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Abstract: A novel phosphorus-doped porous carbon/graphene composite was adopted as electrode
material of super-capacitor, which showed excellent electrochemical performance compared
with carbon material without phosphorus heteroatom by means of cyclic voltammetry, the
charge/discharge property, impedance characteristics, cycle life, and stability. The P-enriched
carbons sample offered an outstanding capacitive behavior, which had specific capacitance 277 F/g
and was able to withstand at a wide voltage window of 1.6 V with 90.8% performance retention
after 10,000 cycles at a current density of 10 Ag~!, providing a higher energy density 26.42 Wh/kg.
In addition, because the thermal effect in charge and discharge process can make the supercapacitor
temperature rise rapidly in a short time and affect the electrical performance, temperature
characteristic is one of the important characteristics to be considered in practical application. In this
paper, a two-dimensional thermal model for commonly used coiling supercapacitor with p-doped
porous carbon/graphene composite as electrode material was established, and the temperature
distribution of supercapacitor and the variation of internal temperature under different conditions
were analyzed by finite element method. The results show that the maximum temperature appears
near the center, and the maximum temperature is related to the applied current and the number of
cycles. With the increase of the current, the maximum internal temperature is increased sharply, and
it is kept constant after the number of cycles reaches a certain value. Cooling measures should be
taken when the maximum temperature exceeds the allowable temperature range.

Keywords: supercapacitor; phosphorus-doped porous carbon/graphene; thermal-electrochemical
analysis; the finite element method; temperature distribution

1. Introduction

With the increasing tension of petroleum resources and the increasingly serious environmental
pollution, countries are forced to strive to find new energy sources and advanced energy storage
technologies for sustainable development. Among them, new energy, new materials, and new energy
vehicles are listed as seven strategic emerging industries in China. As the increasing demand for
electrification of urban motor vehicles, especially for green electric vehicles, the urgent and specific
requirements have been put forward, thus leading the research and manufacture of supercapacitors to a
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new climax. For example, the development and manufacturing of supercapacitors are both listed in
Japan’s New Sunshine Program and the Joule-III Project sponsored by the European Community, and
implemented by the European Union member states. Supercapacitor is a high-energy energy storage
element between electrostatic capacitor and battery, distinguished from traditional electrostatic capacitors
in the mechanism of charge storage. Electrostatic capacitors store charges through dielectric polarization
which allows electrostatic capacitors rapidly accumulate or release charges, while supercapacitors store
charges by means of ion migration, and their specific capacitance and power density are extremely high,
which is the reason why supercapacitors are often used in short-term, high-efficiency and, high-output
pulse power supply [1]. Compared with rechargeable batteries, supercapacitors have higher power
density, longer cycle life and, rapid charge—discharge ability with high current which has awaken
industrialist to realize their various applications including national defense, military industry, aerospace,
transportation, electronic information, and instrumentation etc. Consequently, they are now one of the
research hotspots in the field of new energy. However, the energy density of supercapacitor is relatively
lower than that of chemical batteries. In order to enhance energy density, the effective ways are to
increase the specific capacitance and window voltage range of electrode, respectively.

