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A composite anode materials was prepared that contained tin compounds of SngO4(OH)4, SnO, and
Sn3PO4 on the surface of carbonaceous mixture mesophase graphite particles (MGP) and nature graphite
(NG). The nanosize tin compounds were electrolessly plated from aqueous solutions onto the carbona-
ceous mixture. The morphology and structure of tin compounds were characterized by scanning electron
microscopy (SEM) and X-ray diffraction (XRD). It was found that the tin compounds particle size was a
crucial factor to improve Sn compounds/Carbon composite anodes for cyclability and reversible capacity.
The homogeneous dispersion and smaller particle size of tin compounds was attributed to the additive of
NG. As the carbonaceous substrate was C-C mixture carbon, the particle size of Sn compounds was about
20-30 nm. However, the particle size was 100-200 nm, as the carbon substrate was singular MGP. Electro-
chemical performance test of the Sn compounds/C-C composite electrode shows the maximum specific
charge capacity of 583 mAhg-! at the 5th cycle. The charge capacity retention of Sn compounds/C-C
electrode was 85% after 20 cycles. The reversible capacity of Sn compounds/C-C electrode increased 292
and 97 mAh g~ more than pristine (NG + MGP) electrode and Sn compounds/C electrode at the 5th cycle,
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1. Introduction

Carbonaceous compounds are widely used in commercial Li-ion
batteries owing to its low potential plateau, acceptable capacity
and low cost. However, carbon only exhibits a theoretical capac-
ity of 372 mAh g~ after being lithiated to form LiCg. For the further
improvement of lithium-ion batteries, the development of alterna-
tive anode materials, which possess larger capacities is required.
In recent studies, binary lithium alloy systems, such as Li-Si or
Li-Sn systems, have been investigated for the development of new
anode materials with high capacities [1-9]. The Li-Sn system has
a possibility of achieving high capacities up to 994 mAh g1, since
alloys with the maximum lithium content can be formed in the sys-
tem of (Liz4Sn) [1-4]. Nevertheless, these materials have a serious
drawback when used as the anode, which is the pulverization of
tin caused by its volume expansion/shrinkage during lithium-ion
insertion/extraction. Recently, it was demonstrated that combin-
ing ductile carbonaceous materials with the Sn-based compounds
could effectively improve the cycling stability [10].

* Corresponding author. Tel.: +886 3 5712686; fax: +886 3 5712686.
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There are several ways to synthesize the Sn compounds/
carbonaceous composite anode materials. Kim et al. infiltrated
tetraethyltin into mechanically milled polystyrene resin powders
[11].Jung et al. reported that spherical Sn-carbon core-shell powder
was synthesized through a resorcinol formaldehyde microemul-
sion polymerization performed in the presence of hydrophobized
Sn nano-particle followed by pyrolysis [12]. He and co-workers
prepared Sn/C microsphere by adding SnO, powder to the water
during the inverse emulsion curing of phenolic resin, followed by
carbonization and carbothermal reduction of Sn in Ar atmosphere
at 900°C [13].

However, the composites of Sn/C synthesized by mechanical
milling might cause the aggregation of Sn particle, therefore it could
not reduce the particle size of Sn particle. In addition, lots of the
energy was consumed in the process of heat treatment, and the
resorcinol-formaldehyde microemulsion polymerization material
used in the synthesis of Sn-carbon core-shell was expensive. As a
result, the process of carbonization heat treated at 1000°C for 1h
was a costly method to synthesize the core-shell Sn/C material.

To improve the electrochemical performance of lithium-ion
battery, besides the above mentioned Sn compounds composites
materials, the modification of carbon materials was also investi-
gated. Takamura et al. tried to load nature graphite (NG), acetylene
black (AB) and Ketjen black (KB) onto the active material mesophase
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carbon fiber (MCF), and claimed that incorporation of the conduc-
tive additive was quite effective to improve not only the cycle life,
but also the rate of the electrochemical reaction. It was also found
that the initial irreversible capacity of MCF was suppressed to a
great extent. [14]. Hossain et al. [ 15] mentioned that carbon-carbon
(C-C) composite offered many advantages, such as: high reversible
capacity, no dissolution of substrate during over charge, acting as
lithium-ion sink during over charge. However, the reversible capac-
ity was still limited.

