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Here we describe a facile, low-cost, and scalable synthesis of nitrogen-doped hierarchical porous carbon
(N-HPC) through a contemporaneous carbonization—activation process of a cross-linked polymer obtained by
the one-step copolymerization of divinylbenzene (DVB) and 1-vinylimidazole (VI) monomers. The as-prepared
N-HPC features a high surface area of up to 1685 m? g* with the coexistence of abundant micro-, meso-,
and macropores. When applied in lithium-ion batteries (LIBs), the N-HPC anode exhibits superior initial reversal
capacity (10459 mA h gt at 0.1 A g™, cyclic stability (retention of 73.6% at 2 A g~* after 1000 cycles) and rate
capability (4505 mA h gt at 2 A g~%) on account of its architectural and compositional superiority compared
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DOI: 10.1039/d2ma00310d with either the HPC material carbonized from the self-polymerization product of DVB or commercial graphite.

We believe that this work can provide new impetus to the large-scale implementation of high-performance
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Introduction

The world is currently seeing the major impact of energy
shortage and environmental degradation on a very large scale
due to the exhaustion of non-renewable fossil fuels. To cope
with such dual challenges, scientists are driven to exploit clean,
sustainable, and affordable energy sources. Hence, lithium-ion
batteries (LIBs) have been devised and stand out by virtue of
their high energy density, long cycle life, wide operating vol-
tage/temperature range, and environmental benignity. LIBs
have seen tremendous success in consumer electronic markets,
yet emerging applications such as electrified transportation
and grids put forward higher requirements on their perfor-
mance, especially the energy density."” Electrode materials
(cathode and anode) as an essential part of the battery system
are critical to the performance parameters of the device.
Essentially, the energy density of LIBs is governed by the
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and affordable LIBs that are pivotal in the sustainable development of our society.

lithium storage capacities and working voltages of the respec-
tive electrodes.® Dedicated efforts have been devoted to the
development of various electrode materials with large capaci-
ties and moderately low voltages to attain this energy goal.

As a predominantly used commercial anode material for
LIBs, graphite has a relatively low theoretical capacity of only
372 mA h g7, and is gradually approaching its limit. Still,
carbon materials have long appealed to researchers as promis-
ing anode candidates because of their easy approachability,
good electrical conductivity, stable physicochemical properties,
low average voltage, and nontoxicity.” Among them, porous
carbon materials such as activated carbon, carbon aerogels,6
and carbon nanotubes” have attracted extensive research inter-
est owing to their highly exposed surface area, large pore
volume, and devisable pore structure.®*'° In general, macro-
pores (> 50 nm) and mesopores (2-50 nm) are advantageous to
the infiltration of electrolytes into the electrode. Mesopores and
micropores (< 2 nm) are conducive to large electrochemical
accessible surface areas to increase the active material utiliza-
tion. Besides, micropores might serve as lithium-ion reservoirs
that further enhance the storage capacity.'"'> Nevertheless, the
energy storage capability of conventional porous carbon mate-
rials with only macro-, meso- or micropores is not very satis-
factory due to the lack of expedited diffusion pathways and
sufficiently exposed surfaces.

In this context, hierarchical porous carbons (HPCs) inte-
grated with micro-, meso-, and macropores are expected to
exhibit comprehensively improved electrochemical properties

© 2022 The Author(s). Published by the Royal Society of Chemistry
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as LIBs anodes, benefiting from the synergetic contributions of
multimodal nanopores and their pore interconnections.'**
Thus, the synthesis and application of hierarchical porous
carbon materials have become a hot research topic.> While
templating methods have been frequently used to prepare
porous carbon materials, the removal of many templates is
tedious, time-consuming and sometimes involves hazardous
reagents.'® Therefore, developing a simple, efficient and cost-
effective synthetic strategy for HPCs is intriguing and challen-
ging. In recent years, a variety of polymers have been docu-
mented as excellent carbon precursors by virtue of their easy
synthesis, low cost, flexible morphology control, and decent
carbon yield.>"” Through appropriate thermal treatment of
such polymers, abundant nanopores at different dimensions
can be obtained in the resultant carbon materials. Moreover,
the inherent heteroatoms (e.g., N, S, P) in some polymers can
act as in situ dopants to decorate the carbon framework, which
can not only modify the electronic properties of the material
but also enhance the electrode/electrolyte affinity, thereby
further improving the storage capacity of lithium ions.'®2°

