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This mini-review provides an in-depth analysis of the formation and post-
processing of nanoporous graphene materials via methane chemical vapor
deposition (CH,-CVD) using nanostructured metal oxide templates, including
Al, Oz, MgO, and SiO,. Initially, the formation of graphene sheets is discussed in
terms of the role of CH,-CVD, the influence of templates, and the underlying
mechanism for tailoring the structures of the graphene-based materials.
Following this, the discussion extends to the post-graphene formation process.
We focus on key steps, including template removal and graphene repair via
zipping reactions at high temperatures. Additionally, we evaluate the conditions
to prevent undesired structural transformations. The correlation between
the structural features and transformations occurring during post-processing
is also examined. The materials fabricated through these methods exhibit
impressive properties of high porosity, minimal edge sites, superior oxidation
resistance, and elasticity, positioning them as promising materials in various
applications.
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1 Graphene-based nanoporous materials

Graphene, an allotrope of carbon, appears as a monolayer consisting of sp hybridized
carbon atoms arranged in a hexagonal lattice configuration. Due to its monolayer structure,
it presents an extraordinarily high theoretical specific surface area of approximately
2,627 m> g'1 (Siqueira and Oliveira, 2017; Nishihara and Kyotani, 2018). The extensive 7-
conjugation that arises from orbital hybridization imparts extraordinary electron mobility
(Morozov et al., 2008), remarkable thermal conductivity (Balandin etal., 2008), robust
chemical stability (Jiang et al., 2007), and outstanding elasticity (Lee et al., 2008) to graphene
materials. These fascinating attributes have captivated researchers across various fields,
exploring its diverse potential applications, such as separators (Dasgupta etal., 2018;
Park et al., 2018), material additives (Pantea et al., 2003; Casanova et al., 2020), catalyst
supports (Yoshii et al., 2020), electrochemical devices (Lu et al., 2020; Atwa et al., 2021),
and heat pumps (Nomura etal., 2019b). Despite its unique properties, the intrinsic
two-dimensional (2D) nature of graphene sheets renders them prone to stacking
interactions, altering their distinctive properties, particularly the reduction in exposed
surface area and electron mobility (Liuetal, 2010; Fanetal, 2016; Itoetal, 2018;
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Sunetal,, 2020). Consequently, the presence of this stacking
structure poses a formidable hurdle for graphene to attain its
theoretical performance, especially in electrochemical devices. The
constrained surface area impedes the full accessibility of active
sites and the diffusion of ions and electrons, thereby undermining
the performance in electrochemical applications. To overcome
the issue, transforming 2D graphene layers into well-organized
and interconnected nanoporous frameworks has emerged as an
effective approach.

The concept of fabricating graphene into a nanoporous
framework has been proposed as a strategy to prevent restacking and
preserve the intrinsic characteristics of graphene. The development
of porosity also enhances the mass transfer efficiency within
the graphene framework (Tangetal, 2019a; Anil Kumar et al.,
2023). Thus, nanoporous graphene-based materials are highly
promising for a range of electrochemical applications, such as
fuel cells (Ohmaetal, 2021), supercapacitors (Nomura et al.,
2019a), lithium-sulfur batteries (Luetal., 2020), and lithium-
oxygen batteries (Yu et al., 2023a; Yu et al., 2023b; Shen et al., 2023).
Considering the importance of distinctive properties for different
applications, it becomes crucial to accurately optimize both the
porosity and surface chemistry of graphene. This optimization is
essential in order to maximize performance in specific applications.
Regarding this, the traditional activation procedure falls short
of delivering precise control of nanostructures. More advanced
methods, such as template-assisted GO assembly (Huang et al.,
2012; Zhang et al., 2014; Rodriguez-Mata et al., 2019) and template
carbonization of impregnated organic substrates (Fan et al., 2012;
Peng et al., 2014), offer better structural controllability. However,
both approaches face challenges in achieving exact control over
the graphene formation process. They often result in graphene
materials that display characteristics such as stacked arrangements,
heteroatomic defects, or amorphous graphene walls (Vix-
Guter] et al., 2002; Ham et al., 2014; Nishihara and Kyotani, 2018).
The first nanoporous material composed of single-layer graphene
frameworks is zeolite-templated carbons (ZTCs) synthesized by
a hard template method in 2000 (Ma et al., 2000; Nishihara et al.,
2009; 2018). Although ZTCs possess an extremely high specific
2 -1

