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ABSTRACT: Larger interlayer distance and higher doping
efficiency of heteroatoms are considered to be the two most
effective solutions to modulate the electronic structure of
carbon materials to achieve improved electrochemical storage
performances. Here, an innovative popping process is applied
to puff biomaterials, i.e., the Chinese “five grains” of round-
grained rice and wheat, into aerogels using the traditional
Chinese popcorn machine. Thus, well-defined and intercon-
nected three-dimensional pores are constructed within the
biomaterial-derived carbon aerogels after a one-step pyrolysis
process. As a result, the interlayer distance of the carbon
nanosheets is slightly expanded from ∼3.6 to ∼3.7 Å,
providing more expanded channels for rapid diffusion and
adsorption of heteroatom precursors on the surface of the carbon layers. Therefore, a high amount of nitrogen and sulfur
incorporation has been realized in the pyrolyzed carbon nanosheets, which further expand the interlayer distance between the
carbon layers from ∼3.7 to ∼4.0 Å. These N, S dual-doped carbon nanosheets, derived from both rice and wheat, display
outstanding energy storage performances, thus demonstrating the general ability or possibility of the traditional Chinese popping
strategy to convert other biomaterials into similar carbon nanosheets with expanded interlayer distance and enhanced
heteroatom doping efficiency.
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■ INTRODUCTION

Overexcessive consumption and gradual depletion of non-
renewable energy resources have fuelled the development of
clean and renewable modern energy systems.1−5 Therefore,
affordable energy storage devices with high power/energy
densities, such as supercapacitors and lithium-ion batteries
(LIBs), are regarded as one of the most promising alternatives
for effective and temporary storage of excess electric
energy.6−12 Conventionally, commercialized graphite is the
most widely used electrode material for supercapacitors and
LIBs due to its good processability and low cost. However, the
poorly developed pore texture of graphite dramatically hinders
the diffusion of electrolyte ions into its inner space during the
electrochemical reaction processes.13 To maximally exert the
energy storage properties, the development of advanced carbon
materials, such as graphene, carbon nanotubes, and biomass-

derived carbons, has been a key issue to achieve high specific
surface area for increased ion adsorption.14−16 As a typical
atomic-scale carbon allotrope with two-dimensional (2D)
structure and high specific surface area, graphene possesses
high in-plane electrical conductivity which provides efficient
channels for electron transport.17,18 Yang et al. reported the
capillary compression of adaptive graphene gel films in the
presence of a nonvolatile liquid electrolyte to form a
continuous ion transport network in the graphene film for
the electrochemical reaction process.19 Nevertheless, until now,
graphene is mainly prepared by the Hummers method,
ultrasound exfoliation, or chemical vapor deposition,20−23

Received: September 7, 2017
Revised: December 7, 2017
Published: January 29, 2018

Research Article

pubs.acs.org/journal/ascecgCite This: ACS Sustainable Chem. Eng. 2018, 6, 3143−3153

© 2018 American Chemical Society 3143 DOI: 10.1021/acssuschemeng.7b03161
ACS Sustainable Chem. Eng. 2018, 6, 3143−3153

pubs.acs.org/journal/ascecg
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.7b03161
http://dx.doi.org/10.1021/acssuschemeng.7b03161


Figure 1. (a) Proposed dual mechanism to improve the energy storage properties of carbon-based materials. Calculated density of states for (b) N
and S dual-doped carbon and (c) undoped carbon.

Figure 2. (a) Structure diagram of the traditional Chinese popcorn machine, where 1−6 represent the head screw, long radius elbow, machine cover,
eyesight elbow, cotter, and handle, respectively. (b) Schematic illustration for the sol−gel transformation in the biomaterials during the popping
process. (c) Schematic illustration for the preparation of biomaterial-derived N, S dual-doped carbon nanosheets with detailed diffusion process of
thiourea and electrolyte in the biomaterial-derived carbon block and carbon aerogels.
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which generally involve high-cost and low-efficiency processes.
Therefore, the ongoing search for alternative carbon-based
materials with both excellent electrochemical performance and
economic benefits has become one of the most intensive
research areas.
Biomaterials, e.g., cellulose, willow catkin, bagasse, and

