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A B S T R A C T

Increasing both the energy density and the power density of supercapacitors is an important but challenging
research subject. Porous carbon with extremely high surface, such as activated carbon, is a key engineering
material for current supercapacitor technology. Here we report optimized mesopores enabling significantly
enhanced rate performance in hierarchically meso-/microporous carbon with a ultrahigh surface area for
supercapacitors, which is prepared by a new in-situ template method to exhibit a high mesopore volume
proportion (66.0%), as well as a large pore volume up to 2.47 cm3 g−1, and an ultrahigh specific surface area of
3122 m2 g−1. Polysiloxane was used as a precursor to produce nonporous SiOC, and sequentially NaOH was
used to activate SiOC to produce highly porous carbon by removing silica and activating carbon. Hierarchically
porous carbon C800 exhibited a high energy density up to 42 Wh kg−1 at a power density of 374 W kg−1, and
still retained an energy density of 21 Wh kg−1 at a high power density of 30 kW kg−1. The superior rate
performance of the supercapacitor is attributed to that C800 contains a majority proportion of mesopores which
facilitate fast ion migration during high power charging/discharging.

1. Introduction

Electricity generated from renewable resources such as solar
energy, hydropower, and biofuels is envisioned to power a greener
and more sustainable future. Rechargeable batteries, especially Li-ion
batteries, are one of the most important energy storage devices
enabling on-site utilization of the electrical energy. Supplemental to
rechargeable batteries, supercapacitors fill the gap on the energy
storage scheme with exceptional power density [1,2]. In general,
supercapacitors can be classified into two categories: electrical dou-
ble-layer capacitors (EDLCs) based on charge storage at the electrode/
electrolyte interface and pseudocapacitors through reversible redox
reactions [1–3]. EDLCs based on porous carbons have recently
attracted tremendous attention due to the high power density and
almost unlimited cycle life [4,5]. However, the much low energy
densities (approximately 5 Wh kg−1) of commercial EDLCs have hin-
dered their wide applications [6–9]. Owing to its super high surface
area and electrical conductivity, porous carbon is an ideal material for
EDLCs. Generally, the performance of carbon materials in EDLCs is
highly dependent on the migration and adsorption of ions inside
nanopores, which are largely determined by the pore structure of the
material [10–12].

Traditionally, activated carbons have been the choice of the
electrode material in EDLCs. Activated carbons are produced by either
physical or chemical activation of carbon rich precursors [13–22].
Typical activated carbon materials are predominantly microporous
(pore width < 2 nm) and the specific surface area can exceed
3000 m2 g−1. However, micropores are not easily accessible to large
ions when the electrolyte is organic or ionic liquid, which can work at a
higher operating voltage with a higher energy density but a lower
power density due to slower mass transfer [23–32]. Introducing
mesopores (pore width of 2–50 nm) to porous carbon can improve
effective utilization of the pore surface area and accelerate mass
transfer so as to enhance the power density. Usually increasing the
pore size leads to the reduction of the specific surface area if the specific
pore volume remains constant. To optimize porous carbon materials
for maximum effective surface area, both the specific surface area and
the specific pore volume will need to be increased simultaneously [33].

One approach to produce mesoporous carbon is to use unconven-
tional precursors with the conventional activation process. Recently,
activated graphene synthesized by KOH activation following microwave
expansion was found to be highly mesoporous with a specific surface
area exceeding 3000 m2 g−1 [8,34]. Another approach to introduce
pores with controlled pore size distribution is to integrate sacrificial ex-

http://dx.doi.org/10.1016/j.nanoen.2017.02.007
Received 28 December 2016; Received in revised form 24 January 2017; Accepted 6 February 2017

⁎ Corresponding authors.

1 These authors contributed equally to this work.
E-mail addresses: chenhb@pkusz.edu.cn (H. Chen), panfeng@pkusz.edu.cn (F. Pan).

