
RESEARCH ARTICLE
www.small-journal.com

Rapid Yet Efficient Reduction of Graphene Oxide Triggered
by Semi-Molten Metals

Jianpeng Liu, Wenchang Zhang, Chang Cheng, Juncheng Zhu,* Tianle Wang, Kun Ni,
Zifeng Lin, Zefeng Guan, Yanwu Zhu,* and Jiliang Zhu*

Reduced graphene oxide (rGO) has garnered extensive attention as
electrodes, sensors, and membranes, necessitating the efficient reduction of
graphene oxide (GO) for optimal performance. In this work, a swift reduction
of GO that involves bringing GO foam in contact with semi-molten metals like
tin (Sn) and lithium (Li) is presented. These findings reveal that the electrical
resistance of GO foam is significantly diminished by its interaction with these
metals, even in dry air. Taking inspiration from this technique, Sn foil is
employed to encase the GO foam, followed by a calcination in 15 vol% H2/Ar
environment at 235 °C to fabricate the rGO, which demonstrates a remarkably
lower electrical resistivity of 0.42 𝛀 cm when compared to the chemically
reduced GO via hydrazine hydrate (650 𝛀 cm). The reduction mechanism
entails the migration of Sn on GO and its subsequent reaction with oxygen
functional groups. SnO/Sn(OH)2 formed from the reaction can be
subsequently reversed through reduction by H2 to Sn. Utilizing this rGO as
the host material for a sulfur cathode, a lithium–sulfur battery is constructed
that displays a specific capacity of 1146 mAh g−1 and maintains a capacity
retention of 68.4% after 300 cycles at a rate of 0.2 C.
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1. Introduction

Reduced graphene oxide (rGO) is a crucial
material for applications in various fields.
Its properties such as excellent flexibility,
high specific surface area and good elec-
trical conductivity, make it an ideal can-
didate for use in flexible sensors, next-
generation electrode materials, marine oil
pollution adsorption, and 3D printing.[1]

The reduction of graphene oxide (GO) is
an essential step in the production of rGO.
Several methods have been reported for
the reduction of GO, including chemi-
cal reduction,[2] pyrolysis,[3] electrochem-
ical reduction,[4] microwave reduction,[5]

and flash reduction.[6] Commonly used
chemical reductants often operate in strong
acidic or alkaline environments. In suspen-
sion reduction, a substantial quantity of wa-
ter is required during the reduction process
and for subsequent cleaning of rGO, re-
stricting the practical application of chem-
ical reduction. Pyrolysis reduction of GO
solid typically needs a high-temperature an-
nealing, which releases CO/CO2 gas[3] and

generates defects that can negatively impact the electrical con-
ductivity of rGO.[7]

Electrochemical reduction depends on GO films that undergo
linear sweeping in a sodium phosphate buffer.[8] However, the
morphology of rGO obtained through this method is restricted
to thin films.[9] In the microwave reduction, GO absorbs mi-
crowaves and heats up rapidly, resulting in the removal of oxy-
gen functional groups.[10] Hu et al. demonstrated that the rise
of oxygen content in GO disrupts the 𝜋–𝜋 conjugate structure,
which consequently makes the material less capable of absorb-
ing microwaves.[11] Chhowalla et al. mentioned in the study on
the reduction of GO using microwaves that a gentle reduction of
GO is necessary before microwave irradiation, and the heat treat-
ment conditions involved holding at 300 °C for 1 h.[5] Flash re-
duction typically involves the use of a photographic camera flash
to achieve photothermal heating, which ultimately removes oxy-
gen functional groups.[6] While flash reduction is quick, multiple
flashes are required, and only the area that has been exposed to
the flash is reduced.

