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Silicon Radical-Induced CH4 Dissociation for Uniform
Graphene Coating on Silica Surface

Kritin Pirabul, Qi Zhao, Zheng-Ze Pan,* Hongyu Liu, Mutsuhiro Itoh, Kenichi Izawa,
Makoto Kawai, Rachel Crespo-Otero, Devis Di Tommaso,* and Hirotomo Nishihara*

Due to the manufacturability of highly well-defined structures and wide-range
versatility in its microstructure, SiO2 is an attractive template for synthesizing
graphene frameworks with the desired pore structure. However, its intrinsic
inertness constrains the graphene formation via methane chemical vapor
deposition. This work overcomes this challenge by successfully achieving
uniform graphene coating on a trimethylsilyl-modified SiO2 (denote
TMS-MPS). Remarkably, the onset temperature for graphene growth dropped
to 720 °C for the TMS-MPS, as compared to the 885 °C of the pristine SiO2.
This is found to be mainly from the Si radicals formed from the
decomposition of the surface TMS groups. Both experimental and
computational results suggest a strong catalytic effect of the Si radicals on the
CH4 dissociation. The surface engineering of SiO2 templates facilitates the
synthesis of high-quality graphene sheets. As a result, the graphene-coated
SiO2 composite exhibits a high electrical conductivity of 0.25 S cm−1.
Moreover, the removal of the TMP-MPS template has released a graphene
framework that replicates the parental TMS-MPS template on both micro- and
nano- scales. This study provides tremendous insights into graphene growth
chemistries as well as establishes a promising methodology for synthesizing
graphene-based materials with pre-designed microstructures and porosity.

1. Introduction

Graphene-based frameworks have garnered significant attention
over the past decade due to their unique electrical, thermal, me-
chanical, and optical properties.[1] When these frameworks are
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integrated with a porous structure, they ex-
hibit highly developed porosity and become
suitable for a wide range of practical applica-
tions, e.g., in fuel cells,[2] supercapacitors,[3]

lithium–sulfur batteries,[4] lithium–oxygen
batteries,[5] co-photocatalysts,[6] cata-
lyst supports,[7] and new types of heat
pumps.[8] So far, porous graphene-based
materials have been synthesized by vari-
ous methods, such as hard templating,[9]

sugar-blowing technique,[10] and graphene
oxide assembly.[11] Among these, hard
templating is promising from the perspec-
tive of structural variety because it can
potentially use various nanostructured
materials as templates.[12] It typically uses
an inorganic material as a scaffold, and the
replicated carbon materials are obtained
after template removal.

Synthesis of graphene-based materials
using hard templating involves carbon de-
position onto the surface of the template.
Transition metals such as Ni and Cu are
popularly used as hard templates. Chemical
vapor deposition (CVD) serves as an effec-
tive measure to create a carbon layer via the

decomposition of a volatile carbon precursor. This approach gen-
erally consists of four continuous steps: i) transportation and
adsorption of precursor molecules on the template; ii) decom-
position/dehydrogenation of precursor molecules to form ac-
tive carbon species; iii) formation of graphene nuclei from the
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active carbon species; and iv) epitaxial growth and coalescence of
the graphene nuclei.[13] Understanding the mechanism of these
four steps is crucial as they determine the quality and unifor-
mity of the resulting graphene material.[13b] It has been demon-
strated that the kinetics of these four steps is greatly influenced
by the catalytic properties of the template.[14] For instance, the
activation of the C─H bonds determines the population of car-
bon active species, influences the growth kinetics, and affects the
crystallinity of the fabricated graphene.[13b,15] Additionally, cat-
alytic activity directly affects the reaction temperature,[16] resi-
dence time of precursor molecules and intermediate species,[17]

and graphene growth rate,[18] ultimately determining the qual-
ity of the resulting graphene. Several studies have successfully
used nano-porous Ni and Cu templates with high catalytic ac-
tivity to fabricate highly crystalline graphene-based materials.[19]

However, very few existing methods allow for control over the
nanoporosity of the resulting material. This is because metal
templates typically have low sintering temperatures, which often
leads to the collapse of the nanostructures at the CVD tempera-
ture.

