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Keywords: Hierarchical porous channels and a well-modulated interface are two main parameters for electrode materials
gierla(richicgl porous carbon that can promote their energy storage performance by accelerating the electrolyte diffusion and realizing their
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strong coupling with electrolyte ions. Inspired by the COMSOL Multiphysics simulations and density functional
theory calculations, we design B, N dual-doped, hierarchical porous carbon (BN-HPC) by pyrolyzing hierarchical
porous zeolitic imidazolate framework-8 with boric acid. The resulted BN-HPC electrode achieves a high specific
capacitance of 236.9 F g1 at a current density of 1 A g1 in 1 M H,S0, electrolyte, which is further assembled
into the BN-HPC//BN-HPC symmetric supercapacitor with a high energy density of 33.3 Wh kg™ at a power
density of 212.5 W kg~ !. The excellent energy storage performance of the BN-HPC electrode is attributed to its
hierarchical porous structure and bi-heteroatom (N and B) doped carbon surface with a low binding energy value
of —2.77 eV. This work provides a general and fresh insight into the design of dodecahedral carbon by combining
hierarchical porous structure and bi-heteroatom doping strategy that can be used for not only aqueous super-
capacitors but also other energy storage devices.
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1. Introduction

Nowadays, environmental pollution and energy shortage have
prompted the explorations of high-performance energy storage tech-
nologies [1-5], among which supercapacitors have attracted much more
attention because of their fast charge-discharge rate, excellent power
density, and long lifespan [6-8]. Depending on the different mecha-
nisms of charge storage, supercapacitors can be divided into two cate-
gories, namely electrochemical double layer capacitors (EDLCs) and
pseudocapacitors [9-11]. Metal oxides [12-15] and conducting poly-
mers [16-21] are generally used materials for the electrodes of pseu-
docapacitors. Compared with conductive polymers and metal oxides,
carbon-based materials are widely used as electrodes for super-
capacitors with EDLC mechanism due to their low processing cost, high
specific surface area, and excellent electrical conductivity. The ideal
carbon materials should have large specific surface areas and tunable
pore structures (including macropores, mesopores, and micropores). In
particular, the macropores, mesopores, and micropores in carbon ma-
terials play different roles in the storage of electrolyte ions, the dif-
fusion/penetration of electrolyte, and the adsorption of electrolyte ions,
respectively [22,23]. Therefore, it becomes a feasible strategy to prepare
novel carbon materials with well-designed and hierarchical porous
structures that can allow the effective penetration of electrolyte,
improve the utilization of specific surface area, and shorten the ion
diffusion pathway, leading to enhanced electrochemical energy storage
performance of carbon electrodes. In recent years, a great deal of work
has been reported on synthetic strategies for hierarchical porous carbons
[24-27], such as three-dimensional B and N codoped core-shell carbon
nanofibers [25], polyvinyl chloride-derived nitrogen-doped hierar-
chically porous carbon nanosheets [26]. Among precursors for carbon
materials, metal-organic framework (MOF)-derived carbons are regar-
ded as promising candidates for energy storage due to their controlled
porosities, large specific surface area, and diverse geometries [9,28,29].

Apart from the hierarchical porous structures of MOF-derived car-
bons, it is also an effective method to improve their energy storage
performance by introducing ideal heteroatoms (e.g., B [30,31], N [32,
33], P [34], S [35], F [36], and O [37]) into the carbon skeletons [38]. In
particular, the heteroatoms of B and N show more similar atomic radii
and chemical properties to those of C, probably leading to a high content
of doped-heteroatom in the carbon lattice. As a typical MOF, zeolitic
imidazolate frameworks (ZIFs) not only have the advantages of large
pore capacity and high specific surface but also contain abundant imi-
dazolium groups as nitrogen self-doping materials [39] that can
distribute the N heteroatoms in the carbon matrix efficiently and uni-
formly. For instance, R. R. Salunkhe and co-workers prepared the
nanoporous carbon materials successfully by using ZIF-8 as a precursor
for supercapacitor electrode materials with a maximum specific capac-
itance of 8.36 F cm 3 (19.0F g_l) [40]. More importantly, it has also
been demonstrated to boost the electrochemical energy storage perfor-
mance of monoheteroatom-doped carbons by introducing two different
heteroatomic dopants with a synergistic effect [41,42]. However, it is
still difficult to realize uniform doping of bi-heteroatoms in hierarchical
porous carbons due to the limitations of synthetic techniques.

