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Abstract
Electrochernical intercalation / deintercalation of

lithium ions into / from host matdx is strongly correlated
wilh transport properties of electrode materials During the
process, these properties of the electrode tnaterial are usually
moclified and sornetimes anomalous behaviour is observed. In

this work we sumnarize the results of a thennoelectric power

measurement (d)'namic technique in variable ternperature
gradient) together witli an electrical conductivity
measurement (4 probe AC) of selected spinel t)?e electrode
materials for lithiun cells. The measurements were
conducted on starting materials and on sarnples with different
lithium concentration obtained by a deintercalation in lithium
cells.

Introduction
Intercalatioll / deintercalation process can be described as

a topotactic redox reaction during which lithium ions are
incorporated into / extracted fron host structure (usually

transilion rrretal oxide) neattwhilc electrolls occtllJ) / are
removed from their position (in the viciniry ofFenni level) in

an electronic structure [1]. Effectiveness of this process is

determined by both crystallographic and electronic properties
of the material, 2D or 3D structure with a fast diffirsiol
pathways and high densiry of states near Fenni level are
preferable [2]. The above process is a basic concept used in
construction of lithium ion cells (i.e. LirC6 / electrolge
containing lithiurn salt / Lir-yCoO:) which are nort'widely
used as a power sources for mobile electronic devices.
Construction of an effectively working cell requircs many
conditions to be fulfilled. For instance for a cathode material
high voltage (>3.5V in relation to a lithiurn metal anode),
high capacity (>150rnAVg), sufficient electrical conductivig',
reversibility of the intercalation process and chemical stabilily
seem most lmpofiant.

Studies regardilg possible new naterials for lithium cells
are being conducted i many laboratories worldrvide. Beside
the structural studies, the electdcal properties measurements
seern to be especially irnportant in evaluation of new
rnaterials. In this $,ork we present the resulis of the elecfiical
conductivity and the thennoelectric power measurernents of
Li"Co*Mn2,*Oa and LirCu*Mlr-.Oa spinels.

Experimental
Starting LiCo-Mn2-*Oa and LiCu*Mnz-*Oa spinels rvitll

respectively 0.1 5 .\c, 5 0.5 and 0.1 5 xc., S 0.4 lvere prepared
by high temperature reaction belweer lithium carboflate.
cobalt oxide, copper oxide attd manganese carbonale. details
can be found elservhere [3]. Materials with varying lithium
concentration Cyr.) were obtained by the deintercalation in

Li / lM LiPF6 based elcctrolyte / cathode raterial cells The

lithiurn concentration \Yas calculated using Faraday law The

electrical conductivity was measured by the 4 probe AC

method in 220 - 330K temperature range. The themoelectdc
power measuretnenls were conducted ilr 220 - 330K

temperature rarge usirg the dynamic technique in variable

temperature Sradient: an rectangular shape sample was
ptaced betrveen fivo Solden electrodes used for collecting

thennoelectric voltage (AV). An electric heater was used to

heat one side of the sample (AT of the order of 2K) Two

theflnocor.rples were used for collecting temperature from

both sides of the sample. The thermoelectic power was

calculated using lilear regression in AV - AT coordinates.

Results
All of the initial LiCo*Mnz-*Or and LiCu*Mnz-Or

samples as rvell as the samples with varying lithium
concentration were identified to be single phase and possess

Fd-3m cubic spinet tlpe strxcture. Details can be found

elsewhere [3].
Lithium tnarganese spinel LiMnzOa is a mixed ionic -

electonic Ope conductor [41. The ionic co ductivity related

to the Li ions rnovencnt is believed to be 2 - 3 orders of
magnitude lover then the electronic conductMty The

electrolic conductiviO' ir.t LiMn2Oa is due to polaron hopping
nechauisrn strictly related to a M"'l Mnol product. In pure

cubic LiMnuOr there are trvo valence states of rnanganese:
Mn3* and Mto* ithe average Ml valence is +3.5). Structural
transition to al) orthorhombic structure, which is observed
around 280K. is accompzuried by so-called "electronic

crystallization"' and lolers the electrical conductivity [5].
Both Cot* and Cu2* ions substitute Mn ions in octahedral l6d
position and therefore change an average valence of
manganese ions. In LiCoq5Mnl 5Oa the average Mn valence is
+3.67. Such valence change should have major effect on the
electrical conductiviry of the materials.

Fig. 1 and frg. 2 shotv the r€sults of the electrical
concluctivif and the thennoelectric power measurements of
LiCo*Mn:-*Oa and LiCu*Mn2-*Oa spinels. For companson,
data for pure LiMnrO4 spinel is also presented. There is no
major change in the electrical conductivity obsewed for the
Co substituted spinels, tvhich is quite surprising, as the

[Mn3l [Mn4l producl decreases with increasing Co content,
which should lorver the electrical conduclivity These results
cur be erplained taking into account the effect of Co
substilutiol'l on a latlicc corslant of the san.lples (see [3]). The
lattice coustall decreascs rvith increasing Co concentration
and therelore rnakes tlie polaron liopping easier and the total
conducliviry does nol change. The thermoelectric power of
LiCo,Mn:-*O.1 rualedals is in the order of -100 - -200FV/K



addition, there are no traces of any structural tralsltlon

visible on XRD patterns similar effects for deintercalated

Li,Mn2O4. lrith eren higher peak values ofTEP are prese[ted

elsewhere ll I. The results of the elccuical conducti\ ity alrd

the thermoelectric power measuements for deintercalated

Li"Coo zMnr rOr and Li"Coi,:Mnr rOa (Fig. 4 and 5) are

similar to the ones obtained for Li"Coe lMnr eoa spinels.
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Li"Cuo:Mnr rOr salnples is anomalous. There are two peaks

oiTEP present for the Lio scuo 3Mnr ?O4 composition and one

for the LinelCu,3Mnr rOa The ma-rimum t)?e peak of the

order of 500;LV/K for the Lio qrCuo:Mn1 ,O4 sample appears

near 260K. This peah is different from the ones observed for

the other contpositiotl or for Co doped samples thal are

minirnum tlpe Peaks.
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Fig. 3. a) Electrical conduclivity, b) thermoelectdc power of
deintercalated Liycoq 1Mn1 eOa spinels.