In this study, to enhance the reversible capacity of carbon elec-
trode and the cycling stability of Sn/C composite electrodes, an
inexpensive method of electroless plating was adopted to synthe-
size the Sn/C-C (MGP-NG) composite anode materials. This method
was recently adopted by Fang et al. [16]. In this study, it was aimed
that the particle size distribution and Sn compounds particle size of
the as-prepared electrode could be improve by the modified plating
procedure. Sn compounds/C composites and carbon-carbon mix-
ture were combined with the electroless plating Sn compounds on
the C-C (MGP-NG) mixture powders. The objective was to acquire
the high lithium storage capacity of the element Sn and the sta-
ble cyclability of C-C mixture carbon. Furthermore, electroless
plating was an efficient method to produce multiple phases of nano-
size tin compounds simultaneously. These multiple phases were
expected to act as buffers in avoiding aggregation of Sn during
cycling. It was hoped that as-obtained Sn compounds/C-C compos-
ite materials would be demonstrated, showing a remarkable cycling
performance and a higher reversible capacity.

2. Experimental
2.1. Preparation of Sn compounds/C, C-C composite powders

Composites of carbonaceous materials and Sn-based com-
pounds were prepared by a modified electroless plating process.
The starting reagent contained tin sulfate (SnSO4, 99%), sodium
hypophosphite (NaH,PO,-H,0, 95%) and sodium succinate hexahy-
drate (Na;C4H404-6H50, 95%). The carbonaceous matrix included
mesophase graphite powders (MGP) and mesophase graphite
powders-nature graphite (MGP-NG) composite powders. Firstly,
appropriate amount of SnSO4 was dissolved in de-ionized water,
mixed to obtain the metal-precursor. The carbonaceous powders
were mixed with the reduction agent solution and then added into
the precursor under strong stirring. The reaction temperature of
water bath was maintained in 80°C for 40 min. The pH value of
electroless plating solution was also kept to be around 6. After
electroless deposition, the obtained Sn-containing composite pow-
ders were repeatedly washed with de-ionized water until the pH
value approached 7 and then dried at room temperature in vac-
uum.

2.2. Materials characterizations

Sn and P contents in the composites were determined by the
inductively coupled plasma-atomic emission spectrometer (ICP-
AES). The phase identification of derived anode materials was
carried out by X-ray diffraction (XRD) operated at 40 kV and 30 mA
from 10° to 80° with a wavelength of A =1.5405A for CuKo. Sur-
face morphology of Sn-containing composite anode materials was
observed using a field-emission scanning electron microscope
(FESEM, JSM-6500F) with a controlled accelerating voltage at 15 kV.

2.3. Electrochemical characterization
The electrochemical performance of the Sn-coating compos-

ite negative electrode was examined by two-electrode test cells
consisted of the composite electrode, metallic lithium electrode,

polypropylene separator and an electrolyte composed of 1 M LiPF6
in EC/EMC (1:2vol.%) for 2032 coin cells. The composite electrode
was prepared by coating the ball-milled slurry comprised of Sn-
containing composite materials (95 wt.%) and PVDF binder (5 wt.%)
on an cooper foil, followed by drying the coated electrode at 100°C
for 12 h in vacuum and then by roll-pressing the derived electrode.
The assembled cells were galvanostatically cycled at the rate of 0.1 C
between 0.001V and 1.5 V.

3. Results and discussion
3.1. The cyclability of pristine carbon

Fig. 1 shows the cyclability of bare MGP, bare NG and bare
composite (MGP +NG). The C-C mixture powder exhibits a larger
reversible capacity and higher retention than that of bare MGP and
bare NG.

3.2. Surface morphology and phase identification of Sn
compounds/C, C-C composite materials

The electroless plating was adopted to deposit reactive Sn com-
pounds on MGP (C) powder and MGP+NG (C-C) powder, with
the purpose to utilize both advantages of electroless plating and
carbon mixture. The surface morphology of the pristine MGP, Sn
coated MGP and Sn coated was revealed by SEM, as shown in Fig. 2.
It appears that the surface morphology was quite distinct among
these materials.

From Fig. 2(a), the surface of bare MGP was revealed and average
particle size of carbon was 10-20 wm. The SEM images of Fig. 2(b)
show Sn compounds coated on MGP (C), indicating that numerous
Sn compounds were dispersed on the surface of MGP by the elec-
troless plating. The particle size distribution of Sn compounds/MGP
was not uniform after electroless plating, which might be caused
by the violent stir, leading to the breakage of MGP in the electro-
less plating procedure. Fig. 2(c) shows the surface morphology of
Sn compounds coated on MGP + NG (C-C), indicating that spherical
particles and flaky particles were mixed to each other.

