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Abstract:

Molten salt electrolysis of CO2 represents a promising technology for highly
efficient CO2 capture and the production of economically valuable CO2-derived carbon
materials. In this study, we established a 100-ampere-scale molten salt CO2 electrolysis
cell to synthesize hundreds of grams of CO2-derived carbon. Subsequent Joule heating
at 2800 °C transformed these materials into high-quality graphite. Further composite
modification with asphalt and petroleum coke effectively reduced surface area,
resulting in high performance graphite for lithium-ion battery. The CO2-derived
graphite anodes demonstrated high reversible capacities ranging from 297.7 to 378.1
mAh g1, exhibiting outstanding rate capability and stability over 300 charge-discharge
cycles at a current density of 1 A g*. Finally, we assembled a coin full-cell using AG-
2/2/6 anode and LFP cathode, which demonstrated good cycling performance. XPS
analysis revealed a significant reduction in oxygen content by the post-reformation,
facilitating the formation of highly graphitized structures. This study not only pioneers
the up-class synthesis of CO2-derived carbon but also underscores its potential for

sustainable energy applications, particularly in lithium-ion battery technology.
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Keywords: CO2-derived carbon, Joule heating reformation, Graphite anode, Lithium-

ion battery, Molten salt electrolysis.

1. Introduction

The synthesis of carbon materials from CO2 via molten salt electrolysis represents
a transformative technology with significant promise for addressing environmental
challenges and advancing sustainable energy solutions[ 1-3]. This method boasts several
distinct advantages, including high CO2 capture efficiency, superior selectivity of
cathodic products, and high current density[4-7], positioning it as a viable candidate for
large-scale applications in the high-value utilization of CO2. Unlike traditional aqueous
electrolysis methods, molten salt electrolysis excels in producing economically
valuable CO2-derived carbon directly at the cathode[8,9]. Extensive research efforts
over the years have demonstrated the versatility of this technology in synthesizing a
wide range of COz-derived carbon. These include carbon nanotubes[10,11], carbon
nanofibers, carbon spheres, nanoparticles[12], porous carbons[13], graphene[14,15],
and graphite flakes[16,17]. Each of these materials holds significant economic value,
which is crucial for the widespread commercialization of this technology. Therefore,
identifying optimal applications for these CO2-derived carbons is paramount.

Recently, technologies related to lithium-ion batteries have been rapidly
advancing[18,19].Carbon-based materials play a pivotal role as anode materials in
lithium-ion batteries due to their high market value and substantial growth potential[20-
22]. Currently, the primary sources of carbon-based anodes—petroleum coke[23,24],
pitch[25], and natural graphite[26,27]—are non-renewable resources facing
sustainability challenges. Utilizing carbon materials synthesized through molten salt
electrolysis of CO2 as anode materials for lithium-ion batteries not only realizes the
high-value utilization of CO2 but also mitigates supply chain issues associated with

conventional anode materials. The field has seen significant research progress. For
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example, Groult et al.[28] achieved a specific capacity three times higher than
theoretical graphite capacity using thermally treated CO2-derived carbon as an anode
material. Ge et al.[29] demonstrated a specific capacity of 215.5 mAh g after 100
charge-discharge cycles with amorphous CO3z-derived carbon prepared in the LiCl-
Li2COz3 system. Tang et al.[30] reported a specific capacity of 266 mAh g! at a current
density of 500 mA g using CO2-derived carbon derived from a Li-Na-K2COz molten
salt system at 450 °C.

Despite these advancements, integrating CO2-derived carbon into lithium-ion
batteries faces several challenges. These include the lack of a distinct voltage plateau
for lithium storage and low initial Coulombic efficiency. The insufficient graphitization
degree of carbon materials hinders effective Li* intercalation[31], while their high
specific surface area leads to excessive Li* consumption during the formation of the
solid electrolyte interface (SEI) film, thereby reducing initial Coulombic efficiency[32].

