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ABSTRACT 
Bitumen is a high-quality raw material for the preparation of carbon materials due to its high carbon 
and low ash characteristics, and its use in the preparation of supercapacitor electrode materials plays 
a significant role in the enhancement of the economic benefits of the entire coal chemical process. In 
this paper, the raw materials and experimental equipment required for this study were selected to 
prepare porous carbon samples under the guidance of the raw material pretreatment process. After 
completing the preparation of porous carbon samples, the finite element analysis software ANSYS was 
used to investigate the effect of bitumen pretreatment on the structure and electrochemical properties 
of porous carbon. With the rising air oxidation time, the peak ratio of porous carbon showed a trend 
of decreasing and then increasing, with specific values of 2.627, 1.958, 2.083, and 2.486, which was 
the same trend as that of the XRD test results, suggesting that the asphalt pretreatment has a 
moderating effect on the structure of porous carbon. The study in this paper further recognizes the 
effect of asphalt pretreatment on the structure and electrochemical properties of porous carbon, 
which provides a reference for research and development and innovation in materials chemistry. 

Keywords: finite element analysis, asphalt pretreatment, porous carbon, electrochemical properties 
 

1. Introduction 

The rapid increase of greenhouse gas concentration in the atmosphere has caused serious negative 
impacts on the ecological environment, and renewable energy has been rapidly developed and 
popularized in the context of “carbon peaking and carbon neutrality” [1-2]. The construction of electric 
vehicle industry and smart grid makes energy storage technology become the key link of energy 
redistribution. Electrochemical energy storage, as an important part of the energy storage system, is a 
device that utilizes chemical reactions to directly convert electrical energy [3]. The electrode material 
determines the energy density and electrochemical characteristics of the battery and is a key 
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component in energy storage devices [4]. Porous carbon materials with rich pore structure have the 
natural advantages of good electrical conductivity, stable structure, abundant resources, and low price, 
which can be used directly as electrode materials to construct carbon-based electrochemical energy 
storage devices, and can be compounded with non-carbon electroactive materials to play the roles of 
transporting electrons, buffering the volume expansion, and regulating the interfacial reaction, and 
have been playing an indispensable role in energy storage devices [5-8]. When porous carbon 
materials are used as energy storage materials, good electrical conductivity, suitable surface chemistry, 
large speciϐic surface area and porosity are the key factors to improve the storage capacity and stability 
of energy storage devices. Structural design and functionalization of porous carbon materials can 
cause changes in the physical and chemical properties of porous carbon materials [9]. In addition, the 
orderliness of the pore structure and the closure of the pores have a signiϐicant effect on the 
electrochemical properties of porous carbon materials [10]. However, porous carbon materials (called 
activated carbon in the industry) are currently industrially obtained mainly by carbonization and 
activation of raw materials such as petroleum coke, coal-based, plant-based or polymer resins, which 
makes it difϐicult to achieve precise modulation of the product structure due to the uncertainties in the 
raw material sources and structures, affecting the electrochemical performances of carbon materials 
[11-13]. The biggest challenge facing the preparation and structure modulation of carbon electrode 
materials is to ϐind one or more outstanding advantages according to the application requirements, 
while taking into account the comprehensive performance of other aspects [14-15]. Therefore, various 
constraints in porous carbon materials need to be harmonized by rationally designing their porous 
structures. Researchers are committed to the development of novel synthetic methods for the 
preparation of porous carbon materials with novel structures to facilitate the reaction kinetics and 
enable the materials to have superior electrochemical properties. 

With the development of new material science, environmental protection technology, ϐine chemicals, 
and asphalt engineering technology, asphalt pretreatment techniques are becoming more and more 
diversiϐied, such as desalination, dehydration, and decontamination carried out by oxidative cross-
linking, emulsiϐication, and catalytic techniques [16-18]. Under the current application of these 
technologies, the structure and electrochemical properties of porous carbon materials can be 
signiϐicantly improved, but there are still three major pain points, which are the ambiguity of the 
relationship between structural parameters and performance parameters, the escalation of the 
difϐiculty in observing the evolution process of the material structure under complex environments, 
and the observation of multiple technology models only for a single material [19-21]. It is evident that 
the necessity of exploring new asphalt pretreatment techniques for analyzing the structural and 
electrochemical properties of porous carbon. While ϐinite element analysis, which uses mathematical 
approximation to simulate the real physical system (geometry and loading conditions) and can 
approximate the real system with inϐinite unknowns by a ϐinite number of unknowns, has been widely 
used in nonlinear analysis of reinforced concrete structures and can be an advantageous method to 
study the structural and electrochemical properties of porous charcoal [22]. 

