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The electrical conductivities of solid kad i, 35105 electrolytes at different Li intercalation levels were measuiedijtu, using

a special cell and electrode design. The relative changes in electrical conductivitiegsgfi§ gTiO5 at different Li insertion

levels in liquid electrolytes were monitored by the voltage across thgdlig 35,1103 powder disk electrode sandwiched
between two nickel screens and charged only on one nickel screen. The real electrical conductivities gtdtigsta,TiO5
ceramic at different Li insertion levelswithout influence of high-ion-conductivity liquid electrolytes was measured by electro-
chemical impedance spectroscopy using sinteregd & 3541103 disk electrodes with Au coating on both sides. Lithium was
electrochemically inserted into Lad i, 35TiO3 when the Au coated disk electrodes were immersed into liquid electrolytes with the
cell inverted. The impedances of dlig 3541105 electrodes were then measured with the disk electrode suspended above the
liquid electrolyte with the cell upright.
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All-solid-state lithium-ion batteries have the advantages of high Experimental
thermal stability, absence of leakage, resistance to shocks and vibra-
tions, and possibly a wide electrochemical window. Their solid elec-

trolytes shogld have h}gh |on|F: conductivity. Some glass -and ce-Lazo3 (99.9%, Alfa Aesar), LICO, (9%, Alfa Aesar), and TiQ
ramic mf’"te”als’e'g"_ _L'1+XA|XT'2(PO4)3 and Lis-alaosxT103 (99.9% Alfa Aesay, and then ballmilling in ethanol with stainless
have ionic conductivities of thg order of 1?)_S/cm. However, th_ese steel balls for 16 h. Two types of electrodes, sintered and powder
two compounds_ar_e un_stable if they are directly used_as solid ele%heet electrodes, were prepared. The sinterggdlay 52TiO5 elec-
trolytes for the lithium-ion battery because they can intercalate Litrode sheets were used for electrical conductivity measurement at
atoms after electron transfer. This is followed by Tion reduction different Li insertion levels, and the §id ap 3:TiO5 powder elec-

with insertion of Li* ion,'? resulting in a change from Li-ion con-  trodes were used to measure the relative electric conductivity during
ductor (electronic insulatgr to electronic conductor. A normal Li insertion by monitoring the voltage across the electrodes when
way to measure the electronic and ionic conductivity of they were charged/discharged on one side only using an A@wmh

Lag sd-ig 35.,TiO3 as a function of Li content is to use samples with lege Station, TX) automatic battery cycler. The sintered
different Li compositions. However, this cannot reflect the real Ligsday3sTiO3 sheet electrode with a size of 2 1 X 0.158 cm
changes of electronic and ionic conductivity during Li insertion into was prepared by calcining a milled ceramic mixture at 800°C for 2
ceramic electrolytes, which are not stable in air when their Li con-h and forming into a disk shape by die-pressing, followed by sinter-
tent is high. An improved method is to measure the conductivities ofing at 1300;(: f?r'4l h an? tk}enhco?ting_withtA_u IO” botth Tide% and
a sheet of Lgsdigss.4T103 in liquid electrolytes after electro- Pressing onto stainless steel sneets using stainiess steet Springs in a
chemically charging to different Li insertion levels. However, the PTFE holder. The area of the stainless steel sheets is #,8rich

ionic conductivity thus obtained can only reflect the relative conduc-'S larger than the sinteredd.dd ao 3sTIO3 sheet. A special PTFE cell

tivity change as Li content increases because the conductivity Or/_as fconstructeddwnh aIS|nt|ere;jd_.(;I@)_lo,35;I|'|03 disk delgctrgde, an(lj_ id
liquid electrolytes is much higher than that of sintered | reference and counter lectrodes, all suspended above a fiqul

. . . . o . electrolyte when the cell is in an upright positigfig. 1). Li
h?oh55"0-35+d"-n?3.ts?§et’ ﬂ:esultllng Im shgrt-cwcgltln({:}, tglvmgh 3 insertion/extraction into or from L@d.ioscTiOs was conducted
igher conductivity than Ihe real value under an inert atmospnere. i, the cell in inverted position, and the ionic conductivity of

