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Graphene-skinned alumina fiber fabricated
through metalloid-catalytic graphene CVD
growth on nonmetallic substrate and its
mass production

Wenjuan Li1,2,6, Fushun Liang1,2,6, Xiucai Sun2,6, Kangyi Zheng2,3, Ruojuan Liu1,2,
Hao Yuan 1,2, Shuting Cheng2,4, Jingnan Wang2, Yi Cheng 1, Kewen Huang 1,
Kun Wang 1, Yuyao Yang 1,2, Fan Yang1,2, Ce Tu 2, Xinyu Mao2,
Wanjian Yin 2,3, Ali Cai2, Xiaobai Wang5, Yue Qi 2 & Zhongfan Liu 1,2

Graphene growth on widely used dielectrics/insulators via chemical vapor
deposition (CVD) is a strategy toward transfer-free applications of CVD gra-
phene for the realization of advanced composite materials. Here, we develop
graphene-skinned aluminafibers/fabrics (GAFs/GAFFs) through grapheneCVD
growth on commercial alumina fibers/fabrics (AFs/AFFs). We reveal a vapor-
surface-solid growthmodel on a non-metallic substrate, which is distinct from
the well-established vapor-solid model on conventional non-catalytic non-
metallic substrates, but bears a closer resemblance to that observed on cata-
lytic metallic substrates. The metalloid-catalytic growth of graphene on AFs/
AFFs resulted in reduced growth temperature (~200 °C lower) and accelerated
growth rate (~3.4 times faster) compared to that obtained on a representative
non-metallic counterpart, quartz fiber. The fabricated GAFF features a wide-
range tunable electrical conductivity (1-15000 Ω sq−1), high tensile strength
(>1.5 GPa), lightweight, flexibility, and a hierarchical macrostructure. These
attributes are inherited from both graphene and AFF, making GAFF promising
for various applications including electrical heating and electromagnetic
interference shielding. Beyond laboratory level preparation, the stable mass
production of large-scale GAFF has been achieved through a home-made roll-
to-roll system with capacity of 468-93600 m2/year depending on product
specifications, providing foundations for the subsequent industrialization of
this material, enabling its widespread adoption in various industries.

Chemical vapor deposition (CVD) growth of graphene on catalytic
metallic substrates, such as Cu1–3 and Ni4–6, stands out as a promising
strategy for mass production of high-quality graphene. However, for
subsequent applications, the graphene films produced in this manner
always require transfer onto target substrates (typically dielectrics or

insulators). This transfer process is characterized by its complexity,
time-consuming nature, and cost-ineffectiveness7,8. In addition, wrin-
kles, cracks, and contamination are unavoidably introduced into gra-
phene during the transfer process, significantly compromising the
intrinsic properties of graphene8,9. To enhance the usability and
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processability of atomically thin CVD graphene, an advantageous
strategy has been proposed, which is to grow graphene directly on
target dielectric/insulating substrates for subsequent transfer-free
applications10–16. This strategy can circumvent the complex transfer
process required for the aforementioned CVD-grown graphene on
metal substrates before applications. Additionally, it allows the atom-
ically thin graphene to be integrated into macroscopic material car-
riers facilitating its transition to practical applications. Clearly, the
selection of substrates for graphene CVD growth is crucial for imple-
menting this transfer-free strategy. The chosen substrate will pre-
dominantly influence the structure and properties of the resulting
graphene composite materials.

Alumina fiber (AF) and its fabric (AFF) represent commercially
available engineering materials renowned for their lightweight, flex-
ibility, high strength, and exceptional high-temperature resistance
(>1200 °C). These properties have led to their extensive applications as
structural reinforcement and thermal insulation materials in diverse
fields such as aerospace, wind energy utilization, and architectural
engineering17,18. Given its properties and distinctive structure, AF/AFF
emerges as a promising substrate choice for graphene CVD growth. The
integration of graphene with AF/AFF holds the potential to overcome
the limitations associatedwith the atomic-scale thickness of graphene in
both processing and applications. This combination is anticipated to
unlock innovative opportunities for practical applications of graphene.

In this study, graphene-skinned alumina fiber (GAF) and its cor-
responding fabric (GAFF) were first developed by CVD growing gra-
phene on the commercial AF and AFF, predominantly composed of γ-
Al2O3 (referred to as γ-Al2O3-AF or -AFF). During the preparation of
GAF, the vapor-surface-solid (VSS) growthmodel of graphene was first
revealed on a nonmetallic substrate. This model differs significantly
from the conventional vapor-solid (VS) growth model observed on
typical non-catalytic nonmetallic substrates19,20, like quartz21–23,
sappihre24, h-BN25–27, etc., Instead, it bears a closer resemblance to the
graphene growth observed on catalytic metal substrates8,19. Indeed,
during graphene CVD growth on traditional nonmetallic substrates,
the substrate primarily serves as support for graphene layers, with
minimal involvement in carbon precursor adsorption, decomposition,
and graphene domain growth19,22. In contrast, when it comes to gra-
phene growth on catalyticmetal substrates, the substrate plays amore
active role. It promotes the dissociation of carbon precursors, leading
to the generation of active carbon species. These species then feed
graphene nucleation and domain growth with the assistance of sub-
strate catalysis. Interestingly, even though γ-Al2O3-AF is a nonmetallic
substrate, it exhibits remarkable catalytic capacities for the series of
elementary steps involved in graphene CVD growth. The low-
coordination aluminum atoms in γ-Al2O3-AF serve multiple crucial
roles in graphene growthprocess. Firstly, these atomscan facilitate the
adsorption and decomposition of carbon precursors, thereby pro-
moting graphene nucleation. Additionally, they aid in the attachment
of active carbon species at graphene edges and subsequently facilitate
the detachment of hydrogen (H) during domain growth. These func-
tions underscore the remarkable catalytic properties of γ-Al2O3-AF in
the graphene CVD growth process. As a result, the VSS growth model
of graphene on γ-Al2O3-AF has significant implications. It enables gra-
phene growth at a much-reduced temperature (~200 °C lower) and a
much faster growth rate (~3.4 times faster) compared with that on
conventional catalytically-inert nonmetallic substrates, like quartz
fiber (QF), which is the representative comparison counterpart for γ-
Al2O3-AF in terms of the structure, dimension, and component. The
obtained GAFF successfully inherited the structural and functional
properties of its constituent materials. It displayed a wide-range
adjustable electrical conductivity (spanning from 1 to 15,000Ω sq−1),
high tensile strength (>1.5 GPa), lightweight, flexibility, and a hier-
archical macrostructure. This indicates the successful integration of
graphene with AFF, endowing GAFF with a diverse range of desirable

attributes suitable for various applications. As a result, GAFF exhibits
promising applications across various fields, such as electrical heating
and electromagnetic interference (EMI) shielding. Moreover, beyond
the laboratory-level preparation of GAFF, stable mass production of
large-scale GAFF has been achieved through a home-made continuous
roll-to-roll CVD system, with an annual capacity ranging from 468 to
93,600m2 depending on specifications of products. Such scalability
provides a solid foundation for the industrialization of this material,
paving the way for its widespread adoption in practical applications.

