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Abstract Porous electrode materials with large surface area
and suitable pore size, as well as short diffusion distance of
electrolyte ions in pore channels are desiderated for
supercapacitor applications. Herein, we reported the synthesis
of mesoporous activated carbon spheres (MACSs) that were
obtained by the activation of resorcinol-formaldehyde (RF)
resin using ZnCl, as the activating agent. The spherical mor-
phology of MACSs was characterized by scanning electron
microscopy and transmission electron microscopy observa-
tions, and the well-developed mesoporous network
(~2.73 nm), high BET specific surface area (up to
2437.1 m* g1, and total pore volume (1.37 cm® g™') were
obtained by a nitrogen sorption technique. Electrochemical
measurements showed the excellent capacitive performance
of MACSs and small internal resistance. It presented maxi-
mum specific capacitance value of 204 F g~ for MACS-8 in
2 M KOH aqueous solution at a current density of 0.5 A g
and still remained 126 F g~' at large current density as
20 A g ', which well met the practical requirements of
supercapacitors. Besides, the electrode material also demon-
strated prominent long-cycling stability without any capacity
loss after 5000 cycles.
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Introduction

As high-rate energy storage and delivery devices, electro-
chemical supercapacitors have various potential applications
in commercial fields such as consumer electronics, energy
efficient industrial equipments, memory back-up systems
and hybrid electric vehicles [1-3]. They are supposed to be
promising alternatives of conventional batteries/capacitors for
their outstanding advantages including high energy density
and power density, fast charging-discharging rate, long cycle
life, and low maintenance [4—7]. According to the energy-
storage mechanism, supercapacitors can be classified into
electrical double-layer capacitors (EDLCs) and
pseudocapacitors. Taking advantage of their superior electron-
ic conductivity and the absence of faradic reaction, EDLCs
exhibit higher energy efficiency and longer recycle life in
comparison with pseudocapacitors [8]. Up to date, EDLCs
are dominant in commercial supercapacitors. The storage of
electric energy in EDLCs is realized by the formation of elec-
trical double layer at the interface between electrode materials
and electrolyte [9]. Consequently, the surface properties of
electrode materials including surface area and surface chem-
istry dramatically determine their energy-storing ability.
Porous carbons, such as activated carbons, regular
microporous/ultramicroporous carbons, ordered mesoporous
carbons, carbon nanotubes (CNTs), and graphene-based ma-
terials, are the most widely used electrode materials for
EDLCs [10-17]. The capacitive performance of porous car-
bon materials strongly depends on their surface area and pore
structure. Large surface area provides abundant regions for ion
accumulation, thus enhances the electrochemical properties
[18, 19]. Regardless of their large surface area, numerous ir-
regular and island micropores in commercial activated carbon
may limit the diffusion of electrolyte ions onto inner pore wall,
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and large amounts of surface areas of micropores cannot par-
ticipate in the charge-storage process of EDLCs, resulting in
an unsatisfied capacitive performance of electrode materials
[20]. Besides, macroporous structure facilitates the rapid
transport of electrolyte ions in electrodes, whereas the surface
area of electrode is severely limited in macroporous carbons.
It has been demonstrated that mesoporous channels with pore
size of 2-8 nm are not only favorable for accelerating the
kinetic process of electrolyte ion diffusion in the electrodes,
but also provide a quantity of inner surface area for storing
charges, and subsequently improve the electrochemical per-
formance [8, 21, 22]. Therefore, a variety of strategies, includ-
ing template methods and chemical activation routes, have
been developed for fabrication of carbonaceous materials with
mesoporous structure [8, 16, 23, 24]. For example, Yuan et al.
reported the highly ordered mesoporous carbon synthesized
via hard template (silica) method with a specific capacitance
of 161 F g ! at the sweep rate of 5 mV s ' [25]. Liang et al.
reported the preparation of ordered mesoporous carbon by a
soft template (triblock copolymer F127) method with a spe-
cific capacitance of 143 F g ' at the scan rate of 10 mV s~
[26]. Unfortunately, the high cost of templates, no matter
mesoporous silica or copolymers, and the multistep process
for synthesis of ordered mesoporous carbons limit their prac-
tical applications.

