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Highly porous nitrogen-doped carbon
superstructures derived from the intramolecular
cyclization-induced crystallization-driven self-
assembly of poly(amic acid)f
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Hierarchically porous carbon nanomaterials have shown significant potential in electrochemical energy
storage due to the promoted charge and mass transfer. Herein, a facile template-free method is
proposed to prepare nitrogen-doped carbon superstructures (N-CSs) with multi-level pores by pyrolysis
of polymeric precursors derived from the intramolecular cyclization-induced crystallization-driven self-
assembly (ICI-CDSA) of poly(amic acid) (PAA). The excellent thermal stability of PAA enables the N-CSs
to inherit the hierarchical structure of the precursors during pyrolysis, which facilitates the formation of
meso- and macropores while the decomposition of the precursors promotes the creation of
micropores. Electrochemical tests demonstrate the ultrahigh surface-area-normalized capacitance (76.5
uF cm™2) of the N-CSs facilitated by the hierarchically porous structure, promoting the charge and mass
transfer, as well as the high utilization of pyridinic and pyrrolic nitrogen (12.9%) to provide significant
pseudocapacitance contribution up to 40.6%. Considering the diversity of monomers of PAA, this ICI-

CDSA strategy could be extended to prepare carbon nanomaterials with various morphologies, pore
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Introduction

Porous carbon nanomaterials have drawn wide attention for
decades due to their superior stability and excellent physi-
ochemical properties such as high specific surface area and
abundant pore structures."” These outstanding properties
make them promising candidates in electrochemical applica-
tions including energy storage and electrochemical catalysis.®™®
Heteroatom doping and adjustment of the pore structure are
efficient strategies to improve the electrochemical performance
of carbon materials.*> Pores with different diameters have
various functions in electrochemical applications. For instance,
micropores with diameter less than 2 nm facilitate charge
storage when used as an electrode of supercapacitors. Meso-
pores with diameter between 2 and 50 nm promote the elec-
trolyte transport, leading to the improvement of the reaction
rate of electrochemical processes. And macropores serve as the
‘ion cell’ to provide sufficient electrolyte ions during electro-
chemical reactions.>**
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structures and chemical compositions.

There are several methods to create pores with different sizes
in carbon nanomaterials such as activating by pore forming
substrates like KOH and introducing soft or hard templates.">"”
Self-assembly of amphiphilic polymers is a powerful tool to
fabricate functional nanomaterials with diverse morphologies
and structures.”® Using polymers with abundant aromatic
backbones such as polypyrrole and polyaniline etc. as building
blocks, carbon nanomaterials with desired structures could be
prepared by the pyrolysis of the polymeric precursors ob-
tained.”®*° Importantly, the structure of the polymeric precur-
sors could be well-preserved during pyrolysis due to the high
thermal stability and carbon yield of the precursors.”’** More-
over, pores with different sizes could also be created by the
pyrolysis of polymeric precursors.**** For instance, Feng and
coworkers fabricated flower-like carbon superstructures derived
from the hierarchical assembly of polyimide nanosheets.
Micropores with sizes of 1.6 and 1.9 nm, and mesopores with
a size of 3.9 nm were obtained by the pyrolysis of polymeric
precursors and KOH activation.*® Our group prepared nitrogen-
doped hollow carbon spheres using polymer vesicles as the
precursor. And the pore size could be controlled within 3.8 to
32.3 nm by cross-linking of the vesicles.*” Recently, Zhou at al.
prepared hollow carbon spheres with uniform micropores (0.5-
1.0 nm) and high specific surface area up to 2580 m> g~ " using
alternating copolymer vesicles as the precursor, followed by
KOH activation.*® However, the self-assembly process is usually

© 2022 The Author(s). Published by the Royal Society of Chemistry
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conducted in dilute solutions, which hinders the scalable
fabrication of carbon nanomaterials.