From the high magnification of SEM images, the difference of
surface morphology among pristine carbon, Sn compounds coated
carbon and Sn compounds coated mixture carbon was evident.
Fig. 3(a) shows the surface morphology of bare MGP. From the
image of Fig. 3(b), the majority of particle size for Sn compound
was 100-200 nm, and it appeared that the dispersion on the surface
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Fig. 1. Cycling performance of bare MGP, NG and MGP + NG cycled between 0.001V
and 1.5V at0.1C.
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Fig. 2. SEM images of (a) Bare MGP (b) Sn compounds/MGP (c) Sn com-
pounds/(MGP +NG).

of MGP was not uniform. However, from Fig. 3(c), a quite different
image showed up. The Sn compounds were uniformly dispersed
on the surface of MGP, and the particle size of Sn compounds was
10-20 nm. The reduction of size in Sn compounds was attributed
to the existence of NG. Since NG has a higher surface area as indi-
cated in Table 1, it could provide more active sites than MGP in the
electroless plating. As the electroless plating was proceeded the tin
ion would be adsorbed on the active site first, and then reduced by
reduction agent. In addition, the presence of nature graphite could

SEI 150KV ¥50,000 100nm WD 10.0mm

NTHU MSE 15.0kV  ¥50,000 100nm WD 100mm

Fig. 3. Magnified SEM images of (a) Bare MGP (b) Sn compounds/MGP (c) Sn com-
pounds/(MGP +NG).

Table 1
Surface area of bare MGP, bare NG and bare MGP + NG.

Sample

MGP MGP +NG

Surface area (m? g1) 1.4 ! 3.8
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Fig. 4. X-ray diffraction pattern of the bare MGP and Sn compounds/C, C-C powders.

dilute the Sn concentration therefore it could avoid the aggregation
of Sn compounds during the electroless plating.

Table 2 represents the composition of Sn compounds/C and Sn
compounds/C-C electrode, which indicated that the containment
of phosphate in both electrode were rare, and the contents of Sn
were nearly the same under identical plating solution of electro-
less plating. Therefore, the composition of the electrode will not be
affected by the variation of carbon content.

The XRD patterns of the composite materials shown in Fig. 4
revealed that the crystal phase were not affected by the carbon
materials for identical plating solution and plating condition. The
phasesincluded SngO4(OH)4, SN0, and Sn3(PO4),, which could par-
ticipate in the process of Li insertion/extraction.

3.3. Electrochemical characterization of Sn compounds/C, C-C
composite materials

The cycling performance of Sn compounds/C (MGP) and Sn
compounds/C-C (MGP +NG) composite electrode cycled between
0.001V and 1.5V at 0.1C rate (approximately 0.15mAcm=2) is
shown in Fig. 5. It was apparent that the Sn compounds/C-C com-
posite electrode exhibited superior electrochemical performance
than Sn compounds/C. The irreversible capacity at the 1st cycle of Sn
compounds/C-C and Sn compounds/C was 199 and 57 (mAhg™1),
respectively. The Sn compounds/C-C composite electrode exhib-
ited the largest irreversible capacity, which was ascribed to the
higher surface area than both the Sn compounds/C and pristine
C. The surface area of MGP+NG and MGP was evaluated by BET,
as listed in Table 1. The higher surface area will lead to the more

Table 2

ICP-AES results of Sn compounds/C and Sn compounds/C-C electrodes.

Sample C(wt.%) Sn (wt.%) P (wt.%)
Sn compounds/C 63.38 36.00 0.62

Sn compounds/C-C 61.31 37.70 0.99

solid electrolyte interface (SEI) film, and the irreversible capacity
was mainly caused by SEI films. During the first four cycles, the cell
was gradually activated, and the capacity was raised as shown in
Table 3. The activation phenomenon was resulted from incomplete
wetting of the electrode by the electrolyte. Although the 1st irre-
versible capacity of Sn compounds/C-C electrode was the largest,
the reversible capacity and the retention after the 4th cycle were
superior to the Sn compounds/C electrode. It is argued that Sn com-
pounds with the smaller particles seem to exhibit the disadvantage
of 1stirreversibility, however, it will bring about the cycling stability
and increase in reversible capacity after several cycles.

Table 4 shows the charge capacity retention of the electrodes.
The bare MGP electrode exhibited the highest stability among three
electrodes. Its reversible capacity was, however, lower than Sn com-
pounds/C and Sn compounds/C-C. In addition, the difference of
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Fig. 5. Cycling performance of Sn compounds/C and Sn compounds/C-C composite
materials cycled between 0.001V and 1.5V at 0.1 C.
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Table 3
Charge capacity of bare MGP, Sn compounds/C, and Sn compounds/C-C electrodes.

