrochemical measurements

The cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD) and electrochemical impedance spectroscopy (EIS) were
conducted with a CHI 660E electrochemical workstation (Chenhua,
Shanghai, China). The cycling stability was carried out with a LAND
cell measurement system. In a three-electrode configuration, 6 M
KOH as the aqueous electrolyte, the prepared electrode pressed
onto nickel foam current collector (3 cm � 2 cm) as working elec-
trode, a platinum plate (2 cm � 2 cm) as the counter electrode,
and a Hg/HgO electrode as the reference electrode. In the two-
electrode configuration, 2032 type coin cells were used to assem-
ble symmetric supercapacitors, the electrode pressed onto nickel
foam with same diameter, 6 M KOH and EMIMBF4 as the elec-
trolytes, and a polypropylene paper separator was sandwiched
between two working electrodes. The parameters like specific
capacitance, energy density, and power density are determined
in Supporting information (SI, Experimental S2).
3. Results and discussion

The primary advantage of the current process is that it estab-
lishes a wide range of micro-to-macroporous sheet-like nanocar-
bons simply through KOH activation. With the addition of PTFE,
the restack of GO after thermal reduction can be alleviated since
its function of the spacer. The PTFE polymers fill into the graphene
layers and then transformed into stable nanocarbons at high tem-
peratures, which are critical to form hierarchical structure. On the
other hand, the reaction of KOH with the carbonized PTFE and GO
to form different pore sizes by etching the carbon atoms. The con-
tents of PTFE and KOH show significant effects on the microstruc-
tures of the resultants as illustrated by Fig. 1a. Overall, the content
of sheet-like nanocarbons increases and the macropores become
abundant with increasing the content of PTFE and KOH.

The SEM characterization further verified the effect. It is clear
that all the samples possesses highly crumpled morphology and
3D interconnected porous structure formed on the graphene sur-
face, which is attributed to the decomposition of oxygen contain-
ing groups and etch of the graphene sheets by KOH (Fig. 1b–f).
Interestingly, the amount of KOH and PTFE have influenced on
the pore sizes and numbers. In Fig. 1b, the size of pores is very
small for HPSNC-1, however, many large pores can be easily
observed for HPSNC-5, HPSNC-10, HPSNC-15 (Fig. 1c–e) and the
largest pores exist on the HPSNC-20 (Fig. 1f). The evolution of pore
structures could on one hand due to the KOH etch reaction on GO,
which facilitates the creation of in-plane pores. On the other hand,
high content of PTFE in the precursors led to large pores since most
PTFE materials were ignited loss at the temperature higher than
550 �C, which was verified by TG-DSC characterization (Fig. S1).
Moreover, higher contents of PTFE particles yielded the higher con-
tents of sheet-like nanocarbons that covered on the graphene sur-
face, which can be seen at the whole areas of the samples (SI,
Fig. S2a–e). In addition, direct heat-treatment of PTFE without
the addition of GO and KOH only yielded particles and layers
stacked cluster accompanying with some irregular morphologies
(Figs. 1g, S2f and S3). Although hierarchical structures can be pre-
pared by previously reported methods such as templating method
or colloidal solution self-assembly, sophisticated designs and pro-
cesses are usually required for each individual component [30,31].
In contrast, our direct activation method allows the construction of
hierarchical porosity using a facile and efficient process.

To further investigate the microstructures of the as-prepared
HPSNC samples, the TEM images were collected and presented in
Fig. 2. All the samples are consisted with sheet-like morphology,
indicating that the sheet-like nanocarbons are successfully pre-
pared through directly activating the mixture of GO and PTFE
(Fig. 2a–e). Highly curved and wrinkled graphene sheets and a sub-
stantial amount of pores can be observed, which is in accordance
with SEM results. As expected, the ratio of sheet-like nanocarbons
to curved graphene layers increases with further increasing PTFE.
HRTEM also demonstrates that the as-prepared HPSNC-15 sample
possesses highly porous structure (Fig. 2f). Since HPSNC samples
are produced including KOH activation process, the crystallinity
of HPSNC-15 show amorphous structure as indicated by Fig. 2f
(HPSNC-1, HPSNC-5, HPSNC-10 and HPSNC-20 are similar, SI,
Fig. S4).

