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Due to the abundant accessible pores for ion storage, hierarchical short diffusion paths for ion transport,
and high diffusion efficiency through macropores, newly developed hierarchical porous carbons (HPCs)
have been attracting much attention as one of the most promising electrode materials for high-
performance supercapacitors. However, the large-scale production and practical applications of HPCs
are still big challenges. Herein, a novel kind of HPCs were directly synthesized from low-cost extracts of
coal by coupling nano MgO template with in situ KOH activation strategy. During the formation of HPCs,
nano-MgO not only serves as structure-directing agent to obtain nanosheet structure, but also plays
a critical role in determining the porous system and rate performance of HPCs. The HPCs feature
interconnected layered structure with developed hierarchical pore system, and have a high specific
surface area up to 3347 m? g’l. As electrodes for supercapacitors, the HPCs show a high capacitance of

346 Fgtat 0.5 Ag~tin 6 M KOH, an excellent rate performance with capacitance remaining at 262 F
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Accepted 26th June 2017 g tat10 A g7 and a superior cycle stability with 92% capacitance retention after 5000 cycles at 5 A g~2.

The fine capacitive performances of HPCs are ascribed to hierarchical pore system, short paths for ion

DOI: 10.1039/c7ra05437h fast transport and 2D layered graphene sheets, make it a promising electrode candidate for high
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1. Introduction

Due to the increasingly limited availability of fossil fuel
resources, the sustainable energy storage devices that can
effectively store and release the electrical energy have drawn
considerable attention with the increased demand for the effi-
cient utilization of clean energy resources. Meanwhile, super-
capacitors have been recognized as a novel kind of promising
energy storage devices in recent years in view of their attractive
characteristics such as superior rate capability, high power
density, and long cycle life."*

Generally, the electrochemical properties of supercapacitors
largely depend on the electrode materials.>* Various kinds of
carbon materials have been adopted as electrode materials for
supercapacitors, such as hierarchical porous carbons (HPCs),
graphene, carbon nanotubes, carbon fibers, and mesoporous
carbons.* Among those electrochemical active materials, HPCs
have been considered as a promising electrode candidate for
supercapacitors and deeply investigated owing to their large
surface area, electrochemical stability, high conductivity, and
low cost.*
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It is widely known that the existence of micropores is directly
responsible for the charge storage to obtain a high specific
capacitance while the reasonable meso-/macropores could serve
as electrolyte reservoirs and favorable paths which is helpful for
fast ion transportation."** The synergetic effect of unique
micro-/meso/macro hierarchical pore system could impart
HPCs with superior capacitive property and rate capability in
supercapacitor applications.” Therefore, the HPCs have been
attracting much attention as one of the most promising elec-
trode materials for high-performance supercapacitors due to
their huge advantage in unique porosity and it is necessary to
develop an efficient method for production of HPCs with ideal
porous structure.

Coal as the most affordable energy resource currently being
consumed worldwide, is cheap and abundant, and also has
been commonly used as carbon source. Up to now, template
techniques have been widely employed to synthesize HPCs with
well-defined pore characteristics.'®” However, the intrinsic
mineral matters in raw coal can also serve as the template and
cause the collapse of expectant porous structure during the
process of acid washing." In a general way, high ash coal was
treated with aqua regia, cationic surfactant or NH,OH to
remove the ash content.” Nevertheless, these procedures are
complicated, time-consuming and high cost. Thus, we intro-
duce a creative extraction and back-extraction method to
obtain the desired ash-free group component—loose medium
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component (LMC) from raw coal and adopt it as the carbona-
ceous precursor for synthesis of HPCs.**** What's more, the
LMC primarily consists of abundant aliphatic hydrocarbons
and aromatic hydrocarbons. During the pyrolysis process,
aromatic hydrocarbon molecules featuring sp>-hybridized
carbon atoms could polymerize and aromatize into large
interconnected thin layered nano-structure like graphene due
to the nanospace confinement of layered template.

