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Abstract—Nitrogen-doped carbon has been receiving tremendous research interest due to its exotic electrochemical
performance and catalyzing capability. Nevertheless, large-scale synthesis of ordered, mesoporous, nitrogen-doped car-
bon for supercapacitors is rarely reported due to the complexity and uncontrollable property of polymerization of car-
bon/nitrogen precursors. In this work, we report a facile and efficient approach for mass production of nitrogen-doped
carbon, with a narrow pore size distribution and a sheet morphology, via a simple solution casting of biomass-based
mixture. Upon drying, the gelatin molecules self-assemble into sheets, and guide the homogeneous loading of sacrificial
silica nanospheres. Further carbonization and template removal procedures allow the low-cost production of nitrogen-
doped carbon sheets in the absence of complex polymerization. As a result, nitrogen-doped carbon sheets possess a high
nitrogen content and ordered, interconnected mesoporous channels, with porosity parameters being carbonization tem-
perature and template size dependence. Additionally, nitrogen-doped, ordered carbon sheets exhibit high performance
for supercapacitor application, including high specific capacitances and energy/power densities. This work demonstrates
a unique route to synthesizing ordered mesoporous nitrogen-doped carbon sheets via a scalable, low-cost method, which

may shed light on many other applications aside from energy storage, such as water splitting, catalysis and sensor.
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INTRODUCTION

Carbon nanomaterials possess a range of advantages, such as
large specific surface area, physiochemical and thermodynamic
stability and developed porous channels, being ideal for high-per-
formance energy storage devices, in particular supercapacitors [1-
5]. Previous reports have revealed that both the surface chemistry
of carbon nanomaterials and porous parameters greatly affect the
supercapacitor performance [6-9]. While the pristine carbon show-
cases a nature of hydrophobicity and thus limits the aqueous elec-
trolyte wettability, the porous channels determine the ion diffusion
kinetics [10-12]. Therefore, the capacitance and rate performance
of aqueous supercapacitors are surface chemistry and porosity de-
pendent. By adjusting the carbon surface functionalities and/or engi-
neering the pores, the wettability [13,14], electronic conductivity
and ionic conductivity [15,16] of the electrode can be improved,
leading to enhanced supercapacitor performance.

Unlike the oxidation of carbon, which introduces plenty of hy-
droxyl groups at the cost of electronic conductivity of the material,
nitrogen doping is a promising route to tune the carbon surface
chemistries without losing the conductivity [17-20]. This is best evi-
denced by the fact that nitrogen has a stronger electronegativity than
that of -OH groups. As a result, fast surface redox reactions are facili-
tated on the nitrogen-doped carbon, adding pseudocapacitance to
electrochemical double-layer capacitance (EDLC) without deterio-
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rating the rate capability [21-23]. Long et al. synthesized nitrogen-
doped mesoporous carbon using melamine and resin as the nitro-
gen and carbon sources, respectively [24]. Some other nitrogen
sources, such as polyacrylonitrile (PAN) [25], dopamine [26], and
polyaniline [27], are also frequently added to carbon sources to fabri-
cate nitrogen-doped carbon. Nevertheless, the complex polymer-
ization (between nitrogen and carbon sources) and carbonization
processes render the porosity uncontrollable, leading to a broad pore
size distribution as well as low utilization of active material for charge
storage. Thus, for the mass production of high performance superca-
pacitors, the fabrication of electrode material should be simple and
scalable.

Biomass possesses many advantages, such as abundant natural
reserves and environmental friendliness, and has drawn quickly
intensive attention in the production of nitrogen-doped carbon mate-
rials [28-31]. As one of the biomass family, gelatin can be directly
employed as the nitrogen and carbon source through thermal
annealing [32,33]. For instance, Fan et al. obtained nitrogen-doped
carbon nanosheets via the hydrothermal treatment of gelatin and
graphene oxide mixed solution, followed by a chemical activation
process to give microporous channels [8]. Other reports on gelatin-
derived nitrogen-doped carbon are also available [14,34-37]. How-
ever, the resultant carbonaceous materials typically demonstrate irreg-
ular porous channels and a broad pore size distribution. So, engin-
eering nitrogen-doped carbons with ordered porous channels
through a simple but scalable route would be quite necessary, but
has proven to be challenging [38].