In our previous study, we proposed the new concept of ICI-
CDSA, and the self-assembly driving force and mechanism
were also investigated.*® However, the ICI-CDSA was still per-
formed in dilute solution (<4%). In this study, we extended ICI-
CDSA to induce the hierarchical self-assembly of PAA with
a high solid content (15%) and on a large scale (more than 10.0
g), which could be used as a precursor to prepare N-CSs with
multi-level pores, as shown in Scheme 1. With the thermal
treatment of PAA, the solvophobic and crystalline polyimide (PI)
segments were introduced into the backbone of the polymer,
denoted as P(AAjgs-Stat-lyo,) (the subscript refers to the
percentage of PAA and PI segments), leading to the formation of
hourglass-shaped superstructures. After calcination in an inert
atmosphere, N-CSs with micro-, meso-, macro pores and a high
intrinsic nitrogen content of 7.9% were formed, endowing the
N-CSs with excellent rate capacity as the electrode material for
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supercapacitors. Besides, we confirmed that the multi-level
pores promoted the utilization of pyridinic nitrogen (N-6) and
pyrrolic nitrogen (N-5) of N-CSs, which provided considerable
pseudocapacitance contribution.

Experimental section

Materials

Hydrazine hydrate (98%), pyromellitic dianhydride (PMDA,
99%), KBr (99.9%), acetone (AR) and dimethyl formamide
(DMF, AR) were purchased from Aladdin. DMSO-d, was
purchased from J&K Scientific Ltd.

Characterization

The hydrodynamic diameter and polydispersity of the nano-
structures and their intermediates were determined using
a ZETASIZER Nano series instrument (Malvern Instruments ZS
90) at a scattering angle of 90°. The zeta potentials of the
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Scheme 1 Synthesis of PAA via stepwise polymerization and the corresponding thermally induced imidization reaction. With the formation of
polyimide segments, spindle-like nanosheets were formed by ICI-CDSA, which further self-assembled to an hourglass-shaped nanostructure at
high concentration. The N-CSs with multi-level pores could be obtained by the pyrolysis of the hourglass-shaped precursors at 800 °C. And the

schematic illustration of the EDLC and pseudocapacitance of N-CSs.
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samples were also obtained using the same instrument. The
transmission electron microscopy (TEM) images were recorded
on a JEOL JEM-2100F instrument at 200 kV equipped with
a Gatan 894 Ultrascan 1k CCD camera. To obtain scanning
electron microscopy (SEM) images, gold nanoparticles were
coated on the surface of the samples and they were viewed by
using an FEI Quanta 200 FEG electron microscope operated at
10 kv. The X-ray diffraction (XRD) patterns of the samples were
obtained using a Bruker D8 ADVANCE X-ray diffractometer. The
angle was set from 5° to 50° with a rate of 6° min~'. The Raman
spectrum of the N-CSs was recorded by using a LabRAM HR
Evolution laser confocal microscopic Raman spectrometer
(HORIBA Scientific). Thermogravimetry-differential scanning
calorimetry (TG-DSC) was conducted using a DSC Q600 (TA
Instruments) with a heating rate of 10 °C min™" to 1000 °C.
Nitrogen adsorption/desorption isotherms were measured at
—196 °C with a Micromeritics ASAP 2020 instrument. X-ray
photoelectron spectroscopy (XPS) spectra were measured
using a PHI 5000C ESCA System XPS (PerkinElmer Co., Amer-
ica) with an aluminum target, a voltage of 14.0 kv and power of
300 W.

Synthesis of PAA

PAA was synthesized following our previous study.** Generally,
hydrazine hydrate (1.139 g, 22.5 mmol) was dissolved in 20 mL
of DMF. PMDA (4.867 g, 20.00 mmol) was dispersed in 20 mL of
DMF and added into the DMF solution of hydrazine hydrate
batch by batch in an hour at 0 °C. Then the solution was stirred
for an hour to promote the complete consumption of the
monomers.

ICI-CDSA of PAA in DMF

The stock solution of PAA was diluted to different concentra-
tions: 50, 75, 100, 125 and 150 mg mL ™", respectively. Then the
solutions were heated to 153 °C in an oil bath for 10 min. After
cooling to room temperature, the dispersion was centrifuged
and washed with water three times. Then the samples were
dried under vacuum to give yellow powders.

Preparation of N-CSs

The N-CSs were obtained by the pyrolysis of the polymeric
precursor in a nitrogen atmosphere. Typically, 200 mg of poly-
meric precursor was placed in a tube furnace. After purging
nitrogen for 30 min, the tube furnace was allowed to heat to 700,
800 and 900 °C with a rate of 10 °C min . The temperature was
kept at 800 °C for 2 h and naturally cooled to room temperature,
leading to the formation of N-CSs.

