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M A T E R I A L S  S C I E N C E

Evidence for enormous iodide anion migration 
in lanthanum oxyiodide–based solid
Nobuhito Imanaka*, Muhammad Radzi Iqbal Bin Misran†, Naoyoshi Nunotani

The I− ion conduction was demonstrated and quantified in the La0.70Sr0.25Zn0.05OI0.70 solid. The I− ion is considered 
to be an inferior conductor because of its large ionic size compared to the previously reported conducting ion 
species. Using modified Tubandt electrolysis, a weight increase at the anodic pellet and a corresponding weight 
decrease at the cathodic pellet were observed. The weight changes were in good agreement with the theoretical 
values estimated by considering pure I− ion migration. Furthermore, the iodine element appeared at the anode, 
and the iodine concentration at the cathode decreased after electrolysis, indicating that the migrating species 
was only I−. This is the first study to elucidate the conduction of iodide ions in solids.

INTRODUCTION
Solid electrolytes are functional materials that have received signifi-
cant attention owing to their unique property of single ion conduc-
tion inside the solid lattice as a charge carrier. In solid electrolytes, 
it is considered that the ionic conductivity is correlated to the size of 
the conducting ion species, implying that a small ionic size enables 
smooth ion conduction. Examples include alkali metal ions, such as 
the Li+ ion {0.106 nm, [coordination number (CN) = 8] (1)} (2–8) 
and Na+ ion [0.132 nm (CN = 8) (1)] (9–13), and anions, such as the 
O2− ion [0.126 nm (CN = 6) (1)] (14–17). Li+ and Na+ ions are 
applied in various electrical devices, for example, in all–solid-state 
and sodium-sulfur batteries (18, 19), owing to their excellent 
conducting properties. Similarly, O2− ions have already been 
commercialized as components of oxygen gas sensors, for example, 
in automotive oxygen gas sensors (20). However, conducting 
anionic species have a relatively small ionic size. Except for the F− 
ion, other halide ions are considered weak migrant anions because 
of their large ionic size.

In the halide series, the bromide anion (Br−) has the largest ionic 
size [0.182 nm, (CN = 6) (1)] among all the ion species whose 
conduction was quantified (21, 22). Br− is also larger than the 
cesium cation [Cs+, 0.181 nm (CN = 6) (1)], which is the largest 
cation among all nonradioactive elements. The I− ion is larger than 
Br− and is too large [0.206 nm (CN = 6) (1)] to migrate in solids. 
Such an ion generally acts as a rigid framework maintaining the 
crystal lattice rather than as the conducting ion species, such as 
-AgI of Ag+ ion-conducting solids (23, 24). Previously, I− ion 
conductors have been explored, such as lead iodide (PbI2) (25–27), 
perovskite-type iodides (CuPbI3, CH3NH3PbI3, etc.) (28–30), having 
low thermal and chemical stability, and iodide-based glasses 
(PbI2-PbO, etc.) (31–33). These have been reported to be a type of 
I− ion-conducting solids. However, I− ion migration in the lattice 
has not been quantified. It is still unclear whether the I− ions with a 
large ionic size can migrate inside the lattice. This study aims to 
develop a previously unidentified I− ion conductor whose migrating 
species is I− ion and demonstrate macroscopic-only I− ion migration.

The critical issue is the precise selection of the crystal structure 
suitable for iodide ion conduction with high chemical stability. Our 
work focused on lanthanum oxyiodide (LaOI) with the tetragonal 
matlockite (PbFCl)–type structure (P4/nmm) (34), which is a layered 
structure along the c axis consisting of a rigid fluorite-type LaO layer 
and an I− layer (Fig. 1A). In the LaOI solid, the La3+ ion is coordi-
nated to four O2− and four I− ions. The I− ions in the distinctive I− 
layer are expected to migrate in the ab plane. Recently, topotactic 
anion exchange in LaOI was reported, suggesting the iodide ion 
diffusion in the lattice (35). In addition to its suitable structure for 
ion conduction, LaOI has significantly high thermal and chemical 
stabilities than the simple iodide (LaI3) (36). It contains higher-valent 
O2− ions compared to I− ions, leading to strong bonding with 
surrounding La3+ cations. For the conduction of I− ions having 
large ionic sizes, it is essential to introduce I− ion vacancies and 
control the lattice size. We prepared a La0.70Sr0.25Zn0.05OI0.70 solid, 
in which the La3+ sites in the LaOI lattice were partially replaced by 
lower-valent Sr2+ and Zn2+ to form the I− ion vacancies and control 
the lattice size, owing to the larger ionic size of Sr2+ [0.140  nm 
(CN = 8) (1)] and smaller ionic size of Zn2+ [0.104 nm (CN = 8) (1)] 
than that of La3+ [0.130 nm (CN = 8) (1)]. In addition, since Zn has 
high electronegativity [1.65 (37)] compared to La [1.1 (37)] and Sr 
[0.95 (37)], a strong bonding with the surrounding anions is formed, 
which is effective to maintain the LaOI lattice even in the case of the 
large amount of the I− ion vacancies. For the La0.70Sr0.25Zn0.05OI0.70 
solid, the macroscopic I− ion conduction in the LaOI-based solid 
was demonstrated.