Nano Energy 33 (2017) 453–461

Available online 08 February 2017
2211-2855/ © 2017 Elsevier Ltd. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/22112855
http://www.elsevier.com/locate/nanoen
http://dx.doi.org/10.1016/j.nanoen.2017.02.007
http://dx.doi.org/10.1016/j.nanoen.2017.02.007
http://dx.doi.org/10.1016/j.nanoen.2017.02.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2017.02.007&domain=pdf


situ or in-situ templates into the carbon precursors [35,36]. However,
using an ex-situ sacrificial template complicates the process and
increases the materials cost. Alternatively, porous carbon can be
produced from carbon-forming alloys or ceramics with a homogeneous
nanostructure by selectively removing the non-carbon phases.
Gogotsi’s group produced carbide derived carbons (CDCs) using a
chlorination process with precise control of the pore size, and success-
fully applied the materials for supercapacitors [24,25,30] and hydrogen
and methane storage [37]. Pena-Alonso et al. showed that silicon
oxycarbide (SiOC) ceramics can be etched by hydrofluoric (HF) acid to
form porous carbon materials with specific surface area up to
600 m2 g−1 [38]. In these methods, toxic chemicals were used to etch
the carbon precursor to produce pores, which will be a concern for
large scale production.

In this article we report a new class of hierarchically meso-/
microporous carbon materials produced from polysiloxane precursors
using a simple alkaline activation process. Polysiloxanes have long been
used as precursors to produce SiOC ceramics. Upon pyrolysis of
polysiloxane, silica and carbon atoms rearrange and phase segregate
into a homogenous nanoscale structure containing silica nanodomains
dispersed in a graphene network [39]. Selectively removing one phase
will create pores in the structure, as demonstrated by Gogotsi’s
group [40,41] and Pena-Alonso et al [38]. We extend the concept by
using SiOC to produce carbon materials with very high surface area
employing an alkaline activation process, and especially introducing a
very large mesopore volume. In comparison to mainly micropores in
traditional activated carbon, the optimized mesopores in the hierarchi-
cally porous carbon in this work achieved both maximum effective
surface area and fast mass transfer, by bridging the micropores and the
external environment. The value of this carbon material with unique
pore structure and properties was demonstrated in EDLC application.
The EDLCs employing the polysiloxane-derived carbon showed a high
specific capacitance and excellent rate performance, demonstrating
both high energy density and power density.

2. Material and methods

2.1. Synthesis of polysiloxane-derived carbon

The synthesis of polysiloxane-derived carbon is schematically
illustrated in Scheme 1. Polysiloxane elastomer was prepared by
addition-polymerization of vinyl-terminated phenyl-methyl polysilox-
ane using polymethylhydrosiloxane (PMHS) as a cross-linker. The
purpose of selecting phenyl-rich precursor was to obtain a high carbon
content and improve the product yield. In a typical procedure, 20 g of
vinyl-terminated phenol-methyl polysiloxane (UC252, viscosity
3000 mPa s, Jiaxing United Chemistry, China) and 1 g of PMHS
(Sigma-Aldrich) were reacted with the addition of 15 μL 2 wt% Pt

catalyst solution (platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisilox-
ane complex solution in xylene, Sigma-Aldrich) at room temperature.
The cross-linked polymer was pyrolyzed in a tube furnace (MTI
Corporation) under argon flow. The furnace was heated from room
temperature to 1200 °C at 10 °C/min ramp rate and hold at 1200 °C for
one hour before cooling down to room temperature at 10 °C/min ramp
rate. The polymer-ceramic conversion was accompanied by 44% weight
loss (Fig. S2) due to loss of hydrogen, volatile hydrocarbons, and
silanes. The resulted SiOC ceramic was designated as SiOC1200. The
bulk composition of SiOC1200 can be described as SiO0.9C2.2 according
to elemental analysis [42]. SiOC1200 was pulverized and mixed with
NaOH particles in a ratio of 1:4. The mixture was placed in a nickel
boat and heated in a tube furnace to a temperature in the range of 400–
900 °C at 5 °C/min ramp rate and hold at that temperature for one
hour before cooling down at 5 °C/min ramp rate under argon flow. The
heat treatment temperature was selected within a range from 400
through 900 °C at 100 °C intervals and the products were labeled as
C400 through C900 accordingly. At above 400 °C, the molten NaOH is
expected to etch the silica phase according to [43,44]:

2NaOH + SiO → Na SiO + H O2 2 3 2 (1)

Meanwhile, carbon was attacked by NaOH which is commonly
known as the “activation” process. When the activation temperature
was in the lower range (e.g. below 750 °C), it is believed that the
activation reaction can be described by the following equation [43]:

4NaOH + C → Na CO + Na O + 2H2 3 2 2 (2)

When the activation temperature is above 750 °C, the activation
reaction can be described by the following equation [45,46]:

6NaOH + 2C → 2Na CO + 2Na + 3H2 3 2 (3)

The product was washed with copious amount of de-ionized water.
The washing continued until the filtrate water became neutral in pH
value. Carbon particles were collected and dried in a vacuum oven at
120 °C. During the washing step, sodium silicate and sodium carbonate
were leached out and a hierarchically porous carbon material was
obtained. Thermogravimetric analysis (TGA) in oxygen showed nearly
100% weight loss (Fig. S2), demonstrating the high purity of the as-
prepared carbon materials. For comparison, another sample was
prepared by etching SiOC1200 using HF acid at room temperature.
Since HF is not supposed to attack carbon, only silica was removed to
form pores. Additionally, a commercial activated carbon YP50
(Kuraray Chemical) was used for comparison with in-house materials.

2.2. Materials characterization

To characterize the pore structure of the carbon materials, nitrogen
physisorption analysis was carried out on a Micromeritics ASAP 2020

Scheme 1. Synthesis of highly mesoporous carbon from polysiloxane via NaOH etching and activation.
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unit. The surface area was calculated using the Brunauer-Emmett-
Teller (BET) model and pore size distribution (PSD) was derived by a
density functional theory (DFT) model based on the nitrogen adsorp-
tion data. The morphology was observed with scanning electron
microscopy (SEM, ZEISS Supra 55) and transmission electron micro-
scopy (TEM, FEI Tecnai G2 F30). The phase composition was analyzed
by X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer
with Cu-Kα radiation. Raman spectra were collected using a Horiba
modular Raman system containing an Olympus BX41 microscopy, a
diode laser source (wave length 532 nm, LEO Photoelectric Co., Ltd,
China), a Horiba iHR320 spectrometer, and a Synapse CCD detector.
X-ray photoelectron spectra (XPS) were obtained using an ESCALAB
250XL X-ray photoelectron spectrometer.

2.3. Electrochemical test

Typically, the working electrode was made of active material,
conductive agent (acetylene black), and polymer binder (polytetra-
fluoroethylene, PTFE) in a mass ratio of 8:1:1, respectively. All the
above components were mixed well and ground into a paste in a mortar
with addition of isopropyl alcohol. Then the paste was rolled into
uniformly thin sheets (thicknesses from 100 to 150 µm) and punched
into 1 cm diameter plates. The plates were dried at 120 °C for 12 h
under vacuum to remove solvent, and pressed onto nickel foam to
produce the work electrode. The mass loading of the active materials
varied from 2 to 2.5 mg cm−2. The three-electrode tests were per-
formed in the electrolyte of 6.0 M KOH with Hg/HgO electrode as the
reference electrode and Pt plate as the counter electrode. For two-
electrode test, a CR2032 coin-cell type device was assembled using a
pair of circular electrode plates sandwiching a Whatman separator and
1 M tetraethylammonium tetrafluoroborate/acetonitrile (TEABF4/AN)
solution as the electrolyte. The cyclic voltammetry (CV) measurement
and electrochemical impedance spectroscopy (EIS) test were carried
out on a CHI660 electrochemical workstation (Shanghai Chenhua
Instrument Co., Ltd.). The EIS data were obtained at open circuit
voltage with an AC amplitude of 5 mV in the frequency range of
0.01 Hz–100 kHz. The charging/discharging tests were performed on a
Maccor MC16 high precision battery testing system. All the electro-
chemical tests were carried out at room temperature.

