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Abstract

Sn nanoparticles deposited on highly porous carbon-coated graphite were prepared as anode materials in lithium-ion batter-
ies. Graphite was coated with carbon layer by the carbonization of sucrose with silica nanopowders. The silica nanopowders
were eliminated by a NaOH solution to prepare highly porous carbon-coated graphite and thereafter, it was treated with nitric
acid to modify the surface of carbon layer. Finally, Sn nanoparticles were deposited on porous carbon-coated graphite by
the chemical reduction of SnCl, at room temperature. The porous carbon layer formed by the incorporation of silica and the
surface modification in acidic treatment increased the surface area of graphite and decreased the particle size of deposited
Sn nanoparticles. The deposition of Sn nanoparticle enhanced initial capacity of anode in lithium-ion batteries. The porous
carbon layer in Sn nanoparticle deposited on graphite led to increase higher initial capacity and longer cycling performance
than bare graphite because Sn nanoparticles were strongly attached to porous carbon layer after long cycles.
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1 Introduction

Rechargeable Li-ion batteries have been greatly employed in
portable electronic devices including cell phones, and lap-
top computers, with global demand, because they possess
high energy densities and exhibit long cycling life. Recently,
attempts have been made to expand their application to
electric vehicles (EVs). The market-scale design of large
rechargeable Li-ion batteries, for high-energy requirements,
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such as in EVs, requires high energy and power density
technologies [1, 2]. Rechargeable Li-ion batteries utilize
carbon materials as anode, such as graphite, exhibiting sta-
ble cyclability and possessing a wide potential difference.
However, the theoretical capacity of graphite (372 mAh/g)
is limited by the formation of LiCg. Therefore, it is necessary
to develop a new anode material, which possesses a larger
theoretical capacity for a high capacity Li-ion batteries [3].

Among the anode materials that can substitute graph-
ite, there are several lithium storage metals, such as Si, Sn,
Ge, Al, Sb, and In [4], Sn (with a high theoretical capacity
of ~994 mAh/g), among them, has been widely studied as
a representative of the lithium storage metals, with large
theoretical capacities. However, mechanical stress occurred
because of the severe volume change of ~300% during the
insertion-desertion of lithium. Resultantly, the Sn particles
in the electrode were cracked and pulverized during the
continuous charging-discharging processes, thereby caus-
ing the Sn electrode to suffer a capacity decline and exhibit
an unstable cycling performance. Thus, it is challenging to
utilize them as an anode materials in Li-ion batteries [5, 6].

There are several important approaches to prevent the
pulverization of the electrode. One of these is to utilize
nano-sized Sn powders and the other is to utilize Sn-based
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alloy composites (SnM, where M =Co, Mn, Fe, etc.). These
composites can accommodate the volume change and the
mechanical stress of Sn, during the insertion-desertion of
lithium [7, 8]. Particularly, carbon materials are gener-
ally employed as matrix materials hosting metal particles
because they experience a small volume changes during
lithiation and delithiation, and also exhibit soft and flexible
properties. Because of these characteristics, carbonaceous
materials are known to improve the capacity of lithium stor-
age metals, to withstand volume changes, when combined.
Further, the composite can prevent the cracking and decom-
position of the electrodes, by maintaining the mechanical
stability (through the reduction of the mechanical stress) in
the electrode. Sn and carbon composites may be prepared
in various forms, such as Sn@C, Sn embedded in C, Sn/
graphene composites, and Sn/carbon nanotubes [9-11].

Most of works for Sn-carbon composites have been con-
ducted through mechanical or physical processes, such as
mixing, sputtering, etc. This kinds of process could be lim-
ited to small scale of production. In this study, Sn nanoparti-
cles were deposited on the porous carbon-coated graphite by
a simple chemical reduction method, to minimize the stress
by the volume change during charge—discharge process
(Fig. 1). It is assumed that porous carbon layer decreased
the size of Sn particles and improved the adhesion of the Sn
nanoparticles to the graphite surface. Physical properties and
electrochemical characterizations were investigated on the
effect of porous carbon layer and Sn deposition.

