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Multispecies-coadsorption-induced rapid
preparation of graphene glass fiber fabric
and applications in flexible pressure sensor

KunWang 1,7, Xiucai Sun1,2,7, Shuting Cheng2,3,7, Yi Cheng 1, KewenHuang 1,
Ruojuan Liu1,2, Hao Yuan 1,2, Wenjuan Li1,2, Fushun Liang1,2, Yuyao Yang1,2,
Fan Yang1,2, Kangyi Zheng2,4, Zhiwei Liang2,5, Ce Tu 2, Mengxiong Liu1,2,
Mingyang Ma 1,2, Yunsong Ge1,2, Muqiang Jian 1,2,6, Wanjian Yin 2,4,
Yue Qi 2 & Zhongfan Liu 1,2

Direct chemical vapor deposition (CVD) growth of graphene on dielectric/
insulating materials is a promising strategy for subsequent transfer-free
applications of graphene. However, graphene growth on noncatalytic sub-
strates is faced with thorny issues, especially the limited growth rate, which
severely hindersmass production and practical applications. Herein, graphene
glass fiber fabric (GGFF) is developed by graphene CVD growth on glass fiber
fabric. Dichloromethane is applied as a carbon precursor to accelerate gra-
phene growth, which has a low decomposition energy barrier, and more
importantly, the produced high-electronegativity Cl radical can enhance
adsorption of active carbon species by Cl–CH2 coadsorption and facilitate H
detachment from graphene edges. Consequently, the growth rate is increased
by ~3 orders of magnitude and carbon utilization by ~960-fold, compared with
conventional methane precursor. The advantageous hierarchical conductive
configuration of lightweight, flexible GGFF makes it an ultrasensitive pressure
sensor for human motion and physiological monitoring, such as pulse and
vocal signals.

Graphene possesses a range of excellent physical properties, such as
high electrical and thermal conductivities1–3, making it a promising
candidate for wide applications in electronic devices, transparent
electrodes, heat dissipation modules, etc.4–8. The scalable fabrication
of high-quality graphene is the foremost step for its industrial appli-
cations. Since the first report of graphene chemical vapor deposition
(CVD) growth on Cu foil by the Ruoff group in 20099, graphene CVD
growth on catalyticmetallic substrates has been regarded as one of the

most promising strategies for the mass production of high-quality
graphene. Significant developments have been achieved afterward,
such as the preparation of single-crystal or superclean graphene10,11, as
well as the large-scale graphene films and 4–8 inch graphene wafers5,12.
However, for further applications, the graphene films grown on metal
substrates always need to be transferred onto the target application
substrates (usually dielectrics or insulators) through a complicated,
time-consuming, and cost-ineffective process13. In addition, wrinkles,
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cracks, and contamination are inevitably introduced into graphene
during the transferring process, which will severely degrade the
excellent intrinsic properties of graphene14–16.

Given the above situation, the direct CVD growth of graphene on
dielectrics or insulators (SiO2, Al2O3, Si3N4, etc.) to obtain the new
advanced graphene composite materials for the subsequent transfer-
free applications is becoming increasingly imperative17–19. Never-
theless, graphene CVD growth on these substrates is usually con-
siderably time-consuming (hours to days) due to the lack of catalytic
capability of the nonmetallic substrates20–22. Consequently, the mass
production of these graphene composite materials is largely limited,
and high energy consumption is caused considering the high CVD
growth temperature (>1000 °C) of graphene.

Up to now,many efforts have been devoted to improving the CVD
growth rate of graphene on noncatalytic substrates. External metal
catalysts (such as Cu18, Ni23, and Ga24) were introduced into the CVD
system to catalyze the decomposition of carbon precursors and gra-
phene growth. However, the poor uniformity and metal residues lar-
gely limited the industrial applications of the as-grown graphene.
Moreover, carbon precursors with low decomposition energy barriers
(such as ethanol25, acetylene26, and cyclohexane27) were applied to
replace the conventional methane precursor, which could accelerate
graphene growth by producing richer active carbon species during
their decomposition. Notably, graphene CVD growth consists of sev-
eral elementary steps, i.e., decomposition of carbon precursors,
adsorption and nucleation of active carbon species, and further
growing coalescence of graphene domains28. Accordingly, the rea-
sonable modulations for each of these elementary steps will hopefully
accelerate graphene growth. Therefore, there is still huge room for the
improvement of graphene CVD growth rate on the noncatalytic
substrates.