Herein, we report a nano layered MgO template strategy
coupled with in situ KOH activation to synthesize HPCs from
LMC which was separated from raw coal. The electrochemical
properties of the electrodes prepared from HPCs for super-
capacitors were investigated. MgO template plays a critical role
in determining the porous structure and electrochemical
performance of HPCs and the morphological character could be
effectively adjusted via the changing of template proportion.

2. Experimental

2.1. Preparation of loose medium component

All chemicals in this experiment were purchased from Aladdin
without further purification. Tongting Huaibei raw coal in
China was pulverized to pass through a 200 mesh sieve for use.
First, 200 g pre-treated coal sample and a mixed extraction
agent of 10 L N-methyl-2-pyrrolidone (NMP) and 10 L CS, were
added into extraction kettle and stirred for 3 h. After the
extraction process, 20 L deionized water used as back extractant
was added into extraction kettle and stirred for 40 min. Then,
the back-extraction liquor was layered after standing for 3 h.
The lower dark layer was CS, layer while the upper layer was
water and NMP layer. At last, LMC was obtained by centrifu-
gation of upper layer liquor at a speed of 6000 rpm for 20 min
and the yield was about 17%. The proximate and ultimate
analyses of raw coal and LMC are listed in Table 1 and the TEM
images, infra-red spectrum, and thermogravimetric analysis of
LMC have been published in our previous works.”**

2.2. Preparation of HPCs

In a typical run, LMC, nano MgO and KOH were ground
respectively, and mixed in mortar with a mass ratio of 1/1/6. The
resultant mixture was then activated at 750 °C for 1 hour under
nitrogen stream in a tube furnace and the temperature was
controllably ramped at a heating rate of 5 °C min~"'. The HPC-1
was obtained by washing with 1 M HCI and deionized water
repeatedly to remove the template and reaction products. The

Table 1 Proximate and ultimate analyses of raw coal and LMC

Proximate analysis (wt%)  Ultimate analysis (wt%)

Sample  M,q Aq Vaaf  FCdar Cdaf  Hdar Odaf” Ndar Sedar
Raw coal 1.27 24.20 24.94 75.06 86.50 5.05 6.32 1.47 0.66
LMC 0.48 2.21 27.53 75.63 84.72 5.20 6.72 2.59 0.77

¢ By difference; M,q: moisture (air dried base); daf: dry and ash-free
base; Aq: ash (dry base); Vqaf: volatile matter (dry and ash-free base);
St,dar: total sulfur (dry and ash-free base).
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resulting products were termed as HPC-X respectively, where X
is the ratio of MgO/LMC. For comparison, several ratios of MgO/
LMC were evaluated: 0, 1, 3, 5, and 6 with other conditions
remaining unchanged. In addition, HPC-0K, HPC-3K samples
with the LMC/MgO/KOH mass ratio of 1/5/0, 1/5/3, respectively
were also prepared under the same conditions to explore the
effect of KOH dosage on the porous structure.

2.3. Characterization of HPCs

The porous properties of HPCs were characterized by N,
adsorption/desorption isotherms at 77 K with an Autosorb-1-MP
analyzer (Quantachrome, USA). The specific surface area (Sggr)
was determined according to the BET (Brunauer-Emmett-
Teller) method and the pore size distribution was evaluated by
the density functional theory (DFT) method in the calculation
model of N, at 77 K on carbon (slit pore, NLDFT equilibrium
model) from the desorption branches of the isotherms. The
total pore volume (V) was estimated from the single point
adsorption at P/P, = 0.995. The micropore volume (Vy,;.) was
reckoned by the calculation from the HK (Horvath-Kawazoe)
model, whereas the non-V,,;. was calculated from the differ-
ence of Ve and V.. The average pore size (D,,) was identified by
the equation of D,, = 4V,/Sgpr. The microstructures of HPCs
and MgO were analyzed by transmission electron microscopy
(TEM, FEI Tecnai G* F20, USA) and scanning electron micros-
copy (SEM, FEI Quanta TM 250, USA). The Raman spectra of
HPCs were measured on a Raman spectroscopy (Bruker Sen-
terra, Germany) with an excitation wavelength at 532 nm.