In the present study, we have fabricated a nitrogen-doped
hierarchical porous carbon (N-HPC) material via the direct
carbonization of a KOH-impregnated polymer obtained from
divinylbenzene (DVB) and 1-vinylimidazole (VI) monomers,
featuring a high specific surface area of 1685 m”> g~ with wide
pore size distributions. When examined as a LIBs anode, the as-
prepared N-HPC exhibits an appreciably enhanced initial rever-
sible capacity, rate performance and durability with respect to
the HPC material prepared by the pyrolysis of the self-
polymerization product of DVB or commercial graphite.

Results and discussion

Scheme 1 illustrates the synthetic protocol of the nitrogen-
doped hierarchical porous carbon (N-HPC) material derived
from a divinylbenzene (DVB)-based porous organic polymer
through a simultaneous carbonization-activation process. As
can be seen from the Fourier transform infrared (FT-IR) spectra
in Fig. S1 (ESIf), two new adsorption bands at around
1226 cm ' and 1647 cm ' corresponding to the N-H and
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Scheme 1 Schematic illustration of the synthesis of N-HPC.
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C=N stretching vibrations can be found in the copolymer
(PDVB-VI) in relation to its counterpart (PDVB).>' The FT-IR
results clearly indicate that the imidazole group has been
successfully grafted onto the polymer skeleton, which could
work as a nitrogen dopant post heat treatment. The TG curves
of the two polymers are plotted in Fig. S2 (ESIt), displaying
similar thermal decomposition behavior. The relatively high
decomposition temperatures evidence the good chemical sta-
bility of the obtained DVB-based polymers, which can give a
clue to the high degree of crosslinking of the network.”' In
addition, a higher residual weight percentage is obtained for
PDVB-VI (>25%) than for PDVB (~17%), suggesting a larger
carbon yield for the copolymer precursor.

The morphology of the as-prepared N-HPC was surveyed by
scanning electron microscopy (SEM). The representative SEM
images in Fig. 1(a) and (b) distinctly verify the existence of
abundant pores with a wide pore size distribution (PSD). The
inset in Fig. 1(a) shows that the pore diameter of N-HPC ranges
from 20 to 140 nm and is centered around 60-80 nm. A closer
inspection of the microstructure of N-HPC was conducted by
scanning transmission electron microscopy (STEM). The typical
TEM (Fig. 1(c)), STEM (Fig. 1(d) and Fig. S3a, ESI{) and HR-TEM
(Fig. S3b, ESIt) images further substantiate the well-resolved
hierarchical porosity of N-HPC, spanning from micropores and
mesopores to macropores, which might provide increased sto-
rage capacity and improved transportation property for lithium

ions.”>* The corresponding elemental mapping (Fig. 1(e) and
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Fig. 1 (a) and (b) SEM, (c) TEM, and (d) STEM images of N-HPC, with the
corresponding elemental mapping (e), (f).
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() clearly reveals the uniform distribution of C and N elements
throughout the selected area of the N-HPC sample, which
ascertains the incorporation of nitrogen atoms into the carbon
skeleton.