Fig. 3a shows the XRD patterns of graphite, GO and the as-
prepared HPSNC samples. The diffraction peaks of graphite can be
assigned to graphite-2 h (JCPDS 41-1487). Graphite displays a sharp
diffraction peak at 2h � 26.5� with an interlayer distance of
0.336 nm according to Bragg equation. After oxidation treatment,
a characteristic peak is presented at 2h � 10.3� and the interlayer
distance greatly increases to 0.858 nm as the formation of oxygen
functional groups between graphite layers [32]. PTFE powders with
high crystalline transformed into amorphous nanocarbons after the
removal of Fluorine elements by thermal treatment (SI, Fig. S5). Two
weak and broad diffraction peaks centered at around 24.6 and 43.0�
for all the as-prepared HPSNC samples, which are assigned to the
(002) and (100) plane of graphitic layer, respectively [33]. The
(002) interlayer spacing of the as-prepared HPSNC samples gradu-
ally increases from 0.358 to 0.402 nm with increasing the weight
ratio of GO to PTFE (SI, Table S1). These differences demonstrate that
PTFE particles locating at the edge and/or center of different
graphene layers can alleviate the restack of graphene oxide layers
during thermal reduction. Moreover, a larger intensity increases in
the low-angle region for HPSNC-15, indicating high porosity [11].

In order to further investigate the structural differences of the
as-prepared HPSNC samples with different weight ratios of GO to



Fig. 1. (a) Schematic illustration for the prepare procedure of HPSNCs. SEM images of (b) HPSNC-1, (c) HPSNC-5, (d) HPSNC-10, (e) HPSNC-15, (f) HPSNC-20 and (g) pure PTFE
derived nanocarbons.
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PTFE obtained by KOH activation, the corresponding Raman spec-
troscopy was presented in Figs. 3(b) and S6. The D-band located
at �1350 cm�1 which was caused by structural defects and sp3-
hybridized bonds of carbon materials [34], and G-band located
at �1590 cm�1 was derived from the E2g vibrational mode [35].
The values of ID/IG calculated from the area of D-band and G-
band after multi-peak fitting through the Voigt function was
widely used as an indicator of structural defects of carbon materi-
als. Herein, the ID/IG values of the as-prepared HPSNC samples are
2.559 ± 0.128, 2.367 ± 0.164, 2.234 ± 0.083, 2.238 ± 0.040 and
2.365 ± 0.106 for HPSNC-1, HPSNC-5, HPSNC-10, HPSNC-15 and
HPSNC-20, respectively (SI, Table S1), which implies high ratio of
defects. And the effective crystallite sizes La in the direction of
the graphite plane are also listed (SI, Table S1).

To detect the compositions and the chemical binding of the
HPSNC samples, XPS analysis was performed. The atom percentage
of Carbon element is higher than 94%, Oxygen element varies from
3.0 to 5.9%, and no any Fluorine and Potassium elements were
detected by XPS survey (Fig. 3c and Table S2), which implies that
the PTFE powders were completely transformed and/or ignited.
One typical deconvolution curve of C1s spectrum for HPSNC-15
is shown in Fig. 3d and the others are also discussed (SI, Fig. S7).
One strong peak locating at 284.78 eV in C1 s spectra ascribes to
sp2 carbon and some accompanied peaks occurred at 285.80,
287.10 and 289.8 eV can be ascribed to C–OH, C@O and COOH,
respectively (SI, Table S3) [8,36]. These results demonstrate that
GO is effectively thermally reduced and PTFE powders are success-
fully transformed into low heteroatoms functionalized
nanocarbons.

The pore structure characteristics of the as-prepared HPSNC
samples with different ratios of GO to PTFE were investigated by
using surface area analysis. The N2 adsorption/desorption iso-
therms and interrelated pore size distribution curves were shown
in Fig. 4a–b. The related parameters obtained from the isotherms
are also listed in Table S4. It can be seen that all the isotherms
are typical type IV according to the IUPAC classification, which



Fig. 2. TEM images of (a) HPSNC-1, (b) HPSNC-5, (c) HPSNC-10, (d) HPSNC-15, (e) HPSNC-20 and (f) HRTEM image of HPSNC-15.

Fig. 3. (a) XRD patterns of graphite, GO and the as-prepared HPSNC samples. (b) Raman spectra of one typical HPSNC-15 sample. (c) XPS of the as-prepared HPSNCs and (d)
Deconvolution curves of C1s for HPSNC-15.
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indicates the existence of various pore sizes from micropores to
macropores. The SSA desirably increases with the increasing
weight ratio of GO to PTFE from 1: 1 to 1: 10. For the as-
prepared HPSNC-1, the SSA value is only 880 m2 g�1, which is
smaller than the as-prepared HPSNC-5 and HPSNC-10
(1156 m2 g�1 and 1992 m2 g�1, respectively). And the as-prepared
HPSNC-10 has a higher total pore volume of 1.90 cm3 g�1 with a
micropore volume of 0.51 cm3 g�1. What’s more, the HPSNC sam-
ples present the exactly hierarchical porosity as exhibited in
Fig. 4b, which supports the rapid channels for transport and migra-
tion of electrolyte ions. For clearly describing the unique structure,
a schematic illustration of electrolyte solution storage in macrop-
ores and shortened ion transfer into mesopores and micropores
is shown in Fig. 4c.

