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Abstract

We have reported in our past work that electrodeposited Sn—Ni alloy with different composition show considerably different performance
as anode materials for Li-ion batteries, and the performance was remarkably well (ca. 650a7gth cycle) when the composition
was controlled to SpNisg. In this work, structural changes during charge discharge cycling of Sn—Ni alloy with different composition were
investigated to evaluate their differences in the cycle performance. From the XRD reg8Hy, pliase was the main phase seen igpSizg,
and its reversible reactivity with Li was confirmed. We suggest that this is the key phase for its high capacity and lengthened cycle life.
From Sr4Nise, which showed low capacity, only a metastable phase close to the structure of SnNi was confirmed. The resulisNiggn Sn
indicated the presence of pure Sn and Sn rich metastable phase would lead to relatively fast electrode degradation.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Sn—Ni alloy; Electrodeposition; Anode

1. Introduction discharge capacity and 40 acts as a matrix that helps to
lengthenthe cycle life of the electrofg. Without the matrix,
Li-ion batteries possess the highest energy density amongthe electrode would suffer more rapid degradafjnSince
the practical batteries, and the development of its anode ma-then, researches have focused on the selection of adequate
terial is considered as one of the breakthroughs to meetmatrix that eases the electrode stress, which appears during
the demands for power sources with higher performance for cycling, effectively for longer cycle life.
portable electronic devices. Elements that are inactive against Li (such as Ni) are as-
Presently, carbon is used as the anode material for Li- sumed to suppress the volume change effectively without
ion batteries, which is now showing a capacity close to its much irreversible capacif—20]. We have confirmed in our
theoretical value of 372 mAhd. As one of the researches  past work that the Sn—Ni alloy thin film prepared from elec-
for the development of Li-ion batteries, Fuji Film Company trodeposition has the potential to perform as the anode of
filed a patent for Sn oxide in 1994 as a novel anode material Li-ion battery, and that the composition of $Ni3g leads to
that could replaced the conventional carbonaceous materiala high discharge capacity of ca. 650 mAh'gat about the
with higher capacity1]. However, this material showed two  70th cycle Fig. 1) [21].
fatal defects, high initial irreversible capacity and shorter life, In the present study, we focused on the differences in
compared to that of carbon. For these reasons, it could notmorphology and structure of the Sn—Ni alloy thin film with
be applied to practical use. Courtney and Dahn have reporteddifferent composition during charge discharge cycling. Ex
that, in the case of Sn oxide anode, Sn is the key to the highsitu XRD and SEM were applied to the films in different
charged—discharged state to evaluate the correlation between
* Corresponding author. Tel.: +81 3 5286 3202; fax: +81 3 3205 2074, (€ €lectrode structure, surface morphology and the cycle
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gﬂ We have indicated that Sn—Ni alloy shows different an-
S odic features with different compositions from our previous
a8 work, as shown irFig. 1 [21] Under the assumption that all

