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Hierarchical porous carbon (HPC) from bituminous coal was designed and synthesized through pyrolysis
foaming and KOH activation. The obtained HPC (NCF-KOH) were characterized by a high specific surface
area (Sggr) of 3472.41 m?/g, appropriate mesopores With Vines/Vioral Of 57%, and a proper amount of surface
oxygen content (10.03%). This NCF-KOH exhibited a high specific capacitance of 487 F/g at 1.0A/g and a
rate capability of 400F/g at 50 A/g based on the three-electrode configuration. As an electrode for a sym-
metric capacitor, a specific capacitance of 299F/g at 0.5A/g was exhibited, and the specific capacitance
retained 96% of the initial capacity at 5A/g after 10,000 cycles. Furthermore, under the power density
of 249.6 W/kg in 6 mol/L KOH, a high energy density of 10.34 Wh/kg was obtained. The excellent charge
storage capability benefited from its interconnected hierarchical pore structure with high accessible sur-
face area and the suitable amount of oxygen-containing functional groups. Thus, an effective strategy to
synthesize HPC for high-performance supercapacitors serves as a promising way of converting coal into
advanced carbon materials.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Supercapacitors, a representative high-performance energy stor-
age and conversion device, play a vital role in electrochemi-
cal energy storage systems because of their ultra-high cycle life
and superior power density [1-4]. In accordance with the charge
storage mechanism, supercapacitors are primarily composed of
pseudo-capacitors and electric double-layer capacitors (EDLCs)
[5-8]. EDLCs have aroused public attention for their simple struc-
ture, fast charge-discharge rates, superior cycle life, as well as sta-
ble properties. However, its relatively low specific capacitance and
energy density limit their applications [9,10]. Thus, on the premise
of ensuring the long cycle life and high power density, it is of
critical importance to improve the specific capacitance and energy
density of EDLCs. Carbon materials with high chemical stability,
high conductivity, and high specific surface area (Sggr), are con-
sidered as superior candidate electrode materials for EDLCs [1,5].
Towards this aim, porous carbon (PC) can significantly improve the
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capacitance and energy density of supercapacitors due to the high
Sger, and the synergistic enhancement effects of multiscale pores
[11,12]. Micropores (<2nm) are capable of providing more active
sites, contributing to the enhancement of energy storage capac-
ity and increasing energy density. Mesopores (2-50nm) can give
ion channels, facilitating the ion diffusion and transport of elec-
trolytes. Moreover, macropores (>50nm) act as ion buffer reser-
voirs to shorten ion diffusion distance [13-16].

Coal has been extensively employed to prepare PC since coal
resources are abundant, low in price and high in carbon con-
tent [17]. In addition, its macromolecules largely consist of aro-
matic ring structures, thus enhancing the conductivity of carbon
materials [12,18,19]. At present, the preparation of PC with coal
as a carbon source has primarily adopted the chemical activation
method through direct mechanical mixing or impregnation of coal
and activators [20-23]. The major pore-creating mechanism con-
sists of coal undergoing oxidation-reduction reactions as impacted
by the action of the activator (e.g., KOH, ZnCl, and H3PQ,) to fa-
cilitate the formation of a porous structure, and after the acti-
vators etch the coal particles based on an outside-in procedure,
deep and branched pore structure are formed [12,23,24]. Specifi-
cally, with KOH as the activator, the synthesized PC with high Sggr
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mainly composed of micropores, exhibited optimal performance
[25]. Kierzek et al. prepared microporous PC with a large Sggr of
3150m2/g, a pore volume of 1.61cm3/g, and a wide pore size dis-
tribution using highly volatile bituminous coal as the precursor
based on KOH activation [26]. The synthesized PC as electrode has
a specific capacitance of 312F/g in 1mol/L H,SO4 electrolyte. Shi
et al. activated anthracite coal using KOH and then synthesized
a PC with the coexistence of micropores (63.6%), mesopores and
macropores, an Sger of 3550.7 m?/g as well as a pore volume of
2.168 cm3/g [21]. The specific capacitance reached 433 F/g (0.5A/g),
and the Cg retention rate was measured as 53.12% (50A/g). How-
ever, since coal particles are characterized by a relatively small
primary pore structure, it is difficult for the activators to access
the inside of the particles, thus resulting in a small and insuffi-
cient contact for the activators and the coal particles. Consequently,
due to inhomogeneously etch, the pore structure collapses, and ex-
cessive macroscopic pores generate. These synthesized PCs lead to
poor electrolyte infiltration and limited surface utilization, which
hinders the formation of an electric double layer, and thus reduces
the capacitive and rate performances [23]. In addition, the ash
in coal primarily originates from minerals, which mainly include
metal oxides (e.g., silicon and aluminum) [27], where strongly al-
kaline KOH can react with these metal oxides to generate soluble
metal salts, which can be removed through subsequent acid treat-
ment [28,29]. However, the de-ashing effect is significantly com-
promised, which arises from the insufficient contact between the
KOH activator and the coal particles, as well as the difficulty for the
acid liquid to enter the interior. The residual ash in the prepared
PC will increase the resistance of the electrode and lead to an ir-
reversible oxidation-reduction reaction, which reduces the electro-
chemical performances [3,28]. Accordingly, increasing the porosity
of the coal precursor and its contact area with the activator and
enhancing the permeability of the acid solution into the pore are
of high significance to the activation effect and the de-ashing ef-
fect.

