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a b s t r a c t

Non-aqueous electrical double-layer capacitors (EDLCs) with high energy density and long cycle life are
the key to meet future energy demands. The performance of such high-energy supercapacitors greatly
depends on the textural properties of the porous carbon electrode. Ordered mesoporous carbon mate-
rials are always the prominent electrodes for capacitor applications and the roles of pore size and pore
structure need to be investigated in a non-aqueous capacitor system to achieve high performance.
Herein, a series of well-ordered mesoporous carbon materials (OMCs) with high specific surface areas
and high pore volumes are synthesized utilizing mesoporous silica (SBA-15 and KIT-6) templates at
different carbonization temperatures and studied for EDLCs with non-aqueous electrolytes. The per-
formance of EDLCs greatly depends on the mesopore structure and mesoporous surface area, which is
evident from the electrochemical performance. In particular, CMK-3 (prepared using SBA-15) shows a
higher specific capacitance than CMK-8 (prepared using KIT-6), which may come from the long straight
channels of CMK-3 leading to a lower internal resistance and larger number of ion-diffusion pathways.
The mesopores provide not only larger pores for fast electrolyte ion transport but also a high surface area
and high pore volume for ion storage during the chargeedischarge processes. Increasing the carbon-
ization temperature from 600 to 900 �C increases the mesoporous surface area, resulting in enhanced
specific capacitance.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Increasing energy demands lead to the development of
advanced electrochemical energy-storage systems with high per-
formance at low cost [1,2]. Several energy-storage devices, such as
lithium-ion batteries, lithiumesulfur batteries, and sodium-ion
batteries, have been intensively investigated for future applica-
tions [3e5]. However, the sluggish intercalation battery kinetics
warrants the need for a device that can deliver high power.
Supercapacitors have been attaining greater interest as a potential
alternative in applications where batteries fail to deliver high po-
wer [6]. Depending on the working mechanism, supercapacitors
are classified as (i) electric double-layer capacitors (EDLCs) and (ii)
pseudocapacitors. Among these, EDLCs are always of great interest
jnu.ac.kr (C.H. Ko).
among researchers because of their simple construction, superior
power density, excellent reversibility, and good cyclic stability [7,8].
EDLCs store energy by a simple electric double-layer formation at
the electrodeeelectrolyte interface when a potential is introduced
between two symmetrical carbon electrodes [9,10].

Unlike pseudocapacitors that work on faradic redox reactions,
EDLCs have an extraordinary life expectancy (100,000 cycles). Yet,
EDLCs show an unsatisfactory energy output when employed in
aqueous electrolytes due to the small working potential (1e1.2 V).
This opens the research for development of high-energy EDLCs
utilizing non-aqueous organic electrolytes in a wide operating
potential window (2.5e3 V) [8,11,12]. However, the performance of
EDLCs employing non-aqueous electrolytes suffers from insuffi-
cient power and cycle life due to the presence of large solvated ions
and the viscous nature of the non-aqueous electrolyte [8,13]. To
obtain excellent EDLC performance, the porous electrode materials
should have favorable textural properties that enable easy pene-
tration of electrolyte ions into deeper pores for double-layer
formation.
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Porous carbon materials with large surface area, high electrical
conductivity, and good chemical stability have been widely inves-
tigated as electrode materials for EDLCs [14,15]. In particular, acti-
vated carbon from coal and coke was widely studied for aqueous
EDLCs and high performance has been achieved. However, acti-
vated carbon underperforms when employed in non-aqueous
EDLCs because of its highly microporous nature, causing severe
ion-diffusional losses at high current densities [16e18]. Graphene, a
unique 2-dimensional material with a high surface area
(2600m2 g�1) and ultra-high electrical conductivity was studied
for EDLC as an alternative to microporous activated carbon [19,20].
The aggregation and re-stacking of the graphene structure during
the chargeedischarge process inhibits the contact between elec-
trolyte molecules and the graphene surface, consequently reducing
the capacitance of graphene-based EDLCs. Various forms of carbon
with wider pore sizes have been extensively studied, including
carbon nanofibers, carbon nanotubes, onion-like carbon, zeolite
template carbon, and carbide-derived carbon [21e25]. However,
the poor pore size/shape control and tedious manufacturing pro-
cess impedes practical application.