Before starting the research experiments, it is necessary to select the main raw materials and 
experimental apparatus for this research, and prepare the porous carbon samples, which are CNAC-
1h, CNAC-1.5h, CNAC-2h, CNAC-2.5h, in combination with the corresponding means of raw material 
pretreatment. In order to show the effect of asphalt pretreatment on the structural and 
electrochemical properties of the porous carbon more clearly, the FEA framework to study the 
structure and electrochemical properties of porous carbon. According to the operation principle and 
steps of this program, the effects of asphalt pretreatment on the structural and electrochemical 
properties of porous carbon were investigated, aiming at revealing the interaction mechanism 
between the two. 
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2. Experimental section 

This chapter focuses on determining the experimental raw materials, pretreatment process (although 
thermal polymerization method and air oxidation method are introduced, while air oxidation method 
is mainly used in this paper), after which the preparation of porous charcoal samples for this research 
is started to provide solid theoretical support for the following research work to be carried out. The 
detailed principle is as follows: 

2.1. Raw materials 

In this experiment, coal asphalt was used as raw material, and its characteristic parameters were: TI 
30.05%, volatile matter 52.22%, softening point 83℃. Elemental analysis: C 92.3%, H4-16%, S0.42%, 
0+N3.12%. 

2.2. Raw material pretreatment process 

2.2.1. Thermal polymerization methods. The coal pitch was put into a crucible with a lid and moved 
into a box-type resistance furnace at room temperature, which was rapidly heated up to 450℃, with 
constant temperature ranging from 3h~6h and 8h~13h, respectively. 

2.2.2. Air oxidation. The air oxidation was carried out by the tube furnace programmed heating 
method, which was ramped up to 420°C for 1h, 1.5h, 2h, and 2.5h, respectively, and then kept at a 
constant temperature for 3h. 

2.3. Preparation of porous carbon materials 

Porous carbon preparation process: the raw material coal asphalt was fully ground in an agate mortar, 
the powdered coal asphalt was spread in a porcelain boat and put into a tube furnace, heated in air at 
a rate of 8 ℃/min to 800 ℃ and heated at a constant temperature for 4 h. After cooling down to 
room temperature and taking out the sample in the boat, the pre-oxidized coal asphalt powder was 
obtained by grinding the sample fully. First of all, take 2g of pre-oxidized bitumen, 1 g of calcium 
carbonate nanometer, 2g of sodium chloride (mass ratio of 2:1:2) in the agate mortar grinding evenly 
in the porcelain boat and placed in a tube furnace in nitrogen at a rate of 8 ° C / min heating rate of 
800 ° C and holding time of 6h. To be cooled to room temperature and then remove the porcelain boat 
will be fully ground in the 120 ° C water bath water wash for 4h, and then acid wash for 6h and Filtering, 
and ϐinally washed to neutral, the product was dried at constant temperature 28 to obtain CNC. The 
dried sample CNC and KOH were mixed and ground in the mass ratio of 2:4, then spread in the 
porcelain boat and put into the tube furnace for activation with a good lid, and then heated up to 800 ℃ 
under nitrogen atmosphere at the rate of 88 ℃/min, and kept warm for 4 h. After cooled down to 
room temperature, the boat was removed from the porcelain boat, and then fully ground, and then 
acid washed at 80 ℃ in a water bath for 6 h, and then pumped and ϐiltered, and then dried the product 
for 24 h. The black solid powder obtained was CNAC-1h, which was named CNAC-1h. The black solid 
powder obtained was coal pitch-based porous carbon, and the sample was named CNAC-1h. For 
comparison, the samples were prepared and named as CNAC-1.5h, CNAC-2h, CNAC-2.5h by changing 
the oxidation time under the same other preparation conditions (1.5h, 2h, 2.5h). Meanwhile, CNC and 
KOH were fully milled in an agate mortar in the mass ratio of 1:3. The mixed samples were put into a 
horizontal tube furnace for chemical activation and heated up to 900 °C at a rate of 2.3 °C/min under 
nitrogen atmosphere and held for 4 h. The porous carbon samples, CNAC, were obtained after water 
and acid washing. 
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2.4. Preparation and assembly of porous carbon electrode materials 

