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Porous carbon materials are one of the most widely studied electrode materials in supercapacitor
electrode materials. Many studies have shown that increasing the specific surface area of porous
carbon materials, increasing the pore structure, and hetero-atom doping can improve the
electrochemical performance of porous carbon materials. Here, three-dimensional-graded porous
carbon materials were successfully prepared by carbonization and activation using pine nut shells as
carbon sources. After activation by potassium hydroxide, the specific surface area is as high as 2192
m?/g and the pore volume is 1.4 nm. As a supercapacitor electrode material, the specific capacitance at
a current density of 0.5 A/g is as high as 408 F/g. The material also has good cycle stability (the
specific capacity retention rate after 5,000 cycles of testing at a current density of 10 A/g was 95%).
The large specific surface area, outstanding specific capacitance, and good cycle stability make the
pine nut-shell porous carbon material a potential supercapacitor electrode material
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1. INTRODUCTION

The energy crisis is increasingly serious [1-4]. The search for new renewable energy and
environmentally friendly energy storage equipment is an important goal [5, 6]. Among various energy
storage components, supercapacitors have attracted much attention in recent years because of their
good power density, fast charging process, long cycle life, as well as good safety and reliability [7—10].
The electric double-layer capacitor is an important energy storage device [2, 11]. It consists of two
activated carbon electrodes, and the charge energy is absorbed by the electrode material to achieve the
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energy storage effect. Therefore, obtaining electrode materials with high specific surface area and high
specific capacity is crucial for realizing efficient new energy storage equipment.

Activated carbon[12], carbon nanotubes[13], carbon microspheres[14], carbon onion[15]and
metal oxides/nitrides are often used as electrode materials for supercapacitors. Versus other materials,
activated carbon materials have attracted much attention due to their low cost, large specific surface
area, good electrical conductivity, and corrosion resistance [16—18]. Traditionally, activated carbon
materials have been produced primarily from expensive and non-renewable resources such as coal,
petroleum, and their derivatives. Considering the potential scalability and sustainability of
supercapacitors, it is important to develop low-cost carbon materials from renewable raw materials.
Moreover, incineration in waste biomass resources usually produces large amounts of CO, CO2, NOx,
or SOy, and the large emissions of these gases often lead to significant air pollution[19]. Therefore, the
rational use of biological waste has great practical value.

For example, Wang et al. [17] used catkins as the carbon source to prepare a three-dimensional
micron-sized macroporous layer structure by KOH activation. However, the specific surface area of
the material is small, and the target of increasing the specific capacity of the material cannot be
achieved. Wang et al. [20] prepared a three-dimensional porous carbon material via hydrothermal and
carbonization using orange peel as a carbon source, but the specific surface area of the same material
was only 860 m?/g. The smaller specific surface area does not provide enough space for charge
adsorption during charge and discharge; thus, an increase in specific capacitance cannot be achieved.
Therefore, the specific surface area remains the biggest challenge when biomass materials are used as
carbon sources. Furthermore, the chemical components of biomass precursors other than carbon need
to be highly valued, because heteroatoms can improve the electrochemical properties of materials by
improving the surface Faraday reaction[21-23].

Here, pine nut shells were used as a carbon source, and the pre-carbonization treatment of the
biomass material was realized via low-temperature carbonization in nitrogen. Urea was then used as a
nitrogen source, and KOH was used to activate the materials at 600°C, 700°C, and 800°C,
respectively. Finally, three-dimensional graded porous carbon materials were obtained by washing and
drying. The material has a good morphology structure, a large specific surface area (2192 m?/g), and a
rich pore structure. The electrochemical properties of the material were tested and found to have a
specific capacitance of 408 F/g at a current density of 0.5 A/g. The material also has good cycling
performance: the specific capacitance retention is 95% after 5000 cycles at a current density of 10 A/g.
This good structural morphology and excellent electrochemical properties prove that the pine nut shell-
based biomass materials have great potential in applications of supercapacitor electrode materials.

2. EXPERIMENTAL

2.1 Synthesis of Materials

First, the collected pine nut shells were washed with alcohol and placed in a drying oven at
80°C for 12 h. The dried pine nut shells were then ground into a powder, and the powder was heated to
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350°C at a rate of 5°C/min in a nitrogen atmosphere for a pre-carbonization treatment. Second, the pre-
carbonized sample was mixed with potassium hydroxide and urea at a mass ratio of 1:1:1, and 60 ml
deionized water was added to the sample. The mixture was stirred continuously at room temperature
and placed in a drying chamber for 24 hours. Finally, the dried mixture was activated at a heating rate
of 3°C/min in nitrogen at 600 to 800°C. The samples were washed and dried and named NPC-x (x =
600, 700, 800).