Carbon material is the most widely used material for supercapacitor electrodes [2—4]. Since
carbon is the sixth most abundant element in the earth’s crust, its extensive use is cost-effective and
attractive for electrochemical applications. Carbonaceous materials including activated carbons (ACs),
activated carbon fibers (ACFs), carbon nanotubes (CNTs), graphene, carbon aerogels (CAGs), and so
on are commonly used as electrode materials of supercapacitors. At present, the carbon materials
commonly used in supercapacitors are mainly ACs (Japanese Cola Li). ACs (Japanese Cola Li) has the
characteristics of high specific surface area and relatively low price, and the gram capacity of YP-50F
double layer capacitor which is adopted as electrode materials is 28 F/g. Activated carbon (AC) is
obtained by heat treatment of carbon-rich organic precursors in an inert atmosphere (carbonization
process) and then increases its surface area by physical or chemical activation. But like batteries, the
cost of materials is a limiting factor in the application of supercapacitors, thus limiting expensive
synthesis processes and precursors. Compared with AC, activated carbon fibers (ACFs) or carbon
nano-fiber paper does not need any binder and can be directly used as a membrane of active material.
Once activated, the specific surface area of ACFs is similar to that of AC. However, the price of ACFs is
higher, which limits its application in specific fields of electrochemical capacitors. Carbon nanotubes
(CNTs) are considered to have potential applications in supercapacitors. CNTs are obtained by catalytic
decomposition of hydrocarbons. However, the capacitance of pure CNTs is not high, only 20-80 F/g.
This is mainly due to the small pore size of CNTs. Nowadays; the capacitance of commercial CNTs is
only 78 F/g. Therefore, many studies focus on how to develop dense, nano-ordered carbon nanotubes
arrays which are vertically oriented to the collector. Such CNTs can fine-tune the tube spacing and
thus increase the capacitance. The carbon aerogels (CAGs) were obtained by sol-gel method which
is condensation reaction of resorcinol with formaldehyde. The power density of capacitors based
on CAGs is relatively high. However, it is reported that the specific capacitance of CAGs in organic
electrolyte and aqueous electrolyte is about 50-100 F/g, which limits available energy density. On the
other hand, the low density of CAGs leads to smaller volume specific capacitance, so organizations
have less interest in its application and development. Graphene is a promising energy storage material,
especially for high electrochemical performance of supercapacitors. It is critical for real-time and
high-power applications to be capable of fast charging at high current density. The relatively mature
and universal method to synthesize graphene is Hummer’s method, which produces graphite oxide
followed by reduction, dispersion, microwave and, electrochemical methods. However, there exist
defects i.e., stacked layer in graphene so that it used as electrode shows unsatisfactory electrical
performance in its practical application. For electrodes based on carbon materials, they are capable
of performing less 400 F/g capacitance to the most extent. However, metal oxide/hydroxide or
conducting polymer used as supercapacitors’ electrode materials can exhibit a higher capacitance,
such as Ni (OH),, PbOy, RuO; and MnO, and so on. Xia adopted vegetal Co3O4 on nickel foam as
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electrode material and it showed 754 F/g [5]. Pu et al. found out NiCo,54 in KOH electrolyte possesses
437 F/g capacitance [6]. Polyaniline is provided with some superior characteristics, such as electrically
active, excellent stability, and it has capacitance as high as 400-500 F/g in acid electrolyte. Although
they possess relatively higher capacitance, their conductivity is lower than composites. In addition,
researchers use different materials at positive and negative electrodes for packaging asymmetric
supercapacitors or hybrid supercapacitors in order to enhance the energy density, but in most cases,
they have poor cycle stability due to faradic reaction. Therefore, our present works mainly focus on
symmetric supercapacitors with carbon-based electrode. Recent years, researchers start proposing a
way to making electrical characteristics better by using graphene-based materials doping heteroatom
such as N, P, S and B as ultracapacitor electrode materials [7-9]. Guang et al. used nitrogen and
phosphorus co-doped porous graphene-like carbon (N-P-PGC) for electrode material of supercapacitor
at a low-cost, showing it had a large specific capacitance of 219 F/g and outstanding cycle stabilization
with capacitance retention 95.6% after 10,000 cycles [10]. Dong et al. prepared N,P co-doped graphene
(NPG) as electrodes, possessing a high onset potential and long term stabilization [11]. Jin et al.
firstly reported nitrogen-doped graphene from dried distillers grains with soluble (DDGS) with high
capacitance 324 F/g and lower internal resistance 0.1 () [12]. Lin et al. found graphene-wrapped
nitrogen-containing carbon spheres (PLG) had a high capacitance 266.7 F/g [13], at the same time,
Hao et al. made nitrogen-doped porous micropolyhedra activated with fused KOH (N-PCMPs-A) as
electrodes with high specific capacitance 307 F/g as well [14]. Researchers have tried different ways
to explore the electrical performance of ultracapacitors assembled with heteroatom N-doped or N-P
co-doped graphene-based electrode materials [15-20]. However, few researches on investigating the
supercapacitors’ electrical characteristics with phosphorus-doped graphene-based electrode materials
are reported. Present examples of reported ultracapacitor performance are shown in Table 1. Although
some of them possess very large surface area, the capacitances are still relatively low. Also, some of
them have high capacitances, but their energy densities are still less satisfactory.

