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/Abstract: In this study, samples of activated mesoporous
carbon are fabricated with pore structures with cylinder and
gyroid nanostructures through the templating effect of am-
phiphilic poly(ethylene oxide-block-caprolactone) (PEO-PCL)
and by using specific resol/PEO-PCL weight ratios (e.g.,
60:40 for cylinders; 55:45 for gyroids). After carbonization
and KOH activation, the activated mesoporous carbons were
tested as electrode materials for electric double-layer capaci-
tor (EDLC) supercapacitors. The electrochemical properties
were examined by using three-electrode (6 M KOH,,, as elec-
trolyte) and CR2032 coin-cell (1 m tetraethylammonium tetra-

fluoroborate (TEABF,)/CN as the electrolyte) systems. The\

gyroid carbon samples provided specific capacitances higher
than those of the cylinder carbon samples in both aqueous
and organic systems: 155 Fg™' compared with 135Fg~' in
6M KOH,,, and 105.6 compared with 96 Fg~" in 1 m TEABF,/
MeCN, after 100 charge/discharge cycles. It is suspected that
the bi-continuous mesochannels of the gyroid-type activat-
ed mesoporous carbons provided a relatively higher effec-
tive adsorption surface area; in other words, the greater sur-
face area for energy storage originated from a moderate
pore size and an interconnected pore structure. D

Introduction

Many studies at present are focused on electrode materials for
energy storage devices, including fuel cells,? solar cells,*™
lead-acid batteries,®” lithium-ion batteries,®'” and supercapa-
citors."""" Supercapacitors, especially those for electrochemi-
cal double-layer capacitors (EDLCs), are receiving much atten-
tion for their high power densities, environmentally friendly
compositions, and high cycle life."*™") The main electrode ma-
terials for EDLC supercapacitors are porous carbons, which pro-
vide large surface areas for the adsorption of cations and
anions. Industrially, the most popular electrode materials are
activated carbons, owing to their low cost and amenability to
mass production; nevertheless, there are limitations when
using the current activated carbons as electrode materials for
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supercapacitors—for example, the high surface area of most
activated carbons is attributed mainly to micropores, which re-
stricts the types of electrolytes that can be applied in superca-
pacitors. The energy density (E) of a supercapacitor can be cal-
culated by using the formula, E=1/2CV? where C is the capac-
itance and V is the working voltage. The energy density will be
restricted if the pore sizes are distributed only in the micropore
zone; accordingly, the regulation of pore sizes, or even pore
structures, remains a challenge."

Several porous carbons with various morphologies or pore
structures have been developed for matching with electrolytes
in supercapacitors, including curled graphenes,® templated
carbons,?? hierarchical porous carbons,?" and others.