Metals such as Al, Fe, and Zn have been employed to reduce
GO, typically in the mixture of metal and acid.[12–14] Two possible
mechanisms have been suggested for the reduction of GO using
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metals: 1) rapid electron transport between the metal and GO;[15]

2) hydrogen produced from the reaction between the metal and
acid, which acts as a reducing agent. The reported reduction time
using metals ranges from 30 minutes to several hours, depend-
ing on the specific reactants used. On the other hand, in solid-
state reactions Lin et al. observed that GO turned from yellow to
black after contacting molten Li metal and undergoing a rapid
combustion.[16] It was inferred that H2 generated from water re-
duced oxygen functional groups when GO came into contact with
the molten Li. However, no further detailed studies have been
conducted to examine the reduction mechanisms or the potential
applications of rGO obtained by contacting GO with semi-molten
metals.

Herein, we report a rapid yet efficient reduction of GO foam
or film via contacting with semi-molten metals. We demon-
strate that GO can be instantaneously reduced by contacting
with Li/Sn at 220 °C in dry air. Our results show that the elec-
trical resistivity of GO, as measured by a four-probe method,
is significantly reduced from 1740.0 Ω cm to 1.81/1.92 Ω cm
via point contact with semi-molten Li/Sn. Fourier transform in-
frared spectroscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS) measurements confirm the effective removal of oxygen
functional groups. Furthermore, by wrapping GO with Sn foil
and calcinating in 15 vol% H2/Ar atmosphere at 235 °C, we ob-
tained a sample named Sn-W-15%H-rGO, showing an electrical
resistivity of 0.42 Ω cm, much lower than that of GO reduced by
hydrazine hydrate (650 Ω cm). The FTIR and XPS results indi-
cate the cooperative reduction effects of H2 and Sn: H2 reduces
C─O groups, while Sn package reduces -OH groups and con-
verts C═O to C─O. The density-functional-theory (DFT) calcu-
lations suggest that Sn atoms have the ability to migrate on GO,
and the reaction between Sn and the oxygen functional groups
is an exothermic process. Combining all the results, we infer the
reduction process as the reaction of Sn atom with oxygen func-
tional groups to form SnO or Sn(OH)2, which is subsequently
reduced by H2. To further demonstrate the practical application
of our approach, a Li–S battery is fabricated using Sn-W-15%H-
rGO as the host material of S (Sn-W-15%H-rGO@S/Li, sulfur
loading = 2 mg cm−2), which exhibits a high gravimetric capacity
of 1146 mAh g−1 and excellent stability for 300 cycles.

2. Results and Discussion

GO form or film in this work was synthesized via a modified
Hummers’ method (Supporting Information).[17,18] We reduced
the GO in a glovebox via contact with semi-molten Li/Sn under
Ar atmosphere at 220 °C, and the obtained rGO samples were
named as Li-C-rGO-Ar and Sn-C-rGO-Ar (C denotes contact),
respectively. In observation of the melting point of Li metal as
180 °C, we used a heating rate of 10 °C min−1 on the hotplate and
a cooling rate exceeding 20 °C min−1 (Supporting Information).
As shown in Scheme 1, Figure S2 and Videos S1 and S2, Sup-
porting Information, when brown GO contacts with the semi-
molten Li/Sn, the contact point rapidly turns black and extends
on the entire sample in 0.2 s. The electrical resistivities measured
by a four-probe method were 1.57 or 1.72 Ω cm for Li-C-rGO-
Ar or Sn-C-rGO-Ar (Table S1, Supporting Information), respec-
tively, much lower than that of GO (1740 Ω cm). For comparison,
we also reduced GO using the chemical reduction method with

Scheme 1. Illustration of the point contact reduction of GO. The GO foam
instantaneously turns black after point contact with semi-molten metals
and white smoke is released during the process.

hydrazine hydrate.[19] Intriguingly, the electrical resistivity of the
chemically-reduced rGO (Chem-rGO, 650 Ω cm, Table S1, Sup-
porting Information) is much higher than those of Li/Sn-C-rGO-
Ar, suggesting superior reduction effect of the contact reduction
in this work. We also conducted the reduction process using a
commercial GO (Supporting Information) via point contact with
Sn at 220 °C under Ar atmosphere. As shown in Video S3, Sup-
porting Information, the color of commercial GO quickly turns
from yellow to black as well.