Alternative templates with better thermal stability include
metal oxides, such as MgO,[20] Al2O3,[21] and CaO.[22] However,
structural versatility of metal oxides is limited from the process-
ing difficulties, thereby offering limited control on the resulting
graphene-based materials. In this regard, SiO2 is of particular in-
terest owing to its diverse nano-structural controllability and bulk
morphology.[23] CVD growth of carbon layers on SiO2 templates
potentially enables the production of graphene-based materials
with a wide range of pre-designed morphologies. Nevertheless,
the fabrication of high-quality graphene sheets on an SiO2 sur-
face via CVD remains challenging due to its low degree of cat-
alytic activity toward hydrocarbon decomposition and the lim-
ited mobility of the carbon active species on the SiO2 surface.
The lack of catalytic activity tends to trigger competing gas-phase
reactions involving a series of thermal decomposition and con-
densation reactions, resulting in the formation of large carbon
species, or clusters.[24] Subsequent adsorption of these carbons
on the solid surface may trigger the nucleation of amorphous car-
bon, which then undergoes lateral growth of soot-like carbon.[25]

Additionally, the mobility limitation of active species induced by
the oxygen-enriched SiO2 surface is another hurdle. In particu-
lar, the cleaved hydrocarbon molecules may strongly interact with
the oxygen sites on the SiO2 surface, increasing nucleation den-
sity, and promoting the formation of grain boundary-rich (defect-
rich) graphene.[26] Several techniques have been developed to
overcome these challenges and realize a uniform graphene coat-
ing on SiO2 templates, including the manipulation of CVD con-
ditions (metal catalyst-introduction,[27] plasma-enhancement,[28]

and CO2 enhancement[29]), and surface silylation modification of
the SiO2 surface.[24] Due to its scalability, the latter method ex-
hibits a remarkable advantage.[24]

Trimethylsilylation has been reported to significantly enhance
pyrolytic carbon deposition on SiO2 during acetylene CVD
(C2H2-CVD) at 600 °C.[24a] However, using such an unsaturated
hydrocarbon with low dissociation energies as the precursor gas
often causes complex reactions in the gas phase, leading to the
formation of carbon coatings with high defect density and low
crystallinity.[30] For example, C2H2 can undergo a homogeneous
pyrolysis reaction, resulting in the formation of long chain hy-

drocarbons (C4H4, C2H4, C2H6, and C6H6),[31] as well as poly-
cyclic aromatic hydrocarbons (PAHs),[32] which can induce the
growth of amorphous carbon, as mentioned before. The occur-
rence of these undesirable homogenous reactions can be avoided
by utilizing a more thermodynamically stable carbon precursor
gas, such as methane (CH4).[13a] Moreover, as the smallest hy-
drocarbon, CH4 molecules exhibit high diffusivity into porous
templates.[33] This can promote the uniform carbon coating onto
small pore walls. Thus, the fabrication of graphene frameworks
with higher quality than the unsaturated hydrocarbon counter-
parts is highly expected.

In this study, we report controlled graphene growth via (CH4-
CVD) using trimethylsilyl functionalized micro-spherical porous
silica (TMS-MPS) as the core material and examine the underly-
ing reaction mechanism. Our results reveal that TMS groups on
the SiO2 surface evolve into silicon (Si) radicals and PAHs during
the heating process of CVD (Scheme 1). The presence of Si radi-
cals enhances carbon deposition significantly and reduces the on-
set temperature for graphene formation from 885 °C on pristine
SiO2 to 720 °C. Density functional theory (DFT) calculations sug-
gest that Si radicals function as active sites for CH4 dissociation,
as well as promoters for further growth of second and third lay-
ers of graphene on the SiO2 surface. This catalyst design utilizing
TMS-MPS favors heterogeneous CH4 decomposition, offering a
more efficient and effective pathway for the synthesis of a high-
quality graphene layer on the SiO2 surface, which imparts the
composite a high electrical conductivity of 0.25 S cm−1. This value
surpasses that of a counterpart sample prepared via C2H2-CVD
by a factor of ≈640 times, demonstrating the great advantage of
the above methodology. Moreover, the isolated graphene frame-
work has intactly replicated the micromorphology of the SiO2
template on both the micro- and nano- levels. Our study furthers
the understanding of graphene growth chemistries on a TMS-
MPS surface and establishes a practically viable way in achieving
nanoporous graphene frameworks with tunable microstructures
and porosity.

