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Abstract

Hierarchical porous carbons are the most viable electrode material for

supercapacitors because of their balanced capacitive performance and chemical

stability. Their pore connectivity plays a pivotal role in electrolyte transport,

which is quantified by a new parameter, defined in this work as the longest

possible pore separation (LPPS). Herein, we report hierarchical porous

carbon nanospheres (HPC-NS) with a unique ball-in-ball structure, which is

achieved by the pyrolysis of a supramolecular complex of γ-cyclodextrin
(γ-CD)/PEO-PPO-PEO (F127). This approach differs from the conventional soft-

templating method in that, apart from the assembly of the monomicelles that

leads to the host nanospheres (approximately 300 nm), the γ-CD-containing
monomicelles themselves are converted to small porous carbon nanospheres

(<10 nm), which results in an ultralow LPPS of 10 nm, representing the best-

known pore connectivity of the HPC family. The HPC-NS delivers a high specific

capacitance (405 F g�1 at 1 A g�1 and 71% capacitance retention at 200 A g�1),

wide voltage window (up to 1.6 V), and simultaneously high energy and power

densities (24.3 Wh kg�1 at a power density of 151 W kg�1 and 9 Wh kg�1 at

105 W kg�1) in aqueous electrolytes. This new strategy boosts the development

of porous carbon electrodes for aqueous supercapacitors with simultaneously

high power and energy densities.
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1 | INTRODUCTION

Supercapacitors, which store energy through electrostatic
adsorption of ions on their electrode surface, have attracted
enormous interest, particularly as researchers are focusing
on improved sustainability, owing to their high charge/
discharge rate and unrivaled long-term stability and safety
among the various electrochemical energy storage
devices.1–5 Porous carbonaceous materials are viable elec-
trode materials and are extensively used in commercial
supercapacitors. Their pore structure profoundly influences
all metrics of the device, such as the power and energy den-
sities. Hierarchical porous carbons (HPCs), that is, those
containing micro-, meso-, and macropores, are in the spot-
light among the broad carbon family for next-generation
supercapacitors. It is well-documented that micropores pro-
vide predominant adsorption sites, whereas meso- and
macropores allow efficient mass transport.6–8 Early efforts
have focused on creating hierarchical pores using different
precursors such as biomass, polymers, and metal–organic
frameworks.9–13 More recent efforts have been dedicated to
controlling the pore size distribution, volume fraction of
pores, and morphology of HPC, leading to promising capac-
itance and energy density, such as 313 F g�1 for three-
dimensional HPC (3D-HPC) in KOH electrolyte14 and an
energy density of 139 Wh kg�1 for two-dimensional HPC
(2D-HPC) in an ionic liquid electrolyte developed by our
group.15 However, despite the advantageous capacitance of
supercapacitors achieved at relatively low current densities,
their power density, along with other metrics, requires fur-
ther improvement to meet future demands.

A recent theoretical study demonstrated that the
interpore connectivity has a profound effect on energy
storage and that not all hierarchical pores are equally
beneficial.16 Electrolyte transport is efficient only when
the pores are well-percolated, whereas isolated pores are
inaccessible, especially at high current densities. A num-
ber of recent experimental studies also pointed out the
importance of interpore connections in the performance
of porous carbon supercapacitors,17–19 but direct charac-
terization of pore connectivity at the micropore scale is
still a great challenge and remains less explored. A
parameter quantifying the connectivity of pores would
allow a better understanding of the energy storage mech-
anism in all porous carbon materials. In this work, we
propose that, when no experimental quantification of the
interpore connectivity is available, the size of the primary
unit that composes the interconnected 3D-HPC, denoted
as the longest possible pore separation (LPPS), can be
used to characterize the pore percolation and serve as a
guide to design high-performance HPC.

