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a  b  s  t  r  a  c  t

Mesoporous  carbons  are  prepared  from  a mixture  of  the  soluble  starch  with  needle-like  nano-sized
Mg(OH)2 particles.  The  samples  structures  are  characterized  by  TEM,  nitrogen  adsorption  at  77 K  and
XRD.  The  electrochemical  performance  for  electrochemical  capacitors  is evaluated  in a  6 M KOH  aqueous
solution.  The  resultant  carbons  show  a disordered  pore  structure  with  interweaving  straight  nano-tunnels
that resembled  the  shape  of  the  template,  and  possess  a high  surface  area  more  than  1000  m2 g−1 and  a
vailable online 5 January 2012
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large  pore  volume.  The  special  one  dimensional  morphology  of templates  cause  a  graphitization  effect
on  the  carbon  in  partial  region,  different  from  catalytic  graphitization  mechanism  of transition  metal
particles.  Due  to  those  characteristics,  the  samples  exhibit  good  electrochemical  performances  used for
electrochemical  capacitors  electrode,  especially  excellent  power  capability.  The  sample  carbonized  at
950 ◦C for  6 h  retain  a capacitance  of  126  F  g−1 even  at a high  current  density  of  40  A  g−1.
lectrochemical capacitors

. Introduction

Electrochemical capacitors (ECs) have been becoming attractive
nergy storage systems, particularly for applications involving high
ower requirements [1]. Porous carbon materials, one of the most

mportant candidates for ECs electrode materials, have been widely
sed in practical application. Some crucial characteristics of porous
arbons, such as a large surface area for charge accumulation, an
ppropriate pore structure for electrolyte wetting and rapid ionic
otion, and high electrical conductivity, are highly desirable to

xhibit good electrochemical performances [2,3]. It was  proved that
xtremely narrow pore (<1 nm)  is optimal to increasing energy den-
ity [4,5]. But for power applications, except few sorts of micropores
ith special morphology such as those are three-dimensionally

rrayed and mutually connected [6],  increasing the pore size to
esoporous (>2 nm)  might be more beneficial.
Over the last decade, there have been significant advances

n the synthesis of mesoporous carbon materials [7,8]. One effi-
ient method to obtain mesoporous carbons is using template
arbonization route, which allows the preparation of carbon mate-
ials with controlled architecture and relatively narrow pore size

istribution. Since the synthesis of mesoporous M41S silica mate-
ials was reported by Mobil Corporation researchers in 1992,
esoporous silicas with interconnected pore structures have been

∗ Corresponding author. Fax: +86 10 62771160.
E-mail address: fykang@tsinghua.edu.cn (F. Kang).

378-7753/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.12.054
© 2012 Elsevier B.V. All rights reserved.

successfully used as templates for the synthesis of mesoporous
carbon materials. Various mesoporous carbon materials with dif-
ferent pore structures were synthesized using a variety of different
mesoporous silica templates, such as MCM-48, MCM-41, HMS,
SBA-15, and MSU-X [9,10].  However, the procedure employed to
synthesize mesoporous carbons using meso-structured silica tem-
plates is rather complicated and time consuming, which limits
the application of ordered mesoporous carbons. More recently,
significant progress has been achieved on the direct synthesis
of ordered mesoporous carbon materials by the self-assembly
of organic–organic species as so-called soft templating [11–17].
Mesoporous carbons with controlled pore structures can be
obtained more flexibly with fewer synthesis steps. Currently, there
exist only a few successful experiments that fabricate porous car-
bon via soft templating methods. Mesoporous carbons created
through this method possessed relatively lower surface areas and
smaller pore volumes, which cannot satisfy the demands of ECs
electrode applications. In comparison, an attractive method for
preparing porous carbons with disordered pore structure using
metal oxides as template was developed by Inagaki et al. [18–21].
Thermoplastic precursors mixed with MgO  itself or precursors
of MgO, such as Mg  acetate, Mg  citrate and Mg  gluconate, were
carbonized at high temperatures in an inert atmosphere. After car-
bonization, the MgO  was easily extracted using diluted sulfuric

acid and then the formed carbons were isolated. The pore size was
governed by the size of MgO  particles. These carbons obtained by
different mixing methods possessed a large amount of mesopores
and high surface areas.

dx.doi.org/10.1016/j.jpowsour.2011.12.054
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:fykang@tsinghua.edu.cn
dx.doi.org/10.1016/j.jpowsour.2011.12.054
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Fig. 1. TEM images of (a) needle-like nano-sized Mg(OH)2 and (b) SMC-51-950-1
W.  Zhang et al. / Journal of P

In the present study, a novel mesoporous carbon with straight
unnel-like pore structure was prepared from a mixture of the sol-
ble starch with needle-like nano-sized Mg(OH)2 particles. The
tructures of the resultant mesoporous carbons were character-
zed, and the electrochemical performance of the sample for ECs
lectrode material was investigated.

