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Abstract: The low cycle performance and low Coulomb efficiency of tin-based materials confine
their large—scale commercial application for lithium-ion batteries. To overcome the shortage of
volume expansion of pristine tin, Sn—Co alloy /rGO composites have been successfully synthesized by
chemical reduction and sintering methods. The effects of sintering temperature on the composition,
structure and electrochemical properties of Sn—Co alloy/rGO composites were investigated by
experimental study and first-principles calculation. The results show that Sn—Co alloys are composed
of a large number of CoSn and trace CoSn; intermetallics, which are uniformly anchored on graphene
nanosheets. The sintering treatment effectively improves the electrochemical performance, especially
for the first Coulomb efficiency. The first charge capacity of Sn—Co alloy/rGO composites sintered
at 450 °C is 675 mAh-g !, and the corresponding Coulomb efficiency reaches 80.4%. This strategy
provides a convenient approach to synthesizing tin-based materials for high-performance lithium—
ion batteries.
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1. Introduction

Lithium—ion battery has attracted much attention in the field of portable electronic
devices and electric vehicles because of their excellent characteristics, such as high energy
density, high working voltage and long cycle life. However, the theoretical specific capacity
of the most commonly used commercial graphite anode electrode is only mAh-g~!, which
obviously limits the improvement of lithium storage capacity of lithium—ion batteries [1].
Therefore, exploring a new generation of anode materials with high capacity has become
one of the important research fields of lithium—ion batteries. Metal tin has a high theoretical
capacity (990 mAh-g’l, Lis 45Sn) [2], which is one of the most likely candidates for anode
materials. However, the lithium storage process of metallic tin is complex and accompanied
by a huge volume change (up to 300%), which leads to serious structural damage to metal
tin and the continuous formation of solid electrolyte thin films (SEI) on the surface of newly
broken tin particles [3,4]. These processes will aggravate the lower Coulomb efficiency and
worse cycle performance of tin [5,6].

In order to solve the volume expansion of tin, one of the strategies is to use var-
ious forms of carbon materials with high electrical conductivity as carriers to synthe-
size nanocomposites containing Sn and carbon, such as activated carbon [7], carbon nan-
otubes [8,9], carbon fibers [10,11] and graphene [12,13]. In particular, graphene with high
mechanical strength properties is used as a carrier to construct a volumetric expansion
buffer structure, which can significantly improve the electrochemical performance of the
composite electrode. In addition, the strategy of introducing O into metals to synthesize
complex metal oxides can also significantly improve the structural stability and electronic
properties of metal oxide electrode materials [14,15].

Molecules 2023, 28, 3923. https:/ /doi.org/10.3390/molecules28093923

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules28093923
https://doi.org/10.3390/molecules28093923
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://doi.org/10.3390/molecules28093923
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules28093923?type=check_update&version=1

Molecules 2023, 28, 3923

20f12

In the existing literature, the research is mainly focused on the use of one-dimensional
graphene tubes, two—dimensional graphene sheets and three-dimensional graphene net-
work structures to construct Sn/graphene composites. Mo et al. [16] synthesized a kind
of tin nanoparticles/double-graphene-tube composite (Sn/DGT) by chemical deposition
and heat treatment. The tin nanoparticles are confined in the one-dimensional double—
graphene tubes, which minimizes the structural damage of tin nanoparticles. As a result, the
first reversible capacity and Coulomb efficiency of Sn/DGT composites are 913 mAh-g~!
and 71.1%, respectively, at 0.2 A/g, and the capacity of Sn/DGT composites reached
918 mAh-g~! after 500 cycles. Chen et al. [17] prepared a kind of tin-graphene nanocom-
posites (Sn—GNS) by microwave hydrothermal synthesis and hydrogen reduction method.
Sn nanoparticles with 10~20 nm are sandwiched between two-dimensional graphene
nanosheets with high conductivity and flexibility. The first reversible capacity and Coulomb
efficiency of the Sn—-GNS composite are 1407 mAh-g~! and 65.9%, respectively, and the
capacity after 30 cycles is about 899 mAh-g~!. Qin et al. [18] successfully synthesized
a 3D Sn@G-PGNWs material composed of tin nanoparticles (5~30 nm) coated with a
three-dimensional graphene shell by chemical vapor deposition. The interconnected three-
dimensional porous graphene network formed by a good elastic graphene shell buffers
the volume expansion and improves the integrity of the overall structure of the electrode.
The first reversible capacity and Coulomb efficiency of the 3D Sn@G-PGNWs composite at
0.2 A-g~! is about 1245 mAh-g~! and 69%, respectively. Meanwhile, the capacity of the 3D
Sn@G-PGNWs composite remains 682 mAh-g~! after 1000 cycles at 0.2 A-g~!, showing
good rate performance and cycle performance.

From the above, the morphology and structure of graphene have a significant impact
on the electrochemical performance of nanocomposites, in which the three-dimensional
interconnected graphene network structure has a significant contribution to the improve-
ment of structural stability of the composites. At the same time, N, S doping can further
improve the lithium storage properties of the composites [19-21]. Liu et al. [22] synthe-
sized a kind of Sn@N-doped graphene electrode material (Sn@NG) by high temperature
pyrolysis using cyanamide as N source, in which ultrafine tin nanoparticles (2~3 nm) are
uniformly embedded in N-doped graphene (NG) network. The wrinkled NG provides
good electrical conductivity, rich defects, high specific surface area and large mesopore vol-
ume. The first discharge capacity and Coulomb efficiency of the SN@NG material at 1 h-g~!
are 1054 mAh-g~! and 52.1%. In addition, the capacity of SNn@NG material remained at
568 mAh-g ! after 1000 cycles, showing good cycle stability.

