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In situ x-ray absorption studies of electrochemically induced phase changes
in lithium-doped InSb
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We report a comprehensive analysisiofsitu x-ray absorption spectroscopy data that provide detailed
information about phase transformations of the I11-V semiconductor InSb, induced by electrochemical insertion
of Li and extrusion of indium. Upon discharging a Li/InSb cell, In is extruded from the zinc-blende-type InSb
structure and replaced by Li. Although more than 90% of the In is displaced from the structure, the Sb fcc
sublattice remains stable at all degrees of lithiation. This process is reversible. However, in the fully charged
state, about 40% of the In remains outside the matrix as In metal, leaving a corresponding number of Schottky
vacancies in a Ip_,Sh defect structure. The discussion of this paper focuses on the ease and reversibility of the
phase changes in InSb electrodes, which is attributed to the stability of the Sb fcc sublattice at all states of
discharge and charge, to the lattice compatibility of the different phases, and to the absence of significant
charge gradients.
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[. INTRODUCTION trodes can be considered as a serious alternative to GIC elec-
trodes:(i) How does lithium insertion affect the structure of
Intercalation of alkali metals into graphite is one of the the lattice¥ii) How stable is the host latticé ) What is the
most prominent examples of inserting atoms into a hosfature of the phase tran_sformation_s ona micr_oscopic level?
lattice—in this case, exceptionally widely spaced carbor(iv) Are they accompanied by lattice expansion or charge
layers! The first intercalation compound, KQwas reported ~ transfer? ) , ) o
as early as 1928This intriguing property of graphite led to 1€ intermetallic compound InSb is a particularly intrigu-
the predominant application of graphite intercalation com-Nd €xample of an “insertion” electrode. InSb is a IlI-V
pounds(GIC’s) as electrode materials in electrochemical en-S€miconductor that undergoes a” transition to thel.nﬁ_etalhc
ergy systems.For example, graphite is used as the negativeSEtate upon insertion of small amounts of lithium.
electrode in commercially used lithium-ion batteries where IectrochemlcaT, thermodynamlca}, and structuraf char-
the alkali metal is cycled in and out of the graphite IatticeaCtenzatlons- of this ele_ct_r_ode have been reporte_d. Recently,
. ) we communicated our initial results of an analysis of the In
during charge and discharge. There are, however, seve(rfl

, . e “edge extended x-ray absorption fine-structEX¥AFS).12
drawbacks to using GIC electrodes. Most important, lithiateq, this paper, we present a comprehensive analysis of both

graphite (LiG) is susceptible to lithium plating upon over- {ne |n and SkK-edge EXAFS, as well as an analysis of the
charging because the potential of ki@ close to that of  y_ray absorption near-edge structdANES). We focus on
elemental lithiunt. the atomic-level mechanism of the phase changes that occur
One approach pursued recently to replace graphite as guring the electrode reactions. Of particular interest is the
host for lithium involves the development of intermetallic stability of the Sb host lattice and the ease and reversibility
“insertion” electrodes™® The mechanism of reversible Li with which these phase transformations take place. Emphasis
insertion and extraction in these intermetallic electrodes iss placed on the role dfi) lattice compatibility of the differ-
obviously different from GIC's since intermetallic electrodes ent phases andi) charge transfer or the lack thereof in fa-
do not provide widely spaced layers suitable for intercala<ilitating phase transformations. The first point is probed by
tion. An important feature of these intermetallic “insertion” EXAFS, while the second point is addressed by XANES;
electrodes is the existence of a stable host sublattice, such heth techniques are considered a subset of x-ray absorption
the face-centered-cubifcc) lattice provided by Sb in InSh. fine-structure (XAFS) spectroscopﬂrf’ We have employed
This host sublattice corresponds to the carbon in graphit&XAFS to overcome the limitations of gathering precise mi-
electrodes. The second component of the intermetallic elesrostructural information by using x-ray diffractiaixRD)
trode, in this case the indium of InSbh, is replaced reversiblyjtechniques. As opposed to XRD, which relies on the pres-
by lithium. Intermetallic electrodes operate several hundrednce of long-range order, XAFS probes the local environ-
millivolts above the potential of metallic lithium, thus pre- ment around a selected atom. The InSb electrode material is
cluding lithium plating'® In addition, intermetallic electrodes fabricated by high-energy ball milling to reduce the particle
provide a higher volumetric capacity than graphite, which issize and minimize kinetic limitations.This drastically re-
an important parameter for the miniaturization of lithium duces the effectiveness of XRD but does not greatly affect
cells and batterie§There are, however, several fundamentalXAFS. Also, the presencéor absenceof nascent phases
guestions that need to be addressed before insertion elesdch as
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were purchased from Aldric99.99% and 99.995% puirity,
respectively, and used as received. The product was ground
and sieved through a 400-mesh screen to obtain particles
smaller than 40um in size. The resulting black powder was
determined by XRD to be single-phase InSh. Details of the
electrode and coin cell preparation are given elsewhére.
small hole was punched in the coin cell and sealed with an
epoxy resin to facilitate x-ray beam access to the electrode.
The electrolyte was 1-M LiP§Fin 50:50 (w/w%) ethylene
carbonate: diethylcarbonatéeC:DECQ. The cell therefore
has the initial configuration Li/electrolyte/InSh.

