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Herein we report on the syntheses, crystal structures and first electrochemical characterizations of
ternary zirconium transition metal (poly)antimonides Zr, 7'Sb3 (with 7 = Cu, Pd) and Zr3 7' Sby (with
T = Ni, Pd). The compounds were synthesized by arc-melting, followed by an annealing procedure
at elevated temperatures. Phase analysis and structure analysis were performed by powder and single-
crystal measurements. The electrochemical properties of all compounds were measured in half cells
against lithium to test their potential as anode materials for Li batteries. The Zr37 Sb; phases show
metallic behavior with conductivities of 10~! Sem™! within a temperature range of 324 to 428 K.

Key words: Polyantimonides, Zirconium, Transition Metals, Antimony

Introduction

The most common choices for anodes in lithium
ion batteries are graphite or related carbon-based ma-
terials. Due to the low discharge specific capacity
of 372 Ahkg™! and the necessity of ‘Solid Elec-
trolyte Interface’ (SEI) formation during the first
charge/discharge cycles in Li battery applications [1],
an ongoing search for alternative materials is in
progress. Group 15 elements and their compounds are
one of the alternatives examined in this context. For
instance, the high theoretical capacity of antimony
against lithium (660 Ahkg™!) or of binary candi-
dates like electrodeposited Sb/Sb, 03 nanocomposites
(640Ahkg*1) [2], drew the attention of the battery
research community. There are many studies dealing
with intermetallic compounds MSb, (M = Ti, Mn, Fe,
Co, Ni, Cu, Zn, In, Sn; x = 1 -3) [3-5] showing dis-
charge capacities in the order of graphite (330 Ahkg™!
in the case of MSb with M = Ni, Co, Fe, Mn [3-5]),
up to ca. 800 A hkg~! for skutterudite-type CoSbs [6].
The performance of the latter compound, featuring
covalently bonded antimony, led us to screen other
polyantimonides for their potential usage as alternative
anode materials. Another idea followed in the literature

has been to use intermetallic compounds which show
a similar structure in the lithiated and delithiated stage,
like Cu,Sb [7] or Fe,Sb [8]. The reaction for Cu;Sb
against Li is reversible and delivers a steady capac-
ity of 200 mAhg~! after one conditioning cycle. For
Fe,Sb a capacity of 507 mAhg~! was observed in the
first cycle which cumulated in a reversible capacity of
282 mAhg! after 15 cycles.

Herein, we report on the characterization of ternary
intermetallic Zr (poly)antimonides featuring a partially
covalent character in the Sb network.

Results and Discussion
Crystal structures of Zr3;PdSb; and Zr3;NiSby

The crystal structures of ZrzPdSb; and Zr3NiSby
have been determined from single-crystal and powder
data. All discussions in the text relate to single-crystal
data of the Pd compound, unless otherwise stated.
A section of the crystal structure is shown in Fig. 1
(left). The antimony atoms in Zr3PdSb;, with neigh-
bors at distances between 3.120(1) and 3.179(1) A, are
forming a corrugated 4* net. The Sb—Sb distances are
slightly longer than the bond lengths in ¢-antimony
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(2.908 A) within the layers, but shorter than the in-
teratomic distance between the layers (3.355 A) [9].
Bond lengths of 3.138 to 3.139 A are reported for the
4* net in isostructural Zr3NiSby [10], in good accor-
dance with the values of 3.136(1) and 3.137(1) A ob-
served by us. The shortest distance between Sb atoms
in ZrSb, is 3.233 A [11]. HfsSby as a candidate fea-
turing a net with T-shaped, planar, covalent bond-
ing at Sb atoms shows distances ranging from 2.989
to 3.026 A [12]. For HfsSbg a covalent character of
the Sb—Sb bond has been discussed and substantiated
by quantum-chemical calculations. Comparable Sb—Sb
distances of 3.11 A are found in Zr;;Sb;s [13]. The
only slightly larger Sb—Sb bond lengths in Zr;PdSb;
and Zr3NiSby (see also Table 1) are good indicators for
covalent interactions in the Sb substructure.

