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ABSTRACT: Direct growth of graphene on dielectric or insulating
materials  via  chemical  vapor  deposition  (CVD)  offers  a  novel,
transfer-free  approach  for  various  applications.  However,
challenges  remain  in  growing  graphene  on  non-catalytic
substrates. In particular, the low growth rate of graphene remains
a  significant  barrier  to  its  large-scale  production.  In  this  study,
propane  (C3H8)  was  used  as  the  carbon  source  to  prepare
graphene  on  commercial  alumina  fiber  fabric  (AFF)  via  CVD,
resulting in the synthesis of a novel material: graphene-skinned alumina fiber fabric (GAFF). Through comparative analysis
of  the  graphene  growth  behaviors  using  C3H8  and  traditional  carbon  sources  (CH4  and  C2H4)  on  AFF,  the  growth
mechanism of C3H8 was elucidated. The pyrolysis of C3H8 generates the unique carbon species C3H, which exhibits distinct
advantages in terms of migration, nucleation, and growth on AFF. Graphene nucleation density using C3H8 was found to be
160 times higher  than that  of  CH4 and 50 times higher  than C2H4.  The resulting  GAFF exhibits  a  wide tunable  electrical
conductivity range (1 to 7000 Ω·sq−1), high tensile strength (> 170 MPa), lightweight properties, flexibility, and a hierarchical
macrostructure.  These  characteristics  make  GAFF  a  promising  candidate  for  various  applications,  including
electromagnetic interference (EMI) shielding.
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1    Instruction
The  growth  of  graphene  by  chemical  vapor  deposition  (CVD)  is
mainly based on the principles of metal surface catalysis and high-

temperature  dissolution  and  low-temperature  precipitation  of
carbon sources on the metal surface, to achieve large-scale and high-
quality graphene preparation [1−6]. However, during application, it
needs  to  be  transferred  to  the  target  substrate  (usually
dielectric/insulated), and this transfer process will inevitably lead to
problems  such  as  wrinkling,  damage,  and  contamination  of
graphene,  resulting  in  deterioration  of  its  performance  [7−12].
Growing  graphene  directly  on  the  target  dielectric/insulating
substrate  for  subsequent  transfer-free  application  strategies  is
becoming an increasingly interesting research direction [8].

However, there are some problems with preparing graphene on
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insulating substrates, such as a slow growth rate and small graphene
domain size on non-catalytic substrates, due to the inertness of the
surface  of  insulating  substrates  and  the  high  migration  barrier  of
carbon  substances  on  their  surfaces  [13−17].  Therefore,  exploring
the  rapid  growth  of  graphene  films  on  non-catalytic  substrates  is
undoubtedly a great technical challenge [18−20].

Additionally,  the  weak  pyrolysis  capability  of  traditional  carbon
precursors  and  the  absence  of  catalytic  activity  from  metal  atoms
result  in  prolonged  growth  times  for  graphene  on  non-catalytic
substrates,  hindering  large-scale  production  and  industrial
applications  [14, 21−23].  Thus,  identifying  a  carbon  source  that
facilitates  the  rapid  preparation  of  graphene  on  non-catalytic
substrates  is  crucial  for  enabling  its  widespread  application
[7, 8, 24−27].

In  this  study,  we  present  a  novel  method  for  synthesizing
graphene utilizing propane (C3H8) as a carbon source, enabling the
rapid  and  uniform  deposition  of  graphene  on  alumina
fiber/alumina  fiber  fabric  (AF/AFF).  A  comparative  analysis  of
methane  (CH4)  and  ethylene  (C2H4),  traditional  carbon  sources,
reveals the superior growth rate associated with the C3H8 approach
from  both  macro  and  micro  perspectives.  To  elucidate  the
mechanism underlying the rapid formation of  graphene facilitated
by  C3H8 molecules  on  AF/AFF,  we  employed  density  functional
theory (DFT) to analyze the cleavage, migration, and edge splicing
energy  barriers  of  C3H8 and  traditional  carbon  sources  C2H4 and
CH4.  Notably,  C3H8 exhibits  distinct  advantages  in  terms  of
migration, nucleation, and growth characteristics on AFF substrates
when compared to CH4 and C2H4.  The graphene-skinned imparts
exceptional  electrical  and  thermal  conductivity  properties  to  the
graphene-skinned  alumina  fiber  fabric  (GAFF)  while  maintaining
robust mechanical strength and high thermal stability endowed by
AFF.  Consequently,  GAFF  demonstrates  promising  application
potential  across  various  domains,  including  electromagnetic
interference (EMI) shielding. 

2    Experimental
 

2.1    Commercial AFF pretreatment process
AFF (3025t)  used for  graphene CVD growth was  purchased from
Shanghai  Rongrong  New  Materials  Company,  China.  Before
graphene  growth,  commercial  AFF  was  loaded  into  a  quartz  tube
(inner  diameter,  6.0  inch)  within  a  three-zone  furnace
(Lindberg/Blue  M  Three-Zone  Solid  Tube  Furnaces,  Thermo
Scientific, USA). The furnace was heated to approximately 800 °C,
and  air  was  introduced  for  around  2  h  to  eliminate  surface
polymers. 

