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Porous carbon nanosheets are currently considered excellent electrode materials for high-performance
supercapacitors. However, their ease of agglomeration and stacking nature reduce the available surface
area and limit the electrolyte ion diffusion and transport, thereby leading to low capacitance and poor rate
capability. To solve these problems, we report an adenosine blowing and KOH activation combination
strategy to prepare crumpled nitrogen-doped porous carbon nanosheets (CNPCNS), which exhibit much
higher specific capacitance and rate capability compared to flat microporous carbon nanosheets. The
method is simple and capable of one-step scalable production of CNPCNS with ultrathin crumpled
nanosheets, ultrahigh specific surface area (SSA), microporous and mesoporous structure and high
heteroatom content. The optimized CNPCNS-800 with a thickness of 1.59 nm has an ultrahigh SSA of 2756
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Consequently, CNPCNS-800 presents an excellent capacitance, high rate capability and long cycling

stability both in 6 M KOH and EMIMBF,4. More importantly, the energy density of the CNPCNS-800-based
supercapacitor in EMIMBF 4 can reach up to 94.9 W h kgt at 875 W kg tand is still 61.2 W h kg ' at 35 kW kg ™.
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Introduction

The development of energy storage devices has played a vital
role in the development of renewable energy sources.' Nowa-
days, carbon-based supercapacitors are considered as one of the
most promising next-generation energy storage devices,
primarily due to their high power density, rapid charge-
discharge rate and long cycle life.* Although lacking adequate
fast electrolyte ion diffusion channels for inner-pore ion
transport at high-rate, activated carbon is still utilized as the
electrode material in commercial supercapacitors. However, the
low energy density and poor rate performance of commercial
activated carbon-based supercapacitors impede their wide-
spread application. Therefore, extensive effort has been devoted
to designing and preparing various advanced nanostructured
carbonaceous electrode materials for improving the capacitance
and rate performance without sacrificing the long cycle life,
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such as carbon nanosheets,”® carbon nanocages,”® carbon
nanospheres,®*® and graphene."*™**

Among various carbon electrode nanomaterials, carbon
nanosheets have attracted extensive attention in supercapacitors
because of their microscale lateral size with nanoscale thickness,
high specific surface area (SSA) and unusual physicochemical
properties.’>*® According to the electric double-layer capacity
(EDLC) storage mechanism, capacitance arises from charge
accumulation at the electrode-electrolyte interfaces. Thus,
carbon nanosheets with high SSA are greatly preferred. The two-
dimensional planar structure and nanoscale thickness of carbon
nanosheets make the inner-pores more easily exposed to the
electrolyte during the charge and discharge process, which
provides many active sites for ion physisorption and decreases
the electrolyte ion diffusion distance, leading to low ionic
transport resistance. However, the ease of agglomeration and
stacking features of the flat and smooth nanosheets limit their
accessible SSA, resulting in low capacitance. Moreover, the
electrolyte ion diffusion path length is increased, leading to poor
rate capability.'” ™ Tremendous strategies have been proposed to
prevent the stacking effects of carbon nanosheets, such as the
design of carbon nanosheet morphologies, optimization of
carbon nanosheet pore structures, regulation of carbon nano-
sheet compositions, among others."®?* In our recent studies, we
introduce the intercalation of space between the carbon nano-
sheets to prevent the carbon nanosheets from stacking for high-
performance supercapacitors.”**” In addition, the development
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of crumpled carbon nanosheets has been considered as an
effective and attractive approach to address this problem as the
unique and highly crumpled structure could effectively prevent
the stacking and aggregation of carbon nanosheets through
intercalation of space in the carbon nanosheets and provide
adequate fast electrolyte ion diffusion channels without sacri-
ficing their high aspect ratio feature.”®* For example, the specific
capacitance of highly crumpled carbon nanosheets is 294 Fg ™" at
0.5 A g '3 The Salvia splendens-derived crumpled carbon
nanosheets exhibit an ultrahigh capacitance retention of 88.6%
at 100 A g *.3* The rate performance of crumpled carbon nano-
sheets has been greatly improved but still suffers from low
capacitance even at relatively low current density because of their
insufficient SSA. Another efficient approach for improving the
capacitance is doping nitrogen into carbon nanosheets as these
nitrogen functionalities could generate additional pseudocapa-
citance. Therefore, it is highly desirable to obtain the crumpled
carbon nanosheets with large SSA and high nitrogen doping
content.