In t_his paper, the. relative.ghang.es in elegtrig cgnductivities of Lag clinaTiOs at the same Li content was measured by electro-
Lag sd-ig.35+ 41103 at different Li insertion levels in liquid electrolyte  -nemical impedance spectroscofBiS) in the absence of liquid
were monitored by the voltage across the i¢ 35103 powder  electrolyte with the cell upright. When the cell is inverted, the elec-
disk electrodes sandwiched between two nickel screens and chargeebde was completely immersed in liquid electrolyte with composi-
only on one of the nickel screens. The real electronic and ioniction of 1.0 M LiCIOQ, in (1:1:1) EC-DEC-EMC.
conductivity of Lg sdig35.4T1103 without interference from liquid Lag sslig 5sTiI05 powder electrodes were prepared from a mixture
electrolyte after electrochemical insertion to different Li levels in a of 92 wt % calcined Lgsd i 32TiO3 (1100°C for 4 h)with 8 wt %
special poly(tetrafluoroethylepngPTFE) cell was investigated for  polyvinylidene fluoride(PVDF) between two nickel screens current
the first time by arin situ electrochemical method. collectors using 1-methyl-2-pyrrolidinone as a solvent. The configu-

ration of a typical powder electrode has been given in Fig. 2. The
electrodes were put in a liquid electrolyte in a sealed PTFE cell with
* Electrochemical Society Active Member. lithium reference and counter electrodes. The voltage differences
2 E-mail: cswang@tntech.edu across both sides being used to monitor their relative conductivity

Preparation of the electrode and the cellLaygd i 35103 ce-
ramic powders were prepared by mixing appropriate amounts of

Downloaded on 2018-02-02 to IP 129.2.180.179 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Socigtys1 (8) A1196-A1201(2004) A1197

WE, WE, RE CE

CE
/ = Y =)
h- v .
— i ol Feqrpy- ‘l 'V . ) .
£ i~ i “ Figure 1. PTFE cell configuration (_je-
g (= . ~ signed forin situ electrical conductiv-
- ity ~measurement of sintered
3 Lag sdig3sTiO5 disk electrode at dif-
§ g ferent Li insertion levels without influ-
‘ m 3 ence of liquid electrolytes. The ce-
—y g ramic  electrode was charged-
S w— ° discharged in an inverted position, and
= 3 then the electric conductivity was
@ oo e m 2 E measured at the same Li insertion lev-
= EESEBELG 3 3 els by EIS with the cell in an upright
> 3%3§£‘;§ E %‘ position.
npugmu Aad 5 PTFE
2
g
g
v
WE, WE, RE CE
change when it was charged/discharged on one[sideking elec- Charge-discharge behavior of lgad-ig35TiO5; powder elec-
trode (WE) side in Fig. 2]only. trodes.—Figure 4 shows the potential of operational current collec-

Structural and electrochemical measuremestEhe electrical tor (WE in Fig. 2)and that of the unconnected current collector for

conductivities of the sintered samples were measured over the fretahe hLQ’-5d"0~35T'O3 powder dlskfellectroAc/je c|>_r_1 the first charge/
qguency range 65 KHz to 0.01 Hz at a potentiostatic signal amplitude IScharge cycle at a current o mA/g. L atoms insert |n_to
of 5 mV, using a frequency response analy@solartron, FRA 125D Lag 510351103 below 1.0V, a Iower potential than that reported in
and an electrochemical interfat8olartron, model 1286 The crys-  (he literature because of the high charge current. Only a small
tal structure of the Lgseio 5TiO5 powder(calcined at 1100°C for 4 amount of |nser_ted Li could be_ extract_ed when the electroqe was
h) and the sintered l&)él_i035TiO3 disk were investigated using charged to 0 V in agreement \.N'th published re_s‘blr:t}ef pote_ntlal
X-ray diffraction (XRD)' with Cu Ko radiation (D8 discover with on the unconnected side remained at 2.6 V during Li insertion up to

3 16.0 mAh/g, showing that Lggdlig3sT1O5 is still a good Li-ion
Gadds, Bruker-AXS, Ing. conductor and electronic insulator to this point. Upon further Li
Results and Discussion insertion, the potential of the unconnected side begins to decrease

and the voltage across the electrode become smaller, suggesting that
Lag sdig35TiO5 had then changed to a mixed conductor and finally
to an electronic conductor.

X-ray diffraction structural analysis—Figure 3 shows the XRD
patterns of Lgsd ig3sTiO3 powders and a sintered §.alig 351103
sheet coated with Au. The kadig3sTiO3 powders have a
perovskite-type structure. A broadening of the superstructure lines
(marked with arrowswas clearly observed. The XRD patterns of
LagsdiossTiO3 powders are in agreement with the previously re- "
ported XRD data of the ceramic with a similar compositiohhe

Au-coated Lgsdig 3:TiO5 sheet which was sintered at 1300°C for 4  ** Gold coated ceramic
h has the same phase as the ddhiy3:TiO3; powder calcined at
1100°C as shown in Fig. 3. 20 . .
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Figure 3. XRD patterns of LgsdigssliO; powder and Au-coated

Lag 54351103 sheet. Arrows denote superstructure peaks of the perovskite,
Figure 2. Schematic diagram of ceramic powder electrode configuration. and(*) the Au line.
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powder electrode during chargki insertion) and dischargéLi extraction)
Figure 4. Potentials at the charge-discharge side and the unconnected sidia a liquid electrolyte between 0.33 and 4.2 V. Before charge/discharge, the
of Ligsd-ag4:TiO3 on the first Li insertion-extraction at 1.0 mA/g current.  electrode was at open circuit for 1 h.