From the above-mentioned analysis, we can see that the as-
prepared HPSNCs with unique microstructure and high SSAs can
be considered as a promising electrode material candidate for
supercapacitors. To investigate the electrochemical performance
of as-prepared HPSNC samples, we have fabricated a two-
electrode symmetric configuration using EMIMBF4 as the elec-
trolyte, and the results are shown in Fig. 5. The values of specific
capacitance for HPSNCs are presented in Fig. 5a with the current
densities varying from 0.2 A g�1 to 20 A g�1, which were calculated
using their galvanostatic discharge curves. The HPSNC-15 pos-
sesses the highest specific capacitance at all applied current densi-
ties comparing with other electrodes. The maximum specific
capacitance for HPSNC-15 is 39.5 F g�1 (158.1 F g�1 for a single
electrode) at 0.2 A g�1, and the specific capacitance gradually
decreases with increasing current densities. Strikingly, it still
maintains 76.9% capacitance retention (that is 30.4 F g�1 at a high
current density of 20 A g�1), indicating HPSNC-15 has superior rate
capability. In addition, the HPSNC-1 HPSNC-5, HPSNC-10 and
HPSNC-20 also show good rate-capability. The specific capacitance
of HPSNC-1, HPSNC-5, HPSNC-10 and HPSNC-20 were 28.8, 34.7,
Fig. 4. (a) N2 adsorption/desorption isotherms. (b) Pore size distribution curves. (c)
38.2, and 37.3 F g�1 at 0.2 A g�1 and maintains 21.0, 25.8, 30.2,
and 27.1 F g�1 at a high current density of 20 A g�1, indicating
72.9%, 74.4%, 79.1% and 72.7% capacitance retentions. In addition,
HPSNC supercapacitors possess a high areal capacitance
of �400 mF cm�2 (Fig. 5b). Fig. 5c shows the GCD curves at a cur-
rent density of 1 A g�1. These curves with the work potential up
to 3.5 V show exactly triangle-like shape, indicating good electric
double layer capacitive behavior. Moreover, the linear GCD curves
and low IR drop in Fig. S8 can be observed at high current densities,
which also demonstrated the excellent rate-capability of HPSNC
supercapacitors.

Fig. 5d shows the CV curves of HPSNC-15 at scan rates varying
from 50 to 1000 mV s�1. Clearly, the CV curves show a rectangular
shape at relatively low scan rates, indicating electric double layer
capacitance. It is fascinating that even at a fast scan rate of
1000 mV s�1, the supercapacitors remain a nearly rectangular
shape, which implies that the electroadsorption kinetics process
is not largely limited. Furthermore, the CV curves of the HPSNC-1
HPSNC-5, HPSNC-10 and HPSNC-20 also exhibit in Fig. S9. The
three-electrode configuration and symmetric supercapacitors were
assembled with 6 M KOH as the electrolyte. Electrodes are based
on HPSNC-1, HPSNC-5, HPSNC-10, HPSNC-15 and HPSNC-20. We
have proved that the obtained HPSNC samples display excellent
electrochemical performance in 6 M KOH aqueous solution
(Figs. S10–11). HPSNC-15 possesses higher capacitance comparing
with HPSNC-1, HPSNC-5, HPSNC-10 and HPSNC-20. HPSNC-15
electrode exhibits the maximum capacitance of 215.6 F g�1 at a
high current density of 50 A g�1 in three-electrode configuration
(Fig. S10c) and 36.5 F g�1 at 30 A g�1 in a two-electrode system
(Fig. S11d). In contrast, the specific capacitance of pure PTFE
derived nanocarbons is much lower than the HPSNCs. What’s
worse, the capacitance behavior is also deteriorated especially at
low work voltage and low frequency (Fig. S12), which probably
ascribes to its poor conductivity.
Schematic illustration for the pore structure of the as-prepared HPSNC samples.