Table 1. Present examples of reported ultracapacitor device performances.

SBET Voltage C Energy Density
Electrode Electrolyte (m2g—1) W) (Fg—1) (Whkg—1)
Carbon nanosheets BMPY TFSI 2287 3 - 19
Activation of Graphene BMIMBE, /AN 2400 35 166 20
Porous carbon nanosheets =~ TEABF4/AN 2200 2.7 150 30
N-doped carbon nanofiber KOH 562 1.0 202 7.11
N-doped 3D graphene KOH 583 0.8 297 15.2

In the present work, we proposed a novel phosphorus-doped porous carbon/graphene (P-PCG)
composite, which was adopted as electrode material of supercapacitor. For comparison, using porous
carbon/graphene (PCG) materials without phosphorus doping as electrode material of supercapacitor
was also prepared under the same conditions. The electrical properties of P-PCG and PCG were tested
as the electrode of button type supercapacitor using aqueous electrolyte of 6 M KOH. The results
confirmed that P-enriched carbons not only enhanced the supercapacitive properties with high
capacitances, but also widened the cell potential windows in aqueous electrolytes, thus obtaining high
energy densities. In order to further expand its practical application, a two-dimensional thermal model
for commonly used coiling supercapacitor with P-PCG composite as electrode material was established
to discuss the thermal state in the running process, which paves the way for its practical application.

2. Experiments and Electrochemical Analyses

2.1. Analyses of P-PCG Material

We analyzed P-PCG material by studying crucial factors, for example, morphologies, surface
functional groups, surface area and pore size. Figure 1 presents the scanning electron microscope
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(SEM) and transmission electron microscope (TEM) pictures of P-PCG composite. It is observed that
graphene sheets with few layer folded and twisted type exist in P-PCG composite. The images in
Figure 1b,c indicate that there are lots of laminated structure of graphene nano-sheets and carbon
particles existing in P-PCG, which make a substantial contribution to high specific capacitance. Also,
Figure 1a,d show that P-PCG possesses large transparent graphene nano-sheets with rumpled and
pleated features and lots of open edge sites being twisted and scrolled. The rumples might initiate
from P defects and the structural alteration originated by the upturn of bond length and declined
of bond angles when P atoms were integrated into graphene nano-sheets, relieving carbon atoms.
Because of the above reasons, P-PCG composite possesses pseudo-capacitive active sites and ion
transport channel, which are demonstrated to enhance the capability of electrical energy storage for
supercapacitors [21-24].

Figure 1. (a,b) SEM images of phosphorus-doped porous carbon/graphene (P-PCG); (c,d) TEM images of P-PCG.

In order to analysis structures of P-PCG composite and electronic binding states of phosphorous
doping, Fourier transform infrared spectra (FI-IR) and X-ray photoelectron spectroscopy (XPS) were
conducted. Figure 2A XPS spectrum shows a predominant C1s peak at 283.7 eV, Ols peak at 532.3 eV
and relatively weak P2p peak at 133.7 eV, respectively, which indicates the successful incorporation
of phosphate functional groups in porous carbon/graphene composite. Figure 2B FT-IR pattern
shows the phosphate functional groups exist in P-PCG sample in accord with the results of XPS.
The P-OH/P-H stretching peaks emerged at 2358 cm ™! displaying the assimilation of phosphorus
atoms into graphene nano-sheets, and the absorption at 1036 cm~! due to alkoxy C-O-P stretching
vibration showed phosphorus atoms were connected to carbon-oxygen bondings, which may deliver
supplementary pseudo-capacitance through faradaic reactions, leading to a progressive capacitive
performance [25]. The absorption band that appear around 1562 cm~! consigned to the famished
vibrations of graphene sheets was perceived as well.
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Figure 2. (A) XPS wide scan of P-PCG sample; (B) FT-IR pattern of P-PCG sample.