Furthermore, the addition of alloy elements into the metal to form a second phase can
significantly improve the structural stability and electronic properties of the materials [23,24].
For Sn-based alloys, the introduction of inactive metal M (M = Cu, Co, Fe, Nj, etc.) into the
tin metal to form an Sn—M alloy can further buffer the volume change of metal tin. One of
the earliest Sn—based anode materials for lithium—ion battery is Sn—Cu alloy. According to
the binary metal phase diagram, Sn—Cu alloy is mainly composed of single phases such as
pure tin, CugSns and CuzSn intermetallics or mixed substances [25]. Zhu et al. [26] prepared
a kind of Sn—-Cu—graphene composite (Sn—-Cu-GNS) by chemical reduction method, in
which Sn and amorphous Cu nanoparticles are uniformly dispersed on graphene. Due
to the synergistic action of tin, copper and graphene, the volume change of the Sn—Cu-
GNS material is inhibited, and the electron transfer is promoted, thus obtaining excellent
electrochemical performance. The first reversible capacity and Coulomb efficiency of the
Sn—Cu-GNS material are about 525 mAh-g~! and 63.6% at 500 mA-g~!, and the capacity
can reach 643 mAh-g~! after 100 cycles. Wang et al. [27] prepared an electrode material
(5nCo/NC) composed of Sn—Co alloy and N-doped graphene by freeze-drying and heat
treatment, in which CoSn and CoSn, nanoparticles are embedded in the carbon skeleton
of nitrogen—-doped graphene. The first reversible capacity and Coulomb efficiency of
the SnCo/NC material are 1017 mAh-g~! and 63.8% at 0.2 A/g, and the capacity of the
composite can still reach 810 mAh-g~! after 600 cycles at 1 A-g~!, showing excellent
lithium storage performance. Xin et al. [28] prepared a kind of Fe( 745ns@RGO composite
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by chemical reduction method. Corresponding to the FeSns crystal structure, the composite
structure composed of defective Fej745ns nanoparticles dispersed on graphene adapts
to the change of volume structure and shortens the transport distance of Li ions and
electrons. The first reversible capacity and Coulomb efficiency of Fey 74Sns@RGO composite
are 957 mAh-g~! and 62.9%, keeping 674 mAh-g~! after 100 cycles. In addition, the
introduction of polymers into alloys or metal oxides can also improve the structural stability
of electrode materials, which has become a new research field of polymer-based composites
promising for practical applications [29,30].

Based on the above literature, the formation of nanocomposite structure and the syn-
thesis of Sn-M alloy are the optimal strategies to improve the electrochemical performance
of tin-based materials. However, it is found that the common disadvantage of these tin—
containing anode materials is that the first Coulomb efficiency is low, which can not meet
the requirements of the new generation of lithium—ion batteries. It is urgent and important
to synthesize tin-based materials with long cycle life and high Coulomb efficiency.

Here, Sn—Co alloy/rGO composites have been successfully prepared by chemical
reduction and then sintering treatment using graphene oxide as a carrier, in which Sn—-Co
nano-alloys are uniformly anchored on graphene. This structure has a variety of functions
and advantages: (1) The synthesized nano-sized Sn—Co alloy has a higher resistance to
structural destruction because of its small particle size. (2) The introduction of Co atoms in
5n—Co alloy as an inert medium helps to buffer the volume expansion of metal Sn. (3) The
buffering effect formed by the good mechanical properties of graphene can further improve
the structural stability of Sn—Co alloy, and the good electronic conductivity of the electrode
is ensured because graphene has good electrical conductivity. (4) Sintering treatment can
increase the grains and particles of Sn—Co alloy, thus improving the first Coulomb efficiency
of Sn—Co alloy /rGO composites. The results show that Sn—Co alloy/rGO composites have
good cycle performance as anode materials for lithium—ion batteries, especially with high
first Coulomb efficiency.

2. Results and Discussions
2.1. Microstructure and Composition

The microstructure analysis of the synthesized Sn—Co alloy /rGO composite is shown
in Figure 1. As can be seen from Figure 1a, the Sn—Co alloy/rGO composite without
sintered is composed of pure Sn and Co metal according to the standard data of X-ray
diffraction. After sintering at 400 °C, the phase of Sn—Co alloy/rGO composite transformed
into CoSn intermetallics, while a small amount of unreacted pure Sn metal remained.
After sintering at 450 °C, a small amount of CoSn; intermetallics were newly formed in
the Sn—Co alloy/rGO composite. With the increase of sintering temperature, the phase
composition of Sn—Co alloy/rGO composite no longer changes, but the FWHM of the XRD
spectrum of all phases of the composite decreases, indicating that the grains of CoSn and
CoSny, intermetallics continue to increase or the degree of crystallization increases. Similar
phase compositions have also been reported in Sn—Co alloy; for example, CoSn and CoSny
intermetallics coexist in Sn—Co alloy prepared by mechanical ball milling [31]. However,
there is no obvious carbon diffraction peak in the XRD spectrum in Figure 1a, which may
be due to an amorphous structure of graphene.

The typical SEM and TEM images in Figure 1b,c show the surface morphologies
of Sn—Co alloy/rGO composite after sintering at 500 °C, and the morphologies of other
samples are shown in Figure S1. It can be seen that the Sn—Co alloy/rGO composite is
nearly spherical particles with a diameter range of about 10 to 100 nm. From the HRTEM
in Figure 1d, it is found that the main regions of Sn—Co alloy/rGO composites are (201)
planes of CoSn intermetallics with a plane distance of 0.201 nm, while a very small part of
the regions are (211) planes of CoSn; intermetallics with the plane distance of 0.253 nm.
Figure le shows the energy dispersive X-ray spectroscopy (EDS) results of Sn—Co alloy /rGO
composite sintered at 500 °C, in which the atomic ratio of Sn to Co is close to 1:1. This
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is basically consistent with the raw material ratio of material synthesis and the results of
XRD analysis.
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Figure 1. The XRD patterns of the synthesized Sn—Co alloy /rGO composite (a), SEM image (b), TEM
image (c), HRTEM image (d) and EDS (e) of Sn—Co alloy/rGO composite sintered at 500 °C.