Glass fiber is a commercial lightweight structural material with
outstanding mechanical flexibility and strength, high-temperature
resistance, as a uniquemacrostructure, which is thus a promising CVD
growing substrate of graphene, and also a valuable carrier for the
atomic graphene layers during the subsequent transfer-free
applications29–32. Herein, graphene glass fiber fabric (GGFF) was
developed byCVD growing graphene on glassfiber fabric (GFF, ~99.9%
SiO2). Importantly, to overcome the growth rate limit for graphene on
the noncatalytic GFF, dichloromethane, a widely used organic solvent
in industry, was used as the carbon precursor for graphene CVD
growth to increase the growth rate through accelerating the multiple
CVD elementary steps, instead of one single elementary step as com-
monly reported in other precursor-modulating systems33. The
dichloromethane precursor appears to be more prone to pyrolysis in
the gas phase than the conventional methane precursor, and more
importantly, the produced Cl radical can enhance the adsorption of
active carbon species by the interesting Cl−CH2 coadsorption on GFF
substrate. Actually, the multiple adsorbates coadsorption, such as
NO+NH3, CO +C2H4, and CO+K, have been widely applied for pro-
moting catalytic reactions and oxidation process, as well as increasing
electron emission rate, etc.34,35. However, to the best of our knowledge,
the effects ofmultispecies coadsorption have not been investigated or
applied in graphene CVD growth. In addition, during graphene CVD
growth in a dichloromethane system, the high-electronegativity Cl can
facilitate H detachment at graphene edges to enlarge domains. In this
way, the use of dichloromethane can simultaneously accelerate the
formation of active carbon species, nucleation, and coalescence of
graphene, as well as the formation of continuous graphene films.
Consequently, the growth rate of graphene onGFFwas increased by ~3
orders of magnitude accompanied by ~960 times increase of carbon
utilization, compared with the conventional methane-precursor sys-
tem, and the full-coverage graphene film on GFF could be accom-
plished within ~0.5min. The commercially available rawmaterials, i.e.,
dichloromethane and glass fiber, as well as the facile and efficient

preparation strategy of GGFF, provided reliable premises for the cost-
effective and energy-saving mass production of this new material and
the solid foundation for the subsequent practical applications. Nota-
bly, GGFF is featured with excellent electrical conduction because of
graphene covering, and the unique woven structure composed of
warp and weft yarns (each containing thousands of fibers). The
advantaged hierarchical conductive configuration of GGFF enables the
ultrasensitive resistance response under pressure. GGFF thus showed
promising performances as the lightweight, flexible pressure sensors
with high sensitivity and portability used in human motion and phy-
siological signal monitoring, such as pulse and vocal signals.

Results
Preparation of GGFF
The preparation process of GGFF through the direct CVD graphene
growth on GGF is schematically presented in Fig. 1a, where dichlor-
omethane was creatively introduced into the CVD system as the
carbon precursor (see more details in Supplementary Fig. 1a and
“Methods” section of Dichloromethane precursor-based CVD growth
of GGFF). At the initial stage, dichloromethane undergoes the
decomposition process to form the active carbon species (CH2Cl,
CH2, CH, C, etc.) and Cl in the vapor phase. The active carbon species
are subsequently absorbed onto the surface of GFF, leading to gra-
phene nucleation. With the extension of growth time, active carbon
species keep on attaching at the edges of graphene domains,
resulting in their growth and coalescence to form continuous gra-
phene films. Notably, during the above graphene CVD growth, Cl
radicals produced by the decomposition of dichloromethane played
important roles in facilitating the adsorption of active carbon species
and the further graphene edge growth, which will be further dis-
cussed in Fig. 3.

The commercial GFF (with fiber diameters of ~7μm) used for the
preparation of GGFF has good high-temperature resistance, and the
fiber shape was well maintained after ~1100 °C graphene CVD growth
(Supplementary Fig. 2). Figure 1b presents the photographs of large-
area GFF and GGFFs (with a width of ~25 cm) obtained with different
growth times. It can be observed that contrasts of GGFFs gradually
became darker with growth time extending, indicating the increase of
graphene layer thickness, which is further supportedby the decreasing
intensity ratios of 2D andGpeaks (I2D/IG) in Raman characterizations in
Fig. 1c36. Notably, GGFF grown for ~0.5min shows the typical Raman
signal of monolayer graphene on insulating substrates (I2D/IG = 1.5)25,37,
indicating the quite fast growth rate of graphene in this growth system.
As revealed in Supplementary Fig. 3, I2D mappings of the fabricated
GGFF with varying graphene thicknesses provided visual representa-
tions of high-layer uniformity. Cross-sectional transmission electron
microscopy (TEM) images of GGFF further verified the nice layered
structure of as-grown graphene (Supplementary Fig. 4). The graphene
ribbon was obtained by etching the GFF core in hydrofluoric acid and
graphene layers collapsing onto the silicon substrate, as displayed in
scanning electron microscopy (SEM) image in Fig. 1d, and the corre-
sponding energy-dispersive X-raymapping of the ribbon was shown in
Supplementary Fig. 5. In thisway, the thickness of graphene filmcanbe
directly measured by atomic forcemicroscopy (AFM). As presented in
Fig. 1e, ~2 nm thickness of the graphene ribbon (measured after being
transferred onto the silicon substrate), twice the thickness of the
grown graphene layer, corresponds to 1–2 layers of the CVD-grown
graphene38. Moreover, the AFM characterizations of graphene ribbons
with different thicknesses obtained through growth time modulation
were also provided in Supplementary Fig. 6, suggesting a good capa-
city for layer thickness control in our dichloromethane CVD growth
system. GGFF inherits the excellent electrical conductivity of gra-
phene. The sheet resistancemappingonGGFF in Fig. 1f reveals the high
uniformity of the electrical conductivity with a mean value of
35.0 ± 2.3Ω sq−1 over the 5 cm× 5 cm area (see more details in the
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“Methods” section of dichloromethane precursor-based CVD growth
of GGFF).

