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The local environment of tin, titanium, iron, and sulfur in
spinel compounds Cu,FeSn,S; and Cu,FeTi,S; was studied by
X-ray absorption spectroscopy (XAS) at the titanium, iron,
sulfur K edges, and the tin L;-edge. As detailed calculations of the
electronic structure of these compounds are difficult to carry out
due to the large number of atoms contained in the unit cell, the
XAS spectra of the spinels are compared to those of relatively
simple binary sulfides like SnS,, TiS,, and FeS. Indeed, the metal
environments in these binary compounds are very similar to
those in the spinels, and they can be considered good model
compounds allowing the interpretation of electronic transitions
observed in the spectra of quaternary phases. In the latter, the
bottom of the conduction band is mainly formed by Sn 5s—S 3p,
Sn 5p—S 3p antibonding states for the tin-based compounds and
by Ti 3d,,~S 3p, Ti 3d,,—S 3p antibonding states for the tita-
nium-based compounds. It it shown that the local environment of
iron atoms remains unchanged when substituting tin with tita-
nium atoms, according to a topotactic substitution. ¢ 2000 Academic

Press

INTRODUCTION

Intensified efforts are currently made with regard to the
search for new electrode materials for “Lithium-ion” batte-
ries. Grade-one candidates for such electrodes are all com-
pounds with crystal lattices providing a large number of
vacant lattice or interstitial sites, an essential criterion when
large amounts of lithium atoms are to be accommodated in
the host lattice of the electrode. From this point of view,
chalcogenide spinels are expected to be promising candi-
dates for electrode materials in lithium and lithium-ion
batteries (1-6). The cubic normal spinel A[B,]X, (space
group Fd3m) has a three-dimensional lattice with A cations
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occupying the 8a tetrahedral sites, B cations on the 16d
octahedral sites, and X anions in in a close packed (ccp)
arrangement. Thus, a large number of sites (16¢ octahedral,
and 8b, 48f tetrahedral sites) are empty and available for
lithium intercalation, which explains the currently increas-
ing interest in materials with spinel structure.

In a recent work, Cu,MSn;Sg (M = Mn, Fe, Ni) thio-
spinels have been studied as cathodic material in lithium
cells (7) and Cu,CoSn;Sg as an anodic material in lithium-
ion batteries (8). Moreover, regarding Cu,FeSn;Sg, it has
been shown that substitution of tin by titanium atoms gives
rise to an improvement of the specific capacity (9) allowing
the use of Cu,FeSn;Sg and Cu,FeTi;Sg compounds as
cathode materials in lithium cells.

The insertion mechanism in these spinel compounds is
not precisely known. In order to elucidate this mechanism,
a good understanding of the host material structure is
necessary.

In this context, we carried out a study of the quaternary
phases Cu,MSn;Sg (M = Mn, Fe, Co, Ni) and the titanium-
based compounds Cu,FeTi, Sn;_,Sg (with x = 0, 3/2, 3) by
means of X-ray absorption spectroscopy (XAS) at the S K,
Sn L;, Fe K, and Ti K-edges. The large number of atoms (56)
contained in the unit cell does not allow a detailed theoret-
ical calculation of the electronic structure of these com-
pounds in order to interpret their absorption spectra.
Instead, some binary compounds in which the metallic
element are found in a similar environment were studied as
a “fingerprint” of these arrangements.

These binary compounds are the disulfides of tin and
titanium (SnS,, TiS,) and iron sulfide (FeS). In all these
model compounds the metal atom is found in an octahedral
environment MS4. A comparison between the XAS spectra
of the binary and spinel compounds has been achieved by
a qualitative approach considering published theoretical
calculations of the electronic structure of the binary com-
pounds. The band structures of these model compounds are
calculated using the tight-binding method (10, 11), and an
excellent agreement between theoretical and experimental
results was found (11). We dispose therefore of a reliable
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interpretation of X-ray absorption spectra that can now be
transferred to more complex spectra.

EXPERIMENTAL

All the spinel compounds were prepared by solid state
reaction. Mixed stoichiometric amounts of the elements
were sealed in evacuated quartz tubes under vacuum
(P = 1073 Pa). The mixture was heated to 300°C for 1 day,
then the temperature was raised to a final constant value of
750°C for 10 days. In this way, black powders were ob-
tained. The purity and the homogeneity of all compounds
was examined by X-ray powder diffraction. Rietveld refine-
ments of patterns were carried out and confirmed the spinel
structure with copper on tetrahedral sites and all other
metals on octahedral sites. TiS, and FeS were synthesized in
the same way but with an annealing at 940° and 800°C,
respectively. Tin disulfide SnS, was obtained by passing an
H,S flow through a solution of SnCl,;5H,O in 3M HCI
(12). The crystallization of the precipitate was achieved by
annealing at 400°C. X-ray powder diffraction of all binary
compounds revealed that the reactions had been completed
leading to the pure phases.

