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Abstract: In this work, the glucose nanocarbon spheres (GC) were in situ decorated on the
surface of lamellar peanut shell biochar (PSAC) to construct the self-modified conductive
function unit of biomass (PSAC@GC). The effects of PSAC@GC at different carbonization
temperatures on the conductivity, the antistatic properties, and the thermal stability of epoxy
composites were investigated. This unique structure not only improves the dispersion of GC
nanospheres in the epoxy resin, but the larger carbon framework of PSAC also contributed to
forming a continuous conductive network. Moreover, the well-dispersed GC nanospheres on
PSAC facilitate the transfer of surface free electrons, effectively improving the electrical
conductivity and ultimately strengthening the antistatic properties of the composites. The
results show that when the carbonization temperature was 900 °C, the conductivity of
PSAC@GC with a mass ratio of 1:1 was 41.19 S/m, which represents an increase of 135% and
43% compared to PSAC and GC, respectively. When 5 wt.% PSAC@GC was added, it showed
good dispersion in the epoxy resin, and the surface resistivity of the composites was reduced
to 1.89 %108 Q. The work provides a new approach for the development of environmentally
friendly and cost-effective novel antistatic carbon material.
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1. Introduction

In areas such as electronics and electrical appliances, as well as in our daily lives,
the insulating materials are prone to the accumulation of static electricity, which can
lead to equipment failure and even serious explosion incidents [1]. Moreover, in the
packaging industry, particularly in the packaging of food, pharmaceuticals, and
cosmetics, electrostatic accumulation may lead to the tearing or damage of packaging
materials, thereby compromising the integrity of the packaging and the quality of the
product [2]. Therefore, it is necessary to implement appropriate static electricity
elimination for insulating materials to prevent potential problems. As a result, anti-
static composites have emerged that can quickly conduct electricity, eliminate static
and reduce the surface resistivity of insulating materials. The production of antistatic
composites has become the focus of research [3,4].

The traditional method of reducing the resistivity of insulating polymers is to add
conductive fillers, also called antistatic agents. The most commonly used conductive
fillers currently include metal-based fillers, carbon-based fillers, and conductive
polymer fillers, among others. Among them, carbon-based fillers are preferred by
researchers for their ability to improve the electrical conductivity and thermal stability
of polymers [5—7]. There are many reports on the addition of carbon materials in
composites, including carbon black (CB) [8], graphene [9], carbon nanotubes (CNTs)
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[10], and glassy carbon [11,12]. Although these materials have significant antistatic
effects, their complex manufacturing processes and high costs are the main factors
hindering the widespread use of carbon-based filled in industrial production. Due to
concerns about economic costs and resource sustainability, some researchers have
pyrolyzed waste biomass from daily life at high temperatures, forming a graphene-like
structure to replace expensive carbon-based fillers [13]. Renewable and sustainable
biochar has been increasingly applied in recent years as a conductive material in fields
such as capacitor electrode materials and bioelectrochemical sensors [14,15]. It is
emphasized that the electrical conductivity of biochar plays a crucial role in enhancing
the capacitance and sensitivity of composite materials. However, some studies have
shown that certain biomass-derived materials, after carbonization or modification, can
effectively enhance their electrical conductivity, making them suitable for electrostatic
discharge applications. Giorcelli et al. [16] used miscanthus as a carbon source,
achieving a maximum electrical conductivity of 2.75 S/m for the biochar produced.
Giorcelli et al. [17] used coffee waste as a carbon source and the carbonized coffee
biochar reached a maximum electrical conductivity of 35.96 S/m, the conductivity of
the biomass composite with the additional amount of 15wt% reached 1.85x10% Q.
Poulose et al. [18] used palm as a carbon source, as the biochar content increased to
15 wt.%, the electrical conductivity of the composite improved by four orders of
magnitude.

As an agricultural by-product, peanut shells are produced in large quantities every
year, but their availability is very limited [19,20]. However, the high-temperature
carbonized peanut shells (PSAC) have a layered structure similar to that of graphene
[21]. The experiments have shown that PSAC can be used as a conductive filler to
improve electrical conductivity, but most studies have focused primarily on the
electrochemical and adsorption field, with relatively little research on polymer
antistatic [22,23]. The glucose can also form spherical graphene structures (GC) over
a wide temperature range of 500 to 800 °C [24]. And its high electrical conductivity
has attracted wide attention. However, the severe agglomeration of carbon
nanoparticles limits their application [25]. Many researchers have solved the
agglomeration problem of nanospheres by using surfactants or organic dispersants
[26-28]. However, these methods are relatively complex, and research on the antistatic
properties of nanospheres is still limited.

