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with high quality and low cost could be 
realized,[1–3] allowing solution-free, cat-
alyst-free, and substrate-free graphene 
products to be obtained directly. More than 
several decades after exfoliating graphite in 
agitated fluids to produce graphene oxide 
by Hummers’ method,[4] significant efforts 
have been directed toward scalable produc-
tion of graphene.[5–10] Liquid-phase exfolia-
tion (LPE) can yield kilograms of graphene 
with low cost, but requires suitable sol-
vents, proper additional surfactants, and 
complicated post treatments to purify and 
stabilize the suspension. This inevitably 
brings about low quality and contamina-
tion of graphene.[11,12] Conversely, chem-
ical vapor deposition (CVD) is another 
choice, assisted by metal catalysts or other 
aids at high temperature. CVD is good for 
surface devices and can realize roll-to-roll 
preparation of high quality graphene 
film, but is limited by large consumption 
of metal foils and energy, complex crafts-
manship, and the transfer process.[13–15] 

Both LPE and CVD have their own pros and cons, it seems that 
“snowing” graphene can give us a whole new space to explore. 
In the last decades, microwave plasma reactors[16] and DC arc 
discharge[17] are proven to be substrate-free methods for syn-
theses of carbon nanomaterials including graphene of high 
quality, but complex and costly equipment as well as low pres-
sure are always required.[18,19] Therefore, how to develop a facile 
scalable technology of producing high quality graphene with 
low cost, especially “snowing” graphene, still remains challenge.

Besides, the soft snowflakes can self-assemble in a snow-
field. The snowfield is very fluffy, similar to lamellar coral in 
the ocean which can disperse strain derived from tidal forces. 
Such a structure may contribute to some applications such as 
sensors,[20,21] etc. So, rational assembly of graphene sheets into 
macroscopic architectures should also be considered for appli-
cations.[22–24] Macroscopic architectures with different functions 
can exhibit different performance. Orderly and densely stacked 
structures such as graphene fiber or film can be realized by 
dimension-confined strategies[25] or filtration assembly[26] of 
graphene due to strong π–π interactions between planar gra-
phene sheets. This will contribute to good mechanical flexibility 
and strength for actuator.[27] Alternatively, a 3D assembled 
framework from graphene sheets can be obtained by hydro-
thermal or freezing-drying through π-conjugation, giving great 
enhancement of surface/interface interaction and mutability 
for electrochemical and electromechanical devices.[28]

Developing a simple and industrially scalable method to produce graphene 
with high quality and low cost will determine graphene’s future. The two con-
ventional approaches, chemical vapor deposition and liquid-phase exfoliation, 
require either costly substrates with limited production rate or complicated 
post treatment with limited quality, astricting their development. Herein, an 
extremely simple process is presented for synthesizing high quality graphene 
at low-cost in the gas phase, similar to “snowing,” which is catalyst-free, 
substrate-free, and scalable. This is achieved by utilizing corona discharge of 
SiO2/Si in an ordinary household microwave oven at ambient pressure. High 
quality graphene flakes can “snow” on any substrate, with thin-flakes even 
down to the monolayer. In particular, a high yield of ≈6.28% or a rate of up to 
≈0.11 g h−1 can be achieved in a conventional microwave oven. It is demon-
strated that the snowing process produces foam-like, fluffy, 3D macro scopic 
architectures, which are further used in strain sensors for achieving high 
sensitivity (average gauge factor ≈ 171.06) and large workable strain range 
(0%–110%) simultaneously. It is foreseen that this facile and scalable strategy 
can be extended for “snowing” other functional 2D materials, benefiting their 
low-cost production and wide applications.