Based on the discharging curves, the specific capacitance (Cs) for
was calculated according to the following equation:

C IΔt
mΔV

=s (4)

where I (A) is the current, ΔV (V) is the discharging potential change
minus the IR drop and Δt (s) is the discharging time corresponding to
ΔV. m (g) represents the mass of the active material in a single carbon
electrode.

The energy density E (Wh kg−1) and power density P (W kg−1) were
calculated from the following equations:

E C ΔV= 1
2

( )2
(5)

P E
Δt

=
(6)

where C (F g−1) is the gravimetric capacitance, ΔV (V) is operating
potential, and Δt (h) is the discharging time.

3. Results and discussion

3.1. Structural features

The nitrogen adsorption/desorption isotherms of the samples are
shown in Fig. 1a, and the corresponding DFT pore size distributions
are shown in Fig. 1b. The isotherms of C400 and HF-etched sample can
be classified as type I isotherm, which corresponds to microporous

materials, since majority of the nitrogen adsorption takes place at very
low pressure range (P/P0 < 0.05) via micropore filling. With the
temperature increasing to 700 °C and 800 °C, the adsorption volumes
dramatically increase and the isotherms show obvious features of type
IV isotherm. The significant hysteresis loop in the isotherm suggests
that there are mesopores existing in C700 and C800. The isotherm of
sample C900 displays the same feature as that of the C800, but the
adsorption volume begins to decrease. For quantitative analysis, the
specific surface area was derived using the BET method and the specific
pore volume was obtained by taking the adsorption volume at relative
pressure close to unity, shown in Table S1. It is noted that the BET
specific surface area of C800 reaches a maximum of 3122 m2 g−1 with a
specific pore volume of 2.47 cm3 g−1. In addition, it has the highest
volume proportion of mesopores at 66.0% among all the samples. The
BET specific surface area, specific pore volume, and mesopore volume
of C800 are all among the highest values for porous carbon materials
recently reported as shown in Table S2.

The PSD shown in Fig. 1b suggests that both the micropore volume
and the mesopore volume increase as the activation temperature
increases within the range of 400–800 °C, and decrease at 900 °C.
During activation, the temperature is a vital factor impacting the
formation of pore structure and the value of the specific surface area.
Based on the variation of PSD according to the temperature, a possible
mechanism for the formation of pore structure is proposed. Compared
to the process of HF-etching, more pores were created during NaOH
activation due to the etching of both silica and carbon. When the
activation temperature was relatively low such as 400 °C and 500 °C,
the removal of silica played a dominant role without etching much
carbon so that majority of the created pores were in the range of
micropore. This can be confirmed by the result that the average pore
sizes of C400 and C500 are similar to the size of the initial silica
nanodomains in SiOC [42]. At a relatively high temperature of 800 °C,
the adjacent pores previously created due to silica removal were
connected as the carbon walls were broken down, leading to the
formation of a large number of mesopores. Also new pores were likely
created on the carbon walls, which is similar to the activation
mechanism of most porous carbon materials. When the activation
temperature further increased to 900 °C, the BET specific surface area
dropped drastically to 1646 m2 g−1 and the pore volume dropped to
1.33 cm3 g−1, probably because the pore structure partial collapsed
causing reduction in pore volume and surface area. It is noted that the
carbon skeleton tend to be excessively etched at a higher temperature.
Also, a higher temperature facilitates the reorganization and restacking
of graphene sheets, causing the elimination of inter-layer pores.