In recent years, ordered mesoporous carbons (OMCs) with
highly ordered porous structures have been gaining attention for
high-performance EDLCs [17,19,26,27]. A combination of a high
specific surface area, ordered mesoporous structure, wide pore
volume, and easy pore size/shape-tailoring process makes them an
emerging alternative for application in EDLCs. The presence of or-
dered mesopores in a wide size range can facilitate easy contact
between the pore wall and electrolyte ions to overcome the diffu-
sion losses with non-aqueous electrolytes [28]. Employing a
perfectly engineered mesoporous carbon in non-aqueous EDLCs
can achieve a remarkable specific capacitance even at high current
densities. However, the dependence of such pore size and shape on
the electrochemical performance has not yet been studied for high-
energy EDLCs in a non-aqueous medium.

Herein, we synthesize OMCs using two different kinds of mes-
oporous silica templates and investigate the pore sizeestructure
correlation in high-voltage, non-aqueous EDLCs. The textural
characteristics of the mesoporous carbon depends especially on
type of template, and carbonization temperature. OMCs CMK-3
were synthesized using a 2D hexagonal SBA-15 template and
OMCs CMK-8 were prepared using 3D cubic KIT-6. The obtained
OMCs showed a high specific surface area (>900m2 g�1), and large
pore volume, delivering excellent specific capacitance compared to
microporous carbon materials with low specific surface areas
(145e265m2 g�1) in non-aqueous EDLCs. Adjusting the carbon-
ization temperature on CMK-3 and CMK-8 can greatly modify the
textural properties of OMCs, such as the mesoporous surface area
and pore diameter, leading to a different EDLC performance. The
current research provides a platform for developing high-
performance EDLCs utilizing perfectly engineered OMCs.

2. Experiment

2.1. Synthesis of mesoporous silica templates

The mesoporous silica templates (SBA-15 and KIT-6) were syn-
thesized according to the procedures reported elsewhere [29]. To
synthesize the SBA-15 template, 8.0 g of tri-block copolymer P123
(Sigma-Aldrich) was dissolved in the mixed solution of 60 g
distilled water (DW) and 320 g 2MHCl (Daejung Chemical&Metal,
South Korea). After that, 17 g tetraethyl orthosilicate (TEOS, Sigma-
Aldrich) was added. Themixturewas kept at 35 �C for 20 h and then
at 100 �C for 24 h. The white precipitates were collected, washed,
dried at 100 �C, and calcined at 550 �C for 2.5 h.

The KIT-6 template was fabricated by first dissolving 9.6 g P123
into 346.6 g DW and 18.8 g concentrated HCl. Then, 9.6 g butanol
(Sigma-Aldrich) and 24.8 g TEOS were sequentially added into the
above solution. The mixed solution was placed in oven at 35 �C for
24 h and at 100 �C for another 24 h. After filtration and washing, the
white powder was finally calcined at 550 �C for 2.5 h.

2.2. Synthesis of CMK-3 and CMK-8

The OMCs (CMK-3 and CMK-8) were prepared by an incipient
wetness method using mesoporous silica templates (SBA-15 and
KIT-6, respectively), as described in our previous research [26].
Furfuryl alcohol (FA) was used as a carbon source. Typically, 0.8mL
of FA is impregnated into 1.0 g of mesoporous silica templates,
followed by drying at 100 �C for 6 h. The samples were treated at
350 �C for 2 h in a N2 environment with a heating rate of 1.25 �C
min�1. Afterward, the second and third impregnation steps were
performed with 0.5mL and 0.2mL of FA, respectively. After the
impregnation processes, the mixed powders were carbonized at
high temperatures of 600, 750, and 900 �C for 2 h in a N2 envi-
ronment. The carbon-silica samples obtained after carbonization
were treated with 50mL of 2M NaOH solution and distilled water
in order to remove themesoporous silica templates. The pure OMCs
were collected after drying at 100 �C for 12 h. The OMCs synthe-
sized from SBA-15 and KIT-6 are henceforth denoted as CMK-3-x
and CMK-8-x, respectively, where x is the carbonization tempera-
ture (x¼ 600, 750, and 900).

