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Electrical conductivity and rate-capability of LiyTisO,
as a function of heat-treatment atmosphere
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Recently there has considerable interest ifTigO12 as a  rate-capability of the LiTisO12/Cu,O composite heated under
potential anode for use in Li-ion batterigs-8]. It has many a reducing atmosphere.
advantages compared to the currently used graphite. For exam- Li4Ti5O12 samples were prepared using a solid-state method
ple, it is a zero-strain lithium insertion host suggesting virtu-from TiO, (rutile structure) and LICO3. Three weight percent
ally unlimited cycle life. It features a flat, operating voltage excess LiCOs was used to compensate for lithia volatilization
of about 1.5V versus lithium, above the reduction potential ofduring the high temperature heatif8j. The starting materials
common electrolyte solvents thus, it does not form a solid elecwere ground with an alumina mortar and pestle with enough
trolyte interface based on solvent reduction which should benethanol to form a slurry. The dried and mixed reactant mix-
a favorable property for high rate and low temperature operture was pelletized and then heated at 800dor 12 h in air or
ation. This voltage also is sufficiently high such that the dan3vol.% H/Ar (H2/Ar). The sample was reground, pelletized
gers of lithium plating that can occur at high rate and/or lowand heated for another 24 h at 8@ in air or Hy/Ar. The
temperature are removed. However, several disadvantages exist TisO12 samples were first characterized by X-ray diffrac-
compared to graphite. These include low rate-capability as #on. Lattice constants were determined by fitting the data using
result of its low electronic conductivi$]. Consequently, there Rietveld refinemenfl0]. To get a qualitative indication if the
have been several studies which have focused on improvingxidation state of the Ti-ion varied as a function of heat-
electronic conductivity with the intent of improving its rate- treatment atmosphere, X-ray photoelectron spectroscopy (XPS)
capability[4,6,8]. For example, recently Huang et #] have  was conducted. XPS was conducted using a MgaXcitation
shown that the formation of a 4TisO1,/Cu,O composite anode source. TiQ and TpO3 powders were used as reference sam-
that was formed by heat-treatment under a 3 vol.%6itHN> ples. The electronic conductivity was measured on sintered and
atmosphere at high rates (>2C) had a higher capacity over polished disk samples<12 mm diameter and-1 mm thick-
similar powders heat-treated under air. For example, at 10@ess) using the two-point dc methfid—13] Silver paste elec-
the capacity of the powders heated under the 3vol.86rH trodes were applied to the top and bottom surfaces of the disk.
N2 atmosphere was about 1.8 X that for the powders heated high impedance multimeter was used to measure the resis-
under air and was attributed to the higher electrical conductance at room temperature. Conductivity was calculated from
tivity of the composite heated under the reducing atmospherthe resistance and specimen dimensions. The rate-capability of
compared to under air. The electrical conductivity of the com-i4TisO12 as function of heat-treatment atmosphere was deter-
posite formed under the reducing atmosphere was about an ordained using coin cells with metallic lithium as the anode. A typ-
magnitude higher than that for the composite heated under aical cathode was prepared by mixing 78-wt.% active powders,
Huang et al.[8] suggested that the improved electrical con-10-wt.% carbon and 12-wt.% polyvinylidene fluoride dissolved
ductivity was a result of the reduction of somé*Tto Ti¥*in  in N-methylpyrrolidinone. The mixture was coated onto an Al
Li4TisO12 and/or reduction of Cif/Cu* in Cu,O to Cu metal  substrate. The cathodes were dried under vacuum &tClea
under the reducing atmosphere. However, they did not separa®® h. The electrolyte solution was 1 M Lipk a 1:1 (wt.%)
these effects. For example, they did not compare the results ofixture of propylene carbonate and 1,2-dimethoxyethane. The
the Lis TisO12 matrix material heated under the reducing atmo-cells were cycled between 3.0 and 1.0V at C-rates between 0.5
sphere to that for heat-treatment under air. It is the purpose @nd 4.
this letter to investigate and compare the electronic conductiv- Li4TisO12 samples that were heated under air were white
ity and rate-capability of LiTisO12 heated under a reducing colored, whereas the samples heated undg¢AHwere grey.
atmosphere to that for heat-treatment under air and to detefhe X-ray diffraction pattern(s) of LilisO12 heated under air
mine the contribution of the LITisO12 Matrix to the excellent or Hyo/Ar are shown inFig. 1. FromFig. 1it can be observed
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Fig. 1. X-ray diffraction pattern of LiTisO12 synthesized under air or 3vol.% Fig. 2. Discharge capacity as a function of rate fofTi§O;2 heated under air
Ha/Ar (Ha/Ar). [9,16] or 3vol.% Hy/Ar and LisTisO12/Cu,O heated under 3 vol.%4MN> [8].