2. Results and Discussion

Carbon deposition via CH4-CVD on TMS-MPS (provided by FUJI
SILYSIA CHEMICAL Ltd.) is reported in this section. TMS-MPS
is utilized in the form of spherical particles with an average di-
ameter of 10 μm (Figures S1 and S2, Supporting Information)
and the average nanopore size determined to be 13.8 nm (Figure
S3, Supporting Information). TMS-MPS is prepared by mixing
pristine MPS with trimethylsilyl chloride in toluene and heating
it to 120 °C (Scheme 1). Under this condition, trimethylsilyl chlo-
ride acts as the silane coupling reagent, reacting with the surface
silanol group, (-Sis-OH), as given by the following Equation 1.[34]

(
CH3

)
3
Si − Cl + −Sis − OH →

(
CH3

)
3
Si − O − Sis − +HCl (1)

The functionalization on the MPS surface with TMS groups
was verified via Fourier transform infrared (FTIR) spectroscopy,
as depicted in Figure 1a. The presence of absorbance bands
at ≈800 and 1107 cm−1 in the spectra of MPS and TMS-MPS
is attributed to the bending and asymmetric stretching vibra-
tions of Si─O─Si bonds in the siliceous framework structure,
respectively.[35] The absorbance at 970 cm−1 and the broad peak

Small 2023, 2306325 © 2023 The Authors. Small published by Wiley-VCH GmbH2306325 (2 of 10)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202306325 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [06/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.small-journal.com

Scheme 1. Trimethylsilylation of the MPS template (top) and modification of the surface chemistry during each step of graphene coating process via
CH4-CVD (bottom). The 𝜑 and d denote the diameter and pore size of samples, respectively.

center ≈3435 cm−1 in the MPS spectrum correspond to the vi-
bration of Si─OH bonds and OH stretching, respectively.[35,36]

These characteristic bands of silanol groups are much less in-
tense in the spectrum of TMS-MPS, as O─H bonds are ruptured
due to the nucleophilic substitution reaction, as given by Equa-
tion 1. The presence of TMS groups on the TMS-MPS surface
is corroborated by the occurrence of peaks assigned to the rock-
ing vibration of Si(CH3)3 at 760 cm−1, the vibration of Si─CH3 at
846 cm−1, and the asymmetric C─H stretching at 2964 cm−1.[37]

The above results indicate the successful functionalization of
the MPS surface with TMS groups, which is also supported by
nuclear magnetic resonance (NMR) and Raman spectroscopy
(Figure S4, Supporting Information). The TMS density in TMS-
MPS is determined to be ≈2.05 pcs nm−2 using elemental analy-
sis (Table S1, Supporting Information).

In this study, CVD is carried out at a temperature of 900 °C
(Scheme 1). Before introducing CH4 to trigger the carbon growth
via CVD, TMS-MPS is stabilized at 900 °C for 30 min (denoted
TMS-MPS_HT). The in situ weight change and gas evolution dur-
ing the heating of the pristine MPS and TMS-MPS are observed
using thermogravimetry (TG) coupled with mass spectroscopy
(MS). The TG profile of MPS in Figure S5 (Supporting Infor-
mation) exhibits weight loss upon heating due to H2O desorp-
tion (m/z = 18), corresponding to physically bound H2O and
dehydration reactions between silanol groups (>200 °C) accord-
ing to Equation 2.[38] In contrast, TMS-MPS shows little weight
change from water loss upon heating (Figure 1b), which is in
agreement with the FTIR results. In addition, the detected sig-
nal of m/z = 75 at temperatures exceeding 300 °C can be as-
cribed to a typical fragment of hydroxylated TMS, i.e., (CH3)2
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Figure 1. Changes in surface chemistry of SiO2 materials used in this study. a) FTIR spectra of MPS, TMS-MPS, and TMS-MPS annealed at 900 °C for
30 min (TMS-MPS_HT). The inset shows the enlarged spectra ranging from 2900 to 3020 cm−1. b) Gas evolution pattern and weight change during
heating of TMS-MPS evaluated by TG-MS. c) MALDI-TOF-MS spectrum of carbonaceous species in TMS_MPS_HT. The m/z values of the three peaks
(689, 898, and 1132) are indicated, together with the number of benzene rings in the corresponding polyaromatic compounds. d) The ESR spectra of
TMS-MPS and its derivatives.