Mesoporous carbons templated directly by Pluronic F127
(EO;0sPO5EO,(6), a soft template, have attracted much atten-
tion as electrode materials for supercapacitors because of their
tunable mesoporous structures. These mesoporous carbons
are fabricated through an organic-organic self-assembly strat-
egy with F127 as the structure-directing agent and phenolic
resin (resol or novolac) as the carbon source.’”* Many amphi-
philic block copolymers have been used recently as templates
for the synthesis of mesoporous carbons, including PEO-PS
(poly(ethylene oxide)-block-polystyrene),?” PEO-PMMA (poly-
(methyl methacrylate)),”” and PEO-PCL (poly(ethylene oxide-
block-caprolactone)).?® In previous studies,”>” we employed
the macroinitiator of MPEO and the CL monomer to synthesize
a series of amphiphilic PEO-PCL block copolymers; these lab-
made templates could be tailored with various molecular
weights, thereby leading to various microphase-separated
structures. For this reason, PEO-PCL could be a wonderful can-
didate based on the flexibility of tunable pore size and pore
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structures of mesoporous carbons. Moreover, the carbon
source of phenolic resin could be tuned to a specific volume
fraction when blended with a soft PEO-PCL template, thereby
inducing various mesoporous structures after thermal removal
of the template. This templating method can be a useful ap-
proach for controlling mesopore sizes and mesopore struc-
tures. In this present study, we synthesized PEO-PCL (M,=
15000 g mol™'; EO;,,CL,,) as a soft template and combined it
with resol-type phenolic resin to fabricate mesoporous carbons
with hexagonal or gyroid packing pore structures. The surface
areas of these carbon materials increased after applying a
simple KOH activation method.”® By using this approach, we
fabricated activated mesoporous carbons with large pore sizes
(14-16 nm), specific structures (hexagonal or gyroid), and high
surface areas (1800-2000 m?*g~"), and applied them as elec-
trode materials in EDLC supercapacitors. We examined the
electrochemical properties of these mesoporous carbons with
large mesopores within three-electrode KOH,, and CR2032
coin cell (1M tetraethylammonium tetrafluoroborate (TEABF,)
in MeCN) systems. Interestingly, the organic capacitances of
both types of activated mesoporous carbon electrodes were
slightly lower than their corresponding aqueous capacitances;
normally the organic capacitance for an activated carbon elec-
trode is lower than the aqueous capacitance because the po-
rosity is contributed mainly by micropores. In addition, for
both organic and aqueous capacitances, the capacitances of
the activated mesoporous carbons with the gyroid pore struc-
ture were higher than those of the activated mesoporous car-
bons with cylindrical pore structure, presumably because of
the interconnected mesopores in the gyroid structure. These
findings confirm that the pore structure is also an important
parameter affecting ion transportation and adsorption. After
activation, we obtained mesoporous carbons with two unique
structures (cylinder and gyroid) and surface areas close to
2000 m*g~" (1865 and 1920 m*g~", respectively). Most surpris-
ingly, the structures of the two activated mesoporous carbons
remained intact after fine-tuning the activation conditions.

Experimental Section
PEO-PCL and resol-type phenolic resin

The PEO-PCL amphiphilic block copolymer was synthesized
through ring-opening polymerization with monomethoxy poly-
(ethylene oxide) (PEO;,; molecular weight: 5000; Fluka) as the
macroinitiator, e-caprolactone (e-CL, Acros) as the monomer, and
stannous(ll) octoate [Sn(Oct),, Sigma] as the catalyst. The molecular
weight of PEO-PCL was designed to be approximately
15000 gmol~".BY The resol was prepared through condensation of
phenol, CH,O with NaOH, producing a resol resin with an average
molecular weight (M,) of approximately 500.2%!

Mesoporous carbons and activated mesoporous carbons

Mesoporous carbons were synthesized from resol phenolic resin as
the carbon precursor and PEO-PCL as the template, with a specific
weight ratio of resol to PEO-PCL (60:40 for hexagonal cylinder
structures; 55:45 for gyroid structures). PEL-PCL (1 g) was dissolved
in THF (20 g) and resol (corresponding weight) was dissolved in
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THF (10 g). These two solutions were mixed together, poured into
the Petri dishes and the solvent was evaporated for 8 h. The Petri
dishes were then transferred to an oven for curing (150°C, 24 h).
The mesoporous carbons were obtained after removal of the tem-
plate through calcination for 3 h under a N, atmosphere (at
1°Cmin~" up to 400°C and then at 1.6°Cmin~' up to 700°C). In
the following activation step, the mesoporous carbons with a spe-
cific mesophase (hexagonal cylinder or gyroid) were dispersed in
KOH,,, at 60°C for 3 h, dried at 100°C for 12 h, and then calcinated
at 800°C under N, (5°Cmin~"). The thermally treated samples were
neutralized with 2m HCl,,, washed with de-ionized water, and
dried in an oven at 70°C for 12 h.