2.2    CVD growth of graphene on AF and AFF
During  the  graphene  CVD  growth  process,  a  consistent  flow  of
100  sccm  of  argon  (Ar)  and  100  sccm  of  hydrogen  (H2)  was
introduced  into  the  chamber  during  the  heating  stage  and
maintained  throughout  the  entire  CVD  procedure.  Once  the
chamber  reached  the  target  temperature  (approximately  800,  900,
1000, or 1100 °C), a controlled flow of 0 to 1000 sccm of C3H8 (the
gas mixture consists of Ar:C3H8 = 9:1), 0 to 100 sccm of C2H4, 0 to
200 sccm of CH4, and 0 to 1000 sccm of H2 was introduced into the
CVD chamber until the graphene growth was completed, typically
lasting around 250 min. Afterward, the carbon sources were halted,
and the heating was turned off.  The chamber was then allowed to

cool,  with  only  100  sccm  of  Ar  and  100  sccm  of  H2 maintained
during  the  cooling  process.  When  the  furnace  chamber  reached
room  temperature,  the  flow  of  Ar  and  H2 was  stopped,  and  the
sample was extracted. 

2.3    Transfer process for graphene thickness measurement
GAFF  was  cut  into  small  fibers  and  immersed  in  a  50%
hydrofluoric  acid  (HF)  solution  for  8  to  12  h  to  remove  the  AF
core.  Subsequently,  the  collapsed  graphene  ribbons  coated  on  the
fibers were thoroughly washed 3 to 5 times with deionized water to
remove residual HF solution and inorganic salts from the graphene
surface.  Finally,  the  graphene  ribbons  were  transferred  onto  a
silicon wafer or transmission electron microscope (TEM) grid and
dried  under  an  infrared  lamp  for  15  to  25  min  until  all  residual
hydrofluoric acid had completely evaporated. The resulting samples
can  be  used  to  measure  the  graphene  thickness  and  assess  its
crystalline quality. 

2.4    Graphene domain regions data collection and analysis
methods
The graphene domain regions were collected by repeating the CVD
experiments three times points of ~ 3.5, ~ 4.5, ~ 5, ~ 5.5, ~ 6, ~ 8, ~
85, ~ 95, ~ 105, ~ 115, ~ 125, ~ 135, ~ 140, ~ 150, ~ 170, ~ 190, ~
200,  and  210  min  using  C3H8,  C2H4,  and  CH4 carbon  sources.
Scanning  electron  microscopy  (SEM)  characterized  their  surface
morphology.  Nucleation  density  and  domain  size  were  analyzed
using  SEM,  while  graphene  coverage  was  estimated  by  analyzing
statistical pixel values in Photoshop. 

2.5    Sheet resistance of GAFF
An average of 400 samples were collected at regular intervals on the
surface  of  GAFF,  and  a  four-point  probe  resistivity  measurement
was employed to assess the sheet resistance of GAFF films. 

2.6    Mechanical testing of GAFF
Three  GAFF  samples,  each  measuring  25  mm  ×  250  mm,  were
randomly selected. Each specimen was placed at least 100 mm from
the  edge,  and  the  number  of  contacts  should  be  minimized.  The
instrument (YG207A) moved the steel ruler and specimen forward
at a controlled speed, causing the specimen to penetrate the leading
edge of the platform and bend under its weight until the deep end
was recorded as D. The experiment was repeated three times at the
opposite end and on the other side of the GAFF. When the test tip
reaches  an  inclined  plane  at  a  41.5°  angle  to  the  horizontal  at  the
leading edge of the platform, the protruding length is twice the test
bending length, from which the bending length is determined. Half
of  the  protruding  length  is  taken  as  the  bending  length.  Four
bending  lengths  were  recorded  for  each  sample,  and  the  average
bending length (C)  was calculated for  each specimen.  The flexural
stiffness (G) is calculated using the equation (Eq. (1)):

G=m×C3 × 10−3 (1)

where G is  the  flexural  stiffness  (mN·cm), m is  the  mass  per  unit
area  of  the  sample  (g·m−2),  and C is  the  average bending length of
the specimen (cm). The test method is derived from GB/T 18318.1-
2009.

