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Three-dimensional, hierarchically ordered, porous carbon
(HOPC) with designed porous textures, serving as an ion-buf-
fering reservoir, an ion-transport channel, and a charge-storage
material, is expected to be advanced an energy material for
high-rate supercapacitors. Herein, HOPC without/with partially
graphitic nanostructures have been directly synthesized by
means of a simple one-pot synthesis procedure. The designed
porous textures of the 3D HOPC materials are composed of
highly ordered, fcc macroporous (300 nm), interconnected
porous structures, including macroporous windows (170 nm),
hexagonally ordered mesopores (5.0 nm), and useful micro-

Introduction

Supercapacitors with power densities exceeding 1 kWkg™' and
long cyclic lives have recently attracted considerable attention
because of the vast potential in portable electronics, hybrid
electric vehicles, and large industrial equipment."™® Despite
this high power density, current supercapacitors have lower
energy densities than batteries. The performance can be sub-
stantially improved with the aim of increasing the energy den-
sity and improving capacitance retention at a high discharge
rate, while retaining the high power density and long cycling
life. The fabrication of amenable materials to define the rela-
tionship between performance and the specific porous struc-
ture of electrode materials is valuable.

To meet these requirements of electrode materials with high
charge storage capacitance, better electrolyte accessibility, ex-
cellent electrical conductivity, and effective ion-transport path-
ways are needed. Among these parameters, accessible surface
area, porous structure, and electrical conductivity appear to be
the most important factors.>>”" Carbons such as activated
carbon, ordered mesoporous carbon (OMC), hierarchically
porous carbon, carbide-derived carbon, graphene, carbon
nanotubes (CNTs), and carbon nanofibers are the most promis-
ing candidates and have previously been utilized for electro-
chemical energy storage because of their unique physicochem-
ical properties.”'® Activated carbons are typical electrode
materials with high surface areas and high microporosities for
supercapacitors.”* %' However, their storage performance de-
teriorates dramatically at high discharge rates due to low con-
ductivity (8.5x107° Scm™"), high ion-transport resistance, and
poor electrolyte accessibility within their tortuous microporous
channels.”®2" OMC with extremely high surface area, controlla-

ChemSusChem 0000, 00, 1-10

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

pores (1.2 nm). 3D HOPC-g-1000 (g =graphitic, 1000 = pyrolysis
temperature of 1000 °C) with partially graphitic nanostructures
has a low specific surface area (296 m?g~') and a low gravimet-
ric specific capacitance (73.4Fg~' at 3mVs™"), but improved
electrical conductivity, better rate performance, higher electro-
lyte accessibility (24.8 uFcm ™2 at 3 mVs™'), faster frequency re-
sponse (=1Hz), and excellent cycling performance (>
5400 cycles). The specific capacitance per surface area is higher
than that of conventional porous carbons, carbon nanotubes,
and modified graphene (10-19 pFcm™?).

ble pore size (3-7 nm), and interconnected channel structure
exhibits a much lower ion-transport resistance.”>?*! However,
the specific porous textures of OMC cannot improve on the
high rate (<2 s) performance of supercapacitors. It is notewor-
thy that 3D, aperiodic, hierarchically porous graphitic carbon
has been developed for high-rate supercapacitors.®’ Recently,
3D hierarchically porous carbons, which have hollow macropo-
rous cores surrounded by three different thicknesses of meso-
porous shells, were developed for a systematic investigation of
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capacitance and ion transport.”® However, these hierarchically
porous structures are not ordered and lack macroporous win-
dows to interconnect macropores. The fabrication of graphitic
carbons with hierarchically porous structures is of interest for
use as electrode materials.®?*? With the aid of suitable tem-
plates, hierarchically porous carbon materials with designed
porosity were achievable.® 722242932 The fabrication of 3D, hi-
erarchically ordered, porous carbons with partially graphitic
nanostructures (HOPC-g) usually involves two steps: formation
of a highly ordered opal structure followed by infiltration of
carbon precursors into the voids in the opal structure to solidi-
fy the porous structure. To generate graphitic carbon, catalytic
pyrolysis of carbon precursors in the presence of transition
metals is one commonly used method.?*3334