To address these challenges, this study focuses on enhancing the graphitization
degree of CO2-derived carbon through Joule heating reformation. The common method
for increasing the graphitization degree of carbon materials is high-temperature thermal
reformation. The Joule heating reforming method has advantages over traditional
thermal reforming methods, including high energy conversion efficiency, rapid and
uniform heating, and reduced oxidation[33,34]. Additionally, during the graphitization
process of carbon materials, asphalt is typically added as a binder to reduce the specific
surface area while enhancing the degree of graphitization[35]. petroleum coke is a
common precursor for graphite anodes; however, needle coke with high crystallinity
demonstrates high capacity but relatively poor rate performance. Therefore, we aimed
to use asphalt as a "bridge™ to combine the high-capacity characteristics of petroleum
coke with the high electrical conductivity of CO2-derived carbon, ultimately developing
an anode material with both high capacity and high rate performance.

Based on the above, we first designed a 100-ampere-scale molten salt CO:2

electrolysis cell to efficiently produce hundreds of grams of COz-derived carbon.
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Subsequently, the obtained amorphous CO2-derived carbon was subjected to Joule
heating at 2800 °C to transform it into graphite materials with high graphitization
crystallinity. These materials were further prepared in composite form with asphalt and
petroleum coke to create graphite anode materials for lithium-ion batteries with lower
surface area. The prepared graphite anodes exhibited outstanding reversible capacity
(297.7~378.1 mAh g?), initial Coulombic efficiencies (72.6%~80.5%), and rate
capability. Moreover, it demonstrated excellent cycling stability, maintaining nearly
undiminished capacity after 300 cycles at a current density of 1A g. Finally, we
assembled a coin full-cell using AG-2/2/6 anode and LFP cathode, which demonstrated
good cycling performance. This research not only advances the fundamental
understanding of carbon materials synthesized via molten salt electrolysis of CO2 but
also aims to overcome critical barriers to their practical application in high-performance

lithium-ion batteries.

2. Materials and methods
2.1 Preparation of CO,-derived carbon

30 kg of anhydrous Li2CO3-Na2C02-K2COs eutectic salt (mixed in a molar ratio
of 43.5:31.5:25.0) were placed in a titanium crucible (27 cm x 29.6 cm). The titanium
crucible was then placed in a sealed stainless steel reactor, which was situated in a
heating furnace. The molten salt mixture was dried at 300 °C for 12 h, followed by
heating to 650 °C under an argon atmosphere until the salt was fully melted, and then
held at this temperature. To assemble a 100-ampere-scale electrolysis cell, a pre-
oxidized A3 steel plate (20 cm x 20 cm x 3 mm) was used as the oxygen evolution
anode, a nickel plate (20 cm x 20 cm x 3 mm) served as the cathode, and a stainless
steel powder sintered porous tube functioned as the CO2 gas sparger. Electrolysis was
conducted at a constant current of 100 A for 10 h using a computer-controlled DC

power source (Shenzhen Neware Electronic Ltd., China), with the cell voltage
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monitored throughout the process. The outlet gas was first passed through a condenser
and then analyzed using a gas analyzer (AGA1000, Aut. EQ. Co. Ltd, China).
2.2 Preparation of CO,-derived graphite

We weighed and mixed crushed asphalt with 100 g of kerosene, heating it to
150 °C until fully dissolved. Then, we sequentially added petroleum coke and CO2-
derived carbon, heating and stirring for 4 hours until the kerosene evaporated, forming
a paste. The paste was placed in a crucible, heated at 2 °C min* to 500 °C in an argon
atmosphere, and held for 6 hours to obtain the primary carbonization product. The
primary carbonization product was then ground and treated at 2800 °C for 2 hours in
an induction heating furnace, and cooled to obtain the sample. The product obtained by
direct Joule heating reformation of CO2-derived carbon was named EC-2800, and the
product obtained by Joule heating reformation of a mixture of asphalt, petroleum coke,
and COz-derived carbon in a 20:20:60 ratio was named AG-2/2/6. The AG sample
refers to commercially purchased standard artificial graphite, which was used as a
comparison.
2.3 Materials characterization