Inspired by our previous work on the calcium p-gluconate-
exploding method for making carbon nanosheets,” herein we
developed an adenosine blowing and KOH activation combi-
nation method to synthesize crumpled nitrogen-doped porous
carbon nanosheets (CNPCNS). It is capable of one-step scalable
production of CNPCNS with large SSA and high nitrogen doping
content. Adenosine consists of adenine and pentose, and acts as
both carbon/nitrogen source and expansive agent to form
nitrogen-doped carbon nanosheets. Moreover, with its large
number of pores, the formed crumpled nanosheets structure is
simultaneously dependent on high corrosion through the KOH
activator in the carbonization process. CNPCNS has an ultra-
high SSA of 2756 m> g™, high mesoporosity of 62.9%, high
heteroatom content (2.6 at% for N, 5.4 at% for O) and two-
dimensional highly crumpled nanosheets structure with
a thickness of 1.59 nm and a lateral dimension of dozens of
micrometers. As a result, CNPCNS exhibits an outstanding
specific capacitance, high rate capability and high cycling
stability both in 6 M KOH and EMIMBF,. More importantly, the
energy density of the CNPCNS-based supercapacitor in
EMIMBEF, can reach up to 94.9 W h kg™ " at 875 W kg™ ', and is
still as high as 61.2 W h kg™ ' even at 35 kW kg ".

Experimental

Typically, 10 g adenosine (Aladdin, 99%) was ground with 10 g
potassium hydroxide (KOH) (Macklin, 95%), and then the
mixture was carbonized at 800 °C for 2 h under Ar atmosphere,
with a heating rate of 5 °C min~". The obtained sample was
washed with diluted HCI and distilled water, and then was dried
at 100 °C for 12 h and classified as ‘CNPCNS-800’. In addition,
the control sample named NPCNS was prepared by the same
procedure of CNPCNS-800 when the mass ratio of KOH and
adenosine was 1:3. CNPCNS-700 and CNPCNS-900 were
produced by the same procedure of CNPCNS-800, where 700,
800 and 900 were the pyrolysis temperatures.

The characterizations and electrochemical measurements
are given in ESIL.}
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Results and discussion

In the process (Fig. 1), adenosine could act as both carbon/
nitrogen source and expansive agent to prepare carbon nano-
sheets without adding any nitrogen source, which was different
from previously reported sugar-blowing and calcium b-
gluconate-exploding methods. Direct carbonization of adeno-
sine or pentose without adding any KOH could achieve the
formation of sheet-like structures (Fig. S11), while direct
carbonization of adenine could only obtain irregular micro-
sized particles (Fig. S2t), indicating that pentose was the key
component in adenosine and played an important role in
forming sheet-like structures. The reason why the carbon
nanosheet structure could be prepared by carbonizing adeno-
sine was also attributed to pentose thermal polymerization and
thermal expansion. KOH acted as an activator to regulate the
morphology and pore structure of adenosine-derived nitrogen-
doped carbon nanosheets.*” When the mass ratio of KOH and
adenosine was 1:3, the obtained sample named as NPCNS
exhibited two dimensional (2D) micro-sized carbon nanosheets
with a smooth and flat surface (Fig. 2a and b). The predominant
micropores on the carbon nanosheets of NPCNS in the high-
resolution TEM image (Fig. 2c) revealed the generation of
abundant microporous structures after KOH activation. The
smooth and flat surface of the carbon nanosheets could further
be observed in TEM (Fig. S31) and AFM images (Fig. 2d). The
thickness of NPCNS was 4.69 nm.

