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a b s t r a c t

The porosity of carbon materials can be tuned by controlling the template removal strategies in silica/
carbon composites. In this study, chitosan was used as precursor for carbon, and SiO2 nanoparticles were
selected as the template for mesopores. The spray drying technique was adopted for the fabrication of
silica/chitosan microspheres. Porous carbon with hierarchical macro/meso/micro pores was obtained
through a facile one-pot high temperature treatment, in which the pyrolysis of the chitosan precursor,
removal of the silica template, and introduction of macropores coordinatively occur using PTFE (poly-
tetrafluoroethylene) binder as a silica etchant and also as a macropore director. This approach not only
simplifies the fabrication processes but also yields regular honeycomb-like carbon with macro/meso/
micro-sized hierarchical pore structure with high specific surface areas up to 1011m2 g�1. A super-
capacitor assembled with porous carbon as the electrode exhibited a high specific capacitance of
250.5 F g�1 at a current density of 0.5 A g�1 using 6mol L�1 KOH as the electrolyte in a three-electrode
system. The supercapacitor also delivered excellent cycling stability with an enhancement of capacity
up to 107% over 5000 cycles at a high current density of 10 A g�1.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The rapid growth in energy demand has prompted researchers
to find new materials with which to develop efficient energy
storage devices. In energy storage systems of the past few de-
cades, supercapacitors or electrochemical capacitors have caused
great concerns due to their rapid charge and discharge charac-
teristics, such as high power density and excellent cycle stability
[1e5]. According to the energy storage mechanism, electro-
chemical capacitors are generally classified into two categories e

electrochemical double-layer capacitors (EDLCs) and pseudo ca-
pacitors [6]. The charge storage of EDLCs mainly depends on the
physical adsorption and desorption of ions at the interface of the
electrode and electrolyte, while pseudocapacitors store charges
via chemical faradaic redox reactions through electroactive
groups on the surface of the electrode [7]. Among various
available materials, carbonaceous materials, such as porous car-
bon [8,9] and graphene [10], have been widely used in the
manufacture of supercapacitors because of their large specific
surface area, high electrical conductivity, excellent physico-
chemical stability, and low cost. The capacitance of EDLCs is
generated from the charge accumulation at the electrode and
electrolyte interface [11e13]. Therefore, the surface area of
carbon-based electrodes is the key concern for application of
EDLCs. However, even with a large specific surface area, the ca-
pacity is still relatively low due to the irregular pore structure,
which impedes ionmotion. In comparisonwith disordered porous
materials, hierarchically porous carbon (HPC) with ordered pore
architecture and connected pore channels can shorten the ion
diffusion pathways. This type of pore structure will reduce the
resistance of molecular movement and hence make it easier for
ions to diffuse in microsized pores [14].

Recently, a series of methods have been applied for the prepa-
ration of hierarchically porous carbon. They can mainly be divided
into two main approaches, i.e., (1) using a template to introduce

mailto:lhl@qdu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2018.01.046&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2018.01.046
https://doi.org/10.1016/j.carbon.2018.01.046
https://doi.org/10.1016/j.carbon.2018.01.046


X. Liu et al. / Carbon 130 (2018) 680e691 681
pores followed by a chemical activation, and (2) physical supple-
mentary methods [15]. Although various template-free strategies
to synthesize HPC have been published as alternative approaches,
these processes involve large amounts of surfactants [16]; expen-
sive precursors such as imide, dopamine, and phenol; and
complicated self-formation processes with organic solvents, for
example, dimethyl imidazole or trimesic acid [17e19]. Among these
techniques, the most commonly used strategy for preparation of
HPC is a combination of two or more of the methods mentioned
above, which typically involve separated two-step processes con-
sisting of the introduction of macro- or meso-sized pores and
subsequent chemical activation. Taking into consideration the
lengthy activation process of surfactant-directed methods and the
inability to precisely control the pore size of the non-templating
methods, the hard template strategy utilizing different types of
particles, such as silica [20], metal oxide [21e23], and molten salt
[24,25], would be an efficient method to obtain porous carbonwith
a desirable structure. As a type of hard template, silica exhibits
several virtues, such as facile morphology and particle size
controllability, good uniformity, and high dispersity [26]. However,
there are few reports regarding the preparation of porous structure
with hierarchical micro/meso/macro pores using only one batch of
silica as the template [27e29], because the introduction and the
subsequent removal of macrosized template could lead to severe
destruction of the integrality of the as-prepared hierarchical porous
structure. Thus, a facile approach for removing silica and simulta-
neously introducing macro-, meso-, and microsized pores is
desirable for producing HPCs with hierarchical porosity and high
specific surface area.