The mechanism of ion transport within porous channel
system of electrode materials extremely relies on the pore
structure including tortuosity, connectivity, size distribution,
shape of the pores, as well as the nature of electrolyte ions and
material interface [27-30]. Typically, small pore diameter re-
stricts ion penetration within the pore channels, and the diffu-
sion resistance increases dramatically with the decrease of
pore size. The high ion transport resistance in inner pore
may result in a serious internal resistance (IR) drop.
Although mesopore size is well suited for the transport of
electrolyte ions, the diffusion resistance of ions cannot be
ignored especially charging at high charge-discharge rates. It
has reported that long electrolyte diffusion distance always
leads to a low ion-accessible surface area (S,ccess) at high cur-
rent values, which has a bad effect on electrochemical prop-
erties [31]. Therefore, shortening ion diffusion distance in
mesoporous channels is vital to improve capacitance perfor-
mance of electrode materials, particularly when the current
density is high. Obviously, mesoporous carbons with hierar-
chical structure such as macroporous/mesoporous structure
and mesoporous carbons with nanoscale morphology (such
as mesoporous fibrous materials, mesoporous carbon films)
that effectively shorten the ion diffusion distance and acceler-
ate the charge-discharge rates of EDLCs [32-34].

Mesoporous carbon nanospheres with regular geometry
have been fabricated through different synthetic strategies
using various precursors, such as resorcinol-formaldehyde
resin [35, 36]. Herein, we addressed the design and
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preparation of mesoporous activated carbon spheres with su-
perior porosity by a facile ZnCl, chemical activation method
using RF resin with a nanospherical morphology as carbon
source. The obtained MACS materials possess large surface
area (2437.1 m” g”') and suitable pore size (~2.73 nm). And,
the nanosized porous spherical structure can greatly shorten
ion diffusion distance from bulk solution to active sites. When
used as electrode materials for supercapacitors in 2 M KOH
aqueous electrolyte, it exhibits more excellent capacitive prop-
erties than the comparative materials synthesized without
ZIlClz.

Experimental

All the chemical reagents in this work were of analytical grade
purity and used without further purification.

Synthesis of RF resin nanospheres

Monodisperse RF resin spheres were synthesized by using
resorcinol and formaldehyde solution, as previously reported
[37]. Generally, 2.5-mL ammonia aqueous solution (NH,OH,
25 wt%) was mixed with a solution containing 200 mL abso-
lute ethanol and 500 mL deionized water (H,O) and stirred for
more than 1 h to form an aqueous ammonia-ethanol-water
solvent. Five grams resorcinol was added to the mixed solu-
tion and stirred for 0.5 h. Then, 7-mL formaldehyde solution
was added drop by drop and stirred for 24 h at 30 °C, and
subsequently heated for 24 h at 100 °C under a static condition
in an autoclave. The reddish-brown precipitate was collected
by suction filtration and air-dried at 100 °C for 48 h.

Synthesis of MACSs by one-step ZnCl, activation of RF resin
nanospheres

Typically, 40-mL ZnCl, aqueous solution was prepared, and
1-g RF resin was added into it. After stirring for 12 h under
magnetic stirring apparatus, the mixture was air-dried at
110 °C overnight. The solid was ground into powder in the
mortar and heated in a tube furnace under a nitrogen flow at
800 °C for 2 h with a heating rate of 2.5 °C/min. When cooling
to room temperature, the as-prepared products were thorough-
ly washed with 1 M HCI and deionized water for several times
then dried at 100 °C in oven. The resultant MACSs were
denoted as MACS-x (x=4, 6, and 8, referring to the mass ratio
of ZnCl,/RF resin of 4:1, 6:1, and 8:1, respectively). For com-
parison, two control experiments were designed. The first
comparative material was prepared by calcining RF resin at
800 °C without ZnCl,, and the product was named as carbon
sphere (CS). Second, RF resin was mixed with KOH at a
KOH/RF resin mass ratio of 4:1 then treated under the same
conditions. The obtained product was named as CS-KOH.
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Characterization

