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Systematic study of ionic conduction in silver iodide / mesoporous 
alumina composites 1: Effects of pore size and filling level† 

Yoko Fukui,*a Yukihiro Yoshida,*b Hiroshi Kitagawa b and Yohei Jikihara a 

A systematic study of Ag+-ion conducting behavior in Ag+-loaded porous materials was conducted over the entire sub-10 nm 

region for the first time. The effects of the pore diameter of mesoporous aluminas (MPAs) and the amount of silver iodide 

(AgI) loaded into MPAs were investigated using N2 gas adsorption/desorption, powder X-ray diffraction, differential scanning 

calorimetry, and electrochemical impedance spectroscopy measurements. Confinement of AgI in the mesoporous space 

lowers the phase transition temperature between the β/γ- and α-phases relative to that of bulk AgI. The AgI-loading into 

the MPAs with smaller pores led to a more significant decrease in the transition temperature, possibly because the smaller 

AgI nanoparticles in the pores must have a higher surface energy to stabilize the high-temperature phase. The room-

temperature ionic conductivity exhibits a volcano-type dependence on the pore diameter with the highest value when AgI 

was loaded into MPA with a pore diameter of 7.1 nm (7.2 × 10–4 S cm–1 at room temperature). Concerning the 7.1 nm-MPA, 

the room-temperature ionic conductivity was the highest for the nearly fully occupied composite, which is more than three 

orders of magnitude higher than that of the bulk AgI. The present study reveals that the Ag+-ion conductivity in AgI/MPA 

composites can be controlled by optimizing the pore diameter of MPA and the AgI-loading ratio.

Introduction 

Solid-state ionic conductors have been increasingly utilized in various 

applications such as batteries, fuel cells, sensors, electrochromic 

displays, catalysts, oxygen pumps, and so on.1–7 Among them, silver 

iodide (AgI) is known to undergo a structural phase transition from 

the low-temperature β/γ-phase to superionic α-phase at 147 °C, which 

exhibits extraordinarily high ionic conductivity of the order of 1 S cm–

1, primarily because of melting on the cation sublattic.8–12 Thus far, 

several attempts have been made to stabilize the α-phase at room 

temperature; for example, supercooling the AgI–Ag2O–B2O3 glass 

matrix13 and reducing the size of the AgI particles on the nanometer 

scale.14–17 In the latter, AgI nanoparticles with a diameter of 6.3 nm 

stabilized the α-phase down to 37 °C. Whereas the high diffusivity of 

Ag+ ions is largely attributed to the high fraction of Ag+-ion vacant 

sites in α-AgI, the higher covalent bonding character of Ag–I 

compared to that of other silver halides could also modify the behavior 

in the favorable direction of increased Ag+ diffusivity. Therefore, it is 

most likely that the introduction of Ag+-ion vacant sites, even if not in 

the α-phase, is promising for providing highly ion-conducting AgI. 

The space-charge layer formed at a heterogeneous interface 

facilitates the migration of ions, impurities, or point defects, 

which is the main factor for the increased ionic conductivity in 

heterogeneously doped solid electrolytes.18–23 Although the first 

report by Liang in 1973 demonstrated that the dispersion of 

insulating alumina particles in the LiI matrix led to the increase 

in the ionic conductivity by more than an order of magnitude,24 

incorporation of AgI into porous insulators such as alumina,25–36 

silica,37–43 zeolite,44 and zirconia37 has provided a unique 

subclass of highly ion-conducting composites. Such composites 

are promising for use as the solvent-free electrolytes in 

electrochemical devices because of their infinite conducting 

pathway for Ag+ ions, in contrast to AgI nanoparticles embedded 

with organic polymers (i.e., polyvinylpyrrolidone).14–17 

Furthermore, it is known that the formation of Frenkel defects, 

comprising interstitial Ag+ ions and Ag+-ion vacant sites, near the 

surface of the particles is responsible for the enhanced Ag+-ion 

conductivity observed for AgI nanoparticles.18 Although it is 

difficult to assess the Debye length characterizing the dimension 

of the space-charge layer, AgI particles introduced into the 

nanometer-scale pores have a significant surface energy, which 

efficiently produces mobile Ag+ ions. Despite the fact that the 

porous structure (pore size and topology) of the porous matrix 

and the filling level of AgI inevitably affect the ion-conducting 

properties of the composites, systematic variations, especially on 

the pore size in the sub-10 nm region, to achieve rational control 

of the Ag+-ion conductivity have not yet been investigated. In 

this study, we investigate the structural, thermal, and ion-

conducting properties of AgI-loaded mesoporous aluminas 

(MPAs) with different pore sizes (peak pore diameter: 2.4–15.9 

nm) with different AgI-loading levels, for the purpose of the 

application as solvent-free electrolytes in electrochemical 
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devices. This paper presents the pore-size dependence of the 

thermal and ion-conducting properties of AgI/MPA composites 

formed with six types of MPAs (denoted as MPA1 – MPA6; 