Results
Preparation of GAF
The CVD strategy was applied for graphene growth on γ-Al2O3-AF to
realize the conformal coverage of continuous graphene layers on each
fiber (Fig. 1a (left)). The commercially obtained γ-Al2O3-AFwas composed
of ~72% γ-Al2O3 and ~28% amorphous SiO2 (a-SiO2), as illustrated in Fig. 1a
(right) (see more details in Supplementary Fig. 1). Notably, the micro-
structure and composition of AF remained unchanged after ~1050 °C
heating for ~2h (Fig. 1b and Supplementary Fig. 2), which was well
compatible with the high-temperature growth conditions of CVD gra-
phene. Figure 1c showed the photograph of the fabricated GAF, where
the featured fiber-shaped structure was well maintained after graphene
growth, as well as the flexibility and strength, which will be further illu-
strated later. The uniform contrasts in the scanning electronmicroscopy
(SEM) (Fig. 1d) and the uniform Raman 2D peakmapping (Fig. 1e) of GAF
confirmed the continuous conformal full coverage of graphene layers on
each fiber. The Raman spectra in Fig. 1f were collected from 10 evenly-
spaced positions onGAF, asmarked in Fig. 1c, which showed the uniform
ID/IG (intensity ratio of D andGpeaks) and I2D/IG (intensity ratio of 2D and
G peaks) (seemore details in Supplementary Table 1), further confirming
the excellent uniformity of graphene on the fiber surface.

To measure the thickness of graphene, the AF core in GAF was
etched in hydrofluoric acid (see more details in Methods), where gra-
phene layers covered on the fiber collapsed onto the silicon substrate
forming graphene ribbons. The measured thickness of the ribbon was
twice the actual thickness of the grown graphene. Figure 1g showed the
AFM image of the graphene ribbon obtained, presenting the thickness
of ~2.6 nm, corresponding to ~3 layers of graphene, which was well
consistent with the High resolution-transmission electron microscope
(HR-TEM) characterization in Fig. 1h, where the graphene stacking layers
can be clearly observed. In addition, the selected-area electron diffrac-
tion (SAED) (Fig. 1i) revealed the polycrystalline structure of graphene,
further confirming the high crystal quality of graphene obtained on this
nonmetallic substrate. In addition, the thickness of graphene layers in
GAF can be effectivelymodulated by regulating growth conditions, such
as growth time (seemore details in Supplementary Fig. 3). For example,
under the same growth conditions as that in Fig. 1g, when the growth
time was modulated to ~70, ~75, and ~90min, the obtained thicknesses
of graphene layers were ~1, ~2, and ~5, respectively.

Distinctive growth behaviors of graphene on γ-Al2O3-AF
To clarify graphene growth behaviors on this γ-Al2O3-AF, the different
growth stages of graphene on this substrate were detailed inspected.
In addition, in order to compare the underlying CVD growth
mechanisms of graphene on AF with that on traditional nonmetallic
substrates, QF (>99.9% SiO2), was also introduced parallelly as the
graphene growth substrate. Quartz is a typical nonmetallic substrate
widely used for graphene CVD growth, where graphene growth
behaviors have been clarified bymany works13,28–30. On the catalytically
inert nonmetallic quartz substrate, graphene CVD growth followed the
well-known VS model19,23, where the substrate played minor roles in
carbon precursor adsorption and decomposition, as well as graphene
domain growth. Consequently, graphene growth on quartz substrate
usually suffered from the limited growth rate and high temperature
required. The previously reported works by our group have also
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revealed the grapheneCVDgrowthonQF,which further confirmed the
lack of catalytic capability of this substrate10,11,31,32. To provide sys-
tematic comparisons with graphene growth behaviors on AF, gra-
phene growth on QF was also conducted under the same gas flow and
growth temperature as that on AF in Fig. 1. As shown in Supplementary
Fig. 4, the morphology of QF substate was well maintained after the
high-temperature deposition of graphene. The comparative results
show that obtaining a similar thickness of graphene layers requires
significantly more time on QF than on AF, and the obtained graphene
layers on QF feature lower quality than that obtained on AF. These
differences imply the distinct growth behaviors for graphene on QF
and AF and the facilitation of AF substrate for graphene growth, which
will be further discussed in Figs. 2 and 3.

The CVD growth of graphene is considered as a kinetic process, in
which precursors can diffuse toward the edge and attach to the active
sites on the edge by overcoming the attachment barrier. Meanwhile,
every atom at the edge of the two-dimensional crystal presented a
possibility to escape into the environment33. The incubation time in
graphene CVD growth process refers to the period in which carbon
species from precursor decomposition accumulate on the substrate
surface to reach a critical supersaturation level to overcome the energy
barrier for graphene nucleation34,35. As shown in Fig. 2a (top), SEM
images showed that a large number of graphene nuclei have already
formed within ~20min on AF. In contrast, no domain appeared on the

QF surface even after the feedstock supply by ~60min, and at ~120min,
graphene domains were observed (Fig. 2a, bottom and Supplementary
Fig. 5), which indicated the much longer incubation time required for
graphene nucleation on QF than that on AF. Figure 2b showed the
nucleus density of graphene on AF and QF, both of which showed
the linear increase as the function of growth time (t). In addition, the
nucleation time (t0) can be calculated by linear fitting extrapolation, as
marked by star symbols in Fig. 2b. The estimated t0 for graphene
nucleation was ~4 and ~80min on AF and QF, respectively, which
implied that the much faster nucleation on AF. It is worth mentioning
that the nucleation of graphene on metal substrates can be completed
within a few seconds2,36, while the nucleation time on the non-catalytic
substrates usually takes up to tens of minutes13,29, consistent with that
observed on QF in this work. It can be noticed that the nucleation time
of graphene on AF is an order of magnitude between that of metal and
quartz. This implied that in graphene CVD growth, AF substrate might
not behave like the traditional non-catalytic nonmetallic substrates,
such as quartz and sapphire, butmore like the catalyticmetal substrates
in promoting graphene nucleation. Therefore, the possible metalloid
catalytic properties may be possessed by this γ-Al2O3-AF, which will be
further discussed in Fig. 3. In Fig. 2b, the slopes of the linear fitting
curves correspond to the nucleation rate of graphene. The nucleation
rate of graphene on AF was much faster (~0.90 nuclei μm−2 min−1) than
that on QF (~0.24 nuclei μm−2min−1). After the nucleation, graphene
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Fig. 1 | Preparation and characterizations of graphene-skinned alumina
fiber (GAF). a Schematic of GAF prepared via chemical vapor deposition (CVD)
process, and the structure of AF consisting of ~72% γ-Al2O3 and ~28% amorphous
SiO2 (a-SiO2). b X-ray diffraction (XRD) patterns of pristine AF and the annealed AF
at ~1050 °C for ~2 h. c Photograph of AF (left) and GAF (right). d, e SEM image (d)
and Raman mapping (e) of GAF in c. f Raman spectra from 10 evenly-spaced
positions on GAF as marked in c. g Atomic force microscope (AFM) image of