Highgraphene growth rate brought bydichloromethane carbon
precursor
As schematically demonstrated in Fig. 2a, a four-point probe system
was used formeasuring the sheet resistance of GGFF. At the period for
the formation of isolated graphene domains (period I in Fig. 2a), the
sheet resistance was out of detection range due to the open-circuit
condition in GGFF; after the continuous graphene films being formed,
the conductive circuit was connected in GGFF and the sheet resistance
couldbe successfully detected (period II in Fig. 2a) (see Supplementary
Fig. 7 for current–voltage curves). Therefore, the detectability of the
sheet resistance in GGFF could be regarded as the indicator for the
formation of continuous graphene films.

The sheet resistance of GGFF as a function of growth time
obtained with dichloromethane and methane precursors was system-
atically compared in Fig. 2b (carbon supplies introduced into the two
CVD systems remained consistent) (see more details in the “Methods”
section of Dichloromethane precursor-based CVDgrowth of GGFF and
Methane precursor-based CVD growth of GGFF under consistent car-
bon supplies with dichloromethane-based growth). It can be observed
that the sheet resistances decreased with growth time extending for
both GGFFs, implying the improvement of electrical conduction. This
will satisfy the various application scenarios, which have different
requirements for electrical conductivity. Notably, in the dichlor-
omethane system, the full-coverage continuous graphene films could
be formed within ~0.5min, in contrast to ~480min taken in the
methane system (the pentagram points marked in Fig. 2b), and the

carbon utilization was therefore largely improved by ~960 times.
Moreover, to obtain the same electrical conduction of GGFF, the
dichloromethane growing system required significantly less time
compared with methane. For instance, to reach the target sheet
resistance of ~30Ω sq−1 (the triangle points marked in Fig. 2b), it only
required ~10min for dichloromethane, while ~900min was needed for
methane. The growth rate (v, min−1) can be determined as graphene
coverage (θ) divided by growth time (t): v = θ/t. When the full coverage
is achieved, the growth rate can be expressed as v = 1/t. To the best of
our knowledge, the graphene growth rate obtained in this work is
much higher than that in reported literature for graphene grown on
nonmetallic substrates, even onmetal substrates such asNi and Ni−Cu
alloy21,25,39–44, as summarized in Fig. 2c. For different growing condi-
tions, such as hydrogen-to-dichloromethane (H2/CH2Cl2) or hydrogen-
to-methane (H2/CH4) ratios of 5, 8, 16, 20, and 25, the growth rates of
graphene on GFF in the dichloromethane system also kept at ~3 orders
of magnitude higher that of methane (Supplementary Fig. 8), verifying
the effectiveness of dichloromethane precursor for accelerating gra-
phene growth. These results reveal the prominent advantages of
dichloromethane precursor in production capacity improvement and
energy saving (shorting high-temperature treatment time) during the
graphene CVD mass production.

In addition, a dichloromethane CVD growth system can achieve
high crystal quality under the premise of a high growth rate. There is
usually a dilemma between the growth rate and quality. Figure 2d, e
presents the TEM images on TEM grid of dichloromethane- and
methane-grown graphene obtained at the same growth rate (~2min−1)
(see more details in Supplementary Fig. 9 and “Methods” section of
Dichloromethane precursor-based CVD growth of GGFF and Methane

Fig. 1 | Preparation ofGGFF. a Schematic of the grapheneCVDgrowing process on
GFF with dichloromethane as the precursor. Step I: thermal decomposition of
dichloromethane in the vapor phase, step II: adsorption and nucleation of active
carbon species on GGF, and step III: growth and coalescence of graphene domains
by carbon attachment. b Photographs of large-area bare GFF and GGFFs (with a
width of ~25 cm) obtained with the graphene growth times of 0.5, 2, 5, and 10min
(growth parameters: H2/CH2Cl2 ratio of 8:1). c Raman spectra corresponding to
GGFFs in (b) (normalized toG peak intensity).d SEM image of the graphene ribbon