During the synthesis of Sn—Co alloy/rGO composite, Sn>* and Co?* in the solution are
electrostatically adsorbed on graphene oxide near the oxygen-containing functional groups,
such as the hydroxyl group, carboxyl group and epoxy group [32,33]. Then, these metal
ions and graphene oxide are reduced to metal Sn, Co and graphene, respectively, by NaBHy
reduction. In the subsequent sintering process, Sn and Co atoms diffuse on graphene to
form an Sn—Co alloy formed by a large number of CoSn intermetallics and a small amount
of CoSny intermetallics. The schematic sketch of Sn—Co alloy /rGO composite is shown in
Figure 2a.
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Figure 2. The schematic sketch of Sn—Co alloy/rGO composite (a), the crystal structure (atomic
population) (b) and density of states (e) for pure Sn, the crystal structure (atomic population) (c) and
density of states (f) for CoSn; intermetallics, the crystal structure (atomic population) (d) and density
of states (g) for CoSn intermetallics.
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In order to further analyze the electronic structures of pure Sn metal, CoSn, and
CobSn intermetallic in Sn—Co alloy/rGO composite from the atomic level, the electronic
densities of states and atomic population of the three materials were calculated by first
principles, the results are shown in Figure 2b—d. As can be seen from Figure 2b-d, there
is no charge transfer between Sn atoms in pure tin, and all Sn atoms share a charge. For
CoSny, intermetallics, each Sn atom transfers 0.24 e to the Co atom on average. Similarly, for
CoSn intermetallics, the average charge transfer from each Sn atom to the Co atom is 0.37 e.
It can be inferred that the Sn—Co bond in CoSn, and CoSn intermetallics is a metal bond
with certain ionic characteristics, according to the difference in electronegativity between
Sn and Co elements [34]. It can be seen from the Figure 2e—g that the density of states of
pure tin near the Fermi level is mainly contributed by the s orbitals and p orbitals of Sn
atoms, while the density of states of CoSn, and CoSn intermetallics is mainly contributed
by the s and p orbitals of Sn atoms and the p orbitals and d orbitals of Co atoms, and the
contribution of Co atoms is more. Therefore, pure tin, CoSn; and CoSn intermetallics have
higher densities of states near the Fermi level, and the densities of states increase from
0.25 to 0.37 with the increase of Co content. The results show that all of them have good
electrical conductivity, and the electrical conductivity of Sn—Co alloy increases with the
increase of Co content.

2.2. Electrochemical Performance

Figure 3 shows the electrochemical performance of Sn—Co alloy/rGO composites. In
order to analyze the lithium intercalation mechanism of electrode materials during charge
and discharge, Sn—Co alloy/rGO composites were tested by cyclic voltammetry and the
results are shown in Figure 3a. It can be seen from Figure 3a that there are obvious reduction
peaks at 0.9~1.1 V and below 0.8 V in the Sn—Co alloy/rGO composites without sintered,
which is similar to the CV curve of pure tin [35]. The peak at 0.9~1.1V is usually attributed
to some irreversible reactions of forming SEI interface on the surface of active material
particles [36]. The peak below 0.8 V corresponds to the process that pure tin reacts with
lithium to form Li,Sn alloy (Sn + xLi* + xe — Li,Sn, 0 < x < 4.4) [37]. In the process of
reverse scanning, some obvious oxidation peaks were observed at 0.55V, 0.68 V, 0.76 V and
0.81V, respectively. The corresponding Li,Sn alloys were dealloyed to form Liz 55n, LiSn,
Li;Sns and pure Sn metal [38]. After sintering, the oxidation peak of Sn—-Co alloy/rGO
composites shifts to the left, and a wide oxidation peak appears in the range of 0.52~0.65V,
which is mainly due to the formation of Sn—Co alloy during sintering. This is similar to
the results confirmed by Zheng et al. [39] in the oxidation peak of Sn—Co alloy appears at
0.5~0.6 V.

Figure 3b shows the first charge—discharge curve of Sn—Co alloy/rGO composite at
100 mAh g~1. It can be seen from Figure 3b that the Sn—Co alloy /rGO composite shows a
weak platform at about 1.1 V and a tilted platform below 0.80 V, which correspond to the
reduction peaks in the CV curve in Figure 3a. It can also be obtained from Figure 2b that
the first charge capacity and discharge capacity of Sn—Co alloy/rGO composite without
sintered are 995 and 595 mAh-g~!, respectively, and the corresponding first Coulomb
efficiency is 59.8%. After sintering, the first charge capacity of Sn—Co alloy/rGO composite
decreases gradually, while the first discharge capacity increases at first and then decreases.
When sintering at 500 °C, the first charge capacity of Sn—Co alloy/rGO composite is
840 mAh-g~!, the first discharge capacity reaches the maximum, which is 675 mAh-g~1,
and the corresponding first Coulomb efficiency reaches 80.4%. This may be due to the
increase in the grain size of Sn—Co alloy in Sn—Co alloy /rGO composites, which leads to the
increase in Coulomb efficiency. It is well known that nanomaterials have the disadvantage
of low Coulomb efficiency [40], so increasing grain size and particle size is an effective
strategy to improve Coulomb efficiency.
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Figure 3. The cyclic voltammetry curves of Sn—Co alloy/rGO composite (a), the constant current
charge-discharge curves of Sn—Co alloy/rGO composite (b), the cycle performance curves of Sn—-Co
alloy /rGO composite (c), the rate performance curves of Sn—Co alloy /rGO composite (d), the long
cycle test of Sn—Co alloy/rGO composite sintered at 450 °C (e).