graphene ribbon obtained after etching AF core of GAF in c, the height profile
showed the height value was ~2.6 nm. h, i High resolution-transmission electron
microscope (HR-TEM) image of 3-layer graphene on AF (h), and corresponding
selected area electron diffraction (SAED) patterns (i). Growth conditions in c-i: 500
sccmAr, 200sccmH2, 20 sccmCH4, target temperatureof ~1050 °C, growth timeof
~80min, see more details in “Methods” section.
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domains kept growing. As shown in Fig. 2c, to obtain the equal domain
size, graphene growth on AF consumed a much shorter time than that
on QF, where the growth rate of domains on AF (the slope of the linear
fitting curve) was estimated to be ~2.43 nmmin−1, nearly three times as
fast as that on QF (~0.87nmmin−1). And t0 on AF and QF obtained in
Fig. 2c was well consistent with that obtained in Fig. 2b.

The combination of the faster nucleation and domain growth
rates for graphene on AF than that on QF resulted in a much faster
increase in the total graphene coverage, whichwas equal to the sumof
the entire graphene domain area on the surface. As the reaction pro-
ceeded, graphene domains gradually coalesced to form continuous
graphene films fully covering the fiber surface. It can be noticed in
Fig. 2d that it took ~70min to realize the full coverage of graphene on
AF, while ~240min was consumed on QF. From the nonlinear fitting in
Fig. 2d, the total coverage was proportional to the cube of the growth
time. The expression for total coverage of graphene is defined as:

A=
X

Ai ∼aðt � t0Þ3 ð1Þ

Where A, Ai, a, t, and t0 represent the total coverage, area of each
graphene domain, the coefficient of the nonlinear fitting, growth time
and nucleation time. The calculated values ofawere8.7 × 10−4 and 1.7 ×
10−5 at AF and QF curves, respectively, indicating that the graphene
coverage increased on AFmuchmore quickly than that onQF because
of the rapid nucleation and domain growth.

In addition, the growth of graphene on AF can be effectively
modulated through growth conditions, such as methane/hydrogen
(C/H) ratios. Figure 2e presented that the growth time consumed to
achieve the full coverage of graphene on both substrates decreased as
the C/H ratios increased. It can be noticed that the growth time
required for graphene full coverage on AF wasmuch shorter than that
on QF under the series of C/H ratios. Moreover, the critical growth

temperature required for graphene formation was a vital parameter to
evaluate the catalytic capacity of the growth substrate. Figure 2f pre-
sentedRaman spectra of graphene grownonAF (top) andQF (bottom)
at the growth temperature of 800–1050 °C under the same growth
conditions (see more growth details in Supplementary Fig. 6). The G
band in Raman spectrum of graphene is usually used to determine the
formation of sp2 carbon37. Notably, the G peak of graphene on AF can
be detected at ~800 °C, ~200 °C lower than that on QF, which implies
the facilitating effects of γ-Al2O3 on graphene CVD growth.

Vapor-surface-solid growth model of graphene on γ-Al2O3-AF
Figure 2 revealed the distinctive growth behaviors of graphene on γ-
Al2O3-AF from that on traditional non-catalytic nonmetallic substrates.
To understand the role of γ-Al2O3 in graphene growth and give a
comprehensive understanding of the growth model, the theoretical
calculations related to precursor adsorption and decomposition, as
well as domain growth, were conducted in Fig. 3. Meanwhile, the
quartz substrate was also included for comparison.

In Fig. 3a, the density functional theory (DFT) calculations for the
adsorption energies (Eads) of CH4 on γ-Al2O3 and SiO2 surfaces were
conducted to evaluate the interactions of the carbon precursor with
the growth substrates. According to previous explorations38,39, (110) is
the most stable surface of γ-Al2O3, and is the main plane of γ-Al2O3

crystal, so γ-Al2O3 (110) was selected as a representative model to
investigate graphene CVD growth on γ-Al2O3-AF (Supplementary
Fig. 7). For quartz substrate, SiO2 (0001) surface was usually used for
theoretical calculations due to its high stability, which has two typical
surfaces, i.e. Si- and O-terminated SiO2 (0001) (Supplementary
Fig. 8)10,11,40,41. In this way, Si- and O-terminated SiO2 (0001) surfaces
were chosen as the representative surfaces for the quartz substrate. As
shown in Fig. 3a and Supplementary Fig. 9, the Eads of CH4 on γ-Al2O3

was significantly lower than that on SiO2, suggesting γ-Al2O3 can

Fig. 2 | Comparisons of graphene CVD growth behaviors on alumina fiber (AF)
and quartz fiber (QF). a SEM images of GAF obtained with the growth time of ~20
and ~70min (top), and graphene-skinned quartz fiber (GQF) obtained with the
growth time of ~60 and ~120min (bottom). Scale bar, 1 μm. b, c Graphene nucleus
densities (N) (b) anddomain size (D) (c) obtained on AF andQFwith various growth
time. The linearfittingwas in the formofN/D = k(t-t0) + b, where the slope kwas the
nucleation rate (b) or growth rate of domains (c), t (≥t0) and t0 were the growth and
nucleation time, respectively, and b was the constant. d Coverage changing of
grapheneonAFandQFasa functionof growth time. Thenonlinearfittingwas in the
form of A=

P
Ai ∼aðt � t0Þ3, where A, Ai, a, t, and t0 represent the total coverage,

area of each graphene domain, the coefficient of the nonlinear fitting, growth time
andnucleation time.Growth conditions in a–d: 500 sccmAr, 200 sccmH2, 20 sccm
CH4, target temperature of ~1050 °C with changing growth time. e, Growth time
consumed to realize the full coverageof graphene layers onAF andQF at variousC/
H ratios (growth conditions: 500 sccm Ar, 200 sccm H2, with various C/H ratios of
0.02, 0.04, 0.08, 0.10, 0.20, and 1.50 under the target temperature of ~1050 °C).
f Raman spectra of GAF (top) and GQF (bottom) obtained at different growth
temperatures of ~800, ~850, ~900, ~950, ~1000, and ~1050 °C (growth conditions:
500 sccm Ar, 200 sccm H2, 20 sccm CH4, with the growth time of ~200min under
above growth temperatures).
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capture CH4 precursor more easily. Furthermore, the adsorption life-
time (τ = τ0exp(-Eads/kaT)) of CH4 on the SiO2 surface ranged from 10−16

to 10−15s. Such a short adsorption lifetime was not sufficient for CH4 to
proceed with the subsequent surface reactions, suggesting the

conventional VS graphene growth model on the quartz substrate. In
contrast, the CH4 adsorption lifetime on γ-Al2O3 surface was as long as
~104s,which is the important premise for the subsequent series surface
reactions, like the surface-catalytic decomposition of precursor and

