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ABSTRACT: Graphene-like two-dimensional carbon nano-
sheets with properly modulated compositions and porosity are
of particular importance for robust capacitance harvesting.
Nevertheless, the large-scale and cost-effective production of
such nanostructures still remains a great challenge. Herein, we
innovatively produce nitrogen-doped porous carbon nano-
sheets using pine nut shells, an abundant biomass waste, as the
precursor, under the synergetic effect of KOH and melamine
during the activation process. The sole activation of the

precursors with KOH can produce only traditional activated carbon particles of several micrometers, while interestingly, the
extra introduction of melamine results in nitrogen-doped porous carbon nanosheets possessing high tunability. By construction
of a two-electrode configuration, the supercapacitors with optimal nanosheets as the electrode materials can deliver a superior
specific capacitance of 324 F g ~' at 0.05 A g, outstanding rate capability of 258 F g”' at 20 A g™/, and extraordinary cyclic
stability of 94.6% after 10 000 cycles at 2 A g~ in an aqueous electrolyte of 6 M KOH. Such a facile strategy proposed here may
contribute to new possibilities of synthesizing graphene-like porous carbon nanosheets in a sustainable manner for energy-

related applications.
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B INTRODUCTION

The imminent shortage of fossil fuel and increasing concerns
about environmental pollution call for innovation of energy
storage devices to address these urgent issues. Supercapacitors
are a promising type of energy storage devices because of their
advantages, such as superior cycliability and extraordinary
power density.”” These merits make supercapacitors a
potential candidate to partially or fully replace the dominating
lithium ion batteries in many current and emerging
applications.”® Typically, porous carbon materials are the
primary candidate of supercapacitive energy storage materials,
where the large specific surface area, rich porosity, and
outstanding conductivity could contribute to rapid adsorption/
desorption of ions via an electrical double-layer mechanism.”~’
Nevertheless, the practical performance of these porous
carbon-based supercapacitors largely lags behind the continu-
ously increasing demand of the current and emerging
applications because of the deteriorated ion transport in
tortuous pores at large current densities. As a result, one
effective strategy in boosting the capacitive energy harvesting
of carbon materials is to manipulate them into an atomic-thick
structure with open porosity, for example, graphene.®’
Compared to the widely employed particulate-type carbon
materials, graphene-based electrodes can secure fast and
effective ion transport, thus contributing to outstanding energy
storage performance.'’”"” In the past decade, graphene has
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been extensively investigated for this purpose with remarkable
progress achieved. Meanwhile, the rising of graphene in this
field has also promoted research interest and application of
other two-dimensional carbon nanomaterials including carbon
nanoplates'®

From a viewpoint of sustainability, the pursuit of renewable
carbon source and exploration of facile yet economical
synthesis process are of particular importance in bringing
graphene and their carbon-based analogues into real energy
storage application.'” Nevertheless, even the most economical
strategies developed so far for graphene and graphene-like
materials synthesis still cannot rival the production of activated
carbon."® Naturally abundant biomass mainly consists of three
components, namely, cellulose, hemicelluloses, and lignin,
which represent the most widely used precursor for activated
carbon production in a sustainable manner. Through the
activation effect of KOH at elevated temperature, the biomass
is converted into carbon materials, which usually exist in a
particulate form with high specific surface area and rich
porosity."” A meaningful prospect for propelling the real use of
graphene and graphene-like materials is to synthesize them
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and carbon nanosheets.
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using biomass through a simple process, which would then be
essentially cost-competitive.