2.4. Preparation and electrochemical test of HPCs electrodes

The electrode materials were prepared by mixing 85 wt% of
HPCs, 10 wt% of acetylene black, and 5 wt% of polytetra-
fluoroethylene (PTFE), and then pressed into a thin disk at
5 MPa. The resultant carbon thin disk was pressed onto nickel
foam at 5 MPa for 5 min to make supercapacitor electrode. The
electrochemical properties of HPCs were investigated using two-
electrode cell, while all the electrochemical tests were operated
at room temperature using an electrochemical workstation
(Ivium Vertex, Holland). The electrolyte was a 6 M KOH aqueous
solution and before the electrochemical tests, the electrodes
were soaked in electrolyte for 12 h. The button-type super-
capacitor was assembled with two electrodes with the similar
mass (about 3.6 mg cm ) separated by a polypropylene
membrane. The cyclic voltammetry (CV) curves were recorded
over a range of 0-1 V at the sweep rate from 1 to 100 mV and
galvanostatic charge-discharge (GCD) measurements were
performed at various current densities ranged from 0.5 to 10 A
¢ ! with a potential window of 0-1 V. Electrochemical imped-
ance spectroscopy (EIS) measurements were conducted with an
amplitude of 5 mV over a frequency of 100 kHz to 0.001 Hz. The
gravimetric capacitance of the HPCs electrode, C (F g™ ), could
be calculated from the galvanostatic discharge process accord-
ing to the following equation: C = 2IAt/mAV, where I is the
discharge current (A), AV is the usable voltage after the IR drop
(V), At is the discharge time (s), and m is the mass of active
material (g). In addition, the energy density (E, W h kg~") and

This journal is © The Royal Society of Chemistry 2017
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power density (P, W kg ') of the supercapacitors were deter-
mined by the following equations: E = CAV?*/(2 x 3.6), P =
3600E/At, respectively.

3. Results and discussion

3.1. Physical characterizations of HPCs

Fig. 1a-d show the SEM images of the prepared HPCs. It is
interesting that under the same magnification, the HPCs
possess completely different morphologies with the different
dosage of nano MgO template. As displayed in Fig. 1a, HPC-1
shows a rough block pattern with some irregular large holes
of a few microns on the outside surface which may be induced
by the effusion of pyrolysis gas. In Fig. 1b, HPC-3 presents an
unordered sponge-like foam structure and the pore size is
mostly in the range of 100-300 nm. While the morphology of
HPC-5 manifests a typical layered stacking structure with many
small nanosheets and macropores, as provided in Fig. 1c. In the
case of HPC-6, the sheet-like structure becomes more integral
and homogeneous due to the strict space limitation effect led by
excessive template addition. In addition, as marked in each
figure, there are a large number of macropores with diameter
around 200 nm in HPCs which are inherited from MgO parti-
cles. Because the grinding can hardly meet the requirement of
mixing uniformly, many macropores could be formed by the
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remove of stacked and overlapped nano template via acid
washing. In addition, these macropores can also function as
ion-buffering reservoirs to shorten the ion transport distance.
Meanwhile, this common feature can not only directly and
naturally manifest the developed porous structure of HPCs,
especially the part of macropores but also embody hierarchical
pore system combined with following pore size distribution
analysis. Besides, obviously, the morphology of HPCs can be
efficiently adjusted by changing the template dosage. Along
with the increase of MgO addition, unordered sponge-like foam
structure gradually turns into regular lamellar structure indi-
cating that nano MgO also plays a role of structure-directing
during the preparation of HPCs.

