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Abstract: In-situ polymerization is an effective method for integrating co-catalysts homo-
geneously into the polymer matrix. Polyacrylonitrile (PAN)-derived highly graphitized
carbon is a state-of-the-art material with diverse applications, including materials for energy
storage devices, electrocatalysis, sensing, adsorption, and making structural composites of
various technologies. Such highly graphitized materials can be effectively obtained through
in-situ polymerization. The addition of external catalysts during in-situ polymerization not
only enhances the polymerization rate but also facilitates the degree of graphitization and
quality of graphitic carbon upon graphitization at moderate temperatures. In this study,
we apply an in-situ polymerization technique to integrate aluminum triflate (Al(OTf)3) and
zirconocene dichloride (C5H5)2ZrCl2 co-catalyst into a boronated polyacrylonitrile (B-PAN)
matrix. The in-situ polymerization ensures the uniform distribution of the co-catalyst
without aggregation, facilitating the formation of a well-ordered graphitic structure at a
moderated temperature. Boronated polyacrylonitrile (B-PAN) solutions, with and with-
out co-catalyst (Al(OTf)3, (C5H5)2ZrCl2 or both) were prepared through polymerization
process, dried in an oven, and then subjected to graphitization at 1250 ◦C with a heating
rate of 1 ◦C min−1 for 1 h under an N2 atmosphere. The resulting graphitic carbon was
characterized to determine the impact of co-catalyst on the degree of graphitization. This
study provides valuable insights into synthesizing high-quality graphitic carbon materials,
offering promising pathways for their scalable production through the strategic use of in-
situ polymerization and co-catalysis. These materials have potential applications in various
fields, including environmental technologies, energy storage, and conversion, offering a
pathway to design facile and economical graphitic carbon materials.

Keywords: in-situ polymerization; Boronated polyacrylonitrile solution (B-PAN); co-
catalyst; low temperature graphitization; graphitic carbon (GC)

1. Introduction
Carbon has been central to human technological development throughout history, par-

ticularly when the smelting processes revealed that metals could be extracted from ores by
smelting process with charcoal. Today, carbon remains essential in various fields, including
energy storage and environmental sectors, such as batteries, fuel cells, and supercapacitors,
as well as pigment elastomers fillers and separation or purification technologies [1–4].
The significance of carbon materials is highlighted by the classification of graphite as a
critical material due to its crucial role in refractory applications and other technologies [5].
Graphitic carbons are composed of sp2 hybridized carbon atoms organized into multilayers,
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with each layer consisting of a closely packed hexagonal array of carbon atoms [6]. This
arrangement of carbon atoms is highly symmetric and periodic, and it can be quantitatively
analyzed using diffraction techniques like X-ray diffraction (XRD) or electron diffraction,
providing insights into interlayer spacing and crystallinity. Many governments now ac-
knowledge the necessity for future carbon materials to be sustainable, addressing both
environmental concerns and ensuring economic security.

Nanostructured graphitic carbons have garnered growing interest due to their ex-
ceptional properties, including high chemical stability, large accessible surface areas, and
impressive thermal and electronic conductivity [7]. Various methods have been devel-
oped to create complex graphitic nanostructures, including chemical vapor deposition,
arc discharge, and laser ablation, commonly used for synthesizing carbon nanotubes [8,9].
However, many of these techniques are energy-intensive and pose challenges in scala-
bility [10]. For example, direct heating of pristine carbon materials to high temperatures
(2500–3000 ◦C) can increase the degree of graphitization. However, this process consumes
a lot of energy, and the resulting graphitization is drastically decreased due to the carbon
atom rearrangement at such high temperatures. Furthermore, this method is beneficial
for creating porous carbon from non-graphitizing carbon, which is usually very difficult
to convert into a graphitic structure through heating [11–13]. As a result, there has been
a global initiative to discover more cost-effective, scalable, and sustainable approaches
for producing nanostructured graphitic carbons. Catalytic graphitization is a process that
involves the transformation of amorphous carbon to graphitic carbon through heat treat-
ment in the presence of specific metals or minerals [14]. This transformation typically
occurs at low temperatures (<1000 ◦C) compared to traditional graphitization methods,
which convert non-graphitic carbon into graphite carbon, making it cost-effective and
easy to process [15–19]. Among the various synthetic polymers, polyacrylonitrile (PAN)
has been extensively studied because it can be easily processed into desired forms (e.g.,
fibers, films, or gels), facilitating the fabrication of high-quality graphitic materials. PAN
yields a higher proportion of carbon upon pyrolysis or carbonization, enhancing resource
utilization and cost-effectiveness [20]. Its versatility also allows for the easy incorporation
of metal additives or co-catalysts, which can improve the graphitization process [21]. Vari-
ous methods, including in-situ polymerization, impregnation method, mechanical mixing,
co-precipitation, etc., are employed to incorporate metal catalysts or co-catalysts into the
polymer matrix [22–24]. Notably, in-situ polymerization is an innovative technique that
facilitates the simultaneous PAN polymerization and the incorporation of metal salts or co-
catalysts [25,26]. Introducing catalysts, co-catalysts, or additives during the polymerization
process allows uniform integration within the polymer matrix, minimizing agglomeration.
This facilitates graphitization during subsequent thermal treatment, accelerating the con-
version of polymeric materials into graphitic carbon at lower temperatures and enhancing
the quality of the resulting structure [27].