The TEM and SEM studies demonstrated that the morphol-
ogy and lateral dimensions of Li/Sn-C-rGO-Ar (Figure 1a and
Figure S3, Supporting Information) remain almost identical to
those of GO (Figures 1b,c). The X-ray diffraction (XRD) pattern
(Figure 1d) of the freeze-dried GO film shows a peak at 2𝜃 =
9.65°, which is a typical diffraction peak of graphite oxide,[20]

corresponding to an interlayer spacing of 0.917 nm. As a result
of the removal of functional groups on GO, the interlayer spac-
ings of Li/Sn-C-rGO-Ar were significantly reduced to 0.38 nm
(2𝜃 = 24°). The XRD pattern of Chem-rGO is similar to that
of Li/Sn-C-rGO-Ar. The Raman spectra (Figure 1e) of GO film
show D band at 1353.57 cm−1 and G band at 1596.94 cm−1,[21–23]

while that of Li/Sn-C-rGO-Ar displays distinct D, G, 2D, and D
+ G bands.[21] The ID/IG values of Li/Sn-C-rGO-Ar are higher
than that of GO, indicating that the removal of oxygen func-
tional groups has induced defects in the resultant rGO.[11] In
comparison, Chem-rGO exhibits a higher ID/IG value (1.158).
The FTIR spectra (Figure 1f) reveals the presence of several oxy-
gen functional groups in GO, including alkoxy C─O (1037 cm−1),
epoxy C─O (1171 cm−1), C═O (1711 cm−1), ─OH (3287 cm−1),
─COOH, and aromatic C═C (1617 cm−1).[10–25] In contrast, there
was no peak observed at around 3300 cm−1 for Li/Sn-C-rGO-Ar,
indicating a complete removal of -OH group. Additionally, the
peak intensities of C═O group were significantly reduced com-
pared to GO. The oxygen functional groups such as ─OH and
─COOH are extensively removed in Chem-rGO. Previous study
shows that the chemical reduction can cause substantial struc-
tural damages and defects.[26] From XPS studies, Li-C-rGO-Ar
and Sn-C-rGO-Ar have similar C/O ratios (4.3:1 and 4.5:1, respec-
tively), while the C/O ratio of GO is 2.08:1 (Figure S1, Supporting
Information). The C 1s XPS spectrum of Li/Sn-C-rGO-Ar con-
firms the absence of a peak corresponding to the C─OH bond,
and much weaker peak intensities of the C─O bond (Figures
S4 and S5, Supporting Information), consistent with the FTIR
spectra. Interestingly, although the C/O ratio of Li/Sn-C-rGO-
Ar measured by XPS was lower than that of Chem-rGO (6.4:1,
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Figure 1. Characterizations of GO, Chem-rGO, and rGO via point contact reductions. a) Typical TEM image of Li-C-rGO-Ar. b) SEM and c) TEM images
of GO. d) XRD patterns, e) Raman spectra, and f) FTIR spectra of Li-C-rGO-Ar, Sn-C-rGO-Ar, Chem-rGO, and GO.

Figure S6, Table S5, Supporting Information), the electrical re-
sistivity of Chem-rGO was higher than that of Li/Sn-C-rGO-Ar.
Compared to the reduction under an argon atmosphere, reduc-
tion in an oxygen containing atmosphere is more cost-effective.
We reduced GO via point contact with Li/Sn under dry air at
220 °C. The obtained rGO exhibits a square resistance of 36.1
Ω sq−1 and an electrical resistivity of 1.81 Ω cm. (Table S1, Sup-
porting Information), indicating that O2 had minimal influence
on the reduction effect. To understand the role of temperature we
conducted contact reduction of GO with Li/Sn at 300 and 400 °C.
The square resistance and electrical resistivity of the rGO are only
slightly lower with increasing temperature (Table S1, Supporting
Information), suggesting that temperatures over 220 °C had lit-
tle impact on the reduction. Furthermore, we studied the impact
of water vapor on the reaction by performing GO point contact
with Sn at 220 °C in an ambient air atmosphere with a humidity
> 50%. As shown in Figure S7 and Video S4, Supporting Infor-
mation, only a small area of the GO film near the tip that comes
into contact with Sn shows an obvious color change, while the
rest of the flake remains brown. The square resistance and the
electrical resistivity of the reduced sample are 27 600 Ω sq−1 and
1380 Ω cm, respectively. These results suggest that the presence
of water vapor is highly negative on the point-contact reduction of
GO. We deduce the reason as the higher heat conduction of water
vapor during the GO reduction,[27,28] which could terminate the
chain reaction.To further enhance the efficiency of reduction, GO
foam was wrapped in Sn foil and calcinated at 235 °C under a 15
vol% H2/Ar atmosphere.[29] After the system was cooled down
naturally, we obtained the reduced GO denoted as Sn-W-15%H-
rGO (W denotes wrap). The square resistance and the electrical
resistivity of Sn-W-15%H-rGO are 8.4 Ω sq−1 and 0.42 Ω cm−1,
respectively, much lower than the corresponding values of Li/Sn-
C-rGO-Ar. The SEM and TEM images of Sn-W-15%H-rGO show
the thin films maintain the morphology (Figure S8, Supporting

