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Systematic study of ionic conduction in silver iodide/mesoporous
alumina composites 3: Effects of binary silver halide doping+

Yoko Fukui,*2 Yukihiro Yoshida,*? Hiroshi Kitagawa® and Yohei Jikihara®

In our previous report (Y. Fukui et al., Phys. Chem. Chem. Phys., 2024, 26, 13675), we reported the effect of AgBr-doping in
Agl-loaded mesoporous alumina (MPA) composite on the phase stability and Ag*-ion conductivity. This study revealed that
the Agl-AgBr/MPA composites showed the highest room-temperature conductivity (0,s:c) of 1.6 x 10 S cm™ when AgBr
content was 10 mol%, which is more than twice as high as that of the parent Agl/MPA composite (7.2 x 107 S cm™). In the
present study, we investigated for the first time the effect of binary silver halide doping (i.e., AgBr/AgCl) in the Agl/MPA
composite on Ag*ion conducting behaviour using variable-temperature powder X-ray diffraction, differential scanning
calorimetry, and electrochemical impedance spectroscopy measurements. The Agl-AgBr-AgCl/MPA composites formed a
B/y-Agl-structured ternary solid solution (8/y-Agls) phase when the AgX (X = Br and Cl) content was 10 mol% (Br5CIS), and
underwent phase separation into 8/y-Agl, and face-centred cubic structured ternary solid solution (AgBrCly) when the AgX
content was 20 mol% (Br10CI10). Owing to the absence of phase separation, Br5CI5 showed a higher 0ys.c value (1.1 x 1073
S cm™) than that of Br10CI10 (9.0 x 10 S cm™?), though both surpassed the value of the parent Agl/MPA. However, the
conductivity of the Agl-AgBr-AgCl/MPA composites was lower than that of Agl-AgBr/MPA composites with the same doping
levels. This result must reflect the importance of Ag*:--halide Coulomb interactions over Frenkel defects, which arise from
the lattice distortion induced by the partial substitution of I~ ions with a smaller X~ (X = Br or Cl) ions. In addition, it could be

described that this study marks the first successful synthesis of ternary silver halide nanoparticles with the aid of porous

space.

Introduction

In recent years, solid electrolytes have significantly contributed to the
advancement of high-performance electrical devices including
batteries and sensors.!”7 Unlike conventional liquid electrolytes, solid
electrolytes offer several potential advantages, such as the elimination
of leakage risks, excellent chemical stability, and high mechanical
strength. These factors ensure the enhanced safety and longevity of
batteries. In particular, Ag*-ion solid electrolytes have garnered
attention because of their high ionic conductivity and excellent
chemical stability.®12 The soft acid nature of the Ag" ions facilitates
the increased susceptibility to ionic polarisation, which promotes the
ion migration in the anionic lattice.'> Among the Ag™ion conductors,
it is known that the high-temperature a-phase of silver iodide (Agl),
which is composed of half-melted Ag" ions in the immobile I~
sublattice (> 147 ©°C), exhibits an exceptionally high ionic
conductivity (ca. 1 S cm™).!*1® Furthermore, an increase in the
interstitial Ag*-ion concentration in the low-temperature f/y-phase
can enhance the Ag*-ion conductivity to reach a level required for the
above-mentioned practical applications at room temperature. In this
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regard, it is known that the transference number of Agl at room
temperature was estimated to be nearly unity.!® To this end, there are
several promising approaches as follows; (i ) the construction of a
heterogeneous interface between Agl and dielectric insulator (to form
the space-charge layer),29-33 (ii ) the reduction of particle size of Agl
(to increase the surface energy),>*8 and (iii) the solid solution with
homovalent ions of different ionic radii (to induce local distortion).5%-
72 These approaches can facilitate the generation of Frenkel pairs
comprising an interstitial Ag* ion and an Ag*-ion vacant site, thereby
leading to the increased Ag*-ion conductivity.

Recently, our group implemented the optimisation of the pore size
of insulating mesoporous alumina (MPA) to accommodate the Agl
nanoparticles (i.e., (i) and (ii); hereafter Agl/MPA)” followed by the
optimisation of the doping level of silver bromide (AgBr) with a
smaller Br~ion in AgX (X = I and Br)-loaded MPA composites (i.e.,
(iii); hereafter Agl-AgBr/MPA).”* Thus it is apparent that the
conducting pathway for Ag" ions is present at the interface between
the surface of silver halide nanoparticles and the pore surface of MPA.