To  ensure  accurate  data  collection  during  fabric  testing,  attach
A4 paper (10 mm × 10 mm) to both ends of the GAFF sample to
prevent  slippage  and  data  inaccuracies.  Both  ends  of  the  GAFF
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sample  were  secured  to  an  electronic  universal  materials  testing
machine (MTS E43.104) using grippers, along with the attached A4
paper.  Ensure  the  longitudinal  centerline  of  the  specimen remains
aligned. The distance between the two grippers was set to 200 mm,
with  the  gripper  ends  positioned  approximately  10  mm  from  the
GAFF  specimen  (≥  220  mm).  The  GAFF  specimen  was
continuously  stretched  at  a  rate  of  100  mm/10  min.  The
instantaneous tensile force (F) was recorded when the tensile force
reached the point of failure. The maximum tensile strength (σ) was
calculated  based  on  the  peak  stress  (F)  observed  before  the  fiber
bundle failed, as follows (Eq. (2))

σ = F
b

(2)

where σ is the tensile strength (GPa), F is the breaking load (N), and
b is  the cross-sectional area of the GAFF bundle (cm2).  The cross-
section of  GAFF is  averaged by  measuring 20  points  with  altitude
gages. The test method is derived from GB/T 3923.1-2013. 

2.7    Electromagnetic shielding of GAFF
GAFF samples, with dimensions of at least 30 mm × 30 mm, were
secured  in  place  using  an  X-band  test  fixture  (DR-WX)  via  the
waveguide method. Testing was performed using a vector network
analyzer (Keysight E5063A). 

2.8    Measurement  for  the  thickness  of  graphene layers  in
GAFF
To measure the thickness of graphene layers grown on AF, the AF
core  in  graphene-skinned  alumina  fiber  (GAF)  obtained  from
GAFF  was  etched  away  in  HF  (see  more  details  in  the  method
(Section  2.3)),  transfer  process  for  graphene  thickness
measurement).  After  etching  AF  in  GAF,  graphene  layers  on  the
fiber  substrate  collapsed  onto  the  silicon  wafer  forming  the
graphene ribbons. The height of graphene ribbons can be measured
using atomic force microscopy (AFM) and the prepared graphene’s
thickness can be calculated using Eq. (3) [28]

h0 =
(h−0.4×2)

2
(nm) (3)

where h0 and h are the thickness of graphene layers and the average
height  of  graphene  ribbons  measured  with  AFM,  respectively.
0.4 × 2 value the correction accounting for the measured thickness
increase  related  to  substrate-graphene  and  graphene-tip
interactions, as well as the interlayer interaction of graphene. 

2.9    Characterizations
GAFF samples were characterized using SEM (FEI Quattro S, 10 kV),
Raman  spectroscopy  (Horiba,  LabRAM  HR-800,  532  nm  laser
excitation),  and  AFM  (Bruker  Dimension  Icon,  tapping  mode).
Sheet  resistance  was  measured  using  a  four-point  probe  resistivity
system  (RTS-8),  while  electrical  conductivity  was  assessed  using  a
Keithley  2400  (Tektronix).  Tensile  testing,  including  the
determination  of  bending  behavior,  was  performed  using  the
incline  method.  Bending  rigidity  was  evaluated  using  the  inclined
plane method, with each test sample measuring 25 mm × 250 mm
(YG207A). The tensile strength of the GAFF samples was evaluated
using  an  electronic  universal  material  testing  machine  (MTS
E43.104).  Electromagnetic  shielding  was  evaluated  using  vector
network analysis (E5063A) with the Waveguide Test Fixture (DR-
WX) and associated software (DR-WSE). 

2.10    DFT computational details
All the calculations were performed by using DFT as implemented
in  the  Vienna ab  initio package  (VASP)  [29].  The  projector
augmented wave (PAW) method [30] was used to describe electron-
ion interaction, while the generalized gradient approximation using
the Perdew–Burke–Ernzerhof (PBE) function was used to describe
the electron exchange correlation. A plane wave basis was set up to
an energy cutoff of 400 eV. For structural optimizations and charge
density  calculations,  the  convergence  criterion  for  the  total  energy
was set to 1 × 10−4 eV, and that of the force on each atom was set to
0.02  eV·Å−1.  Monkhorst–Pack  scheme  k-point  grids  of  1  ×  1  ×  1
were  used,  and  the  transition  states  were  searched  using  the
climbing-image  nudged  elastic-band  (CI-NEB)  method  integrated
into  VASP.  Two  layers  of  metal  atoms  and  one  layer  of  oxygen
atoms  for  one  cycle  repeated  four  cycles  as  the  substrate  in  the
model for the γ-Al2O3 graphene coverage models,  and the bottom
two  layers  were  fixed  to  imitate  the  surface's  relaxation  state.  The
graphene  edge  consists  of  nanoribbons  covering  the  surface  of
Al2O3.  A  correction  was  performed  using  the  DFT-D3  method,
considering the van der Waals force correction [31]. 

3    Results and discussion
In  this  work,  C3H8 was  utilized  for  graphene  growth  on  AFF  to
realize  the  conformal  coverage  of  continuous  graphene  layers  on
each fiber via the CVD method (Fig. 1(a)). The component content
of commercial AF is Al2O3:SiO2 = 72%:28%. It is worth noting that
the microstructure and composition of AF remain unchanged after
heat  treatment  at  1100  °C  for  2  h  (Fig.  S1(a)  in  the  ESM),  which
enables  high-temperature  graphene  growth. Figure  1(b) compares
images  of  the  photographs  before  and  after  the  preparation  of
GAFF via CVD by AFF. The Raman spectra presented in Fig. 1(c)
were obtained from eight evenly spaced locations on the GAFF, as
shown  in Fig.  1(b).  The  uniformity  of  the  intensity ID/IG (the
intensity ratio of the D and G peaks) and I2D/IG (the intensity ratio
of 2D and G peaks), further confirms the excellent homogeneity of
graphene on the fiber surface.