Figure 3c shows the rate performance of Sn—Co alloy/rGO composite with different
sintering temperatures. It is found that the discharge capacity of Sn—Co alloy/rGO compos-
ite sintered at 500 °C is 675, 552, 425 and 311 mAh-g_1 at 100, 200, 1000 and 5000 mA'g_l,
respectively. When the current density returns to 100 mA-g~!, the discharge capacity of
Sn—Co alloy/rGO composite reaches 580 mAh-g~!, which shows a good rate performance.

Figure 3d shows the cycle performance of Sn—Co alloy/rGO composites with different
sintering temperatures at 100 mA-g~!. The discharge capacity of Sn—Co alloy/rGO com-
posites without sintered is only 303 mAh-g~! after 100 cycles. After sintering, the cycle
properties of Sn—Co alloy/rGO composites increase at first and then decrease with the
increase of sintering temperature. The cycle performance of Sn—Co alloy/rGO composites
sintered at 450 °C reached the maximum, and the discharge capacity is 508 mAh-g~! after
100 cycles. The long cycle test of Sn—Co alloy/rGO composite sintered at 450 °C was
carried out at 200 mA-g~!, and the results are shown in Figure 2e. It can be seen that the
capacity of Sn—Co alloy/rGO composite reduces to 443 mAh-g~! after 500 cycles from
622 mAh-g~!, and the capacity retention rate is 71.2%. Therefore, the Sn—Co alloy/rGO
composites prepared by chemical reduction and then sintering treatment shows good cycle
performance, especially the first cycle Coulombic efficiency is high compared with the
literature, as shown in Table S2.

In order to investigate the interface properties of electrode materials, the AC impedance
spectra of Sn—Co alloy/rGO composites with different sintering temperatures were mea-
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sured and the results are shown in Figure 4a. The internal resistance Rs, the impedance
of lithium—-ion diffusion in SEI Rggy and the charge transfer impedance between active
material and electrolyte Rt obtained by fitting equivalent circuit model [41] are recorded in

Table 1.
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Figure 4. The AC impedance spectra (a) and fitting curve (b) of Sn—Co alloy/rGO composites, the
diffusion direction (c) and diffusion energy barrier (f) for pure Sn, the diffusion direction (d) and
diffusion energy barrier (g) for CoSn, intermetallics, the diffusion direction (e) and diffusion energy
barrier (h) for CoSn intermetallics.

Table 1. Fitting circuit impedance parameters and lithium—ion diffusion coefficient of Sn—Co al-

loy /rGO composites.
Sintering Temperature Rs/Q Rgg1/Q Re/Q Dp;t x 10-13
Unsintered 4.84 38.67 46.32 2.16
400 °C 3.42 3247 38.51 2.22
450 °C 2.35 28.24 31.05 2.96
500 °C 2.30 24.29 21.86 3.41
600 °C 2.32 24.43 25.93 3.07

The diffusion coefficient of lithium—ion can be calculated by formula [42]:

Vi [ dE\1?

Here, Vy, is the molar volume (cm3-mol 1), Fis the Faraday constant (9.6485 x 10* C-mol 1),
S is the electrode surface area (cm?), ¢ is the Warburg coefficient, which is the slope of the
fitting line in Figure 4b, and dE/dx is the slope of the Coulomb titration line.

From the data in Table 1, it can be seen that with the increase of sintering temperature,
the Rs and Rggy of Sn—Co alloy/rGO composites decrease gradually, and R.; decreases
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at first and then increases, which is mainly due to the formation of SnyCo intermetallics.
However, when the sintering temperature exceeds 500 °C, the grains are easy to grow,
which is not conducive to the diffusion of lithium ions in the solid phase, and finally leads
to the decrease of the diffusion coefficient.

In order to clarify the lithium-ion diffusion of pure Sn, CoSn; and CoSn intermetallics
in Sn—Co alloy/rGO composites on an atomic scale, the diffusion energy barriers of lithium
atoms in these phases were calculated by first principles. The diffusion direction and
diffusion energy barrier are shown in Figure 4c—.

It can be seen from Figure 4c that the diffusion energy barriers of lithium ions of pure
tin, CoSny and CoSn intermetallics are anisotropic in different directions. For example,
the diffusion energy barrier of lithium-ion along the Z-axis in pure tin metal is the lowest
compared with the X- and Y-axis, only 0.11 eV, which is close to the energy barrier of
Sn (0.04 eV) in the literature [43]. The diffusion energy barriers of lithium ions in CoSnp
intermetallics along the X-axis and Z-axis are relatively lower, which is 1.72 eV and 1.83 eV,
respectively. For CoSn intermetallics, the diffusion energy barrier of lithium ions along
the Y-axis is the lowest, but the value is as high as 3.11 eV. It can be concluded that the
diffusion energy barriers of lithium—ion increases gradually in the following order: pure
Sn < CoSny < CoSn. Here, the addition of cobalt to tin can effectively improve the cycle
performance, but excess cobalt will significantly hinder the dynamic diffusion of lithium
atoms in Sn—Co alloy.

3. Materials and Methods
3.1. Preparation of Materials

Synthesis of rGO. Graphene oxide (GO) was prepared by an improved Hummers
method [44]. Firstly, 5 g NaNO3 and 230 mL concentrated HySO4 were added to the flask
with 500 mL in an ice water bath. When the solution temperature dropped to 0 °C, 10 g
graphite was added to the flask and stirred for 15 min. Then, 40 g KMnO,4 was added to the
flask within 30 min and stirred at 10~15 °C for 90 min. The solution was heated to 35~40 °C
and stirred for 30 min. Third, 700 mL of deionized water was added to the flask within
30 min. The temperature of the solution in the flask was kept between 90 °C and 95 °C
by controlling the rate of adding water. Then, the HyO, with a mass fraction of 5 wt.%
was added to the flask until no bubbles appeared and filtered while it was hot. Finally,
the filtered cake was dissolved in 5 wt.% HCI solution, stir evenly and filter and repeat
3~4 times, and then wash to neutral with deionized water to obtain the required GO.