RESULTS AND DISCUSSION
La0.70Sr0.25Zn0.05OI0.70 was synthesized by the conventional solid- 
state reaction method, where the composition was optimized to 
show the highest conductivity (fig. S1). Figure 1B shows the x-ray 
powder diffraction (XRD) pattern of La0.70Sr0.25Zn0.05OI0.70 along 
with the data of LaOI. The pattern was identified to be a single-phase 
matlockite-type structure. The replacement of the La3+ sites for Sr2+ 
and Zn2+ was confirmed by the change in the lattice volume (fig. S1B), 
where the lattice volume of La0.70Sr0.25Zn0.05OI0.70 (0.1591 nm3) was 
larger than that of LaOI (0.1567 nm3). To investigate the formation 
of the I− ion vacancies in La0.70Sr0.25Zn0.05OI0.70, x-ray fluorescence 
(XRF) analysis was performed. The measured composition was 
estimated to be La0.73Sr0.23Zn0.05O0.99I1−x [x(vacancy) = 0.26], similar 
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to the feed composition. Therefore, it is confirmed that the intro-
duction of lower-valent Sr2+ and Zn2+ compared to La3+ was 
compensated by the formation of the I− and not the O2− vacancies.

Figure 1C shows the temperature dependence of the conductivity 
of La0.70Sr0.25Zn0.05OI0.70 and LaOI. For comparison, the conductiv-
ities of the LaOBr-based materials (22) were also plotted. The 
conductivity considerably improved by introducing Sr2+ and Zn2+, 
and the value of 4.4 × 10−6 S cm−1 at 400°C was approximately 
70 times higher than that of LaOI. This improvement in the con-
ductivity might be due to the increase in I− ion vacancies, which 
contribute to the smooth I− conduction. In addition, the large 
lattice volume is considered to enhance the conductivity due to the 
expansion of the large–ionic size I− conduction pathway. Nevertheless, 
the conductivity of La0.70Sr0.25Zn0.05OI0.70 was lower than that of the 
Br− ion-conducting La0.80Sr0.15Mg0.05OBr0.80 solid owing to the 
large ionic size of the I− ion. LaOI also showed a lower conductivity 
than LaOBr.

For the La0.70Sr0.25Zn0.05OI0.70 solid with high conductivity, the 
conducting species was investigated and quantified using the modi-
fied Tubandt electrolysis (38). This electrolysis was performed 
using one La2O3 (pellet A) and two La0.70Sr0.25Zn0.05OI0.70 pellets 
(pellets B and C) sandwiched between two Pt electrodes, as shown 
in Fig. 2. After applying a DC voltage higher than the decomposition 
voltage (approximately 0.7 V), the mass changes corresponding to 
the conducting species can be estimated. In the case of the I− ion 
conduction, La0.70Sr0.25Zn0.05OI0.70 at the cathode (pellet C) will 

decompose owing to the generation of the I− ion, which macroscop-
ically conducts via the middle pellet (B), and I− reacts with La2O3 
(pellet A) to form LaOI. The expected chemical reactions are 
as follows

 Cathode :    10 ─ 7    La  0.70    Sr  0.25    Zn  0.05   O  I  0.70   +   1 ─ 4    O  2   +  e   −   

      →   1 ─ 2    La  2    O  3   +   5 ─ 14   SrO +   1 ─ 14   ZnO +  I   −    (1)

 Anode :    1 ─ 2    La  2    O  3   +  I   −  → LaOI +   1 ─ 4    O  2   +  e   −   (2)