Herein, we report on the scalable production of nitrogen-doped
carbon sheets with ordered mesoporous channels. We achieved this
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through a simple casting of gelatin-silica nanospheres aqueous mix-
ture, followed by carbonization and template removal. Neither
polymerization nor chemical activation process is needed. By ad-
justing the sacrificial silica size as well as the carbonization tempera-
ture, the ordered porosity and nitrogen content can be correspond-
ingly tuned. This allows us to screen the optimized conditions for
achieving high performance charge storage device. The facile, scal-
able route to produce nitrogen-doped, ordered mesoporous car-
bon sheets may shed light on many applications, such as catalysis,
water splitting, and rechargeable batteries.

EXPERIMENTAL

1. Materials

Gelatin, ethanol (CH,CH,OH), ammonia (NH;-H,0) and NaOH
were purchased from Sinopharm Chemical Reagent. Tetraethyl
orthosilicate (TEOS) and SiO, nanospheres (10 nm, 20 nm) were
purchased from Sigma-Aldrich. All chemicals above were of ana-
lytical grade. 50 nm and 100 nm SiO, nanospheres were synthe-
sized by a typical modified Stéber method [39]: 0.8 mL ammonia
was added to a mixture of 92 mL ethanol and 17.2 mL deionized
water, which was magnetically stirred until completely mixed. Then
3.5 mL TEOS was added, followed by stirring for 3 h at 50 °C. After
centrifugation, the sediment was obtained and washed for three
times with deionized water and ethanol alternately. Finally, 100 nm
SiO, nanospheres were obtained by drying in an oven at 60 °C over-
night. 50 nm SiO, nanospheres were prepared in the same man-
ner where the added ammonia was reduced to 0.7 mL.
2. Synthesis of Gelatin/SiO, Mixture

0.5 g gelatin was dispersed in 25 mL deionized water and stirred
at 60 °C until completely dissolved. SiO, nanoparticles (diameter=
20nm) were dissolved in the deionized water and ultrasonically
homogenized to obtain a 40 wt% SiO, dispersion. Afterwards, 0.625g
of the SiO, dispersion was added to the gelatin solution, followed
by stirring at 60 °C for 1 hour. After cooling, the mixture was cast
on a glass plate and dried in an oven at 40 °C for 2 min. Finally,
the film was scraped and labelled as Gelatin/SiO,.
3. Synthesis of Nitrogen-doped Porous Carbon Sheet Materials

After purging with the N, flow for 20 min, the Gelatin/SiO, pow-
ders were heated to 800 °C with a ramping rate of 5 °C/min, held
for 2 h, and labelled as SC-20-800, where “20” and “800” represent
the diameter of SiO, and carbonization temperature, respectively.
The pyrolysis process turns the gelatin into carbon decorated with
SiO,. To remove the SiO, template and introduce ordered pores,
the abovementioned carbonized powders were soaked in 40 mL
1 M NaOH solution at 80 °C for 2 h. After cooling to room tem-
perature, they were washed with deionized water to neutrality,
dried overnight at 60 °C, and labelled as NCSs-20-800, where “20”
and “800” represent the diameter of SiO, and carbonization tem-
perature, respectively. To examine the best condition for engineer-
ing nitrogen-doped carbon porous sheets, templates with different
SiO, particle size ranging from ~10 nm to ~100 nm were employed
at a constant pyrolysis temperature (800 °C). The samples are labelled
as NCSs-x-800, where x indicates the diameter of SiO,. Similarly,
the pyrolysis temperature was varied from 600 °C to 1,000 °C at a
constant SiO, size (20 nm), and labeled as NCSs-20-y, where y is