Table 1), along with the AgI-loading ratio dependence for 

AgI/MPA3 with the highest ionic conductivity among the six 

AgI/MPA composites. 

Experimental section 

Materials. In this study, we used six types of commercially 

available MPAs; namely, MPA1: Versal V-GL15 (Union Showa 

Co., Ltd.), MPA2: Versal V-250 (Union Showa Co., Ltd.), 

MPA3: Aluminum oxide, mesoporous 517747 (Sigma-Aldrich 

Japan), MPA4: Aluminum oxide 199443 (Sigma-Aldrich Japan), 

MPA5: Activated alumina A11 (Sumitomo Chemical Co., Ltd.), 

and MPA6: Versal V-R-3 (Union Showa Co., Ltd.). Prior to use, 

the MPAs and AgI (Kojima Chemicals Co., Ltd., 99.0%, Japan) 

were dried at 500 and 200 °C, respectively, for 6 h under N2 

atmosphere. Adequate amounts of dried MPA and AgI, namely, 

volumetric loading fractions of AgI of ca. 90 vol% for the pore-

size dependent experiments and 7–241 vol% (volumetric loading 

ratio: 1:9–8:2 for AgI/MPA3) for the loading ratio dependent 

experiments, were co-ground in an agate mortar under low 

humidity (volumetric moisture content: < 0.35%) in a N2-filled 

glovebox. Each mixed powder of AgI/MPA 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 AgI (melting point: 552 °C) into the MPA pores. 

Characterization. N2 gas sorption isotherms were measured at 

77 K with a BELSORP-miniⅡ volumetric adsorption system, 

whereas water vapor sorption isotherms were measure at 298 K 

with a BELSORP-max volumetric adsorption system. Scanning 

electron microscope (SEM) observation and energy dispersive 

X-ray spectroscopy (EDS) analysis were performed with a JSM-

IT500HR at an accelerating voltage of 15 kV for SEM and 20 kV 

for EDS. Room-temperature powder X-ray diffraction (PXRD) 

measurements were performed with a Bruker D8 ADVANCE 

instrument using Cu Kα radiation (λ = 1.5418 Å). Variable-

temperature PXRD measurements were performed using a 

synchrotron X-ray (λ = 0.699585(1) Å) at the BL02B2 beamline 

in SPring-8 on a Dectris MYTHEN detector. The temperature 

was controlled using a stream of nitrogen gas at a rate of 50 K 

min−1. Rietveld refinements to evaluate the ratio of α-AgI phase 

were performed with fixed atomic coordinates. The thermal 

properties were characterized by differential scanning 

calorimetry (DSC) thermograms using a NETZSCH DSC 3500 

Sirius instrument equipped with N2 cryostatic cooling. The 

composites, which were sealed in aluminum pans, were heated 

from room temperature to 200 °C, followed by cooling to 0 °C 

at a heating and cooling rate of 5 °C min–1. The ionic 

conductivities of the 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- and 

humidity-controlled chamber ESPEC SH-221 or 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 

Fig. 1 shows the pore size distributions of six types of heat-

treated MPAs used in this study, where the Barrett–Joyner–

Halenda (BJH) method46 was applied to the measured N2 gas 

adsorption isotherms (Fig. S2, ESI†). The pore diameter is 

defined herein as the point at which the differential pore volume 

exhibited a maximum value. As shown in Table 1, the pore 

diameter, pore volume, and specific surface area lie within the 

range of 2.4–15.9 nm, 0.203–1.005 cm3 g–1, and 120.7–318.3 m2 

g–1, respectively. Using these MPAs, we investigated the pore 

size dependence of the structural, thermal, and ion-conducting 

properties of the AgI-loaded MPAs. 