Synthesis of Sn—Co alloy/rGO composites. Firstly, Sn—Co alloy/rGO composite pre-
cursors were prepared by chemical reduction. The details were as follows: 22.6 g stannous
chloride (SnCl,-2H,0) and 23.8 g CoCl,-6H,O were fully dissolved in 200 mL deionized
water, then 1 g GO was added to the solution, ultrasonic for 2 h, and then a certain amount
of sodium citrate and polyvinylpyrrolidone (PVP) was added to the solution, and then
dispersed uniformly by ultrasonic 30 min. The resulting solution was labeled as A solution.
Subsequently, 0.15 g NaOH was dissolved in 50 mL deionized water, then 1 g NaBH, as a
reducing agent was added, and the obtained solution was labeled as B solution. In an ice
water bath, the B solution was slowly added to the A solution with stirring and continued
stirring for 2 h, then filtered and washed with water until neutral pH, and the obtained
powder was dried at 60 °C for 24 h in vacuum. Finally, the drying product was sintered
at 400~600 °C for 2 h in a tube furnace protected by argon, and the target product Sn—-Co
alloy /rGO composites were prepared.

3.2. Materials Characterization

The crystal structure of the composite was characterized by X-ray diffraction (XRD,
Shimadzu XRD-6100, Cu Ku radiation, A = 0.1542 nm). The surface morphology and
microstructure of the materials were observed by scanning electron microscope (SEM, JEOL
JSM-7500F) and transmission electron microscope (TEM, JEOL JEM-2010) with an energy
dispersive X-ray spectrometer (EDS).
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3.3. Electrochemical Measurements

The working electrode was prepared with the active material, conductive agent (acety-
lene black) and polyvinylidene fluoride (PVDF) according to the mass ratio of 85:5:10,
and the active material in working electrode is ~3.0 mg/cm?. The 2032 button battery for
lithium storage performance test was assembled by using metal Li sheet as the counter elec-
trode with 1.0 mg, Celgard 2400 polypropylene membrane as the separator and 1.0 mol/L
LiPF¢/EC+DMC+DEC (Volume ratio 1:1:1) of 0.04 mL as the electrolyte.

The galvanostatic discharge—charge (GCD) was performed on a battery test system
(Sunway, BTS-5 V 10 mA) with the voltage of 0.01~2.00 V (vs. Li* /Li). The three button
batteries were charged and discharged 100 times, respectively, and the capacity retention
rate between the maximum value and the minimum value was taken as the test result of
long cycle performance. In the process of long cycle test, three button batteries were tested
for 100 cycles, and the capacity retention between the maximum and the minimum was
taken as the test results of the long cycle performance. The cyclic voltammetry (CV) curve
was recorded using an electrochemical workstation (Chenhua, CHI604E) at a scan rate of
20 mV-s~! in the voltage of 0.01~2.00 V. The electrochemical impedance spectroscopy (EIS)
measurements were also carried out on the CHI604E electrochemical workstation with
frequencies ranging from 100 kHz to 10 mHz.

3.4. Theoretical Calculation

According to the phase composition of Sn—Co alloy/rGO composite, the density
charge and density of states of pure Sn metal, CoSn, and CoSn intermetallics with lowest
energy configuration were calculated using the CASTEP software package [45] of plane
wave pseudopotential method based on density functional theory with the consideration
of spin-polarized effect. The generalized gradient approximation (GGA) of Perdew—Burke—
Ernzerh [46] of (PBE) approaches were employed for all the calculations. The electronic
wave functions were expanded in a plane-wave basis set using a kinetic energy cutoff of
500 eV, and the interactions between ionic cores and valence electrons are described by
ultrasoft pseudopotentials [47]. For pure Sn metal, CoSn, and CoSn intermetallics, the
K-point mesh [48] of 8 x 8 x 16,8 x 8 x 7and 11 x 11 x 12 was chosen for optimizing
geometric configuration and analyzing the electronic properties. The transition states (TS)
and barriers of the supercell (2 x 2 x 2) of pure Sn metal, Sn,Co and SnCo intermetallics
were calculated using nudged elastic band method (NEB) [49].

4. Conclusions

Here, Sn—Co alloy/rGO composites have been successfully prepared by chemical
reduction and then sintering using graphene oxide as a carrier. The metallic elemental tin
and cobalt obtained by chemical reduction are diffused in the subsequent sintering process
to form Sn—Co alloys composed of a large number of CoSn intermetallics and trace CoSny
intermetallics. These Sn—Co alloys with grain diameters of about 5~15 nm are uniformly
anchored on graphene. Increasing the sintering temperature can effectively improve the
first Coulomb efficiency and cycle performance of the composites. The first charge capacity
and Coulomb efficiency of Sn—Co alloy /rGO composites sintered at 450 °C are 675 mAh-g~!
and 80.4%, showing high first Coulomb efficiency. The continuous increase of sintering
temperature will lead to a decrease in cycle performance, which may be caused by grain
growth during the sintering process. The above results provide a strategy and technical
approach for the synthesis of anode materials for lithium—-ion batteries with high first
Coulomb efficiency and good cycle performance.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /molecules28093923/s1, Figure S1: The SEM of Sn—Co
alloy /rGO composite with different sintering temperature Unsinted (a), 400 °C (b), 450 °C (c),
600 °C (d). Table S1: The long cycle test of Sn—Co alloy/rGO composite sintered at 450 °C. Table S2:
Electrochemical performance of the reported Sn-based material for lithium—ion battery.


https://www.mdpi.com/article/10.3390/molecules28093923/s1

Molecules 2023, 28, 3923 10 of 12

Author Contributions: Conceptualization, D.S.; data curation, M.J. and M.L.; methodology, X.E;
writing—review and editing, Y.L.; supervision, and resources, W.D.; investigation, S.Y. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China
No. 51874167, 21808095, 51774175), China Postdoctoral Science Foundation Funded Project
(2018M641707), Discipline Innovation Team of Liaoning Technical University (LNTU20TD-09).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References

