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Abstract

High halide ion conduction in a solid was realized for the L& ,0(Cl,_,Br,):_, solid solution (M: alkaline earth metal). The ion
conductivity in LaOC]_,Br, increased by partially replacing thel'aite with SF* and the highest halide ion conductivity of %202 S cnr*
at 600°C was obtained for LésSio.150(Clo.gBro.2)o.85 Which was 2.2 and 6.2 times higher than those ferdCay ,OCly s and La oSr 10BIg 9,
respectively. The conducting ion species in thg ds&ry 150(Clo gBro.2)0.85 Solid solution were directly identified to be Cand Br ions by
the dc electrolysis method.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction C&* ion in the trivalent L&" site, CI" ion vacancies were
successfully produced in the crystal lattice and, as a result,
Solid electrolytes are unique functional materials in the highest Ct ion conductivity was obtained. We have also
which only single ion species can migrate in solids, and developed a L§gSro.10Bro.9 solid electrolyte showing the
many cation species whose oxidation numbers are from highest Br ion conductivity by using LaOBr as a mother
+1 to +4 are already reported to conduct in solids. On phasg10]. Since both LaOCI and LaOBr possess the same
the other hand, &, F~, CI~, and Br_are known to be  PpFCl type structure (JCPDS 26-0311), the LaOCI-LaOBr
conducting anion species, and &nd G~ ion conducting  solid solutions are expected as another mother phase of new
solid electrolytes have been already commercialized suchhalide ion conductor. In addition, it is possible to control the
as ion electrodes and chemical sensors. Although the solidgattice size of the LaOCI-LaOBr solid solution by changing
based on chlorides such as Pp@], BaCh [2], SrCh [3] the CI (0.167nm[11]) and Br (0.182nm[11]) ratio.
and CsPbGl [4] and bromides of PbBI{5,6] and CsPbBy Therefore, the optimum amount of halide anion vacancies
[7] have been reported as Cland Br~ conductors with  and the suitable lattice size for halide ion conduction in
high CI™ and Br™ ion conductivities, these solid electrolytes  |anthanum oxyhalide can be investigated by using the
exhibit a low thermal stabilities. This low thermal stability | a0CI-LaOBr solid solutions.
becomes critical disadvantages in practical application |nthis study, we synthesized thel.aM, O(Cly—,Br,)1_

use. (M: alkaline earth metals) solid solutions and the ion conduct-
In our previous study, we have succeeded in developing ing properties were studied in detail.

a high CI conducting La.gCa 20Cly g solid electrolyte
with high chemical and thermal stabiliti§®, 9] by selecting

LaOCI as a mother phase. By doping the lower valent 2. Experimental
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ball milling apparatus (Pulverisette 7, FRITSCH GmbH), and
heating at 800C for 12 h after a heating step of 400 for
2hin air. La_M,O(Cly_,Br,)1_x was prepared by mixing
the stoichiometric LaOGL,Br, solid solution and M(N@).
with the planetary ball mill and heating at 800 for 12 h in

N». After identifying the obtained sample by X-ray powder
diffraction (XRD) analysis (Multiflex, Rigaku), the powders
were pelletized and sintered at 80D for 12h in No. The
electrical conductivity was measured by ac and dc methods
using the sample pellet with the two Au electrodes in air and
the conducting ion species in the 1 aM,O(Cly_,Bry)1_,
solid solution was identified by the dc electrolysis method.

3. Results and discussion

Fig. 1shows the X-ray powder diffraction patterns of the
LaOCh_,Br, series. The peaks of LaOCI,Br, (0<y<1)
were the same as those of pure LaOCI with the PbFCI struc-
ture and a peak shift to lower angle was observed with the
increase of the Br (0.182 nm[11]) substitution amount for
Cl~ (0.167 nm{11]) site. Furthermore, the lattice volume lin-
early increased with the Brsubstitution. This result clearly
indicates that LaOGL ,Br, forms a solid solution in a whole
composition range. However, these solid solutions showed
similar low conductivities because no halide ion vacancies
were produced in the lattice.

In order to introduce the halide ion vacancies
in the LaOCi ,Br, solid lattice, we prepared the
La; M,O(Cl_,Bry)1_, solid solutions (M: alkaline
earth metals).Fig. 2 displays the representative XRD
patterns of Lg.gMo.10(Cly.sBro.5)0.90 (x=0.1,y=0.5). In the
case of M = Ba, the sample did not form the single phase solid
solution but results in the mixture of mother La@@Brg s,
LayO3, and BaO. This is because 8adon (0.156 nm[11])
is too large to substitute the & site (0.130nm[11])
and the decomposition of the mother La@é&Brg s solid
solution was promoted. While the LaQfgBro 5 doped with
other M?* ions possessed the single phase from the XRD

LaOCl,:Br,,
A

LaOCID§Br( s

Intensity / a.u.

