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ABSTRACT: High capacity battery electrodes require nano-
sized components to avoid pulverization associated with volume
changes during the charge−discharge process. Additionally, these
nanosized electrodes need an electronically conductive matrix to
facilitate electron transport. Here, for the first time, we report a
rapid thermal shock process using high-temperature radiative
heating to fabricate a conductive reduced graphene oxide (RGO)
composite with silicon nanoparticles. Silicon (Si) particles on the
order of a few micrometers are initially embedded in the RGO
host and in situ transformed into 10−15 nm nanoparticles in less than a minute through radiative heating. The as-prepared
composites of ultrafine Si nanoparticles embedded in a RGO matrix show great performance as a Li-ion battery (LIB) anode.
The in situ nanoparticle synthesis method can also be adopted for other high capacity battery anode materials including tin (Sn)
and aluminum (Al). This method for synthesizing high capacity anodes in a RGO matrix can be envisioned for roll-to-roll
nanomanufacturing due to the ease and scalability of this high-temperature radiative heating process.
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L ithium-ion batteries (LIBs) are particularly important for
future electronics and electric vehicles due to their high

energy density and long cycle life. To further increase the
energy density of LIBs, scientists are investigating a range of
high-capacity electrode materials including silicon (Si), tin
(Sn), aluminum (Al), and lithium (Li) metal as anodes as well
as sulfur (S) and oxygen as cathode materials.1−10 Additionally,
effective electron transport is required in electrode designs to
facilitate the charge−discharge process. In this case, active
electrode materials are often mixed with highly conductive
carbon materials such as carbon black, carbon nanotubes, and
reduced graphene oxide (RGO).11−20 However, these high-
capacity composite anodes suffer from volume changes during
lithiation and delithiation which degrade electrochemical
performance.8,21−24 Nanostructures can effectively overcome
this challenge as previously demonstrated with nanowires,
nanoparticles, core−shell nanofibers, and hollow structures,
among others.25−30 These structural designs have been
successfully demonstrated for Si, Sn, Al, S, and so
forth.4,27,28,31,32 Low-cost, high-speed manufacturing of these
nanostructures is important for practical technology adoption,
and yet, a rapid and scalable nanomanufacturing process
remains elusive.33,34 Moreover, due to the high surface area of
nanostructures, agglomeration is another major challenge when
assembling nanowires or nanoparticles into a functional
electrode.22,35−38

In this study, we report a rapid, one-step, in situ synthesis
method to transform microparticles into ultrafine nanoparticles
(∼15 nm in diameter) embedded in a conductive RGO matrix

through a high-temperature radiation-based thermal shock
procedure. To illustrate this method, commercial Si micro-
particles (SiMPs) within a RGO host (RGO-SiMPs) undergo a
thermal shock treatment to create uniformly dispersed Si
nanoparticles (SiNPs) in a conductive RGO matrix (RGO-
SiNPs). The approach can be implemented for a range of high-
capacity battery electrode materials, such as Sn and Al hosted in
RGO, due to the high broadband absorption of RGO
nanosheets. Additionally, the in situ synthesized nanoparticles
are well-dispersed in the RGO matrix and do not agglomerate
which is favorable for battery applications.
As shown in Figure 1, a freestanding RGO film with

embedded SiMPs is fabricated with a simple filtration process
accompanied by a prethermal reduction. The freestanding
RGO-SiMPs film is placed on top of a high temperature heater
or any other commercial heating element. In this way, the
solution-based RGO paper can act as a planar radiation heater
be heated to a high temperature by Joule heating and tuned by
the applied input power. The RGO-SiMPs film is then radiation
heated by the RGO paper underneath for 30 s. SiMPs are in
situ transformed into SiNPs which are well-dispersed inside the
highly conductive RGO matrix. We also used exactly the same
approach to synthesize Sn nanoparticles and Al nanoparticles in
a conductive matrix directly. All of these high-capacity LIB
anode particles are well-dispersed in the conductive RGO
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matrix, which can be used directly for high-performance
batteries.
Figure 2a shows the setup for rapid, in situ synthesis of RGO-