Herein, the dual-templated synthesis and electrochemical
performance of 3D HOPCs without/with partially graphitic
nanostructures were fabricated for electrochemical capacitive
energy storage. Polystyrene (PS) latex spheres (512 nm) and tri-
block copolymer F127 (EO,;,cPO;EO,o) were employed as
macro- and mesoporous templates, while phenol-formalde-
hyde (PF) resins and Ni species were added as the carbon
source and graphitization catalyst, respectively.”® The designed
porous structure of 3D HOPC-g materials with well-crystallized
graphitic carbons were composed of highly ordered fcc macro-
pores (300 nm); interconnected porous structures, including
macroporous windows (170 nm); hexagonally ordered meso-
pores in the frameworks; and useful micropores. The macro-
pores, interconnected porous structures, and meso- (5.0 nm)/
micropores (1.2 nm) were used as ion-buffering reservoirs, ion-
transport channels, and as charge-storage materials, respec-
tively. The 3D HOPCs without/with graphitic nanostructures
have significant effects on the kinetics of electrical double-
layer formation due to the enhanced permeation of electro-
lytes through the porous structures, the transport of both ions
and electrons, and better electrolyte accessibility. It is a useful
platform to clarify transport limitation and the roles of ordered
pores and graphitic nanostructures in sustainable catalysis, cat-
alyst supports, and energy storage.

Results and Discussion
Synthesis and characterization of 3D HOPC materials

PS latex spheres, serving as template for macropores in the
synthesis of 3D HOPC materials, have a uniform particle size of
(512+5) nm (Figure S1 in the Supporting Information). After
removal of F127 and PS templates by heat treatment at 800
and 1000°C, respectively, 3D HOPC materials with well-inter-
connected macroporous structures were formed (Scheme 1).
Detailed synthetic strategies are described in our previous
study.?? The method developed herein has several unique fea-
tures compared with reported synthesis strategies:?73%3
1) the direct synthesis of 3D HOPC circumvents the pre-prepa-
ration of 3D crystal arrays and the use of silica and hazardous
hydrofluoric acid, making the current method more environ-
mentally benign; 2) the size of the macropores and the sym-
metries of the mesostructures can be easily tuned by simply
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Scheme 1. lllustration of the synthetic routes to 3D hierarchically ordered
porous carbon through one-pot and evaporation-induced self-assembly.

meso/micropore macropore

changing the size of PS spheres and ratio of PF resins and
F127; and 3) the graphitic structures in the materials can be
obtained at a low pyrolysis temperature of 1000°C, which is
much lower than the high graphitization temperature of
2000°C.

The obtained 3D HOPC materials were denoted HOPC-800
and HOPC-g-1000, in which g represents graphitic nanostruc-
ture, and 800 and 1000 refer to the pyrolysis temperatures.
The macropore size and macroporous window size of HOPC-g-
1000 are about 300 and 170 nm, respectively (Figure 1a). The
interior structure of HOPC-g-1000 was analyzed by performing
TEM (Figure 1b-d and Figure S2 in the Supporting Informa-
tion). Regularly patterned, well-interconnected macroporous
structures and 2D, hexagonally ordered mesostructures in the
carbon framework are clearly observed. The cylindrical meso-
pore channels are oriented along with the curvature of macro-
pore wall surface (Figure 1c).

Figure 1. a) SEM and b-d) TEM images of HOPC-g-1000. c) An enlargement
of the image shown in part b).
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The small-angle XRD pattern of HOPC-g-1000 confirms the
generation of ordered mesostructures in the framework. The
XRD pattern of HOPC-g-1000 shows a major and small diffrac-
tion peak at 20=0.93° (Figure S3 in the Supporting Informa-
tion), which can be assigned as the (10) reflection of 2D hexag-
onal mesostructures.®” The cell parameter (a,), calculated from
the (10) scattering peak by using the formula a,=2d,,/+/3, is
11 nm. The small diffraction peak resulted from the small
domain of ordered structures and channel distortions observed
in the TEM image (Figure 1b and c); this observation is consis-
tent with previous results.?>3'32

Wide-angle XRD patterns of HOPC-800 and HOPC-g-1000 are
shown in Figure 2. The three resolved diffraction peaks (26) at
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Figure 2. Wide-angle XRD patterns of HOPC-800 and HOPC-g-1000.