Phases of COz-derived carbon materials were identified by X-ray diffraction
(XRD, Rigaku Mini Flex 600 with Cu Kalradiationath =1.5405A). Here, the Bragg’s
equation is introduced to calculate the interlayer spacing (doo2) of the obtained graphite

materials from the position of the (002) peak in the XRD pattern.

A
- (1)
002 ™ 9sind
0.3440 — d

x 100% (2)

9 = 0.3440 — 0.3354

where doo2 denotes the interlayer spacing, A is the wavelength of the X-ray, 6 stands
for the Bragg angle corresponding to the diffraction peak, g is the degree of
graphitization of the graphite product, and 0.3354 and 0.3440 nm represent the
interlayer distance of ideal single-crystal graphite and original carbonaceous materials,

respectively.
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Raman spectrometers were used to quantify the graphitization of carbon materials
(Lab RAMHR Evolution) with a 532 nm wavelength. The oxygen and carbon contents
of COgz-derived carbon materials were determined using X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha). The surface morphology of the CO»-
derived carbon materials was observed by scanning electron microscopy (SEM,
TESCAN, Mira3 LMH) and Transmission Electron Microscope (TEM, FEI Tecnai G2
F20). Nitrogen adsorption and desorption isotherms were measured at -196 °C using a
Micromeritics ASAP 2460 instrument. The specific surface area (SSA) of the sample
was calculated using the BET (Brunauer-Emmett-Teller) method, and the pore size
distribution was calculated using the Barret-Joymer-Hanlenda (BJH) method from the
adsorption branches of the isotherms.

2.4 Electrochemical measurements

In half-cells, the experimental product was sealed into CR2032 coin cells with
lithium foil as the negative electrode. The working electrode was prepared with the ratio
80:10:10 wt.% of active composite, polyvinylidene fluoride (PVDF) and conductive
carbon black in N-methyl pyrrolidone (NMP) solvent. The active materials loading in
the electrode is 1.2-1.5 mg cm™2. In full-cells, We prepared the cathode LFP electrode
with a composition of 92% active LFP material, 5% SP conductive agent, and 3% PVDF
binder, maintaining a loading of approximately 2-3 mg cm2. The discs were 12 mm in
diameter (same size as the anode), and the practical capacity of the LFP cathode was
set at 160 mAh g (at a current density of 0.1 C). The loading of the anode sheets
ranged from 1.9 to 2.1 mg cm 2. The designed N/P ratio was approximately 1.2 to 1.3.
In a glovebox filled with argon, the cells were sealed with a celgard2400 membrane
separator and 1.0 M lithium hexafluorophosphate (LiPFs) in carbonate acetate (EC):
diethyl carbonate (DEC) = 1:1 Vol% as electrolyte. A NEWARE Battery Test System
(CT-4008TN, Shenzhen, China) is employed for calculating the galvanostatic
charge/discharge tests at 25 °C. Cyclic voltammetry (CV) and electrochemical

impedance spectra (EIS) were measured by the electrochemical workstation (Shanghai
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Chenhua Instrument Co. Ltd., China) in the voltage window between 0.01 and 2.0 V
and an alternating current amplitude of 5 mV in the frequency range of 100,000-0.01

Hz, respectively.

