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Metal-assisted Microwave Induction Method for Constructing
Basal Plane and End-face Nanostructures of High-quality
Graphene

Jie Zhang," >* Tong Wang" 2 and Min Gu"-2*

Abstract

Most commercial graphene is prepared by exfoliation, redox processes, chemical vapor deposition (CVD), etc. Although some
methods have been featured for high-quality graphene or massive productivity, they require high-energy cost treatment or
environmentally unfriendly chemicals, which may lead to defective structures or low yields. Here, we describe the use of
metal-assisted microwave induction (MAMI) to generate high-energy density plasma to effectively remove the remaining
functional groups of the carbon source material in seconds. The removal step is followed by the peeling off single-layer
material to reorder basal plane and end surface, establishing a sequential crystal structure. To our knowledge, in this study,
the world-record for the highest graphene Raman spectroscopy of 2D/G band intensity ratio (~12) via proposed method is
achieved for microwave-irradiated carbon black (MICB). Meanwhile, a world-record low-intensity D/G band (0.0034) in
Raman spectroscopy is revealed, suggesting that MICB contains ultralow defect concentrations, clearly proving the
turbostratic structure in the microwave-irradiated carbon materials. The strong interlayer interaction in turbostratic graphene
layers significantly strengthens intervalley resonance scattering, attributing to the mirror symmetry of the valence and
conduction bands relative to the Fermi level near the Dirac point in the Brillouin zone, result in a notable increase of the 2D
peak intensity. The almost perfect single Lorentzian line shape fitting of 2D peak indicates either only single layer graphene
or turbostratic graphene where 2-dimensional structure generated while the defect density is calculated to be ~7.5x108 cm-
2 according to D/G band ratio. The conductivity can increase when the functional groups are eliminated followed by
decreased D peak. Consequently, highly reproducible and excellent quality materials synthesized from low-cost carbon source
materials such as bamboo, coconut shell, rice shell, wood via MAMI can be used for universal preparations and applications
of graphene. The electric energy consumed is estimated to be ~0.6 kilojoules per gram.
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1. Introduction

Microwave radiation methods have been widely applied in
industrially scalable and facile fabrication approaches to
produce high-quality and low-cost graphene.l'’] However,
owing to the limited exploitation of microwave energy, high-
electronic-quality graphene has yet to be guaranteed. To our
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knowledge, among all graphene preparation methods, two
techniques have achieved exceptionally high-quality graphene,
where significantly higher-intensity 2D bands and lower-
intensity D bands of Raman spectra far exceeding those of
traditional spectra have been recorded; nevertheless, these
methods have low specific surface areas with flash graphene
synthesis and low yields with CVD method.*3 Other major
graphene synthesis methods such as reduced graphene
oxide,!*) mechanical exfoliation,” and epitaxial graphene on
silicon carbide,® also secure good quality graphene for single
layer structure with similar issues above, environment
unfriendly, or high cost. Here, we incorporate auxiliary metals
and carbon source materials in a microwave oven for a short
endurance time (in seconds, as the main process of the MAMI
method) to build up the extremely low defect concentration
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and high electronic quality of graphene, as revealed by the
low-intensity D band and unusually high 2D band in the
Raman spectra.l”? Traditionally, placing metal in a microwave
field is strictly prohibited because sparks are released on the
surface of the metal (even when guided by the manufacturers
of most microwave instruments in the manual). Nevertheless,
the unique and powerful energy resulting from such
phenomena is not fully understood. We have developed a
novel and low-cost method for preparing high-quality
graphene via a metal-assisted microwave induction (MAMI)
technique. Metals are introduced to generate a high-energy-
density plasma with help of microwave field to obtain high
reaction temperature in milliseconds, which the carbon source
materials cannot achieve along in the microwave field. The X-
ray diffraction (XRD) and high-resolution transmission
electron microscopy (HR-TEM) results suggest a desirable
crystal structure. The temperature variation curve for MICB
during the MAMI process reveals an ultrahigh material
cooling speed of more than 300,000 °C/s, while the
temperature range is controlled effectively by adjusting the
microwave reaction power and time with the assistance of
accessional metals; high temperatures and material cooling
speeds are critical for producing high-quality graphene.*10 X-
ray photoelectron spectroscopy (XPS) revealed that oxygen
functional groups (C-O, C=0, efc.) were removed from
carbon black (CB) during the microwave radiation process.
These findings demonstrate that MAMI is a simple and
efficient technique essential for preparing large quantities of
single-layer two-dimensional materials that do not introduce
other chemicals.

