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A facile one-step activation and nitrogen-doped combination
method is developed for preparation of nitrogen-doped
graphene-like carbon nanosheets (N-CNSs). The N-CNSs
have abundant wrinkled structures and ultrahigh pore
volume (3.19 cm® g'l) as a high-performance electrode
material for supercapacitors.

Supercapacitors, a class of electrical energy storage devices
with ultrahigh power density, fast charging/discharging, and
exceptionally long cycling life, have attracted increasing attention
owing to their widespread applications, such as hybrid electric
vehicles, portable electronic equipments, uninterruptible power
supplies and other devices.! Based on the charge-storage
mechanism, supercapacitors can be divided into two categories:
one is the electrical double-layer capacitors (EDLCs), where the
capacitance arises from pure electrostatic charge accumulated at
the electrode/electrolyte interface;> the other is the
pseudocapacitors, where the capacitance comes from fast and
reversible faradaic reactions at the electrode/electrolyte surface.’
Transition metal oxides or hydroxides, such as RuO,, MnO,,
Ni(OH), etc., and conductive polymers have been used to
increase specific capacitance via a variety of reversible oxidation
states for highly efficient redox charge transfer.* However, low
electrical conductivity, poor cycle stability and high price have
limited the practical application of those pseudocapacitive
materials.” In this regard, carbon materials are regarded as the
most promising candidate electrode materials for electrical energy
storage devices.

Two-dimensional (2D) structures (nanosheets), especially 2D
porous carbon materials, are being increasingly researched for
energy storage/conversion devices due to they have more active
sites than 0D and 1D structures and exhibit more effective surface
than other structures.® Moreover, the 2D porous carbon materials
have some superior properties including small weight, high
electrical conductivity and large surface area, which interestingly,
correspond exactly to the requirement for supercapacitors.” More
recently, the development of supercapacitors has focused on the
use of 2D graphene, owing to its excellent electrical and
mechanical properties, chemical stability, and high theoretical
surface area.® Zhu research group prepared graphene woven-
fabric films or multi-layer graphene and porous carbon woven
composite films by chemical vapor deposition on metal mesh
substrates as novel electrode materials with high performance for
supercapacitors.” Wen et al. reported a reliable route for preparing
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highly crumpled nitrogen-doped graphene nanosheets (C-
NGNSs) that combine the advantages of high pore volume and
nitrogen doping showed excellent capacitive behavior."
However, more or less-severe drawbacks, such as the complex
process, low yields and high cost in the preparation still preclude
widespread and practical use of graphene materials in commercial
supercapacitors.'" Currently, 2D graphene-like layered structure
carbon nanosheets have attracted great interest as an electrode
material for supercapacitors, because of it combine the some
properties of graphene and high yields in the preparation.'
Further, the incorporation of heteroatoms (such as nitrogen or
oxygen) into carbon materials seems to be the most promising
method for enhancing capacity, surface wettability, and electronic
conductivity of electrode materials.'”> However, Zhu et al.
recently reported that the amorphous nitrogen doped carbon film
possess larger ion transport resistance than graphene, which is
due to the polycrystalline graphene film maintains a relatively
continuous pathway for ions diffusion along the film thickness."*
In fact, several factors significantly affect the electrochemical
performances of carbon materials including electrical
conductivity, specific surface area, pore size and distribution,
pore volume and surface properties of electrode materials.'"
Therefore, to build high-performance supercapacitors, carbon
materials should be eclaborately designed by taking the
morphology and hetero-atomic defects into consideration. The
nitrogen doped graphene-like carbon nanosheets seems to meet
these requirements and thus is attractive for supercapacitor
applications.

In this paper, we developed a one-step activation and nitrogen-
doped combined method using macroporous anion exchange
resin (AER) as a carbon precursor, the combination of Ca(OH),
and NH,CI as an activator and nitrogen source to prepare novel
highly crumpled nitrogen-doped graphene-like carbon nanosheets
(N-CNSs). The N-CNSs have a pore volume as high as 3.19 cm®
g' and used as an electrode material for high-performance
supercapacitor. Benefiting from the highly crumpled graphene-
like nanostructure and effective nitrogen doping, the N-CNSs
exhibit high capacity, excellent rate capability, and extraordinary
long cycle performance.

