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ABSTRACT

Keywords: We investigated experimentally the effect of Li intercalation on the structural, microstructural and
Li iﬂt?ﬁcalatim ) magnetic properties as well as on the Li ion diffusivity of the complex chalcogenides Crs_yTi,Ses.
Transition metal chalcogenides In addition, the effect of anion substitution in TiS,_,Se, on the Li diffusion parameters was studied by “Li

In-situ X-ray diffraction

A : nuclear magnetic resonance (NMR) spin-lattice relaxation measurements.
Magnetic properties

B . For Crs_,Ti,Seg the Li* insertion is accompanied by an irreversible phase transition from monoclinic to

and structure calculations . T : . N . N N

7Li NMR spectroscopy trigonal symmetry which is electronically driven. The maximal Li content in the host material depends

Li diffusion on the Ti content and decreases with increasing y in Crs_yTiySes. The intercalated materials can be
deintercalated and the minimal Li content in the residual compound increases with Ti abundance. The
intercalation process is accompanied by drastic changes of the microstructure. Electrochemical discharge
curves depend significantly on the Ti. According to the results of XANES investigations performed on
Cr4TiSeg, Ti is first reduced during Li uptake and Cr atoms accept electrons at later stages of the inter-
calation reaction. In-situ energy dispersive X-ray diffraction experiments show that the Li intercalation at
room temperature proceeds via two different mechanisms while intercalation at 60 °C is faster and is
dominated by one mechanism. ’Li MAS NMR measurements revealed a variety of transition metal
environments around the Li sites corresponding to the Cr/Ti disorder. The NMR studies also indicate fast
Li dynamics. The magnetism of the educts is dominated by strong antiferromagnetic exchange
interactions in the high temperature region and by spin-glass behavior in the low temperature range.
Intercalation of Li weakens the antiferromagnetic exchange and for fully intercalated materials
ferromagnetic exchange is observed. The interpretation of the experimental results is supported by
accompanying band structure calculations.

In layer-structured LiyTiS;_,Se, (x = 0.7) the Li diffusivity was investigated by various NMR tech-
niques and compared with results obtained for the pure end members LiyTiS; and Li,TiSe,. In particular,
anion substitution clearly influences the slopes of the low-T flanks of the diffusion induced NMR
relaxation-rate peaks. The corresponding activation barriers characterizing local hopping processes are
reduced in the mixed samples with 0 < z < 2 and can be explained by a domain model. DFT calculations
yield very small hopping barriers along S-rich and Se-rich domain boundaries while the barriers for Li
migration inside the domains are rather high. It is therefore assumed that Li migrates along the domain
boundaries.

© 2009 Published by Elsevier Ltd.

* Corresponding author. Tel.: +49 431 880 2091; fax: +49 431 880 1520.
** Corresponding author. Tel.: +49 511 762 3187; fax: +49 511 762 4009.
E-mail addresses: wbensch@ac.uni-kiel.de (W. Bensch), heitjans@pci.uni-hannover.de (P. Heitjans).
! Present address: Institute of Nanotechnology, Karlsruhe Institute of Technology, P.O. Box 3640, 76021 Karlsruhe, Germany.

0079-6786/$ - see front matter © 2009 Published by Elsevier Ltd.
doi:10.1016/j.progsolidstchem.2009.11.007


mailto:wbensch@ac.uni-kiel.de
mailto:heitjans@pci.uni-hannover.de
www.sciencedirect.com/science/journal/00796786
http://www.elsevier.com/locate/pssc