In this study, a novel strategy was developed by pyrolyzing hierar-
chical porous zeolitic imidazolate framework-8 with boric acid to obtain
the B, N dual-doped, hierarchical porous carbon (BN-HPC) that shows a
high specific surface area of 852 m? g~! and modulated carbon surface
for coupling electrolyte ions. It was found that the resulted BN-HPC
electrode has a large capacitance of 236.9 F g~! at a current density of
1A g_1 in 1 M H3SO4. The as-assembled BN-HPC//BN-HPC symmetric
supercapacitor shows not only a high energy density of 33.3 Wh kg ™! at
a power density of 212.5 W kg™, but also high capacitance retention of
78% at a current density of 10 A g~! after 2500 cycles.
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2. Experimental section
2.1. Materials

Zinc nitrate hexahydrate (Zn(NOs)s-6H50), 2-methylimidazole,
boric acid (H3BOg), carbon black, tetrahydrofuran (THF), methanol,
ammonia, N-methylpyrrolidone (NMP), polyvinylidene difluoride
(PVDF), and sulfuric acid (H2SO4) were supplied by Sinopharm Chem-
ical Reagent Co., Ltd and used as received. The polystyrene was pre-
pared as reported previously [32]. The deionized water (18 MQ cm?)
was from the ultra-pure purification system.

2.2. Synthesis of single-crystal ordered macroporous ZIF-8

The single-crystal ordered macroporous ZIF-8 (SOM ZIF-8) was
synthesized via impregnation method and double-solvent-assisted
method as shown in Fig. S2 [43]. The as-prepared ordered polystyrene
(PS) microspheres were used as the template, soaked in 135 mL meth-
anol solution containing 2-methylimidazole (20.25 g) and Zn
(NO3)2-6H20 (24.45 g) for 1 h, and then vacuumed for 30 min. Subse-
quently, the impregnated PS template was withdrawn and dried at 60 °C
for several hours, which was further immersed in a mixed solution of
ammonia and CH3OH (1:2 v/v) for 24 h to obtain the PS@ZIF-8 by
filtering and drying for 12 h. The PS template in PS@ZIF-8 was removed
by immersing the PS@ZIF-8 in THF solvent for 24 h. Finally, the ob-
tained SOM ZIF-8 was dried at 110 °C for 24 h to remove the residual
THEF.

2.3. Synthesis of ZIF-8

Zn(NOs3)2-6H20 (1.28 g) and 2-methylimidazole (4.86 g) were dis-
solved in 50 mL methanol separately, which were mixed rapidly and
kept for 24 h. The as-formed white powder of ZIF-8 was collected by
centrifugation, washed with methanol several times, and dried at 60 °C
overnight.

2.4. Synthesis of N-doped hierarchical porous carbon and N-doped
porous carbon

The dried SOM ZIF-8 was carbonized at 900 °C for 1 h under Ar at-
mosphere to obtain N-doped hierarchical porous carbon (N-HPC).
Additionally, ZIF-8 was carbonized to prepare N-doped porous carbon
(N-PC) as a contrast sample.

2.5. Synthesis of B, N dual-doped, hierarchical porous carbon

N-HPC and H3BOs were mixed and transferred in a ceramic boat,
which was carbonized at 900 °C for 1 h under Ar atmosphere to generate
B, N dual-doped, hierarchical porous carbon (BN-HPC).

2.6. Characterization

The morphologies of various samples were investigated via trans-
mission electron microscopy (TEM, JEM-2100plus, Japan), scanning
electron microscopy (SEM, HITACHIS4800, Japan), and the elemental
distribution on the sample was scanned by energy-dispersive X-ray
spectroscopy (EDS). The powder patterns of various samples were
recorded on an X-ray diffractometer (XRD, Bruker D8, Germany) with
Cu Ka radiation (A = 1.5418 [o\). X-ray photoelectron spectroscopy (XPS,
Axis supra, British) was performed to analyze the compositions of
samples. The specific surface area and the pore size distribution were
gained by the Brunauer-Emmett-Teller (BET) method and density
functional theory (DFT) model.
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2.7. Electrochemical measurements

The working electrode was fabricated by mixing 80 wt% of active
material, 10 wt% of carbon black and 10 wt% of polyvinylidene
difluoride (PVDF) binder, to obtain a homogeneous paste using a certain
amount of NMP. The mixture was loaded onto carbon paper with a mass
loading of ~1.5 mg cm™2. For a three-electrode system, the cyclic vol-
tammetry (CV) measurement, galvanostatic charge-discharge (GCD),
and electrochemical impedance spectra (EIS) were tested in 1 M HySO4
electrolyte. A graphite electrode and an Ag/AgCl electrode were used as
the counter and reference electrodes, respectively. For a two-electrode
system, two symmetrical working electrodes were fabricated in a test
device composed of a separator (filter paper), electrolyte (1 M H2SO4),
and two electrodes.