To overcome the above shortages, the design and synthesis of
a coal-based carbon foam with high porosity and suitable surface
chemical composition could be an advanced method to prepare hi-
erarchical porous carbon (HPC), ensuring the sufficient contact for
the activator and the electrolyte. Bituminous coal, benefiting from
its unique structure and chemical composition, is always selected
as the raw material to prepare porous carbon foam through pyrol-
ysis foaming treatment. The formed carbon foam possesses abun-
dant cells, high surface area and porosity, which should provide
enough space for the attachment of the activator. In addition, the
raw coal itself contains considerable heteroatoms, which can in-
troduce a certain amount of surface functional groups. The ap-
propriate functional groups could improve the wettability between
aqueous electrolyte and carbon pores as well as introduce the
pseudocapacitance, thus enhancing the energy storage of the HPC
electrode. Thus, a green, scalable and efficient synthesis method
of HPC from the coal precursor for supercapacitor application is
urgently needed, which provides a new technique for high value-
added utilization of the bituminous coal.

Here, two different coal-based carbon foams were employed to
investigate the influence of hierarchical pore structure and surface
chemical composition on the electrochemical properties of the HPC
supercapacitor electrode. Scheme 1 gives a schematic diagram of
the synthesis route of HPC by pyrolysis foaming and KOH acti-
vation, where the bituminous coal (RC) works as a raw precur-
sor and a control (Table S1, Figs. S1 and S2 in Supporting infor-
mation). During the pyrolysis process, volatile gas was released
in the viscous metaplast to form bubbles, leading to the meta-
plast expanding foam. Further heating made the metaplast solidify
with the bubble fixed inside to get the green carbon foam (NCF).
The carbonized carbon foam (CCF) was achieved after subsequent
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Scheme 1. Schematic diagram of the synthesis route of hierarchical porous carbon
(HPC) from coal-based carbon foam (NCF/CCF, route B) with coal (RC, route A) as
control.

high-temperature carbonization. The 3D interconnected hierarchi-
cal porous structures were then introduced into the carbon ma-
trices of NCF and CCF by etching with the KOH activator. After
subsequent acid washing, two HPCs, named NCF-KOH, CCF-KOH
were obtained. For comparison, the RC was also directly activated
under the above operating conditions with KOH, named RC-KOH.
Compared with RC, the carbon matrices of NCF and CCF contained
features of abundant cells, large surface area and high porosity
with considerable attachment sites for the activator. And, the ac-
tivator could penetrate deeply into the pores/cells to form out-
side and inside attached state, thus increasing the contact prob-
ability between the activator and the inner carbon skeleton atoms
for efficient chemical activation. Thus, the NCF-KOH and CCF-KOH
possessed interconnected hierarchical pore structures with abun-
dant micropores that provide enough active surface for electrolyte
adsorption, which was conducive to the formation of an electric
double-layer capacitance. The optimal NCF-KOH with its hierar-
chical porous structure and an appropriate proportion of meso-
pores and micropores, promotes the permeation of electrolytes and
the formation of ion diffusion channels. Moreover, the appropriate
oxygen-containing functional groups could not only improve the
wettability but also introduce a pseudocapacitance. With these fea-
tures, NCF-KOH was endowed with a high specific capacitance of
487F|g at 1A/g, energy density of 10.34 Wh/kg at 249.6 W/kg, and
outstanding long-cycling performance with the capacitance reten-
tion of 96% after 10,000 cycles at 5A/g.