1.  Manthiram, A. A reflection on lithium-ion battery cathode chemistry. Nat. Commun. 2020, 11, 1550. [CrossRef] [PubMed]

2. Hou,J; Qu, S, Yang, M.; Zhang, ]. Materials and electrode engineering of high capacity anodes in lithium ion batteries. ]. Power
Sources 2020, 450, 227697. [CrossRef]

3. Im, H.S,; Cho, YJ,; Lim, Y.P; Jung, C.S,; Jang, D.M.; Park, J.; Shojaei, F; Kang, H.S. Phase evolution of tin nanocrystals in lithium
ion batteries. ACS Nano 2013, 7, 11103-11111. [CrossRef] [PubMed]

4. Bintang, H.M.; Lee, S.; Shin, S.; Kim, B.G.; Jung, H.-G.; Whang, D.; Lim, H.-D. Stabilization effect of solid-electrolyte interphase by
electrolyte engineering for advanced Li-ion batteries. Chem. Eng. ]. 2021, 424, 130524. [CrossRef]

5. Ahn, ].H.; Wang, G.X,; Yao, J.; Liu, HK,; Dou, S.X. Tin-based composite materials as anode materials for Li-ion batteries. ]. Power
Sources 2003, 119, 45-49. [CrossRef]

6. Cook, J.B.; Detsi, E.; Liu, Y.; Liang, Y.-L.; Kim, H.-S.; Petrissans, X.; Dunn, B.; Tolbert, S.H. Nanoporous tin with a granular
hierarchical ligament morphology as a highly stable Li-ion battery anode. ACS Appl. Mater. Interfaces 2017, 9, 293-303. [CrossRef]

7. Arbizzani, C.; Beninati, S.; Lazzari, M.; Mastragostino, M. Carbon paper as three-dimensional conducting substrate for tin anodes
in lithium-ion batteries. J. Power Sources 2005, 141, 149-155. [CrossRef]

8. Gurung, A.; Naderi, R.; Vaagensmith, B.; Varnekar, G.; Zhou, Z.; Elbohy, H.; Qiao, Q. Tin selenide-mult-walled carbon nanotubes
hybrid anodes for high performance lithium-ion batteries. Electrochim. Acta 2016, 211, 720-725. [CrossRef]

9.  Zhou, X,; Yu, L,; Yu, X,; Lou, X. Encapsulating Sn nanoparticles in amorphous carbon nanotubes for enhanced lithium storage
properties. Adv. Energy Mater. 2016, 22, 1601177. [CrossRef]

10. Shen, Z.; Hu, Y.; Chen, Y,; Zhang, X.; Wang, K.; Chen, R. Tin nanoparticle-loaded porous carbon nanofiber composite anodes for
high current lithium-ion batteries. . Power Sources 2015, 278, 660-667. [CrossRef]

11. Bai, X.; Wang, B.; Wang, H.; Jiang, J. Preparation and electrochemical properties of profiled carbon fiber-supported Sn anodes for
lithium-ion batteries. J. Alloys Compd. 2015, 628, 407—412. [CrossRef]

12. Luo, B; Qiu, T.; Ye, D.; Wang, L.; Zhi, L. Tin nanoparticles encapsulated in graphene backboned carbonaceous foams as
high-performance anodes for lithium-ion and sodium-ion storage. Nano Energy 2016, 22, 232-240. [CrossRef]

13.  Beck, ER; Epur, R.; Hong, D.; Manivannan, A.; Kumta, P. Microwave derived facile approach to Sn/graphene composite anodes
for lithium-ion batteries. Electrochim. Acta 2014, 127, 299-306. [CrossRef]

14. Trukhanov, S.V.; Trukhanov, A.V,; Panina, L.V.; Kostishyn, V.G.; Turchenko, V.A ; Trukhanova, E.L.; Trukhanov, A.V.; Zubar, T.I;
Ivanov, V.M.; Tishkevich, D.I; et al. Temperature evolution of the structure parameters and exchange interactions in
BaFeqy,InyOq9. J. Magn. Magn. Mater. 2018, 466, 393-405. [CrossRef]

15. Zdorovets, M.V.; Kozlovskiy, A.L.; Shlimas, D.L; Borgekov, D.B. Phase transformations in FeCo-Fe;CoO,/Co304-spinel nanos-
tructures as a result of thermal annealing and their practical application. J. Mater. Sci. Mater. Electron. 2021, 32, 16694-16705.
[CrossRef]

16. Mo, R;; Tan, X;; Li, E; Tao, R.; Xu, J.; Kong, D.; Wang, Z.; Xu, B.; Wang, X.; Wang, C.; et al. Tin-graphene tubes as anodes for
lithium-ion batteries with high volumetric and gravimetric energy densities. Nat. Commun. 2020, 11, 1374. [CrossRef]

17.  Chen, S.; Wang, Y.; Ahn, H.; Wang, G. Microwave hydrothermal synthesis of high performance tin-graphene nanocomposites for
lithium ion batteries. J. Power Sources 2012, 216, 22-27. [CrossRef]

18. Qin, ].; He, C,; Zhao, N.; Wang, Z.; Shi, C.; Liu, E.-Z.; Li, ]. Graphene networks anchored with Sn@graphene as lithium ion battery
anode. ACS Nano 2014, 8, 1728-1738. [CrossRef]