Herein, we report on the preparation of honeycomb-like porous
carbon with micro-, meso-, and macrosized hierarchical pores by a
one-pot template removal and carbonization coordinated process.
In the preparation, chitosan was used as the carbon precursor, and
nanosized SiO2 particles were chosen as a hard template for mes-
opores. PTFE (polytetrafluoroethylene) binder was utilized as a
silica removal agent, and it also acts as a template for directing
macropores. The mechanism of silica template etching by PTFE and
its influences on the pore size of porous carbon were investigated.
The obtained carbon materials exhibited unique regular porous
structures with outstanding electrochemical performance when
they were used as electrode materials for supercapacitors in
aqueous electrolyte and organic electrolyte. For porosity control
studies, two other types of template removal approaches, such as
high temperature corrosion with PTFE powder and wet solution
etching by hydrofluoride (HF), have also been investigated. The
regulation of the three different template removal processes was
compared, and the electrochemical properties of the carbon ma-
terials derived from the corresponding etching methods were
studied in detail.
2. Experimental section

2.1. Materials

Chitosan, isopropyl alcohol, N-methy-l-pyrrolidone, potassium
hydroxide and hydrofluoride acid were purchased from Sino Re-
agent Co., Ltd. 30wt% LUDOX® LS colloidal SiO2 with size of about
12 nm and fume silica powder with size of about 14 nm were
purchased from Sigma-Aldrich (Shanghai) Trading Co., Ltd. The
separator, LiPF6, PTFE (polytetrafluoroethylene) powders, PTFE
binder suspension (60wt%), acetylene black and nickel foam were
used as purchased. All chemicals were analytical grade and used
without further purification. Deionized water was employed
throughout the experiments.
2.2. Preparation of silica/chitosan microspheres

The silica/chitosan microspheres were prepared via a spray-
drying-assisted method. A laboratory-scale SP-1500 spray dryer
was utilized for the spray-drying process (Shanghai SunYi Tech Co.,
Ltd.). In a typical batch, 2 g of chitosan was dissolved in 100mL of
5wt% acetic acid aqueous solution, and then 4mL of colloidal Ludox
SiO2 was added to the chitosan solution, followed by a 12 h agita-
tion until a transparent suspension was obtained. Then, the sus-
pension was dried by the spray dryer at 180 �C with hot air as the
carrier gas. The silica/chitosan composite spheres were collected by
a cyclone separator connected to the spray dryer. The amount of
silica in the silica/chitosan composites was determined to be 60wt
% using thermogravimetric analyses conducted under an air at-
mosphere (Fig. S1).

2.3. Preparation of porous carbon with different porosities

The as-prepared silica/chitosan composites and PTFE binder
suspension with a weight ratio of 1:2 were dispersed in 20ml of
deionized water, followed by freeze drying for 24 h. Then, the dried
solid mixture was thermally treated in a tube furnace at 900 �C for
4 h under a flow of high-purity argon gas. After cooling to room
temperature, black powder was collected and denoted as the PBE
(PTFE binder etched) sample. The silica/chitosan composites were
also blended with PTFE powder at the same weight ratio, followed
by the same thermal treatment as applied to PBE. Finally, black
powder was obtained and was designated as the PPE (PTFE powder
etched) sample. As control experiments, the aforementioned mix-
tures of silica/chitosan spheres and PTFE were thermally treated at
different temperature intervals, e.g., 350 �C and 500 �C, to investi-
gate the status of the intermediates. The traditional etchingmethod
with HF aqueous solution was also utilized. Firstly, the as-prepared
silica/chitosan composites were carbonized in a tube furnace at
900 �C for 4 h under a flow of high-purity argon gas. Then, the
silica/carbon spheres derived from the thermal treatment were
dispersed into a 20% HF aqueous solution for 24 h at ambient
temperature to remove the silica by etching. The black solid was
collected by centrifugation and washed with deionized water and
ethanol several times, and then, the solid was dried at 70 �C in air
for 24 h and was denoted as the HE (HF etched) sample.

2.4. Characterization

The crystallographic information and composition of the prod-
ucts were investigated using a Rigaku Ultima IV X-ray diffractom-
eter (XRD, Cu-Ka radiation l¼ 0.15418 nm). Raman spectra were
collected using a Renishaw inVia Plus Micro-Raman spectroscopy
system equipped with a 50mW DPSS laser at 532 nm. The specific
surface areas were estimated with the Brunauer-Emmett-Teller
(BET) method with N2 adsorption data in the relative pressure
range of P/P0¼ 0.05e0.35. The pore size distributions were calcu-
lated using the Barrett-Joyner-Halenda (BJH) model applied to the
desorption branch of the N2 isotherms obtained with a Quantach-
rome Autosorb-IQ-MP/XR surface area and pore analyzer. The
thermogravimetric analysis was performed with a Mettler Toledo
TGA-2 thermal gravimetric analyzer under an oxygen atmosphere
with a heating rate of 10 �C min�1. The morphologies and the
structures of the samples were examined by a JEOL JSM-7800F
scanning electron microscope (SEM) and a JEOL JEM-2100 trans-
mission electron microscope (TEM).