The most prominent method for preparing porous car-
bon is physical/chemical activation of an existing carbon

and may be combined with pyrolysis of an organic precur-
sor, through which multiple-length-scale pores are gener-
ated by etching of the less-stable domain.20–26 This process
often results in high surface areas but lacks the capability
for pore tailoring. Soft templating, on the other hand, usu-
ally yields ordered and uniform pores. This approach gen-
erally involves the self-assembly of an amphiphilic
template into monomicelles, followed by polymerization of
the carbon source to further assemble into larger
nanospheres.27–32 Upon carbonization, the collapse of the
monomicelles that are encapsulated in the supramolecular
complex yields mesopores, with the pore size depending on
the molecular weight of the template.28–30 The carbonized
nanospheres can further serve as a building block of inter-
connected 3D-HPC, which has a typical LPPS above 20 nm
(equal to the size of an individual sphere).29 A shorter LPPS
can be created by designing interconnected sub-units inside
each nanosphere building block in order to reduce the size
of the primary unit that constitutes the 3D-HPC. This work
demonstrates that the smallest unit is monomicelle-derived
balls inside the carbon nanospheres.

In this study, we prepared a novel type of HPC
nanospheres (HPC-NS) via a soft-templating method using
F127 as the template and γ-cyclodextrin (γ-CD) as the car-
bon source (Figure 1A). A unique ball-in-ball configuration
was obtained owing to the host–guest interaction between
the hydrophobic cavity of γ-CD and F127, which has not
yet been reported in previous studies involving the soft-
templating process. Internal small carbon balls with diame-
ters below 10 nm, also denoted as carbon quantum dots
(CQDs), were formed by the carbonization of γ-CD/F127
monomicelles during the facile conversion of CD into sta-
ble sp2 carbons. Abundant micro- and mesopores were
generated in the CQDs owing to the decomposition of
F127 chains. Host carbon balls were formed by the poly-
merization of γ-CD during the hydrothermal process,
followed by high-temperature carbonization. This ball-in-
ball structure afforded an LPPS at the sub-10 nm scale,
which was the lowest pore separation measured to date
and was one-tenth that of the conventional 3D-HPC built
using pure γ-CD-derived nanospheres (denoted as PC-NS)
(Figure 1B). The improved pore connectivity and facilitated
ion transport enabled extraordinary rate performance in
supercapacitors, delivering both high power density (up to
105 W kg�1 or a capacitance of 135 F g�1 at 250 A g�1) and
high energy density (24.3 Wh kg�1 at 151 W kg�1) in an
aqueous electrolyte.

2 | RESULTS AND DISCUSSION

The HPC-NS was prepared by pyrolysis of a mixture of
the γ-CD/F127 supramolecular complex and KOH at

2 of 12 YAO ET AL.

 25673165, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/inf2.12278 by H

ong K
ong Poly U

niversity, W
iley O

nline L
ibrary on [01/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



700�C, during which the supramolecular carbon source
was formed by the self-assembly of γ-CD and F127. γ-CD
is a cyclic oligosaccharide consisting of eight glucose
units, which can be converted to a graphitic structure
upon carbonization that, in turn, endows the pyrolytic
carbon with high electrical conductivity (145 S m�1 for
the final HPC-NS).33 Upon mixing with γ-CD, the
polypropylene oxide (PPO) block chain of F127 can
penetrate into the inner cavity of γ-CD through the
hydrophobic attraction host–guest interaction,34 and then
the γ-CD/F127 complex self-assembles into the spherical
monomicelles.28 During the subsequent hydrothermal
treatment, the monomicelles further coalesce into larger
spheres through both self-polymerization of the free
γ-CDs (i.e., those unbound by F127) and the reaction
between γ-CD and F127, as demonstrated in our recent
study,35 giving rise to a hierarchical structure consisting
of γ-CD/F127 monomicelles embedded in the polymer-
ized γ-CD matrix (Figure 1A). Systematic x-ray diffraction
(XRD), Fourier transform infrared (FTIR), and nuclear
magnetic resonance (NMR) analyses confirmed the host–
guest interaction and the tight-fit channel-type configura-
tion of the γ-CD/F127 complex (Figure S1A–C). The
hydrothermal carbonization (HTC) of the γ-CD/F127
complex resulted in intermediate nanospheres with
mixed sp3 and sp2 hybridized carbon with an average
diameter of 300 nm (Figure S1D) and an oxygen content
of 23.5 at.% as determined by x-ray photoelectron spec-
troscopy (XPS, Figure S2).