Inspired by the above considerations, we performed in-situ polymerization to integrate
co-catalyst in boronated PAN polymer matric for producing highly graphitized carbon.
Specifically, we incorporated aluminum and zirconium-based co-catalysts (aluminum
triflate and zirconocene dichloride) in boronated-polyacrylonitrile solution (B-PANs) by
in-situ polymerization, resulting in a homogenous mixture solution [28]. The prepared
solutions were dried in an oven and subsequently graphitized in a tube furnace at nitrogen
temperature. The impact of the different co-catalysts on the graphitization of the B-PAN
solution was then thoroughly characterized. This study provides a pathway for uniform
integration of co-catalysts and valuable insights into how co-catalysts influence both poly-
merization and graphitization in B-PAN solutions, elucidating the key factors affecting the
structural and compositional properties of the resulting graphitic carbon. The novelty of
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this work is the integration of co-catalysts (AL and Zr) by in-situ polymerization and the
study of their effect on graphitization.

2. Experimental
2.1. Chemical and Materials

The details of requisite materials and characterizations are described in the Supporting
Information File (ESI).

2.2. In-Situ Polymerization of Boronated-Polyacrylonitrile-Co-Catalyst (B-PANM;
M = Co-Catalyst Containing Al and Zr)

The boronated-PAN polymer solution was prepared by dissolving acrylonitrile
(104.2 g), itaconic acid (0.91 g), 1-dodecanethiol 1.35 g, 2,2′-azobisisobutyronitrile (0.49 g),
and dibutyl vinylboronate (1.24 g) in 350 mL of DMSO in a three-necked glass vessel; this
solution was designated as Solution-A. Polymerization was initiated, and after 30 min,
35 mL of a DMSO solution containing aluminum triflate (Al(OTf)3, 1.5 g) co-catalyst was
added to Solution-A during the polymerization process. The in-situ polymerization con-
tinued for 13 h, and the resulting viscous solution was designated as B-PANAl. Similarly,
another 35 mL of a DMSO solution containing zirconocene dichloride (C5H5)2ZrCl2, 1.5 g)
co-catalyst was added to a separate Solution-A mixture. The in-situ polymerization was also
conducted for 13 h at 64 ◦C, and the resulting viscous solution was designated as B-PANZr.

For comparative analysis, 1.5 g in 35 mL of a DMSO solution containing both Al(OTf)3

and (C5H5)2ZrCl2) in a 1:1 ratio was added to solution-A, and polymerization was carried
out, yielding a polymer solution designated as B-PANAl+Zr. As a control, a pure PAN
polymer solution was prepared by dissolving acrylonitrile, itaconic acid, 1-dodecanethiol,
2,2′-azobisisobutyronitrile, and itaconic acid (without dibutyl vinylboronate) in 350 mL of
DMSO in a three-necked glass vessel for comparative study.