coconut shells,13,24−28 have been considered as the promising
precursors to fabricate carbon-based energy storage electrodes
due to their abundance, green chemical processes, and
renewability. The “five grains” are a typical set of biomass
materials from ancient China consisting of five kinds of farm
crops, i.e., polished round-grained rice, wheat, red bean,
soybean, and yellow millet. However, the untreated farm
crops are only able to produce solid carbon structures with low
specific surface area which can only store a limited amount of
electric charge as electrode materials.29 To enhance the ion
penetration into the interlayers as well as to increase the ion
adsorption on the surface of the carbon matrix, we propose two
feasible solutions here, i.e., larger interlayer distance and higher
heteroatom doping efficiency (as illustrated in Figure 1a). On
one hand, an increased interlayer distance of the conventional
graphite (∼0.335 nm) can largely facilitate the ion diffusion and
storage in the inner space of the carbon material. On the other
hand, substitutional heteroatom doping into the carbon matrix
enables effective tailoring of its electron-donor properties and
manipulation of its surface chemistry. Among the various
possible dopants such as boron (B),30 fluorine (F),31 nitrogen
(N),32 phosphorus (P),33 and sulfur (S),34 the two proven

more facile methods to modulate the carbon structure as well as
to maintain its high electrical conductivity are realized via N
doping and S doping.35−37 The density-functional-theory
(DFT) calculations in Figure 1b,c reveal that nitrogen, sulfur
dual-doped carbon possesses a raised Fermi level and increased
density of states (DOS) around the Fermi level as compared to
the undoped carbon, which can greatly improve its electronic
conductivity to obtain high-performance energy storage
materials.
Inspired by the daily popcorn making using the traditional

Chinese popcorn machine (Figure 2a), we find that the
traditional Chinese popping technique can be a facile strategy
to incorporate porous structures into biomaterial-derived
materials. From the molecular perspective, the popping process
involves a sol−gel transformation as shown in Figure 2b. First, a
certain amount of free water and bound water contained in the
inner space of the sun-dried biomaterial easily evaporates to
form the starch-based aerosol. Subsequently, the instantaneous
heat-driven cross-linking effect leads to the rapid transition
from biomaterial-derived aerosol into aerogel, accompanied by
the outrush of steam and inburst of cold air. Thus, abundant
pores are essentially incorporated into the inner space of the
biomaterial-derived aerogel to form a three-dimensional porous
structure. Herein, biomaterial-derived carbon aerogels are
obtained first with well-defined and interconnected three-
dimensional porous structures by using the traditional Chinese
popcorn machine combined with a one-step pyrolysis process
(Figure 2c). This allows the heteroatom precursor of thiourea

Figure 3. (a) Digital photographs of polished round-grained rice, RCB, round-grained rice aerogel (RA), and RCA. SEM images of (b) RCA and (c)
RCB. (d) TEM image of N,S-RCSs. (e) TEM image of N,S-RCSs with the corresponding elemental mapping images of C, N, and S. (f) HR-TEM
image of N,S-RCSs.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.7b03161
ACS Sustainable Chem. Eng. 2018, 6, 3143−3153

3145

http://dx.doi.org/10.1021/acssuschemeng.7b03161


molecules to diffuse and adsorb on the surface of biomaterial-
derived carbon aerogels more easily than that of the
corresponding carbon block, which leads to a dramatic increase
of nitrogen and sulfur dual-doping amounts from ∼3% to
∼18%. As anticipated, the symmetric supercapacitor assembled
by these rice-derived N, S dual-doped carbon nanosheets
exhibits a high energy density of 20.6 W h kg−1 at a power
density of 225 W kg−1. Similarly, the wheat-derived N, S dual-
doped carbon nanosheets are applied as anodes, which
simultaneously show a discharge specific capacity of 1057 mA
h g−1 at the first cycle and good rate/cycling stability toward
lithium-ion battery applications.

■ RESULTS AND DISCUSSION
As aforementioned in Figure 1a, larger interlayer distance and
higher efficiency of heteroatom doping are the two key
solutions to enhance the electrochemical properties of carbon-
based materials. However, the solid structure of the “five grains”
(taking polished round-grained rice and wheat as two
examples) makes it very difficult for the diffusion of both
thiourea and electrolyte into the inner space. To overcome the
intrinsic defect of these biomaterials, the popping mechanism is
applied to obtain biomaterial-derived aerogels by using Chinese
popcorn machine. This popping process (Figure S1) can
facilely introduce puffed structures into the biomaterials, which
is able to not only decrease the thickness of the pore walls but
also increase the effective adsorption sites for thiourea
molecules.
Polished round-grained rice is taken as the first example. As

shown in Figure 3a, the volume of the pristine polished round-
grained rice is being expanded several times into round-grained