Nitrogen adsorption-desorption isotherm measurements were
carried out at —196 °C using a micromeritics ASAP 2020
surface area analyzer. Before adsorption, the samples were
out-gassed at 150 °C for 6 h. The specific surface area
(Sger) was evaluated using the Brunauer-Emmett-Teller
(BET) method, and the total pore volume was calculated ac-
cording to single point method at relative pressure (P/Pg)=
0.975. The pore size distributions were estimated according
to the density functional theory (DFT) method. Fourier trans-
form infrared spectroscopy (FTIR) spectra of a sample in KBr
pellet were recorded on a Nicolet Avatar 370 spectrometer.
The morphology of the samples was observed by scanning
electron microscope (SEM, Hitachi S-4800) and JEOL JEM-
2100 transmission electron microscope (TEM) with an accel-
erating voltage of 200 KV.

Electrode preparation and electrochemical measurements

The electrochemical properties of MACSs and CS were eval-
uated at room temperature using an electrochemical worksta-
tion, CHI660B (Chenhua, Shanghai, China), with a three elec-
trode system in a 2 M KOH aqueous solution. MACS served
as the working electrode. Platinum was used as the counter
electrode and Ag/AgCl as the reference electrode. The work-
ing electrode was fabricated as follows: 70 wt% active mate-
rials, 10 wt% acetylene black, and 20 wt% polyvinylidene
fluoride (PVDF) were mixed together, and a small amount
of absolute ethanol was added to promote homogeneity.
Then, the slurry-like mixture was coated onto Ni foam
(1 cmx1 cm) repeatedly and dried at 100 °C for 12 h before
pressed under 20 MPa. The mass of active materials contained
in each working electrode was about 5 mg. Cyclic voltamm-
etry (CV) was performed under the voltage window from —1
to 0 V. The galvanostatic charge/discharge tests were carried
out at current densities that ranged from 0.5 to 20 A g .
Electrochemical impedance spectroscopy (EIS) was measured
at open circuit potential over a frequency range from 10 mHz
to 100 kHz with an AC amplitude of 5 mV.

Results and discussion
Structure characteristics of MACSs

ZnCl, is often used to chemically activate carbonaceous
materials to develop porous carbon with high surface area.
ZnCl, acts as a dehydrating agent that stoichiometrically
extracts those oxygen atoms and hydrogen atoms in or-
ganic groups by 1:2 as water molecules [38]. It promotes
the decomposition of carbonaceous precursors during the
high-temperature pyrolysis process, and products with

higher carbon content were finally obtained. Meanwhile,
vacant interstices in the carbon matrix are formed upon
extensive postpyrolysis washing of the pores [39]. To
study the reaction mechanism and the nanostructure of
products, FTIR spectroscopy and nitrogen adsorption/
desorption measurements are carried out.