Information). To elucidate the roles of Sn and hydrogen in the re-
duction process, we calcinated GO at 235 °C under mixed atmo-
spheres with varying concentrations of hydrogen (0, 5 vol%, 10
vol%, 15 vol%) with or without Sn packaging. The resulted sam-
ples are denoted according to the reaction conditions, as listed
in the Supporting Information. As shown in Table S2, Support-
ing Information, when GO is calcinated in H2/Ar atmosphere
without Sn packaging, a higher H2 concentrations leads to the
improved electrical conductivity. But the square resistance and
electrical resistivity of 15%H-rGO are still relatively high as 72.3
Ω sq−1 and 3.47 Ω cm−1, respectively, about nine times higher
than those of Sn-W-15%H-rGO. The XRD patterns of 5%H-rGO,
10%H-rGO, and 15%H-rGO show that the diffraction peak shifts
to higher degrees as the H2 ratio increased (Figure 2a), indicat-
ing the smaller interlayer spacing and more efficient removal of
functional groups.[30] When the GO is reduced with Sn packaging
under an H2/Ar atmosphere, the XRD peak shifts to the higher
degrees (Figure 2d), indicating a synergistic reduction effect of
H2 and Sn. As shown by the Raman spectra in Figure 2b,e and
Table S3, Supporting Information, the ID/IG value decreases with
the higher H2 concentration. Furthermore, the ID/IG ratio is fur-
ther reduced when GO is wrapped in Sn foil.

As observed in the FTIR spectra (Figure 2c,f), the ─OH func-
tional group is more effectively reduced with higher H2 con-
centrations. However, a weak peak of ─OH was still present for
15%H-rGO at 3450 cm−1, indicating that hydrogen alone is not
sufficient to completely remove ─OH group. In contrast, a lower
─OH signal is observed for Sn-W-rGO and no -OH peak found
for Sn-5%H-rGO, suggesting that hydroxyl groups could be elim-
inated with the assistance of Sn packaging, even at a low H2 ratio
of 5%. The C═O group is also gradually reduced as H2 ratio in-
creases (Figure 2c,f and Table S4, Supporting Information). In
comparison, the C═O peak intensity of the Sn-W-rGO is simi-
lar to that of GO, but the C═O peak intensity is greatly reduced
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Figure 2. Characterizations of rGO samples after calcination under different reduction conditions. a) XRD patterns, b) Raman spectra, and c) FTIR
spectra of 5%H-rGO, 10%H-rGO, and 15%H-rGO. d) XRD patterns, e) Raman spectra, and f) FTIR spectra of Sn-W-rGO, Sn-W-5%H-rGO, Sn-W-10%H-
rGO, and Sn-W-15%H-rGO.