Many kinds of biomass, such as ant powder,”® chicken
eggshell,21 garlic skin,* soybeans,23 human hair,** and prawn
shells,”® have been extensively investigated as precursors for
carbon materials. As one of the most abundant products in the
food industry, pine nuts are consumed in tens of thousands of
tons every year. Accordingly, quite a large amount of pine nut
shells are also produced, which mainly end in low-value
application. This will cause a great waste of resources and
increase the burden on our environment. Table S1 (Supporting
Information) reveals that the pine nut shell contains a higher
content of fixed carbon than many other kinds of biomass for
activated carbon production. Thus, the pine nut shell may be a
promising raw material with the characteristic of higher yield
for preparing carbon materials. Besides, pine nut shells possess
high oxygen content and a certain amount of nitrogen (Table
S2). The carbonization of biomaterials may allow its own
oxygen and nitrogen to be inherited by the final carbon
product for enhanced electrochemical performance. Herein, we
demonstrate the employment of a mildly modified KOH
activation process to produce nitrogen-doped porous carbon
nanosheets (PCNs) using pine nut shells as the raw materials.
After a simple washing and precarbonization, the as-obtained
materials are mixed with KOH as well as melamine for
activation. Because of the structural and compositional merits,
the nitrogen-doped porous carbon nanosheets afford out-
standing performance for capacitance energy harvesting. The
strategy suggested here may inspire new possibility of
sustainably producing graphene and graphene-like materials
for advanced energy storage.

B EXPERIMENTAL SECTION

Materials. Pine nut shells were obtained from northeast China.
KOH and melamine were bought from Sinopharm Ltd. and Aladdin
Ltd., respectively. All of the chemicals employed in our research were
directly used as received without further treatment.

Synthesis of PCNs from Pine Nut Shell. First, the pine nut
shells were washed with distilled water and ethanol to remove the
impurities before drying at 60 °C for 12 h. Then these shells were
pulverized into powder with sizes of less than 0.125 mm. After that,
these powders were annealed in an inert atmosphere at 600 °C for 1
h. After another pulverization process, these fine powders, KOH, and
melamine were mixed at different mass ratios (1:3:0, 1:3:0.5, 1:3:1,
and 1:3:2), which were activated at 800 °C for 2 h. The PCNs were
harvested via repeated washing with deionized water and diluted HCI
solution (10%) before drying at 60 °C for 12 h. The PCNs
synthesized at different conditions are named as PCNy_y_,, where X,
Y, and Z are the mass ratios of precarbonized pine nut shells, KOH,
and melamine, respectively.

Material Characterizations. The microstructures of the PCNs
were examined with an X’Pert PRO MPD X-ray diffractometer. An
Hitachi S-4800 scanning electron microscope (SEM) and JEM-
2100UHR transmission electron microscope (TEM) were employed
to investigate the microstructure and morphology of PCNs. An ASAP
2020 Micropore Analyzer was employed to analyze the specific
surface area and porosity of the PCNs. On the basis of the isotherms,
the Brunauer—Emmett—Teller (BET) method and density functional
theory method were used to calculate the specific surface area (Spgr)
and pore size distribution, respectively. Then the equation D, = 4V,/
Sper was used to determine the average pore diameter (Dap). The
doping state of the heteratoms in PCNs were investigated using a
Thermo ESCALAB250 X-ray photoelectron spectroscope. The
defects of the PCNs were examined using a Raman spectrometer
(Renishaw RM2000).

Electrochemical Measurements. The slurry of the working
electrode was made by mixing the PCNs and polymer binder,
polytetrafluoroethylene (PTFE), with a mass ratio of 9:1 in an organic
N-methyl-2-pyrrolidone solvent. The as-prepared slurry was then
coated onto nickel foams followed by drying in a vacuum oven at 60
°C for 12 h. The supercapacitive performance of the electrode
materials was first evaluated using a three-electrode configuration
where the platinum foil serves as the counter electrode and Hg/HgO
electrode is used as the reference electrode in an aqueous electrolyte
of 6 M KOH. Then two carbon electrodes with equal mass were
employed to construct a supercapacitor operated both in aqueous
electrolytes of 6 M KOH and 1 M Na,SO,, separately. Cyclic
voltammetry (CV) curves and galvanostatic charge—discharge (GCD)
profiles were recorded with a CHI760E electrochemical workstation
(Chenhua, Shanghai, China). Nyquist plots of both the electrode
materials and the supercapacitors were obtained with an Ametek
PARSTAT4000 electrochemistry workstation in a frequency span
ranging from 100 kHz to 10 mHz with an alternating current voltage
amplitude of 5 mV. The cycliability was evaluated using Arbin
Instruments.