Si-OH+), as TMS groups on TMS-MPS can react with desorbed
H2O (Equation 3) or remaining hydroxyl groups (Equation 4).[39]

Further, the detection of a signal of m/z = 16 (corresponding to
CH4

+ ions) after heating TMS-MPS to 400 °C suggests that TMS
groups have undergone thermal demethylation. This is further
confirmed from the later shown electron spin resonance (ESR)
results. The detached methyl groups were likely to exist initially
in a radical state, stabilized by hydrogen abstraction during trans-
fer to a mass spectrometer.[24a] The signal of m/z = 16 disap-
pears when the temperature reaches 900 °C, indicating the com-
pletion of demethylation. This result is in accordance with the
FTIR spectrum of TMS-MPS heated at 900 °C for 30 min (TMS-
MPS_HT), where the absorbance band at 2964 cm−1 that repre-
sents the C─H stretching is no longer visible (Figure 1a).

−Si − OH + −Si − OH → −Si − O − Si − +H2O (2)

(
CH3

)
3
Si − O − Si − +H − OH →

(
CH3

)
3
Si − O − H

+ − Si − OH (3)

(
CH3

)
3
Si − O − Si − + − Si − OH →

(
CH3

)
3
Si − O − H

+ − Si − O − Si− (4)

The evolution of these gases during the heating of TMS-MPS
contributes to a weight loss of 1.29 wt.% (Figure 1b). This value is
in line with the elemental analysis results, where TMS-MPS and
TMS-MPS_HT exhibit carbon contents of 1.88 % and 0.57 wt.%,
respectively (Table S1, Supporting Information). The remain-
ing carbonaceous species in the TMS-MPS_HT are analyzed by
matrix-assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOF-MS), revealing peaks in the m/z val-
ues near 689, 898, and 1132 (Figure 1c). These compounds are
likely PAHs, considering their thermodynamic stability at the
given temperature,[40] and the absence of peaks corresponding
to C─H bonding in the FTIR spectra (Figure 1a). In addition,
the Raman spectrum of TMS-MPS_HT exhibits broad and in-
tense fluorescence bands (Figure S6, Supporting Information),
indicating the existence of PAHs.[41] Figure 1d includes the ESR
spectrum of TMS-MPS_HT with showing triplet resonance with
two pairs of satellites and a g value of 2.0006, suggesting the
presence of Si radicals on TMS-MPS_HT.[42] Since the pristine
TMS-MPS presents no unpaired electrons from the ESR spec-
trum (Figure 1d), the Si radicals should have been formed from
the splitting of methyl groups off the surface TMS groups. More-
over, the intensity of the resonance peaks in TMS-MPS_HT after
exposure to air for 3 weeks (denoted TMS-MPS_HT’) is signif-
icantly reduced because of the annihilation of Si radicals. Over-
all, the heating of TMS-MPS involves complicated detachment,
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Figure 2. Carbon deposition behavior during CH4-CVD. a) Optical images of the samples derived from MPS and TMS-MPS. b) Amounts of carbon
deposited on templates after CH4-CVD at 900 °C for 140 min evaluated using TG analysis in air. c) The weight change of MPS and TMS-MPS monitored
via in situ CVD-TG as the temperature is gradually increased in the presence of in-flowing CH4. d) The dependence of Ea_app on Nstacking. e, f) The gas
evolution patterns during CH4-CVD using e) MPS and f) TMS-MPS as a template measured via in situ CVD-GC.

decomposition, and carbonization reactions, which lead to the
formation of Si radicals and PAHs (Scheme 1). Notably, the scan-
ning electron microscopy and atomic force microscopy of TMS-
MPS and TMS-MPS_HT do not reveal visible differences in the
microscopic and surface morphologies (Figures S1 and S7, Sup-
porting Information). This suggests that PAHs are thin films that
are tightly attached onto the SiO2 surface, which also accords
well with the comparable nanopore size of TMS-MPS and TMS-
MPS_HT (Figure S3, Supporting Information).