44.4, 51.8, and 76.3°, assigned as the (111), (200), and (220) re-
flections of fcc metallic Ni (JCPDS 04-0850), respectively, are
observed for HOPC-800. The wide-angle XRD pattern of HOPC-
g-1000 clearly shows characteristics of amorphous carbon,
graphite, and metallic Ni. The diffraction peaks at 26=26.0
and 26.5°, which can be assigned as the (002) reflection of
graphite, correspond to a turbostratic structure (T-rich) and
graphitic carbon (G-rich), respectively. T-rich carbon is an inter-
mediate between ideal graphite and amorphous carbon.*%"
The interplanar distance of dy, and the mean stacking thick-
ness of graphite domains for G-rich carbon are 0.336 and
about 20 nm, respectively. In addition, the graphitization
degree parameter (g) is employed to quantify the degree of
similarity between the carbon material and a perfect single
crystal of graphite. The g value of G-rich carbon, estimated
from the equation g=(0.344—d,,)/0.0086, is 0.93 and indicates
the formation of a well-developed graphitic structure at
1000 °C under an H,/N, atmosphere in the presence of Ni.*”!
The dark metallic Ni nanoparticles are embedded in the
carbon framework, and a turbostratic thin layer of graphitic
carbon on the surface of metallic Ni is discernible (Figure 1d
and Figure S2 in the Supporting Information), confirming the
catalytic graphitization process. The formation of graphitic
structures around the surface of metallic Ni occurs through the
dissolution of amorphous carbon into the Ni particles, followed
by surface diffusion of carbon atoms, and finally assembly into
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Figure 3. High-resolution TEM image of HOPC-g-1000.

graphitic carbon, which is similar to graphitic CNT growth on
metal particles.?*3*% As shown in the high-resolution TEM
image of HOPC-g-1000 (Figure 3), the total width of these
graphitic carbons is about 12 nm, and the distance between
graphite layers is 0.340 nm, which is in good agreement with
the XRD pattern results. There are short domains of parallel,
single-layer graphene sheets in the carbon framework. These
results clearly indicate that HOPC-g-1000 material contains
amorphous and graphitic carbon in the framework.
Complementary electronic information is provided by
carbon K-edge X-ray absorption near-edge spectroscopy
(XANES) for graphite, HOPC-800, and HOPC-g-1000 (Figure 4).
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Figure 4. Carbon K-edge X-ray absorption near-edge spectra of graphite,
HOPC-800, and HOPC-g-1000.

Similar to graphite, the XANES spectrum of HOPC-g-1000
shows a sharp 1s—m* peak at 285.2 eV and the typical line
shape of the 1s—o* edge at around 291.4 eV, which corre-
sponds to fingerprints of sp*hybridized carbon atoms.'®*"
Interestingly, the line shape of the 1s—o* edge is replaced by
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a smooth edge in the spectrum of HOPC-800, which is consis-
tent with a disordered sp? matrix and amorphous phase. In ad-
dition, the features in the 287-290 eV region can be assigned
to (=0 n*, C—0 o*, or C—H o* transitions; these are related to
oxygenated surface functionalities, oxygen contaminated by
atmospheric exposure, or the presence of hydrogen after in-
complete pyrolysis of the hydrocarbon precursors.!'®4=
Energy-dispersive X-ray spectroscopy (EDS) analysis shows that
HOPC-g-1000 contained up to 1.3wt% oxygen. Clearly, a
shoulder at 284.3 eV, derived from the 1s—m* pre-edge region
can be observed and ascribed to distorted sp* bonds (;t'*).""
The distorted sp* bonds (;t'*) diminish when the temperature
increases to 1000 °C; however, the shoulder in the spectrum of
HOPC-g-1000 remains, highlighting the survival of the residual
disordered phase. Here, the appearance of these peaks in
HOPC-g-1000 is consistent with amorphous and graphitic
carbon observed in the XRD pattern and TEM image. It can be
concluded that the microstructures of HOPC-800 are amor-
phous matrices, in which prevalent sp>hybridized carbon
atoms tend to be reorganized into well-ordered graphitic
structures around the surface of metallic Ni when the tempera-
ture increases to 1000 °C during catalytic graphitization.

