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a b s t r a c t

Silver iodide (AgI) nanoparticles were prepared by mechanochemical reaction technique (MCR) using
silver nitrate (AgNO3) and potassium iodide (KI) as reagents and distilled water as solvent. Mechanochem-
ical reaction involves the mechanical activation of solid-state displacement reactions at low temperatures
in a ball mill. AgI nanoparticles with well-defined morphology, size and phase compositions were
eywords:
echanochemical technique

uperionic phase
ctivation energy
article size

obtained. TEM images show that the particle size of the AgI nanoparticles decreases as a function of
milling time. The powder X-ray diffraction patterns show that they are mixture of �- and �-phases. The
superionic phase transition temperature (� → �) was slightly decreased after milling. The ionic conduc-
tivity shows enhancement with temperature for all samples with the unmilled sample has the highest
conductivity (4.12 × 10−6 S cm−1) at room temperature. The growth kinetics for AgI nanoparticles were
investigated. Two different values of activation energy were obtained indicated that there were two kind

owth
hase transition of mechanisms for the gr

. Introduction

Over the past few years, nanoparticles have been investigated
xtensively due to their novel properties that are greatly differ
rom the bulk materials [1–3]. Their defining characteristics is their
ize which is in the range of 1–100 nm and excellent chemical
rocessability. Comparing nanoparticles with the bulk material,
ome different properties are expected, namely a lower melting
oint, a lower phase transition temperature, different electrical
nd magnetic properties, a higher catalytic activity, etc. Semi-
onductor nanoparticles such as silver iodide (AgI) attract special
nterest because they are in an intermediate state between atoms

olecules and bulk materials and can be expected to exhibit excel-
ent properties [4]. Investigations of AgI have prompted progress
n the fields of solid state ionics and photography and applica-
ions of relevant devices. Thus, the design and controlled synthesis
f nanostructures is very important [5–7]. Several approaches
ave been developed to synthesize AgI nanoparticles [8–11].
ecently, mechanochemical reaction (MCR) has emerged as a vari-
ble method to produce nanoscale materials [10]. This technique

enerally influences texture and structure leading to a decrease
f the particle size and simultaneously increases the microstain
ue to the contribution of the grain boundaries formed during the
rocess [11]. AgI is a remarkable compound due to its superionic
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of AgI nanoparticles.
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�-phase and high Ag+ conductivity [12]. AgI has a direct bandgap
(∼2.9 eV) and it usually is a mixture of �-AgI and �-AgI at room
temperature. Above 147 ◦C, AgI has the �-phase that shows the
superionic behavior which have been studied extensively [13]. AgI
is the most investigated superionic conductor. Its ionic conductiv-
ity was attributed to the highly disordered structure of the phase.
Extensive efforts have been made to investigate the size depen-
dence on the phase transition temperature and ionic conductivity
[14,15]. In this paper, we report phase, conductivity and growth
studies of AgI nanoparticles synthesized by simple MCR technique.
An important goal of this study is to observe the effects of the
particle size on the correlations between ionic conductivity, ther-
mal events and phase transformations of the compound. We also
investigated the formation and growth of AgI nanoparticles.

2. Experimental procedure

AgI nanoparticles were prepared from the reagents silver nitrate (AgNO3) and
potassium iodide (KI) using distilled water as solvent. Optimized preparation route
for AgI nanoparticles are as follows. Two separate solutions containing AgNO3 and
KI were rapidly mixing. The mixtures were vigorously stirred for 15 min, filtered and
left to dry for a day. The precipitates were collected, repeatedly washed with distilled
water and then sintered at 250 ◦C for 5 h. Planetary ball mill was used to grind-
ing the AgI powder for 40–70 h. Microstructural characterization was performed by
Transmission electron microscopy and X-ray Diffraction (XRD) Philips X’pert MRD

diffractometer with CuK� radiation (� = 1.5056 Å). TEM samples were prepared by
placing a drop of a dilute methanol suspension of AgI on the surface of a 300-mesh
copper grid which was then dried for five days. TEM observations were carried out
in a LEO 912 Omega operating at 120 kV. Pellets of AgI powders were prepared
pressing the powder uniaxially at 5 ton into discs of diameter 25 mm with a thick-
ness of 3.6 mm for electrical measurement. Conductivity studies were carried out
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Fig. 1. SEM images of AgI powders: (a)

sing Impedans spectroscopy HIOKI 3532-50 LCR Hi Tester with frequency range of
0 Hz to 1 MHz. Thermal studies were carried out using METTLER 820 Differential
canning Calorimetry.