rice aerogel after the popping process. After subsequent heat
treatment under inert atmosphere, the round-grained rice
aerogel is pyrolyzed into the corresponding carbon aerogel with
only a slight volume shrinkage. Figure 3b,c shows the scanning
electron microscope (SEM) images of the microstructure of the
carbon aerogel and carbon block, respectively. It can be seen
that the rice-derived carbon aerogel (RCA) is constructed of
thin carbon walls which form a well-defined and interconnected
three-dimensional (3D) porous structure with the pore size
ranging from several tens to hundreds of micrometers. In
contrast, the rice-derived carbon bulk (RCB) still maintains a
solid surface with shallow holes, which will hinder the diffusion
of thiourea molecules into the inner space for a uniform and
efficient heteroatom-doping process. From the Brunauer−
Emmett−Teller (BET) analysis (Figure S2a), the calculated
specific surface area of RCA (111.5 m2 g−1) is about 33 times
higher than that of RCB (3.3 m2 g−1). This shows that porous
structures can be efficiently produced via the popping process
under high pressure. The pore size distribution of RCA ranges
from 2 to 50 nm (Figure S2b), favoring the efficient diffusion
and adsorption of the thiourea molecules into the inner space
of the carbon skeleton as well as on the surface of the carbon
walls. Therefore, rice-derived N, S dual-doped carbon nano-
sheets (N,S-RCSs) are obtained by using RCA as an ideal
carbon source. As shown in the transmission electron
microscope (TEM) image (Figure 3d), N,S-RCSs display a
much thinner nanosheet structure as compared to that of the
rice-derived N, S dual-doped carbon bulk (N,S-RCB, Figure
S3) obtained without the popping treatment. In addition, the
corresponding elemental mapping images (Figure 3e) indicate
that the nitrogen and the sulfur atoms have been successfully

Figure 4. (a) XRD patterns of u-RCB, u-RCSs, and N,S-RCSs (inset: 2θ values and the corresponding interlayer distances of the (002) planes). (b)
Raman spectra of different samples (inset: the variation of IG/ID values before and after the heteroatom doping of u-RCB and u-RCS samples). (c)
Calculated weight percentages of C, O, N, and S elements for u-RCSs, N,S-RCB, and N,S-RCSs by XPS analysis (AH stands for all heteroatoms).
High-resolution XPS spectra of (d) S 2p and (e) N 1s of N,S-RCSs.
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incorporated and homogeneously distributed throughout the
carbon nanosheets. Highly disordered structure of N,S-RCSs is
observed in the HR-TEM image (Figure 3f), demonstrating its
poor crystal structure.
X-ray diffraction (XRD) data suggest the disordered

structures of the carbon materials. As shown in Figure 4a, the
diffraction peaks at 2θ of around 23° are assigned to the (002)
planes of rice-derived undoped carbon bulk (u-RCB), rice-
derived undoped carbon nanosheets (u-RCSs), and N,S-RCSs.
It is worthwhile to note that a successive decline of the 2θ is
observed for u-RCB (2θ = 24.8°), u-RCSs (2θ = 24.2°), and
N,S-RCSs (2θ = 22.2°), with the corresponding interlayer
distance calculated to be 3.60, 3.68, and 4.00 Å, respectively.
Increments of the interlayer distances can be explained as
follows: (1) The high pressure during the popping process
facilitates the diffusion of moisture/oil molecules into the
interlayer space, leading to the expansion of the interlayer
distance from 3.60 to 3.68 Å. (2) The expanded interlayer
distance favors the adsorption of thiourea molecules on the
surface of carbon nanosheets, leading to a higher amount of
heteroatom doping. Subsequent incorporation of heteroatoms
further results in the expansion of the interlayer distance to 4.00

Å due to the larger atomic radius of nitrogen and sulfur atoms
than that of carbon atom. Raman analyses are presented in
Figure 4b, where the D band at ∼1350 cm−1 and G band at
∼1590 cm−1 represent the disordered degree and graphitic
order of carbon materials, respectively.38 The higher IG/ID value
(determined by the specific values of their peak intensities) of
u-RCSs (1.88) than that of u-RCB (1.53) demonstrates that the
popping process is able to enhance the graphitic order of
carbon materials. However, the disordered structures, attributed
to the generated defects during the heteroatom-doping process,
result in the decrease of IG/ID values of both N,S-RCB (IG/ID =
1.12) and N,S-RCSs (IG/ID = 0.95). Furthermore, a much
sharper decrease in ΔIG/ID of N,S-RCSs (ΔIG/ID = 0.93) than
that of N,S-RCB (ΔIG/ID = 0.41) indicates that the puffed RCA
is able to facilitate the heteroatom-doping process and hence
introduce more disordered structures into the 3D carbon
skeletons.
The contents of N and S heteroatoms in various carbon

samples are further determined by X-ray photoelectron
spectroscopy (XPS) (Figure 4c). Only a low amount of
nitrogen atoms in u-RCSs (Figure S5) is present, which
originates from either the self-contained protein/amino acid or

