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Abstract: As a renewable biomass and a low-cost crude carbon source, the ginkgo shell is explored for preparing high-
value porous carbon via carbonization and the following KOH activation. Structure characterization shows that GSPC
has microporous and mesoporous structure with specific surface area (SSA) of up to 1941 m’ g”', which exhibits superior
capacitive properties. In a three-electrode system by using 6 M KOH as electrolyte, GSPC-700-1:2 could deliver a
high specific capacitance of 345 F g at 0.5 A g'. Even at a high current density of 20 A g, the specific capacitance
of as high as 280 F g’ can be still maintained. Furthermore, a symmetric supercapacitor device (SCD) is fabricated by
GSPC-700-1:2, which exhibits a capacitance retention rate of 83% at 5 A g after 10000 charging/discharging cycles. A
power density of 301 W kg is achieved at an energy density of 13 W h kg"'. The superior electrochemical performance
demonstrates that ginkgo shell can function as a new biomass material for the production of porous carbon materials
that are used in high-performance supercapacitors and other energy storage devices.
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1. Introduction

Energy is not only the lifeblood of a country’s rapid economic development, but also the material basis for human
survival [1]. At present, with the increasing consumption of fossil energy and the accompanying harsh environmental
pollution, people around the world are paying much attention to the development of environmentally friendly and
sustainable clean energy technologies [2]. In recent years, China has also continuously increased its investment
in energy-saving, environmentally friendly and renewable clean energy technologies [3]. Through the continuous
exploration of scientists, a large number of renewable clean energy has been rapidly developed [4]. Technologies such
as wind power generation, solar cells and geothermal heating have been successfully applied to the real life. However,
due to development costs and technical level limitations, they have not been fully popularized.

Therefore, research and development of electric devices for sustainable energy conversion and storage is an
important way for efficient use of the aforementioned clean energy technologies. As a kind of electric storage device,
supercapacitor has attracted widespread attention due to its high power density and long cycle life in recent years [5]. It
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fills the gap between traditional electrostatic containers (high power density, low energy density) and chemical batteries
(high energy density, low power density) [6] and then has a wide range of applications in the field of short-term high-
power output such as high-energy vehicles motor start-up [7]. Recently, supercapacitors have been rapidly developed
in many other fields due to their outstanding cycle stability and environmental protection. The supercapacitor is a
new energy storage device between conventional capacitor and secondary battery [8]. Compared with conventional
capacitors, it has higher specific capacitance and energy density, wider operating temperature range and longer cycle
life. While compared to lithium secondary batteries [9], with higher specific power, it can release a large current in a
very short time. Moreover, it has the advantages of faster charging speed, higher charging efficiency, and longer cycle
life [10].

Supercapacitors can be divided into electric double layer capacitors (EDLC) and pseudocapacitors based on
the different charge storage mechanisms. The storage mechanism of EDLC is to form an electric double layer at the
interface where the carbon electrode material contacts the electrolyte to generate electric capacity; while the capacitance
of pseudocapacitors is derived from the reversible redox reaction of the electrode material [11]. No matter what kind of
supercapacitors, porous carbon materials are commonly used electrode materials due to the advantages of large specific
surface area, adjustable pore structure, high conductivity, good chemical stability, etc. They are brilliant in the field of
energy storage, especially in the application of EDLC electrode materials [12]. As abundant raw materials for preparing
carbon materials, biomass mainly includes raw biomass (shells, stems, leaves, etc.) and some biomass derivatives
(cellulose, hemicellulose, lignin, protein, melanin, amino acids, sugars, etc.) [13-15]. Biomass-derived functional carbon
materials are valued in the field of energy storage and most biomass precursors are rich of heteroatoms such as nitrogen
and oxygen [16].

The preparation of biomass-derived carbon has a significant effect on its porous structure (macropores, mesopores
and micropores), surface functional groups and graphitization. In order to control the structure and properties of carbon
materials, new synthesizing methods such as hydrothermal method, molten salt carbonization method and template
method were proposed [17]. However, these methods for synthesizing carbon materials are expensive and time-
consuming.