. Experimental

The needle-like nano-sized Mg(OH)2 was prepared by the
urfactant-mediated solution procedure outlined in the literature
22]. The typical synthetic process of porous carbons proceeds as
ollows: 10.0 g Mg(OH)2 was dispersed in 40 mL  deionized water
or 1 h with ultrasonic stirring. 10.0 g soluble starch (30% aque-
us solution) was then added into the Mg(OH)2 suspension, and
ixed 1 h with ultrasonic stirring. The mixture was  vacuum-dried

t 50 ◦C for 12 h. Afterwards, the dried mixture was carbonized
bove 750 ◦C. The derived products were immersed in 2 mol  L−1

ulfuric acid to dissolve the MgO, and then washed with deionized
ater. The resultant porous carbon was denoted as SMC-55-X-Y

X and Y denotes carbonization temperature and duration, respec-
ively. “55” denotes the ratio between starch and Mg(OH)2). For

 comparison, the soluble starch without Mg(OH)2 was  also car-
onized at different temperatures, and the derived carbons were
enoted as SC-X-Y (X and Y mean as above).

TEM images were observed on a JEM2010 electron microscope
perating at 200 kV. N2 sorption isotherms were measured using a
uantachrome Autosorb-1 Adsorption Apparatus at 77 K. XRD pat-

erns were obtained on a D8 Advance Diffractometer (Bruker AXS)
ith a Cu K� source.

Electrochemical measurements were carried out in a 6 mol  L−1

OH aqueous electrolyte at room temperature, using a three-
lectrode cell with a Hg/HgO reference electrode and a platinum
oil counter electrode. The testing electrodes were prepared by
ixing porous carbon powders, carbon black and polytetrafluo-

ethylene (PTFE) together at a mass ratio of 85:10:5, and rolling
he resulting mixture into a film about 0.18 mm in thickness. The
lm was cut into 1 cm by 1 cm pieces and covered on plain nickel

oam (current collector) with a corresponding shape before being
ressed together at 0.6 MPa. The electrochemical characteristics of
amples were determined by galvanostatic charge/discharge, cyclic
oltammetry (CV), and electrochemical impedance spectroscopy
EIS). Galvanostatic charge/discharge measurements were carried
ut by an Arbin-BT2000 (Arbin Instruments) test station at different
urrent densities from 0.5 A g−1 to 40 A g−1, with the potential win-
ow from −0.8 to 0.0 V (vs. Hg/HgO). A Solartron Instrument Model
287 electrochemical interface was used for CV and EIS measure-
ents. EIS measurements were conducted in the constant potential
ode by sweeping the frequencies from 20 kHz to 0.1 Hz range with

n AC-amplitude of 10 mV.

. Results and discussion

.1. Structures characterization

In order to study the effect of the one-dimensional template on
he pores of carbon, a sample denoted as SMC-51-950-1 obtained
rom the mixture with a low template quantity was characterized
y TEM. The dispersed Mg(OH)2 nanoparticles display needle-

ike morphologies with diameters of 4–10 nm and lengths of

0–100 nm (Fig. 1a). Mg(OH)2 can transform into MgO at temper-
tures of 300–400 ◦C, while the needle-like morphological feature
emain [23]. It is interesting to note that the pores of mesoporous
arbon resemble the shape of needle-like nano-sized particles,
(the proportion between soluble starch and Mg(OH)2 was 5:1, carbonized at 950 ◦C
for 1 h); and (c) HRTEM image of SMC-51-950-1.

and exhibits a disordered porous structure with interweaving 1D
straight nano-tunnels (Fig. 1b and c).

