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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF SUPERIONIC CONDUCTING GLASSES
(Agl),(Ag,S) (AgPO,), , . Samples of Superionic Conducting Glasses (Agl) (Ag,S),(AgPO,), , with x =0, 0.09,
0.17,0.23, 0.33, 0.37, 0.41 and 0.44 have been synthesized by rapid quenching method. Some physica properties
including crystal structure, thermal behavior, ionic conductivity and transference number have been characterized and
measured by using respectively, an X-Ray Diffractometer (XRD), aDifferential Scanning Caorimetric (DSC), and
an Impedance Spectroscopy (LCR-meter). Thediffraction patternsof (Agl) (Ag,S) (AgPO,), ,, for al compositions
of x show only one broad peak indicating that al the samples are good glasses and have an amorphous structure. In
genera the glass transition temperature T decreases from 398°C to 275°C as x increases. The results of ionic
conductivity () measured at variousfrequencies and voltages show asignificant increase asx increases. Themaximum
ionic conductivitiesare obtained for x=0.44 at different voltages 5(0.5 volt)=1.66x102 S/cm, §(1 volt)=1.91x102Scm,
§(2 volt)=2.34x10 S/em, while the ionic conductivities for un-doped glassAgPO, are 5(0.5 volt)=9.33x10® S'cm,
(1 volt)=1.17x107 Scm, (2 volt)=1.55x107 S/em. Thetransference number, t isapproximateto 1 indicating that
the conduction isessentialy ionic in nature.

Keywords: Superionic conducting glasses, rapid quenching, ionic conductivity, transport number

ABSTRAK

SINTESIS DAN KARAKTERISASI GELAS KONDUKTOR SUPERIONIK (Agl) (Ag,S),
(AgPO,), . Cuplikan dari gelas konduktor superionik (Agl), (Ag,S),(AgPO,), ,, dimanax = 0; 0,09; 0,17; 0,23;
0,33; 0,37; 0,41, 0,44 telah disintesi sdengan metode pendinginan cepat. Beberapasifat fisistermasuk struktur kristal,
sfat termal, konduktivitas ionik dan bilangan transfer telah dikarakterisas serta dihitung dengan menggunakan
peralatan secaraberturut-turut dengan X-Ray Diffractometer (XRD), Differential Scanning Calorimetry (DSC) dan
Impedance Spectroscopy (LCR-meter). Pola difraks sinar-x pada suhu ruang dari gelas (Agl), (Ag,S),(AgPO,), ,,
untuk semuakomposi s x menunjukkan adanya sebuah puncak |ebar yang menandakan bahwacuplikan yang diperoleh
memiliki struktur amorf dan merupakan gelasberkualitasbaik. Suhutransisi gelas, T, terlihat menurun untuk semua
komposis x dengan sifat-sifat termal yang berbeda antara gel as dengan dopan maupun dengan gelas tanpa dopan.
Secaraumum suhu transis gelasTg menurun dari 398°C ke 275°C dengan bertambahnyax. Hasil pengukuran sifat
listrik yang diukur pada tegangan dan frekuens yang berbeda menunjukkan adanya kenaikan nilai konduktivitas
ionik (s) yang berarti dengan pertambahan x. Nilai konduktivitas ionik maksmum dicapai pada x=0,44 yaitu
5(0,5 volt)=1,66x10 S/cm, (1 volt)=1,91x102 S/cm, §(2 volt)=2,34x10 S/cm, sedangkan pada gel as tanpa dopan
AgPO, yaitu (0,5 volt)=9,33x10® S/cm, (1 volt)=1,17x107 S'cm, §(2 volt)=1,55x107 S'cm. Perhitungan bilangan
transfer menghasilkan nilai t,  mendekati 1 yang menunjukkan bahwakonduksi yang terjadi merupakan konduksi
ionik murni.