The mass-based specific capacitance (Cs, F g~ 1) measured on a three-
electrode system was calculated from the galvanostatic charge-
discharge curves using the following equation:

1At
Ci=— 1
Y (€)]
The symmetric supercapacitor devices were constructed using two
electrodes with the same loading amount of electroactive materials. The
Cs can be calculated from the galvanostatic charge-discharge curves
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where I (A) is the current, At (s) is the discharge time, m (g) is the mass of
single electroactive material, and V (V) is the potential.

The energy density E (Wh kg™!) and power density P (W kg™!) are
calculated according to the following equations:

1

E:E><C><V2 3)
E

P=x “)

3. Result and discussion

The advantages of hierarchical porous carbon for electrolyte diffu-
sion/penetration of electrolyte in the electrode were firstly confirmed by
COMSOL Multiphysics simulations. Here, we constructed two ideal
models of porous and solid dodecahedra that simulated hierarchical
porous and solid carbons (Fig. 1a), respectively. In detail, the free space
inside the hierarchical porous carbon can be quickly and fully occupied
by the electrolyte within 4 ms, while the diffusion of the electrolyte
would be blocked outside the solid carbon completely. By taking the
central points of two carbons as examples, the electrolyte concentration
in the central point of hierarchical porous carbon approach to the high
level of the outside electrolyte (t = 4 ms) as compared to the low elec-
trolyte concentration (~0, t = 4 ms) in the central point of solid carbon
(Fig. 1b). Additionally, the electrolyte penetrations at the ektexines of
two carbon models were also investigated in Fig. 1c, where the
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Fig. 1. (a) The concentration of electrolyte in two models of hierarchical porous carbon and solid carbon at different diffusion times. The electrolyte concentrations
at (b) the central points and (c) the ektexines in the two models of hierarchical porous carbon and solid carbon. (d) The optimized structure of carbon. The partial
charge densities of (e) N-carbon and (f) N, B-carbon. (g) The binding energy values of hydrogen atoms on various models of carbon, N-carbon, and N, B-carbon.
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hierarchical porous carbon displays a slightly higher concentration than
that of solid carbon. It is because the electrolyte can penetrate into the
ektexine of hierarchical porous carbon from abundant sides. Therefore,
the COMSOL simulations demonstrate it is necessary to construct hier-
archical porous carbons, which is beneficial for the diffusion/penetra-
tion of electrolyte during the electrochemical process.

From another perspective of interface chemistry, density functional
theory (DFT) calculation was also conducted to observe the interfacial
environment between the B, N dual-doped carbon and proton in the acid
electrolyte during the electrochemical energy storage process. After
doping nitrogen in the carbon model (Fig. 1d), the delocalized charges in
the N-carbon model are mainly located near the N dopants (Fig. le),
indicating its enhanced electrochemical activity for coupling the pro-
tons. The further doped B heteroatom in the N, B-carbon model can
intensify the charge distribution (Fig. 1f) with more active sites as
compared to the N-carbon model. According to the calculated binding
energy (BE) values between the protons and various carbon models in
Fig. 1g and Fig. S1, the optimized BE values on carbon (BE;), N-carbon
(BEy), N, B-carbon (BE3), and B-carbon (BE4) models are equal to be
1.23, —1.35, —2.77, and 1.21 eV, respectively. It indicates the syner-
gistic effect of N and B dual-doping in improving the adsorption of
protons. Therefore, it can significantly improve the electrochemical
property of carbon materials by combining hierarchical porous and B, N
dual-doped structures into carbon materials.

Based on the above theoretical calculations, we designed and syn-
thesized B, N dual-doped, hierarchical porous carbon (BN-HPC) with
detailed processes illustrated in Fig. 2a and Fig. S2, where the poly-
styrene (PS) microspheres with a uniform size of ~170 nm (Fig. S3) and
boric acid (H3BO3) were used as the template for the formation of hi-
erarchical porous structure [43-47] and the resource for the generation
of doped boron atoms in BN-HPC (more details can be referred in the
Supporting Information), respectively. As the scanning electron micro-
scopy (SEM) images of BN-HPC are shown in Fig. 2b-d, the BN-HPC
keeps the framework of ZIF-8 well and displays a typical rhombic do-
decahedron shape, which contains abundant and uniform macropores
with the average size of ~188 nm. We also prepared a contrast sample of
nitrogen-doped porous carbon (N-PC) without a PS template, which
exhibits the solid and blocked structure (Fig. S4b). Energy dispersive
spectrum (EDS) elemental mappings of BN-HPC (Fig. 2e) demonstrate
the presence of C, N, and B elements with uniform distributions of doped
heteroatoms (nitrogen and boron) on its surface. To be noted, the
BN-HPC maintains a similar morphology as compared to the
nitrogen-doped hierarchical porous carbon (N-HPC, Fig. S5), demon-
strating the negative effect of the boron-doping process on the structural
stability of BN-HPC. The microstructural and morphological differences
between BN-HPC and N-PC were investigated by transmission electron