The chemical tests were carried out in a three-electrode system, and the asphalt-based porous carbon 
electrodes were prepared as follows: nickel foam was cut into 2 cm × 3.0 cm size, ultrasonically cleaned 
and then dried at a constant temperature of 80°C for 2 h for spare parts, and the mass of the nickel 
foam was weighed and recorded prior to use, M1. The experimentally prepared asphalt-based porous 
carbon materials, CNAC-600~CNAC900, were mixed with these four asphalt-based porous carbon 
materials As the active material, PTFE emulsion and acetylene black were mixed in the mass ratio of 
6:2:2, fully milled for 45 min to paste and uniformly coated on the (2cm×3cm×2.0mm) Ni foam 
collector, and dried at a constant temperature of 65°C for 12 h. The dried electrodes were pressed to 
obtain working electrodes, and the mass of coated electrodes was weighed (M2), and the mass of the 
active material was calculated (M2-M1), to ensure the uniformity of each piece of electrode. ), in order 
to ensure the uniformity of each piece of electrode, the mass of the active substance was kept at about 
4 mg. The long strip of nickel foam coated with Hg/HgO electrode and platinum sheet electrode in 6 
MKOH solution was formed into a three-electrode system. Two pieces of NCPHC-1000 nickel foam 
coated with the same mass were separated by a diaphragm, dropwise added with 6MKOH solution, 
and encapsulated in a button cell case to form a two-electrode battery device for electrochemical 
performance testing. 

3. Structural and electrochemical properties of porous carbon in the framework 
of finite element analysis 

With the theoretical support of Chapter 2, the preparation of porous carbon samples was completed. 
In order to more intuitively observe the effect of asphalt pretreatment on the structural and 
electrochemical properties of porous carbon, a research program on the structural and 
electrochemical properties of porous carbon in the framework of ϐinite element analysis was 
developed with the support of ϐinite element simulation and analysis software. The main contents of 
this chapter are as follows: 

3.1. Finite element simulation analysis 

3.1.1. Principles of Finite Element Analysis. Most of the laws of physics are spatio-temporal related 
problems and are usually expressed mathematically using partial differential equations (PDEs). In 
many research problems, it is extremely difϐicult to solve the analytical solutions of PDEs when very 
complex geometries are considered, but it is possible to derive the corresponding numerical model 
equations by making discrete approximations to the PDEs, and the approximate solutions of PDEs can 
be obtained by solving the numerical model equations. The ϐinite element method (FEM) is used to 
compute these approximate solutions, and is an indispensable part of engineering analysis to provide 
a more accurate view of predictable phenomena in complex real-world problems [23]. The advantages 
of FEM in various research ϐields are obvious to all, and the visualization and analysis of the physical 
processes through computers can make the design more reliable, safe, and cost-effective, so the FEM 
has been widely used in various ϐields. Therefore, the ϐinite element method (FEM) is found in various 
industries. Today, FEM may be used to analyze every important engineering design and in every branch 
of scientiϐic research. The ϐinite element method is now mainly used through the application of 
commercial ϐinite element programs. These programs are often installed in mainframe computers, 
workstations and personal computers and are used to solve very complex problems. While FEM was 
originally used to analyze solids and structures, it is now also used to analyze problems including ϐluid 
mechanics, structural mechanics, and multi-physics ϐield problems. 

Traditionally, ϐinite element analysis (FEA) is mainly based on structural mechanics modeling, and 
only to a lesser extent on heat transfer. With the increasing application of multiphysics ϐield modeling, 
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the ϐinite element method has been commonly used in ϐluid ϐlow and electromagnetic simulation, and 
the term “ϐinite element analysis” has gradually been accepted and recognized in other engineering 
and scientiϐic ϐields. In fact, the ϐinite element analysis process is the same regardless of the application 
area. The ϐirst step is to “tighten” the geometry model. In order to prepare a geometry for FEA, it is 
often necessary to repair and remove features from the geometry. Repair operations repair the parts 
of the geometry that are not “tightly connected”, while feature removal operations remove elongated 
surfaces or merge small redundant edges. Next, material properties and material property functions 
need to be deϐined and assigned. The ontological relationships in the mathematical model involve 
physical properties of the material that may be related to the modeling variables (dependent 
variables). For example, in thermal expansion analysis, mechanical and thermal properties are often 
temperature dependent. Afterwards equations, loads or constraints are assigned to entities such as 
geometric domains, boundaries, edges and points, after which a complete numerical model can be 
obtained by creating a mesh, the above related deϐinitions are part of the pre-processing process in 
ϐinite elements. Finally the solution of the equations is obtained under the speciϐied study. 

3.1.2. Overview of Finite Element Analysis Software. With the rapid advancement of technology and 
computers, the prevalence of the ϐinite element method has permeated almost all technological 
ϐields.Finite element software is a computer program used to solve problems using the ϐinite element 
method. Finite element software is used to create numerical models of physical systems, which are 
then solved using the ϐinite element method. The software can be used to analyze a wide range of 
problems, from simple static problems to complex dynamic problems. Finite element software is 
frequently used in many industries such as aerospace, automotive, civil engineering and 
manufacturing, etc. Some of the more popular ϐinite element software packages include ANSYS, 
ABAQUS, COMSOL Multiphysics, and ABSQUS, etc., while this paper adopts the ANSYS software. ANSYS 
software focuses on the expansion of application areas, and currently covers the ϐlow of structural 
mechanics, ϐluid dynamics, heat conduction and heat transfer. , ϐluid dynamics, heat transfer and 
electromagnetism and other very broad research areas [24]. It has a good reputation among users 
dedicated to linear analysis, and it has also made a large contribution to the utilization of computer 
resources and the development of user interfaces. 