Fig. 1e is the TEM image of nano-MgO, in which many sheet-
like MgO particles with the size of about 30 nm can be clearly
seen. While the TEM observation of HPC-5 (Fig. 1f) reveals
a thin and rough layer with abundant ordered micro- and slit
mesopores which may be caused by the interlocking of small
thin layers or the MgO template embedded vertically on LMC.
The big aspect ratio and ideal ratio of micro/mesopores are
favorable for ion adsorption and allow fast ion transport across
the electrodes which always results in high specific capacitance
by forming ion transport expressways. Furthermore, the thin
graphene-like sheets are expected to improve the rate perfor-

mance due to the shortened transport distance of ions.

Fig.1 SEM images of (a) HPC-1, (b) HPC-3, (c) HPC-5, (d) HPC-6; TEM images of (e) nano MgO and (f) HPC-5.

This journal is © The Royal Society of Chemistry 2017
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For comparison, the pure porous carbon (HPC-0) without
nano MgO was also be fabricated, indicative of honeycomb-like
structure with many large holes induced by the effusion of
pyrolysis gas (Fig. 2a). The HPC-0K under identical conditions
in the absence of KOH was also prepared, in which the relatively
thick and stacked sheet-like structure can be clearly observed in
Fig. 2b. While, the HPC-3K shows a similar morphology with
HPC-5. This also implies the structure-directing effect of nano-
MgO during the formation of the HPCs and further confirms the
space confinement function of template to create a large
number of macropores on HPCs.

Based on the SEM and TEM images in Fig. 1 and 2, we can
conceive the schematic of the preparation process of HPCs from
LMC, as shown in Fig. 3. Firstly, the mixture of LMC and KOH
particles was uniformly dispersed on the layered MgO templates.
During the annealing process, LMC with high content of
aromatic hydrocarbon became soften and melted, and the
aromatic hydrocarbon molecules were hold together by the
polymerization reactions of active free radicals, and then folded
the layered MgO leading to the interconnected thin layered
structure of HPCs. In the meantime, the developed hierarchical
pore system was created due to the in situ activation of the
embedded KOH on the formed nano carbon layers and the space
confinement effect of MgO template. Finally, the HPCs were
obtained after removing the template via acid washing.

The detailed porous properties of HPCs were characterized
by nitrogen sorption technique. The N, adsorption/desorption
isotherms and pore size distributions calculated by the DFT
method are shown in Fig. 4 and summarized in Table 2. For
HPC-0, HPC-1 samples, the adsorption-desorption isotherms
exhibit typical characteristics of highly microporous carbon
materials, owing to the steep increase of nitrogen adsorption at
relative pressure (P/P,) less than 0.1 which implies the well-
developed microporosity and the absence of hysteresis loop at
higher P/P,. As for HPC-3, HPC-5, HPC-6, and HPC-3K, the
isotherms reveal combined characteristics of type I and type IV
with a H4 type hysteresis loop. It is worth noting that except for
the distinct increase in N, uptake occurs at P/P, less than 0.1,
the obvious hysteresis loop at 0.4 < P/P, < 0.7 assigns to the
capillary condensation in small-sized mesopores (smaller than
5 nm), suggesting the existence of abundant micropores and
mesopores. However, it can also be found that HPC-0K
possesses a very underdeveloped microporous structure due
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to the absence of KOH which can effectively create abundant
micropores and high surface area via the reaction with carbon
matrix: 6KOH + 2C — 2K + 3H, + 2K,COj;. Besides, compared
with the HPC-0, the sharp rise of the N, isotherms for HPC-3,
HPC-5, HPC-6, HPC-0K, and HPC-3K at a relatively high P/P,
from 0.9 to 1.0 indicates a great deal of large mesopores and
macropores inherited from MgO particles which could facilitate
rapider ion mobility and higher charge-discharge rate.”> These
results are also supported by above SEM images.