In the three-electrode configuration, the gravimetric capacitances
were obtained from discharge portion of GCD curves based on the
following equation:

_ IAt
* mAV (1)

Ineq 1, C; (F g') represents the specific capacitance of the electrode
materials, I (A) is the discharging current, At (s) describes the time
for full discharge, m (g) is the loading amount of the active species,
and AV (V) expresses the width of the potential window.

The gravimetric specific capacitance of the carbon electrode
materials was also calculated from the two-electrode configuration and
the equation used is described as follows:

o _ At
* mAV ()

The difference in these two equations is that m (g) in eq 2 contains
the mass of active species from both positive and negative electrodes
in the two-electrode configuration. Then the energy density (E, W h
kg™') and power capability (P, W kg™') of the as-prepared
supercapacitors were obtained via the following equation:

E=— 1 _cp
2X 4 X 3.6 (3)
E

P=-—
At 4)

where C, (F g”') means the specific capacitance of the super-
capacitors, V (V) is the usable potential window (excluding IR drop),
and ¢ (h) describes the time for full discharge.

B RESULTS AND DISCUSSION

The employment of melamine is of particular importance in
producing the two-dimensional carbon nanosheets. Without
melamine, the activation of the precarbonized pine nut shell
(Figure Sla) using KOH can produce only carbon particulates
of several micrometers (Figure S1b and Figure 1a), similar to
typical activated carbon.'” When melamine is incorporated
during the activation process, significant morphology changes
have been observed (Figure 1b—d). The bulk carbon particles
are first converted into a highly porous carbon framework
(Figure 1b), which further evolve into interconnected carbon
nanosheets (Figure 1c) and then discrete carbon nanosheets
(Figure 1d) while gradually increasing the amount of
melamine. The possible reason may be ascribed to the
different stability of cellulose, hemicellulose, and lignin, the
main components of the pine nut shell, under the activation
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Figure 1. SEM images of (a) PCN;_;_, (b) PCN;_; 45 (c)
PCN,_;_;, and (d) PCN,_;_,. The inset in panel (c) is an SEM image
of PCN,_;_; at higher magnification.

process. The sole use of KOH may not be strong enough to
etch the stable portion, resulting in bulk particles. The
introduced melamine could condense into g-C;N, (Figure
S2), which would then be decomposed into many kinds of N-
containing species, such as NH;, C,N,*, C;N,*, and C;N;**°
Probably, more carbon will be etched by these highly active
species, leaving the most stable part behind in the form of two-
dimensional carbon nanosheets.”’

To obtain insightful understanding of the microstructure of
the PCNs, XRD patterns and Raman profiles were recorded.
The XRD patterns (Figure S3a) show diffraction peaks around
24° and 43°, which are due to the (002) and (101) planes,
respectively. The very weak and broad peaks reveal that the as-
prepared carbon materials are amorphous. These results
coincide well with the Raman spectra where large I,/I ratios
are observed for all these samples (Figure S3b). Moreover,
TEM observation was conducted to explore the structural and
morphological details. As for the PCN,_;_, exhibited in Figure
2a, the carbon nanosheets are almost transparent, indicative of
the thin thickness. Such a structure can provide extremely
small transport distance for ions. At higher magnification
(Figure 2b), the nanosheet shows a micropore-dominated

Figure 2. TEM images of PCN,_;_, at low (a) and high resolution
(b). Elemental mapping of an individual nanosheet (c) with uniformly

distributed (d) C, (e) N, and (f) O.

surface, securing a large specific surface area and rich porosity,
both of which are of particular importance for outstanding
energy storage.”” Then energy-dispersive X-ray (EDX) analysis
(Figure 2c—f) was also performed, which revealed a uniform
distribution of carbon, oxygen, and nitrogen.

