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ABSTRACT

KEYWORDS

Oxideglass;

AC,DC and impedance measurements of (50-x)P,0.-xAgl-40Ag,0-
10Fe,0,,[wherex = 0, 15, 20, 25,30,35,40 and 45] superionic glasses have
been studied in the frequency range (50 Hz-5 MHZz) and in the temperature
range 303-503K. The frequency dependence of the total conductivity(s,)
for the investigated samples was carried out at different ambient
temperatures. The temperature dependence of ac conductivity c_(w),and
dc conductivity (o, ) were studied, where Arrhenius behavior has been
observed for all the glass, and the corresponding activation energies AE_,
E,. respectively have been obtained. The bulk conductivity (c,)of the
samples has been carried out at different temperatures, from impedance
plots, where the activation energy AE, can be obtained. Fromthe frequency
dependence of the ac conductivity of theinvestigated samples, 6, (0)=Aw?,
the frequency exponent s and the maximum barrier height W have been
deduced at different compositions. The results are interpreted in terms of

lonic conduction;

I mpedance measurements,
AC conductivity;
DC conductivity.

the correlated barrier hopping (CBH),Funke, and Minami models.
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INTRODUCTION

Growing interest has devel oped in therecent years
to study thefast ion conducting glassesdueto their po-
tentia applicationsinvariouse ectrochemical devices
such as batteries sensors. Thistype of materia isnot
only have highionic conductivity but also have many
other advantagesover their crystalline counterparts,such
as, easein preparation, wide selection of composition
and glassforming region, absenceof grain boundaries
andinertto atmospherd*®. Theedectrical conductivity,
o, of many solidswas given*dto consstsof afrequency
independentand astrongly frequency dependent com-
ponents, theformer being the dc conductivity o, while

thelater oneiscalled theac conductivitys, ().
Theac conductivity study at variablefrequencies
and temperatures give useful information about the
mobileiondiffusion and short timephenomenadueto
local motion of mobileiong®9. Theinterpretation of
theac conductivity measured intheionic solidsisstill
the subject of controversy since no model has been
fully recognized as sufficiently powerful or informa-
tive™. Many of theresearch worksconcerningtheionic
conductivity of glasseshave been widely investigated
intheview of their uniquetransport propertiesandits
application to solid state ionic devices?4. Oxide
glassescontaining transition metal ions, suchasFe,0,
have attracted great attention because of their usein
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eectrochemical, € ectronic and € ectro-optic devices™
1. The dielectric properties of oxide glassesin the
formAgl AgO Fe,O, P,0O, havebeen earlier studied ™,
whiletheir eectrical properties,upon our limit knowl-
edge, have not yet been studied. Thepresent work am
toinvestigatethe dectrical conductivity and the com-
plex impedance of the glassy system (50-x)P,O,-xAgl-
40Ag,0-10Fe,0,,[where x= 0, 15, 20, 25,30,35,40

23

and 45 mol %).
EXPERIMENTAL DETAILS

Prepar ation of samples

The glassy system (50-x)P,0O,-xAgl-40Ag,0-
10Fe,O, [where x = 0,15, 20, 25,30,35,40 and 45
mol %] were prepared by melting mixtures of
NH,H,PO,, Agl, Ag,0 and Fe,O, inthe powder form.
Themixturewasheatedin purcelinecrucblesat atem-
peratureranging from 250°C to 350°C for two hoursin
order to gasevol ution ceased. After that, thetempera-
turewasraised gradually to 950°C and | eft for 6 hours
in order to chemical reactioniscompleted. Then the
melt wasshaked severd timesto ensurethe homogenity.
The melt was poured on a steel plate kept at (0°C).
Silver paste, which show ohmic contact with glass
samples, was used for coating the desired electrode
area. Thesamplebeforemeasurementswas| eft at room
temperaturefor about 10 hrs. Thesolid electrolyteglass
20P,0,-30Agl-40Ag,0-10Fe,O, waspulverized into
very smal grainsizes. Thesolid dectrolyte powder was
pressed under the desired pressureto obtain pellet of
12 mmdiameter and 1 mmthickness Theblockingeec-
trode materid isAg,Swherewas mixed with electro-
Iyte glass powder in aweight ratio of 2 : 3. It was
pressed together with the solid electrolytelayer into a
two-layered pellet. Silver paste, which showed ohmic
contact with solid el ectrolytelayer, used to coating the
surface of the solid eectrolytelayer asanegativeelec-
trode.

