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Abstract

Garnet-like metal oxide with the nominal chemical compositigyBhiLa Ta,O;, was prepared by conventional solid-state reaction method.
It shows mainly bulk contribution to the total lithium ion conductivity. The thick and thigBalLaTa,O,, pellets exhibit similar lithium
ion conductivity over the investigated temperature range (RT2@Y.0rhe chemical compatibility between garnet-likgRal & Ta,O;, and
several potential lithium battery positive (cathode) electrodes that includes LjCa0O,, LiMn,0O, and LbMMn3;0g (M =Fe, Co) was
investigated by powder X-ray diffraction (XRD). 1:1 wt.%sBaLaTa,O;, and electrode powders were mixed and heated in the temperature
range 400-900C for 24 h in air. The powder XRD data reveals thajRBal & Ta,O;, is stable against chemical reaction with layered structure
LiCoO, over the investigated temperature range, while the Mn, (Co, Mn), (Fe, Mn) and Ni containing electrodes were found to react above
400°C. Accordingly, LiCoQ electrode may be considered as potential positive electrode wiBalLg Ta,O;, electrolyte for galvanic cell
applications (e.g., batteries).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (i) Negligible electronic conductivity over the entire em-
ployed range of lithium activity and temperature.
Development of practically useful ceramic solid-state (iii) Negligibly small/or no grain-boundary resistance.
lithium ion conductors (SSLICs) for high performance all- (iv) Stability against chemical reaction with both electrodes,

solid-state lithium batteries and other galvanic cell applica- especially with elemental Li or Li-alloy negative elec-
tions is an ongoing task and drawn much interest in recent trode during the preparation and operation of the cell
years[1,2]. Lithium batteries are an attractive energy source and thermal expansion coefficient (TEC) that matches

for portable electronic equipments (e.g., notebooks, cameras,  with the electrodes (cathode and anode).
toys, mobile phones, etc.) and transport applications. In order (v) High electrochemical decomposition voltage (higher

to employ the SSLIC in the high energy density lithium sec- than 5.5V versus Li).
ondary batteries, it should have following desired electrical (vi) Environmental benignity, non-hygroscopic, low cost
and physical properties: and easiness of preparation.

(i) High lithium ion conductivity at operating temperature

(preferably at room temperature). Several crystalline and/or amorphous (glass) inorganic

oxide and non-oxide compounds exhibit fast lithium ion
conduction[1,2]. However, silicate (Si¢*~) and phosphate
* Corresponding author. Tel.; +49 431 880 6210; fax: +49 431 880 6203. (PQ4®") frame-work structure based electrolytes are being
E-mail addressvt@tf.uni-kiel.de (V. Thangadurai). employed as electrolyte in the all-solid-state batteries due to
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their high electrochemical stability and chemical compatibil- elevated temperatures), Ba(h@and TaOs. The mixtures
ity with both electrodes (cathode and anofh3) were heated in air and kept at 700D for 6 h and then an-
Novel garnet-type lithium containing transition metal nealed at 900C for 24 h. Before and after the first step, the
oxides [4,5] with the nominal chemical compositions powders were ball-milled using zirconia balls for over night
LisLagM2012 (M=Nb, Ta) and LsALa,M>012 (A=Ca, in 2-propanol. For the second step of heat treatment, the reac-
Sr, Ba; M=Nb, Ta) were found to exhibit fast lithium ion tion products were pressed into pellets by isostatic pressure
conductivity[6—10]. AC impedance study reveals that both and covered with powder of the same mother composition
the Sr-and Ba-substituted dliagM20O12 compounds show  to reduce the possible loss of lithium due to volatilization.
mainly bulk contribution with a rather smalb10-14%) Powder X-ray diffraction (XRD) (SEIFERT 3000, Cuof
grain-boundary contribution at room temperature, com- was employed at room temperature to monitor the phase for-
pared to that of the corresponding parent compoundsmation after each annealing step.
[8,9]. The grain-boundary contribution decreases with in-
crease in temperature. Among the materials investigated,2.2. Electrical characterization
LigBaLa TapO12 exhibits the highest lithium ion conductiv-
ity of 4 x 10~° S cnt ! at 22°C with an activation energy,) Electrical conductivity measurements in ambient atmo-
of 0.40eV[9]. The room temperature conductivity value is sphere ontwo different iBaLaTaxO12 pellets having vary-
comparable to other fast lithium ion conductors, especially ing thickness (sample # 1: 1.3 mm thickness, 8.3 mm diam-
with the presently employed thin film solid electrolyte lithium eter; sample # 2: 11.74 mm thickness, 9.24 mm diameter)
phosphorus oxynitride (lipon)o(=3.3x 10°8Scnr?! at were made by using lithium ion blocking Au-electrodes (Au-
25°C; E5=0.54 eV) for all-solid-state lithium batteri¢3]. paste painted on parallel surfaces and cured at@dor 1 h
It was observed that kALa>TaxO12 (A=Sr, Ba) show to form an electrode) in the temperature range from RT to
a single semicircle using elemental lithium reversible elec- 370°C by employing an HP4192 an impedance and gain-
trodes with a total resistance of 228 kor the Sr- and phase analyzer (5-13 MHz). A two-probe cell was used for
7.5k for the Ba-substituted compound at 3, respec- these measurements. Prior to each impedance measurement,
tively. A similar resistance values were obtained by DC the sample was equilibrated for a few hours at constant tem-
method. The above result suggests that the absence operature. The measurements were made during the heating
electrolyte—electrode interface resistance. Furthermore, theand cooling runs.
DC electrical measurements reveal that the electronic con-
ductivity is much small and exhibit high electrochemical sta- 2.3. Chemical reactivity betweengBalLaTaO12 and
bility of about 6 V against metallic lithium at room tempera- lithium battery cathode materials