Pdl in Zr;PdSb; is hexa-coordinated by Sb atoms
forming a distorted PdSbg octahedron. Pd—Sb dis-
tances of 2.656(1) to 2.803(1) A have been observed
featuring the shortest distance to Sb7 of the 4* net.
PdSbg octahedra share common edges to form an end-
less [PdSbySby ;] strand along the baxis. Two strands
are connected to a double strand where each end
of the double strand is terminated by Sb3. The dis-
tance between the octahedral and the terminal Sb3
is 3.644(1) A. Zr is located between the 4* Sb net
and the Pd/Sb double strands. Three crystallographi-
cally independent Zr positions are realized. The near-
est neighbors are exclusively Sb atoms with distances
of 2.963(1) to 3.189(1) A, in good accordance with
the range in related compounds like Zr;;Sbyg (from
2.80 to 3.20 A) [13]. This distance range is compara-
ble to the longest ones in ZrSb, with bond lengths from
2.719 to 2.988 A. Taking distances up to 3.2 A (Fig. 1)

Fig.1. Crystal structure
sections of ZrzPdSby (left
side) and Zr,PdSbs (right
side). Black lines are used
to indicate the relationship
between the two structures.
Zr3PdSby is characterized
by corrugated substruc-
tures, comparable with the
planar arrangements in
Zr,PdSbs.

Table 1. Selected bond lengths (A) of the Sb-Sb 4% net and
the Pd/Ni-Sbg octahedra in Zr3PdSb; and Zr3;NiSb; based
on single-crystal data. Distances < 3.2 A are presented. Stan-
dard deviations are given in parentheses.

Atoms Zr3PdSb; Zr3NiSby
Sb5-Sb6 3.171(1) 3.137(1)
Sb5-Sb7 3.179(1) 3.136(1)
Sb6-Sb7 3.120(1) 3.140(1)
Pd1/Nil-Sbl 2.704(1) 2.613(1)
Pd1/Nil-Sb2 2.673(1) 2.584(1)
Pd1/Nil-Sb4 2.803(1) 2.708(1)
Pd1/Nil-Sb7 2.656(1) 2.576(1)

into account, Zr2 and Zr3 are coordinated by Sb atoms
forming a bi-capped trigonal prism while a tri-capped
trigonal prism is realized for Zrl. The distance be-
tween the Zr atoms is 3.951(1) A which is compara-
ble with the distances in ZrSb, (Zr-Zr 3.987 A) [11]
and Zr3NiSby (Zr-Zr 3.927 A) [10]. Zr3NiSb; crystal-
lizes isostructurally to the Pd compound. The specific
distances in Zr3NiSb7 are shown in Table 1. They are
found slightly shorter than in Zr3PdSb; which corre-
lates with the smaller atomic radius of Ni. The EDX
analyses of the single crystals in at-% are Zr: Pd :
Sb =26(3) : 11(2) : 63(5) for Zr3PdSby and Zr: Ni :
Sb = 25(4) : 12(3) : 63(7) for Zr3NiSby, correspond-
ing to the theoretical at-% ratio for both compounds
of Zr: T : Sb=27.3:9.1:63.6. The results of the
refinement and the crystallographic data are shown in
Tables 2, 3 and 4.

Electrical conductivity of Zr3TSb7 (T = Ni, Pd)

Phase-pure samples according to X-ray phase anal-
yses have been used for the determination of the
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Table 2. Crystallographic data and details of data collection of Zr37'Sb; (with 7' = Ni, Pd) derived from single crystals and
powdered samples (Rietveld refinements). Standard deviations are given in parentheses.

Refined composition Zr3PdSby; Zr3PdSby; Zr3NiSby Zr3NiSby
Source of data single crystal Rietveld refinement single crystal Rietveld refinement
Crystal system orthorhombic

Space group Pnma (no. 62)

M;, gmol~! 1232.3 1184.6

Degied.» gcm ™ 8.07 8.07 7.95 7.93

a, A 17.6173(5) 17.6510(2) 17.5107(2) 17.5322(2)
b, A 3.9450(2) 3.95110(3) 3.9239(8) 3.92841(4)
c, A 14.5176(4) 14.5471(2) 14.3923(8) 14.4054(2)
v, A3 1008.98(6) 1014.53(2) 988.9(2) 992.15(2)

z 4

T,K 298(2)

Radiation wavelength, A 071073 1.5406 0.71073 1.5406
F(000), e 2092 2020

Refl. unique 1679 - 925 -

Apsin (max / min), e A=3  4.89/ —4.62 3.76 / —4.33 3.15/-3.09 4.45/-5.90
Extinction coefficient 910(20) - 280(20) -