SiNPs from RGO-SiMPs via a high-temperature radiation-
based thermal shock treatment. Typically, a suspended RGO
paper was used as the radiative heating source. The electrical

current applied induced a high temperature source for
nanoparticle synthesis and thermal reduction.39−41 The RGO-
SiMPs film was prepared by vacuum filtrating a GO-SiMPs
solution followed by a 1 h prereduction at 573 K in an Ar-filled
tube furnace (Figure 2b, details in Supporting Information).
The RGO-SiMPs film can be rapidly heated to a high
temperature when placed on top of the hot RGO paper
(middle image in Figure 2a) due to the high absorption
coefficient of the RGO nanosheets (similar behavior as
graphene).42 The RGO-SiMPs film possessed a high optical
absorption of 70−86% from 2500 to 200 nm (Figure 2c),
which indicates the excellent heat absorption capability using
the proposed high temperature radiation process. After a short
duration, the RGO-SiMPs film was moved away from the hot
RGO paper to cool the film down to room temperature. To
quantify the RGO paper temperature, a spectrometer-coupled
optical fiber was employed. This fiber was placed above the
RGO paper to detect and record the emission spectra of the
RGO paper at different current values (Figure S1 in Supporting
Information). The corresponding temperature was obtained
using the emission spectra in a wavelength range of 340−950
nm (Figure 2d) and fitting the spectra to the blackbody
radiation equation (solid black curves shown in Figure 2d). The
spectral radiance significantly enhances with increasing
electrical current, indicating a higher temperature. Based on
the temperature−power curve, the fitted temperature increases
in a nearly linear manner with increasing electrical power
(Figure 2e). For instance, the temperature increases from 1250
to 1800 K when the input power changes from 0.2 to 0.7 W.
Note that, when a small current (100 mA) was applied to the
RGO paper, a high temperature of 1800 K was obtained, which
corresponds to the bright light shown in the inset of Figure 2e.
The fine tuning of the RGO heating temperature allows us to
study the appropriate temperature needed to synthesize the
nanoparticles hosted in a RGO matrix.

Figure 1. Schematic illustrating a new nanoparticle (NP) synthesis
methodology used for battery applications. (a) Pristine SiMPs (∼2
μm) within RGO are transformed into SiNPs (∼10 nm) by a thermal
shock treatment at ∼1800 K for 30 s. The methodology also can be
used to synthesize other anode composites with (b) Sn and (c) Al.
The shortest radiative heating time required to transform micro-
particles to nanoparticles is ∼1 s, which is validated using the Sn
microparticle RGO films.

Figure 2. (a) Homemade setup for synthesizing anode nanoparticle composites. RGO-SiMPs (left image) can be rapidly transformed into RGO-
SiNPs (right image) after being placed on top of the hot RGO paper (middle image). (b) Digital images of the GO-SiMPs solution and the as-
prepared GO-SiMPs film. (c) Optical absorption measurements of the RGO-SiMPs film, exhibiting a high absorption of 70−86% in the wavelength
range of 200−2500 nm. (d) Spectral radiance measurements of RGO paper at different electrical power inputs. The temperature is determined by
fitting the spectra to Planck’s law assuming constant emissivity (solid black curves). (e) Fitted temperature as a function of the input electrical power
for RGO paper. Inset is the illuminated RGO paper radiating due to the high temperature (1800 K) induced by an applied electrical current.
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To investigate the morphological change of the RGO-SiMPs
film before and after thermal shock treatment, scanning
electron microscopy (SEM) measurements were carried out.
The typical morphology of a RGO-SiMPs film is shown in
Figure 3a, revealing that randomly aggregated, crumpled RGO
nanosheets are closely associated with irregular SiMPs. The
original SiMPs have a wide size distribution from 0.5 to 2.5 μm
with an average diameter of 1.5 μm (Figure 3b). After a 30 s
thermal shock treatment of the RGO-SiMPs film at ∼1800 K,
the RGO-SiNP film is formed. Figure 3c and d show typical
SEM images of evenly distributed SiNPs inside the RGO
matrix. As a result of the thermal shock treatment, the SiMPs
are transformed into SiNPs, which have a small size distribution
predominantly between 10 and 15 nm (Figure 3e). To
determine the morphological changes in more detail, additional
SEM images of the pristine SiMPs and SiNPs are provided in
Figure S2 (Supporting Information). The proposed trans-
formation mechanism from SiMPs to SiNPs during the thermal
shock treatment of the RGO-SiMPs film is as follows. The
SiMPs melt into liquid Si due to the thermal radiation and