 

Pore-size dependence. To the best of our knowledge, there are 

three studies examining the relationship between the ionic 

conductivity and pore size in AgI-loaded mesoporous materials; 

namely, AgI-loaded mesoporous silica (MPS) with a pore 

diameter of 2.0–5.2 nm (6 kinds of composites),39,40 AgI-loaded 

MPS with a pore diameter of 4–40 nm (3 kinds of composites),38 

Table 1. Mesoporous aluminas (MPAs) used in this study 

Notation Structurea Pore 
diameterb 

(nm) 

Pore 
volumeb 

(cm3 g–1) 

Specific 
surface areab 

(m2 g–1) 

MPA1 γ and δ 15.9 0.895 149.8 

MPA2 γ 9.2 1.005 318.3 

MPA3 γ 7.1 0.455 241.4 

MPA4 γ 5.5 0.268 139.0 

MPA5 γ and χ 5.5 0.247 120.7 

MPA6 χ 2.4 0.203 240.6 
a After heat treatment (Fig. S1, ESI†).45 b Estimation based on N2 

gas sorption measurements after heat treatment (Figs. 1 and S2 

(ESI†)). 

 

Fig. 1 Pore size distribution of heat-treated MPAs (brown: 

MPA1, red: MPA2, orange: MPA3, green: MPA4, blue: MPA5, 

purple: MPA6) obtained by applying the BJH method to the 

measured N2 adsorption isotherms (Fig. S2, ESI†). 
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and AgI/Ag-loaded anodic alumina with a pore diameter of 10–

20 nm (3 kinds of composites).34 Notably, the last example 

demonstrated that the room-temperature ionic conductivity of 

AgI/Ag heteronanowires embedded in an anodic alumina 

membrane increases as the pore size decreases, and the smallest 

pore (i.e., 10 nm) leads to the highest Ag+-ion conductivity. In 

addition, Maekawa et al. reported that LiI/MPA (ion size; Li+: 

0.090 nm vs. Ag+: 0.129 nm47) composites exhibited the highest 
Li+-ion conductivity when using MPAs with pore diameters of 

4–7 nm.48,49 These findings motivated us to explore the optimal 

pore size for highly Ag+-ion conducting AgI/MPA composites at 

the sub-10 nm scale. To this end, we chose six kinds of 

commercially available MPAs with pore diameters in the range 

of 2.4–15.9 nm, as listed in Table 1. Each MPA was co-ground 

with AgI at an appropriate loading ratio such that the volumetric 

loading fraction of AgI in the pores of the MPAs is approximately 

90% followed by heat treatment at 600 °C for 20 h. SEM images 

confirmed that the surface morphology of MPA remains intact 

during the heat treatment (Fig. S3, ESI†). N2 gas sorption 

analysis of the AgI/MPA composites (Fig. S4, ESI†) revealed 

that the pore space of the MPAs was nearly fully occupied by 

AgI, which was consistent with the homogeneous elemental 

distribution of Ag, Al, I, and O in the EDS mapping (Fig. S5, 

ESI†). All the peaks observed in the PXRD patterns of the 

AgI/MPA composites can be assigned to the β- or γ-phase with 

different peak widths (Fig. 2a). The difference was more marked 

when the crystallite size of the β-AgI phase, estimated based on 

the Le Bail method,50 was plotted against the pore diameter of 

the MPAs (Fig. 2b). This clear positive correlation is considered 

evidence of the incorporation of AgI into the pores of the MPAs. 

To investigate the effect of the pore size on the thermal 

behavior, the DSC profiles of the AgI/MPA composites were 

measured during the heating and cooling processes. Focusing on 

the cooling process, a sharp exothermic peak derived from the α- 

to β/γ- phase transition was observed at 143 °C for the parent 

bulk AgI (Fig. 3a; red arrow), whereas two peaks were observed 

for the composites with the MPAs having a larger pore diameter 

(i.e., MPA1, MPA2, and MPA3). The AgI/MPA1 and AgI/MPA2 

composites showed a more pronounced peak on the high-

temperature side (Figs. 3b and 3c; red arrow), whereas the 

AgI/MPA3 composite on the low-temperature side (Fig. 3d; blue 

arrow). As is evident in the following section, all AgI particles 

were loaded into the pores in the AgI/MPA composites with a 

volumetric loading fraction of AgI of approximately 90%, 

thereby indicating that both peaks can be assigned to the phase 

 

Fig. 2 (a) PXRD patterns of AgI/MPA composites (brown: 

AgI/MPA1, red: AgI/MPA2, orange: AgI/MPA3, green: 

AgI/MPA4, blue: AgI/MPA5, purple: AgI/MPA6) along with 

simulated patterns (black thin lines) of α-, β-, and γ-AgI (from 

the top). (b) Correlation between the crystallite size of β-AgI 

phase and pore diameter of MPAs in AgI/MPA composites. 