Characterization

Small-angle X-ray scattering (SAXS) was performed by using the
SWAXS instrument at the BL17B3 beamline [wavelength (1): 1.24 A]
at the NSRRC, Taiwan. The d-spacings of mesoporous structures
were calculated by using the Bragg diffraction formula. Transmis-
sion electron microscopy (TEM) images were recorded by using a
JEOL 2100 microscope operated at 200 kV; the samples for TEM
analyses were suspended in EtOH and then supported onto the
holey carbon film on the Cu grid. Nitrogen adsorption/desorption
isotherms were recorded at —196 °C, by using an ASAP 2020 ana-
lyzer; the mesoporous materials were degassed under vacuum at
200°C for 6 h prior to measurement. The Brunauer—-Emmett-Teller
(BET) method was used to measure the specific surface areas and
pore volumes; the pore size distributions were derived from the
adsorption branches of the isotherms, based on the Barrett-
Joyner-Halenda (BJH) model. Raman spectra were measured at
room temperature by using a Jobin-Yvon T6400 micro-Raman
system, with the 325-nm line of a He-Cd laser as the excitation
source.

Electrochemical measurements

The electrochemical properties of the activated mesoporous
carbon samples as electrode materials for EDLC supercapacitors
were determined by using a three-electrode system (6m KOH,)
and a two-electrode system (1M TEABF,/MeCN in a coin-cell). To
prepare the working electrode for the three-electrode system,
80 wt% of the active material (porous carbon), 10 wt% acetylene
black, and 10 wt% polytetrafluoroethylene (PTFE) were dispersed
in EtOH, dried in an oven at 80°C, and then pressed onto nickel
foam at a pressure of 50 kgfcm™ for 3 min. The prepared electro-
des were placed in an oven at 100°C until required for electro-
chemical tests. The working electrodes were characterized through
cyclic voltammetry (CV) at a scan rate of 5mVs ' and through
charge/discharge tests at a specific static current density (0.5, 1, 2,
3, or 5 Ag™"); these experiments were performed in a Metrohm Au-
tolab PGSTAT204 system by using Ag/AgCl as the reference elec-
trode and Pt as the counter electrode. The activated mesoporous
carbon samples were also tested as electrode materials for EDLC
supercapacitors in CR2032 coin-type cells. The electrodes were fab-
ricated by mixing 80 wt% of the active material (porous carbon),
10 wt% acetylene black, and 10 wt% PTFE to form a homogene-
ous slurry, which was transferred to Al foil, cut into round shapes,
and used in the assembly of CR2032 EDLC supercapacitors. The
coin-cell supercapacitors were assembled in a glovebox under an
Ar atmosphere, in the order: bottom, electrode, separator (with
electrolyte), electrode, spacer, springs, and cap. The electrochemi-
cal performances of the active materials were tested through gal-
vanostatic charge/discharge measurements at a current density of
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1.0 Ag™" (voltage window: 0-2.5 V) by using an AcuTech BAT-750B
battery tester.

Results and Discussion

To fabricate the mesoporous carbons, we first synthesized an
amphiphilic PEO-PCL block copolymer with specific molecular
weight fractions (EO,,,-CL,,) as the template; in previous stud-
ies, we found that such templates are suitable for the prepara-
tion of ordered mesoporous carbons with hexagonal cylinder
and gyroid structures.”?? The resol-type phenolic resin and
this PEO-PCL template were dissolved in EtOH at a specific
weight ratio; the microphase transferred gradually to an or-
dered structure after evaporation-induced self-assembly and
curing in the oven, with the electrode materials for EDLC su-
percapacitors obtained after carbonization and activation pro-
cesses (Scheme 1). The weight ratios of resol to PEO-PCL could
be regulated during the fabrication of the mesoporous car-
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bons to induce different types of microphase separation,
based on the corresponding volume fractions of the PCL and
resol/PEO domains. Figure 1 presents SAXS patterns and TEM
images of the mesoporous carbons, revealing how the meso-
phase changed with respect to the resol/PEO-PCL ratio. A
gyroid structure was formed when the resol/PEO-PCL weight
ratio was 55:45; the SAXS pattern displays the reflections 6/'2,
222, 382 and 462 and the TEM image features the typical
(111) face of a gyroid structure. The mesophase transferred
from a gyroid to a cylinder structure when the weight fraction
was increased to 60:40 (Figures 1e and d); the SAXS reflection
series of 1, 3" 2, and 7" is typical of a hexagonal cylinder
structure, whereas the TEM image (Figure 1d) presents the top
view of hexagonally packed pores, consistent with the meso-
phase change in the two-phase diagram.®? The mesoporous
resol or carbon was not formed, because of an incomplete
resol domain, when the resol/PEO-PCL weight fraction was less
than 50:50 (Figures 1f-i); in this case, the mesophase trans-