Kata kunci : Gelas konduktor superionik, pendinginan cepat, konduktivitasionik, bilangan transfer
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The highly ionic conductivity of superionic
conducting materials has attracted much interest,
because of their use in applications as solid eectrolytes
in new electrochemical devices such as solid state
batteries, fud cells, memory devices, display panels and
sensor [1,2].

Among the superionic conducting materias, Agl
crysalineiswell known asatypica of superionic conductor

62

that has a highly ionic conductivity up to 102 S‘cm above
its phase transition (o-Agl)around 147 °C [3]. Since most
applicationswork at ambient temperature, different kind of
experimentshavebeen carried out to decreaseitstrangtion
temperature and to produce the new solid electrolyte
materialswith highionic conductivity at roomtemperature
by doped with other ionic sdts, such as Ag,S, AgBr or
AgCl [4-10].
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Superionic conducting glasses (SICG) isoneof the
solid conductors that has been mostly developed for the
last decade since glassy materials have many advantages
compared with crystalline counterparts, such as high
superionic conductivity at ambient temperature, absence
of grain boundaries, ease of thin film formation, strong
glass-forming character, low melting point and wide range
of composition that gives greater control of properties[3].
Normally, ionic mobilitiesin the glasses are higher thanin
the crystalline state because the disorder helps in the
creation of conduction pathways, o it is natural to turn
attention to ionic glasses[9].

Thewdl known studied of SICG materid isbased
on the silver phosphate (AgPO,) group because is not
difficult to produce this glass. Pure AgPO, consists of
tetrahedral anions PO4- and shows very low ionic
conductivity around 107 S/cm at room temperature. By
adding doping salt Agl into glassy AgPO,, the ionic
conductivity increases until 102 S/cm [6]. Reverse
Monte Carlo (RMC) modeling confirms that the
increase of the conductivity because of the free volume
expansion in the network structure by the presence
of a‘'salt’ component [10].

Inthisresearch we have synthesized ternary system
of Agl-Ag,S-AgPO, (ASIX), wheretheratio of Agl : Ag,S
=1: 1. Theseglasses consst of three components. aglass
network former (Ag,0), metal oxidesor meta sulfidesacting
asaglass network modifier (P,0,), and adoping sat (Agl
and Ag,S). In this paper we present an extensive
characterization of crystd structure, thermal behavior, ionic
conductivity and transference number of the system
(Agl) (Ag,S), (AgPO,), , withx=0,0.09,0.17,0.23,0.33,
0.37, 0.41 and 0.44 at ambient temperature. It is expected
that, the conductivity of these superionic glasses will
increase with increasing frequency and composition (x)
dueto increasing ionic mobility.

EXPERIMENTAL METHOD

SamplePreparation

Procedures for preparing (Agl) (Ag,S),
(AgPO,), ,, samplesaredivided into 2 stepsof synthesizing.
The first step isto produce glassy AgPO, and the second
isto produce SICG (Agl) (Ag,S),(AgPO,), .. Thisstepis
described by the following chemical reaction:

(1) 2NHH,PO, —» PO, +2NH 7 +3H0”
2AgNO, —» Ag,0+NO .~ +NO,” +0,7
PO, +Ag0 —» 2AgPO,

(@ Ad + AgS +  AgPO,— (Agl),(AQ,S) (AQPO,),

Based on the reference [4], (Agl) (AQ,S),
(AgPO,), , areprepared with molar dopant concentrations
of Agl andAg,S0, 9, 17, 23, 33, 37, 41 and 44% by mixing

appropriate amounts of Agl (Alfa Aesar 99.9%), Ag,S
(AlfaAesar 99%), AgNO, (BDH 169.87), and NH,H,PO,
(Caledon 98%). The mixture was ground together in
amortar, thenplaced into aporcelain crucibleand heated in
afurnace.