for the Sn-W-5%H-rGO (Figure 2f). These results indicate that
the cooperative reduction effects of hydrogen and Sn can lead
to the removal of different oxygen functional groups. The XPS
measurements reveal that the C/O ratio of rGO increases with
higher H2 ratio when only H2 is used for the reduction (Figures
S9, S12 and Table S5, Supporting Information), while the peak
intensities of C═O, C─O, and C─OH all decrease (Figures S10–
S14, Supporting Information). Additionally, with higher H2 con-
centration, the fraction of C─O is significantly decreased, C─OH
unchanged, and C═O increased (Tables S6, S7, Supporting Infor-
mation). As shown in Figures S5, S14 and Table S6, Supporting
Information, Sn-W-rGO still displays a weak -OH signal, indi-
cating an incomplete removal of -OH. Besides, the C═O fraction
of Sn-W-rGO is much lower than that of Sn-C-rGO-Ar, imply-
ing a stronger reduction capability of C═O by Sn package (Table
S4, Supporting Information). However, when Sn package is in-
tegrated with H2/Ar atmosphere, the ─OH signal is eliminated
(Figure 2f), and the C/O ratio is also higher than that obtained
via H2/Ar reduction (Table S5, Supporting Information). Inter-
estingly, with increasing H2 ratio, the Sn-wrapped samples ex-
hibited an increased C─O ratio and a decreased C═O ratio. This
suggests that the Sn package could aid in converting C═O bonds
to C─O bonds and prevent direct removal of C═O, which could
result in defects in rGO.[31] This hypothesis is supported by the
higher ratio of sp2-C observed in the Sn-wrapped samples, indi-
cating the effective restoration of 𝜋 network in the rGO structure
by Sn package.[1] The Sn 3d XPS demonstrates that, compared to
the Sn before the reaction without H2, the peak positions for Sn
3d3/2 and Sn 3d5/2 after the reduction both shift distinctly to the
higher binding energies, indicating the oxidation of Sn (Figure
S15, Supporting Information). Besides, the C/O ratio of Sn-W-
rGO (2.8) is significantly lower than that of Sn-C-rGO-Ar (4.5).
This suggests that as GO is reduced with the Sn package, the re-

leased species could oxidize the surface of Sn, thus lowering the
effectiveness of the reduction. However, when an H2/Ar mixed
atmosphere is applied, the peaks of Sn 3d3/2 and Sn 3d5/2 only
show a slight shift, indicating that H2 serves a protective role for
Sn against the oxidation (Figure S15, Supporting Information).
To evaluate the feasibility of the approach, we carried out the cy-
cling reduction using the same Sn foil for the reduction of fresh
GO samples. As illustrated in Table S8, Supporting Information,
after ten reduction processes, the reduced GO still exhibits a low
electrical resistivity of 1.62 Ω cm, suggesting that Sn foil could
be recycled and reused. Furthermore, we wrapped a commercial
GO in Sn foil and calcinated the samples under a 15 vol% H2/Ar
atmosphere. As depicted in Figure S16, Supporting Information,
the sample displays a distinctive color change after the reduction.

In order to explore the mechanism for the rapid reduction
of GO with Sn, density functional theory calculations were con-
ducted. A 4 × 4 supercell of single layer graphene was used, with
an additional epoxy group or a hydroxyl group, to study the re-
action of oxygen-containing groups on GO and Sn atom, as de-
picted in Figure 3. The reaction between Sn atom and epoxy
group occurs immediately when the Sn atom is close enough,
as shown in Figure 3a,b and Video S5, Supporting Information.
There is no energy barrier presented in this reaction (shown in
Figure S17, Supporting Information). The reaction is an exother-
mal process with −1.07 eV in enthalpy change. Regarding the
reaction between Sn atoms and hydroxyl groups, the situation
is quite similar, with no reaction energy barrier and an exother-
mic process with −1.18 eV in enthalpy change, as shown in
Figure 3c,d, Figure S17 and Video S6, Supporting Information.
The released energy could potentially heat and promote the fur-
ther reductions of GO. The adsorption energy of the products
on graphene exhibits a strength between physical and chemical
adsorption, with value of −0.38 eV for SnO and −1.24 eV for
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Figure 3. Sn atom on GO sheet with an epoxy group a) before and b) after geometry optimization; Sn atom on GO sheet with a hydroxyl group c) before
and d) after geometry optimization; e) energy barrier for Sn migration on the graphene. Blue balls denote Sn atom, red balls denote O atom, yellow balls
denote C atom, and white balls denote H atom.