carbonization temperature.
4. Characterization

The morphology of the NCSs was characterized by field-emis-
sion scanning electron microscopy (SEM, Zeiss-supra55 operated
at 5kV, German) and transmission electron microscopy (TEM,
Tecnai-12 Philip Apparatus Co. operated at 120 kV, USA). X-ray
powder diffraction (XRD, D8 ADVANCE using Cu Ko radiation
(4=0.154 nm), German), Raman spectroscopy (Renishaw in Via
Spectrometer equipped with a 532 nm laser), Elemental analysis
(Vario EL cube elemental analyzer with a conventional CHN com-
bustion method), X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250Xi spectrometer with Al Ko radiation (1,486.6 eV)),
as well as Fourier transform infrared spectroscopy (FTIR, Bruker
Spectroscopy Instrument) was carried out to analyze the composi-
tion, structure and surface characteristic. Porosity parameters of
the NCSs were evaluated at 77 K through the nitrogen adsorption/
desorption measurements (Micromeritics ASAP 2020). The sam-
ples were degassed at 393 K in a vacuum line for at least 2 h before
measurements. The Brunauer-Emmett-Teller (BET) method was
used to calculate the specific surface area, and the pore size distri-
bution and pore volumes were derived from the Barrett-Joyner-
Halenda (BJH) model.
5. Electrochemical Measurements

The energy storage performance of the NCSs was tested in three-
electrode and two-electrode configurations. Cyclic voltammetry
(CV), galvanostatic charge/ discharge (GCD) and electrochemical
impedance spectroscopy (EIS) at open-circuit potential (OCV) were
tested on the VMP3 electrochemical workstation (Biologic, France).
The as-synthesized nitrogen-doped porous carbon sheet and polytet-
rafluoroethylene were added to ethanol in a mass ratio of 95:5,
ultrasonically dispersed, and further processed to a paste, which the
working electrodes were punched. The working electrodes were
8 mm in diameter, 2 mg in mass with the 316 stainless steel as the
current collector. Counter electrodes, with 13 mm diameter and
20 mg mass, were processed from YP-50 and polytetrafluoroeth-
ylene (in a mass ratio of 95:5) in ethanol. Ag/AgCl electrode was
used as the reference electrode in the Swagelok® three-electrode
system while 1 M H,SO, solution was used as the electrolyte and
Celgard as the separator. And 1M H,SO, was also used as the elec-
trolyte in the two-electrode system. The specific capacitance, energy
density and power density of the electrodes were calculated accord-
ing to relevant formulas, as shown in supporting information.

RESULTS AND DISCUSSION

1. Characterization

As described previously, we employed gelatin as the nitrogen/
carbon source and obtained the nitrogen-doped mesoporous car-
bon sheets upon a simple and scalable approach (Scheme 1). SiO,
with different particle sizes were synthesized through a modified
Stober method [39] as shown in Fig. S1. In this work, four sizes
(10 nm, 20 nm, 50 nm, 100 nm) SiO, were used as the sacrificial
template to give NCSs with ordered pore channels. Dispersing SiO,
nanoparticles in the gelatin solution gives a suspension which is
viscous enough and can be directly cast onto the glass substrate
(Fig. 1(a)~(b)). Upon naturally drying, a smooth film was formed
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Scheme 1. Schematic of the synthesis of nitrogen-doped carbon sheets (NCSs).

Fig. 1. Optical images of (a) the mixture dispersion of gelatin and 20 nm SiO,; Gelation-SiO,-cast on a glass plate (b) before and (c) after dry-
ing; SEM images of carbonized samples (d)-(e) with SiO, added ((d), before and (e), after the removal of SiO,) and (f) no SiO, added
(NCSs-800). The patterns in (g)-(i) indicate the high magnification SEM images at corresponding conditions.

(Fig. 1(c)). Further carbonization turns the gelatin into carbon while
SiO, nanoparticles are preserved. Based on the low magnification
SEM image (Fig. 1(d)), visible boundaries are found, forming con-
tinuous carbon sheets. Such a sheet structure may probably be due
to the surface shrinkage caused by the addition of SiO,. A closer
examination from the high-magnification SEM image reveals that
the carbonized material surface is homogeneously covered by nu-
merous, evenly distributed particles (Fig. 1(g)) that are SiO, nano-
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spheres. Upon soaking in NaOH, these SiO, nanospheres were
removed and reverse, ordered porous channels appeared (Fig. 1(e),
(h)). As a comparison, carbonizing pure gelatin film resulted in a
nonporous carbon (NCSs-800) with a smooth surface (Fig. 1(f), (1)),
suggesting the importance of SiO, in achieving ordered porous
channels.