3. Results and discussions
3.1 Conversion of CO; to high-quality graphite via molten salt electrolysis and
Joule heating reformation

Carbon dioxide (COz) is not only a major industrial waste gas contributing to
severe environmental issues but also a valuable carbon resource[36]. In this study, CO2
was converted into COz-derived carbon through a one-step molten salt capture and
electrolysis process. This COz-derived carbon was then reformed into high-quality
graphite material using high-frequency inductive Joule heating, achieving the

conversion of COz into high-quality graphite.
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Fig. 1. 100-ampere-scale molten carbonates electrolysis cell for CO2 electrochemical
reduction. (a) Schematic of COz2 to high-quality graphite via molten salt electrolysis and
Joule heating reformation (b) Optical image of the 100-ampere-scale electrolysis cell;
(c) Variation in cell voltage and oxygen evolution rate during constant-current
electrolysis; (d) Optical images of the anode before (left) and after (right) electrolysis;
(e) Optical images of the cathode after electrolysis.

Fig. la clearly shows the schematic of CO: to high-quality graphite via high-
temperature molten salt electrolysis and Joule heating reformation. In the beginning, a
100-ampere-scale CO2 electrolysis cell(Fig. 1b) was constructed, capable of capturing
and electrochemically converting 1 kilogram of CO: per day, using a eutectic salt

mixture of Li2CO3-Na2CO3-K2COs as the electrolyte, an iron electrode with a lithium
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ferrite oxide film for high corrosion resistance as the oxygen evolution anode, and a
nickel metal plate as the cathode. Electrolysis was performed at a constant current of
100 A for 10 h, with the cell voltage maintained at approximately 3.2 V as shown in
Fig. 1c. CO2 was introduced through a porous titanium sparger at the bottom of the
molten salt electrolyte, forming bubbles around 100 pm in diameter, which were
captured and absorbed by the molten salt, converting to CO3>. The CO3* ions were
reduced to carbon material and O at the cathode. After electrolysis, as presented in Fig.
le, a dense black carbon layer, approximately 1 cm thick, formed on both sides of the
cathode plate. After washing and drying, 93.49 g of CO2-derived carbon was obtained,
with a Coulombic efficiency of 83.5%. After electrolysis, the size of the anode(Fig. 1d)
remained almost unchanged, and its surface was covered with a dense oxide film,
indicating that this anode exhibits excellent corrosion resistance in the high-temperature
molten salt system and can serve as an inert oxygen evolution anode for this system.
The structure and composition of the CO:-derived carbon (EC) was further
characterized. Fig. 2a shows the XRD patterns of CO2-derived carbon. The broad peak
at 26° and the weaker diffraction peak at 43° correspond to the (002) and (100) planes
of aromatic layers[37], respectively, indicating that the COz-derived carbon is an
amorphous carbon material. The Raman spectrum of CO:z-derived carbon (Fig. 2b)
displays peaks at 1350 cm™ (D band) and 1580 cm™ (G band), associated with
vibrations from disordered carbon atoms and ordered carbon atom plane layers,
respectively. The I/l ratio of 0.96 indicates a high degree of disorder and defects,
suggesting a low degree of graphitization. SEM images (Fig. 2d-e) reveal that the EC
consists of agglomerated carbon particles ranging from 50 nm to 100 nm, forming a
chaotic clustered structure and rough flake structure. This morphology relates to the
formation mechanism of CO:z-derived carbon in carbonate molten salt electrolysis,
where CO3* ions are reduced at the cathode to form carbon atoms, which aggregate
into carbon nanoparticles, further forming clustered and flake structures due to the

molten salt template and metal cathode catalysis.
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To improve the graphitization degree of the COz-derived carbon, high-frequency
induction heating furnace was employed to generate Joule heating within the sample,
heating it to 2800°C for thermal reformation. As shown in Fig. 2a, the XRD pattern of
the COz-derived carbon after Joule heating reformed CO:z-derived carbon (EC-2800)
exhibits a sharp diffraction peak near 26°, indicating that the carbon has been
transformed into highly crystalline graphite. The Raman spectrum of the reformed
carbon (Fig. 2b) shows a decreased Ip/Ic ratio of 0.04, lower than the reported 0.06 for
artificial graphite prepared from petroleum coke through Joule heating reformation[24],
indicating a highly ordered graphite crystal structure. SEM images (Fig. 2f) show that
the reformed carbon mainly consists of smooth flake structures. TEM analysis (Fig. 2g)
further confirms the presence of distinct graphite lattice fringes, with an interlayer
spacing (dooz2) estimated at about 0.35 nm, slightly larger than the 0.34 nm spacing of
flake graphite. This larger interlayer spacing facilitates the rapid intercalation and
deintercalation of Li* in EC-2800[38]. Additionally, the reformed carbon retains some
disordered structures within the graphite lattice, which can enhance Li* diffusion
through pseudocapacitive adsorption or intercalation, promoting effective lithium ion