3.2. Material characterization 

3.2.1. XRD characterization. X-ray diffraction analysis is mainly used to characterize the structure 
and defects of crystalline materials, but also qualitatively characterize non-crystalline materials [25]. 
In this paper, XRD characterization of MCC and NSMCC series materials was carried out using an X-ray 
diffractometer (D8ADVAHCL type) under the test conditions of radiation source of Ka Cu target,  of 
0.154 nm, tube current of 30 mA, tube voltage of 40 KV, and scanning angle of 20 of 10-90 °, respectively, 
and R-value of the materials and layer spacing were calculated. The equations are shown below: 

 
1 2/R H H  (1) 

Where: 1H  and 2H  are shown in Fig. 1, respectively, the value of R can characterize the degree of 
disorder of the material, and the smaller the value of R, the more disordered represents the carbon 
material. 
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Fig. 1. Schematic diagram of r value calculation formula 

The formula for calculating the material layer spacing is as follows: 

 2 sind n   (2) 

Where: d is the crystallographic distance of the material, 0 is the radian corresponding to the peak 
position, n is the wavelength of the ray (a positive number), and  = 0.15406 nm (Cu target Ka ray). 

3.2.2. Raman spectroscopy. Raman spectroscopy can be used to qualitatively analyze the chemical 
structure and crystallinity of materials, and can also be used to probe the defects and graphitization of 
carbon materials. In this paper, Raman characterization of MCC and NSMCC series materials was 
carried out using a laser Raman spectrometer (HR800 model) under the test condition of laser 
wavelength of 532 nm, and the degree of disorder of different materials was obtained by calculation. 

3.2.3. Speciϐic surface area and pore size distribution of materials. Nitrogen physical adsorption and 
desorption tests are based on Brunner-Emmet-Teller theory and density functional theory (DFT) to 
detect some physical and chemical properties of materials. In this paper, PSAC, MCC and NSMCC series 
of materials were characterized using an IQ2 instrument manufactured by Kantar Corporation, USA, 
and parameters such as speciϐic surface area as well as pore size distribution of different materials 
were obtained. 

3.2.4. Scanning electron microscopy. Scanning electron microscopy can be used to analyze the 
material surface structure and elemental distribution, etc. In this paper, PSAC, MCC and NSMCC series 
materials were characterized using a ϐield emission scanning electron microscope (ZEISS IGMA/HD 
type), and the microscopic morphology as well as the elemental distribution of the materials were 
obtained. 

3.2.5. XPS testing. X-ray photoelectron spectroscopy (XPS) can be used to analyze the elemental 
compositions and valence states on the surface of a material through the bonding states. In this paper, 
MCC and NSMCC series materials were characterized using an XPS instrument (Axis Ultra DLD model) 
to obtain the elemental species and contents on the surface of the materials, respectively. 

3.3. Electrochemical performance testing 

3.3.1. Constant current charging and discharging. In this paper, constant-current charge/discharge 
tests were carried out on symmetrical snap supercapacitors by an electrochemical workstation 
(CHI660E), with an operating voltage range of 0-1 V. Constant-current charge/discharge tests were 
carried out on sodium-ion half-batteries and sodium-ion capacitors by using a battery test system 
(CT300IA), with test voltages ranging from 0.01-3 V (based on copper foil vs. +Na/Na  ), 2.5-4.2V 
(based on aluminum foil vs. +Na/Na  ), and 0-4V (for the sodium-ion capacitor). And the speciϐic 
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capacity, energy density and power density of the energy storage device were calculated based on 
constant current charging and discharging. The formulas are shown below: 
1) Supercapacitor: 

(1) Mass speciϐic capacity: 

 2 / ( )gC I t m U      (3) 

Where: gC  is the mass speciϐic capacity of a single electrode ( -1Fg ), I is the discharge current (A), t 
is the discharge time (s), m is the mass of the active substance on a single electrode (g), and AU is the 
voltage drop corresponding to the discharge time (V). 

(2) Area speciϐic capacity: 

 1a gC C m   (4) 

Where: aC   is the area speciϐic capacity of a single electrode ( 2F/cm  ). gC   is the mass speciϐic 
capacity of a single electrode ( -1Fg ). 1m  is the mass of a single electrode (mg 2cm ). 

(3) Area normalized capacitance: 

 /s g B E TC C S  (5) 

Where: sC  is the area-normalized capacitance of a single electrode ( 2  Fcm ). RETS  is the speciϐic 
surface area of the electrode material ( 2 -1m g ). 