2. Experimental section/methods

2.1 Materials

Carbon materials were obtained from Nanjing XF NANO
Materials Tech Co., Ltd., China. Li,SO4 was purchased from
Sigma Aldrich, China, and the membrane was obtained from
NKK, Japan. Titanium foil was used as the current collector
layer from Jiazhi Metal Co., Ltd, China. The sealing film was
purchased from Tianjin Annuohe New Energy Tech Co., Ltd,
China.

2.2 Fabrication

A household Panasonic microwave oven (1,000 W) is used for
the microwave reaction. Different proportions of various
carbon source materials or their precursors, such as carbon
black, graphene oxide, and graphite, are mixed thoroughly
with auxiliary metals (iron, cobalt, nickel, aluminum, titanium,
tungsten, holmium, silver, etc.) in foil, powder, irregular
blocks, lumps, coils, twisted wires or other forms and placed
in a quartz container and then placed in a microwave oven.
Here, the strongest microwave peak intensity location may
occur because of the possibility of generating stationary waves
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in a particular chamber of the microwave oven. The
combinations are placed in a microwave chamber and radiated
repeatedly several times under different atmospheres (air,
nitrogen, argon, vacuum, or others) at atmospheric or low
pressures varying from 0.1 to 10° Pa. After the microwave
reaction was repeated (10 s to 120 s), an electromagnet is used
to separate the iron from the reaction materials. Li»SO4 is
prepared to make the 1.0 M aqueous electrolyte. Finally, the
carbon powders are encapsulated into supercapacitors to test
their performance.

2.3 Characterization

The Raman spectra are measured via a HORIBA microscope,
and a 532-nm laser is introduced. Raman spectra are measured
using a 50x lens. SEM images are taken with a Zeiss Sigma
300. High-resolution transmission electron microscopy
(HRTEM) images are acquired with a JEOL JEM-2100Plus
instrument. BET measurements are conducted with an ASAP
2460 instrument. XRD is performed with a Rigaku Ultima IV
instrument. XPS is performed with a Thermo Scientific K-
Alpha. The sample temperature is measured via an ultrafast
color comparison IR temperature sensor CIT-1MDEF. The
electrochemical characteristics are obtained on a Gamery
Interface 1010E.

3. Results and discussion

In the MAMI process, carbon source materials or their
precursors are mixed thoroughly with auxiliary metals and
placed in a quartz container. The metals can be iron, cobalt,
nickel, titanium, tungsten, holmium, silver, etc., in the form of
powder, foil, lumps, wires or any irregular size. Then, the
mixture is placed in a microwave chamber under different
atmospheres (air, nitrogen, argon, vacuum, or others) at
atmospheric or low pressure (~0.1 Pa) to release gas pressure
during the reaction process (Fig. 1(a), Fig. S3, and Fig. S6)
[see the “Fabrication” section in the Methods section]. Via the
structural information provided by Raman spectroscopy, high-
quality graphene can be distinguished over square-micrometer
regions.[*>1121 As shown in Fig. 1(b), a high 2D band intensity
versus G band intensity (/2p/lg: ~12) was obtained via this
technique, indicating turbostratic structure with high
electronic quality.l'"1314 This is the highest value reported to
date for microwave treatment technologies.l'’) Additionally,
the D band can barely be detected, indicating extremely low
defect concentrations, which suggests excellent-quality
graphene where two Raman spectroscopy peaks TS and TS;
at 1,880 cm! and 2,030 cm™! appear in MICB (Fig. S11). As
shown in Fig. S1(c), the best Ip/I; peak area ratio is less than
3.4x1073. The relevant defect density is calculated to be
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Fig. 1: MICB synthesis with the MAMI treatment. (a) MAMI method process illustration. (b) Best Raman spectra obtained from
MICB materials. (c) Development tendency of the 2D band versus the D band along with normalized G band for different carbon
materials. (d) XRD spectra images where auxiliary metal (iron) appeared in the samples. (¢) Temperature record for the MICB during
the MAMI method process. (f, g) XPS results for MICB and CB. (h) Best Raman spectra obtained from MAMI method proceeded
bamboo, coconut shell, rice shell, and wood.
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Fig. 2: Analysis of turbostratic structure graphene for novel Raman spectrum. (a-b) Top view of AB Bernal stacking graphene layers,