Rint 0.0505 - 0.0609 -

R, - 0.0599 - 0.0732

Ryp - 0.0786 - 0.1002
R(F) / wR(F?) (all refls.) 0.0317/0.0318 0.0977 /0.0808 0.0269 /0.0460 0.1048 /0.1037
u(MoKy), cm™! 234 - 24.0 -
u(Cukgyp), cm™! - 187.1 - 178.7

GoF (F?) 0.80 1.46 1.40 1.47

Table 3. Atomic coordinates and displacement parameters
Uiso (A2) for Zr3PdSby derived from single-crystal data
(plane) and from Rietveld refinement (ifalics). All atoms on
Wyckoff position 4c¢. Standard deviations are given in paren-
theses; y coordinate in all cases 1/4.

Table 4. Atomic coordinates and displacement parameters
Uio (A2) for Zr3NiSb; derived from single-crystal data
(plane) and from Rietveld refinement (italics). All atoms on
Wyckoff position 4c. Standard deviations are given in paren-
theses; y coordinate in all cases 1/4.

Atom X z Uiso Atom X z Usiso
Sbl 0.01938(2) 0.30417(3) 0.00799(8) Sbl 0.02144(3) 0.29775(4) 0.0106(2)
0.0200(3) 0.3048(6) 0.040(3) 0.0224(4) 0.3020(7) 0.019(3)
Sb2 0.03623(2) 0.07158(3) 0.00772(8) Sb2 0.03743(3) 0.07647(3) 0.0099(2)
0.0365(3) 0.0714(5) 0.022(3) 0.0384(4) 0.0791(7) 0.025(4)
Sb3 0.07145(2) 0.56016(2) 0.00862(8) Sb3 0.07109(3) 0.56064(4) 0.0110(2)
0.0716(3) 0.5586(6) 0.047(4) 0.0709(4) 0.5622(5) 0.002(3)
Sb4 0.09290(2) 0.82411(2) 0.00818(9) Sb4 0.09125(3) 0.82507(3) 0.0103(2)
0.0932(2) 0.8171(6) 0.042(3) 0.0917(3) 0.8219(6) 0.002(3)
Sb5 0.22794(2) 0.35196(3) 0.00950(9) Sb5 0.22819(3) 0.35399(4) 0.0112(2)
0.2284(3) 0.3529(5) 0.031(3) 0.2266(3) 0.3523(5) 0.005(4)
Sb6 0.24834(2) 0.02008(2) 0.00882(8) Sbo 0.24790(3) 0.02151(3) 0.0110(2)
0.2483(3) 0.0211(5) 0.038(4) 0.2496(4) 0.0220(5) 0.008(3)
Sb7 0.28424(2) 0.68135(3) 0.01229(10) Sb7 0.28996(3) 0.68546(4) 0.0147(2)
0.2825(3) 0.6816(7) 0.056(3) 0.2898(4) 0.6896(7) 0.030(4)
Zrl 0.34753(3) 0.18933(4) 0.00793(12) Zrl 0.34670(5) 0.19075(5) 0.0107(3)
0.3503(4) 0.1873(7) 0.018(4) 0.3496(5) 0.1784(9) 0.017(5)
Zr2 0.36951(3) 0.46911(4) 0.00734(11) 7r2 0.37049(5) 0.47074(5) 0.0098(2)
0.3686(5) 0.4732(7) 0.031(4) 0.3708(7) 0.4739(12) 0.080(8)
Zr3 0.39227(3) 0.91170(4) 0.00783(12) Zr3 0.39238(4) 0.91008(5) 0.0102(2)
0.3926(4) 0.9114(6) 0.005(3) 0.3915(5) 0.9127(6) -0.003(4)
Pdl 0.43454(3) 0.69018(3) 0.00847(9) Nil 0.43702(6) 0.68905(6) 0.0112(3)
0.4354(4) 0.6868(7) 0.035(3) 0.4403(8) 0.6961(14) -0.001(6)
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Fig.2. Arrhenius plot of the total electrical conductivity of Zr3NiSby (left) and Zr3PdSb; (right). Data are plotted for the

temperature range 324 to 428 K.