In order to evaluate the effect of mesoporous structures on the
electrochemical performance of OMCs, a series of microporous
carbons were prepared by directly carbonizing FA at 600, 750, and
900 �C in N2 flow without a mesoporous silica template. The ob-
tained carbon samples are denoted as MC-x (MC-600, MC-750, and
MC-900, respectively).

2.3. Material characterization

N2 adsorptionedesorption experiments were conducted
at �196 �C using the TriStar II 3020 system (Micromeritics, USA).
Before measurements, the samples were degassed at 100 �C for
24 h. The specific surface area was calculated by the multipoint
BrunauereEmmetteTeller model (SBET, P/P0¼ 0e0.99). The total
pore volume (Vtot) was determined at P/P0¼ 0.99. The external
surface area (Sext) and the mesoporous surface area (Smeso) were
estimated by t-plot method. Low-angle and high-angle X-ray
diffraction (XRD) patterns were obtained using Rigaku D-MAX 3
equipment with Cu Ka radiation at 40 kV and 40mV. Transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HR-TEM) images were collected on a CM200
(Philip) system. Raman measurements were performed on a Lab-
RamHR800 instrument (Horiba Jobin-Yvon, installed at Korea Basic
Science Institute).

2.4. Preparation of EDLCs and electrochemical measurement

The electrodes for EDLCs were fabricated by accurately weighing
the amounts of active material (72wt%), Ketjen black (14wt%) as
conductive carbon, and Teflonized acetylene black (14wt%) as
binder. The electrode slurry was pressed over a stainless steel mesh
and dried at 160 �C for 4 h in a vacuum oven. The mass loading of
the EDLCs were ~ 5e6mg cm�2. EDLCs were assembled in a stan-
dard CR2032 coin cell with a symmetrical electrode configuration
inside an argon-filled glove box. The electrodes were separated by a
porous polypropylene separator (Celgard 3401) and filled with
NaClO4 in ethylene carbonate:dimethyl carbonate (1:1 vol/vol).
Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) studies were performed with Bio-Logic (SP-150,
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France) electrochemical workstation. Galvanostatic charge/
discharge studies were carried between 0 and 3 V at different cur-
rent densities using a Won-A-Tech WBCS 3000 battery cycler. The
current densities are based on the total mass of both electrodes and
the specific capacitance is calculated as follows: Cs (F g�1)¼ 4(I� t)/
(V�m), where I is the applied current (A), t is the discharge time
(s), V is the operating voltage (V), and m is the total active mass of
the electrode (g).
3. Results & discussion

3.1. Characterization of OMCs

A series of OMCs were fabricated with two kinds of mesoporous
silica templates (SBA-15 and KIT-6) at different carbonization
temperatures (600, 750, and 900 �C). In the low-angle XRD patterns
shown in Fig. 1(a), the CMK-3-x samples exhibit a well-resolved
peak corresponding to (100) diffraction of the 2D hexagonal
space group (p6mm) [30]. On the other hand, the CMK-8-x samples
show a main peak indexed as the (211) diffractions of a cubic Ia3d
structure [31]. These indicate that CMK-3-x and CMK-8-x success-
fully replicated the ordered mesoporous structures of the SBA-15
and KIT-6 templates, respectively. When the carbonization tem-
perature was increased from 600 �C to 900 �C, the intensities of the
main peak in the patterns of CMK-3-x and CMK-8-x increased. This
demonstrates that a higher carbonization temperature can form a
mesoporous structure with a higher order. In addition, a peak at
2q¼ 23� in the high-angle XRD patterns of OMCs (Fig. S1) points
out that the obtained OMCs are amorphous materials.