In this work, the self-modified conductive function unit of biomass PSAC@GC
was successfully produced by in-situ modification. A series of characterization
methods including X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FT-IR), and scanning electron microscopy (SEM) confirmed that GC nanospheres
were successfully carbonized on the surface of PSAC and showed good dispersion. A
detailed study was carried out on the electrical conductivity of PSAC@GC and the
antistatic properties of its composites. PSAC@GC not only improved the dispersion
of GC nanospheres in the epoxy resin, but the larger carbon framework of PSAC also
contributed to forming a continuous conductive network. Moreover, the well-
dispersed GC nanospheres on PSAC facilitated the transfer of surface free electrons,
effectively increasing the electrical conductivity and ultimately improving the
antistatic properties of the composites. Therefore, environmentally friendly and low-
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cost biochar fillers are expected to replace expensive carbon-based materials and serve
as a new type of antistatic agent.

2. Experimental

2.1. Materials

Peanut shells were collected from rural areas in Jinan, China. D-(+)-glucose was
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. bought. Epoxy
resin E-51 and hardener 593 were from Guangzhou Suixin Chemical Co., Ltd. bought.
All chemical reagents (absolute ethanol, sodium hydroxide, hydrochloric acid) are of
analytical quality (AR). Deionized water was prepared by our laboratory.

2.2. Preparation of PSAC@GC

The peanut shells were washed repeatedly with deionized water to remove
surface contaminants and dust. They were ground into powder by a wall-breaking mill
and then sieved through a 100-mesh sieve. The D-(+)-glucose was subjected to a
hydrothermal carbonization treatment: [29] 5 g of glucose was completely dissolved
in 50 mL of deionized water, and placed in a high-pressure reactor at 190 °C for 5 h.
The hydrothermal glucose solution was centrifuged at 8000 rpm for 15 min. The
precipitate was then washed repeatedly with deionized water and absolute ethanol until
the filtrate became clear. Then it is dried at 70 °C and ground into powder.

Equal amounts of peanut shell powder and hydrothermal glucose powder were
added respectively to the 0.1 M NaOH solution and magnetically stirred for 3 h. The
mixtures were then placed in an oven at 70 °C for 12 h for incubation. After the pH
was adjusted to 7 with HCl solution, the mixtures were washed repeatedly by suction
filtration with deionized water and absolute ethanol. After drying again, producing two
types of activated biomass powders. They were mixed in 1:2, 1:1 and 2:1 mass ratio
and repeatedly ground until completely mixed. The mixed powders were carbonized
under a nitrogen atmosphere with a heating rate of 5 °C/min and held at 700 °C, 800 °C
and 900 °C for 2 h to obtain the PSAC@GC. The preparation process is shown in
Figure 1. For convenience, the three biochar samples of different mass ratios were
referred to as PSAC@GC-1, PSAC@GC-2, and PSAC@GC-3 respectively. At the
same time, individual biochar samples were carbonized under the same conditions to
obtain the PSAC and GC. The abbreviations of the biochar sample names are listed in
Table 1.

Table 1. Abbreviations for the biochar samples.

Samples Ratio (PSAC: GCO) Temperature/°C Time/h
PSAC —_— 700 800 900 2
GC — 700 800 900 2
PSAC@GC-1 1:2 700 800 900 2
PSAC@GC-2 1:1 700 800 900 2
PSAC@GC-3 2:1 700 800 900 2
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Figure 1. Flowchart of the preparation process of PSAC@GC.

2.3. Preparation of PSAC@GC epoxy composites

The 5, 10, 15, and 20 wt.% of PSAC@GC (a mass ratio of 1:1) were added to the
epoxy resin. After stirring thoroughly, they were sonicated for 3 min and then a
vacuum was applied for 30 min to remove any bubbles. Finally, the mixtures were
poured into silicone molds with a diameter of 10 mm and a thickness of 2 mm after
adding the curing agent. After curing at room temperature for 24 h and heating at 80 °C
for 2 h, the samples were removed from the mold, producing the biochar composites.
For systematic comparison, the epoxy resin without the addition of biochar was used
as a blank sample and was called Pure epoxy. The above steps were repeated to obtain
the individual biochar composites and the physically mixed biochar composites (a
mass ratio of 1:1). The abbreviations of the biochar composites sample names are
listed in Table 2.

Table 2. Abbreviations for biochar composite samples.