When the mass ratio of KOH and adenosine was 1:1,
CNPCNS-800 was formed (Fig. 2e and f) and exhibited 2D
crumpled and curled carbon nanosheets with the thickness of
1.59 nm, which could be observed in the AFM image (Fig. 2g).
The crumpled carbon nanosheets were much thinner than the
flat carbon nanosheets. The relatively low thickness of the
carbon nanosheets and the crumpled surface structure in
CNPCNS-800 were due to the significantly stronger KOH acti-
vation, resulting in a large amount of carbon weight loss in the
carbon nanosheets. When the activation temperatures were
700 °C and 900 °C, the crumpled carbon nanosheet architec-
tures could be still maintained in CNPCNS-700 and CNPCNS-
900, respectively (Fig. S41). The crumpled and curled surface
structure of CNPCNS-800 is clearly seen in the TEM image
(Fig. 2h), which could prevent the carbon nanosheets from
stacking together. The crumpled carbon nanosheets were
randomly decorated with numerous mesopores at the flat and
wrinkled region (Fig. 2i and j), which would provide more
transportation and diffusion paths for electrolyte ion diffusion
from the exterior to the interior of the carbon nanosheets.
Fig. 2k displays the high-resolution TEM image of CNPCNS-800.
Except for the mesopores, CNPCNS-800 had abundant micro-
pores distributed throughout the whole crumpled carbon
nanosheets, which were responsible for adsorbing and storing
electrolyte ions. The EDX elemental mappings (Fig. S5f) of
CNPCNS-800 revealed that nitrogen and oxygen atoms were
successfully doped into the carbon framework even after strong
corrosion by the KOH activator.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Diagrammatic procedure for the preparation of the samples.

The crystallization nature of NPCNS, CNPCNS-700, CNPCNS-
800 and CNPCNS-900 was studied by XRD and Raman spec-
troscopy. Fig. 3a exhibits the XRD patterns of NPCNS, CNPCNS-
700, CNPCNS-800 and CNPCNS-900. Two broad and weak
diffraction peaks were observed and located at 25° and 43°,
which corresponded to the (002) and (100) reflections of
graphite, respectively. Obviously, the peaks appearing at 25° of
CNPCNS-800 and CNPCNS-900 had much weaker intensity
compared with those of NPCNS and CNPCNS-700, indicating
their much lower graphitization degree. The Raman spectra of
NPCNS, CNPCNS-700, CNPCNS-800 and CNPCNS-900 are
shown in Fig. 3b, in which two distinct peaks appeared at
around 1351 cm ' and 1594 ecm ' and correspond to the D-
band and G-band, respectively. The D-band corresponded to
the defect carbon structure and the G-band corresponded to the
sp>-hybridized graphitic carbon. The Ip/I; (the intensity ratio of
the D-band to G-band) was 1.02 for NPCNS, 1.05 for CNPCNS-
700, 1.14 for CNPCNS-800 and 1.20 for CNPCNS-900, revealing
the increasing amorphous degree after KOH activation.

The porous structures of NPCNS, CNPCNS-700, CNPCNS-800
and CNPCNS-900 were further evaluated by nitrogen phys-
isorption measurements, and are shown in Fig. 3c. The
isotherms of NPCNS presented I-type curve due to the
predominant micropores in the sample. In sharp contrast, the
isotherms of CNPCNS-700, CNPCNS-800 and CNPCNS-900
exhibited IV-type curves with a steep adsorption below 0.05 P/
P, and a hysteresis loop starting at 0.4 P/P,, indicating the
coexistence of abundant micropores and mesopores in those
samples, which was consistent with the TEM results. The pore
properties of NPCNS, CNPCNS-700, CNPCNS-800 and CNPCNS-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Crumpled Nitrogen Doped Porous
Carbon Nanosheets