2.3. Graphitization of the Boronated-Polyacrylonitrile-Co-Catalyst (B-PANM-GC; M = Co-Catalyst
Containing Al and Zr)

The obtained viscous polymer solutions (B-PANAl, B-PANZr, and B-PANAl+Zr) were
cast on a plane surface and placed in an oven to form sold materials. The resulting solid
samples were then stabilized at 250 ◦C and subsequently subjected to carbonization in a
tube furnace under N2 atmosphere at 1250 ◦C with a heating rate of 1 ◦C min−1 for 1 h.
The materials obtained after graphitization were designated as B-PANAl-GC, B-PANZr-GC,
and B-PANAl+Zr-GC, corresponding to the respective metal-containing compound used in
the polymerization process.

3. Results and Discussion
Synthesis and Structural Analysis

The Al and Zr containing co-catalyst grafted boronated-PAN polymer solution and
graphitized carbon materials were synthesized, as illustrated in Figure 1, through an in-situ
polymerization and carbonization process. A pure PAN polymer solution was prepared via
standard polymerization without the addition of any chemical reagents and co-catalysts.
The boronated-PAN polymers were synthesized by adding a divinyl boronated compound
during the PAN polymerization for a comparative study of graphitization. Similarly, co-
catalyst grafted boronated-PAN polymers were prepared by adding both divinyl boronated
compound and co-catalyst during PAN polymerization, a process referred to as in-situ
polymerization). Figure S1a–c demonstrates the photographic images of solidified B-
PANAl, solidified B-PANZr, and solidified B-PANAl+Zr polymer before graphitization. The
surface structure and morphology of the synthesized samples were analyzed using FE-SEM.
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Figure S2 shows the Fe-SEM image of PAN before graphitization, highlighting an irregular
structure, and its elemental mapping confirms the presence of key elements, including
carbon C, N, O, and S in polymerized solution. In Figure S3, the FE-SEM of boronated
PAN (B-PAN) before graphitization displays a distinct layered structure, with elemental
mapping indicating the distribution of essential elements such as B, C, N, O, and S. The FE-
SEM images (Figure S4a–c) reveal distinct morphology, while the corresponding elemental
mapping (Figure S4d–d5) provides insights into the material’s compositional uniformity
and elemental distribution of Al, B, C, N, O, and S across the sample before graphitization.
Similarly, the FE-SEM images (Figure S5a–c) reveal distinct morphology, with elemental
mapping (Figure S5d–d5) supporting the well distribution of Zr, B, C, N, O, and S during in-
situ polymerization. Additionally, Figure S6 depicts the FE-SEM of boronated PAN (B-PAN)
along with Al and Zr containing Co-catalyst before graphitization, displaying a distinct
layered structure The elemental mapping indicating the distribution of essential elements
such as Al, Zr, B, C, N, O, and S across the sample, suggesting the effective incorporation
of aluminum and zirconium into the carbon matrix through the in-situ polymerization
process. This uniform integration of Al and Zr atoms catalyzes the graphitization of the
B-PAN, promoting the formation of a well-ordered carbon structure at lower temperatures.
Overall, the results indicate that the in-situ polymerization with Al, and Zr co-catalysts
has effectively facilitated the formation of a high-quality graphitic structure with uniform
elemental composition, which is advantageous for applications in various fields. The
FE-SEM images and elemental mapping of PAN-GC after graphitization (Figure S7) reveal
an irregular structure with essential elements in the carbon matrix. Similarly, The FE-SEM
images of B-PAN-GC (Figure S8) display the distinct morphology after graphitization, and
its elemental mapping confirms the presence of essential elements in the carbon matrix
even after the graphitization process.

 
Figure 1. Schematic representation of the in-situ polymerization and synthesis of PANs-based
graphitic carbon.

The FE-SEM images of aluminum-integrated boronated PAN after carbonization (B-
PANAl-GC) are presented in Figure 2a,b, highlighting significant morphological changes
after carbonization. These alterations are attributed to the interaction between the ho-
mogenously integrated Al metal and B-PAN-based carbon matrix during the carboniza-
tion, which promotes the development of a unique structure. The nanoparticles on
the surface and roughness after graphitization The elemental mapping analysis pre-
sented in Figure 2c–c5 provides a detailed view of elemental composition, confirming
the effective and uniform integration of Al metal within the polymer matrix through
in-situ polymerization.
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Figure 2. Morphological characterizations: (a–c) FE-SEM images of B-PANAl-GC, and (c–c5) its
elemental mapping after graphitization.