SnOH. In addition, Sn atom shows low migration energy barrier
(8.36 meV) on graphene along top-bridge-top sites, as presented
in Figure 3e, indicating that the Sn atom can rapidly diffuse on
graphene. Considering the experimental condition of H2 atmo-
sphere, the Gibbs energy change of reaction between SnO and
H2 is calculated to be −3.15 eV under 508 K, indicating that the
reduction of SnO to Sn can occur spontaneously. Furthermore,
the cohesive energy for Sn (−3.32 eV) is much greater than the
adsorption energy of Sn on graphene (−0.38 eV), resulting in the
aggregation of the reduced Sn atoms back to bulk phase. Com-
bining experimental measurements with theoretical simulations,
it is inferred that Sn acts as a catalyst and the GO reduction fol-
lows the following process: Sn atoms diffuse on the carbon ma-
trix of GO, react with oxygen functional groups, and generate
heat, which further promotes the reaction. The resulting SnO
and Sn(OH)2 can be readily reduced by hydrogen gas. Afterward,
the Sn atoms regather back into the bulk phase. Typically, when
specific oxygen functional groups such as ether bonds and epoxy
groups are removed, CO/CO2 is generated, and defects like car-
bon vacancies are created. This reduction process avoids the di-
rect removal of oxygen functional groups into the gas phase, thus
significantly reducing the number of defects.

To demonstrate the potential applications of the reduction
method, we utilized Sn-W-15%H-rGO as the cathode host mate-
rial for lithium-sulfur (Li–S) batteries (Supporting Information).
The assembled battery is labeled as Sn-W-15%H-rGO@S/Li. For
comparison, we also used chemically reduced GO as the host
material of S to assemble Li–S batteries (Chem-rGO@S/Li). Cy-
cling voltammetry (CV) tests were conducted on the batteries
at a rate of 0.1 mV s−1. As shown in Figure 4a, during the ca-
thodic scans, two peaks are observed corresponding to the con-
version of S8 to Li2Sx (4 < x < 8, high potential) and further re-
duction of Li2Sx (4 < x < 8) to Li2S2 and Li2S (low potential),[32]

respectively. Additionally, two adjacent peaks during the anodic
scans are ascribed to the oxidation of Li2S2 and Li2S to Li2Sx
(4 < x < 8, low potential), and then to S8 (high potential),
respectively.[33] The difference in potential between the oxida-
tion peak and the reduction peak of Sn-W-15%H-rGO@S/Li is

smaller than that of Chem-rGO@S/Li, suggesting that Sn-W-
15%H-rGO@S/Li shows the better reversibility and weaker po-
larization. We further conducted CV tests of the two batteries at
different scan rates (Figure 4b,c). As the scan rate increases, po-
larization of Chem-rGO@S/Li is significantly higher than that
of Sn-W-15%H-rGO@S/Li. For the same scan rate, the response
current of Chem-rGO@S/Li is lower than that of Sn-W-15%H-
rGO@S/Li. The CV results suggest that Sn-W-15%H-rGO@S/Li
possesses stronger electrochemical kinetics.[34]

The charge–discharge tests (Figure S18a, Supporting Infor-
mation) reveal that Sn-W-15%H-rGO@S/Li has three discharge
stages, which is consistent with the results obtained from the
CV tests. On the other hand, the Chem-rGO@S/Li battery
shows a significant voltage drop during the second discharge
stage and does not show a clear third discharge stage. Further-
more, the Sn-W-15%H-rGO@S/Li exhibits a higher gravimet-
ric capacity of 1146 mAh g−1, which is greater than that of
the Chem-rGO@S/Li battery (1001 mAh g−1). Additionally, the
Sn-W-15%H-rGO@S/Li battery displays a smaller voltage dif-
ference between the charge and discharge plateaus, suggesting
reduced cell polarization.[35] We also conducted electrochemi-
cal impedance spectroscopy (EIS) for both batteries. Re is the
sum of electrical resistance of electrolyte and electrode material,
while Rct is the charge transfer resistance of the cathode.[36] As
shown in Figure 4d, Figure S19 and Table S9, Supporting In-
formation, Rct of Sn-W-15%H-rGO@S/Li is 61.2 Ω, lower than
that of Chem-rGO@S/Li (90.85Ω), suggesting the better electron
transfer dynamics. The cycling performances of the two batteries
were measured. As demonstrated in Figure 4e, the Sn-W-15%H-
rGO@S/Li retains a high gravimetric capacity of 739 mAh g−1