The X-ray absorption near edge structure (XANES)
measurements were carried out using the synchrotron radi-
ation of Super ACO (for the sulfur K-edge) and DCI (for Ti,
Fe, Cu K-edges and Sn L;-edge) storage rings at LURE
(Orsay). The samples to be investigated were finely ground
and passed through a 5-pum sieve in order to obtain powders
being homogenous in particle size. At the S K-edge,
a double-crystal monochromator equipped with Si(111)
crystal pairs was used, giving a resolution of 0.4 eV. The
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samples were prepared by spreading the powders on adhes-
ive tape fixed to an aluminum plate. The spectra were
recorded in the total electron-yield mode. For all other
edges, a thin membrane was coated with the powder. The
recordings were carried out in the transmission mode. The
beam line was equipped with a Si(311) two-crystal mono-
chromator for the Fe and Ti-edges, allowing a resolution of
0.2 eV, and with a Si(111) monochomator for the Sn L;-
edge. The XAS spectra were treated as follows: the absorp-
tion background was subtracted supposing a linear behav-
ior over the whole energy range, then the spectra were
normalized to give the same absorption step amplitude in
a range of pure atomic absorption, i.e.,, 10 eV above the
absorption step.

RESULTS AND DISCUSSION

First, we present the XAS spectra of SnS,, TiS,, and FeS
at the sulfur- and metal-absorption edges. The structural
parameters of each binary and spinel compounds are pre-
sented in Table 1. The most common polytype of tin disulf-
ide SnS, in 1T (space group P3ml), with a repeating unit of
two layers of close packed dichalcogenides and sandwiched
tin cations in regular octahedral coordination (16). For the
titanium disulfide TiS,, a similar structure is observed. The
cations in iron sulfide FeS, are equally found in octahedral
coordination, however, the octahedron is strongly distorted
(17).

Figure 1 shows the XAS spectrum SnS, at the sulfur
K-edge (2472 eV), and Table 2 gives the positions of each
features. The S K-edge reflects transitions from the S 1s
core level to the S 3p empty levels. The peak (a) in Fig. 1

TABLE 1
Structural Parameters of SnS,, TiS,, FeS, and Cu,FeSn,Sg

Compounds SnS,¢ TiS,® FeS® Cu,FeSn;Sg?

Space group P3ml P3ml P62c Fd3m

Number of coordinataion for the metallic element 6 6 6 Cu:4

Fe, Sn: 6

Sites Sn(1a) Ti(la) Fe(12i) Cu(8a)

S(2d) S(2d) S1(2a) Fe, Sn(16d)
S2(41) S(32e)
S3(6h)

Distances metallic-sulfur d(Sn-S) = 2.56 A d(Ti-S) = 2.43 A dl =235A d(Cu-S) =2.34A
A2 =244A d6° =251 A
d3=250A
d4 =2514
ds =2.64A
d5 =244

“From J. Oftedal (13).

®From R. R. Chianelli et al. (14).

‘From F. Bertaut (15).

4This work

¢ Average distance between the Sn-S and Fe-S bonds.
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FIG. 1. X-ray absorption spectra at S K-edge for SnS,, FeS, and
Cu,FeSn;Ss.