LaOCl,.Bre,

LaOBr

20 40

20 / deg.

Fig. 1. XRD patterns of the LaOgl,Br, solid solutions.
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Fig. 2. XRD pattern of LagMg 10(Clo 5Bros)o.0 (M =Mg, Ca, Sr, and Br;

x=0.1;y=0.5). (O) and @) represent the peaks of BaO and:0a, respec-

tively.

patterns, the peak shift was not observed for théMtpped
LaOCly sBro 5 solid. If the M¢?* ions replace the L sites,
the shrinkage of the LaOg#Brg s lattice should occur.
Therefore, it was found that the Mgions did not substitute
the L&* sites in LaOC 5Brg 5. The samples doped with €a
(0.126 nn{11]) and S#* (0.140 nn{11]) showed a clear peak
shift to higher and lower angle, respectively, in their XRD
patterns. Although the 20 mol% €adoped LaOC sBro 5
held the single phase in the XRD pattern, the lattice of the
LaOCl sBro 5 solid solution did not expand in comparison
with the 10mol% C4&" doped sample. Therefore, it was
concluded that the substitution limit of &4for the L&* site
was around: = 0.1. The reason for the low solubility of €a
into La3" site for the LaOGJ.sBro 5 solid compared with the
case for LaOCI (solubility limit was reported to be=0.2)

is that the C&" size is relatively small for the LaOE¥Bros
lattice, which is expanded by partially replacing the ClI
sites with larger BT ions. In the case for the Srdoped
LaOCl 5Bro 5 solid solution, the single phase sample was
obtained for the sample with<0.15 accompanying with
the lattice expansion. For the sample doped with &rore
thanx>0.15, La0O3 formed as a secondary phase. These
results indicate that the substitution limit o£Sfor La3* site
wasx =0.15.

In our previous works, we have reported that the
highest halide ion (Cl and Br’) conductivity was
obtained for the M' solubility limit composition of
Lag gCay20Clps [8,9] and La gSry.10Brg.9 [10], respec-
tively. Therefore, the conductivities were measured for the
Lap.9Ca.10(Ch—yBry)oo and La.gsSlo.15(Cl1—yBry)o.ss
(y=0.2, 0.5, 0.8) solid solutions which are the solubility
limit composition for M=Ca and Sr system, respectively.
In the case of the LggCa 10(Cli_,Bry)o.g solid solu-
tions, all the samples showed lower conductivities than
those of the LagCay20OClpg and La ¢Srp 10Brg g solids
which have been reported as the highest @hd Br~ ion
conducting solid electrolytes, respectively. On the other
hand, the LagsSfo.15(Cl1—,Bry)o.85 (v=0.2, 0.5, 0.8) solid
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Fig. 3. Temperature dependencies of the electrical conductivity for the
Lap.g5S10.150(Cly—,Bry)o.g5 solid solution (@) y=0.2, () y=0.5, (O)
y=0.8) with the corresponding data for d.gCa 2OClo g (solid line) [8,9]

and L& ¢Sry.10Brg o (broken line)[11].

solutions possessed higher conductivities than those for the
Lag gCay 20Cly g and La gSrp 10Brg g solids as shown in
Fig. 3 and the highest conductivity of 1:2102Scnt?!

was obtained for the LgasSiy.15(Clo.8Bro.2)o.g5 (y=0.2) at ’

600°C and the value was 2.2 and 6.2 times as high as those

of Lag gCa.20Cly g and La ¢Sty 10BTrg.g, respectively.
In order to investigate the conducting species in the
Lap.g5S10.150(Clp.gBro.2)o.s solid solution, the time depen- Br
dence of the dc to ac conductivity ratieg/oac) for the ,/”\
- 5 AN