Fig. 3 | CVD growth mechanisms of graphene on γ-Al2O3-AF. a Comparisons of
adsorption energy and lifetime of CH4 on Si- and O-terminated SiO2 (0001) surface
(SiO2-Si and SiO2-O, respectively), and γ-Al2O3 (110) surface. b Fourier transform-
infrared (FT-IR) spectra of pyridine adsorbedonAF andQF (top), and schematic for
the structure of Lewis acid site on AF and its interaction with the absorbed
hydrocarbon (bottom). L and L + B indicated Lewis and Lewis and Brønsted acid
sites, respectively. c Comparisons of the energy barriers for CH4 stepwise decom-
position on γ-Al2O3 (110) and without substrate supporting, where RL was the rate-
limiting step. d Kinetic energy profile and atomic configurations for CH2 species

participating in graphene CVD growth on γ-Al2O3 (110). TS1 and TS2 were transition
states 1 and 2, respectively, and represented arrows indicated the processes of
reactions I, II, and III. e C–H bond lengths and electron localization function (ELF)
diagrams of CH2-Gr and CH-Gr at growing graphene edge with (left) and without
(right) γ-Al2O3 substrate supporting. f The -COHP of C–Hbonds in CH2-Gr with (red
region) andwithout (blue region) γ-Al2O3 substrate supporting. The twoC–Hbonds
in CH2-Gr weremarked asC-H1-Gr and C-H2-Gr.g, h Schematics of graphene vapor-
solid (VS) growthmodel on traditional catalytically inert nonmetallic substrates (g)
and graphene vapor-surface-solid (VSS) growth model on γ-Al2O3-AF (h).
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graphene nucleation, much similar to the typical VSS growthmodel of
graphene on catalytic metal substrates8,19.

In addition to the enhanced adsorption of carbon precursor on
the surface of γ-Al2O3-AF, the substrate also imposed obvious pro-
motion for the decomposition of the adsorbed precursors. According
to the reported works42–45, the Lewis acid functionality of γ-Al2O3 can
catalyze the C–H cleavage of hydrocarbons through the electrostatic
interactions. The pyridine-adsorbed FT-IR (Py-IR) spectra can reveal
the acid sites on the substrate surface. Figure 3b (up) showed the Py-IR
of γ-Al2O3-AF, where the bands at ~1445, ~1575, ~1593, and ~1614 cm−1

were attributed to the Lewis acid sites, and the band at ~1490 cm−1 was
derived from the Lewis and Brønsted acid sites. In contrast, there was
no obvious acid site observed on the QF surface. Specifically, as
schematically shown in Fig. 3b (bottom), the centers of Lewis acid sites
on γ-Al2O3 were located at Al atoms with low coordination, such as tri-
coordinated and tetra-coordinated, which were electron-deficient and
can impose the electron-pulling effect on the absorbed hydrocarbon,
causing its electron cloud shifting and facilitating C–H bond
breaking42–45. Consequently, the dehydrogenation energy barrier of
carbon species absorbed on the surface of γ-Al2O3-AF can be largely
decreased, and the highly dissociated active carbon species will be
produced for subsequent graphene growth. Figure 3c and Supple-
mentary Fig. 10 presented the comparisons of the energy barriers for
CH4 stepwise decomposition on γ-Al2O3 (110) surface and without
substrate supporting. Obviously, the energy barrier of each decom-
position step of CH4 on γ-Al2O3 (110) surface wasmuch lower than that
without substrate. And the barrier of the rate-limiting (RL) step of CH4

decomposition on γ-Al2O3 (110) (CH2→CH+H) was only ~1.28 eV, sig-
nificantly lower than that without substrate supporting (~6.17 eV for
CH3→CH2 +H). This indicated that the γ-Al2O3 (110) surface can sig-
nificantly activate theC–Hbonds in CH4, and trigger the chain reaction
of decomposition with low energy. It was noted that the rate-limiting
step for CH4 decomposition on γ-Al2O3 (110) surface occurred in the
third step, in contrast to the second step for the decomposition
without substrate, and the decomposition energy for CH3→CH2 +H on
γ-Al2O3 (110) surface was barrier-free, which was favorable for the
production of highly-dehydrogenated CH2. Consequently, CH2 was
regarded as the main active carbon species after CH4 decomposition
on γ-Al2O3 (110), which much favors the edge graphitization and
growth acceleration of graphene. In the calculations related to gra-
phene edge growth, the attachment of CH2 was investigated.

The kinetic process of graphene CVD growth on γ-Al2O3 (110)
surface was theoretically simulated in Fig. 3d. The configuration of
armchair (AC) terminated graphene edge (AC-Gr) was much more
stable than zigzag (ZZ) terminated edge (ZZ-Gr) on γ-Al2O3 (110)
surface (Supplementary Fig. 11), therefore AC-Gr was chosen for the
kinetic process explorations, and each carbon atom exposed at the
AC edge of graphene can be considered equivalent for monomer
attachment. As analyzed in Fig. 3c and Supplementary Fig. 10, CH2

was the main active carbon species from CH4 decomposition on γ-
Al2O3 (110) surface, so the process of CH2 attachment to the growing
graphene edges was investigated. As shown in Fig. 3d, the kinetic
process of graphene edge extension can be regarded as a continuous
attachment of CH2 at the graphene edge to form CH2-Gr and the
subsequent removal of H atoms in CH2-Gr (edge graphitization). The
threshold step in the process was the CH2 attachment with an energy
barrier of ~1.08 eV. Notably, this value was much lower than the
corresponding threshold reaction barrier on the traditional non-
metallic substrates, such as quartz and sapphire (~3.00 eV)19, which
implied that CH2 attachment to graphene edges was easier to pro-
ceed on γ-Al2O3 (110). After CH2 attachment, the dehydrogenation of
CH2-Gr followed. To further explore the effects of γ-Al2O3 on the
dehydrogenation process in CH2-Gr, the configurations and electro-
nic characteristics of the C–H bonds were analyzed in Fig. 3e. The
C–H bond lengths of CH2-Gr and CH-Gr on γ-Al2O3 were much longer