To understand the thermal properties and graphitic carbon
content in 3D HOPC materials, thermogravimetric analysis
(TGA) and simultaneous differential thermal analysis (SDTA)
were employed to determine the change in weight loss and
heat flow in air (Figure 5). Both HOPC-800 and HOPC-g-1000

100 e,
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Figure 5. TGA (filled symbols) and SDTA (empty symbols) curves of HOPC-
800 (m) and HOPC-g-1000 () recorded in air.

are stable until 500 °C. Almost complete weight loss (84.4 %) of
HOPC-800 is observed at 740 °C. HOPC-g-1000 is more thermal-
ly resistant, and a weight loss of 64 wt% appears at 740°C,
which is mainly contributed to amorphous carbon. Further
weight loss of 21 wt% occurs in the temperature range of
740-900°C, presumably attributed to oxidation of graphitic
carbon. Finally, a residual 15 wt% is left at 1200°C, which is
mainly in the form of NiO (corresponding to 11.8 wt% of met-
allic Ni). The SDTA curve of HOPC-g-1000 shows two peaks cen-
tered at 710 and 830°C (Figure 5), indicating the coexistence
of amorphous and graphitic carbons, which is in good agree-
ment with XRD and TEM characterizations.

The N, adsorption-desorption isotherms and pore size distri-
butions (PSDs; Figure 6) of 3D HOPC materials with 2D hexag-
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Figure 6. a) N, adsorption-desorption isotherms and b) PSDs of HOPC-800
(o) and HOPC-g-1000 ().

onally ordered mesostructures show typical type IV curves with
a clear H2-type hysteresis loop in the relative pressure (P/P,)
range of 0.4-0.7, showing a narrow distribution of the meso-
porous characteristics. In addition, further N, uptake is ob-
served at a relatively high pressure of P/P,=0.9-1.0, which can
be attributed to the presence of macropores. The specific sur-
face areas of HOPC-800 and HOPC-g-1000 are 528 and
296 m?*g~, respectively. Using the nonlocal density functional
theory (NLDFT) method confirms that the specific surface areas
of the HOPC-800 and HOPC-g-1000 are 555 and 313 m*g~, re-
spectively. The decrease in surface area is mainly attributed to
destruction of porosity and the formation of nonporous graph-
itic carbon around the surface of metallic Ni nanoparticles
during the high-temperature graphitization process. In addi-
tion, changes in micropore surface areas (from 268 to
61 m?g™"), total pore volumes (from 0.47 to 0.37 cm?*g™"), and
micropore volumes (from 0.12 to 0.03 cm’®g™") of HOPC-800
and HOPC-g-1000 also confirm the destruction of porosity
(Table 1). The formation of nonporous graphitic domains

Table 1. The pore texture properties of HOPC-800 and HOPC-g-1000
materials.”!

Sample Seer Spi [M?g7'] v, Vi [em*g™"]
m*g™] ([%]) [em*g™  ([%)

HOPC-800 528 268 (51)* 047 0.12 (26)®

HOPC-g-1000 296 61 (21)" 037 0.03 (8)®

[a] Sger=total specific surface areas, S,,=microporous surface area, V,=
total pore volume, V., =micropore volume. [b] Percentages of micropo-
rous specific surface areas and microporous volume in the surface area

and pore volume, respectively.
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around the surface of metallic Ni occurs through the dissolu-
tion of amorphous carbon into metallic Ni nanoparticles, fol-
lowed by the surface diffusion of carbon atoms, and finally as-
sembly into graphitic carbon.”>*-% |t is reasonable to see why
the pores are partially collapsed: catalytic graphitization with
Ni nanoparticles as catalysts results in an even higher electrical
conductivity, but causes the collapse of the pores.