Graphene

Snowing, a natural phenomenon, is a falling down process of ice 
crystals formed by deposition of H2O molecules on condensation 
nuclei from the atmosphere. Self-assembly snowflakes can form 
into white and fluffy snowfield. The planar high quality snow 
crystals are similar to 2D nanomaterials, such as graphene, etc. 
It would be fantastic if a scalable snowing process of graphene  
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Herein, we demonstrate a snowing process for scalable prep-
aration of graphene flakes. Like the process of H2O mole cules 
nucleation and then growth in the atmosphere, the carbon 
sources can nucleate and grow in the gas phase and then 
floating with the gas flow. This was realized by a simple and 
low-cost corona discharge of SiO2/Si in an ordinary household 
microwave oven at ambient pressure, which is facile and low-
cost. Large quantities of graphene flakes can snow directly in 
the gas phase without the assistance of catalyst or substrate. 
The yield can be ≈6.28% and a rate can be up to ≈0.11 g h–1. 
The derived graphene exhibits high quality of the D/G ≈ 0.36, 
an average size of ≈100 ± 16 nm and ≈74.4% of the layers being 
five layers or less. Similar to snowing snowflakes into snowfield, 
the “Graphene Snow” (GS) can self-assemble into fluffy and 
foam-like macroscopic architectures, exhibiting high sensitivity 
(average gauge factor ≈ 171.06) as well as large workable strain 
range (0%–110%) when applied to strain sensors. In addition, 
close stacking macroscopic architectures of GS patterns can be 
obtained by inkjet printing, producing good conductivity and 
mechanical properties. Compared to conventional methods of 
graphene preparation, this work demonstrates a simple and 
scalable method for producing graphene and other 2D mate-
rials, and a way to assemble microscopic architectures into 
macroscopic architectures, with likely applications in sensors 
and printed electronics, etc.

The experiment was carried out in an ordinary household 
microwave oven, within a quartz tube passing through the inte-
rior. A corona discharge of SiO2/Si was generated inside the 
quartz tube, producing high quality graphene sheets within 
seconds. Note that instead of SiO2/Si, other conductive mate-
rials such as fresh metal wires, foils, and syringe needles, and 
so on, can also be employed (Figure S1, Supporting Infor-
mation). As shown in the video, SiO2/Si was discharging in 
the quartz tube (Video, Supporting Information), which we 
attribute to charge accumulation around the tips at the edges 
of SiO2/Si.[29] The temperature of the quartz tube detected by a 
hand-held thermometer can reach 710 °C in about 4 min from 
room temperature, which we think is lower than the tempera-
ture of the plasma (Figure S2, Supporting Information). By 

introducing methane into the system, graphene sheets can be 
produced directly in the gas phase and then floating with the 
gas flow, which is similar to snowing (Figure 1a). The whole 
process can be realized within 4 min, and no substrate or cata-
lyst is required. The corona discharge triggered graphene snow 
can snow on different substrates (Figure S3, Supporting Infor-
mation) and various carbon sources can be used to produce GS 
(Figures S4 and S5, Supporting Information). Typical low-mag-
nification transmission electron microscopy (TEM) images of 
GS are shown in Figure 1b and Figure S6 (Supporting Infor-
mation), in which the GS is flaky. Some boundaries of GS are 
folded, as shown in Figure 1c and Figure S7 (Supporting Infor-
mation), enlarged TEM images. Selected area electron diffrac-
tion (SAED) in Figure 1c reveals that GS flake is of high quality. 
Low-voltage, aberration-corrected, high-resolution TEM was 
used to characterize GS, and we observed an interlayer spacing 
of ≈0.34 nm (Figure 1d; Figure S8, Supporting Information). 
Also, GS exhibits the sixfold symmetry, indicating its structural 
integrity (Figure 1e,f).