The novel N-CNSs is designed on the basis of the following: 1)
macroporous  strongly basic quaternary ammonium-type
polystyrene type AER comprises of quaternary ammonium
groups ((CH;);N-CH,-, Fig. 1a). When the AER used as carbon
precursors, it contains not only the special macropore structure,
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but also can provide a nitrogen source; ii) The combination of
Ca(OH), and NH,4CI can be used as an activator and nitrogen
source, because of Ca(OH), react with NH4Cl to form CaCl, and
NH; in the process of heating. Chemical activation is held in the
s presence of dehydrating reagents which influence pyrolytic
decomposition and inhibit tar formation.'¢ Similarly, the Ca(OH),
and CaCl, also has dehydration performance, which is similar to
traditional activators such as KOH and ZnCl,. Carbon materials
with high surface areas and some porosity might be produced
10 through the chemical activation by using these activation
agents.'” Meanwhile, nitrogen-containing functional groups can
be introduced in AER-base carbon materials through reaction
with the generated ammonia gas. The synthesized N-CNSs
contains: i) abundant wrinkled structures and ultrahigh pore
15 volume, which can provide a high surface area and a short
diffusion distance to the interior surfaces, resulting in a high rate
capability; ii) effective nitrogen doping in carbon nanosheets,
which exhibits an enhanced pseudocapacitive behaviour; iii) 2D
graphene-like  nanosheets architecture provides excellent
2 electrical conductivity.'®
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Fig. 1 (a) Schematic of the preparation process of N-CNSs; (b,c) SEM
images of the N-CNSs-800; (d,e) TEM images of the N-CNSs-800.

Fig. 1a describes the entire procedure for preparing N-CNSs.

s In brief, the pretreated macroporous AER was mixed with
Ca(OH), and NH,CI placed in tube furnace. The mixtures were
firstly activation and produce ammonia at 450 °C in noncurrent
N, atmosphere. Subsequently, the graphitization and nitrogen-
doped process of the carbon precursor was under a slow-flowing

30 N, atmosphere by heating the sample at 700, 800 and 900 °C,
respectively. Therefore, the AER could be effectively
graphitization and the generated ammonia gas could completely
decompose to free radicals (such as "NH, and "NH) that provide
nitrogen sources for finally evolving into N-CNSs. The samples
35 were denoted as N-CNSs-700, N-CNSs-800 and N-CNSs-900,
respectively. For comparison purpose, we adopt Ca(OH),
activation method without NH,4Cl to preparation of AER-base
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carbon materials at 800 °C, namely NC-800. In this work, N-
CNSs with 2.87 wt% N obtained at 800 °C, namely N-CNSs-800
described above, were characterized and used for supercapacitor
applications unless otherwise specified.

The N-CNSs-800 displays a fluffy and distinct crumpled
structure, which is revealed by typical SEM images with different
magnifications (Fig. 1b-c). These crumpled graphene-like
nanosheets randomly aggregate and closely associate with each
other to form a disordered solid, meaning that crumpled
graphene-like sheets can effectively prevent the aggregation of
the sheets. In the low carbonization temperature, N-CNSs-700
shows an interconnected framework with stacking structure (Fig.
Sla-b, ESI). As the carbonization temperature up to 900 °C, a
large area of nanosheets with the abundant wrinkled structures is
obtained (Fig. Slc-d, ESI). Moreover, the thickness of the
nanosheets walls is larger than N-CNSs-800. In contrast, the NC-
800 prepared by Ca(OH), activation shows a porous structure in

large lumps rather than the crumpled nanosheets (Fig. Sle-f, ESI).

The interconnected crumpled structure was further confirmed by
TEM (Fig. 1d-e). The N-CNSs-800 sample exhibits a folding
silk-like morphology with highly interconnected crumpled and
scrolling simultaneously viewed on the surface. Besides, the
thickness of the graphite layers was also confirmed by high-
resolution TEM (Fig. S2, ESI).

The N, adsorption-desorption plots of N-CNSs-800 sample
(Fig. 2a) show a type IV isotherm with gradual increase positive
slope in the range P/P;=0.4-0.8, which indicates the presence of a
certain amount of mesopores in this sample. A steep increase in
the amount of adsorbed N, at relative pressures P/P, above 0.8
can be attributed to the N, adsorption in very large cavities, i.e.
crumpled voids and/or macropores above 50 nm in size.'” The
specific surface area of N-CNSs-800 sample measured by the
Brunauer-Emmett-Teller (BET) method is 549.5 m®> g
Surprisingly, the N-CNSs-800 shows an ultrahigh pore volume of
3.19 cm® g, which is the higher value than in the reported
ordered mesoporous carbon and most of the graphene materials to
our knowledge.”® The BET surface area and pore structure
characterization parameters of N-CNSs from different
carbonization temperature and NC-800 are summarized in Table
S1 and Fig. S3, Supporting Information.
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Pore volume: 3.19 cm’ g
Average pore size: 23.2 nm
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Fig. 2 (a) Nitrogen adsorption/desorption isotherms of the N-CNSs-800;

80 (b) Raman spectrum of the N-CNSs-800; (c) X-ray diffraction pattern of
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the N-CNSs-800 and (d) X-ray photoelectron spectroscopy (XPS) of N-
CNSs-800.