 

 

Fig. 3 DSC profiles of AgI/MPA composites ((a) bulk AgI, (b) 

AgI/MPA1, (c) AgI/MPA2, (d) AgI/MPA3, (e) AgI/MPA4, (f) 

AgI/MPA5, and (g) AgI/MPA6). The red and blue arrows indicate 

the onset temperatures of the transition on the high and low 

temperature sides, respectively, in the cooling process. (h) Pore 

diameter dependence of the transition temperatures 

determined by DSC (closed circles: high-temperature peak, 

closed triangles: low-temperature peak) and the temperatures 

at which the temperature differential of σ shows a maximum 

(open circles: high-temperature peak, open triangles: low-

temperature peak) in the cooling process. 
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transition of AgI loaded into the pores. The DSC profiles of the 

AgI/MPA3 composites obtained by heat treatment at 400, 500, 

and 600 °C, which spans the melting point of AgI (552 °C; Fig. 

S6, ESI†), support the assignment. Only an exothermic peak, 

possibly corresponding to that on the low temperature side, was 

observed for the composites of the MPAs with a smaller pore 

diameter (i.e., MPA4 and MPA5; Figs. 3e and 3f), whereas the 

peak was hardly visible for the AgI/MPA6 composite of MPA6 

with the smallest pore diameter (Fig. 3g) as in AgI nanoparticles 

with a diameter of ca. 3.0 nm.17 To date, the origin of the multiple 

DSC peaks of the AgI-based composites is still under debate and 

several origins such as inhomogeneous incorporation,51 

mechanical stress,52 and the 7H-AgI phase (7-layered structure 

with the stacking sequence of ABCBCAC)51,53–55 have been 

proposed. However, given that the onset temperatures of both the 

high- and low-temperature peaks decrease with decreasing pore 

diameter of the MPAs as shown in Fig. 3h, the thermal behavior 

can best be thought of as a manifestation of the nano-sized effect, 

which stabilizes the high-temperature phase owing to the 

increased surface energy of the small particles. A similar trend 

was previously reported for AgI nanoparticles.14–17 Accordingly, 

the thermal properties of AgI can be controlled through the 

rational selection of mesoporous materials, without using 

protective polymers that disturb long-range migration of the Ag+ 

ions. 

Variable-temperature PXRD measurements of the AgI/MPA3 

composite also confirmed the phase transition to α-AgI in the 

composites. All the PXRD peaks observed at 25 °C, which are 

assigned to either β- or γ-AgI, rapidly disappeared with the 

concurrent appearance of new peaks at 2θ = 11.2, 15.9, 19.5, and 

22.5 ° in the temperature range of 150–170 °C (Fig. 4a). The α-

phase is reversibly transformed to the β/γ-phase at 90–110 °C in 

the subsequent cooling process (Fig. 4b); namely, the transition 

can be regarded as a first-order transition because of the observed 

thermal hysteresis. Notably, the room-temperature PXRD pattern 

after cyclic heating and cooling treatments showed no trace of 

7H-AgI peaks, as observed previously.51,53–55 The phase 

transition was more explicit when the α-AgI ratio was plotted as 

a function of temperature, which was determined by the Rietveld 

method (Figs. 4c and S7 (ESI†)). The α-AgI ratio gradually 
decreased to 30 °C after the rapid decrease at 90–110 °C in the 

cooling process. The temperatures, at which the α-AgI ratio 

shows a pronounced decrease (i.e., ca. 100 °C and ca. 50 °C as 

indicated by red and blue arrows, respectively), are consistent 

with the exothermic peaks observed in the DSC profile (Fig. 3d). 