Electrochemical measurement

A homogeneous slurry was prepared by mixing 80 wt% of active
materials, 10 wt% of acetylene black and 10 wt% of polytetra-
fluoroethylene (PTFE), which was then pressed onto a nickel
foam, serving as the current collector. The electrochemical
measurements were conducted using a three-electrode system
in 6 M KOH, in which platinum foil serves as the counter
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electrode and a Hg/HgO electrode serves as the reference elec-
trode. The cyclic voltammetry (CV), galvanostatic charge-
discharge (GC) and electrochemical impedance spectroscopy
(EIS) measurements were performed using a CHI 660E electro-
chemical workstation.

Results and discussion
Synthesis and ICI-CDSA of PAA

PAA was synthesized by stepwise polymerization of hydrazine
and PMDA following our previous study.** The molecular
weight, molecular weight distribution and thermally induced
imidization process were studied by nuclear magnetic reso-
nance (NMR), gel permeation chromatography (GPC) and real
time Fourier transform infrared spectroscopy (RT-FTIR).*® We
have proposed the concept of ICI-CDSA in our previous study.*
In this study, we focus on the scalable preparation of N-CSs with
multi-level pores by a template-free method. The raw solution
(solid content of 15%) of PAA was heated to 153 °C to induce the
intramolecular imidization reaction. The color of the solution
turned yellow and the solution became turbid, indicating the
formation of nanostructures. It is noteworthy that the ICI-CDSA
of PAA could be performed on a large scale (more than 10.0 g) by
a one-pot synthesis, as shown in the digital photo in Fig. 1A.
Powder XRD was used to verify the crystal structure of the nano-
objects, which crystallized in the monoclinic spacegroup, as
shown in Fig. 1B. The strong intensity of the isolated peaks
demonstrated the high crystallinity of the nano-objects, in
accordance with our previous result.*® The diffraction peaks of
(002), (110) and (200) planes were located at 26 of 10.2, 18.3 and
29.2°, corresponding to the d-spacing of 0.87, 0.48 and 0.31 nm
respectively.

The morphology of the nano-object was revealed by TEM and
SEM. As shown in Fig. 1C-E, the TEM images revealed the
hourglass-shaped structure of the nano-objects. Besides, the
TEM image in Fig. 1E disclosed the microstructure of the
hourglass-shaped superstructure, and overlapped triangular
spines were observed on the surface. Then SEM was also con-
ducted to observe the surface morphology of the hourglass-
shaped superstructure, as shown in Fig. 1F and G. It was
clearly observed that the hourglass-shaped superstructure was
formed by spindle-like nanosheets, as pointed by the over-
lapped nanosheets in the red circle in Fig. 1D. Furthermore,
nano-objects with various morphologies could be prepared by
ICI-CDSA under different conditions, as illustrated in Fig. S1.}

Formation mechanism of hourglass-shaped superstructures

To reveal the formation mechanism of hourglass-shaped
superstructures, the self-assembly process was investigated, as
shown in Fig. 2. The P(AA, og-stat-1y o) underwent a nucleation-
growth-hierarchical self-assembly process with the increase of
concentration. When the concentration was 50 mg mL ™", the
P(AAg og-Stat-Iy o,) crystallized from DMF to form a spindle-like
crystal nucleus (Fig. 2A). As the concentration increased to 75
and 100 mg mL ™', the P(AAqog-Stat-loo,) chains crystallized
onto the spindle-like nucleus to form large sized spindle-like

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Hourglass-shaped superstructures prepared by the ICI-CDSA of PAA. (A) Digital photo, (B) XRD pattern, (C—E) TEM images and (F), (G) SEM

images of hourglass-shaped superstructures.

nanosheets, as illustrated in Fig. 2B-D. When the concentration
further increased to 125 mg mL ", the spindle-like nanosheets
underwent hierarchical self-assembly to form bundles of
nanosheets (Fig. 2E and F), and eventually hourglass-shaped
superstructures (Fig. 1). The corresponding dynamic light
scattering (DLS) and zeta potential results are presented in
Fig. S2 and S3,t indicating that the size of the nanostructures
increased from 603 to 2530 nm with the concentration. However
the zeta potentials were maintained at around —20 mV,
demonstrating that the unreacted carboxyl groups covered the
surface of the nanostructures to prevent agglomeration. In
addition, the spindle-like nanosheets pointed by red circles in
Fig. 2E and 1D confirmed that the hourglass-shaped

© 2022 The Author(s). Published by the Royal Society of Chemistry

superstructures were indeed formed by the hierarchical self-
assembly of the spindle-like nanosheets.