The formation of PAHs is consistent with the color change
from white (TMS-MPS) to brown (TMS-MPS_HT). In contrast,
MPS remains white after the annealing step, as shown in
Figure 2a. To gain a better understanding of the influence of
Si radicals and PAHs, CH4-CVD is performed using three dif-
ferent templates: MPS (bare SiO2), TMS-MPS (with evolved Si
radicals and PAHs), and TMS-MPS_HT’ (with evolved PAHs).
As shown in Figure 2b, the carbon loading amount for MPS,
TMS-MPS, and TMS-MPS_HT’ after CH4-CVD at 900 °C for
140 min are 2.62, 11.14, and 5.01 wt.%, respectively. Remark-
ably, the carbon deposition amount on the TMS-MPS is five times
that corresponding to MPS, indicating significantly increased cat-
alytic effect enhancement induced by Si radicals. The Si radical
amount, which is positively correlated to the TMS group density,
was found to show a positive correlation to the carbon deposi-
tion amount (Figure S8, Supporting Information). Since TMS-
MPS_HT’ contains significantly fewer Si radicals compared to
TMS-MPS_HT (Figure 1d), the carbon loading amount is corre-
spondingly lower. Nevertheless, TMS-MPS_HT’ show a carbon
deposition amount of nearly two times higher than that of the

MPS (Figure 2b), suggesting that PAHs also enhance the carbon
deposition process. Indeed, edge sites of PAHs are known to act
as nucleation sites and facilitate epitaxial growth during the sub-
sequent carbonization process.[14,26,43]

Figure 2c shows the results of the in situ TG measurement
during CVD (CVD-TG), where the onset temperature for car-
bon deposition is found to be 885 °C for MPS. By contrast,
the onset temperature for TMS-MPS is significantly lower as
ca. 720 °C. This can be ascribed to the enhancement coming
from the thermally developed Si radicals and PAHs. The car-
bon deposition rate on as-prepared templates was further eval-
uated by monitoring the weight change during CVD, with the
temperature maintained constant (Figure S9a, Supporting Infor-
mation). As a result, TMS-MPS exhibited an average carbon de-
position rate of 3.48 × 10−3 gcarbon gtemplate

−1 min−1 during the
first 10 min of CH4-CVD reaction, which is significantly higher
than the 1.10 × 10−4 gcarbon gtemplate

−1 min−1 observed on pristine
MPS (Figure S9b, Supporting Information). For a more straight-
forward understanding on the intrinsic differences, the apparent
activation energy of carbon deposition reactions (denoted Ea_app)
is calculated according to the Arrhenius relationship (Detailed
calculation is provided in Figure S10, Supporting Information).
The Ea_app essentially reflects the activation energy of the CH4 de-
composition reactions.[24a,44]

Figure 2d depicts the evolution of the Ea_app value as the
average number of graphene layers stacked onto the template
(Nstacking) is gradually increased. In the case of MPS, the initial
value of Ea_app (360 kJ mol−1) is comparable to that of CH4 decom-
position without a catalyst (370–433 kJ mol−1),[45] highlighting
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the inert nature of the SiO2 surface with respect to superficial
siloxane groups. Following the generation of graphene nuclei,
the carbon deposition rate increases due to the potential C─C
coupling reactions around the edges (Figure S10, Supporting In-
formation), which in turn reduces Ea_app. Thus, Ea_app tends to
decrease as carbon is deposited, becoming comparable to car-
bon growth on carbon blacks (205–236 kJ mol−1)[46] once the en-
tire MPS surface is covered. On the other hand, the initial Ea_app
for TMS-MPS is 130 kJ mol−1, which is significantly lower than
that of MPS and carbon blacks. While PAHs triggers epitaxial
graphene growth that resembles carbon blacks, the notably low
initial Ea_app value undercores the predominant role of Si radi-
cals in catalyzing the CH4 dissociation reactions. This influence
of Si radicals significantly overshadows the effects of PAHs. As
the graphene growth further proceeds, the Ea_app value gradually
increases, which is ascribed to the gradual poisoning effect as
more graphene domains are formed.[47] Interestingly, Ea_app re-
mains lower than that on carbon blacks even after the formation
of the first graphene layer, which is in sharp contrast to the case
of pristine MPS or metal oxide (including Al2O3 and MgO),[44b]

where Ea_app quickly reaches levels comparable to that on the car-
bon blacks. This suggests a different mechanism of nucleation
and growth, where Si radicals facilitate the graphene growth con-
tinuously. The Ea,app of TMS-MPS eventually reaches a compara-
ble level to that of carbon black after the Nstacking becomes ≈2.5
layers.