Figure 5. (a) CV curves at a scan rate of 50 mV s−1, and (b) galvanostatic charge−discharge curves at 1 A g−1 for u-RCB, u-RCSs, N,S-RCB, and
N,S-RCS electrodes in a three-electrode system. (c) Nyquist plots of u-RCSs and N,S-RCS electrodes. (d) Capacitive performance of the symmetric
supercapacitor (N,S-RCSs//N,S-RCSs) with N,S-RCSs as both positive and negative electrode materials in 1.0 M Na2SO4 aqueous electrolyte. (e)
CV curves of the as-assembled device at various scan rates. (f) Galvanostatic charge−discharge curves and (g) specific capacitances of the as-
assembled device at various current densities. (h) Ragone plots of the as-assembled N,S-RCSs//N,S-RCSs device. (i) Cycling performance and the
Coulombic efficiency of the symmetric supercapacitor at a current density of 2 A g−1 (inset: the charge−discharge curves of the last 20 cycles).

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.7b03161
ACS Sustainable Chem. Eng. 2018, 6, 3143−3153

3147

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b03161/suppl_file/sc7b03161_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.7b03161


the adsorbed nitrogen during the carbonization process.39,40

The addition of thiourea as the precursor for heteroatom
doping results in the introduction of nitrogen and sulfur atoms
into the carbon structures for both N,S-RCB and N,S-RCSs
with all-heteroatom weight percentages of 6.31% (1.11% for S
atom, 5.25% for N atom) and 15.86% (3.03% for S atom,
12.83% for N atom), respectively. As anticipated, N,S-RCSs
display a higher content of heteroatom than N,S-RCB. The
detailed surface elemental composition and valence state of
N,S-RCSs are identified with four distinct peaks for C, O, N,
and S elements (Figure S6). In the S 2p spectrum (Figure 4d),
two prominent peaks at 163.6 and 164.8 eV are assigned to the
S 2p3/2 (S1) and S 2p1/2 (S2), which corresponds to the −C−
S−C− covalent bond of thiophene-type sulfur.41 Three minor
peaks at higher binding energies of 167.7, 168.7, and 169.3 eV,
respectively, are consistent with different oxidized sulfur forms
of S3, S4, and S5 in the −C−SOx−C− (where x = 2−4)
sulfone bridges.34,42 Meanwhile, the high-resolution N 1s
spectrum (Figure 4e) is well-fitted into three peaks centered at
398.2, 399.7, and 400.8 eV, assigned to the pyridinic-like (N6),
pyrrolic-like (N5), and graphitic (NQ) nitrogen, respectively.
The structural defects thus generated by heteroatom doping in
the carbon atomic layers will greatly increase the electron donor
property as well as the charge mobility of N,S-RCSs for
enhanced energy storage properties.
A three-electrode system was fabricated by using the rice-

derived carbon materials as the supercapacitor working
electrodes, Ag/AgCl as the reference electrode, and 6 M
KOH as the aqueous electrolyte. Figure 5a shows the CV
curves of various carbon-based electrodes (i.e., u-RCB, u-RCSs,

N,S-RCB and N,S-RCSs) in the potential range from −1.0 to 0
V at a scan rate of 50 mV s−1. Near-rectangular shapes of the
CV curves as well as the symmetrical and linear galvanostatic
charge−discharge curves at a current density of 1 A g−1 (Figure
5b) indicate the double-layer capacitance characteristic of all
these electrodes which originates from the ion diffusion/
adsorption electrochemical processes. In particular, because of
the expanded interlayer distance and higher heteroatom-doping
amount, better capacitive performances are obtained for N,S-
RCSs than for u-RCSs, u-RCB, and N,S-RCSs. Furthermore,
with enhanced electronic conductivity and ion diffusion after
the efficient doping of nitrogen and sulfur atoms, the N,S-RCS
electrode shows reduced resistance compared to the u-RCS
electrode (Figure 5c). Therefore, the N,S-RCS electrode
displays an outstanding capacitance of 321 F g−1 at the current
density of 0.5 A g−1 (Figure S7), which is also much more
superior than other carbon-based materials being reported
(Table S1 in the Supporting Information), such as polyaniline-
coated bacterial cellulose (296 F g−1 at 2 mV s−1),43 tobacco-
rod-derived carbon (287 F g−1 at 0.5 A g−1),41 and bagasse-
derived carbon (137 F g−1 at 2 mV s−1).25