. Results and discussion

.1. SEM analysis

Fig. 1 shows the typical SEM images of the AgI powders before
nd after milling.

Secondary electron images show qualitatively the differences
n the surface morphology of mechanochemically reacted ground
amples of AgI. Random orientation of bigger size crystallites were
bserved in the non-milled sample (Fig. 1(a)). However, the crys-
allite size clearly decreases after 40 h of milling time (Fig. 1(b)). As
he milling time increases to 70 h, the crystallite size continuously
ecreased. Agglomerated crystallites with small size and increased
eactive surface area were observed in the milled samples. Even

hough, the MCR technique is a non-equilibrium processing route,
ur SEM observation suggests that apart from incorporating resid-
al strain, the samples obtained are largely homogeneous. The
elatively low energy cost for and high efficiency of the process
ould lead to the homogeneous samples.

Fig. 2. TEM images and size distribution of AgI nanoparticles: (a–b
milled; (b) 40 h milled; (c) 70 h milled.

3.2. TEM analysis

Fig. 2 shows TEM images and particle size distribution of the AgI
powders before and after milling.

Spherical shape and well dispersed of AgI nanoparticles were
observed for unmilled sample as shown in Fig. 2(a). The average
particle size of non-milled AgI nanoparticles is 50 nm. The shape
and distribution are well maintained after milling for 40 h. How-
ever, the average particle size decreases to 20 nm as shown in
Fig. 2(d). Particles start to agglomerate and become a cluster after
milling for 70 h (Fig. 2(e)) with the average particle size of 10 nm.

3.3. XRD analysis

Fig. 3 shows the XRD patterns of unmilled, 40 and 70 h milled
samples.

It is well known that AgI crystals consist of hexagonal wurtzite-
type �-AgI and cubic zinc blende-type �-AgI under ambient
condition as clearly seen in the figure. In the long condition of inves-
tigations of AgI, many synthetic methods have been studied for the

preparation of AgI nanoparticles and it difficulty is to obtain pure
crystals of a single phase. The unmilled sample exhibits a mixture of
two phases, �-AgI and �-AgI from small angle of 22◦ until 70◦. How-
ever, most of peaks at large angle were disappeared after milling
the sample for 40–70 h. Nevertheless, the milled samples still con-

) non-milled; (c–d) after 40 h milled; (e–f) after 70 h milled.
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Fig. 3. XRD pattern of AgI samples: (a)

ist a mixture of two phases �-AgI and �-AgI. It was also found that
he FWHM (full width at half maximum) increases after milling. The
ncrease of FWHM is evidence of decreases in AgI crystallite size.
he crystallite size of the samples are calculated through Scherrer’s
ormula in Eq. (1)

= k�

ˇ cos �
(1)

here k is a Scherrer constant, � is a X-ray wavelength, ˇ is a full
idth at half maximum (FWHM) and � is a peak angle. Table 1

hows the crystallite size of the samples decreases as the milling
ime increases. Note that the FWHM value was obtained from the
eak at angle of 24◦.

.4. DSC analysis

Fig. 4 shows the thermal response of the AgI powders before and
fter milling.

It seen that DSC traces of the heating runs consist of a strong sin-
le endotheric peak near 147 ◦C due to the order–disorder phase
ransition of AgI from the low temperature �/�-phase to superi-
nic high temperature �-phase. The endothermic was observed to
ecrease slightly with the decrease of the AgI particle diameter.

ith restricting the particle size to be in nm-order, the phase tran-

ition temperature of the AgI particle might be lower than that of
he bulk AgI and the high-temperature phase of �-AgI will possibly
e brought to room temperature making AgI as a valuable material
or solid-state battery, solid sensor, and others.

able 1
WHM and crystallite size of AgI samples before and after milling.

Sample FWHM (× 10−3 rad) Crystallite size (nm)

Before milling 5.24 26.9
40 h milled 6.98 20.2
70 h milled 8.72 16.2

Fig. 4. DSC traces of AgI samples: (a) bulk AgI; (b) before milled; (c) after 40 h milled;
(d) after 70 h milled.
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Fig. 5. . Room temperature impedance plots for samples of (a) 70 h milled; (b) 40 h
milled; (c) unmilled; (d) bulk AgI.

Fig. 6. Temperature dependence of the ionic conductivity for (a) unmilled; (b) 40 h
milled; (c) 70 h milled AgI samples.