than that without substrate supporting. In addition, the electron
localization function (ELF) at graphene edges was also calculated,
which indicated the degree of electron localization and reflected the
difficulty of the formation and breaking of the chemical bonds. ELFs
of C–H in CH2-Gr and CH-Gr on γ-Al2O3 were obviously lower than
that without substrate support, indicating the easier detachment of
H atoms from graphene edges under the assistance of γ-Al2O3 sub-
strate. Figure 3f shows the negative crystal orbital Hamilton popu-
lation (-COHP) of C–H bonds in CH2-Gr with and without γ-Al2O3

substrate support. The integrated -COHP (-ICOHP) can reflect the
strength of the C–H bond, a higher absolute value implying the
stronger covalent bond. It can be found that the absolute value of
-ICOHP of C–H bond in CH2-Gr on γ-Al2O3 was lower than that
without γ-Al2O3 supporting, indicating the participation of γ-Al2O3

substrate can significantly weaken the C–H bond strength and facil-
itate H detachment at growing graphene edges.

Generally, graphene growth on the catalytically inert nonmetallic
substrates usually complied with the VS growth model19,23, where the
nonactive substrate played negligible roles in promoting graphene CVD
growth. In contrast, the catalytic metallic substrates, such as Cu and Ni,
presented the excellent catalytic capability for the series of elementary
steps of graphene growth, including the carbon precursor adsorption
and decomposition on the substrate, attachment of active carbon spe-
cies at growing graphene edges, as well as the subsequent dehy-
drogenation of CH2-Gr for domain extending23,46. Due to the active
surface, it experienced a VSS process, which can be demonstrated as a
VSS growthmodel. According to the theoretical analyses in Fig. 3, instead
of the VS model on the traditional nonmetallic substrates (Fig. 3g), gra-
phene CVD growth on γ-Al2O3-AF showed the typical features of the VSS
model (Fig.3h), which resulted in the relatively low growth temperature
and fast growth rate as experimentally observed in Fig. 2.

Graphene CVD growth on γ-Al2O3 has indeed been previously
reported44,47–49, which provided us valuable references. However, upon a
thorough examination of relevant works, there are significant distinc-
tions between our study and those reported works. For example, Yong-
Won Song et al. achieved graphene CVD growth on γ-Al2O3 substrate

44.
However, our study exhibits significant differences from theirs in terms
of investigation of growthprocesses, construction of growthmodel, and
conduction of theoretical calculations. Additionally, the works of
Roman Ivanov et al. and Ali Saffar Shamshirgar et al. reported the pre-
paration of composites of graphene and γ-Al2O3 nanofibers by CVD
method47,48. Both works primarily focused on the properties and appli-
cations of the resulting composites without delving into the detailed
growth behaviors of graphene on γ-Al2O3. In addition, their obtained
graphene-alumina composites are quite different from GAFF in macro-
scopic appearance, which leads to distinct application scenarios and
proposes different requirements for their scale-up strategies. Moreover,
Qi Zhao et al.’s work investigated CH4

* dissociation and CnH2n
* (n = 2–6)

formation on γ-Al2O3
49, which carefully examined the initial stages of

graphene CVD growth, including carbon precursor decomposition and
intermediate formation, while the other important elementary steps in
graphene CVD growth progress were not discussed. Further experi-
mental work was somehow lacking to verify the theoretical results. Our
study represents a full-spectrum development of amaterial, GAFF, from
the proposal of preparation method to the establishment of growth
model, development of large-scale progress and equipment, and
demonstration of practical applications. Therefore, our study exhibits
significant distinctions from previously reported works, and provides
comprehensive experimental and theoretical evidences to support the
proposition of the explicit VSS growth model for CVD graphene on
γ-Al2O3.

Lightweight, flexible, high-strength, conductive GAFF
GAFF was fabricated through graphene CVD growth on commercial
AFF, as schematically shown in Fig. 4a, and Fig. 4b exhibits the
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photograph of the obtained large-scale (20 cm× 110 cm) uniform
GAFF. The top (left in Fig. 4c) and cross-sectional (right in Fig. 4c and
Supplementary Fig. 12) viewsofGAFF present the clear structure of the
fabric woven from warp and weft yarns in a plain texture (with a yarn

count of 26 × 26 per inch), and each yarn comprised thousands of
fibers with a diameter of ~7μm. Figure 4d presented sheet resistance
mappings of GAFF in Fig. 4b, which showed high conductivity uni-
formity with the average sheet resistance of 3530.1 ± 50.3Ω sq−1 and a

Fig. 4 | Electrical and mechanical properties of GAFF. a, b Schematic (a) and
photograph (b) of GAFF. c Top-view optical microscope images of GAFF (left) and
SEM of the cross-sectional of GAFF (right). d Sheet resistance mapping of GAFF.
e Wide range of sheet resistance of GAFF obtained by modulating graphene
thickness, which was growth-time dependent. Growth conditions: 500 sccm Ar,
200 sccm H2, and 40 sccm CH4 with growth time of ~35, ~40, ~45, ~50, ~60, and
~70min under the target temperature of ~1050 °C. The error bars represent the
standard deviations (n = 5). f Tensile strength of the pristine AF and GAF obtained
at different graphene growth temperatures (~800, ~1000, and ~1050 °C for ~2 h).

The error bars represent the standard deviations (n = 5). g Photographs of GAFF
going through the series ofmechanical deformations of grasping, folding, twisting,
and releasing. h Infrared image of the bent GAFF-based heater (~220.1 ± 3.7 °C,
input voltage of ~12 V, 10 cm× 20cm, sheet resistance of ~2Ω sq−1). i Temperature
profiles of GAFF at different power densities. j EMI shielding mechanisms in the
hierarchical conductive configuration of GAFF. k Shielding effectiveness (SET) of
the GAFF shielding cabinet composed of 1–3 layers of GAFFs (GAFF thickness of
~0.27mm, sheet resistance of ~2Ω sq−1). Inset, photograph of GAFF shielding
cabinet (20 × 20× 20 cm3).
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low variation coefficient of ~0.06 (see more details in Supplementary
Fig. 13). Notably, the sheet resistance of GAFF can be effectively
modulated in a wide range through graphene thickness regulation,
which can be controlled by the growth time of graphene (Fig. 4e)
(more details in Supplementary Fig. 14). The modulation for the gra-
phene thickness and the sheet resistance of GAFF is significant, which
is the premise to satisfy various application requirements.