Two kind of heating treatments have been
performed in order to obtain the optimal results.
The first group with molar dopant concentration of
x =0, 0.09, 0.17 and 0.23 were heated gradually (150 °C/h)
to a temperature of 600 °C for glassy AgPO, and up to
850 °C for Agl-Ag,S-AgPO, mixtures. The melt was
kept at this temperature for 2 hours before
quenching into a cylindrical hole in a piece of teflon
with liquid nitrogen environment. The second
group with molar dopant concentration of x = 0.33, 0.37,
0.41 and 0.44 were heated gradually (100 °C/h) to
a temperature up to 600 °C. The melt was kept at
this temperature for 16 hours and heated again
until temperature up to 800°C. The glass specimens
were made by casting the mdltsinto acylindrica rod-brass
of 25 mmdiameter and 75 cmlength and directly quenched
into liquid nitrogen.

The colour of the glass varies from a clear,
transparent-yellow, orange and dark red transparent glass
forx=0,0.09,0.17and 0.23; whileforx=0.33,0.37,0.41 and
0.44 the colour of the samples are dark and opague. All of
the sample preparation and characterization have been
performed at the Advanced Materials Laboratory,
Technology Center For Nuclear Industrial Materials,
BATAN.

X-Ray Diffraction, Thermal and Electrical
Properties M easur ements

The structural, thermal and electrical properties
of the series of glasses (Agl) (Ag,S) (AgPO,), .,
with x = 0, 0.09, 0.17, 0.23, 0.33, 0.37, 0.41 and 0.44
have been performed by using respectively an
X-ray Diffraction, a Differential Scanning Calorimetry
(DSC-7, Perkin EImier) and aHioki 3522-50 L CR meter at
Advanced Materials Laboratory, Technology Center For
Nuclear Industrial Materials, BATAN. The x-ray
diffraction measurements were performed at room
temperaturewithin 2 hourswith thewavelengthA = 1.54 A
for the CuK a-rediation. For the DSC- measurements, the
samples were heated from 50 °C to 500 °C with
the heating rate of 10 °C/min and cooled to room
temperature at the same rate under helium
atmosphere. The glass transition T , and the heat
flows were determined for all the samples. Powder
samples for electrical conductivity measurements
were pressed between conductive silver electrodes
at 700 Kg/en? into cylindrical pellets 1.5 cm in diameter
and approximately 0.2 cm in thickness. Conductance
data were recorded at varies frequency from 10! Hz
until 10°Hz and varies constant voltage (CV) of 0.1 volt,
0.5volt, 1 volt and 2 volt.
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RESULTSAND DISCUSSION
X-Ray Diffraction

Figure 1 and Figure 2 show the diffraction patterns
of (Agl) (Ag,9),(AgPO,), ,, forx=0,0.09,0.17,0.23and
x=0.33,0.37,0.41, 0.44, respectively. The patterns show
only abroad peak indicating typical anorphousmateria or
characteristic of glassy state. This result confirms the
successful preparation of glass samples containing no
crystallinity. The diffraction patterns for al compositions
of x show abroad peak centered around 26~30°. Thispeak
isrelated to the Bragg peak in the crystalline AgPO, , the
parent materia .

(Agl)x(Ag2S)x(AgPOs)1-2x
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Gambar 1. X-Ray duffraction Patterns of

(Agl),(Ag,9),(AgPO,),, with x = 0, 0.09, 0.17 and 0.23 at
room temperature.

Thelower anglein Figure 2 isdightly higher thanis
shownin Figure 1 because of differencesetting ininstrument
and small angle scattering. With increasing the doping salts
concentration (x), theintensity of the broad peak becomes
weaker because of less glass component in higher x
comoosition.
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Figure 2. X-ray diffraction patterns of (Agl),
(Ag,S),(AgPO,), ,, with x = 0.33, 0.37, 0.41 and 0.44 at
room temperature.

GlassTransition

Thehest flow measurementsmeasured by DSC give
glass transition temperature, T, for al compositions of x.
Thisis appropriate with glassy state patterns as shown by
X-ray diffraction. Figure 3 shows the composition
dependence of the glass transition temperature T, upon
heating.
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Figure 3. . The glass transition temperature of
(Agl),(Ag,9),(AgPO,), ,, as a function of mol %
(Agl+Ag,S) upon heating (closed circle). The closed square
is the Tg obtained by E. Kartini et a. [5] and the closed
triangle is the Tg obtained by Reau et al. [8].