To accurately describe the PSD for a material with micro-
and mesopores, NLDFT and Monte-Carlo methods are utilized.
HOPC-800 and HOPC-g-1000 exhibit apparent bimodal pat-
terns with micropore sizes of 1.2 nm and mesopore sizes of
about 5.0 nm. The peak intensities and mesopore sizes de-
crease after the graphitization process at 1000 °C, suggesting
the collapse of porous structures and shrinkage of the meso-
pores. The PSD between 1.2 and 5.0 nm can be divided into
two minor regions: 1.7-2.7 and 3.0-4.0 nm. In addition, the
percentages of micro- (<2 nm), meso- (2-50 nm), and macro-
porous (>50 nm) surface areas (volumes) in HOPC-g-1000, de-
duced from Barrett-Joyner-Halenda (BJH) cumulative adsorp-
tion surface area and pore volume curves shown in Figure S4
in the Supporting Information, are 20 (6), 63 (63), and 31%
(26 %), respectively. The synthesized 3D HOPC materials exhibit
superior hierarchical porosities, including 3D, well-intercon-
nected, ordered, macroporous frameworks with 2D hexagonal-
ly ordered mesostructures with uniform meso- and micropores.
These superior hierarchical porosities can provide fast electro-
lyte diffusion pathways, low ion-transport resistance, good
electrolyte accessibility, and high-rate capacitance perfor-
mance, resulting in strengthening of charge accommodation
in micropores.

Electrochemical properties

Cyclic voltammetry (CV) was performed to evaluate the capaci-
tance performance of 3D HOPC materials in a three-electrode
cell by varying the scanning rates between 3 and 500 mVs™'
with a potential window of 1.0 V. As shown in Figure 7, the CV
curves present typical capacitive behavior, as evidenced by
their nearly rectangular voltammograms, indicating good
charge propagation and facile ion transport within the electro-
des. When the scan rate reaches 100 mVs™', the shape of the
CV curves retains a rectangular shape and does not change
dramatically. A totally distorted rectangular shape of the CV
curve is observed when the scan rate increases to 500 mVs™".
The hierarchically ordered porous structures have significantly
lower resistance to ion transport during high-rate charge and
discharge processes. The small reduction-oxidation peaks visi-
ble in the cyclic voltammograms at 0 and 1.0 V [vs. a reversible
hydrogen electrode (RHE)] at the slowest scan rate are be-
lieved to originate from oxygen-containing functional groups
remaining in the HOPC electrodes. Such peaks completely dis-
appear at a scan rate of 50 mVs™', suggesting relatively slow
rate pseudocapacitance or electrochemical redox reactions."*
The gravimetric specific capacitances are normalized to the
specific Brunauer-Emmett-Teller (BET) surface area to elucidate
the accessibilities of carbon surface to electrolyte. Figure 7c
summarizes the changes in specific capacitances of HOPC elec-
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Figure 7. The CV curves of a) HOPC-800 and b) HOPC-g-1000 electrodes at
various scan rates ranging from 3 to 500 mVs~' (— 3, — 10, — 50,
—— 100, —— 200, —— 300, 400, and —— 500 mVs™"). c) The specific
capacitance of HOPC electrodes (m HOPC-800; % HOPC-g-1000) as a func-
tion of scan rate.

trodes deduced from CV measurements recorded at various
scan rates. The specific capacitance of HOPC-800 decreases
from 212 puFcm™ (111.9Fg™") at 3mVs' to 123 uFcm™
(64.9 Fg™") at 200 mVs™', which corresponds to a capacitance
retention of 58%. By comparison, the specific capacitance of
HOPC-g-1000 decreases from 248 uFcm™? (734Fg™") at
3mVs™' to 16.0 yFcm™ (47.1 Fg™") at 200 mVs™', and the ca-
pacitance retention is 65%. Such decreases in specific capaci-
tances are common for porous carbons and are likely to origi-
nate from insufficient time available for ion transport and ad-
sorption inside the smallest pores (such as micropores and
small mesopores).