Moreover,  the  conformal  coverage  observed  in  SEM  images
(Fig.  1(d))  and  uniform  Raman  2D  peak  mapping  (Fig.  1(e))
confirm the continuous,  uniform graphene layer  coverage.  Raman
mapping  of  GAF  was  obtained  using  single-point  Raman
spectroscopy  (30  ×  50).  The  number  of  graphene  layers  can  be
effectively controlled,  allowing the synthesis of GAFF with varying
graphene  thicknesses  (Fig.  1(f)).  Raman  spectroscopy  further
demonstrates  that  the  controlled  preparation  of  GAFF  can  be
achieved  by  adjusting  the  C3H8 and  H2 gas  flow  rates  (Fig.  1(g)).
GAFF  thickness  can  be  measured  using  AFM  with  different
C3H8/H2 gas flow ratios. The actual graphene thickness can also be
determined by HF etching AF and transferring the graphene strip
to  a  silicon  wafer  (Fig.  S2  in  the  ESM)  (the  transfer  process  is
detailed in Section 2.3). The few-layer GAFF shown in Fig. 1(f) was
further  characterized  using  high-resolution  transmission  electron
microscopy (HR-TEM) (Fig. 1(h)), revealing stacked layers of few-
layer  graphene.  Additionally,  the  selected  area  electron  diffraction
(SAED) pattern in the inset of Fig. 1(h) indicates the high crystalline
quality of graphene.

Meanwhile,  under  identical  experimental  conditions,  the
experiment  was  repeated  to  generate  different  batches  of  GAFF
(Fig.  S3(a)  in  the  ESM),  with  Raman  spectra  collected  from  three
uniformly spaced positions, as shown in Fig. S2(a) in the ESM (Fig.
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S3(b) in the ESM). The resulting spectra exhibited consistent ID/IG
and I2D/IG ratios,  confirming  the  stability  and  reproducibility  of
GAFF preparation using C3H8 as the carbon source.

To  further  investigate  the  rapid  growth  behavior  of  C3H8,  we
compared it with two traditional carbon sources, C2H4 and CH4, by
analyzing their growth behaviors through SEM images. The reasons
for C3H8's  accelerated growth were explored from both micro and
macro  perspectives.  In  the  experiment,  the  gas  flow  rates  were
controlled  to  ensure  consistent  carbon  atomic  numbers  across  all
sources (C3H8:C2H4:CH4 = 2:3:6), thereby eliminating the influence
of differing carbon atomic numbers.

This  is  shown  in  (Figs.  S4(a)–S4(c)  in  the  ESM).  SEM  images
show that  multiple  graphene  domain  regions  were  formed on  the
surface  of  GAFF  at  6  min  for  the  C3H8 carbon  source.  The
graphene  domain  regions  of  the  CH4 and  C2H4 carbon  sources
grew slowly after ~ 85 and ~ 140 min, and at ~ 210 and ~135 min,
the graphene domain regions had similar coverage to the graphene
domain regions formed by the C3H8 carbon source at 8 min.

This  indicates  that  the  C3H8 carbon  source  has  a  shorter
incubation  time  for  graphene  preparation  on  the  AFF  surface,
which allows for faster preparation of GAFF. Figure 2(c) shows the

nucleation  density  of  graphene  prepared  from  C3H8,  C2H4,
and  CH4 carbon  sources  as  a  function  of  time,  with  a  linear
increase.  The  nucleation  time  (*t0)  can  be  calculated  by  linear
fitting extrapolation, as shown by the pentagon asterisk in Fig. 2(c).
The  nucleation  time  of  graphene  with  CH4,  C2H4, and  C3H8 as
carbon  sources  was  ~  110,  ~  48,  and  ~  2  min,  respectively.
The  results  indicate  that  the  nucleation  speed  of  the  C3H8
carbon  source  method  is  significantly  faster.  The  nucleation
rate  of  graphene  prepared  from  the  C3H8 carbon  source
(~ 37.17 nuclei·μm−2·min−1) was significantly higher than that of the
C2H4 carbon  source  (~  0.73  nuclei·μm−2·min−1)  and  CH4 carbon
source  (~  0.23  nuclei·μm−2·min−1). Figure  2(d) shows  the  graphene
domain  sizes  as  a  function  of  growth  time,  where  the  slope
represents the growth rate of domain sizes. The growth rate of the
C3H8 carbon source method (~ 13.31 nm·min−1) was much greater
than  that  of  the  graphene  domain  regions  prepared  by  the  CH4
carbon  source  (~  0.97  nm·min−1)  and  C2H4 carbon  source
(~  1.40  nm·min−1).  From  the  linear  fit  extrapolation  calculation  in
Fig.  2(d),  it  can be observed that the *t0 obtained in Fig.  2(d) is  in
good agreement  with  the  *t0 obtained  in Fig.  2(c).  The  nucleation
rate and growth rate of  graphene domain regions prepared by the