To avoid the influence of electrochemical polarization on the trode changed from an electronic insulator to a conductor. It is in-
trans-electrode voltage and Li insertion potential, galvanostatic in-teresting that an ionically conducting electronic insulator can be
termittent titration(GITT) measurements were performed on the ac- charged/discharged in the same way as a normal electrode. The pos-
tive current collector during the first Li insertion cycle into sible mechanism for Li insertion into kadlig3sliO5, an ionically
Lag sslig 5sTiIO5 powder electrodéFig. 5). In these measurements, conducting electronic insulator, can be described as follows.
the lithium was inserted into the electrode in a series of intermittent Upon charging at a low potential, lithium is electrochemically
charge steps at a low current of 0.5 mA/g for 2.0 h, the electrodeinserted into Lgsd-ig 35TiO5 particles that are physically contacting
being left at open circuit for 2.0 h between each step to establisithe Ni screen current collector. These Li inserteg dzhig 3:TiO5
pseudoequilibrium. Meanwhile, the potential on the uncharged sidearticles near the Ni screen change from electronic insulator to
was also recorded by computerized data acquisition. In Fig. 5, Limixed conductor, which, in turn, enhances the Li insertion process.
insertion into L@ sd-i( 35TiO3 begins at 1.5 V and shows a potential The fast Li diffusion in Lg sd-ig 3sTiO5 particles changes the whole
plateau at a potential around 1.0 V, which is higher than that using garticle to a mixed conductor and results in the lithium insertion into
continuous galvanostatic cycling at high current den€itp mA/g).  a neighboring Lgsd.iq 3TiO; in the same way as this particle.
T_he_ potential behavior is in agreement Wlth Chen’s results usingHowever, the electrical conductivity changes ofokdiigcTiO3
similar GITT measuremenfsAs under continuous galvanostatic powder electrode during discharge were quite different from that

charge/d@scharge condition(&ig. 4), the potential on the uncon- during the charging. On discharge, dsii 52TiO5 particles near the
nected side of the electrode was essentially stable at around 2.7 \j; gcreen current collector change from mixed conductor to elec-

before Li GITT insertion to 12 mAh/gFig. 5). It then gradually — onic insulator on lithium extraction from them, and result in a
decreased to the same potential as that on the charging side, indicpcrease of discharge current even in galvanostatic cycling because
ing the development of electronic conductivity. The overpotentialSihe |ocal area in contact with the Ni current collector becomes an
decreased only slightly with the Li insertion level, although the elec- g|ecronic insulator. Figure 6 shows the potential and current profiles
of a Laysdig3sTiO; powder electrode which was galvanostaticly
charge/discharged at a current of 10 mA/g on both Ni current col-
lector sides. As expected, the electronic insulatog sHa g 351103

[, can be charged and discharged up to 3.1 V. When the potential of the

3.0

25 | Lag 5d-i9.35T103 powder electrode was over 3.1V, the discharge cur-
—— Connected side
\ — — Unconnected side rent was graduglly.(‘jecrea_tsed to O.QO as sugggsted by the suppo.sed
mechanism. This Li insertion/extraction mechanism can also explain

the reason the Li extraction capacity of glsglig 3503 ceramic
electrode is lower than that in Li insertion if cycling current is rela-
tively high, as observed by Chen and Amfhé/hen electronic con-
ducting carbon black is mixed into the d.al.i 35TiO5 powder elec-
trode, lithium can be extracted from all ceramic particles that
contacted the carbon black, which increase the discharge capacity.
Actually, with addition of acetylene black, about 0.48 Li can be
reversibly inserted into and extracted fromglsd.ig 357103, while

only a little Li can be extracted from kad i, 357105 without carbon
addition?