The cell was positioned in the x-ray beam with the illu-
minated area defined by slits (1000m vertically,
1500 um horizontally. The x-ray beam was provided by
the undulator beamline of the Materials Research Collabora-
tive Access TeantMRCAT), which is part of the Advanced
Photon Source(APS) synchrotron at Argonne National
Laboratory, Argonne, IL. This x-ray source is particularly
well suited for performing x-ray absorption spectroscopy at

FIG. 1. Schematic representation of the lattices of Sb, InSbhigh edge energies, as is the case for(3491 eV and In
Lix+yIn;—ySb, and LiSb as described by a superlattice of a simple (27940 eV}. By using the Si333) reflection from a cryogeni-
“pseudo” CsCl unit cell. cally cooled double-crystal monochromator, an energy reso-

lution of about 2.5 eV was achievé8iThe higher-order har-
metallic In, LizSb, lithiated indium(designated as Lin), monic content of the beam was attenuated using a platinum-
and metallic Sb can be detected with XAFS at a significantlycoated mirror, while the fundamental(&l1) reflection was
lower level and with greater precision than is possible withblocked using a 1.5-mm-thick piece of aluminum. The fourth
XRD, which requires that these phases coalesce into a longnd fifth harmonics of the tapered undulator were used, fur-
ranged periodic array. ther reducing the harmonic content of the beam due to mis-

An important prerequisite for preserving a stable Sb hosmatching the undulator harmonics and the unwanted Bragg
lattice during the phase changes that occur as a consequenedlections from the monochromator.
of Li insertion and In extrusion can be met if the Sb sublat- To achieve the time resolution necessary to follow the
tice is compatible with all the phases involved. Figure 1 il-phase transformations in the Li/InSb system while applying a
lustrates how this requirement is satisfied by the InSb eleceurrent to the cell, the EXAFS spectra were taken in continu-
trode. The cubic unit cell shown is a superlattice of aous mode, i.e., with the monochromator moving at a constant
“pseudo” CsCIl unit cell, obtained by doubling the edges of speed. This reduces the acquisition time per spectrum to
the CsCl unit cell in three orthogonal directions. The 16 po-about 6 min by eliminating the time required to step the
sitions of the resulting superlattice can be grouped into foumonochromator. Thus we were able to maintain a constant
sublattices, each having a fcc structure. For example, if Sburrent in the battery cell at all times and did not have to
occupies alla) sites while all other sites remain unoccupied, interrupt the reaction to take a long EXAFS measurement.
an Sb fcc host lattice results, which will be of particular The potential did not change by more than 0.02 V over a
importance for the discussion presented below. complete spectrum, except during the very beginning of a

If Sb and In occupy their respecti@) and (c) sites, a charge or discharge cycle where the potential changed more
zinc-blende-type lattice of InSb is formed. The reactionrapidly. Data from two experiments are presented. The first
product of a fully lithiated InSb electrode is 4Sb, which  data sef(cell A) was taken while discharging a freshly pre-
crystallizes with the LjBi structure, also known as the anti- pared cell from its equilibrium potential of 1.5 V down to 0.5
typical FgAl. In terms of the CsCl superlattice, the;8b V. The second data sétell B) is from a “preconditioned”
structure can be visualized if Li occupies the interstitial sitescell, for which the initial discharge occurred off-line. The
of InSb[(b) and(d)] and if all the In site€c) are replaced by XAFS spectra for cell B were taken while charging from 0.5
Li. No significant structural rearrangement of the Sb sublatto 1.2 V, and then during discharge to 0.1 V. A moderate
tice is necessary to accommodate these different phases;carrent density was applied to the cells: 0.3 mAddor cell
continuous transition between subsequent phases in A, 0.4 mA/cnt for cell B during charge, and 0.5 mA/ém
LixsyIn;_,Sh system (6x<2;0<y=1) is, therefore, pos- for cell B during discharge. Current and cell voltage were

sible if Schottky vacancies are taken into account. controlled with  a CH Instruments Model 660
potentiostat/galvanostat.
Il EXPERIMENT The EXAFS spectra were taken in the fluorescence mode

from 150 eV below the edge to 850 eV above the edge. The

The InSb compound was prepared by mechanical alloyingoint density,~1.2 eV/step, was chosen so that the edge
(ball milling) of the elements in a stoichiometric ratio in the region is defined with a fine enough resolution to allow
presence of a solid carbon lubricant. Indium and antimonyXANES analysis. The In and SK edges were scanned al-
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TABLE |. Debye-Waller factors for scattering paths used in fitting the EXAFS datal ?); nearest-
neighbor(nn) and next-nearest-neighb@mn paths are shown. The first element shown designates the edge
for which the path is valid.

path In-Sb In-In In-In In-In In-Li Sb-In Sh-Sh Sh-Li Sh-Li
phase  (InSb (In) (In) (LiyIn)  (LiyIn) (InSh) (InSb  (LizSb)  (Li;Sb)
(nn) (nn) (nnn) (nn) (nnn) (nn) (nnn) (nn) (nnn)

0.0074 0.022 0.037 0.007 0.011 0.0048 0.023 0.013 0.013
+0.0012 *=0.002 =*£0.010 =*=0.002 =*=0.005 =*=0.0011 =*=0.005 =*=0.008 =*=0.010

ternately for the duration of the experiment using a fluores{DW) factor o®>. The paths, for example the Sb-In nearest
cence detector filled with Kr gas. The edge energy was calineighbor linear scattering path, are obtained from high-order
brated using the transmission spectrum of ground singlemultiple-scattering theory as implemented in #&FF soft-
crystal InSb powder recorded concurrently with eachware packagéVersion 8.0.1° Whenever possible, the theo-
measurement. retical calculations were calibrated to experimental refer-
ences such as Sb metal, In metal, and InSb powder. A
ll. DATA ANALYSIS physically reasonable combination of scattering paths is then

Extended x-ray absorption fine structure refers to the os]ilt to the windowed and-weighted data im space using the