The porous architecture of the as-obtained N-HPC was
further examined by nitrogen adsorption-desorption analysis.
In light of the IUPAC classification, N-HPC displays a combined
type-I(a)/IV(a) isotherm (Fig. 2(a)).>® The significant N, adsorp-
tion in the low-pressure zone (P/P, < 0.1) indicates the dom-
inance of micropores, while a rise at relatively high pressures
(P/P, > 0.9) implies the existence of macropores.>®>” Notably,
in the medium-high pressure region, a capillary condensation
is accompanied by hysteresis, which is a characteristic of
mesopores.*® While the control sample HPC follows a similar
physisorption pattern, N-HPC exhibits a remarkably increased
micropore filling at very low P/P,. Thus, the micropore volume
of N-HPC is assumed to be much larger than that of HPC,
which generally leads to a higher specific surface area. Fig. 2(b)
depicts the PSDs obtained from the adsorption branches in the
medium-to-high pressures using the Barrett-Joyner-Halenda
(BJH) model. A broadened peak centered at around 60-70 nm is
found for N-HPC in the meso- to macropore range, which is in
accordance with the SEM observation. The PSDs acquired from
the isotherm at low pressures using the Horvath-Kawazoe (HK)
method is presented in the inset of Fig. 2(b), showing sharp
peaks at 0.70 nm and 0.68 nm for N-HPC and HPC, respectively.
The above N, physisorption analysis corroborates the hierarchy
of porosity covering micro-, meso- and macropores in the
obtained samples, which should be caused by the decomposi-
tion of organic segments and KOH-etching.

The detailed porosity parameters are summarized in Table
S1 (ESIT). As expected from the physisorption isotherms, N-
HPC doubles the micropore volume in comparison to that of
HPC, presumably due to the introduction of VI into the poly-
merization, which brings a higher degree of cross-linking and
hence generates more micropores in the carbonization process.
Consequently, the specific surface area of N-HPC acquired by
from the multipoint Brunauer-Emmett-Teller (BET) method is
up to 1685 m> g, twice that of HPC (~ 815 m* g~ ). It has been
well documented that the lithium storage capability of an electrode
is closely related to the high specific surface area of the active
material and the pore structure of different structural levels.'*'”*%°
Due to the synergetic benefit of the well-developed hierarchical
porous texture and N-doping, the cross-linked copolymer-derived
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Fig. 2 (a) Nitrogen adsorption—desorption isotherms and the (b) corres-
ponding pore size distributions of N-HPC and HPC.
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Fig. 3 (a) XRD patterns and (b) Raman spectra of N-HPC and HPC.

N-HPC is anticipated to hold great advantages as a LIBs anode
material over its counterpart.

As shown in Fig. 3(a), the X-ray diffraction (XRD) patterns of
both N-HPC and HPC display two typical peaks near 23° and
43°, representing the (002) and (100) crystal planes of graphitic
carbon, respectively. The relatively low intensity and broad
shape of these two diffraction peaks imply that the carbon
materials obtained herein are principally amorphous/disor-
dered in nature. According to previous studies, the empirical
parameter (R), defined as the ratio of the height of the (002)
Bragg peak to the background, shows a close correlation with
the nonparallel single layer content in carbon materials. To be
specific, carbon samples with smaller R values (< 2) generally
contain larger amounts of randomly oriented single layers, and
in turn deliver higher lithium storage capacities.>’* A sche-
matic for the calculation of parameter R is presented in Fig. S4
(ESIT). A lower R value is obtained for N-HPC (1.48) than for
HPC (1.98), manifesting an increased nonparallel single layer
content in the former sample, which could further enhance its
reversible capacity when used as a LIBs anode. The difference
in the R values is most possibly due to the introduction of
nitrogen atoms into the skeleton of N-HPC, which interferes
with the progression of graphitization and generates more
defects.

The Raman spectra (Fig. 3(b)) of N-HPC and HPC unveil two
pronounced peaks at 1345 cm™' and 1580 cm™ ', which are
assignable to the characteristic D (disorder/defects) and G
(graphitic) bands of carbon materials, respectively.** The inten-
sity ratio of the D and G bands (Ip/Ig) is normally employed to
estimate the degree of structural ordering for carbons, which
turns out to be 1.36 and 1.23 for N-HPC and HPC, respectively,
denoting their amorphous/disordered feature. The higher Ip/Ig
value of N-HPC reflects an increase in structural disordering/
defects in the carbon skeleton of N-HPC,**™*” which is consis-
tent with the results of the XRD measurements.