transport in the electrode microstructure[39].
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Fig. 2. Characterization of CO2-derived carbon pre and post-Joule heating reformation.
(a) XRD spectra; (b) Raman spectra; (c¢) Nitrogen isotherm adsorption-desorption

curves; (d) SEM before reforming; (¢) TEM before reforming; (f) SEM after reforming;
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(g) TEM after reforming.

Furthermore, nitrogen adsorption-desorption tests were conducted on EC and EC-
2800. The isotherm curves and pore size distributions are shown in Fig. 2c¢ and Fig. S1.
EC exhibits a typical type I curve, with a rapid increase in gas adsorption at low pressure,
indicating abundant microporous structures. EC-2800 shows slight adsorption at
relatively low pressure and a slower increase at medium to high pressure with minor
hysteresis, indicating the presence of mesopores. The specific surface areas of EC and
EC-2800, calculated by the BET method, are 334.85 and 28.9441 m? g!, respectively.
The specific surface area of EC-2800 significantly decreases after Joule heating

reformation. Detailed pore size parameter data are presented in Table 1.

Table 1 Specific surface area and pore size parameters of various samples

SBET Pore volume  Average pore size
Samples y -
(m”g") (cm” g”) (nm)
EC 334.8458 0.2957 3.4997
EC-2800 28.9441 0.1251 17.2951

In summary, we constructed a 100-ampere-scale molten salt CO2 electrolysis cell,
efficiently converting CO2 into amorphous CO:z-derived carbon. The COz-derived
carbon was thermally reformed into graphite material with excellent graphitization(EC-
2800), using high-frequency inductive Joule heating.

3.2 Optimization of CO:-derived graphite with asphalt and petroleum coke

To further enhance the particle size of Joule heating reformed CO2-derived carbon
and reduce the specific surface area, we conducted experiments by composite mixing
of CO2-derived carbon with asphalt and petroleum coke, followed by Joule heating
reformed. Three sets of experiments were conducted with different ratios of asphalt,

petroleum coke, and CO2-derived carbon: 2:2:6, 2:4:4, and 2:6:2.
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Fig. 3. Preparation of artificial graphite anodes with varying proportions of added CO:-
derived carbon. (a) XRD; (b) Raman spectroscopy; (c) Results of the conductivity; (d)
SEM images of AG-2/2/6; (e) SEM images of AG-2/4/4; (f) SEM images of AG-2/6/2.

Fig. 3a shows the XRD patterns of COz-derived graphite. It is clear that CO2-
derived graphite synthesized with 20%, 40%, and 60% CO2-derived carbon exhibits
sharp diffraction peaks at 26°, resembling the peak characteristic of 2H graphite
configuration, indicating a high degree of graphitization. Moreover, as the proportion
of added petroleum coke increases, the intensity of the 26° diffraction peak of
synthesized CO2-derived graphite becomes stronger. Additionally, the graphitization
degrees of AG-2/2/6, AG-2/4/4, and AG-2/6/2 were calculated using Bragg's equation,
resulting in values of 88.89%, 91.78%, and 91.93%, respectively. Fig. 3b presents the
Raman spectra of artificial graphite prepared with different amounts of added CO2-
derived carbon. The Io/lc values for AG-2/2/6, AG-2/4/4, and AG-2/6/2 are 0.074,
0.057, and 0.015, respectively, all indicating low values, demonstrating a highly perfect
graphite microcrystalline structure and high degree of graphitization. Consistently, as
the proportion of added petroleum coke increases, the Ip/lc values decrease, which
aligns well with the findings from XRD. The conductivity of all powders is shown in
Figure 3(c). Under the same pressure conditions, EC-2800 exhibits the best

