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pressure on Agl nanoparticles. Here, we report the stabilization

ABSTRACT: We performed variable-temperature syn- of the a-phase down to room temperature by applying pressure
chrotron powder X-ray diffraction measurements and

impedance spectroscopy under pressure for silver iodide
(Agl) nanoparticles with a diameter of 11 nm. The
superionic conducting a-phase of Agl nanoparticles was
successfully stabilized down to at least 20 °C by applying a
pressure of 0.18 GPa, whereas the transition temperature
was 147 °C in bulk Agl at ambient pressure. To our ) e )
knowledge, this is the first example of the a-phase of Agl and size distribution were estimated to be 114 + 4.5 nm
existing stably at room temperature. (Figure 1a and 1b). A PXRD pattern of the as-synthesized Agl
nanoparticles clearly showed that they consisted of 3/y-phases

to Agl nanoparticles.

The Agl nanoparticles used in this work were prepared by
liquid-phase synthesis, as in the previous report,24 and
characterized by transmission electron microscopy (TEM)
and powder X-ray diffraction (PXRD). Monodispersed nano-
particles were observed using TEM, and their mean diameter

ecently, enhancement of the performance and safety of @ o . (b)20

batteries has been highlighted due to the widespread use e bt
of mobile electronic devices. Liquid electrolytes are commonly e 4
used for batteries at present, but safety problems such as liquid 5 D‘,‘q 5P o
spill and ignition exist. To overcome these problems, all-solid- L3
state batteries have been actively studied.' ™" Silver iodide (Agl) ¥ »
has attracted much attention as an ionic conductor in solid ¢ "
electrolytes. Bulk Agl consists of the f-phase with wurtzite
structure and the y-phase with zincblende structure at ambient ()
temperatures and pressures.”® Above 147 °C, the f3/y-phases
change to the a-phase, which shows very high Ag" conductivity
of more than 1 S/cm originating from sublattice melting of
Ag".”® To stabilize the a-phase down to lower temperature,
various methods have been attempted so far, such as chemical
substitution,”” > embedding in a glass matrix,"*~'® applying
pressure,'’~*° and downsizing.”'~** It is known that the
hysteresis of the transition temperatures in the heating and l Bulk Agl
cooling processes becomes larger with decreasing particle size . .1 —— A
of AgL.”** For Agl nanoparticles with a diameter of 11 nm, the 6 ;3 1|0 1|2 1' 4 1I6 1I8 20
transition temperature from the a-phase to the f/y-phases is 40 26/ degree
°C, showing a large hysteresis of more than 100 °C,** although
the hysteresis is only 2.5 °C in bulk AgL.>® Agl is used for cloud Figure 1. (a) TEM image and (b) size distribution of Agl
seeding because of its similar crystal structure to ice.”® It is well- nan9particles. (c) PXRD patterns of the asjsynthesized Agl nano-
known that the melting point of ice shifts to lower temperature particles (blue) and bulk (black) at ambient temperatures and
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on applying moderate pressure due to the lower density of ice pressures.

than that of water.”” In bulk Agl, similar to ice, it has been

reported that the transition temperature decreases under Received: November 2, 2016
pressure.'”>° However, there is no study on the effect of Published: January 17, 2017
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at ambient temperatures and pressures (Figure 1c). Moreover,
the crystal size of the Agl nanoparticles calculated using the
Scherrer equation (134 and 10.2 nm for f- and y-phases,
respectively) was consistent with the mean diameter
determined by TEM observation.

To investigate the phase-transition behavior of Agl nano-
particles, we performed variable-temperature synchrotron
PXRD measurements under ambient pressure at SPring-8
BL02B2 (Figure S1). Upon heating, the as-synthesized f3/y-
phases gradually changed to the a-phase between 150 and 190
°C, and a small amount of the a-phase remained at 30 °C on
subsequent cooling at ambient pressure. Figure 2a shows the
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Figure 2. (a) Temperature dependence of the a-phase Agl fractions
under 0.18 GPa (circles) and at ambient pressure (triangles). Open
and closed symbols are for the heating and cooling processes,
respectively. (b) DSC thermograms of Agl nanoparticles at ambient
pressure.

temperature dependence of the fraction of the a-phase
calculated by Rietveld refinement on the PXRD patterns. The
transition temperatures during the heating and cooling
processes are 162 and 39 °C, respectively, where the transition
temperature is defined as the temperature at which the fraction
of the a-phase reaches 50%. The results are in good agreement
with those of differential scanning calorimetry (DSC), as shown
in Figure 2b.