2.5. Electrochemical measurement

The electrochemical measurements were conducted using a
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three-electrode configuration in 6MKOH electrolytewith platinum
foil as the counter electrode and Hg/HgO as the reference electrode.
The working electrodes were prepared by mechanically mixing
85wt% powdered porous carbon, 5wt% acetylene black, and 10wt%
PTFE binder in isopropyl alcohol to form a slurry. Then, the ho-
mogenous slurry was pressed onto a 1 cm2 nickel foam current
collector and finally dried in a vacuum at 110 �C for 10 h. The mass
loading of active material on the electrode was 1e2.5mg. All
electrochemical tests were performed using an electrochemical
workstation (Chenhua CHI760D) at room temperature. The gravi-
metric specific capacitance was calculated from the galvanostatic
charge-discharge curves by the following equation:

C¼ I*Dt/m*DV (1)

To fabricate the PBE//PBE symmetrical supercapacitor and study
its electrochemical properties in organic electrolyte, electrodes
were prepared by mixing the obtained PBE samples, acetylene
black, and PVDF (Polyvinylidene Fluoride) binder with a mass ratio
of 80:10:10 in N-methy-l-pyrrolidone, which was then groundwith
an agate mortar to form a homogeneous slurry. The slurry mixture
was pasted onto a piece of aluminum foil. After drying under vac-
uum at 110 �C for 10 h, the aluminum foil with active materials was
cut into disks of 1-cm diameter and then weighed. 2 mg of active
material was loaded on each electrode. The symmetrical electrodes
were assembled using a 1M solution of LiPF6 in EC: DEC: DMCwith
a volume ratio of 1:1:1 (Tianjin Jinniu Power Sources Material Co.,
LTD) as the electrolyte and Celgard 2400 film as the separator in
CR2032 stainless steel coin-type cells. The cyclic voltammetry (CV)
and galvanostatic charge/discharge (GCD) tests in two electrode
cells were performed at a potential window of 0e3 V. The specific
capacitance of the material was calculated from Equation (2), and
the energy density E (Wh kg�1) and power density P (W kg�1) were
calculated from Equations (3) and (4), respectively,

C¼ 4I�Dt/ (m�DV) (2)

E¼ C�DV2/ (2� 4� 3.6) (3)

P¼ 3600� E/ Dt. (4)

where C (Fg�1) represents the specific capacitance, I (A) represents
the discharge current, Dt (s) corresponds to the discharge time, DV
(V) represents the potential change within Dt, and m (g) represents
the loading mass of the active material in each electrode.

3. Results and discussion

3.1. Morphology and structure

The morphologies of the porous carbon before and after silica
etching were observed by scanning electron microscopy (SEM).
From the SEM images, one can see that all the silica/chitosan
composites show a spherical but creased morphology with a
diameter of approximately 2 mm (Fig. 1a), which can be attributed
to the inhomogeneous shrinkage induced by the instantaneous
drying effect during the spray drying process. For the HE and PPE
samples, there is no obvious alteration in morphology after
carbonization and the template etching process; however, their
sizes slightly decreased in comparison with the silica/chitosan
spheres (Fig. 1b and c). Such a change can be ascribed to the
shrinkage effect during the carbonization process. No obvious
macropores can be observed in them, but their surfaces became
slightly rough after the removal of silica due to the formation of
abundant mesosized pores (Fig. 1h and g). From Fig. 1d and e, one
can see that PBE possesses abundantmacrosized poreswith amean
size of approximately 200 nm, which can be ascribed to the
anchoring of the rod-like PTFE nanoparticles on the surface of the
silica/chitosan spheres and the in-situ decomposition therein. In
addition, a large number of mesopores can be observed in the
depths of the macropores, suggesting the hierarchical macro-meso
porous structure (Fig. 1f). Control experiments show that super-
fluous PTFE, e.g., with a ratio of 1:4 between silica/chitosan com-
posites and PTFE binder, will destroy the integrality of these
macropores, while an insufficient weight ratio (1:1) will not
completely etch silica (Fig. S2). The deterioration of the macro-
structure or the silica residue in the structure will lead to poor
electrochemical performances when the samples are utilized as
electrode material for supercapacitors (please refer to Fig. S11). In
contrast, the carbon materials with an integrated hierarchical
porous structure will facilitate quick transportation of ions and
improve ionic conduction (see section 3.5 Electrochemical
properties).

To elucidate the structure in detail, these samples were further
characterized by transmission electron microscopy (TEM). The TEM
images also indicate that HE (Fig. 2a and d) and PPE (Fig. 2b and e)
possess a spherical morphology and contain abundant mesosized
pores with a diameter of approximately 10 nm. However, the
ordering of the pores in all three samples is low. Such a disordered
characteristic of the resultant mesopores that occurred from the
use of SiO2 as a template is reasonable because the SiO2 particles
are randomly dispersed inside the SiO2/chitosan spheres as well as
the corresponding SiO2/carbon composites. However, the low res-
olution TEM image of PBE shows a high density of wormhole-like
macropores with sizes of approximately 200 nm (Fig. 2c). Inter-
estingly, it can be found from the high magnification image that the
walls of the macropores possess numerous mesosized pores with
diameters of approximately several nanometers (Fig. 2f), present-
ing perfect hierarchical pore structures in PBEs. In addition, some
mesopores have been observed that appear unusual, and these are
marked in the high resolution TEM micrograph (Fig. 2f). The
exception might be ascribed to the overcorrosion of the carbon
sheet by PTFE or the aggregation of nanosized silica templates in-
side the composite carbon spheres, which then leads to the collapse
of the mesopores after etching.