Lag.85S10.150(Clo.8Bro.2)o.g solid solution was measured at e
800°C in air. In the case where the sample shows an elec-

tronic conduction, thergd/oge ratio maintains a constant Fig. 4. The set-up of the dc electrolysis and the result of EPMA line analysis

value_ of unity in any atmosphere because electrons aregger the electrolysis of the kasSto150(Clo.8Bro.2)0.g5 solid solution.
supplied from the metal used for the electrodes and, as

a result, theoyc is equal tooae. Also, the ogdoac ratio to anodic side, these ions may diffuse into the ambient atmo-
should be unity when the conducting ion species was sup-sphere as gaseous,@hd Bp, after arriving at anodic surface.
plied from the surrounding atmosphere as described in ref. Therefore, we attached the @3 pellet at the anodic side of
[9]. Therefore, if G~ anion conduction appears in the the L& g5S1.150(Cly.gBro.2)o.s pellet as a halide capturing
Lag.g5S10.150(Clo.gBro.2)o.s solid solution, theryc/oac ratio solid. After the dc electrolysis, it was clearly recognized that
does not decrease close to zero in air. Howevergthér ac Cl and Br existed in the L#D3 pellet. This result strongly
ratio for the La gsSrp.150(Clo.gBro.2)o.s solid solution dras- supports the idea that both Cand Br~ ions conduct toward
tically decreased with time and reached to 0.003 after 30 min, the anodic direction in the solid and react withp0g. Since
which strongly supports the idea that the conducting speciesthe cation species such as®tand Sf* did not segregate
in the L&y 85510.150(Clo.gBro.2)o.g solid solution is limited to near the cathodic surface of thed.gSrp.150(Clo.gBro.2)o.s
be only ion which could not be supplied from air, that is, pellet at all, which means no cation conduction appeared
La3*, S*, CI-, and Br. in the LaygsSly.150(Clo.gBro2)o.g solid solution, it was
For the purpose of directly identifying the conduct- clearly identified that the conducting ion species in the
ing ion species, the dc electrolysis was carried out for Lag gsSto.150(Clo.gBro.2)o.g solid solution are Ct and Br-
the Lay.g5Srp.150(Clo.gBro.2)o.s solid solution at 600C by ions.
applying a dc voltage of 3V for 168 h. The set-up of the dc From the above results, it is found that the
electrolysis and the results of EPMA line analysis after the Lag.gsSrp.150(Clo.gBro.2)o.s solid solution is a dual halide
electrolysis are shown Ifig. 4. Ifthe conducting ionis cation,  ion conducting solid electrolyte with the highest halide ion
the conducting cations migrate to cathodic direction in the conductivity except for the ¥ ion species (for example,
sample according to the potential gradient, and segregate neag-PbF, shows the F ion conductivity of ca. 1Scmt
the cathodic surface. In the case of the ©f Br~ anions as at 600°C. [12]). The reason why such a high halide ion
conducting ion species, although such halide anions conductconductivity was realized for the basSry.150(Clo.sBro.2)o.s
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4. Conclusions

High halide ion conductionin a 3tdoped LaOCI-LaOBr
solid solution was developed. Both the suitable lattice size
and the appropriate amount of anion vacancies for halide ion [1] K.J. De Vries, J.H. Van Stanten, Physica 29 (1963) 482.
conduction was successfully realized not only by substituting [2] C.E. Derrington, M. O'Keeffe, Solid State Commun. 15 (1974) 1175.
the L& site of the LaOGI_,Br, solid solution with larger [3] G-M. Hood, J.A. Morrison, J. Appl. Phys. 38 (1967) 4796.

Sr* jon but also by intentionally adjusting the lattice size by {g} j '\S/'C'ﬂf(;k&f' JA rg'c‘)"z' gtl;f:"ciglr': ??E?Ig;lgi 11 (1983) 203.

changing the composition. The ¢.86S10.150(Clo.8Bro.2)o.s [6] H. Aono, E. Sugimoto, Chem. Lett. 24 (1995) 79.

solid solution exhibited the highest halide ion conductivity [7] J. Mizusaki, K. Arai, K. Fueki, Solid State lonics 11 (1983) 203.
among the halide ion conductors ever reported except for [8] K. Okamoto, N. Imanaka, G. Adachi, Solid State lonics 154-155
the F~ ion conducting solids. The present solid solution (2002) 577.

electrolyte showing a high thermal stability as well as the [ ’4\1]1 'gggg;(%'ggbokamom' G. Adachi, Angew. Chem. Int. Ed. Engl.

considerable high ion conductivity was greatly expected (10 N. imanaka, Y. Kato, Chem. Commun. 2003 (11) (2003) 1270.
to be applied as a functional material in several practical [11] R.D. Shannon, Acta Cryst. A32 (1976) 751.
applications. [12] R. Benz, Z. Phys. Chem. N.F. 95 (1975) 28.
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