 

Fig. 4 Variable-temperature synchrotron PXRD patterns of 

AgI/MPA3 composite in the heating (a) and cooling (b) processes 

(λ = 0.699585(1) Å). (c) Temperature dependence of the ratio of 

α-AgI phase determined by the Rietveld method, where the red 

and blue arrows indicate the temperatures at which the 

temperature differential of the α-phase ratio shows a maximum. 

 

 

Fig. 5 Temperature dependence of σ for AgI/MPA composites 

((a) AgI/MPA1, (b) AgI/MPA2, (c) AgI/MPA3, (d) AgI/MPA4, (e) 

AgI/MPA5, and (f) AgI/MPA6) in heating (closed circles) and 

cooling (open circles) processes. The red and blue arrows 

indicate the temperatures at which the temperature differential 

of σ shows a maximum. 
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The ionic conductivity (σ) of the AgI/MPA composites with 

different pore diameters was measured using AC impedance 

spectroscopy. The room-temperature ionic conductivities (σ25°C) 

were estimated to be 4.1  10–4, 6.8  10–4, 7.2  10–4, 8.1  10–

5, 1.2  10–4, and 3.3  10–5 S cm–1 for AgI/MPA1–AgI/MPA6, 

respectively. All the AgI/MPA composites have a higher σ25°C 

value than that of bulk AgI (ca. 1.5  10–7 S cm–1),14 as reported 

previously.25–36 It is apparent that the formations of the space-

charge layer at the interface between AgI and MPA and the 

Frenkel defects near the surface of the AgI particles could have 

a favorable effect on the Ag+ migration.18–23 We note that the 

σ25°C value of AgI/MPA3 before heat treatment (4.6  10–5 S cm–

1; Fig. S8, ESI†) is more than an order of magnitude lower than 

that of heat-treated AgI/MPA3 (7.2  10–4 S cm–1). Upon heating, 

all composites followed the Arrhenius law given by the equation, 

σT = A exp(–Ea/kBT), where A is the pre-exponential factor, Ea is 

the activation energy, and kB is the Boltzmann constant, up to 

approximately 100 °C (Fig. 5). The Ea values were estimated in 

the range of 0.25–0.36 eV; however, there was no simple 

correlation with the pore diameter. Above this temperature, the 

composites of AgI/MPA1 and AgI/MPA2 with a larger pore 

diameter showed a discontinuous change at ca. 150 °C, which is 

reminiscent of the phase transition from the low-temperature β/γ-

phase to superionic α-phase in bulk AgI.8–12 These composites 

showed a sharp endothermic DSC peak at aforementioned 

temperatures, and therefore, it is possible that the bulk-like AgI 

occupying the core of the mesopores is responsible for the phase 

transition. In the case of AgI/MPA3–AgI/MPA6 with a smaller 

pore diameter, the slope showed a continuous variation (Ea = 

0.09–0.21 eV at 170–200 °C) because of the nano-sized effect. 

As reported previously,13,14,16,29,32,34,35,37,42,43,51,53–55 the ion-

conducting behavior in the cooling process was different from 

that in the heating process for each composite, where the room-

temperature PXRD pattern remained unchanged after the cyclic 

heating and cooling processes (Fig. S9, ESI†). Notably, the 

temperatures at which the temperature differential of σ exhibits 

a maximum (red and blue arrows in Figs. 5a–e) are comparable 

to the onset temperatures of the exothermic DSC peaks observed 

during the cooling process (Fig. 3h). Accordingly, it is apparent 

that the observed peculiar behavior of σ is closely connected to 

the structural transitions from the superionic α-AgI phase to the 

thermally stable β/γ-AgI phases. The thermal hysteresis observed 

in DSC and ionic conductivity measurements is associated with 

the suppression of the phase transition of AgI during both heating 

and cooling processes, possibly as a consequence of the 

inhomogeneous charge distribution of AgI particles near the 

surface of the MPAs.14,34,37 

Fig. 6 shows the pore size dependence of σ25°C and the molar 

conductivity (Λ25°C = σ25°C / [molar concentration of loaded AgI]) 

for the AgI/MPA composites with different pore diameters. 

Notably, the Λ value is originally proportional to the ion 

diffusivity (D) at a certain temperature according to the Nernst–

Einstein equation, D = RTΛ/z2F2, where R is the universal gas 

constant, z is the charge of the ions, and F is the Faraday constant. 