Samples Biochar Filler content (wt.%)
Pure epoxy No biochar 0 wt.%

PSAC/EP PSAC 5,10, 15,20 wt.%
GC/EP GC 5,10, 15,20 wt.%
PSAC@GC/EP PSAC@GC (mass ratio 1:1) 5,10, 15,20 wt.%
PSAC-GC/EP PSAC-GC (Physical mixing, mass ratio 1:1) 5,10, 15, 20 wt.%

2.4. Characterization

A Bruker D8 ADVANCE diffractometer applied an X-ray diffraction (XRD) test
to identify the crystal structure of the samples. Fourier transform infrared spectroscopy
(FTIR, Nicolet 380) was used to examine surface functional groups. A scanning
electron microscope (SEM, QUANTA 250 FEG) was used to analyze the
microstructure and dispersion of the samples. A Netzsch TG 209 F3 Tarsus thermal
gravimetric analyzer from Germany was used to analyze the thermal weight loss
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behavior of the samples. The RIGOL DM3068 digital multimeter was used to test the
electrical conductivity of the biomass carbon. Each group of the samples was tested at
five points in different locations, and the average value was taken. Calculate the
conductivity of the sample using the following relationship:

L
TR-a

In the formula, R represents the powder resistivity value (€2), ¢ represents the
powder conductivity (S/m), A represents the surface area of each electrode (m?), and
L represents the distance between the two copper electrodes (m).

The GEST-121A automatic insulation resistivity tester from Beijing Guance
Precision Instrument Co., Ltd. was used to test the surface resistivity of the epoxy resin
composites according to the GB/T 31838.3-2019. The voltage was set to 100 V. Each
group of the test samples was repeated three times, and the surface resistivity was
averaged.

3. Results and discussion

3.1. XRD

Figure 2 shows the XRD patterns of PSAC, GC, and PSAC@GC(mass ratio 1:1)
under the carbonization condition of 900 °C for 2 h. Firstly, a broad peak for PSAC
and GC is observed between 20° and 30°, and a weaker peak appears between 40° and
45°, corresponding to the (002) and (101) crystal planes of graphitic carbon,
respectively [30]. This indicates that PSAC and GC both have a graphite-carbon
structure. Furthermore, the low intensity and large width of the two diffraction peaks
indicate that the biomass formed amorphous carbon characterized by ordered graphitic
carbon fragments through high-temperature carbonization [31].

The XRD curve of PSAC@GC also shows similar peaks, indicating successful
bond formation between PSAC and GC. However, compared to PSAC and GC, the
diffraction peaks of PSAC@GC have higher intensity, indicating that PSAC@GC has
developed a more pronounced graphite-carbon structure.
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Figure 2. The XRD patterns of PSAC, GC, and PSAC@GC.
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3.2. FT-IR

Figure 3 shows the FT-IR spectra of PSAC, GC, and PSAC@GC (mass ratio 1:1)
under the carbonization condition of 900 °C for 2 h. They all exhibit three different
absorption peaks at 3437 cm ™!, 1630 cm ™!, and 922 cm ™!, which are attributed to the
stretching vibrations of -OH, C = C, and C-O-C bonds, respectively [32]. In
conjunction with the XRD data analysis, it is observed that the biochar has formed a
graphene-like structure after the high-temperature pyrolysis and the oxygen-
containing functional groups are present.
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Figure 3. The FT-IR spectra of PSAC, GC and PSAC@GC.

3.3. The microstructure
3.3.1. Biochar

The SEM images are shown in Figure 4. There are significant morphological
differences between PSAC and GC. Looking at Figure 4a—c, it can be seen that PSAC
has a three-dimensional layered structure with stacked layers that have pronounced
texture and roughness. Looking at Figure 4d—f, the GC nanospheres are present in the
form of interconnected nanospheres. As shown in Figure 4f, the size is approximately
between 200 nm and 500 nm. The three-dimensional layer structure of PSAC as well
as the cross-linked carbon nanospheres structure of GC gives the biochar a high
specific surface area. This implies that a larger number of free electrons can participate
in the conduction process [33-35].