after 300 cycles with a columbic efficiency of near 100%. How-
ever, the capacity of Chem-rGO@S/Li dramatically decreases af-
ter 170 cycles, and the columbic efficiency also fluctuates. When
the charge/discharge rate is increased to 0.3 and 0.5 C, the volt-
age difference of Chem-rGO@S/Li increases to 0.26 and 0.42 V,
respectively. In contrast, the voltage difference of Sn-W-15%H-
rGO@S/Li remains relatively constant at 0.16 to 0.20 V (Figure
S18b,c, Supporting Information). Furthermore, as the discharge
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Figure 4. Electrochemical performance of Sn-W-15%H-rGO@S/Li and Chem-rGO@S/Li batteries. a) CV tests of Sn-W-15%H-rGO@S/Li and Chem-
rGO@S/Li batteries at a scan rate of 0.1 mV s−1. Rate-dependent CV measurements of b) Sn-W-15%H-rGO@S/Li and c) Chem-rGO@S/Li. d) Nyquist
plots of Sn-W-15%H-rGO@S/Li and Chem-rGO@S/Li. e) Cycling performances of Sn-W-15%H-rGO@S/Li and Chem-rGO@S/Li at a rate of 0.2 C.
f) Comparison chart of the electrochemical performance between Sn-W-15%H-rGO@S and other works.

rate increases, the decay magnitude and rate of the discharge spe-
cific capacity for Chem-rGO@S/Li are higher compared to Sn-
W-15%H-rGO@S/Li (Figure S18d,e, Supporting Information).
These results indicate the better cycling stability of the fabricated
Sn-W-15%H-rGO@S/Li. Compared to the traditional chemical
reduction approach, the rGO-based cathode synthesized by the
reduction in this work demonstrate the lower cell polarization,
lower electron transfer resistance, higher Li+ diffusion constant
as well as better electrochemical stability. Figure 4f shows a
comparison of the electrochemical performance between Sn-W-
15%H-rGO@S and other works that only use rGO as the host
material.[37–39] The Sn-W-15%H-rGO@S exhibits significant im-
provement in charge transfer resistance, discharge rate, and cycle
life, implying the potential application of this reduction method
and rGO obtained.

3. Conclusion

In conclusion, we demonstrate that graphene oxide can be rapidly
reduced via contact with semi-molten metals. The GO foam was
reduced within 0.2 s by point contact with semi-molten Sn and
Li. The resultant Li/Sn-C-rGO-Ar exhibited much lower electrical
resistivities than Chem-rGO due to the lower number of defects
generated during the reduction process. GO was then wrapped
in Sn foil and calcinated the sample in a 15 vol% H2/Ar atmo-
sphere for more efficient removal of oxygen functional groups.
The Sn package and H2/Ar atmosphere exhibited synergistic re-
duction effects towards different oxygen functional groups, and
the H2/Ar atmosphere prevented the oxidation of Sn foil by the
released oxidative species. DFT calculations indicated that Sn can
easily migrate on GO and react with oxygen functional groups. As
a result, the Sn-W-15%H-rGO demonstrated much better elec-

trical conductivity. Additionally, the Li–S battery synthesized us-
ing Sn-W-15%H-rGO as the cathode host material showed a high
gravimetric capacity of 1146 mAh g−1 and satisfactory cycling sta-
bility. Thus, this work presents a new way for the mass produc-
tion of reduced graphene oxide with desirable physiochemical
properties.
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