The XRD spectra of the samples are shown in Fig. 2a. The XRD
spectrum of SiOC1200 shows a peak at around 26.6°, corresponding to
the (002) planes of graphite. The (101) peak near 44° is very broad and
weak, suggesting misalignment between the graphene layers and a low
degree of graphitization. Similar peaks are found for sample C400,
although the (002) peak significantly broaden and shifts to a lower
angle at around 23°. Shifting of the (002) peak corresponds to a change
of the graphene layer spacing from 0.335 to 0.384 nm [42]. Likely
NaOH activation caused the expansion of the layered structure,
especially after the space-filling silica phase was removed. In the
XRD pattern of C800, the (002) peak almost disappears and only a
broad (101) peak is visible. When activated at 800 °C, carbon started to
lose its ordered structure as it became highly porous due to vigorous
NaOH etching [34]. The (002) peak reappears in the XRD pattern of
C900, suggesting reconstruction of the structure takes place at this
temperature. Inevitably, crystallization of the structure leads to elim-
ination of pores and reduction of the specific surface area, as previously
shown in the physisorption measurement. The Raman spectra of the
materials are shown in Fig. 2b. The D band near 1340 cm−1 originates
from the 6-fold ring breathing mode vibration, which is only possible at
free edges. G band near 1580 cm−1 originates from the in-plane
stretching mode vibration. The ratio of the intensity of D band to the
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intensity of G band (ID/IG) is commonly used to estimate the defect
population or crystallite size of carbon materials [47,48]. The ID/IG
values of SiOC1200, C400, C500, C600, C700, C800, and C900 are
1.16, 0.84, 0.91, 1.01, 1.10, 1.08, and 1.09, respectively. The Raman
result suggests that carbon in SiOC1200 has the highest density of free
edges, or defects, although SiOC1200 is not porous at all. After removal
of the silica phase, the graphene layers appeared to reorganize and the
number of defects decreased, although pores were being created at the
same time. As the activation temperature increased, both reorganiza-
tion and attacking of carbon became more significant, with the former
eliminates defects while the latter produced defects. More reorganiza-
tion took place during the formation of C900, with 2D peak appears as
an indication of stacking of several graphene layers.

The surface compositions of C800 as investigated by XPS are shown
in Fig. 2c and d. The XPS analysis reveals that the samples are mainly
composed of C (ca. 89.14 wt%) and O (ca.9.84 wt%) with a small
amount of Si (ca.1.02 wt%), which is in good agreement with the TGA
result. The high-resolution C1s spectrum can be deconvoluted into
three peaks assigned to the C-C/C=C bond (~284.8 eV), C-O
(~285.5 eV), and C=O (~288.9 eV), respectively [49–51]. The high-
resolution O1s spectrum can be fitted to two peaks corresponding to
C=O (531.6 eV) and C=O (532.9 eV) [52,53]. The abundant presence of
O functional groups in the prepared materials can facilitate the
wettability of the electrode, leading to an effective mass transfer.

The morphology of the polysiloxane-derived carbon materials as
observed by SEM and TEM are shown in Fig. 2e and f. SiOC1200
appears to have a nonporous morphology under SEM. Fig. 2f displays a
sponge-like morphology of C800 with abundant nano/micropores. The
corresponding inset of TEM further reveals that several layers of
graphitized carbon form the twisted crystalline domains containing
lots of defects [22].

3.2. Electrochemical performance

In the three-electrode tests, the specific capacitance was found to be
almost proportional to the specific surface area, and the area-normal-
ized specific capacitance was around 10 μF cm−1 (Figs. S5 and S6).
C800 demonstrated the highest specific capacitance and superior rate
performance owing to its highest specific surface area and a large
volume of mesopores among all samples. The cyclic voltammetry (CV)
measurement of C800 performed using various scan rates from 5 to
200 mV/s in voltage range of −1.0 to 0 V is shown in Fig. 3a. The CV
curves show a quasi-rectangular shape at different scanning rates,
indicting a typical characteristic of double-layer capacitor behavior and
a superior rate capability. The EDLC was further tested at various
charging/discharging current densities, shown in Fig. 3b. The char-
ging/discharging curves are close to symmetric triangle and show a
very small voltage drop, suggesting a low resistance and the efficient
double-layer charge storage. The specific capacitance of the materials
was calculated from the charging/discharging measurements. As
shown in Fig. 3e, a high specific capacitance of 327 F g−1 is achieved
at a current density of 0.5 A g−1. Even at an ultrahigh current density of
50 A g−1, the specific capacitance is still as high as 198 F g−1, which is
among the best reported performances based on carbon materials
[1,54–57]. The cycling stability of the EDLC was tested at 5 A g−1 for
10,000 cycles. After 10,000 cycles, the capacitance retention is still as
high as 93.9%, showing that the material has excellent stability.