(4) Energy density: 

 
2 / (2 4 3.6)gE C V     (6) 

Where: E is the energy density of the supercapacitor ( -1Wh kg \), Cg is the mass speciϐic capacity of 
the individual electrodes ( -1Fg ), and V is the voltage of the test window of the supercapacitor. 

(5) Power density: 

 3600 /P E t   (7) 

Where: P is the super power density ( -1W kg  ), E is the energy density of the supercapacitor 
( -1Wh kg ), and t is the discharge time. 
2) Calculation formula for sodium-ion half-cells and sodium-ion capacitors: 

(1) Mass ratio capacitance: 

 / [( / )] / [( / )]C I dE dt m I E t m       (8) 

Where C is the mass speciϐic capacitance, ( -1Fg ) is the constant current charge/discharge current 
(A), t  is the discharge time (t). E  is the voltage drop corresponding to the discharge time (V), and 
m is the total mass of the active substance of the electrode material (g). 

(2) Energy density: 

 2 / (2 3.6)E CU   (9) 

Where: E is the energy density ( -1Wh kg ), C is the mass speciϐic capacitance ( -1Fg ), and U is the test 
window voltage (V) of the sodium ion capacitor. 

(3) Power density: 

 3600 /P E t   (10) 

Where P is the power density ( -1W kg ), and t is the discharge time (s) of the sodium ion capacitor. 

3.3.2. Cyclic voltammetry. In this paper, constant-current charge/discharge tests for determining the 
redox potential, capacitance, and diffusion behavior of the materials were performed on symmetrical 
snap supercapacitors, sodium-ion half-cells, and sodium-ion capacitors by means of electrochemical 
workstations (CHI660E) with test voltages ranging from 0-IV (for supercapacitors), 0.01-3V (based on 
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Cu-foil vs. +NaNa  ), 2.5-4.2V (based on Al-foil vs. +NaNa  ) and 0-4V (sodium ion capacitors). In 
addition, the b-value, surface capacitance share and diffusion coefϐicient D of the materials were 
calculated based on the CV curve data, respectively, and the equations are shown below: 
1) b-value. The b-value is a performance indicator of the percentage of capacitance effect of the 
material, when the b-value is between 0.5-0.75 the material is considered to be a diffusion-controlled 
process, and b is close to 1. 0 corresponds to a surface capacitance-dominated process. That is: 

 bi av  (11) 

Where i  is the current intensity and v  is the scan rate. 
2) Surface capacitance percentage: 

 
1

2
1 2( )I V k v k v   (12) 

where 1 ( ),I V kv  and 
1

2
2k v   represent, respectively, the total current at a given voltage, the current 

generated by the surface capacitance, and the current generated by the diffusion-controlled +Na  
embedded generated current. 
3) Diffusion coefϐicient D. Sodium ion diffusion coefϐicient D is an index to characterize the good or bad 
diffusion performance of the material, and the larger its value represents the better its diffusion 
performance. Namely: 

 
2 24

( / )
B m s

B

m V E
D

M A dE d   


  (13) 

where   is the pulse time (in s), sE  represents the voltage change when the voltage reaches the 
steady state, Bm  is the mass of the active substance, BM  is the molar mass of the electrode material, 

mV  is the molar volume, and A is the electrode surface area. When the voltage is linearly correlated 
with 1/2 , the formula can be further simpliϐied to Eq. ( E  is the potential change of the constant-
current pulse after removing the voltage drop, and the rest of the parameters are the same as in Eq.): 

 
2 24 B m s

B

m V E
D

M A E





 (14) 

3.3.3. AC impedance. In this paper, AC impedance tests were performed on symmetrical snap 
supercapacitors, sodium-ion half-cells and sodium-ion capacitors respectively by electrochemical 
workstation under the test conditions of amplitude of 5 mV and frequency of 10°2Hz-10°Hz, and used 
with the speculative equivalent circuit diagram to calculate the solid electrolyte interface membrane 
(SEI membrane) impedance, charge transfer impedance, and ionic diffusion coefϐicient parameters. 
The equations are shown below: 

 
1

2
3 SZ R R 

     (15) 

where 3R  is the charge transfer impedance, sR  is the internal resistance of the test cell,   is the 
angular frequency, and   is the Warburg coefϐicient with respect to Z  . The Warburg coefϐicient 
   is an indicator that characterizes how good a material's dynamics are, with smaller values 
indicating better ion diffusion. 