ture[9,10].
In the present study, we report the studies on electri-  Chemical reaction stability of kBaLaTapO12 with sev-
cal conductivity properties of kBaLaTapO12 pellets hav- eral potential lithium battery cathode materials was investi-

ing two different thicknesses by AC impedance method. As gated by reacting 1:1 wt.% of mixed powders at 400, 600, 800
expected, both the thick and thingBaLaTaxO12 pellets and 900°C for 24 h in air. Commercially available (Merck,
exhibit similar lithium ion conductivity, which is consis- Darmstadt, Germany) LiCofLINiO2, and LiMnp,O4 cath-
tent with the literature data. Chemical compatibility between ode powders were mixed with dBalaTapO12 powders
LigBaLaTapO12 and lithium battery positive electrode ma- and ball milled for over-night in 2-propanol. The powders
terials such as LiCog) Li,MMn30g (M =Fe, Co), LiNiO, of Lip,MMn30g (M=Fe, Co) were prepared by glycine-
and LiMmnO4 was investigation in air using powder X-ray nitrate combustion method. Appropriate amounts of L§NO
diffraction (XRD). Our results show that ¢BalLapTapO12 Co(NQs)3-6H20, Fe(NQ@)3-9H,0, Mn(NO3)2-4H,O and
have good chemical stability against reaction with layered HoNCH,CO;H were dissolved in a minimum volume of
structure LiCoQ up to 900°C, while the Mn, (Fe, Mn), (Co,  deionized water to obtain aqueous solution. These solutions
Mn) and Ni containing electrodes were found to react at above were heated to 300 to obtain powders. After the combus-
400°C. tion, the powders were heated at 7@for 2 hinairf11]. The
resultant product shows the formation of spinel-type structure
and is consistent with the literature d§i&,13]
2. Experimental aspects

2.1. Synthesis and phase characterization 3. Results and discussion

Compounds of the nominal chemical composition 3.1. Structure and lithium ion conductivity
LigBaLapTapO12 was prepared by solid-state reaction us-
ing stoichiometric amounts of high purity (>99.9%)JCs Powder XRD data shows the formation of garnet-like
(pre-dried at 900C for 24 h), LIOHH,O (about 10wt.% structured L§BalaTapO12. Typical impedance plot ob-
excess was added to compensate for the loss of lithium attained at 30C for LigBaLaTapO12 pellets (sample# 1 and
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Fig. 1. Typical impedance plot obtained fogBalaTayO12 in air at 30°C 1000/T (1/K)

using Au electrodes of thin pellet (1.3 mm height; 8.3 mm diameter) in the

frequency range 5 Hz—-13 MHz. The insert shows the corresponding data of Fig. 2. The Arrhenius plots for electrical conductivity ofsBialay TapO12

thick pellet (11.74mm height; 9.24 mm diameter). We see a major bulk- measured using lithium ion blocking Au electrodes of thin pellet (8.3 mm
contribution at the high-frequency side and small grain-boundary contribu- giameter; 1.3mm height) and thick pellet (9.24 mm diameter; 11.74 mm
tion and spike at low frequency regime. The appearance of a tail at the low nhejght). For comparison, the data from literature is inclu@dwe see that
frequency side suggests a blocking of the electrode for the mobile lithium poth thick and thin samples show a similar conductivity data and consistent

