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Graphene via Microwave Expansion of Graphite Followed by
Cryo-Quenching and its Application in Electrostatic Droplet
Switching

Sumit Chahal, Trisha Sahay, Zhixuan Li, Raju Kumar Sharma, Ekta Kumari,
Arkamita Bandyopadhyay, Puja Kumari, Soumya Jyoti Ray, Ajayan Vinu,*
and Prashant Kumar*

Monoelemental atomic sheets (Xenes) and other 2D materials offer record
electronic mobility, high thermal conductivity, excellent Young’s moduli,
optical transparency, and flexural capability, revolutionizing ultrasensitive
devices and enhancing performance. The ideal synthesis of these quantum
materials should be facile, fast, scalable, reproducible, and green. Microwave
expansion followed by cryoquenching (MECQ) leverages thermal stress in
graphite to produce high-purity graphene within minutes. MECQ synthesis of
graphene is reported at 640 and 800 W for 10 min, followed by liquid nitrogen
quenching for 5 and 90 min of sonication. Microscopic and spectroscopic
analyses confirmed the chemical identity and phase purity of monolayers and
few-layered graphene sheets (200–12 μm). Higher microwave power yields
thinner layers with enhanced purity. Molecular dynamics simulations and DFT
calculations support the exfoliation under these conditions. Electrostatic
droplet switching is demonstrated using MECQ-synthesized graphene,
observing electrorolling of a mercury droplet on a BN/graphene interface at
voltages above 20 V. This technique can inspire the synthesis of other 2D
materials with high purity and enable new applications.
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1. Introduction

Atom-thin materials including Xenes (a
generic name for mono elemental atomic
sheets e.g., graphene,[1–3] phosphorene,[4,5]

borophene,[6–12] silicene,[13] germanene,[14]

2D gold,[15] berylline,[16] molybdenene,[17]

etc.), 2D metal oxides,[18–20] 2D nitrides,[21]

MXenes,[22] etc. have grabbed extreme at-
tention in recent times due to their unique
physical and chemical properties. Com-
mon traits are high electronic mobility,
high Youngs moduli, high thermal conduc-
tivity etc.[3,23] They exhibit great potential
for commercial applications. Graphene in
particular has been established as wonder
material for the 21st century as it has
been demonstrated to have broad appli-
cations including those in electronics,[24]

photonics/optoelectronics,[25–27] spintr-
onics,[28] laser shield,[29] molecular
sensing,[30,31] manipulation of single
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photon emission,[32,33] anti-oxidation,[34] energy storage,[35,36]

reversible storage of hydrogen/halogen.[37,38] Material behavior
of graphene can be manipulated at will via 3D straining,[39]

doping,[40] and 2D-2D hybridization.[41,42]

While bottom-up synthetic approaches result in better crys-
talline quality, they are costly and non-scalable.[3,23,43,44] On the
other hand, top-down synthesis of these advanced materials in
liquid phase via solvothermal or modified Hummer’s methods
is time-consuming and yields poor crystal quality due to sur-
face oxygenation.[45,46] Laser synthesis of graphene sheets and
nanoribbons in dimethylformamide offers better quality.[47–51]

Other methods include cryoexfoliation,[52–56] microwave-driven
exfoliation,[57–59] heating and cryoquenching,[60] and combining
cryoquenching with microwave techniques.[61] Given the increas-
ing application of these materials in everyday appliances, there
is a pressing need to develop economic, scalable, and rapid syn-
thetic protocols. Therefore, we are at a crossroads, anticipating
the invention of innovative synthetic approaches in the near fu-
ture.