To illustrate the effect of SiO, particle size on the resultant car-
bon morphology, SEM and TEM studies were performed and
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Fig. 2. SEM images of (a), (d) NCSs-10-800; (b), (¢) NCSs-50-800; (c), (f) NCSs-100-800; TEM patterns of (g) NCSs-10-800; (h) NCSs-50-800;

Fig. 3. (a) XRD patterns of NCSs-800 and NCSs-20-800; (b) Raman spectrum of NCSs-20-y; (c) FTIR spectra of gelatin-SiO, and NCSs-20-
800; (d) TGA curve of NCSs-20-800 sample; (¢) XPS survey spectrum of NCSs-20-800; (f) High-resolution XPS spectrum of the

deconvoluted N 1s peak.
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shown in Fig. 2. It can be clearly seen that SiO, particles were cov-
ered by the carbon after carbonizing at 800 °C (Fig. S2). In addi-
tion, the gelatin self-aligned into fibers and further assembled into
sheets, which shrank considerably upon pyrolysis. After the removal
of SiO,, the sheet morphology was retained with numerous inter-
connected, pores inversely formed on the lamellar structure (Fig.
2(a)~(f)). These ordered, circular pores can be clearly seen from
the SEM images (Fig. 2(d)-(f)) and TEM images (Fig. 2(g)-(i)). Note
that the pore size is roughly similar as that of the template SiO,
size (Fig. S3). For instance, removing the 10 nm and 100 nm SiO,
nanospheres led to the formation of mesopores with an average
pore size of 9.8 nm and 97 nm, respectively. All these reveal that
the template removal process does not cause the collapse of the
carbon nanostructure while maintaining the interconnected net-
work. We note that such ordered, interconnected mesoporous chan-
nels are of unique importance for the fast ion transport kinetics,
which will be discussed below.

L. Fan et al.

The crystal structure of the sample was evaluated by X-ray dif-
fraction (XRD). Two broad peaks centered at 26.4° and 43° can be
ascribed to the (002) and (100) planes, respectively, of amorphous
carbon (JCPDS 65-6212). The typical peak of SiO, (centering at
22°) is invisible in the XRD pattern, suggesting the residual SiO,
content is negligible (Fig. 3(a)). The Raman spectrum of the NCSs-
20-y (Fig. 3(b)) shows two peaks corresponding to the D-band
and G-band peaks of the amorphous carbon, respectively. The peak
area ratio (I/I;) is lower than 1, suggesting a certain degree of graph-
itization in the carbonized sample. Fig. 3(c) shows the FTIR pat-
terns of gelatin-SiO, and NCSs-20-800. It can be observed that the
peaks centered at 3,400-3,500 cm™ in the Gelatin-SiO, correspond
to the stretching vibration peaks of N-H. The peak of 1,044 cm™
was identified as the stretching vibration peak of Si-O, while the
bending vibration peak of which was centered at 805cm™" [40],
indicative of the existence of SiO,. The characteristic peak at 1,290-
1,600 cm™" corresponds to the characteristic amide region of gela-