Ginkgo biloba is a precious tree species. So far, ginkgo shells have been used as a by-product of ginkgo processing
only for feed or discarded, resulting in a great waste of resources. Therefore, the synthesis of porous carbon materials
from ginkgo shells is of great significance for the application of high-performance supercapacitors. In this study,
we employ a low-cost and simple method to prepare ginkgo shell-derived porous carbon (GSPC). This method can
produce GSPC on a large scale and has great commercial application prospects [18]. The ginkgo shells are used as the
carbonization precursor and then react with KOH as the activator to produce porous carbon materials. The obtained
GSPC exhibits a higher specific surface area (SSA) of 1942 m” g”'. In a three-electrode system using an alkaline
solution (6 M KOH) as an electrolyte, a high capacitance of 345 F g at 0.5 A g is achieved. Moreover, a symmetric
supercapacitor device (SCD) is fabricated by GSPC, which shows superior electrochemical properties.

2. Experimental
2.1 Reagents and materials

Ginkgo shells were collected from Huajiang campus of Guilin University of Electronic Technology on Oct. 2018.
KOH was purchased from Xilong Chemical Co., Ltd. All the chemical reagents in this work were analytical grade and
used without further purification.

2.2 Preparation of porous carbons from ginkgo shell

For the typical synthesis of the porous carbon materials, ginkgo shells were first washed with deionized water to
completely remove adhered dirt, and then dried at 100°C for 24 h to remove the moisture contents. The dried ginkgo shells
were ground and sieved to the particles sizes of 2 ~ 8§ mm and then pre-carbonized at 400°C for 2 h under a protective
atmosphere of nitrogen at a heating rate of 5°C min"'. The pre-carbonized samples were then mixed with KOH in a mass
ratio of 1:2 and dissolved in deionized water under magnetic stirring for 1 h, then dried at 100°C overnight. Next, the
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resultant samples were carbonized at 700°C for 2 h under nitrogen atmosphere with a heating rate of 5°C min'. After
being naturally cooled down to room temperature, the final samples were washed with 1 M HCI solution and deionized
water until pH of the solution after washing reached to be about 7, and then dried at 60°C overnight, which was named
as GSPC-700-1:2. For comparison, we also prepared a series of control samples by changing the amount of KOH (the
mass ratio of pre-carbonized sample to KOH was set as 1:0, 1:1 and 1:3) while other reaction conditions are same as the
above typical preparation. These samples obtained at different ratios are recorded as GSPC-700-1:0, GSPC-700-1:1, and
GSPC-700-1:3, respectively.

2.3 Morphological and microstructural characterization

Hitachi S-4700 scanning electron microscope (SEM) and JEOL-2100 transmission electron microscope (TEM)
were used to characterize the morphology and microstructure of GSPC samples. X-ray powder diffraction (XRD)
patterns were recorded by a Bruker D8 advance diffractometer with Cu-Ka radiation. The nitrogen adsorption-
desorption isotherms of the as-prepared samples were measured on a Quadra chrome adsorption instrument at 77 K, and
the total specific surface area (SSA) of the samples was calculated by the Brunauer-Emmett-Teller (BET) method. The
pore size distribution was obtained by using BJH method. X-ray photoelectron spectroscopy (XPS) was carried out on
a VG ESCALAB MK II X-ray photoelectron spectrometer (VG Scientific). An HR700-type laser Raman spectrometer
was used to test the samples at an excitation wavelength of 458 nm.

2.4. Electrochemical performance

To measure the electrochemical properties of GSPC samples, an electrode for supercapacitor was first fabricated.
GSPC, acetylene black and poly (tetrafluoroethylene) were mixed in a mass ratio of 80:10:10, and the mixture was
pressed at 8 MPa on nickel foam (2 * 2 cm’) to form a working electrode with a mass loading of about 1.5 mg cm™.
Electrochemical measurements were sequentially performed in a KOH solution using a CHI660E electrochemical
workstation. Platinum sheet and Hg/HgO were used as the counter electrode and the reference electrode, respectively.
Cyclic voltammetry (CV) analysis was performed in alkaline solution (6 M KOH) over a potential range of -1 ~0 V and
a galvanostatic charge-discharge (GCD) test was conducted within voltage range of -1 ~ 0 V. The specific gravimetric
capacitance was calculated by the following Formula:

IAt

mAV (1)

where m (g) is the mass of active substance, AV (V) is the voltage change (not including the IR drop during the
discharge process), I (A) is the current density, and At (s) is the discharge time.