The chemical state of these heteroatoms was further
evaluated using X-ray photoelectron spectroscopy (XPS). As
shown, all three typical samples, namely, PCN;_; g,
PCN,_;_;, and PCN,_;_,, give three peaks which can be
ascribed to carbon, nitrogen, and oxygen. These results
coincide well with the EDX analysis. The high-resolution O
Is spectra could be divided into three peaks corresponding to
carbon—oxygen double bond (531.9 + 0.2 eV), chemisorbed
oxygen (534.0 + 0.2 eV), and carbon—oxygen single bond
(5334 + 02 eV) (Figure S4).”® The N Is spectra were
deconvoluted into four peaks, which are ascribed to pyridinic
nitrogen (N-6, 398.2 = 0.2 eV), pyrrolic nitrogen (N-$, 400.2
+ 02 eV), graphitic nitrogen (N-Q, 401.7 + 0.2 eV), and
pyridinic nitrogen oxide (N-X, 402.9 + 0.2 eV) (Figure 3b and
Figure SS).20 Nitrogen and oxygen are supposed to improve
the wettability of the carbon materials, which could boost the
accessibility of the electrode surface for enhanced capacitive
capability.”” ' The detailed configuration of nitrogen is
further illustrated in Table 1. Obviously, N-6 and N-§
represent the dominated species (about 70 at. %), which
may come from melamine.”” This may contribute to enhanced
performance as the possibility of providing extra reversible
faradic capacity in an alkaline aqueous solution by N-6 and N-5
species.”” Besides, N-6 and N-Q combine two and three sp>
carbon atoms, respectively, which contribute to a pair of
electrons (Figure 3c). Such a structure can contribute to
accelerated electron transfer and improved conductivity.”*
Because of the highest content of N-5, N-Q, and N-X in
PCN,_;_j, its electrochemical performance may be superior to
that of other carbon materials. To explore the effect of doped
nitrogen and oxygen on wettability, the contact angle
measurement was implemented. The contact angle of
PCN,_;_;, as shown in Figure 3d, is 23.9°, indicating a
hydrophilic feature, which can favor the full wetting of the
active species.””

The specific surface area and pore size distribution of carbon
materials, which are vital for electrochemical application, were
deduced from the nitrogen sorption isotherms. In Figure 4a, all
these sorption isotherms are a typical I shape. At the relative
pressure lower than 0.01, the adsorbed volume of the three
samples soar rapidly and are saturated soon, indicating
abundant micropores existed. A small hysteresis loop in the
medium pressure range is observed for all three carbons proves
the existence a certain amount of mesopores.”® The more
detailed pore size distribution is illustrated in Figure 4b, which
indicates that the pore size is mainly distributed between 0.5
and 1 nm, while a minor portion of pores shows diameter
larger than 2 nm. Apparently, PCN,_;_, is rich in this type of
micropores. It has been demonstrated that the extremely small
micropores, namely, less that 1 nm, can contribute to
anomalous increase in capacitance because of desolvation.””**
On the basis of the detailed specific surface area and pore size
informaion listed in Table 2, PCN,_;_, may deliver the highest
electrochemical performance.

To explore the capacitive capability of PCNs, the electro-
chemical measurements were performed in an aqueous
electrolyte of 6 M KOH using three-electrode configuration.
As shown in Figure Sa, all the PCNs show a rectangular CV
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Figure 3. (a) Full range XPS spectra of PCN;_;_g5, PCN;_;_;, and PCN,_;_,. (b) N 1s spectrum of PCN,_;_,;. (c) Illustration of the possible
locations of N in the carbon network. (d) Water contact angle measurement for the PCN,_;_;.

Table 1. Nitrogen Configuration in PCNs

% of total N 1s

samples N-6 N-§ N-Q N-X
PCN|_5_os 3034 39.98 19.19 10.49
PCN,_;_, 28.92 40.00 19.69 11.39
PCNy_;_, 41.89 30.29 18.35 9.47

curve at a scan rate of 100 mV s™! between —1 and 0 V (vs
Hg/HgO), revealing a dominated electrical double-layer
capacitance behavior. Minor peaks around —0.4 V (vs Hg/
HgO) are observed which may be derived from the reversible
redox reaction of heteroatoms. Obviously, the area of the
PCN, 3, is larger than that of others, indicating that
PCN,_;_, delivers the highest specific capacitance. Then the