We also performed in situ gas chromatography analysis during
the CVD process (CVD-GC) to monitor the gas emission behav-
iors for MPS and TMS-MPS templates. As shown in Figure 2e,
MPS template shows no apparent gas emissions as it is gradu-
ally heated up to 900 °C. After the introduction of CH4 into the
system, the emission of H2 at a rate of 0.003 μmol g−1 s−1 was
detected after an induction period of ca. 120 min. The formation
of H2 typically follows a pyrolytic decomposition reaction as sim-
plified and shown in Equation 5.[44b]

nCH4 → Cn + 2nH2 (5)

By a sharp contrast, the TMS-MPS template was found to re-
lease CH4 molecules as the temperature reaches 400 °C, which
is in accordance with the TG-MS results (Figure 1b). In addi-
tion, H2 emission was detected at a temperature of 820 °C. This
should be from the conversion reactions of the in situ released
CH4 molecules into C species (Equation 5),[44] which has led to
the formation of the above mentioned PAHs detected in TMS-
MPS_HT. Moreover, immediately after the introduction of CH4
into the system, a much more significant amount of H2 was re-
leased at a rate of 0.1 μmol g−1 s−1. This clearly demonstrates the
great enhancement of the CH4 dissociation reactions with the
utilization of the TMS-MPS template. It should be emphasized
that no signal corresponding to CO evolution is detected on both
MPS and TMS-MPS, indicating that oxygen-vacancy sites were
not formed in these systems. This is different from metal oxides,
such as Al2O3 and MgO,[44] and where vacancy sites are formed
to further catalyze the CH4 decomposition reactions.[44]

DFT calculations were conducted to elucidate the experimental
findings, particularly the role of Si radicals in enhancing carbon
deposition. Initially, we constructed a model of an annealed amor-
phous SiO2 template using ab initio molecular dynamics simu-

lations. Subsequently, we segmented the optimized bulk struc-
ture to create a surface containing a reactive center for the ini-
tial C─H activation reaction involving a three-coordinate Si and
a one-coordinate Si (Figure S11, Supporting Information). The
former represents the reactive site on the siloxane surface of the
annealed MPS template, while the latter serves as a model for
the Si radical generated through heat treatment of the TMS-MPS
template. The energy profiles of CH4 dissociation on annealed
templates are depicted in Figure 3. The figure reveals that CH4
adsorbs more strongly onto the three-coordinate Si of the MPSfa
template, as evidenced by the higher adsorption energy (Ead =
−0.59 eV) compared to the adsorption on the Si radical (Ead =
−0.17 eV). As shown in Figure S12 (Supporting Information),
CH4 binds more strongly to the three-coordinate Si atom (Si3c)
than to the one-coordinate Si atom (Si1c) because of its higher
Bader charge and because CH4 interacts with both the Si1c and
Si4c atoms on the surface, resulting in a weaker interaction com-
pared to Si3c. Nevertheless, the values are within reported the
range of CH4 adsorption on the SiO2 surface computed by Zhao
et al.[48] using the same level of theory as in our study. The sub-
sequent dissociation of CH4 into a surface-bound methyl group
(CH3

*) and a hydrogen atom (H*) occurs via a transition state
1 (TS1). Notably, the Si radical exhibits a much lower activation
energy of 0.32 eV for TS1, whereas the three-coordinate Si re-
quires 1.74 eV. Following the formation of the CH3

* state from
TS1, both cases involve an energy dissipation step, resulting in
energy decreases of 0.02 and 3.68 eV for TMS-MPS and MPS, re-
spectively. Importantly, in the subsequent dehydrogenation step
(Equation 6), the MPS surface necessitates a significant activation
energy of 5.39 eV to reach transition state 2 (TS2).

CH∗
3 → CH∗

2 + H∗ (6)

Consequently, CH3
* is likely to be strongly adsorbed and poi-

son the three-coordinate Si site, preventing further C─H activa-
tion and hindering graphene growth. On the other hand, CH3

*

dissociation on the surface involving a Si radical is kinetically fa-
vorable with a lower barrier energy of 2.03 eV. However, the bar-
rier for breaking the second C─H bond (CH3-to-CH2) is much
higher than the first C─H bond (CH4-to-CH3, activation energy
of 0.32 eV) because it is accompanied by a larger charge redistri-
bution, as shown in Figure S13 (Supporting Information). The re-
sulting CH2

* can be further dehydrogenated or act as the reactive
intermediate for C─C coupling, promoting carbon growth.[49]