The morphology of the intermediate nanospheres
was retained and the particle diameter decreased slightly
after carbonization/activation at 700�C (the morphology
is shown in Figure 2A and the size distribution histo-
gram is shown in Figure S3). Transmission electron
microscopy (TEM) revealed a turbostratic structure com-
prising small graphitic domains with a low stacking
order in HPC-NS (Figure 2B), which was in agreement
with the XRD results (Figure S4). It is particularly inter-
esting to note from the high-resolution TEM images that
bright nanodomains with an average width of 5–10 nm
were dispersed in the host carbon nanospheres (Figure
2C–F). Elemental mapping indicated a lower carbon
density in these domains compared with the host carbon
matrix (Figure 2G–I). To determine whether the bright
nanodomains were void or solid, over 100 specimens
with a thickness of approximately 10 nm were prepared
using an ultramicrotome and were carefully inspected
under aberration-corrected TEM (ACTEM), yet no
through-holes were observed. Therefore, these nano-
domains were identified as highly porous CQDs that
resided in the host carbon nanospheres, yielding a
unique ball-in-ball configuration. In addition, these
porous inner balls were well connected (highlighted by
dotted lines in Figure 2D), and thus the pores were con-
nected to each other at a sub-10 nm scale (i.e., the mate-
rial had an LPPS of 10 nm). Such good pore connectivity
can remarkably enhance electrolyte transport within the
pore network.

FIGURE 1 Illustration of the formation mechanism for two types of 3D-HPC composed of carbon nanospheres: (A) HPC-NS with a low

LPPS (high interpore connectivity). (B) PC-NS with a high LPPS (poor interpore connectivity)
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FIGURE 2 The ball-in-ball hierarchical porous structure of HPC-NS: (A) TEM image. (B) High-resolution TEM image. (C–F) TEM
images of cross-sectional slice. (G) HAADF image of cross-sectional slice. (H,I) Elemental scanning mapping image of carbon and oxygen

elements

FIGURE 3 Structural and elemental characterization of HPC-NS and PC-NS: (A) The N2 adsorption–desorption curves. (B) Pore size

distribution of HPC-NS. (C) Pore size distribution of PC-NS. (D) XPS survey spectra of HPC-NS and PC-NS. (E) The high-resolution O 1s

peak of HPC-NS and PC-NS. (F) The atomic percentage of oxygen element and its two configurations

4 of 12 YAO ET AL.
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To investigate the formation mechanism of the
unique pore structure of HPC-NS, nitrogen adsorption/
desorption tests were conducted. The HTC product prior
to high-temperature carbonization exhibited only meso-
and macropores in the range of 15–60 nm with a surface
area of 9 m2 g�1 (Figure S2B). Carbonization of the HTC
product at 700�C without KOH activation resulted in a
hierarchical porous structure and a specific surface area
of 765 m2 g�1 (Figure S5A). Further activation with a
small amount of KOH (HTC product: KOH = 3:1) at the
same temperature did not significantly change the sur-
face area (777 m2 g�1 for HPC-NS, Figure 3A). However,
HPC-NS exhibited a larger volume fraction of pores in
the range of 7–20 nm compared with the unactivated car-
bon nanospheres (Figures 3B and S5B). The different
pore size distributions indicate that micropores in the
unactivated samples were associated with the decomposi-
tion of the F127 chains confined in γ-CD. Upon KOH
activation, unstable regions were etched off, which
enlarged the micropores and increased the pore connec-
tivity of the carbon nanospheres. Meanwhile, KOH etch-
ing also created new micropores, which compensated for
the reduction in the specific surface area. Thus, the one-
pot KOH activation and carbonization process were criti-
cal for the generation of well-defined pore connectivity in
the internal carbon sphere, which provided a highly
accessible surface area and short diffusion pathways for
the electrolyte ions.

In comparison, HTC treatment was also conducted
with neat γ-CD solution without F127, during which CD
was converted to glucose and subsequently underwent ring-
opening/dehydration and polymerization/carbonization
(Figure 1B). The obtained nanospheres exhibited an average
diameter of 100 nm (Figure S6), which was substantially
smaller than those prepared from the γ-CD/F127 complex.
The subsequent carbonization and activation of the HTC
product led to carbon nanospheres with a homogenous
phase across the whole particle without a ball-in-ball
heterostructure (Figure S7), which is denoted as PC-NS. In
this case, the LPPS was approximately 100 nm. To confirm
the effect of F127 on the assemble and carbonization behav-
ior of cyclodextrin, we also conducted the preparation using
different amounts of F127 while keeping the cyclodextrin
constant. It was found the diameter increased and the sur-
face area of the final carbon nanospheres decreased slightly
with the increasing amount of F127 used (Figure S8 and
Table S1). The increase of the diameter could be understood
that, during hydrothermal treatment of the supramolecular
complex and apart from self-polymerization of CD, polymer-
ization also occurred between the monomicelles through both
non-covalent and covalent reactions, leading to a dynamically
cross-linked network. Compared with HPC-NS, PC-NS
showed a similar surface area of 749 m2 g�1 (Figure 3A).