ions. with the literature value, indicating an excellent reproducibility.
# 2) are shown irFig. 1 In both cases, we see a large bulk <l ]
. . . . R 4,5x10
contribution at high frequency side, small grain-boundary .
and a spike at low frequency regime. The results are consis- s 20 ce e La ]
tent with our pervious investigatids,9]. The appearance of 3,5x10° Lt . 1
a tail at the low frequency side suggests a blocking of the ’g 3,0x10° ]
electrode for the mobile lithium iond4,15]. The low tem- B 2,5¢10° mgge |
perature impedance plots could be well resolved into bulk, ® ooxi0%) ]
grain-boundary and electrode effects. The grain-boundary N Li;Bala,Ta,0,, |
contribution decreases with increasing temperature and dif- .
ficult to separate at high temperature regime. For experimen- Lok ]
tal and practical applications, we have considered the total 0 2 24 6 8 10 12 12
(bulk + grain-boundary) contribution for the determination of Time (days)

lithium ion conductivity.
Fig. 2shows the Arrhenius plots for the lithium ion con-  Fig. 3. The electrical conductivity data ofdBaLa Ta,O;2 as a function of
ductivity of sampls # 1 (thin pellet) ad # 2 (thick pellet). time at room temperature.
The data obtained from the first heating and cooling runs
follow the same line suggesting equilibrium conductivity be- layered structure LiCogis being employed in the commer-
haviour. As expected, both thin and thick pellets show similar cial production of polymer electrolyte based lithium ion sec-
electrical conductivities. The activation energy for electrical ondary batteriegl 7], due to its good reversible lithium inter-
conductivity was found to be 0.40 eV. Kig. 3, we give the calation and deintercalation reactions. Recently, Licagd
room temperature conductivity ofdBalLaTapO2asafunc-  LiMn,0O4 cathodes have been considered for the development
tion of time. The data shows that there is no significant ageing of thin film all-solid-state lithium secondary batteries using
effect over the investigated period of 15 days; however, a very thin film LiPON as a solid electrolytf8]. Accordingly, we
small variation in the electrical conductivity was observed. have selected above cathode materials for the compatibility
investigation with garnet-type electrolytegBaLaTapO12,
3.2. Chemical compatibility to screen suitable electrodes for galvanic cell applications.
Figs. 4-7 show the powder XRD patterns of g-i
Several lithium containing transition metal oxides BalLaTapO;2and electrode (LiCoQ LiMn2Oy, LINIO2and
LiCoOg, LiNiO2, LiMn204 and LbMMn30g (M =Fe, Co) LioCoMngOg) mixtures heated at 400, 600, 800 and 9G0
are well-known as positive electrode (cathode) materials for for 24 h in air. Surprisingly, we see only diffraction peaks
the lithium ion secondary batteri¢s6]. Among them, 2D due to garnet-like structure ¢BaLaTapO12 and layered
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Fig. 4. Powder XRD patterns showing the reactivity between

LigBaLaTapO12 and LiCoQ mixture at 400, 600, 800 and 906G

in air. We see only the reflections due to garnet-likgBal.aTapO12 and
layered structure LiCo®in the reaction products. The results suggest that
LigBaLaTapO12 is chemically stable against reaction with LiC2O

structure LiCoQ in the powder XRD patterng={g. 4) in
the reaction products of EBal TepO12 and LiCoG mix-
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Fig. 6. Powder XRD patterns showing the reactivity between
LigBaLaTapO12 and LiNiO, mixture at 400, 600, 800 and 90C

in air. We clearly see both stating materials reflections in the@ample.

At above 600C, both the garnet-like BalLgTapO12 and LiNiO, are
decomposed and form reaction products.

In all other casesHigs. 5-7, we see clearly the forma-
tion of reaction products at above 400D, indicating that
LigBaLaTapO12 is not chemically stable against reaction

tures. The result suggests that no significant chemical reac-jitp LiMn »04, LiNiO, and L,CoMngOg electrodes at ele-

tion occurred between gBalLaTapyO12 and LiCoGQ under
the investigated condition.
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Fig. 5. Powder XRD patterns showing the reactivity between
LigBaLaTapO12 and LiMn,O4 mixture at 400, 600, 800 and 90G in air.