These results suggest that the beneficially hierarchical pore layout
of C800 can facilitate fast ion response and charge transfer, leading to a
superior rate performance, which is further revealed by electrochemical
impedance spectroscopy (EIS) in Fig. S8. The Nyquist plot indicates
that the C800 shows a nearly ideal capacitive behavior with a small
equivalent series resistance of 0.40 Ω, which contains the resistance of

Fig. 1. (a) Nitrogen physisorption isotherms of polysiloxane-derived carbon; (b) DFT pore size distribution; (c) BET specific surface area and specific pore volume vs. activation
temperature; (d) Composition of macropores, mesopores, and micropores vs. activation temperature.

J. Yang et al. Nano Energy 33 (2017) 453–461

456



the active material, the resistance of the electrolyte and contact
resistance at the interface. In the high-frequency region, the small
semicircle with a diameter of 0.89 Ω means a low charge-transfer
resistance in the active material. A nearly vertical slope at the low-
frequency region reveals the excellent pore accessibility for the
electrolyte and fast ion response [9,57,58].

In the two-electrode test in symmetrical EDLCs with TEABF4/AN
electrolyte, the CV was measured in a voltage range of 0–2.5 V using
various scan rates as shown Fig. 3c. The CV curves are also close to
rectangular shapes, suggesting a typical EDLC behavior. Meanwhile,
charging/discharging curves (shown in Fig. 3d) display a highly
symmetric triangular shape, indicating an excellent EDLC behavior.
As shown in Fig. 3e, the specific capacitance is 163 F g−1 at a current
density of 0.5 A g−1, and it gradually decreases as the current density
increases. At a current density of 50 A g−1, the specific capacitance is
about 129 F g−1. The cycle performance of the EDLC in the organic
electrolyte was measured at 2 A g−1 for 10,000 cycles. At the end of the
test, the capacity retention was at 90.3%.

The performance of C800 is compared to YP50 as shown in Figs. S9
and S10. YP50 is also a meso-/microporous material but with a lower
specific surface area and a lower mesopore volume proportion (See
Table S1 and Fig. S3). In the organic electrolyte, C800 showed much
higher gravimetric specific capacitance and also higher capacitance
retention in comparison to YP50. The result suggests that a large
mesopore volume is essential in facilitating ion transport within the
porous electrode material. The fitting EIS data in Fig. S8 show that the
equivalent series resistance (ESR) and the charge-transfer resistance of
YP50 are 0.51 Ω and 1.10 Ω, respectively, which are both higher than
those of C800, suggesting that there is a lower diffusion resistance and
charge-transfer resistance in C800. To further increase the energy
density, the voltage was increased to 3 V, shown in Fig. S10 and S11,
C800 continued to demonstrate excellent capacitance retention even at
this high voltage. A Ragone plot was generated for these materials and
shown in Fig. 4a. C800 shows a maximum energy density of
31 Wh kg−1 at a power density of 311 W kg−1 when tested at 2.5 V,
and a maximum energy density of 42 Wh kg−1 at a power density of

Fig. 2. (a) XRD of SiOC-1200, C400-C900; (b) Raman spectra of SiOC-1200, C400-C900; (c) High resolution C 1s XPS spectrum of C800; (d) High resolution O 1s spectrum of C800; (e)
SEM of SiOC-1200; (f) SEM of C800 and TEM of C800 (inset).

J. Yang et al. Nano Energy 33 (2017) 453–461

457



372 W kg−1 when tested at 3 V. C800 retains an energy density of
21 Wh kg−1 even at a high power density of 30 kW kg−1 when tested at
3 V. The energy density is one order of magnitude higher than that of
commercial EDLCs, without losing the power capability. The perfor-
mance of C800 is competitive when compared to the best values
recently reported for carbon materials used in EDLCs with comparable
voltage range [10,18,22,50,52,54,59–70]. Therefore, a high specific
surface area combined with a high mesopore volume proportion is
essential for a porous carbon material used in EDLCs for achieving
superior performance.