Potential vs. Li/ V

0.0 T T u T T

0 100 200 300 400 500 600

Time /h In situ electrical conductivity measurements onglsdLigssTiO5

ceramic at different Li insertion levels uninfluenced by the presence

Figure 5. Potentials at the charging side and unconnected side as a functio®f €lectrolyte.—In situ ionic and electronic conductivity of

of time for the first Li insertion cycle in Lgsd.io 5cTiOs using GITT. Charge  L80s9-10.35T103 in liquid electrolytes as a function of Li content can
current 0.5 mA/g. The intermittent current was applied for 2.0 h, then be measured using transmissive |mped§ne{nwever, the ionic
switched off for 2.0 h. conductivity thus obtained can only reflect the relative conductivity
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Figure 8. Charge-discharge profiles of a sintered ki 35TiO5 disk elec-
trode as a function of charge/discharge time using GITT. The charge current
of 0.6 mA/g and discharge current of 0.5 mA/g were switched on for 2.0 h
and off for 2.0 h before EIS measurement.

than that without liquid electrolyte. In addition, there is an intercept
at the high-frequency end of the semicir¢kg. 7b), which repre-
sents the ionic resistance of theglsg ig 35TiIO5 electrode. The im-
pedance spectra are typical for a pure ionic conductor with blocking
electrodes and consistent with that observed by Chen and Amine.
The ionic conductivity of sintered lggd-ig 35103 before immersion
in the liquid electrolyte was 1.8 10~% S/cm. It increased to
2 X 102 S/cm after the disk sample was immersed in the liquid

) electrolyte by inverting the cell. The conductivity of gl ig 351103

Figure 7. Impedances of sintered b.al.io 35TiO3 disk electrodes before im-
mersion in electrolytegbefore in E), during immersioitin E), and after
200

immersion without electrolytécell upright, “No E after in E"). (b) A partial
plot of (a) in the high-frequency range.

150

change as the Li content increases, because the conductivity ¢ 100
liquid electrolytes is much higher than that of the sintered

Lag sdig35TiO3 sheet and the area of stainless steel holder is larger sp
than that of the Lgsd iy 35TiO3 sheet, resulting in short-circuiting,
giving a higher conductivity that the real value under an inert atmo-

sphere. A special PTFE cell was therefore constructed with a sin- 0
tered Lgsdig3sl103 disk electrode and Li reference and counter
electrodes, all suspended above a liquid electrolyte. Li insertion/

extraction into or from Lgsdlig 351103 was conducted in the liquid
electrolyte with the cell in the inverted position, and the ionic con-
ductivity of Lay s5lig 35TiO5 at each Li content was measured in the 9
absence of liquid electrolyte with the cell upright. The influence of '3
high-ionic-conductivity liquid electrolytes on the experimental ion & 2
conductivity of a fresh sintered kadlig 35105 disk electrode was

4

determined by measuring EIS impedances before and during immer 0
sion in electrolyte by turning the cell from the upright to inverted
position, followed by a further measurement without liquid electro-

ReZ/Q

lyte by turning the cell back to the upright position. The experimen- 4,
tal impedances are shown in Fig. 7. All the impedance spectra con
sist of a semicircle in the high-frequency range and a straight line in
the low-frequency rangérig. 7a). The straight line is related to the
lithium-ion diffusion in the Lgsd iy 35TiO5 electrode. Because the

02

7

1 ? s \
12
I\\ L \ 1 N '8 L "

Li-ion diffusion in the liquid electrolytes is much faster than that in 22
solid Laysdig3sTiO5 ceramic, the lithium-ion diffusion tends to
shift from an infinite space to a finite space. Therefore, greater ac-

24 26 28 30 32 34 36 38
ReZ/Q

4.0

42

cumulation, which corresponds to a capacitive behavior, is involvedrigure 9. Impedance of the sintered §.a.i, TiO5 disk electrode in Fig. 8

for the electrode in the liquid electrolyfeHence, the angle of the

straight line for ceramic immersed in liquid electrolytes is higher charged state.

in the absence of liquid electrolyté:—) charged state and - - -) dis-
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. . . _ . Figure 11. Impedance of the sintered §.gi 35TiO5 disk electrode in Fig.
Figure 10. (a) lonic and (b) electronic conductivities of a sintered g wijth and without interference by liquid electrolyte:—) without electro-
Lag sd-10.35T103 disk electrode as a function of Li intercalation levels using |ytes and(- - - -) immersed in electrolyte.