We have investigated the variable-temperature structural,
calorimetric, and ion-conducting properties of AgX/MPA composites
as follows;

(1) Pore size dependence in Agl/MPA (pore diameter: 2.4—15.9 nm
for MPA): Ag*-ion conductivity was the highest when MPA with a
moderate pore size (7.1 nm) was used (7.2 x 10# S cm! at 25 °C).7

(2) Agl-loading ratio dependence in Agl/MPA (volumetric doping
ratio: 1:9-8:2 for Agl/MPA): Ag*-ion conductivity increased with
increasing the filling ratio of Agl into the mesopores of MPA until the
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complete filling.”

(3) AgBr-doping ratio dependence in Agl-AgBr/MPA (AgBr
content: 0-30 mol%): Ag*-ion conductivity was the highest when the
AgBr content was 10 mol% (1.6 x 103 S cm™! at 25 °C).7*

To the best of our knowledge, these studies represent the first
simultaneous implementation of the three aforementioned approaches
to achieve high Ag*-ion conductivity in the f/y-Agl phase.

In this study, a much smaller CI- ion (ionic radius: 1.81 A vs. 1.96
A for Br-and 2.19 A for I-7576) was introduced into the mesopores of
MPA with the expectation of further introduction of Frenkel defects
through lattice distortion in the Agl-AgBr/MPA composite. We
measured variable-temperature powder X-ray diffraction (PXRD),
differential scanning calorimetry (DSC), and AC impedance spectra
of two types of ternary AgX (X = I, Br, and Cl)-loaded MPA
composites; one with a homogeneous f/y-Agl phase and another with
phase separation into f/y-Agl and face-centred cubic (fcc) phases, to
extensively investigate the effect of the binary AgX (X = Br and CI)-
doping in the Agl/MPA composite on Ag*-ion conducting behaviour.

Table 1 Composition ratios of AgX (X =1, Br, and Cl) in Agl-AgBr-
AgCIl/MPA composites and their notations

Notation Agl (mol%) AgBr (mol%) AgCl (mol%)
Br5CI5 90 5 5
Br10CI110 80 10 10

Experimental section
Materials

In this study, we used commercially available MPA (Sigma-Aldrich
Japan) with a pore diameter of 7.1 nm and a pore volume of 0.455 cm?
g!, which were estimated based on the N, gas adsorption
measurements (Fig. S1, ESIt). The MPA was dried at 500 °C for 6 h
under N, atmosphere prior to use. Agl (99.0%, Kojima Chemicals Co.,
Ltd.), AgBr (97.0%, Wako Pure Chemical Industries, Ltd.), and AgCl
(99.5%, Fujifilm Wako Pure Chemical Corporation, Ltd.) were dried
at 200 °C for 6 h under N, atmosphere prior to use. Adequate amounts
of dried silver halides and MPA to yield a volumetric filling ratio of
approximately 90% were co-ground in an agate mortar under low
humidity conditions in a N,-filled glovebox (volumetric moisture
content: < 0.35%). Each mixed powder was pressed at 500 MPa for 1
min to obtain a compressed pellet with a diameter of 2.5 mm, followed
by heat treatment at 600 °C for 20 h to introduce AgX (melting point:
552,432, and 455 °C for X =1, Br, and Cl, respectively) into the MPA
pores.

Characterization

Room-temperature PXRD measurements were performed using a
Bruker D8 ADVANCE instrument with Cu Ko radiation (1 = 1.5418
A), whereas variable-temperature PXRD measurements were
conducted using a Rigaku SmartLab instrument with Cu Ko radiation.
The temperature was controlled using an Anton Paar DHS900
attachment with a rate of 5 °C min™!. Rietveld refinements to evaluate
the ratio of the phases with a-Agl, f/y-Agl, and fcc AgX (X =Br and
Cl)-like structures were performed with fixed atomic coordinates.
Scanning electron microscope (SEM) observation and energy
dispersive X-ray spectroscopy (EDS) analysis were performed using
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a JEOL JSM-IT500HR instrument at an accelerating voltage of 20 kV.
The N, gas sorption isotherms were measured at 77 K using a
MicrotracBEL BELSORP-mini I volumetric adsorption system.
Thermal properties were characterised by DSC thermograms using a
NETZSCH DSC 3500 Sirius instrument equipped with N, cryostatic
cooling. The composites, which were sealed in an aluminum pan,
were heated from room temperature to 200 °C followed by cooling to
0 °C with a heating and cooling rate of 5 °C min™!. Tonic conductivities
of the compressed pellets were measured by the AC impedance
technique with an applied voltage of 100 mV using a Solartron SI
1260 Impedance/Gain-phase Analyzer and 1260A Dielectric Interface
in the frequency range of 1 MHz to 0.1 Hz. Both sides of the pellets
were painted with gold paste (Tokuriki, 8560-1A) and measurements
were performed in a temperature-controlled chamber (ESPEC ST-
110). The impedance was determined from the first real axis
touchdown point in the Nyquist plot.