From Fig. 4b, we can see that all samples present multimodal
distribution centered at 1.2, 1.5, 1.7, 2.5, and 4 nm. By
comparing the pore size distributions of HPC-0K, HPC-3K, and
HPC-5, it can be concluded that these abundant micro- and
small mesopores are generated from the KOH activation. The
micropores and mesopores of HPC-0, HPC-1 are much less than
HPC-3, HPC-5, and HPC-6. There are more mesopores in HPC-5
in comparison to HPC-3 and HPC-6, while in the field of
micropores, HPC-3, HPC-5, and HPC-6 have the similar distri-
bution characteristics. This illustrates that the addition of nano
MgO promotes the formation of micropores and small meso-
pores because the thin layered structure induced by the
structure-directing effect of MgO template is conducive to the
KOH etching reaction, evidenced by the TEM images in Fig. 1.
But superfluous template addition may hinder the contact and
reaction between KOH and LMC, like HPC-6.

As shown in Table 2, along with the increase of MgO addition,
Sger and Vpi. both gradually increase because the layered
structure led by the structure-directing effect of MgO template
could contribute to the homogeneous dispersion and reaction of
KOH and avoid the over-reaction. As we all know, the in situ KOH
activation to the thin carbon sheets is much easier than the
activation of KOH to the cluster of carbon particles. In addition,
as for HPC-6, the undue MgO dosage lowers the relative content
of activation agent which eventually causes the drops of Sggr and
Vmic- The HPC-5 possesses the highest specific surface area of
3347 m® g ', the Vinie/Vaon-mic value of 2.9, indicating a high
extent of reactions and an ideal ratio of micro/mesopores which
could generate promising electrochemical performance. Mean-
while, for HPC-0, HPC-3K, and HPC-5, the Sggr increases from
641 to 3347 m> g~ while the KOH/LMC mass ratio increases
from 0 to 6 with other conditions remaining unchanged,
demonstrating the positive effect of in situ KOH activation on the
creation of high surface area and developed pore system.

Fig. 2 SEM images of (a) HPC-0; (b) HPC-0K; (c) HPC-3K.
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LMC and KOH on MgO

Fig. 3 Schematic of direct preparation process of HPCs from LMC.
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Raman spectroscopy was applied to further analyse the
graphitic character of the as-prepared HPCs. As shown in Fig. 5,
Raman spectra of HPCs present two apparent Raman-active
bands at 1330 cm ' (D-band) associated with a double-
resonance effect of amorphous carbonaceous structure, and
1590 ecm~ ' (G-band) which corresponds to the graphite sp*
bonded carbon atoms in-plane vibrations with E,, symmetry,
reflecting the disordered and ideal graphitic lattice respec-
tively.*"** A rise in the number of partial lattice defects owing to
abundant pores would bring about an increase in the intensity
of the D-band and a concomitant drop in the intensity of the G-
band. In this paper, the HPCs possess similar porous structure,
thus, the peak intensity ratio (Ip/Ig) could be used as an indi-
cation of the degree of graphitic structural order.** The Ip/Ig of
HPC-5 is only 0.83, indicative of a high graphitization degree
which is expected to improve the electrochemical behaviors.
This result is in well accordance with the TEM observation and
N, absorption results.

Table 2 The porosity parameters of HPCs

- -
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(a) Nitrogen adsorption/desorption isotherms; (b) pore size distribution of HPCs.

Fig. 6a is the CV curves of all samples at 10 mV s~ *. The good
quasi-rectangular shapes without obvious redox peaks for all
HPCs signify the predominant charge storage mechanism in
HPCs to be electric double-layer capacitive behavior. It can also
be found that both of the MgO dosage and KOH addition can
lead to the enhancement of integral area and a better quasi-
rectangular shape which mean the larger capacitance. And the
effect of KOH addition is even more visible because the exis-
tence of micropores is directly responsible for the charge
storage to obtain a high specific capacitance. Meanwhile, the CV
curve of HPC-5 exhibits the largest current response and inte-
gral area among HPC samples, suggesting the highest capaci-
tance at a relatively low scan rate. Fig. 6b shows the CV curves of
HPC-5 at different scan rates. HPC-5 exhibits sustained capac-
itive behaviors with plateau regions for CV curves at low scan
rates, proving the efficient formation of perfect electrical double
layers due to the reversible adsorption and desorption of the
electrolyte ions in the micropores. It can also be observed that,