Furthermore, it also showed a hierarchically porous
structure, but the pore volume fraction in the mesoscopic
range, especially those between 7 and 17 nm, was much
lower than that of HPC-NS (Figure 3C). It is thus con-
cluded that F127, which led to the supramolecular complex,
also played an important role in forming the ball-in-ball
configuration and good pore connectivity in HPC-NS. Spe-
cifically, the carbonization of the polymeric cyclodextrin
backbone resulted in the host carbon nanospheres, whereas
the pyrolysis of F127/γ-CD monomicelles gave rise to CQDs
with interconnected pores.

In addition to the significant difference in the phase
structure and pore size distribution between HPC-NS and
PC-NS, the XPS characterization of the surface composi-
tion also revealed a higher content of oxygen in HPC-NS
(14.9 at.%) than that in PC-NS (9.5 at.%, Figure 3D).
Figure 3E displays the high-resolution O 1s spectra of
HPC-NS and PC-NS, in which the peaks with binding
energies of 532 and 533 eV represented C═O quinone
groups and C OH phenol groups or C O C ether
groups, respectively.36 Moreover, the fraction of quinone
oxygen in HPC-NS (7.2 at.%) was remarkably higher than
that in PC-NS (4.5 at.%), indicating that F127 also
influenced the surface chemistry of the pyrolytic carbon
nanospheres (Figure 3F). Elemental analysis of the bulk
of HPC-NS suggests an overall oxygen content of 4.5 at.%,
indicating a lower extent of KOH activation in the inte-
rior region. Nevertheless, these oxygen-containing groups
(e.g., quinone groups) may increase electrochemical
capacitance through fast redox reactions.37–39 Therefore,
the combination of a unique pore hierarchy and highly
oxygenated surface in the encapsulated CQDs endowed
HPC-NS with a promising electrochemical performance
as supercapacitor electrodes.

As discussed above, the micropores in PC-NS were
not sufficiently connected (Figure 4A), which is an issue
that hinders the ion transport energy storage for most
porous carbon nanospheres previously reported. In con-
trast, the host–guest interaction between F127 and γ-CD
led to optimal reactivity and thermal stability of the
building units (monomicelles), which affords HPC-NS an
enhanced connectivity of pores and a faster transporta-
tion pathway for ions. To evaluate the accessibility of
micropores in these two materials, HPC-NS and PC-NS
were immersed in NaOH solution and thoroughly dried,
and solid-state NMR spectra were acquired. The 23Na
peak located at �1.2 ppm corresponded to the free elec-
trolyte molecules (or weakly bonded electrolytes),
whereas the appearance of an extra peak with a higher
shift was ascribed to the electrolytes confined in the
micropores or small mesopores (Figure 4B). When the
NaOH electrolyte penetrated into the micropores,
the delocalized carbon π electrons circulated in the
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presence of an applied magnetic field, which induced a
local magnetic field and shielded the nearby nuclei,
resulting in an upward shift of the 23Na peak. This
shielding effect was only appreciable in micropores or
small mesopores.40–42 The shift of the 23Na peak for the
micropore-trapped ions in HPC-NS (Δδ = 5.7 ppm) was
larger than that in PC-NS (Δδ = 5.4 ppm), which suggests
a stronger shielding effect by pores in the former (Figure
4B). Moreover, the fraction of the strongly adsorbed elec-
trolyte was determined from the two 23Na peaks, which
were 50.9% for HPC-NS and 37.3% for PC-NS. These
results indicated better accessibility of the micropores in
the HPC-NS. The charging/discharging kinetics of the

carbon nanospheres were further evaluated using electro-
chemical impedance spectroscopy (EIS) in a three-elec-
trode system with a 6 M KOH electrolyte (Figure 4C).
The time constant τ0 (τ0 = 1/f0, f0 is the characteristic fre-
quency at the phase angle of �45�) was derived from the
Bode plots and was 0.16 s for HPC-NS and 0.32 s for
PC-NS, further confirming a faster ion transport and
charge transfer in HPC-NS.