N2 adsorptionedesorption isotherms were obtained to identify
the pore structures of the OMCs. Fig. 1(b) shows that all OMCs
samples exhibit type-IV isothermswith small H2 hysteresis loops in
the relative pressure range between 0.4 and 0.9, indicating the
existence of well-ordered mesopores in these OMCs [32,33]. The
type-H2 hysteresis loop shows that the mesopores of OMCs are ink-
bottle-like mesopores. The pore-size-distribution curves (Fig. S2) of
the OMCs, determined using the BarretteJoynereHalenda (BJH)
method, show narrow peaks with average pore sizes of 3.0e5.0 nm.
The detailed textural properties of the silica templates and OMCs
Fig. 1. (a) Low-angle XRD patterns of OMCs and (b)
are summarized in Table 1. The investigated OMCs exhibit a high
specific surface area (approximately 900e1000m2 g�1). The t-plots
of CMK-3-x and CMK-8-x (Fig. S3) indicate that the pore structure of
these materials contain only mesopores (nomicropores) [34]. Thus,
the mesoporous surface area can be calculated by subtracting the
external surface areas from the total specific surface area. The
mesoporous surface area and the average pore size of CMK-3-x and
CMK-8-x increase with increasing the carbonization temperature.
Therefore, the carbonization temperature plays an important role
in determining the mesopore behavior of OMCs.

In contrast to the mesoporous materials, the MC-x samples
show type-I N2 adsorptionedesorption isotherms (Fig. S4), indi-
cating only the formation of micropores [33]. MC-x materials pre-
sent a low specific surface area (145e265m2 g�1) and low pore
volume (~0.1 cm3 g�1), which can lead to poor performance in EDLC
tests.

The degree of graphitization of the OMCs was characterized by
Raman spectroscopy. The Raman spectra of the OMCs in Fig. S5
exhibit two distinct peaks at approximately 1340 and 1580 cm�1,
which are attributed to the D band and G band of carbon materials
[35]. The D band is caused by defects and disorders of the six-fold
sp2-hybridized carbon rings, whereas the G band is caused by
bond stretching of sp2 carbon in either rings or chains. The ratio
between the peak intensities of the D and G bands (ID/IG, Table 1) is
commonly used to evaluate the level of graphitization [36,37]. The
ID/IG values were lowest at 0.75 and 0.78 for CMK-3-750 and CMK-
8-750, respectively. This indicates that carbonization at 750 �C can
form carbon materials with the highest-ordered graphitic struc-
ture. Whereas, CMK-3-900 and CMK-8-900 showed highest ID/IG
values (0.97 and 0.96, respectively), indicating the lowest degree of
graphitization.

Fig. 2 displays the TEM images of CMK-3-x and CMK-8-x
carbonized at different temperatures. The HR-TEM images are
displayed in Fig. S6. The CMK-3-x samples exhibit long ordered
parallel channels, which is the typical 2D hexagonal symmetrical
structure (p6mm) of mesoporous SBA-15. In the other hand, the
CMK-8-x samples show the clear Ia3d cubic channels of meso-
porous KIT-6. These behaviors point out the successful replication
of the mesoporous structure of the SBA-15 and KIT-6 templates in
N2 adsorptionedesorption isotherms of OMCs.



Table 1
Textural properties of the mesoporous templates and OMCs.