It is noteworthy that the estimated capacitance per surface
area for HOPC-800 and HOPC-g-1000 can be up to 21.1 and
24.8 uFcm ™2 at 3 mVs™', respectively, which is close to an aver-
age value of 25 uFcm™ and higher than that of conventional
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porous carbons (10-12 pF cm™?), graphitic porous carbons (12-
13 uFem™), hierarchically porous carbons (7-15 uFecm™3),
carbon nanofiber (CNF)@CNT composites (14 yFcm™?), and
modified graphene (19 uFcm™) in aqueous electrolytes at low
scan rates.l"82024%:%1 When scan rates increase, the specific ca-
pacitances of HOPC-800 and HOPC-g-1000 decrease from 12.3
and 160 uFcm™2 at 200mVs™' to 8.0 and 104 uFcm™ at
500 mVs~', respectively. The results indicate that the capaci-
tance retention (58 %) of HOPC-800 is lower than that (65 %) of
HOPC-g-1000 as the scan rate increases from 3 to 200 mVs ™.
However, as it increases from 200 to 500 mVs™', the capaci-
tance retentions of HOPC-800 and HOPC-g-1000 are similar.
According to a previous report,” the results show that the
contribution from micropores (<2 nm, C,) to the observed
capacitance in aqueous electrolytes (1.0m H,SO,) is lower than
that of other larger pores (>2 nm, C,,) at high current densi-
ties. In addition, C,, does not show a pronounced change with
increasing current density, but C,., shows a gradual decrease
with increasing current density. It can be concluded that
HOPC-g-1000 materials have better electrolyte accessibility,
which is attributed to less microporosity, higher conductivity,
and 3D hierarchically ordered porous structures, and these ma-
terials are more suitable for high-rate operations. However, the
volumetric capacitance was too small for industrial applications
because of the large proportion of pores, especially macro-
pores.

To further quantitatively evaluate the rate performances and
accurately determine the specific capacitances of 3D HOPC
electrodes, galvanostatic (constant current) charge-discharge
cycles were measured from 1 to 10 Ag™". The specific capaci-
tances are calculated from the discharge curves of the galva-
nostatic profiles (Figure 8a and b). All charge-discharge curves
of the HOPC electrodes at various current densities are linear
and symmetrical, indicating that the electrodes possess excel-
lent charge-discharge reversibility. HOPC-800 exhibits a specif-
ic capacitance of 20.7 uFcm™ (1094Fg™") at 1Ag™' and
16.8 uFcm ™2 (88.8 Fg™") at 10 Ag™" (retention of 81%), whereas
HOPC-g-1000 exhibits specific capacitances of 22.5 uFcm ™2
(66.7Fg™") and 183 pyFcm™ (542 Fg™") at 1 and 10Ag™’, re-
spectively, with a capacitance retention of 81%, displaying su-
perior ion-transport properties and excellent performance of
3D HOPC electrodes (Figure 8c).

Facilitated ion-transport kinetics within hierarchically ordered
porous structures was further studied by performing electro-
chemical impedance spectroscopy (EIS). Nyquist plots of the
HOPC electrodes (Figure 9a) show a semicircle in the high-fre-
quency region followed by a sloping straight line. The semicir-
cle in the high-frequency region represents an electrochemis-
try-controlled process, whereas the straight line in the low-fre-
quency region is the electrolyte diffusion-controlled reaction.
The intercept at the real impedance (Z) axis in the high-fre-
quency region is related to internal resistance (R,), which in-
cludes the resistance of the bulk electrolyte, the intrinsic resist-
ance of HOPC materials, and contact resistance at the interface
of HOPC materials/Ni foam current collector. The R, values of
HOPC-800 and HOPC-g-1000 are 0.22 (8.8) and 0.10 Q
(5.9 kHz), respectively; this demonstrates that the resistance of
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Figure 8. The galvanostatic charge-discharge curves of a) HOPC-800 and

b) HOPC-g-1000 electrodes at various current densities ranging from 1 to
10Ag™' (—1,—2,——5,—— 10 Ag™"). ) The specific capacitance of
HOPC electrodes as a function of current density (m HOPC-800; * HOPC-g-
1000).

bulk electrolyte transport between the reference and working
electrodes is very low. The diameter of the semicircle on the Z'
axis usually indicates the charge-transfer resistance (R) at the
interface between the electrode and electrolyte and is related
to the porous structure and conductivity of the electrode ma-
terials. The R, values of HOPC-800 and HOPC-g-1000 are 0.45
and 0.36 Q and are much lower than that (2.5 Q) of carbon
materials with hierarchical architectures and wormhole-like
mesostructures.” At low-frequency ranges (less than 1 Hz),
the inclined lines for HOPC materials are closer to the theoreti-
cal vertical line and show characteristic features of pure capaci-
tive behavior, indicating better pore accessibility for the elec-
trolyte in the HOPC materials.*¥ According to the above EIS re-
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Figure 9. a) Nyquist plots and b) the specific capacitance-frequency depend-
ence of HOPC-800 (m) and HOPC-g-1000 (%) electrodes.

sults, HOPC materials with 3D, hierarchically ordered, porous
structures, especially HOPC-g-1000, have improved electri-
cal conductivity, which can promote the electron and ion
transport.