transferred onto the silicon substrate. The tube-shaped graphene onGGFcollapsed
into a ribbon after dissolving theGFF core. eAtomic forcemicroscopy (AFM) image
and height profile along the dashed orange line of the graphene ribbon transferred
onto the silicon substrate, showing ribbon thickness of ~2 nm (twice the thickness
of the grown graphene films), corresponding to 1–2 layers of graphene. f Sheet
resistance mapping of GGFF (5 cm× 5 cm). Inset: corresponding statistics of sheet
resistance.
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precursor-based CVD growth of GGFF under consistent growth rate
with dichloromethane-based growth), which reveal the longer-range
crystalline order of dichloromethane-grown graphene in contrast to
the amorphous structure of the methane-grown graphene. Con-
sistently, in contrast to the obvious characteristic Raman 2D band
(~2680 cm−1) of dichloromethane-grown graphene, the 2D band for
methane-grown graphene is nearly negligible (Supplementary Fig. 10),
indicating the extremely low crystal quality of the formed graphene
films45. These results suggest that dichloromethane is indeed a pro-
mising carbon precursor for rapid graphene growth with satisfactory
crystallinity.

Mechanisms for the rapid growth behaviors in dichloromethane
CVD system
To reveal the underlying mechanisms of the greatly increased growth
rate of graphene onGFF in a dichloromethaneCVD system, the density
function theory (DFT) calculations about themolecular characteristics
of dichloromethane and its participation in the elementary processes
of grapheneCVD growthwere carried out. As shown in Supplementary
Fig. 11, the C–Cl bond strength in dichloromethane is much weaker
than the C–H bond in methane due to the longer bond length (~1.75 Å
for C–Cl vs ~1.13 Å for C–H) and smaller overlap populations (~0.42 for
C–Cl vs ~0.77 for C–H). Therefore, the dichloromethane precursor
appears to be more prone to pyrolysis in the gas phase. This was
further verified by the kinetic calculations of dichloromethane pyr-
olysis in Fig. 3a and Supplementary Fig. 12. Due to the much lower

energy barrier of dichloromethane dechlorinating than that of
methane dehydrogenating, CH2 is the dominant active species in
dichloromethane systemand ismoreabundant in concentrationunder
the experimental temperature of ~1100 °C (Supplementary Fig. 13),
instead of CH3 as that in methane system46. Benefiting from the higher
reaction activity than CH3, the dominant CH2 species will largely
facilitate the subsequent growth of graphene on GFF.

Further, the interaction between the pyrolysis products of
dichloromethane and GFF substrate (~99.9% SiO2) was explored. A
dominant (0001) orientation of the SiO2 surface was chosen as the
typical calculation model of the GFF substrate based on its relatively
higher thermodynamic stability47. Considering the H-rich graphene
CVDgrowing conditions,O1-, O2-, andSi-terminated surface structures
with or without H passivation were all considered during the calcula-
tions, as schematically shown in Supplementary Fig. 14. The surface
energy calculations of the six above configurations revealed that Si-
terminated SiO2(0001) without H passivation was the most stable
structure with the lowest surface energy (Supplementary Fig. 14).
Therefore, GFF with the Si-terminated SiO2(0001) without H passiva-
tion was selected as the calculated model, and in this model there are
two types of sites (Si site and O site) for CH2 species adsorption. The
adsorption energy of CH2 is ~−1.24 eV on the Si site and ~1.40 eV on the
O site, which reveals the nonactivity of O site with the unstable CH2

adsorption (Supplementary Fig. 15 and Supplementary Table 1).
Notably, when CH2 and Cl are coadsorbed, the redistribution of the
electronic density at the surface occurs. As shown in Fig. 3b, the

Fig. 2 | Rapid growth of graphene on GFF with dichloromethane as the carbon
precursor. a Schematic depicting the sheet resistance measurements of GGFF at
different graphene growing periods. Period I: open circuit condition between iso-
lated graphene domains, period II: connected circuit condition of continuous
graphene films. b Sheet resistance as a function of growth time for GFFFs prepared
using dichloromethane (orange) and methane (blue) precursors. The carbon sup-
plies remained consistent in both systems. The pentagram points marked the time
for the formation of full-coverage graphene films and the triangle points marked

the time for reaching the sheet resistanceof ~30Ω sq−1. The error bars represent the
standard deviations (n = 5). c Comparisons between the growth rates of graphene
obtained in this work with those reported in literature21,25,39–44. d, e High-resolution
TEM images on a TEM grid of dichloromethane- and methane-grown graphene
obtained under the same graphene growth rate (growth parameters: H2/CH2Cl2
ratio of 8:1; H2/CH4 ratio of 1:5). Insets are corresponding selected area electron
diffraction (SAED) patterns (scale bars: 5 nm−1).
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electronegative Cl absorbed on Si site draws away electrons from Si,
leading to a positive surface dipolemomentdCl−Si = 2.98D. In contrast,
the electropositive CH2 absorbed on the adjacent non-bonding O site
contributes electrons to O, resulting in a negative surface dipole
moment dCH2�O = −1.15 D. Therefore, an attractive dipole–dipole
interaction is caused between these two opposite surface dipoles with
the interaction energy Edd =dCl−Si dCH2�O/4πε0r

−3 = −18.1meV35,48,49,
which reduces CH2 adsorption energy by ~2.0 eV and increases the
adsorption life by ~8 orders of magnitude (Fig. 3c). Therefore, the
inactive O sites on SiO2(0001) surface are greatly activated by the
coadsorbed Cl. In addition, the activity of Si sites is also slightly
enhanced with a decreasing CH2 adsorption energy and an increasing
adsorption lifetime (Fig. 3c). Consequently, due to the Cl−CH2 coad-
sorption, the capacity for GFF substrate to capture active carbon
species is largely enhanced, which is of great significance to promote
the nucleation and growth processes of graphene on the substrate.