inset cross-section view, and turbostratic structure graphene layers, inset cross-section view. (c-f) Origination of graphene’s Raman

Stokes spectrum for D peak; G peak; and 2D peak. (g) 2D peak of Raman for MICB shows almost a perfect Lorentzian line shape

(red dots) with R? for the correlation 0.99864.

~7.5%10% cm? according to D/G band ratio.’'¢! The mean
Raman spectra and Raman intensity mapping for the Lp/Ic
peak area ratio are shown in Fig. S1 and cover an area of ~672
um? at 50x magnification. Even average Raman spectroscopy
of Ip/lg peak area ratio for MICB suggests excellent quality
compared with that of graphene produced by traditional
technologies. During the microwave radiation process, a
sample is heated to 2,890 °C/s in ~4.2 ms as a result of the
interaction of the strong microwave power and plasma
generated during the reaction process. Subsequently, the
sample cooled to 2,300 °C/s in ~1.8 ms due to thermal
transportation. Such ultrafast heating and cooling speeds are
critical to the initiation of the crystal structure of high-quality
graphene, which is derived from the interaction of auxiliary
metals and the microwave field; otherwise, a low microwave
power, an improper reaction time or absence of auxiliary
metals reduces the Ip/lg ratio, leading to low-quality
graphene (Fig. S8).[1210.17]
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As one of sp? carbons, the energy transportation
mechanism and formation of this high quality graphene has
been disclosed in previous theoretical study, where it is
revealed that a suitable carbon material temperature (~3,000
K) helps repair local non-hexagonal rings and the holes of
graphene via local atomic rearrangement owing to adatoms.!'$]
The turbostratic arrangement of MAMI-proceeded carbon
materials allows multiple possibility for twisted. graphene
layers at different angles, distinct from the conventional AB
Bernal stacking (Fig. 2). At specific twist angle, the
probability of intervalley double-resonance or even triple-
resonance scattering increases due to the lower energy of
interlayer electronic resonant states compared to AB Bernal
stacking graphene layers.I'"2!] Furthermore, variations in
interlayer spacing within MAMI-synthesized carbon materials
alter interlayer bonding energies, leading to active graphene
layers with fluctuation. Phonon dispersion plots reveal six
phonon branches (iLO, iTO, oTO, iLA, iTA and 0TA) near the
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(b)

Fig. 3: SEM images show different morphologies before and after the MAMI process. (a) MICB and (b) original CB. The scale bar

is 6 um, and the scale bar in the inset images is 200 nm.

I' and K points, for a single-layer graphene unit cell, which
contains two carbon atoms, where three branches are optic (O),
and the other three are acoustic (A).?!! In graphene’s Raman
Stokes spectrum, the D peak originates from second-order
intervalley scattering involving one iTO phonon and one
defect; the G peak is the only peak result from a normal first
order Raman scattering where associated with the double-
degenerate iTO and iLO phonons with Ej; symmetry
resonance at the Brillouin zone center; the 2D peak arises from
two iTO phonons participating in intervalley double-
resonance scattering or triple-resonance scattering near the
Dirac (K) point shown in Figs. 2(c-f). The strong interlayer
interaction in turbostratic graphene layers significantly
This
phenomenon is attributed to the mirror symmetry of the