N-CSs derived from the pyrolysis of hourglass-shaped
superstructures

It has been reported that PAA or PI based polymeric nano-
structures were promising precursors to prepare carbon nano-
materials with high specific surface area and tunable pore
distribution due to their high thermal stability and pyrolysis
properties.***”** The pyrolysis process of the hourglass-shaped
superstructure was monitored by TG-DSC, as illustrated in
Fig. S4.1 There are four stages during calcination in the TG
spectrum in Fig. S4B,} (I) removal of free water; (II) occurrence

Nanoscale Adv., 2022, 4,1422-1430 | 1425
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Fig. 2 Monitoring the formation process of the hourglass-shaped superstructures at different concentrations in DMF by TEM. (A) 50, (B) 75, (C
and D) 100 and (E and F) 125 mg mL™%. The nanosheets in the red circle in (E) are spindle-like nanosheets.

of the imidation reaction; (III) carbonation process and (IV)
further carbonation and decomposition of the carbon skeleton,
respectively, as discussed in our previous study.*”

As shown in Fig. 3, N-CSs composed of carbon nanosheets
were obtained after pyrolysis of the hourglass-shaped polymeric
precursor in an inert atmosphere, and more SEM images are
provided in Fig. S5.1 The formation of the sheet-like structure of
N-CSs was due to the pyrolysis of the spindle-like nanosheets,
which decomposed to small sized nanosheets, as illustrated in
Fig. 3A-C. The average thickness of the sheets was measured to
be 11.7 £+ 0.8 nm, as pointed by the red dash circle in Fig. 3C.
The N-CSs pyrolyzed at 700 and 900 °C were also observed by
SEM, as shown in Fig. S6.1 The morphology of the N-CSs was
similar to that obtained at 800 °C. However, we could observe
that the pores were not well-developed when the pyrolysis
temperature is 700 °C. TEM images in Fig. 3D-F further
confirmed the hierarchical porous structure of the N-CSs. It was
observed that the nanosheets formed interconnected carbon
networks with multi-level pores. Moreover, the supplementary
SEM images in Fig. S77 clearly showed the highly porous inner
structure of N-CSs. Besides, the high resolution TEM image in
Fig. 3G indicated the formation of the graphitic structure
during calcination. The amorphous parts in Fig. 3G might be
the pores of N-CSs.

The graphitic structure of the N-CSs was further confirmed
by Raman and XRD analysis (Fig. 3H and S8%). The separation of
the G band and D band as well as the relatively high intensity of
the G band (Ig/Ip = 1.03) demonstrated the high degree of

1426 | Nanoscale Adv., 2022, 4, 1422-1430

graphitization of N-CSs.*»** The diffraction peaks centred at
26°and 44° were assigned to the (002) and (101) peaks of
graphitic carbon (Fig. $81).**** The Is/Ip of N-CSs was 0.85 and
1.03 when the pyrolysis temperature was 700 and 900 °C,
respectively (Fig. S97), revealing the effect of pyrolysis temper-
ature on the degree of graphitization. The low I/I, value of N-
CSs pyrolyzed at 700 °C was due to the high nitrogen content
(11.9%), which induced the generation of defects of carbon
layers. The Brunauer-Emmett-Teller (BET) specific surface area
was 380.7 m® g ', as measured by nitrogen adsorption/
desorption experiment (Fig. 3I), which is much higher than
that of the polymeric precursor (Fig. S10t). Besides, the micro-
pore surface area was 121 m” g~ ' and the total pore volume was
calculated to be 0.69 cm® g~ .