W. Bensch et al. / Progress in Solid State Chemistry 37 (2009) 206-225 207

Contents
1 lntroductiontointercalationchemistry..............................................................................................207
Experimental details . .. ... 208
2.1. Intercalatlonofthematerlals P10
2.2. Electrochemlcal1nterca1atlon.................................................................................................208
2.3. X-ray diffraction ........ ...208
2.4. Ir151tuenergydlsper51veXraydlfﬁactlon(m51tuEDXRD) PP 1
2.5. Xrayabsorptlonnearedgestructure(XANES)....................‘.............................................................209
2.6. Atomic absorption Spectroscopy ................. ...209
2.7.  Scanning electron microscopy .................... ...209
2.8. Neutron scattering experiments .. P21 01 |
2.9. NMRmeasurementsonletercalatedCrsyleSe3w1thy_1234..............................................................209
2.10.  NMR measurements 0N LiyTiSs 200, .. ..ottt ittt ettt et ettt et et ettt e et ... 209
3. ReSults and diSCUSSION .. ...ttt ettt ettt ettt e et e et e e e ettt e e e e e e e e e e, 209
31 LixCrs ,TiySeg ......... ...209
311 Structural features of the host matenals Cr5 yleSeg ..209
3.1.2. Distribution of Cr and Ti atoms .......... . 210
3.13. lnﬂuence0fL1mtercalatlonontothestructureandmlcrostructure........................................................210
3.14. Deintercalation and influence on the StIUCTUIE ... ........o.iutntn ittt e i e ettt ettt et e et e i iaeans 21
3.1.5.  Electrochemical intercalation ........ ... 212
3.1.6. X-ray absorption near edge structure(XANES) e 212
3.1.7. Investigation of the Li intercalation reaction w1th in- s:tu energy dlsperswe X ray dlffractlon (EDXRD) ......................... 212
3.1.8. Local structure and Li diffusivity of LixCrs_,Ti,Seg as probed by “Li (MAS) NMR SPectroSCOPY ......evevevevene veeenennnnn.....214
3.1.9. Influence of Li intercalation on the magnetic properties . . .. 215
3.1.10.  Electronic structure calculations performed on Li mtercalated Cr2T13Se8 ..215
32, LiTiS; Se; oovvnennt. 217
3.2.1. NMRmethodstoprobelelffusmn....................................................................................217
3.2.2. Basics of NMR spin-lattice relaxation .... .. 217
3.2.3.  NMR lineshapes of layered Li,TiS;_,Se;,.... e e e 217
3.2.4. SplnlattlcerelaxatlonNMRlntherotatmgframeofreference.......................,..,.................................219
3.2.5. Theoretical investigations: LiyTiS; .. e e e e 20220
3.2.6. Calculatlonofthedlffuswnbarrlersmthesystele/Tl/S/Se..............................................................221
4. Summary and CONCIUSIONS .. ...ttt ettt ettt et et e et e e et e et e e et ee e e et et e e e et e e e ettt te e ia e enannenn.. 222
ACKNOWI UG EIMEIIES ...ttt ettt ettt ettt et ettt et ettt et et et e et e et et et e e e e e et e e e e e e e 222
ROfETOIICES . . ..ttt ettt et e e e ... 223

1. Introduction to intercalation chemistry

Intercalation and deintercalation are the basic chemical reac-
tions occurring in Li batteries. Most of the publications concerning
the synthesis and characterization of new battery materials deal
with oxides, phosphates, carbon-based materials, silicon, silicon
alloys and nanosized particles [1-5]. A new approach for the
preparation of Li battery materials uses conversion reactions, i.e.
M™ Xy +zLi —» M® 4 yLipyX (M=metal, X=non-metal) for
charging and the reverse reaction for discharging [6,7].

However, intercalation/deintercalation reactions are also
a powerful synthetic approach which was introduced a long time
ago, and the state of the art is summarized in several monographs
[8]. The great advantage of intercalation and deintercalation
processes is that they proceed under ambient conditions enhancing
the chance for the synthesis of metastable compounds which
cannot be prepared applying classical synthesis methods. Using this
method unusual oxidation states can be stabilized such as Cr** in
CrSe; [9], or structures can be obtained such as the NbsSe4 structure
of Ti3Se4 [10] as well as V3S4 [11]. Besides the synthesis of new and
metastable inorganic materials, intercalation reactions are
a powerful synthetic approach for the generation of inorganic-
organic hybrid materials [12], pillared materials [13] or new elec-
trode materials [14]. Performing the intercalation reaction with
a conducting host material the intercalation process is accompanied
by an electron transfer from the guest to the host material altering
the physical properties of such host-guest complexes [15]. Because

the intercalation proceeds under ambient conditions under kinetic
control, the amount of intercalated guest species can be controlled
and therefore the physical properties can be tuned in a directed way.
In the field of chalcogenides prominent examples are Chevrel pha-
ses [16] or compounds with the Nb3Se4-type structure containing
nanosized one-dimensional channels. Intercalation of these
compounds is accompanied by significant changes of the electric
conductivity and superconducting properties [17]. In the past we
demonstrated that intercalation/deintercalation is a suitable
synthetic approach for the stabilization of unusual oxidation states
like in TICrsSeg where the removal of Tl induces the oxidation of
Cr3* to Cr** [18] or to the formation of valence band holes [19].
Intercalation/deintercalation is not restricted to simple host struc-
tures, also complex thiophosphate materials were already investi-
gated [20].

Besides the numerous oxygen-based materials many different
host materials such as TiS; (see below) were intensively studied as
electrode materials for battery applications [[21]; see also several
chapters of the monographs]. More recently, several groups started
to investigate the reaction of Li with more complex materials like
CuTi254, CuCryS4 [22], YzTizOsSz [23], SI‘2M1’102CU1‘552, SroMnOs.
Cus5S3 [24] or St2Mn02Cu2m_05Smy1 (M =1, 2, 3)[25], to name just
a few. In some systems the intercalation of guest ions is accom-
panied by a combined displacement/intercalation (CDI) reaction as
observed for, e.g., Cuy 33V4011 [26]. During the intercalation process
one of the metals is reduced and then extruded from the host
material. Using the thiospinels CuTi,S4 or CuCr,S4 the insertion of
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