conductivity, followed by AG-2/2/6, AG-2/4/4, and AG-2/6/2 in descending order. The
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higher the proportion of CO2-derived carbon added, the better the conductivity of the
synthesized artificial graphite. Nitrogen adsorption-desorption isotherms (Fig. S2(a))
and pore size distributions (Fig. S2(b)) were obtained for artificial graphite with
different proportions of added COz-derived carbon. According to the BET method, the
specific surface areas of AG-2/2/6, AG-2/4/4, and AG-2/6/2 are 14.13, 10.97, and 7.96
m? g%, respectively. The higher the proportion of petroleum coke added, the smaller the
specific surface area of the synthesized artificial graphite. The pore size distribution
shows abundant micropores and mesopores with diameters less than 50 nm in all
synthesized artificial graphites. Detailed pore size parameter data is presented in Table

2.

Table 2 Specific surface area and pore size parameters of various samples

Samples S;SE”I:l Pore \golgme Average pore size
(m”g") (cm’ g) (nm)
AG-2/2/6 14.1306 0.0530 15.0144
AG-2/4/4 10.9683 0.0408 14.8748
AG-2/6/2 7.9574 0.0294 14.9479

SEM results (Fig. 3d-f) reveal that after the addition of asphalt and petroleum coke,
Joule heating reformed CO2-derived carbon transforms from a chaotic thin layer
structure to smooth particle structures ranging from 2 to 10 um. With increasing
petroleum coke content, the scattered sheet structure of Joule heating reformed CO»-
derived carbon gradually decreases, and the completeness of particles increases,
accompanied by a continuous decrease in specific surface area, consistent with the
results of nitrogen adsorption-desorption tests. The addition of asphalt and petroleum
coke bonds scattered COz-derived carbon into regular particles, enhancing the
graphitization degree of the CO2-derived graphite and significantly reducing its specific
surface area.

3.3 Electrochemical performance of CO:-derived graphite
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Fig. 4. Electrochemical performance of CO2-derived graphite. (a) The charge-discharge
curve of AG-2/2/6; (b) The charge-discharge curve of AG-2/4/4; (c) The charge-
discharge curve of AG-2/6/2; (d) Rate capability; and (¢) Nyquist plots for COz-derived
graphite with different ratios of COz-derived carbon addition; (f) Cyclic voltammetry
curves of AG-2/2/6 at various scan rates; (g) The capacitance and diffusion contribution
ratios for AG-2/2/6 at different scan rates; and (h) Cycle performance chart of CO:-

derived graphite.

Fig. 4a-c shows the charge-discharge curves for AG-2/2/6, AG-2/4/4, and AG-
2/6/2 as anode materials for lithium-ion batteries, with specific capacities of 297.7,
303.6, and 378.1 mAh gt at a current density of 50 mA g?, and initial Coulombic
efficiencies of 72.6%, 75.8%, and 80.5%, respectively. The rate performance graph in
Fig. 4d indicates that all three ratios of Joule heating reformed CO2-derived carbon

maintain excellent rate capability, achieving capacities of 184.4 mAh g, 164.4 mAh
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g, and 148.6 mAh g at a current density of 1A g, which are significantly higher than
the 32 mAh g of commercial artificial graphite anodes (AG). This demonstrates that
the Joule heating reformed CO2-derived carbon anodes achieve high lithium storage
capacity and excellent rate capability. This improvement is primarily attributed to the
disordered structures retained within the reformed CO2-derived carbon anodes, which
form pore structures that enhance current uniformity and reduce polarization[40].