Afterwards, Nitrogen adsorption/desorption isotherms of P-PCG was performed for investigating
the surface area and pore size distribution of this material. As shown in Figure 3A, P-PCG shows typical
Langmuir VI type curves with hysteresis loops, and the BET surface area is 1010 m?g . In Figure 3B,C,
It can be observed that micropore and mesopore size distributions of P-PCG are calculated by Density
Functional Theory (DFT) and Barrett Joyner Halenda (BJH) method respectively. The micropores are
mainly located 0.5-0.7 nm, and a small amount of them are centered at 1-1.5 nm. The mesopores are
distributed in the 2-10 nm region generally. The surface area and pore sizes have close relation with
the electrolyte ions. However, it is still a tremendous challenge to fully understand the mechanism.
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Figure 3. (A) Adsorption/desorption isotherms of Ny; (B) micropore distribution of P-PCG by Density
Functional Theory (DFT) method; (C) mesopore distribution of P-PCG by Barrett Joyner Halenda
(BJH) method.

2.2. Preparation of Button Type Supercapacitors Using P-PCG as Electrode Material

The positive and negative plate where P-PCG was smeared uniformly and diaphragms were put
into 6M KOH electrolyte solution and soaked in vacuum for 12 h at room temperature to eliminate
the bubbles existing at the interface between the electrode and solution, then it was assembled from
bottom to top in the order of negative shell, negative plate, diaphragm, positive plate, metal gasket,
spring plate, and positive shell. Metal gasket and spring were added to ensure a good electrical contact
between positive and negative electrode. Finally, it was put into the button battery packer and sealed
into a button type supercapacitor for testing. The button type supercapacitor using PCG as electrode
material was also prepared using the same procedure above for contrast.

2.3. Electrochemical Measurement

The electrochemical performances of both samples were measured at a CHI6081E chemical work
station (Shanghai Chenhua Co., Ltd., Shanghai, China). The properties of assembled button type
supercapacitors were analyzed by the charge/discharge property, cyclic voltammetry, cycle life and
stability, impedance characteristics etc.

The specific capacitance of carbon electrode could be calculated by constant current discharge
process, according to the following formula: Cgingle = 4Ceepy = 4 x I X At/AV, where Cgjpgle is the mass
specific capacitance of single electrode (Fg~!), C.q is the mass specific capacitance of supercapacitor
unit (Fg~!), Lis the discharging current (Ag~!), At is the discharge time (s), AV is the discharge voltage
after removing voltage drop (V), respectively. The energy density, maximum power density and,
power density of capacitors were calculated according to the following formulas: E = 0.5 x C.q X
AV?, Prax = AV?/ 4R (1kHzm, and P = 0.12AV?/ Rpcym, where Cq is the mass specific capacitance of
supercapacitor unit (Fg~!), AV is the discharge voltage after removing voltage drop (V), m is the mass
of active material (g), Ripc) is the DC resistance (Q2), R(1xmy) is the AC resistance (Q2), respectively.