The frequency response of capacitance (Figure 9b) of HOPC
electrodes reveals the significant influence of the hierarchically
porous structures on the rate of ion transport. Clearly, the ca-
pacitance decreases gradually with increasing frequency, which
indicates the limitation of ion transport at high frequencies.
This is a common feature for porous carbon electrodes. The ca-
pacitance of the HOPC-g-1000 electrode nearly approaches sat-
uration below 0.1 Hz, which implies that ion adsorption can
reach equilibrium within 10 s, which is similar or slightly faster
than that in commercial devices (generally in the range of 10-
100 s). Comparing the frequencies at which the capacitance is
50% of its maximum value (f,;), we clearly see that the HOPC
electrodes exhibit the fastest frequency response with fy;
~ 1 Hz, corresponding to the characteristic relaxation time con-
stant of 1s. The operating frequency of HOPC electrodes
(1 Hz) is similar to or higher than that of microporous carbons
(0.03-0.1 Hz), ordered mesoporous carbons, and hierarchically
porous carbons. 748

To understand the electrochemical cycling stability of HOPC
electrodes, the cycling stabilities were evaluated in 6 M KOH at
a scan rate of 200 mVs™', as shown in Figure 10. The specific
capacitances of HOPC-800 and HOPC-g-1000 do not fade over
thousands of consecutive cycles; this clearly indicates excellent
electrochemical stability and potential applications of the
HOPC materials in energy-storage devices.
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Conclusions

We successfully demonstrated the synthesis of 3D, hierarchical-
ly ordered, porous carbons without/with partially graphitic
nanostructures by a simple one-pot dual-templating reaction
with evaporation-induced self-assembly for applications in
electrochemical supercapacitors. The synthesized 3D HOPC-g-
1000 materials have good graphitization domains and superior
hierarchical porosities, including 3D, interconnected, ordered
fcc macropores (300 nm) and macroporous windows (170 nm);
hexagonally ordered mesopores (5.0 nm); and useful micro-
pores (1.2 nm). HOPC-g-1000, with partially graphitic nano-
structures, leads to a low specific surface area (296 m?g~") and
a low gravimetric specific capacitance (73.4 Fg’1 at 3mVs),
but improved electrical conductivity, better rate performance,
higher electrolyte accessibility (24.8 uFcm™ at 3 mVs™'), faster
frequency response (&1 Hz), and excellent cycling perfor-
mance (> 5400 cycles). The specific capacitance per surface
area is higher than that of conventional porous carbons,
graphitic porous carbons, hierarchically porous carbons, CNTs,
and modified graphene (10-19 uFcm™2). Fortunately, the mac-
ropore size can be tuned for the optimization of HOPC materi-
als in applications requiring a desired balance of energy and
power densities. The results obtained clearly demonstrate the
feasibility of using 3D HOPC materials without/with partially
graphitic nanostructures. These materials would also be useful
models to elucidate transport limitation and the roles of or-
dered pores and graphitic carbons in sustainable catalysis, cat-
alyst supports, and energy-storage materials. In the future, the
quantitative modeling of the mass transport properties in 3D
HOPCs in the above applications by tuning the macropore size
can be intensively studied.

Experimental Section

Preparation of 3D, hierarchically ordered, porous carbons
with partially graphitic nanostructures