Table 1. Porosity parameters and elemental analysis of different NCSs samples

Sample Pores size (nm) Surface area (m’ g'l) Pore volume (cm’ g'l) C (%) N (%) H (%)
NCSs-800 4.1 15 0.017 76.4 7.2 2.0
NCSs-10-800 7.2 774.8 0.999 76.2 8.6 2.2
NCSs-20-600 11.2 314.3 0.965 75.1 12.5 29
NCSs-20-800 12.0 473.6 1.186 76.6 7.4 2.3
NCSs-20-1000 11.6 304.0 0.988 78.5 2.1 1.3
NCSs-50-800 4.1 141.2 0.473 76.4 6.8 2.2
NCSs-100-800 4.1 309 0.407 76.0 64 2.5
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Fig. 4. (a) N, adsorption-desorption isotherms and (b) pore size distribution of nitrogen-doped carbon prepared with diverse SiO, particle
sizes. The carbonization temperature was fixed at 800 °C; (c) N, adsorption-desorption isotherms and (d) pore size distribution of
nitrogen-doped carbon prepared under different carbonization temperatures.
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tin. After thermal pyrolysis and SiO, removal, the characteristic
peaks of carbon (1,598 cm™ and 1,250 cm™) were found; the charac-
teristic peaks of the gelatin as well as SiO, disappeared, suggesting
that the SiO, nanospheres were effectively removed from the amor-
phous carbon. This can also be further verified by the TGA pro-
file of the NCSs-20-800 sample (Fig. 3(d)), as an ash content of
1.3% was found. To determine the content of the doped-nitrogen,
XPS analysis was performed on NCSs-20-800 (Fig. 3(e)-(f)). The
survey in Fig. 3(e) suggests only C 1s, N 1s, and O 1s core-level were
observed, with the nitrogen content of 4.2 at%. By tuning the SiO,
particle size, the doped nitrogen content can be adjusted from 8.6
wt% to 6.3 wt%, as summarized in Table 1. The N 1s core level
peak can be further deconvoluted into four peaks (Fig. 3(f)), cor-
responding to pyridinic-N (N-6,), pyrrolic-N (N-5), quaternary N
(N-Q) and oxidized N (N-X) [41]. The prominent N-Q peak sug-
gests 45% of the doped nitrogen located in the backbone of the
carbon network, which is helpful in improving the surface wetta-
bility and electronic conductivity of the carbon material [42-44].
N-6 (30%) and N-5 (12%) are also reported to be beneficial to
pseudocapacitance, thus further improving the capacitance of nitro-
gen-doped carbon materials [45,46].

The nitrogen sorption-desorption isotherms of NCSs prepared
using different particle sizes of SiO, are shown in Fig. 4(a). From
the shape of the isotherms (type IV), it is clear that some microp-
ores exist when the template SiO, particle size is smaller than 20
nm, as seen by the abrupt increase in the absorption curve in the
low relative pressure region (P/P,<0.05). Further increasing the tem-
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plate size beyond 20 nm leads to a negligible number of micropo-
rous channels. The narrow pore size distribution (Fig. 4(b)) suggests
the pores are primarily small mesopores. Interestingly, there is a
bimodal behavior in the NCS-10-800 and NCS-20-800 (Fig. 4(b))
with the mean pore size of 7.2 nm and 12 nm (Table 1), reflecting
the template effect of 10 nm and 20 nm SiO,. One possible expla-
nation could be that the shrinkage behavior results in the decreased
pore size, compared to the size of SiO,. Moreover, the mesoporous
behavior of the NCS-50-800 and NCS-100-800 s attributed to the
relatively large template size. In general, a larger sacrificial SiO, size
results in a gradually decreased specific surface area (SSA), as
demonstrated in Table 1. For instance, the SSA is 774.8 m”/g in the
NCSs-10-800, and decreases to 30.9 m”/g in the NCSs-100-800. As
a contrast, the NCSs-800 obtained from pyrolyzing the pure gela-
tin gives an SSA of 1.5m’/g with a nitrogen content of 7.2 wt%
(Table 1). On the other hand, the effect of carbonization tempera-
ture is of less significance on the porosity parameters of the NCSs,
best seen in the similar isotherms and overlapping pore size distri-
butions (Fig. 4(c)-(d)). The SSA of NCSs obtained at different car-
bonization temperature is also in the similar range (Table 1). How-
ever, the atomic percent of doped nitrogen changes significantly by
adjusting the carbonization temperature. For instance, when pyro-
lyzed at 600 °C, the nitrogen content can be as high as 12.5 wt%,
in sharp contrast to 2.1 wt% at a pyrolyzing temperature of 1,000 °C
(Table 1).
2. Electrochemical properties

To quickly check the effect of introduced porosity on the elec-
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Fig. 5. Electrochemical performance of NCSs-800 and NCSs-20-800 using a three-electrode configuration with 1 M H,SO, as the electrolyte.
(a) CV curves between —0.2 and 0.8 V at a scan rate of 5mV s ', (b) Charge-discharge curves at a current density of 0.2 A g ', (c) Spe-
cific capacitances of NCSs-800 and NCSs-20-800 calculated from charge-discharge curves, (d) Nyquist plots of NCSs-800 and NCSs-

20-800; inset shows the Nyquist plot in the high frequency region.