AF/AFF presented excellent high-temperature resistance, there-
fore the damage to its mechanical properties by the CVD process
(~800, ~1000, and ~1050 °C for ~2 h) can be nearly negligible (Fig. 4f
and Supplementary Figs. 15 and 16), and the tensile strength of GAF
was kept >1.5 GPa. In addition, the GAF/GAFF also possessed excellent
flexibility. As shown in Fig. 4g, after the multiple grasping, folding,
twisting, and releasing (each deformation action was repeated 20
times), the morphology of GAFF presented negligible change and no
peeling of graphene layers was observed (Supplementary Fig. 17).
Moreover, the effects of mechanical deformations on graphene layers
were further characterized by Raman characterization. As shown in
Supplementary Fig. 18, after multiple grasping, folding, twisting, and
releasing, negligible change was observed in the Raman spectra of
graphene, especially ID/IG and I2D/IG, proving that the graphene layers
in GAFF can maintain the stable structure after a series of mechanical
deformations. In addition, the pristine AFF is featured with a low
density of ~2.9 g cm−3, and the obtained GAFF had negligible weight
increase after the conductive graphene covering. High-performance
graphene layers endow AF/AFF with additional attributes, such as the
excellent electrical, electric-heating, and electromagnetic shielding
properties (seemoredetails in Supplementary Fig. 19). The lightweight
conductive GAFF showed promising application potentials used as a
flexible electrothermal heater. Figure 4h displayed the infrared image
of the GAFF-based heater (10 cm× 20 cm), which can be bent into
various states and keep the uniform temperature distribution (see
more details for the construction of GAFF-based heater in “Methods”
section). The heating and cooling curves of the GAFF-based heater
under different power densities were shown in Fig. 4i. The GAFF-based
heater presented a very short response time (time consumed to reach
90% of the saturated temperature) and high heating rate (increasing
rate of temperature within the response time), which was mainly
attributed to the lower density of thematerial. For example, at the low
input power density of ~1.83Wcm−2, the response time was short to
~8 s and the heating rate can reach ~21 °C s−1. With its exceptional
attributes, such as high heating uniformity, rapid heating rate, and
controllable heating capability, GAFF emerges as a good material
choice for electrothermal applications, such as for electric heating de-
icing and anti-icing. In addition, GAFF also showcases infrared radia-
tion properties with infrared emissivity and electrothermal radiation
conversion efficiency up to ~0.92 and ~40%, respectively (GAFF with
sheet resistance of ~30 Ω sq−1) (Supplementary Fig. 20). Therefore,
GAFF holds great promise for a wide array of applications within the
realm of infrared radiation heating11,50,51.

AFF is a typical wave-transparent material with high electro-
magnetic wave (EMW) transmittance (see more details in Supple-
mentary Fig. 19e, f). Graphene covering endows AFF with excellent
electrical conductivity, along with electromagnetic interference (EMI)
shielding capability. The unique woven structure composed of warp
and weft yarns (each containing thousands of fibers) in GAFF con-
structed the characteristic hierarchical conductive configuration,
whichbrought about the distinctive advantages for applications in EMI
shielding. As schematically presented in Fig. 4j, when EMW was inci-
dent on GAFF, part of it was reflected due to the interactions with the
surface free charge carriers of graphene52,53 (left of Fig. 4j). Then, the
residual EMW entered the inside of the weaving structure of GAFF,
where it was multi-reflected between multiple adjacent fibers, and the
multi-absorption was accompanied (middle of Fig. 4j). In addition,
when multilayers of GAFFs were stacked together, the multi-reflection

between GAFFs also occurred to further enhance the EMW loss. More
microscopically, when EMW was incident on the single GAF in the
fabric, it will be reflected by graphene layers, meanwhile, part of it will
be absorbed through the conductivity loss and polarization relaxation
loss in graphene layers (right of Fig. 4j). In addition, the effects of
stacking angle and configuration of multi-layer stacked GAFFs on the
EMI shielding performance have also been explored. Our findings
reveal that both stacking angle and configuration have negligible
effects on the EMI shielding effectiveness (SET) of the stacked GAFFs
(Supplementary Fig. 21). Based on GAFF, a shielding cabinet was suc-
cessfully constructed. As the photograph is shown in Fig. 4f (inset), the
size of the GAFF shielding cabinet was 20 × 20 × 20 cm3, and each
surface of the cabinet was covered by GAFF. The tested EMI shielding
effectiveness (see more details in Supplementary Fig. 22) showed that
the cabinet constructedwith 1-layerGAFF (sheet resistanceof ~2Ω sq−1,
thickness of ~0.27mm) can achieve a SET of ~43 dB. The shielding
effectiveness can be further enhanced by GAFF stacking. For example,
the EMI shielding cabinet made of 3 layers of GAFFs (total thickness of
~0.87mm) showed SET up to ~85dB. Traditional graphene-based
materials used for EMI shielding typically include graphene
aerogels54,55, films56, foams57, and composites of graphene with CNTs58,
MXene59, Fe3O4

60, or polymers61–67. Due to the limitations of material
selection and preparation technologies, traditional graphene-based
EMI shielding materials typically exhibit poor balance between thick-
ness, shielding effectiveness, waveband, and mechanical strength (see
more details in Supplementary Table 2). In contrast, GAFF addresses
these issues by offering thin thickness, lightweight nature, high
strength, high shielding effectiveness, and broad waveband. These
characteristics well align with the high requirements of advanced EMI
shielding materials in increasingly complicated electromagnetic
environment. In addition,metallic- or magnetic-nanoparticle-modified
fiber materials have also been widely developed as EMI shielding
materials68–72. Compared with these materials, GAFF offers compre-
hensive advantages including high EMI shielding effectiveness, wide
waveband, thin thickness, high mechanical strength, and service sta-
bility (see more details in Supplementary Table 3), which make it a
promising material for applications in EMI shielding fields, integrating
both structural and functional benefits.