represents transitions to antibonding states made up of S 3p
states mixed with the Sn S5s states. The second peak (b) in
Fig. 1 is due to antibonding states made up of S 3p states
mixed with the Sn 5p states. A comparison with a tight
binding calculation of the electronic band structure (10)
confirms these two attributions. The last feature (c) in Fig. 1,
lying beyond the energy range accessible by the tight bind-
ing approach is probably due to S 3p—Sn 5d interactions.
The first peak (d) in Fig. 1 of the FeS XAS spectrum can be
assigned to the antibonding states formed by S 3p interac-
ting with Fe 3d states, the second broad peak (e) in Fig. 1 to
mixed S 3p—Fe 4s and S 3p-Fe 4p states. The large width of
this latter peak can be explained by the large number of
transitions observed within this peak (11). Finally, the XAS
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spectrum of TiS, at sulfur K-edge is presented in Fig. 2. The
spectrum can be interpreted in the following way (18): the
first two peaks ((f) and (g) in Fig. 2) are assigned to
transitions to sulfur 3p states mixed with titanium 3d,,, and
3d,, levels, respectively. The crystal field splitting of about
2 eV derived from the XAS spectrum is in agreement with
previous studies (19-20). The peak labeled (h) in Fig. 2 is
due to interactions between the suflur 3p orbital and the Ti
4s and 4p orbitals and constitutes a kind of continuum of
accessible states. In order to study the local environment of
the metal in TiS, and SnS, binary compounds, we carried
out XAS measurements at the titanium K-edge and the tin
L;-edge, respectively. Figure 3a shows the SnS, absorption
spectrum at the Sn Li-edge (4465 eV). This edge reflects
transitions from the Sn 2s core level to the lowest empty
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FIG. 2. X-ray absorption spectra at S K-edge for TiS,, FeS, and
Cu,FeTi;Ss.



366

BRANCI ET AL.

TABLE 2
Position of the XAS Peaks

Electronic transition

Compounds E italic: obtained in the literature
(@) 2470.4 S Is -> 8 3p Sn 5s o*
SnS, (b) 2474.2 S1s > 8S 3p Sn5pa*
(c) 2478.3
FeS (d) 2470.1 S 1s - S 3p Fe 3d o1
(e) 2477.5 S 1s - S 3p Fe 4s o* and S 3p Fe 4p o*
(2) 2469.5 S1s -8 3p Ti 3d,,, 0*
TiS, (h) 2471.5 S 1s —»S3p Ti 3d,, o*
(i) 2478.0 Sls >S3p Tidso*and S Is -> S 3p Ti 4p
(ay 2470.5 S 1s > S 3p Sn 5s ¢* and S 3p Fe 3d o*
Cu,FeSn;Sg (by 24743 S 1s - S 3p Sn 5p o*
(c) 24717.5 S1s >S3pX4so* S3p X 4po* and S 1s —» S 3p Sn 5d o*
(ay 2469.7 S 1s — S 3p Ti 3d,,, 6* and S 3p Fe 3d o*
Cu,FeTi;Sg (e 2471.5 S 1s — S 3p Ti 3d,, o*
fy 2477.4 S1s »S3pYd4so*and S3p Y 4p o*°

Note. E represents the position (eV).
¢X = Fe, Cu.
by = Fe, Cu, Ti.

states of p character of the probed atom. As the environment
of tin atoms in SnS, is a regular octahedron formed by six
Sn-S bonds with the same length (16), no splitting of the tin
Sp states occurs. As a consequence, a highly symmetric
white line is observed due to electronic transitions from Sn
2s to Sn 5p-S 3p antibonding states. The XAS spectrum of
TiS, at the titanium K-edge (4965¢V) is presented in
Fig. 3b. Or results agree with those published previously
(21). The main absorption step corresponds to the transition

CuFeTisSs

[ CuFeSn;S; ! =
- [cwpesnTiiss: |

CuwFeSn sTi; 5Sg ]
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FIG.3. X-ray absorption spectra at (a) Sn L;-edge and (b) Ti K-edge for
Cu,FeTi,Sn;_Sg, TiS,, and SnS,.

Ti 1s — Ti 4p-S 3p antibonding states and the origin of the
small peak in the pre-edge region is not precisely known. It
may be due to either a transition to Ti 3d levels, allowed by
a partial quadrupolar character of the transition (22), or to
a small fraction of Ti 4p orbitals, which were found at this
energy by a band structure calculation (21), or both.

Let us now turn to the characterization of the spinel
compounds. A study of the local environment of tin atoms
by '°Sn Mdssbauer spectroscopy was carried out pre-
viously (9, 23), confirming that tin atoms are in the formal
oxidation state (IV) in a slightly distorted octahedral envi-
ronment. The substitution of tin by titanium atoms leads to
an increase of the isomer shift which can be related to an
increase of the covalent character of the Sn—S bonds with
increasing amounts of titanium in the spinels (23).