4. Exploratory Analysis of Porous Carbon Structure and Electrochemical 
Properties 

Under the theoretical guidance of the previous research program, ϐinite element analysis software was 
used to investigate the role of asphalt pretreatment (air oxidation method) on the structural and 
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electrochemical properties of porous carbon samples. The effect of asphalt pretreatment on the 
structure of porous carbon samples is reϐlected in XPS, XRD material structure, Raman spectroscopy, 
material speciϐic surface, and pore size distribution, while the interaction between asphalt 
pretreatment and the chemical properties of porous carbon samples is manifested in the three 
dimensions of constant-current charging and discharging, cyclic voltammetry, and AC impedance. The 
results and process of analyzing the speciϐic experimental investigations in this chapter are as follows: 

4.1. Effect of asphalt pretreatment on the structure of porous charcoal 

Within the scope of asphalt pretreatment technology, the time of air oxidation method has a crucial 
inϐluence on the structure, morphology and of the ϐinal prepared material, therefore, samples with 
different air oxidation times under the same activation conditions were characterized and analyzed in 
this regard. Considering the reason that the image under the scanning electron microscope is not clear, 
it will not be considered in the following. In this subsection, with the support of the ϐinite element 
analysis software, we will investigate the effect of air oxidation method on the structure of porous 
carbon in asphalt pretreatment from four aspects, namely, XRD characterization, Raman spectroscopy, 
speciϐic surface area and pore size distribution of the material, and XPS test. The speciϐic analysis 
process is as follows: 

4.1.1. XPS test analysis. In order to analyze the existence of oxygen atoms in the material after air 
oxidation, XPS test was carried out on the samples, and the test results are shown in Fig. 2. As shown 
in Fig. 2 (a) the XPS full spectrum of this series of samples, the oxygen content of the activated samples 
increased gradually with the increase of the oxidation time, but when the oxidation time reaches 2.5h, 
the oxygen content decreases, which may be due to the fact that the oxygen content of the samples is 
more than the other samples, which were shed in the form of CO2, CO, H2O, etc., in the process of 
activation. The oxygen content of the samples with oxidation time of 1, 1.5, 2, and 2.5h was 4.43, 7.27, 
10.28, and 9.42%, respectively. As shown in Fig. 2(b-e) after ϐitting the O1s ϐine spectral splitting peaks, 
it can be seen that the oxygen atoms in the samples are mainly in the form of single-bonded oxygen, 
which indicates that the reaction that occurs in the asphalt molecule during the air oxidation is mainly 
the cross-linking between the planar aromatics as shown in Fig. 2(f) to become a more complex three-
dimensional structure, and part of it is retained in the activation process. 

  

(a)XPS full spectrum    (b)1h 
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(c)1.5h       (d)2.0h 

 

(e)2.5h 

 

Rn Rn Rn

+ O2

O

 

(f)Reaction equation 

Fig. 2. XPS test analysis 

4.1.2. XRD material structure characterization tests. In order to investigate the variation of physical 
composition and graphitization of the samples with air oxidation time, the materials were tested by 
XRD and ϐitted with split peaks, and the results are shown in Fig. 3, where (a) to (e) are XRD, 1h, 1.5h, 
2h, and 2.5h, respectively. The samples were all highly disordered with broad peaks. The layer spacing 
of the samples decreases and then increases with increasing oxidation time. With the process of air 
oxidation, intermolecular cross-linking of thick cyclic aromatic hydrocarbons occurs, which promotes 
the transition from ordered carbon to disordered carbon. In this process, the presence of potassium 
hydroxide and its pore-making effect make a large number of micropores below 0.9 nm, which greatly 
affects the graphitization degree of the material, and at the same time, it is difϐicult to transform the 
thick cyclic structure cross-linked by oxygen atoms to graphitic carbon in the process of heat treatment, 
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and it is difϐicult to graphitize microcrystalline edges with more exposed sites are inclined to react 
with K2O and K2CO3 to generate gases escaping. When the oxidation time is short, the presence of a 
large number of ether bonds makes the thermal stability of the material increase, and the reactivity 
with potassium hydroxide decreases, while the oxidation time increases, the ether bond content does 
not increase signiϐicantly and the samples are difϐicult to form a graphite lamellar structure in the 
carbonization process, the edge of the active site, which is more likely to react with potassium 
hydroxide, and the interactions of these complex processes produce such a result. 

  

(a)XRD       (b)1h 

  

(c)1.5h       (d)2h 

 

(e)2.5h 
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Fig. 3. XRD material structure characterization test 

4.1.3. Raman spectroscopy test analysis. In order to further investigate the changes of the physical 
structure of the material with the air oxidation time, the material was again tested by Raman 
spectroscopy, and the test results are shown in Fig. 4, where (a) ~ (f) are the Raman spectra, 1h, 1.5h, 
2h, 2.5h, and the peak ratio, respectively. As shown in the Raman test spectra of the samples in Fig. 
4(a), the area of the D peak of the samples with different air oxidation times is larger than that of the 
G peak, which is the same as that of the XRD results, and proves that there are more defects present. 
After the split-peak ϐitting of the three is shown in Fig. 4(b-d), their Raman proϐiles can be ϐitted into 
four peaks, and the areas of their two main peaks, such as those shown in Fig. 4(e), also show the trend 
of decreasing and then increasing, which are 2.627, 1.958, 2.083, and 2.486 respectively, which are in 
line with the trend of changing the average layer spacing of the XRD test. 