Sample SpeT (mz gil] Viotal (Cm3 gil) Vmic (cm3 gil) Vnon-mic (Cm3 gil) Dap (nm)
HPC-0 2574 1.241 1.037 0.204 1.893
HPC-1 2790 1.674 1.101 0.573 2.399
HPC-3 3261 1.774 1.274 0.500 2.175
HPC-5 3347 1.773 1.321 0.452 2.118
HPC-6 3223 1.694 1.269 0.425 2.102
HPC-0K 641 0.857 0.265 0.592 5.348
HPC-3K 2659 1.473 1.085 0.388 2.215

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Raman spectra of HPCs.

at a high scan rate, the mismatch between the diffusion rate of
electrolytes and charge transfer speed directly leads to the slight
deviation from rectangular shape that implies the relatively
poor accessibility of electrolyte ions into electrode surface and
finally results in the reduction of charging efficiency and
a lessened capacitance.

The capacitance values of HPCs at increasing current loads
(from 0.5 to 10 A g~ ') were calculated from GCD curves and
plotted in Fig. 6¢c. It can be observed that the discharge capacity
goes through a remarkable decay with the increase of current
density because of the limited diffusion on the electrode
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surface.” The fading rate of HPC-5 possesses the slowest pace of
which the specific capacitance reaches 346 Fg~ " at 0.5A g " and
retains 262 F g~ ' at 10 A g~ with a capacitance retention of
76%, showing the highest capacitance and best rate perfor-
mance, which may be due to structure merits of developed
hierarchical pore system and short paths for ion fast transport
on 2D thin graphene-like carbon sheets. Besides, compared
with other HPC-X, we can find that MgO template plays an active
role on the rate performance of electrodes, especially at high
current density, owing to the reduced charge transfer resistance
which should be ascribed to short paths for ion fast transport
provided by the graphene sheets. Moreover, the enhancement
of KOH addition can offer more micropores which can directly
enhance the specific capacitance of HPCs, as proved by the
contrasts among HPC-0K, HPC-3K, and HPC-5.

Fig. 6d presents the Ragone plots of HPCs in 6 M KOH
aqueous electrolyte, calculated from the charge-discharge data.
It can be found that the energy densities of HPCs drop with the
rise of average power densities, which means that less energy
can be released at higher rate. As the power density noticeably
increases from 921 to 3155 W kg ' at the current density
interval of 0.5 to 5 A g™, the energy density of HPC-5 slowly
reduces from 39 to 16 W h kg™ '. These results confirm that
synergetic effect of developed micro-/meso/macro hierarchical
pore system and unique interconnected layered structure can be
effectively utilized for charge storage and hint that the as-
prepared HPC-5 has the satisfying prospects in the electro-
chemical devices.

The enhanced kinetics for ion transport and charge transfer
in HPCs can be directly proved by Nyquist plots, as illustrated in

, |~ HPC-0 ——HPC-1 ——HPC3 ——HPC5 e~
| 3204 Retention of 76% (C)
- ~ 5 ] —
o0 en & 3
< s g 2409 \
B e g N
z z 5 200
-] - S 1604
3 3 8 120 ~sHPC-( —a—HPC-1 —e—HPC-3
& it HPC-5 —v—HPC-6 —+—HPC-0K
80 ——HPC-3K
0.0 02 04 0.6 038 10 0.0 02 04 0.6 038 1.0 0 2 4 6 8 10
Potential (V) Potential (V) Current density (A g")
10000 200 350
~—+—HP(-0 —s—HPC-1 —s—HPC-3 A%
st HPC-5 —v—HPC-6 —+—HPC-0K / (D
——HPC-3K =
3 ~ 3001
o on
),_As—-c-——-»\ | 8 o 1.
~ \ _ / 3 @
K4 £ 100 £ 250
Z £ 3 oo
E, & ]
& 1000 N S o
2
5 2004 o
2
( d) @ 00.
: IR T P
T . 0 T 1501 . — : T
1 10 100 0 100 200 0 1000 2000 3000 4000 5000
E(WhKg") Z' (ohm) Cycle number