A.C. measurements

The ac measurements have been carried out inthe
rangeof frequency from (500 Hzto5MHz). Theval-
uesof impedence(Z), capacitance (C), Resstance (R),
and phase angle (¢) aredirectely read by usingapro-
grammabl e automatic RCL meter (HIOK 3532LCR
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HITESTER). Thetotal conductivity (c,) were calcu-
lated by using the data of Z, C, R and¢ at any fre-
quency F. Thetotal conductivity c,of the samplewas
caculated by usngthefollowingrelation;

_d 1

Ny )
wheredisthethickness of the sample, A isthecross-
sectiona areaof thesampleand R istheresistance of
thesample.

O

RESULTSAND DISCUSSION

Theeffect of frequency on thetotal conductivity

Figure 1 showsthe frequency dependence of the
total conductivitys (o) inthefrequency range (50 Hz -
5 MHz) for the glass system (50-x)P,0O,-xAgl-
40Ag,0-10Fe,0 [where x=0, 15, 20, 25, 30, 35, 40
and 45] at different ambient temperatures. With de-
creasing frequency, the conductivity decreasesand ap-
proachesthe direct-current conductivity . Thegen-
eral behaviour can bedivided into threeregions:

1- Atlow frequency range the conductivity,whichre-
ferstothedc conductivity(s,, ), isnearly frequency
independent which may beattributed to therandum
digtribution of theionic chargecarriersviaactivated
hopping. The observed variation of conductivity
with frequency isdueto e ectrode pol arization ef-
fectsat theelectrode and glassinterfaces. Asthe
frequency decreases, more and more charges ac-
cumulation occurs at the electrode and glass
interface;whichleadsto adropin conductivity a low
frequency™. Thelow frequency conductivity is
found to be strongly dependent on temperaturefor
al investigated samples.

2- Intheintermediatefrequency region, the conduc-
tivity isalmost found to befrequency independent
and issupposed to betrue dc conductivity.

3- Athighfrequency rangethe conductivity obeysa
power law.

The variation of o, with frequency could be ex-
pressed by thefollowing rel ation:
¢6=6 +c, (0)=6, +tAw* 2
wherec,, isthedc conductivity, whichisindependent
of frequency(extrapolation of 6, & ® = 0 ) and
o, (w)istheac conductivity.
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Figure1:Thefrequency dependenceof thetotal conductivity of the sample(50-x)P,0O _-xAgl-40Ag,0-10Fe,0,, [Wherex=0
, 15, 20, 25,30,35,40 and 45].
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The plateau of the conductivity at minimaare as-
sumed to equiva ent to thedc conductivity for thesample
at each temperature. These values of the dc conduc-
tivities are plotted as afunction of the ambient tem-
peraturesasgivenin Figure2. It can benoticed that the
curvesshow straight lines obeying therd ation:

6, =0 exp (AE,/KT) 3

Wherec isthe pre-exponentiona factor, AE, istheac-
tivation energy due to dc conductivity, k is the
Boltzmann’s constant and T istheambient tempera-
ture. Theactivation of dc conductivity withincreasing
temperature may be attributed to thefast diffusionin-
volving low-energy barriersfor themotion of Ag*ions
inthemicrodomainsof Agl,, clusterswhich are embed-
ded inthe glass matrix[?Y. Also, thetotal interaction
betweentheAg* and I ionsincluding bothionic and
covaent bondingintheAgl* cluster, isvery smdl. This

-1.5 -

log Udc(Qcm)'1
[
n
1

-5.5 T T
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characteristic e ectronic state® of theAg* ionisoneof
the causes of the fast movement of Ag*ionsinAgl-
based superionic glasses. In addition, theAg'ionhasa
(4d)™ configuration of ectronswhich resultsin “soft
outer shell” and may be distorted and fitted to the
conduction path. Thisflexibility of theouter shell isbe-
lieved to be one of the origionsof the height ionic con-
ductivity of Agl related compounds. Asthe concentra-
tion of thexAgl content increases, the concentration of
the microdomainsincreaseswhich leadsto anincrease
of the conductivity. Theinfluence of addingAgl at the
expenceof P,O, onAE  of theinvestigated sampleis
giveninTABLE 1. It canbenoticed that AE  decreases
asAgl content increases, which may be attributed to
theincreasing inthe concentration of Agl ionsinthe
glassy matrix, which may lead to the observed decrease
INAE, .
Hx=15%
Ax=20%
X x=25%
X x=30%

x=35%

x=40%

x=45%

0.0018 0.002 0.0022

0.0024

0.0026 0.0028 0.003

1/T(KY)

Figure2: Thetemperatur e dependenceof thedc conductivity of the sample (50-x)P,0.-xAgl-40Ag,0-10Fe,0, , [Wherex =

0,15, 20, 25,30,35,40 and 45].