The efficient transport of ions and electrons in the
HPC-NS endowed it with extraordinary capacitance and
a high rate performance. It could be charged and dis-
charged even at a current density of up to 200 A g�1 with
a high Coulombic efficiency (>98%) (Figure S9).

FIGURE 4 The electrochemical properties of the two 3D-HPC electrodes tested using a three-electrode system: (A) Schematic diagram

illustrating the pore structure of two types of 3D-HPC. (B) 23Na NMR spectra for the NaOH-impregnated porous carbons. (C) Bode plots.

(D) The specific capacitance as a function of the current density. (E) Capacitance versus square root of discharge time. Extrapolated intercept

capacitance is the rate-independent capacitance k1, and the remainder is the diffusion-controlled capacitance. (F) In situ Raman spectra of

HPC-NS charged at different potentials. (G) The dependence of FWHM of the D-band on the potential for HPC-NS. (H) The specific

capacitance as a function of the current density for HPC-NS electrodes with different mass loadings. (I) Comparison of the gravimetric and

volumetric capacitances of HPC-NS with other carbon materials.45,48–52 Electrolyte: 6 M KOH

6 of 12 YAO ET AL.
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Specifically, the capacitance of HPC-NS was 405 F g�1 at
1 A g�1 and exhibited 287 F g�1 at 200 A g�1, which rep-
resented 71% of its value at 1 A g�1 (Figure 4D). These
values were higher than those for PC-NS, and only a few
reports have demonstrated charging/discharging ability
at such a high current.43–45 The apparent capacitance
C can be deconvolved into the rate-independent compo-
nent k1 and the diffusion-limited component controlled
by the scanning rate v (v = t�1, where t represents the dis-
charging time), which is described by the equation C =

k1 + k2v
�1/2.46 Figure 4E shows the capacitance as a

function of v�1/2, from which k1 values were determined
(the intercept at t1/2 = v�1/2 = 0) to be approximately
319 F g�1 for HPC-NS and 248 F g�1 for PC-NS. For
porous carbon materials, rate-independent capacitance is
predominantly attributed to electric double layer capaci-
tance (EDLC),46 which is related to their specific surface
area. HPC-NS possesses similar specific surface areas
with PC-NS but a significantly higher content of oxygen
and k1 value, indicating that the rate-independent capaci-
tance for HPC-NS contains both EDLC characteristics
and pseudocapacitance originating from redox reactions.
The good pore-connection and fast ion/charge con-
ducting characteristics of HPC-NS allow facile redox reac-
tions for oxygen-containing functional groups.

The fast redox reactions that occurred during the
charging process of HPC-NS were further verified using
in situ Raman spectroscopy (Figure S10). Figure 4F
shows the Raman spectra acquired at different potentials
that were built by charging at 0.5 A g�1. A clear response
of the Raman spectrum to an increase in the negative
potential was observed. The initially smooth Raman spec-
trum became noisy in the potential range from �0.4 to
�0.6 V (vs. Ag), possibly due to structural perturbation in
the electrode. The spectrum became smooth again with a
further increase in negative potential. The potential-
dependent smoothness of the Raman spectrum was
reversible during the charge/discharge test over five
cycles, indicating good reversibility of the electrochemical
process. Moreover, the full width at half maximum
(FWHM) of the D-band decreased as the potential
increased from �0.3 to �0.6 V, and it reverted to the
value held at 0 V when the charging potential was further
increased to �0.7 V (Figure 4G). The variation in the
FWHM of the D-band is associated with the reaction of
oxygen-containing functional groups, such as quinone, in
HPC-NS.47

The fast charging/discharging kinetics of HPC-NS
also enabled impressive performance at high mass load-
ings. As the mass loading of active materials deposited on
the nickel foam was increased up to 10.8 mg cm�2