cillatory structure in the x-ray absorption coefficient as a" =/ code:” . ,
functio)rll of incident photon enyer@, ,uF()E), just above the The numbeg of parameters from E®) used in the fit
x-ray absorption edge. While the position of the edge de{Ni. Ri, andaj for each path) is restricted by the follow-
pends on the type of atom investigated, the oscillations are @9 conditions: The contribution of an individual path is
condensed matter effect and a signature of the local envirorgiven byN;, which can be calibrated to the value of the pure
ment around the selected central atbn® EXAFS can be component. For example, the reduction of the amplitude of
visualized as interference effects between photoelectrothe Sb-In nearest-neighbor path is normalized\tof pure
waves emanating from the central atom and waves backscdtaSb (N=4). A reduction ofNgy,;, and an increase iNgy,
tered along various paths from surrounding atoms, typicallyobviously point to a phase reaction in which In neighbors are
from three to four shells away. To extract the interestingreplaced by Li neighbors. The DW factor, a measure for the
information from these oscillations, such as bond lengthsdegree of structural and thermal disorder, is fixed at the val-
coordination numbers, and phase fractions, a comprehensiygs found for the experimental standards. Where no suitable
analysis is performed. First, the edge step is normalized tgtandard was available, namely, forln and Li;Sb, the DW
unity, and the slowly varying backgrounglo, is removed, factor was constrained to the value found for the spectra at
resulting in the EXAFS spectrunp(E), which those components dominate the overall EXAFS spec-
[1£(E)— po(E)] trum. The DW factors used throughout the analysis are com-
x(E)=—"——", (1) piled in Table I. The DW factors for the In-Sb path
Apo (0.0074-0.0012 &) and the Sb-In path (0.0048
with the edge-jump normalization factdru,. The EXAFS ~ +0.0011 &) are expected to agree within the error bar, a
spectrum is then converted from energy space &pace, requirement that is not entirely met. This may be due to a
wherek is the photoelectron wave vector, calculated relativepossible separation problem between the In-In metal path

to the edge energi,, and the In-Sb path for the In-edge data. The analysis pre-
- sented here is not significantly affected by the choice of the
E-E :ﬁ k @) DW factor for the In-Sb path. Therefore, we chose to use the

o 2m,’ value of 0.0074 & since it reflects the reality of the pres-

. . . ence of at least 40% In metal at all times after the condition-
with m, being the mass of a free electron. The resulting.

EXAFS spectrumy(k) can be viewed as a sum of the con- "9 CYCle:

tributing scattering pathisand described mathematically as a th The rell?tllzv)? ACFOQ t”.bu“clm. O'fII d|f;ferte rét ts)catterlng patf;st'to
sum of individual components, e overal signal is illustrated by a representative

example in Fig. 2. The Fourier transform of tkeweighted

f(Kk) Sbh-edge EXAFS spectrum of a lithiated InSb electrode at

NGED S%)iNi—zsir[ZKRpL o(k)] 1.04 V is shown. The data were taken during the charge
! kR cycle for cell B. As will be discussed in more detail below, at

X exf] — 2R I\ (K) Jexp( — 202k2), 3) a potential of 1.04 V about 50% of the In has been cycled out

of the InSb lattice and replaced by Li. This is reflected by the
with the amplitude reduction fact@®3, coordination number  fact that the Sh-In nn pattsolid line in the lower half of Fig.
N, backscattering amplitudé(k), backscattering phasé, 2) is not sufficient to describe the first-shell data centered
bond lengthR, mean free path length, and Debye-Waller around 2.8 A. The presence of Li as a neighbor to Sb is
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0.3 greater than 1.0 V has been determined by evaluatindRthe

& factor, an indicator used byerFIT that measures the differ-

: '0. ence between the fit and the experimental data, scaled by the
02 r e amplitude of the data. The criterion used was the amount of

s 1 Sb-Li added that resulted in doubling th® factor, while
01 L & g’ 'g " allowing all free parameters to float. This method generally

e la % increased the uncertainty, compared to the typical error
| 3 19887 ol analysis.

IV. RESULTS

Fourier Transform Magnitude (A'S)

0T — fit Two experiments have been performed: First, a freshly
o ggj'snbp;?h('('l‘fsbg) prepared Li/InSb coin cell has been discharged to 0(6el
02} - SbeLi(1) path(LisSb) A). Second, a cell that had been discharged to 0.5 V prior to
o SbLi(2) path(Li,Sb) the XAFS experiment has been charged from 0.5 to 1.2 V
+ Sb-Sb path (LisSh) and again discharged from 1.2 to 0.1(s&ll B). The initial
0.3 . . . : : discharge cycle is different from all subsequent cycles since
0 1 2 3 4 5 6 Li is inserted for the first time, leading to irreversible struc-
Radial Coordinate (A) tural changes. Subsequent cycles, however, are predomi-

) - nantly reversible, as shown by long-term electrochemical
FIG. 2. Fourier transform of the“-weighted Sb-edge EXAFS ¢t dies’ The charge and discharge cycles of cell B can,

spectrum of a lithiated InSb electrode at 1.04 V during the Charging{herefore be viewed as representative of the behavior of a
cycle of cell B. Upper half: overall fit of the sum of five scattering Li/InSb Cé” in operation

P ) tioning cycle of cell A is shown in Fig. (8). Details of the

dows, see the caption of Fig. 4. I . . .
conditioning cycle are described in a previous
communicatiort? The magnitude of the Fourier transforms

represented by the inclusion of two Sb-Li paths taken fromof the k2-weighted EXAFS spectra for the In and Sb edges

the FEFF calculation for LySb (dotted line and open circles  are shown in Figs. @) and 3b). At 1.41 V, the In- and

Lithium occupies two different nn positions in4Sb, and  Sbh-edge spectra are similar, owing to the fact that In and Sbh

thus, two different paths are used to describe the first-shedliffer by only two atomic numbers and have the same neigh-

data. Two paths describe the second-shell de¢atered at boring atoms within the InSb structure. The spectra are also
around 4.5 A), one from InStwpen trianglesand one from  consistent with EXAFS from an InSb standafdThe most

Li3Sb (plus symbols significant contribution to the EXAFS spectrum clearly oc-

To analyze the small changes in the electrode near the eralirs at the positions of the In-Sb and Sb-In nearest-neighbor
points of the charge and discharge cycles, a difference analyan) paths,(l) and (V), respectively. Only slight changes are
sis technique has been used to supplement the conventiorgibcernible while discharging the cell to 0.72 V. Between
fitting method. The difference technique was described by).72 and 0.66 V, In is observed to be replaced by Li, as