19. Granados-Moreno, M.; Moreno-Fernandez, G.; Cid, R.; Gémez-Urbano, J.L.; Carriazo, D. Microstructured nitrogen-doped

graphene-Sn composites as a negative electrode for high performance lithium-ion hybrid supercapacitors. Sustain. Energy Fuels
2022, 6, 700-710. [CrossRef]


https://doi.org/10.1038/s41467-020-15355-0
https://www.ncbi.nlm.nih.gov/pubmed/32214093
https://doi.org/10.1016/j.jpowsour.2019.227697
https://doi.org/10.1021/nn404837d
https://www.ncbi.nlm.nih.gov/pubmed/24195495
https://doi.org/10.1016/j.cej.2021.130524
https://doi.org/10.1016/S0378-7753(03)00122-8
https://doi.org/10.1021/acsami.6b09014
https://doi.org/10.1016/j.jpowsour.2004.09.013
https://doi.org/10.1016/j.electacta.2016.06.065
https://doi.org/10.1002/aenm.201601177
https://doi.org/10.1016/j.jpowsour.2014.12.106
https://doi.org/10.1016/j.jallcom.2014.12.211
https://doi.org/10.1016/j.nanoen.2016.02.024
https://doi.org/10.1016/j.electacta.2014.02.005
https://doi.org/10.1016/j.jmmm.2018.07.041
https://doi.org/10.1007/s10854-021-06226-5
https://doi.org/10.1038/s41467-020-14859-z
https://doi.org/10.1016/j.jpowsour.2012.05.051
https://doi.org/10.1021/nn406105n
https://doi.org/10.1039/D1SE01779A

Molecules 2023, 28, 3923 11 of 12

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

Liu, K.; Zheng, H.; Wang, J.; Zhou, Y.; Zhang, N.; Du, Y,; Man, J.; Henkelman, G.; Sun, J. Green self-derived templating preparation
of nitrogen, sulfur co-doped porous carbon/tin composites with synergistic effect towards high-performance lithium-ion batteries.
Appl. Surf. Sci. 2022, 580, 152319. [CrossRef]

Wang, J.; Yang, J.; Xiao, Q.; Jia, L.; Lin, H.; Zhang, Y. Hierarchical sulfur-doped graphene foam embedded with Sn nanoparticles
for superior lithium storage in LiFSI-based electrolyte. ACS Appl. Mater. Interfaces 2019, 11, 30500-30507. [CrossRef] [PubMed]
Liu, L.; Huang, X.; Guo, X.; Mao, S.; Chen, J. Decorating in situ ultrasmall tin particles on crumpled N-doped graphene for
lithium-ion batteries with a long life cycle. J. Power Sources 2016, 328, 482-491. [CrossRef]

Almessiere, M.A.; Gliner, S.; Slimani, Y.; Hassan, M.; Baykal, A.; Gondal, M.A.; Baig, U.; Trukhanov, S.V.; Trukhanov, A.V.
Structural and magnetic properties of Cog5Nig5Gag 91 Gdg1Fe1.9804/ZnFe;Oy spinel ferrite nanocomposites: Comparative
study between sol-gel and pulsed laser ablation in liquid approaches. Nanomaterials 2021, 11, 2461. [CrossRef] [PubMed]
Kozlovskiy, A.L.; Shlimas, D.I.; Zdorovets, M.V. Synthesis, structural properties and shielding efficiency of glasses based on
TeO,-(1-x)ZnO-xSm;,Os3. J. Mater. Sci. Mater. Electron. 2021, 32, 12111-12120. [CrossRef]

Ventura, T.; Terzi, S.; Rappaz, M.; Dahle, A.K. Effects of solidification kinetics on microstructure formation in binary Sn-Cu solder
alloys. Acta Mater. 2011, 59, 1651-1658. [CrossRef]

Zhu, J.; Hu, G.; Zhang, ]. Preparation of Sn-Cu-graphene nanocomposites with superior reversible lithium ion storage. Mater. Lett.
2016, 185, 565-568. [CrossRef]

Wang, H.; Sun, Y;; Zhang, X.; Ding, Y.; Wang, Y.; Wu, X,; Li, Q. Scalable synthesis of SnCo/NC composite as a high performance
anode material for lithium-ion batteries. J. Alloys Compd. 2019, 775, 975-981. [CrossRef]

Xin, EX.; Tian, H.J.; Wang, X.L.; Xu, W.; Zheng, W.G.; Han, W.Q. Enhanced electrochemical performance of Fe( 74Sns@reduced
graphene oxide nanocomposite anodes for both Li-ion and Na-ion batteries. ACS Appl. Mater. Interfaces 2015, 7, 7912-7919.
[CrossRef]

Yakovenko, O.; Lazarenko, O.; Matzui, L.; Vovchenko, L.; Borovoy, M.; Tesel’ko, P.; Lozitsky, O.; Astapovich, K.; Trukhanov, A.;
Trukhanov, S. Effect of Ga content on magnetic properties of BaFe1,,GayO19/epoxy composites. J. Mater. Sci. 2020, 55, 9385-9395.
[CrossRef]

Korolkov, L.V.; Zhumanazar, N.; Gorin, Y.G.; Yeszhanov, A.B.; Zdorovets, M.V. Enhancement of electrochemical detection of Pb%*
by sensor based on track-etched membranes modified with interpolyelectrolyte complexes. J. Mater. Sci. Mater. Electron. 2020, 31,
20368-20377. [CrossRef]

Todd, A.D.W.; Ferguson, P.P.; Fleischauer, M.D.; Dahn, J.R. Tin-based materials as negative electrodes for Li-ion batteries:
Combinatorial approaches and mechanical methods. Int. J. Energy Res. 2010, 34, 535-555. [CrossRef]

Shams, M.; Guiney, L.M.; Huang, L.; Ramesh, M.; Yang, X.; Hersam, M.C. Chowdhury, L. Influence of functional groups on the
degradation of graphene oxide nanomaterials. Environ. Sci.-Nano. 2019, 6, 2203-2214. [CrossRef]

Al-Gaashani, R.; Najjar, A.; Zakaria, Y.; Mansour, S.; Atieh, M.A. XPS and structural studies of high quality graphene oxide and
reduced graphene oxide prepared by different chemical oxidation methods. Ceram. Int. 2019, 45, 14439-14448. [CrossRef]
Wang, X.; Han, ]J.; Luo, C.; Zhang, B.; Ma, |.; Li, Z.; He, Y.B.; Yang, Q.H.; Kang, F.; Lv, W. Coordinated adsorption and catalytic
conversion of polysulfides enabled by perovskite bimetallic hydroxide nanocages for lithium-sulfur batteries. Small 2021,
17,2101538. [CrossRef]