As shown in Figure 3, the glass transition
temperature, T, decreasesrapidly asthe amount of dopant
salt increasesfrom x = 0.09 to 0.33, and it changes lowly
until x = 0.44. A smilar trend wasal so observed internary
system of Agl-Ag,S-AgPO, glasses [5,8], but the glass
transition T_was much lower because of different
guenching techniques and different sample geometries
(hence different cooling rates). The decrease of T, when
(AgI+Ag,S) isincreased is attributed to the expansion of
phosphate chains that increase the free volume expansion,
and reduce the ability to maintain phosphate links as
temperature increases.

lonic Conductivity

Figure 4 shows conductivity value of AgPO, glass
at varies frequency from 0.1 Hz to 100 kHz, and varies
constant voltage from 0.1 volt to 2 volt. Logarithm of
conductivity in AgPO, glass increases with increasing
constant voltage value. A similar trend of conductivity
pattern is also observed for other constant voltage values.
At congtant voltage CV = 0.1 volt, the conductivity increases
intherange of log frequency from-1to O, followed by flat
(plateau) between log frequency = 0 and 2, and then sharply
increases at higher frequencies. The plateau area shows

Log Conductivity (S/cm)

+ + + + + 2V
-2 -1 0 1 2 3 4 5 6
Log frequency (Hz)

Figure 4. AC-Conductivity of AgPO, glass at room temperature.
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that the conductivity does not depend on the frequency.
This was known as frequency independent area or
DC-conductivity. However, at higher frequency, for different
voltages the conductivity sharply increases and overlaps
when frequency was increased further indicating that the
AC conductivity really depends on frequency.

Thefrequency dependencesof theAC conductivity
known as Universal Frequency Response (UDR) hasbeen
developed by Jonscher [11]. One of severa models to
analyze the AC-conductivity isdescribed by the following
equation:;

o~ fS ....................................................................................... (1)
where ¢ isconductivity value, sisan exponent power and
fisfrequency.

Based ontheearlier resultsfor ether ionic crystaline
or silica glass, there is one equation for superionic
conducting glass [12]:

G = Gofs .................................................................................... (2)
By making them into Logarithm terms, the equation (2)
becomesalinear equation:

Logo =SLogf + LOGG, ovvvvrrrrrvsniiiisninns 3
where Log 5, indicatesthe conductivity at frequency 1 Hz.

The equation (3) is used to fit the conductivity
data by dividing into 3 frequency ranges, respectively
at low frequency (S)), middle frequency (S,) and high
frequency (S,), inwhich each range has aspecific pattern
and a differential physical meaning. The ionic jump
occurs at the low frequency range, DC-conductivity
usually occurs at the middle frequency range and ionic
vibration occurs at higher frequency range. The result
of fitting parametersfor low, middle and high frequency
ranges notated by s, s, and s, respectively are shown
inTable 1.
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Table 1. Exponent Power and Conductivity of AgQPO3 Glass.

o S S S log | Loy | Log
[ | Loof Lagf Lagf Ca Ce o
[Hz | [AHz | [28Hz | [Sor | [Sar | [Sami
01 (0105) o® (07224 682 662 =107
05 [00¢] o® (07224 657 630 1B
1 0m (010¢] 02 653 653 6B
2 0m (0104 018 64 646 -68L

Thevaueof S andS, a CV =0.5volt, 1 volt and
2 voltasshownin Table 1 arelower than S,.. It means that
frequency dependent of the conductivity at low and middle
frequency ranges are lower than for higher frequency. At
higher frequency range, al valuesof S, areamost samefor
all CV, indicating that conductivities become highly.
Conductivities obtained at frequency 1 Hz varies from
5(0.1 vaolt)=8.51x10® Slcm, 0.5 volt)=9.33x108 S/cm,
S(1 volt)=1.17x107 Scm and (2 volt)=1.55 x107 S/cm.
DC-conductivity value that observed by taking the plateau
regime with the lowest value of S that close to 0 is

3.47x107 Scm. Inthis casetheAgPO, glassdoes not show
asuperionic character.