Korean J. Chem. Eng.(Vol. 37, No. 1)



172

D
S

—NCS5s-20-600
—NC5s-20-800
—NCS5s-20-1000

Current density (Ag]}
o

.1_
02 00 02 04 06 08
Potential (V.vs Ag/AgCl)
(©)
150 ] —o— NC5s-20-600
—e—NCSs-20-800
120+ —o— NCS5-20-1000
£ 90. 17
=} E 3] f -"'
AN 601 § 2| I:".-‘;t
1] !
304 0;&
¢ d g &8
0 ; : ; ;
0 30 60 90 120 150
-Z" (Ohm)

(b)

(d)

Gravimetric Capacitance (F g ]}

L. Fan et al.

_ 08
?D — NCSs-20-600
< 064 // — NCSs-20-800
> / — NCSs-20-1000
» 041 / \
= \
02 / \
s 1/ \
S 004 \
;-'C: %

0.2 : ; . ,

0 500 1000 1500 2000 2500

Times (s)

—— NC5s-20-800
—— NCS5s-20-1000

300+
2504
200+
1501
100 1

501

0 3 6 9
Current Density (A g ]}

12

Fig. 6. (a)-(d) Electrochemical responses of NCSs-20-y with (a) CVs at 5mV s ', (b) GCDs at 0.2 A g, (c) Nyquist plots (Inset shows the plot
in the high frequency region) and (d) specific capacitance calculated from charge-discharge curves.

trochemical response of the NCSs, two types of NCSs, NCSs-800
and NCSs-20-800, were compared, as these two samples have sim-
ilar nitrogen content but dramatically different porosities (and as a
result, SSA). Fig. 5(a) displays the cyclic voltammograms (CVs) of
these two samples at 5mV s, exhibiting quasi-rectangular CV
shape as expected. The broad anodic and cathodic peak couple
(locating at —0.2 to 0.5V, vs Ag/AgCl) in both samples can be
attributed to the fast-redox reactions between acidic nitrogen-con-
taining sites and protons from the electrolyte [47]. The pseudoca-
pacitive behavior can also be verified by the quasi-linear galvanostatic
charge-discharge (GCD) profiles in Fig. 5(b). In addition, the sym-
metric triangular GCD curves suggest a high Coulombic efficiency
in both NCSs [48]. Compared to NCSs-800 which is nonporous,
NCSs-20-800 possesses developed mesoporous, ordered channels
that are beneficial for achieving a fast ion transport kinetics. Con-
sequently, attributed to the multi-porous system, a larger integrated
area in the CV curve and a prolonged discharge time are obtained,
indicative of much higher capacitance. As shown in Fig. 5(c), with
the current density of 0.2 A g, the specific capacitance of NCSs-
20-800 is 278 F g ', superior to 103F g of NCSs-800. With in-
creasing the current density to 10 A g™, NCSs-20-800 retains a high
capacitance of 210F g while the specific capacitance of NCSs-
800 decreases to 71 F g . The improved capacitance retention in
NCSs-20-800 (76% as increasing the current density by 50-fold)
can be fairly attributed to the ordered mesoporous channels with a
narrow pore size distribution, allowing a fast jon diffusion kinetics
and improving the utilization of active materials for pseudocapaci-
tive energy storage [49]. This point can be further verified by the
electrochemical impedance spectroscopy (EIS). As shown in the
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inset of Fig. 5(d), the semicircle at a high frequency region, repre-
senting the charge-transfer resistance (R,), is 0.9 in NCSs-20-
800 but increases to 3.5Q in nonporous NCSs-800. In addition,
the curve at a low frequency region is steeper in the NCSs-20-800
than NCSs-800, indicative of an improved ion diffusion kinetics
and better active material utilization, agreeing well with the rate
handling capability analysis (Fig. 5).