distribute throughout the entire RGO matrix. The melted liquid
Si is trapped in the RGO due to the defects on RGO
nanosheets, and upon cooling, the melted Si nucleates,
precipitates, and self-assembles into ultrafine SiNPs that evenly
distribute across the entire RGO surface. X-ray diffraction
(XRD) of the as-prepared RGO-SiNPs film shows sharp Si
peaks and a broad RGO peak, indicating the high crystallinity of
the SiNPs (Figure S3a, Supporting Information). Raman
spectroscopy (Figure S3b, Supporting Information) also
confirms that the designed nanoarchitecture contains RGO
and pure SiNPs without silicon carbides. The lack of silicon
carbide formation is due to the thermal shock temperature
remaining below the formation temperature of silicon carbides.
Note that silicon carbide can be detected from Raman
spectroscopy when the thermal shock temperature increased
to ∼1900 K (Figure S4), which reveals a suitable SiNPs
synthesis temperature is <1900 K. Thermogravimetric analysis
(TGA) shows that the SiNPs content of the RGO-SiNPs film is
around 39 wt % (Figure S3c, Supporting Information). Note
that the as-obtained RGO-SiNPs film exhibits excellent

Figure 3. (a) An SEM image of the RGO-SiMPs film. (b) Statistical particle size distribution (PSD) of SiMPs in a RGO network before thermal
shock treatment. (c, d) SEM images of RGO-SiNPs film after a 30 s thermal shock treatment at ∼1800 K. (e) PSD of SiNPs in a RGO network after
thermal shock. (f) Digital images exhibiting the flexibility of the RGO-SiNPs film after thermal shock.

Figure 4. (a, b) SEM images of a RGO-SnMPs film and a RGO-SnNPs film after a 30 s thermal shock treatment at ∼1550 K, respectively. (c, d)
PSD of SnMPs and SnNPs. (e, f) SEM images of a RGO-AlMPs film and a RGO-AlNPs film after a 30 s thermal shock treatment at ∼1700 K,
respectively. (g, h) PSD of AlMPs and AlNPs.
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flexibility and mechanical strength since the film can be bent
reversibly (Figure 3f).
The method we developed for rapidly synthesizing SiNPs

can be applied to a broad range of materials, including
semiconductors or metals. Here, Sn and Al nanoparticle-based
films are also fabricated to verify the general methodology. The
morphology of pristine Sn microparticles within the RGO
(RGO-SnMPs) film is shown in Figure 4a. The microscopy
images reveal that spherical Sn microparticles are enclosed in
wrinkled and randomly stacked RGO nanosheets similar to the
RGO-SiMPs film. After a 30s thermal shock treatment at
∼1550 K, a copious amount of Sn nanoparticles (SnNPs) are
obtained and distributed evenly inside the RGO nanosheets
(Figure 4b and Figure S5). The dimensions of the Sn particles
vary from 2 μm to 7 nm using statistical particle size
distribution (PSD) analysis (Figure 4c, d). Furthermore, we
find that the dimensions of the synthesized nanoparticles are
controllable by changing the experimental conditions, such as
the holding time of the thermal shocking process. For example,
the particle size increased to approximately 50 nm at a
prolonged hold time of 1 h at ∼1550 K (Figures S6−S7,
Supporting Information), which is likely due to agglomeration
of the small nanoparticles. Similar to Si and Sn, Al can be
readily transformed from microsize (Figure 4e) to nanosize
(Figure 4f) particles using the thermal shock method at ∼1700
K for 30 s. After the thermal shock treatment, Al microparticles
(AlMPs) with an average diameter of 2 μm (Figure 4g)
disappeared, and Al nanoparticles (AlNPs) with an average
diameter of 13 nm (Figure 4h) were evenly distributed on the
RGO nanosheets. Additional microscopy images are shown in
Figures S8 and S9 to compare the size variation of Al particles.
To demonstrate the thermally shocked nanoparticle

composites as high-capacity LIB anodes, the RGO composite
films were placed in coin cells and acted as a freestanding,
carbon/binder-free electrode. The electrochemical performance
of the RGO-SiNPs film was elucidated by galvanostatic
discharge−charge measurements. Figure 5a shows the dis-
charge−charge curves of the RGO-SiNPs anode for the first
two cycles. The cell was cycled with a potential window of 0.01
to 2.0 V (vs Li/Li+) at a current density of 50 mA g−1. In the
initial discharge cycle, the potential maintains a long flat plateau
at around 0.1 V and then gradually decreases to 0.01 V. This
corresponds to Li insertion into crystalline Si, causing the
formation of an amorphous LixSi phase.