g
uniform pore size of 1.2 nm, their frameworks are defective and

surface area of up to 4,000 m and ordered micropores with a
have a great number of edge sites, making them chemically and
electrochemically not highly durable (Nishihara and Kyotani, 2018).
On the other hand, the chemical vapor deposition (CVD) process
on inorganic substrates or nanoparticles has been unequivocally
proven as the most feasible way for the large-scale production
of graphene-based materials possessing a high crystallinity
and large specific surface area (Shietal, 2015; Shuetal., 2015;
Lin et al., 2018).

2 Graphene formation via the CVD
process

CVD is a highly efficient technique to deposit graphene layers
onto solid surfaces through the heterogeneous decomposition of
carbon precursor gas. Using three-dimensional (3D) substrates as
templates of CVD allows the fabrication of composites comprising
templates coated with defective graphene. These composites can
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be subsequently subjected to template removal processes to
obtain nanoporous graphene-based material. The CVD approach
typically involves four elementary steps: i) introduction of a
gaseous precursor into the template surface; ii) decomposition
of the precursor to form active carbon species; iii) formation
of graphene nuclei from the active carbon species; iv) epitaxial
growth and coalescence of the graphene nuclei (Lin et al., 2018;
Sun et al., 2020). It is vital to understand and eventually control
these stepwise reactions to tailor the final product to meet
the design specifications (Linetal, 2018). To date, extensive
studies have been conducted to unravel the intricate relation
between the distinctive characteristics of the product and the
influential factors that govern the graphene growth mechanism
during CVD. In particular, aspects such as the role of hydrogen
(Vlassiouk et al., 2011), the rate-limiting step (Bhaviripudi etal.,
2010), the decomposition of various precursor gases (Chen et al.,
2017), operating temperature and/or pressure (Hwang et al., 2013).
Moreover, the integration of in situ analyses [such as Raman
spectroscopy (Al-Hazmi etal, 2016; Tsakonasetal., 2021) and
spectroscopic ellipsometry (Losurdo et al., 2011)], combined with
theoretical calculations, has been recently adopted to acquire
explicit insights into the underlying reaction kinetics during CVD
growth (Wangetal, 2022). Most studies consistently converge
on a similar conclusion, emphasizing the catalytic ability of the
template for the initial decomposition reactions of the precursor
gas as a pivotal factor determining the growth mechanism and
quality of the resultant graphene. For instance, the lack of catalytic
activity in templates or the utilization of unsaturated hydrocarbons
with low dissociation energies in CVD often leads to defective
graphene and amorphous carbon formation due to competing
or dominating homogeneous gas-phase reactions (Abdullah et al.,
2017; Lin et al., 2018; Chen et al,, 2019). Notably, metallic templates
such as Cu and Ni have demonstrated remarkable catalytic ability in
promoting graphene growth with excellent crystallinity through the
dissociation of thermally stable precursor gas of CH, (Reina et al.,
2009; Li et al., 2011). However, the growth mechanisms of graphene
on Ni typically lead to the formation of nonuniform multilayer
graphene. This is because the dissociated carbon can continuously
dissolve into the bulk of Ni due to its high solubility at CVD
operating temperatures. Subsequently, the carbon solubility in
Ni decreases at a lower temperature during the cooling step,
supersaturating the carbon concentration and participating in the
undesired graphene formation (Figure 1A) (Edwards and Coleman,
2013). On the other hand, this graphene segregation does not
occur on Cu due to its low solubility for carbon. In addition,
the graphene growth on Cu surface is found to be kinetically fast
while self-limiting in forming bi- and multilayer configurations.
This endows the Cu surface with superior controllability and
uniformity towards the monolayer graphene (Figure 1B) (Li et al.,
2009). Nevertheless, the fabrication of nanoporous graphene-based
materials with regulated nanoporosity via CVD requires the usage of
3D substrates with sufficient thermal stability, which poses intrinsic
challenges for metal species as they are easily sintered at the
reaction temperatures of CVD (Ito et al., 2014; Zhang et al., 2015;
DeArmond et al., 2020). In this regard, the use of metal oxides such
as MgO (Sunahiro et al., 2021), Al,O5 (Nishihara et al., 2016), and
SiO, (Pirabul et al., 2023), which exhibit high thermal resilience,
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FIGURE 1