These reactions will lead to the mass increase of pellet A and the 
mass decrease of pellet C. Considering other species such as O2−, e−, 
h+, proton, and cations (La3+, Sr2+, and Zn2+), if the conducting 
species is O2−, no mass change should be observed due to the 
continuous supply of O2− by atmospheric O2. Similarly, the electron 
(e− or h+) or proton migration would cause no weight change for each pellet. 
For the cation (La3+, Sr2+, or Zn2+) conduction, La0.70Sr0.25Zn0.05OI0.70 
decomposes at the middle pellet (pellet B), and the generated cation 
may be forced to migrate toward the cathodic surface (pellet C), 
resulting in the reduction of the cation to the metal state followed 
by immediate oxidation due to atmospheric oxygen gas. As an 
example, the possible reactions in the case of La3+ conduction are 
described below

 Middle pellet :    10 ─ 21    La  0.70    Sr  0.25    Zn  0.05   O  I  0.70    

      →   1 ─ 3    La   3+  +   5 ─ 42   SrO +   1 ─ 42   ZnO +   1 ─ 6    I  2   +   1 ─ 6    O  2   +  e   −    (3)

 Cathode :    1 ─ 3    La   3+  +  e   −  →   1 ─ 3   La  (4)

        1 ─ 3   La +   1 ─ 4    O  2   →   1 ─ 6    La  2    O  3    (5)

These chemical equations imply that the weight of pellet B would 
decrease and that of pellet C would increase. The theoretical values 
(mcal) for each of the conducting species can be estimated from the 
total electric charge (Q) corresponding to the electrolysis. The 
detailed theory is explained in the Supplementary Materials.

Before and after electrolysis, each pellet was weighed to obtain 
the mass change (mobs). To exclude the change during the electrolysis 
at the elevated operating temperature, the mass change in each 
pellet was compensated by using reference pellets of La2O3 and 
La0.70Sr0.25Zn0.05OI0.70, which were embedded without electrolysis 
near the electrolytic cell. The calculation method is described in the 

Fig. 2. Schematic illustration of the modified Tubandt electrolysis using one 
La2O3 (pellet A) and two La0.70Sr0.25Zn0.05OI0.70 pellets (pellets B and C) 
sandwiched between two Pt electrodes. 

Fig. 1. Crystal structure and conductivity. (A) Crystal structure of LaOI (34), 
drawn by VESTA (39). (B) XRD patterns of La0.70Sr0.25Zn0.05OI0.70 and LaOI solids. 
(C) Temperature dependence of the conductivity for the La0.70Sr0.25Zn0.05OI0.70 and 
LaOI solids along with the data of LaOBr-based materials (22). a.u., arbitrary units.
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Supplementary Materials. The modified electrolysis was performed 
by applying 15 V at 400°C for 5 or 7 days in atmospheric air, and the 
obtained results are tabulated in Table 1. The observed mass change 
at the anode (pellet A) increased, and a corresponding decrease was 
obtained at the cathode (pellet C) for the two different electrolytic 
conditions. In addition, no significant mass change was observed in 
the middle pellet (pellet B). These reproducible mass changes clearly 
indicate that the conducting species are I− ions and not O2−, e−, h+, 
La3+, Sr2+, or Zn2+. Furthermore, the observed mass changes were in 
agreement with the calculated values, where the ratio of the 
observed mass change to the theoretical value was estimated to be 
approximately 90%. For the pellet A (La2O3) surface in contact with 
pellet B, the LaOI phase was additionally detected using the XRD 
measurement (fig. S2), supporting the I− conduction (Eq. 2).

To obtain further evidence on the I− conduction, each pellet, 
after the modified Tubandt electrolysis, was homogeneously 
pulverized, and the change in the elemental ratio was determined 
using XRF analysis (Table 2). Although La2O3 is composed of La 
and O, the iodine element was detected in the anodic pellet A [0.48 
mole percent (mol %)]. On the other hand, the iodine ratio in 
cathodic pellet C (26.41 mol %) was appreciably lower than that in 
middle pellet B (26.99 mol %) and the corresponding reference 
(27.04 mol %). These results indicate that the source of the mass changes 
for pellets A and C is the I− ion migration from pellet C toward pellet 
A. Therefore, from the mass and elemental changes, the quantitative 
I− ion conduction was demonstrated in La0.70Sr0.25Zn0.05OI0.70.