Microswitches have garnered significant attention in MEMS
technology, particularly due to their applications in IC chips.[62]

They offer a high OFF/ON resistance ratio, low loss, low power
consumption, linear response, and robust performance under
various operating conditions such as voltage, current, tempera-
ture, pressure, and radiation. These attributes make them highly
suitable for applications including field-programmable gate ar-
rays. However, traditional beam-type microswitches face limi-
tations such as high solid–solid contact resistance and dimen-
sional constraints. To address these limitations, liquid metal-
based electrostatic actuators have been developed. These ac-
tuators overcome some of the challenges of beam-type actu-
ators but require high operating voltages of around 100–150
V.[63,64] Liquid metal-based MEMS microswitches must possess
linear response, low contact resistance, minimal surface wear
and degradation, high stability, bi-stability without a latching
mechanism, electrostatic actuation, and ease of fabrication and
integration.[65] Material quality, including minimal surface func-
tionalization and defects, along with the ease of synthesis and fab-
rication/integration of devices, are crucial considerations for elec-
trostatic droplet switches. Graphene, with a dielectric constant of
≈6,[66] and boron nitride (BN), with dielectric constants of 7 (in-
plane) and 3.7 (out-of-plane),[67] can be heterolayered to form ac-
tive electrodes for electro-rolling, an essential feature for electro-
static droplet switches. Therefore, the development of electronic-
grade graphene and BN is vital for advancing electrostatic droplet
switch applications.

Having the above-mentioned urgency in mind to develop novel
synthetic strategies for 2D materials, exotic thermal stress caused
by microwave expansion followed by cryoquenching (MECQ) has
been exploited for the first time to accomplish facile synthesis of
graphene and the discovery is reported in this article. As graphite
is an excellent microwave absorber, microwave heating at the fo-
cal spot can generate significant expansion owing to set of exotic
thermodynamic and electric field conditions. Expanded stack of
atomic sheets of carbon in graphite upon cryoquenching by pour-
ing liquid nitrogen (77 K) is supposed to spontaneously burst into
exfoliation, as a materials inherent response to thermal stress cre-
ated therein. Cryoquenching can thus result in facile synthesis
of graphene. Microwave power was fixed at 800 and 640 W re-

spectively in two different synthesis experiments and the effect of
variation of microwave power on quality of graphene so produced
has been studied. The synthesized materials have been character-
ized by host of microscopic techniques such as scanning electron
(SEM), atomic force microscopy (AFM), transmission electron
microscopy (TEM) and spectroscopic techniques such as UV–
vis, Raman, and X-ray photoelectron spectroscopy (XPS). Born
Oppenheimer molecular dynamics simulation of microwave ex-
pansion process and DFT calculation of nitrogen intercalated bi-
layer graphene has been carried out to understand the process
better. Synthesized graphene was explored for electrowetting and
also implemented for graphene/BN based electrostatic droplet
switching application using novel materials synthesis developed
in this research.

2. Results and Discussion

When graphite powder was exposed to microwave irradiation,
it became red hot very fast within few seconds (Figure 1a). Mi-
crowave power absorption by a material is determined by its di-
electric and magnetic properties:[41] P = 2𝝅f ( ɛ0 ɛ′ E2 + μ0μ′H2).
Since graphite is intrinsically non-magnetic, second term can
be ignored and thus, P = 2𝝅fɛ0ɛ′E2. Absorbed microwave power
by graphite will primarily be dissipated through heating it and
thus raising the temperature of graphite. Pt = xkBT. Where, kB is
Boltzmann constant and T represents temperature attained after
microwave heating and x is materials dependent constant respon-
sible for conversion of electromagnetic energy to thermal energy.
This temperature manifests in terms of velocity of sheets com-
prising of atoms. Higher temperature means higher sheet ve-
locity. At equilibrium distance (rmin) between the layers, Lennard
Jones potential 𝝈LJ is minimum. 𝝈LJ = 4𝜺( 𝝈

r12
− 𝝈

r6
). The potential

energy curve becomes flattish due to the relatively faster decrease
of the repulsive forces compared to the attractive forces, leading
to an anharmonic potential. Consequently, at higher temperature
(vibrational energy), rmin keep on increasing resulting in thermal
expansion. It should be noted that the linear expansion along the
c-axis dominates in isobaric volumetric thermal expansion coef-
ficient of graphite. Therefore, generated heat due to microwave
absorption is predominantly utilized in the expansion of graphite
in out-of-plane direction.[68] MECQ process can be depicted as the
sequence of events as illustrated in Figure 1a.