Schematic illustrations for the reaction mechanisms of CH,-CVD on (A) Ni, (B) Cu, (C) Al,O; or MgO, (D) SiO,, and (E) TMS-SiO, surfaces.

is of interest for controlling the nanoporosity (<20 nm) of the
resulting materials.

Applying 3D metal oxides as templates for CVD has several
advantages, such as precise pore structure control, low cost,
and being free from metal contamination in isolated graphene
frameworks. However, a comprehensive understanding of the
underlying mechanisms in graphene formation on these templates
had not been clearly established, due to the inherent complexity
(Lin etal., 2018). This hindered the optimization of the CVD
process to realize the graphene sheets with high crystallinity and
uniformity. Indeed, it has been widely recognized that the crucial
steps dictating the graphene growth on non-metallic surfaces are
tangling between thermal cracking of precursor gases, interactions
between templates and carbon sources, and formation of nucleation
sites (Sun et al., 2020). Recently, notable progress on the limiting step
in transition metal-free CVD reactions at moderate temperatures
below 1,000°C has been reported through the systematic study
in

of comprehensive situ CVD-thermogravimetric analysis
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(CVD-TG), CVD-gas chromatography (CVD-GC), and DFT
calculations (Sunahiro et al., 2021).

Interestingly, Al,O5; and MgO, while having different catalytic
properties as a solid acid and base, respectively, share a similar
reaction mechanism. The surface of these templates is initially
activated by the reaction between surface oxygen with CH,,
producing CO. This results in the creation of oxygen-vacancy sites
that catalyze CH, dissociation and facilitate graphene nucleation
(Figure 1C) with significantly lower apparent activation energies
(ca. 130 k] mol™!) than on the carbon surface (205-236 kJ mol™")
(Sunahiro et al., 2021). Additionally, the reaction rate for the first
graphene layer is approximately three times faster than that for
subsequent layers, enabling a preferential coating of the Al,O; or
MgO surface with predominantly single-layer graphene walls. SiO,
is another intriguing template, owing to its diverse morphology
and controllable nanostructure. However, its siloxane-based surface
exhibits high inertness towards CH, dissociations (Figure 1D)
(Chen et al., 2019). Therefore, carbon deposition had been possible
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only via non-catalytic thermal decomposition of CH, on SiO,,
leading to the formation of graphene sheets with relatively lower
quality (Chen et al., 2019). Various approaches have been devised
to overcome the problem, including the manipulation of CVD
conditions (Su et al., 2011; Kim et al., 2013) and the implementation
of surface silylation modifications (Hoshikawa et al., 2014). Among
those techniques, trimethylsilyl (TMS) surface modification has
attracted considerable interests, given its promising applicability in
industrialization. During the heating step, TMS groups encountered
thermal decomposition, leading to the formation of polycyclic
aromatic compounds and Si radicals (Figure 1E) (Pirabul et al.,
2023). These Si radicals subsequently function as reactive center
sites that initiate graphene growth with an apparent activation
energy of 130 kJ mol™". This observed value is significantly lower
than the value of 360 kJ mol™! examined on the siloxane-based
surfaces, comparable to the activation energies associated with
the CH, decomposition without a catalyst (370-433 kJ mol™).
The shift from the non-catalytic decomposition of CH, using a
pristine SiO, template to the catalytic decomposition of CH, on
the surface of TMS-SiO, brings favorable reaction kinetics. Using
a thermodynamically stable carbon precursor gas such as CH,
lowers the likelihood of undesired side reactions, thereby facilitating
the formation of graphene structures that are less defective and
more crystalline. The resulting graphene-coated SiO, composite
from CH,-CVD exhibits an electrical conductivity approximately
650 times higher than that of the counterpart material obtained
through C,H,-CVD (Pirabul et al., 2023). These characteristics have
allowed a unique role of the composite in biosensor applications
(Fujii et al., 2023).