Results and discussion

The AgX (X = Br and Cl)-loaded Agl/MPA composites (hereafter
Agl-AgBr-AgCI/MPA)  were  prepared by  co-grinding
Agl/AgBr/AgCl in a molar ratio of 90:5:5 and 80:10:10 with MPA,
followed by heat treatment at 600 °C (hereafter denoted as Br5CI1S
and Br10Cl10, respectively; Table 1). All the peaks observed in the
PXRD patterns of the mixtures before the heat treatment can be
assigned to pristine f-Agl, y-Agl, and trace amounts of fcc AgBr and
AgCl phases (Fig. 1(a)). After the heat treatment, the fcc phases
disappeared in the PXRD pattern of Br5CI5, whereas an intense peak
was observed at 30.3° in the pattern of Br10CI10 (Fig. 1(b)).
Therefore, Br5CI5 is considered to form a homogeneous solid
solution with f/y-Agl-type structures, where AgBr and AgCl were
dissolved into the Agl lattice (hereafter f/y-Agls). On the other hand,
Br10Cl110 underwent phase separation into f/y-Agl and fcc AgX (X
= Br and Cl)-structured solid solution (hereafter AgBrClg) possibly
due to the solid solubility limit of AgX in S/y-Aglg, where the peak at
30.3° is assigned to the (200) reflection of the AgBrClg phase. The
reflection was shifted toward a lower angle compared with that of the
parent bulk AgBr (i.e., 30.3° for Br10CI110 vs. 30.9° for the parent
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Fig. 1 PXRD patterns of Agl-AgBr-AgCl/MPA composites (a) before
and (b) after the heat treatment at 600 °C for 20 h (red: Br5CI5,
blue: Br10Cl10), along with those of parent Agl/MPA composite
(black: Br0). Black lines show the simulated patterns of AgCl, AgBr,
B-Agl, and y-Agl (from the top). An asterisk indicates the (200)
reflection of the AgBrClg phase.
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Fig. 2 SEM images and EDS mappings (Overlay, Al, Ag, |, Br, and Cl) of Br5CI5 (a) before and (b) after the heat treatment and Br10CI10 (c)

before and (d) after the heat treatment.

bulk AgBr). Thus, the lattice constant estimated from the (200) peak
is larger than that of the parent bulk AgBr (i.e., 5.90 A for Br10C110
vs. 5.78 A for the parent bulk AgBr), clearly indicating that Agl is
dissolved into the AgBrCl phase to form a ternary solid solution. The
molar ratio of f/y-Agl, and AgBrCls was estimated to be 65:35 under
the assumption that the I/Br/Cl ratios at halogen sites in f/y-Agl, and
AgBrCly are equal to the nominal ratio. Upon heat treatment, the
PXRD peaks of the composites became broadened, suggesting the
reduced particle size of silver halides due to their introduction into the
mesopores of MPA. We note that the crystallite sizes estimated from
the PXRD patterns (7.6 nm for Br5CI5 and 7.1 nm for Br10CI10; Fig.
S2, ESIt) are comparable to the pore diameter of MPA (7.1 nm). To
confirm the introduction of the silver halides into the MPA pores, EDS
mappings of Br5CI5 and Br10CI110 were performed before and after
the heat treatment. Whereas a distinct separation between Al and
Ag/1/Br/Cl was observed in the mapping images taken before the heat
treatment (Fig. 2(a) and (c)), the heat treatment led to a homogeneous
elemental distribution for both composites (Fig. 2(b) and (d)). This
result corroborates the successful introduction of silver halides into
the mesopores of MPA, although the phase separation of f/y-Agls and
AgBrCly in Br10C110 evidenced by PXRD was not visible in the
EDS mapping. This is indicative of randomly distributed f/y-Agl, and
AgBrCl phases in MPA at the micrometre scale. Furthermore, the
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Fig. 3 N, gas adsorption (closed symbols) and desorption (open
symbols) isotherms of (a) Br5CI5 and (b) Br10CI10 before (circles)
and after (triangles) heat treatment.
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Fig. 4 (a) Variable-temperature PXRD patterns of (a) Br5CI5 and (d)
Br10CI10 in the heating and cooling processes. Temperature
dependences of the molar ratios of a- (red) and 8/y- (blue) Aglg
phases of Br5CI5 in the (b) heating and (c) cooling processes and
the molar ratios of a-Agls (red), 8/y-Aglss (blue), and AgBrClg
(green) phases of Brl0CI10 in the (e) heating and (f) cooling
processes. The black dotted lines in (b) and (e) indicate those of a-
Aglg in Br10 and Br20,7* respectively. The ratios were determined
by the Rietveld analysis.
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Fig. 5 (a) Room-temperature ionic conductivity (os5:c) and (b)