Miller et al.in the context oin situ XAFS measurements of evidenced most clearly by the growing contribution of the

hydrodesulfurization catalyst§.It is based on the fact that Sb-Li path (V). The most drastic changes occur between

the fine structure is a linear combination of scattering paths).66 V and 0.53 V, the potential range in which In is ex-
as in Eq.(3). In experiments, such as a charging batterytracted from the InSb lattice and replaced by Li. The In-Sb
where there are only small changes from scan to scan, thgath(l) of the In-edge data is now clearly dominated by the
effect is to emphasize small coordination environment differtwo closest In metal paths, summarily represented Ibly)
ences by taking the difference between two data files angh Fig. 3(a). This becomes particularly apparent if the much
analyzing the residual signal. In so doing, one can fit thdarger DW factor of the metal path is taken into account.
signal from a path that would otherwise make a negligibleAccordingly, the Sh-In patltV) of the Sh-edge data is now
contribution to the error function used for minimization in dominated by the Sb-Li pati V). As will be discussed be-
the fitting procedure. This allows a more precise determinatow for the higher quality data of cell B, starting at around
tion of the potential at which the coordination environment0.55 V, the extruded In metal is lithiated as well. The data
changes in a statistically significant manner, as opposed t®om cell A are too noisy to show unambiguously the contri-
the effect of random fluctuations in the data that alter thebution of the In-Li path.

observed fit parameters. The quality of the EXAFS data was improved during the

Error analysis is built into theerrIT packagée’ For the  second experiment, the charging and discharging of cell B,
radial distance and Debye-Waller factor, these are the unceprimarily due to increased stability of the beam. Among
tainties that are quoted. The uncertainties for the coordinasther improvements, this allows for including the second-
tion number, and thus the phase fractions, are complicateshell data of the Sh-edge EXAFS, key to demonstrating that
slightly by uncertainty in the amplitude reduction fac&ﬁ. the Sb remains in a fcc sublattice. In rela&d situexperi-

Finally, the upper limit to the Sbh-Li path contribution at ments, at low temperature, where the lattice vibrations are
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14 hm_m form of representativik?-weighted EXAFS spectra for the In
AP @ as well as Sb edges are shown in Figs) 4nd 4b). Finally,

12 1 In K edge in Fig. 4(d) the rawk?y (k) data are displayed along with the

10 | fit for two representative Sb-edge EXAFS spectra. This dem-

08 onstrates the quality of the fit of the data to the selected

theoretical paths.

The spectra at 0.63 V represent the state of coin cell B at
the beginning of the charge cycle. The Sb-edge data shown
in Fig. 4(b) are clearly dominated by the Sb-Li nn pativ].

A guantitative analysis of the path contributifire. the con-
tribution of N; in Eq. (3)] shows that Sb has about 90% Li
nearest neighbors, while less than 10% of the In nearest

(1.41v)

Fourier Transform Magnitude (Z\'S)

L Lt fl

10 2'°R 80 4.0 50 neighbors remain. Accordingly, the In-edge EXAFS show
adial Coordinate (A) e .
| only a weak indication of Sb neighbafigss than 10%, path
1.4 (V) M (1], while the dominant contribution is the nearest-neighbor

© ’ibidge In-In path from Liln (I1). Obviously, indium had not only

been cycled out of InSb, but metallic In had also been lithi-
ated in a parallel reaction during the off-line conditioning
reaction.

Upon charging the cell from 0.63 to 0.79 V, no significant
changes are observed in the Sh-edge EXAFS. Antimony is
still predominantly coordinated by Li, and little or no Li has
been extracted from the Sb fcc framework. The lithiated In,
on the other hand, undergoes a phase transformation. The

o ™~ LiyIn, In-In path (1) that dominated at 0.63 V is all but
00 gone, and strong contributions from the In-In metal nn paths
1.0 20 3.0 4.0 5.0 ;

Radial Coordinate (&) (111') are observed. About 80% of the In now prevails as In
metal, while only 10% of the In is lithiated, with the remain-
ing In still localized in the Sb framework. The next phase
© transformation occurs between 0.89 and 0.94 V and involves
both In and Sb. The plateau in the potential vs time curve in
Fig. 4(c) indicates a two-phase reactibbut only analysis of
the EXAFS spectra elucidates the microscopic mechanism of
this phase transition. The Sb-edge EXAFS first-shell data
show a clear shift from the Sb-Li nn path\{) to the Sb-In

©072v) nn path {). Obviously, Li is now extracted from the Sb fcc
— &y framework, and In is reinserted into its original lattice sites
| initial discharge ’\o.ssw (c), from Fig. 1. Overall, the EXAFS spectrum of the lithi-
0.5 : L . . . . e ated InSb glectrode begins to resemble the InSb st_andard
0 200 400 600 800 upon reaching the charged state. The In-edge EXAFS is con-
Time (min) sistent with this phase transformation, showing the growing
In-Sb nn path(l) and a decreasing contribution from the

FIG. 3. Freshly prepared Li/InSb coin cell during the initial |n.1n metal nn path(1). This phase transformation back to
conditioning cycle(cell A). EXAFS data are shifted for claritya) a defect InSb structure is complete when the cell is fully
Fourier transform of thek*-weighted In-edge EXAFS spectra at charged; i.e., virtually all Li has been removed. At 1.1V, the
selected cell potentials. First-shell scattering paths are indicated bgb-ln nn path(V) dominates the Sb EXAFS, while the In-Sh
dotted lines{1) In-Sb nearest neighbénn) path in InSb, (1) In-In-—— path(l) dominates the In-edge EXAFS. An analysis of the
nn path in LiIn, and “L') In-In nn path in indium metakb) Fou- path contribution shows that in the fully charged state, about
rier transform of thek“-weighted Sh-edge EXAFS spectra at se- 60% of the In prevails as InSb, while 40% remains outside

lected cell potentials. First-shell scattering paths are indicated b . . .
dotted lines: (V) Sb-Li nn path in LiSb and(V) Sb-In nn path in the electrode as In metéost likely localized at the grain