Figure 5 shows the AC-conductivity of
(Ag1),5(A9,9),s(AgPO,), ., & room temperature. Almost
similar trend of conductivity results as for AgPO, glassin
figure4 wasal so observed for x=0.23, wherethelogarithm
conductivity increaseswith increasing frequenciesand the
constant voltage value. At constant voltage, the
DC-conductivity was observed in the range of log
frequency from-1to1, anditincreasessowly between log

5.6

(Agl) 0,23 (AgsS) o, 23 (AgP03) o, 54

5.8

Log Conductivity (S/cm)

—0—2V

2 1 5 6

0 Log 1flrequzency 3(Hz) !
Figure 5. AC-Conductivity of (Agl),,,(Ag,S), . (AGPO,) s,
at room temperature.

frequency = 1 and 3, and then sharply increases at higher
frequencies. The conductivity overlaps for different
voltagesat abovelog frequency =4 and itisindicating that
universality respond was achieved in this frequency.

Table 2 shows the result of fitting parameters for
low, middle and high frequency ranges with x = 0.23 and
notated by s, s, and s,, respectively. As shown in Table
2 frequency dependent of the conductivity at low and middle
frequency range are lower than for higher frequency.
At higher frequency range, al valuesof S, areadmost same
for al CV, indicating that conductivities become higher.
Conductivities obtained at frequency 1 Hz varies from
s(0.1valt) = 3.98x107 S/cm, §(0.5 volt) = 5.01x107 S/em,
s(1valt) = 7.94x10° S/lem and s(2volt)=1.02x10° S/c.
DC-conductivity indicated by the plateau regime with the
lowest value of S that closeto O obtainedat CV =0.1 volt
is 2.51x107 S/cm. Although the ionic conductivity at
x = 0.23 increased one order higher than AgPO, glass, in
this case it does not show a superionic character.

Table 2. Exponent Power and Conductivity of (Agl)

0.23

(Ag28)0'23(A9P03)0_54.
ov S S S lgoy | Lagoe | Logoe
M | Loof Lagf Logf [Sam [Sam [Sam
[H | [4Hz | [48H

o | 0% (0's] o 65 66 i
05 o Qo7 (0¢] /4 66 63
1 o 0's:] B -3 65 4l
2 4] [0ls:] 3 6277 4 59

65
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Figure 6. AC-Conductivity of (Agl),(Ag,S), (AgPO,), ,,
with x = 0, 0.09, 0.17 and 0.23.
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Figure 7. AC-Conductivity of (Agl),(Ag,S),(AgPO,)

with x = 0.33, 0.37, 0.41 and 0.44.

1-2x

The ionic conductivity for other higher doped
glasses system (x>0) compared with undoped glass (x=0)
is shown in Figure 6 for the first group of samples
(x=0,0.09,0.17 and 0.23) and Figure 7 for the second group
of samples(x=0.33,0.37,0.41 and 0.44). Bothfiguresshow
that the logarithm conductivity as a function of logarithm
frequency increases with increasing mol% dopant salts
(Agl +Ag,S). The conductivity significantly increases at
X 30.33 and it reaches maximum at x = 0.44 where the
solubility limit of thissystemisobtained [8,9]. Asshownin
Figure7 and listed in Table 3, theionic conductivitiesfor x
> 0.23 are higher than 10 S/cm indicating a superionic
behavior. The highest conductivity of 2.34x10% S/cm was
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Figure 8. The logarithm of the conductivity of
(Agl),(Ag,9) (AgPO,),,, 1 as a function of mol%
(Agl+Ag,9).