For practical applications with wide working voltage
windows, a symmetric supercapacitor device is assembled by
using two N,S-RCS electrodes as shown in Figure 5d, which is
marked as N,S-RCSs//N,S-RCSs device. Figure 5e shows that
the potential window of the symmetric supercapacitor is largely
extended to 0−1.8 V. The galvanostatic charge−discharge
curves under different current densities (Figure 5f) show highly
linear correlations and symmetrical shapes with a rapid I−V
response. Furthermore, the calculated specific capacitance

Figure 6. (a) Initial charge−discharge curves of u-WCB, u-WCSs, N,S-WCB, and N,S-WCS electrodes at a current density of 0.05 A g−1. (b) Nyquist
plots of u-WCB, u-WCSs, N,S-WCB, and N,S-WCS electrodes in the frequency range 105−10−2 Hz with an ac voltage amplitude of 5 mV. (c) First
three CV cycles of the N,S-WCS electrode at a scan rate of 0.1 mV s−1 from 0.01 to 3 V. (d) Rate behavior of the N,S-WCS electrode at various
current densities. (e) Cycling stability of the N,S-WCS electrode at a current density of 0.05 A g−1.
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based on the total mass reaches 45.8 F g−1 at 0.25 A g−1 (Figure
5g). The Ragone diagram (Figure 5h) exhibits a high energy
density of 20.6 W h kg−1 at the power density of 225 W kg−1.
This performance is superior to previously reported carbon-
based symmetric supercapacitor devices, such as mesoporous
carbon (9.6 W h kg−1 at 119.4 W kg−1),44 B/N codoped carbon
nanosheets (8 W h kg−1 at 6000 W kg−1),45 seaweed
biopolymer-derived carbon (8 W h kg−1 at 100 W kg−1),46

pine cone biomass-derived carbon (19 W h kg−1 at 100 W
kg−1),47 and high-density porous graphene (7 W h kg−1 at 2000
W kg−1).48 For an investigation of the cycling stability of the as-
assembled asymmetric supercapacitor device, a galvanostatic
charge−discharge test was performed at a constant current
density of 2 A g−1 for 5000 cycles. As shown in Figure 5i, 97.2%
of the initial specific capacitance is still retained. More
importantly, the Coulombic efficiency of the device remains
99.2% after the cycling tests as shown in the last 20 charge−
discharge cycles (see inset of Figure 5i). Therefore, this work
provides a combined method by employing the popping and
heteroatom-doping processes to successfully modify biomass-
derived carbon materials with significant improvement in
energy storage performances.
For a demonstration of the universality of this method,

another kind of Chinese “five grain”, wheat, has been applied.
As displayed in Figure S8a−c, the wheat-derived carbon aerogel
(WCA) exhibits a well-interconnected 3D porous structure
with numerous thin carbon walls which favors faster diffusion of
thiourea molecules into the carbon skeleton. In contrast, the
wheat-derived carbon bulk (WCB) shows a solid structure with
closed channels for further heteroatom doping (Figure S9). As
determined by BET analysis (Figure S11), the calculated
specific surface area of WCA (79.1 m2 g−1) is more than 10
times higher than that of WCB (7.5 m2 g−1) . This further
indicates that the popping process can efficiently puff the
biomaterials and incorporate microporous structures in the
corresponding aerogels. XRD patterns in Figure S13a
demonstrate the two-step expansion of the interlayer distances,
which are 3.63, 3.71, and 4.01 Å for wheat-derived undoped
carbon bulk (u-WCB), wheat-derived undoped carbon nano-