L. N KOH activation
Precarbonization
—

300°C

Nitrogen doping

Pine nut shells precursor

coico, \\\

Nitrogen-doped porous carbon

Figure 1. Schematic for the preparation of NPC-x.

2.2 Characterization of the Materials

The microstructure of the NPC was analyzed by scanning electron microscopy (FE-SEM, FEI
Tecnai-450, USA) and high-resolution transmission electron microscopy (TEM, Hitachi JSM-1200EX,
JEOL Ltd, Japan) equipped with an energy-dispersive X-ray spectrometer (EDS). X-ray diffraction
(XRD) patterns were obtained via an X-ray diffractometer (XRD, D8 Advance, Germany). The pore
structure was determined by nitrogen adsorption/desorption isotherms at 77 K (Autosorb iQa,
Quantachrome sorptometer, USA). The pore size distribution (PSD) was analyzed using the BJH
model. The specific surface area (SSA) was calculated by the Brunauer—Emmett—Teller (BET)
equation. The structure of the carbon materials was characterized by Raman spectrometer (UK). An X-
ray photoelectron spectrometer (XPS, Thermo Scientific Escalab 250Xi, USA) was used to
characterize the chemical composition.

2.3 Electrochemical measurement

Electrochemical analyses were performed using a three-electrode system equipped with a
Hg/HgO reference electrode and a platinum counter electrode. The chemical properties of the material
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were characterized by cyclic voltammetry (CV) at different scanning rates. Galvanostatic
characterization (GCD) was done at different current densities along with electrochemical impedance
(EIS) measurements. The specific capacitance (C, F/g), energy density (E, Wh/kg), and power density

(P, WI/kg) were calculated according to the following formulae:
IAt

 mAC
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E=—
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Here, C represents the specific capacitance of NPCs as the electrode material, I is the discharge
current (A/g), At is the discharge time (s), m is the mass of the active material (g), and AV is the

window voltage (V).

3. RESULTS AND DISCUSSION

The structure of the sample was characterized by XRD, and the results are shown in Figure 2.
The diffraction peaks are at 26=22.3° and 43.5° corresponding to (002) and (100) crystal planes,
respectively, indicating that the carbon material is amorphous graphite carbon structure with low
crystallinity. Figure 2b shows the Raman spectroscopic data. The D peak represents the defect of the
carbon atom lattice, and the G peak represents the in-plane stretching vibration of the carbon atom sp2
hybridization. The relationship between the two peaks is usually expressed by the intensity of the peak.
In general, the intensity ratio of the D peak to the G peak (Io/lg) is used to indicate the degree of
defects in the carbon material, that is, a larger ratio implies more lattice defects. The Ip/lg of PNC-600,
PNC-700, and PNC-800 are 0.98, 0.87, and 0.97, respectively. This means that more defects will be
produced at higher activation temperatures. A larger ratio value leads to a smaller graphitization degree
of carbon materials. A higher degree of graphitization increases the stability of the carbon
materials[24].
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Figure 2. (a) XRD pattern of the NPC-x. (b) Raman spectra of the NPC-600, NPC-700, and NPC-800.
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The detailed elemental composition and valence states of the PNC were further studied by XPS
analysis (Fig. 3a). The full spectrum of XPS shows that all samples contain three distinct peaks
corresponding to C (284.8 eV), N (400.0 eV), and O (532.8 eV), indicating that nitrogen has been
successfully doped into the samples. Figure 3b—d shows the narrow spectrum of C 1s, N 1s, and O 1s
in NPC-700, respectively. Figure 3b shows that three different types of carbon can be found. Their
peaks correspond to 284.9 eV, 285.4 eV, and 288.1 eV, respectively. They correspond to C—C, C—N,
and C=0 groups. The N 1s spectrum can be divided into four peaks in different environments: pyridine
nitrogen near 398.7 eV, pyrrole nitrogen near 399.6 eV, graphite nitrogen near 401.8 eV, and pyridine
nitrogen oxide near 403.0 eV. N 1s XPS spectra of NPC-700 could be deconvoluted into four peaks at
398.5, 399.2, 400.8, and 403.5 eV, which are attributed to pyridinic nitrogen, pyrrolic nitrogen,
quaternary nitrogen, and oxidized nitrogen, respectively[25]. The N bonded with sp? carbon atoms in
quaternary nitrogen atoms will increase the electrical conductivity of carbon materials due to the
presence of extra free electrons because most quaternary nitrogen atoms are located inside the
graphite-type carbon planes that break the degree of graphitization[26]. However, the pyridinic
nitrogen and pyrrolic nitrogen atoms located at the edge of the carbon layers introduce a large amount
of surface defects to develop a disordered honeycomb carbon structure, which is more efficacious in
adsorbing heteroatoms and enhancing electron storage capacity[27—29].
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Figure 3. XPS spectra of (a) survey spectra, (b) C 1s, and (c) N1s.