3 Post-graphene formation process

The controlled CVD process applied to nanostructured metal
oxides forms the graphene frameworks with designed porosity. The
subsequent template removal allows the isolation of the templated
(TCs). Further, (HT)
(>1,000°C) is effective in removing edge sites via graphene-
zipping reactions (Xia et al., 2023). However, undesired structural

carbons high-temperature annealing

transformations can often occur during these processes depending
on the properties of the TCs (Bi et al, 2015; Shietal., 2015;
Kamiyama et al., 2020). Hence, a comprehensive understanding
of the interplays between carbon features and structural changes
becomes essential to realize nanoporous graphene materials
with precisely designed structures. The conventional method for
removing metal oxides involves a wet-chemical process where
the template is dissolved using acid or base solutions. However,
the nanoporous framework consisting of single- or few-layer
graphene sheets presents inherent flexibility (Nishihara etal.,
2018), rendering it susceptible to structural contraction during
the subsequent drying step due to the influence of capillary force.
Consequently, additional localized contacts between the graphene
walls are formed, reducing the specific surface area of obtained TCs
(Figure 2A). It should be noted that the mobility of graphene sheets
within a well-interconnected nanoporous framework is limited,
thereby the capillary shrinkage-driven stacking is not expected
to be a firm/seamless arrangement but rather denoted as loose
stacking (Figure 2A) (Pirabul et al., 2023). In contrast, multi-layered
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graphene configurations that form during the bottom-up CVD
process are relatively well-arranged and can be denoted as tight
stacking (Figure 2A). A novel method for quantifying the formation
of loosely stacked structures has been established, employing high-
sensitivity vacuum temperature-programmed desorption (TPD)
(Ishii et al., 2014). This sensible measurement allows the precise
extraction of the specific surface area of the basal plane (S, ) from
the total specific surface area determined by the N, adsorption
technique. Sy, is closely related to the arrangement of graphene
layers, providing the evaluation of an average number of total
stacking layers (N.,) and loose stacking layers (Nj,.), according
to the following Eqs 1, 2 (Pirabul et al., 2023).

Ntotal = sgraphene/sbasal (1)
Nloose = total'Ntight (2)
Here, Syphene 1S the geometrical specific surface area of single-

layer graphene (2,627 m* g™!), and Niighe is the average number
of tight stacking layers determined using the amount of deposited
carbon onto the unit weight of templates (W, grayvimetric [8 g1, as
shown in Eq. 3 (Pirabul et al., 2023).

Wc_gravimetric

3)

Ny =
tight
SBET(template) X Wgraphene

SpET(template) A1 Wiraphene are the specific surface area of a
parental template [m* g '] and the areal weight of a single graphene
layer (7.164 x 10™* g m™2), respectively.