In summary, we have successfully identified and quantified I− 
ion conduction in La0.70Sr0.25Zn0.05OI0.70. However, the I− ion, 
owing to its large ionic size, is generally considered to be a constituent 

component of the lattice and not the conducting ion species. To the 
best of our knowledge, this is the first report that demonstrates a 
quantitative pure I− ion conduction inside the solid lattice.

MATERIALS AND METHODS
Sample preparation
La1−x−ySrxZnyOI1−x−y samples were prepared using the conventional solid- 
state reaction method. Powders of La2O3 (99.99%; Shin-Etsu Chemical), 
Sr(NO3)2 (99.9%; Wako Pure Chemical), Zn(NO3)2·6H2O (≥99.0%; 
Kishida Chemical), and NH4I (99.5%; Kanto Chemical) in a molar 
ratio of (1 − x − y):2x:2y:4(1 − x − y) were mixed using an agate 
mortar and preheated at 400°C for 12 hours under Ar flow (10 ml 
min−1). The resulting powder was pressed into a pellet by uniaxial 
pressing at ca. 70 kN with diameter and thickness of 13 and 2 mm, 
respectively. The pellet was calcined at 400°C for 12 hours under Ar 
flow (10 ml min−1) several times until a single phase was obtained.

Characterization
The obtained samples were identified using XRD (SmartLab, Rigaku) 
measurement using Cu K radiation (40 kV, 30 mA) in the 2 range 
from 10° to 70°. The lattice volume was calculated from the XRD 
peak angles, refined by using -Al2O3 as an internal standard. XRF 
(EDX-800, Shimadzu) analysis was performed to confirm the 
composition. To investigate the electrochemical properties, the 
sample powder was pelletized by uniaxial pressing at ca. 70 kN with 
diameter and thickness of 10 and 1 mm, respectively, followed by 
the sintering at 400°C for 12 hours under Ar flow (10 ml min−1). 
The obtained pellet was polished with waterproof abrasive papers, 

Table 1. Observed and calculated mass changes for two La0.70Sr0.25Zn0.05OI0.70 pellets and one La2O3 pellet after the modified Tubandt electrolysis 
performed under two different conditions.  

Condition Q/mC Sample mobs/mg
mcal/mg (mobs/mcal)

I− O2−, e−, or H+ La3+ Sr2+ Zn2+

400°C, 15 V, 5 days 149.2 A (La2O3) +0.167 +0.184 (91%) 0 0 0 0

B (La0.70Sr0.25 
Zn0.05OI0.70) −0.0004 0 0 −0.145 (7%) −0.338 (3%) −1.35 (1%)

C (La0.70Sr0.25 
Zn0.05OI0.70) −0.174 −0.184 (95%) 0 +0.084 

(−208%)
+0.080 

(−218%)
+0.06 

(−277%)

400°C, 15 V, 7 days 201.4 A (La2O3) +0.220 +0.248 (89%) 0 0 0 0

B (La0.70Sr0.25 
Zn0.05OI0.70) +0.048 0 0 −0.196 (−24%) −0.456 (−10%) −1.82 (−3%)

C (La0.70Sr0.25 
Zn0.05OI0.70) −0.239 −0.248 (96%) 0 +0.113 

(−211%)
+0.108 

(−221%)
+0.09 

(−281%)

Table 2. Measured molar ratios for each pellet after the electrolysis was performed by applying 15 V at 400°C for 5 days.  

Sample I O La Sr Zn

A (La2O3) 0.48% 59.62% 39.90% 0% 0%

B (La0.70Sr0.25Zn0.05OI0.70) 26.99% 36.39% 26.56% 8.25% 1.81%

C (La0.70Sr0.25Zn0.05OI0.70) 26.41% 36.88% 26.74% 8.17% 1.80%

Ref (La2O3) 0% 60.00% 40.00% 0% 0%

Ref (La0.70Sr0.25Zn0.05OI0.70) 27.04% 36.36% 26.55% 8.24% 1.81%
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and then, platinum-sputtered layers were formed on the centers of 
opposite surfaces using an ion coater (IB-3, Eiko). The AC conduc-
tivity () of the pellets was measured using the complex impedance 
method (1260 impedance per gain analyzer, Solartron) in the 
frequency range between 5  Hz and 13  MHz at temperatures 
between 400° and 300°C.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh0812
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