2.4. Result and Discussion

As shown in Figure 4A, Cyclic voltammetry (CV) curves display quasi-rectangular curves in
the voltage window from 0 V to 1.0 V, suggesting that CV behaviors result from predominantly
double-layer mechanism of energy storage. It is noticeable that P-PCG has larger enclosed areas of the
CV curves and the voltammetric current densities of it are higher than that of PCG, thus indicating a
higher specific capacitance and double-layer response in P-PCG. Further, to investigate the possibility
of utilizing P-doped porous carbon/graphene in an aqueous electrolyte beyond the decomposition
potential of water (1.23 V), wide potential window tests were conducted by a gradual increase in the
positive potential range above 1.0 V as shown in Figure 4B, by contrast, the range of window voltage
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of PCG was measured with the same method as shown in Figure 4C. It can be seen from the Figure 4B
that the current is not increased obviously at the potential from 1 to 1.5V, and the CV curves retain
well rectangular shapes for P-PCG at the scan rate of 5 mVs ™!, exhibiting the internal resistance of
the supercapacitor is not obviously increased. Obviously, CV curve still retains rectangular shape
when potential window is up to a high value of 1.6 V, but the current is significantly increased and the
distortion of CV curve is significantly enhanced (the two vertical lines of the rectangle become bent
sloping lines), indicating that the internal resistance of the supercapacitor begins to be increased, with
further increase of potential, The CV curve tends to deteriorate seriously. The results indicate that the
most stable potential window for P-PCG in aqueous electrolyte is 1.6 V, which is significantly higher
than the theoretical decomposition potential of water (1.23 V). Figure 4C clearly shows that a bit of
distortion appears when the positive potential is 1 V, and the distortion is getting worse along with the
increase of positive potential. When the voltage is up to 1.2 V, severe distortion is observed. Thus, the
stability window voltage of PCG is 1 V in aqueous electrolyte, which is in sharp contrast to the stable
window of P-PCG. The wide window voltage of P-PCG in aqueous electrolyte might be as a result of
the reversible electrochemical hydrogen storage in composite, and one of the reasons could be also
estimated that the introduction of phosphorus functional groups could make some changes on the
carbon surface.
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Figure 4. (A) Cyclic voltammetry (CV) curves of P-PCG and PCG at a scan rate of 5 mVs~! with
window voltage of 1 V; (B) P-PCG electrodes with cut-off voltages from 1 V to 1.6 V at scan rate of
5 mVs~1; (C) porous carbon/graphene (PCG) electrodes with cut-off voltages from 1V to 1.2 V at scan
rate of 5mVs~1; (D) CV curves of P-PCG at various scan rates from 5 to 100 mVs 1.

When the scan rate was increased gradually from 5 to 100 mVs~'as shown in Figure 4D, the CV
curve integrated area of P-PCG electrode is increased but maintains the slightly deviated rectangular
shape at high scan rate of 100 mVs ™!, suggesting general rate capability performance of P-PCG.
This may be due to the reversibility of the reaction that is related to the structural stability occurring on
the surface of the material or the charge transport performance during the charge-discharge process.
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In order to further evaluate the capacitance property, Galvanostatic charge—discharge (GC) profiles
within the potential range of 0-1.0 V were performed. As shown in Figure 5A, GC curves of P-PCG
and PCG were performed at a current density of 0.5 Ag~!, exhibiting triangular shape. GC curves are
highly linear and symmetrically close to triangle shapes, demonstrating ideal capacitor behavior. It is
obvious that P-PCG shows a longer discharge time than that of PCG, thus yielding higher specific
capacitance. Because of the presence of pseudo-capacitance in P-doped porous carbon/graphene
electrodes, which becomes the additional mechanism of energy storage alongside of double-layer
formation, the P-doped electrodes shows higher capacitance than undoped counterpart.
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Figure 5. (A) Galvanostatic charge-discharge (GC) curves of P-PCG and PCG at current density of
0.5 Ag~! with window voltage of 1 V; (B) GC curves of P-PCG and PCG at current density of 0.5 Ag~!
with different window voltages; (C) GC curves of P-PCG at different current density; (D) the specific
capacitance of P-PCG and PCG electrodes at various current density.

The specific capacitance is calculated from the corresponding galvanostatic discharge curves.
As shown in Figure 5D, the specific capacitances are listed with different current densities. It can be
seen that the specific capacitances of PCG and P-PCG are 120, 277 Fg~! at current density of 0.5 Ag~1,
respectively. The specific capacitance value is decreased with the increase of the current density from
0.5 to 15 Ag~!. The specific capacitance of P-PCG still can reach 175 Fg~! at current density of 15 Ag~!
with only 37% capacitance loss, in contrast, PCG only maintains 38.6% when the current density is
increased from 0.5 to 15 Ag~!. This phenomenon states that a decrease of the capacitance at the high
current density is attributed to the diffusion limitation of electrolyte ions at high current density.