(which is a typical mass loading for commercial devices),
the electrode retained a specific capacitance of 320 F g�1

at 1 A g�1 (Figure 4H), demonstrating its potential for
practical application at a high electrode thickness. Fur-
thermore, HPC-NS exhibited a high packing density of
approximately 1 g cm�3 and, hence, a high volumetric
capacitance (405 F cm�3) and power density (Figure 4I),
which is comparable to state-of-the-art results for carbo-
naceous materials and is of particular significance for
applications in compact electronics.45,48–52

To determine the electrochemically stable potential
window of HPC-NS, the electrode potentiostatically
dwelled at different potentials for 10 min in a 6 M KOH
electrolyte using a three-electrode system, and the cur-
rent was recorded. Figure 5A shows the dwelled current
versus the potential of the HPC-NS. The potential at
which the current increases abruptly at the negative and
positive electrodes (marked by the black and red dashed
lines) indicates the lower and upper potential limit,
respectively.53 Therefore, the theoretical electrochemi-
cally stable potential window was 1.5 V for HPC-NS in
this aqueous electrolyte and a symmetric coin-type super-
capacitor is expected to be operable at a voltage window
up to 1.5 V (Figure 5B). However, slight distortion in the
galvanostatic charge–discharge (GCD) curves can be seen
when the voltage exceeds 1.2 V (Figure S11A). The long-
term cycling stability of the device under different voltage
windows was further evaluated (Figure 5C). The KOH-
based device displayed a robust cycling stability within
1.2 V, retaining 95% of its initial capacitance after 10
000 cycles at 5 A g�1. When operated at 1.5 V, the capaci-
tance degraded by approximately 32% after 2000 cycles.
Hence, the practical voltage window of the HPC-NS sym-
metric supercapacitor was determined to be 1.2 V, indi-
cating that the electrochemically stable voltage window
of the HPC-NS-based device was lower than that deter-
mined using the three-electrode system. The underex-
ploited voltage window in a symmetric supercapacitor is
common for carbons rich in heteroatoms, which would
exert an unstable surface charge on the electrode.53,54 An
even higher voltage window (up to 1.6 V) was achieved
using larger ions Li2SO4 as the electrolyte, as evident
from the high Coulombic efficiency of the GCD curves
(Figure S11B). In the case of the Li2SO4-based super-
capacitor, only a 9% decay of the capacitance was
observed after 10 000 cycles of charge and discharge at 5
A g�1 within 1.6 V (Figure 5C). The excellent stability
was also confirmed by SEM inspection into the electrode
after the long-term cycling test, which revealed intact car-
bon nanospheres with diameters similar to those prior to
the cycling test (Figure S12).

The advantageous rate performance of HPC-NS evi-
dent during the three-electrode tests was also observed in
practical supercapacitors, up to 1.2 V for the KOH system
and 1.6 V for the Li2SO4 system, as indicated by the
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quasi-rectangular cyclic voltammetry (CV) curves at a
scan rate up to 2 V s�1 (Figure S13) and the isosceles tri-
angle behavior for the GCD curves, even at 250 A g�1

(Figure 5D). The specific capacitance of an HPC-NS coin-
type supercapacitor tested in a KOH-based electrolyte at
1 A g�1 was 292 F g�1 (Figure 5E), which was compara-
ble with the leading results for various porous carbon
materials reported in the literature.14,15,55,56 The device
still exhibited a capacitance of 135 F g�1 at a current den-
sity of 250 A g�1, manifesting an extraordinary rate per-
formance. Achieving a high capacitance at such a current
density is extremely challenging and has only been
reported with a few carbonaceous materials.14 When
tested in a Li2SO4 electrolyte, the capacitance was
263 F g�1 at 0.5 A g�1 (Figure S14), which was also
higher than the leading results for Li2SO4-based super-
capacitors currently reported.57–59 As expected, the rate
performance of the Li2SO4 system was inferior to that of
the KOH system due to the higher charge transfer resis-
tance of the former electrolyte (Figures 5E and S15).

The large voltage window, high capacitance, and
impressive rate performance endowed the HPC-NS-based
supercapacitor with both high energy and power densi-
ties. The Ragone plots show the highest energy density of
23.36 Wh kg�1 at 151 W kg�1 for supercapacitors using

the Li2SO4 electrolyte. It is worth noting that the energy
density still retained 9 Wh kg�1 when the power density
was increased to an ultrahigh value of 105 W kg�1 (Fig-
ure 5F). The energy density and maximum power density
in this work were higher than those of state-of-the-art
aqueous supercapacitors based on a carbon electrode
material,57–62 and thus suitability for various potential
applications, such as harvesting energy at high speeds, is
expected for our HPC-NS.