2 Experimental

The porous carbon-coated graphite powders were prepared
by following processes: sucrose (C,,H,,0,;, Aldrich), as
a carbon precursor, was first dissolved in deionized (DI)
water with ethanol, after which graphite powder (<20 pm,
Aldrich) and silica nano powders (~ 10 nm, JIOS) were
added to the solution. Thereafter, this suspension was stirred
at 60 °C to evaporate the water. Next, the completely dried
powders were heated in a tube furnace, in an N, atmosphere,

at 700 °C for 2 h. After the heat treatment, the powders were
stirred in a 1 M NaOH solution for 24 h to remove the silica
nanopowders. Finally, the obtained powder (named as pcG)
were filtered and washed three times with DI water. Further,
pcG was dispersed in a 1 M nitric acid solution and stirred
for 6 h to modify the surface of pcG. The powders, with a
modified surface, were filtered and washed for three times
(named as pcG-NA).

Next, Sn nanoparticles (NPs) were deposited on the sub-
strates (G, pcG, and pcG-NA) by a simple chemical reduc-
tion method. Therein, SnCl, and NaBH, were used as the
Sn precursor and reducing agent, respectively [12]. The pcG
or pcG-NA was added to 170 ml of 1 M SnCl, solution.
Thereafter, 850 ml of 2 M NaBH, solution was added drop-
wise, into the SnCl, solution, at a rate of 1 drop/s with stir-
ring. Resultantly, Sn NPs were deposited on the substrate,
by the reduction of SnCl,. During this procedure, the N,
gas was purged into the solution to prevent the oxidation of
Sn NPs. After stirring, the suspension was filtered, washed
by DI water, and dried, to obtain Sn deposited on substrates
(named as Sn/G, Sn/pcG and Sn/pcG-NA).

A thermogravimetric analysis (TGA, SDT Q600, TA
Instruments) was employed to measure the amount of coated
carbon and deposited Sn on the graphite. The weight loss
was observed by heating the sample up to 900 C at the rate
of 10 ‘C/min in the air atmosphere. The surface morphol-
ogy and elemental analysis of the samples were observed
by field-emission scanning electron microscopy (FE-SEM,
SU8220, Hitachi), energy dispersive X-ray spectroscopy
(EDS, HORIBA EX 250) and X-ray photoelectron spec-
troscopy (XPS, JEOL, JEM-ARM200F). The crystallinity
of the samples was characterized by X-ray diffraction (XRD,
EMPYRAN, Cu-Ka radiation), in the range of 10°-90°. The
specific surface area of the samples was measured by the
Brunauer-Emmett-Teller (BET, BELSORP-MAX, Micro-
tracBEL Corp) analysis, and the graphitization degree of
G and pcG were determined by Raman spectroscopy (NT-
MDT, NTEGRA).

The anode was prepared by using active materials (G,
Sn/G, Sn/pcG and Sn/pcG-NA), Super-P (TIMCAL) as a

Fig. 1 Schematic diagrams for (a)
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conductive additive, and polyvinylidene fluoride (PVDF,
Kynar 301F) as a binder. These materials were mixed in the
ratio of 85:5:10. N-Methyl-2-pyrrolidone (NMP, JUNSEI)
was added to make a slurry with proper viscosity. The uni-
formly mixed slurry was cast on a Cu foil with 200 pm thick-
ness. The prepared electrode was dried at 60 °C for 12 hin an
oven, and thereafter, it was vacuum-dried at 120 °C for 2 h.

CR2032 coin cells (Hoshen) were assembled in an Ar-
filled glove box to measure the electrochemical properties.
A Li foil (200 pm thick, Honjo Metal), 1 M LiPF; in eth-
ylene carbonate/diethyl carbonate/ethyl methyl carbonate
(EC/DEC/EMC, Soulbrain Co.), and a porous polypropylene
membrane (Celgard 2500) were used as the counter elec-
trode, electrolyte, and separator, respectively. Charge—dis-
charge tests were conducted at room temperature at a volt-
age range of 0.01-2.0 V (vs. Li/Li*) by a battery cycler
(WBCS3000, WonAtech). The first and second cycles were
conducted at the current density of 0.05C to understand the
charging-discharging behaviors. Thereafter, the cells were
tested at various C rates in the range of 0.2-5 C to investi-
gate the rate capability. The cycling performance was meas-
ured during 100 cycles at 0.2 C. The C rate was calculated
from the theoretical capacities of Sn and G.