Mass production of GAFF
The mass production of graphene materials is the foundation for the
practical applications. In this work, beyond the laboratory-level pre-
paration of GAFF, the stable mass production of this material was also
successfully realized. Taking advantage of the lightweight,flexible, and
high-strength features of GAFF, a home-made continuous roll-to-roll
CVD growth system was designed as shown in Fig. 5a and Supple-
mentary Fig. 23. This equipment included the unwinding unit (left),
CVD furnace (with width ~21 cm and length ~210 cm), and rewinding
unit (right). During the preparation process, the AFF (width of ~20 cm)
was continuously introduced from the unwinding unit into the CVD
furnace at a stable speed to complete the high-temperaturedeposition
of graphene, and then the formedGAFFwas collected in the rewinding
unit. Note that during this dynamic process, different positions on the
fabric experienced the same flow field and thermal field environment,
which greatly ensured the growth uniformity of graphene. To our
knowledge, the roll-to-roll CVD growth of graphene has been greatly
developed on the copper foils73,74, which provided valuable references
for the development of the roll-to-roll system for GAFF mass produc-
tion. Notably, due to the distinctive growth behaviors of graphene on
the non-catalytic nonmetallic AFF substrate, some improvements have
been made accordingly in the GAFF roll-to-roll system. For example,
due to the absence of the catalytic capability of the AFF substrate, a
much lower graphene growth rate than thaton catalytic copper foil has
resulted. To get graphene films with the specific thickness, a relatively
long growth timewasusually consumed, so the conveying speedof the
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fabric has to be well controlled very slow (graphene growth time in
CVD system = length of heating zone of CVD chamber/conveying
speed of fabric). During graphene growth, the slight change in growth
time will cause the obvious fluctuation of graphene depositing thick-
ness, and thus affect the uniformity of the obtained fabric. During the
applications of GAFF, the sheet resistance was one of the significant
factors considered, which is largely affected by the thickness of gra-
phene, and usually requires to bemodulated in awide range according
to precritical scenarios. Therefore, the conveying speed of the fabric in
the roll-to-roll systemwas required tobe regulated in awide rangewith
high accuracy. In our home-made system, the feed-back module was
integrated to realize the real-timemonitoring and dynamic controlling
of the fabric conveying speed. In addition, a real-time sheet resistance
detection module was also built in, which can guide the dynamic fine
tuning of the rolling speed to ensure the uniformity of the obtained
conductive fabric. Based on the current preparation process, our roll-
to-roll growth system of GAFF can achieve an annual production
capacity in the range of 468-936000 m2 depending on the specifica-
tions of GAFF (more details in Supplementary Note 1).

The scale preparation processes of large-area GAFF (width of
~20 cm, length of ~2m) have been successfully developed, where the
excellent intra- and inter-batch repeatability and stability were suc-
cessfully achieved (Fig. 5b). Figure 5c shows theGAFF frombatch 1 (B1),
which has high flexibility and can be folded and unfolded easily. The
large-scale GAFF presented uniform contrast, and the high uniformity
was further confirmed by the Raman characterizations. Figure 5d
shows the Raman spectra of 6 batches of GAFFs in Fig. 5b (12 evenly-
spaced positions collected on each GAFF, as marked in Fig. 5c, which
showed consistent peak shapes of intra and inter batches. The corre-
sponding statistics of ID/IG and I2D/IG in Fig. 5e further indicated the
uniform crystal quality and layer thickness of the obtained graphene,
confirming the high intra- and inter-batch stability and repeatability of
our production process. In addition, Fig. 5f showed the sheet resis-
tances of GAFF in each batch, which showed high consistency of intra-
and inter-batches with a variation coefficient of <0.06 (Fig. 5g), where
the collection details were similar to Supplementary Fig. 13, while the
lengthwas ~120 cmand the spacingwas ~10 cmhere. Now, forGAFF, its
mass production beyond the laboratory level preparation has been

Fig. 5 | Mass production of GAFF with the home-made roll-to-roll CVD growth
system. a Schematic diagram of home-made roll-to-roll equipment for mass pro-
duction of GAFF. Arrows represented the direction ofmovement of the unwinding/
rewinding unit. b Photograph of 6 batches of GAFFs with width of ~20 cm and
length of ~2m. c Photograph of the unfolded GAFF from B1. d Raman spectra of 6
batch GAFFs in b. 12 evenly-spaced positions were collected on each GAFF as

marked in cwith the internal of ~10 cm. e ID/IG and I2D/IG statistics of Raman spectra
in d. f, g Sheet resistance statistics (f) and corresponding variation coefficient (g) of
GAFFs in b. The error bars represent the standard deviations (n = 5). Gowth con-
ditions in b–g: 400 sccm CH4, 200 sccm H2, ~1050 °C, and the rotation speed of
~60mmmin−1.
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successfully realized, which will provide a solid foundation for the
industrial application of this material.

Discussion
Graphene CVD growth on catalytic metal substrates holds promise for
the mass production of high-quality graphene, however, its practical
application remains hindered by the complicated subsequent peeling-
transfer process onto target-using substrates. In this study, GAF/GAFF
was pioneered through direct graphene CVD growth on commercially
available nonmetallic AF/AFF substrates. Notably, during graphene
growth on γ-Al2O3-AF, a distinctive VSS growthmodel of graphenewas
first revealed on a nonmetallic substrate, which contrasts with thewell-
known VS growth model observed on conventional catalytically inert
nonmetallic substrates, leading to relatively fast and low-temperature
graphene growth. The proposed VSS growth model significantly
advancedour comprehensionof grapheneCVDgrowthonnonmetallic
substrates. Beyond the laboratory-level preparationofGAFF, the stable
mass production of large-scale GAFF was also achieved. This accom-
plishment establishes a solid foundation for the industrialization of
this material. The obtained GAFF is characterized with a hierarchical
conductive configuration, high strength, lightweight, flexibility, and
thin thickness, positioning it as a promising advanced material for
diverse applications, such as electrical heating and EMI shielding. The
design strategy behind GAF/GAFF introduces an innovative approach
to the development of graphene materials, where atomically thin
graphene can hitch a ride on commercially used engineering material
carriers to realize the practical applications.

Methods
CVD growth of GAF, GAFF, GQF, and GQFF
AF (F-72 type) and AFF (2626-P) used for graphene CVD growth were
purchased from Rongrong New Materials Company, China. QF (Z/
QC288) and QFF (Z/QWX200P) were purchased from Zhongtianjunda
Company, China. Before graphene growth, AF, AFF, QF, and QFF were
loaded into a quartz tube (inner diameter, 3.0 inch) of a three-zone
furnace (Lindberg/Blue M Three-Zone Solid Tube Furnaces, Thermo
Scientific, USA). The heating temperature of the chamber was set to
~800 °C, and the air was pumped for ~2 h for the removal of coated
polymers.

In the graphene CVD growth progress, a consistent flow of 500
sccm Ar was introduced into the chamber during the temperature-
raising stage, which was maintained throughout the entire CVD pro-
cess. Upon the chamber reaching the target temperature (~800, ~900,
~1000, or ~1050 °C), a controlled flowof 500 sccmAr, 4-500 sccmCH4,
and 200 sccm H2 was initiated into the CVD chamber until graphene
growthwas completed, typically lasting 1–300min. Subsequently, CH4

and H2 were ceased, and the heating was turned off. The chamber
commenced cooling, during which only 500 sccm Ar was maintained.
Once the furnace chamber reached room temperature, the Ar flowwas
turned off, and the sample was taken out. In experiments where QFF
served as a control group for AFF, both substrates were positioned at
the same depth within the quartz tube.

Transfer process for graphene thickness measurement
GAF or GAFF was cut into small pieces and diffused in 50% HF solution
for hours to remove inside the fiber core. Afterward, the collapsed
graphene ribbons coated on fiber were washed with deionized water
three times. Finally, the graphene ribbons were loaded onto a silicon
wafer or TEMgrid anddriedby an infrared lamp. Theobtained samples
can be used for the measurement of graphene thickness.