3.2. Thermal stability and composition

Fig. 3a depicts the thermogravimetric analysis (TGA) curves of
these three different porous carbon materials tested between room
temperature and 800 �C. The slight weight loss below 100 �C is
attributed to the removal of adsorbed water, while the sharp
weight loss at approximately 450 �C corresponds to the removal of
residual oxygen groups on carbon spheres and the subsequent
burning of carbon skeleton. The residues of approximately 5.6 wt%,
8.0wt%, and 3.4wt% for PBE, PPE, and HE, respectively, were
determined from the TGA data. Energy dispersive spectroscopy
(EDS) measurements were also performed in conjunction with a
SEM, and the percentages obtained of Si in PBE, PPE, and HE were
0.64wt%, 0.8 wt%, and 0.81wt%, respectively. The SiO2 content
derived from the EDS technique is much lower than that obtained
by the TGA method. Normally, both energy dispersive X-ray (EDX)
analysis and X-ray photoelectron spectroscopy (XPS) techniques
are surface- and area-sensitive methods, whereas TGA can detect
all the nonvolatile materials in the bulk. Thus, our experimental
results obtained by TGA are more reliable. Compositional analysis
of the sample surface was carried out using XPS (Fig. 3b). Charac-
teristic peaks for C1s, O1s, and N1s were observed for all these
samples in their XPS full surveys. However, additional peaks for
Si2s and Si2p corresponding chemical environments, i.e., Si-O, were



Fig. 1. SEM images of silica/chitosan composites (a), HE (b), PPE (c), PBE (d) and (e), and magnified SEM images of PBE (f), PPE (g) and HE (h).
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detected for HE. Table 1 shows a nitrogen content of 1.64, 1.35, and
0.8 at.% for PBE, PPE, and HE, respectively, which were calculated
based on the characteristic peaks of N. The high content of oxygen
and the presence of Si4þ (Fig. 3f) reveal the presence of silica on the
surface of HE. Actually, the SiF4 species derived from the reaction
between the silica template and HF will diffuse out of the pores and
hydrolyze again due to the concentration variation, and the
reformed SiO2 can then be deposited onto the external surface of
the resultant carbon spheres [30]. The silica adsorbed on the sur-
face may hinder the oxidation of carbon in air and hence lead to a
90 �C enhancement of decomposition temperature for HE (Please
refer to Fig. 3a). Additionally, the relative content of nitrogen
decreased with the deposition of silica on the surface. To further
investigate the valence state of nitrogen, high resolution XPS sur-
veys at the N1s regionwere conducted and are presented in Fig. 3 as
panels c, d, and e. All these spectra can be deconvoluted into three
peaks at 402.5± 0.3, 400.07± 0.3, and 398.01± 0.3 eV, corre-
sponding to quaternary (N-X), pyrrolic/pyridine (N-5), and pyr-
idinic (N-6) nitrogen, respectively [31,32].



Fig. 2. TEM images of (a) HE; (b) PPE; (c) PBE; and HRTEM images of (d) HE; (e) PPE; (f) PBE. (A colour version of this figure can be viewed online.)

Fig. 3. TGA curves (a) and XPS surveys (b) of these samples, high-resolution XPS surveys for PBE (c), PPE (d) and HE (e) at N1s region, and high-resolution XPS survey of Si2p for HE
(f). (A colour version of this figure can be viewed online.)

Table 1
XPS analysis of as-prepared samples.

Sample C/at. % O/at. % N/at. % Si/at. %

PBE 95.03 3.33 1.64 /
PPE 93.2 5.45 1.35 /
HE 25.67 50.6 0.8 22.93
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3.3. Phase and porosity

XRD patterns are illustrated in Fig. 4a. There are two broad but
very weak diffraction peaks centered at approximately 22.7� and
42.5� that correspond to the (002) and (100) planes of graphite,
respectively. In comparison with pristine graphite, the (002) peak
for these porous carbonmaterials shifted to the lowangle direction,
which suggests the presence of amorphous characteristics. Simi-
larly, the intensity of the (100) peak fades and the position gradu-
ally shifts to the lower angle direction from HE to PBE. Such
phenomena can occur because of the existence of micropores and
defects in these carbon materials, which result in the deterioration
of their graphitization [33], and such speculation has been
confirmed by Raman spectra tests and N2 adsorption-desorption
measurements. As shown in Fig. 4b, two Raman bands corre-
sponding to disorder D band (1345 cm�1) and sp2-hybridized G
band (1600 cm�1) have been detected for all the samples. The ratio
of the relative intensities of D band and G band (ID/IG) can be used
to estimate the graphitic degree of carbon materials [34,35]. The ID/
IG for HE, PPE, and PBE was determined to be 0.86, 0.88, and 0.91,
respectively. The high ID/IG of PBE can be explained by the high



Fig. 4. (a) XRD; (b) Raman spectra; (c) N2 adsorptionedesorption isotherms and (d) pore size distribution of HE, PPE and PBE samples. (A colour version of this figure can be viewed
online.)

Table 2
Characteristic surface areas and pore structures of the carbon samples.