3 Result and Discussion

The amounts of carbon coatings and Sn NPs in the samples
were determined simply by TGA. When the samples were
heat-treated in air, G and carbon were decomposed and the
Sn particles changed to SnO,. As shown in Fig. 2a, G was
completely decomposed around 650 °C, resulting in weight
loss. However, the combustion of pcG was occurred in two
steps. The first step occurred at 450-600 °C, and the second
step started at ~600 °C. This implies that the G substrate and
porous carbon layer were decomposed at different tempera-
tures because of the graphitic and amorphous carbons. Close
to first step, ~ 10 wt% of the weight loss, which was induced
by coated amorphous carbon on G, was calculated [13, 14].

For Sn/G, beyond 400 °C, the weight was slightly increased
according to the formation of SnO,. When the temperature
exceeded 800 °C, all carbon materials were decomposed
and Sn was changed into an oxide. The amount of Sn on G
could be calculated from the residues of the materials, and
are assigned to SnO,. The TGA results confirmed that the Sn
content of Sn/G, Sn/pcG, and Sn/pcG-NA were 36.6, 23.1,
and 12.8 wt%, respectively.

XRD analysis was conducted to confirm the presence and
crystal structure of the Sn particles. As shown in Fig. 2b, all
the samples exhibited peaks at 26.5°, corresponding to [002]
of graphite. Sn/G exhibited sharp peaks at 30.6, 32.0, 43.9,
and 45.0° associated with [200], [101], [220], and [211] of
Sn, respectively, and Sn/pcG displayed tiny peaks, corre-
sponding to Sn [15]. However, Sn/pcG-NA did not exhibit
a peak related to Sn. The presence of Sn in Sn/pcG and Sn/
pcG-NA were confirmed by different analytical tools.

Figure 3a shows the Raman spectra of G and pcG.
The peaks in both G and pcG were observed at 1350 and
1580 cm™!, and were assigned to sp> carbon (D band) and
sp* carbon (G band), respectively [16]. Employing the areas
of the D and G bands, the I,/I ratio can be calculated. This
is an index of the graphitization degree for carbon materials
[17, 18]. The I/ ratio of G was 0.67 but that of pcG was
0.99. The I /I ratio of carbon materials is inversely propor-
tional to the graphitization degree. Consequently, the gra-
phitization degree of pcG was lower than that of G, implying
that the porous carbon layer as an amorphous carbon was
coated on the G particles. To obtain a uniform distribution
of Sn NPs by increasing specific surface area, porous carbon
layer was coated on the G substrate [19]. It was confirmed
that the BET surface area of pcG was 109.11 m?/g, which
was 8.5 times higher than that of G (12.76 m%/g), implying
that porous carbon layer on graphite increased its surface
area. The pores ~4 nm were sharply increased by carbon
coating, as shown in Fig. 3b.

The morphology of materials was observed by SEM
(Fig. 4). The surface of G was smooth, while that of pcG or
pcG-NA was rough because of the porous carbon coating
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Fig.2 a TGA curves under air atmosphere and b XRD patterns of graphite, pcG, Sn/G, Sn/pcG and Sn/pcG-NA
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Fig.4 SEM images of a graphite, b pcG, ¢ pcG-NA, d Sn/G, e Sn/pcG, and f Sn/pcG-NA

(Fig. 4a—c). The SEM images of Sn/G are also shown in
Fig. 4d—f. Sn/G in Fig. 4d clearly shows the presence of
large- sized Sn particles on the surface. After carbon coat-
ing on graphite, the particle size of Sn significantly reduced,
as clearly shown in Fig. 4e and f. Figure 5 shows the TEM
images of Sn/G, Sn/pcG, and Sn/pcG-NA. Sn/G contained
Sn particles with size of > 50 nm. The Sn particle sizes were
reduced to ~20 nm in Sn/pcG, and < 10 nm in Sn/pcG-NA.
The particle distributions were observed by EDS mapping of
Sn (Fig. 5d—f). The Sn particles in Sn/pcG and Sn/pcG-NA
achieved uniform distributions on pcG substrate. Further,
utilizing the EDS mapping of Sn/pcG-NA in Fig. 5f, the
presence of the Sn particle was confirmed, although the dif-
fraction peaks of Sn were not found in Fig. 2.