FTIR spectroscopy (Fig. 1) is used to analyze the surface
chemistry features of MACS, CS, and RF resin. Comparing
with these curves of MACS and RF resin, it could be observed
that large number of organic groups disappeared and nearly
pure carbon was finally obtained by ZnCl, activation treat-
ment. In the sample of RF resin, the absorption bands at
3430, 1630, and 1380-1480 cm ' correspond to the stretching
vibration of —OH from the surface of C—-OH or water mole-
cules, the skeleton vibration of aromatic C=C, and the C—H
scissoring vibration, respectively [8]. The bands at 2850—
2930 cm ! are ascribed to the C—H symmetric stretching vi-
bration and asymmetric stretching vibration [38]. Other bands
at 1100-1250 cm ™' should be assigned to the C—O stretching
vibration. For MACS, the bands of -OH and C=C are weak-
ened significantly compared with RF resin which suggests the
decrease of organic components in precursors. For compari-
son, it can be seen that there is still lots of C—H groups left in
CS materials treated without ZnCl,. A slightly red shift of the
C=C absorption peak after calcination should be attributed to
the reduction of —CH,— groups between aromatic rings that
enhances the conjugative effect. Consequently, the absorption
peaks of C—H and C-O disappeared during the high-
temperature activation process, demonstrating that ZnCl, ac-
tivation had a profound effect on the surface properties of
MACS.

The amount of ZnCl, used for chemical activation controls
the characteristics of porous carbons including surface area,
microporosity and mesoporosity, and pore size distribution. In
general, the chemical activation process of ZnCl, is divided
into two steps that are described as the generation of micro-
porous structure and the widening of pore size by the recom-
bination of micropores. Generally speaking, the formation of
micropores is predominant when the ZnCl,/RF resin mass

Transmittance (%)

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Fig. 1 FTIR spectra of MACS, CS, and resorcinol-formaldehyde resin
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ratio is less than one, and the pore widening becomes domi-
nant and mesopores are formed as the impregnation ratio is
greater than 2 [39]. In consideration of the electrochemical
application, an investigation with large mass ratios of ZnCl,/
RF resin was performed in this work for the purpose of pre-
paring porous carbon materials with excellent mesoporous
structure.

Nitrogen adsorption/desorption isotherms of MACSs and
corresponding pore size distribution curves are shown in
Fig. 2. MACS samples exhibit similar isotherms, and the
adsorbed N, amount is rapidly enhanced from MACS-4 to
MACS-6 and then slowly increases from MACS-6 to
MACS-8. This result demonstrates that these MACS samples
have similar porous structure and different surface areas and
pore volumes. The isotherms of MACS samples display a
rapid increment of N, adsorption from low pressure to medi-
um pressure region, which can be attributed to a combined
curve of type I and IV isotherms that indicates a transmitted
porous structure from microporous to mesoporous. With a
distinct contrast, the sample of CS without ZnCl, activation
possesses a typical type I isotherm that is depicted in the inset
of Fig. 2a and its sharp increase of adsorbed N, volume mere-
ly presents in the low pressure region, which is related to its
microporous structure. The calculated pore size distribution
(Fig. 2b) illustrates that MACSs possess similar pore structure
with a distribution centered at ~2.73 nm and the pore size of
CS is mainly distributed in micropore region.

The detail pore parameters including specific surface area,
total pore volume (Vio1), and pore diameter (Dp,) are listed in
Table 1. It can be observed that the pyrolysis of RF resin
would produce certain porosity that results in BET surface
area of 509.1 m* g and pore volume of 0.26 m> g in CS
sample, which is mainly from its microporous structure. With
addition of ZnCl, in the thermal treatment of RF resin, a sig-
nificant enhancement of surface area and pore volume is
achieved for MACSs, where the mesoporosity is dominant
and total surface area and pore volume are from mesopores
that proves the evolution of porous structure from micropo-
rous to mesoporous with the ZnCl, chemical activation. The
increased trend of specific surface area and pore volume is in
accordance with the adsorbed N, volume in Fig. 2a, and the

Fig. 2 a Nitrogen adsorption/

Table1 Textural parameters of carbon materials derived from RF resin

Sample N B ETa Smicroporeb SmesoporeC Vtotald Dpc
g @'g) @m'g) (m'gh (m)

MACS-4  1924.1 - 1976.5 1.11 2.73

MACS-6  2399.1 - 2498.0 1.35 2.73

MACS-8  2437.1 - 2615.0 1.37 2.73

CS 509.1 421.9 87.2 0.26 1.48/2.73

2 Specific surface area estimated using BET method
®Micropore surface area calculated using the V- plot method
€ Mesopore surface area calculated using the 7-¢ plot method
9 Total pore volume using single point method at P/Py=0.975
¢Pore size calculated using DFT method

MACS-8 sample has a highest BET surface area of
2437.1 m* g ' and a largest pore volume of 1.37 cm® g ',
which are higher than many other carbon-based materials (it
can be seen in Table S1).