 

Figure 1    Preparation  and  characterization  of  GAFF by  CVD with  carbon  source  of  C3H8.  (a)  The  schematic  diagram of  GAFF prepared  by  CVD with  C3H8 as  the
carbon source. (b) Photographs of AFF (bottom) and GAFF (upper). (c) Raman spectra obtained from 8 evenly-spaced positions on GAFF, as marked in (b). (d) SEM
image of GAFF with twill,  scale bar: 1 mm. (e) Raman spectrum mapping of GAF in (b), scale bar: 2 μm. (f) Photographs of AFF and GAFFs prepared with different
C3H8/H2 ratios, scale bar: 2 cm. (g) Raman spectra of GAFF with single-layer, few-layer, and multi-layer graphene in (f), few-layer and multi-layer graphene are 4 and 224
layers, respectively. (h) HR-TEM image of 5-layer graphene and corresponding SAED patterns in the inset, with a scale bar of 10 nm.
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C3H8 carbon  source  were  significantly  higher  than  those  of
graphene prepared from CH4 and C2H4 carbon sources, to achieve
faster  full  coverage.  With  the  extension  of  the  reaction  time,  the
graphene domain regions gradually aggregate to form a continuous
graphene  film,  and  finally  completely  cover  the  AF  surface.  The
nucleation  density  of  graphene  (Fig.  2(b))  and  graphene  domain
size  (Fig.  2(c))  indicate  that  graphene  prepared  from  the  C3H8
carbon  source  has  a  high  domain  density  and  a  smaller  domain
size.  In  contrast,  graphene  prepared  from  the  CH4 carbon  source

has  a  small  domain  density  and  a  larger  domain  size.  It  is  worth
noting  that  graphene  prepared  from  the  C3H8 carbon  source  can
achieve  near-complete  coverage  at  ~  8  min,  while  CH4 and  C2H4
can  achieve  similar  coverage  after  ~  210  and  ~  135  min
(Fig. 2(d)), which is consistent with the fast growth rate of graphene
prepared from the C3H8 carbon source  mentioned earlier.  From a
macro point of view, the C3H8 carbon source requires the smallest
C/H ratio at similar ID/IG and I2D/IG (Figs. 2(f) and 2(g)). The C3H8
carbon source  takes  the  least  time to  prepare  GAFF under  similar

 

Figure 2    Comparison of the graphene growth behavior of C3H8, CH4, and C2H4 carbon sources. (a) A schematic diagram of GAF prepared using CH4, C2H4, and C3H8

respectively. (b) SEM images of the graphene domain regions on AF with three carbon sources of CH4,  C2H4,  and C3H8 under different coverages, scale bar: 1 μm. (c)
Nucleation densities of graphene domain regions on AF with three carbon sources of CH4,  C2H4,  and C3H8 at  different growth times.  The nucleation time *t0 time of
C3H8,  C2H4,  and CH4 was 2,  48,  and 110 min,  respectively.  (d)  Graphene island domain sizes  on AF with three carbon sources  of  CH4,  C2H4,  and C3H8 with various
growth times. The nucleation time *t0 time of C3H8, C2H4, and CH4 was 2, 48, and 110 min, respectively. (e) The coverage change of graphene domain regions on AF as a
function of growth time with CH4, C2H4, and C3H8. The error bars represent the standard deviations (n = 3). (f) and (g) The ID/IG and I2D/IG of graphene prepared by CH4,
C2H4, and C3H8 carbon sources at different C/H ratios. (h) The sheet resistance and layer thickness of GAFF prepared with CH4, C2H4, and C3H8 with various growth times.
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graphene  thickness  and  sheet  resistance  (Fig.  2(h)).  The  actual
thickness  of  the  graphene  is  obtained  from  AFM  images  (Figs.
S5–S7  in  the  ESM),  and  the  transfer  process  is  detailed  in  the
method.

The rapid, homogeneous, and large-scale preparation of GAFF is
essential for its practical applications. Graphene film preparation via
CVD is  a  kinetic  process  in  which  carbon sources  and  precursors
are  transported  to  the  substrate  surface,  following  the  direction  of
the gas flow. On the surface of γ-Al2O3,  which acts as a Lewis acid
catalyst  [8, 32−35],  active  species  overcome  the  adsorption  energy
barrier of the substrate. These species are then randomly deposited
onto  the  substrate  surface,  significantly  reducing  the  precursor
incubation  time  on  the  AFF  surface.  As  the  number  of  graphene
attachment  sites  increases,  the  precursors  tend  to  undergo
secondary  growth  at  these  sites,  leading  to  the  formation  of
graphene  domain  regions.  During  the  graphene  preparation
process,  edge  carbon  atoms  attached  to  graphene  sites  are  more
likely to escape into the surrounding environment [36].