To further investigate the lithium intercalation kinetics of the Joule heating
reformed COz-derived carbon with different proportions of CO32-derived carbon,
electrochemical impedance spectroscopy (EIS) was conducted on the de-intercalated
graphite. The equivalent circuit fitting (Fig. 4e) shows that the SEI film resistances for
AG-2/2/6, AG-2/4/4, AG-2/6/2 and the AG control group are 9.36 Q, 9.96 Q, 5.94 Q
and 16.09 Q, respectively, and the charge transfer resistances are 29.87 Q, 33.48 Q,
35.23 Q and 51.77 Q, respectively. All three ratios exhibit low charge transfer
resistance. Subsequent cyclic voltammetry tests at different scan rates for the AG-2/2/6
ratio (Fig, 4f-g) and the calculated pseudo-capacitance contributions during the lithium
storage process indicate that AG-2/2/6 primarily exhibits diffusion-controlled behavior
with minor capacitive contributions. At a scan rate of 1 mV s%, the pseudo-capacitance
contribution ratio is 50.9%, suggesting a high reversible capacity from capacitive
adsorption. Cyclic voltammetry results (Fig. S3a-c) further reveal that the peak shape
of Peak 4 for the AG-2/2/6 graphite anode is more gradual compared to other ratios,
indicating a more pronounced pseudo-capacitive effect and higher discharge capacity
in the "sloping region"[39], consistent with the EIS results.

The cycling performance of Joule heating reformed CO2-derived carbon with
different compositions was tested (Figure 4(h)), showing that AG-2/2/6, AG-2/4/4, and
AG-2/6/2 materials maintained their capacities without degradation after 300 cycles at
a current density of 1 A g?, highlighting their excellent cycling stability. Besides, it
appears that a higher proportion of CO2-derived carbon carbon leads to better cycling

performance for the artificial graphite, although the differences are not very pronounced.



349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366

This can be primarily attributed to the high degree of graphitization and fewer defects
in AG-2/2/6, AG-2/4/4, and AG-2/6/2. This is attributed to the addition of CO2-derived
carbon, which facilitates Li* diffusion between graphite particles and reduces the
pulverization and detachment of graphite particles during long-term cycling[41,42].
Additionally, the high conductivity of electrolyte carbon and its disordered structure
reduce polarization and improve current uniformity, resulting in no significant
degradation during cycling.

Finally, Figure S4(a) shows the charge-discharge curves at current densities of 0.1
C,0.2C,05C, and 1 C. Figure S4 (b) presents the rate performance of the full cell
(AG-2/2/6 || LFP) , with a specific capacity of 151.6 mAh g' at 0.1 C and 136.5 mAh
g'at0.2 C. Figure S4 (c) illustrates the cycling performance at a current density of 0.5
C, with a capacity retention rate exceeding 88.7% after 120 cycles. This indicates that
AG-2/2/6 still demonstrates considerable potential for applications in full cells.

In summary, the graphite anodes prepared by Joule heating reforming of COz-
derived carbon combined with asphalt and petroleum coke exhibit high specific

capacity, initial Coulombic efficiency, and excellent rate and cycling performance.

3.4 Mechanism of Joule heating reformation for COz-derived carbon
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The primary mechanism of graphitization for soft carbon materials such as
petroleum coke and asphalt during high-temperature thermal reformation involves the
escape of hydrogen atoms at elevated temperatures. Hydrocarbons and aromatic
compounds undergo dehydrogenation and subsequently reorganize into ordered
graphite structures[43]. However, CO2-derived carbon lacks hydrogen elements, and
its Joule heating reformation mechanism remains unclear.