Huang, X.; Cui, S.; Chang, J.; Hallac, P.B.; Fell, C.R.; Luo, Y.; Metz, B.; Jiang, J.; Hurley, P.T.; Chen, J. A hierarchical Tin/Carbon
composite as an anode for lithium-ion batteries with a long cycle life. Angew. Chem. Int. Edit. 2015, 54, 1490-1493. [CrossRef]
Surace, Y.; Leanza, D.; Mirolo, M.; Kondracki, L.; Vaz, C.A.F.; Kazzi, M.E.; Novak, P; Trabesinger, S. Evidence for stepwise
formation of solid electrolyte interphase in a Li-ion battery. Energy Storag. Mater. 2022, 44, 156-167. [CrossRef]

Reddy, B.S.; Lee, T.H.; Reddy, N.S.; Ahn, H.-].; Ahn, J.-H.; Cho, K.-K. Nano tin encapsulated in copper grooves as an anode for
high-performance lithium-ion batteries. J. Alloys Compd. 2022, 918, 165578. [CrossRef]

Ryu, J.; Kim, H.; Kang, J.; Bark, H.; Park, S.; Lee, H. Dual buffering inverse design of three-dimensional graphene-supported
Sn-TiO, anodes for durable lithium-ion batteries. Small 2020, 16, 2004861. [CrossRef]

Zeng, L.; Deng, C.; Zheng, C.; Qiu, H.; Qian, Q.; Chen, Q.; Wei, M. SnCo-CMK nanocomposite with improved electrochemical
performance for lithium-ion batteries. Mater. Res. Bull. 2015, 71, 42-47. [CrossRef]

Tian, H.; Xin, F.; Wang, X.; He, W.; Han, W. High capacity group-IV elements (Si, Ge, Sn) based anodes for lithium-ion batteries.
J. Mater. 2015, 1, 153-169. [CrossRef]

Fu, C; Zhao, G.; Zhang, H.; Li, S. Evaluation and characterization of reduced graphene oxide nanosheets as anode materials for
lithium-ion batteries. Int. J. Electrochem. Sci. 2013, 8, 6269-6280.

Noonan, O.; Liu, Y,; Huang, X.; Yu, C. Layered graphene/mesoporous carbon heterostructures with improved mesopore
accessibility for high performance capacitive deionization. J. Mater. Chem. A 2018, 6, 14272-14280. [CrossRef]

Kaghazchi, P. Phase-sensitivity of Li intercalation into Sn. J. Phys.-Condens. Matter 2013, 25, 382204. [CrossRef] [PubMed]
Hummers, W.; Offeman, R. Preparation of graphitic oxide. ]. Am. Chem. Soc. 1958, 80, 1339. [CrossRef]

Clark, S.J.; Segall, M.D.; Pickard, C.J.; Hasnip, PJ.; Probert, M.].; Refson, K.; Payne, M. First principles methods using CASTEP. Z.
Kristallogr.-Cryst. Mater. 2005, 220, 567-570. [CrossRef]

Perdew, ].P; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865. [CrossRef]
Vanderbilt, D. Soft self-consistent pseudopotentials in a generalized eigenvalue formalism. Phys. Rev. B 1990, 41, 7892-7895.
[CrossRef]


https://doi.org/10.1016/j.apsusc.2021.152319
https://doi.org/10.1021/acsami.9b10613
https://www.ncbi.nlm.nih.gov/pubmed/31361454
https://doi.org/10.1016/j.jpowsour.2016.08.033
https://doi.org/10.3390/nano11092461
https://www.ncbi.nlm.nih.gov/pubmed/34578779
https://doi.org/10.1007/s10854-021-05839-0
https://doi.org/10.1016/j.actamat.2010.11.032
https://doi.org/10.1016/j.matlet.2016.09.060
https://doi.org/10.1016/j.jallcom.2018.10.070
https://doi.org/10.1021/am508547g
https://doi.org/10.1007/s10853-020-04661-z
https://doi.org/10.1007/s10854-020-04556-4
https://doi.org/10.1002/er.1669
https://doi.org/10.1039/C9EN00355J
https://doi.org/10.1016/j.ceramint.2019.04.165
https://doi.org/10.1002/smll.202101538
https://doi.org/10.1002/anie.201409530
https://doi.org/10.1016/j.ensm.2021.10.013
https://doi.org/10.1016/j.jallcom.2022.165578
https://doi.org/10.1002/smll.202004861
https://doi.org/10.1016/j.materresbull.2015.07.004
https://doi.org/10.1016/j.jmat.2015.06.002
https://doi.org/10.1039/C8TA03114B
https://doi.org/10.1088/0953-8984/25/38/382204
https://www.ncbi.nlm.nih.gov/pubmed/23988637
https://doi.org/10.1021/ja01539a017
https://doi.org/10.1524/zkri.220.5.567.65075
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.41.7892

Molecules 2023, 28, 3923 12 of 12

48. Monkhorst, H.J.; Pack, J.D. Special points for Brillouin-zone integrations. Phys. Rev. B 1976, 13, 5188. [CrossRef]
49. Mills, G.; Jénsson, H. Quantum and thermal effects in H; dissociative adsorption: Evaluation of free energy barriers in multidi-
mensional quantum systems. Phys. Rev. Lett. 1994, 72, 1124. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevLett.72.1124

	Introduction 
	Results and Discussions 
	Microstructure and Composition 
	Electrochemical Performance 

	Materials and Methods 
	Preparation of Materials 
	Materials Characterization 
	Electrochemical Measurements 
	Theoretical Calculation 

	Conclusions 
	References