Essentially, van der Waals interactions between atomic layers
in graphite can be assumed (modeled for the purpose of under-
standing and simplicity) as if they were tiny springs with spring
constant k defining the interaction strength. Out-of-plane expan-
sion and contraction of graphite thus can be understood in terms
of expansion and contraction of spring made up of thin fila-
ments (extremely sensitive to heat) under heating and cooling.
Choice of microwave heating (640 and 800 W) is very unique for
graphite as it is an excellent microwave absorber. Microwave ab-
sorption and conversion of electromagnetic energy to heat en-
ergy involves a non-linear process under a set of exotic thermo-
dynamic conditions and visible microwave generated plasma has
been observed in the present case of microwave irradiation of the
graphite powder. When microwave expanded (extreme expansion
in c-direction) graphite is exposed to liquid nitrogen, the graphite
material experiences a thermal shock (from >1300 to 77 K within
a second).[69] Expanded graphite contracts extremely fast with
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Figure 1. a) Schematic diagram showing MECQ synthesis of graphene, b) Camera image of experiment at various stages of synthesis.

extremely high velocity and atomic layers breaches the equilib-
rium distance between them i.e. 3.3 Å. The material cannot sus-
tain such compressive stress for long and there is a spontaneous
expansion of graphite crystal leading to exfoliation of graphite.
No harsh chemical reagent is used in the exfoliation process, and
thus it is completely green synthetic strategy. Figure 1b comple-
ments this with camera images capturing the various stages of
the MECQ process. Scalable synthesis of graphene was achieved,
as showcased in Figure S1 (Supporting Information). SEM image
of typical multilayer graphene is shown in Figure S2 (Support-
ing Information). Finally, subsequent ultrasonication (90 min)
in IPA solvent facilitates even better exfoliation of graphite into
graphene.

The morphological characteristics of the synthesized graphene
were examined using SEM and AFM techniques. The SEM im-
ages (Figure 2a,b) vividly illustrate the layered structure of exfoli-
ated graphene synthesized at microwave powers of 640 and 800
W, respectively, showcasing its remarkable thinness and trans-
parency under a 10 kV electron beam. We could observe thick
stacks of multilayered sheets (red rectangle region in Figure 2a)
for 640 W sample. Higher microwave power (800 W) sample
however resulted in thinner sheets (yellow rectangle region) and
folds (light green rectangle region). In general, flat atomically
thin monolayers are often transparent and multilayers of the
same 2D material are less in optical transparency. Electronic
transparency has to do with electrical conductivity. Samples with
less surface defects and oxygen functionalities are electronically
opaque. Subsequent AFM analysis (Figure 2c–f) further corrob-
orates these findings, providing quantitative insights into the

thickness of the graphene. The AFM results indicate that the
thickness of the synthesized graphene is ≈1.5 nm, corresponding
to ≈4 layers. Statistical analysis of AFM images (Figure 2g–j) re-
veals that the microwave power exerts a notable influence on both
the lateral dimensions and the number of layers of graphene.
Specifically, higher microwave power settings result in a reduc-
tion in the number of graphene layers (peak ≈7–9 for 640 W to
peak ≈4–6 for 800 W) and an increase in lateral dimensions (peak
≈2 μm for 640 W to peak ≈3 μm for 800 W). Microwave frequency
used in domestic ovens are fixed at f = 2.45 GHz.

We experimentally observed that 640 W (i.e. 80 % maximum
reactor power) gives rise to relatively thicker graphene sheets
(maximum being 7–9 layers) with smaller lateral dimensions (2–
3 μm). In contrast, 800 W (i.e. 100 % power) gives rise to thinner
(maximum being 4–6 layers) sheets with larger (3–4 μm) lateral
dimensions. Increase of 25 % in microwave power will lead to
higher thermal gradient (linear relation with power) and hence
thermal shock will be more severe, when cryo-quenching is sub-
sequently carried out on microwave expanded graphite samples.

