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Abstract

A modified electroless plating technique was adopted to prepare the Sn compounds/mesophase graphite powders (MGP) composite electrode.
Characterization of the composite material showed that multiphase Sn compounds were uniformly deposited on MGP. The multiphase composition
which contained metallic Sn, SnP; and SnP,0; were expected to provide a higher spectator to Sn ratio for improved cycleability. During cycling
between 0.001 and 1.5V, the charge capacity was greatly enhanced without appreciable fading. From the voltage profiles and cyclic voltammetry
(CV) curves, it was revealed that the capacity fading was caused by either the formation of insulated LiP in the early stage or by aggregation of
metallic Sn after prolonged cycling. For improving the cycleability, the cut-off voltage was lowered from 1.5 to 0.9 V. Adjusting the voltage range
was manifested to be an effective way for obtaining superior cycling performance in the Sn—P-O/MGP composite negative electrode. The capacity
retention was as high as 96% of the highest capacity after charge/discharge between 0.001 and 0.9 V for 45 cycles.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Graphitic carbons are widely used in commercial Li ion bat-
teries owing to its low potential plateau, acceptable capacity
and low cost. Among these, the mesophase graphite is the most
popular one due to its stable cycling performance. Although
carbon can be lithiated to form LiCg which exhibits a theoret-
ical capacity of 372mAhg~!, the reversible capacity is only
around 280-320 mAh g~! [1,2]. To develop negative electrode
materials with higher specific capacity, tin-based compounds
have been extensively investigated in the past years. Several
types of tin compounds have received a great interest, such as
metallic Sn [3,4], Sn oxides [5-7], Sn-based alloys [8—11], Sn
phosphides [12,13] and Sn phosphates [14—16]. These novel
negative electrode materials exhibit superior initial capacity than
carbonaceous materials, however, they mostly suffer from rapid
capacity fading. The poor cycleability is mainly caused by the
pulverization of the negative electrode materials which is asso-
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ciated with the large volume change during formation of Li—Sn
alloys. Aggregation of Sn in Sn oxides, phosphides and phos-
phates during cycling is a significant factor of the pulverization
in these compounds [15,17,18]. Many researchers are devoted to
solve the problem. Recently, Winter and Besenhard summarized
that reducing the particle size and deriving a multiphase compo-
sition could retard the pulverization problem [19]. Courtney and
Dahn reported that the aggregation rate and cluster size in Sn
oxides during cycling was related to the voltage range, cycling
temperature and the spectator to Sn ratio [17,18,20]. As lithium
reacts with tin oxides, tin ions will be reduced to metallic tin and
inactive lithium oxides are simultaneously produced. If metallic
tin particles disperse well in the inactive matrix, which is called
“spectators”, the aggregation will be slowed down. Because the
higher spectator to tin ratio leads the tin atoms being farther
apart, the tin aggregation and capacity fading is expected to
be ameliorated. The amount of spectators can be controlled by
mixing active Sn compounds with the inactive species, such as
B,03/P>05 glasses [18,21], or doping inactive elements (Ca,
Ba, Al etc.) to form tin-based composite oxides [22-24].
More recently, it is discovered that combining ductile car-
bonaceous materials with the metallic Sn [25-29], Sn oxides
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[30-34] and Sn alloys [35-37] could effectively improve the
cycling stability. Electrochemical performance of the composite
negative electrodes is influenced by the material system, particle
size and size distribution of the Sn compounds and the amount of
deposited Sn. A favorable composite negative electrode exhibits
nano-sized and uniformly distributed tin compounds. In theory,
the higher Sn content would lead to higher volumetric capacity.
However, the optimal amount of deposited Sn is usually less
than 20 wt.%, for composites with excessive Sn contents exhibit
unfavorable capacity fading [25-28,30,31,33]. This problem is
speculated to be caused by serious aggregation of deposited Sn
during cycling. Since it has been reported that reduced parti-
cle size and multiphase compositions are beneficial to enhance
the capacity retention, it is inferred that the cycleability of car-
bonaceous negative electrodes coated with high amount of Sn
should be improved by depositing several phases of nano-sized
Sn compounds on carbon.