Raman spectroscopy has been proved to be an effective way 
for testing and probing local structural information in gra-
phene.[30] As seen in Figure 2a, the peaks at about 1343, 1570, 
and 2682 cm−1 can be attributed to the D, G, and 2D bands, 
respectively.[30] Compared with reduced graphene oxide (RGO) 
and graphene oxide (GO), GS exhibits a better quality, which 
can be clearly observed from the low intensity ratio of ID/IG. 
Note that the D peak of GS shows that there may exist some 
grain boundaries of graphene. Also, ID/IG increases with the 
methane flux, indicating that a smaller methane flux produces 
a higher quality of GS (Figure S9, Supporting Information). In 
addition, X-ray photoelectronspectroscopy (XPS) of graphene 
reveals that the ratio of C/O is around 41.8, revealing extremely 
low oxygen content (Figure S10, supporting Information), close 
to the value measured in graphite (C/O ≈ 46.62),[31] but much 
superior to RGO (C/O < 17)[32,33] (Table S1, Supporting Infor-
mation). A predominant sp2 carbon peak (284.8 eV), a CH 
peak (285.2 eV), as well as a broad CO peak and shake-up 
peak can be observed in the XPS C 1s spectrum in Figure 2b, 
revealing the featured signals of our good quality GS.[34] GS was 
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Figure 1. Schematic illustration and basic characterization of snowing graphene using microwave ovens. a) Schematic illustration of growing GS using 
a conventional microwave oven. Corona discharge can be generated to promote snowing graphene in the gas phase. b,c) Low-magnification TEM image 
and selected-area electron diffraction pattern (as an inset) of GS. d–f) Low-voltage, aberration-corrected, high-resolution TEM image of GS layers and 
the edges of single layer and two layers. An enlarged area derived from the red box in inset (e) is shown as an inset, exhibiting the sixfold symmetry.
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further confirmed by X-ray diffraction (XRD). As can be seen 
an inconspicuous peak at about 26° in contrast with graphite 
can be indexed to (002) of graphene (JCPDS card 41–1487),[35] 
while the weak intensity indicates its lack of layered periodic 
structures of graphite (Figure S11, supporting Information).[36] 
When a low CH4 concentration of 1.0 vol% was input into 
the system, statistics suggest that ≈74.4% of the sheets of GS 
are five layers or less (Figure 2c), together with a distribution 
in average size of 100 ± 16 nm (Figure 2d). Increasing the 
methane flux can lead to an increase in the number of layers 
of GS (Figure S12, Supporting Information). The estimated 
yield of GS flakes can be up to ≈6.28% (the g/g weight ratio of 
graphene/carbon sources) when inputting 14.34 mg CH4 per 
minute (Figure S13, Supporting Information). The rate can be 
up to ≈0.11 g h–1 when a methane flux of 100 sccm was intro-
duced, comparable with those of RGO[37] and LPE graphene[38] 
(Table S2, Supporting Information).

In order to understand the growth mechanism, in situ 
optical emission spectrum (OES) was conducted to monitor the 
system directly. By collecting the optical signal derived from 
the corona discharge through an optical fiber, real-time relative 
concentration of reactive species in the system can be acquired 
(Figure S14, Supporting Information). Figure 3a shows a typ-
ical OES spectrum of our reaction system. Similar to other 
Argon (Ar) plasma, the emission wavelength between 700 and 
900 nm can be assigned to atomic Ar lines due to 4p–4s transi-
tions. Based on these Ar lines, the temperature of the plasma 
can be calculated at ≈6030 K (Figures S15 and Table S3, Sup-
porting Information). CH (388.3 nm) can also be detected in 

the OES.[39] Strong plasma emissions of C2 at about 516.4 nm 
with head peaks at 473.7 and 563.4 nm can also be detected 
due to the radiative decay of the C∗

2(A3Πg) state, which can be 
ascribed to C + C + Ar → C∗

2(A3Πg) + Ar.[40] The weak emission 
peak at about 656.2 nm can be attributed to Hα.

The relative intensity of each active species can be used to rep-
resent its concentration. The relative intensity (concentration) 
change of CH, C2, Hα, and Ar versus time at a low CH4 concen-
tration of 1.0 vol% is presented in Figure 3b. It can be seen that 
the concentration of Ar decreases rapidly at first and then slows 
down, while the concentrations of CH and C2 increase initially 
and then decrease. Note that when the concentration of radicals 
goes down to nearly zero, corona discharge will end. Moreover, 
the concentration of Hα remains almost the same throughout 
the process, indicating hydrogen (CH4 → Graphene + 2H2) 
produced in the system is in the form of molecules. How-
ever, when increasing the concentration of methane from 1.0 
to 13.0 vol%, the time of corona discharge decreases from over 
200 s to seconds (Figure 3c,d; Figure S16a, Supporting Infor-
mation). The maximal concentration of CH radicals remains 
nearly the same while the maximal concentration of C2 radicals 
increases (Figure 3c,d). Considering the higher production rate 
of graphene in this case, it is assumed that C2 radicals are more 
relevant to forming GS, consistent with previous work.[41]