TEM was employed to investigate the crystallinity and atomic
structure of the synthesized graphene. The typical TEM im-
ages (Figure 3a,g) depict multi-layered structure of the graphene
synthesized at microwave powers of 640 W and 800 W, re-
spectively. Notably, the graphene synthesized at 800 W exhibits
fewer layers and larger lateral dimensions compared to that syn-
thesized at 640 W. HRTEM further elucidates the atomic-scale
structure of the synthesized graphene. In the HRTEM image
(Figure 3b,h), the in-plane distance between atoms displays a
stretched pattern rather than a perfect hexagonal arrangement.
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Figure 2. SEM images of graphene sheets obtained after 1 h of sonication of cryoquenched graphite sample for MW expansion carried out at microwave
power a) 640 W and b) 800 W. Corresponding AFM images and line profiles for graphene samples when c,d) 640 W and, e,f) 800 W was used. Lateral
dimension distribution of graphene sheets obtained at g) 640 W and h) 800 W. Number of layer distribution histograms plotted for graphene sheets
obtained at i) 640 W and j) 800 W.

This observation implies the existence of strain-induced dis-
tortions in the graphene lattice, resulting in deviations from
ideal hexagonal symmetry. Zoomed-in regions (1 and 2) of the
HRTEM image (Figure 3c,e,i,k) and the measured atom dis-
tances (Figure 3d,f,j,i) offer detailed insights into the atomic-
scale features of the graphene lattice. The stretched pattern of
atomic arrangements indicates the presence of strain effects that
disrupt the regular hexagonal structure, further corroborating
the presence of lattice distortions induced by residual strain
caused by thermal stress during microwave processing. Inter-
atomic distances between consecutive atoms in graphene the-
oretically is ≈1.4 Å. Depending on the noises generated dur-
ing HRTEM measurement (at low vacuum conditions for exam-
ple), contrast of the image is degraded. For the same level of
image contrast in same set of imaging, factors responsible for
variation in inter-atomic distances are: a) number of layers in
the atomic sheets (Larger number of layers have better coupling

and they come close to each other, lateral distances increases be-
tween atoms in sheets; compared to monolayers), b) lattice de-
fects (such as vacancies/vacancy clusters, Stone Wales defects
etc.), c) oxygen functionalities (epoxy for example), (d) local resid-
ual strain in the system, e) moire potential acting (especially for
bilayer/multilayer stacks).

When driving thermal stress is less, the undergoing cooling
process adopts equilibrium pathway. However, when the mate-
rial is undergone through thermal shock ≈1400 K within fraction
of second, material experiences non-equilibrium phenomenon
causing enormous thermal stress gradient even in-plane giving
rise to ripples, local defects etc. (as has been observed in HRTEM
imaging (Figure 3i,k), and evident from atomistic line profile).

Raman spectroscopy indicated the presence of defects and
disorder within the graphene lattice. Analysis of the Raman
spectra (Figure 4a,d) obtained from graphene samples synthe-
sized at two different microwave power settings reveals notable
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Figure 3. TEM images of graphene sheets obtained after 1 h of sonication of cryoquenched graphite sample for MW expansion carried out at microwave
power a) 640 W and g) 800 W. HRTEM images and atomically resolved zoomed-in images for samples obtained at b,c,e) 640 W and h, I,k) 800 W.
Atomistic line profiles along two directions as marked in images are shown in (d,f,j,l) corresponding to zoomed-in images (c,e,i,k) respectively.

Figure 4. Typical Raman spectra for samples obtained at MW power a) 640 W and d) 800 W. Corresponding deconvoluted G-peak and 2D peaks for
b,c) 640 W and e,f) 800 W samples.