There are no anomalous characteristics observed in the

electrical conductivity dependence on the temperature, but in

the thermoelectric power dependence relatively sharp peaks

appear. These peaks, however, seem to dininish Nith the
increase of cobalt content. The change in th€ activation
energy of the electrical conductivity with the decreasing
lithium content is also smaller.

Fig. 5 shows the dependence of the electrical conductivity

anl the thermoelectric power on Lemperatllre lor

deintercalated Li"Cue.3Mnl 7Oa sanples. With the litltiun

content decrease, the decrease of the elecirical conductivity is

observed. The activation energy of the elecffical conductivity
remains nearly unchanged. The observed dependence of TEP

as a function of temperature for deintercalated

Fig. 4. a) Electrical corductivity, b) thermoelectric power of

deintercalated Liycoo 2Mnr 8Oa spinels.

Discussion and Conclusions
The observed anon.nlous characteristic of the ternperature

dependence of 1he thermoelectric power for deintercalated
Li,Co.Mn:-"Or and Li,Cue3Mn17Oa spinels is similar to the

effects observed for the deintercalated LirMn2Oa [11. These

effects may be also cornpared to the observed anomalous

charactedstics obtained for pure LiMn2Oa, but thele are

major differences between them. In LiMnzOr these effects
may origrnate ftonr lhe pltase lransition and "electronic

crystallization", rvhich appear near 280K. The major

difference in the electronic structure and the density of states
near the Fermi level between the better conducting cubic



with no major temperatue dependence. Negative values of

TEP suggest electrons (polarons) as major charge carners'

Contrarylo Co substitution (Fig. l), Cu substituted lithium

manganese spinels (Fig. 2) exhibit major changes in both

electrical conductivity and thermoelectric power.

atributed to an anomalous density of states near Fermi level

and / or anomalous phononic spectra that appear during the

transition [1]. There was no stmctural transformation

obseNed for any of the Co and Cu substituted lithium

mansanese spinels (see [3])
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Fig. 1. a) Elechical conductivity, b) thennoelectdc Power of

LiCo*N,[nu -*O.1 spinel matedals.

The electrical conductivity of LiCu*Mn2-.Oa increases

over 2 orders of rnagnitude rvith increasing Cu content. Sign

of the thermoeleclric porYer changes fron negative (for

LiCuo rMnr gOr composition) to positive (for xc" > 0.2). These
results suggest that, in conlrary to Co substitution, the
electrons related to the Cu'* ions participate i charge

transport at room temperature. Positive sign of TEP for
samples with Cu content > 0.2 suggests that holes are the
major charge carries in these materials.

Structural transformation observed for pure LiMn2Oi
spinel accompanied by the "electronic crystallization" is
reflected in its electrical properties: the electrical conductivity
drops rapidly aroultd 280K, there is a quite sharp peak of tlie
TEP visible near 280K of the order of -500pV/K. It is quite

unusual phenomena and probably camot be easy interpreted
as no simple transport mechanism rnay explain it. Il may be
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Fig. 2. ̂ ) Electrical conducti\/ity, b) thermoelectric power of

LiCu"Mn ,.Oa spinel materials.

Figs. 3 - 5 show the results of the electrical conductivity
and tlle ll lernloelectric power measurements for

Li"Coo rMnr qOr. LirCo6 2Mn1 3Oa and LirCoe 3Mn1 7Oa
sarnples respectively. For decreasing lithium content rn

LirCoq 1Mn1 eOa spinels a major decrease of an activation
energy (frorn 0.4eV for starting Licoo rMnr gOr to 0.2eV for

LiooCoorMnr qOr) accompanied by an increase of the

electrical conductivity at lolver ternperatures is observed (Fig.

3a). There are peaks in the thermoelectric power dependence

on the temperature for the deintercalated Li"Cos lMnl eOa
spinels (Fig. 3b). For the Li6 6Co61Mn1.eOa sample it reaches
-t500pV/K that is 3 tinles higher than tlle peat observed for
pure LiMn2Oq. Contrary to pure lithium manganese spinel
there is rro visible anomalous behaviour observed in the
electrical colductivity dependence on the ternperature. In
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phase and the low temperature orthorhombic phase, that due

io "electronic crystallization" possesses lower conductivity'

se€ms to be the major cause of these effects. A1l ofthe Co and

Cu substituted sanples, however, do not undergo the phase

transition and there are no anomalous effects observed These

effects appear for the deintercalated samples only' and are

only visible on the TEP temperature dependences' It suggests

that the nature of these eff€cts is more complicated and may

be related to the nature of the deintercalation process'
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Fig. 5. a) Electrical conductivity, b) thennoelectric power of

deintercalated LirCoo :Mnr rOq spinels.
Fig. 6. a) Electrical conductiviry, b) thermoelectric power of

deintercalated Liycuo :Mnr rOr spinels.
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