900 are listed in Table 1. The BET SSA of CNPCNS-800 reached
up to 2756 m> g~ ', which was higher than those of NPCNS,
CNPCNS-700 and CNPCNS-900. The microporous surface area
in CNPCNS-800 was much higher than those of NPCNS and
CNPCNS-900, but was lower than that of CNPCNS-700, indi-
cating that both micropores and mesopores were greatly
developed in CNPCNS-800. It is noted that the microporosity in
SSA progressively decreased from NPCNS to CNPCNS-900, while
the mesoporosity in SSA continuously increased from NPCNS to
CNPCNS-900, demonstrating a gradual deepening of the acti-
vation process after increasing both the amount of KOH and
activation temperature. The microporous pore volume and
microporosity in the total pore volume exhibited the same
trend, as summarized in Table 1. As shown in Fig. S6,t the pore
volumes were mainly contributed from pores within 1-3 nm for
NPCNS and CNPCNS-700 and 1-6 nm for CNPCNS-800 and
CNPCNS-900, which was further indicated from the pore size
distributions of NPCNS, CNPCNS-700, CNPCNS-800 and
CNPCNS-900 calculated according to DFT theory (Fig. 3d).
NPCNS exhibited mostly micropores with the size mainly
distributed at 0.6, 0.7, 0.8, and 1.2 nm. CNPCNS-700, CNPCNS-
800 and CNPCNS-900 displayed a hierarchical porous structure
with micropores similar to those of NPCNS and mesopores in
the size range from 2 to 8 nm. The generation of micropores/
mesopores in CNPCNS should be predominantly attributed to
KOH thermal activation. The mesopores of CNPCNS-800 had
a wider pore size distribution (2.0-6.0 nm) than that of
CNPCNS-700 (2.0-4.0 nm), but were narrower than that of
CNPCNS-900 (2.0-8.0 nm), indicating that the strong activation
is favorable for mesopore generation. The 2D crumpled and

Nanoscale Adv, 2023, 5, 2061-2070 | 2063
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curled nanosheet-like structure with the highest BET SSA and
appropriate microporous/mesoporous structure of CNPCNS-
800 demonstrate its potential as a promising electrode mate-
rial for obtaining high performance in supercapacitors.
Elemental compositions of NPCNS, CNPCNS-700, CNPCNS-
800 and CNPCNS-900 were investigated by XPS technique. The
XPS survey spectra (Fig. 4a) of NPCNS, CNPCNS-700, CNPCNS-
800 and CNPCNS-900 exhibited a predominant narrow C 1s
peak at 285.1 eV and two narrow N 1s and O 1s weak peaks at
400.1 eV and 532.1 eV, respectively. The elemental contents of
NPCNS, CNPCNS-700, CNPCNS-800 and CNPCNS-900 are listed
in Table 1. Obviously, the contents of both N and O progres-
sively decreased from NPCNS to CNPCNS-900, indicating that
a great deal of N and O atoms had been etched after increasing
both the amount of KOH and activation temperature. CNPCNS-
800 contained C (92.1 at%), O (5.4 at%) and N (2.6 at%). The

2064 | Nanoscale Adv., 2023, 5, 2061-2070
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(a and b) SEM, (c) TEM, and (d) AFM images of NPCNS. (e and f) SEM, (g) AFM, and (h—k) TEM images of CNPCNS-800.

content of N and O in the carbon nanosheets was attributed to
the relative high content of N (26.2 at%) and O (23.9 at%) in
adenosine. The C 1s, N 1s and O 1s spectra of NPCNS, CNPCNS-
700, CNPCNS-800 and CNPCNS-900 were fitted by XPS peak
software to further investigate their chemical states. Fig. 4b
represents the high-resolution N 1s spectra of NPCNS, CNPCNS-
700, CNPCNS-800 and CNPCNS-900. All curves exhibited three
deconvoluted peaks attributed to pyridinic-N (N-6, 398.3 eV),
pyrrolic-N (N-5, 400.2 eV) and quaternary N (N-Q, 402.6 eV).*>**
N-6 and N-5 could generate pseudocapacitance for improving
the capacitive performance, while N-Q could improve the
conductivity of the carbon materials for increasing the rate
performance. Fig. 4c represents the high-resolution O 1s spectra
of NPCNS, CNPCNS-700, CNPCNS-800 and CNPCNS-900. Three
types of oxygen species, including C=0 (531.0 eV), C-O-C
(532.3 eV) and O-C=0 (533.3 €V), are presented on NPCNS,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Pore structural parameters and XPS results of NPCNS, CNPCNS-700, CNPCNS-800 and CNPCNS-900

Sample Sger (M> €71 Smicro (M? € Smicro/SpeT (%) Viotal (€M® €71 Viniero (€M €7 Viniero/Viotal (%) C (at%) N (at%) O (at%)
NPCNS 763 702 92.0 0.42 0.37 88.1 77.9 8.2 13.9
CNPCNS-700 1563 1252 80.1 0.88 0.61 69.3 80.7 6.7 12.6
CNPCNS-800 2756 1023 37.1 1.76 0.49 27.8 92.1 2.6 5.4
CNPCNS-900 2494 221 8.9 1.90 0.08 4.2 92.8 2.4 4.8