Small 2024, 20, 2404337 © 2024 The Author(s). Small published by Wiley-VCH GmbH2404337 (5 of 12)
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Figure 5. a) Survey XPS spectrum and b) deconvoluted C 1s resolved peak. c) UV–vis spectrum of typical obtained dispersion containing few-layered
graphene. d) 2-probe I–V plot obtained for graphene-coated on SiO2 substrate.

characteristics indicative of the material’s structural properties.
The Raman spectra demonstrate that the synthesized graphene is
not monolayer, as evidenced by the distinctive features observed
in the spectra. Specifically, the presence of a shoulder peak in
the G band (Figure 4b,e) and the 2D peak (Figure 4c,f) indicates
the existence of defects, disorder, layer thickness variations, and
strain effects within the graphene structure.[70–72] The G band,
corresponding to the in-plane vibration of carbon atoms in a
graphene lattice, exhibits a characteristic peak at ≈1580 cm−1.
The presence of a shoulder peak in the G band suggests the
presence of structural defects or disorder within the graphene
lattice, which may arise due to imperfections introduced dur-
ing the microwave irradiation. Similarly, the 2D band ≈2650
cm−1, associated with the second-order Raman scattering pro-
cess and sensitive to the number of graphene layers and the
presence of strain, typically appears as a single sharp peak in
monolayer graphene. However, the observation of a broadened
or asymmetric 2D peak, as seen in Figure 4c,f, indicates the pres-
ence of layer thickness variations and strain effects within the
graphene structure. Symmetric 2D peak with R2 value above
0.98 confirms presence of monolayers or few layers of graphene
in the synthesized sample (Figure S3, Supporting Information).
While 2D peak >2700 cm−1 correspond to graphite, successful
exfoliation will shift this peak toward lower frequency (2640–
2680 cm−1). 2D1 and D1+G peaks are often cited in literature.[73]

Moreover, present defects such as vacancies/Stone-Wales, resid-
ual local straining (caused by severe thermal stress) and sur-
face oxygen functionalities (due to ambient processing) can give

rise to changes in 2D peak position. Since Raman spectroscopy
is carried out on powder consisting of thousands of exfoliated
sheets restacked together (not at equilibrium inter-layer dis-
tance as graphite, rather loosely bound) in the system, several
sheets having different 2D peak positions are supposed to be
present.[74–76]

XPS identified the chemical composition and oxidation state of
the synthesized graphene. The XPS spectra in Figure 5a revealed
prominent binding energy peaks corresponding to the C 1s and
O 1s states at 284.7 and 523.2 eV, respectively. The detailed analy-
sis of the C 1s peak, as presented in Figure 5b, further elucidates
the chemical environment of the carbon atoms in the graphene
lattice. This observation suggests that the graphene experienced
slight oxidation during the microwave expansion process, result-
ing in the incorporation of oxygen-containing functional groups
onto the graphene surface. The oxidation of graphene is a com-
mon phenomenon observed during synthesis processes involv-
ing exposure to high temperatures and oxidative environments.
While the presence of oxygen-containing groups may introduce
defects and alter the electronic properties of graphene, it can also
enhance its dispersibility and compatibility with certain function-
alization processes, thereby expanding its potential applications.
UV-visible (UV-vis) spectroscopy was utilized to investigate the
bandgap characteristics of the synthesized graphene. The UV–
vis spectra in Figure 5c revealed a nearly straight absorption
line in the wavelength range of 400–800 nm, indicative of lack
of the bandgap of the synthesized graphene. This observation
aligns with the expected electronic structure of graphene, which
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Figure 6. Molecular dynamics simulation for two layers of graphene under microwave expansion followed by cryoquenching for a,d) 0 ps, b,e) 30 ps,
and c,f) 50 ps.DFT calculations for binding energies and charge density difference profiles of two layers of graphene with liquid nitrogen molecules
intercalated between the layers for g,h) one molecule of N2 and i,j) two molecules of N2.

typically exhibits semi metallic behavior with a zero bandgap. The
current-voltage (I/V) characteristic plot in Figure 5d of the syn-
thesized graphene indicates its good conductivity. The linear re-
lationship between current and voltage in the I/V plot suggests
that the graphene exhibits ohmic behavior, with low resistance
and good electrical conductivity.