Sn reacts with Li to form Lj 4Sn, the theoretical capacity
of Srs4Nige, SrsoNisg, and SgsNie would be 700, 763, and
909 mAh g1, respectively. Nevertheless, when they were cy-
Fig. 1. Cycle performance of electrodepositegig thin films reproduced cled, SmsNisze and Sp4Niie showed a relatively low dis-
from Ref.[21]. charge capacity of ca. 300 and 272 mAH@fter 70 cycles.
Under the same condition, §MNisg showed the largest dis-
charge capacity of 654 mAhg. Another interesting feature
2. Experimental of these samples is that they show increase in capacity with
cycling after first several cycles. §MNizg showed the biggest
The Sn-Ni thin films with different composition were increase in 70 cycles (166 mARY). SnsaNisg also increased
prepared by electrodeposition on Cu sheet from potassiumabout 100 mAh g? of its capacity in 70 cycles, but the ca-
pyrophosphate baths at 50 according to the procedure pacity of SkaNiige Started to decrease in about 35 cycles after
reported[22]. Each film was deposited for 5min with the 30 mAh g ! increase of its capacity. To evaluate these phe-
current density of 5mAcm?. The compositions of the  nomena, structural and morphological changes with cycling
films were determined by inductively coupled plasma-atomic (repeated L insertion and extraction) were investigated by
emission spectroscopy (Thermo Electron K.K., IRIS-AP). XRD and SEM. Since the results of $iig reported in our
The anodes were cycled in conventional glass cells, with previous work were similar to that of &Niye, this paper
two pieces of Li foil as counter and reference electrodes will only discuss the results of the latter case.
and the organic electrolyte was 1 M LiCJ@thylene carbon- Fig. 2illustrates the structure and surface morphology of
ate (EC) + propylene carbonate (PC) (1:1vol.%). The elec- Srs4Niss, Srs2Nizg and SraNiqg before cycling. The peak
trochemical cells were assembled and sealed under dry Arassignments of the XRD are based on the results of Watanabe
atmosphere (dew point was kept undet00°C). et al. who carried out a detailed study on the structure of elec-
The galvanostatic cycling was performed using a troplated Sn—Nifilm$23]. Metastable phases are phases that
charge—discharge equipment (Hokuto Denko, HJR- do notappear inthe equilibrium phase diagram; formed due
1010mSM8) in the potential range of 0.01-1.20V versus to the electrodeposition process. The metastable phase M1 is
Li/Li *. Both charge and discharge were carried out at the a NiSn phase with a composition ratio of almost 50:50, and
current density of 250 mA of Sn—Ni alloy. The electrodes  the metastable phase M2 is a phase where Ni is melted into
were rested for 10 min between charge and discharge. Thepure Sn crystal lattice. M1 phase is the main phase confirmed
cycling for structural and morphological examination was from the XRD of Sg4Nisg and not identified in Sg»Nizg
processed in a constant current—constant potential (CC—CP)r SrssNiqs. For SrgoNisg, NisSny phase is the only identi-
mode. When in this mode during charging, the electrodes fied phase. Calculation assuming that all the Ni atom within
are charged in constant current until 0.01V versus Fi/Li  SrgoNisg is forming NgSn, alloy with Sn, leaves at least
and then kept at this potential until 4 h have passed sincel9 at.% Sn in excess. Nevertheless, presence of distinct pure
the beginning of the charging step. Conversely, during the Sn phase could not be distinguished fréig. 2 Consult-
discharging step, the electrodes are discharged in constaning that the peaks attributed to 48in, in our results are
current until 1.20V versus Li/l'i and then kept at this  slightly shifted from those indicated in the JCPDS data, these
potential until 4h have passed in total. X-ray diffraction Sn may exist melted within the jbry lattice, or exist as a
was performed on Rigaku RAD-IC using CwKadiation. nano-crystalline or an amorphous phase in the film. The XRD
XRD conditions of voltage and current measurements were peaks of SgyNije are assigned to W6y, M2 and pure Sn
40kV and 20 mA, respectively, and the scan rate was setphases. Peaks at 34,85, 42.2 and 46.7 could not be
at 2 min—1. Morphology of the film was imaged using a identified. From SEM observation, the majority particles size
scanning electron microscope (HITACHI, S2500CX). Grain of Sns4Nigs, Srs2Niszs and Sa4Niig was 20-24, 25-29, and
size, cross sectional morphology and the electron diffraction 40-44 nm, respectively, and films with higher Sn content lead
patterns of SgpNizg were evaluated using transmission to rougher, more granular surface.
electron microscope (HITACHI, H-9000NAR), with samples Fig. 3 shows the results of the XRD patterns and SEM
prepared using FIB equipment (Seiko Instruments Inc., images after the first charging (Li insertion). Upon charg-
SMI-8300Il). The acceleration voltage was 300kV and the ing, the peak attributed to M1 phase ofsgdizs at 30.3

Cycle Number / -
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Fig. 2. XRD patterns and SEM images of (A)saNiss, (B) Srs2Nizg, and (C) SesNiys before cycling.

decreases its intensity. This suggests that part of the phaseesults shownifrig. 4 The SEM images of each sample after
reacted with LT, resulting in a state of nano-crystalline or Li* insertion showed a bumpier surface compared to those
amorphous phase that could not be detected by the XRD. Itimages before cyclingHig. 2).

should also be noted that no peaks assigned to Li—Sn alloy  After the first discharge process wheré hias extracted
phase were confirmed at this charged state. This indicates thafrom the sampleKig. 4), the XRD patterns suggest a partial
no XRD-detectable Li—Sn binary alloy phases were formed recovery of the electrode structure. Fosdi 46, the peakin-