CNPCNS-700, CNPCNS-800 and CNPCNS-900.** The high-
resolution C 1s spectra of CNPCNS-800 (Fig. 4d) and NPCNS,
CNPCNS-700 and CNPCNS-900 (Fig. S7t) had four kinds of
deconvoluted peaks that correspond to C-C (284.7 eV), -C-O/-
C-N (285.8 eV), -C=0/-C=N (287.8 eV) and O-C=0 (289.8 eV).
These nitrogen and oxygen-containing species played important
roles in improving the wettability of the porous carbon
nanosheets.**?°

The electrochemical properties of NPCNS, CNPCNS-700,
CNPCNS-800 and CNPCNS-900 were firstly evaluated in
a three-electrode system in 6 M KOH. Fig. 5a displays the cyclic
voltammetry (CV) curves of NPCNS, CNPCNS-700, CNPCNS-800
and CNPCNS-900 at 5 mV s~ '. NPCNS, CNPCNS-700, CNPCNS-
800 and CNPCNS-900 exhibited a good quasi-rectangular

© 2023 The Author(s). Published by the Royal Society of Chemistry

shape with broad redox peaks, indicating the combination of
the electric double-layer capacity (EDLC) storage mechanism
and pseudocapacitive energy storage behavior.’”?* Fig. S87
shows the CV curves of CNPCNS-800 at various scan rates. Even
at 100 mV s~ ', the rectangular shape of the CV curve is still well
retained, indicating a good capacitive behavior and excellent
rate performance. Fig. 5b displays the galvanostatic charge
discharge (GCD) curves of NPCNS, CNPCNS-700, CNPCNS-800
and CNPCNS-900 at 0.5 A gfl. NPCNS, CNPCNS-700, CNPCNS-
800 and CNPCNS-900 showed an ideal triangular shape with
a small distortion, revealing excellent electrochemical revers-
ibility. CNPCNS-800 clearly possessed a larger CV area and
longer GCD charge/discharge time than NPCNS, CNPCNS-700
and CNPCNS-900, meaning that CNPCNS-800 had the largest

Nanoscale Adv., 2023, 5, 2061-2070 | 2065
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specific capacitance. The specific capacitance curves of NPCNS,
CNPCNS-700, CNPCNS-800 and CNPCNS-900 are shown in
Fig. 5c. CNPCNS-800 had the highest specific capacitance
among all samples. The specific capacitance of CNPCNS-800
was as high as 404 F g¢”* at 0.5 A g~ !, which was superior to
that of most of the current reported carbon nanosheets listed in
Table 2. After an 80-fold increase of the current density, the
capacitance of CNPCNS-800 could reach up to 240 F g, which
was much larger than those of NPCNS, CNPCNS-700 and
CNPCNS-900. Moreover, the capacitance retention increases in
the order of CNPCNS-900 (75%) > CNPCNS-800 (59%) >
CNPCNS-700 (58%) > NPCNS (16%). Benefiting from their
shorter ion diffusion pathways and much higher SSA, the
crumpled porous carbon nanosheets showed much higher
capacitance and rate performance than the flat porous carbon
nanosheets. Compared with the flat porous carbon nanosheets,
the crumpled porous carbon nanosheets had more advantages
as follows: (1) the crumpled surface structure could effectively
prevent the carbon nanosheets from stacking together in favor
of increasing the high accessible SSA; (2) the ultrathin nano-

sheet with predominantly mesoporous structures was

2066 | Nanoscale Adv, 2023, 5, 2061-2070

View Article Online

Paper

(=n

N-5
N-6 N-Q
- NPCNS
=
< CNPCNS-700
£ .
£
o) CNPCNS-800
=
—

CNS-900

394 396 398 400 402 404 406 408
Binding Energy (eV)

d

Intensity (a. u.)