Figure 4g—i show the micromorphology of PSAC@GC, where a significant
amount of GC nanospheres can adhere to the surface of the PSAC layers, indicating
that the GC nanospheres on PSAC have occurred successfully. At the same time, the
GC nanospheres are not only distributed on the surface of the PSAC, but are also
observed to adhere in the interlayer spaces. The successful attachment of GC on the
PSAC surface is a complex process that involves a combination of different interactive
effects. Firstly, they both are made of carbon elements, and the van der Waals forces
act between them. The interaction of instantaneous dipole moments between nonpolar
molecules contributes to the initial adhesion of GC on the surface of PSAC [36]. In
addition, glucose molecules undergo dehydrogenation, condensation and
carbonization during the hydrothermal carbonization process [26], resulting in
colloidal spheres rich in functional groups [37]. The hydroxyl and carboxyl groups on
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the surface of the nanospheres can form hydrogen bonds or more stable chemical
bonds with the oxygen-containing functional groups on the surface of PSAC, thereby
improving adhesion [38—40]. In addition, the porous structure and rough surface of
PSAC increase friction and contact points, making GC easier to adhere to the surface.
This structure helps alleviate the serious agglomeration problem of GC. Meanwhile,
the successful carbonization of GC on the PSAC surface facilitates the transfer of free
electrons on the surface, resulting in stronger electric current conduction.
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Figure 4. The SEM images of PSAC, GC and PSAC@GC: (a—c) PSAC; (d—f) GC; (g-i) PSAC@GC.

3.3.2. Biochar composites

Figure 5 shows the morphological characterization of the fracture surfaces of 5
wt.% GC/EP and 5 wt.% PSAC@GC/EP after a low-temperature fracture. In Figure
5a—c, the large GC agglomerate within the GC/EP can be observed. Looking at Figure
5c, the red arrows point to the boundary between the GC nanospheres and the epoxy
resin, indicating that the GC nanospheres are completely encapsulated by the epoxy
resin, forming discrete “island-like” structures that have no connection to other GC
clusters. This demonstrates the inherent poor dispersibility of GC, which leads to
severe agglomeration within the epoxy resin. In Figure 5d, the red circles show the
distribution of PSAC@GC in the epoxy resin, while the red arrows indicate the GC
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nanospheres that were not successfully adherent. Compared to GC/EP, the PSAC@GC
is more evenly distributed in the epoxy resin. Although agglomerate GC nanospheres
are still present, they no longer form concentrated agglomerations, instead are
distributed into smaller, scattered pieces, forming a more coherent dispersion system
with PSAC@GC.

Looking further at Figure 5e—f, the yellow arrows indicate the independently
distributed GC. It can be observed that the GC attached to the surface of PSAC is no
longer agglomerated but exists as independent carbon spheres. Even if the GC
nanospheres separate from the PSAC surface due to weaker adhesion, they can still be
well distributed in the epoxy resin matrix. The SEM images show that PSAC@GC has
better dispersion in the epoxy resin compared to GC, which favors the formation of a

continuous conductive network.

Figure 5. SEM images of composites with 5 wt.% loading: (a—¢) GC/EP; (d—f) PSAC@GC/EP. (Magnifications at

%1000, x5000 and x10000).

3.4. Electrical conductivity of biochar

The trend of conductivity as a function of temperature is shown in Figure 6a. It
can be observed that the conductivity of the biochar significantly increases with rising
temperature. This is mainly due to the crystalline structure of carbon gradually
improving, and the bonding between carbon atoms becomes more stable, while the
degree of graphitization of carbon also increases at higher temperatures. Additionally,
high temperatures help remove volatile components, reduce the content of other
elements (such as oxygen, nitrogen, and hydrogen) in the biomass, and increase the
overall carbon content, thereby improving conductivity [41,42].

The electrical conductivity of different biochar is analyzed under carbonization
conditions of 900 °C for 2 h (Figure 6b). The PSAC exhibits relatively weak
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conductivity. This is mainly due to the insufficient surface graphitization of PSAC
after high-temperature carbonization, which limits its ability to exhibit high electrical
conductivity. In contrast, the electrical conductivity of GC is significantly higher than
that of PSAC at 28.88 S/m. This is mainly attributed to the effective removal of
impurities and volatiles during hydrothermal carbonization of GC, resulting in a
denser carbon structure. This increased density facilitates a more ordered arrangement
of carbon atoms during the subsequent high-temperature carbonization process,
thereby promoting graphitization [43]. After performing in situ modification of PSAC
and GC at different ratios, the electrical conductivity also changed. Specifically, at a
mass ratio of 1:1, the conductivity reached 41.19 S/m, which represents an increase of
135% and 43% compared to PSAC and GC, respectively. This is mainly attributed to
after the carbonization of GC on the surface of PSAC, the increased conductivity of
GC exposes more electron transport sites [44,45], which facilitates electron transitions
and forms a more efficient conductive network [46,47]. The PSAC@GC structure
facilitates the formation of a continuous conductive network while improving internal
current conduction, thereby achieving improved electrical conductivity.
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Figure 6. (a) Electrical conductivities of different temperature; (b) electrical conductivities of different biochar
(900 °C-2h); (¢) the RIGOL DM3068 digital multimeter; (d) biochar test sample.