Fig. 5. Electrochemical performances of the HPSNC-based symmetrical supercapacitors in EMIMBF4 IL electrolyte. (a) The specific capacitance values at different current
densities. (b) The areal capacitance values at different current densities. (c) A comparison of the GCD curves at 1 A g�1. (d) CV curves of HPSNC-15 at different scan rates. (e)
Nyquist plots and the inset shows the magnified part of Nyquist plots at high frequency. (f) Ragone plots. (g) Cycling stability of HPSNC-15. (h) Electrical double-layer (EDL)
model at a positively charged surface, W0, W, W1 are the electrical potential at the electrode surface, electrode/electrolyte interface and bulk electrolyte, respectively. (i)
Schematic illustration of the transport of EMIMBF4 electrolyte ions in HPSNC electrodes.
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Besides the capacitance, the resistance like ESR, Warburg, and
equivalent distributed resistance (EDR) are other most important
parameters of the supercapacitors. Fig. 5e presents the Nyquist
plots of HPSNC-based symmetrical supercapacitors in the fre-
quency ranges from 100 kHz to 10 mHz under AC voltage ampli-
tude of 5 mV. It clearly shows that all the HPSNC devices exhibit
a vertical line at the low frequency, indicating a good electric dou-
ble layer capacitance. By the way, the imaginary resistance is larger
for HPSNC-15 than that of HPSNC-1, HPSNC-5, and HPSNC-10,
which ascribes to lighter mass of the former (1.82 ± 0.03 mg cm�2

for HPSNC-15, and 3.46 ± 0.04, 2.45 ± 0.05, 2.01 ± 0.08 mg cm�2 for
HPSNC-1, HPSNC-5, and HPSNC-10). The ESR determined by the
resistances of the electrode materials, the electrolyte, the interface,
and the contact are as low as 1.7, 2.0, 2.7, 2.2, and 1.7X for HPSNC-
1, HPSNC-5, HPSNC-10, HPSNC-15 and HPSNC-20, respectively.
Strikingly, the EDR are 2.7X for HPSNC-1, 1.4X for HPSNC-5,
1.1X for HPSNC-10, 1.3X for HPSNC-15 and 2.8X for HPSNC-20
according to a method suggested by Kӧtz et al. [37], which means
that the diffusion resistance is much smaller for HPSNC-10 with
abundant pores in meso-to-macro-scales.

As shown in Fig. 5f, the Ragone plot of HPSNC-15 based sym-
metrical supercapacitor presents a high energy density of
67.3 Wh kg�1 at a power density of 0.35 kW kg�1, and still remains
51.7 Wh kg�1 at a considerably high power density of 35 kW kg�1,
which shows much more superior performance than mostly previ-
ously reported nanocarbons based supercapacitors with EMIMBF4
electrolyte (Table S5). Fig. 5g reveals a plot of the capacitance
retention as a function of cycle number for HPSNC-15 based sym-
metrical supercapacitors at a current density of 5 A g�1, the specific
capacitance declines slightly and after 5000 cycling, 88% capaci-
tance is still retained, revealing good cycle stability.

EDLCs can deliver outstanding power thanks to fast kinetics
associated with the electrochemical storage mechanisms at the
electrode-electrolyte interface as illustrated in Fig. 5h. Since the
ion diffusivity is typically around seven orders of magnitude
lower in solids than in liquids, the traditional porous materials
like activated carbons and mesoporous carbons can fast establish
EDL capacitance at only the interface near the electrolyte while
the electroadsorption kinetics are severely inhibited as the elec-
trode layer is far away from the electrolytes. There are some
advantages through hierarchical porosity design to improve
the electrochemical properties as indicated in Fig. 5i. Firstly, the
macropores as ion-buffering reservoirs can largely shorten the
transfer and diffuse distance of electrolyte ions into the meso-
pores and micropores, which is capable of overcoming the pri-
mary kinetic limits of electrochemical processes in porous
electrodes [9,26,38]. Secondly, the ion-accessible surface areas
are greatly increased as much more ions can form EDL interface
inside the meso-to-micro-pores, which are critical to high SSA
electrode materials [8,27]. More importantly, bulk materials with
hierarchical porosity design still maintain relatively high density
and good electric conductivity, which can avoid the occurrence
of high weight capacitance and energy but extremely low when
evaluated by volume [22,39–41]. Consequently, both high energy
and power supercapacitors can be anticipated through unique
porosity design.
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4. Conclusions

In summary, we have demonstrated that sheet-like nanocar-
bons with hierarchically porous structure and high surface area
can be simply prepared by direct KOH activation of graphene oxide
and PTFE, in which PTFE was used as spacers and carbon sources.
Through modifying the weight ratio of GO to PTFE, sheet-like
nanocarbons with surface area ranging from 880 to 1992 m2 g�1

and pore volume from 0.74 to 1.90 cm3 g�1 have been obtained.
The sheet-like nanocarbons with hierarchal porosity exhibit excel-
lent electrochemical performance in EMIMBF4 IL electrolyte as well
as in KOH aqueous electrolyte. High energy density of
51.7 Wh kg�1 is obtained along with a high power density of
35 kW kg�1, evidently demonstrating that hierarchically porous
sheet-like nanocarbons can be considered as a promising candidate
for both high energy and power supercapacitors. Also, this work
opens up a new method to produce hierarchically porous struc-
tures for unique application.
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