electrochemical properties. The total electrical con-
ductivity has been determined by impedance spec-
troscopy. In Fig. 2 an Arrhenius plot of the total elec-
trical conductivity is shown. Obviously, the conduc-
tivity decreases with increasing temperature pointing
towards a metallic character. At 324 K we derived to-
tal conductivities of 2.84 Q' cm™! for Zr;PdSb; and
1.43Q ' ecm™! for Zr3NiSb;. Conductivities in the or-
der of 107" Q! cm™! indicate poor metallic behavior.
These values are four orders of magnitude lower than
the values for ZrgNiSb, [14] and three orders of mag-
nitude lower than for ZrNiSb [15]. In the Supporting
Information (available online; see note at the end of the
paper for availability) the total electrical conductivities
of Zr3TSby (T = Ni, Pd) are stated.

Crystal structure of Zr,PdSbs and Zr,CuSb;

Structures for Zr,PdSbs (and Zr,CuSbs) have been
derived from powder X-ray data after Rietveld refine-
ments. Zr,CuSbs has previously been similarly char-
acterized [16], and the reported structure has now been
used as a starting model for our structure determina-
tion. A summary of crystallographic data is given in
Table 5, and structural details are highlighted in Ta-
ble 6. A structure section of isotypic Zr, T Sbs (T = Cu,
Pd) is shown in Fig. 1 (right). Sb1 is forming a planar
4* net, and Pd atoms occupy the centers of the squares.
The Pd-Sb1 bond length is 2.811(1) A in Zr,PdSbs,
which is slightly larger than the distance between Sb
and Pd in PdSb (2.737 A) [17]. Sb2 forms a strongly
corrugated 4* net in a zig-zag variation. The dis-

Table 5. Crystallographic data and details for Zr,CuSbs and
ZryPdSbs, derived from Rietveld refinements. Standard de-
viations are given in parentheses.

Refined composition Zr,CuSbs Zr,PdSbs
Crystal system tetragonal

Space group P4m2 (no. 115)

M;, gmol ™! 6112 654.1
Dealed.» gcm > 7.46 7.90

a, A 3.94967(8) 3.9749(2)

c, A 8.7233(2) 8.7048(4)
v, A3 136.082(5) 137.54(1)

z 1

T,K 293

Radiation wavelength, A 1.5406

F(000), e 262 279

R, 0.0595 0.0505

Ryp 0.0823 0.0645

R(F) I wR(F?) (all refls.)  0.0646/0.0871 0.0610/0.0481
u(CuKg), cm™! 153.0 173.7

GoF (F?) 1.84 1.07

Apgin (max / min), e A3 4.49/-3.49 245/ -2.74

tance between neighboring Sb2 atoms is 3.466(2) A. Zr
atoms coordinating Sb2 in the first coordination sphere
are forming a square pyramid. Each pyramid is sharing
common edges with neighboring ones. The distance
between the Pd and the Zr atoms is 3.048(2) A which
is longer than the distance of 3.022 A between Zr and
Cu in Zr,CuSbjs [16] and the distance in our Zr,CuSbs
sample of 3.040(1) A. All relevant bond lengths are
summarized in Table 7. In addition to the results of
the Rietveld refinements we checked the ratio of the
elements by EDX analyses. The results in at-% are
Zr: Pd: Sb=34(5):15(4): 51(5) for the Zr,PdSbs
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Table 6. Atomic coordinates and isotropic displacement pa-
rameters Ujso (A2) for Zr,CuSb; and Zr,PdSbs derived from
Rietveld refinements. Standard deviations are given in paren-
theses.

Atom Wyckoff X y z Usiso
positions

ZrzCqu:;

Sbl la 0 0 0 0.071(2)

Sb2 2g 0 1/2 0.6169(2)  0.0226(6)

Zrl 2g 0 1/2 0.2650(2)  0.024(2)

Cul 1b 1/2 1/2 0 0.029(1)

Zr,PdSbs

Sbl la 0 0 0 0.02(2)

Sb2 2g 0 1/2 0.6165(2)  0.0083(9)

Zrl 2g 0 1/2 0.2654(3)  0.013(1)

Pdl 15 1/2 1/2 0 0.02(2)

Table 7. Selected bond lengths (A) in Zr,TSbs (T = Pd, Cu)
based on powder data after Rietveld refinements. Standard
deviations are given in parentheses.