In this  study,  the DFT method was employed to investigate the
molecular  properties  of  C3H8 and  its  role  in  the  fundamental
process of graphene CVD growth. Key steps in the graphene CVD
growth  process  were  analyzed,  including  the  cleavage  of  carbon
precursors  (Fig.  S8  in  the  ESM),  the  migration  and  nucleation  of
active species, and the energy barriers associated with edge growth,
as illustrated in Fig. 3.

On  AF  substrates,  the  C2H  barrier  (6.78  eV)  and  C3H  barrier
(6.18 eV), the primary active carbon species cleaved by C3H8 carbon
source, are higher than those of CH3 (4.24 eV), the primary active
carbon  species  cleaved  by  CH4 carbon  source,  and  the  C2H  band

(4.29 eV), the primary active carbon species cleaved by C2H4 carbon
source (Fig. 3(a)). The migration barrier of the carbon active species
C3H (3.46 eV) to C3H8 was lower than that of the activated carbon
species CH3 (5.16 eV) of the CH4 carbon source and much less than
that  of  the  shared  activated  carbon  species  C2H  (7.34  eV)  of  the
C3H8 and  C2H4 carbon  sources  (Fig.  3(b)).  Notably, Fig.  3(c)
underscores  the  significant  superiority  of  the  primary  carbon
species  C3H  derived  from  C3H8 in  terms  of  nucleation  rates,
suggesting  that  the  C3H8 carbon  source  can  migrate  and  nucleate
rapidly,  resulting in a significant enhancement of growth, which is
consistent with previous experimental data. Figure 3(d) shows that
the splicing energy barrier of C3H8-derived primary carbon species
C3H is lower than that of C2H, a primary carbon species shared by
C3H8 and C2H4, indicating that the C3H8 carbon source has a faster
growth rate in the domain regions.

In practical application, high flexibility and electrical conductivity
are  the  significant  advantages  of  GAFF [37].  The  AFF was  coated
with  graphene  by  CVD,  and  a  large  area  (200  cm  ×  50  cm)  of
uniform  GAFF  was  prepared  (Fig.  4(a)),  giving  the  commercial
AFF  exceptional  mechanical  and  electrical  properties. Figure  4(b)
shows the corresponding film sheet resistance uniformity of GAFF
in Fig.  4(a).  The  graphene-coated  is  uniformly  distributed  on  the
surface  of  the  AFF,  and  the  average  sheet  resistance  is  22.5  ±  3.0
Ω·sq−1. At a bending radius of ~ 20 mm, the anterior and posterior
resistance  of  the  diaphragm  did  not  change  much  after  different
bending times  (Fig.  4(c)),  indicating  that  there  is  a  strong binding
force  between  graphene  and  the  AF  coating,  and  graphene  is  not
easy  to  fall  off.  It  is  notable  that  by  changing  the  thickness  of
graphene,  the  sheet  resistance  of  GAFF can be  effectively  adjusted

 

Figure 3    Comparison of CVD growth mechanisms of graphene prepared from CH4, C2H4, and C3H8 carbon sources on γ-AI2O3. (a) The carbon sources of CH4, C2H4,
and C3H8 on γ-Al2O3 substrates are characterized by cleavable energy barriers associated with the primary active species. (b) The migration barriers of the primary active
species on γ-Al2O3 substrates. (c) The nucleation rate of the primary active substance on the γ-Al2O3 (100) crystal plane. (d) The edge growth barriers of the primary active
species on the γ-Al2O3 substrates.
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in a wide range, and the thickness of graphene can be achieved by
adjusting the growth parameter of  the C3H8/H2 ratios of  graphene
(Fig. 4(d)).

Moreover,  GAFF  exhibits  excellent  flexibility  and  retains  high
tensile  strength  even  at  1100  °C.  After  undergoing  repeated
mechanical deformations, including grasping, folding, twisting, and
stretching  (Fig.  4(e)),  the  changes  in  the ID/IG and I2D/IG ratios  of
GAFF were negligible (Fig. S9 in the ESM).

This  stability  indicates  that  the  graphene  layers  within  GAFF
maintain  their  structural  integrity  despite  various  mechanical
stresses.  The  tensile  strength  of  GAFF  was  assessed  from  two
perspectives:  the  graphene  layers  of  the  GAFF  (Fig.  4(f))  and  the
heat treatment temperature of the AFF (Fig.  4(g)).  The number of
graphene layers can be controlled by adjusting the C3H8/H2 ratios,
allowing  for  the  synthesis  of  GAFF  films  with  varying  sheet
resistances.  Interestingly,  the  tensile  strength  and  elongation  of
GAFF  remained  largely  unaffected  by  changes  in  graphene
thickness  (Fig.  S10 in the ESM) (the transfer  process  is  detailed in
the  method).  However,  both  the  tensile  strength  (Fig.  4(g))  and
flexural rigidity (Fig. S11 in the ESM) of the AFF were significantly
reduced  when  the  heat  treatment  temperature  (~  800,  ~  900,
~ 1000, and ~ 1100 °C, Ar: 500 sccm for 2 h) for graphene growth
was altered.