The process of producing graphene is assumed to be the 
following

CH CH C Graphene4 2

1 2 3k k k

→ → →  (1)
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Figure 2. Characterizations and analysis of high-quality GS. a) Raman spectra of GS, RGO, GO, and graphite, showing that GS is of high quality.  
b) C1s states of GS produced by a microwave oven. c) Layer and d) size distribution of GS at a low CH4 concentration of 1.0 vol%.
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During the period of increasing concentration of radicals 
going up, in which radicals are generated faster than consumed 
(k1 > k2 > k3), it can be seen that the concentrations of CH 
radicals and C2 radicals increases linearly with time, following 
zero-order reaction kinetics (Figure S17, Supporting Informa-
tion). Also, the net concentration of CH radicals increases faster 
than C2 radicals indicates that |k1 − k2| > |k2 − k3|. Increasing the 
feed of methane will lead to a faster producing rate of CH 
radicals and C2 radicals (Figure S17, Supporting Information), 
therefore it favors the accumulation of radicals. In the period 
of decreasing radical concentration, in which radicals are con-
sumed faster than generated (k1 < k2 < k3), it can be seen that 
the logarithms of concentration of Ar, CH radicals, and C2 radi-
cals decreases linearly with time, following first-order reaction 
kinetics (Figure 3e,f; Figure S16b, Supporting Information). 

The faster consumption rate of CH radicals compared to C2 
radicals indicates |k2 − k1| > |k3 − k2|, leading to an increase in 
relative concentration of C2/CH (Figure S16c, Supporting Infor-
mation). Increasing the feed of methane can lead to a faster 
consumption rate of CH radicals and C2 radicals (Figure 3e,f), 
therefore a faster generation rate of GS, corresponding with 
Figure S13 in the Supporting Information. Thus, it is neces-
sary to increase the feed of carbon sources in order to obtain 
a higher producing rate of graphene, but an associated larger 
concentration of C2 will make it easier to form nucleation 
centers, so multilayer graphene will more likely be created at 
the same time.

It is also found that high quality GS can only be formed 
if the corona discharge is generated (Figure S18, Supporting 
Information), which might be attributed to the presence of 
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Figure 3. Mechanism of snowing GS during the corona discharge process. a) A typical in situ OES spectrum of the reaction system. b) Relative intensity 
change of CH, C2, Hα, and Ar versus time at a low CH4 concentration of 1.0 vol%. c,d) Relative intensity change of CH and C2 (Δν = 0) radicals versus 
time at different concentration of CH4. e,f) Plot of the logarithm of intensity of CH radicals and C2 (Δν = 0) radicals versus time at different concentra-
tion of CH4 during the period of decreasing concentration of radicals, indicating first-order reaction kinetics.
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C2. During this process, Ar plasma will collide with carbon 
sources causing bond fracture and formation of C2 radicals, 
then formation of graphene. Note that the pyrolysis of methane 
will also contribute to the growth of graphene. However, 
the accumulation of H2 in the system will suppress corona 
discharge as can be seen from the fact that discharge is signifi-
cantly reduced when putting the same flow of hydrogen into 
the system (Figure S19, Supporting Information). The intro-
duction of fresh Ar would generate corona discharge again 
(Figures S20a and S21, Supporting Information), because the 
energy needed to ionize H2 molecules is much higher than 
CH4. So, H2 molecules, as by-products, will dilute the reaction 
system and suppress the corona discharge. Therefore, periodic 
influx of large amounts of Ar will favor continuous produc-
tion of GS (Figure S20b,c, Supporting Information). In short, 
with the help of in situ OES, it can be confirmed that C2 plays 
an important role in producing GS, and the concentration 
of CH and C2 experiences an increase with zero-order reac-
tion kinetics then a decrease with first-order kinetics during 
a period of snowing GS. Also, this snowing process of GS is 
triggered by corona discharge and periodic introduction of 

large amounts of Ar can make the snowing process contin-
uous, available for scalable production of graphene flakes.