X-ray photoelectron spectroscopy (XPS) was performed to
further investigate the surface chemistry of N-HPC. Evidently,
the XPS survey spectrum (Fig. 4(a)) validates the presence of
carbon and nitrogen in N-HPC, which agrees with the elemen-
tal analysis from STEM. As shown in Fig. 4(b), the high-
resolution C 1s XPS spectrum can be deconvoluted into four
peaks at 284.8, 285.8, 287.7 and 290.1 eV, corresponding to
C-C/C=C, C-N/C-0O, COOH and n-n*.*® Amongst them, the
chemical bonding between carbon and carbon has predomi-
nance in the carbon framework. The high-resolution O 1s

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of N-HPC: (a) survey spectrum, (b) C 1s spectrum,
(c) O 1s spectrum, (d) N 1s spectrum.

spectrum (Fig. 4(c)) of N-HPC is divided into three peaks at
531.9, 533.6, and 534.4 eV, disclosing the existence of different
oxygen functionalities (C—=0, C-0, and COOH, respectively).*
Fig. 4(d) depicts the peak fitting results of the high-resolution N
1s spectrum, identifying four distinct components of nitrogen,
including pyridinic N at 399.1 eV, pyrrolic N at 399.9 eV,
graphitic N at 400.8 eV, and oxidized pyridinic-N at
402.3 eV.*"*? Previous experimental and theoretical investiga-
tions indicate that the pyridinic/pyrrolic N decorations on
carbons can not only modify their electronic property but also
serve as electrochemically active sites for extra lithium
accommodation.>>*%43:44

The electrochemical properties of N-HCP as a LIBs anode
were evaluated by the standard half-cell configuration in a
voltage window of 0.01-3.0 V vs. Li/Li". Fig. 5(a) shows the first
three cyclic voltammograms (CVs) of the N-HCP anode at a scan
rate of 0.5 mV s '. During the initial cathodic scan, a pro-
nounced reduction peak at 0.42 V is clearly detected, which is
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Fig. 5 (a) CV curves of the first three cycles at 0.5 mV s7*; (b) charge-

discharge curves at 0.1 A g~ for N-HPC; (c) rate performance at various
current densities from 0.1 to 1 A g~ and (d) cyclic stability at 2 A g~* for
both N-HPC and HPC.
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generally acknowledged to be a consequence of electrolyte
decomposition and of solid electrolyte interface (SEI)
formation.** It is worth noting that this peak has disappeared
and the CV curves coincide well with each other from the second
cycle onwards, signifying the good stability and reversibility of N-
HCP. In the anodic scan, two weak oxidation peaks at around
0.2 Vand 1.2 V should be credited to the lithium extraction from
carbon layers and pores/defects, respectively.”>*® Besides,
another broad oxidation peak can be observed at about 2.4 V,
which is presumably associated with the interactions between
lithium and the surface N atoms of carbon.*>*” In contrast, the
N-related oxidation peak is absent in the CV curves of the
undoped carbon sample HCP (Fig. S5a, ESIT). The galvanostatic
charge-discharge profiles of N-HPC (Fig. 5(b)) for the initial
three cycles were collected at 0.1 A g~ *. In the first cycle, the
N-HPC anode shows a reasonably high reversible capacity of
1045.9 mA h g~ with a relatively low initial coulombic efficiency
of 42.4%. The large irreversible capacity is mainly caused by the
side reactions and SEI formation, which is common in nanoma-
terials, especially those with porous structures. Satisfyingly, the
coulombic efficiency promptly increases to 89.2% and 90.9% for
the subsequent two cycles. As expected, the HPC electrode shows
a smaller initial reversible capacity (804.9 mA h g~ ') than N-HPC
(Fig. S5b, ESIT) on account of its less exposed active surface and
the lack of heteroatom doping.