InSh. For information on the EXAFS data windows, see the captiorpounda,‘ries_ of the t?a"'miL'ed In3bThe Sb-edge data COﬂ-
of Fig. 4. (c) Galvanostatic potential vs. time cur¢eurrent density firm th's picture, with 6_0_A’ of the Sb nn tetrahedral s_ltes
0.3 mA/cn?). occupied by In. In addition, further structural information

about the fully charged Li/InSb electrode can be extracted
significantly reduced, the Sb-Sb shell can be fit much mordrom the Sb-edge spectra. Surprisingly. the contribution from
accurately’’ These measurements further confirm the stabilthe Sb-Li nn path V) is much weaker than would be ex-
ity of the fcc Sb sublattice under similar cycling conditions. pected for a lattice in which the remaining 40% of the Sb
The galvanostatic potential vs time curve for charging cell Bneighbor sites were coordinated by Li. In fact, the Sb-Li path
is shown in Fig. 4c), and the magnitude of the Fourier trans- contributes less than 20% to the Sh-edge EXA#R® best fit

(1.41V)
0.6

0.4

0.2

Fourier Transform Magnitude (A®)

Ecen (V)

014106-5



TOSTMANN, KROPF, JOHNSON, VAUGHEY, AND THACKERAY PHYSICAL REVIEW B56, 014106 (2002
(an (i v v Vi vin
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Fourier Transform Magnitude (A )
Fourier Transform Magnitude (A%

0.4 Fo94v) [ (094V)
02 F11v 02 I 111y
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1.0 2.0 3.0 .40 5.0 1.0 2.0 3.0 40 5.0
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o{0.94 V)
S o9 Tw <
3 &
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07 T 0esv) /
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Time (min) k(A

FIG. 4. Charging of a preconditioned Li/InSb coin cétell B). (a) Fourier transform of thé?-weighted In-edge EXAFS spectra at
selected cell voltages. Scattering paths are indicated by dotted lines as described in the caption fotbJFigou®ier transform of the
k?-weighted Sb-edge EXAFS spectra at selected cell voltages. Scattering paths are indicated by dotté¥ JiSksL{ nn path in LiSb,
(V) Sb-In nn path in InSb,\(1) Sb-Sb next-nearest-neighbemn) path in InSb, and\{11) Sb-Sb nnn path in kBb. (c) Galvanostatic
potential vs time curve for charging at a constant current density (0.4 nf/éth k?>-weighted raw Sb-edge EXAFS daf@pen symbols
and thin lineg together with the fit of the sum of the pattthick solid line. The EXAFS data windows are set as follows: 2.8 %k
<11.2 A"l and 1.8 A<R<3.8 A for In-edge data, and 2.0 A<k<10.5 A1, and 1.9 A<R<5.0 A for Sbh-edge data.

is less than 5% leading to the conclusion that at least 20% Upon discharging from 0.69 V to 0.57 V, the Sb-Li nn path
of the In sites in InSb now prevail as Schottky vacancies(1V) becomes prominent for the Sbh-edge spectra, and In
suggesting a defect zinc-blende structure with the composimetal[path (11)] starts to dominate the In-edge spectra; i.e.,
tion Ing elig oddo3Sh, whered refers to a vacancy. The indium is extruded from the InSb electrode and replaced by
large uncertainties are due to the very small contribution ot.i. While the lithiation of the Sb fcc host lattice is completed
the Sb-Li paths to the EXAFS. around 0.60 V and no more significant changes are observed
The phase transformations that have been described fdn the Sb-edge spectra, the In-edge spectra give valuable in-
the charge cycle are essentially reversed when the cell i®rmation about the transformation of the extruded In metal
discharged(see Fig. 5. However, as will be discussed in phase. Between 0.57 and 0.10 V, the In metal phase is fully
more detail in Sec. V, the voltages at which those transforlithiated, forming various Ljn phases. The formation of
mations occur are shifted. In addition, the cell has been diskiyIn is visible in the In-edge EXAFS spectra as the disap-
charged to 0.10 V in order to obtain more information on thepearance of the In-In metal nn contributionll() and the
lithiation of the In metal phase, which starts below 0.60 V.dominance of the In-In nn pathI() in Li,In. Three lithiated
The In- and Sb-edge spectra obtained at 0.93 V during dishdium phases have In-In distances consistent with the mea-
charging are essentially identical to the spectra discussed faured In-In distances: Liln (2.94 A), iln, (2.97 A), and
the fully charged cell in the previous paragraph; Sb has abouti,In (2.92 A).
60% In nearest neighbors and less than 20% Li neighbors, Additional information has been obtained from analyzing
and the remaining lattice positions apparently remain vacanthe near-edge portion of the XAFS spectANES).*3%|n
while 40% of the In prevails as metal at the grain boundarieparticular, the edge energy, as measured by the energy at
of the InSh electrode. From 0.93 to 0.69 V, Li is inserted into50% of the normalized edge step, has been employed as an
the Sb fcc sublattice without any measurable extrusion of Inindication of the oxidation state of In and Sh. This edge shift
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FIG. 5. Discharging of a preconditioned Li/InSb coin ogléll B). (a) Fourier transform of thé&>?-weighted In-edge EXAFS spectra at
selected cell voltages. Individual scattering paths are marked with dotted lines and explained in (BlgFdurier transform of the
k?-weighted Sh-edge EXAFS spectra at selected cell voltaggsGalvanostatic potential vs time curve upon discharging at a constant
current density of 0.5 mA/cfn (d) k?-weighted raw Sh-edge EXAFS dai@pen symbols and thin lingsogether with the fit of the sum of
the pathgthick, solid lin@. For information about the EXAFS data windows, see the caption of Fig. 4.