CV curves of PCN,_;_, at different scan rates ranging from 2
to 200 mV s ~! are compared in Figure Sb. Even at a scan rate
up to 200 mV s~', rectanglar shape of the CV curves can be
well-maintained which demonstrates excellent rate capability.
Consistent with the CV results, all GCD curves (Figure Sc) are
highly symmetric. Clearly, the specific capacitance of the
PCN,_;_, rivals that of other samples. The GCD curves of
PCN,_;_; were then further evaluated at different current
densities to evaluate its rate performance. The excellent
symmetry of the curves, as revealed in Figure Sd, can be
delivered in a wide range from 0.5 to 20 A g~', demonstrating
its excellent reversibility. Because of this, the excellent rate
capability is secured as the capacitance retention can be as high
as 74% (Figure S6a). Moreover, the almost absent voltage drop
in the initial stage of discharge indicates the low internal
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Figure 4. (a) N, sorption isotherms of PCNs and (b) their pore size distributions curves.
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Table 2. Pore Structure Parameters of PCNs

sample D,, [nm] Sper [m* g7'] Semic [m® g7'] Ve [em® g7'] Ve [em® g7'] Vinic/ Vi [%]
PCN,_;_os 201 2093 2036 1.05 097 92.38
PCN,_;_, 1.82 1847 1806 0.84 0.78 92.86
PCN,_;, 2.12 1167 1126 0.62 0.56 90.32
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Figure S. Electrochemical performance of PCNs evaluated in a three-electrode configuration. (a) CV curves of the PCNs recorded at a high scan
rate of 100 mV s™". (b) CV profiles of PCN,_,_; at scan rates ranging from 2 to 200 mV s™". (c) GCD curves of the PCNs obtained at a current
density of 1 A g'. (d) GCD curves of PCN;_;_; at current density ranging from 0.5 to 20 A g™".

resistance. This feature was further demonstrated through the
electrochemical impedance measurements in Figure S6b. In
the high-frequency region, the intercept is very small,
demonstrating significant facilitated ion diffusion within the
electrode. Moreover, the vertical nature of the curves at low
frequency reveals an excellent capacitive feature. Obviously,
PCN,_;_, outperformances other PCNs through the compar-
ison of their curves.

The PCNs-based supercapacitors were evaluated in a two-
electrode system with an aqueous electrolyte of 6 M KOH.
Figure 6a shows the CV curves of PCNs-based supercapacitors
at a scan rate of 10 mV s™'. Clearly, all of these CV curves
exhibit a nearly rectangular shape, indicative of the dominated
electrical double-layer capacitance (EDLC) behavior.”* Ob-
viously, the CV loop area of PCN,_;_, is much larger than that
of the other three samples, revealing its highest capacitance. To
explore the rate capability of PCN,_;_;, the CV evaluations
were further measured at different scan rates ranging from 10
to 200 mV s™'. The CV curve retains perfectly rectangular
shape, even at a scan rate up to 200 mV s~ (Figure 6b),
indicating that the porous carbon nanosheets are suitable for
rapid ion transfer. Then the GCD profiles of PCNs at a current
density of 0.1 A g~' were recorded. As shown in Figure 6c, all
curves exhibit a typical triangle shape, suggesting desirable
capacitive properties and electrochemical reversibility, which is
in good agreement with the CV tests.”” The rate performances