Similarly, FE-SEM images of zirconium-integrated boronated PAN after carbonization
(B-PANZr-GC) are presented in Figure 3a,b, revealing significant surface morphological
changes after carbonization. These alterations result from the interaction between the
homogenously integrated Zr metal and B-PAN-based carbon during the carbonization
process, leading to more pronounced morphological changes and increased granulated
structure on graphitized carbon materials. The elemental mapping analysis presented in
Figure 3c–c5 provides detailed insights into integrated elements in synthesized polymer
materials, even the carbonization process of the synthesized materials, confirming that
the Zr metal is effectively and uniformly integrated into the polymer matrix by in-situ
polymerization. Additionally, the FE-SEM images of graphitized carbon materials in which
Al and Zr contain co-catalysts during polymerization on B-PAN are shown in Figure 4a,b.
The irregular surface morphology changed after graphitization due to the simultaneous
interaction of both co-catalysts with B-PAN. The elemental mapping (c, c1, c2, c3, c4, c5,
and c6) reveals the uniform distribution of both co-catalysts into the boronated carbon
matrix during the polymerization, suggesting a positive effect on the graphitization of
B-PANs-based carbon materials. This uniform distribution of metal-containing co-catalysts,
along with the presence of boron, carbon, and nitrogen through in-situ polymerization,
demonstrates the successful synthesis of a well-defined carbonized structure with potential
applications in advanced materials.
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X-ray diffraction (XRD) was employed to analyze the changes in bulk crystallinity
structural order of all prepared materials, such as B-PANAl-GC, B-PANZr-GC, B-PANAl+Zr-
GC, B-PAN-GC as well as pure PANs after carbonization, as presented in Figure 5a. The
XRD patterns of these materials reveal characteristic peaks around ~25◦ and 43◦, which cor-
respond to the (002) and (100) planes of graphitic carbon derived from PAN polymer [29,30].
The intensity of these peaks reflects the crystallinity and structural order within the carbon
matrix [20]. The broad and low-intensity peak of pristine PAN-GC exhibits the lowest
graphitization than other prepared materials. The slight increases in intensity peaks of
B-PAN relative to pristine PAN-GC indicate the positive effect of boron from dibutyl vinyl
boronate. The intense XRD peaks at ~25◦ and 43◦ in the presence of a co-catalyst (such as Al,
Zr- containing compound) display the enhanced degree of graphitization, with sharper and
more intense (002) and (100) peaks, reflecting enhanced structural order due to the catalytic
effects of Al and Zr, respectively. Interestingly, the graphitized carbon containing both
co-catalysts, B-PANAl+Zr-GC, shows improved graphitization compared to B-PANAl-GC
and B-PANZr-GC, suggesting that the combined catalytic effect of Al and Zr enhances the
structural ordering required for graphitization. These findings highlight the role of the
catalytic effect in enhancing graphitization and the complex interactions between dopants
in influencing the structural evolution of PAN-based materials.
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B-PAN-GC, and B-PAN-GC after carbonization for comparative study.