Multi-level pores including micropores, small-, medium- and
large-sized mesopores were formed after pyrolysis, as shown in
Fig. 3]. The pore diameters were centred at 1.0, 3.8, 7.1-11.4 and
12.0-38.6 nm, respectively. We thought that the multi-level pore
structure was due to the decomposition and hierarchical
structure of the polymeric precursor. With the pyrolysis of the
polymer and release of produced gases, micropores with
a diameter of 1.0 nm and small-sized mesopores with a diam-
eter of 3.8 nm were formed, which has also been reported
previously.*”** It could be clearly observed from TEM and SEM
images in Fig. 3A-F and S7{ that there were mesopores with
different sizes inside the N-CSs formed by the loose arrange-
ment of the nanosheets. Besides, there were also large through
holes, as indicated by TEM and SEM images in Fig. 3E and S7,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 N-CSs derived from the pyrolysis of hourglass-shaped superstructures in a nitrogen atmosphere. (A-C) SEM and (D-F) TEM images at
different magnifications; (G) high resolution TEM image; (H) Raman spectrum:; (I) nitrogen adsorption/desorption isotherm; (J) pore distribution

and (K) high resolution XPS spectrum of N-CSs.

respectively, which facilitated the mass transport in electro-
chemical applications, such as electrocatalysis and energy
storage.

The elemental composition of the N-CSs was analysed by
both elemental analysis and XPS. The elemental analysis gave
a composition of 82.5% carbon, 9.6% oxygen and 7.9%
nitrogen, respectively, which was consistent with XPS results, as
shown in Fig. S11A.T When the pyrolysis temperature increased
to 900 °C, the nitrogen content of N-CSs decreased to 4.3%. The
high resolution C 1s XPS spectrum illustrated in Fig. S11Bf
could be fitted with three peaks, corresponding to the sp>
hybridized graphitic carbon species, C=N bond and C-O bond,
respectively.***” It is noteworthy that the intrinsic nitrogen
content was as high as 8.1%, as obtained by XPS, which was
much higher than that of many nitrogen-doped carbon mate-
rials.»**** The high nitrogen content can improve the wettability
of the carbon materials, which benefits the sufficient utilization
of the high specific surface area.**** The high resolution N 1s
spectrum could be subdivided into three peaks, assigned to
pyridinic N, pyrrolic N and pyrrolic-N-oxide, respectively. The
contents of pyridinic N, pyrrolic N and pyrrolic-N-oxide were
calculated to be 27.6%, 41.6% and 30.8%, respectively, as
shown in Fig. 3K, equivalent to the atomic content of 2.18% and
3.29% of pyridinic N and pyrrolic N. We speculated that the
generation of such a high content of active nitrogen species was
due to the unique molecular structure of the polymer, which

© 2022 The Author(s). Published by the Royal Society of Chemistry

afforded large amount of nitrogen-containing heterocycles in
the backbone. Furthermore, the pyridinic N and pyrrolic N are
believed to be the active species to supply considerable pseu-
docapacitance for supercapacitors.>** Upon charging and dis-
charging, redox reactions occurred between active nitrogen
species and their counterparts, which enhanced the charge
storage capability apart from EDLC, leading to the enhanced
specific capacitance.

Electrochemical performance of N-CSs

Taking advantage of the multi-level porous structure and high
intrinsic nitrogen content, the N-CSs were used as the active
electrode material for supercapacitors. As illustrated in
Fig. S12,f the CV curves of N-CSs maintained a quasi-
rectangular shape within the scan rates from 2 to 100 mV s,
demonstrating the excellent high-rate stability.>* The GC curves
in Fig. 4A exhibited the symmetric process of charge and
discharge at current densities from 0.5 to 50 A g, indicating
the outstanding capacitive characteristics and reversibility. The
specific capacitance at different current densities was 279.4,
263.7, 253.4, 241.5, 236.8, 235.5 and 233.8 F g ' at current
densities of 0.5, 1, 2, 5, 10, 20 and 50 A gfl, respectively,
calculated from the discharge curves in Fig. 4A, which was
much better than that of N-CSs pyrolyzed at 700 (175.8 F g™ )
and 900 °C (186.3 F g ') due to the well-developed porous
structure and high nitrogen content (Fig. S13t). Though the

