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Abstract

A solution method was used to prepare InSh; &y and CySb intermetallic compounds that are of interest as negative electrode materials
for lithium batteries. The compounds were synthesized by the reduction of dissolved transition metal- and metalloid salts with fine Zn powder.
Heterogeneous redox reactions at the surface of the Zn particles resulted in fern-like dendritic structures with high surface areas. Powder
X-ray diffraction and lattice imaging by transmission electron microscopy showed that the intermetallic products were highly crystalline with
preferred crystallographic orientations. Mild heat-treatment of the products under argon improved their phase purity. Electrodes prepared
by this method exhibited a large irreversible capacity loss on the first charge/discharge cySle etactrodes showed the greatest cycling
stability; after the initial cycle, they delivered more than 230 mAhwhen cycled between 1.2 and 0.0 V versus metallic lithium, consistent
with previously reported data for ball-milled €5b electrodes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction metal atoms from the host structure, or (2) lithium insertion
into, and metal displacement from, the structure. Examples

Over the past 10 years, there has been a renewed interestf the first case are G&ns and MnSb that, on lithiation,
in metal alloys and intermetallic compounds for replacing form Li,CuSn1] and LiMnSH2], respectively. Inthe second
graphitic carbon as the anode of choice in lithium-ion bat- case, the intermetallic compound can be comprised entirely
teries. The lithiation voltage of these materials is sufficiently of elements that react with lithium, such as in SnSh
positive of metallic lithium to minimize lithium plating (over-  InSb [4] or AgsSb [5] when discrete LiSn, Li,Sb, LiIn
charge) problems. Furthermore, these materials offer a higherand Li,Ag phases are formed; alternatively, the intermetal-
volumetric capacity than graphite. For example, the theoreti- lic compound can consist of elements, only one of which
cal volumetric capacity of InShis 1938 mAh ci(assuming reacts with lithium, as in Fe$1i6], ClSb[7] and CoSh[8]

a constant electrode density of 5.7 gchthroughout charge  in which case the LiSn or Li,Sb phases are cycled within
and discharge) compared with a theoretical 818 mAhtm  electrochemically inactive Fe, Cu or Co metal matrices,
for graphite p=2.2 gcnt3). respectively.

Intermetallic compounds can react with lithium in two Electrochemical reactions of lithium with metals such as
distinct ways. For a binary system, the reaction can occur Al, Si, Sn, Sb, In, and Ag, or with the intermetallic compounds
either by (1) lithium insertion with little or no extrusion of  described above are typically accompanied by large increases

in volume[9]. The repeated expansion and contraction that
- occurs during electrochemical cycling pulverizes the elec-
’ gorre.Spond'ng.a“thor' Tel.: +1 630 252 4787; fax: +1 630252 4176. 4o particles. In attempts to overcome this problem, nano-
-mail address: johnsoncs@cmt.anl.gov (C.S. Johnson). L . !
1 present address: Department of Chemistry, Chiang Mai University, ~ COMPposite intermetallic electrodes have been fabricated, for
Chiang Mai 50200, Thailand. example, by high-energy ball millinf,10-11]in order to
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control lithium diffusion lengths within the metal matrixand in order to compare the electrochemical performance of
to minimize the loss of particle-to-particle contact during the these electrodes with those synthesized by the solution route
electrochemical pulverization process. method.
As an alternative technique to ball milling, we have
explored a solution route method to synthesize ultra-small 2.2. Structural and physical characterization
metal and intermetallic particles at room temperature. In this
paper, we report on the synthesis of InSbhg&un and CySb Powder X-ray diffraction patterns of InSh, g%rs and
powders using zinc powder to reduce metal chlorides dis- Cu;Sb products prepared by the solution route were recorded
solved in de-aerated, ethylene gly¢dR]. Our approach is  before and after thermal annealing under argon. Data were
similar to that which has recently been used for producing collected on a Siemens D-5000 diffractometer with Gu K
Sn/SnSb electrode materi§l8,14] The morphological fea-  radiation between T0and 80 26 at a scan rate of 026
tures of the materials and their electrochemical properties in 20 min—1. Impurities in the reaction products were identified
lithium cells are described. with the aid of the JCPDS databd4é].
High-resolution images of the intermetallic products were
collected on a JEOL-JEM 4000FX-1 transmission electron

2. Experimental microscope (TEM) under an accelerating voltage of 200 keV.
Samples were prepared for the electron microscope by a stan-
2.1. Synthesis dard procedure described elsewhfré]. Convergent beam

electron diffraction (CBED) and lattice imaging methods
InSb, CySns and CySb intermetallic compounds were  were used to analyze the samples.