Like the self-assembly of snowflakes into fluffy snowfield, 
GS flakes from the microwave oven can snow directly onto 
poly dimethylsiloxane (PDMS) substrate in the downstream, 
forming foam-like 3D and fluffy macroscopic architectures 
on PDMS due to π–π interactions and repulsion of negative 
charges on the surface of the GS flakes (Figure 4a). These 
macroscopic architectures can be utilized to fabricate a strain 
sensor, which is simple as well as avoiding the use of solvents. 
It can be seen that GS on PDMS becomes denser and denser 
with increased deposition time, forming a uniform and fluffy 
3D assembled framework (Figure S22, Supporting Informa-
tion). Scanning electron microscope (SEM) images of a cross-
section of GS@PDMS show that GS overlaps with each other 
and forms a relatively uniform overall distribution (Figure S23, 
Supporting Information). As seen in Figure 4b, a monotonic 
increase in relative change of resistance (ΔR/R) versus strain 
(ε) from 0% to 110% can be observed. The curve is nonlinear 
as can be ascribed to our sensor being a resistive-type strain 
sensor and microstructure in the strain sensor undergoes 
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Figure 4. Electromechanical performance of GS based strain sensors. a) Scheme of snowing GS directly on PDMS film using microwave ovens to 
fabricate strain sensors. b) Plot of the relative change of resistance versus strain, showing a high GF as well as large workable strain range. SEM image 
(as an inset) shows that GS overlaps with each other to form a network structure. c) Relative change of resistance under varied strain, revealing reli-
able response to the applied strain. d) Relative change of resistance tested over a frequency range from 0.1 to 1.25 Hz. e) Cycling performance of the 
strain sensor at a loading applied strain of 20%, achieving long-time stability and high durability.
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“nonhomogeneous morphology” upon stretching, which is 
common in some previous works.[42] Generally speaking, gauge 
factor (GF), defined as ( / )/ε= ∆GF R R , can be used to measure 
its sensitivity. It can be seen that our strain sensor performs in 
three parts at 0%–60%, 60%–80%, and 80%–110%, with GFs 
of 24.6, 141.27, and 473.6, respectively, demonstrating its high 
sensitivity as well as large workable strain range. It should be 
mentioned that our sensor underwent rupture training with 
a rate of 1 mm s−1 before testing. Conventional strain sen-
sors based on graphene exhibited either large workable range 
(1000%) but low gauge factor (2) or small workable range (6%) 
but high gauge factor (1000).[43,44] In contrast, our self-assem-
bled stain sensor can realize a synergy of high sensitivity and 
large workable range, therefore giving superior performance to 
others[20,45] (Figure S24, Supporting Information).

In another experiment, spray coating process was employed 
to spray GS in solvents onto PDMS film. Compared with 
snowing GS directly on PDMS, the spray coating method can 
achieve denser packing of graphene but with lower GF. The 
reason can be ascribed to closer π–π stacking introduced by 
spraying graphene while more unstable contact points are 
generated by the snowing process (Figures S25 and S26, Sup-
porting Information). In addition, our GS-based strain sensor 
shows stable and reliable response to applied strain. As seen 
in Figure 4c, the relative change of resistance increases with 
increasing applied strain, which can be as small as 2% or as 
large as 110%, corresponding well with Figure 4b. Almost, 
the same response of strain sensor can be achieved within the 
tested frequency range (0.1–1.25 Hz), exhibiting frequency inde-
pendence (Figure 4d). In addition, the strain sensor can achieve 
long-time stability and high durability as the relative change of 
resistance remains nearly the same after 900 cycles at a loading 
applied strain of 20% (Figure 4e).

In order to unveil more details of the strain sensors when 
working, SEM images of a strain sensor at different loading 
strain was conducted. It can be seen that the crack gap 
increases with strain, which contributes to a high-performance 
strain sensor (Figure S27, Supporting Information). The 
GS-based strain sensor can also be used to simulate bending 
and touching. Different signals can be achieved by applying dif-
ferent forces to cause different deformation, demonstrating a 

possible application as wearable devices (Figure 5; Figure S28, 
Supporting Information).

Note that in addition to fluffy macroscopic architec-
tures acquired by “snowing” GS, close stacking macro-
scopic architectures can be formed by printing GS. In our 
experiment, GS can be used as inks to fabricate patterned 
graphene electrodes. N-methyl pyrrolidone (NMP) is a good 
solvent to disperse GS and achieves high zeta potential 
(Figures S29 and S30, Supporting Information). GS can also 
be dispersed in ethanol/terpineol solution containing ethyecel-
lulose (EC), and can achieve a concentration of 2 mg mL−1 for 
inkjet printing (Figure S31, Supporting Information). Traditional 
A4 paper, Silicon wafer, and polyimide (PI) are used to pattern 
GS, well comparable with commercial inks (Figures S32 and S33, 
Supporting Information). Besides, the patterned GS lines exhibit 
good electrical and mechanical properties, and can be applied to 
a keyboard (Figure S34, Supporting Information). All of these 
demonstrate the possibility of printing flexible circuits based on 
our GS.