3.5. Antistatic performance of composites

Based on the comparison of the electrical conductivity of biochar, we select
PSAC@GC-2 with a mass ratio of 1:1 as the conductive filler for further experiments
(hereafter referred to as PSAC@GC). This filler is respectively mixed with epoxy resin
at loadings of 5 wt.%, 10 wt.%, 15 wt.%, and 20 wt.% to prepare the biochar epoxy
composites. The antistatic performance is then compared by testing the surface
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resistivity of the composites. The biochar composite samples and instruments are
shown in Figure 7.

() (b)
Figure 7. (a) The sample of biochar composite material; (b) The automatic insulation resistivity tester.
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Figure 8. The change of surface resistivity of biochar composites with addition amount: (a—c) PSAC/EP (700, 800,
900 °C); (d—f) GC/EP (700, 800, 900 °C); (g-i) PSAC@GC/EP (700, 800, 900 °C).

As shown in Figure 8, as the amount of biochar increased, the surface resistivity
of the epoxy composites changed. Due to the differences in electrical conductivity of
biochar caused by carbonization temperature, the biochar obtained at 900 °C exhibits
the most significant antistatic effect in the epoxy composites. The surface resistivity
of PSAC/EP decreases relatively gradually and reaches 10° Q when the additive
content is 20 wt.%. The surface resistivity of PSAC@GC/EP decreases by five orders

10
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of magnitude, reaching 10® Q at a loading of 5 wt.%. After that, the decrease slows
down, with a value of 10° Q at 20 wt.%. This indicates that at 5 wt.%, the biochar has
formed a continuous conductive network within the epoxy resin, and further increases
in loading do not result in significant improvements. With GC/EP, at an additive
content of 5 wt.%, there is a brief decrease in surface resistivity, but as the amounts of
additive increases, the surface resistivity then increases again. This proves the
tendency of GC to agglomerate easily, and as the loading increases, the agglomeration
becomes more severe, resulting in progressively poorer antistatic performance.

According to the ANSI/ESD STM11.11-2011 standard, the surface resistivity of
electrostatic dissipative materials is typically between 10° and 10° Q. As shown in
Figure 8, the PSAC@GC/EP achieves the antistatic requirements when the additive
content is 5 wt.%. To provide a clearer analysis of the experimental results, we used
an additive content of 5 wt.% as a reference point to systematically evaluate the
antistatic performance of different composites. Looking at Figure 9, it is found that
the surface resistivity of pure epoxy resin is 3.79 x 10'* Q. The surface resistivity of
PSAC/EP is observed to be 4.50 x 10'2 Q, which is a decrease of only one order of
magnitude related to the low conductivity of PSAC. The surface resistivity of GC/EP
is 5.05 x 10'° Q, indicating that the antistatic performance is still poor, which is
inconsistent with the relatively high conductivity of GC. This is mainly due to the GC
leads to severe aggregation within the epoxy resin, as shown in Figure 5a—c. After
adding the 5 wt.% physically mixed PSAC-GC, the surface resistivity decreases to
1.71 x 10" Q. This still does not achieve the desired effect. The surface resistivity of
PSAC@GC/EP with 5 wt.% additive is 1.89 x 10* Q, which meets the antistatic
standards for composites. This indicates that the PSAC@GC achieved uniform
distribution within the epoxy resin, forming a more continuous and efficient
conductive network. Table 3 summarizes the results obtained by other researchers on
the antistatic properties of carbon-based composites.
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Figure 9. The surface resistivity at Swt%.
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Table 3. The antistatic properties of carbon-based composites.