Calculations were also conducted to determine the activation of
CH4 on two-coordinate Si species (Figure S14, Supporting In-
formation), with the results showing much higher barriers than
those obtained for the one- and three-coordinated Si species in
Figure 3. These results reveal the possible mechanism of CH4
dissociation, which is a typical rate-limiting step in graphene
growth on SiO2 surface during CH4-CVD, and confirm the role
of Si radicals in catalyzing CH4 activation, forming active carbon
species. The formation of graphene nuclei is likely to be followed
up by the coupling reactions of those active carbon species.[13d]

The above observations support the notion that TMS-MPS ex-
hibits a higher catalytic effect on carbon deposition compared
to TMS-MPS_HT. Hence, the density of Si radicals is strongly
correlated with the density of nucleation sites, which subse-
quently influences the density of grain-boundary defective sites.
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Figure 3. The energy profile of CH4 activation till the production of CH2
* on a) the three-coordinate Si (representative of MPS template) and b) the

one-coordinate Si (representative of TMS-MPS template). The asterisk (*) denotes the adsorption state at the reaction site. The red, grey, purple, and
white balls denote O, C, Si, and H atoms, respectively. The green areas indicate the reaction center sites.

Consequently, by utilizing SiO2 templates and adjusting the
amounts of Si radicals, it becomes possible to exert control over
the graphene growth process and manipulate the properties of
the resulting carbon material. For instance, reducing the degree
of trimethylsilylation can decrease the amount of Si radicals. Ad-
ditionally, pre-calcining the pristine SiO2 template at a low tem-
perature before trimethylsilylation would enhance the quantity
of Si radicals. This step reduces the residual hydroxyl groups on
TMS-SiO2 template, thereby mitigating the potential for TMS de-
tachment reaction during heating, as shown in Equations 3 and 4.
As a result, more Si radicals are retained before the introduction
of CH4. In this regard, the optimization of Si radical amounts
is imperative, as excessive nucleation sites can lead to a higher
number of graphene boundaries, potentially compromising the
crystallinity of the material.

In addition to the initial CH4 dissociation process, the influ-
ence of Si radicals on the multi-graphene layer formation was also
investigated. Figure 4 depicts the differences between the charge
density at the interface of graphene configurations (consisting of
one, two, and three graphene layers) induced by the presence of
underlying Si radicals. As evident, the underlying Si radical in-
duces electron dislocation on the surface graphene layer, leading
to the formation of electron-rich and electron-deficient regions
on the graphene layer. As shown in Figure 4, the yellow and blue
regions represent electron-rich and electron-deficient regions,
respectively. These regions are inclined to denote/accept elec-
trons and potentially function as Lewis base and acid sites dur-
ing the CVD process.[50] Since CH4 dissociation commonly oc-

curs through heterolytic bond cleavage, which typically involves
the Lewis acid-base mechanism,[51] the Si radical-induced Lewis
base and acid sites on the graphene layer can potentially cat-
alyze the dissociation of CH4. This is achieved by facilitating the
transfer of protons between the acid and base, thereby promoting
the reaction. Therefore, Si radicals have the potential to enhance
carbon deposition on the top graphene layer. However, this in-
fluence gradually diminishes as additional graphene layers are
stacked onto the initial layer, with the charge density distribution
of the third graphene layer remaining nearly constant. These ob-
servations are consistent with the Ea_app results, as depicted in
Figure 2d.

The favorable reaction kinetics of the saturated CH4 molecules
on Si radicals paves the path in achieving graphene frameworks
with a low defect density and high crystallinity. TMS-MPS was
successfully coated with pseudo-single layer graphene build-
ing blocks via CH4-CVD (Figure S15, Supporting Information).
The resulting composite, denoted as C/TMS-MPS(CH4), displays
slight increase in the specific surface area compared to the tem-
plate (Figure S3, Supporting Information), which is likely to be
contributed by the carbon edge sites.[52] Figure 5a presents the
Raman spectrum of this composite. In the spectrum, the D,
A, and G bands are evident, with the G-band representing the
stretching vibrations of sp2 hybridized carbon atoms within the
graphene structure. The D and A bands, on the other hand,
correspond to defect sites within the graphene lattice. The D
band is particularly sensitive to disorder within the sp2 carbon
network, while the A band is indicative of the presence of sp3