Raw coal has a flat surface morphology, a dense structure with-
out pores and cracks (Fig. 1a and Fig. S3a in Supporting infor-
mation). Through foaming, the cells of the carbon matrix in the
synthesized NCF were cross-linked into a foam (cell size of 50-
500um), which could be recognized as a typical carbon foam
structure (Fig. 1b). Many small pores with relatively small sizes
(<30pm) were generated on the cell wall to form a 3D intercon-
nected cell structure, and the cell wall was relatively smooth (Fig.
S3b in Supporting information). After carbonization, CCF inherited
the foam structure of NCF (Fig. 1c and Fig. S3c in Supporting infor-
mation). After KOH activation of the carbon foam, the HCPs (NCF-
KOH and CCF-KOH) retained the cell structure derived from NCF
and CCF (Fig. S3d and g in Supporting information). The pore struc-
ture with different pore sizes and tight arrangement could be ob-
served from the surface to the inside (e.g., large pores of 200-
500nm) (Figs. 1e and f, Figs. S3e, f, h, i in Supporting informa-
tion). This structure could contribute to the penetration of elec-
trolyte ions [30]. For comparison, RC-KOH was synthesized (Fig.
1d and Fig. S3j in Supporting information) and presented an ir-
regular block shape with a rough surface and a small number
of holes (Fig. S3k and 1 in Supporting information). TEM images
showed that abundant nanopores including micropores and meso-
pores were present in amorphous lattice fringes of HPCs (Figs. 1g-
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Fig. 1. Morphology characterization of hierarchical porous carbons (HPCs). SEM images of (a) RC, (b) NCF, (c) CCF, (d) RC-KOH, (e) NCF-KOH and (f) CCF-KOH. TEM images of
(g) RC-KOH, (h) NCF-KOH, (i) CCF-KOH and (j) EDS mappings of C, O distributions in NCF-KOH.

i), in contrast to the graphite lattice fringes of RC-KOH [31]. The
elementary mappings (Fig. 1j) showed that the surface of NCF-KOH
largely consisted of C and O elements, coexisting in an overlapping
manner and distributing throughout the sample.

Sger and pore structure are both significant parameters for
evaluating HPCs. All the HPCs show a type I/IV N, adsorption-
desorption isotherm (Fig. S4a in Supporting information), indi-
cating a similar micropore-dominated structure with a certain
amount of mesopores and macropores (Fig. S4b in Supporting in-
formation) [20,23]. The micropores were mainly distributed be-
tween 0.4nm and 2nm, and the mesopores were distributed be-
tween 2nm and 8 nm (Fig. S4b). The change rate of the pore vol-
ume of NCF-KOH between 0.7 nm and 2 nm was higher than those
of CCF-KOH and RC-KOH. The Sggr and pore volume distribution
of the HPCs (Fig. S4c,d and Table S2 in Supporting information)
showed that NCF-KOH had a larger Sggy of 3472.41 m2/g, total pore
volume of 1.95cm3/g, and mesopore volume ratio (Vimes/Vioral) Of
57%, which were higher than those of CCF-KOH (1539.25m?/g,
0.94cm3/g and 49%) and RC-KOH (2725.12m?/g, 1.45cm3/g and
42%). The micropores created the surface for charge storage, meso-
pores provided the channel for ions transport, and the pores that
were larger than 0.7nm (OH- < K* ~ 0.4nm) could contribute to
the formation of an electric double-layer and a passage of elec-
trolyte ions in and out of the pores [32]. Therefore, sufficient
Sger, large pore volume and reasonable PSD laid the foundation
for the excellent electrochemical performance of HPC electrode
[2]. NCF-KOH exhibited the larger Sggr, more micropores in the
range of 0.7-2.0 nm, bigger mesopores volume or Vies/V;ota1, Which
indicates that it might exhibit the better electrochemical perfor-
mances.