To get better understanding of the microwave expansion
process, Born Oppenheimer Molecular Dynamics was carried
out on bilayer graphene. The system was brought from room
temperature to microwave exposure condition (1200 K) and
molecular dynamics simulation snapshots at 0, 30, and 50 ps
undisputedly suggest enormous expansion of bilayers from 3.3
to 6.7 Å at 30 ps and 12.4 Å at 50 ps (Figure 6a–f). Even
though microwave expansion of graphite at 1200 K where
inter-layer distance increases to 12.4 Å, itself is very high;
however, when microwave is switched OFF, it would con-
tract upon cooling to room temperature (ambient condition).

Once graphite is microwave expanded, then it would be easy
for nitrogen molecules to intercalate in between the layers of
graphite, if the expanded graphite is instantly exposed to liq-
uid nitrogen. In expanded form itself, nitrogen molecule will
chip in. In order to understand the liquid nitrogen interca-
lation effect during cryoquenching of the bilayer system (at
4.7 Å, mildly expanded configuration of graphite), DFT cal-
culations were carried out, which suggested binding energy
of + 0.042 and + 0.128 eV Å−2 when one and two nitro-
gen molecules are intercalated between the graphene layers
(Figure 6g–j). DFT results clearly indicate the severe instabil-
ity of intercalated graphene system with liquid nitrogen embed-
ded into it vis-a-vis without intercalation (Figure S4, Supporting
Information).

The MECQ method offers several advantages, including low
cost, high yield, rapid synthesis, facile operation, and the abil-
ity to produce graphene with large lateral dimensions and
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Figure 7. Comparative analysis of MECQ synthesis vis-à-vis various other contemporary methods of synthesis of graphene. Green means “High”, red
means “Low” and blue means “moderate”.

monolayer structures compared to other existing graphene
synthesis techniques, including micromechanical exfoliation,
bottom-up crystal growth, sonochemical exfoliation, Hummer’s
method, and laser-induced photoexfoliation (Figure 7). How-
ever, it is noted that the selectivity of number of layers of the
synthesized product may not as high as that for bottom-up
crystal growth e.g. atomic layer deposition (ALD), molecular
beam epitaxy (MBE), or chemical vapor deposition (CVD) etc.
as it contains multi-layer graphene. This comparative analysis
highlights the unique strengths and limitations of the MECQ
method in relation to other established graphene synthesis ap-
proaches, providing valuable insights for researchers and prac-
titioners in the field. Combinatorial MECQ approach does not
involve any chemical reagents and thus provides a facile and
environmental-friendly strategy to yield high-quality electronic
grade graphene, which can be extended to other 2D materials as
well.[77]

A BN/graphene heterolayered electrostatic mercury droplet
switching device was fabricated. The device geometry is illus-
trated in Figure 8a. DRS spectrum in Figure 8b shows absorp-
tion in blue-cyan range with a mild hump at ≈300 nm, indicat-
ing the hybridization of orbitals of graphene and BN. Raman
spectrum for the BN/graphene heterolayer in Figure 8c shows
characteristic D, G, 2D bands or graphene at ≈1330, 1570, and
2660 cm−1 and BN characteristic peak at ≈1365 cm−1. Slight
shift ≈5 cm−1 in G peak in Raman spectrum as compared to

pristine graphene also attests to hybridization of pz-pz orbitals
in B-BN heterolayers. The electrowetting capability of the device
with a mercury droplet was investigated (Figure 8d). Figure S5
(Supporting Information) suggests slight change in contact an-
gle from 133° (at 0 V) to 130° (at 5 V). As observed, the mer-
cury droplet exhibits a slight change in wettability from 0–15 V,
and beyond 20 V, it begins to roll. At 30 V, there is a clear depic-
tion of the displacement of the mercury droplet over the device
(Figure 8e).

In general, the applied voltage on a droplet can alter its wetta-
bility on the contact surface. The contact angle decreases with
an increase in the applied voltage, as described by the Young-
Lippmann equation:

Cos 𝜃 = Cos 𝜃0 + 1
2𝛾

(
𝜀0𝜀r

)
V2 (1)

We observed a decrement in the contact angle with a gradual
increase in applied voltage up to 15 V. However, above 20 V, the
mercury droplet started to roll. For a droplet to begin rolling, the
electrowetting force Felectro must overcome the contact angle hys-
teresis force Fh.