Both kinds of conductivity show a volcano-type dependence 

with a maximum at 7.1 nm (i.e., AgI/MPA3) for σ25°C and 9.2 nm 

(i.e., AgI/MPA2) for Λ25°C. Similar behavior has been reported 

for LiI/MPA composites, where the highest Li+-ion conductivity 

was observed for the composites with the pore diameter of 4–7 

nm.48,49 Although the magnitude of the Debye length remains a 

matter of debate,18,56 it is possible that the decreased 

conductivities in the composites with a large pore diameter (i.e., 

AgI/MPA1) are associated with the decreased fraction of 

“surface” ions that efficiently produce Frenkel defects including 

mobile Ag+ ions; namely, bulk-like AgI occupying the core of the 

mesopores contributes largely to ion-conducting behavior in 

these composites as described above. This trend is the same as 

AgI/AAO (AAO: anodic aluminum oxide), in which the room-

temperature σ value decreases as the pore diameter increases 

from 10 to 20 nm.34 The decreased conductivities of the 

composites with small pore diameters (i.e., AgI/MPA4, 

AgI/MPA5, and AgI/MPA6) may be attributed to the 

confinement of Ag+ ions near the pore surfaces of the MPAs, 

leading to the formation of an electric double layer. In other 

words, the Coulomb interactions between the Ag+ ions and 

nucleophilic O2– ions on the surface of the MPAs may suppress 

the migration of the Ag+ ions. To the best of our knowledge, the 

room-temperature ionic conductivity in AgI-loaded composites 

with porous silica is 1.2 × 10–4 S cm–1 at the highest.37 Because 

the value is significantly lower than that of many AgI-loaded 

composites with porous alumina25–36 including the present 

composites, it is evident that the present results provide 

 

Fig. 6 Plots of (a) σ25°C and (b) Λ25°C against pore diameter of MPA 

(brown: AgI/MPA1, red: AgI/MPA2, orange: AgI/MPA3, green: 

AgI/MPA4, blue: AgI/MPA5, purple: AgI/MPA6). 

 

Fig. 7 (a) N2 gas adsorption (closed circles) and desorption (open 

circles) isotherms of AgI/MPA3 composites with different 

volumetric loading levels at 77 K (red: AgI/MPA3 = 8:2, orange: 

AgI/MPA3 = 6:4, green: AgI/MPA3 = 4:6, blue: AgI/MPA3 = 2:8, 

black: parent MPA3). (b) Loading ratio dependence of 

monolayer adsorption amount (Vm) of AgI/MPA3 composites. 
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important insights toward more judicious selection of porous 

alumina for highly Ag+-ion conducting composites. 

 

Loading ratio dependence. We investigated the effect of the 

AgI-loading ratio on the thermal and ion-conducting properties 

of AgI/MPA3, which exhibited the highest ionic conductivity 

among the composites prepared in this study. The N2 isotherm of 

the parent MPA3 is categorized as typical type IV in the IUPAC 

nomenclature (Figs. 7a and S2 (ESI†));57 namely, there is a 

pronounced uptake at approximately P/P0 = 0.7 as a 

manifestation of the presence of mesopores. The N2 uptake 

decreased steadily with increasing AgI-loading ratio and 

eventually became negligible for the composites with volumetric 

loading ratios higher than AgI/MPA3 ≥ 6:4 (Fig. 7b). This trend 

provides firm evidence of the incorporation of AgI into the 

mesopores of MPA3, where an excess of AgI was loaded into the 

composite with AgI/MPA3 = 8:2. The volumetric loading 

fraction of AgI in the pores of MPA3 with an upper loading ratio 

limit of AgI/MPA3 = 6:4 was estimated to be ca. 90 vol% (the 

same as AgI/MPA3 in the previous section) based on a 

comparison of the maximum N2 uptake capacity with that of the 

parent MPA3. 

Given that the PXRD peaks assigned to β- or γ-AgI became 

broader for the AgI/MPA3 = 6:4 composites when the loading 

temperature was increased from 400 to 600 °C (Fig. S10, ESI†), 

the broadened PXRD peaks observed for the composites with 

AgI/MPA3 < 8:2 (Fig. 8) apparently arose from the reduced size 

of AgI crystallite as a consequence of the incorporation into the 

mesopores of MPA3 as evidenced by the sorption measurements. 