With  the  rapid  advancement  of  science  and  technology,
particularly  in  areas  such  as  5G  high-frequency  communications,
smart  wearable  devices,  and  new  energy  vehicles,  the  influence  of
electromagnetic  interference  (EMI)  has  become  pervasive,
impacting everything from daily life to military operations and even
space exploration [38−40]. Consequently, there is a growing need to
develop materials capable of shielding or absorbing electromagnetic
waves to mitigate these harmful effects [38, 41−43]. Electromagnetic
shielding materials are functional substances designed to reduce the

transmission  of  electromagnetic  wave  (EMW)  energy  through
absorption  (A)  and  reflection  (R),  thereby  effectively  countering
electromagnetic  interference  and  pollution  [44−47].  The
effectiveness  of  such  shielding  materials  depends  on  their
conductivity, permeability, and structural design [48, 49].

As technology advances,  electromagnetic shielding materials  are
evolving towards being lighter, thinner, and more efficient to meet
the  increasing  market  demand [50].  In  recent  years,  graphene  has
emerged  as  a  key  carbon  material  in  the  field  of  nanotechnology,
known for  its  exceptional  electron mobility,  high thermal  stability,
and large specific surface area [51, 52].  The GAFF, synthesized via
the  CVD  method  by  integrating  graphene  with  AFF,  has
demonstrated  significant  improvements  in  both  the  electrical
conductivity  and  electromagnetic  shielding  capabilities  of  AFF
[8, 46, 53].

This  paper  investigates  the  influence  of  graphene  thickness,
fabric  count,  and  polyimide  (PI)  encapsulation  films  on  EMI
shielding performance. The AFF used in this study is a twill  fabric
structure  consisting  of  warp  and  weft  yarns.  The  graphene
composites  developed  possess  a  distinctive  layered  conductive
structure,  offering  unique  advantages  for  EMI  shielding
applications.

As  illustrated  on  the  left  side  of Fig.  5(a),  from  a  macroscopic
perspective,  when  EMW  incident  on  a  multilayer  (1–3  layers)
GAFF, most of the EMW is reflected due to its interaction with the
free  carriers  on  the  graphene  surface.  At  the  microscopic  level,  a
small  portion of  the  EMW penetrates  the  braided structure  of  the
GAFF,  where  it  undergoes  multiple  reflections  between  adjacent
fibers,  coupled  with  successive  absorptions.  The  magnified  image
on the right side of Fig. 5(a) demonstrates that when EMW interacts
with a single GAF in the fabric, part of the EMW is reflected by the
graphene  layer,  while  the  remainder  is  absorbed  due  to  the

 

Figure 4    Electrical and mechanical properties of GAFF. (a) Photograph of GAFF (50 cm × 200 cm). (b) Sheet resistance mapping of GAFF. (c) Resistance variations of
GAFF after  500  times  bending at  a  bending radius  of  ≈  20  mm.  The error  bars  represent  the  standard deviations  (n =  3).  (d)  Sheet  resistance  of  GAFF with  various
C3H8/H2 ratios. (e) Photographs of GAFF going through mechanical deformations of grasping, folding, twisting, and stretching. (f) The tensile strength and elongation of
GAFF obtained at different graphene layers (~ 5, ~ 26, and ~ 113 N). The error bars represent the standard deviations (n = 3). (g) Tensile strength and elongation of the
pristine  AFF and GAFF obtained at  different  growth temperatures  (~  800,  ~  900,  ~  1000,  and ~1100 °C for  ~  2  h).  The  error  bars  represent  the  standard deviations
(n = 3).

Nano Research | Vol. 18, No. 5 Zheng et al.

94907330 (7 of 11) Nano Research, 2025, 18, 94907330

https://www.sciopen.com/article/10.26599/NR.2025.94907330
https://www.sciopen.com/article/10.26599/NR.2025.94907330
https://www.sciopen.com/article/10.26599/NR.2025.94907330
https://www.sciopen.com/article/10.26599/NR.2025.94907330
https://www.sciopen.com/article/10.26599/NR.2025.94907330
https://www.sciopen.com/article/10.26599/NR.2025.94907330
https://www.sciopen.com/article/10.26599/NR.2025.94907330
https://www.sciopen.com/article/10.26599/NR.2025.94907330