Highly electronegative Cl radical, as one of the significant
decomposed products of dichloromethane in graphene CVD system,
played an important role in the growth of graphene domains50. After
the CH2 species attached at the growing edges of graphene domains
(Supplementary Fig. 16), their dehydrogenation subsequently hap-
pened to change the configuration from sp3 hybridization to sp2

hybridization, and to prepare for the bonding of the next CH2 species.
Conventionally, the H atoms at graphene edges are removed by
hydrocarbon species in the gas phase via CHx +H −Gr→CHx+1 + Gr
reaction, but the high reaction energy barrier severely limits the

expansion rate of graphene edges (~2.06 eV for CH2 (blue line in
Fig. 3d, Supplementary Fig. 17 and Supplementary Table 2), ~1.94 eV for
CH3 as previously reported51). In contrast, since the produced Cl
radicals in the dichloromethane systempossess high electronegativity,
they can spontaneously react with the H atoms bonded at the growing
edges ofgraphenedomains (energy barrier-free, orange line in Fig. 3d).
Therefore, the edges expansion rate of graphene domains on GGF is
greatly increased, which will largely accelerate the coalescence of
graphene domains and the formation of continuous graphene films.

The difference in the rate (v) of graphene growth using CH4 and
CH2Cl2 can be comprehensively evaluated by the following equation:

ν =
ΔL × Cp

e Ea RLð Þ + ΔEð Þ=kBT
ð1Þ

where the Ea (RL) and ΔE take the values of the threshold barriers
during graphene growth and the reaction heat for dehydrogenation of
the graphene growing edge, respectively. ΔL =0.142 nm is the length
of a C–C bond in graphene, and CP represents the collision rate of
active carbon species51, which is proportional to the partial pressure of
the carbon species in the gasphase (seemore details in Supplementary
Fig. 13). Therefore, after substituting the values into above equation, it
can be obtained that the rate of CH2Cl2 involved in the growth of
graphene is about 103 times higher than that of CH4, which is essen-
tially compatible with the experimental finding shown in Supplemen-
tary Fig. 8.

Fig. 3 | Theoretical investigations using density function theory (DFT) of the
rapid growth mechanisms of graphene on glass fiber fabric (GFF) in dichlor-
omethane chemical vapordeposition (CVD) system. a Energy profiles during the
full pyrolysis of dichloromethane and methane in the gas phase. b Dipole-dipole
interaction resulting from themultispecies-coadsorptionof Cl on Si site andCH2on
the adjacent non-bondingO site. cChanges of adsorption energy (Eads) and lifetime
(τ) of dominant CH2 species at O or Si adsorption sites on Si-terminated SiO2(0001)

without H passivation before and after Cl coadsorption (ΔEads = −(Eads(CH2 and
Cl)− Eads(CH2))). d Energy profiles for the dehydrogenation and reconfiguration
kinetics of the growing graphene zigzag edges with (blue) or without (orange) Cl
participation, where (H-) Gr represents that the frontier edge of graphene is ter-
minated by H atoms. Bottom schematic showing graphene edge dehydrogenation
processes with Cl assisting.
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GGFF flexible pressure sensor based on the hierarchical con-
ductive configuration
After graphene growth on GFF substrates, a 3D conductive network
came into being where graphene glass fiber in the fabric served as the
conductive channel. Figure 4a schematically illustrates the elementary
unit of GGFF and the corresponding equivalent circuit (inset in Fig. 4a).
SinceGGFF is composedofwarp andweft yarns andeach yarn contains
thousands of fibers, the resistance of GGFF is determined by the
intrinsic resistance of each fiber (R0), contact resistance between
neighboring fibers (Rc1), and contact resistance between the warp and
weft yarns (Rc2). Therefore, a hierarchical conductive pathway in GGFF
is constructed with the basic resistance parameters of R0, Rc1, and Rc2.
Among them, the contact resistance (Rc1 and Rc2) can be evaluated via
the Holm’s theory52, using

Rc =
ρ
2

ffiffiffiffiffiffiffi

πH
nP

r

ð2Þ

where ρ is the electrical resistivity, H is the material hardness, n is the
number of contact points, and P is the contact pressure. The
mechanical deformation of GGFF under the pressure can change the
number of contact points and contact pressure, leading to the varia-
tion of contact resistanceRc1 and Rc2 (Fig. 4a). As verified in Fig. 4b, the
total circuit resistance of GGFF decreases when pressure was applied,
related to the decreasedRc1 andRc2 in the equivalent circuit becauseof
the closer contacts between the neighboring fibers, as well as the warp
and weft yarns (inset in Fig. 4b).