Fig. 2 shows the nitrogen adsorption–desorption isotherms at
77 K of SC-850-3, SMC-55-750-3, SMC-55-950-3 and SMC-55-950-
6. It can be seen that, the amount adsorbed of SC-850-3 is so small,

suggesting few pores in the sample. While for carbons synthesized
with template, after a large micropore volume filling at lower
pressures, the amount adsorbed increases gradually as the relative
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peaks of XRD patterns in Fig. 4 can be assigned to the (0 0 2)
diffraction of the graphitic framework. Those diffraction peaks
become stronger when the heat treatment temperature increase,
ig. 2. Isotherms of porous carbons measured by nitrogen adsorption at 77 K.

ressure increases. Close to the saturation vapor pressure, the
mount adsorbed rise very steeply, while the adsorption isotherm
o not level off, which means unrestricted multilayer formation
rocess of macropores. In addition, the adsorption and desorp-
ion branches of the isotherm do not coincide, and a pronounced
dsorption–desorption hysteresis can be seen. Therefore, the nitro-
en isotherm may  be classified as a combination of type II and type
V adsorptions [24]. The pronounced hysteresis loop suggests a
igher amount of mesopores. The pore-size distributions calculated
n the basis of the desorption branch of the isotherm are shown in
ig. 3. A relatively narrow pore-size distribution with a maximum
f mesopores small than 10 nm are detected, corresponding to
he diameter size of the Mg(OH)2 template. This indicates that the
ores in the carbon were formed by removing template mainly.

ncreasing the carbonization temperature, the size of those meso-
ores increases, and the pore volumes (at p/p0 = 0.99) also increase
reatly, from 2.39 cm3 g−1 of SMC-55-750-3 to 3.21 cm3 g−1 of
MC-55-950-3 and 3.51 cm3 g−1 of SMC-55-950-6, which can be
scribed to the collapse of pores wall at higher carbonization
emperature. However, the effect of carbonization temperature

n the BET surface area is not so great. The surface area of SMC-
5-750-3 reaches 1014 m2 g−1, while that of SMC-55-950-3 and
MC-55-950-6 are 1070 m2 g−1 and 1060 m2 g−1, respectively.
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Fig. 3. The pore distribution determined by BJH method.
Fig. 4. XRD patterns of the resulting carbons.

Fig. 4 shows the XRD patterns of the resulting carbons. All of
the resultant carbons exhibit an amorphous structure characteris-
tic. However, it is interesting to note that there are obvious peaks
at 2� = 26.6◦ appeared for the samples obtained in the presence
of needle-like nano-sized Mg(OH)2 above 850 ◦C. To identify the
certain components of the carbon, the ash contents of the sam-
ples were tested by heating them up to 800 ◦C for 1 h in air in
the muffle furnace. It was found that the ash contents of SMC-
55-850-3 and SMC-55-950-6, which was mainly MgO  unremoved,
were 0.04% and 0.07%, respectively. Such a small impurity con-
tent is not enough to cause any peak in XRD analysis. So the
Fig. 5. Schematic diagram of the formation mechanism of graphite-like structure in
partial region with one dimensional nano-sized particle template.
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Fig. 6. Cyclic voltammog

ndicating growth of graphitic crystallite. In contrast, there is not
ny marked (0 0 2) diffraction peak for the carbons from pure starch,
ven through heat treatment at 950 ◦C for 6 h. This suggests that
he graphitic structures were formed because of the effect of the
eedle-like template. However, different from transition metals
articles [25,26],  Mg(OH)2 (or MgO) has no catalytic graphitization
ction. Besides, no (0 0 2) diffraction peak is observed for porous
arbon obtained from the mixture of soluble starch and Mg  acetate
n a ratio of 5:5, which forms sphere-like nano-sized MgO  about
0 nm after pyrolysis [18]. Therefore, it may  be presumed that the
pecial one dimensional morphology of templates caused a graphi-
ization effect. Nevertheless, the (0 0 2) peaks are not so strong, and

 turbostratic graphite structure is observed from HRTEM (Fig. 1c)
bservation, while some graphite lattice fringes which are not so
egular can also be observed very near the pore walls, suggest-
ng that the graphitization structures should be in partial and not
erfect, or graphite-like structure.