Atoms Zr,PdSby ZryCuSbsy
Sb1-Sbl 3.975(1) 3.950(1)
Sb1-Sb2 3.885(2) 3.882(1)
Sb2-Sb2 3.466(2) 3.458(1)
Sb2-Sb2 3.975(1) 3.950(1)
Sb1-Cu/Pd 2.811(1) 2.793(1)
Sb2—Cu/Pd 3.885(2) 3.882(1)
Sb2-Zr 2.993(1) 2.977(1)
Sbl-Zr 3.056(3) 3.040(1)
Cu/Pd-Zr 3.048(2) 3.040(1)

sample and Zr: Cu: Sb=39(6) : 16(6) : 45(8) for the
Zr,CuSbs sample. In both batches we have not found
particles with another ratio. The theoretical at-% ratio
for both compounds is Zr: 7 : Sb=33.3:16.7:50.0.

From a topological point of view the two struc-
tures show similarities in the Sb substructure. In both
cases 4* net-like arrangements of Sb are realized, only
varying in the grade of corrugation from M,7Sbs to
M37Sb;. In MaT'Sbs, a planar 4* Sb/Pd net is neigh-
bored by a corrugated Sb net, as shown in Fig. 1. By
contrast, in the case of M37 Sby the corrugated 4% net is
fragmented into blocks which extend along the b axis.
The planar 4* Sb/Pd net in M, T Sbs is slightly corru-
gated in M37 Sb7, consisting of Sb atoms only in this
case.

Electrochemical characterization

Reports in the literature state that most antimony
compounds react with lithium to form Li3Sb after

a few cycles, with decreasing capacity in almost all
cases. We are interested in antimony structures which
show covalently bonded networks or substructures and
want to test them as potential anode materials for Li
batteries. Zr,CuSbs and ZrzNiSby, containing elec-
trochemically active transition metals, show a more
complex behavior upon cycling than the Pd-containing
compounds.

Zr,CuSbs, as demonstrated in Fig. 3 (top left) shows
several peaks for the lithiation and delithiation process.
This phase thus exhibits many different electrochem-
ical features, many more than all other tested candi-
dates. In the first cycle a very complex behavior was
observed (not shown in Fig. 3) pointing towards an ir-
reversible capacity due to a high reactivity in the first
cathodic sweep of the potential in the presence of Li™"
ions. Consecutive cycles up to the 20" show a small re-
duction peak at ~0.6 V; and a longer one at 0.8 V.
The potentials at which these peaks occur are in good
agreement with the alloying reaction of Cu,Sb with Li
via Li;CuSb to the final product LizSb [18, 19]. An
ex-situ examination of lithiated and delithiated cells is
currently underway to substantiate this assumption.

Zr3NiSb; (Fig. 3, bottom left) shows three peaks at
0.55, 0.75 and 0.8 Vy; in the second lithiation step of
which the two former can not be observed after the fifth
cycle. The 0.75 V1 peak remains present upon further
cycling for the next 50 cycles and slightly decreases up
to the 90" cycle. Due to the fact that binary phases like
NiSb and Ni3Sb show peculiar electrochemical fea-
tures [20] with potential plateaus in the same region
as the peaks observed for Zr;NiSb7 (in the first five cy-
cles), this strongly indicates the decomposition of the
starting compound to the binary, electrochemically ac-
tive species and their reversible reaction with Li after-
wards. A detailed phase analysis of the half cells after
the electrochemical test will substantiate this assump-
tion.

The Pd phases are characterized by less distinct
electrochemical features than the Cu or Ni counter-
parts. Zr,PdSbs and Zr;PdSb7 (two graphs on the right
hand side in Fig. 3) show reversible cycling with sta-
ble capacities up to 20 cycles, slightly decreasing for
Zr3TMSb; (TM = Ni, Pd) and more drastically for
Zr,PdSbs up to the S0™ cycle.

All samples under discussion display a broad peak
at 0.75 Vi; while charging. This peak is consistent
with the reaction of Li and Sb to Li3Sb according to
Sb+3Li — LizSb [21].
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Fig. 3. CV data of Zr,CuSbs (top left), Zr,PdSbs (top right), Zr3NiSby (bottom left), and Zr;PdSb; (bottom right). Half cells
were fabricated according to the procedure given in the Experimental Section.

In none of the compounds presented here a re-
versible reaction of a ternary phase has been observed.
It appears that decomposition takes place in the first
cycles and reversibility is only due to binary 7 anti-
monides or elemental Sb. The role of Zr remains un-
clear and has to be examined in further experiments.