prepared according to the following general procedure using A computer-controlled simultaneous TG/DTA EXSTAR
the chemicals listed iffable 1 Stoichiometric quantities of 6300 unit (Seiko Instruments Inc.) was used for thermogravi-
the metal chloride salts were dissolved in de-aerated ethy-metric analyses of the samples in flowing argon.
lene glycol at room temperature. Thereafter, zinc powder was
gradually added to the solutions with continuous stirring for 2.3. Electrochemical measurements
1 day. The products were filtered, washed with methanol and
dried in air at 110C. The resulting powders were finally Lithium cells were constructed according to the follow-
annealed for 20 h at either 220 or 4@under an argonatmo-  ing procedure. The intermetallic electrode consisted of 84%
sphere. The reactions for the preparation of InSlg3Psiand (by mass) of the active compound (InSb,gSus or C,pSb)

CwSb are: intimately mixed with 8% polyvinylidene difluoride (PVDF)
polymer binder (Kynar, Elf-Atochem), 4% acetylene black
InCl3 + SbCk +3Zn — InSb + 3ZnCh (1) (Cabot) and 4% graphite (SFG-6, Timcal). Electrode lam-
inates were cast from slurries of the electrode powders in
6CUCH + 5SNCh-2H,0 + 11Zn — CusSns+ 11ZnCh 1—methyl—2jpyrrqlidinone (NMP, Aldrich) oqto Cu current
collector foils using a doctor blade. The laminates were sub-
+ 10H,0 2 sequently dried, first at 7% for 10 h and, thereafter, under

vacuum at 70C for 12h. The electrolyte was 1M LiRF
in ethylene carbonate (EC):di-ethyl carbonate (DEC) (1:1
4CuCh +2SbCh +7Zn — 2CpSb + 7ZnCh ) weight mixture; Merck). Electrodes were evaluated at room

The ZnCh by-product, which is soluble in the ethylene glycol t€mperature in coin-type cells (size CR2032, Hohsen) with

solvent, was removed during multiple filtering and washing 2 lithium-foil counter electrode (FMC Corporation) and a
steps. A small excess of Sn (2 at.%) was used for the preparaP0|ypf0py|ene separator (Celgard 2400). Cells were assem-

tion of CusSrs because Gs8n had a tendency to form during  Pled inside a He-filled glove box (<5 ppmB and @) and

the reactions. cycled on a Maccor Series 2000 tester under galvanostatic
InSb electrode powders were also prepared by high-energyMode with a constant current density of 0.1-0.2mA€m

ball milling according to a method described elsewH&E in the voltage window of 1.5-0.5V for InSb, 1.5-0.1V for

CusSns and 1.2-0V for CpSh.

Table 1

Reagents used for the preparation of intermetallic compounds

Reagent Vendor Purity (%) 3. Results and discussion

CuCh Fisher Scientific 99.98

SbCk Alfa Aesar 99.0 3.1. The synthetic process

SnCh-2H,0 Aldrich 99.0

InCls Alfa Aesar 99.99 Intermetallic compounds such as InSb, ¢S, and

Zn powder Fisher Scientific 99.95 i i i o

Ethylene glycol Fisher Scientific 99 CwSb are typically synthesized by high-energy ball milling

and/or firing of elemental powdef%,7,15]} This procedure
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sb? m' Because the redox reaction is limited by mass-transport, the
solution route method is conducive to the homogenous sub-
stitution of elements within the intermetallic structures. For
example, the Ni- and Fe-substituted compoundsNCsins

and CgFeSm, can be synthesized by this proc¢2s].

In"”