activation energy (E,) against AgX (X = Br and Cl)-doping ratio for
Agl-AgBr-AgCl/MPA composites represented by orange closed
squares. Green open squares represent the values of the Agl-
AgBr/MPA composites doped with only AgBr,’* whereas grey
closed squares represent the values of parent Agl/MPA
composite.”?

introduction of silver halides into the mesopores of MPA was
confirmed by N, gas sorption measurements; the mesopores
manifested in a significant adsorption at P/P, ~ 0.7, which is
characteristic of type IV in the IUPAC nomenclature, disappeared
upon heat treatment (Fig. 3). This observation is consistent with our
previous study that the pore volume gradually decreases with
increasing the Agl-loading ratio.”> A slight upturn in the high P/P,
region is associated with the macropores from the inter-particulate
voids of MPA. To the best of our knowledge, this is the first report
that three types of silver halides, Agl, AgBr, and AgCl, have been
simultaneously introduced into mesoporous materials to form the
ternary solid solutions. In addition, it is plausible to say that we could
synthesize the sub-ten nanometre-sized ternary silver halide
nanoparticles for the first time in the mesopores of MPA.
Variable-temperature PXRD measurements of the solid-solution
Br5CIS and phase-separated Br10C110 were performed to investigate
the thermodynamic properties including phase transitions. Fig. 4(a)
shows the PXRD patterns of Br5CI5 at various temperatures during
the heating and cooling processes. The PXRD patterns showed the
gradual disappearance of the f/y-Aglss peaks above ca. 100 °C as the
peaks of the a-Agl-structured solid-solution phase (hereafter denoted
as a-Agls) emerged concurrently. The PXRD patterns above ca.
150 °C exhibited only the a-Agl peaks at 26 ~ 25, 36, and 44°. The
phase transition behaviour is more pronounced when the ratio of both
phases determined by the Rietveld method is plotted as a function of
temperature (Fig. 4(b) and 4(c)). In the subsequent cooling process,
the a-Aglg, phase remained stable down to ca. 60 °C, below which it
transformed reversibly to the f/y-Agl phase. The observed thermal
hysteresis occurs associated with a first-order transition, and the phase
transition behaviour is fully consistent with the Agl-AgBr/MPA
composite with the same doping level (hereafter denoted as Br10).7+
Fig. 4(d) displays the PXRD patterns of Br10CI10, which underwent
phase separation into f/y-Agls and AgBrClg at room temperature, at
various temperatures. On heating, the peaks of f/y-Agl and AgBrCl
began to disappear at approximately 100 °C with the concurrent
appearance of the a-Agli peaks, and eventually disappeared
completely at 130 °C for f/y-Agls and 170 °C for AgBrClg. The
Rietveld analyses were performed under the assumption that the
I/Br/Cl ratios in f/y-Aglss, a-Agls, and AgBrClg are equal to the

4| J. Name., 2012, 00, 1-3

T(°C) T(°C)
200 150 100 50 200 150 100 50
10—1 L L. f -1 L L L
b
- (a) %O (b)
®_ “000 0 °
= 102 e N = 102 .020'0
£ ‘e, = £ 0 0
5 o, © G "% '
@ - ® ¢ @ L ® OO
o 1073 % o 107 [
Br5CI5 Br10CI10
107 : : 107 ; :
20 25 3.0 35 20 2.5 3.0 35
1000/ T (K" 1000/ T (K1)

Fig. 6 Temperature dependence of ionic conductivity (o) of (a)
Br5CI5 and (b) Br10CI10 in heating (closed circles) and cooling
(open circles) processes. The red and blue arrows indicate the
onset temperatures of the transition on the high- and low-
temperature sides, respectively, in the DSC cooling process (Fig. S3,
ESIT).