Felectro =
(
𝛿𝛾LV∕𝛿V

)
L (2)

Fh = 𝛾LV

(
Cos 𝜃r − Cos 𝜃a

)
L (3)
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Figure 8. a) Schematic diagram of the BN/graphene heterolayer-based electrostatic droplet switch, b) DRS spectrum and c) Raman spectrum of
BN/graphene heterolayer, d) Electrowetting plot (Contact angle variation with applied voltage) for BN/graphene heterolayer and e) demonstration
of electrorolling of mercury droplet over BN/graphene heterolayers in electrostatic droplet switch device.

The rolling Voltage Vr where these forces balance, can be given
by:

Vr
2 =

[
2𝛾LV

(
Cos 𝜃r − Cos 𝜃a

)]

𝜀0𝜀r
(4)

where 𝛾LV is the liquid-vapor surface tension, ɛ0 is the permit-
tivity of free space, and ɛr is the relative permittivity of the di-
electric layer. With a higher effective relative permittivity of the
BN/graphene interface, the rolling voltage is reduced, which is
precisely what is needed for electrostatic droplet switching device
applications.

Graphene maintains high performance and reliability on suit-
able substrates, even after extensive use.[24] Bolotin et al.[78] high-
lighted the high electron mobility and stability of graphene,
even under conditions of repeated electrical cycling. Addition-
ally, Yazyev and Louie[79] discussed the robust electronic trans-
port properties of polycrystalline graphene, further supporting
its durability in electronic applications. Graphene synthesized by
MECQ in the present report, possessed atomic flatness. More-
over, defect-free and surface functionality-free nature of obtained
graphene results in poor wetting by mercury fluid giving rise to
higher contact angles >120°, necessary for rolling on the surface.
High electronic mobility of defect free graphene (which is often
deemed as one of the most suitable candidates for low power elec-
tronics) will be apt for low power electrostatic droplet switching.
Metallic fluid-based (mercury droplet) switching, especially on
atom-flat graphene sheets exhibits excellent cyclic performance
with applied voltage.[80]

3. Conclusion

The strategic exploitation of exotic thermodynamic conditions
caused by microwave irradiation, coupled with cryoquenching,
presents a unique avenue for synthesizing 2D materials in ef-
fortless (facile) manner with enhanced efficiency and scalability.
This novel approach capitalizes on the inherent response of van
der Waals crystals to extreme thermal stress, leading to rapid
and controlled exfoliation. One can tune microwave power (800
and 640 W used in separate synthesis experiments) to tailor the
quality of the synthesized graphene. The microscopic (SEM,
AFM, TEM) and spectroscopic (Raman, XPS) analyses collec-
tively affirm the successful synthesis of graphene through this
innovative approach. MD simulation and DFT calculations re-
veal intricate details of microwave expansion and cryoquenching
process. Electrostatic droplet switching has been success-
fully demonstrated for a mercury droplet on a BN/graphene
heterolayered device, with electrorolling observed at
voltages >20 V.

This groundbreaking research not only expands the arsenal of
synthetic methodologies for 2D materials but also introduces a
paradigm shift in the utilization of thermal stress for exfoliation.
The implications of this work extend beyond graphene synthesis,
offering a pathway for the scalable production of various 2D ma-
terials with very high chemical phase purity. The economic and
scalable nature of this approach holds the potential to accelerate
the integration of 2D materials into diverse technological appli-
cations, paving the way for transformative advancements in the
field.