GITT.

in liquid electrolyte is almost 20 times higher than that before im- < 0.3) samples with different Li conteftUpon further lithium
mersion into the liquid electrolyte. After removing the electrolyte by insertion, the capacitive behavior of the ionic conductor with block-
turning the cell back to the upright position, the Li-ion conductivity ing electrodegFig. 9) gradually changed to a depressed semicircle,
became 0.96< 10~2 S/cm, which was similar to the conductivity Which is characteristic of a mixed-conductor electrddéne elec-
before immersion in electrolyte. Thus, the specially designed PTFEronic conductivity can be obtained from the intersection of
cell provides a means of measuring the absolute conductivity ofthe low-frequency line with the real axis. The electronic conductiv-
Lag sslig 3:TiO5 at different electrochemically inserted Li levels in ity of LagsdigasTiO3 ceramic progressively increased on electro-
the absence of any influence of liquid electrolyte. chemical Li insertion(Fig. 10). Therefore, on Li insertion, the
To investigate the conductivity of the j.aliy3<TiO5 as a func-  Lagsd-ig 357103 ceramic changed from an ionic to an electronic con-
tion of Li content, electrodes were charged/discharged in liquid elec-ductor. Both Li insertion/extraction and the change in conductivity
trolytes between 3.0 and 1.38 V with the cell inverted using GITT. with Li content were reversible during GITT cycling between 1.3
Figure 8 shows the potential profile of a sintered, bdio3sTiO; ~ and 3.1V, as Fig. 8-10 show.
disk electrode during the initial Li insertiof®.6 mA/g)and extrac- Because the liquid electrolyte is a Li-ion conductor but an elec-
tion (0.5 mA/g) under these conditions. Impedances were measuredronic insulator, its influence on the electric conductivity of
at each Li content after 2.0 h at open circuit in the inverted andLagsdslig3sTiO3 at different Li insertion levels should change as it
upright positionsj.e., with and without electrolyte. Figure 9 shows progresses from predominantly ionic to electronic conduction as Li
the impedance of the sintered dzali, 35TiO5 disk electrode in the ~ content increased. Figure 11 shows the impedances of
absence of liquid electrolyte with the cell upright. The ionic and Lagsd-ig 35T1O3 with and without electrolyte at Li contents shown in
electronic conductivities obtained from the EIS in Fig. 9 were plot- Fig. 8. The ionic and electronic conductivities ofylsg i 35103 at
ted as a function of the lithium intercalation levels as shown in Fig. different Li intercalation levels in liquid electrolyte are also shown
10. After insertion, the Lfi ion conductivity of the specimen is de- in Fig. 10 for comparison. When the material is an ionic conductor
termined from the intersection of the high-frequency line with the (at a low Li content), the ionic conductivity in liquid electrolyte is
real axis, first increasing and then decreagffig. 10). The changes much higher than that in its absence, because the ionic conductivity
in ionic conductivity with Li insertion are in agreement with previ- of liquid electrolytes is much greater than that ofyka.ij 35TiO3.
ously reported conductivity changes of4lsg ,Li3,Ti,Og (0.1 < X However, when Lgsd ip3sli0; changed from ionic to ionic-

Downloaded on 2018-02-02 to IP 129.2.180.179 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Societys1 (8) A1196-A1201(2004) A1201

electronic mixed conductadt high Li content), the mixed-electric  of La, < iy 5cTiO5 Which is suspended above a liquid electrolyte
conductivity of La sslio.35TiO3 measured in electrolyte was lower (with the cell in an upright position after La, sdi o 3:TiO5 has been
than that in the absence of electrolyte. However, the difference incharged in the liquid electrolyte with the cell inverted. When
the conductivity of a Lassli3sTiO3 electrode in and out of liquid  La, 4 i, 5eTiO; is immersed in the high-ion-conductor liquid elec-
electrolyte becomes smaller when the ceramic material changegolyte, the liquid electrolyte increased the measured ionic conduc-
from a mixed conductor to an electronic conductor during Li inser- tivity of Lag sdig 5., TiO3 ceramic if Lasgig.ss:,TiOs is still an
tion. The low electronic conductivity of mixed-conductor jonjc conductor at a low Li insertion levels, but increased the elec-

Lag sd-i03sTiO3 in liquid electrolyte is possibly because the liquid tronic conductivity of Lgsdigss:,TiOs if the Laysdio s TiO3
electrolyte, an ionic conductor but electronic insulator, increased theyecomes a mixed conductor at high Li insertion levels.

ionic conductivity but decreased the electronic conductivity of the
Lag sdig35TiO3 mixed conductor.

Lagsdig3sliO3 is not electrochemically stable below 1.5 V.
However, the stable window can be enlarged by insertion of a thin ~ We gratefully acknowledge NASA-Glenn Research Ce(geant
layer of stable solid electrolyte between the anode and the"0. NAG3-2617 and the Welch Foundation grant no. V-1103 for

LagsdioscTiOs electrolyte to form a two-layer, lithium-ion- Supporting this work.
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