Solutions of 50 wt% PF resins in ethanol were prepared by per-
forming a basic polymerization method. Monodisperse polystyrene
(PS) latex spheres were prepared by emulsifier-free emulsion poly-
merization. Detailed experimental details for the synthesis of PF
resins and PS latex spheres are provided in the Supporting Infor-
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mation. The 3D HOPC materials were fabricated by performing a
one-pot dual-templating method with evaporation-induced self-as-
sembly. Typically, triblock copolymer F127 (6.0 g), 50 wt% PF pre-
cursors (12.0 g), 20 wt% NiCl, solution (12.0 g), and 50 wt% solu-
tion of PS latex (10.0 g) in ethanol were added and then stirred
vigorously for 1.0 h at room temperature. The homogenous mix-
ture was transferred into Petri dishes at room temperature for
24.0h and then at 60°C for 24.0 h. After drying, the monoliths
were heated at 100°C for 24.0 h. The as-prepared monoliths were
scraped from the Petri dishes. Subsequently, the monoliths were
calcined to 600°C at a heating rate of 1.0°Cmin~' under a flow of
5% H,/N, at 100 mLmin~" in a tubular furnace. Finally, the temper-
ature was ramped to the desired value (800 or 1000°C) at a heat-
ing rate of 5.0°Cmin~' and maintained for 3.0 h.

Characterization and measurements

Detailed characterization for the materials is provided in the Sup-
porting Information. The XRD patterns of HOPC materials were ex-
amined by using an X-ray diffractometer (XRD, Bruker NEW D8 AD-
VANCE, Germany) with a Lynx eye high-speed strip detector and
Ni-filtered CuK, radiation (1=1.5406 A). TEM images and energy-
dispersive X-ray spectroscopy measurements were obtained by
using a Philips CM200 LaB, microscope. The surface morphology of
HOPC was examined by using JEOL JSM-6330F and Hitachi S4800
scanning electron microscopes. Soft XANES spectra of the carbon
K-edge were measured in total X-ray fluorescence yield mode at
room temperature by using a BL-20A instrument at the National
Synchrotron Radiation Research Center (NSRRC, Hsinchu, Taiwan).
N, adsorption-desorption isotherms were collected at 77 K by
using an N, adsorption analyzer (Quantachrome, Autosorb-6B). The
Brunauer-Emmett-Teller (BET) method was utilized to calculate the
total specific surface areas (Sgg). To accurately describe the pore
size distribution (PSD) for a material with micro- and mesopores,
nonlocal density functional theory and Monte-Carlo methods were
utilized. The total pore volumes (V,) were estimated from the ad-
sorbed amount at a relative pressure (P/P,) of 0.994. The micropore
volumes (V,,) and micropore surface areas (S,,) were calculated by
using the t-plot method. The thermal properties of the products
were determined by using a Mettler Toledo TGA/SDTA851 analyzer
(Switzerland).

Electrochemical measurements

A detailed preparation method of the working electrodes is provid-
ed in the Supporting Information. Prior to electrochemical meas-
urements, the working electrodes were impregnated with 6.0m
KOH electrolyte solution for 24 h. CV and EIS data were obtained
by using a VSP BiolLogic electrochemical workstation. The three-
electrode system in a beaker-type cell at room temperature con-
sisted of a working electrode, a platinum plate counter electrode
with an exposed area equal to 2 cm? and a reversible hydrogen
electrode (HydroFlex, Gaskatel). A 6.0 KOH aqueous solution was
used as the electrolyte. To minimize errors resulting from ohmic
potential drop in the electrolytes, the tip of RHE was set at a dis-
tance of 1-2 mm from the surface of the working electrode. The
gravimetric specific capacitance (C;) was calculated from the cyclic
voltammograms and galvanostatic discharge process results were
calculated according to Equations (1) and (2):

C, - (/ dvi)/(2vAV) )
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C, = IAt/AV ®)

in which v is the scan rate (Vs™'), AV is the potential window (V), /
is the current density (Ag™"), and At is the discharge time. The EIS
measurements were performed in the frequency range from
100 kHz to 100 mHz at an open-circuit voltage with a 10 mV AC
amplitude. The gravimetric capacitance was also calculated accord-
ing to Equation (3):

C, = —1/[2nf Im(Z)m] (3)

in which fis the operating frequency (in Hz), Im(2) is the imaginary
part of the electrode resistance (in Q), and m is the mass of the
active material.
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Open up! A three-dimensional hierarch-
ically-ordered porous carbon with par-
tially graphitic nanostructure has been
designed, fabricated, and explored as a
supercapacitor electrode (see picture).
The macropores, interconnected porous
structures, and meso/micropores are
used as ion-buffering reservoirs, ion-
transport channels, and charge-storage
materials, respectively, and are expected
to be advanced energy materials for
high-rate supercapacitors.
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