We then studied the influences brought by carbonization tem-
perature on the electrochemical response. As seen in Fig. 6(a)-(c),
all samples exhibit quasi-rectangular CV shapes, quasi-linear GCD
profiles, and almost vertical Nyquist plots at the low frequency
region, indicative of the mixed behavior of both double-layer capaci-
tance and pseudocapacitance [50]. The maximum capacitance
achieved in the NCSs-20-800 reaches 278 F g at 02 A g/, ex-
ceeding the rest of NCSs and suggesting that carbonization tem-
perature of 800 °C is the optimized condition to give the highest
capacitance (Fig. 6(d)). Note that, at 1 A g', the capacitance of
NCSs-20-800 is 252 F g, surpassing most other nitrogen-doped
mesoporous carbons at similar mass loading and current density,
as demonstrated in Table 2. In addition, NCSs-20-600 possesses a
similar capacitance at that of NCSs-20-800 at 0.2 A g, but decays
quickly as the current density increases beyond 0.2 A g (Fig. 6(d)).
We note that, besides a much higher nitrogen content (12.5 wt%)
in NCSs-20-600, the porosity parameters of NCSs-20-y samples
are quite similar. Thus, the difference in the rate handling of NCSs-
20-600 and NCSs-20-800 can be fairly attributed to the poor elec-
tronic conductivity. This point also agrees with the conclusions
from Long et al,, who revealed that that excessive doped nitrogen
would interrupt the electronic network of the carbonized sample,
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Table 2. Comparison of the specific capacitances of NCSs-20-800 and other reported Nitrogen-doped carbon materials
Sample SC' (Fg™h) m’ (mg) FAgh Electrolyte Ref.
NCSs-20-800 252 2 1 1 M H,SO, This work
Carbon nanobelts 233 3 1 6 M KOH [45]
Nitrogen-doped carbon fiber 195 1 1 1 M H,SO, [33]
N,P co-doped hollow carbon microspheres 175 3 1 6 M KOH [52]
N-doped porous carbon nanofibers 198 1.5 1 6 M KOH (53]
N-doped carbon spheres 231 3 1 6 M KOH [54]
Graphene 180 2 1 6 M KOH [55]
Hierarchically porous carbon 213 24 1 6 M KOH [56]
Porous carbon aerogel 185 1.6 1 1M H,SO, [57]
“SC: specific capacitance
’m: the mass of the active substance
J: current density
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Fig. 7. Electrochemical performance of the symmetric supercapacitor assembled by pairing up two identical NCSs-20-800 electrodes. (a) CV
curves at different scan rates. (b) Charge-discharge curves at different current densities, inset shows the negligible IR drop. (c) Nyquist
plot at the open circuit (inset shows the plot at medium-high frequency range). (d) The specific capacity at different current densities.
(e) Cycling stability (the inset is typical charge-discharge curves during cycling) at a current density of 1 A g . (f) Ragone plot of the
symmetric device. Inset shows the prototype device in powering the light-emitting diode (LED).
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and lower the electronic conductivity as a result [24]. Interestingly;
NCSs-20-1000 demonstrates lower capacitances than NCSs-20-800
in the entire current density range but decent capacitance reten-
tion. This can be explained by the much reduced nitrogen con-
tent (2.1 wt%), as well as the smaller specific surface area (304 m’/
g) (Table 1), leading to much fewer redox active sites for charge
storage. Consequently, the charge-transfer resistance (R) is even
larger than that of NCSs-20-600, as shown in the inset of Fig. 6(c).
On the other hand, raising the carbonization temperature is known
as an effective method to improve the electronic conductivity by
introducing certain degree of graphitization of the carbonaceous
materials [51], resulting in superior rate handling of NCSs-20-1000
(Fig. 6(d)). Influence of sacrificial template size on the electrochem-
ical responses of NCSs can be found in Fig. 4, showing similar
pseudocapacitive behavior and confirming that 20 nm SiO, is the
optimized size for achieving both high capacitance and excellent
rate capability.