Sample SBET (m2 g�1) V (cc g�1)

Stotal Smico Vtotal Vmico

HE 613 234 1.85 0.104
PPE 782 470 1.09 0.204
PBE 1011 417 1.416 0.186
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porosity of the carbon walls in the hierarchically structured PBEs.
As can be seen from Fig. 4c, the HE, PPE, and PBE samples exhibit
type IV nitrogen adsorption-desorption isotherms, which corre-
spondwith the characteristics of mesoporousmaterials. An obvious
hysteresis loop roughly of type H2 at a relative pressure P/P0 from
0.4 to 1.0 has also been observed in their isotherms, indicating the
presence of significant amounts of mesopores [36,37]. Specific
surface areas of 1011, 782, and 613m2 g�1, and mean pore size
mainly distributed at 6.5, 8, and 12 nm have been calculated using
the Barrett-Joyner-Halenda (BJH) method based on the isotherms
for the PPE, PBE, and HE samples, respectively (Fig. 4d). Obviously,
the mesosized pores in PPE and PBE (especially for the former)
appear smaller in comparison with those of HE. The reduction of
mesopore size can be ascribed to the in-situ coating of carbon
derived from the reaction between C4F8 and silica, and an expla-
nationwill be discussed in detail below. A steep adsorption slope at
relative pressure P/P0 between 0 and 0.05 can clearly be observed,
as well as in the sorption isothermal for these three samples, sug-
gesting the existence of micropores. The density functional theory
(DFT) methodwas used to calculate the pore size distribution of the
micropores, which was approximately 0.9 nm for all the samples.
The formation of micropores can be ascribed to the in situ etching of
the carbon precursor by the contained oxygen moieties upon py-
rolysis. Such a speculation is confirmed by analyzing the porosity of
the as spray-dried chitosan spheres, which show a specific surface
area of 57m2 g�1 and a pore volume of 0.042 cc g�1 only (see
Fig. S3). Micropore-related specific surface area and pore volume
deduced by t-plot analysis are 417m2 g�1 and 0.186 cc g�1 for PBE,
respectively, and 470m2 g�1 and 0.204 cc g�1 for PPE, respectively,
whereas these values are 234m2 g�1 and 0.104 cc g�1 for HE,
respectively, which are smaller than those of PBE and PPE. The low
micropore surface area and micropore volume for the HE sample
might be due to the reservation of silica nanoparticles during the
calcinations. The formation of a stable silica/carbon interfacewithin
the SiO2/carbon spheres will impede the development of micro-
pores by inhibiting the thermal decomposition of surface carbon.
The values for the porosity of these samples are listed in Table 2.

From the table one can see that HE sample presents the largest
total pore volume (for meso- and micropores). It is reasonable by
taking into consideration the large sized mesopores in HE since
they could provide higher pore volume than the small sized ones.
On the evidence of the SEM measurements, another possible
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contribution to the high pore volume of HE might come from the
slightly larger interparticle spaces among the HE spheres.
3.4. Formation processes and etching mechanism

To illustrate the formation processes and etching mechanism,
the structure and composition evolution of the sample during
different steps of the etching process were monitored by SEM and
examined with EDS. Rod-like PTFE binder with a diameter of
approximately 200 nm and spherical PTFE powder with a size of
approximately 5 mm were used as silica removal agents and were
characterized as depicted in Fig. S4. Interestingly, after the mixing
of PTFE binder suspensionwith silica/chitosan spheres inwater and
then drying via freeze drying, the silica/chitosan spheres in the
obtained solid were densely wrapped with rod-shaped PTFE par-
ticles (see Fig. S5). After a thermal treatment, the silica/chitosan
composites were covered with PTFE when the solid was heated at
350 �C for a short time (see Fig. S6a and Fig. S7a). When the tem-
perature was increased to 550 �C, the PTFE severely decomposed
and macropores formed (Fig. S7d). However, fluorine and silica
were detected in both samples (Fig. S6 and Fig. S7), indicating the
incomplete removal of silica and partial decomposition of PTFE.
When the temperature was increased further to a stage that was
much higher than the decomposition point of PTFE, almost no silica
and fluorine remained (Fig. S8). Based on the aforementioned ex-
periments and the measurement results, a drawing depicted in
Fig. 5 illustrates the derivation of carbon materials with different
porosities by controlling the etching strategies. PTFE begins to melt
when the thermal treatment temperature reaches its melting point
at 327 �C [38]. With the increase of the temperature to above
450 �C, PTFE begins to decompose into gaseous octa-
fluorocyclobutane and tetrafluoroethylene (Eq. (5)).