Resol/PEO-PCL

EISA

; 1. Curing
- S 2. Carbonization
- 24 e
1 —

o0

Charge-discharge curve

—

Coin-cell
EDLC

Mesoporous carbons

Scheme 1. Fabrication of mesoporous carbons and their application in supercapacitors.
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Figure 1. (a) SAXS and (b-i) TEM analyses of mesoporous carbons templated at various resol/PEO-PCL weight ratios.

Chem. Eur. J. 2019, 25, 1-9

These are not the final page numbers! 22

www.chemeurj.org

3

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

formed gradually to a disordered spherical pore structure, as
displayed in Figure 1b.

We used N, isotherm sorption experiments to determine the
surface areas, pore sizes, and pore properties of our mesopo-
rous carbons (Figure 2, Table 1). Figure 2a presents the N, ad-
sorption/desorption curves of mesoporous carbons templated
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Figure 2. (a) N, adsorption/desorption isotherms and (b) pore size distribu-
tion curves of mesoporous carbons templated at various resol/PEO-PCL
weight ratios.

by using various resol/PEO-PCL weight ratios; typical hysteresis
loops are evident at all weight fractions. The hysteresis loops
of the 55:45 and 60:40 samples were of H; type (cylindrically
shaped pores), consistent with the mesophases observed in
the TEM images and SAXS patterns for the gyroid and cylinder
structures, respectively. When we increased the resol/PEO-PCL
weight ratio to 65:35, spherical pores were observed, as evi-
dent from the H;-type hysteresis loops in Figure 2b. We calcu-
lated the pore size distributions of the mesoporous carbons
from the adsorption branches of their hysteresis loops, based
on the BJH method (Figure 2b). Interestingly, the mesoporous
character was more apparent when the mesophase tended to
be ordered, such as in the gyroid and hexagonal cylinder struc-
tures. The mesopores of the gyroid and cylinder structures not
only had similar pore shapes but also a similar pore size of
12 nm. Table 1 lists the BET surface areas, micropore surface
areas, pore volumes, and micropore volumes of our mesopo-
rous carbon samples; these data confirmed that the ordered
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structures, including cylinders and gyroids, also exhibited rich
mesopore structures.

To study the suitability of using these mesoporous carbons
as electrode materials for EDLC supercapacitors, we selected
two types of mesoporous carbons, with specific gyroid and cyl-
inder structures, for the following experiments (Figure 3 and
Figure 4). EDLC supercapacitors store their electrical energy
through a static electricity effect; hence, when using mesopo-
rous carbons as electrode materials, the first step is their acti-
vation to provide larger surface areas for the adsorption of the
electrolyte (Figures 3 and 4). Figure 3a displays the SAXS pat-

P15K-3A1

P15K-3CA

(a) Cylinder

1 [——P15K-3A1 (b)
P15K-3CA

d=18.4nm

Intensity (Log scale, a.u.)

Figure 3. (a) SAXS and TEM analyses of mesoporous carbons with cylindrical
structures (b, c) before (P15K-3CA) and (d, e) after (P15K-3A1) activation.

(@) Gyroid P15K-4CA P15K-4A1

. ——P15K-4A1
&  d=17.5nm P15K-4CA
——P15K-4

Inensity (Log scale, a.u.)