In this study, an electroless plating process was adopted
to deposit relative high amount of Sn on mesophase graphite
powders (MGP). Electroless plating was an efficient method to
produce several phases of tin compounds simultaneously. These
multiple phases included tin phosphates and tin phosphide, both
of which were expected to derive inactive species as buffers
in avoiding aggregation of tin during cycling. Furthermore, the
deposited tin compounds could be well-controlled to be either
nano-sized or amorphous. It is argued that the capacity fading
of MGP coated with relative high amount of Sn should be min-
imized.

2. Experimental

The mesophase graphite powders was a commercial prod-
uct supported by China Steel Chemical Corporation (CSCC,
Taiwan). Composites of MGP and Sn—P-O compounds were
prepared by a modified electroless plating process. The start-
ing reagent included tin(Il) sulfate (SnSO4, 99%, Riedel-de
Haen), sodium hypophosphite (NaH,PO;-H»0O, 95%, Katayama
Chemical) and sodium succinate hexahydrate (99%, Hanawa
Extra Pure Reagent). Firstly, appropriate amount of SnSO4 and
NaH,PO,-H;O were dissolved in de-ionized water, mixed and
stirred at room temperature to obtain the metal-precursor. The
MGP powders were immediately added into the precursor under
strong stirring and then continuously heated to 80 °C and aged
for 40 min. During the process, sodium succinate hexahydrate
was applied as the buffer to adjust the pH value in the solu-
tion. After electroless deposition, the modified MGP powders
were repeatedly washed with de-ionized water until the pH value
reached 7 and then dried at room temperature in vacuum.

Morphology and the distribution of Sn and P on MGP were
observed via SEI micrographs and X-ray color mapping with
a newly developed field emission-electron probe microanalyzer
(FE-EPMA, JXA-8500F, JEOL, Tokyo, Japan). The deposited
amounts of Sn and P on MGP were characterized with an induc-
tively coupled plasma-atomic emission spectrometer (ICP-AES,
Perkin-Elmer, Optima 3000 DV, USA). The phases were iden-
tified with an X-ray diffractometer (XRD, LabX XRD-6000,
Shimadzu, Japan) using a wavelength of Cu Ko (A = 1.5406 A).

The electrochemical performance of the Sn—P-O/MGP com-
posite negative electrode was examined by two-electrode test
cells consisted of the composite electrode, metallic lithium elec-
trode, polypropylene separator and an electrolyte composed of
1M LiPFg in EC/DEC (1:1, vol.%). The composite electrode
was prepared by coating the ball-milled slurry comprised of
Sn—P-O/MGP composite materials (95 wt.%) and PVDF binder
(5 wt.%) on an copper foil and by drying the coated electrode
at 100 °C for 12 h. The test cells were assembled in a Ar-filled
glove box and galvanostatically cycled at the rate of 0.1 and 0.2C
in the range of 0.001-1.5 and 0.001-0.9V, respectively. Cyclic
voltammetry (CV) measurements were carried out with a poten-
tiostat (Model 263A, EG&G,) at a scanning rate of 0.1 mV s L

3. Results and discussion

3.1. Morphology and phase identification of Sn—P—-O/MGP
composite materials

On the basis of the elemental quantitative analysis results
obtained with ICP, Sn (31.2wt.%) and P (0.472 wt.%) were
deposited on MGP after the electroless plating process. Dis-
tribution of Sn and P atoms was revealed by X-ray color map-
ping carried out with a high-resolution FE-EPMA, as shown in
Fig. 1, indicating that the two deposited elements are homoge-
neously dispersed on the MGP matrix. The X-ray diffraction
patterns displayed in Fig. 2b demonstrate that the synthesized
Sn—P-O/MGP composite material exhibits a multiphase compo-
sition. It is composed of metallic tin, SnP3 and SnP,0O7. All of
these deposited tin-based compounds are able to be reversibly
lithiated and delithiated [12—-17,19,28,31,37]. The metallic tin
can react with lithium to form various Li—Sn alloys according
to the following formula [5-7,17,19,23]:

Sn+xLitT +xe” < Li,Sn(0 <x< 4.4) (1)

As for tin phosphide, Kim et al. [12] revealed the reaction
mechanism of SnygP3 by in situ XRD and X-ray absorption spec-
troscopy. It was suggested that during the first lithiation, Li ions
inserted into the SngP3; layered structure and various phases
of Li,P and metallic Sn were formed between 0.8 and 0.6 V.
The decomposition of SngP3 was irreversible. In this study, the
cycling mechanism of SnPj is believed to be similar to that of
SnyP3 as described above and can be presented as follows:

SnP; + 3xLit 4+3xe” — Sn + 3Li,P 2)

On the other hand, Xiao et al. [15] manifested that lithiation
of SnyP>07 at the first cycle involved the decomposition of
SnyP,07 and the formation of metallic tin at 1.3 V. Behm and
Irvine [16] announced that SnP,O7 exhibited similar position of
oxidation/reduction peaks in CV, yet better cycleability as com-
pared with Sn,P>0O7. The irreversible reaction of SnP,O7 with
lithium can be expressed as below:

SnP,07 +4Lit +4e~ — Sn + Li3sPO4 + LiPOs 3)

After the irreversible decomposition, metallic tin atoms dis-
persed in the inactive Li3PO4 and LiPO3 networks. A portion
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Fig. 1. Micrographs of Sn—P—-O/MGP composite material. (a) SEI image, (b) X-ray color mapping for Sn and (c) X-ray color mapping for P.

of LiP derived from the reaction of SnP3; and lithium (Eq. (2))
were also inactive and could be spectators. Both the primitive
and produced metallic tin atoms can further react with lithium
to form Li—Sn alloys as described in Eq. (1). The aggregation
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Fig. 2. XRD patterns of: (a) the bare MGP, (b) the Sn—P-O/MGP composite
powders, the electrode of Sn—P-O/MGP composite negative electrode (c) before
and (d) after the first lithiation/delithiation between 0.001 and 1.5 V at 0.1C rate.

of Sn during cycling was expected to be retarded owing to the
existence of spectators as mentioned above.

The XRD patterns of the composite electrode before and after
cycling shown in Fig. 2 reveal that the SnP3; and SnP,O7 phases
vanished and a large amount of metallic tin produced after the
first cycle. This result was in agreement with those displayed in
Egs. (2) and (3), which were irreversible reactions. Presumably
because the particle size of produced Li,P, LiPO3 and LizPOg4
were smaller than the X-ray coherence length, there were no
visible diffraction peaks of these spectators in Fig. 2d.

3.2. Electrochemical characterization of Sn—P-O/MGP
composite materials

Fig. 3 presents the CV curves of pristine and Sn-P-O
deposited MGP in various cycles scanned at 0.1 mV s~ ! between
0.001 and 1.5 V. The reduction and oxidation peaks in CVs of
Sn—P-O/MGP were more complicated than that of MGP. Since
the composite negative electrode was a multiphase, the combi-
nation of both reduction and oxidation peaks for multiple phases
tended to merged into a broadened one.

During the first discharge, a broadened reduction peak was
observed until the voltage was reduced to 0.8 V. This indicated
the irreversible decomposition of SnP;O7 and SnP3 according to
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Fig. 3. Cyclic voltammograms of: (a) Sn—P—O/MGP composite material and (b)
pristine MGP cycled between 0.001 and 1.5V at a rate of 0.1 mV s~ L.