PTFE/
D
CnFxðC4F8;C3F6;C2F4Þ (5)

2F2C ¼ CF2/gCF2dCF2dCF2dCF2$/C4F8 (6)

C4F8 þ 2SiO2/2SiF4 þ 2CO2 þ 2C (7)

C4F8 þ SiO2/SiF4 þ 2COF2 þ 2C (8)

Polymerization and hydrolysis PTFE/HF (9)
Fig. 5. Schematic illustration of the synthesis processes of porous carbons with
different porosity. (A colour version of this figure can be viewed online.)
4HFþ SiO2/SiF4þ2H2O (10)

3SiF4 þ 2H2O/2H2SiF6 þ SiO2 (11)

Due to the lower bond energy of C-C than that of C-F, the former
would be the first to break and generate radicals that would then
provoke a series of reactions because the formation of tetra-
fluoroethylene and new radicals is energetically favorable.
Furthermore, octafluorocyclobutane can also be derived from two
molecules of tetrafluoroethylene via a radical-intermediated
annulation reaction (Eq. (6)) [39]. The resulting octa-
fluorocyclobutane can then react with the silica nanoparticles,
evoking the silica template etching process (Eq. (7)). The produc-
tion of silicon tetrafluoride would vaporize, while the carbon ma-
terials would deposit in situ onto the surfaces of porous carbon
spheres. A side reaction between octafluorocyclobutane and silica
leads to the production of carbonyl fluoride (Eq. (8)), which would
be hydrolyzed to carbon dioxide and give rise to carbon deposition
as well [40]. To further verify this speculation, a control experiment
using 14-nm-sized silica as a hard template and PTFE powder as an
etchant was performed while keeping other experimental condi-
tions constant. Porous carbon with a pore size of approximately
8 nm was obtained, which is obviously smaller than the size of the
applied SiO2 template (see Fig. S9). The discrepancy between the
pore size and the size of the applied SiO2 template (both 12 and
14 nm SiO2 particles) can be ascribed to the in-situ deposition of
carbon inside the channels (via Eqs. (7) and (8)), resulting in the
reduction of pore size of the derived porous carbon material. Such
an assumption has also been proven by the previously described N2
adsorption-desorption measurements. In addition, hydrofluoric
acid generated from the polymerization or hydrolysis of PTFE has
been previously documented (Eqs. (9) and (10)) [41] and can also
etch silica. However, a high concentration of silicon tetrafluoride
derived from the above two etching processes could be adsorbed
on the external surface of porous carbon and would then react with
water originating from carbonization, resulting in the regrowing of
silica particles on the surface (Eq. (11)). The macropores in PBE can
be explained by considering the compact contact between the PTFE
binder particles and the silica/chitosan spheres. As aforementioned,
the rod-like PTFE binder particles are tightly anchored onto the
surface of the silica/chitosan spheres after drying. During the one-
pot pyrolysis and in situ etching process, the PTFE may melt, but it
can deposit onto the surface of silica/chitosan spheres and
decompose therein. These consecutive processes result in macro-
pores and associationwith silica etching that leads to the formation
ofmesopores. For PPE preparation, due to the large size and the lack
of dispersibility for PTFE powder, the PTFE powders can simply be
mixed with silica/chitosan composites, with no close contact be-
tween them. Then, during the following thermal treatment, the
PTFE powder may melt but will dislocate from the solid mixture.
The dislocated PTFE cannot cause macropores but still can produce
mesopores in PPE via gas etching. As control experiments, we tried
to modify the etching process by initially separating PTFE binder
from its suspension and thenmixing it with silica/chitosan spheres,
or by dispersing PTFE powder firstly inwater to obtain a suspension
as that of binder; however, an agglomeration of PTFE binder was
obtained during the former attempt, while in the latter case, the
PTFE powder was undispersible in water, making it unsuitable for
further application (see Fig. S10).
3.5. Electrochemical properties

The electrochemical performances were tested in three-
electrode configuration with 6mol L�1 of KOH as the aqueous
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electrolyte. Fig. 6a shows the CV curves of these three different
porous carbon materials collected at a scan rate of 20mV s�1. It can
be seen that the PBE sample shows the largest current response,
demonstrating the best capacitive properties among them. The CV
curves of PBE at different scan rates exhibited quasi-rectangle
shapes (Fig. 6b), suggesting the superior capacitive behaviors
[42]. Additionally, the broadened peak between �0.8 and �0.2 V
indicates that the total capacitance mainly originates from the
electric double layer capacitance with a contribution of pseudoca-
pacitance raised by oxygen- and nitrogen-related groups on the
sample surfaces, as had been confirmed by XPS analysis. The steep
slope (close to 90�) of the CV curves also suggests that PBE is highly
electrically conductive. A series of GCD tests at different current
densities were also conducted for PBE. As shown in Fig. 6c, PBE
exhibits the longest discharge time, which is consistent with the CV
results. The nearly symmetric and triangular shapes obtained
during the GCD tests further demonstrate the rapid current
response and excellent electrochemical reversibility. The control
experiment shows that the PBE sample with deteriorated structure
delivered poor electrochemical performances when it was tested as
an electrode material for supercapacitors (see Fig. S2a and Fig. S11),
highlighting the importance of structural integrity. The galvano-
static capacitance values of PBE, PPE, and HE, which were deter-
mined from the discharge time at a current density of 0.5 A g�1, are
250.5, 213, and 110 F g�1, respectively. Fig. 6d shows the specific
capacitance calculated from the GCD profiles at different current
densities. It is worth noting that PBE retained 80.5% of its galva-
nostatic capacitance when the current density increased from 1 to
10 A g�1 and showed an outstanding capacitance retention of 65.5%
Fig. 6. (a) CV curves of the three samples at 20mV s�1; (b) CV curves of PBE at different sca
carbons with a three-electrode configuration in 6mol L�1 KOH. (A colour version of this fig
even when the current density soared further to 100 A g�1. The CV
curves at various scan rates and GCDs at different current densities
for PPE and HE are presented in Fig. S12 for comparison. A com-
parison of specific capacitance for PBE- and PPE-based super-
capacitors with those of other porous carbon materials in
documented works has been summarized in Table 3.