It was revealed that the prevalence of loose stacking becomes
more pronounced with the enlargement of pore size inherited
from its parental template size (referring to the average diameter
for spherical templates and the thickness for the plate template),
as shown in Figure 2B (Pirabul et al., 2023). This observation can
be described as the poor mechanical strength of large pores
made of single-layer graphene. Furthermore, the morphology of
the pores inherited from a template also impacts the degree of
shrinkage. Specifically, slit-shaped pores show a higher tendency
for contraction than spherical-shaped pores. A higher prevalence of
loosely stacked structures is associated with increased contraction.
This can lead to deviations from the intended porosity. Capillary
shrinkage can be effectively suppressed by achieving tight stacking
during the CVD process. This structure can improve the mechanical
strength of the resulting nanoporous graphene. Hence, optimizing
the CVD conditions to control the average number of tightly
stacked graphene layers is a pivotal strategy to retain the replicated
porosity upon the subsequent removal of the template. Additionally,
the shrinkage can be alleviated by replacing residual water from
chemical etching with a solvent that has lower surface tension,
such as acetone, to mitigate capillary forces during drying. This
strategy enhances the production of TCs with varied structures,
boasting mean pore sizes between 5 and 70 nm (Nishihara et al.,
2016; Sunahiro et al., 2021; Pirabul et al., 2023). These mesoporous
graphene materials have an expansive specific surface area, reaching
up to 2,277 m?g’', nearing the geometrical surface areas of
single-layer graphene (Nishihara et al., 2016; Sunahiro et al., 2021;
Pirabul et al., 2023).

TCs, synthesized via CVD, normally demonstrate a distinctive
evolution of gases (H,, H,O, CO, and CO,) under high-temperature
conditions, attributing to the H-terminated edge sites and oxygen
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higher than 1.0. (C, D) The relationship of the SRD with (C) N, and (D) the inner space size. (E) Total gas evolution against the specific surface area
for A_TCs, CBs (VC, BP, KB, and DB), and ACs (YP-50F; and MSC30). The CBs include VC (VULCAN XC72) from Cabot Co., DB (Denka acetylene black)
from Denka Co., Ltd., KB (Ketjenblack EC300J) from Lion Specialty Chemicals Co., Ltd., and BP (BLACK PEARLS 2000) from Cabot Co. The ACs include
YP-50F from Kuraray Chemical Co., Ltd. and MSC30 from Kansai Coke and Chemicals Co., Ltd. Reproduced from Pirabul et al. (2023), Copyright
(2023), with permission from The Chemical Society of Japan. The data of TCs shown in (E) was taken from Sunahiro et al. (2021).

functional groups (Ishii et al., 2014). To date, TCs are often subjected
to HT annealing to eliminate heteroatomic defects and merge
graphene boundaries concurrently (Banhart et al., 2011; Yang et al.,
2018). This refinement bestows the annealed TCs with improved
durability and electron mobility, which are valuable for chemical
or electrochemical applications. However, the structure of the
graphene framework may be distorted at high temperatures,
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adversely affecting the porosity and overall performance. Recently,
we introduced a new parameter, the structural retention degree
(SRD), which is a quantitative measure for structural change
during HT annealing at 1800°C. This parameter is defined by Eq. 4
(Pirabul et al., 2023).

SRD [%] = Sbasal(HTfannea.led) X loo/sbasal (4)
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Here, Spasal(HT annealed) @0d Spasa are the basal plane specific
surface areas of the annealed TC and the pristine TC, respectively.
It is found that loosely stacked graphene configurations are
responsible for the structural alterations upon HT annealing
(Figure 2C) (Pirabul et al., 2023). This phenomenon leads to the
elongation of the stacked carbonaceous structures, consequently
leading to a decrease in the specific surface area associated with
the basal plane. The extension of the stacking configuration aligns
well with the crystallographic changes observed through X-ray
diffraction and Raman spectroscopy measurements (Pirabul et al.,
2023). Furthermore, the high curvature surface of graphene
sheets, characterized by small inner space sizes (referring to the
inter m-electron cloud diameter for Cy, and the pore sizes for
SWCNTs and TCs), represents another structure vulnerable to
thermally induced alternations. In essence, this surface tends to
accumulate diminished strain energy, leading to the breaking
of C-C bonds and prompting structural transformations upon
HT annealing. Recent research has revealed that the critical
threshold for inner space sizes, particularly in the 4-7 nm
range, correlates with compromised thermal stability (Figure 2D)
(Pirabul et al., 2023).