In the two-electrode system, the working voltage range of CV test and GCD test was 0 ~ 1.2 V. The specific
capacitance of SCD was calculated according to the Formula (1) based on the total mass of electrodes. The energy
density (£,) and the power density (P,) of SCD were calculated using the following equations:
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3. Results and discussion

The fabrication process of ginkgo shell-derived porous carbon (GSPC) is clearly shown in Figure (1), which
involves a pre-carbonization process and the following activation process by using KOH under nitrogen atmosphere.
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Figure 1. Diagram of preparation of GSPC samples
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The surface morphology of GSPC samples is characterized by scanning electron microscopy (SEM). Figure 2
(a) shows that the pre-carbonized sample is in the form of porous networks and has a relatively smooth surface. The
samples without KOH activation are characterized by a layered structure and no obvious pores are observed. The
morphology of the samples after being activated by KOH is shown in Figure 2 (b, ¢ and d). It can be clearly seen that
their structure has changed significantly. As shown in Figure 2 (b), after GSPC sample was etched by KOH, the sample
surface was no longer smooth. With the increase of KOH content, as shown in Figure 2 (¢), GSPC sample has formed
a porous network structure, and the structure is relatively uniform. This special structure can help improve ion transfer
by providing pathways for electrolyte ion transmission and penetration. However, as the amount of KOH continues to
increase, the pores on the surface of GSPC samples become larger and larger, which results in the collapse of the porous
network structure and thus affects the electrochemical performance. Moreover, compared with GSPC-700-1:0 in Figure
2 (e), a rough surface is also clearly observed from TEM image of GSPC-700-1:2 (Figure 2 (f)). Rough surfaces can
facilitate the bulk charge storage, thus improving electron transport capability. The uniform distribution of carbon and
oxygen elements in GSPC-700-1:2 is observed in Figure 2 (g and h).
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Figure 2. SEM images of (a) GSPC-700-1:0, (b) GSPC-700-1:1, (¢) GSPC-700-1:2 and (d) GSPC-700-1:3. TEM images of
(e) GSPC-700-1:0 and (f) GSPC-700-1:2. (g and h) EDS mappings of GSPC-700-1:2

The nitrogen adsorption-desorption isotherm is used to measure the specific surface area and pore size of GSPC
samples. As shown in Figure 3 (a), all GSPCs clearly show type I adsorption-desorption isotherms. At lower relative
pressures (P/P;), the N, adsorption isotherm increased, indicating that GSPC contains micropores. Figure 3 (b) shows
the pore size distribution of GSPC sample. GSPC-700-1:1, GSPC-700-1:2 and GSPC-700-1:3 are mainly composed
of micropores and mesopores. Especially for GSPC-700-1:2, it contains a large number of micropores and a small
amount of mesopores, which thus leads to an increase of SSA and provides more active sites for charge accumulation,
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thereby increasing the capacitance of the electric double layer [19]. The specific properties of GSPC materials are
summarized in Table 1. SSAs of GSPC-700-1:1, GSPC-700-1:2 and GSPC-700-1:3 are identified as 1380, 1941 and
1471 m* g, respectively. These data indicate that as the amount of KOH increases, SSA increases, which indicates that
the corrosion of the pre-carbonized samples becomes more severe as the KOH content increases. However, for GSPC-
700-1:3, excessive KOH will cause structural damage and result in a smaller SSA. Rupture of micropores in the sample
may lead to the formation of small mesopores. This hierarchical porous structure with the coexistence of mesopores and
micropores is necessary for a carbonaceous material used as electrodes in supercapacitors. Moreover, mesopores can
provide a wider transport path than micropores, thereby promoting better adsorption [20].
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Figure 3. (a) Nitrogen absorption/desorption isotherms and (b) corresponding pore size distribution plots of GSPC samples

Table 1. Textural characteristics of GSPC samples based on nitrogen sorption isotherms and Raman spectra

BET SSA (m’ g')

Micropore volume
Sample Total Micro Meso Ratio” (fmS e) W
GSPC-700-1:1 1380 971 409 2.37 0.340 0.86
GSPC-700-1:2 1941 1138 803 1.42 0.318 0.84
GSPC-700-1:3 1471 1038 433 2.40 0.305 0.85

a) The ratio of micropore to mesopore on SSA.
b) The intensity ratio of D band to G band.