Figure 4. (a) SAXS and TEM analyses of mesoporous carbons with gyroid
structures (b, c) before (P15K-4CA) and (d, e) after (P15K-4A1) activation.

Table 1. Textural properties of mesoporous phenolic materials prepared at various resol/PEO-PCL weight ratios.

Sample Resol/PEO-b-PCL Sger [m2g "1 Sy [m2g"1® Viora [cm?*g ] Vy [em?g™ Vieso! Vieotal [%61" Structure?
P15K-1 (70:30) 449 371 0.268 0.184 31.34 sphere
P15K-2 (65:35) 548 405 0.404 0.202 50.00 cylinder
P15K-3 (60:40) 606 416 0.537 0.207 61.45 cylinder
P15K-4 (55:45) 642 415 0.621 0.206 66.82 gyroid
P15K-5 (50:50) 446 398 0.234 0.198 15.38 lamellae
P15K-6 (45:55) 439 396 0.226 0.196 13.27 disorder

[a] Sger is the total BET surface area and Sy, is the micropore surface area calculated from the t-plots. [b] V..., was estimated from the difference between
the total pore volume and the micropore volume. [c] The pore structure was determined from SAXS and TEM characterization.
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terns of the cylinder-type mesoporous carbon before (P15K-3)
and after (P15K-3CA) calcination (or carbonization); the SAXS
reflection signals, which suggest hexagonal packing, became
stronger and clearer after removal of the template (PEO-PCL).
The mesophase of the P15K-3A1 activated mesoporous car-
bons was also monitored through SAXS analysis (Figure 3a),
with a typical hexagonally packed structure, which was re-
vealed as 1:3"%:7"2, confirming that the pore structure re-
mained after KOH activation at 800°C. Figure 3b and c pres-
ents TEM images of the mesoporous carbons before activation;
the top- and side-view images are consistent with a hexagonal
cylinder structure. TEM images of the P15K-3A1 activated mes-
oporous carbon are presented in Figure 3d and e, again re-
vealing a hexagonal cylinder structure in the top (001) and
side views, respectively, and were consistent with the results of
the SAXS analysis. We observed similar phenomena for the
gyroid-type mesoporous carbons. In the SAXS patterns (Fig-
ure 4a), the gyroid characteristics were clearer after calcination
(P15K-4 and P15K-4CA), and the mesophase was retained per-
fectly after activation with KOH (P15K-4A1). The classic hexago-
nally packed face (111) of the gyroid structure was present
both before (Figure 4b) and after (Figure 4d) activation. An-
other typical face of the gyroid structure (311) is evident in
Figure 4c (before activation, P15K-4CA) and e (after activation,
P15K-4A1), implying that the structure remained ordered even
after KOH activation. Table 2 presents the textural properties of
the mesoporous carbon samples (cylinder P15K-3CA and
gyroid P15K-4CA) and activated mesoporous carbon samples
(cylinder P15K-3A1 and gyroid P15K-4A1). The pore sizes of the
mesoporous carbons increased after activation for both the
cylinder (from 12.3 to 15.6 nm, Figure 5b) and gyroid (from
12.2 to 14.1 nm, Figure 5d) structures.

On the other hand, the BET surface areas of the mesoporous
carbons were enhanced dramatically after KOH activation, sug-
gesting that the KOH activation process not only created new
micropores but also increased the sizes of the larger meso-
pores. These surface areas and pore sizes were higher than
those reported from other previous studies of mesoporous car-
bons.**=7 The hysteresis loops of the mesoporous carbon sam-
ples and the activated mesoporous carbon samples had similar
shapes (Figures 5a and c), implying that the pore structures
were retained after activation with KOH. The hysteresis loops
of those carbon materials were consistent with typical meso-
porous materials and H;-like cylindrical pores. To further inves-
tigate the mesoporous carbon structures after KOH activation,
we recorded Raman spectra to explore the intrinsic properties
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Figure 5. (a, c) N, adsorption/desorption isotherms and (b, d) pore size distri-
bution curves of the cylinder-like mesoporous carbon P15K-3 and gyroid-like
mesoporous carbon P15K-4 before (P15K-3CA and P15K-4CA) and after
(P15K-3A1 and P15K-4A1) activation.