The crystallite size (6.5 nm) of the β-AgI phase in the AgI/MPA3 

= 6:4 composite with fully occupied pores, as estimated from the 

Le Bail refinement of the PXRD pattern (Fig. S11, ESI†), was 

comparable to the pore diameter of MPA3 (7.1 nm). The 

sharpened peaks arising from the increased crystallite size in the 

AgI/MPA3 = 8:2 composite were apparently caused by the 

presence of bulk AgI, which could not be loaded into the pores 

but was deposited on the surface of the grains of MPA3. 

Fig. 9 shows the DSC profiles of the AgI/MPA3 composites 

with different loading ratios. During the cooling process, the 

AgI/MPA3 composites with high AgI-loading ratios exhibited 

two distinct peaks (Figs. 9a and 9b), as shown in Fig. 3d for the 

AgI/MPA3 = 6:4 composite. Only a low-temperature peak was 

observed for the AgI/MPA3 = 4:6 composite (Fig. 9c), whereas 

no distinct peak was observed for the AgI/MPA3 = 2:8 composite 

primarily because of the small amount of loaded AgI (Fig. 9d). 

Based on the dependence of the relative intensities on the AgI-

loading ratio, it can be considered that the high- and low-

temperature peaks are associated with bulk-like AgI occupying 

the core and AgI near the surface of the pores, respectively. The 

transition temperatures decreased with a decrease in the amount 

of loaded AgI as shown in Fig. 10f. Because the crystallite size 

of AgI steadily decreased as the amount of loaded AgI decreased 

as described above (Fig. 8b), the lowered transition temperatures 

can be qualitatively explained in terms of the increased surface 

energy of nano-sized AgI as described in the previous section. 

Fig. 10a shows the dependence of σ25°C and Λ25°C on the AgI-

loading ratio. Both conductivities show a volcano-type 

dependence on the loading ratio with a maximum for the 

AgI/MPA3 = 6:4 composite, where both conductivities (σ25°C = 

7.2 × 10–4 S cm–1 and Λ25°C = 3.3 × 10–2 S cm2 mol–1) are more 

than three orders of magnitude higher than those of bulk AgI. 

The decreased conductivity under over-loading conditions (i.e., 

AgI/MPA3 = 8:2) apparently arose from bulk AgI with low σ25°C 

(ca. 1.5  10–7 S cm–1 14) that could not be incorporated into the 

pores. In contrast, the gradual decrease in the conductivities of 

the AgI/MPA3 composites with lower AgI-loading ratios is 

attributable to the interruption of the percolation pathways of 

 

Fig. 8 (a) PXRD patterns of AgI/MPA3 composites (red: 

AgI/MPA3 = 8:2, orange: AgI/MPA3 = 6:4, green: AgI/MPA3 = 

4:6, blue: AgI/MPA3 = 2:8, black: parent MPA3) along with 

simulated patterns (black thin lines) of α-, β-, and γ-AgI and γ-

Al2O3 (from the top). (b) Loading ratio dependence of crystallite 

size of β-AgI phase in AgI/MPA3 composites estimated using the 

Le Bail method. 

 

 

Fig. 9 DSC profiles of AgI/MPA3 composites ((a) AgI/MPA3 = 8:2, 

(b) AgI/MPA3 = 6:4 (same as Fig. 3d), (c) AgI/MPA3 = 4:6, and (d) 

AgI/MPA3 = 2:8). The red and blue arrows indicate the onset 

temperatures of the transitions on the high and low temperature 

sides, respectively, in the cooling process. 
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surface regions with mobile Ag+ ions formed by the space-charge 

effect and Frenkel defects.30,58,59 

Figs. 10b–e show the temperature dependence of σ for the 

AgI/MPA3 composites with different loading ratios. Upon 

heating, the σ value of all the composites, except for AgI/MPA3 

= 2:8, showed Arrhenius-like behavior up to ca. 100 °C, where 

the Ea values lie in the range of 0.25–0.31 eV. The anti-Arrhenius 

behavior observed for the AgI/MPA3 = 2:8 composite below 

approximately 70 °C (Fig. 10e) is associated with the 

contribution of proton conduction driven by possible partial 

hydroxylation on the pore surface of MPA3 followed by proton 

migration through the water molecules occupying the pore.60 

Such behavior was also observed for other low AgI-loaded 

composites, AgI/MPA3 = 3:7 and 1:9 (Fig. S12, ESI†). To 

evaluate the contribution of the protons to the observed ionic 

conduction, the humidity-dependent ionic conductivity of the 

composites with AgI/MPA3 = 6:4 and 3:7 was measured at 25 °C. 