The microstructure of the material was studied by SEM. Figure 4 shows a microscopic
topography of a nitrogen-doped porous carbon material prepared at different activation temperatures.
When the activation temperature was 600°C, no pore structure was formed on the surface of the
sample, indicating that the temperature could not achieve the purpose of pore formation. When the
temperature was raised to 700°C, the sample showed many pore structures: The pore structure was rich
and the surface was smooth (Fig. 4b). There were many micropores and mesopores on the surface of
the sample as well as many interconnected pore structures that increase the efficiency of the
electrochemical reaction.

Mesopores and interconnections of the carbon materials are known to provide a favorable path
for transportation and penetration of electrolyte ions, which is important for fast ion transfer [30].
Figure 4c shows the sample at 800°C—its structure significantly collapsed. This structure is unstable
and is not conducive to the occurrence of late electrochemical reactions. The good pore structure of
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NPC-700 constitutes a three-dimensional porous structure, and the HAADF image offers further proof
of this (Fig. 4d). The elemental mapping of C, N, and O in NPC-700 are disclosed in Fig. 4e—g. The
existence and uniform distribution of C, N, and O was observed in the surface of NPC-700, indicating
that the N was successfully incorporated onto the surface of pine nut shell by thermal activation.

L1200 nm

Figure 4. SEM images of the as-prepared NPC-x: (a) NPC-600, (b) NPC-700, and (c) NPC-800. (d)
HAADF images for the NPC-700. EDX mapping result from the NPC-700: (e) C, (f) N, and (e)
0.

In addition to heteroatom doping, the specific surface area and porosity is an important index
that affects the energy storage performance of carbon materials. In order to study the surface area and
void fraction of the sample, the sample was studied by nitrogen adsorption and desorption analysis
(Figure 5). Figure 5a shows a nitrogen adsorption—desorption curve of NPC-600, NPC-700, and NPC-
800, indicating that all three samples exhibit a typical type IV adsorption/desorption isotherm curve,
and the curve rises sharply in the low P/Pg range. A significant hysteresis loop appears in the curve
when P/P¢>0.2, indicating the presence of abundant micropores and mesopores in the material[32]. In
addition, the continuous rise in the high P/Pg range indicates the existence of red fruit voids. Moreover,
NPC-700 exhibits a larger specific surface area (2192 m?/g) and total pore volume.

Versus other biomass-derived porous carbon materials, pine nut shell-based porous carbon
materials have higher specific surface area because of the block structure of the original pine nut shell-
based carbon materials themselves. These materials are activated at high temperatures in alkaline
environment resulting in more holes. This increases the specific surface area of the materials.
However, when the activation temperature is 600°C, the specific surface area of the material is only
746 m?/g, indicating that the lower temperature does not provide more energy for activation at a lower
activation temperature. Thus, the pores cannot be opened, and the specific surface area is lower. When
the activation temperature is 800°C, the specific surface area of the material is 1772 m?g. This
indicates that the material activation temperature is too high, and the structure of the material is
destroyed resulting in a decrease in the ratio. The test results are consistent with SEM.
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The pore size distribution of the material was also analyzed by BJH method (Fig. 5b), and the
pore size distribution was about 1-3 nm. It is clear from the figure that the sample contains many
micropores and mesopores. The abundant micropore structure can shorten the distance between the
electrode surface and the ion center, and increase the charge transfer rate. A large number of
mesoporous structures can provide channels for the transfer of electrolyte to increase the effective

contact between electrolyte and the electrode thus improving the energy storage performance of the
materials.
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Figure 5. (a) Nitrogen adsorption-desorption isotherms of NPC-600, NPC-700, and NPC-800. (b) Pore
size distribution plots of NPC-700.

According to the literature, nitrogen doping can improve the wettability of materials. Good
wettability is conducive to the rapid diffusion of electrolytes, thereby improving the capacitance
performance of materials. To verify the electrochemical properties of the materials, the electrochemical
properties of the materials were characterized with 6 M KOH as an electrolyte in a three-electrode
testing system. Figure 6a shows a CV curve of the NPC-x at a scan rate of 100 mV/s with a window
voltage of 1 V. The area enclosed by NPC-700 is larger under the same test conditions, indicating that
NPC-700 has a larger specific capacity.