Fig. 6 (a) CV curves of HPCs at 10 mV s™%; (b) CV curves of HPC-5 at

different scan rates; (c) specific capacitance of HPCs at different current

densities; (d) Ragone plots of HPCs: (e) Nyquist plots of HPCs; (f) cycle stability of HPC-5 measured at 5 A g~* (inset shows the initial and last 3

cycles of charge—discharge curves).
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Fig. 6e. The diameter of semicircle curve in high frequency area
gradually decreases with the increase of nano MgO dosage,
demonstrating the lower charge transfer resistance which
should be attributed to short paths for ion fast transport and
enhanced electrical contact on graphene sheets. Furthermore, it
is noteworthy that along with the increase of KOH addition, the
linear trend in low frequency region becomes more ideal as
a result of the well-developed microporosity which are directly
responsible for the charge storage to form a high specific
capacitance. These results are also in accordance with the above
mentioned capacitive performance and CV curves. As for HPC-5,
the low real axis (x) intercept (0.5 ohm), small diameter of the
semicircle, short length of the slope segment, and nearly
vertical line along the imaginary axis indicate that HPC-5
possesses low equivalent series resistance, charge transfer
resistance, ions diffusion resistance, and good conductivity,
excellent pore accessibility for the electrolytes, which usually
further lead to high specific capacitance.”

Fig. 6f exhibits the long-term cycling stability of HPC-5,
showing an excellent capacity retention of about 92% over
5000 charge-discharge cycles at 5 A g~ *. As shown in the inset of
Fig. 6f, the galvanostatic charge-discharge curves still remain
triangular shape without obvious pseudocapacitance behavior
after 5000 cycles which is the typical characteristic of ideal
supercapacitors. The outstanding cycling stability of HPC-5
should be partly ascribed to the combined effect of ideal hier-
archical pore system which functions as active sites and
expressways for ion adsorption and fast ion transport, and the
interconnected lamellar structure with the advantages of high
conductivity and structural stability for HPC-5.

The electrochemical performance of HPCs fabricated in this
paper has been further compared with other carbon materials
without hierarchical structure reported in literature.”***¢
Obviously, the specific capacitance and rate performance of
HPC-5 are both superior to most of the reported work, as
shown in Fig. 7, indicating the great promising of the synthe-
sized HPCs as electrode materials for high performance
supercapacitors.
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Fig. 7 Comparison of specific capacitance and current density of
HPC-5 with other electrodes in aqueous electrolytes.
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4. Conclusions

In summary, a novel kind of HPCs has been successfully
prepared from the ash-free group component separated from
raw coal by extraction and back-extraction method through
layered nano MgO template strategy coupled with in situ KOH
activation. The results show that, during the annealing process,
aromatic hydrocarbons in LMC polymerized and transformed
into interconnected thin layered structure due to the structure-
directing effect of nano-MgO. Meanwhile, the space confine-
ment function of MgO template to create a large number of
macropores and the positive effect of in situ KOH activation on
the formation of high surface area and developed pore system
during the preparation of HPCs have both been demonstrated.
Specifically, HPC-5 sample exhibits high specific capacitance of
346 F ¢ ' in 6 M KOH aqueous electrolyte, good rate capability
of 262 F g " at 10 A g~ and superior cycling stability with 92%
of capacitance retention after 5000 cycles at 5 A g~'. Such
excellent electrochemical performance should be assigned to
the synergistic effect of unique micro/meso/macro hierarchical
pore system, short paths for ion fast transport and 2D layered
graphene sheets. Benefited from above great capacitive behav-
iors and the low cost high ash coal as precursor, the prepared
novel hierarchical porous carbon materials present great
potential for practical application as an electrode material for
supercapacitors.
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