The hierarchical conductive configuration of GGFF enables the
ultrasensitive responseunder external pressure, providing apromising
platform for pressure sensor applications. As shown in Supplementary

Fig. 18, a flexible sensor was fabricated based on GGFF encapsulated
with polypropylene films (seemore details in the “Methods” section of
fabrication of GGFF flexible pressure sensors). The resistance response
to the finger bending was monitored, exhibiting rapid relative resis-
tance variations (ΔR/R0) with good repeatability and stability (Sup-
plementary Fig. 19). Besides the above large-range movement, the
GGFF flexible sensor could capture the weak physiological signals. As
shown in Fig. 4c, the sensorwas attached to thewrist for detecting real-
time pulse signals. Repeatable and regular pulse shapes were detected
under the relaxation conditions, and the ΔR/R0 could reach ~40%,
which is higher than most of the state-of-the-art sensors53–56. Further-
more, each pulse peak clearly displays the typical features of the pulse
waveform, i.e., percussion wave (P wave), tidal wave (T wave), and
diastolic wave (D wave) (inset in Fig. 4c)57, indicating the high sensi-
tivity of the sensor. Human vocal signals could also be recognizedwith
the GGFF sensor responding to the throat muscle motion. As pre-
sented in Fig. 4d, the words “graphene”, “glass”, and “fiber” can be
recorded in different patterns with excellent repeatability, which
endows the GGFF sensor with the capacity for human sound collection
and recognition58. In addition, Fig. 4e presented the collected ΔR/R0

when theGGFF sensorwas attached to a loudspeaker playing a burst of
birdsong (Supplementary Movie 1). It was found that the detected
signals had a synchronous response to the original audio frequency,
and could retain almost every characteristic peak. In this way, GGFF
can be highly expected in sound visualization technology, such as
mobile health care, fatigue detection, and robotic voice
development59,60. Applied asflexible sensors, the performance stability
under variousmechanical deformationswas the significant premise. As
shown in Supplementary Fig. 20, after repeated deformations of
twisting, grasping, and folding, the morphology of GFFF presented

Fig. 4 | GGFF flexible pressure sensors. a Schematic for the elementary unit of
GGFF and corresponding equivalent circuit (inset), depicting the hierarchical
conductive model constructed in GGFF. R0 is the intrinsic resistance of each fiber,
Rc1 is the contact resistance between neighboring fibers, and Rc2 is the contact
resistance between the warp and weft yarns. b Relative resistance variation under
different pressure contact resistance between the warp and weft yarns. Inset: cor-
responding equivalent circuit under the pressure, where the faded orange color of
Rc1 and Rc2 denotes the resistance decreasing. c Pulse signal detection with GGFF

sensor. Inset: wrist attached with GGFF sensor (left), and the magnified image of a
single pulse presenting the typical P-, T-, and D-waves (right).dHuman vocal signal
detectionwithGGFF sensor, presenting the featuredpeak shapes responding to the
phonation of “graphene”, “glass”, and “fiber” with high repeatability. Inset: throat
attached with GGFF sensor. e ΔR/R0 of GGFF sensor attached on a loudspeaker
playing an audio file (bottom), showing good consistency with the original audio
signals (up).
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negligible change and no peeling of graphene layers was observed,
suggesting the high flexibility and interfacial stability of GGFF. Overall,
the sensitive motion-resistance response, the excellent flexibility, and
the light weight make GGFF a promising candidate as the highly por-
table pressure sensor for human motion and physiological signal
monitoring.

Notably, GGFF’s large-area and scalable production capabilities
position it uniquely for large-size applications in various areas. For
example, as we know, the aircraft wing sensors are the essential parts
for ensuring the normal work of aircraft. These sensors are anticipated
to play a pivotal role in monitoring various parameters critical to an
aircraft’s wing, such as the strain and deformation, temperature, as
well as structural integrity31,61,62. GGFF holds promising application
potential in the above scenarios, i.e., aircraft wing sensors. First,
according to the analyses in Fig. 4, the GGFF-based sensor exhibited
high sensitivity for the resistance response. Second, GGFF presented
excellent flexibility, which can realize a conformal fit with objects of
different shapes to realize effective signal acquisitions. Therefore, in
the fields of aircraft sensors, the large-area GGFF will present the
expected application values. Beyond sensors, GGFF also exhibited
exceptional electrical heating performances, which made it a promis-
ing electric heating material used in the areas of anti/de-icing of large
instruments or equipment, such as aircraft and wind turbine blades. In
addition, the excellent structural flexibility of GGFF allows it to con-
form seamlessly to various surfaces, ensuring comprehensive anti/de-
icing protection across expansive areas. Moreover, GGFF has a low
density of ~2.5 g cm−3, which avoids the additional weight gain for the
aircraft and wind turbine blades during large-area practical applica-
tions. The large-area coverage, high production capacity, excellent
flexibility, and lightweight, as well as excellent tolerance to harsh
environments,make GGFF a superior anti/de-icingmaterial for aircraft
and wind turbine blades, which will inject new impetus into the
development of aviation and renewable energy areas.