isopotential and/or
isoconcentration line .
3.2. XRD analysis

\\ The X-ray diffraction patterns of the reaction products
before and after annealing the InSb gSuns, and CySb sam-
ples under argon are shown kigs. 2—4 respectively. The
X-ray pattern shows that the yield of InSb prior to annealing
is much lower than expected; the product contained a substan-
tial amount of unreacted In and SBig. 2a). After annealing,
Fig. 1. Schematic illustration of the mechanism of dendrite nucleation from the predominant product was InSb, which is indexed accord-
reaction of InC4 and SbC} with Zn metal. ing to its face-centered-cubic (fcc) symmetry (space group
F4-3m) in Fig. 20. However, some of the unreacted indium in
necessitates repetitive grinding, sieving and size reductionthe un-annealed sample was oxidized tgQO® during ther-
of the patrticles; it can lead to impurities in the sample such maltreatment; as a consequence of this reaction, the annealed
as metal oxides at the particle surfg&8]. By contrast, the  product contained a small amount of residual, unreacted Sb.
solution route process described in this paper to prepare InSb, For the C4Sns sample, the reaction product before the
CusSns and CuySb powders is based on a heterogeneous annealing step showed a relatively small amount a2y
redox reactiorf12,19] The redox reaction occurs at the sur- and a large amount of unreacted tiid. 3a); surprisingly,
face of the solid Zn metal particles and results in nanoscopic the unreacted copper in its expected fcc form was not evident
structures with high surface areas, the morphology of which in the X-ray diffraction patternFig. 3b shows that after
can be tailored or modified by further thermal treatrj&gi. the annealing step, the product consisted predominantly of
The electroless redox reaction occurs at a point of contact onCusSrs and CySn, indicating that the unreacted copper
the Zn metal surface with the dissolved metal ions, resulting in the un-annealed sample must have been present as an
in the growth of intermetallic crystals with dendritic features. amorphous component. We will return to this anomaly later
The electrochemical overpotential at the solution/precipitate in the paper.
interface produces an electric field that focuses the ionic cur-  In contrast to InSb and G&ns, the solution route method
rent to the dendrite tip. This effect is depicted schematically provided a high yield of Cg5b; this phase dominated the X-
in Fig. L This concept has been considered previously as aray diffraction patternkig. 4a). A minor amount of S5
rationalization for dendrite formation during electroplating was also detected in the un-annealed sample; this impurity
[20] and it is applied here as the hypothesis to the forma- phase remained in the sample after thermal treatment. A
tion mechanism of these dendritic intermetallic materials. decrease in the full-width at half maximum of the peaks in
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Fig. 2. X-ray diffraction patterns of (a) as-prepared (un-annealed) InSb and (b) annealed InSb synthesized from non-aqueous Zn reduction reaction.
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Fig. 3. X-ray diffraction patterns of (a) as-prepared (un-annealegp@and (b) annealed G&ns synthesized from non-aqueous Zn reduction reaction.

Figs. 2—4indicated that, in general, the crystallinity of the the observed morphology is that the dendrites form by the
InSbh, CySrg, and CySb components was increased by the agglomeration of random particle nuclei. However, a com-

annealing step. parison of convergent beam electron diffraction patterns from
various points on a dendrite and selected area electron diffrac-
3.3. TEM analysis tion patterns of the entire dendrite particles has revealed

strong crystalline texture with different regions of the den-

The morphology of as-precipitated and annealed InSb, drite having similar crystallographic orientatiofi]. Such
CusSns, and CuSh powders is shown by TEM figs. 5-7 an observation is also consistent with the diffusional insta-
The particle shape is reminiscent of the dendrite morphol- bility growth mechanism of the pa_lrticle deqdrite_s as opposed
ogy often observed in solidification processing of materials; to random agglomeration of particle nugle|, which would be
we propose they propagate and develop through the mech£XPected to show a random polycrystalline structure.
anism of ‘diffusional instability’[22], although in the case A combination of energy dispersive X-ray spectroscopy
of a heterogeneous electron-transfer process such as illus@nd €lectron diffraction has also revealed that some impu-
trated inFig. 1 the small curvature of the electric field at "'ty Phases, such as metallic Sb in the as-precipitated InSb
the solid-liquid interface may also contribute to the instabil- st0|c.h|_ometry andthe gmprphous Cu-nch_Sn-phase |n_the as-
ities and roughness elements responsible for tip propagationPT€CiPitated CgSr stoichiometry, form as isolated particles
and dendrite formatiof20]. An alternative explanation for during synthesis. These impurities form separate dendrites
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Fig. 4. X-ray diffraction patterns of (a) as-prepared (un-annealegpland (b) annealed @8b synthesized from non-aqueous Zn reduction reaction.
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Fig. 5. (a) As-precipitated (un-annealed) InSb morphology and annealed microstructure (inset). (b—d) CBED patterns from various points dtethe dend
particle indicated by arrows.

from the InSb, and GyBrs compound crystals. As an exam- the (220) reflection in the [1 2] zone axis is an indication
ple,Fig. 8shows an isolated amorphous Cu rich particle from of the misorientation that occurs in the adjacent secondary
the CySrs synthesis. These TEM data emphasize that con- dendrite Fig. &d). In fact, however, the electron diffraction
trol of the chemistry and kinetics of the precipitation process indicated the InSb dendrites have only a slight misorientation
is critical for engineering a target particle size and composi- between crystalline domains, the maximum misorientation
tion when this route for preparing intermetallic compounds about [00 1] was observed to be typically 15.5

is used.