At high frequency range the conductivity exibits
despersonwhichincreaseroughly inapower law form
and eventua ly becomesamost linear at even higher
frequncies®?4, The changeover of theconductivity is
shifted towardshigher frequency withincreaseintem-
perature because mobile ions acquire more thermal
energy and crossthe barrier moreeasily. It isknown

that the frequency dependent of the ac conductivity
o (w)inall amorphous sloids and glass follows the
power law!®:

¢ (0)=Ao® 4
WhereA isapre-exponentional constant and sisthe
frequency exponent factor. The experimenta vaue of
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the exponent scan be obtained as:

d(Ino)
~ d(nw) ©
Thetemperature dependence of the frequency expo-
nent sisshowninFigure 3. Thevauesof sarefoundto
beintherangefrom 0.149t0 2.3. It can be noticed that
s decreases with increasing the ambient
temperature,whichisin agreement with the proposed
correlated barrier hopping (CBH) model®., In this
model the bipolaron (i.e. two e ectrons hopping be-
tween charged defectsD* and D-)has been proposed
to explainthefrequency dependent of the ac conduc-
tivity. Mott and Davis®! interpreted the power law in
termsof hopping between pairs of isolated sitesclose
to the Fermi-level and with arandom distribution of
seperation distance R_from each other. Funke®”) pro-
posed that, inthe case of strucrurally disdorded mate-
rids, if anion performsahop to neighbouring vacant

sites, thereishigh probability for that ionto hop back
toitsprevious position (unsuccessful hop) but if the
neighbourhood then becomesrel axed with recpect to
theion position, theion stayson thenew site, and the
initial forward hop has proved successful. Theelec-
tronsinthecharged defect stateshop over thecolumbic
barrier whose maximum height (W, ) canbeobtained
fromtheequation:

6kT

"W, —KTIn(l-ar,) ©)
Where  isthe Debyerelaxationtime,isof theorder 100
132 and k isthe Boltzmann congtant. Thevauesof W _
aregivenin Figure4 asafunction of theambient tem-
perature, a different compositions of theinvestigated
sample. It can be noticed that asthe ambient tempera-
tureincreases, W _ tendsto increaseswhich may beat-
tributed to thethermal activation of the phonon-phonon
scatering which arisefromthethermd excitation.

s=1

2.5 &
®x=15%
Wx=20%
L Ax=25%
X x=30%
A X x=35%
s ® x=40%
x=45%
v
|
1 -
0.5 4
O 1 1 1 1 1
300 350 400 450 500 550
Temperature(K)

Figure3: Thetemperaturedependence of theexponent sfor theinvestigated samples.
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Figure4: Thetemperaturedependence of themaximum barrier height, W _at different compositionsof the

Theeffect of temperatureon theAC conductivity

Figure 5 shows The temperature dependence of
the AC conductivity at different frequenciesfor the
sample 35P,0,-15Agl-40Ag,0-10Fe,O, asarepre-
sentative one. It can be noticed that thebehavior of the
ac conductivity can berepresented by aset of straight
lines. Theselinesshowsthat theac conductivity increases
with increasing temperature. Thismay bedueto the
hopping of electrons affected by theelectricfield and
thethermal excitation energy inthe high temperature
range. Theactivation energiesfor conductionat differ-
ent constant frequenciesfor al glasses prepared were
cd culated usingArrhenius equati on2:

o (o) =Aexp (-AE_/KT) @

WhereA isthe pre-exponential factor,AE_ istheacti-
vation energy dueto ac conductivity, k isthe Boltzmann
constant and T isthe ambi ent temperature. Thevaues
of AE,_ at different compositionsand constant frequency
(0.05kHz) aregivenin TABLE 1,whereit can be no-
ticed that asthe Agl content increase, AE_ tendsto
decreasewhich may beattributed to theincreasing be-
havior inthe conductivity. When thetemperature was
increased, o, (o)increases because of structurerelax-
ation and the Ag* ions attached to the non-bridging
oxygens are rel eased and become mobile leading to
theincrease of the mobileion concentration. In addi-
tion, theincrease of o withincreasing xAgl content
may be dueto the contribution of silver sdt (Agl) and

glassmodifier oxide (Ag,0) throughthefollowing dis-
sociation reaction®: Agl =Ag* +I"andAg,0=Ag" +
OAg

I mpedanceand bulk conductivity results

Theplotsof Z*“, (imaginary part of impedance),
agang Z¢, (red part of impedance), for thefor theglass
system,(50-x)P,0O.-xAgl-40Ag,0-10Fe,O,,
[x=0,5,10,15,20,30 3540 and 45], have been studied
and Figures 6,7 and 8 are given as arepresentative
ones. The plotsshow semicircleswith centerdying be-
low Z* —axis. Thereal and theimaginary parts of the
impedancearegivenby:

, R . o R’C

B (1+co2R2c:2)& 7= (1+ @*R?C?) ®

Where » =2nf istheangular frequency of theeectrical
signal. It can be noticed that the radius of the semi-
circlesdecreaseswith increasein temperature indicat-
ing relaxation timeof relaxing speciesborneout by fre-
quency explicit plots. The spectraof al samplesshow
asinglesemicircleat high frequency,confirming their
good homoginity**22, Two partsof complex imped-
ancediagram, arc and straight line, can be observed
for somecompositionsand temperatures, asaresult of
two different effects-conduction and polarization. Two
different effects determinethe electrical behavior of
studied glass—thebulk conductivity asaresult of elec-
tron hopping and the effect of the near-el ectrode pro-
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cess. Inthelow frequency region of complex imped-
ance, the arc (right-hand side of each plot) issome-
timesincompleteand display aspikeor part of straight
linewhichisacharacteristic of interfacia impedance
caused by the accumulation of charge carriersat the
blocking eectrodeonthesample. Thesemicircleat the
higher frequency range (left-hand side of each plot) is
characteristic of aparalld combination of bulk resis-
tance R, and the bulk capacitance C, of the mate-
rial®334, Theintersection of Z’ — axisrepresentsthe

F5 -

samplebulk resstanceR, (a theinfinitefrequency) from
which bulk conductivitys, can beobtained. Itisclear
fromthecomplex impedanceplotsthat with theincrease
intemperature, theintercept of thelow frequency arc
onthereal axisshiftstowardstheorigion, i.e.,thebulk
res stance of the sampledecreasewith increase of tem-
perature and thus conductivity increases®!. The ob-
tained vauesof o arethermaly activated withincreas-
ing temperature and obeysA rrhenius equation which
can beexpressed by thefollowing relation ;

€ 0.5 kHz
% 1kHz
=} W5 kHz
X 10 kHz
H 50 kHz
k. 35
£ 100 kHz
o
c
(&)
[+
=]
& -
-4.5
_5 T T T T T 1
0.0023 0.0025 0.0027 0.0029 0.0031 0.0033 0.0035
1/T(K?)

Figure5: Thetemperaturedependence of theac conductivity for thesamplex=15%.

40000 A

30000 -

20000

Z "(Q)

10000 -~

*T=303K
ET=313K

AT=323K

X T=333 K

* X T=343 K
®T=353K

T=463 K

T=473K

T=483 K

T=493 K

T=503 K

0 20000 40000 60000

80000 100000 120000 140000

Z'(Q)

Figure6: Complexiimpedance plotsfor x=15% glasssample.
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Figure7: Compleximpedance plotsfor x=20 % glasssample.
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o, =Aexp(-AE,/KT) 9)
WhereA iscongtant and AE, isthe apparent activation
energy. Figure 5 showstherel ation between the bulk
conductivity o, and theambient temperature. Theacti-
vation energies, at different compositions, are deter-
mined by theleast squarefitting of relation (9) and listed
inTABLE 1. Itisa so noticed that, the bulk conductiv-
ity o, increaseswithincreasethexAgl content.

0 ®X=0%

Wx=15%
Ax=20%
-1 X x=25%
X x=30%
x=35%
x=40%

log o, Qcm)‘l

=7
0.0017

0.0027 0.0032
YT
Figure 9 : The temperature dependence of the bulk

conductivity of theinvestigated samples.

0.0022

TABLE 1: Theactivation energy correspondingtotheac, dc
and bulk conductivity at different composition of theinvesti-
gated sample.

Composition (at%) AEdc(eV) AEac(eV) AEb (eV)
0 0.2253 0.214 0.380
15 0.1564 0.169 0.390
20 0.1051 0.169 0.391
25 0.1176 0.176 0.406
30 0.1186 0.176 0.406
35 0.1839 0.1731 0.398
40 0.1476 0.1869 0.431
45 0.1232 0.1836 0.422

Theincreasing of bulk conductivity(c, )with tem-
perature can beinterpreated by Minamimode . This
model suggested the occurrence of Ag*" ionswith dif-
ferent mobilitiesinAgl-based superionic glassesinthree
typesof Ag*ions: (i) Ag*ionsarebonded to the oxygen
atomsof thenetwork, (ii) Ag" ionsinteract weakly with
the network oxygen atomsand (iii) Ag* ionsare sur-
rounded by I-ionsonly. Silver ionsof thelast typehave
maximum mohility and contribute mostly toionic con-

duction. Whenthetemperaturewasincreased to higher
values, the conductivity reachesto higher values be-
causeof Ag*ions(whichinteract weskly tothe oxygen
atoms of the network) may release and contributein
conductionwiththeAg*ions(which surrounded by I-
ions) leadsto increasethe concentration of Ag- mobile
ions.
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