Conclusion

We have reported on the synthesis and characteri-
zation of Zr transition metal (poly)antimonides. Be-
side the structure redetermination of Zr,CuSbs and
Zr3NiSb; and the electrochemical characterization of
the latter, we succeeded in the synthesis and char-
acterization of the two new representatives Zr,PdSbs
and Zr;PdSb; in the ternary system Zr-Pd-Sb. Both
compounds are isostructural to the known phases
Zr,CuSbs and Zr3NiSby, respectively. Compounds
Zr3TSby (T = Ni, Pd) are intermetallic phases show-

ing conductivities of 1.43 and 2.84 Q lem1at324K,
respectively. Electrochemical measurements in half
cells against Li metal proved the occurrence of re-
versibility after the decomposition of the title com-
pounds into binary phases. Unfortunately, the ob-
served electrochemical performances are not sufficient
to challenge present anode materials in battery appli-
cations.

Experimental Section
Syntheses of Zr;TSb;

0.5 g of Zr;PdSb; and Zr3NiSb; were synthesized by
a home-made arc melting apparatus [22] under dry high-
purity argon (purified over molecular sieves, silica gel and
titanium sponge (1023 K)) on a water-cooled copper hearth.
The starting materials were used without further purification
in the form of granulates for Zr (99.8 %, ABCR), powder for
Pd (99.9+ %, Chempur), wire for Ni (99+ %, Chempur) and
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shots for Sb (99.999 %, Chempur). A ratio of Zr : (Pd,Ni) :
Sb=3:1:7 (in at-%) and a 10 wt-% excess of Sb were
used for the syntheses. The Sb weight loss was between four
and fourteen wt-% during the melting process in the arc fur-
nace. The samples were melted three times, after each melt-
ing process step the regulus was turned around in order to
yield a homogeneous sample. The metallic bulk regulus was
finely ground afterwards, and the resulting powder was an-
nealed at 973 K in evacuated quartz tubes for 7 d.

Syntheses of Zr,TSbs

0.5 g of Zr,PdSbs and Zr,CuSbs were synthesized in the
same way as Zr3TSby. A ratio of Zr: (Cu,Pd) : Sb=5:
1:9 (in at-%) and 4 wt-% excess of Sb were used for the
syntheses.

Powder X-ray diffraction

Phase identification was carried out for powder samples
using a STADIP X-ray diffractometer (Fa. Stoe, Darmstadt,
Germany) using CuK,| radiation (A = 1.54051 A and a ger-
manium monochromator) with a Mythen 1K Detector (Fa.
Dectris, Baden, Switzerland). An external calibration was
performed with Si (¢ = 5.43088 A). Data were collected
from 5.015 to 115.010° 26. The XRD pattern was fitted us-
ing the Rietveld routine implemented in the program JANA
2006 [23]. The structure model derived from single-crystal
data or from the literature was used as a starting model. For
profile fitting we used a Pseudo-Voigt function, and a Le-
gendre polynomial with 5 independent parameters for back-
ground description. All isotropic displacement parameters
were refined without restrictions for each individual position.
The cell parameters are a = 17.6510(2), b = 3.95110(3) and
c=14.5471(2) A and V = 1014.53(2) A3 for the palladium
and a = 17.5322(2), b = 3.92841(4) and ¢ = 14.4054(2) A
and V = 992.15(2) A3 for the nickel compound. The cell pa-
rameters for Zr,PdSbs are a = 3.9748(2), ¢ = 8.7041(4) A
and V = 137.52(1) A3 and for Zr,CuSb; a = 3.9496(1),
c=8.7235(2) A and V = 136.08(1) A3. The Rietveld plots
are shown in the Supporting Information.

Single-crystal X-ray diffraction

Single-crystal X-ray diffraction data collected on a Stoe
IPDS II (Fa. Stoe, Darmstadt, Germany) fitted with a Mo
tube (A = 0.71073 A) were used to determine the struc-
tures of Zr3PdSb; and Zr3NiSb;. A numerical absorption
correction [24] was performed independently for each data
set based on an optimized crystal shape derived from the
symmetry-equivalent reflections. The structure and crystal-
lographic data are shown in Fig. 1 and Table 2. The com-
pounds crystallize orthorhombically in space group Pnma
(no. 62) with the lattice parameters a = 17.6500(4), b =
3.9509(1) and ¢ = 14.5460(3) A and V = 1014.34(4) A3

for the palladium and a = 17.5107(2), b = 3.9239(8) and
c=14.3923(8) A and V = 988.9(2) A3 for the nickel com-
pound.