SEM and TEM measurements are taken to observe the
nanostructure and morphology of the as-prepared electrode
materials. From Fig. 3a, a monodisperse spherical shape with
a diameter about 800 nm is found in RF resin. And, Fig. 3b
shows a SEM image of MACS-8 with an average diameter of
~700 nm, which is smaller than that of RF resin due to the
structure shrinkage in the thermal treatment. However,
MACS-8 keeps an integrated spherical morphology with good
dispersibility in solid phase. It reveals that the activation pro-
cess by ZnCl, did not destroy the spherical morphology seri-
ously. From the TEM images, there exist some flaws on the
rough surface of mesoporous carbon that was partially etched
due to ZnCl,-activated behavior, which is responsible for the
generation of mesopores. And, it can be found that the size of
MACS-8 meets well with that in SEM and large amounts of
nanopores on the sphere can be observed clearly. The activa-
tion process with dosage of ZnCl, can be studied from the
TEM images of MACS-4, MACS-6, and MACS-8 (it can be
seen in Fig. S1). This nanospherical morphology with well-
developed porosity can reduce ion transport resistance and
minimize ion diffusion distance to the interior surfaces of
mesopores which enhances charge storage ability. The strong

o

desorption isotherms of MACSs 900
(inset is the isotherm of CS); b the
pore size distribution curves of
MACSs (inset is the pore size

distribution curve of CS)

800
7004
600
500
400+

3004

4 —*—MACS-4
+—MACS-6
—4—MACS-8

N w
h

Pore volume (cm’g™)

Quantity adsorbed (cm®g")

@ Springer

200

00 02 04 06
Relative pressure (

08 10
PP)

00

02 04 06 08

Relative pressure (P/P)

10

Pore diameter (nm)



J Solid State Electrochem (2015) 19:1783-1791

1787

Fig. 3 SEM images of RF resin
(a) and MACS-8 (b); TEM
images of MACS-8 (¢, d)

carbon framework makes it stable during fast charge-
discharge process as well as long-time cycling.

Electrochemical performance of MACSs

Figure 4 compares the electrochemical performance of CS and
MACSs prepared with various mass ratios of ZnCl,/RF resin.
As shown in Fig. 4a, CV curves of MACSs show similar
rectangular shape but different areas that are proportional to
the specific capacitance. The specific capacitance from CV
curves at various scan rates were calculated by the following
equation [40]:

C= fIdV/va (1)

where / (A) is the response current density, V' (V) is the po-
tential, v (mV s ') is the potential scan rate, and m (g) is the
mass of electroactive material in the electrode. In comparison
to the small rectangle of CS curve where the specific capaci-
tance is calculated as 21.4 F g~ ', MACSs display relative large
areas enclosed by their CV curves that increase with the

Q

Fig. 4 Comparison of

enhancement of mass ratios of ZnCl,/RF resin, and their cor-
responding specific capacitances are 124.6, 150.7, and
165.1 F g ' with a scan rate of 50 mV s™' for MACS-4,
MACS-6, and MACS-8, respectively. Figure 4b shows the
galvanostatic charge/discharge curves of these electrode ma-
terials at a constant current of 1 A g '. The galvanostatic
discharge time of MACS-8 electrode is significantly longer
than that of the control samples at the same current density,
reflecting the higher specific capacitance, which is consistent
with the CV results. The specific capacitances of MACSs
based on galvanostatic charge/discharge curves were calculat-
ed according to the following formula [40]:

C = IAt/mAV (2)

where 7 (A) is the discharging current, Az (s) is the discharging
time, m (g) is the mass of electrode material, AV (V) is the
discharging potential range, and C (F g ) is the specific ca-
pacitance of the electrode. The specific capacitances are cal-
culated from the discharge curves with values of 196.2, 182.2,
and 157.4 F ¢ " at a constant current of 1 A g~' for MACS-8,
MACS-6, and MACS-4, respectively. It is clear that MACS-8

b

electrochemical properties 104
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of 50 mV s™'; b galvanostatic
charge/discharge curves at the
current density of 1 A g’
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presents the best capacitance performance among these mate-
rials. CS activated without ZnCl, shows a short discharging
time, and the capacitance decreases sharply to 16.9 F g ',
which is much lower than MACSs. This should be ascribed
to its large amount of microporous textures and low specific
area. Meanwhile, as is typically observed for EDLCs, the ini-
tial portion of discharge curves exhibit a slight IR drop due to
the internal resistance and the rest are almost linear. As an
outstanding activating agent, KOH has been widely used to
prepare porous carbon electrode materials. Figure S2 shows
that CS-KOH possess superior capacity performance with
specific capacitance of 171.6 F g”' at 50 mV s ' and
198.1 F g 'at 1 A g”' which is comparable with our sample.
But, the low yield and other limits of KOH-activated method
cannot be ignored. In our work, the yield of CS-KOH (~16 %)
is much lower than MACS-8 (~53 %) due to different activa-
tion mechanisms. High yield is of great important to practical
application, and ZnCl,-activation method is able to meet this
demand very well.

Electrochemical behaviors of the optimal sample of
MACS-8 were further investigated, including CV curves
with various scan rates, galvanostatic charge/discharge
against current densities, long-cycle stability, and electro-
chemical impedance spectroscopy. Figure 5a shows typical
CV curves with a nearly rectangular shape with no obvi-
ous redox peaks that suggests the characteristics of EDLCs
and the stability of electrodes in alkaline electrolyte solu-
tion. As the scan rate increases, the symmetrical rectangu-
lar shape becomes distorted due to the IR increase of elec-
trode and electrolyte [4]. It is well known that the specific
capacitance of activated carbon materials is 10—

[

15 uF cm 2 [41]; thus, MACS-8 (Sppr=2437.1 m* g ")
should possess a theoretical capacitance value of 244—
366 F g '. The calculated specific capacitance from CV
is 210 F g ' at the scan rate of 2 mV s ', suggesting the
excellent capacity performance (about 57.4-86.1 % of the-
oretical value). Galvanostatic charge/discharge measure-
ments at current densities ranging from 0.5 to 20 A g
were performed, and the results are shown in Fig. 5b. It
exhibits highly symmetric charging/discharging curves
with isosceles triangular shapes, indicating an almost ideal
EDLC behavior and reversibility of the capacitance. The
calculated specific capacitance value of MACS-8 reaches
204 F g ' at current density of 0.5 A g ' that is much
higher than those of other porous carbon materials synthe-
sized by different methods (Table S1). This excellent ca-
pacitive behavior should be attributed to the superior
mesoporosity and high surface area, as well as the
nanospherical morphology. A small voltage drop observed
at the initiation of the discharge is 0.024 V (for the current
density of 1 A g™"), suggesting that these materials possess
an excellent rate performance [11]. The relationship be-
tween specific capacitance and current densities is shown
in Fig. 5c, which shows that the specific capacitance value
progressively decreases as the current density increases
because of the limitation of ion diffusion in pore channels.
Nonetheless, a good retention of specific capacitance as
high as 126 F g ' is achieved at current density up to
20 A g'. This suggests that MACS-8 sample possesses
an excellent charging-discharging ability under both small
and large current densities that well meets the high-power
operation demand for EDLCs.