by the reaction of Sn with i On the contrary, SNisg tensity of the metastable phase at 3QyBows higher again,
and SrsNig showed new peaks indicating the presence of indicating that the reaction between the M1 phase arid Li
Li—Sn alloys. As it is well known, there are several types of is reversible. The peak is also slightly broader than it was
Li—Sn alloys with different compositiof24—26] However, before cycling Fig. 2) suggesting the decrease in the crystal
the results here show them as two broad peaks, and sincesize. In the case of $pNisg, although all the peaks attributed
many peaks of various Li—Sn composition is overlapped in to NizSny in Fig. 2were confirmed again, their peak inten-
this range, it was not possible to attribute them to a certain sity had become relatively weaker. From the XRD pattern of
Li—Sn phase. This indicates that lithiation reaction of Sn had Srgs4Ni1g, only the peak at 45was identified for M2 phase.
taken place during charging in §&MNizg and Sg4Ni1g thin Recovery of all the peaks of pisry and Sn were confirmed,
films. Simultaneously, most of the peaks due tg3\y, M2 but their peak intensity was different frofig. 2 without
and Sn phase became unidentifiable. Peaks attributed to pureegularity. Specifically, compared with the peak intensities of
Niwere notidentified. This will be discussed further with the Fig. 2 the peaks at 30°INi3zSry), 30.7 (Sn), 31.5 (Ni3Sny)
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Fig. 3. XRD patterns and SEM images of (A)saNize, (B) Sns2Nisg, and (C) SpsNiyg after initial charging. Charged until 0.01V vs. LifLat the constant
current density of 250 mAT! in 1 M LiCIO4/EC + PC (1:1 vol.%) organic electrolyte.
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Fig. 4. XRD patterns and SEM images of (A)saNiss, (B) Srs2Nisg, and (C) SeaNise after first discharge. Cycled in the potential range of 0.01-1.20V vs.
Li/Li * at the constant current density of 250 mAlgn 1 M LiClO4/EC + PC (1:1 vol.%) organic electrolyte.

and 44.2 (NizSny) showed increased intensity, while the with the smaller amount of Li insertion (lower discharge ca-
peak at 33.1 (NigSry) and 45.0 (Sn) showed almost the pacity) indicated irFig. 1 Also, these cracks confirmed on
same intensity, and peaks at 32(8n), 35.8 (Ni3Sry) and the electrode surface can be expected to lower the diffusion
39.0° (Ni3Sny) showed decreased intensity. The peaks at- resistance of Li into the inner electrode. This generation of
tributed to Li—Sn alloy phases were no longer detectable for cracks may be one of the reasons for the rise in the capacity
both Sn,Nisg and S@4Nije. Assuming from the fact that  with cycling seen in the cycle performance of each electrode-
the Ni—Sn alloy phase has recovered in botl8lizg and posited Sn—Ni alloy anodé-{g. 1 [21]).

Srg4Niie with Li* extraction, Ni may have existed within Fig. 5 shows the XRD results and SEM images of each
the film in the charged statéig. 3) as nano-crystalline or  sample after the 10th discharge (Li extraction). Fo{sSliug
amorphous phase; hence their phases could not be identifiedind SgoNisg, no more formation of new phases or disap-
in XRD results. From the SEM images, formation of sur- pearance of existing phases can be confirmed compared with
face cracks with L extraction was confirmed. Relatively, the the result for the sample after first dischargeg( 4), while
cracks after discharging are smaller forsgize. This may both samples showed lower peak intensity. Especially for
be indicating that the reaction of M1 phase an#l Ehows Srs2Nisg, it may be noted that the XRD result does not indi-
smaller volume change compared to the reaction betweencate aggregation of pure Sn phase with cycling as reported for
NizSn, and Li*. This may be considered to be consistent Sn oxide material27]. For Srg4Ni1e, all the peaks attributed
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Fig. 5. XRD patterns and SEM images of (A)saNiss, (B) Sns2Nizg, and (C) SeaNiie after 10th discharge. Cycled in the potential range of 0.01-1.20V vs.
Li/Li * at the constant current density of 250 mAlgn 1 M LiClO4/EC + PC (1:1 vol.%) organic electrolyte.
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Fig. 6. w-Electron diffraction pattern of $aNizs (A) as deposited, (B) after the first charge, and (C) after the first discharge. Cycled in the potential range of
0.01-1.20V vs. Li/LT at the constant current density of 250 mAlgn 1 M LiCIO4/EC + PC (1:1 vol.%) organic electrolyte.

to Sn showed increase in its intensity that may be indicating  The change of the electrode crystallinitiy with cycling
the aggregation of Sn phase with cycling. Furthermore, this was also evaluated using-ED (Fig. 6). Clear Laue pat-
sample showed small peak that was attributed to Li—-Sn alloy terns can be seen from the as-deposited image and from
phase at the lower degree (around 2T his suggests that the 1st discharge image, indicating its crystallinity. But af-
with repeated cycling, some Li gets trapped within the Li—Sn ter the first charge, broad halo can be identified, suggest-
alloy, unable to dealloy during the discharge process. Theing that the Li insertion has a significant effect on lowering
SEM images show the similar cracked surface morphology the crystallinity of the electrode structure in the nanometer
asFig. 4. scale.
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Fig. 7. TEM images of the $aNisg (A) as deposited, (B) after the first charge, and (C) after the first discharge. Fbignelectrode was cycled in the
potential range of 0.01-1.20V vs. LifLit the constant current density of 250 mAlgn 1 M LiCIO4/EC + PC (1:1 vol.%) organic electrolyte.
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Table 1