is calibrated by measuring the edge position of standardlude all data to highlight the continuous nature of the phase
components in different oxidation states. For example, fotransitions.
the In edge the standards(On in indium metal, In() in
InCl, and In(Il) in In,O; have been measured. From these
calibration experiments, we infer that an edge shift of about Charge cycle
2ev corresp.onds o a Chang?‘ n for_ma] oxidation etate' by The predominant electrochemical reaction during charg-
one. Comparing the edge position for indium metal with Liln . Li/InSh coin cell is the extraction of Li from the lithi-
and InSb shows that the the edge positions are 0792t
+0.1 eV and 1.20.1 eV higher than indium metal, re- ated In_Sb e_Iectrode._The XA_FS data presented here allow
spectively. Both of these observed edge shifts are smalld"e identify the microscopic mechamsm of _seye_ral sepa-
than a change in the oxidation state by one. The edge shiff"te _phase traneformatlons dr_|ve_n by this delithiation. The
observed for In and Sb during charging and discharging r_actlons of the different phasehihlate_d In_Sb, In metal,_ and
lithiated InSb coin cell electrode are shown in Figé)@nd LiyIn) as represented by the contribution of the different
7(b), and will be discussed in more detail in Sec. V. scattering pathslN;, from Eq. (3), are shown in Fig. @).
While charging the cell, the first phase transformation occurs
between 0.6 and 0.7 V and can be assigned, predominantly,
to the delithiation of Ljln. The Lin content represented by
This section offers a detailed analysis of the EXAFS andhe nearest-neighbor In-In patfilled squares falls from
XANES data with emphasis on changes in compositionabout 70% to zero, while the In metal phase fractifited
bond length, and oxidation state of the InSb electrode ircircles rises from about 20% to its maximum value of 90%.
different states of lithiation. While only representative EX- The nature of this phase transformation is corroborated by
AFS spectra have been presented in the previous section, ttflee XANES data shown in Fig.(6). The indium edge energy
analysis of the phase transformations presented here will irdecreases by about 0.8 eV, corresponding to approximately

V. DISCUSSION
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FIG. 6. Charging of a preconditioned Li/InSb coin c@eéll B). FIG. 7. Discharging of a preconditioned_ INSbiLi c_oin ceeiell .
Changes in composition, edge position, and lattice spacing ar ). (8) Bond length of the Sb-In nearest-neighbor pairs as obtalneo_l
shown as a function of cell voltage, i.e., degree of lithiatica). rom the In-edge, In-Sb path and the Sb-edge, Sb-in and Sb-Li

Bond length of the Sh-In nearest-neighbor pairs as obtained frorRathS'(b) Relative shift .Of the edge position for Sb- .and. In-edge
the In-edge, In-Sb path and the Sb-edge, Sb-In, and Sb-Li pathEANES' (c) Phase fractions based on the path contribution _to the
The lower dotted line represents the crystallographic In-Sbh distanc XAFS spectra for_ InSb phag8b-n and_ln_—Sb nn pathsmetallic
in pure InSb, while the upper dotted line represents the crystallol-n (Ir_]-ln nn pat_h, LixIn (In-In path, and lithiated InSb represe_nted
graphic Sb-Li distance in pure 4$b. (b) Relative shift of the edge by LisSb (Sb-Li nn path. The shaded squares for the Sb-Li path )
position for Sb- and In-edge XANESc) Phase fractions based on ar_ld_th_e shaded triangles for the In-Sb path are not the result of a fit
the path contribution to the EXAFS spectra for the InSh phasén'n'm'zat'on'
(Sb-In and In-Sb nn paghmetallic In(In-In nn path, Li,In (In-In ) ] )
nn path and lithiated InSb as represented by (Sb-Li nn path. ~ Supporting the notion that In metal and,In are separate
The shaded squares for the Sb-Li path and the shaded triangles fBhases precipitated at the grain boundaries of the lithiated
the In-Sb path are not the result of a fit minimization. InSb electrode. This scenario is consistent with the following
observations(i) The amount of lithiated InSb is represented
one-half of an oxidation state. This is consistent with theby the Sb-Li path(open squargsobtained fromrerF calcu-
formation of indium metal from Liln. lations for LiSb but should be described more accurately as
While the In-edge XAFS reflects those changes, the Sbti,. In;_Sb since as much as 10% of the In remains within
edge XAFS spectra are virtually unaffected by the reactionthe InSb framework. The Sb-Li contribution remains at
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around 90% in the voltage range from 0.6 V to 0.9 V, unaf-tion, Li is extracted, relatively much more rapidly, from the
fected by the delithiation of LIn. In the same range, the interstitial sites of InSK(b) and(d) in Fig. 1]. This is indi-
number of In neighbors around Sbpen circleg remains cated by the fact that the contribution of the Sb-Li nn path
less than 10%(ii) The oxidation state of Sfppen circles in  [open squares in Fig.(&] decreases more rapidiffrom
Fig. 6(b)] does not change appreciably between 0.6 and 0.80% at 1.05 V to less than 5% at 1.15 Whan the contribu-

V. tion from the Sb-In path. This reaction yields an In-deficient
The second phase transformation, which now affects theinc-blende structure, Lin, ,Sb at the top of charge. In the
entire Li/InSb electrode occurs in the narrow voltage rangéully charged state, Sb has 60% In neighbors and less than
from 0.90 to 1.05 V. Here the In metal content rapidly falls 5% Li neighbors, with the result that more than 35% of the
from 90% to 50%, while the In content in the Sb fcc frame-|n sites in InSb remain vacant. Indium has 60% Sb neigh-
work increases from less than 10% to 50%, as indicated byors, i.e., 60% of the In prevails in InSb, and about 40% of
both the Sb-In nn pattopen circles and the In-Sb nn path  the |n remains outside the InSb electrode as In metal. As
(filled triangles in Fig. &(c). Concurrently, the Sb-Li nn con-  mentioned earlier, because of the very small amplitude of the
tribution (open squargs decreases from 90% to 50%. gp.|j path, as much as 20% could be included in the fit,

Clearly, Li is extracted from the Sb fcc framework and re-\hije only doubling theR-factor, a measure of the goodness
placed by In. In the same voltage range, the formal OXIdatIOQ)f the fit.

state of Sb is reduced by about one-half. While this is not a
large change in oxidation state, it can be explained consisﬁ
tently in terms of electron affinity, the energy gained by an,_’
atom in a crystal when an electron is add&d: The electron
affinities of Sb, In, and Li are 1.07, 0.30, and 0.62 eV,
respectively’® Therefore, it is expected that Sh will be re-
duced if most of the Li neighbors are replaced by In, which
possesses only half the electron affinity of Li. The fact that
this phase transformation takes place in the lithiated InSh
electrode is supported by the changes in the In-Sb bond Phase fractions, edge shifts, and In-Sb bond lengths as
length; below 0.90 V, Sb is mostly surrounded by Li, and theobtained from Sbh- and In-edge XAFS for the discharge of
distance between an Sb lattice point and its nearest neighbeell B, are shown in Fig. 7. Note that the figure needs to be
(the site occupied by indium in InSh, but mostly Li in the read from right to left to account for the switch from charg-
case of the almost completely lithiated,LjIn, ,Sb elec- ing to discharging. The predominant electrochemical reaction
trode is best described by the Li-Sb distance in3lb taken for discharge is the insertion of Li into the negative elec-
from crystallographic dat&, and indicated by the upper dot- trode. The phase distribution of the fully charged cell was
ted line in Fig. 6a). described in the previous paragraph. Upon discharging, the