Small 2024, 20, 2404337 © 2024 The Author(s). Small published by Wiley-VCH GmbH2404337 (9 of 12)
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4. Experimental Section
Synthesis of Graphene: Graphene was synthesized using the Mi-

crowave Expansion Cryoquenching (MECQ) method, employing graphite
powder (Sigma–Aldrich, 99.99 %) as the precursor material. The synthesis
process involved the following steps: a) Graphite powder was subjected
to microwave exposure in a convection microwave oven (IFB 25BC3 25
Litres) and its expansion was attained within a duration of 10 min by us-
ing different power levels (640 and 800 W) in two different experiments,
b) Following microwave expansion, the sample was rapidly quenched with
liquid nitrogen by pouring the fluid and allowing it to remain for 5 min. c)
Subsequently, the sample were undergone through ultrasonication (Cole
Parmer, 40 KHz) for 90 min in IPA (Sigma–Aldrich) to ensure proper ex-
foliation. d) The supernatant, comprising the top 1/3rd of the synthesized
dispersion, was collected and centrifuged (Remi, R-24) at 3000 rpm for 5
min.

Characterization: The collected supernatant was transferred onto sili-
con substrates and dried at 80 °C for 1 h to prepare the samples for char-
acterization. The synthesized graphene samples were characterized us-
ing microscopy techniques such as SEM (Hitachi S-4800), AFM (Agilent
Model No.5500) to assess their structural and morphological properties
as well as various spectroscopic techniques such as UV–vis spectroscopy
(Perkin Elmer Lambda-35), Raman spectroscopy (Seki Technotron Corpo-
ration, Japan) having 633 nm He-Ne laser and XPS (ESCA+Omicron Nano
Technology GmbH) to quantitatively characterize chemical phase purity.
TEM Analysis: Additionally, the supernatant was directly transferred onto
TEM grids and dried for further characterization using TEM (JEOL JEM
2100). I/V measurements were carried out with graphene sheets trans-
ferred on lithographically fabricated titanium/gold electrodes and the cur-
rent was monitored employing Kiethley 2420 source meter.

Density Functional Theory (DFT): The present study employed first-
principal-based density functional theory (DFT) calculations. The self-
consistent calculation was done using the Perdew–Burke–Ernzerhof (PBE)
exchange-correlation functional under the generalized gradient approxi-
mation (GGA). The study adopted the double 𝜁 basis set, implemented in
the Atomistix Toolkit package (ATK). A 9 × 9 × 1 Monkhorst–Pack scheme
k-point grid was used in the first Brillouin zone with the maximum resid-
ual force is <0.01 eVÅ−1. The density mesh cutoff is 75 Hartree. In all of
the supercell models, a vacuum thickness >15 Å along the z direction was
employed to avoid interaction between the top and bottom surfaces of the
adjacent slabs. Binding energy of graphene bilayer intercalated with liquid
nitrogen molecules were calculated by using the following formula.

Binding energy (Eb) = Total energy of system − mN2

− Bilayer of graphene∕surface area (5)

Born Oppenheimer Molecular Dynamics: To consider the exfoliation
process in higher temperature, we have performed constant-temperature
BOMD simulations considering the canonical ensemble (NVT) as imple-
mented in the Vienna Ab initio Simulation Package (VASP).[81–83] A 5X5
bilayer graphene supercell for BOMD calculations was used with an in-
creased c lattice parameter (30 Angstrom). A Nose–Hoover thermostat
was used to adjust the temperature at 1200 K during the simulations, and a
time step of 1 fs was considered to integrate the equation of motion.[84,85]

The study ran the simulation up to 50 ps to observe the exfoliation process.
Electrostatic Droplet Switch Fabrication: Silicon substrate was thor-

oughly cleaned and first graphene (utilizing graphene synthesized and
reported in the present article) layer was coated onto it employing spin
coating and heating layer-by-layer with each drop of dispersion and thus
constituting a continuous graphene layer over the substrate. Part of the
graphene surface was kept masked with teflon tape and coated with BN
layer by spin coating. After BN coating was finished, teflon tape was taken
off and silver electrodes (one electrode on bare graphene part and another
on BN coating) were fabricated. A clean device was obtained by nitrogen
blowing and adequate drying (≈80 °C, 20 min). Standard constant DC volt-
age source Kiethley 2420 source meter was used for applying bias to the
switching device.
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