3.3.2. Cu65n5

3.3.1. InSb The dendritic morphology of an un-annealed;Sos sam-

The morphology of an un-annealed InSb sample is shown ple is shown irFig. 6a; the electron diffraction (SAD) patterns
in Fig. 5. Analysis by electron diffraction and energy dis- showed that the dendrites consisted o8 and CiySn
persive spectrometry (EDS) indicates that the dendrites werephases KFig. 6b). Another unidentified constituent of the
comprised of crystalline InSb, crystalline Sb and a material dendrites was unstable under the electron beam. On ther-
that was unstable in the electron beam. Equiaxed In parti- mal treatment, the morphology changed from dendritic to an
cles were also observed in this specimen. The convergentamorphous spherical shape, as showRim éc. EDS anal-
beam electron diffraction (CBED) shows the growth of the yses provided evidence of some Zn in thesSrg structure
InSbh primary dendrite arms occurs in a direction perpen- indicating that some residual, unreacted zinc from the ini-
dicular to the close packed 2D) planes Fig. Sb—d). By tial reaction was present in the samples. EDS analyses of the
careful CBED analysis, it was observed that some misori- amorphous component of the dendrite showed that this com-
entation exists between adjacent secondary dendrite armgonent contained significantly more copper (GugkSn Kog
(Fig. 5a). The [1.12] zone axis showing_ (1 1), (042) and peak area ratio =5.055) than ag3ms component in which
(220) reflections was observed in the arm tipg. 5b) and the Cu Ka1/Sn Kag peak area ratio was 2.436. £3n was
at the mid-point of the armHig. 5c). The disappearance of identified by XRD in the annealed sampkad. 3).
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Fig. 6. (a) As-precipitated (un-annealed)sSms morphology, (b) CeSrs single particle SAD pattern, and (c) annealed;Sns.
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Fig. 7. (a) As-precipitated (un-annealed), Sb morphology and (b) annealed 3b.
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Table 2
Weight lost during the annealing of €8b, CySn; and InSb products

Weight lost (%)

InSb 3.49+:0.08
CusSrs 8.49+1.21
CwSb 6.53+3.17

compared to a typical TEM-stable region of the dendrite (Cu
Ka1/Sb Kay =1.74).

With extended observation under the electron beam, unsta-
ble particles decomposed into smaller particles that adhered
to the surrounding carbon support web. The SAD patterns
of these small particles revealed rhombohedral B3:4),
cubic SBO4 (Fd-3m), and fcc Cu.

The microstructure of the annealed fSb sample
observed under TEM is shown kg. 7b. The dendrite mor-
phology was still apparent in certain regions after the anneal-
ing process; an equiaxed morphology was also present.

The X-ray diffraction patterns ifrigs. 2—4clearly show
5‘2%“;'5“ 0K T00ee that annealing the powders increased the yield of the inter-
' metallic phases; particularly high yields were obtained for the
copper-based compounds, & and CySh. The absence
Fig. 8. TEM image of an amorphous, Cu-rich particle in the;8y as- of any unreacted copper metal in un-annea|edgw and
preticipated (un-annealed) sample. Cuw,Sh samples leaves the presence of an amorphous copper-

1
i

3.3.3. CuySh

The dendritic morphology of a precipitated £3b sample 600
prior to annealing is shown ifig. 7a; the corresponding SAD
pattern (not shown) revealed that the dendrite was comprised
of crystalline CySb and Sb phases, the relative amounts of
which varied from dendrite to dendrite. Some dendrites were
Sb-rich (the Cu k1/Sb Kay peak area ratios were between
3.21 and 1.52), while others were Cu-rich (the Cui1kSb :
Kaj 3.21-1.52). Regions of pure Cu were also detected in
the sample. The TEM images of the Cu-rich regions were
amorphous, as in the @8ns samples Fig. 8). It was also
observed by TEM that certain regions of the powder were 0
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unstable to the electron beam. These regions either melted or 0 2 4 6 8 10 12
decomposed, forming particles of circular cross section when Cycle Number
exposed to the beam. EDS analyses of these regions showed a
high copper content (Cud&/Sb Koy peak area ratio = 39.8), Fig. 10. Capacity plots of InSb and €5r electrodes.
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Fig. 9. Voltage profiles (first discharge, and next charge-discharge cycle) of (a) InSb electrode made from ball milling In and Sb and (b) InSh (annealed
produced via the Zn reduction reaction.
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Fig. 11. (a) Voltage profile of Gi8b electrode and (b) capacity plots of the annealed vs. as-precipitated (un-annea®uG@terials.