3 | CONCLUSION

In conclusion, HPC-NS with a low LPPS, moderate specific
surface area, and high packing density was prepared using
a CD-based supramolecular complex as the carbon source.
The combination of the structural hierarchy with the highly
oxygenated surface enables HPC-NS to be a good candidate
for supercapacitor electrodes in several aspects. First, the
good pore connectivity at the sub-10 nm scale in the carbon
nanospheres, which has not been previously reported, leads
to a high accessible surface area, as well as a fast ion and
charge transport network. Second, the highly oxygenated
groups on the surface enable fast redox reactions, resulting
in a high pseudocapacitance and wide voltage window.

FIGURE 5 The electrochemical properties of HPC-NS-based coin-type supercapacitor using different electrolytes: (A) The current of the

electrode potentiostatically dwelled for 10 min at different potentials. The dashed black line and dashed red line represent the lower and

upper limit for the potential, respectively. (B) CV curves measured under different voltage windows at 100 mV s�1 using 6 M KOH

electrolyte. (C) Cyclic stability of the supercapacitor using 6 M KOH and 1 M Li2SO4 electrolyte at 5 A g�1, respectively. (D) GCD curves of

HPC-NS coin-type supercapacitor measured at different current densities using 6 M KOH electrolyte. (E) Capacitance retention of

supercapacitor using 6 M KOH and 1 M Li2SO4 electrolyte. (F) Ragone plot for supercapacitor using 6 M KOH and 1 M Li2SO4 electrolyte

and a comparison with literature data57–62
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These carbon nanospheres exhibited a volumetric capaci-
tance of 405 F cm�3, an energy density of 23.36 Wh kg�1 at
151 W kg�1, and 9 Wh kg�1 at an ultrahigh power density
of 105 W kg�1 in a Li2SO4 electrolyte. The host–guest inter-
action between the carbon source (host) and the soft tem-
plate (guest) tailored the supramolecular assembly, which
played an important role in the carbonization behavior and
resulted in a unique ball-in-ball structure. The inter-
connected sub-units, that is, the porous CQDs, in the car-
bon nanospheres led to a shorter LPPS and, hence, better
pore connectivity. The supramolecular-mediated soft-
templating method provides a universal strategy for fabri-
cating functional hierarchical porous carbon nanomaterials.
This is expected to open new doors to material innovation
with modified porous carbon nanomaterials and their broad
applications in electrocatalysts (e.g., for oxygen evolution/
reduction reactions), rechargeable Li+/Na+ batteries, and
other sustainable charging applications.

4 | EXPERIMENTAL

4.1 | Chemicals

γ-CD, F127, KOH, Li2SO4, acetylene black, and poly-
tetrafluoroethylene (PTFE) were purchased from Macklin
Reagent Co. and used without further purification.

4.2 | Preparation of HPC-NS

Exactly 2.0 g γ-CD and 0.25 g F127 were added to
deionized water (120 ml) and stirred at room temperature
for 12 h. The obtained solution was then transferred to a
Teflon-lined stainless-steel autoclave, which was then
sealed and maintained at 220�C for 12 h. The products
were filtered, rinsed with deionized water three times,
and thoroughly dried at 80�C. The dehydrated sample
was mixed with KOH powder at a KOH/nanospheres
mass ratio of 1:3. The mixture was then heat-treated at
700�C for 2 h in a tube furnace under flowing nitrogen
for simultaneous carbonization and activation. The acti-
vated materials were repeatedly washed using 1 M HCl
and deionized water until neutral, and then were dried at
80�C for 12 h (yield: 21%).

4.3 | Preparation of PC-NS

γ-CD (2.0 g) was dissolved in 120 ml deionized water and
stirred at room temperature for 12 h. The subsequent HTC
process, carbonization, and activation process were the
same as those used for preparing the HPC-NS samples.