X-ray diffraction pattern of GSPC samples is shown in Figure 4 (a). All GSPC samples show a broad peak at 20
= 24.8° and a weak peak at 20 = 42.9°, corresponding to (002) and (110) planes of graphite structure. The observed
diffraction pattern indicates that the prepared porous carbon mainly contains a large amount of amorphous carbon
[21]. As shown in Figure 4 (b), there are two characteristic absorption peaks are displayed at 1368 cm™ (D band) and
1576 cm™ (G band) in Raman spectra of the as-prepared samples. The D-band peak is a characteristic absorption peak
of amorphous carbon and the G-band peak is related to the distribution of sp” hybridized carbon atoms in the graphite
carbon phase [22]. The intensity ratio of D to G peaks (I,/I;;) is commonly used to measure the degree of graphitization
and the degree of disorder of carbon materials. I,,/I; values for GSPC-700-1:0, GSPC-700-1:1, GSPC-700-1:2 and
GSPC-700-1:3 are 0.85, 0.86, 0.84 and 0.85, respectively. This result shows that the C-atomic lattice defects of four
samples are very close [23].
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Figure 4. (a) XRD patterns and (b) Raman spectra of GSPC samples

The elemental chemical state on the surface of GSPC samples is measured by using X-ray photoelectron
spectroscopy (XPS). From the survey spectra shown in Figure 5 (a), the characteristics peaks of C 1s and O Is at about
290 and 537 eV are observed, indicating these as-prepared samples contain carbon and oxygen elements. Based on XPS
results, the content of carbon and oxygen in GSPC-700-1:2 is 84.49 at.% and 15.51 at.%, respectively. Figures 5 (b and
c¢) show the high-resolution spectra of C 1s and O 1s, where C 1s peak appears at 284.6 eV (C = C), 287.8 eV (C = 0)
and 285.5 ¢V (C-C) and O 1s peak appears at 534.2 ¢V (-O-), 533.1 eV (C-O-C) and 531.9 eV. The peak at 531.9 eV for
O s is attributed to C-OH probably from alcohols, phenols, aliphatic ethers or other hydroxyl-containing compounds.
These functional groups can improve the wettability of the as-prepared samples, thereby increasing the surface activity
of GSPC samples [24].
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Figure 5. XPS results of (a) survey spectra, (b) C Is and (¢) O 1s of GSPC-700-1:2
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In this study, the electrochemical performance of GSPC samples is characterized in a three-electrode system. CV
curve of GSPC samples in Figure 6 (a) is measured at a scan rate of 20 mV s -The deviation from the rectangular shape
is resulting from the resistance of electrolyte ions diffusion in the micropores. In addition, when the loop is completed,
ion diffusion is delayed, resulting in a delay in current response [25-27]. This resultant dispersion capacitance effect
also produces a CV curve that deviates from the rectangular shape. However, a comparison of these samples indicates
that GSPC-700-1:2 shows a largest rectangular area, indicating the highest specific capacitance. Figure 6 (b) shows the
galvanostatic charge and discharge (GCD) curves for GSPC samples at a current density of 1 A g". Note that, GCD
curves form an approximately symmetrical triangle [28-30] with a transition zone observed between -1 and -0.4 V, which
coincides with the location of the protrusions in CV curves. The highest specific capacitance of 345 F g is achieved
for GSPC-700-1:2 among these four samples. Figure 6 (c) shows the rate capability of GSPC samples conducted at the
different current densities of 0.5 ~ 10 A g. As the current density increases, the specific capacitance of GSPC samples
decreases because the diffusion resistance of the charge in the pores is increased at high current density [31]. Clearly,
GSPC-700-1:2 delivers an outstanding rate performance. For example, at a current density of 0.5 A g”', GSPC-700-
1:0, GSPC-700-1:1, GSPC-700-1:2 and GSPC-700-1:3 have a specific capacitance of 152 F g, 284 F g, 345 F g,
and 300 F g"'. When the current density is increased to 10 A g, the specific capacitance for each sample is decreased
to 110 F g', 200 F g, 280 F g, and 220 F g, respectively. CV curves of GSPC-700-1:2 measured over a scan rate
range of 5~ 100 mV s’ in Figure 6 (d) gradually deforms as the scanning rate increases, which indicates that the stored
charge is attributed to the two-layer formation mechanism. At high scanning rate of 100 mV s”', CV curve of GSPC-
700-1:2 is almost rectangular, again indicating that it has superior rate performance. Figure 6 (¢) shows GCD curves of
GSPC-700-1:2 at a current density between 0.5 and 10 A g”'. Almost all curves form an isosceles triangle, indicating a
superior electrochemical reversibility. Figure 6 (f) gives the cycling stability at a current density of 20 A g It can be
seen that after 10,000 cycles, the specific capacitance retention is as high as 93%. These results indicate that GSPC-
700-1:2 exhibits better electrochemical performance, which is superior to other biomass-derived carbon materials used
for supercapacitor electrodes (Table 2). In addition, the electrochemical impedance spectroscopy (EIS) in the frequency
range of 100 kHz to 0.01 Hz was performed (Figure 6 (g)). Generally, there are two parts in the Nyquist plot [32-34].
One is a semicircular loop in the high-frequency region and the other is a linear component in the low-frequency region
[35-37]. Obviously, GSPC-700-1:2 has a higher slope, which represents a lower diffusion resistance [38-40], indicating
its better capacitance characteristic. From the enlarged plots in the high frequency region shown in Figure 6(h), GSPC-
700-1:2 exhibits the largest semicircle, perhaps because it has a large number of micropores and superior conductivity
[41-44]. Moreover, the real-axis intercept corresponds to the internal resistance of the electrochemical system. Among
these four samples, GSPC-700-1:2 delivers a minimum internal resistance (0.31 ), indicating its higher electrical
conductivity.