Furthermore, Raman spectroscopy is a crucial technique for studying the structural
and bonding characteristics of carbon-based materials, providing insight into their degree
of graphitization and defect density. The Raman spectrum of carbon-based materials pri-
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marily exhibits three fundamental bands: the D-band (around 1350 cm−1), G-band (around
1580 cm−1), and 2D-band (around 2700 cm−1). The D-band is associated with structural
defects and a disorder band within the carbon lattice, while the carbon G-band arises
from the E2g phonon at the Brillouin zone center and represents the in-plane vibrations of
sp2-hybridized carbon atoms. This band signifies the crystallinity and quality of graphitic
materials. A higher intensity of the D-band indicates more defects [31], whereas a higher in-
tensity of the G-band indicates more graphitic and vice versa. Additionally, the 2D band, or
G’ band, reveals the number and stacking order of graphene layers and helps quantify the
disorder, crystallinity, and structural properties of carbon nanomaterials [32]. The Raman
analysis results and their images are shown in Figure 6 and Figure S9, complement the XRD
and FE-SEM findings by providing further insights into the structural characteristics of the
synthesized graphitized materials: B-PAN, B-PANAl-GC, B-PANZr-GC, and B-PANAl+Zr-
GC. In the Raman spectra, all samples exhibit two main peaks: the D-band (~1350 cm−1),
associated with disordered carbon and structural defects, and the G-band (~1580 cm−1),
which corresponds to sp2-hybridized carbon atoms in graphitic domains. The observed
single and broad 2D-band (~2700 cm−1) is associated with bi-layer or multilayer graphene
and defects in the carbon structure after graphitization. The intensity ratio of the D-band
to the G-band (ID/IG) is a crucial parameter for assessing the defect density and degree
of graphitic ordering in carbon materials. Higher ID/IG ratios indicate more disorder or
defects, while lower ratios signify improved ordering. The pure B-PAN sample shows
an ID/IG ratio of 0.943 in this study, suggesting a higher defect density and relatively
lower graphitic order. In contrast, samples containing Al and/or Zr as co-catalysts ex-
hibit reduced ID/IG ratios, with B-PANAl-GC, B-PANZr-GC, and B-PANAl+Zr-GC showing
values of 0.903, 0.916, and 0.889, respectively. This reduction in ID/IG values in co-catalyst-
incorporated samples indicates enhanced graphitic ordering and a decrease in defects,
which aligns with the XRD results, which showed an increased degree of crystallinity for
these materials. The lowest ID/IG ratio of 0.889 observed for the B-PANAl+Zr-GC sample
implies a synergistic effect of both Al and Zr co-catalysts, leading to the most ordered
graphitic structure among the samples (Table 1). This result also supports the XRD data,
where the B-PANAl+Zr-GC sample displayed sharper and more distinct peaks, indicating
greater structural order. Additionally, as presented in Table 1, comparatively prepared
materials show a low ID/IG ratio, showing low-temperature graphitization. The presence
of co-catalysts likely facilitates graphitization by promoting the rearrangement of carbon
atoms into more ordered graphitic layers, which both the XRD and Raman analyses confirm.
Overall, the Raman analysis supports the XRD findings by showing that the incorporation
of Al and Zr co-catalysts in the carbon matrix reduces defect density and enhances the
ordering of the graphitic structure. This improvement in structural quality is beneficial
for applications requiring high conductivity and mechanical stability, as it implies a more
robust and ordered carbon framework.

Table 1. Raman Spectroscopy Analysis of all graphitized Materials: D-band and G-band Peak
Positions and ID/IG Ratios.

Samples Peak Position
(D-Band) (cm−1)

Peak Position
(G-Band) (cm−1) ID/IG Ratio

Pure PAN-GC 1355.46 1578.14 0.999
B-PAN-GC 41356.56 1575.87 0.943
B-PANAl-GC 1353.15 1575.98 0.903
B-PANZr-GC 1353.19 1577.90 0.915
B-PANAl+Zr-GC 1356.67 1575.98 0.889
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Figure 6. XPS analysis of B-PAN Al+Zr-GC, (a) low-resolution XPS spectra, (b) high-resolution XPS
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(e) high-resolution XPS spectra of Al 2p, (f) high-resolution XPS spectra of Zr 3d.