4.4 | Fabrication of working electrode
and coin-type supercapacitors

The working electrode was prepared as follows: porous
carbon nanospheres were mixed with acetylene black in
an agate mortar. The homogeneous black powder was
mixed with a PTFE suspension, together with a few drops
of ethanol, and was then mounted on nickel foam (with a
diameter of 1.4 cm). The mass ratio of the active material,
acetylene black, and PTFE was 80:10:10. The carbon-
loaded nickel foam was then pressed at 15 MPa. Finally,
the molded electrodes were dried overnight in an oven at
80�C. Symmetric coin-type supercapacitors were con-
structed by assembling two pieces of the electrode with a
cellulose film as a separator and 6 M KOH or 1 M Li2SO4

as the electrolyte. The volume of the electrolyte used in a
single device was approximately 20 μl.

4.5 | Material characterization

The morphologies of the carbon nanospheres were exam-
ined using a JEOL 7500F SEM operating at 10 kV. To pre-
pare samples for TEM inspection, the materials were
embedded in epoxy resin and sliced using an ultramicro-
tome. TEM analysis was carried out using a JEOL
JEM-2100F instrument. Nitrogen adsorption/desorption
tests were performed by taking Brunauer–Emmett–Teller
(BET) measurements using an ASAP-2010 surface area
analyzer. The pore size distribution was estimated using
the nonlocal density function theory (NLDFT) model. XRD
patterns were obtained using a Bruker focus D8 diffractom-
eter (40 kV, λ = 0.15418 nm). Raman spectra were
obtained using an HR800 spectrometer (HORIBA Jobin
Yvon, wavelength: 633 nm). XPS analysis was performed
on a Perkin-Elmer PHI 550 spectrometer with AlKα
(1486.6 eV) as the x-ray source. Solid-state NMR analysis
was performed using a Bruker Avance III HD 400 spec-
trometer equipped with 2.5 mm double-resonance magic-
angle-spinning (MAS) probes, and the rotor was spun at
10 000 rpm. Specifically, to investigate the accessibility of
the micropores of the obtained porous carbons using NMR
spectroscopy, the carbon powder was degassed at 150�C for
3 h under vacuum, and 0.1 g of the degassed carbon was
immersed in a 100 μl NaOH solution (6 M) for 12 h and
then dried thoroughly prior to the measurements.

4.6 | Electrode density measurements

The packing density of the electrode material, ρ (g cm�3),
was measured by compressing a certain amount of the
sample in a pressure mold (inner diameter of 10 mm),
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without adding conductive carbon black and binder, under
10 MPa using a laboratory hydraulic machine. The density
was calculated using the following equation: ρ = 4m/
(πd2h), where m is the mass of the sample (>0.5 g), d is the
inner diameter of the pressure mold (10 mm), and h is the
height of the sample after compression.

4.7 | Electrochemical characterization

EIS was performed in the frequency range of 100 kHz–
0.01 Hz with an alternating current amplitude of 5 mV.
CV and GCD tests were carried out using a CHI 760E
instrument (Shanghai Chenhua Apparatus Co., Ltd.).
Both three-electrode and two-electrode tests were per-
formed. In the three-electrode test, porous carbon
nanospheres were loaded on nickel foam and served as
the working electrode; a Pt foil served as the counter elec-
trode, and an Ag/AgCl electrode acted as the reference
electrode. In the two-electrode test, coin-type symmetric
supercapacitor devices were fabricated. The gravimetric
capacitance of a single electrode tested using a three-
electrode system, Ce (F g�1), was calculated from the dis-
charge curve according to the following equation:

Ce ¼ I
m� ΔU=Δtð Þ , ð1Þ

where I is the constant charge/discharge current, Δt is
the discharge time, ΔU is the potential window during
the discharge process (excluding the voltage drop), and
m is the mass of the active material on the working elec-
trode. The volumetric capacitance of a single electrode
was tested using a three-electrode system, CV (F cm�3)
and was evaluated according to the following equation:

CV ¼Cg�ρ: ð2Þ

The gravimetric capacitance of a single electrode,
Cg (F g�1), was calculated from the discharge curve data using
the two-electrode system according to the following equation:

Cg ¼ 4� I
2m� ΔU=Δtð Þ : ð3Þ

The gravimetric energy density of the device, Eg
(Wh kg�1), was estimated using the following equation:

Eg ¼ 1
28:8

Cg ΔUð Þ2: ð4Þ

The gravimetric power density of the device, Pg (W kg�1),
was calculated using the following equation:

Pg ¼ 3600Eg

Δt
: ð5Þ
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