In order to study the band structure above the Fermi
energy and to characterize the local environment of the
sulfur atoms of Cu,MSn;Sg (M = Mn, Fe, Co, Ni), some
XAS measurements were carried out at the S K-edge. As
XAS reflects the partial densities of unoccupied states
(DOS), the knowledge of the local environment of the pro-
bing atom is essential for a detailed analysis of XAS spectra.
Figure 4 shows the first neighbors of sulfur atoms in the
spinel compound Cu,FeSn,;Sg and the Table 1 gives the
sulfur-metal distances. Cu,MSn;Sg (M = Mn, Fe, Co, Ni)
XAS spectra are presented in Fig. 5. The spectra of the four
compounds are very similar in shape showing that a change
of the transition element has a minor influence on the
electronic structure. Only the spectrum of Cu,FeSn;Sg was
compared with the binary compounds spectra (Fig. 1). The
first peak labeled (a) in Fig. 1 is found at the same energy as
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FIG. 4. Local environment of sulfur atoms in Cu,FeSn;Sg spinel. [a]:
statistic occupation: 3Sn/1Fe.

for SnS, and FeS (respectively labeled (a) and (d) and can,
therefore, be attributed to the electronic transitions
S 1s — Sn 5s-S 3p antibonding states and S 1s — S 3p-Fe
3d antibonding states. Because of the greater number of tin
atoms as compared to the iron atoms in the compound (3
Sn/1 Fe), this peak predominantly reflects the admixture of
S 3p states with the tin orbitals. The second peak (b)' in
Fig. 1 at 2473.5 eV coincides energetically with the second
peak of SnS, (b) and can be thus explained by a transition
S 1s - Sn 5p S 3p antibonding states. Finally, the second
peak of FeS (e) and the third peak (c) of SnS, coincide with
the third (c)" of Cu,FeSn;Sg. This latter is therefore due to
the electronic transitions S 1s - S 3p Fe 4s antibonding
states, S 1s—S 3p Fe 4p antibonding states and S 1s — S 3p
Sn 5d antibonding states. The large width observed for this
feature can be explained by the large number of transitions
observed. Regarding the contribution of copper states, the
atomic energies of the Cu 4s and 4p states were found to be
lower energy than those of the Fe 4s and 4p states (24),
respectively. This leads to antibonding Cu-S states at en-
ergy lower than those of the antibonding Fe-S states. How-
ever, the energy difference between these two antibonding
states should be reduced by the effect of interatomic distan-
ces: the Cu-S bonds are smaller than the Fe-S bonds
(Table 1). Thus, the Cu-S and Fe-S antibonding states are
expected to be in the same energy range and should both
contribute to XAS peak labeled (c) in Fig. 1.

The substitution of tin by titanium atoms in spinel com-
pounds concerns the octahedral sites. In order to character-
ize the titanium environment, a comparison of the XAS
spectra obtained for TiS, and the titanium-based spinel at
the sulfur K-edge was carried out. The Cu,FeTizSg XAS
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spectrum is presented in Fig. 2. Again, the comparison of
the TiS, and FeS spectra with those of Cu,FeTi;Sg can help
us to interpret the spinel spectrum. The first peak labeled (d)
in Fig. 2 is due to the transitions of S 3p states hybridized
with Ti 3d(t2g) while the second peak (e) is mainly at-
tributed to a transition to S 3p states hybridized with Ti
3d(eg). These transitions can be considered predominant as
compared to those derived from iron orbitals. The large
peak (f) in Fig. 2 at 2477.4 ¢V, includes a large number of
electronic transitions. In this energy range, we find
transitions to S 3p respectively mixed with Fe 4s, Fe 4p, Ti
4s, Ti 4p, Cu 4s, Cu 4p states.

Finally, the large number of electronic transitions that are
to be taken into account for the Cu,FeTi; sSn; sSg spinel
compound does not allow a simple decomposition of its
XAS spectrum. Nevertheless, this spectrum is presented in
Fig. 6 and shows the same basic features as those of the
spinel compounds.

In addition to the investigation of the sulfur K-edge,
a study of the tin, titanium, and iron edges has been carried
out. Because of similarity of the XAS spectra obtained for all
transition elements (Mn, Fe, Co, Ni), only the XAS spectra

Normalized absorption

2480 2490

Energy (eV)

2470

FIG.5. X-ray absorption spectra at S K-edge of Cu,MSn;Sg
(M = Mn, Fe, Co, and Ni).
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FIG. 6. X-ray absorption spectra at S K-edge of iron-based spinels
compounds.

of the iron spinel are shown in this paper. Figure 3a shows
the Sn L;-edges of Cu,FeSn;Sg and Cu,FeTi; sSn; 5Sg re-
flecting transition from the Sn 2s core level to the unoc-
cupied Sn 5p states. A comparison of these spectra with that
of SnS, suggests the similarity of the local environment for
the tin atoms, in agreement with the presence of SnSg
octahedra in the spinel compounds. The small shift in the
energy position of the white line for the spinels (4470.2 eV
for Cu,FeSn;Sg, 4471 ¢V for SnS,) could be due to the
difference in the coordination of sulfur ions around the tin
sites. Thus the white line observed in the spectra of the
spinels is mainly due to transitions from Sn 2s level to the Sn
5p-S 3p antibonding states.