Samples SBET (m2 g�1) Vtot (cm3 g�1) Average pore size (nm)a t-plot ID/IG

Smeso (m2 g�1) Smicro (m2 g�1) Sext (m2 g�1)

SBA-15 752.3 1.0 5.2 e e e e

CMK-3-600 859.7 0.62 2.9 637.7 0 140 0.82
CMK-3-750 950.6 0.94 4.0 825.2 0 56.3 0.75
CMK-3-900 1064 1.16 4.4 971.8 0 87.7 0.97
KIT-6 743 1.0 5.8 e e e e

CMK-8-600 977.1 0.94 3.9 710.8 0 219 0.88
CMK-8-750 944.2 0.98 4.2 892.0 0 24.9 0.78
CMK-8-900 978.6 1.25 5.1 996.5 0 70.1 0.96
MC-600 264.6 0.14 2.2 e 218.8 45.7 0.71
MC-750 241.8 0.14 2.7 e 182.6 59.2 0.88
MC-900 145.2 0.09 2.7 e 65.9 79.3 0.87

a Average pore size calculated by 4Vtot/SBET.

Fig. 2. TEM images of (a) CMK-3-600, (b) CMK-3-750, (c) CMK-3-900, (d) CMK-8-600, (e) CMK-8-750, and (f) CMK-8-900.
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the investigated carbonmaterials. However, there is a small portion
of disordered carbon in these samples. This may be the reason why
the hysteresis loops changed from the H1 type of mesoporous silica
to the H2 type of OMCs in the N2 adsorptionedesorption isotherms,
as shown in Fig. S7 and Fig. 1(b), respectively. In addition, when the
carbonization temperature increased, the walls of the mesoporous
channels were more ordered and stable. This is in good agreement
with the XRD data of Fig. 1(a) that demonstrates that increasing the
carbonization temperature leads to an increase in the level of order
in the mesoporous structure.

Scheme 1 summarizes the synthesis process of well-ordered
mesoporous carbon materials. In particular, FA first filled the
pores of the mesoporous silica templates. After carbonization at a
high temperature, FA changed to carbon materials inside the
mesopores of silica templates. The void spaces, which were
generated by dissolving the silica templates in NaOH solution,
become the mesopores of the OMCs. Consequently, CMK-3-x and
CMK-8-x present similar pore structures to those of SBA-15 and KIT-
6, respectively. The size of the mesopores (2e50 nm) is much larger
than the size of the electrolyte ions. Therefore, ClO4

� ions can be
adsorbed-desorbed in the easy and fast ways to/from OMCs via the
mesoporous channels, as shown in Scheme 1. The mesopores of
OMCs provide not only fast pathway for ion transport but also the
active sites for ion adsorptionedesorption. A higher specific surface
area leads to faster ion diffusion and a higher pore volume results in
larger numbers of active sites for ion containment. This means that
OMCs with a higher specific surface area and mesopore volume
may present better EDLC performance.
3.2. Electrochemical performance of OMCs

Fig. 3(a) and (b) show the cyclic voltammogram (CV) curves of
CMK-3-x and CMK-8-x synthesized at different carbonization
temperatures. The broad rectangular shape of the CV curves reveals
the double-layer capacitive behavior of the OMCs [38]. The shape
profile of the CV curves and the output current of the CV curves
drastically change with the mesoporous structure and synthesis
temperature of CMK-3-x and CMK-8-x. Increasing the carbonization
temperature of both CMK-3-x and CMK-8-x greatly increases the
output current of the EDLCs, indicating the enhanced
adsorptionedesorption behavior and specific capacitance of OMCs
synthesized at higher carbonization temperatures. Based on the
area retained under the CV curves, the CMK-3-x electrodes exhibit a
larger output-current response than CMK-8-x, demonstrating the
better EDLC performance of CMK-3-x compared to CMK-8-x.

Fig. 3(c) and (d) demonstrate the chargeedischarge curves of
EDLCs in a potential range of 0e3 V at a current density of 0.2 A g�1.
The symmetric triangular chargeedischarge curves reveal the
appearance of a non-faradic and surface adsorption reaction during
the chargeedischarge process. It can be clearly noted that



Scheme 1. Preparation processes of well-ordered mesoporous carbon materials.