@ Springer

Figure 6 shows the XPS results for Sn/G, Sn/pcG, and
Sn/pcG-NA to identify the chemical status of Sn, C, and
O, respectively. Figure 6b shows two peaks at 485.1 and
493.4 eV, which were assigned to the 3ds,, and 3d5, of Sn,
respectively. These two peaks corresponded to Sn, although
Sn in Sn/pcG-NA was not detected in the XRD pattern
[20]. In Fig. 6c, the peaks of C 1 s were deconvoluted and
assigned to the C—C (284.8 eV), C—OH (285.5 eV) and C=0
(289.5 eV) groups. These assignments agree with those of
previous results reported in the literature [21]. These decon-
volutions suggested that the surfaces of carbon possessed
oxygen-containing functional groups. Figure 6d shows
the O 1s spectra, which were mostly assigned to the C=0
(531.8 eV) and C-O (532.7 eV) signals, and exhibited a
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Fig.5 TEM images and EDS mapping of Sn element for a, d Sn/G, b, e Sn/pcG and ¢, f Sn/pcg-NA

weak “absorbed oxygen” signal [22]. The peaks for O-Sn>*
and O-Sn** were not observed from the O 1s spectra [23],
suggesting that Sn was deposited on the surface of the coated
carbon layer. The detailed information and fitting of XPS for
the three samples are shown in Table S1 and Fig. S1.
Figure 7a shows the first charge—discharge cycles of all
the samples at 0.02C rate. The capacities of G in first and
second cycles, which are slightly lower than theoretical
capacity of graphite (372 mAh/g), were 329.6 and 327.4
mAh/g (Fig. S2(a)), respectively. G exhibited a coulom-
bic efficiency of 89.5% at the first cycle but that was fully
recovered at the second cycle. The capacities of pcG for
first and second cycles, which are larger than capacity of
G, were 352.5 and 426.4 mAh/g (Fig. S1(b)), respectively
[24], explaining why the pores and defects of the amor-
phous carbon layer could accommodate Li ion. However,
pcG exhibited a coulombic efficiency of 49.1% during the
first cycle. The large irreversible capacity at first cycle was
due to the side reaction of the electrolyte with porous car-
bon layer induced by increased surface area. The coulombic
efficiency of pcG recovered to 89.5% at the second cycle.

The capacities of Sn/G, Sn/pcG, and Sn/pcG-NA were sig-
nificantly increased because of the presence of the Sn par-
ticles. The capacities of Sn/G, Sn/pcG, and Sn/pcG-NA at
the first cycle were 447.9, 517.1, and 529.6 mAh/g, which
are 136, 157 and 161%, respectively, higher than that of G.
This confirms that the Sn particles, as active materials on
the G substrate, formed compounds with Li and increased
their capacities.

The rate capability was measured at different discharging
rate of 0.2-5C with 0.2C charging rate (Fig. S3). All the
electrodes exhibited a tendency to decrease the discharge
capacity with increasing rate. G maintained the capacity
of 295.2 mAh/g at 5C, which was 95.7% of the capacity
at 0.2C. The pcG exhibited good capacity retention with
increasing rate and maintained a large capacity of 390.0
mAh/g at 5C. The capacity of Sn/G was rapidly decreased
to 292.6 mAh/g at 5C, which represented an 80.1% reduc-
tion of the capacity at 0.2C. Conversely, the Sn-deposited
materials (Sn/pcG and Sn/pcG-NA) exhibited capacities of
427.8 and 403.4 mAh/g at 5C, respectively. Additionally,
the capacity retention of Sn/pcG-NA at 5C was 86.8% of the
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capacity at 0.2C. These results demonstrate that Sn particles
exhibit better rate performances when they are deposited on
a porous carbon layer than bare G substrate.

To evaluate the performance for continuous cycling, the
cells were tested for 100 cycles at 0.2C after the rate capabil-
ity test, as shown in Fig. 7b. The fading rate of G was 0.13
mAh/g cycle, exhibiting 302.3 mAh/g after 100 cycles. The
pcG showed 347.7 mAh/g after 100 cycles and 0.60 mAh/g
cycle, which was 4.6 times higher than bare G. Sn/G had
the lowest capacity after 100 cycles (246.7 mAh/g). How-
ever, Sn/pcG and Sn/pcG-NA retained higher capacities than
Sn/G after 100 cycles. Sn/pcG demonstrated a high capac-
ity of 503.0 mAh/g at the beginning of the cycling but its

@ Springer

capacity dropped to 335.4 mAh/g after 100 cycles with a
fading rate of 1.31 mAh/g cycle. Sn/pcG-NA showed 406.1
mAbh/g after 100 cycles, which is the highest capacity among
all samples, implying that Sn in composite accounted for 806
mAh/g-Sn of the capacity. The capacity fading rate of Sn/
pcG-NA was dramatically decreased to 0.31 mAh/g cycle,
which was half of that of pcG sample. Resultantly, when the
Sn particles were deposited on the pcG substrate, it exhibited
better cycling performance than when it was deposited on
G. The summary of the cycling results and comparison with
those in the literature are listed in Table S2.

