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As one of the most prevalent functional materials, carbon materials exhibit a broad range of applications
owing to their inherent physicochemical properties. The primary strengths of these materials originate from
their superior electronic conductivity and chemical stability [1-3]. The design of mesoporous structures with
high interconnectivity can confer exceptional mass transport capabilities and ionic conductivity, thereby
further broadening their application potentials [4]. Current research on mesoporous carbon mainly focuses on
the construction of unique nanostructures and the augmentation of specific surface area and connectivity,
while fewer investigations delve into the control of carbon atom arrangement at smaller scales, specifically
graphitization.

A major barrier is associated with the unbearably high temperature required for maintaining the mesos-
tructure. Conventional mesoporous carbon materials are synthesized via the pyrolysis of organic polymers,
typically displaying an amorphous atomic arrangement and exhibiting a low degree of graphitization, which
are termed as hard carbon. Compared to hard carbon, graphitized carbon exhibits higher specific surface area,
electrical conductivity, and thermal conductivity within the same nanostructure. However, in the industrial
system, graphitization typically requires continuous heating at high temperatures ranging from 2000 to
3000 °C to activate and rearrange carbon atoms under an inert atmosphere [5]. Even after the design of
nanostructures under laboratory conditions, a graphitization temperature of 1600 °C is still required [6].
From the viewpoint of mesoporous materials, it is undeniable that a high graphitization temperature can
induce the collapse of mesostructure and reduction in porosity [7], making the synthesis of mesoporous
graphitized carbon (MGC) a formidable challenge (Figure 1).

In comparison to the synthesis of amorphous mesoporous carbon, the synthetic process of MGC essentially
encompasses merely an additional graphitization step. Current progress indicates that this step can be
accomplished via two distinct pathways. One approach involves instantaneous heating, wherein a substantial
quantity of thermal energy is rapidly supplied to the amorphous carbon system within an extremely brief
time, which is termed thermal graphitization. The other pathway through the carbothermic and carbonization
reactions occurred between metal precursors and carbon atoms at approximately 1000 °C. During this
reaction process, the metal precursor plays the role of a catalyst, denoted as catalytic graphitization.
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Figure 1 Scheme of the incompatibility between the high-temperature catalytic graphitization and thermally unstable mesostructure.

Thermal graphitization is a process that exhibits a strong dependence on heating technology, demanding
the swift release of a substantial amount of heat energy within an extremely brief time. Joule heating emerges
as the most appropriate technique to meet this requirement. In 2020, a flash Joule heating (FJH) technique
was reported, which entails a rapid application of high voltage to the conductive system, inducing the
generation of considerable heat [8]. Consequently, the temperature is elevated to over 3000 K within mil-
liseconds to seconds, thereby promoting the atomic rearrangement of carbon materials to form graphene.
This technology has gradually matured in recent years, with further expansion upon the basic heating
graphitization by constructing specific nanostructures [9] or doping with synergistic elements [10]. More-
over, employing reactive metals can also facilitate rapid exothermic heating. For example, utilizing metallic
lithium as the exothermic agent and blending it with organic polymer precursors, followed by gentle heating
to 200 °C to melt the lithium, the molten lithium undergoes a lithium-thermal reaction within the system to
swiftly release a substantial amount of heat, causing the system to rapidly heat up to over 3000 K within
milliseconds for ultimately obtaining highly graphitized carbon materials [11]. Overall, thermal graphiti-
zation offers the advantages of straightforward operation and high production yield; however, it also presents
notable drawbacks, including high requirements for equipment and environmental conditions, as well as
severe structural deformation incapable of maintaining specific nanostructures.