We clearly see both stating materials reflections in the°@D6ample. At
above 400C, the garnet-like lgBaLaTapO;, is decomposed and form

vated temperature. The characteristic reflections due to the
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Fig. 7. Powder XRD patterns showing the reactivity between

LigBaLaTapO12 and LpbCoMnzOg mixture at 400, 600, 800 and
900°C in air. A similar diffraction patterns were observed for reaction
mixtures of LgBalLaTapO12 with LioFeMrzOg. At above 400C, the
garnet-like LgBaLaTay0;2 is decomposed and form reaction products. We

reaction products. We see main reflections due to the spinel-like structure see clearly main reflections due to the spinel-like structup€aMnzOg

LiMn 2,04 together with perovskite-like structure 4laTaOg (20 ~ 23°, 32°
and 45) in the 900°C heated sample.

together with perovskite-like structure 3laTaOg (20 ~ 23°, 32> and 45)
in the 900°C heated sample.
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garnet-like structure BalLaTaO;1, phase are absent in
600, 800 and 900C reaction products. Typical peaks due
to ordered perovskite-like structure compouncalLidaOg

(20 ~19, 31°, 32, 37, 45 and 56) (JCPDS No. 39-
0897) have been clearly observegigs. 5-§ at 800 and
900°C together with the main peaks due to spinel-type struc-
tures LiMnpO4 and LbCoMmngOg (Figs. 5 and ¥. It ap-
pears that only a part of the electrode material is reacted
with the electrolyte. A similar result was observed between
LigBaLayTapO12 and LoFeMngOg mixture.

The ordered perovskite related structure compound
LapLiTaOg is thermodynamically more stable than garnet-
like compound in the La—Li—-Ta—O systejh8]. A similar
observation was made in the phase diagram investigation
of three components system 4@s—Li,O—-M>05 (M =Nb,
Ta)[18]. The formation of perovskite-like compound was at-
tributed to loss of lithium oxid§lL 8], which may be written as

LisLagTapO12
— LayLiTaOg + 0.5Ta0Os5 + 0.5La 03 + 3.5Li20 1
1)

It is very interesting to note that the Ba-substituted
LisLagTapO;2 is stable against chemical reaction with
LiCoO up to 900°C and up to 400C with the isostruc-
tural compound LiNiQ. LiCoO, appears to be thermo-
dynamically more stable than LiN¥D[19,20] which is
consistent with simple binary oxide stability. For example,
CoO is slightly more stableXG; = —214 kJ mot ! at 25°C)
than NiO AGf=—211kImot?! at 25°C) [21]. Accord-
ingly, LiNiO decomposes into lithium deficient compounds
Li;—xNiO2_s (0<§<1), when heated at high temperature
[20], according to the decomposition reaction:

)

Hence, LiNiG: may react more easily than LiCeQuwith

the garnet-like electrolyte at high temperatures. Char-
acteristic diffraction peaks due to garnet-like structure
LigBaLaTapO12 and layered structure LiNigare gradually
decreases from 60 (Fig. 6). We see clearly the formation
of ordered perovskite-like L&iTaOg, LaxO3, TapOs, and
lithium deficient Ly _xNiO2_s phases in the 900 sample
(Figs. 6 and 8 Accordingly, one may propose the follow-
ing chemical reaction, to explain the formation of reaction
products.

LigBaLaTapO12 + LINIiO2
— LaBaLiTaQs_s + 0.5La03 + 0.5T& 05
+0.625Lip 4Ni1 602 + 2.875Li0 1

LiNiO, — Liy_NiOy_s + %Lizo 4

®3)

It must be mentioned that §ALayTapO;2 (A =Sr, Ba) com-
pounds were found to be stable against chemical reaction
with molten elemental lithiun®]. From the above study, we
believe that LiBaLaTaxO12 could be employed as a sepa-
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Fig. 8. Powder XRD pattern of product obtained at 9GCor the reaction
between L§BaLa TapO;2 and LiNiO,. We see clearly diffraction peaks due
to perovskite-like LaLiTaOg (JCPDS No. 39-0897), 1®s (JCPDS No.
73-2323), lithium deficient LiNiQ (JCPDS Nos. 75-0543, 81-0095) and
Lap;O3 (JCPDS No. 83-1355) in the reaction product.

rator for lithium anode and LiCofcathode in the lithium
battery. Further work is under progress to construct all-solid-
state galvanic cells using lithium (anode)gBaLaTapO12
(electrolyte) and LiCo@ (cathode).

4. Conclusions

The thick and thin LiBaLayTapO12 pellets exhibit simi-
lar lithium ion conductivity over the investigated temperature
range. The chemical compatibility betweegBalLa TapO12
and several lithium battery positive electrodes (LiGpO
LiMNn20Qg4, LiNiO2 and LpMMn30g (M =Fe, Co)) were in-
vestigated in the temperature range 400-3DMy pow-
der XRD. The XRD data shows thatdBalLaTaO1> is
chemically stable against reaction with 2D layered structure
LiCoO, up to 900°C, while other transition metal Mn, Ni,
(Fe, Mn), and (Co, Mn)-based cathodes were found to re-
act and form perovskite-like structure reaction product(s) at
above 400C.
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