Log Conductivity
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L

obtained for (Agl) (Ag,S), (AgPO,), , with x=0.44 at
frequency 1 Hz and congtant voltage 2 volt. Thisvalueis5
order magnitudes higher than the ionic conductivity of the
undoped glass AgPO..

Figure 8 shows the logarithm of conductivity as
function of mol% of dopant salt (x) and frequencies.
For x < 0.44 the conductivity increases with increasing
frequency, but it overlapsat higher concentration. It shows
that the conductivity is frequency independent
for x > 0.44. In general the conductivity increases
significantly We can see here that heating treatment for 24
hours to the samples (second group of samples) give a
better quality resultsthan for heating treatment for 6 hours
(first group of samples).

Thelonic Transference Number

Asone of the gpplication of the superionic glassis
to be used for a solid electrolyte in arechargeable battery.
[13]. One of the criteria of the solid electrolyte, that the
conductivity must be from the ionic contribution and not
the el ectronic contribution. When the solid electrolyte has
more eectronic conductivity, when it is combined with
electrodes will be short circuited. Therefore, one of the
requirement of the solid electrolyte is the transference
number iscloseto unity. Transference number iscal cul ated
by definition that the transference number of a particleis
the ratio of the conductivity due to it and the total
conductivity [1]. Assume the total conductivity, o, of a
sample is due to ionic, o, and electronic, c,, so that
conductivity contributions,

Table 3. AC-Conductivity of (Agl),(Ag,S) (AgPO,), ,, a frequency 1 Hz.

v x=0 x=00 x=017 x=023 x=033 x=037 x=041 x=04
v | [Som [San [Sam [Sam [Sam [Sam [Sam [Sam
01 | 85IXIC° | 447107 | 141107 | 39107 | 243AC° | 6(RAC° | 114d0° | 168d0°
05 | 93I0° | 501x107 | 15’07 | 500407 - . - i
1 | A0 | 12407 | 50107 | 794d0° | 28xA0° | Q1ACP | 146dA0P | 191407
2 | 15307 | U207 | 316d0° | 100° | 30XI0° | 1ACP | 16XA0P | 234dA0P
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The fraction of the conductivity due to ions or
electronsis given by,

GST = Gion +Ge

©)

where t and t_ are referred to the ionic and electronic
transference numbers.

In order to understand the ionic conductivities of
this glassy system, it is important to measure the ionic
transference number of these series of glasses
(Adl),(Ag,S),(AgPO,), , withx=0.33,0.37,0.41and 0.44..
For this measurement we prepared in two kinds of pellets
for each glass. At both sides of thefirst pellet were coated
by silver powder. This arrangement allows both ionic and
electronic conductivities are to be flown and the total
conductivity o is measured. On each side of the second
pellet was coated by slver powder and carbon powder,
respectively. The combination of carbon powder and silver
powder respectively is used for blocking the ionic flow
and sustain only electronic conduction. In this
arrangement, the €lectronic contribution o, was measured.
From both data, we can determine the ionic transference
number of the superionic glass. Table 4 shows the
measured data of ionic conductivity o, , electronic
conductivity _ and the ionic transference  number t .
The results show that the conductivity of superionic
glasses (Adl) (Ag,S) (AgPO,), , are bout 87% to 97%
(close to unity) indicating that the conductivity
is essentially ionic due to the contribution of the silver
ions[1, 8].

t. =c,/c;

CONCLUSION

Superionic conducting glasses
(Ag1),(Ag,S) (AgPO,), , Withx=0;0.09;0.17; 0.23; 0.33;
0.41 and 0.44 have been successfully synthesized by rapid
quenching method. The diffraction patterns for all
compositions show amorphous structure. The addition of
thedoping sat (Agl +Ag,S) into the AgPO, glassinduces
effects, such as decreasing the glass transition and
increasing the electrical conductivity. The transference
number, t_ approximateto 1 provesthat the conductionis
essentialy ionic. It can be concluded here that this glass
shows a superionic behavior and can be used as a solid
eectrolytein arechargeable battery.
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