strengthens  intervalley  resonance  scattering.
valence and conduction bands relative to the Fermi level near
the K point in the Brillouin zone, while electronic defect states
have been repaired, result in a notable increase in the intensity
of the 2D peak.l'"??l Unlike AB Bernal stacking bilayer,
trilayer and other multilayer graphene where the 2D peak
splits into four, six and multiple Lorentzian peaks, due to
altered electronic band structures near the Fermi level, MAMI-
synthesized carbon materials exhibit a single Lorentzian
profile shown in Fig. 2(g), This indicates the presence of a
perfectly mirrored conical Dirac cone at the K point.['323-28]
Moreover, the MAMI method offers a cost-effective and
energy-efficient approach, consuming approximately ~0.6
kilojoules per gram. This is significantly more economical
compared to traditional graphene synthesis techniques, such

as CVD, chemical reduction, and mechanical exfoliation.
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Moreover, the choices for types of auxiliary metals seem
to exhibit partial differences due to their electric conductivity,
magnetic conductivity, shape, melting point, chemical activity,
robustness, stability (Fig. S2(b)), etc. Magnetic materials share
comprehensive advantages, such as good electric and
magnetic conductivity, high-temperature resistance, low
chemical activity in the inner atmosphere, easy separation
from MICB, low cost, and reusability after microwave
reactions, and are barely consumed during MAMI treatment.
Most conductive materials are capable of generating high-
energy plasma in a microwave field with chemical activities
that vary with different metal types and ambient gas types
owing to the principles of electron excitation and transition
induced by conductive material ions and gas ions at high
temperatures.?) For the same introduced metal, the surface
charge density increases rapidly in a strong electric field,
making it easy for the metal close to the carbon source
materials to discharge to the surrounding gas or adjacent
materials. Under the influence of the strong variational
electromagnetic field on the surface of the conductor, the
residual ions in the nearby gas undergo intense motion and
collide violently with the surrounding molecules, leading to
ionized molecules and many positive and negative ions
continuously occurring. The reactions are well controlled
inside the container, minimizing possible hazards caused to
the reactor. The simulation in Fig. S9 proves that even carbon
materials during the MAMI process can generate a strong
electric field intensity of 2.13x107 V/m to initiate the
production of high-quality graphene. The XRD patterns show
that the amorphous carbon source materials are well radiated

Eng. Sci., 2025,37,1713 |5
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by a strong microwave field into the highly ordered crystal
structure of graphene, where the (002) peak appears. The
slight drift of the (002) peak is due to the high compact
pressure (greater than 12 MPa) applied during precursor
preparation for good contact.?"! The well-treated MICB has a
large specific surface area of 1,357.39 m?/g, as measured by
Brunauer-Emmett-Teller (BET) area analysis (Fig. S5), which
increased from 1,061.18 m*g for CB. The XPS comparison
between MICB and CB indicates that oxygen functional
groups (C-O, C=0, etc.) are effectively removed from CB
during the microwave radiation process. The full width at half
maximum of the MICB XPS peak is slightly larger than that
of the CB peak, indicating that residual amorphous carbon has
been radiated to a minimum scale.*'! By introducing such
efficient method, carbon-source materials obtained from
MAMI proceeded bamboo, coconut shell, rice shell, and wood
also show excellent quality revealed from Raman spectra.
Unlike previous studies of graphene morphologies, MICB
shows unusual highly ordered structures of hundreds of square
micrometers, as revealed by both scanning electron
microscopy (SEM) and optical images (Fig. 3(a), Figs. S1(d-
f)) corresponding to those samples of Raman measurements.
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Multiple glossy irregular disjunctive areas of MICB contribute
to high-quality graphene at the sub-micrometer scale. High-
magnification SEM images revealed that after MAMI
treatment, randomly arranged CB powders radiated into
ordered, low-roughness porous structures with many
sequential nanosized interstitial sites; these structures can
facilitate charge carrier transport and ohmic contact when
MICB is applied in energy storage devices, such as
supercapacitors and batteries.*>?5) Although previous studies
created ultrasmooth and flat graphene for flexible devices, 237!
limited charge carrier channels were generated. Most high-
quality MICB are found in these smooth disjunctive regions,
suggesting an essential morphological structure for
microwave-irradiated carbon source materials, where these
nanostructures (shown in Fig. S4) correspond to a large
specific surface area. A further survey of the morphologies of
MICB and CB revealed that the typical diameter sizes of their
basic nanoparticles are 31.25 nm and 26.50 nm, respectively.
Despite the larger volume of ordered nanoparticles in MICB
than in untreated CB, the specific surface area of MICB
increased by 27.91% after the microwave irradiation process.
This is because carbon materials undergo rapid expansion and
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Fig. 4: Electrochemical characterization of a supercapacitor based on MICB materials in 3.0 M Li,SOs. (a) Charging/discharging
curves with various current densities. (b) CV curves at 1 mV/s, 5 mV/s, and 10 mV/s. (¢) Gravimetric capacitances with various
charging/discharging current densities. (d) Ragone plots of the MICB-based supercapacitor.
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exfoliation processes with considerable