The microcrystalline structure of the HPCs was analyzed, and
all the XRD spectra (Fig. 2a) exhibited two diffraction peaks at
25° and 43¢ corresponding to the (002) plane and (100) plane of
graphitic phase, respectively [33]. The diffraction peaks at 25° tend
to be broader and weaker, thus indicating that the etching effect
of KOH could result in a decrease of the continuous sp?-C stack-
ing structure and an increase of the amorphous structure. Notably,
NCF-KOH exhibited a more dispersive (002) diffraction peak than
CCF-KOH, indicating that the KOH etching on NCF leads to the gen-
eration of more sp3 hybrid carbon with amorphous phases. In ad-
dition, the XRD spectra of the three carbon matrices before activa-
tion showed some impurity peaks due to the existence of the ash
minerals. KOH activation and acid washing treatment resulted in
the disappearance of impurity peaks, indicating the significant re-
duction of the ash content in NCF-KOH and CCF-KOH to 0.35% and
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0.63%, respectively (Table S3 in Supporting information). In con-
trast, 1.04% ash remained in RC-KOH (Table S3). This ash has differ-
ent electric charges under the electric field, thus attracting the op-
positely charged ions in the electrolyte solution and progressively
forming agglomerations, which will block the ion diffusion channel
and reduce the formation of the electric double-layer [28]. Cor-
respondingly, the Ip/I; values were significantly increased due to
KOH activation from the Raman analysis (Fig. 2b), and the Ip/I; of
0.88 for NCF-KOH was slightly higher than that of CCF-KOH (0.86),
but significantly lower than that of RC-KOH. Therefore, the inter-
connected cell structure of carbon foam makes less defect density
and the well-maintained carbon lattice of NCF-KOH and CCF-KOH.
Moreover, Ip/I; of the resultant HPCs was significantly lower than
that of commercial activated carbon (Ip/Ig =1.92, Norit (AC)), thus
faciliating good electrical conductivity [34-36].

The XPS survey spectra (Fig. 2c) present the surface compo-
sition including heteroatoms of oxygen (0) in HPCs, which was
found to play a key role in enhancing their electrochemical perfor-
mance. Two main elements of C (282-294eV) and O (527-539eV)
were identified on the surface. While the weak Si 2p, Al 2p, N 1s
and S 2p signals indicated the presence of small amounts of Si, Al,
N and S elements in the NCF, CCF and RC (Table S4 in Supporting
information). After KOH activation, the Si 2p peak in NCF-KOH and
CCF-KOH has disappeared, while a weak Si 2p peak remains in RC-
KOH, which was related to the presence of a small amount of ash
(1.04%, Table S3) in RC-KOH. The high-resolution spectrum of C 1s
(Fig. 2d and Fig. S5 in Supporting information) showed four indi-
vidual peaks at 284.5, 285.6, 287.5 and 289.7 eV, representing the
sp%2-C/C=C, sp>-C/C-C, C-0 and C=0, respectively [9,37]. The high-
resolution spectrum of O 1s (Fig. 2e and Fig. S5) contains three in-
dividual peaks at 530.3, 531-532, and 533-533.5eV, representing
the inorganic oxygen (I0), C=0 and C-O, respectively [25,38]. Af-
ter KOH activation, the sp?-C decreased and the sp3-C increased
in HPCs (Table S5 in Supporting information), consistent with the
change in the XRD peaks and the Ip/I; from Raman analysis. NCF-
KOH (0: 10.03%) and CCF-KOH (O: 11.98%, Table S4) showed similar
oxygen-containing groups distributions, mainly C-O and C=0 (e.g.,
carbonyl C=0 and carboxyl C=0) (Table S5, Fig. 2d and e). Like-
wise, the absorption vibration at 1620cm~! and 1000-1300cm™!
in the FT-IR spectrum (Fig. 2f) of RC-KOH, NCF-KOH and CCF-KOH
confirmed the existence of C=0 and C-O [39]. The presence of
C=0 and C-O could not only improve the wettability and the full
utilization of the exposed surface, but also introduce pseudoca-
pacitance to enhance the capacity [40,41]. For RC-KOH, the high
oxygen content (15.02%, Table S4) with considerable charged func-
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Fig. 2. Microcrystalline structure and surface chemical composition of HPC. (a) XRD patterns. (b) Raman spectra. (c) XPS survey spectra. (d) Deconvolution high-resolution
C 1s XPS spectra of RC-KOH, NCF-KOH and CCF-KOH. (e) Deconvolution high-resolution O 1s XPS spectra of RC-KOH, NCF-KOH and CCF-KOH. (f) FT-IR spectra of RC-KOH,

NCF-KOH and CCF-KOH.