Alternatively, catalytic graphitization can be achieved through a chemical reaction between carbon and
metal precursors at approximately 1000 °C. This approach demands relatively low energy and avoids the
need for aggressive temperature-ramping strategies, thereby exhibiting minimal equipment dependency.
Consequently, it has garnered significant research attention. The earliest research in the mesoporous field was
reported in 2009, wherein the authors emulated the reversed template replication pathway of CMK-3 [12].
Graphitized mesoporous carbon was synthesized by heating the hard template and nickel phthalocyanine
complex, followed by acid washing to remove the hard template. It was observed that the complexes of three
magnetic transition metals, iron, cobalt, and nickel could all undergo pyrolysis to synthesize graphitized
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carbon. Subsequently, Jiao et al. [13] further developed this approach by utilizing magnetically induced
assembly of Fe;O, particles to serve as hard templates, onto which oleic acid was modified as a precursor.
Following the carbonization of oleic acid at 1000 °C, the iron template was etched away using hydrochloric
acid, resulting in the formation of graphitized mesoporous carbon. As pioneers of the hard template method,
Ryong Ryoo and colleagues employed this method to reverse replicate various types of zeolites by placing
lanthanum ions into zeolite pores through ion exchange, then introducing ethylene to deposit carbon, and
finally removing the zeolite template to obtain the replicated carbon zeolite [14]. The resulting carbon zeolite
product displays a G peak with an intensity comparable to that of graphite, which might be associated with
the fact that lanthanum ions, which promote graphitization, reside in carbide-forming elements. Moreover, by
further employing molybdenum, a classic carbide-forming element, as the catalyst and KIT-6 as the template,
ordered mesoporous graphitized carbon can be synthesized at a lower temperature of 800 °C [15].

Based on the above progress, a detailed catalytic graphitization process is presented in this perspective. As
the temperature rises during annealing, the initial step is the pyrolysis of metal precursors, resulting in the
formation of metal oxides. Subsequently, the organic precursors undergo carbonization upon being heated to
a specific temperature, generating amorphous carbon. A further increase in temperature activates car-

bothermic and carbide reactions, which can be depicted as follows:

MO, +x C— M+xCO(g)
M+y C— MC,

where M represents the carbide-forming element. The carbide reaction results in interstitial carbides, wherein
carbon atoms exist in interstitial positions in the metal lattice. Besides, carbon is the excessive component;
thus, the amorphous carbon remains in the system after carbide reaction. As amorphous carbon atoms
undergo free diffusion into the carbide lattice at a high temperature, the carbide lattice continuously sustains a
supersaturated state, which subsequently precipitates. This process is similar to the growth of supersaturated
crystals, despite the fact that the ultimate precipitates are crystallized carbon atoms at a high degree of
graphitization. However, the removal of active metal sites for solid-state reaction is difficult and inevitably
causes pore damage due to atomic reconstruction.

Although there is no elaboration on the types of carbides, it is apparent that the interstitial diffusion
capacity of carbon atoms during the catalytic process is crucial for achieving graphitization. Catalytic
graphitization can only be attained when interstitial carbides are generated, which means the employed
catalyst must contain transition metals. In contrast, ionic carbides derived from elements like Li, Na, Ca, or
covalent carbides from B, Si, exhibit limited capabilities in catalyzing graphitization under 1000 °C. Ele-
vating the reaction temperature to 3000 °C enables good graphitization capability through another me-
chanism [16]. The mainstream for catalytic graphitization primarily employs iron-based catalysts [17], rather
than more stable carbide-forming elements (W, Mo). This is related to the thermal stability of the formed
carbides. Molybdenum carbide is thermally stable and merely serves as a catalytic intermediate that needs to
be removed after calcination, whereas iron carbide represents an unstable carbide at high temperature and
tends to decompose into metallic iron and graphite. This process is specifically termed “graphitization” in
metallurgy [18], while it is a feasible tool in the synthesis of highly graphitized carbon frameworks.

It is foreseen that the future advancements in MGC will primarily focus on the flourishing of versatile
properties, architecture and pore engineering, which could show great potential in electrochemical devices
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owing to both rapid mass and ion transport, as well as catalysis systems as exceptionally high-surface-area
metal supports with no agglomeration. Currently, the inherent conflict lies in the contradiction between
graphitization temperature and the stability of mesoporous structures. Thermally graphitized products
generally exhibit an absence of a defined nanostructure, with mesopores primarily being stacked pores.
Catalytic graphitization highly relies on the corresponding hard templates, yielding pores that are neither
controllable nor reproducible. So far, there has been quite limited success for the synthesis via the soft-
templating method [19]. Current research also lacks a comprehensive understanding of the sophisticated
assembly mechanisms at integrated multiscale systems involving atomic graphitization and mesoscale as-
sembly. These limitations in fundamental synthesis severely impede the profound technological possibilities.
Decoupling molecular interactions from the nano-environment, which involves delimiting catalytic reaction
zones or recruiting hard-templated porosity to ensure multiple equilibria, would provide possibilities to
mitigate the shortcomings of existing methodologies. With more ongoing explorations devoted to the future,
it is envisaged that a variety of mesoporous graphitized carbon materials with diverse structures at multiple
scales will be prevalent and valuable for cutting-edge applications in the next generation.
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