282 284 286 288 290 292 294
Binding Energy (eV)

(@) XPS survey, (b) N 1s and (c) O 1s spectra of NPCNS, CNPCNS-700, CNPCNS-800 and CNPCNS-900. (d) C 1s spectrum of CNPCNS-

conducive to providing more electrolyte ion diffusion paths and
short electrolyte ion transport lengths; (3) the ultrahigh SSA of
the crumpled porous carbon nanosheets could adsorb a great
deal of electrolyte ions. Benefiting from its extremely high
mesopore pI'OpOI'tiOIl (Smeso/SBET = 91.1%, Vmeso/Viotal
95.8%), CNPCNS-900 showed the highest capacitance retention
among the CNPCNS samples.

The superior electrochemical performance of CNPCNS-800
was further understood by the electrochemical impedance
spectroscopy measurement. Fig. 5d displays the Nyquist plots of
NPCNS, CNPCNS-700, CNPCNS-800 and CNPCNS-900, in which
the nearly vertical line at the low frequency region revealed the
EDLC behavior. In the high frequency region, the semicircle
diameters of CNPCNS-800 and CNPCNS-900 were obviously
smaller than those of NPCNS and CNPCNS-700, revealing their
lower charge-transfer resistance and faster ion diffusion
towards the surface. Although the microporous surface area and
the content of N and O in CNPCNS-800 were lower than those of
CNPCNS-700, the specific capacitance of CNPCNS-800 were
superior to that of CNPCNS-700, which could be attributed to
the highly mesoporous structure in CNPCNS-800 greatly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) CV curves (5mVs™), (b) GCD curves (0.5 A g™%), (c) specific capacitances and (d) Nyquist plots of NPCNS, CNPCNS-700, CNPCNS-800
and CNPCNS-900 measured in 6 M KOH. (e) GCD curves and (f) cycling stability of CNPCNS-800 in 6 M KOH.

increasing the accessible microporous surface area and
providing more diffusion channels for electrolyte ion adsorp-
tion and storage on the micropores. CNPCNS-900 had an
ultrahigh mesoporous surface area, but exhibited very low
specific capacitances compared to CNPCNS-800. This is because
the very low microporous structure in CNPCNS-900 resulted in
insufficient adsorption sites for electrolyte ion adsorption. In
addition, as shown in Fig. 5e, the triangular shape of the GCD
curves with low voltage drop was still well retained at 1, 2, 4, 10,
20 and 40 A g ', further demonstrating that CNPCNS-800 had

excellent electrochemical reversibility and outstanding rate
capability. After testing for 10000 GCD cycles at 20 A g~
(Fig. 5f), the capacitance retention of CNPCNS-800 was as high
as 94.6%, indicating that CNPCNS-800 had outstanding cycling
stability. The superior capacitance and rate capability of
CNPCNS-800 were attributed to the crumpled nanosheet
structure, the highest SSA with a high content of small-sized
mesopores, as well as the appropriate incorporation of
heteroatoms.

Table 2 Comparison of the specific capacitances of current reported carbon nanosheets in 6 M KOH

Current density Specific capacitance

Materials BET SSA (m* g™ ") (A g ")/scan rate Fg™h Ref.
Pillared-porous carbon nanosheet 883 2mvs? 289 20
Porous carbon sheets anchored with ZIF-derived carbon 1352 0.2 326 25
Strutted porous carbon nanosheets 539 0.5 286 27
Crumpled nitrogen-doped graphene-like nanosheets 1169 0.5 294 30
Graphene-like porous carbon nanosheets 1051 1 294 31
Porous carbon nanosheets 1009 0.5 311 33
Ultrathin porous carbon nanosheets 962 1 306 35
Interlaced porous carbon nanosheets 731 0.5 247 39
Two-dimensional porous carbon nanosheets 1259.1 2mvs? 232 40
B/N co-doped porous carbon nanosheets 880 0.2 360 41
Porous carbon nanosheets 1533 0.5 298 42
Highly porous carbon nanosheets 2266.6 0.1 384 43
Bark-based porous carbon nanosheet 2156 0.5 345 44
N/O co-doped porous carbon nanosheets 655 0.5 270 45
Sandwich-like porous carbon nanosheets 410.4 2mvs? 305 46
Porous carbon nanosheets 986 1 280 47
B/N co-doped carbon nanosheets 817 1 257 48
Ultrathin carbon nanosheets 1535 0.5 347 49
CNPCNS 2756 0.5 404 This work

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6

(@) CV curves, (b) GCD curves and (c) specific capacitances of CNPCNS-800 based symmetrical supercapacitor in EMIMBF,. (d)

Comparison of the energy density of CNPCNS-800 with recently reported carbon materials in EMIMBF,. Photographs of (e) one electronic watch
and (f) 89 red light-emitting diodes bulbs by two CNPCNS-800 based symmetric supercapacitors in series.