sheets (u-WCSs), and wheat-derived N, S dual-doped carbon
nanosheets (N,S-WCSs), respectively. The XPS results (Figures
S13−S15) give evidence on the successful and enhanced
doping of N and S atoms in the carbon matrix for N,S-WCSs.
These wheat-derived carbon materials are then applied as
electrode materials for lithium-ion batteries. Figure 6a shows
typical first-cycle discharge/charge voltage curves of u-WCB,
WCSs, N,S-WCB, and N,S-WCS electrodes, respectively. The
voltage plateau at around 0.7 V is ascribed to the formation of
the solid electrolyte interface (SEI) layers and electrolyte
decomposition.10,49 The discharge specific capacities of 618,
754, 913, and 1057 mA h g−1 and the charge specific capacities
of 302, 360, 520, and 593 mA h g−1 are obtained for u-WCB,
WCSs, N,S-WCB, and N,S-WCS electrodes, respectively.
Because of the irreversible losses of the first cycles, the
corresponding Coulombic efficiencies are 48.1%, 48.7%, 56.0%,
and 60%, respectively. Meanwhile, EIS measurements are
investigated to understand the electrochemical impedance of
the u-WCB, WCSs, N,S-WCB, and N,S-WCB electrodes. The
electrochemical impedance spectra of the u-WCB, u-WCSs,
N,S-WCB, and N,S-WCS electrodes are shown in Figure 6b. All
spectra are composed of a semicircle in the high-frequency
region and an inclined line in the low-frequency region. It is
well-known that the semicircle is related to the charge transfer
resistance (Rct) between the electrode and electrolyte interface,
while the sloping line in the low frequency is the Warburg
impedance (ZW), attributed to the Li+ ion diffusion in the solid
electrode.50 The equivalent circuit is inserted into Figure 6b,
where Re stands for the resistance of the whole reaction system,
including the electrolyte resistance, the physical resistances
between the electrode and electrolyte interface, and the
constant phase element (CPE) which is a double-layer
capacitance on the electrode surface. Table S2 provides the
Re and Rct fitting values of u-WCB, u-WCSs, N,S-WCB, and
N,S-WCS electrodes, in view of the fact that Rct is a major part
of the internal resistance of a battery. It shows that the Rct
values are 61.49, 59.74, 47.73, and 43.07 Ω for u-WCB, WCSs,
N,S-WCB, and N,S-WCS electrodes, respectively. Obviously,
the N,S-WCS electrode has the lowest Rct value, owing to the

Figure 7. (a) Graphical illustration of the biomaterial-derived carbon bulk, biomaterial-derived undoped carbon nanosheets, and biomaterial-derived
N, S dual-doped carbon nanosheets with different interlayer distances of ∼3.6, ∼3.7, and ∼4.0 Å, respectively. The glittery yellow ball represents
OH−/Li+ ions; the blue and yellow balls in the N, S dual-doped carbon nanosheets represent nitrogen and sulfur atoms, respectively. Steps 1 and 2
represent the popping and heteroatom-doping processes, respectively. (b) Schematic illustration showing the different energy storage mechanisms in
biomaterial-derived N, S dual-doped carbon nanosheets and N, S dual-doped carbon bulk.
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expanded distance between the carbon interlayers and
improved conductivity induced by the dual-doped nitrogen
and sulfur atoms in carbons. To reveal its electrochemistry of
the lithiation/delithiation process, the first, second, and third
cycles of CV curves are collected for the N,S-WCS-based cell in
the potential window 0.01−3.0 V at a scan rate of 0.1 mV s−1

(Figure 6c). Two peaks appear at 0.45 and 1.54 V during the
first cycle, and disappear during the second and third cycles,
which is assigned to the irreversible consumption of charge due
to the generation of the SEI layer.51 In the cathodic scanning,
the peak near 0 V is ascribed to the Li-ion insertion into the
N,S-WCS structures.52 It is worthwhile to note that the CV
curves of the subsequent cycles are well-overlapped, indicating
an outstanding lithium storage reversibility. Furthermore, the
rate capability of the N,S-WCS electrode is investigated by
applying various current densities (Figure 6d). The N,S-WCS
electrode delivers a high reversible capacity of ∼300 mA h g−1

under the high current density of 1 A g−1, and restores to ∼500
mA h g−1 (approaching 90% of its initial charge capacity) when
the current rate is being recharged to 0.05 A g−1. Despite an
irreversible capacity loss due to the formation of SEI layers and
the trapped lithium in the carbon structure during the first
cycle, the N,S-WCS electrode is still able to retain a high
discharge capacity of 586.85 mA h g−1 at 0.05 A g−1 after 55
cycles (Figure 6e). The Coulombic efficiency is also maintained
at almost 100% since the second cycle, demonstrating the
excellent cycling performance of the N,S-WCS electrode with a
reversible retention of 100%.
In view of the above results, we have demonstrated an

efficient and general method to achieve dual heteroatom-doped
ultrathin carbon nanosheets with expanded interlayer distance
as well as high heteroatom doping efficiency by using the
traditional Chinese popcorn machine and thiourea as the
heteroatom precursor. As shown in Figure 7a, the popping
process can effectively expand the carbon atomic interlayer
distance from ∼3.6 to ∼3.7 Å, while the subsequent
introduction of heteroatoms results in a further increase of
the interlayer distance to ∼4.0 Å. Thus, the ion (including OH−

and Li+) diffusion and adsorption on both the amorphous and
crystalline structures of carbon nanosheets are remarkably
facilitated (Figure 7b), leading to their high-performance
energy storage properties.