Fig. 5(c) illustrates the rate performance comparison of
N-HPC and HPC. By increasing the current density stepwise,
the reversible capacity of the N-HPC anode decreases slowly
and steadily from 967.7 mA h g~ " at 0.1 A g ' to 824.9, 606.6,
and 451.6 mA h g ' at 0.2, 0.5, and 1 A g~ ', respectively, which
readily outperforms the HPC anode at each rate. As the current
density goes back to 0.1 A g™, the reversible capacity of N-HPC
can easily restore more than 100% of its initial value
(1047.6 mA h g "), while HPC struggles to retain just 85.8%
of its original capacity (604.2 mA h g~ '). This superior rate
capability of N-HPC compared with that of HPC should be
attributed to its high surface area, N-doping that provides more
active sites, and optimized hierarchical porosity that affords
expedited pathways for lithium diffusion and electron transfer.
Fig. 5(d) presents the cycling stability of N-HPC and HPC at an
even higher rate, which is of great importance to the actual
demand of fast charging and long lifespan. The N-HPC anode
delivers an appreciable reversible capacity of 450.5 mA h g™ " at
2 A g, which is close to the value at 1 A g~'. Although the
reversible capacity of N-HPC undergoes gradual fading in the
first few cycles, it quickly reaches a relatively stable level. After
prolonged 1000 repeated charge-discharge cycles, N-HPC still
delivers an appreciable capacity of 331.6 mA h g !, corres-
ponding to a decent retention rate of 73.6%, while the rever-
sible capacity of HPC at the 1000th cycle is only 157.2 mAh g~".

To shed some light on the considerably improved electro-
chemical performance of N-HPC, detailed kinetic analysis was
performed with CV measurements at various scan rates along
with electrochemical impedance spectroscopy (EIS). The CV
curves display similar shapes with gradual peak broadening as
the scan rate increases from 0.2 to 1 mV s * (Fig. S6a, ESI?).

Mater. Adv., 2022, 3, 6636-6642 | 6639
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In general, the total energy stored in an electrode material is
contributed by a diffusion-controlled faradaic process and/or a
surface-controlled non-faradaic process, which can be qualita-
tively determined according to:

i=a’

where the measured peak current i obeys a power law relation-
ship with the scan rate v, and a and b are adjustable
parameters. Particularly, the b value of 0.5 represents a totally
diffusion-controlled process (battery behavior), whereas b = 1.0
denotes an ideal capacitive process (capacitor behavior)."® The
b value can be acquired from the slope of the log(v)-log(i) plot.
As shown in Fig. S6b (ESIt), the b values are 0.88 and 0.85 for
the anodic and cathodic peaks, respectively, indicating a mixed
contribution from both battery and capacitor behaviors, in
which the latter predominates.

The Nyquist plots (Fig. S7a, ESIT) of N-HPC and HPC both
consist of a compressed semicircle in the high-to-medium
frequency region, which describes the charge transfer resis-
tance (R.), and a low frequency tail related to the solid-state
diffusion of ions. Judging by the diameter of the semicircle in
the high-to-medium frequencies, the R. value of N-HPC is
estimated to be much lower than that of HPC, which may be
ascribed to the N-doping that tailors the electronic properties.
The impedance spectra can be further elucidated based on the
equivalent circuit shown in the insert. As plotted in Fig. S7b
(ESIY), the fitted Warburg factor (o) value of N-HPC is smaller
than that of HPC, indicating the faster lithium diffusion in the
former electrode matrix.'™'® This could be explained by the
architectural and compositional merits of N-HPC inherited
from the cross-linked copolymer PDVB-VI: the high surface
area provides large electrode/electrolyte interfaces, which can
better absorb lithium and facilitate fast charge transfer reac-
tions; the interconnected porous network can offer shortened
pathways for rapid ion/electron transportation, and the plenti-
ful nanopores in different sizes can help with lithium uptake;
the pyridinic/pyrrolic nitrogen atoms doped in N-HCP can
improve the electrochemical responsiveness and electronic
conductivity, further contributing to its exceptional properties.

Experimental section
Materials

All reagents were of analytical grade and used without further
purification. Divinylbenzene (DVB) and 1-vinylimidazole (VI)
were obtained from Macklin (Shanghai, China). Azobisisobu-
tyronitrile (AIBN), potassium hydroxide (KOH) and ethyl acetate
were supplied by Sinopharm Chemical Reagent Co., Ltd.