A direct comparison between the N-CNSs and NC-800 can be
revealed by the photograph of these samples (Fig. S4, ESI). The
s N-CNSs obvious occupy much larger bulk volume than the NC-
800 at the same masses. Elemental analysis (Table 1) reveals that
N content in N-CNSs-800 is 2.87 wt%, much higher than NC-800
(0.93 wt%). These results further demonstrate that the
combination of Ca(OH), and NH,Cl is used as an activator and
10 nitrogen source to the preparation of N-CNSs, which can
significantly enhanced its pore volume and effective nitrogen
doping in carbon nanosheets. The activator and the generated
ammonia gas will lead to maximum volume expansion of AER
and a large number of crumpled graphene-like nanosheets
15 randomly aggregate during the annealing treatment. Therefore, it
is reasonable that the high pore volume could be attributed to the
gap between random aggregate of nanosheets and these crumpled
voids. Fig. 2b shows the Raman spectra of the N-CNSs-800. The
peak positions of the D and G bands are 1310 and 1588 cm’,
20 respectively. The D band is a common feature of all disordered
graphitic carbon, while the G band is closely related to a graphitic
carbon phase with a sp? electronic configuration, such as
graphene layers.?' As can be seen in the spectrum, the N-CNSs-
800 exhibits a strong G-band signal and a slightly lower intensity
s D band with a G/D intensity ratio of 1.06. These results
demonstrate that the highly crumpled N-CNSs comprise
turbostratic carbon with a weakly ordered graphitic
microstructure. Fig. 2c shows the typical XRD patterns of the N-
CNSs-800. Unusually, two broad peaks at 26=11.6° and 21.6° are
30 observed in the crumpled graphene-like nanosheets. The broad
(002) diffraction peak of N-CNSs-800 is centered at around 21.6°,
and the corresponding interlayer spacing (0.41 nm) is larger than
natural graphite (0.34 nm), which can be interpreted in terms of
short-range order of the graphene sheets along the stacking
35 direction and considerable conjugated sp? carbon network has
been restored.”” In addition, the weak peak at 26=11.6° is similar
to the intertube space of multiwalled carbon nanotubes, which
originates from the relatively uniform spacing of the channel at
the folding axis.”®> The surface composition of N-CNSs-800
40 sample is further studied by XPS (Fig. 2d). There are three peaks
at around 284.5, 401.5 and 532.2 eV that correspond with Cls
peak of sp® carbon, N1s peak of the doped nitrogen and Ols
spectrum, respectively. In the high resolution scan (Fig. S5, ESI),
three types of N-containing groups could be verified on the
ss surface of N-CNSs-800, including pyridinic N (N-6), pyrrolic N
(N-5) and quaternary N (N-Q), corresponding to the peaks at
398.7, 400.2 and 401.7 eV, respectively, indicating that nitrogen
atoms are in different binding states inserted into the graphene-
like nanosheets”* The N-CNSs structure provides an
so interconnected crumpled framework including moderate surface
areas and ultrahigh pore volumes associated with many porous
structures from these crumpled voids. The nanosheets are loosely
stacked in sample, along with the presence of nitrogen within the
carbon structures, which is benefical to improve the ion-buffering
ss reservoirs and shorten the ion diffusion channels for
supercapacitor.
A three-electrode system was first used to evaluate the
electrochemical properties of the N-CNSs (Fig. 3). Fig. 3a shows