Egs. (2) and (3), respectively. As lithium being extracted, phase
transformation occurred around 0.60 V. This showed that most
Li ions were extracted from the Li—Sn alloys [7,31,37]. From
the second to the fifth cycle, the pair of reduction/oxidation
peaks representing reversible alloying/de-alloying of metallic
Sn and Li at around 0.23 V (discharge) and 0.60 V (charge) was
enhanced. It was noted that the intensity of the oxidation peak
at 0.28 V, caused by delithiation of LiCg, was also increased.
These demonstrated that the lithiation of Sn and carbon was
gradually accomplished in the first five cycles. With prolonged
cycling, the oxidation peak at 0.28 V was weakened and almost
vanished after 10 cycles. This indicated that the activity of car-
bon to lithium was degraded with cycles. Comparatively, the
oxidation peak around 0.6V still remained distinct in the fol-
lowing cycles. As a result, reactions between metallic Sn and
lithium predominated the cycling behavior of the Sn—P-O/MGP
composite material. Moreover, in considering the peaks resulted
from the formation of LizP and LiP at 1.0-0.9V (reduction)
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Fig. 4. The capacity retention of Sn—P—O/MGP composite material and pristine
MGP cycled between 0.001 and 1.5V at 0.1C rate.

and 1.0-1.2 'V (oxidation), respectively, both the transformations
were retarded with prolonged cycling.

The cycling performance of the Sn—P-O/MGP compos-
ite electrode cycled between 0.001 and 1.5V at 0.1C rate
(ie. 32mAg™!) is shown in Fig. 4. It manifests that the
Sn—P-O/MGP composite electrode exhibit superior electro-
chemical performance than untreated MGP. Its irreversible
capacity at the first cycle was relatively low (57 mAh g~ 1), while
the initial charge capacity was 386 mAhg~!. During the first
three cycles, the cell was gradually activated as shown in CV
curves and the capacity was raised up to 489 mAh g~ ! at the third
cycle. The activation phenomenon was resulted from incom-
plete wetting of the electrode by the electrolyte and the capacity
was much higher than the highest charge capacity in bare MGP
(296 mAhg™1).

Fig. 5 illustrates the charge and discharge curves of bare and
Sn—P-0 deposited MGP between 0.001 and 1.5V at 0.1C rate.
In the first charge curve, there existed three distinct voltage
plateaus. It is observed that before the 15th cycle, the charge
profiles under 0.9 V exhibited similar shape, while the plateau
above 0.9 V gradually became indistinct. This indicated that the
capacity fading shown in Fig. 4 in the first 15 cycles was derived
from gradual disappearance of the voltage plateau between 0.95
and 1.2V, which implied the transformation of Liz P to LiP. After
15 cycles, this plateau almost vanished. Comparing the voltage
profiles with the CV results described above, the cause of capac-
ity fading can be revealed. During the initial discharge, lithium
inserted into SnP3 and produced LiP which would be further
lithiated to develop the LizP phase at 1.0-0.9 V. Li3P reversibly
transformed into LiP as lithium ions were extracted from the
hosts between 1.0 and 1.2 V.

Even though Li3P is a good ionic conductor, LiP is an insu-
lator. As a result, once the amount of LiP increased, the ionic
conductivity would be deteriorated. It was argued that owing
to the degraded lithium ion conductivity, not all the LiP phase
could be lithiated to be Li3P. In other words, LiP accumulated
to a steady state and then the amount of Li3P was decreased.
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Fig. 5. Charge and discharge curves of: (a) Sn—P-O/MGP composite and (b)
pristine MGP cycled between 0.001 and 1.5V at 0.1C rate.

This could be testified by weakening of the formation peaks
of LizP and LiP shown in Fig. 3a and disappearance of the
voltage plateau between 0.95 and 1.2V presented in Fig. 5a.
Consequently, the ionic conductivity was depressed and thus
the capacity dropped with increasing LiP.