Precursor@PS

SOM ZIF-8@PS
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microscopy (TEM). As shown in Fig. S6 and Fig. S7, the BN-HPC reveals
a hierarchical porous structure compared with the N-PC.

The crystal structures of BN-HPC and its contrast samples were
analyzed by the X-ray diffraction (XRD) technique. As shown in Fig. 3a,
all of the BN-HPC, N-HPC, and N-PC show similar XRD patterns with two
distinct characteristic board peaks at approximately 20 = 24° and 43°,
which correspond to the (002) and (100) planes of graphitic carbon
[48]. The X-ray photoelectron spectroscopy (XPS) analysis was used to
identify the surface components of the BN-HPC (Fig. 3b-e), N-PC
(Fig. S8), and N-HPC (Fig. S9). The XPS survey spectrum shown in
Fig. 3b confirms the existence of B, N, and C elements in the BN-HPC,
which corresponds with the above EDS elemental mappings (Fig. 2e)
well. As shown in Fig. 3c, the C 1s XPS spectrum of BN-HPC shows three
peaks at 284.7, 285.5, and 288.7 eV, corresponding to sp2C, C=N/C-0,
and C-N, respectively [49]. The high-resolution XPS spectrum of the N
1s peak (Fig. 3d) confirms the presence of pyridinic N (398.0 eV), pyr-
rolic N (399.3 eV), and graphitic N (402.5 eV) in the BN-HPC [50]. The
high-resolution XPS spectrum of the B 1s (Fig. 3e) can be deconvoluted
into B-N (190.4 eV) and B-O (191.5 eV) species [49]. Additionally, the
contents of B and N were calculated to be 6% and 16%, respectively. The
specific surface area and pore structure of BN-HPC were determined by
investigating its nitrogen adsorption-desorption isotherm (Fig. 3f). From
the inset in Fig. 3f, it can be observed that the content of mesopore in
BN-HPC is higher than that of N-PC, demonstrating the successful for-
mation of the abundant mesoporous structure by using the strategy in
this work [9]. As a result, the BN-HPC shows a higher specific surface
area of 852 m? g’1 on the basis of the Brunauer-Emmett-Teller (BET)
method than that of 248 m? g~! of N-PC without using the PS template.

The electrochemical performance of N-PC, N-HPC, and BN-HPC for
supercapacitors was firstly evaluated in a three-electrode system by
using 1 M H3SO4 aqueous solution as the electrolyte. As the cyclic vol-
tammetry (CV) curves (scan rate: 100 mV s Y of N-PC, N-HPC, and BN-
HPC shown in Fig. 4a, the BN-HPC displays the largest enclosed area and
implies its largest specific capacitance among three samples, resulting
from the promoted reaction kinetics by doping bi-heteroatoms and
accelerated electron/ion transport behaviors by constructing hierar-
chical porous structure. The galvanostatic charge-discharge (GCD)
curves (Fig. 4b) at a current density of 1 A g~! are approximately
symmetrical and quasitriangular, which indicate the capacitive behav-
iors of the BN-HPC, N-HPC, and N-PC. From the GCD curves, the specific
capacitance of BN-HPC is calculated to be 236.9 F g1 at a current
density of 1 A g™, which is much higher than those of N-PC (152.2 F
g™} and N-HPC (221.8 F g™ 1). The excellent electrochemical perfor-
mance of BN-HPC has resulted from the synergistic effect of the hier-
archical porous structure and doped bi-heteroatoms (N and B). The
hierarchical porous structure is beneficial for shortening the ion

N

Fig. 2. (a) Schematic illustration for the synthesis of BN-HPC. (b-d) SEM images of BN-HPC at different magnifications. (¢) SEM image of BN-HPC and its corre-

sponding EDS elemental mappings of B, C, and N.
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transport pathway for efficient contact between the electrode material
and the electrolyte, which matches well with the COMSOL simulations
(Fig. 1a—c). On the other hand, the doped N and B atoms in the hierar-
chical porous carbon skeleton could further modulate the interfacial
wettability of the electrode and enhance the adsorption of electrolyte
ions on its surface with detailed discussion in the DFT calculations
(Fig. 1d-g).