of the carbon materials during the process of KOH activation.
We determined the degree of graphitization roughly from the
Io/l¢ ratio, where the G band represents the vibrations of sp?
hybridized orbitals of carbon-carbon bonds. Figure 6a and b
presents the Raman spectra of the cylinder- and gyroid-like
mesoporous carbons P15K-3CA and P15K-4 CA, respectively;
the value of I/l; increased from 1.10 to 1.13 for the cylinder-
type mesoporous carbon and from 1.07 to 1.10 for the meso-
porous carbon with the gyroid pore structure, implying that
the planar structures of the carbon materials were slightly de-
stroyed during the process of KOH activation (red curves pro-
vide the Raman spectra of the activated mesoporous carbons).
In other words, we expected the activated mesoporous car-
bons to retain a certain degree of conductivity suitable for use
as electrode materials.

Table 2. Textural properties of the mesoporous carbon samples P15K-3CA, P15K-3A1, P15K-4CA, and P15K-4A1.

Sample Pore size [nm]* Sger [m?g~"1@ Sy [m?g~"1® Vit [cm?g 7] Vy [em®g™ Vieso/ Veotal [%61" Ip/Id? Structure
P15K-3CA 12.3 642 415 0.62 0.21 67 1.1 cylinder
P15K-3A1 15.6 1865 390 1.37 0.21 85 13 cylinder
P15K-4CA 12.2 606 416 0.54 0.21 61 1.07 gyroid
P15K-4A1 14.1 1920 534 1.50 0.28 81 1.1 gyroid

intensities of the D- and G-bands, respectively, in the Raman spectra.

[a] The pore size was calculated by using the BJH method, from the adsorption branch; Sg is the total BET surface area and Sy is the micropore surface
area calculated from the t-plots. [b] V.., was estimated from the difference between the total pore volume and the micropore volume. [c] I, and /; are the
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Figure 6. Raman spectra of mesoporous carbons and activated mesoporous
carbons with (a) cylinder (P15K-3CA and P15K-3A1) and (b) gyroid (P15K-4CA
and P15K-4A1) structures.