Sn forms various intermetallic compounds, such as
Li,Sns, LiSn, LisSn,, Li;3Sns and Li,,Sng, when it reacts
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with Li-ion [25]. Figure 8a shows the dQ/dV plot for the
first cycle of each sample. The dQ/dV plot demonstrated
the insertion-desertion of Li ions into G and Sn. All the
samples exhibited three large peaks below 0.3 V, which were
assigned to the intercalation—deintercalation of Li ion in G,
and small peaks in the range of 0.8-0.9 V due to electro-
lyte decomposition [26-28]. As shown in Fig. 8a, the dQ/
dV plot of Sn/G for the first cycle notably exhibited several
peaks, corresponding to the formation of Li-Sn intermetal-
lic compounds. Sn/G exhibited the most distinct peaks for
the reaction of Sn with Li-ions. Sn/pcG exhibited relatively
small peaks and Sn/pcG-NA exhibited a broad peak. These
peaks were assigned to the reaction between Li ion and Sn
and proved that Sn reacts with Li to produce various alloys.
The peaks at 0.63, 0.56, 0.42 and 0.38 V of the anodic sweep
appeared and were assigned to the formations of Li,Sns,
LisSn,, Li,Sn,, and Li,,Sns, respectively [29, 30]. Figure 8b
and Fig. S4 show the dQ/dV plots of the final cycles (120th
cycle) for Sn/G, Sn/pcG, and Sn/pcG-NA in the region for
the formation of Lo-Sn compounds, and their comparison
with those of the first cycles. The final cycle for Sn/G dis-
played no peak but Sn/pcG and Sn/pcG-NA exhibited broad
peaks above 0.3 V, corresponding to Li insertion-desertion
into Sn at the last cycle. In the case of Sn/G, it implies that
Sn and Li could not react. In other words the Sn particles
were electrochemically inactive by separating them from the
G. Conversely, Sn in Sn/pcG and Sn/pcG-NA still reacted
with Li ion at the last cycle, indicating that the Sn particles
remained on porous carbon layer. The dQ/dV plots demon-
strated that the Sn particles were strongly deposited on pcG
and maintained the electrochemical activity after 120 cycles.

(a) M —G

—pcG
Sn/G
Sn/pcG

>

%" 8000

< 4000 | ——5Sn/pcG-NA

29000 [

> -4000 W

g-sooo : : : :

° 0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V vs. Li/Li*)

The benefit of the Sn deposited graphite composite anode
are that the capacity could be increased to more than ~30%;
the synthetic processes are simple, involving the chemical
reduction of Sn compounds; and the electrode prepara-
tion procedures, including the component composition of
electrode, do not require any change, as in the case of bare
graphite.

4 Conclusions

In this study, Sn nanoparticles were successfully deposited
on porous carbon-coated graphite substrates by a simple
chemical reduction method at room temperature. The porous
carbon on the graphite increases the surface area. The Sn
nanoparticles on the porous carbon-coated substrate were
smaller and more evenly distributed than those on bare sub-
strate. Sn/G, Sn/pcG, and Sn/pcG-NA demonstrated 447.9,
517.1 and 529.6 mAh/g of capacities, respectively, which
were higher than that of graphite, in the first cycle. They
exhibited 427.8 and 403.4 mAh/g of capacities at a current
density of 5C, respectively. Sn/pcG-NA demonstrated the
most stable cycle performance and maintained 90.9% of its
initial capacity for 100 cycles at a rate of 0.2C. The dQ/
dV plots for the last cycle confirmed that the porous car-
bon coating prevented the separation of the deposited Sn
particles. The pcG was able to successfully accommodate
the stress due to the volume change of the Sn particles. Fur-
ther, porous carbon coating improved the adhesion of the
Sn particles, resulting in the successful deposition of Sn
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Fig.8 dQ/dV plots of G, pcG, Sn/G, Sn/pcG, Sn/pcG-NA for a first cycle and b final cycle after 120 cycles
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on graphite, in which the deposited Sn particles exhibited
good rate performance and stable capacity retention during
cycling.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42341-021-00352-x.
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