of PCNs are compared in Figure 6d. Obviously, the PCN,_;_,
gives the highest specific capacitance of 324 F g~', while the
value of PCN,_;_, PCN,_;_o5, and PCN,_;_, is only 169,
207, and 264 F g7', respectively, at the current density of 0.05
A g7". The superior performance of PCN,_;_; may be due to
the ultrathin thickness, optimal pore structure, and high
content of active nitrogen species. Figure 6e exhibits the
Nyquist plots for PCNs in the frequency span of 0.01—100
kHz. Among all, PCN,_;_, possesses the smallest semicircle in
a high-frequency region. The equivalent circuit model was
constructed to produce the calculated Nyquist plot (Cal) of
PCN,_;_,, which is compared favorably with the measured one
(Msd). As shown in Figure 6f, the Msd and Cal plots almost
overlapped each other, revealing the well-established equiv-
alent circuit model for describing the whole supercapacitor
circuit. Table S3 lists the detailed value of each circuit
component, where R, represents the equivalent series
resistance, while R, and CPE describe the resistance of ion
adsorption/desorption and the constant phase element,
respectively. Notably, the value of R, for PCN,_; ; is only
0.64 ohm, referring to a low internal resistance and prominent
conductivity. Furthermore, this sample displays an angle of
85.8° which is quite close to the ideal supercapacitors (90°) in
Figure S7a. Additionally, 94.6% capacitance was retained after
repeatedly charging and discharging at a current density of 2 A
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Figure 6. (a) CV curves of the PCNs at a scan rate of 10 mV s™*. (b) CV curves of PCN_;_, at different scan rates (10, 20, 50, 100, and 200 mV
s™). (c) GCD curves of the PCNs at a current density of 0.1 A g™". (d) Specific capacitance of PCNs at different current densities. (&) Nyquist
plots of PCNs and (f) comparison of the measured Nyquist plot of PCN,_;_; with the calculated one (insert is the equivalent circuit model).

g™ for 10000 cycles (Figure S7b), indicating the excellent
calendar life of the PCNs-based supercapacitors.

The supercapacitors based on PCN,_;_ ;, were further
evaluated in an aqueous electrolyte of 1 M Na,SO,. Because
of the possibility of depressing oxygen evolution reaction and
hydrogen evolution at cathode and anode, respectively, in
neutral electrolytes, the employment of Na,SO, electrolyte can
essentially extend the working voltage window."' As revealed
from CV curves in Figure 7a, the voltage window of such a
supercapacitor can be as large as 1.8 V. Then the rate capability
of the supercapacitors in a 1.8 V voltage window was
measured. All GCD curves in Figure 7b show perfect
symmetry, indicating good reversibility. The specific capaci-
tance of PCN_; ; at a wide range of current densities is
exhibited in Figure 7c. Specifically, a large specific capacitance
of 110 F g™" is delivered at a current density of 1 A g~' while
56% of capacitance can be maintained with a 20-fold increase
of current density. In the low-frequency region, the Nyquist
plot (Figure S8) of a supercapacitor with PCN,_;_, electrodes
is nearly parallel to the imaginary axis (-Z) and the value of R,
R, and R, is quite small, indicating high electrode

conductivity and good electron-transfer rates. The Ragone
plot reveals the energy density and power capability of the
supercapacitors. As shown in Figure 7d, a very decent energy
density of 11.9 W h kg™" is achieved at a power density of
463.6 W kg

B CONCLUSIONS

In summary, an efficient yet cost-effective strategy has been
proposed to produce nitrogen-doped porous carbon nano-
sheets using pine nut shell, an earth-abundant biomass as the
precursor, through the combined activation with KOH and
melamine. Because of the low cost of precursor and facile
process, such a strategy possesses great promise for being put
into practice. Moreover, the structural merits of the as-
prepared materials, such as appropriate pore size distribution
and suitable heteroatom doping, are extremely needed for
robust capacitive energy harvesting. Thus, the supercapacitor
based on optimal carbon nanosheets delivers an attractive
specific capacitance of 324 F ¢! at 0.05 A g, and excellent
rate capability, and long calendar life. This efficient yet facile
route developed here may offer great benefits for mass
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Figure 7. (a) CV curves of PCNs at a scan rate of 20 mV s~ within different potential windows in an aqueous electrolyte of 1 M Na,SO,. (b) GCD
curves and (c) the specific capacitance of PCNs-based supercapacitors at different current densities. (d) Ragone plot of the supercapacitor with

PCN,_;_, electrodes in a 1 M aqueous Na,SO, electrolyte.

production of biomass-derived carbon nanomaterials for
advanced energy storage.
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