nominal ratio. The molar ratio of f/y-Agls, and AgBrClg in Br10CI110
was estimated to be 65:35 at 30 °C as mentioned above (Fig. 1(b)),
which is strikingly different from 37:63 of f/y-Agls and AgBr in the
Agl-AgBr/MPA composite with the same doping level (hereafter
denoted as Br20).7* Considering the previous observation that Agl is
less soluble in the AgBr-AgCl solid solution than in AgBr,”” the phase
separation to form the AgBrCly, phase must be suppressed in
Br10CI10 including Agl as the dominant component. The a-Agl
phase of Br10CI110, which began to appear at approximately 100 °C
(Fig. 4(e)), is more prone to forming the homogeneous single phase at
lower temperatures compared to Br20. Our previous study’ revealed
that the phase transition from f/y- to a-phase occurs steadily at lower
temperature in the Agl-AgBr/MPA composites with a homogeneous
ply-Agls phase (i.e., AgBr < 10 mol%) than those with phase-
separated S/y-Agls and AgBry (i.e., AgBr > 10 mol%), and therefore,
the high p/y-Agl/AgBrClg ratio in Br10CI10 (65:35) is possibly
responsible for the observed phase transition behaviour. On cooling,
the a-Aglgs phase in Br10CI10 remained stable until approximately
130 °C, below which it gradually and reversibly transformed into the
ply-Aglss and AgBrClg phases (Fig. 4(f)). These gradual transitions
are associated with the broad exothermic peak observed in the DSC
profile (Fig. S3, ESIY).

The ionic conductivity (o) of the Agl-AgBr-AgClI/MPA composites
was measured using AC impedance spectroscopy. The room-
temperature value (o,soc) of BrSCIS and Br10CI110 were estimated to
be 1.1 x 102 and 9.0 x 10~* S cm™!, respectively, which are more than
three orders of magnitude higher than that of bulk Agl with S/y-phase
(ca. 1.5 x 107 S em™).>* Fig. 5(a) presents the AgX-doping ratio
dependence of o,soc in the Agl-AgBr-AgCl/MPA composites along
with that in the Agl-AgBr/MPA composites’ for comparison. The
Agl-AgBr-AgCl/MPA composites exhibited a higher o,soc than that
of the parent Ag/MPA composite (i.e., Br0; 7.2 x 10 S cm™),
because the Ag'-ion migration was possibly promoted by the
increased concentration of Frenkel pairs comprising an interstitial Ag*
ion and an Ag'-ion vacant site.”®” However, the oysc value of
Br10CI110 is lower than that of Br5CI5, as in the case of Agl-
AgBr/MPA composites (i.e., Br10 vs. Br20, where Br10 represents
Agl-AgBr/MPA composite doped with 10 mol% AgBr).” This must

This journal is © The Royal Society of Chemistry 20xx
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be a consequence of the phase separation, namely the presence of
AgBrClg, phase in Br10CI10, which suppresses the Ag*-ion
migration.’>¢1-67 The Agl-AgBr-AgCI/MPA composites exhibited a
lower o,soc value than that of Agl-AgBr/MPA composites with the
same doping level, even though a further introduction of the Frenkel
defects is expected due to the lattice distortion induced by the partial
substitution of Br- with Cl- in the lattice. This change in conducting
behaviour can be attributed to the increased Coulomb interactions
between mobile Ag* ions and immobile X~ ions due to the higher
electronegativity of Cl- ions than that of Br~ ions.®*8! In other words,
the possible stimulation of Ag*-ion migration by the increased
concentration of Frenkel defects was suppressed by the Coulomb
interactions with C1~ ions with a lower covalent-bonding nature.