Fig. 3. Schematic illustration of the KOH activation process and mechanism for HPC.

tional groups was more prone to agglomeration, which blocks the
formation of the electric double-layer [25,42]. Notably, there was
no detectable 10 in NCF-KOH and CCF-KOH, while, which could re-
duce the internal resistance of HPC as the electrode.

We further analyzed the KOH activation mechanism schemat-
ically shown in Fig. 3. The oxygen-containing functional groups
and aliphatic side-chains on the surface of carbon matrix could
react with KOH to introduce considerable active components, in-
cluding -COK and -COOK (Egs. 1-5), and to form active sites ini-
tiating the reaction of activator and carbon [43,44]. At the same
time, the generated K,COs, K;0 and residual KOH during this pro-
cess were capable of reacting with the carbon atoms on the active
site (Egs. 6-11) [26,45]. This process would cause a strong etch-
ing effect on the carbon matrix, thus leading to the creation of
considerable micropores in the carbon matrix. With the prolonga-
tion of reaction time, the micropore transformed to mesopore and
then evolved into macropore (Fig. S6 in Supporting information).
RC had the highest amount of oxygen-containing functional groups
and aliphatic side-chain structures (Fig. S7 in Supporting informa-
tion). Limited by the less pore structure, the high concentration of
KOH present on the external surface of the RC led to an exces-
sive and uneven etching of the surface carbon, thus facilitating the
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development of the generated micropores into mesopores, macrop-
ores, and then the evolution into large holes (Fig. 1d). The obtained
RC-KOH had more defects and amorphous carbon. In contrast, the
content of the aliphatic side-chain structure and the number of
oxygen-containing functional groups in NCF were significantly re-
duced, corresponding to declining active sites. However, the three-
dimensional (3D) interconnected cell structure, high porosity and
large surface area would contribute to an increase in the perme-
ability of KOH (Scheme 1). It could access the KOH activator inside
the NCF, favoring to fully and uniformly etch the carbons on the
cell walls. Accordingly, the carbon skeleton presented an intercon-
nected porous structure composed of abundant micropores, meso-
pores and macropores (200-500nm) and an amorphous structure.
After carbonization at high temperature, active sites on CCF further
decreased due to the reduction of the aliphatic side chain struc-
ture and oxygen-containing functional groups (Fig. S7). Moreover,
CCF exhibited a dense carbon skeleton structure with fewer de-
fect sites, which could increase the difficulty of the reaction be-
tween KOH and C. Fig. S6 and Table S6 (Supporting information)
illustrated that both activation temperature and time could con-
trol the number and ratio of micropores and mesopores: either too
low or too high temperature or time was not conducive to the im-



N. Yang, L. Ji, H. Fu et al.

provement of Sger. In addition, unlike the activation of RC, the KOH
activator distributed over the whole surface of the carbon foam
could fully undergo an alkali fusion reaction with ash (primarily
SiO,, Al,03, Table S7 in Supporting information). It could not only
remove the ash to generate more pores, but also consume more
activators to prevent NCF and CCF from being over-activated. No-
tably, the HPCs still maintained the 3D skeleton structure of carbon
foam with a hierarchical pore structure. The following acid treat-
ment could easily contact the inside of HPCs to further remove the
ash.

KOH + —COH — —CO~K* 4+ H,0 1 (1)
KOH + —COOH — COOK + H,0 1 (2)
4KOH + —CH,— — K,CO3 + K50 + 3H, 1 (3)
KOH + —COOK — K,CO;3 + 1/2H, 4 (4)
2KOH — K,0 + H,0 1 (5)
K,CO3 + —CH;— — K;0 +2C0O 1 +H; 1 (6)
K50 + —CHy— — 2K + CO 1 +H, 1 (7)
1/2K,C03 4+ C — K+ 3/2C0 4 (8)
K,CO3 — K50 + CO, 9)
K,0 +C — 2K+ CO ¢ (10)
C+CO, — 2C0 (11)