Above 0.90 V, Sh is mostly surrounded by In, and the nnaforementioned phase transitions are essentially reversed.
distance decreases, closer to the crystallographic In-Sb spaldewever, these reactions occur at a lower cell potential com-
ing found for InSb (2.805 A¥? as indicated by the lower pared to the charge cycle. This hysteresis is due to nonequi-
dotted line. As is apparent from Fig(e8, this expectation is librium polarization effects of the electrode. Such overpoten-
indeed supported by the change in bond length provided btial effects are characteristic of electrode processes and are
the EXAFS data. The fact that Li extraction and In reinser-exacerbated in this case by the presence of multiple phases.
tion alters the In-Sb bond length quasicontinuously indicategor example, Li insertion into interstitial sites does not occur
that the phase transformation takes place rather uniformluntil a potential of about 0.90 V is reached. It is only then
within the Sb framework, as suggested Sec. I. If distinctthat the Sb-Li patHopen squares in Fig.(@)] starts to rise
regions of LgSb and InSb prevailed and only their ratio from zero, and the lattice expands slightly as indicated by the
changed, as in a reaction propagating inward from a partiincrease inR,,s, and Rgp, in Fig. 7(a). Between 0.90 and
cle’s surface, the In-Sb distance would remain constant a8.70 V, Li insertion occurs without any significant In extru-
Li,Sb and In would react to form InSbh and ¥4.This sce- sion. Indium metal starts to be extruded from the Sb fcc
nario is not supported by our experimental evidence, nor is iframework at around 0.70 V and the In metal contribution
consistent with the recent interpretation of the electrochemireaches its peak of about 85% at 0.52 V as indicated by the
cal reaction of InSb with Li as given by Hewigt al > maximum contribution of the In-In pattiilled circles. Con-

The final reaction associated with charging the cell takesurrent with the extrusion of indium from the Sb fcc frame-
place between 1.05 and 1.15 V. In this region, Li extractionwork, Li is inserted as shown by the increase in the Sb-Li
and In reinsertion are completed, and, in the fully chargegath contributionfopen squargs
state, about 60% of the In has been reinserted into the Sb fcc At around 0.70 V, the shift of the Sb edge shown in Fig.
framework, as evidenced by both the Sb-In nn gathen  7(b) indicates a partial oxidation of the Sb by about one-half
circles in Fig. &a)] and the In-Sb nn patffilled triangles. of a formal oxidation state. This is consistent with the fact
The fact that about 40% of the In remains outside of the InShtihat the electron donor indium is replaced by Li, which has a
electrode as indium metal explains the partial loss in battergreater electron affinity. Lithium insertion and In extraction
capacity that is observed for the Li/InSb cell after the condi-are completed at around 0.51 V. Despite these drastic
tioning cycle’ In parallel to the completion of the In reinser- changes in composition, the bond length between Sb and the

From 0.9 to 1.2 V the In edge position shifts upward by
4 eV. This is consistent with the formation of InSb, which
has an edge energy 1.2 eV higher than In metal. Since about
40% of the indium remains metallic, the edge energy doesn’t
shift entirely to the InSb edge energy.

Discharge cycle
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TABLE Il. Cell potential ranges and primary reactions in the Li/InSb electrochemical cell.

Cell Potential(V) Primary reaction

A 1.4-0.7 xLi+InSb— Li,InSb

(discharge 0.7—0.5 zLi+LiyInSb—Liy,,In;_ySb+yin

B 0.6—0.7 LiyIn—xLi+In

(charge 0.7—0.95 yIn+ LizSb—xLi+Liz_,In,Sb
0.95-1.2 (0.6-y)In+LiIn,Sb—xLi + Ing ¢Sb