Finally, we demonstrate the potential of our nitrogen-doped
ordered mesoporous carbon for energy storage by evaluating the
electrochemical performance of symmetric device based on NCSs-
20-800 electrodes. As shown in Fig. 7(a)-(b), the quasi-rectangu-
lar CV curves and linear GCD profiles suggest a good capacitive
response within a voltage window of 1 V. Moreover, at a scan rate
of 300mV s', the CV curve quickly stabilized upon the voltage
reversal, suggesting the ideal capacitive behavior was well main-
tained at a high rate. This point can be further verified by the neg-
ligible IR drop at 10 A g (inset of Fig. 7(b)) as well as the vertical
Nyquist plot at the low frequency region (Fig. 7(c)). Consequently,
the NCSs-20-800 demonstrates excellent cycling lifetime, which
retains 99.1% of the initial capacitance after 10000 cycles (Fig. 7(e)).
No parasitic reactions were involved in the charge storage, best
seen by the symmetric quasi-linear GCD curves (inset of Fig. 7(e))
and high Coulombic efficiency (~100%). The maximum energy den-
sity and power density of the symmetric device reached 15.8 Wh
kg™ and 11.5kW kg, respectively (Fig. 7(f)). Except nitrogen-doped
carbon fiber/reduced graphene oxide (ACF-rGO-N), which show-
cased a higher energy density of 42 Wh kg™' [58], our symmetric
device has surpassed most other supercapacitors based on nitro-
gen-doped carbons [52,53,59-63], such as nitrogen-doped graphene
(NG) (6.7 Wh kg') [60], nitrogen-phosphorus co-doped hollow
carbon microspheres (NPHCMs) (6.4 Wh kg™') [52], and nitro-
gen-doped carbon nanofibers (NCNFs) (12.1 Wh kg ™) [61], etc.,
as detailed in Fig. 7(f). We believe that the facile low-cost synthe-
sis of nitrogen-doped ordered mesoporous carbon holds great
promise in the production of future energy storage devices for var-
ious applications, such as powering LEDs (inset of Fig. 7(f)).

CONCLUSIONS

We prepared nitrogen-doped, ordered mesoporous carbon sheets
by a simple and scalable method in which the gelatin serves as car-
bon/nitrogen source and SiO, nanospheres as the template. By a
low-cost solution casting of gelatin-silica mixture, the gelatin mole-
cules self-aligned into regular sheets, which turned into ordered,
mesoporous carbon sheets with a narrow pore size distribution after
further carbonization and template removal. The nitrogen content

January, 2020

and porosity parameters can be effectively adjusted by tuning the
silica size and/or pyrolysis temperature. The narrow pore size dis-
tribution, coupled with active nitrogen sites, renders the nitrogen-
doped carbon sheets with good charge storage performance, includ-
ing a high specific capacitance, good rate handling, and high energy/
power density. While we are not aiming for achieving nitrogen-
doped carbons with the highest capacitance/energy density;, we spe-
cifically focused on simple and low-cost synthesis of nitrogen-doped
carbon sheets with an ordered pore structure. Such a synthesis route
and material design may find various applications, including water
splitting, catalysis and lithium-sulfur batteries, with promising per-
formance.
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Electrochemical calculation formula
In the three-electrode system, the specific capacitance of the elec-
trodes was calculated from the GCD curves according to equation:

_ IxAt _jxAt W
¢ mxAV AV
Where C,, (F g ') is the specific capacitance, j (A g ) is the cur-
rent density; At (s) is the discharge time, AV (V) is the potential
window excluding the IR-drop and m (g) is the mass of the work-
ing electrode.

©)

100 nm

In the two-electrode device with the identical YP-50 as the pos-
itive and negative electrodes, the specific capacitance was calcu-
lated according to the following equation:

_ 4IxAt
e Mx AV

@

where M (g) is the total mass of the active materials on the both
electrodes in the device, I (A) is the discharging current. The spe-
cific capacitance was also calculated from the CV integration accord-
ing to equation:

Fig. S1. SEM patterns of different size of SiO, (a) 10 nm; (b) 20 nm; (c) 50 nm; (d) 100 nm.

Fig. S2. SEM patterns of (a) SC-10-800; (b) SC-50-800; (c) SC-100-800.
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Fig, $4. (a)-(d) Electrochemical responses of NCSs-x-800 with (a) CVs at 5mV s ', (b) GCDs at 0.2 A g ', (c) Nyquist plots (inset shows the
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where m is mass of one electrode, v is the scan rate.
The energy density and power density of a supercapacitor were
determined by the following equations:

1
E,=2
=3C

spe

1
AV x—
Y

)

t

Where E, (W h kg ) is the specific energy density, P, (W kg ') is
the specific power density, C,,, (F g') is the specific capacitance
based on the total device system, AV (V) represents the discharge
voltage range exclusive of the IR drop and At (s) is the discharge

time.

b E,x3600
TAt
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