■ CONCLUSIONS
In summary, we introduce a robust route to fabricate
heteroatom-doped carbon nanosheets derived from biomate-
rials of Chinese “five grains” for supercapacitor and lithium-ion
battery applications. The popping process via the traditional
Chinese popcorn machine is first used to puff the biomaterials
into the corresponding aerogels. Interconnected three-dimen-
sional pores with expanded interlayer distance from ∼3.6 to
∼3.7 Å have been successfully achieved after a one-step
pyrolysis. This results in much easier diffusion of the thiourea
precursor into the inner space for high doping efficiency of
heteroatoms, which leads to further increase in the interlayer
distance of ∼4.0 Å. The two-step expansion of the interlayer
distance and efficiently doped heteroatoms endow the
biomaterial-derived carbon nanosheets with enhanced ion
diffusion and adsorption in the carbon structures. Therefore,
the symmetric supercapacitor assembled from rice-derived N, S
dual-doped carbon nanosheets delivers a high specific
capacitance of 45.8 F g−1 at the current density of 0.25 A
g−1, and an outstanding energy density of 20.6 W h kg−1 at the

power density of 225 W kg−1. Meanwhile, the wheat-derived N,
S dual-doped carbon nanosheets are used as anode for a
lithium-ion battery, which shows a high specific capacity of
1057 mA h g−1 and good rate/cycling stability. The
dramatically enhanced electrochemical performances imply
that the general method put forward in this work by using
popping and heteroatom-doping processes is efficient to change
various biomaterials into high-quality carbon materials for high-
performance energy storage applications.

■ EXPERIMENTAL SECTION
Materials. All chemicals used in this study are of analytical grade

and were used as received. Thiourea was purchased from Sinopharm
Chemical Reagent Co.

Synthesis of Biomaterial-Derived Aerogels and Carbon
Aerogels. First, the polished round-grained rice was washed with
deionized water and dried under the sun for several days to remove the
excess moisture. Subsequently, the round-grained rice was poured into
the traditional Chinese popcorn machine and uniformly heated until it
popped into round-grained rice aerogel (RA). Then, the RA was
heated up to 400 °C in N2 atmosphere with a heating rate of 5 °C
min−1 and maintained for 1 h to obtain round-grained rice-derived
carbon aerogel (RCA). Meanwhile, the round-grained rice without
popping treatment was subjected to similar pyrolysis processes to
obtain round-grained rice-derived carbon block (RCB).

Similarly, wheat aerogel (WA), and wheat-derived carbon aerogel
(WCA) and carbon block (WCB) were obtained via similar
procedures.

Synthesis of N, S Dual-Doped and Undoped Carbon
Materials. For the synthesis of N, S dual-doped carbon samples,
the thiourea (CN2H4S) with both nitrogen and sulfur atoms was used
as the precursor. RCA/WCA and the thiourea were ground together at
a mass ratio of 1:4 to form the mixed powder. Then, the mixed powder
was heated up to 850 °C in N2 atmosphere with a heating rate of 5 °C
min−1 and maintained for 3 h to obtain rice-/wheat-derived N, S dual-
doped carbon nanosheets (N,S-RCSs/N,S-WCSs). After heat treat-
ment, the sample was washed with water and ethanol, and dried at 60
°C overnight. For comparison purposes, RCB/WCB were also
subjected to similar processes to obtain rice-/wheat-derived N, S
dual-doped carbon bulk (N,S-RCB/N,S-WCB).

Meanwhile, rice-/wheat-derived undoped carbon nanosheets (u-
RCSs/u-WCSs), and rice-/wheat-derived undoped carbon bulk (u-
RCB/u-RWB) were also obtained by direct carbonization of RCA,
WCA, RCB, and WCB without the addition of thiourea.

Characterization. Morphology of the samples was observed by
field emission scanning electron microscope (FE-SEM) by using an
FEI Sirion-200 SEM. Transmission electron microscope (TEM), high-
resolution TEM (HR-TEM), and elemental mapping images were
acquired by using a JEOL-2010 TEM with an accelerating voltage of
200 kV. X-ray diffraction (XRD) patterns were obtained by a Philips
X’Pert Pro Super diffractometer using Cu Kα radiation (λ = 1.5418 Å).
X-ray photoelectron spectra (XPS) were acquired by an ESCALAB
MK II instrument with Mg Kα as the excitation source. The binding
energies obtained in the XPS spectral analysis were corrected for
specimen charging by referencing C 1s to 284.8 eV. Raman spectra
were detected by a Renishaw RM3000 Micro-Raman system. BET
nitrogen adsorption−desorption was measured by using a Micro-
meritics ASAP 2000 system. Thermogravimetric analysis (Pyris 1
TGA, PerkinElmer) was performed in air from 20 to 800 °C at a
heating rate of 20 °C min−1.