Electrochemical impedance spectroscopy (EIS) was employed to
further study their electrochemical properties. As shown in Fig. 7a,
all the EIS spectra exhibit a small semicircle in the high frequency
region and a nearly vertical straight line in the low frequency re-
gion, which correspond to charge transfer resistance and Warburg
resistance, respectively. Apparently, the almost complete lack of a
significant semicircle indicates that PBE has low impedance at the
electrode/electrolyte interface and faster ion transportation from
the electrolyte to the inner mesopores. From the Bode phase dia-
grams (Fig. 7b), it can be seen that the phase angle of PBE is
approximately 84�, which is close to that of ideal capacitors (90�)
and is higher than those of PPE (82�) and HE (78�). The operating
frequency and the corresponding characteristic relaxation time
constant are an important quantitative index for the reversible
charging and discharge speed of the electrode. The PBE sample
shows an operating frequency of 1.24 Hz, which is higher than that
of PPE (1.16 Hz) and HE (0.765 Hz). The corresponding relaxation
time constants of 0.81, 0.87, and 0.99 s, respectively, for the three
samples can be derived from the operating frequencies. Therefore,
the enhanced ion diffusion of PBE is favorable for rate performance
at higher charge-discharge rates. To test the electrochemical sta-
bility of PBE, galvanostatic charge/discharge measurements were
conducted at a current density of 10 A g�1. As can be seen from
n rate; (c) GCD curves of PBE; (d) rate performance of electrodes made of these porous
ure can be viewed online.)



Table 3
Comparison of the specific capacitance of PBE and PPE with reported carbon materials.

Carbon type Ca (F g�1) Rb Electrolyte Ref.

Silica fiber array-templated GTSDC 283 0.25 A g�1 6M KOH [43]
Hydrogel-derived HHPC 214 0.2 A g�1 6M KOH [44]
Block copolymer(PS) derived NHPCs 254 0.5 A g�1 6M KOH [45]
Cotton derived CFs 221.7 0.3 A g�1 6M KOH [46]
Cattail biomass derived CACs 126.5 0.5 A g�1 6M KOH [47]
Lignosulphonate-cellulose derived HAPCs 286 0.25 A g�1 6M KOH [48]
Template-free derived UPCSs 251 1 A g�1 6M KOH [49]
B, N-codoped chitosan derived 1B-2CHI-WT 227 2mV s�1 1MH2SO4 [50]
Nano-sized silica templated PBE
PPE

250.5
213

0.5 A g�1 6M KOH This work

a Specific capacitance tested in three-electrode configuration.
b Current density or scan rate.