the cyclic voltammograms (CVs) of different electrodes at a scan
o0 rate of 50 mV s in 6.0 M KOH aqueous solution. All the CV
curves exhibit quasi-rectangular shapes indicating ideal
capacitive behavior. Obviously, the N-CNSs-800 has a higher
specific capacitance than other electrodes, because of the linear
relation between specific capacitance and CV curve area. For N-
6s CNSs-800, rectangular-like shapes of the CVs (Fig. 3b) are
observed even at 200 mV s'. The galvanostatic charge/discharge
curves of N-CNSs-800 electrodes at various current densities are
shown in Fig. 3c. The corresponding specific capacitance was
calculated based on galvanostatic charge/discharge method, and
o the correlation between the specific capacitance and the various
current densities for different electrodes is presented in Fig. 3d.
The N-CNSs-800 has the highest capacity among all electrodes at
the same current densities. In addition, the specific capacitance of
N-CNSs-800 as high as 249 F g at a current density of 1.0 A g”!
and 207 F g (about 83% capacitance retention) even at a high
current density of 20 A g"'. The results indicate a very fast and
efficient charge transfer and the high capacitance of N-CNSs-800
electrode can be maintained under high current density. Nyquist
plots of N-CNSs-800 and NC-800 in 6 M KOH is shown in Fig.
0 S6. As seen from the expanded high frequency region of the
Nyquist plots (inset in Fig. S6), N-CNSs-800 has lower charge-
transfer resistance (R.) than NC-800. Therefore, it is reasonable
that 2D graphene-like nanosheets architecture provides excellent
electrical conductivity. We also compared the BET surface area,
pore volume and capacitance values of N-CNSs with different
carbon-based supercapacitors previously reported in the
literatures, as listed in Table S2, Supporting Information.
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For practical application, we have fabricated a symmetric two-
electrode cell in neutral aqueous electrolytes (0.5 M Na,S0O,). Fig.
4a shows the CV curves of the symmetric cell at different voltage
windows. Surprisingly, the stable electrochemical windows of the
symmetric cell can be extended to 1.8 V. It can be concluded that
the useful potential window for supercapacitor can be extended to
1.8 V without any significant distortion to the CV curve. The CV
10 curves in Fig. 4b are quasi-rectangular shapes of the CV's with the

operating voltage up to 1.8 V are observed even at 200 mV s,

9.
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indicating a very fast and efficient charge transfer. Furthermore,
galvanostatic charge/discharge curves in Fig. 4c indicated the
charging curves are almost symmetrical with their discharging
counterpart as well as good linear voltage-time profiles,
demonstrating a good capacitive performance. The N-CNSs
based symmetric cell give an specific capacitance as high as 187
F g at a current density of 0.5 A g and 129 F g at a current
density of 10 A g (Fig. 4d). The Ragone plot (Fig. 4e) of the
supercapacitors calculated from Fig. 4c shows that the highest
energy density is 20.8 Wh Kg' with a power density of 225 W
Kg' and remained 13.3 Wh Kg' at 5872 W Kg'. The value
surpasses most of the other reported nitrogen-doped graphene
supercapacitors with an aqueous solution electrolyte (8.4 Wh kg
') and even comparable with boron and nitrogen co-doped
monolithic graphene aerogels based solid-state supercapacitor.”®
EIS measurement of the whole cell is shown in Fig. S7. The
symmetric cell has small diameter of the semicircle on the real
component and a vertical line at low frequencies, which indicates
that the device has excellent electrochemical performance.”” The
stability of the N-CNSs supercapacitor was also evaluated using
the galvanostatic charge/discharge technique at a current density
of 3 A g'! (Fig. 4f). It is worth noting that the specific capacitance
shows obviously increases before the initial 1000 cycles and then
decreases very slowly for the subsequent cycles. The increase of
the specific capacitance during the first 1000 cycles is probably
due to the improved wettability of the electrode and the activation
process of the electroactive material.”> These results indicate that
N-CNSs-800 has excellent electrochemical stability and a high
degree of reversibility.
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Fig. 4 (a) CV curves of the symmetric two-electrode cell at different
voltage windows in 0.5 M Na,SO4 aqueous electrolytes; (b) CV plots of
the symmetric cell at various scan rates; (c) Galvanostatic
charge/discharge curves of symmetric cell at various current densitie; (d)
Specific capacitance as a function of the current densities; (e) Ragone
plots of the N-CNSs-800 electrode; (f) Cycling stability test at 3 A g™
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Conclusions

In conclusion, we have developed a rapid, low cost and
scalable route for preparation of N-CNSs. The as-prepared N-
CNSs exhibit a porous, loose, ultrahigh pore volume and highly
wrinkled morphology. The unique structures endow the high-rate
transportation of electrolyte ions and electrons throughout the
electrode matrix, resulting excellent electrochemical
performance. Furthermore, the present approach allows for facile
and scalable preparation of graphene-like nanosheets with N-
doping and crumpled structures. This novel carbon material is
also expected to be useful as an electrode material in other energy
storage/conversion devices, as media for hydrogen storage, as
catalysts for fuel cells applications.
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