First-Principles Calculations. The first-principles calculations
were performed on the basis of the density functional theory (DFT)
implemented in the VASP package.53 The interaction between ions
and valence electrons was described with projector augmented wave
(PAW) potentials,54−56 and the exchange-correlation between
electrons was described using the generalized gradient approximation
(GGA) in the Perdew−Burke−Ernzerhof (PBE) form.57 The kinetic
energy cutoff for the plane-wave basis set was 550 eV. A 6 × 6 × 1
graphite-like carbon supercell with a vacuum region of 15 Å was
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adopted, and its Brillouin zone was sampled with 3 × 3 × 1 k points
within the γ-centered Monkhorst−Pack scheme.58 In our calculations,
the atomic coordinates were fully relaxed until the forces on all the
atoms were less than 0.01 eV Å−1.
Electrochemical Measurements for Supercapacitors. The

supercapacitor electrodes were prepared according to the previously
reported work.59 Briefly, the working electrode was prepared by
mixing the above samples, carbon black, and poly(tetrafluoroethylene)
at a mass ratio of 8:1:1 to obtain a slurry. Subsequently, the slurry was
pressed onto the nickel foam current collector at a fixed mass loading
(3 mg cm−2) of active material and dried at 80 °C for 12 h.
The electrochemical measurements were performed in 6 M KOH

aqueous solution on an electrochemical working station (CHI660D,
Chenhua Instruments Co. Ltd., Shanghai, China) with a standard
three-electrode setup, where the Ag/AgCl and Pt wire were used as the
reference and counter electrode, respectively. Cyclic voltammograms
(CVs) were conducted between −1 and 0 V. Galvanostatic charge−
discharge (GCD) test was performed from −1 to 0 V. The
electrochemical impedance spectroscopy (EIS) measurements were
conducted by applying an ac voltage in the frequency range from 10
mHz to 100 kHz with an amplitude of 5 mV.
The symmetric supercapacitor devices were constructed using two

electrodes with the same loading amount of electroactive materials,
which were then conducted in the voltage range 0−1.8 V.
The specific capacitance (Cs) can be calculated from the

galvanostatic charge−discharge curves according to the following
equation:

= Ι × Δ
×

C
t

m vs (1)

where I (A) is the current, Δt (s) is the discharge time, m (g) is the
total mass of electroactive materials in both the three-electrode and
two-electrode systems, and v (V) is the potential.
The energy density E (W h kg−1) and power density P (W kg−1) are

calculated according to the following equations:

= × ×E C V
1
2

2
(2)

=
Δ

P
E

t (3)

where C (F g−1) is the specific capacitance based on the total mass of
electroactive materials, V (V) is the discharge potential range, and Δt
(s) is the discharge time.
Electrochemical Measurements for Lithium-Ion Batteries.

Coin-type half-battery cells were assembled in an argon-filled glovebox
(M. Braun Inert Gas Systems Co. Ltd.) with the concentrations of
moisture and oxygen below 0.1 ppm. Here, the polypropylene film
(Celgard-2400) was employed as the separator, lithium foil was served
as the counter and reference electrodes, and 1 M LiPF6 solution in
ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl carbo-
nate (DEC) (1:1:1, v/v/v) was applied as the electrolyte. The working
anodes were prepared by a slurry-coating procedure on a pure copper
foil. The slurry was prepared by uniformly dispersing the carbon-based
samples, acetylene black, and poly(vinylidene fluoride) (8:1:1, w/w/
w) in N-methyl-2-pyrrolidinone solution. Cyclic voltammetry (CV)
curves were collected on a CHI660D electrochemical workstation
(Chenhua Instruments Co. Ltd.) in the potential range 0.01−3.0 V at
a scan rate of 0.1 mV s−1. CT2013A cell test instrument (LAND
Electronic Co. Ltd.) was used to carry out the galvanostatic discharge−
charge measurements and rate-performance tests in the voltage range
0.01−3.0 V. The EIS was measured in the frequency range from 100
kHz to 0.01 Hz at the open circuit potential with an ac voltage
amplitude of 5.0 mV.
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