Sample charge Bare MGP Sn compounds/C Sn compounds/C-C
capacity (mAhg1)

1st 223 385 306

2nd 269 476 408

3rd 285 488 489

4th 289 483 539

5th 291 486 583

20th 290 400 496

30th 285 361 472

cycle stability between Sn compounds/C and Sn compounds/C-C
became higher after long cycles. From Table 4, the effect of particle
size of Sn compounds on the cycling stability was apparent.

Fig. 6 illustrates the charge and discharge curves of bare C-C, Sn
compounds/C and Sn compounds/C-C between 0.001 Vand 1.5V at
0.1 C rate. Fig. 6(a) shows a voltage plateau at 0.1V for the bare C-C
electrode, which was contributed from carbon. From Fig. 6(b) and
(c), the charge curve showed five distinct voltage plateaus at 0.1V,
0.2V,0.4V,0.6V,0.8V and 1V, respectively. These voltage plateaus
were contributed from carbon, Sn3(POg4),, SngO4(0OH)4 and SnO,.
Besides carbon, the voltage plateau from 0.8 Vto 0.2 V corresponded
to the alloying reaction of Li* with Sn [17]. The following equations
were expected to govern the reaction of lithium with Sn3(POg4);
[17,]8] and SH504(0H)4 [19].

Sn3(PO4), + 6Li — 2Li3PO,4 + 3Sn (1)
55n + Li = LiySns (2)
Sng04(OH),4 + 4Li — 4LiOH + 4Sn0 + 2Sn (3)
LiOH + 2Li — 2Li;0 + H; (4)
SnO + 2Li — Li,O0 + Sn (5)

Furthermore, the voltage plateau at 1V was contributed from
Sn0, [20] during the process of charge/discharge reaction, which
corresponded to the following equation:

4Li + SnO3 — 2Li,0 + Sn (6)

It was observed that the capacity loss of both electrodes
started from the 5th cycle. By comparing Fig. 6(b) and (c), it was
revealed that Sn compounds/C electrode exhibited higher fading
rate than Sn compounds/C-C electrode under voltage plateau of
0.2V,0.4V,0.6Vand 0.8 V. The difference in reversible capacity and
cycling stability between Sn compounds/C and Sn compounds/C-C
electrode was mainly caused by the particle size of Sn com-
pounds. Sn compounds/C-C electrode have a smaller particle size
(10-20 nm) than Sn compounds/C electrode (100-200 nm). From
Egs. (1)-(6), it was obvious that the reaction of lithium with
Sn3(P04);, Sng04(0OH)4 and SnO, finally produced Sn. The larger
particle size of Sn compounds would lead to the more serious vol-
ume expansion. Therefore, Sn compounds/C-C electrode provided
a higher cycling stability than the Sn compounds/C electrode.

For both Sn compounds/C and Sn compounds/C-C, plateau at
1.0V indicated that the capacity fading was derived from the un-
avoidance of SnO, decomposed to Li;O and Sn. Lithium-ion were
trapped by Li, O, leading to the formation of irreversible capacity. It

Table 4
Charge capacity retention of bare MGP, Sn compounds/C, and Sn compounds/C-C
electrodes after long cycle.

Capacity Retention Bare MGP (%) Sn compounds Sn compounds

after nth cycles /C (%) /C-C (%)
20th 99 82 85
30th 98 74 81
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Fig. 6. Charge and discharge curves of the (a) Bare (MGP+NG) (b) Sn compounds/C

(MGP) (c¢) Sn compounds/C-C (MGP + NG) cycled between 0.001V and 1.5V at 0.1C
rate.

was argued that the trap of lithium-ion attributed to loss of capacity
was independent of particle size of Sn compounds.

4. Conclusions

The multi-phase of Sn compounds were synthesized by the
electroless plating. The crystal phases included SngO4(OH)4, SnO,
and Sn3(POg4);, which could participate in Li-ion insertion and
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extraction. The surface morphology of Sn compounds deposited
on MGP was improved by addition of second carbon element NG.
The additive NG in the electroless plating process resulted in the
reduction of particle size in Sn compounds from 100-200 nm to
10-20 nm. Besides, the uniform dispersion of Sn compounds was
also improved.

Owing to the modified surface morphology and Sn com-
pounds particle size, the electrochemical performance of Sn
compounds/Carbon electrode was enhanced. The 20th cycle charge
capacity of the Sn compounds/Carbon (MGP +NG) electrode was
496 mAh g1, which was 96 mAhg-! higher than the electrode of
Sn compounds/Carbon (MGP). The retention of Sn compounds/C-C
electrode and Sn compounds/C electrode was 81% and 74%, respec-
tively, after 30 cycles.
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