Fig. 7. SEM images of the AgI nanoparticles at 70 h milling time for various sintering temperatures: (a) 100 ◦C; (b) 200 ◦C; (c) 300 ◦C; (d) 400 ◦C; (e) 500 ◦C.
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[5] H.T. Shi, L.M. Qi, J.M. Ma, H.M. Cheng, J. Am. Chem. Soc. 125 (2003) 3450.
Fig. 8. Plot of log grain/time versus inverse temperature of 70 h milled AgI.

.5. Complex impedance studies

Impedance plane plots of the samples are presented in Fig. 5.
ll samples show spike at lower frequency and small part of semi-
ircle at higher frequencies. The spike is related to the interfacial
ffects between the electrode and samples while the semicircle
an be attributed to the bulk resistance of the samples assum-
ng the grain boundary effect to be the minor. The diameter of
emicircle was observed to decrease with the decrease of the AgI
article diameter. The DC resistivity can be obtained from the inter-
ection of the semicircle which represents the bulk contribution
ith the axis of the real impedance decreasing rapidly with the
ecreasing particle size which indicates increasing ionic conduc-
ivity. The ionic conductivity can be calculated from the equation
elow:

= t

RbA
(2)

here Rb, t and A are the bulk resistance, thickness and cross sec-
ional area of the sample, respectively.

.6. Temperature dependence of ionic conductivity

Temperature dependence of the ionic conductivity for the AgI
amples was investigated by complex impedance measurement as
resented in Fig. 6. With the particle size decreasing, the RT ionic
onductivity decreases from 4.12 × 10−6 to 2.02 × 10−6 S cm−1.
ig. 6 composed of three linear plots which can be fitted by Arrhe-
ius equation,

= �o exp
(

− EA

kBT

)
(3)

here �o is the pre-exponential factor, kB represents the Boltz-
ann constant and EA is the activation energy. The activation

nergies for the three plots of Fig. 6 were calculated to be 0.17,
.26 and 0.35 eV, respectively. It has been well established [16] that
he ionic conductive behavior of normal AgI below 147 ◦C is con-
rolled by extrinsic defects in the lattice, such as grain boundaries
nd dislocations. However, the mechanism of ionic conductivity for
ano-AgI was seldom studied. At temperatures ranging from RT to
47 ◦C, we proposed that the conductive mechanism of both nor-

al and nano-AgI is the same. The increase in ionic conductivity

nd decrease in activation energy may result from the increase of
rain boundary and dislocation density in AgI nanoparticles which
an provide a high diffusivity path for Ag at low temperatures.
d Compounds 509 (2011) 2001–2006 2005

3.7. Growth study

Fig. 7 shows the SEM micrographs of the AgI samples sintered
for 5 h at different temperatures.

The particles are well distributed at the beginning of sintering
process as shown in Fig. 7(a). The porosity among the particles is
less visible. As the temperature gradually increases at 200 ◦C, the
particles tend to agglomerate to form a cluster. Porosity among the
particles is more visible. A similar feature occurred at the higher
temperatures. The particle size was grown and become more dense
and compact. In order to give a better understanding of the grain
growth behavior during sintering, an analysis of the kinetic grain
growth is carried out based on the kinetic grain growth equation:

G = kot exp
[−E

RT

]
(4)

where G is grain size, ko is constant, t is a time, E is an activation
energy and R is a universal gas constant.

Fig. 8 shows the grain size as a function of temperature. As
shown in the figure, the grain size increases gradually with increas-
ing temperature in the low temperature region. Sudden increases
in grain size are observed at 300 ◦C. This rise in grain size is
accompanied by higher activation energy. In the low temperature
region, the activation energy was 20 kJ/mol. In the high tem-
perature region, the rate was faster and the activation energy
was 400 kJ/mol. The higher activation energy for the high tem-
perature phase can be explained by the presence of structural
disorder in these compounds. We proposed that there are two
different mechanisms for grain growth at lower and higher tem-
perature as reflected from two different values of the activation
energy.

4. Conclusion

The AgI nanoparticles were prepared using a simple
mechanochemical route and then sintered at 500 ◦C for growth
study. It was found that the size of AgI nanoparticles decreases
as a function of the milling time. The AgI nanoparticles become
homogeneous during mechanical milling. The morphological
changes are followed by structural changes. Most of the XRD peaks
at a large angle were disappeared after milling even though they
still consist a mixture of two phases �-AgI and �-AgI. The DSC
study shows that the phase transition temperature (� → �) slightly
decreases after milling. Ionic conductivity study shows a thermal
dependence conductivity which satisfied the Arrhenius profile.
The conductivity is due to the grain boundaries and dislocations.
In addition, we proposed that there would be two different mech-
anisms for the grain growth as reflected from two different values
of the activation energy.
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