B 1.2-50.9 XLi+ Ing ¢Sb— Li,Ing ¢Sb

(discharge 0.9-0.5 (3—x)Li+LiyIng ¢Sb—0.6In+Li;Sb
0.5-0.1 xLi+In—Liyn

original In site in InSb, now mostly occupied by Li, has that has not been properly accounted for. However, in Fig.
expanded by only 2%0.7%. This implies an overall vol- 6(a), the bond lengths change in opposite directions as a
ume expansion of about 8%, and highlights the capability ofunction of potential. The second inconsistency is in the path
the Sb fcc host lattice to accommodate large amounts of theontributions,N,,s, and Ngp,,,. These should also be equal
alkali metal. In this respect, InSb compares favorably toat all times. In Fig. €c), the offset could again be explained
graphite as a host for Li, and provides one important preregas merely a calibration error, exacerbated by the multiple
uisite for replacing graphite intercalation electrodes by interphases present. In Fig(cf, the constant shift is along the
metallic compound insertion electrodes. axis (cell potential rather than they axis. This is a much
Below 0.51 V, the In metal phase begins to be lithiated.more difficult difference to explain, likely revealing some
This is evident from the decrease of the In-In metal patHimitation in the model. We investigated an alternative ap-
(filled circles and the increase of the In-In (lLh) path  proach, simultaneously fitting multiple sets of data, con-
(filled squares This phase transformation is accompanied bystraining certain fit parameters. By constrainimi),sp
oxidation of the In, as indicated by the edge shift shown in=Rgy,, and N;,sp=Nspn, this technique resulted in unac-
Fig. 7(b) (filled circles. Again, the oxidation is due to the ceptably poor fits.
addition of Li, a neighbor with a greater electron affinity than
In. The magnitude of this change is comparable to the in-
crease in edge position measured between indium metal and
Liln. This reaction is essentially completed at about 0.30 V, An important constant factor throughout the entire range
where less than 10% of the In is present as InSb, while botlf electrochemically induced phase transformations is the
Sh (still forming a stable fcc lattice but now in a superlattice stability of the Sb fcc host lattice. We have attempted to fit
with a composition close to k8b) and In(now forming the EXAFS spectra with the inclusion of a metallic Sh-Sh
almost completely lithiated Lin) have about 90% Li neigh- path. At no cell potential is it possible to obtain a self-
bors. At these low voltages, the contributions from the Sb-Inconsistent description of the EXAFS spectra if an Sb-Sb
and In-Sb paths are too weak to yield reliable bond lengthsmetal path is included. This finding can be visualized by
However, the Sb-Li bond length can be extracted from Sbcomparing the raw EXAFS data to EXAFS spectra from
edge EXAFS[open squares in Fig.(&], and is consistent standards as shown in Fig. 8. Here #feweighted EXAFS
with a bond length close to the 2.846 A expected foySi.  spectra for In metala), InSb powder(b), and Sb metalc)
It has to be emphasized again that, although InSb has beeme shown as solid lines. As expected, the In metal EXAFS is
almost completely converted to 4Sb, the original Sb fcc close to the In-edge EXAFS from coin cell B charged to 0.8
framework remains intact without rearranging the latticeV [dotted line in Fig. 8)]. At this state of charge, about 90%
points(see Fig. 1, and the Sbh-Li spacing is still close to the of the indium prevails as metal.
original Sb-In spacing for unlithiated InSb. The EXAFS data  Similarly, the In-edge EXAFS from an InSb standard is
clearly support the notion that InSb transforms smoothly andeasonably consistent with both the Sh-edge EXA&&ted
continuously into LiSb upon lithiation. Theoretically, LEb  line in Fig. 8b)] and the In-edge EXAF&lashed line in Fig.
could form as an additional phase during the lithiation of8(b)] obtained from a fully charged Li/InSb coin céll.2 V).
InSb. However, LjSb is not commensurate with the InSb At this state of charge, the highest InSb content of 60% is
superlattice shown in Fig. 1. Attempts to fit,lSb paths to reached. The difference in amplitude between the standard
the data have given no indication of the presence g8hiin  and the sample is explained by the smaller contribution of
lithiated InSb at any cell potential. Table Il summerizes thethe In-Sb path in the case of the charged coin cell. The ap-
primary reactions that occur as a function of the cell potenparent similarity of the In- and Sb-edge EXAFS at this par-
tial over the charge and discharge cycles. ticular cell potential is due to the fact that In and Sb differ by
A closer evaluation of the data presented in Figs. 6 and dnly two atomic numbers and have the same neighbors
reveals a number of troubling inconsistencies. First of all, inaround each other, resulting in a similar backscattering func-
Figs. 6a) and 7a), Ri,sp and Rsp, should be equal within  tion f(k) [see Eq.(3)].* Finally, in Fig. §c), the EXAFS
the stated error. The more or less constant offset in K. 7 from Sb metal is showisolid line). This EXAFS spectrum
can be explained as a limitation in the theoretical calculatioris different than the Sh-edge spectrum at 1.[z¥e Fig. )]

Stability of the Sb host lattice
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direction of the current, i.e., upon charging the cell. The po-

tentials at which the phase transitions occur are shifted rela-
tive to the discharge cycle due to polarization effects at the
electrode. Our EXAFS data show that in the fully charged

state, about 40% of the In remains permanently outside the
Sb fcc framework, and more than 20% of the In sites in InSb

remain unoccupied.

Despite the drastic changes in coordination experienced
by Sb, from<20% Li, >20% vacancies, and 60% indium in
the charged state to almost 100% Li in the discharged state,
the Sb host lattice remains remarkably stable at all cell po-
tentials. This stability of the host lattice together with the
compatibility of the phases that transform continuously into
each other—InSb, Li yIn; ,Sb, and almost fully lithiated
Li;Sb—is one reason why this type of intermetallic electrode
is such an intriguing host for Li. An additional important
reason for the ease with which these phase transformations
occur is the absence of significant changes in oxidation state
and, therefore, the absence of charge transfer. The formal

FIG. 8. k?-weighted raw EXAFS data fof@) In metal standard  oxidation state of Sb and In, as probed by XANES, changes
(solid ling) and Li/InSb electrode of cell B at 0.8 V during charging by no more than one-half over the entire potential range,
(dotted line, In-edge EXAFS(b) InSb standardsolid line, In-edge  indicating that electrons are essentially shared; replacing In
EXAFS) and Li/InSb electrode of cell B at 1.2 V during charging by Lij in InSb (or vice versiadoes not change the electronic
(dotted line: Sb-edge EXAFS, dashed line: In-edge EXARSd  strycture of the Li/InSb system in a significant way.

(c) Sb mgtal st.andard?olid line) a.nd Li/InSb electrode of cell B at Intermetallic compound electrodes such as InSb are dif-
0.1 V during dischargingdotted line: Sb-edge EXARS ferent from graphite electrodes with respect to the absence of
layered structure that is able to intercalate alkali metal at-
ms. In the case of InSb, alkali-metal atoms are incorporated

and also from the spectrum obtained for the fully discharge

ceII_ at.O.l.V shown as a dotted line in FigcB Apparr—;ntlyz . into a slightly expanded but stable Sb fcc host lattice after
no indication of Sb metal beyond the EXAFS detection I'm'tthe second component, indium, has been extruded from the

(approx. imately 5%is found for Li/InSb over the entire | yice 1t should be noted that InSb, which crystallizes in the
potential range including the fully charged and discharge

hich . 0 jnc-blende structure, has a relatively open network, provid-
states. As op_posed to In, which occupies between 10% an g diffusion paths for the Li to be inserted into the structure;
60% of the zinc-blende lattice positions in InSb, the Sb oc

. | 0 I ol ‘the volume occupied by hard spheres in the zinc-blende
cupancy remains close to 100% at all potentials. structure is only 34%, while the value is 74% for closest

packed cubic structures.

VI. CONCLUSIONS
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