containing component in these sampleig)( 8). One hypoth- age dip is attributed to a diffusion overpotential as a result of
esis is that the component of the dendrite, which decomposesucleation and growth phenomena occurring at the electrode
under vacuum in the beam, is an amorphous organometal{27]. This nucleation reaction appears to be more prevalent
lic compound, such as those that might possibly form in InSb electrodes comprised of smaller particles made by
by reaction of the metal salts with ethylene glycol, e.g., the solution route method compared to InSb particles syn-
Cuz((CH2CH2)0O2)3 [23,24] This hypothesis was tested by thesized by ball milling. After the first cycle, new plateaus
thermogravimetric analysis to monitor any mass loss of the appear above-0.6 V; they are attributed, at least in part, to
samples as a result of the evolution of volatile organic species.ternary phases within the4,in1_, Sb electrode (e.grx,= 0.5,

A significant mass loss between 3 and 9% was observed by0.67)[12,28] these phases exist along the “line of compen-
heating the InSh, Gybrs and CypSb samples under argon at  sation”[29] in the Li—In—Sb phase diagram and are presentin
500°C for 4 h (Table 3. The formation of some kD3 and InSh electrodes made either by ball milling or by the solution
ShyOs in the preparation of InSb and €8b is perhaps not  route.

surprising because it can be expected that nanoparticulate In  The capacity of InSb and @81 electrodes produced by
and Sb deposited by the solution method would be extremelythe solution route is plotted as a function of cycle number in
reactive and sensitive to oxidation; the origin of the oxygen Fig. 10 The electrodes show a first cycle capacity loss of 24
that is involved in these reactions is unknown at the presentand 22%, respectively. After the first cycle, 35 shows

time. superior cycling stability to InSb.
The voltage profile of a typical Li/CiBb cell containing
3.4. Electrochemical cycling an annealed Gb electrode is shown iRig. 11a and the

capacity versus cycle number plot for the cellRig. 11b.

The voltage profiles of alithium cellwithan annealed InSb  These electrodes provided the most stable cycling behav-
electrode synthesized by the solution route versus a cell con-ior; the data are comparable to those reported by Fransson
taining a ball-milled InSb electrode are comparedig. S9a et al. for ball-milled CySb sampleg7]. Annealed CpSbh
and b. The mechanism of reaction of Li and InSb has already electrodes (200C, under argon) provided greatly improved
been discussed in detd#]. In general, the shapes of the cycling over un-annealed electrodes yielding 235 mahg
curves are similar apart from the profile of the initial dis- after 20 cycles, whereas the un-annealed electrode yielded
charge to 0.5V. A long voltage plateau from 0.8 to 0.6V, 85mAhg! after the same number of cycleBig. 11b).
corresponding te-370 mAh g* of capacity, is observed on  However, both un-annealed and annealegdStuelectrodes
the first discharge of the Li/InSb (ball-milled) cell consis- exhibited a large irreversible capacity (40-43%) on the first
tent with earlier work Fig. 9a) [15,25—-26] The next plateau  charge/discharge cycle.
from 0.6 to 0.5V, which is attributed to the lithiation of
extruded In, corresponds to 90 mAh'g By contrast, the
0.8-0.6 V plateau of cells containing an InSb electrode made4. Conclusions
by the solution method, corresponds to onig25 mAh gt
(Fig. ), whereas 215 mAhd is delivered between 0.6 and Nanoparticulate intermetallic compounds InSb S
0.5 V. The higher capacity delivered at the lower voltage can and CySb were synthesized at room temperature by an elec-
be attributed to the additional indium in the electrode pro- troless redox process using metal salts dissolved in ethylene
duced by the electrochemical reduction of theg®gimpurity glycol with Zn metal as the reducing agent. The nanoparti-
in the sample. The InSb electrode (solution route sample) cles have dendritic morphologies, large surface areas and a
shows a dip in the voltage profile a10.78 V at the onset of  range of sizes that is dictated by the Zn particle size used.
the first plateau (indicated by an asteriskig. ). This volt- TEM, XRD and thermogravimetric analyses indicate unre-
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acted metals, metal oxides and volatile components in the
reaction products. Annealing the products under an inert

atmosphere increases the yield of the targeted intermetal-

lic phase; it also improves the purity of the samples. The
electrochemical performance of the intermetallic electrodes
is limited by the first-cycle irreversible capacity loss and the
fade rate of the cells; these phenomena are associated with th
high surface area of the electrodes and their high reactivity
with the electrolyte solution. The G8b electrode exhibited
the best capacity and cycling stability, delivering a steady
230-240 mAh g for 30 cycles between 1.2 and 0V versus
Li0 after the initial charge/discharge cycle.
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