As shown in Fig. S13a (ESI†), the AgI/MPA3 = 6:4 composite 

exhibited nearly humidity-independent σ in the relative humidity 

(RH) range of 30–95%, indicating that Ag+ migration is the 

dominant factor determining the ion conduction in the composite. 

On the other hand, the σ value varied greatly depending on the 

RH in the AgI/MPA3 = 3:7 composite with a rapid increase in σ 

at 70% RH (σ25°C = 1.0 × 10–5 S cm–1 at 30% RH and 6.6 × 10–5 

S cm–1 at 95% RH; Fig. S13b, ESI†). Given that the amount of 

adsorbed water also increased sharply at P/P0 = 0.7 for the 

AgI/MPA3 = 3:7 composite (Fig. S13d, ESI†), it is obvious that 

the σ value of the AgI/MPA3 = 3:7 composite is mainly derived 

from proton migration through the water molecules in the pores. 

For the AgI/MPA3 = 6:4 composite, the negligible water 

adsorption (Fig. S13c, ESI†) again confirmed that the proton 

contribution is of no significance for the ionic conduction. In the 

case of the over-loaded AgI/MPA3 = 8:2 composite, the σ value 

exhibited a significant discontinuous increase at ca. 150 °C in the 

heating process (Fig. 10b), at which the DSC profile exhibited a 

sharp endothermic peak (Fig. 9a). In the cooling process, the 

temperatures at which the temperature differential of σ exhibited 

a maximum was comparable to the onset temperatures of the 

exothermic DSC peaks observed during the cooling process (Fig. 

10f), as in the previous section. The observed peculiar behavior 

of σ is thus closely connected with the structural transitions from 

the superionic α-AgI phase to the thermally stable β/γ-AgI phases. 

The decrease in the transition temperatures with decreasing AgI-

loading ratio is closely related to the decreased size of the AgI 

particles in the pores as mentioned above. 

Conclusions 

In summary, by investigating the structural, thermal, and ion-

conducting properties of AgI-loaded MPAs with various pore 

sizes and filling levels, we gained deeper insight into the 

relationship between the loading state of AgI and the ionic 

conduction of the AgI/MPA composites. In particular, the present 

study is the first to reveal that AgI-occupied mesopores with a 

moderate diameter (7.1 nm) show the highest Ag+-ion 

conductivity at room temperature (7.2 × 10–4 S cm–1), possibly 

because of the large fraction of the surface region that includes 

the mobile Ag+ ions in the mesopores. The Ag+-ion conductivity 

showed a pronounced thermal hysteresis associated with the 

structural transition between the low-conducting β/γ-phase and 

superionic α-phase. In contrast with the superionic AgI 

nanoparticles embedded in organic polymers, the AgI/MPA 

composites facilitate long-range Ag+-ion migration, making 

them viable candidates for application in the field of solid-state 

ionics. It is inferred that the Ag+-ion conduction in AgI-loaded 

 

Fig. 10 (a) Loading ratio dependence of room-temperature ionic 

conductivity of AgI/MPA3 composites (black: AgI, red: AgI/MPA3 

= 8:2, orange: AgI/MPA3 = 6:4, green: AgI/MPA3 = 4:6, blue: 

AgI/MPA3 = 2:8). Temperature dependence of ionic conductivity 

(σ) of AgI/MPA3 composites ((b) AgI/MPA3 = 8:2, (c) AgI/MPA3 

= 6:4 (same as Fig. 5c), (d) AgI/MPA3 = 4:6, and (e) AgI/MPA3 = 

2:8) in heating (closed circles) and cooling (open circles) 

processes. The red and blue arrows indicate the temperatures 

at which the temperature differential of σ shows a maximum. (f) 

Loading ratio dependence of the transition temperatures 

determined by DSC (closed circles: high-temperature peak, 

closed triangles: low-temperature peak) and the temperatures 

at which the temperature differential of σ shows a maximum 

(open circles: high-temperature peak, open triangles: low-

temperature peak). 
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composites depends greatly on the types of porous materials and 

loaded silver salts in addition to the pore size and filling level, as 

demonstrated in this study. Studies along this line, particularly 

on the effect of silver salt species, are in progress. 
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