Table 2. Comparison of electrochemical performance of different biomass derived carbon materials in 6 M KOH using 3-electrode system

Precursor Specific capacitance Reference
Broad bean shell 202 F g'@0.5 A*-1 171Fg'@10Ag" [39]
Tobacco rods 286.6F g'@0.5A ¢" 246F g'@10A g [40]
Onion I9Fg'@1 Ag' 156Fg'@10A g" [41]
Willow catkin 298 Fg'@0.5Ag" 2710Fg'@10A g [42]
Silkworm 306Fg’'@l Ag! 260F g'@10A g [43]
EWC-2 335Fg'@0.5A ¢! 270 F g'@10A g’ [44]

Ginkgo shell 345F g'@0.5A ¢! 280F g'@10A g This work
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Figure 6. Electrochemical performance of GSPC samples measured in a three-electrode system in 6 M KOH electrolyte: (a) CV curves; (b) GCD
curves; (¢) Specific capacitances at different current densities. For GSPC-700-1:2, (d) GCD curves at different current densities; (¢) CV curves at
different scan rates and (f) Cycling stability at a current density of 20 A g”'. () Nyquist plots of the samples and (h) The corresponding local enlarged
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The aforementioned performance comparison shows that GSPC-700-1:2 exhibits the best electrochemical
performance among four samples. Therefore, a symmetric supercapacitor device (SCD) consisting of two electrodes
with the same size is fabricated from GSPC-700-1:2 and the electrochemical performance in 6 M KOH is further
characterized. Figure 7 (a) shows CV curve of SCD within different voltage ranges at a scan rate of 100 mV s™. It can
be seen that when the voltage is extended to 1.4 V, an obvious polarization appears in CV curve. Figure 7 (b) shows
GCD curve for SCD at different current densities. When the current density is increased from 0.5 to 10 A g”', the specific
capacitance of SCD is decreased from 65 to 42 F g"'. Moreover, the capacitance retention rate is 83% at 5 A g after
10,000 cycles in Figure 7 (c), indicating a satisfactory cycling performance. The capacitance decay is probably due to
the deactivation of oxygen-containing functional groups on the surface of the activated carbon material [45-47]. Ragone
plot of SCD is shown in Figure 7 (d). Note that, a power density of 301 W kg™ is achieved at an energy density of 13 W
h kg, which is better than that of most reported biomass-derived carbon materials.
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Figure 7. Electrochemical performance of SCD fabricated from GSPC-700-1:2 measured in a two-electrode system using 6 M KOH electrolyte: (a)
CV curves at a scan rate of 100 mV s™; (b) GCD curves at various current densities; (c) Cycling stability at a current density of 5 A g and (d) Ragone
plots

4. Conclusions

In conclusion, we have successfully produced high-quality porous carbon materials by carbonization and following
KOH activation of environmentally friendly renewable ginkgo shells. The synthesis method is simple, inexpensive and
easily scalable. By adjusting the KOH amount, GSPC-700-1:2 is prepared, which delivers the superior electrochemical
performance. The specific capacitance of GSPC-700-1:2 is 345 F g' at 0.5 A g' and 280 F g at 10 A g”'. A symmetric
supercapacitor device (SCD) fabricated from GSPC-700-1:2 exhibits a specific capacitance of 65 F g" at 0.5 A g’'. After
10,000 charge and discharge cycles, SCD can maintain 83% capacitance retention at 5 A g"'. Also, the power density
of 301 W kg™ is achieved at energy density of 13 W h kg™. These results indicate that GSPC-700-1:2 is an excellent
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electrode material for supercapacitors.
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