Fig. 7. (a) Nyquist plots (inset: magnification of the Nyquist plot); (b) the frequency response of the as-prepared porous carbon-based supercapacitors in 6mol L�1 KOH; (c) the
long-term durability of PBE based electrode;(d) the comparison of GCD lines of the 1st cycle and 5000th cycle. (A colour version of this figure can be viewed online.)
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Fig. 7c, the specific capacitance increases even to 190 F g�1 after
5000 cycles, which is approximately 107% of the initial capacitance,
indicating a highly reversible charge-discharge process and excel-
lent electrochemical reproducibility. Similar improvement of the
specific capacitance upon cycling has also been reported for
carbon-based electrodes [51,52]. The specific capacitance
enhancement usually is attributed to the increase in effective
interfacial area between the pores of the electrode material and the
electrolyte as the reaction proceeds [53,54]. The same is true for
electrodes consisting of PBE, and such a speculation has been
proven from the EIS measurement before and after cycles (Fig. S13).
Additionally, the GCD curve (Fig. 7d) remains symmetric and
triangular in shape and is close to its initial state after cycling, also
suggesting high cycling durability. As has been demonstrated with
N2 adsorption-desorption measurements, the PBE sample shows
novel hierarchical porosity, in which macro-, meso- and micro-
sized pores were intergraded in one system. The high specific
capacitance of PBE and PPE samples can be ascribed to their large
specific surface area originating mainly from the meso-sized pores
and also to the abundance of micropores. The excellent rate capa-
bility can be attributed to their unique hierarchical pore structures
in which the open macropores can facilitate the diffusion of elec-
trolyte ion in and out of the inferior mesopores. It has already been
observed that the capacitive contribution reaches its maximum
when the pore size distribution is close to the size of solvated ions
of the applied electrolyte or twice that [49]. In the aqueous system,
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positively charged ions are presented and thus adsorbed in their
hydrated form. All three types of carbon materials possess micro-
pores, with a median pore size of approximately 9 Å, which is larger
than that of the dissolved ions (KþzH3Oþ ¼ 3.6e4.2Å>OH�) [55].
Therefore, the dissolved ions can be transferred into themicropores
less than 1 nm in size, contributing a great portion to the total
capacitance. In comparison to HE, PBE and PPE possess larger
micropore volume and higher specific surface area. Therefore, they
exhibit larger specific capacitance as well. The specific capacitance
was enhanced with the increase in micropore volume, demon-
strating the contribution of the microsized pores to the capacity as
well as the micropore's accessibility to the ions. Additionally, the
mesopores can store ions and also facilitate the rapid transport of
electrolyte ions to the interior of the bulk material. In contrast to
PPE, the PBE sample possesses extra macropores that could shorten
the diffusion distance of the ions and act as ion-buffering reser-
voirs. Additionally, the high content of nitrogen in PBE can not only
contribute pseudocapacitance to the total specific capacitance but
can also modify the polarity of the carbon matrixes, which will
improve the wettability of the carbon matrix and hence enhance
the infiltration of ions into the micropores. Clearly, by taking the
specific capacity obtained at a current of 0.5 A g�1 as a reference,
the capacitance retentions for PBE and PPE are 87.8% and 77.5%,
respectively, under a current density of 1 A g�1, and 70.8% and 58%
at 10 A g�1, suggesting that PBE samples with a hierarchical porous
structure are suitable for EDLCs of practical application. According
to the equation E¼ 1/2CV2, the energy density can be impacted by
the low operating voltage in aqueous electrolyte, which limits
practical application [56]. In order to increase the potential
Fig. 8. (a) CV curves; (b) GCD curves; and (c) the long-term durability of PBE based electrode
CR2032 coin-type symmetric supercapacitors in series with PBE-based carbon as electrodes
window, we therefore assembled the PBE//PBE-based symmetrical
supercapacitor with 1mol L�1 LiPF6 organic solvent as the elec-
trolyte. As shown in Fig. 8a, a typical rectangular CV curve from 0 to
3 V was obtained. The GCD curves at different current densities
over the above window potential are presented in Fig. 8b. The
cycling stability of the PBE//PBE symmetric supercapacitor was
further investigated at a current density of 1 A g�1. After 3000 cy-
cles, the device showed only 14% capacitance decay (Fig. 8c), dis-
playing an excellent long-term cycling durability. The energy
density and power density of the device, as shown in a Ragone plot
(Fig. 8d), were compared to other potential energy storage devices.
The specific energy density of the PBE//PBE device is approximately
28.3 Wh kg�1 at a power density of 150.2W kg�1, and the specific
energy density remains at 17.2 Wh kg�1 at a high power density of
3000Wkg�1, which is much higher than that of commercial acti-
vated carbon (24.8 Wh kg�1 at 67.5W kg�1) [57] and other carbon
materials derived from sodium citrate (17 Wh kg�1 at 150Wkg�1)
[49], polypyrrole (19.5 Wh kg�1 at 50Wkg�1) [58], and seaweeds
(21.7 Wh kg�1) [59]. Furthermore, by charging for only 2 s at
10 A g�1, two as-fabricated CR2032 coin-type symmetric super-
capacitors in series can drive an LED bulb to light for 5min, which
reveals their practical applications in high-rate energy storage.

4. Conclusion

Porous carbon materials with hierarchical porosity or with
uniform mesopores were obtained by controlling removal strate-
gies applied to the silica template in the composite microspheres.
The solid/gas etching process resulted in silica etching and also in-
; (d) Ragone plots for the PBE based supercapacitor. (The inset shows two as-fabricated
can light up a LED bulb brightly.). (A colour version of this figure can be viewed online.)
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situ carbon deposition onto the internal walls of the pores. In
comparison with PTFE powder and HF aqueous solution, the PTFE
binder plays bi-functional roles as etchant and also macropore
introduction agent during the one-pot thermal treatment. The
approach involving PTFE binder achieves carbonization, template
etching, and introduction of additional macropores in one pot,
which not only simplifies the fabrication processes but also yields
regular honeycomb-like carbon with macro-/meso-/micro-sized
hierarchical pores. Porous carbon obtained with PTFE binder as
etchant (PBE) exhibits a high specific surface area up to 1011m2 g�1

and small-sized pores down to 8 nm in comparison with those of
613m2 g�1 and 12 nm, respectively, for porous carbon derived by
HF solution etching (HE). As the electrode material for electro-
chemical capacitors, PBE exhibits an excellent specific capacitance
of 250.5 A g�1 at a current density of 0.5 A g�1 and a good rate
capability with retentions of 80.5% at 10 A g�1 and 65.5% even at
100 A g�1 in 6mol L�1 KOH aqueous electrolyte. Moreover, a high
energy density of 28.3 Wh kg�1 and over 86% capacitance retention
over 3000 cycles at 1 A g�1 were achieved in a symmetric super-
capacitor based on PBE in 1mol L�1 LiPF6 organic electrolyte. More
importantly, both the spray drying technique and nano-sized silica
are available in industry, and chitosan is a type of sustainable
biomass, and these ensure the possibility of mass production for
this novel porous carbon and reveal the potential for practical
application as electrode materials of supercapacitors with superior
capacity and durability.
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