Samples Matrix Filler content (wt.%) Surface resistivity(€2) Refs.
RGO CS/gelatin 20 wt.% 9.87x10° [48]

CB PP/PA6 10 wt.% 1.02x10° [49]

GNPs @PANI EVA/HDPE 10 wt.% 3.20% 103 [50]
MWCNTs PS/PPO 4 wt.% 10¢ [51]

CNTs PC/PBT 2 wt.% 1.50x 10° [6]
Bamboo biochar UHMWPELLDPE 80wt.% 9.29x1073 [52]
Powder biochar UHMWPE 70wt.% 1.75%10°! [53]
Coftee biochar EP 15wt.% 1.85%10¢ [17]
PSAC@GC EP Swt.% 1.89 x 108 This work

3.6. Thermal stability analysis

Figure 10 shows the mass loss curves of pure epoxy resin and biochar composites
containing 5 wt.% PSAC/EP, GC/EP, PSAC-GC/EP, and PSAC@GC/EP. The pure
epoxy resin begins to decompose at around 340 °C and the thermal decomposition
stabilizes at 500 °C. This is mainly due to the breakdown of bonds, which leads to the
decomposition of various phenolic compounds [54]. Except for PSAC/EP, which
remains stable until the decomposition temperature is reached, other composites show
a similar downward trend in stability. This is due to the higher content of
decomposable carbon in the hydrothermally treated GC [55]. In addition, the
decomposition temperature of biochar composites is higher and remains significant
amounts of residues. The residue percentages are as follows: Pure epoxy residue is
16.45%, PSAC/EP is 20.55%, GC/EP is 17.64%, PSAC-GC/EP is 24.40% and
PSAC@GC/EP is 25.05%. The incorporation of biochar materials also helps improve
the thermal stability of epoxy resin. This is because biochar produced at higher
temperatures typically has better thermal stability, which is related to the degree of
aromatization of the carbon structure in the biochar. The PSAC@GC exhibits the
highest thermal stability, which is not only due to its inherent high thermal stability,
but also because it can form a heat absorption and dissipation network within the
composite material, thereby improving the heat resistivity of the epoxy polymer. This
further shows the good dispersibility of PSAC@GC in the epoxy resin. The TGA data
is shown in Table 4.

Table 4. TGA data of composites with 5 wt.% loading.

Composites samples T, (°C) T ax CO Weight at 500 °C (wt.%)
Pure epoxy 313 356 16.45
PSAC/EP 334 359 20.55
GC/EP 329 361 17.64
PSAC-GC/EP 324 366 24.40
PSAC@GC/EP 329 359 25.05

12
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Figure 10. TGA of composites with 5 wt.% loading.

3.7. Antistatic mechanism

Figure 11 illustrates the antistatic mechanisms present in GC/EP and
PSAC@GC/EP. It is generally believed that there are two conduction principles: the
tunnel effect theory and the conductive path theory [56,57]. Figure 11a illustrates the
antistatic mechanism of GC in epoxy resin. It can be seen that GC is highly
agglomerated and the GC clusters GC clusters are far away from each other, resulting
in free electrons not being able to move through the tunneling effect.

Figure 11b illustrates the antistatic mechanism of PSAC@GC in epoxy resin.
The uniform distribution of GC on the surface of PSAC improves agglomeration.
Furthermore, the larger carbon framework of PSAC and the agglomeration of the
unloaded small GC fragments increase the contact area of the conductive fillers. This
leads to tunneling effects between the conductive fillers, allowing electrons to move
freely through the tunneling effect between the carbon fillers, forming a conductive
network throughout the epoxy resin. In addition, after the successful carbonization of
GC on the surface of PSAC, the highly conductive GC nanospheres increase the
electron transport sites, which facilitates the transfer of free electrons and leads to
stronger current conduction within the conductive network, thereby improving the
antistatic properties of the epoxy resin.

(@)

PSAC@GC/EP

Figure 11. Antistatic mechanisms of biochar epoxy composites: (a) GC/EP; (b)
PSAC@GC.
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4. Conclusions

In sum, the self-modified conductive function of biochar PSAC@GC was
successfully produced by simple in-situ modification. The results show that the
PSAC@GC structure not only improves the agglomeration problem of GC but also
forms a continuous and efficient conductive network. Moreover, the introduction of
GC provides more electron transport sites and improves current conduction. When the
mass ratio of PSAC to GC is 1:1, the conductivity of PSAC@GC obtained at 900 °C
reaches 41.19 S/m. When 5 wt.% PSAC@GC is added, and the surface resistivity of
the epoxy composite decreases to 1.89 x 10® Q, meeting the antistatic standard. This
provides new carbon-functional materials that are both environmentally friendly and
economically feasible, promoting the large-scale application of biochar in industrial
fields. Although PSAC@GC demonstrates excellent performance, future research
should focus on adjusting the surface functionalization of PSAC@GC to further
enhance the mechanical properties, corrosion resistance, and stability of the composite,
thereby enabling its broader industrial applications.
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