Summary of the TEM results

State of sample Film thicknesgith) Crystal particle sizeym) Film state Surface film
Before cycling 0.6 0.05-0.13 Dense Not confirmed
After first charge 1.25 0.01-0.13 Porous Confirmed
After first discharge 0.75 0.01-0.18 Porous Not confirmed

Overall, the obtained results suggest that a reaction mech-action could be contributing to the good anode property of
anism of Sn—Ni alloys is different to the ones considered Srg2Nisg.
for the Sn oxide anodgg]. With the Li* insertion during
the charge process, Sn atoms segregate from the Sn—Ni alloy )
structure and alloys with Li to form the Li-Sn alloy phase. 4- €onclusion
This reaction should be reversible. With discharge, the Li
is extracted from the Li—-Sn alloy phase, and the dealloyed
Sn atom gets absorbed into the Ni matrix again forming the

Sn—Ni alloy phase. . . ;
7 ; . . . : _ SnsoNisg, and SgsNige) that show different anode proper-
Considering this reaction mechanism with the gained re ties. With the Lf insertion during the charge process, Sn

sults on the cycle performance and structural changes of the i te f the Sn—Ni all truct d all
electrodes, it may be suggested that the structure i85 atoms segregate from the Sn—Ii alloy structure and alloys

was unable to free the Sn from the metastable Sn—Ni alloy \t')\”th Li to_{)olrm thde L'tﬁn aIAoy ph?ﬁéei;h'ts re?c;;)n STEUId
crystal to allow its full alloying with Li. This could also be ereversible, andwith discharge, extractediromhe

supported by the fact that the initial discharge capacity was .L'_Sn alloy phase, and the dealloyed Sn atom gets absorbed

: ; to the Ni matrix again forming the Sn—Ni alloy phase.
597 mAh gt for SrgoNizg and 841 mAhg? for SresNite n .
but 334 mAh g X for SrsaNiis. In the case of SaNi1s, pure It was suggested that the structure of 46 was unable

Sn phases were observed which clearly did not alloy with Ni, t(7| fre(_et tffwe”SIrll fr_om thti queIt:astgbleNSn—Nl allgy CR/StaI to
hence leading to the large capacity drop after the second cycle2'°W 'E u a(;)ylr;]g th' | I.I O(;'d 84 tllTI' pure_than ?ses
The rechargeable capacity also begins to drop from the 35th\VEre observed which clearly did not afloy wi l, hence

cycle indicating its relatively rapid degradation compared to Ieadl_ng .to the large capacity drop after the segond cycle. It
SrsaNis and SeoNizg (Fig. 1 [21). was indicated that the structure that allows Li and Sn, Sn

and Ni to reversibly alloy/dealloy is the key to gain high-
capacity long-life anode materials.4$iry phase may realize
such reversible reactions, andggNiss, which was mainly
mposed of this NiSry structure, results in high capacity.

It was also indicated that the lithiation procedure has the
effect of lowering the crystallinity of the electrode. Forma-
tion of surface cracks with cycling was also confirmed with
cycling. This generation of cracks may be one of the reasons
for the rise in the capacity with cycling seen in the cycle
performance of each electrodeposited Sn—Ni alloy anodes.

A reaction mechanism of Sn—Ni alloys that is different to
the ones considered for the Sn oxide angdpwas suggested
from the Sn—Ni alloys with different composition ($iNi4g,

It was indicated that the structure that allows Li and Sn,
Sn and Ni to reversibly alloy/dealloy is the key to gain high-
capacity long-life anode materials. 48iry phase may have
been able to realize such reversible reactions, hence resultingCO
in the high capacity of SaNizs.

To obtain further information on the changes induced
by cycling, cross-sectional TEM pictures were taken on
Sne2Niszg (Fig. 7), which showed the highest performance
as Li-ion battery anodes during galvanostatic cycling test
[21]. The film thickness of Sg3Nizg before cycling was
ca. 0.6um, and the crystal particle size was 0.05-Qub3.
The film thickness and crystal particle size varied largely Acknowledgements
upon cycling, and formation of cracks and pores were seen
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the reaction where Li comes into thedSin, phase to gen-
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