Nanoscale Adv., 2022, 4,1422-1430 | 1427
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Fig. 4 Electrochemical results and analysis of the N-CSs. (A) GC curves at different current densities, (B) specific capacitance at different current
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high nitrogen doping content could induce defects and increase
the electrolyte wettability of N-CSs, the specific capacitance of
N-CSs pyrolyzed at 700 °C was pretty low, which might be
ascribed to the poor conductivity and not well-developed porous
structure. As shown in Fig. 4B, the specific capacitance dropped
dramatically when the current density increased from 0.5 to
10 A g~ ', and then levelled off at high current densities (20 and
50 Ag~ ). The specific capacitance at 50 A g~ " was still as high as
233.8 F g, corresponding to a capacitance retention of 83.7%,
which was much better than most of the previous
studies.****3”>* We believed that the high specific capacitance at
large current density benefitted from the hierarchically porous
structure of the N-CSs, which facilitated the charge storage by
micropores, electrolyte transportation by mesopores and elec-
trolyte storage by macropores. Fig. 4C shows the EIS spectrum
of the N-CSs. The Nyquist plots showed depressed semicircles
with very small radius at high frequencies, indicating the small
charge transfer resistance. However the curve at low frequencies
with the slope much greater than 1 demonstrated an ideal
capacitive behavior and a fast diffusion of the electrolyte ions in
the multi-level pores of electrode materials.
Pseudocapacitance is an important contribution to the total
capacitance of nitrogen-doped carbon materials in super-
capacitors, which can significantly improve the performance of
capacitors. Therefore, we evaluated the pseudocapacitance of N-
CSs by calculating the surface-area-normalized capacitance
(C4). The C, of N-CSs was calculated to be 76.5 uF cm ™2, much
higher than the theoretical EDLC of activated carbon (15-25 uF
ecm?) and previously reported carbon materials, as shown in
Table S1.1°¢ Considering the high content of pyridinic N (N-6,
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2.18%) and pyrrolic N (N-5, 3.29%) of N-CSs, we investigated
the pseudocapacitance contribution quantitatively by Trasatti's
and Dunn's methods. The detailed analysis process is presented
in the ESL.}

As shown in Fig. 4D, the EDLC and pseudocapacitance
contributions were calculated to be 65.2% and 34.8% at 5 mV
s~ by Dunn's method, respectively. The relationship between
the EDLC contribution and the square root of the scan rate (v°-%)
could be well described by linear fitting, as illustrated in
Fig. S14.1 The EDLC contribution decreased with the slowdown
of the scan rate. When the scan rate approached zero, the
maximum contribution of pseudocapacitance was obtained
(37.7%) due to the sufficient faradaic redox reactions by N-6 and
N-5 (Fig. S147). The contribution of pseudocapacitance of N-CSs
could also be regarded as produced by the defects induced by
high nitrogen doping. In addition, the contributions of EDLC
and pseudocapacitance were also calculated by Trasatti's
method, as presented in Fig. S151 and 4E. The pseudocapaci-
tance contribution was calculated to be 40.6%, corresponding
to a utilization of 12.9% of N-6 and N-5, as calculated in the
ESI, which is much higher than previous study.*® The
enhanced electrochemical performance of N-CSs was believed
to be contributed by the synergy of the highly porous layered
structure and high content of active nitrogen species. We
believed that the hierarchically porous structure of N-CSs
facilitated the sufficient exposure of N-6 and N-5, promoting
the faradaic redox reaction and increasing the pseudocapaci-
tance contribution. In addition, negligible specific capacitance
attenuation was observed after 10 000 cycles (Fig. 4F), demon-
strating the excellent cycle stability of the N-CSs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, N-CSs with multi-level pores were prepared by the
pyrolysis of hourglass-shaped polymeric precursors derived
from the ICI-CDSA of PAA. Electrochemical measurements
revealed the excellent energy storage capability of the N-CSs. In
addition, we investigated the contribution of EDLC and pseu-
docapacitance to the total capacitance, and the pseudocapaci-
tance contribution reached 40.6%, corresponding to a high
utilization of N-6 and N-5 up to 12.9%. The multi-level porous
structure of N-CSs was believed to facilitate the electron transfer
and ion diffusion during the charge/discharge process,
promoting the utilization of active nitrogen species and the
contribution of pseudocapacitance.
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