When carbonized without any template, graphite crystal-
ites from the pyrolysis of the starch were stacked disorderedly
Fig. 5a). In the presence of needle-like nano-sized Mg(OH)2 (or

gO), the one dimensional nano-sized particles acted as direc-
or reagent during the pyrolysis of the starch, different from

atalytic graphitization mechanism of transition metal particles,
uch as Fe and Ni [26,27]. The graphite crystallites tightly closed
o the one dimensional templates were stacked orderedly along
he axial direction of the templates, while those crystallites far
SMC-55-950-6

t various scanning rates.

from the templates were stacked disorderedly (Fig. 5b). Thus,
the graphite-like structure in partial region was  formed, but the
disorderedly stacked crystallites were dominating in the porous
carbon. Increasing the treatment temperature or the duration,
the orientation degree of those ‘ordered stacked’ graphite crys-
tallites was  improved. Even though graphitization was  improved
in limited region, it was favorable to increase the carbon’s
electrical conductivity due to orientation of the carbon layers
[28].

3.2. Electrochemical characterization

Fig. 6 shows cyclic voltammogramms at various scan rates from
5 mV  s−1 to 50 mV  s−1 at the potential range of −0.8 V to 0 V (vs.
Hg/HgO) for porous carbons. All the samples exhibit typical quasi-
rectangular curve shapes at low scan rate of 5 mV  s−1. With increas-
ing scan rates, rectangular curve shapes of samples treated at high
temperature (SMC-55-950-3 and SMC-55-950-6) are kept well,
while the curve shape of SMC-55-750-3 and SMC-55-850-3, which
treated at lower temperature, show distortion to some extent. The
voltammogram shape is affected by the RC time constant (�) of the
electrode. A higher value of � results in a longer transient part (less

steepness in the current change of CV curve at the switching poten-
tial), which means worse collapse of the rectangular shape [29].
The nearly 90◦ change in the CV curves of at the switching poten-
tial suggests that samples treated at high temperature have small
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Fig. 7. Nyquist plots at AC frequency ranging from 20 kHz to 0.1 Hz.

ime constants as an ideal capacitor, which indicate the excellent
apacitive ability of even at high current density.

Fig. 7 illustrates the electrochemical impedance spectra of the
arbon samples. In the Nyquist plots, a depressed semicircle is
bserved at the region from high to middle frequency, which may
e ascribed to the charge transfer processes at the carbon elec-
rode surface [3,30].  The typical characteristic of activated carbon
lectrochemical capacitor with a 45◦ Warburg line in the middle
requency range [3,31],  so-called finite length capacitive effects
lots that corresponds to the ions diffusion in a porous electrode,

s not observed. This suggests that electrolyte ions transfer in the
traight tunnel-like pores of the resultant mesoporous carbons is
o rapid as to ignore the finite length capacitive influence nearly.
s frequency decreased, the plot transits the semicircle to a closely
ertical line parallel to the imaginary axis, which is characteristic
f capacitive behavior. The crossing of this semicircle (or 45◦ War-
urg line in other typical porous electrode) with the vertical line
efines the “knee frequency” or “transition frequency”. The higher
alue of the frequency is, the easier the accessibility of hydrated
ons into the pores [31,32]. The knee frequencies of the resultant
amples reach a level of tens Hz, which is one order of magni-
ude higher than that of activated carbons [31], and similar to that
f order mesoporous carbons [33]. According to transmission line
odel for impedance spectrum, the knee frequency is influenced

y depth and diameter of the pore in electrode material [34]. The
ominant mesopores in the resultant porous carbon lead to a lower
olution resistance in the pores, while one dimension morphology
f straight tunnel-like pore structure is also favorable for hydrated
ons to transfer and access into the pores interior. Consequently,
he transition frequency shifts to high frequency side as comparing
ith conventional activated carbons, which usually possess dom-

nant micropores and ramiform pore structures. The sum of the
esistance of the electrolyte solution, the intrinsic resistance of the
ctive material, and the contact resistance of the interface active
aterial/current collector, Rs, can be obtained from the intercept

f the semicircle in the high frequency region with the real axis.

t can be seen from Fig. 8 that, Rs decreases with increase in tem-
erature and duration. In our experiment, the contact resistances
nd the electrolyte resistances were nearly identical in all samples,
o the decrease of Rs indicates a decrease of the carbon resistance,
Current density / Ag

Fig. 8. Capacitances of galvanostatic charge/discharge at different currents.

or increase of the electrical conductivity, corresponding to the XRD
results.