We demonstrate a substrate-free and catalyst-free process 
for scalable preparation of “snowing” graphene flakes with 
high quality and low-cost. Utilizing corona discharge of SiO2/
Si in an ordinary household microwave oven at ambient pres-
sure, large quantities of high quality GS can be generated by 
“snowing” directly in the gas phase. Notably, high yield and 
rate of graphene flakes production can be achieved in labo-
ratory-scale apparatus. In situ OES confirms that C2 plays an 
important role in producing graphene, and the concentration 
of CH and C2 experiences an increase with zero-order reaction 
kinetics then a decrease with first-order kinetics during a period 
of corona discharge. GS can also self-assemble into foam-like, 
fluffy, 3D macroscopic architectures by directly “snowing” onto 
various substrates, exhibiting high sensitivity as well as large 
workable strain range when applied to strain sensors. Alterna-
tively, close stacking macroscopic architectures of graphene 
patterns can be obtained by inkjet printing, showing good con-
ductivity and mechanical properties. Not limited to producing 
graphene, we believe that the method we have described could 
also be extended to other 2D materials, and the way to assemble 
microscopic architectures into macroscopic architectures will be 
useful for various applications.

Adv. Mater. 2018, 30, 1803189

Figure 5. Detection of bending and touching using GS based strain sensors. Response to a) bending and b) touching by applying different forces to 
cause different deformation. Insets are the photographs of GS based strain sensors.
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Experimental Section
Snowing Graphene using Microwave Ovens: A corona discharge process of 

growing graphene was adopted using a conventional household microwave  
oven with a frequency of 2.45 GHz and a power of 700 W. Three pieces 
of ≈1.5 × 2 × 0.05 cm3 Si slice with 300 nm SiO2 coating were put inside 
a quartz tube after cleaning. Note that the edges of SiO2/Si were not 
smooth enough, some protuberance with small radius of curvature can 
serve as tips which can be used to trigger corona discharge. Argon (gas 
flow, 300–400 sccm) was brought into the tube to expel the residual air 
and then the tube was exposed to the microwave irradiation. A bright 
flash could be observed and then a nominal amount of methane (gas flow, 
4–60 sccm) was brought into the tube at ambient pressure for seconds to 
minutes. After reaction, the tube was cooled naturally under the protection 
of argon. GS can be collected under the downstream or scraped off the 
wall.

Fabrication of GS-Based Strain Sensor: A polydimethylsiloxane (PDMS) 
film with thickness of ≈410 µm was put in the downstream at a distance 
of ≈25 cm from the Si slice. GS was deposited directly on the PDMS 
substrate (labeled as GS@PDMS). The GS@PDMS obtained was (i) cut 
into rectangular shapes, (ii) attached to copper wires at the two ends, 
and (iii) encapsulated by PDMS.

Characterization: The morphology and detailed structure of GS 
was investigated by SEM (Hitachi S-4800, Japan) at an accelerating 
voltage of 1.0 kV, TEM (FEI Tecnai F30; acceleration voltage 300 kV), 
aberration-corrected atomic-resolved TEM (Titan Cubed Themis G2 300; 
80 kV). Raman spectroscopy (Horiba Jobin Yvon LabRAM HR 800, 
514.5 nm), XPS (Kratos Analytical Axis-Ultra spectrometer with Al Kα 
X-ray source), and XRD (D/MAX-PC 2500; Cu Kα1) were performed to 
investigate its quality. In situ OES (AvaSpec-ULS2048) was conducted 
to monitor the system in order to investigate the reaction mechanism. 
UV–vis spectroscopy (Perkin Elmer Lambda 950) was used to measure 
the transmittance of the GS based strain sensors. Electromechanical 
performance of the strain sensors was measured with a testing machine 
(Shimadzu AGS-X) and a digital source meter (Keithley 2400). TM990D 
Infrared Thermometer was used to monitor the temperature.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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