The energy density is related to the cell capacitance and the square of the operating
voltage. Therefore, because of the wide potential range, the energy densities of P-doped
porous carbon/graphene are increased significantly compared with the value of undoped porous
carbon/graphene. The Ragone plot of the P-PCG is shown in Figure 6A. The maximum energy density
of 26.42 Wh/kg with a power density of 390 W/kg and power density of 6 kW /kg with energy density
of 17.3 Wh/kg were achieved.
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Furthermore, the long cycle life of supercapacitor is a crucial parameter for its practical application.
Figure 6B shows the cycling stability of P-PCG button supercapacitor at high potential window of
1.6 V was measured by continuous GC measurement for 5000 cycles at the current density of 3 Ag~?,
and the results indicate the supercapacitor maintains presentable cycling stability with 94% retention
of specific capacitance after 5000 continuous cycles. In succession, the cycle performance of P-PCG
capacitor cell was kept on investigating by the same method for 10,000 cycles. As shown in Figure 6C,
it exhibits the capacitance still can preserve 90.8% at the current density of 10 Ag~! under the same
voltage after 10,000 cycles, which makes known that the cycle life of P-PCG button supercapacitor is
generally good compared with the results of other reports. Meanwhile, this result is in keeping with
rate capability performance of P-PCG capacitor cell, which is attributed to electronic transfer capability.
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Figure 6. (A) Ragone plot of P-PCG at a potential window of 1.6 V; (B) Cycling tests of P-PCG at a
current load of 3 Ag~! and potential window of 1.6 V in button cell for 5000 cycles; (C) Cycling tests of
P-PCG at a current load of 10 Ag*1 and window voltage of 1.6 V in button cell for 10,000 cycles.
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Electrochemical impedance spectroscopy (EIS) which was performed by using Autolab is a
principal method to examine the fundamental behavior of supercapacitors. The amplitude of AC
signal was 5 mV, and the frequency range was 0.01 Hz to 100 kHz. It can be seen from the Figure 7A that
both of Nyquist plots are similar in shape and consist of three parts which are the semicircular arc in the
high frequency region, the 45° slant in the intermediate frequency region and, the vertical line in the low
frequency region. The intersection point of the curves and the solid axis is called the solution resistance
(Re), which is mainly the internal resistance of the electrolyte, but also includes the internal resistance
of the electrode and the contact resistance between the electrode and the collector. The increase of
resistance caused by semi-circular arcs is called charge transfer resistance (Rt). Equivalent Series
Resistance (ESR) is composed of charge transfer resistance and solution resistance, which reflects
the resistance to the electron conduction and ionic transportation. The values of Re and Rt were
calculated from impedance data in Figure 7A by using Zview computer software and presented in
Table 2. The results show that P-PCG has a higher conductivity than that of PCG. Meanwhile in the
low frequency region, the oblique line of P-PCG is steeper, which shows that P-PCG possesses better

capacitance characteristics.
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Figure 7. (A) Nyquist plots of the P-PCG and PCG electrodes in the frequency range 0.01-100 kHz;
(B) Nyquist plots of the P-PCG electrode at various cut-off voltages.

Table 2. The calculated values of Re and Rt of PCG and P-PCG composites using Zview.

Resistance PCG P-PCG
Re 0.56 0.51
Ret 0.12 0.08

Figure 7 shows EIS curves of P-PCG at different cut-off voltages, and it is observed that with
the increase of cut-off voltage, the Rt of supercapacitor increases continuously. It is mainly caused
by the decomposition products of electrolyte at higher cut-off voltage. At the same time, the growth
rate of R is also increased, which indicates that the decomposition of electrolyte of supercapacitor
is accelerated.