A survey scan XPS spectrum of B-PAN Al+Zr-GC on the Pt plate in the range of binding
energies 0–~1000 eV is shown in Figure 6a, confirms the well integration of B, C, N, Al,
Zr, and O in a carbon matrix by in-situ polymerization. High-resolution XPS spectra of
C 1s (Figure 6b) for the B-PAN Al+Zr-GC show four major components including C–B
(282.3–282.8 eV), C–C (~284.6 eV), C=N/C≡N (286.2–286.5 eV), and C=O/O=C–O or other
oxides (288.2–288.7 eV) [33]. The dominant peak at ~284.8 eV is assigned to C–C bonds,
indicating the presence of graphitic or sp2 carbon structures. Peaks at higher binding
energies suggest C–O, C=O, and C–N/C≡N bonds can stabilize intermediates during
catalytic graphitization, aiding in the formation of graphitic layers. The B 1s spectrum
(Figure 6c) shows three major peaks attributed to B–N, B–C, and B–O bonds [33,34]. The
presence of B–C and B–N bonds suggests that nitrogen and boron are incorporated into
the carbon matrix, providing sites that could facilitate polymer interactions. Nitrogen and
boron doping are known to improve surface reactivity, which can aid in the polymerization
process and enhance the compatibility between the polymer and carbon phases [35]. The
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O 1s spectrum (Figure 6d) shows peaks corresponding to O–H and C=O species [36]. The
O–H peak suggests absorbed moisture or hydroxyl functional groups on the surface, while
the C=O peak indicates oxidized carbon structures. The Al 2p spectrum (Figure 6e) displays
peaks corresponding to Al–O, Al–N, and Al–Al bonds [37,38]. The coexistence of these
states implies partial oxidation of aluminum and potential incorporation in mixed-metal
oxides. Similarly, The Zr 3d spectrum (Figure 6f) reveals peaks for Zr 3d5/2 and Zr 3d3/2,
indicating multiple oxidation states (Zr4+ and Zr2+) and bonding environments, including
Zr–O, Zr–C, and Zr–O–C [39,40]. These peaks suggest that zirconium exists in various
oxidation states and forms both oxides and carbides. The presence of Al–Al and Zr–C/Zr–
O bonds indicates that both metals are present in metallic, carbide, and oxide forms, which
are active states for catalytic graphitization. Aluminum and zirconium are known to lower
the activation energy for graphitization by providing sites that facilitate the reorganization
of carbon atoms into a more ordered graphitic structure [41,42].

Furthermore, 13C NMR spectroscopy on all five samples was performed (Figure 7a–e),
and their tacticity % is calculated and presented in Table 2. To determine the tacticity
percentages, specifically isotactic (mm), atactic (mr), and syndiotactic (rr), we measured
the relative intensities of methine carbon (CH) signals between 26.5 and 28 ppm in the
13C NMR spectra. Peaks near 26.8, 27.4, and 27.8 ppm are assigned to isotactic (mm),
atactic (mr), and syndiotactic (rr) triads, respectively. The results revealed that all samples
primarily exhibited an atactic (mr) configuration. Tacticity of the PAN, B-PAN, and B-
PANAl did not show significant changes. However, the boronated PAN treated with Zr
shows slight changes in the tacticity % of rr, mr, and mm. Furthermore, the tacticity of
B-PANAl+Zr changes with the reduction in the rr%. These findings indicate that the B
and Al individually do not impact PAN tacticity. But boronated PAN treated with Zr or
Al + Zr alters the tacticity % of the PAN polymer. Similarly, TGA curves in Figure 7f show
greater thermal stability and higher weight retention for co-catalyzed B-PAN samples, with
B-PANAl+Zr having the greatest retention (100.2%) due to increased graphitization efficiency.
These findings emphasize the roles of Al and Zr in polymer structural modification and
enhancing the graphitic properties of carbonaceous materials with improved stability.
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Table 2. Tacticity percentage of different samples.

S.N. Sample Name
Tacticity (%)

rr mr mm

1. PAN 29.28 45.82 24.9
2. B-PAN 29.33 45.69 24.98
3. B-PANAl 29.29 45.21 25.5
4. B-PANZr 30.08 43.88 26.04
5. B-PANAl+Zr 28.93 45.77 25.3