We propose a qualitative model of ion migration to explain why the
hierarchically meso-/microporous carbon material with optimized
mesopores enables to perform ultrahigh rate capability, in contrast
why a solely microporous carbon material to perform lower rate
capability. In a solely microporous carbon material, the average pore
width is not much larger than the diameter of the solvated ions of

tetraethylammonium (TEA+) or tetrafluoroborate (BF4
-). As shown on

the left of Fig. 4b, typical porous carbon material contains high aspect-
ratio slit-type pores which are deep and narrow. During charging/
discharging, counter-ions migrate towards/away from the charged
surface through these deep-and-narrow micropores at a limited
velocity. At a high charging/discharging rate, the migration of coun-
ter-ions in the micropores lags behind the charge flow in/out of the
electrode, leading to reduction of the capacitance. Also, the micropores
tend to trap co-ions inside the pores, causing the reduction of the net
charge density and the capacitance [71]. In contrast, when mesopores
are created by connecting neighboring micropores as shown on the
right of Fig. 4b, the depth of the micropores is greatly reduced. Ions
migrating within this meso-/microporous structure experience much
lower resistance and can travel from/to the charged surface quickly.
Also, the possibility of co-ions being trapped inside shallow micropores
or mesopores is much reduced. Therefore, the capacitance in this

Fig. 3. EDLC performance of C800 tested in 6 M KOH electrolyte using a three-electrode configuration: (a) cyclic voltammetry at various scan rates; (b) galvanostatic charging/
discharging curves at different current densities; EDLC performance of C800 tested in 1 M TEABF4/AN electrolyte using a two-electrode configuration: (c) cyclic voltammetry at various
scan rates; (d) galvanostatic charging/discharging curves at different current densities; (e) Specific capacitance as a function of current density in aqueous and organic electrolytes; (f)
Cycling stability at a current density of 5 A g−1 in aqueous and organic electrolytes.
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meso-/microporous structure can be retained even at a very high
charging/discharging rate. Both a high energy density and a high power
density can be achieved simultaneously with the meso-/microporous
structure proposed.

4. Conclusions

In summary, we develop a new class of polysiloxane-derived carbon
materials with a large mesopore volume and a very high surface area
contributed by its hierarchal meso-/microporosity. Different from
conventional activated carbon materials with a high specific surface
area but mostly micropores, polysiloxane-derived carbon materials
contain mostly mesopores. The silica nanodomains in the SiOC ceramic
derived from pyrolysis of polysiloxane play as an in-situ template to
form mesopores in the final carbon product. Potentially, the pore
structure of the final carbon product can be tuned by tailoring the
formula of the polysiloxane precursor. The hierarchal meso-/micro-
porosity facilitates fast transport of molecules and ions between the
internal surface and outside environment, maximizing the effective
surface area of the material in various applications. Owing to its
mesoporosity, polysiloxane-derived carbon displayed superior rate
performance in EDLCs with an organic electrolyte. The specific
capacitance at a current density of 50 A g−1 was 80% of the specific
capacitance at a current density of 0.5 A g−1. The polysiloxane-derived

carbon achieved a maximum energy density of 42 Wh kg−1 and a
maximum power density of 30 kW kg−1, which were significantly
higher than those of the commercial YP50 activated carbon.

In addition, we verified that the NaOH activation process can be
extended to other polysiloxane materials. Using a similar processing
protocol, carbon with the same high specific surface area and high
mesopore volume was prepared from a single-component polysiloxane.
We anticipate that this class of polysiloxane-derived carbon material
will be a promising addition to the porous carbon materials family to
further enhance the materials performance in many applications.

Acknowledgements

This research was financially supported by the National Materials
Genome Project (2016YFB0700600), the Guangdong Innovation Team
Project (No. 2013N080), and the Shenzhen Science and Technology
Research Grants (No. JCYJ20150626110958181, JCYJ201505180929
33435).

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.nanoen.2017.02.007.

Fig. 4. (a) Ragone plot of C800 and commercial YP50 as supercapacitor electrodes in organic electrolyte, in comparison to recently reported values (Note: Only values from EDLCs, i.e.,
no major contribution from pseudocapacitance, with a voltage window no wider than 3 V were selected from the literature); (b) Comparison of ion transport in microporous and meso-/
microporous materials.
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