Fig. 3. (a) Cyclic voltammetry curves at a scan rate of 10mV s�1 and (b) galvanostatic chargeedischarge curves at 0.2 A g�1 of CMK-3-x samples. (c) Cyclic voltammetry curves at a
scan rate of 10mV s�1 and (d) galvanostatic chargeedischarge curves at 0.2 A g�1 of CMK-8-x samples.
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increasing the carbonization temperature increases the discharge
time of both CMK-3-x and CMK-8-x. CMK-3-x-based cells achieved
a longer discharge time compared to CMK-8-x-based cells. Among
these samples, CMK-3-900 exhibits the longest discharge time,
depicting the largest specific capacitance. The increase in the
capacitance of OMCs with increasing carbonization temperature is
attributed to the increase in the mesoporous surface area of the
OMCs. The increase in the average pore size and mesoporous
surface area of CMK-3-900 and CMK-8-900 can provide a large
number of effective pores for large ions from non-aqueous elec-
trolytes, which is also beneficial for ion diffusion and storage
[16,39]. The higher discharge time of CMK-3-900 than CMK-8-900
originates from the ordered pore channels in CMK-3-900, which
favors rapid ion-transfer kinetics more so than the cubic channels
of CMK-8-900.

Nyquist impedance spectroscopy was utilized to further
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understand the electrochemical properties of the OMCs, and the
results are shown in Fig. 4. The Nyquist plots show a semicircle in
the high-frequency Warburg region and a highly variable messy
line in the low-frequency region, ascribed to charge-transfer re-
actions and transportation of electrolyte ions into the pores of
carbon electrodes, respectively [40,41]. The decreasing semicircle
with increasing carbonization temperature suggests a lower in-
ternal resistance for ion transport. This may come from the larger
pore size of the OMCs carbonized at a higher temperature, which
leads to the rapid diffusion of electrolyte ions. Moreover, the long
straight channels of CMK-3-x provide a short diffusion pathway for
electrolyte ions to arrive rapidly inside the mesopores than CMK-8-
x, thus exhibiting a lower internal resistance.

Fig. 5 shows the cyclic stability of OMCs performed at a current
density of 2.5 A g�1 for 10,000 cycles. All of the OMCs can remain
the specific capacitance even after 10,000 chargeedischarge cycles,
indicating excellent cyclic stability (approximately 90%). CMK-3-x
and CMK-8-x showed higher specific capacitance than MC-x due to
the mesoporous nature of the former. MC-x, which has no meso-
pores, delivers a low capacitance (<20 F g�1), indicating that the
presence of mesopores enhances the specific capacitance of a given
material. The micropores inside the MC-x samples are so small that
the diffusion speed of electrolyte ions (ClO4

�) can be very slow
during the chargeedischarge process. The low surface area and
slow diffusion induced by small pore size of MC-x leads to the low
specific capacitances, especially at a high loading-current density
[42]. In contrast, the mesoporous structures of CMK-3-x and CMK-
8-x provide not only a high specific surface area, increasing the ion
storage, but also the large pores are beneficial for ion-diffusion
pathways [15,43]. J. M. Rojo et al. investigated the influence of
pore size on EDLC performance and revealed that the mesopores
contribute to the specific capacitance much more than micropores
[44]. This is in good agreement with G. Zhang et al. who found that
Fig. 4. Nyquist plots of (a) CMK-3-x sa

Fig. 5. Cyclic stability of different carbon ele
the mesoporous structure is a suitable architecture for use in EDLCs
for high capacitance and long cycle life [45].

In the case of OMCs, the CMK-3-x samples exhibit higher specific
capacitance than CMK-8-x samples, which can be attributed to the
difference in the pore structure between CMK-3-x and CMK-8-x.
The electrolyte ions can easily diffuse into themesopores of CMK-3-
x not only along the straight channels (axial direction) but also from
the other sides into the channels (radial direction), as displayed in
Scheme 1. This forms a larger number of ion-transport pathways
than that of Ia3d cubic CMK-8-xwith closely packed and entangled
channels. As a consequence, CMK-3-x materials exhibit faster ion
transport and better EDLC performance than CMK-8-x samples. It
also indicates that the mesoporous structure plays a crucial role in
the EDLC performance of carbon-based electrodes.