The titanium K-edge spectra are presented in Fig. 3b.
There is no noticeable differences between the spinel XAS
spectra, confirming a similar titanium environment for each
of the substituted compounds. A comparison of the peak
positions with those of TiS, allows three conclusions to be
derived: (i) the similarity of spectra confirms the presence of
TiS¢ octahedra in the quaternary phases; (ii) the close values
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of absorption edge positions suggest that no important
changes take place in the Ti-S bond length in quaternary
compounds (2.50 1&) compared to TiS, (2.43 A); (ii1) all inter-
pretations of the spectral structures in terms of electronic
transitions can be derived from the binary compounds.
The Fe K-edge (7112 eV) reflects transitions from the iron
core level 1s to empty levels with Fe 4p character. The
similarity of the spectra shown in Fig. 7 confirms the exist-
ence of similar iron environments in tin-based as well as
titanium-substituted spinels; i.e., the environment of iron
atoms is not affected by this substitution. Our spectra of
both spinel compounds agree well with that obtained earlier
for the iron sulfides FeS, and give rise to a similar interpreta-
tion (11). The first derivative of the Cu,FeSn;Sg spectrum
presented in Fig. 8 can help us in order to interpret the
spectrum of Cu,FeSn;Sg (11). Figure 8 shows several main
features labeled A, B, and C. In the spinel compound the
iron environment is in a distorted octahedron (25). A com-
pression in [111] direction of the FeS4 polyhedra leads to
a partial splitting of the Fe 4p states into a singlet and

Fe K-edge

CuyFeSn;Sg

||£u2FeSn1 ,5Ti1 _5Sg —"

Normalized absorption

CuzFeTi3Sg

7100 7120 7140

Energy (eV)
FIG. 7. X-ray absorption spectra at Fe K of Cu,FeTi,Sn;_,Ss.
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FIG.8. Firstderivative of X-ray absorption Cu,FeSn;Sg spectra at the
S K-edge.

7100 7140

a doublet. Therefore, the features A and B can be interpreted
as a transition to these singlet and doublet, in the main
absorption step. The same distortion leads to an admixture
of the Fe 4p orbital to the Fe 3d state and gives rise to the
prepeak labeled C. The latter feature is then characteristic of
FeS¢ octahedra, according to the structural consideration
where the iron is in distorted octahedral site.

CONCLUSION

X-ray absorption spectroscopy can be used to character-
ize the local environment in compounds presenting a com-
plex structure (spinel structure). In order to interpret XAS
spectra a full calculation of the electronic band structure is
not necessary, but a comparison with binary compounds
allows us to analyze the shape of more complex structures
such as spinel. At the sulfur K-edge, the bottom of the
conduction band of Cu,FeSn;Sg is principally made by an
admixture between sulfur 3p orbitals with tin orbitals (5s
and 5p). For the titanium-based compounds Cu,FeTi;Sg
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the Ti 3d,,, and Ti 3d,, orbitals predominate the bottom of
conduction band.

Regarding tin L;-edge and titanium K-edge, we observed
a great similarity between the spectra of spinels and binary
sulfides (SnS, and TiS,) indicating that they have,
respectively, a similar environment of tin and titanium
atoms. At the iron K-edge, we have used the derivative of
the XAS spectrum in order to show the different elec-
tronic transitions. The complexity of the spectrum is mainly
due to a splitting of Fe 4p orbitals into one singlet and
one doublet. This interpretation agrees with those of FeS
spectra (11).

Finally, at all the XAS metal-edges, the substitution of tin
by titanium atoms occurs without any important change in
spectra of the spinels, confirming thus a topotactic substitu-
tion in good agreement with the Rietveld analysis of their
X-ray diffraction patterns (23). The interpretations of the
various structures observed in the absorption spectra espe-
cially those given for the rather complex sulfur K-edge, can
now be used for an assignment of the structures observed in
the spectra of other complex sulfides compounds.
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