The leakages current and self-discharge were measured as shown in Figure 8A,B. The main
function of leakage current tests is to measure the insulation performance of supercapacitors. Leakage
current is mainly caused by the following three aspects: microelectrochemical cell current is caused by
impurities in electrodes or electrolytes; potential gradient and ion concentration difference give rise
to charge diffusion current in double layer; diaphragm punctured by cell burr or collector can lead
to micro-short circuit current. As shown in Figure 8A, the leakage current of P-PCG is higher than
that of PCG at first, but the decreasing rate of leakage current of P-PCG is extremely fast, after around
100 s, the curves of leakage current maintain stable and the value of PCG is higher than that of P-PCG,
indicating the insulation performance of P-PCG is better. The main purpose of self-discharge tests is
to measure the ability of supercapacitors to store charge for a long time. The following method was
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used to measure self-discharge in this paper. After the leakage current tests of the supercapacitors
were completed, the supercapacitors was stationed for 5 h, and then the maintained voltages of the
supercapacitors were measured. As shown in Figure 8B, the voltage drop rate of PCG is very faster
compared with that of P-PCG, which indicates the voltage loss of PCG is larger in contrast to that
of P-PCG.

P-PCG - P-PCG
PCG B 16 -_PCG

0.006 - \

0.005
0.004

0.003

Current (A)
Voltage (V)
0

0.002

0‘001_\ 10—\
0.000 0.9 4
T T T T T

T T T T T T T \
0 500 1000 1500 2000 2500 3000 3500 4000 0 1 2 3 4 5
Time (s) Time (h)

Figure 8. (A) Leakage current of P-PCG and PCG electrodes; (B) Self-discharge of P-PCG and
PCG electrodes.

3. Thermal Coupling Analyses

3.1. Establish Simulation Model

In order to further explore the P-PCG as electrode material of supercapacitor in practical
application, a two-dimensional thermal model for commonly used coiling supercapacitor was studied
in this research which consists of a core region, column of air and, coating [26,27]. The size of
supercapacitor is 10 mm x 65 mm, as shown in Figure 9.

&

Coating

Air column

Core region

Figure 9. The model of a coiling supercapacitor.

3.2. Basic Assumption of Thermoanalysis

Supercapacitor generates heat effect in the process of charging and discharging. There are three
basic forms of heat transfer: heat conduction, convective heat transfer, and thermal radiation [28,29].
In order to simplify analysis and save calculation time, it is necessary to give simplifications and
assumptions for the model as follows:

e  Study the supercapacitor as a whole, with constant mass, volume and density during cycle life;

e  The supercapacitor’s internal heat is generated uniformly.
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e Ignoring the flow of electrolyte solution in the core area, that is to say, the heat transfer inside the
supercapacitor is only conducted by heat conduction. The heat transfer on the outer surface of the
supercapacitor is mainly convective heat transfer and radiation heat transfer.

e  According to the structure characteristics of coiling supercapacitor, the radial thermal conductivity
of carbon electrode can be approximately equivalent to the thermal conductivity of P-PCG, and the
axial thermal conductivity can be equivalent to the thermal conductivity of collector nickel foam.

3.3. Governing Equations

According to the above simplifications and assumptions, the transient two-dimensional equation
of heat conduction can be written as follows [30,31]:

pCp 0T/t = A:0°T/0r> + A 9T /10r + A,0°T /92> + P, (1)

where p is the effective density; Cp is the effective heat capacity at constant pressure; T is the
temperature; t is the time; A is the effective thermal conductivities, r is radial coordinate and z is
axial coordinate; P is the heat generation rate per unit volume.

The effective density, effective heat capacity at constant pressure can be calculated as follows:

p=2p;Vi/LV;, )

Cp = Zcip;Vi/pZVj, 3)

where V; is volume of different interfaces. The effective thermal conductivities of the core region can
be estimated based on the principle of parallel and series equivalent thermal resistances.

3.4. The Result and Discussion of Simulation

The galvanostatic charge—discharge of the model of supercapacitor with 1.5 A current at room
temperature 298.15 K was carried out by simulation. The variation of voltage with time is shown in
Figure 10.