Next, the phase-transition behavior of Agl nanoparticles
under pressure was investigated using variable-temperature
synchrotron PXRD measurements under pressure at SPring-8
BL10XU (Figure 3). Agl nanoparticles were loaded into a
diamond anvil cell with sodium chloride as the pressure
transmitting medium and pressure marker,”® and the cell was
heated with an electric resistance heater. The pressure was
controlled using a gas membrane and adjusted at each
temperature. Upon heating under 0.18 GPa, a gradual phase
transition from the f/y-phases to the a-phase occurred
between 110 and 147 °C, which was a lower temperature
than at ambient pressure (Figure S1). Upon cooling, in
contrast, the diffraction patterns did not change and only the a-
phase was observed even at 20 °C under 0.18 GPa, indicating
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Figure 3. Variable-temperature synchrotron PXRD patterns under
0.18 GPa for Agl nanoparticles. Blue and red curves denote PXRD
patterns containing only the f/y-phases and a-phase, respectively.
Green curves denote a mixture of these phases.

the first observation of a-phase Agl at room temperature. The
crystal size of the a-phase was calculated as 18.0 nm using the
Scherrer equation, and it was confirmed that obvious crystal
size growth did not occur during the thermal cycle.

For further detailed analysis, as for the ambient-pressure data,
we calculated the fraction of a-phase at each temperature from
Rietveld refinement on synchrotron PXRD patterns and plotted
it against temperature in Figure 2a. The transition temperature
upon heating is estimated to be 123 °C under 0.18 GPa, which
is lower than that under ambient pressure by 39 °C (Figure 4,
yellow squares and dotted line). Unfortunately, we could not
perform synchrotron PXRD measurements below room
temperature due to a technical limitation, so the transition
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Figure 4. Pressure—temperature phase diagram of bulk Agl from the
literature'® (black) and measurement points of variable-temperature
synchrotron PXRD measurements in this work (circles: open, heating;
closed, cooling). Red, green, and blue colors correspond to the
diffraction patterns of Agl nanoparticles in Figure 3. Yellow squares
denote transition temperatures upon heating, determined using
Rietveld refinement.
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temperature upon cooling under 0.18 GPa could not be
determined. According to the phase diagram of bulk Agl
(Figure 4, black line), the transition temperature decreased by
41 °C under 0.18 GPa, and this is consistent with our
nanoparticles case. So we can conclude that stabilization of the
a-phase at room temperature under pressure observed in Agl
nanoparticles originates from both size and pressure effects.
To investigate the ionic conductivity of Agl nanoparticles, we
performed AC impedance spectroscopy under ambient
pressure and 0.20 GPa. Agl nanoparticles were loaded into a
piston cylinder cell with Daphne Oil 7373 as the pressure-
transmitting medium and manganin wire as the pressure
marker.”” Pressure was applied at room temperature and
clamped before the thermal cycle. Typical Nyquist plots are
shown in Figure S6, and by fitting the arc with a semicircle, the
ionic conductivity was determined at each temperature (Figure
5). Upon heating under ambient pressure, the ionic
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Figure 5. Temperature dependence of ionic conductivity for Agl
nanoparticles under 0.20 GPa (circles) and at ambient pressure
(triangles). Open and closed symbols are for the heating and cooling
processes, respectively.

conductivity increased gradually. Above 130 °C, a noticeable
change was observed, associated with a phase transition from
the f/y-phases to the a-phase. Upon cooling, on the other
hand, the ionic conductivity showed a higher value than upon
heating, and a sudden drop was observed at 40 °C due to the
disappearance of the a-phase. Under 0.20 GPa, in contrast, high
ionic conductivity was retained down to a lower temperature,
which suggests stabilization of the a-phase due to the effect of
pressure. The reason why ionic conductivity starts to drop at
room temperature during the cooling process could be a partial
phase transition from the a-phase to the f/y-phases due to a
small pressure leak during the thermal cycle.

The ionic conductivity of the Agl nanoparticles was 2.1 X
107 S/cm at 169 °C under ambient pressure, which was lower
than the previously reported value.”® This could originate from
the amount of the protecting polymer and/or vacancies.

The change in transition temperature induced by applying
pressure can be explained using the Clausius—Clapeyron
equation:

dT _ TAV
dp AH
where T, P, AV, and AH denote temperature, pressure, volume

change, and transition enthalpy, respectively. As mentioned
above, the melting point of ice decreases under pressure due to
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volume shrinkage during melting. In Ag], as is the case with ice,
considering that the density of the a-phase is higher than that
of the f3/y-phases (AV < 0) and that the phase transition from
the 3/y-phases to the a-phase is endothermic (AH > 0), we can
expect that the transition temperature decreases on applying
pressure. We evaluate T = 435 K and AV = 2.6 X 107 m*/mol
from variable-temperature synchrotron PXRD measurement
and AH = 3.9 kJ/mol from DSC, and then TAV/AH = -2.9 X
1077 K/Pa at ambient pressure for Agl nanoparticles. This value
is consistent with the observed dT/dP = —2.2 X 1077 K/Pa
(Figure 4, yellow dotted line) and previous reports of —1.5 X
1077 K/Pa for bulk AgL>**!

In summary, we investigated the pressure effect on Agl
nanoparticles’ phase-transition behavior and ionic conductivity
using variable-temperature synchrotron PXRD measurements
and AC impedance spectroscopy under pressure. The a-phase
was stabilized down to 20 °C by applying a pressure of 0.18
GPa to Agl nanoparticles with a diameter of 11 nm, as a result
of the combination of pressure and size effects.
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