43,44 The first charge
curve displays a plateau at 0.42 V, which corresponds to the
delithiation process. Subsequent discharge and charge curves
show characteristic voltage profiles of Si which is consistent
with previous studies.45,46 The overall discharge and charge
capacities for the first cycle are 3367 mA h g−1 and 1957 mA h
g−1, respectively, corresponding to an initial Coulombic
efficiency of 58%. The initial Coulombic efficiency can be
improved by compositing controlled amount of molten Li into
the RGO/nanoparticles composites to compensate the Li loss
in the first cycle. The RGO-SiNPs can deliver a volumetric
capacity of 3543 mA h cm−3 with an areal capacity of 2.48 mA h
cm−2 at 0.13 mA cm−2. The capacity retention of the RGO-
SiNPs electrode was studied at 200 mA g−1 (Figure 5b)
between 0.01 and 2.0 V. Note that the capacity decreased to
1165 mA h g−1 over 100 cycles, which is ascribed to a small
capacity decay of 0.40% per cycle. Conversely, the RGO-SiMPs
film delivered a small charge capacity of 126 mA h g−1 over 100
cycles with a severe capacity loss of 0.95% per cycle. The
excellent cycling performance of the RGO-SiNPs film is due to

the ultrafine SiNPs and the RGO matrix reducing the strain and
accommodating the Si volume changes associated with the
lithiation/delithiation electrochemical process.32,47 The electro-
chemical performance of SnNPs in RGO was also investigated,
which clearly demonstrates the advantages of the rapid
synthesis method (Figure S10, Supporting Information). The
performance of NPs in the RGO matrix can be optimized by
varying the process conditions. More specifically, the RGO
functional groups can be altered, and the specific hold time and
synthesis temperature can control the NP size.
The rapid, in situ synthesis of nanoparticles via high-

temperature radiative heating can be scaled up by three-
dimensional (3D) printing. To prove the method’s scalability,
the RGO-SiMPs and RGO ribbons are fabricated using a 3D
printer (Figure 5c, details in Figure S11 of Supporting
Information). The 3D printed ribbons can be easily peeled
off from the glass substrate to form freestanding and highly
flexible electrodes (Figure 5c). For instance, the 3D printed GO

Figure 5. (a) Galvanostatic discharge/charge profiles of the RGO-
SiNPs film for the first and second cycle. These tests were conducted
in the potential range of 0.01−2.0 V vs Li/Li+ at 50 mA g−1 and 200
mA g−1, respectively. (b) Cycling performance of the RGO-SiNPs and
RGO-SiMPs films at 200 mA g−1 with the first cycle tested at 50 mA
g−1. (c) Left: Digital images showing the GO and GO-Si ribbons being
3D printed. Middle: Digital images showing that 3D printed ribbons
can be peeled off from the substrate. Right: Digital images exhibiting
the flexibility of the 3D printed ribbons.
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ribbon can be bent almost 180° with a tweezers, and the GO-Si
ribbon can be wound into a spiral shape. To achieve scalable
manufacturing of high-capacity nanoparticle anodes, a potential
roll-to-roll setup can be envisioned where freestanding RGO-
MPs composites with sufficient mechanical strength enter into
the high-temperature thermal-shock zone for in situ synthesis
of RGO-NPs. The thermal shock time (t = L/V) is determined
by the length of the high temperature zone (L) and the roll-to-
roll speed (V). Note that 5−15 nm SnNPs can be synthesized
in a short time (∼1 s), which demonstrates the potential of this
method for commercial production (Figure S12, Supporting
Information). The rapid, in situ high temperature thermal
shock method via radiative heating opens up a new route for
synthesizing a range of nanoparticle-based composites.
Conclusion. In summary, we have demonstrated an

extremely simple and rapid process through high-temperature
thermal radiation to synthesize high-capacity composite anodes
with Si, Sn, and Al nanoparticles. The proposed synthesis
method produced a high mass loading (>2.5 mg cm−2) of
evenly distributed nanoparticles within the conductive RGO
matrix without agglomeration. The in situ synthesis method can
be adopted to many other metals, metal alloys, and semi-
conductors as well as insulator materials. The nanoparticle
embedded RGO composites were successfully demonstrated as
freestanding, carbon/binder-free high capacity LIB anodes. The
enhanced cycling performance of the RGO-NPs film is due to
the ultrafine particle sizes as well as the RGO matrix reducing
the strain and accommodating the volume changes associated
with the lithiation/delithiation process. Optimization of the in
situ synthesis process can lead to further improvements in
electrochemical performance. A fundamental understanding of
the nanoparticle formation mechanism by thermal radiation,
especially the role of defects in RGO, as well as the spatial and
temporal distribution of temperature in the nonequilibrium
process is under investigation through modeling and additional
nanoscale studies.
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