conductive losses, and polarization relaxation in the graphene layer.
Notably,  the  electromagnetic  interference  shielding  effectiveness
(EMI  SE)  of  GAFF  can  be  effectively  tuned  by  adjusting  the
number of graphene layers, which can be controlled by varying the
growth  time.  For  instance,  at  a  sheet  resistance  of  1.8  Ω·sq−1,  the
EMI  SE  reaches  approximately  46  dB  (Fig.  5(b)).  EMI  SE  and
dielectric constant of AFF (Fig. S12 in the ESM). Sub-tests of GAFF
with  this  resistance  demonstrated  that  90%  of  the  EMW  was
reflected,  with  less  than  1%  transmitted,  confirming  the  effective
electromagnetic  shielding  performance  of  GAFF  (Fig.  5(c)).  To
further  enhance  shielding  efficiency,  multilayer  GAFF  was
fabricated, and its EMI SE showed an increasing trend. The EMI SE
of  the  multilayer  GAFF  reached  around  90  dB  (Fig.  5(d)).  The
impedance matching and attenuation coefficient of GAFF (Fig. S13

in  the  ESM).  Comparison  of  the  specific  shielding  effectiveness  of
GAFF with other shielding materials (Fig. S14 in the ESM).

The  PI  film  is  renowned  for  its  outstanding  resistance  to  both
high  and  low  temperatures,  excellent  mechanical  properties,
chemical  stability,  favorable  dielectric  characteristics,  and
biocompatibility. These qualities make it highly versatile and widely
used in applications such as microelectronic packaging, new energy
batteries,  and  chemical  equipment  [54−57].  In  addition,  PI  film
significantly enhances the mechanical  strength of  GAFF, improves
its  thermal  stability,  and  boosts  its  electrical  insulation,  offering
effective  protection  for  GAFF  against  external  environmental
factors [58−60].

The  encapsulation  of  PI  and  GAFF  is  achieved  by  layering  PI
over GAFF within a thermoplastic molding machine. It is crucial to

 

Figure 5    Electromagnetic properties of GAFF. (a) EMI shielding mechanisms in the hierarchical conducive configuration of GAFF. (b) The EMI shielding effectiveness
(SE) of GAFFs with different sheet resistances (1.8, 2.5, 5.8, 70, 700, and 7000 Ω·sq−1). (c) Reflection (R), absorption (A), and transmission (T) ratio of GAFF with a sheet
resistance  of  1.8  Ω·sq−1.  (d)  EMI  SE  of  the  1–3  layers  of  GAFFs  (thickness  of  GAFF  to  ~  0.40  mm,  sheet  resistance  of  ~  1.8  Ω·sq−1).  (e)  A  schematic  diagram  of
encapsulation of GAFF with polyimide (PI) film. (f) EMI SE of GAFF before and after packaging by PI. The error bars represent the standard deviations (n = 3).
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preserve  the  integrity  and  performance  stability  of  the  graphene
both  before  and  after  encapsulation,  to  prevent  oxidation  and
ensure the long-term stability  of  GAFF's  electromagnetic  shielding
effectiveness. Figure  5(e) depicts  the  structural  model  of  GAFF
encapsulated with a PI film. Notably, the electromagnetic shielding
efficiency  of  GAFF  shows  minimal  change  before  and  after  the
application of  different  encapsulation layers,  indicating  that  the  PI
film  does  not  impact  the  shielding  performance  (Fig.  5(f)).
Additionally,  Fig.  S15  in  the  ESM  presents  a  photo  of  the  PI-
encapsulated GAFF (20 cm × 10 cm) for reference. 

4    Conclusions
In this study, C3H8 was employed as the carbon source to enable the
rapid  preparation  of  GAFF  on  an  AFF  substrate  via  the  CVD
method.  A  comparative  analysis  of  the  growth  behavior  of  C3H8
versus  traditional  carbon  sources,  CH4 and  C2H4,  revealed  that
C3H8 demonstrated superior growth rates across both microscopic
(including graphene domain size, nucleation density, and coverage)
and macroscopic perspectives (including defect ratio, graphene film
thickness,  and  sheet  resistance).  DFT  analysis  identified  C2H  and
C3H as the primary active species generated during the pyrolysis of
C3H8 at 1100 °C. Notably, C3H, as a unique active species of C3H8,
showed distinct advantages in migration, nucleation, and growth on
AFF  substrates  compared  to  traditional  carbon  sources.  Overall,
utilizing  C3H8 as  an  innovative  carbon  source  for  graphene
synthesis on commercial AFF substrates opens up new avenues for
large-scale production and commercialization. The resulting GAFF
exhibits  exceptional  properties  such  as  flexibility,  tensile  strength,
electrical  conductivity,  and  electromagnetic  shielding,  providing  a
strong  foundation  for  future  applications.  Further  optimization  of
preparation  processes  and  structural  design  will  not  only  enhance
performance  but  also  expand  the  potential  application  areas  of
GAFF,  positioning  it  for  broader  use  in  applications  such  as
electromagnetic shielding materials. 

Electronic Supplementary Material: Supplementary material (data
related  to  the  uniformity  of  GAFF  preparation  from  methane,
ethylene and propane carbon sources,  C/H ratio,  growth behavior
of  graphene  and  electromagnetic  properties)  is  available  in  the
online  version  of  this  article  at https://doi.org/10.26599/
NR.2025.94907330. 
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