Discussion
In this work, GGFF with the innovative hierarchical conductive con-
figuration was successfully developed, where the multi-elementary-
process modulation, especially the multispecies-coadsorption, was
conducted to realize the rapid growth of graphene on the insulating
GFF substrate. Dichloromethane, a widely used organic solvent in
industry, applied as the carbon precursor for graphene CVD growth
possessed a low decomposition energy barrier so as to produce rich
active carbon species, and more importantly, the produced highly
electronegative Cl in this CVD system enhanced the adsorption of
active carbon species by Cl–CH2 co-adsorption and facilitate H
detachment from graphene edges, which largely promoted the
adsorption and nucleation of graphene on the substrate and their
further growing coalescence to form continuous graphene films,
respectively. Notably, the Cl–CH2 co-adsorption strategy was first
proposed in the graphene CVD research area. We noted that tri-
chloromethane and dichloromethane were previously introduced into
a plasma-enhanced CVD (PECVD) system to promote the decomposi-
tion of mixed precursors50. However, the implementation of dichlor-
omethane in conventional thermal CVD systems represents a
significant advancement since the intrinsic decomposition properties
of precursors play a much more vital role in the thermal CVD process
than in the PECVD process. The commercially available raw materials,
i.e., dichloromethane and glass fiber, as well as the facile and efficient
preparation strategy, provided reliable premises for the cost-effective
and energy-savingmass production of GGFF. GGFF is featuredwith the
hierarchical conductive configuration constructed with warp and weft
yarns consisting of thousands of fibers, which enables the ultra-
sensitive resistance response under pressure. In this way, GGFF shows
promising potential as lightweight, flexible sensors with high

sensitivity and portability used in human motion and physiological
signalmonitoring. As is known to all, the trade-off betweenhighquality
and high growth rate for graphene CVD growth on noncatalytic non-
metallic substrates is a recognized issue for CVD graphene, which is
also the direction we are committed to in future research. Beyond
quality considerations, the industrial applicability of graphene hinges
on factors such as production capacity and cost. Our approach offers
an efficient and cost-effective solution to mitigate the high energy
consumption associated with the prolonged high-temperature CVD
growth process of graphene in the noncatalytic system, thereby
addressing critical concerns in the mass production of CVD graphene.

Methods
Ethics declarations
The data were obtained with the informed consent of all participants.
All human experiments were performed in compliance with the pro-
tocol approved by the Institutional Review Board of Tsinghua Uni-
versity (no. 20230019).

Dichloromethane precursor-based CVD growth of GGFF
Commercially available GFF of ~0.1mm thickness (Wuhan Sino Type
Optoelectronic Technology CO., LTD) was first annealed under
~500 °C in ambient air for 2 h to remove the coated polymer (same
treatment for below). After being carefully cleaned, GFF was placed at
the center of a high-temperature furnace with the low-pressure CVD
(LPCVD) system. In a typical procedure, the systemwas evacuated to a
base pressure of <1 Pa and heated to 1100 °C under a H2 flow of
120 sccm. Subsequently, dichloromethane vapor with the desired flow
(5–24 sccm) was pumped into the chamber for graphene growth.
Throughout the growth process, the chamber pressure was held at
approximately 400–500 Pa depending on the flow of dichlor-
omethane vapor. The growth of graphene lasted for 0.5–10min, fol-
lowedby thenatural cooling process to room temperatureunder anH2

flow of 20 sccm and Ar flow of 200 sccm. The temperature profile
diagrams of the CVD process and information about the flow rate of
precursors are shown in Supplementary Fig. 1a63,64. GGFF samples for
sheet resistance mapping (Fig. 1f) and TEM characterization (Fig. 2d)
were grown for ~10min and 0.5min, respectively, with the H2 flow of
120 sccm and the dichloromethane vapor flow of 15 sccm at ~1100 °C.

Methaneprecursor-basedCVDgrowthofGGFFunder consistent
carbon supplies with dichloromethane-based growth
The same GFF substrates and LPCVD method were used in experi-
ments. The system was evacuated to a base pressure of <1 Pa and
heated to ~1100 °C under a H2 flow of 120 sccm. Subsequently,
methane gas with the desired flow (5–24 sccm) was introduced to the
chamber for graphene growth. Throughout the growth process, the
chamber pressure was held at approximately 400–500 Pa depending
on the flow of methane. In each individual comparative experiment,
the methane flow remained consistent with the flow of dichlor-
omethane vapor to ensure consistency across the comparative
experiments. The growth of graphene lasted for 8–15 h, followed by
the natural cooling process to room temperature under an H2 flow of
20 sccm and Ar flowof 200 sccm. The temperature profile diagramsof
the CVD process and information about the flow rate of precursors are
shown in Supplementary Fig. 1b63,64.