4 Resultant graphene materials

The
advancements in understanding the mechanisms behind graphene
formation via CH,-CVD using metal oxides (Al,O;, MgO,
and SiO,) as templates. It also sheds light on the structural

aforementioned  review  underscores  significant

transformations that take place during the post-graphene formation.
These findings offer critical insights into the engineering of
nanoporous graphene-based materials, especially focusing on
the control of their porosity and surface chemical properties.
Controlling carbon edge sites, which are recognized as initiators
of corrosion reactions, is crucial for electrochemical device
applications (Tang etal.,, 2019b). Concurrently, it is essential to
optimize the porosity of nanoporous graphene materials. A valuable
approach to quantifying the carbon edge sites in these carbon
materials involves analyzing the comprehensive gas emission,
including H,, H,O, CO, and CO,, at 1800°C. This analysis can
be conducted using a high-sensitivity vacuum TPD technique,
offering insights into the microstructural properties of the templated
carbons (Ishiietal., 2014). Conventional nanoporous carbons,
including activated carbons (ACs) and carbon blacks (CBs), show
a positive correlation between specific surface area and the number
of carbon edge sites, as illustrated in Figure 2E. For instance, YP-
50F, a commonly used AC in commercial electric double-layer
capacitors, possesses a large specific surface area of 1,700 m* g™!
with a massive total gas evolution of 3.4 mmol g™!. Thus, it has been
challenging to achieve a high specific surface area and a minimal
number of carbon edge sites (a small amount of total gas emission
in TPD). By sharp contrast, the TCs subjected to post-annealing
treatment at 1,800°C (denoted A_TCs) exhibit a negligible amount
of edge sites (with gas evolution ranging from 0.09 to 0.27 pmol g™*)
along with a satisfied specific surface area (up to 1,946 m* g™!)
and varying pore sizes inherited from their parent templates
(Figure 2E). As a result, A_TCs reveal a higher oxidation resistance
than YP-50F despite variations in their porosity characteristics
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(Pirabul et al., 2023). The concomitant realization of developed
porosity and superior durability enables A_TCs to serve in various
electrochemical devices, such as fuel cells, supercapacitors, and
rechargeable batteries.

5 Conclusion and future perspective

The mechanisms driving the graphene formation process
via CH,-CVD on various 3D non-metallic templates have been
illustrated in this mini-review. The achievement signifies a notable
advancement in crafting uniformly coated 3D templates that consist
of graphene sheets with high crystallinity. These composites are
versatile platforms that can be applied effortlessly or further
extracted into high-quality nanoporous graphene materials. The
correlation between structural features and their transformations
during template removal and HT annealing processes has
also been revealed. These have paved the way for developing
novel methodologies to prepare nanoporous graphene materials
with minimally stacked graphene walls, designed mesoporosity,
excellent crystallinity, and high oxidation resistance. The unique
characteristics exhibited by these materials render them up-
and-coming materials in a wide range of applications such as
material additives, catalyst supports, and electrochemical devices.
Furthermore, the insights gained from these studies provide a
solid foundation for further explorations. For instance, a promising
opportunity exists to delve into the unique characteristics exhibited
by the recently classified structure referred to as loose stacking.
Additionally, there is a prospect to enhance the accessibility of
hierarchical structures within the graphene framework. Such
explorations could lead to the discovery of even more versatile
and advanced graphene-based materials with tailored properties for
specific applications.
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