The electrochemical properties of BN-HPC were further investigated
by CV curves under different scan rates (Fig. 4c) and GCD profiles under
different current densities (Fig. 4d), which can maintain the shapes well
even at a high scan rate/current density and indicate the excellent rate

stability of BN-HPC electrode. As shown in Fig. 4e, the specific capaci-
tances of BN-HPC, N-HPC, and N-PC decrease with the increase of cur-
rent density from 0.5 to 10 A g~1. Among them, the BN-HPC shows the
highest capacitance retention of 73% than those of N-HPC (68%) and N-
PC (60%). To evaluate the electrochemical conductivity and ion diffu-
sion capability of BN-HPC, N-PC, and N-HPC, the electrochemical
impedance spectra (EIS) tests were carried out and shown in Fig. S10.
The equivalent series resistances acquired from the curve intercept at
the real axis are 2.8 Q (BN-HPC), 6.8 Q (N-HPC), and 12.1 Q (N-PC),
respectively. The steeper vertical line of BN-HPC than those of N-PC and
N-HPC implies lower electron transfer resistance and low ion diffusion of
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the BN-HPC electrode [51]. In particular, the capacitive (k;v) and
diffusion (kgvl/ 2y contributions can be determined quantitatively at a
given scan rate according to the equation: i/vl/? = k1vl/ 24 k. Here, the
capacitive and diffusion controls represent the ultrarapid reaction ki-
netics of ion adsorption/desorption and sluggish reaction kinetics of the
chemical adsorption, respectively. As shown in Fig. 4f, the BN-HPC
electrode reveals the highest capacitive contribution at any scan rates
(70% at a scan rate of 20 mV s~ ') than those of N-HPC (58%) and N-PC
(53%), which originates from the doped bi-heteroatoms (N and B) in the
BN-HPC with ultrarapid reaction kinetics for H" adsorption/desorption
process [52].

To evaluate the electrochemical performance of the BN-HPC elec-
trode under realistic application conditions, the BN-HPC//BN-HPC
symmetric supercapacitor was assembled and shown in Fig. 5a. The
electrochemical properties of the BN-HPC were discussed by CV with
different scan rates (Fig. 5b) and GCD with various current densities
(Fig. 5¢). The CV and GCD curves keep the shapes without obvious
distortion even at a high scanning rate (100 mV s~1) and a high current
density (10 A g™1), implying the excellent rate stability of the symmetric
supercapacitor. In particular, the device displays the capacitance of 83 F
g1 at 0.5 A g ! with the remaining capacitance of 51.2 F g~ at 10 A
g’l. As shown in Fig. 5d and Table S1, the BN-HPC//BN-HPC symmetric
supercapacitor still maintains capacitance retention of 78% at a high
current density of 10 A g~ ! after 2500 cycles, indicating its potential for
practical applications. As shown in Fig. 5e and Table S2, the Ragone
plots of the BN-HPC//BN-HPC symmetric supercapacitor reveals a high
energy density of 33.3 Wh kg™ at a power density of 212.5 W kg !,
which shows a comparable property with previously reported materials,
such as N/S co-doped carbon microspheres (5.1 Wh kg™! at 250 W
kg™1), N-doped porous carbon nanosheets (25.7 Wh kg ! at 90 W kg™ 1),
hollow carbon spheres (3.6 Wh kg’1 at 2200 W kg’l) and so on [22,23,
26,32,35,37,53-66].

4. Conclusion

In conclusion, B, N dual-doped, hierarchical porous carbon (BN-

HPC) was well prepared under the guidance of COMSOL Multiphysics
simulation and density functional theory calculations. A series of elec-
trochemical measurements were conducted and proved the enhanced
energy storage performance of the BN-HPC electrode (236.9F g *at1 A
g~ 1) due to its hierarchical porous structure and bi-heteroatom (N and B)
doped carbon surface. By using BN-HPC, we assembled the BN-HPC//
BN-HPC symmetric supercapacitor and delivered a high energy den-
sity of 33.3 Wh kg™! at a power density of 212.5 W kg™! for further
practical applications. In spite of the comparable energy storage per-
formance of BN-HPC electrode with others, we provided a general and
fresh thought into the design of dodecahedral carbon by combining hi-
erarchical porous structure and bi-heteroatom doping strategy from
both experimental and theoretical perspectives, which has important
significance to guide the future design of other carbon materials for
supercapacitors.
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