T

Fig. 5 Electrochemical
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Electrochemical impedance spectroscopy (EIS) is a
powerful technique to investigate the electrochemical be-
haviors of the electrode materials. A small semicircle in
high-frequency region is related to the interfacial charge-
transfer process, and the diameter of semicircle corre-
sponds to the charge-transfer resistance (R.). The 45°
segment in the Nyquist plot in high-frequency region rep-
resents a Warburg impedance (/) that describes the dif-
fusion resistance of ions in electrolyte to porous structure.
The steep line with high slope in low-frequency region
indicates the nearly ideal capacitive behavior, which is
related to electrolyte diffusion and migration within the
porous electrode networks [8]. Besides, the intercept of
the EIS curve at Z' axis corresponds to the solution resis-
tance (R;) and it mainly depends on the resistance of the
electrolyte, the intrinsic resistance of active materials, and
the contact resistance between active materials and nickel
foam current collector. The inset of Fig. 5d shows the
equivalent circuit which is consisted of Ry, R, a
double-layer capacitance Cy; and the Warburg impedance
W. The R and R values calculated from impedance data
are 0.23 2 and 1.1 €Q, respectively, referring low charge-
transfer and internal resistance of the MACS-8 electrode.
The low resistance of as-prepared materials may result
from high crystalline degree that greatly enhances the
good conductivity of MACS-8 electrodes. The specific
capacitance from impedance spectroscopy can be calculat-
ed using the following formula [42]:

=—-1/2nfZ" (3)

where C is the capacitance (frequency dependent), f is the
frequency, and Z" is the imaginary part of the impedance.
The specific capacitance value for MACS-8 electrode is
169 F g ' at 0.01 Hz, which is in conformity with that mea-
sured by cyclic voltammetric and galvanostatic charge-
discharge methods.

Another crucial demand for supercapacitor application is
the long-cycling stability. It was measured by means of galva-
nostatic charge-discharge cycling techniques at the current

density of 5 A g~' in 2 M KOH solution. As can be seen from
Fig. 6a, the electrochemical capacitance of MACS-8 electrode
has a high retention of 100 % after 5000 constant current
cycles, meaning the good charge/discharge stability as elec-
trode materials of EDLCs. It should be assigned to the stable
microstructure despite of ion transport and charge transfer.
The capacitance fluctuation at first 1000 cycles may arise from
contact effect between electrode materials and electrolyte.
Moreover, the specific capacitance increases during 1000—
2000 cycles, and it may be ascribed to faster diffusing rate
of electrolyte ions to the surface of MACS-8 caused by the
long-term penetration of electrolyte. The inset shows the first
10 cycles obtained from the long cycling tests. Figure 6b
shows the charge-discharge curves of the first and the 5000y,
cycle. It can be seen that the charge-discharge curves retained
the similar triangular shape with almost same discharge time.
This is in accordance with the result of Fig. 6a. However, the
IR drop increases from 0.084 to 0.11 V, suggesting a small
increase of internal resistance for MACS-8 electrode after
5000 cycles.

Conclusion

In this study, an easy procedure was proposed for synthesis of
mesoporous activated carbon spheres derived from RF resin
by high-temperature activation with ZnCl,. The chemical ac-
tivation method dramatically enhances the surface area and
the generation of mesopores. The prepared materials show
extremely large surface area, large pore volume, and outstand-
ing mesoporous structure. Benefiting from the various advan-
tages, MACSs exhibit excellent electrochemical performances
for EDLCs such as high specific capacitance and low internal
resistance. They also present excellent electrochemical behav-
ior at high charge-discharge current. The long-term cycling
stability is also superior for our electrodes, and there is almost
no capacity loss after 5000 charge-discharge cycles. This easy
and low-cost method supplies an alternative route to synthe-
size electrode materials for electrochemical energy storage
devices.
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