184 4
161 A A A Al
\ /\ /\ /\
1.4} ) / \\ /l \\ / \\ / / _
s 1.2f \ \ / \ J
: / o\ [\ [\ /
g T/ \‘\ / \ / : / ]
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osf / \ / \\ / \ / .
/ \ / \ / \ /
0.41 / \ // \\ / \\ // }
0.2 "// \/ \\, / '\/, ]
o 0 500 1000 1500 2000
Time (s)

Figure 10. Curve of voltage.

Figure 11 shows the internal temperature distribution of the model of supercapacitor after the
sixtieth cycle of charge and discharge. We can observe changes in color temperature contours, in
which different colors are used to represent the different temperature field. The temperature increases
gradually from blue to red field.

In addition, the temperature distribution of supercapacitor is symmetrical, because we assumed
that the current distribution of supercapacitor was uniform and the regions were ideal homogeneous
solids. And the closer the supercapacitor is to the central region, the higher the temperature of the
supercapacitor is; the closer the supercapacitor is to the surface, the lower the temperature is. This is
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because the heat in the central region is not easy to transmit outward, and the closer the supercapacitor
is to the surface region, the easier it is to transmit heat.

Further to explore the change regulation of internal maximum temperature with the number of
cycles, simulation and experiments were carried out respectively. The two curves can be divided into
two stages in general: the temperature rising stage and the steady-state stage, as shown in Figure 12.

324.14

323.51
Figure 11. Temperature distribution of 60 cycles.

—— Simulation
330 —— Experiment

325

3204

Steady-state zone

(K)

T_max

Growth zone |
310 - |

3054

300 T T T T T T T
0 20 40 60 80 100 120 140

Cycle number

Figure 12. Highest temperature in core area changing with cycle times.

In the initial stage, the temperature rises rapidly, and with the increase number of cycles,
the temperature changes tend to be gentle at about 60 cycles. Even though there exist exiguous
deviations between experiment and simulation curves, they are primarily in accordance with each
other. Consequently, the simulation is reliable. It can be observed that the curves gradually stabilize at
324.5 K and develop into a steady state region.

The model of the supercapacitor was performed by galvanostatic charge—discharge tests of 7 cycles
with current of 5, 10, and 15 A respectively, in order to further discuss the relationship between the
internal temperature and charge-discharge current in the core region. The curves of temperature
change with various currents are shown in Figure 13.
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Figure 13. (a) The curves of temperature change at current of 5 A; (b) The curves of temperature change
at current of 10 A; (c) The curves of temperature change at current of 15 A.

As shown in Figure 13, with the increase of charging and discharging current, the internal
maximum and minimum temperature rises sharply, but the temperature differences between the
maximum and minimum temperature become larger as shown in Table 3. When the high charging
and discharging current is supplied with the supercapacitor, some cooling measures should be taken
to ensure that the supercapacitor is in good condition.

Table 3. The temperature change with various charging and discharging currents.

Current (A) 5 10 15
Temperature T(K)
AT_max 6.77 14.50 25.37
AT_min 6.29 13.43 23.58

T_max-T_min 0.48 1.07 1.79
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4. Conclusions

Summarizing the above content, we have successfully adopted novel phosphorus-doped porous
carbon/graphene composite as electrode material of supercapacitor, which significantly enhanced
the supercapacitive performance. The P-enriched carbons sample offered an outstanding capacitive
behavior in 6 M KOH aqueous electrolyte at 1.6 V with higher specific capacitance (277 Fg~! at
the current density of 0.5 Ag~'), good cycling performance (90.8% retained after 10,000 cycles)
and high energy densities of 26.42 Wh/kg. Meanwhile, according to thermal analysis, the internal
maximum temperature keeps a small oscillation after charging and discharging of 60 cycles, and when
the maximum temperature exceeds the allowable temperature range with the increase of supplied
current, cooling measures should be taken into consideration. The thermal analyses of simulation for
supercapacitor based on P-PCG composite as electrode material are extremely helpful to its temperature
control in practical application. In short, this phosphorus-doped porous carbon/graphene composite
used as electrode material of supercapacitor may make a contribution to supercapacitors” development
with new kind of electrode materials that show excellent electrical performances.
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