Fig. 8 shows the capacitances of the resultant mesoporous car-
bons obtained from galvanostatic charge/discharge at different
currents. The specific capacitance – Cs (F g−1) is calculated from
the discharge process on the basis of equation: Cs = I�t/(�V · m),
where I is the current loaded, �t  is the discharge time, �V is the
potential change during the discharge process, and m is the mass
of porous carbon in the test electrode. At low charge–discharge
current density of 0.5 A g−1, SMC-55-750-3, the sample treated at
relatively lower temperature, exhibits a capacitance of as high as
217 F g−1, namely 21.4 �F cm−2 (expressed per unit of BET surface
area), which is higher than that of ordered mesoporous carbons
with similar specific surface areas and pore sizes [2,33,35]. How-
ever, the capacitances of samples decrease with increasing treating
temperature. The capacitance of SMC-55-850-3 is 201 F g−1, and
SMC-55-950-3 only reaches a capacitance of 154 F g−1, namely
12.1 �F cm−2. Generally, the capacitance is contributed by the
large surface of porous carbon where electric double layers are
formed. Besides, the varieties in the pores morphology and vari-
eties in surface chemistry (e.g., wettability and pseudocapacitive
contributions) are also two major factors that contribute to the
overall capacitance [36]. For the present samples, the surface areas
and pore morphologies are similar. Whereas, the sample obtained
at lower temperature would remain more functional groups on
the pore surfaces [37,38], which may  resulted in better wettabil-
ity, corresponding to a higher capacitance. The functional groups
may  also contribute some Faradic pseudo capacitance to the total
capacitance. When increasing heat treatment temperature, the
wettability of pore surfaces was degraded. While the orientation
degree of those ‘ordered stacked’ graphite crystallites in partial
region was  improved, as mentioned above. As a result, the basal
layer amount would increased, which capacitance was  reported to
be an order of magnitude smaller than that of the edge orientation
of graphite [36]. Thus, the capacitances decreased with increasing
treatment temperature.

It should be noted that, increasing the heating duration at
950 ◦C, SMC-55-950-6 shows an increased capacitance of 175 F g−1

(namely 16.6 �F cm−2) at 0.5 A g−1, 13.6% higher than that of
SMC-55-950-3. As showed by nitrogen adsorption, SMC-55-950-
6 possesses a similar specific surface as SMC-55-950-3, but a

larger pore size and a larger total pore volume in comparison to
SMC-55-950-3. While the samples in the present work possess
straight tunnel-like porous structure derived from one dimensional
template, approaching the cylindrical pores. According to ‘EDCCs’
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electric double-cylinder capacitors) model [5,39],  for microp-
res and mesoporous carbon materials, it seems reasonable to
nclude the influence of pore curvature to describe the capaci-
ance expressed per unit of BET area. Solvated counterions enter the
ylindrical mesopores and approach the pore walls to form EDCCs,
nd the normalized capacitance will increase with pore size at the
esopores region, especially for mesopores small than 20 nm.  Here

he results verified ‘EDCCs’ theoretical model for nanoporous car-
on ECs.

The charge/discharge performance at high rate can estimate
he capacitive properties, the higher the capacitance retention at
igh rate, the better capacitive performance. From Fig. 8, it can be
een that with increasing charge–discharge current densities, the
apacitance of porous carbon treated at 750 ◦C decreases rapidly. At
0 A g−1, 40% capacitance is retained only. For samples treated for
ifferent durations at higher temperature (950 ◦C), the falling ten-
ency of the capacitance is similar as the applied current increased,
nd excellent capacitance retainment is exhibited at high current
ensities. SMC-55-950-6 retained 72% capacitance up to a cur-
ent of 40 A g−1. It indicates that such kind of mesoporous carbon
resents superior rate capability, in agreement with the results of
V and EIS test.

. Conclusions

An extraordinary mesoporous carbon with good electrochemi-
al performance was prepared from a mixture of the soluble starch
ith needle-like nano-sized Mg(OH)2 particles. The as-prepared
esoporous carbons exhibited straight tunnel-like pore structure

hat resembled the shape of the template, and possessed high sur-
ace areas of more than 1000 m2 g−1 and large pore volumes. The
pecial one dimensional morphology of templates caused a graphi-
ization effect, different from catalytic graphitization mechanism of
ransition metal particles. In a 6 M KOH aqueous electrolyte, a high
nee frequency of tens Hz was detected. Such kind of mesoporous
arbons exhibited high capacity and excellent power performance.
esides, porous carbons obtained through this route will also be
romising electrode materials for fuel cells application because of
heir disordered pore structures [40] and large pore volumes.
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