variation.’®# By increasing the sample temperature to more

temperature

than 3,000 K and subsequently decreasing the temperature to
less than 2,500 K in milliseconds, both the sample volume and
specific surface area increase. In addition, the high-energy
plasma generated in the microwave field guarantees high-
quality graphene, leading to excellent MICB assisted by the
applied metal.

Using the best-practice MAMI methods to determine
whether an electrode material’s performance is suitable for
supercapacitors, constructed the
performance of two-electrode symmetrical supercapacitor
cells on the basis of the MICB (shown in Fig. S7) and Li»SO4
The cyclic
rectangular curves over a typical range of voltage scan rates.

we and measured

electrolytes./!42] voltammetry tests reveal
The galvanostatic charge/discharge curves at different current
densities are shown in Fig. 4(a). The corresponding
capacitance is 281.86 F/g. The voltage drop at the initiation of
discharge is 0.02 mV (for a current density of 0.1 A/g),
suggesting a very low equivalent series resistance (ESR) in the
test cell.*’! The voltage drop at the beginning of the discharge
curves is used to estimate the internal resistance. An ESR of
0.10 mohms is obtained from the MICB in the Li,SO4
electrolyte. The values for energy and power density are
estimated on the basis of MICB supercapacitor measurements.
Using a specific capacitance value of 281.86 F/g (from the
discharge curve with a constant current of 0.1 A/g) and a
working voltage window of 1.0 V, the energy density is 9.79
Wh/kg. At the same current density, the power density is
1428.41 W/kg, as estimated from the voltage drop and ESR
obtained from the discharge curve.**! We believe that these
carbon materials might perform even better with other
diameter ions.*>47]

4. Conclusion

In summary, we exhibit an efficient and cost-effective
methods for producing high-quality MAMI graphene where
one step is required to realize such synthesis. By introducing
this efficient method, low-cost carbon-source materials
obtained from MAMI proceeded bamboo, coconut shell, rice
shell, and wood also show excellent quality revealed from
Raman spectra.
electrolytes makes it possible to engineer supercapacitor

The unique performance of aqueous

electrodes based on this form of carbon to target a wide range
of applications, such as high-energy, high-power, high-
efficiency, or low-cost supercapacitors. Unlike other carbon
materials, no special substrates or transfer procedures are
required for synthesis. The novel phenomena of MAMI
prepared carbon material’s Raman spectrum are discussed that

Engineered Science Publisher

the strong interlayer interaction in turbostratic graphene layers
significantly strengthens intervalley resonance scattering,
attributing to the mirror symmetry of the valence and
conduction bands relative to the Fermi level near the Dirac
point in the Brillouin zone, result in a notable increase of the
2D peak intensity and ultra-low D peak. For supercapacitors,
batteries or other energy storage devices, this material can be
As
previously stated, the processes used to synthesize this carbon

treated the same as current commercial electrodes.

material are readily scalable to industrial levels (Figs. S10 and
S12). By introducing this type of simple and low-cost
activation process, scaled MICB production for advanced
energy/power electrical energy storage devices may be
realized in a short period.
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