The electrochemical performance of HPC as supercapacitor elec-
trode was firstly investigated in a three-electrode configuration
with a potential window from —1V to 0V using 6 mo/L KOH as the
aqueous electrolyte. The CV curves at 10mV/s (Fig. 4a) and GCD
curves at 1A/g (Fig. 4b) present the near rectangle and isosceles
triangle shapes, respectively, indicating the high electrical double-
layer capacitance behavior [46,47]. The weak redox peaks close
to —0.6V vs. Hg/HgO in the CV curves and the slight bending of
the GCD curves could belong to the additional pseudocapacitive
behavior stemming from the heteroatom oxygen on the surface
[35,48], which was detected using XPS spectra (Figs. 2c-e, Tables
S4 and S5). When the scan rate was increased (5-100 mV/s), all the
CV curves of NCF-KOH and CCF-KOH maintained quasi-rectangular
shape (Fig. 4c and Fig. S8a in Supporting information), which be-
longed to the EDLC capacitance characteristics, thus implying ex-
cellent energy storage performance. In comparison, for RC-KOH,
the symmetry of the CV curves reduced and changed from rectan-
gular to elliptical when the scan rate was higher than 50 mV/s in
Fig. S8b (Supporting information). Increasing the current density,
ranging from 1A/g to 50A/g, the GCD curves of NCF-KOH and CCF-
KOH maintained isosceles triangle shapes without obvious voltage
drop (IR) (Fig. 4d and Fig. S8c in Supporting information), indi-
cating the highly reversible charge-discharge electrochemical per-
formance. The slight IR of RC-KOH at higher current densities in
Fig. S8d (Supporting information) corresponded to the distortion in
the CV curves. The specific capacitance (Cg) was determined from
GCD curves based on Eq. S1 (Supporting information), presented
in Figs. 4e and f. NCF-KOH displayed a high Cg of 487 F/g at 1A/g,
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which was 2.0 and 2.3 times higher than CCF-KOH (241 F/g) and
RC-KOH (212 F/g), respectively. As the rate current increased to
50A/g, the Cg remained 400 F/g, 2.0 and 2.9 times larger than that
of CCF-KOH (196 F/g) and RC-KOH (140 F/g). Under the identical
condition shown in Table S8 (Supporting information), NCF-KOH
presents comparable or even higher (g than these carbon mate-
rials previously reported, thus revealing its promising application
in high-performance supercapacitors.

The electrochemical impedance (EIS) and its corresponding
equivalent circuit diagrams were used to investigate the electro-
chemical kinetic process. From the Nyquist plots (Fig. 4g), the tails
in the low frequency region are nearly vertical toward the real axis,
indicating an excellent capacitive behavior of the two HPCs [22,40].
At high frequencies, the intercept of the EIS curve on the X-axis
represents the intrinsic resistance (Re) of the electrode material
[12,49]. The R. of 0.7 Q for NCF-KOH was about 142.8% for CCF-
KOH (0.49 2) and 46.7% for RC-KOH (1.50 2), respectively. And,
NCF-KOH showed a smaller diameter of the semicircle in the high
frequency region, denoting a charge-transfer resistance of 0.81 €,
which was 44.5 and 28.2% of CCF-KOH (1.82 €2) and RC-KOH (3.35
), respectively. Moreover, the relaxation time constant (7q) of
0.485 s for NCF-KOH was also lower than that of CCF-KOH (0.6165s)
and RC-KOH (1.114s) from the Bode plots (Fig. 4h) [50-53], indi-
cating the robust electrochemical charge-discharge kinetics of NCF-
KOH, mainly originated from fast ion transport in interconnected
porous structure with high Vines/Viga ratio.