Methaneprecursor-basedCVDgrowthofGGFFunder consistent
growth rate with dichloromethane-based growth
To obtain the same growth rate of methane-grown graphene (Fig. 2e)
as that of dichloromethane-grown graphene, the H2/CH4 ratio was
further reduced to 1:5with theH2flowof 10 sccmand themethaneflow
of 50 sccm. The growth temperature was maintained at ~1100 °C and
the CVD growth process lasted for ~0.5min.
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Fabrication of GGFF flexible pressure sensors
GGFF for the pressure sensor fabrication was synthesized with the H2

flowof 120 sccmand themethane flowof 15 sccmat 1100 °C for ~4min.
Subsequently, copper double-sided tapes were stuck on both ends of
GGFF to serve as the electrodes. Also, copper wires were connected to
make an electrical connection. Finally, polypropylene films tightened
by a hot plate were used to package the sensor. Two volunteers par-
ticipated in the GGFF pressure sensor experiments, comprising a 27-
year-old male for finger bending and pulse signal detections and a 26-
year-old female for human vocal signal detection. The gender of par-
ticipants was determined based on self-report. Gender was not con-
sidered in the study design because the sensitivity of pressure sensors
has no certain relationship with gender.

Graphene transfer for AFM and TEM characterizations
The graphene transfer process for AFM and TEM characterizations was
carried out with the assistance of polydimethylsiloxane (PDMS)
stamps65. First, GGFF was put on a PDMS stamp and flattened with a
glass plate. After the adhesion of PDMS, the GGFF/PDMS assembly was
immersed in hydrofluoric acid solution (20wt%) for 8 h to etch the GFF
substrate, followed by a repeated rinsing process with deionized water.
The resulting graphene/PDMS assembly was then pressed onto the
target substrate (silicon for AFM and TEMgrid for TEM) at 80 °C for 2 h.
Finally, the PDMS stamp was carefully peeled off from the substrate,
resulting in the transferred graphene layer on the target substrate.

Characterization
The prepared samples were characterized using SEM (Thermo Scien-
tific Quattro S, acceleration voltage: 10 kV), Raman spectroscopy
(Horiba, LabRAM HR800, 532 nm laser wavelength), AFM (Bruker
Dimension Icon with ScanAsyst mode), and TEM (FEI Tecnai F20,
acceleration voltage: 200 kV). The sheet resistance wasmeasured by a
four-point probe resistivity measurement system (RTS-8). The elec-
trical signals of sensors were recorded with a Keithley 2450 digital
Sourcemeter at a constant voltage of 0.1 V.

DFT computational details
The DFT calculations are performed using the Vienna Ab initio Simu-
lation Package software66. The projector-augmentedwavemethodwas
used to describe the interactions between the core and valence elec-
trons. The Perdew–Burke–Ernzerhof form involving the generalized
gradient approximation functional was used to describe the exchange-
correlation potential67. The electron wave functions were expanded in
a plane wave basis set with a kinetic energy cutoff of 450eV, the
Monkhorst–Pack scheme k-point grids were set to 2 × 2 × 1. A vacuum
layer of 15 Å is added perpendicular to the sheet to avoid artificial
interaction between periodic images. All the structures are relaxed
until the residual forces on the atoms have declined to less than
0.05 eVÅ−1, and the convergence criterion for the total energy is set to
1 × 10−4 eV. The calculation of the atomic dipole moments, with con-
sideration of periodic boundary conditions, was accomplished by the
application of the recently developed density-derived electrostatic
and chemical methods68. For transition state calculations, the climbing
image nudged elastic band method was used to determine the energy
barriers of various kinetic processes69. The transition states during
each elementary reaction were verified by transition state imaginary
frequency calculations.

The stability of hydrocarbon species adsorption geometry was
evaluated by the adsorption energy (Eads), which is defined as

Eads = Etot � Esub � ECHX
ð3Þ

where Etot and Esub are the total energies of the SiO2 (0001) substrate
with and without adsorbed hydrocarbon species, ECHx

is the energy
of a hydrocarbon molecule.

During the various elementary reaction calculations and transi-
tion state searching processes, the reaction barrier Ea is calculated as

Ea = ETS � EIS ð4Þ

where EIS and ETS represent the energies of the initial state (IS) and
transition state (TS), respectively.

Considering the weak absorption on insulating surfaces, the life-
time of a species on a surface can be estimated by

τ = τ0 expðEb=kBTÞ ð5Þ

where τ0 =h=kBT is the prefactor and h and kB are the Plank and
Boltzmann constants, respectively.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. All other data that support
the plots within this paper and other findings of this study are available
from the Supplementary Information or the corresponding authors
upon request. Source data are provided with this paper.
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