In this study, the capacity fading was proved to be retarded
by the multiphase deposition in the early stage. However, the
Sn aggregation was no longer avoidable after prolonged cycling
between 0.001 and 1.5 V. As shown in Fig. 3a, the 0.6 V oxida-
tion peak, indicating de-alloying of Sn and Li, became gradually
broadened and shifted toward the higher potential. This demon-
strated that the aggregation of Sn took place after several cycles.
Moreover, the new plateau between 0.6 and 0.7 V after 10 cycles
shown in Fig. 5a were also attributed to the aggregation of
metallic Sn aggravated the fading. According to Courtney and
Dahn’s study [20], as the cut-off voltage was higher than 1.3V,
the bonding between the inactive matrix and metallic Sn was
destroyed. That is why the electrochemical performance of Sn-
based compounds is sensitive to selected voltage window. Even
though some spectators, such as LiP, Li3PO,4 and LiPOy4, could
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Fig. 6. The capacity retention of Sn—P-O/MGP composite material cycled
between 0.001 and 0.9V at 0.2C rate.

be buffers to retard Sn aggregation in the Sn—P—-O/MGP com-
posites, the aggregation problem was still encountered.

According to the discussion concerning CVs and voltage
profiles, it is believed that if the cut-off voltage was low-
ered from 1.5 to 0.9V, the unfavorable phase transformation
(Li3P — LiP +2Li* +2e™) and Sn aggregation could be effec-
tively prevented and the cycleability would be improved. Fig. 6
shows the electrochemical performance of the Sn—-P-O/MGP
composite electrode cycled between 0.001 and 0.9 V. Although
the initial charge capacity was lower (211 mAhg™!) since
the voltage plateau above 0.9V was cut way, the specific
capacity was rapidly raised and reached a maximum value of
386 mAh g~ ! at the 16th cycle. Even after 45 cycles, the capac-
ity remained higher than 370 mAh g~!, which was 96% of the
highest capacity.

From the voltage profiles shown in Fig. 7, it is discovered that
limiting the cycling potential under 0.9 V not only prevent the
capacity loss resulted from formation of LiP, but also success-
fully avoid the detrimental aggregation of metallic Sn. In other
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Fig.7. The charge and discharge curves of multiphase Sn deposited MGP cycled
between 0.001 and 0.9V at 0.2C rate.



T. Fang et al. / Journal of Power Sources 160 (2006) 536541 541

words, because the lower voltage is not sufficient to destroy the
bonding between the inactive networks and metallic tin, the mul-
tiphase compounds should provide effective buffers. As a result,
in spite of the large amount of deposited Sn (31.2 wt.%), the volt-
age plateau caused by Sn aggregation failed to show up even
after 30 cycles. This favorable capacity retention demonstrates
that the composite negative electrode composed of multiphase
Sn compounds and MGP exhibits a high capacity along with
excellent cycleability under an appropriate cut-off voltage.

4. Conclusions

Multiphase Sn compounds were uniformly plated on MGP
to form composite negative electrodes by a modified electro-
less depositing process. All the phases, including Sn, SnP3 and
SnP,07, were demonstrated to be able to reversibly react with
lithium ions during cycling. According to the CV curves and
the charge profiles, the fading mechanism of lithium in the
Sn—-P-O/MGP composite material was proposed. It was dis-
covered that when the voltage window was between 0.001 and
1.5V, the main cause of capacity fading in the early stage was
the formation of insulated LiP from Li3P in the voltage range of
0.95-1.2'V. After prolonged cycling, the original plateau dis-
appeared and a new plateau associated with aggregation of
Sn occurred. Even the composite negative electrode exhibited
more rapid capacity fading than bare MGP, its specific capacity
remained much higher.

If lowering the cut-off voltage from 1.5 to 0.9V, the elec-
trochemical performance of the Sn—P-O/MGP composite elec-
trode was greatly improved. Under this reduced potential, the
formation of LiP was suppressed and the function of buffers
provided by spectators derived from the multiphase Sn com-
pounds prevailed. As a result, the composite negative electrode
could exhibit not only higher capacity than pristine MGP, but
also favorable capacity retention. A charge capacity higher than
370mAhg~! after 45 cycles was maintained, and a capacity
retention as high as 96% was achieved.
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