Figure 6b shows the test results of all the samples. These results indicate that the GCD curves
of the samples have good symmetry; thus, the material has good charge and discharge performance.
The longer charge and discharge times of the NPC-700 indicate that the material has a better specific
capacity, which is consistent with the larger specific surface area of the NPC-700. The Nyquist plots of
NPC-600, NPC-700, and NPC-800 are depicted in Fig. 6¢c. The Nyquist plot is composed of two parts:
an arc in the high frequency region and a vertical line in the low frequency region. Normally, the
diameter of the high frequency semicircle is considered to be charge transfer resistance that proceeds at
the interface of electrode/electrolyte [33]. The straight line in the low frequency region represents the
capacitive behavior of the electrode, i.e., a larger slope of the straight line implies better capacitive
behavior. The straight line of the NPC-700 electrode in the figure has a larger slope, indicating that the
ion diffusion behavior is better. Obviously, the NPC-700 composite shows the lowest Rct.
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Figure 6. (a) CV curves of the samples at a scan rate of 100 mV/s. (b) GCD curves of the samples at a
current density of 0.5 A/g. (c) Nyquist plots of the samples.
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Figure 7. CV curves of the NPC-700 at different scan rates. (b) GCD curves of the NPC-700 at
different current densities. (c) EIS Nyquist plots of the NPC-700. The insets are the

corresponding equivalent circuit. (d) Cycling performance of the NPC-700 electrode at a
current density of 10A/g; The inset is the first five cycles and the last five cycles.

Next, a constant current charge and discharge experiment was carried out to further study the
electrochemical behavior of NPC-700. Figure 7a is a CV curve of the NPC-700 at a scan rate of 5-150
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mv/s. The CV curve has a good quasi-rectangular shape, and there is a small peak around 0.2 V during
charging. A similar peak appears at 0.8 V during discharge, indicating that the material undergoes
tantalum capacitance during charge and discharge due to the internal nitrogen doping of the material.
The CV curve maintains a good shape as the scan rate increases, suggesting that the material has good
rate performance.

The NPC-700 electrode material was tested at current densities of 0.5, 1, 2, 5, and 10 A/g with
specific capacitances of 408 F/g, 377 F/g, 357 F/g, 340 F/g, and 320 F/g, respectively (Figure 7b). As
the current density increases, the specific capacity of the material decreases slightly suggesting that the
material has a better specific capacitance retention ratio and exhibits good rate performance. The
electrode materials were further studied by electrochemical impedance spectroscopy.

Figure 7c shows the Nyquist diagram of NPC-700. The equivalent series resistance of NPC-
700 is 0.19 Q. The lower equivalent series resistance indicates a higher charge transfer rate between
the active electrode material and the electrolyte. Moreover, NPC-700 electrode has excellent cycling
performance (specific capacity retention rate is 95% after 5000 cycles at 10A/g current density) (Fig.
7d). NPC-700 has better electrochemical properties than the biomass-based carbon materials that have
been reported (Table. 1). The results show that the carbon content is high, the specific surface area is
large, and the carbon material with rich pore diameter has broader application prospects.

Table 1. Comparison of specific capacitance of various carbon materials

Sample Electrolyte  Current density Specific Ref.
(A/g) capacitance (F/g)
ACGL 6 M KOH 0.5 364 [34]
DC-700 1M KOH 0.5 320 [16]
NHPCS 1 M H2SO0q4 0.5 451 [17]
ACs 6M KOH 0.1 340 [18]
Tea leaves 2 M KOH 1.0 330 [35]
PF-700 6 M KOH 0.5 270 [36]
PNPC 6 M KOH 1.0 287.1 [6]
PC-1100 1 M LiPFs 1.0 250 [5]
PCSs 1M KOH 0.1 243 [4]
NPC-700 6 M KOH 0.5 405 This work

4. CONCLUSIONS

NPCs with high specific surface area were prepared by simple carbonization and activation
using pine nut shells as raw materials. The specific surface area of the material can be well controlled
by controlling the activation temperature. When the temperature is 700°C, the specific surface area of
the material is as high as 2192 m?/g. The electrochemical performance of the NPC electrode material
indicates that the NPC-700 has much better specific capacity and an excellent rate performance; its
specific capacity retention rate is as high as 95% after 5000 cycles of testing. This work provides a
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simpler and more effective method for the preparation of biomass-based nitrogen-doped porous carbon
materials with great prospects in energy storage.
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