Fig. 6 shows the temperature dependence of ¢ for Br5CI5 and
Br10Cl10 in the temperature range of 25-200 °C. Upon heating,
Br5CI5 exhibited an Arrhenius-type ionic conduction up to
approximately 140 °C (Fig. 6(a)), whereas Br10CI10 showed a nearly
continuous increase in o with increasing temperature up to the highest
measured temperature (i.e., 200 °C) without any significant change in
slope (Fig. 6(b)). This behaviour in Br10CI10 is reminiscent of that
observed in phase-separated Br20.7* It is most likely that the
suppression of the discontinuous ¢ change in Br10CI10, which is
associated with the phase transition from the low-conducting f/y-
phase to the superionic a-Agl phase (as observed for bulk Agl), is
caused by the phase separation as confirmed by the PXRD studies.
The activation energy (£,) values for the Agl-AgBr-AgClI/MPA
composites were estimated by fitting the experimental data up to
130 °C to the Arrhenius equation, 67 = 4 exp(—E./kgT), where A is the
pre-exponential factor and kg is the Boltzmann constant. The £, value
of silver halides is generally expressed as E, = Hy2 + hy,, where H is
the formation enthalpy of Frenkel defects and 4, is the migration
energy of Frenkel defects.?? As shown in Fig. 5(b), the E, values of
the Agl-AgBr-AgClI/MPA composites remained relatively unchanged
with varying AgX (X = Br and Cl) contents, as in the case of the Agl-
AgBr/MPA composites.” In addition, the E, value of Br5CI5 (0.29
eV) is comparable to that of Br10 (0.28 eV) despite the fact that
Br5CIS includes smaller Cl- ions in the S/y-Aglgs phase. Furthermore,
the f/y-Agly lattice of Br5CI5 is more distorted than that of Br10,
which must lead to a reduced H; value of Br5Cl5. Thus the
comparable E, values are apparently caused by the larger 4, value of
Br5CIS than that of Br10 primarily driven by the increased Coulomb
Ag*--- X" interactions as mentioned above; namely, the larger A, value

compensates for the smaller H; value, leading to comparable E, values.

As shown in Fig. S4 (ESIY), the ionic conductivity at 200 °C (o200°c)
of Br10Cl110 (6.7 x 102 S ¢cm™) is higher than those of Br0 (3.1 x
102 S em™) and Br5CI5 (2.9 x 102 S cm™), which is possibly
associated with the large crystallite size of the superionic a-Agl
phase (Br10CI10 (8.5 nm) ~ Br0 (8.5 nm) > for Br5CI5 (6.6 nm) at
195 °C) as well as the high thermodynamic stability of the superionic
o-Agly phase (Br10CI10 ~ Br5CI5 > Br0) as confirmed by the
variable-temperature PXRD measurements.”>’#

During the cooling process, the ion-conducting behaviour of
Br5CIS is significantly different from that observed during the
heating process, whereas that of Br10CI10 does not differ
significantly from that in the heating process. In Br5Cl5, the
temperatures at which the o value significantly drops correspond
approximately to the onset temperatures of the exothermic DSC peaks

This journal is © The Royal Society of Chemistry 20xx
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observed during the cooling process (Fig. S3, ESIT). In our previous
study,”® the DSC peaks observed in AgI/MPA composites were
ascribed to the phase transition from a- to f/y-phases of Agl particles
occupying the core of the pores for the high-temperature peak and near
the surface of the pores for the low-temperature peak (Fig. S5, ESIT).
Thus, the non-Arrhenius ion-conducting behaviour observed for
Br5ClI5 is thought of as a manifestation of the distinct structural
transition from a- to f/y-Aglg phases. In contrast, the Arrhenius-like
temperature dependence of ¢ in Br10CI10 is associated with the
gradual formation of f/y-Agls and AgBrClg phases indicated by the
PXRD (Fig. 4) and DSC (Fig. S3, ESI¥) data.

Conclusions

In this study, for the first time, we succeeded in simultaneously
introducing three types of silver halides into the mesopores of MPA
to form a homogeneous solid solution. BrSCI5 with the halide ratio
of I/Br/Cl = 90:5:5 formed a solid solution phase with f/y-Agl-type
structures, whereas Br10CI10 with the halide ratio of I/Br/Cl =
80:10:10 underwent phase separation into f/y-Agl and fcc phases at
room temperature. This work also demonstrated the first synthesis of
the sub-ten nanometre-sized ternary silver halide nanoparticles with
the aid of porous space. The purpose of this work was to further
increase the ionic conductivity of Agl/AgBr-loaded MPA composites
by doping AgCl with a smaller CI- to increase the concentration of
Frenkel defects induced by lattice distortion. However, contrary to our
expectations, the AgCl-doping apparently reduced Ag*-ion migration
compared to the Agl-AgBr/MPA composites doped only with AgBr.
The decreased conductivity is attributed to the increased Ag™--X~
Coulomb interaction when X is a highly electronegative CI, which
interferes with the Ag*-ion migration. Our findings indicate that the
Ag'-ion conducting behaviour in the present hybrid system is
primarily governed by a delicate equilibrium between the
concentration of Frenkel defects through the distortion of the
immobile sublattice and the softness of the sublattice, i.e., Coulomb
interactions with mobile Ag* ions.
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