Further details of the crystal structure investiga-
tions (single crystal and Rietveld data) may be ob-
tained from Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-
666; E-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
informationsdienste.de/en/DB/icsd/depot_anforderung.html)
on quoting the deposition number CSD-426312 (Zr3NiSby),
CSD-426314 (Zr3PdSby), CSD-426313 (Zr,CuSbs, Riet-
veld data), and CSD-426315 (Zr,PdSbs, Rietveld data).

EDX analyses

Semi-quantitative EDX analyses were performed using
a SEM 5900LV (JEOL, Tokyo, Japan) scanning electron mi-
croscope equipped with an INCA energy-dispersive micro-
analysis system (Oxford Instruments, Abingdon, Oxfordhire,
UK). An acceleration voltage of 30 kV was used for the mea-
surements. Another system we used was a desktop scanning
microscope JCM-6000 NeoScop™ (JEOL) equipped with
an energy-dispersive X-Ray unit (JED-2200, Jeol). Here an
acceleration voltage of 15 kV was applied for the measure-
ments. In order to verify the compositions from structure
analyses we measured exactly the crystals used for this ex-
periment, in addition to four additional crystals separated
from the same reaction batch.

Total electrical conductivity measurements

Pellets with 6 mm diameter of the powdered starting ma-
terials Zr3PdSb; and Zr3NiSb; were prepared by cold press-
ing (2t applied pressure) of the respective powders. A den-
sity of 7.56 gcm ™ for the Pd and 7.21 gcm™> for the Ni
compound was achieved representing ~ 90 % of the theoret-
ical density for Zr;PdSb; and Zr3NiSby, respectively. Each
pellet was mounted between Pt electrodes and transferred to
a home-made silica glass cell connected to a HP 4192A LF
impedance analyzer (Agilent, Santa Clara, California, USA).
A frequency range of 3 to 13 MHz was applied to the sam-
ples. The pellets were measured in the temperature range
from 324 to 428 K.

Electrochemical measurements

The electrochemical behavior of the different antimony
compounds against Li was determined, and their potential
as an anode material for Li batteries was examined. Elec-
trodes for half-cell measurements against Li metal were fab-
ricated using a mixture of sample powders (85 wt-%) as ac-
tive material, Super C65 (10 wt-%, TimCal) as a conductive
additive and PVDF (Kynar HSV 900, 5 wt-%) as a binder.
This mixture was homogeneously mixed with 1-methyl-2-
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pyrrolidinone by stirring for 3 h at 333 K, then coated on
a 0.1 mm thick copper foil using the Meyer rod technique
with a wet film thickness of 80 um. After drying the coat-
ing at 60 °C, 11 mm diameter electrodes were punched out
of it and dried at 393 K in a Biichi oven to remove com-
pletely any solvent contamination. The final mass-loading of
active material on the electrode was ca. 2mgcm 2. Elec-
trochemical measurements were performed as counter and
reference electrode in a polypropylene T-cell and a three-
electrode setup using Li metal as both, counter and refer-
ence electrode. 1 M LiPFg in EC:DMCina 1 :1 w/w ratio
was used as electrolyte (LP30, Merck). A Whatmann glass
fiber filter separator Celgard 2325 was used, and the cell
was completely filled with the electrolyte. Using a VMP3
potentiostat (Bio-Logic, Claix, France), cyclic voltamme-
try was carried out at room temperature at a scan rate
of 0.5mVs~!, scanning the potential between 0.3 Vi; and

1.8 Vi for all the samples except Zr3NiSb7, for which the
range was between 0.4 V; and 1.6 V4, in order to avoid ir-
reversible electrochemical reduction at potentials between 0
and 0.4 Vi;.

Supporting information

The full electrical conductivity data of Zr3NiSb; and
Zr3PdSb; and the Rietveld plots of Zr,CuSbs, ZrPdSbs,
Zr3NiSb7 and Zr3PdSb; are given as Supporting Information
available online (DOI: 10.5560/ZNB.2013-3163).
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