4. Conclusions
This work demonstrates a novel and efficient approach to synthesizing highly graphi-

tized carbon materials by incorporating aluminum triflate (Al(OTf)3) and zirconocene
dichloride ((C5H5)2ZrCl2) co-catalysts into a boronated polyacrylonitrile (B-PAN) matrix
via in-situ polymerization. The in-situ polymerization process facilitated the homogeneous
distribution of co-catalysts within the polymer matrix, minimizing agglomeration and
enhancing the graphitization process, leading to the formation of well-ordered graphitic
structures at moderated temperatures (1250 ◦C). Special analysis techniques such as FE-
SEM, XRD, XPS, Raman analysis, NMR, and TGA analysis were used to confirm the
co-catalyst-integration into B-PAN materials by in situ polymerization and to study the sig-
nificant catalytic role of aluminum and zirconium in promoting graphitization. The samples
containing Al and/or Zr as co-catalysts exhibit reduced ID/IG ratios, with B-PANAl-GC,
B-PANZr-GC, and B-PANAl+Zr-GC showing values of 0.903, 0.916, and 0.889, respectively,
which are lower than that of the sample without co-catalyst. The lowest ID/IG ratio of
0.889 observed for the B-PANAl+Zr-GC sample implies a synergistic effect of both Al and
Zr co-catalysts, leading to the most ordered graphitic structure among the samples. The
boronated carbon materials without co-catalysts also show considerable improvement in
graphitization compared to pristine PAN, highlighting the effectiveness of boron, Al, and
Zr in supporting the graphitic structure. This study provides a better understanding of
synthesizing high-quality graphitic carbon materials. It suggests an improved route for
their production using in-situ polymerization for the integration of different co-catalysts.
This technique opens an alternative way to integrate suitable co-catalysts for various
applications and environmental technologies.
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39. Šekularac, G.; Kovač, J.; Milošev, I. Comparison of the Electrochemical Behaviour and Self-sealing of Zirconium Conversion
Coatings Applied on Aluminium Alloys of series 1xxx to 7xxx. J. Electrochem. Soc. 2020, 167, 111506. [CrossRef]

40. Chavez-Esquivel, G.; García-Martínez, J.; De Los Reyes, J.; Suárez-Toriello, V.; Vera-Ramírez, M.; Huerta, L. The influence of
Al2O3 content on Al2O3-ZrO2 composite-textural structural and morphological studies. Mater. Res. Express 2019, 6, 105201.
[CrossRef]

https://doi.org/10.1021/la991080r
https://doi.org/10.1016/j.cej.2023.146582
https://doi.org/10.1038/s41598-022-15085-x
https://doi.org/10.1016/j.rineng.2020.100144
https://doi.org/10.1021/acsami.4c04581
https://www.ncbi.nlm.nih.gov/pubmed/38605517
https://doi.org/10.1016/j.jhazmat.2024.134422
https://doi.org/10.1016/j.seppur.2024.127446
https://doi.org/10.1021/cm0484955
https://doi.org/10.1016/j.carbon.2005.10.035
https://doi.org/10.1016/j.diamond.2018.07.009
https://doi.org/10.1039/C9RA07234A
https://www.ncbi.nlm.nih.gov/pubmed/35540677
https://doi.org/10.1016/j.ceramint.2021.12.148
https://doi.org/10.1016/S0169-4332(97)00727-7
https://doi.org/10.1016/j.colsurfa.2023.132065
https://doi.org/10.1038/s41598-018-23648-0
https://doi.org/10.1021/acsomega.2c03648
https://www.ncbi.nlm.nih.gov/pubmed/35990457
https://doi.org/10.1007/s00710-021-00753-z
https://doi.org/10.1149/1945-7111/aba875
https://doi.org/10.1088/2053-1591/ab352d


Inorganics 2025, 13, 16 14 of 14

41. Zhang, Z.-w.; Zhen, Q.; Zheng, F.; Lu, F.; Nan, C.-w.; Li, R.; Wang, J.-s. High-temperature diffusion behavior of ZrC in C matrix
and its promotion on graphitization. Trans. Nonferrous Met. Soc. China 2016, 26, 2257–2262. [CrossRef]

42. Goldie, S.J.; Coleman, K.S. Graphitization by Metal Particles. ACS Omega 2023, 8, 3278–3285. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S1003-6326(16)64345-5
https://doi.org/10.1021/acsomega.2c06848
https://www.ncbi.nlm.nih.gov/pubmed/36713730

	Introduction 
	Experimental 
	Chemical and Materials 
	In-Situ Polymerization of Boronated-Polyacrylonitrile-Co-Catalyst (B-PANM; M = Co-Catalyst Containing Al and Zr) 
	Graphitization of the Boronated-Polyacrylonitrile-Co-Catalyst (B-PANM-GC; M = Co-Catalyst Containing Al and Zr) 

	Results and Discussion 
	Conclusions 
	References