that the patterns for LilisO12 heated under air or #Ar are  conductivity of the LyTisO12 heated under the #Ar atmo-
similar. They both represent a single-phase cubic material witsphere was-1 x 10~°Scnt L. This is an increase in electronic
a Fd3m space group. The only difference is a slight shift in theconductivity of at least four orders of magnitude compared
diffraction peaks to the lower@values for the sample heated to LisTisO12 heated under air and can be attributed to the
under H/Ar compared to under air. The lattice parameter of thepresence of the mixed 4%/Ti®* valence. Hence, it would be
air sample determined from Rietveld analysis of the XRD patterexpected that as result of the higher electronic conductivity
is a ~ 8.356A. This value is in good agreement with values for of Li4TisO12 heated under the 4##Ar compared to under air
Li4TisOj2 prepared under an air atmosph@,@,m} Thelattice that LisTisO12 heated under the ##Ar would exhibit better
parameter of the HAr sample &~ 8.372A) is slightly larger  rate-capability.
than for the air sample. A larger lattice parameter for th&NH The discharge capacity as function of rate for thgTigO;»
sample compared to the air sample is expected if some of tHeeated under the ##Ar or air is shown inFig. 2 Also shown
Ti** transformed to B*, because of the larger size of thé*'Ti  in Fig. 2is data for Ly TisO12 heated under air from the litera-
ion (0.81A [15]) compared to the Ff ion (0.75A [15]). XPS  ture[9,16] and the LiTi5012/Cu,O composite heated under a
of the LigTisO12 sample heated under air revealed that all the3 vol.% H, in N> atmospherg8]. FromFig. 2several important
Ti was in the 4+ oxidation state. XPS of theyLisO1> sample  points are noted. Firstly, all data for fJisO;> heated under
heated under pAr revealed that some of the “fiions had  air shows an almost linear decrease in capacity as a function of
been reduced to 1 ions. A quantitative determination of the rate. Secondly, the capacity for4TiisO1, heated under HAr
relative proportion of Ti* to Ti®* was not determined for the at rates greater than 1C is higher than for the air samples. This
present paper. In any case, it is important to note that the attifference increases with increasing rate. This result is expected
sample had only T presentwhereas theHr samplerevealed because of the higher electronic conductivity of thgTigO12
the presence of both 4% and TF*. The presence of the mixed heated under the #Ar compared to under air as a result of
Ti**/Ti3* valence in the H/Ar sample can explain the darker the mixed T#/Ti3* valence. This result confirms that heat-
color and increased lattice parameter of this sample compardteatment atmosphere (i.e., oxygen partial pressure) can affect
to the air sample, where only“fiis present. the rate-capability of LjTisO12. Thirdly, it can be seen as pre-

It would be expected that thesHAr sample would exhibit  viously reported by Huang et gB] that the rate-capability of
higher electronic conductivity than the air sample as a resulthe LisTisO12/Cu,O composite is excellent. More importantly
of the mixed T#*/Ti3* valence, which would lead to increased from Fig. 2, it can be seen at 4C that the difference in capacity
number of electrons and hence, higher electronic conductivityhetween the L4TisO12/Cu,O composite and LiTisO12, heated
It should be noted that with our experimental set-up and samplender air used in this study, is80mAhg L. The difference
size that the lower limit of electronic conductivity which can between the LjTisO12 under H/Ar and LigTisO12 under air is
be accurately measured-isl0—°Scni L. The electronic con- ~40mAhg-1. This suggests that a significant portior50%)
ductivity of the sample heated under air was below the lowepof the higher capacity of the kTisO12/Cu,O composite is a
limit of the experimentally measurable value. Thus, it can beesult of the LiTisO1» matrix, which has a mixed Tt/Ti®*
concluded that the electronic conductivity of theyTisO12 valence as a result of heat-treatment under a reducing atmo-
sample heated under air was <®cntl. Chen et al[6] spherg®6,8].
using the four-point dc method suggested that the electronic The results of this study reveal that there is an increase in
conductivity of LiTisO12 is <10 18scntl. The electronic electronic conductivity and rate-capability forydisO12 heated
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