To investigate the mechanism of Joule heating reformation for CO2-derived
carbon, X-ray Photoelectron Spectroscopy (XPS) analysis was conducted on the carbon
before and after Joule heating reformation (Fig. 5a-b, Fig. S5 and Table 3).The results
indicate that the CO2-derived carbon consists of 91.90 at.% carbon (C) and 8.10 at.%
oxygen (O), with O 1s spectra showing 3.53 at.% C-O bonds and 4.57 at.% C=0 bonds,
and C 1s spectra revealing 74.36 at.% C-C bonds, 8.95 at.% C-O bonds, and 8.59 at.%
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COOH groups, indicating a significant presence of oxygen within the carbon structure.
This is likely due to the retention of oxygen elements as C-O-C bonds or other oxygen-
containing functional groups during the reduction of CO3? to carbon at the cathode in
the preparation process[44].

Post Joule heating reformation, the CO2-derived carbon shows an increased carbon
content of 96.58 at.% and a reduced oxygen content of 3.42 at.%. The O 1s spectra now
include 1.45 at.% C-O bonds and 1.97 at.% C=0 bonds, while the C 1s spectra show
91.95 at.% C-C bonds and 4.63 at.% C-O bonds. The substantial reduction in oxygen
content after reformation suggests that C-O-C bonds and surface oxygen-containing
functional groups are disrupted, with oxygen being released as CO and CO2. The
deoxygenated carbon atoms and graphite microcrystals then rearrange into a graphite
structure, driven by the principle of minimal energy under Joule heating[45,46].

AG-2/2/6 exhibits better rate performance, which is primarily due to its highest
proportion of electrolyte carbon, retaining more disordered structures in the artificial
graphite post-Joule heating reformation. From a conductivity perspective, the
disordered structure provides more irregular connections on a microscopic level,
facilitating faster electron conduction and thus improving rate performance[47].
Furthermore, from the viewpoint of ion diffusion, more disordered structures typically
imply more complex porosity and defects, which create shorter diffusion paths for
lithium ions during intercalation and deintercalation[48], enabling faster intercalation

and deintercalation in AG-2/2/6 during high-rate charge-discharge processes.

Table 3 XPS analysis results for CO2-derived carbon before and after Joule heating

reformation
0O 1s Cls
Sample o c C-0/ Cc=0 C-C C-0 COOH
P aoe)  (atw) i - ] ]
C-O-C (at %) (at %) (at %) (at %) (at %)
EC 8.10 91.90 3.53 4.57 74.36 8.95 8.59
EC-2800 3.42 96.58 1.45 1.97 91.95 4.63 /
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4. Conclusions.

In conclusion, this study successfully demonstrated the transformative potential of
molten salt electrolysis for synthesizing high-quality CO2-derived carbon materials,
particularly in the form of graphitized graphite anodes for lithium-ion batteries. By
establishing a 100-ampere-scale electrolysis cell, we efficiently produced significant
quantities of amorphous COz-derived carbon, which were subsequently transformed
into highly graphitized graphite through Joule heating at 2800 °C. The composite
modification with asphalt and petroleum further optimized the material, reducing
surface area and enhancing electrochemical performance. The CO2-derived graphite
anodes exhibited impressive specific capacities ranging from 297.7 to 378.1 mAh g,
coupled with initial Coulombic efficiencies between 72.6% and 80.5%. Notably, these
anodes demonstrated excellent rate capability and stability over 300 charge-discharge
cycles at a current density of 1 A g™!. Finally, we assembled a coin full-cell using AG-
2/2/6 anode and LFP cathode, which demonstrated good cycling performance.
Mechanistic insights from XPS analysis revealed a significant reduction in oxygen
content post-reformation, crucial for promoting the formation of highly graphitized
structures. This research advances the fundamental understanding of CO2-derived
carbon synthesis and highlights its promising applications in sustainable energy
technologies, particularly in lithium-ion battery technology. The developed approach
not only addresses the environmental challenges associated with CO2 emissions but
also contributes to the development of high-performance energy storage solutions

essential for future energy systems.
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