  

(a)Raman test map    (b)1h 

  

(c)1.5h       (d)2h 
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(e)2.5h       (f)The ratio of peak D to peak G 

Fig. 4. Raman spectrum test analysis. 

4.1.4. Speciϐic surface area and pore size distribution studies of materials. In order to investigate the 
effect of air oxidation time on the pore structure and speciϐic surface area of the materials, nitrogen 
adsorption and desorption tests were carried out, and the test results are shown in Fig. 5, in which (a) 
to (c) are the nitrogen adsorption and desorption test curves, pore size distributions, and 0-10 nm 
pore size distributions, respectively, and the data of their pore structures are shown in Table 1. As 
shown in Fig. 5(a), the nitrogen adsorption and desorption curves of the materials show that the 
curves of all samples are characterized by type I isotherms. In Fig. 5(c), it can be clearly seen that the 
pore sizes of all materials are mainly distributed in the region to 0-2 nm, and the number of micropores 
in the material gradually increases with the increase of air oxidation time, and when the oxidation time 
increases to 2.5 h, the micropore content below 0.9 nm decreases and the micropores above 0.9 nm 
increase signiϐicantly, so the speciϐic surface area of the sample also increases with the increase of 
oxidation time. 

  

(a)Nitrogen absorption and desorption curve  (b)Aperture distribution 
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(c)0~10nmAperture distribution 

Fig. 5. Study of material speciϐic surface area and pore size distribution 

Table 1. Material speciϐic surface area and pore size distribution 

Sample SBET(m2/g) Smicro(m2/g) Vtotal(m3/g) Vmicro(m3/g) 

CNAC-1h 1826.18 1826.18 0.909 0.919 

CNAC-1.5h 2226.17 2226.17 1.209 1.209 

CNAC-2.0h 2429.08 2429.08 1.374 1.374 

CNAC-2.5h 2713.31 2446.16 1.549 1.136 

4.2. Effect of bitumen pretreatment on the electrochemical properties of porous carbon 

As can be seen from the above analysis, the effect of asphalt pretreatment on the structure of porous 
charcoal was understood, mainly in XRD characterization, Raman spectroscopy, material ratio, pore 
size distribution, and XPS. Also with the help of ϐinite element analysis software, the effect of asphalt 
pretreatment on the electrochemical properties of porous carbon is investigated from three 
dimensions: constant current charge/discharge, cyclic voltammetry, and AC impedance. The speciϐic 
analysis process in this subsection is as follows: 

4.2.1. Constant current charge/discharge test. With the support of ϐinite element software, the effect 
of air oxygen method on the constant current charge and discharge performance of porous carbon 
samples was explored, and the constant current charge and discharge test results are shown in Figure 
6, in which (a)~(b) are 0.1A•g-1 and 0.1~10A•g-1, respectively. The GCD curves of the porous carbon 
samples at 0.1 A•g-1 are similar to the "isosceles triangle", especially the CNAC-1h, CNAC-2.0h and 
CNAC-2.5h have no "ohmic drop", and the triangular curves are slightly "expanded", indicating that the 
charge and discharge reversibility is strong, and it has a certain pseudocapacitance. Under the action 
of air oxygen method, the charging and discharging time of CNAC-1.5h is the longest, indicating that 
its speciϐic capacitance is the highest, but there is a certain degree of tailing, which is caused by its 
relatively small aperture. Fig. 6(b) shows the speciϐic capacitance of porous carbon at 0.1~10 A•g-1, 
and at 0.1A•g-1, the order of speciϐic capacitance is: CNAC-1.5h> CNAC-2.0h> CNAC-2.5h> CNAC-1.0h, 
in the same order as its speciϐic surface area size, is because the micropores in the porous carbon can 
be slowly and fully ϐilled by ions in the electrolyte after asphalt pretreatment during low-current 
charging and discharging, and the speciϐic surface area is the main factor affecting the speciϐic 
capacitance. When the current density is large, due to the reason of same-sex repulsion, the electrolyte 
ions cannot fully enter the micropores, occupy all the active points, and form a large area of electric 
double layer, so with the gradual increase of the current density, the speciϐic capacitance of the porous 
carbon decreases. Among them, the smallest decline rate is CNAC-2.0h, the speciϐic capacitance is 
129F•g-1 at 0.1A•g-1, and the speciϐic capacitance is 100F•g-1 at 10A•g-1, that is, the charge-discharge 
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rate increases to 19.89 times of the original, and the speciϐic capacity remains 71.92% when the 
speciϐic capacity is 0.1A•g-1. Mesopores provide a fast channel for charge transmission, so that the 
charge can smoothly enter the active point in the micropores, and the macropores act as a "buffer 
warehouse", which shortens the distance between the mesopores and the microholes, resulting in a 
high speciϐic capacitance at high charge-discharge rates. 