To gain insights into the energy storage of HPC in practical
applications, symmetrical supercapacitors using NCF-KOH as the
electrodes were assembled with 6 mol/L KOH electrolyte to inves-
tigate the electrochemical properties (Fig. 5 and Fig. S9 in Sup-
porting information). As indicated by Figs. 5a and b, NCF-KOH
exhibited ideal EDLCs behaviors. And the shape of the CV curve
for NCF-KOH was unchanged even at the scan rate increasing to
500mV/s (Fig. 5c), confirming the fast charge-discharge behav-
ior in the assembled symmetrical supercapacitor. Furthermore, the
charge-discharge curves were not aligned in Fig. 5d, indicating that
a pseudocapacitor behavior was induced by surface oxygen. The
GCD curves of NCF-KOH at different current densities had a tiny
IR drop (Fig. S10 in Supporting information), indicating a low in-
trinsic resistance (Re, Fig. 4g) and large power delivery. Fig. 5e
presents the Cs of NCF-KOH at the current densities ranging from
0.5 to 50A/g according to Eq. S2 (Supporting information). The Cg
of NCF-KOH decreased with the increase of current density because
of the existence of electrical resistance and the generation of con-
centration polarization. The Cs sustained from 299 F/g to 220 F/g
during the current density increasing from 0.5 to 50A/g, a capac-
itance retention of 73.4%, which was better than that of CCF-KOH
(70.8%), RC-KOH (66.7%), and other carbon materials reported un-
der the same conditions [54,55]. In addition, Fig. S11 (Supporting
information) gives the GCD curves of NCF-KOH at 0.1 and 0.2A/g,
where Cs; of NCF-KOH was 371 F/g at a current density of 0.1A/g
(Table S9 in Supporting information). The energy density (E, Eq. S3
in Supporting information) and power density (P, Eq. S4 in Sup-
porting information) are crucial parameters to evaluate the electro-
chemical performance of supercapacitor [51,56]. The NCF-KOH ex-
hibited a maximum E of 12.9 Wh/kg at the P of 50.0 W/kg (0.1 A/g),
while E remained 10.34 Wh/kg at P of 249.6 W/kg (0.5A/g). More-
over, E was still 5.76 Wh/kg (50 A/g), when P reached 21,753.2 W/kg
(Fig. 5f), which revealed that NCF-KOH maintained excellent energy
storage capability under a large current density. Compared with re-
ported carbon electrodes [57-60], NCF-KOH exhibited a competi-
tive E, thus showing the potential of being extensively used as a
high-performance and low-cost electrode for supercapacitors ap-
plications. As shown in Fig. 5g, the assembled symmetrical super-
capacitor presents excellent electrochemical stability upon 10,000
cycles at 5A/g with a coulombic efficiency (n, Eq. S5 in Supporting
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Fig. 4. Electrochemical performances of HPC as supercapacitor electrode in the three-electrode configuration. (a) CV curves at a scan rate of 10mV/s. (b) GCD curves at a
current density of 1A/g. (c) CV curves of NCF-KOH at scan rates ranging from 5mV/s to 100mV/s. (d) GCD curves of NCF-KOH at current densities from 1 A/g to 50A/g. (e)
Cg at variable current densities. (f) Correlation of Cg with Sger and Vineso/Viota- (g) Nyquist plots, inset: equivalent circuit diagrams. (h) Bode plots.

Fig. 5. Electrochemical performance of HPC as supercapacitor electrode in a symmetrical configuration. (a) CV curves at 100 mV/s. (b) GCD curves at 0.5A/g. (c) CV curves at
scan rate in the range of 5-500mV/s for NCF-KOH. (d) GCD curves at current density in the range of 0.5-50 A/g for NCF-KOH. (e) Rate capability. (f) Ragone plots. (g) Cycling
stability at 5A/g. (h) Schematic illustration of HPC in a symmetrical configuration.
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information) of 98% and the capacitance retention of 96%, due to
the 3D interconnected hierarchical porous structure and the struc-
tural stability (Fig. S12 in Supporting information).

The energy storage working mechanism of NCF-KOH//NCF-KOH
with KOH solution as the electrolyte is mainly through the adsorp-
tion/desorption of OH™/K* ions in the electric double-layer formed
at the interface between the electrolyte and NCF-KOH electrode to
store charges (Fig. 5h). Thus, the capacitive performance is largely
dependent on the accessible Sggr, interconnected hierarchical pores
and carbon skeleton, providing high ion diffusion and electrical
conductivity capability of NCF-KOH. The interconnected hierarchi-
cal porous structure with large accessible surface areas and an ap-
propriate amount of oxygen-containing functional groups enable
the 3D ionic channel for the penetration of electrolytes and ions
migration.

In summary, a novel interconnected hierarchical porous carbon
from raw coal was designed to work as an advanced supercapaci-
tor electrode material. The interconnected hierarchical pore struc-
ture with large accessible surface and surface oxygen-containing
functional groups constructed the 3D ionic channel and electri-
cal conductivity pathway for electric double-layer capacitance to-
wards high capacity, high energy and high power supercapacitor.
This pyrolysis foaming and KOH activation technique to convert
coal into advanced carbon materials provide a prospective direc-
tion for green and high value-added utilization of the coal.
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