The 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIMBF,) electrolyte with high operating voltage window and
high electrochemical and thermal stability has been intensively
used as electrolyte in carbon-based supercapacitors for
improving energy density. To further evaluate and verify the
superb electrochemical performance of CNPCNS-800,
a symmetric supercapacitor was assembled by two identical
CNPCNS-800 electrodes in EMIMBF,. Fig. 6a displays the CV
curves of the CNPCNS-800-based supercapacitor. All CV curves
exhibited an ideal quasi-rectangular shape with a high oper-
ating voltage up to 3.5 V, indicating a good capacitive behavior
and excellent rate performance. The linear and symmetrical
triangular shape of the GCD curves in Fig. 6b indicate
a predominant EDLC behavior. The specific capacitances
derived from the GCD curves are shown in Fig. 6¢c. The specific
capacitance of CNPCNS-800 at 1 A g~ could reach up to 221 F
g~ ', which was higher than that previously reported for
advanced carbon nanomaterials in EMIMBF, at 1 Ag ', such as
interconnected carbon nanosheets (122 F g~ '),** hierarchical
porous carbon nanosheets (173 F g~ '),* interconnected carbon
nanocages (194 F g '), and carbon nanoparticles (129 F g~ *).?
Despite the high viscosity and low ionic conductivity of
EMIMBF,, a very high capacitance retention of 64.5% was
retained even at 20 A g~ (144 F g~ '), revealing the good rate
capability of CNPCNS-800. The high specific capacitance and
rate capability of CNPCNS-800 in EMIMBF, electrolyte could be
attributed to the crumpled nanosheets structure and abundant
mesoporous structures facilitating faster ion transport and fully
utilizing the high SSA (2756 m”> g™ '). Fig. S9F shows the 5000
GCD cycling test of CNPCNS-800 at 10 A g~ '. The very high

2068 | Nanoscale Adv, 2023, 5, 2061-2070

capacitance retention of 93.2% directly illustrates its
outstanding cycling stability. Fig. 6d shows the Ragone plot of
CNPCNS-800. Due to the high capacitance and wide working
potential range, the energy density of CNPCNS-800 could reach
up to 94.9 W h kg " at a power density of 875 W kg™ *, which was
superior to that of the recently reported carbon-based super-
capacitors in EMIMBF,.”****® The energy density of CNPCNS-
800 still remained as high as 61.2 W h kg™' even at 35 kW
kg~ ". Therefore, one electronic watch (Fig. 6e) and 89 red LED
bulbs aligned in “2023” shape (Fig. 6f) could be easily lighted by
two CNPCNS-800-based supercapacitors connected in series,
demonstrating their potential application in supercapacitors.

Conclusions

In conclusion, we provide a novel strategy to prepare the
crumpled nitrogen-doped porous carbon nanosheets (CNPCNS)
with an ultrahigh SSA and a hierarchical pore structure, as well
as ultrathin crumpled nanosheets doped with nitrogen. In this
strategy, adenosine acted as both carbon/nitrogen source and
expansive agent to form nitrogen-doped carbon nanosheets.
Meanwhile, KOH was used as an activator to form the crumpled
nanosheet morphology. The crumpled morphology allowed
CNPCNS to hinder its tendency to stack together, leading to
CNPCNS having a much greater accessible specific surface area
and faster electrolyte ion diffusion channel. Therefore, CNPCNS
exhibited a high specific capacitance, rate capability, and long
cycle life both in 6 M KOH and ionic liquid electrolyte. Most
importantly, the symmetric supercapacitor assembled by two
identical CNPCNS in ionic liquid displayed an ultrahigh energy

© 2023 The Author(s). Published by the Royal Society of Chemistry
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density. This work not only provided a new avenue for
producing CNPCNS for high-performance supercapacitors, but
also opened new doors to design new materials with CNPCNS
for electrocatalysts, water purification, rechargeable Li'/Na®
batteries and other applications.
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