Figure 4. Charge density mappings of graphene/Si radical systems containing one graphene layer (left), two graphene layers (middle), and three
graphene layers (right) over one Si radical. The yellow and blue regions represent areas with an increase and decrease in charge densities, respectively,
compared with the counterpart systems involving no Si radicals.
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Figure 5. The Raman spectra of a) C/TMS-MPS(CH4) and b) C/TMS-MPS(C2H2), where deconvolution method reported by Hu et al. was used.[3] c)
The Current-Voltage (I–V) curve of C/TMS-MPS(CH4) and C/TMS-MPS(C2H2) under constant pressure of 6 MPa.

interstitial sites and non-hexagonal rings.[53] According to this,
C/TMS-MPS(CH4) demonstrates characteristics of a highly crys-
talline graphene-based material, exhibiting a low ratio of the D
band intensity and A band to that of the G band (referred to
as ID/IG, and IA/IG, respectively), with respective values of 2.42
and 0.16 (Table S2, Supporting Information). However, coun-
terpart composite prepared with an unsaturated carbon precur-
sor, denoted C/TMS-MPS(C2H2), exhibits intensified and broad-
ened D and A bands on Raman spectra (Figure 5b). These en-
hancements result in substantially higher ID/IG, and IA/IG val-
ues of 3.12 and 0.66, respectively (Table S2, Supporting Informa-
tion), indicating a pronounced abundance of disordered struc-
tures within the carbon framework. The highly ordered sp2 hy-
bridized carbon structure presented in C/TMS-MPS(CH4) facil-
itates the establishment of 𝜋–𝜋 conjugation,[54] thereby enhanc-
ing electron mobility and enabling an electrical conductivity of
0.25 S cm−1 under a compression force of 6 MPa (Figure 5c).
Conversely, the existence of defect sites that undermine crys-
tallinity can lead to electron scattering and hinder their move-
ment throughout the lattice.[55] C/TMS-MPS(C2H2), recognized
as a highly defective graphene framework, exhibits a much lower
electrical conductivity of 3.9 × 10−4 S cm−1 under the same condi-
tions (Figure 5c). Due to the presence of high crystallinity carbon,
C/TMS-MPS(CH4) offers excellent affinity with electrochemical
biosensors.[56]

One of the most notable advantages of the aforementioned
methodology lies in its ability to establish a precise and controlled
approach for obtaining carbons with predetermined microstruc-
tures. By removing the SiO2 template from C/TMS-MPS(CH4),
we have obtained a well-defined nanoporous graphene frame-
work that mirrors the structural features of the parental TMS-
MPS template (Figures S1–S3, Supporting Information). More
importantly, the templated carbon, denoted TC(CH4), exhibits
a large Brunauer–Emmett–Teller surface area of 1817 m2 g−1

(Figure S3, Supporting Information). This value suggests a
highly exposed state of the graphene domains, which corre-
sponds to an average stacking number of 1.1 (Figure S15, Sup-
porting Information). The above assertion was further validated
by XRD analysis, which revealed a broad 002 peak and sharp
10 peak, characteristic of graphene crystallites with a weakly
stacked arrangement (Figure S16, Supporting Information). All
the above results suggest that graphene has been uniformly

coated onto the TMS-MPS template via the CVD process, free
from obvious aggregation. Since SiO2 can be manufactured into
a variety of different microstructures, our methodology offers
a unique and promising approach for achieving nanoporous
graphene frameworks with high crystallinity and pre-defined mi-
crostructures.

3. Conclusion

In this work, we demonstrate the successful formation of a high-
quality graphene layer via CH4-CVD on TMS-modified SiO2.
Our catalyst design leverages the thermal decomposition of TMS
groups, which generates Si radicals and PAHs that act as po-
tent catalysts for the CH4-to-C conversion reactions. This de-
sign significantly enhances the surface catalytic activity, making
the graphene formation process thermodynamically favorable on
TMS-MPS compared to MPS. It also reduces the reaction onset
temperature from 885° to 720 °C. DFT calculations corroborate
the catalytic effect of Si radicals on the CH4 dissociation that fa-
cilitates graphene growth. The catalytic enhancement, combined
with the utilization of CH4-CVD, offers the advantage of facilitat-
ing heterogeneous reactions on the surface of the TMS-MPS tem-
plate, which results in the formation of high-quality graphene.
The obtained graphene framework can be isolated from the tem-
plate while preserving the replica structure of the parent tem-
plate. These results underscore the effectiveness of our catalyst
design in achieving graphene-based materials with high crys-
tallinity and pre-designed nanoporous structures.
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Supporting Information is available from the Wiley Online Library or from
the author.
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