  

(a)0.1A·g-1       (b)0.1~10A·g-1 

Fig. 6. Constant current charge and discharge test 

4.2.2. Cyclic Voltammetry. With the help of ϐinite element software, the effect of air oxygen method 
on the cyclic voltammetry performance of porous carbon samples was explored, and the results of 
cyclic voltammetry are shown in Figure 7. It can be seen from Fig. 7(a) that the CV curves of CNAC-1h, 
CNAC-1.5h, CNAC-2.0h, and CNAC-2.5h at 1mv•s-1 are approximately rectangular, and the enclosed 
area is relatively large, and there is an upward protruding "hump" between -1.013--0.13V, indicating 
that the large speciϐic capacitance of these four samples mainly comes from the electric double layer 
capacitance, and the pseudocapacitance introduced by the heteroatom functional groups on the 
surface also makes a certain contribution. However, the CV curves of PC0 and CNAC-1h resemble 
elongated and deformed rectangles, and the enclosed area is small, indicating that their speciϐic 
capacitance is small, which is caused by their small speciϐic surface area. Fig. (7)b shows the CV curves 
of CNAC-2.5h at 10~200my-s-1, and it can be seen that the four curves are approximately rectangular, 
indicating that its rate performance is good, and even under the action of asphalt pretreatment, the 
porous carbon still maintains the pseudocapacitance "hump" characteristic, showing that the stability 
of its surface functional groups is good. 

  

(a)5 mv.s-1CV curve of porous carbon  (b)5~100 mv·s-1CV curve 

Fig. 7. Cyclic voltammetry test 
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4.2.3. AC impedance testing. The ϐinite element analysis software was used to investigate the effect 
of air-oxygen method in asphalt treatment on the AC impedance performance of porous charcoal, and 
the AC impedance test results are shown in Fig. 8. As can be seen from Fig. (8)a, in the low frequency 
region, the angle between the extension line of the AC impedance curves and the Z' axis is close to 90° 
for all four samples, which shows good capacitive performance. As can be seen from Fig. (8)b, in the 
mid-frequency region, the arc span of the EIS curve of CNAC-2h is the smallest, indicating that the 
electrolyte ions have less transmission and diffusion resistance inside its pores. In the high-frequency 
region, the intersection values of the EIS curves of the porous carbon samples with the Z' axis are all 
less than 0.588 Ω, indicating that the equivalent resistance of the dual-ionic liquid-based porous 
carbon is smaller and more conductive. The reason for this phenomenon is that after the asphalt 
treatment (air-oxygen method), which makes CNAC-2h have a higher speciϐic surface area and a 
multilevel pore distribution of micro-, meso-, and macropores, the diffusion, transport, and adsorption 
of electric charge in its interior, is more smooth and rapid. The higher graphitization degree caused by 
the higher carbonization temperature and the introduction of phosphorus resulted in the higher 
electrical conductivity and lower electrical resistance of the nitrogen, phosphorus, and sulfur co-
doped porous carbon. 

  

(a)Full spectrum diagram    (b)High and medium frequency areas 

Fig. 8. Ac impedance spectrum of porous carbon 

5. Conclusion 

In this paper, the porous carbon samples for this study were prepared under the guidance of the 
relevant preparation process. In order to reveal the effect of asphalt pretreatment on the structural 
and electrochemical properties of porous carbon, a relevant research program was developed and 
explored and analyzed with the help of ϐinite multivariate analysis software. As the oxidation time 
increased to 2.5 h, the number of micropores below 0.9 nm decreased, but the micropores above 0.9 
nm showed an increasing trend, while the speciϐic surface area of porous carbon also increased with 
the oxidation time. In addition, the longest charging and discharging time of CNAC-1.5h was observed 
for the porous carbon samples after asphalt pretreatment, indicating that the constant-current 
charging and discharging performance of the porous carbon samples was signiϐicantly improved after 
the inϐluence of the air-oxygen method for 1.5 h. The other cyclic voltammetry and AC impedance are 
based on the data in the paper. This paper better demonstrates the effect of asphalt pretreatment on 
the structural and electrochemical properties of porous charcoal, which is of great guiding value for 
the development of the ϐield of materials chemistry. 
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