The activated mesoporous carbons (gyroid and cylinder
structures) featured BET surface areas of approximately
2000 m*g~", but did not undergo structural collapse, after acti-
vation, implying that they would be suitable candidates for
use as electrode materials for EDLC supercapacitors. We tested
the electrochemical properties of the activated mesoporous
carbons P15K-3A1 and P15K-4A1 within both three-electrode
cell and CR2032 coin-cell systems. Figure 7a presents the CV
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scan curves recorded at a scan rate of 5mVs™". The CV curves
of the gyroid- and cylinder-type activated mesoporous carbons
were of rectangular shape, indicating the typical electrical
double-layer behavior of EDLC supercapacitors. Furthermore,
the larger loop for the gyroid structure implies that the activat-
ed mesoporous carbon with the gyroid-type pore structure
also had a specific capacitance greater than that of the cylin-
der-like counterpart in the KOH, electrolyte system, possibly
because of the bi- continuous mesochannels in the gyroid
structure. Figure 7c and d displays the galvanostatic charge/
discharge curves of P15K-3A1 and P15K-4A1 at specific current
densities. The symmetric charge/discharge curves indicate that
the energy storage process did not involve a chemical reac-
tion, but rather only electrostatic adsorption. Figure 7b com-
pares the specific capacitances of the gyroid and cylinder elec-
trode materials measured at various current densities (0.5, 1, 2,
3, and 5 Ag™"). The specific capacitance of the activated meso-
porous carbon P15K-3A1 at 0.5 Ag™' was 155 Fg™', significant-
ly larger than the value of 135 Fg™' for the cylinder-type acti-
vated mesoporous carbon P15K-4A1. The specific capacitances
decreased slightly upon increasing the current density for both
electrode materials from 0.5 to 5 Ag™' (Figure 7 b): it decreased
from 155Fg™' to approximately 145 Fg™' for P15K-3A1 and
from 135 Fg~' to approximately 125 Fg™' for P15K-4A1, sug-
gesting that these supercapacitors were rather stable, with
nearly no decay occurring at a faster charging rate.
gyroid
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135 Fig
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Figure 7. Electrochemical performance of the activated mesoporous carbon samples P15K-3A1 (cylinder) and P15K-4A1 (gyroid) in a three-electrode cell:
(a) CV curves (scan rate: 5 mVs™'); (b) galvanostatic discharge capacitances measured at current densities of 0.5, 1, 2, 3, and 5 Ag™'; and (c, d) galvanostatic
charge/discharge curves of P15K-3A1 (cylinder) and P15K-4A1 (gyroid) recorded at various current densities.
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To further examine the electrochemical properties of the ac-
tivated mesoporous carbons as potential electrode materials
for EDLC supercapacitors, we mixed the porous carbons with
conductive additives and a binder into homogeneous slurries
and then fabricated the electrodes assembled with bottoms,
separators, spacers, springs, and tops to form CR2032 coin-cell
EDLC supercapacitors. The electrolyte used here was TEABF, in
MeCN, a common and commercialized electrolyte for commer-
cial supercapacitors, to allow comparisons with market devices.
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Figure 8. Cycle performance of activated mesoporous carbon samples in a
two-electrode CR2032 coin-cell system in 1m TEABF, at a current density of
1.0 Ag: (a, ¢) galvanostatic charge/discharge curves of (a) the cylinder-type
mesoporous carbon sample P15K-3A1 and (c) the gyroid-type sample P15K-
4A1; (b, d) coulombic efficiency and retention curves of (b) P15-3A1 and

(d) and P15K-4A1.

Figure 8 presents the electrochemical performance of P15K-
3A1 (cylinder) and P15K-4A1 (gyroid) as electrode materials;
Figure 8a and c displays the charge/discharge performances
(100 cycles) of the cylinder and gyroid electrode materials. The
stable capacitance of the cylinder-type electrode material was
approximately 96 Fg™', and its charge/discharge curve was
rather smooth. Although the specific capacitance of the
gyroid-type porous carbon material (ca. 105.6 Fg™') was signifi-
cantly higher, its charge/discharge behavior was not stable
after 100 cycles; the charge and discharge capacitances both
kept rising, possibly because the electrolyte did not reach
stable diffusion conditions or because the actual specific ca-
pacitance of the gyroid-like carbon material was probably
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higher after equilibration. Similar phenomena were evident in
the retention and coulombic efficiency curves (Figure 8b and
d). The retention of the cylinder-like carbon increased slightly
to 105%, and its coulombic efficiency was approximately 93 %.
For the gyroid carbon sample, the capacitance was enhanced
(retention: ca. 112%) and the coulombic efficiency was rela-
tively low (ca. 84%), possibly because of the conditions of the
coin-cell. Table 3 summarizes the electrochemical performances
of the cylinder-like carbon P15K-3A1 and the gyroid-like
carbon P15K-4A1. The specific capacitance of the gyroid
carbon sample (P15K-4A1) was higher in both KOH,, and
TEABF,/MeCN systems, presumably a benefit of its bi-continu-
ous pore structure, implying that this kind of carbon structure
might be more suitable as a candidate electrode material for
EDLC supercapacitors. In addition, the cycling stability per-
formance of gyroid and cylinder carbon was also tested at
10.0 Ag~" within a very wide potential range (—1.0 up to 1.0V)
in 6.0M KOH (Figure S1 in the Supporting Information). The cy-
cling capability showed an extraordinary stable performance
with an average columbic efficiency of 99% for gyroid carbon
and 98% for cylinder carbon. This performance is considered
an extremely stable presentation of capacitance retention for
both materials. It is interesting to compare the difference be-
tween the ionic liquid’s stability with the aqueous medium,
which provided an easy diffusion and further excellent stability
with columbic efficiencies.