Synthesis of the precursors (PDVB-VI, PDVB)

In a typical synthesis, 4 mL DVB and 1 mL VI were first blended
in 25 mL ethyl acetate under mild magnetic stirring for 30 min
at room temperature. Next, 0.065 g AIBN was added to the
above mixture with another 3 h of vigorous stirring. The
solution was then stored in an autoclave at 120 °C for 24 h.
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The white gel product was ground up for natural air-drying, and
was then washed with deionized water several times, followed
by vacuum drying at 80 °C for 24 h to obtain a white powder
copolymer (PDVB-VI). For comparison, the self-polymerization
product of DVB, i.e., polydivinylbenzene (PDVB), was prepared
through the same procedure without the addition of the N-
containing monomer VI.

Synthesis of the final product (N-HCP, HCP)

Initially, the precursor (PDVB-VI or PDVB) and KOH were
blended in a mass ratio of 1: 4 and dispersed in a mixed solvent
of ethanol and deionized water (v:v = 1:1) under vigorous
stirring, followed by vacuum drying at 110 °C overnight. The
mixed powder was annealed at 700 °C for 2 h under an Ar flow.
Subsequently, the pyrolysis product was washed repeatedly with
3 M HCI solution, deionized water and ethanol, sequentially.
Finally, the product was dried at 80 °C under vacuum for 12 h,
and designated as N-HPC. The control sample (HCP) was pre-
pared with the exact same post treatment of the precursor PDVB.

General characterization

The surface morphologies of the materials were observed using
a Hitachi SU 8010 field-emission scanning electron microscope
(SEM). Transmission electron microscopy (TEM) images were
captured by a Thermo Scientific Talos F200X STEM. Nitrogen
sorption measurements were collected on a Micromeritics ASAP
2020 Plus physisorption analyzer at 77 K. The X-ray diffraction
(XRD) patterns were acquired using a D8 Advance X-ray dif-
fractometer with Cu Ko radiation (4 = 1.5418 A). X-ray photoelec-
tron spectroscopy (XPS) was performed on a PHI Multi Pak
spectrometer with a Mg Ka X-ray source. The Raman spectra were
recorded on a Thermo Scientific DXR spectrometer at 532 nm
excitation. The Fourier transform infrared (FT-IR) spectra were
collected on a Thermo Nicolet NEXUS 470 spectrometer. Thermo-
gravimetric analysis (TGA) was accomplished with a NETZSCH TG

209 F3 Tarsus instrument, with a heating rate of 10 °C min~".

Electrochemical measurements

The electrochemical performance of the as-synthesized materi-
als was studied using CR2032 coin-type half-cells assembled in
a glove box filled with inert gas. Specifically, the working
electrode was fabricated by coating a mixed slurry of 80 wt%
active materials, 10 wt% carbon black, and 10 wt% polyvinyli-
dene fluoride (PVDF) on copper foil. Lithium foil was employed
as a counter electrode and lithium hexafluorophosphate (LiPFy)
was used as the electrolyte. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were conducted
on a CHI660E electrochemical workstation (Chenhua, China).
The charge-discharge property measurements were implemen-
ted on multiple Land battery testing systems.

Conclusion

In summary, a hierarchically porous carbon material with
N-doping, N-HPC, has been developed by a synchronous

© 2022 The Author(s). Published by the Royal Society of Chemistry
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activation-carbonization tactic using a cross-linked N-containing
copolymer as the precursor, demonstrating tremendous
potential as an alternative LIBs anode. The N-HPC elec-
trode delivers an appreciably high reversible capacity of
1045.9mAh g 'at0.1 Ag™ ', and achieves a desirable reversible
capacity of 450.5 mA h g~ at a 20-fold increased rate. Even after
1000 repeated cycles at a large current density of 2 A g™, N-HPC
retains 73.6% of its initial capacity. The enhanced comprehen-
sive lithium storage capability of N-HPC should be attributed to
the synergetic benefit of its multimodal porosity and pyridinic/
pyrrolic nitrogen decorations, which offer elevated lithium
accommodation capacity and accelerated lithium/electron
transportation. This work is expected to highlight new oppor-
tunities for the mass production of polymer-derived carbon for
affordable high-performance LIBs.
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