In addition to the influence of the mesoporous structure, the
effect of the specific surface area of carbon materials on EDLC
performance was also studied. Fig. 6(a) displays the relationship
between the BET specific surface area (SBET) and the specific
capacitance of CMK-3-x and CMK-8-x. It can be observed that there
is no clear correction between SBET and the specific capacitance.
When the carbonization temperature increases from 600 to 900 �C,
the specific capacitance of CMK-3-x and CMK-8-x increased from 55
to 78 F g�1 and from 35 to 66 F g�1, respectively, by a factor of
approximately 1.5. However, SBET of CMK-3-x slightly increased
from859.7 (CMK-3-600) to 1064 (CMK-3-900)m2 g�1, whereas SBET
of CMK-8-x samples are similar (~950m2 g�1), as shown in Table 1.
This indicates that the increase in the specific capacitance cannot
be explained by the change in BET specific surface area and that
other variables with physical meaning should be found.

Fig. 6(b) displays the correlation between the mesoporous sur-
face area of a series of carbon samples (CMK-3-x and CMK-8-x) and
the specific capacitance. The mesoporous surface areas were ob-
tained by the t-plot method. CMK-3-x and CMK-8-x materials
mples and (b) CMK-8-x samples.

ctrodes at a current density of 2.5 A g�1.



Fig. 6. Correlation between (a) BET specific surface area, (b) mesopore surface area, and the corresponding specific capacitance.
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exhibit ideal linear relationships between the mesoporous surface
area and the specific capacitancewith high R2 values (0.81 and 0.96,
respectively). This means that the double-layer capacitance of
OMCs employing non-aqueous electrolytes are governed by the
mesoporous surface area of the OMCs because the large electrolyte
ions are easily able to access themesopores and not themicropores.
The MC-x samples with microporous structures have low capaci-
tance, as they did not have effective pores and surface area for
access by electrolyte ions. Micropores are not suitable for the fast
diffusion and immediate storage of electrolyte ions. Thus, the sur-
face area of micropores may not contribute to the increase in spe-
cific capacitance in our experiments. Only mesopores with a larger
size than that of electrolyte ions are accessible for the fast trans-
portation of electrolyte ions in the chargeedischarge process. With
the increasing carbonization temperature from 600 to 900 �C, the
mesoporous surface areas of CMK-3-x and CMK-8-x increase, which
leads to the enhancement of the specific capacitance. It also means
that the surface area of the mesopores in the CMK-3-x and CMK-8-x
samples plays an important role in the EDLC performance.

4. Conclusions

The pores of the well-ordered mesoporous carbon materials
synthesized from mesoporous silica (SBA-15 and KIT-6) templates
are engineered to study the performance of EDLCs employing non-
aqueous electrolytes. The study shows that the carbonization
temperature strongly affects the pore properties of the OMCs,
which in turn greatly influence the adsorption kinetics of OMCs.
The long straight channels of CMK-3-x (prepared using SBA-15)
show superior performance to that of CMK-8-x (prepared using
KIT-6) with cubic channels. In EDLCs, highly porous OMCs with
larger surface areas and larger pore volumes exhibit better per-
formance than OMCs without mesopores. Moreover, the study re-
veals that the specific capacitance of EDLCs depends on the
mesoporous surface area (Smeso) rather than the BET specific sur-
face area (SBET). The mesopores, with pore sizes larger than the
electrolyte ion size, facilitate fast ion transportation and low in-
ternal resistance, leading to a higher specific capacitance. CMK-3
carbonized at 900 �C delivered the highest capacitance and good
stability (~90% retention after 10,000 cycles at 2.5 A g�1), out-
performing the other samples.
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