Characterizations
The samples were characterized using Raman spectroscopy (Horiba,
LabRAMHR-800, laser excitation wavelength of 532 nm, 50× objective
lens), SEM (FEI Quattro S, operating at 10 kV), HR-TEM (JEOL COM, JEM

2100 F, 200 kV), AFM (Bruker Dimension Icon with tapping mode),
XRD (D8 Bruker, Cu Kα radiation), Py-IR (TENSOR 27 Bruker), four-
point probe resistivity measurement system (RTS-8), electrical con-
ductivity testing (Keithley 2400, Tektronix), tensile testing (MTS
E43.104), SET testing (Keysight N5242B), infrared emission spectra and
thermal radiation efficiency testing (Fourier transform infrared spec-
trometer of IRTracer-100, Fluke Ti 10 infrared camera), and tempera-
ture profile (direct-current power source, Fluke Ti 10 infrared camera).

The statistical data in Fig. 2b–d were collected by repeating the
CVD experiment three times at each time point of ~20, ~30, ~40, ~60,
~70, ~80, ~120, ~130, ~140, ~150, ~160, ~180, ~200, ~210, and ~230min for
GAF together with GQF. Their surface morphology was characterized
by SEM. The nucleation density and domain size were analyzed using
Nano measurer, and the graphene coverage was estimated using sta-
tistical pixel values via Photoshop.

In the tensile test of graphene alumina fiber (GAF) in our study, we
employed an electronic universal material testing machine with the
model ofMTS E43.104, as shown in Supplementary Fig. 15a. The tensile
strength testing process can be divided into two steps: sample pre-
paration and tensile strength test. To be specific: 1. Sample prepara-
tion: take an auxiliary plate The tensile strength testing process can be
divided into two steps: sample preparation and tensile strength test.
To be specific: 1. Sample preparation: Take an auxiliary plate (with a
size of 20mm×40mm, and a thickness of ~0.1mm)made from paper,
and cut a slot (~10mm inwidth and ~30mm in length) in themiddle of
the auxiliary plate (left of Supplementary Fig. 15b). This slot will
accommodate the fiber bundle during testing. Take a fiber bundlewith
a length exceeding 30mm, and place it in the center of the slot. Gently
stretch the fiber bundle to ensure it is suspended and straight within
the slot without bending. Next, fix the two ends of the fiber bundle
onto the auxiliary plate with glue (middle of Supplementary Fig. 15b
and left of Supplementary Fig. 15c). Then, carefully put the upper
auxiliary plate over the fiber bundle and press it down firmly to secure
the bundle in place. After curing for 24 h at room temperature and
atmospheric conditions, align the specimen with the loading axis of
the universal testing machine, and securely clamp the specimen in
place to ensure proper alignment during the tensile test (middle of
Supplementary Fig. 15c). Before applying a load, verify that the sample
is not under any stress. Then, carefully cut off both sides of the aux-
iliary plate (right of Supplementary Fig. 15b and right of Supplemen-
tary Fig. 15c), and the sample is ready for the tensile test. 2. Tensile
strength test: After confirming that the fiber sample remains intact and
properly positioned, begin the equipment to load the sample at the set
tensile speed (10mmmin−1) until it is invalid. The breaking point
represents the maximum stress that the bundle can withstand before
fracturing. According to the peak stress (P) before the fiber bundle
failure, the maximum tensile strength (σ) can be calculated by:

σ =P=A ð2Þ

where σ is the tensile strength (GPa), P is the breaking load (N), and A is
the cross-sectional area of GAF bundle (mm2), which is calculated by
the ratio of linear density (0.0023 g cm−1) to bulk density (2.9 g cm−3),
and calculated to be ~0.08 mm2 for GAF bundle.

SET of GAFF was measured based on the coaxial transmission line
method using a vector network analyzer (Keysight N5242B) as shown
in Supplementary Fig. 22. GAFF was cut into 1 cm× 2 cm sample to fit
the coaxial clamp in the testing system. The prepared samplewas then
placed in the center of the coaxial clamp. After the samplewas securely
fixed, the network vector analyzer was connected to initiate the test.
Subsequently, the scattering parameters (S-parameters), including S11,
S21, S12, and S22, were directly obtained after measurement, describing
the frequency domain characteristics of the transmission channel. S11
is the input reflection coefficient (or input return loss), S21 is the for-
ward transmission coefficient, S12 is the reverse transmission
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coefficient, and S22 is the output reflection coefficient (or output
return loss). For SET, it can be calculated from the measured S21 value,
where:

SET = 10 log
1

S21
�� ��2
 !

ð3Þ

Computational methods
All calculations were based on density functional theory (DFT) and
executed by the Vienna ab initio Simulation Package (VASP)75. The
projected augmentedwave (PAW)methodwasused for the interaction
between valence electrons and ion cores. The exchange-correlation
function was considered by the generalized gradient approximation
(GGA) and Perdew-Burke-Ernzerhof (PBE) methods76. The energy cut-
off of the planewave basiswas450eV. All structureswere fully relaxed,
and the energy and force converge were 10−4eV and 0.05 eV/Å,
respectively. The vacuum space between the images was set to be
larger than 20Å, to avoid the interaction between two adjacent ima-
ges. The effects of graphene edges and free radicals were fully con-
sidered using spin-polarized calculations. The van der Waals (vdW)
DFT, DFT-D2 method77 within the framework of the PBE exchange-
correlation function, was adopted to provide more accurate data.

We constructed a unit cell of γ-Al2O3 (110) andp (3 × 3) SiO2 (0001)
surfaces (see Supplementary Figs. 7 and 8 for detailed configurations)
to investigate the adsorption and dehydrogenation of CH4, respec-
tively. The k-point meshes used in the relaxation calculations for the
Brillouin zone integration were set as 2 × 2 × 1.

To simulate the kinetic process of graphene edge growth, ZZ and
AC graphene nanoribbons with unit cells of 19.7 × 8.47 Å (AC) and
9.8 × 16.9 Å (ZZ) were constructed, respectively. Due to the large size
of supercells, 1 × 2 × 1 and 2 × 1 × 1 k-point gridswereused, respectively.
We calculated the energy barriers for each reaction using the climbing
image nudged elastic band (CI-NEB) method78. The transition states
during each elementary reaction were verified by transition state
imaginary frequency calculations. In order to ensure the accuracy of
subsequent electronic property calculations of ELF, double meshes of
k-points were employed to sample the Brillouin zones.

Data availability
The Source Data underlying the figures of this study are available with
thepaper. All rawdata generatedduring the current study are available
from the corresponding authors upon request. Source data are pro-
vided with this paper.
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