To study the diffusion, the electrochemical impedance spec-
tra were also studied. The charge transfer rates were tested
through electrochemical impedance spectroscopy (EIS). The EIS
curves (Figure S2 in the Supporting Information) of the gyroid
and cylinder materials on indium tin oxide (ITO) glass were in-
vestigated within the frequency range 100 mHz to 100 kHz at
the open circuit potential and 5 mV as an amplitude. The im-
pedance plot showed a well-designed Warburg diffusion com-
bined with solution and charge transfer resistance. Therefore,
the simulated equivalent circuit matches with the Randles cell,
which is composed of four elements; the solution resistance
(R,), the charge-transfer resistance (R.), the electrical double-
layer capacitance (Cy), and Warburg diffusion impedance (W,),
as displayed in the inset of Figure S2 and Table S1 (in the Sup-
porting Information). Both materials matched with the Randles
circuit analysis models with more favorable diffusion for gyroid
carbon compared with the cylinder carbon. It is possible that
the pores in gyroid carbon was better matched with the aque-
ous electrolyte than the pores in the cylinder. All of the per-

Table 3. Textural properties and electrochemical capacitances of P15K-3A1 (cylindrical structure) and P15K-4A1 (gyroid structure).

Sample  Sger Pore size Veotal Vinicro Structure Capacitance® (6 m KOH) Capacitance' (1 m TEABF,) after 100 cycles
m2g~"1  [nm]® [em*g] [em*g™] [Fg™ [Fg™"

P15K- 1865 14.1 1.367 0.205 cylinder 135 96

3A1

P15K- 1920 15.6 1.500 0.278 gyroid 155 105.6

4A1

TEABF,/MeCN.

[a] The pore size was calculated by using the BJH method, from the adsorption branch. [b] The aqueous capacitances were calculated in a three-electrode
cell under 6 m KOH,, at a current density of 0.5 Ag~". [c] The organic capacitances were calculated in a two-electrode CR2032 coin-cell system under 1m
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formance data are good when compared with those from
other previous studies of EDLC supercapacitors incorporating
mesoporous carbon®™*? and nonporous carbons (Table 52 and
References S1-512 in the Supporting Information).

Conclusion

We have prepared a series of mesoporous carbons by using
PEO-PCL as the template to give cylinder and gyroid pore
structures. The surface areas of these mesoporous carbons
were further increased to approximately 2000 m?g~" without
collapse of the pore structures. The resulting activated meso-
porous carbon samples (cylinders and gyroids) were applied as
electrode materials for EDLC supercapacitors. The electrochem-
ical properties of the activated mesoporous carbons were
tested by using a three-electrode system (KOH,,) and a
CR2032 coin-cell system (commercialized electrolyte, TEABF,/
MeCN). The cylinder-type carbon sample provided specific ca-
pacitances of 135Fg™" in 6mM KOH,, and 96Fg™' in 1m
TEABF,/MeCN; for the gyroid carbon sample, these values
were 155 and 1056 Fg™, respectively. The interconnected
mesopores of the gyroid-type porous carbon sample were re-
sponsible for the superior capacities during charge/discharge
experiments, presumably because of its more efficient trans-
port channels and greater effective surface area for ion adsorp-
tion. The larger and interconnected mesopores of the elec-
trode materials would presumably make them suitable elec-
trode materials for ionic liquid electrolyte systems, potentially
providing EDLC supercapacitors with even higher energy den-
sities. The porous carbons could provide higher surface area
for the storage of ions (higher capacity and energy), in addi-
tion, the mesoporous structure is expected to be helpful for
electrolyte transportation.
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