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ABSTRACT

NaAgPbP
2
O

7
 was prepared with a solid state reaction. The electrical prop-

erties were investigated by using impedance measurements in the frequency
range from 200Hz to 5MHz with the TEGAM 3550 ALF automatic bridge
monitored by a microcomputer between 581K and 703K. The Z and Z
versus frequency plots are well fitted to an equivalent circuit model. The
conductivity data obey the universal power law. The conductivity in the
material is due to the hopping of monovalent ions parallel to (001) plane.
 2009 Trade Science Inc. - INDIA

INTRODUCTION

In the recent years interest for preparation, theo-
retical and experimental research of phosphate has been
increased. The metal phosphates are of considerable
industrial interest, which might find applications such as
prospective materials in technology, electronic devices
and as solid electrolytes with high thermal resistance
and as potential devices in space application, sensors,
solid-state laser materials, piezoelectrics, ceramics, ca-
talysis, adsorption, ionic conductors and magnetic ma-
terials[1-7]. Crystals of double phosphates with general
formula A

2
BP

2
O

7
 containing simultaneously an alkaline

ion (A+) and a divalent cation (B2+), form a large family
of materials[8,9]. In our laboratory we are interested to
the partially substituted compounds with chemical for-
mula Na

2-x
M

x
PbP

2
O

7
 (M = Ag, Li, Na, K) in order to

discuss the effect of the substitution monovalent on ionic
conduction. The structures and ionic conductivity of the
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Ag
2
PbP

2
O

7
 and Na

2
PbP

2
O

7
 are comment in the litera-

ture[10,11]. The previous results show Ag
2
PbP

2
O

7
,

isotype of Na
2
PbP

2
O

7
, is of triclinic symmetry with the

space group P( l ) (Z=2), the unit cell parameters are:
a=5.502Å, b=7.008 Å, c=10.018 Å, =106.63°,

=93.89°, =110.68°. The better electrical properties

obtained for Ag
2
PbP

2
O

7
 can be attributed to the higher

polarizability of Ag+ ions, more easily deformed (d10

configuration) to pass through the bottlenecks and con-
sequently more mobile than the Na+ ions (rare gas type
configuration)[10]. In this work, we propose to investi-
gate, structural and electrical properties of the mixed
compound corresponding to x = 1, NaAgPbP

2
O

7
.

EXPERIMENTAL METHODS

Synthesis of double phosphate powder of
NaAgPbP

2
O

7
 was carried out by conventional solid-

state reaction techniques. Stoichiometric quantities of
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Na
2
CO

3
, AgNO

3
 and NH

4
H

2
PO

4
 were well ground,

mixed, and progressively heated first to 473K to expel
NH

3
, H

2
O and CO

2
, then the powders were pressed

into pellets of 8mm diameter and sintered at 873K in
air for 4 hours with intermediate regrinding and repel-
ling.

Before electrical measurements the samples were
heated at 473K. This treatment is carried to eliminate,
as much as possible, the water content in the pellet
pores. The ac impedance data were measured in the
frequency range from 200Hz to 5MHz with the TEGAM
3550 ALF automatic bridge monitored by a microcom-
puter between 581K and 703K.

X-ray powder diffraction pattern was recorded
using a Philips PW 1710 diffractometer operating with
Co radiation =1.7903Å. Unit cells parameters of the

synthesis compound have been refined by the least
square method from the powder data.

RESULTS AND DISCUSSIONS

Powder X-ray analysis

X-ray powder diffractogram (figure1) reveals that
the synthesized compound crystallizes in triclinic sys-

tem with the space group P( l ) and the refined unit cell
parameters are: a=5.512(3)Å, b=6.929(4)Å,

c=9.576(5)Å, =105.96(1)°, =96.29(1)° and =
108.80(1)° (V=324.89Å3). The mixed compound is
isotype to Na

2
PbP

2
O

7
 and Ag

2
PbP

2
O

7
. However, these

structures consist of a tridimensional framework of
[Pb

2
P

4
O

14
]4- entities formed by the association of cor-

ner-shared PbO
5
 and P

2
O

7
 groups; these [Pb

2
P

4
O

14
]4-

entities form ribbons parallel to the[010] direction; the
ribbons are interconnected by common corners [Pb�
O�P bridges] in the[100] direction and form lamina

parallel to (001) plan. In both phase the monovalent
cation (Na+/Ag+) occupies two types of site, S1 and
S2. The first is localized between the [Pb

2
P

4
O

14
]4- en-

tities at z=1/4, the second is located between two al-
ternating lamina at z=0, figure 2. The partial Na+ substi-
tution by Ag+ cation is accompanied by a slightly in-
crease of the volume which is due to the monovalent
cation radii, r(Na+)=1.16Å and r(Ag+)=1.29Å[12].
Moreover, the substitution is associated by a slightly
modification of all cell parameters which indicates the
non selectivity of cations in both sites.

2  ( ° )
Figure 1: XRD pattern of NaAgPbP

2
O

7
.
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Figure 2 : Projection view of M
2
PbP

2
O

7 
(M=Na, Ag) along

[010] direction. The unit cell is outlined.

Impedance analysis
The impedance diagrams for NaAgPbP

2
O

7
 sample

are taken in the temperature range 581-703K. The
equivalent circuit allows the establishment of correla-
tions between electrochemical parameters and charac-
teristic impedance elements.

In the temperature range 581-609K the equivalent
circuit consists of a resistance R

p
 (bulk resistance) and

CPE
1
 (capacity of the fractal interface CPE) element.

The CPE
1
 element accounts for the observed depres-

sion of semicircles and also the non-ideal electrode ge-
ometry. The impedance of CPE is: Z

CPE
 = 1/Q(j). 

is related to the deviation from the vertical of the line in
the -Z versus Z plot.  = 1 indicates a perfect capaci-
tance, and lower  values directly reflect the roughness
of the electrode used.

For the highest temperature (T>609K), the above
circuit is inadequate; the measured values disagree with
the simulated one. We observe a little tail after the semi-
circles in the impedance spectra (fig3b inset). The
straight line after the semicircle can be explained with
CPE

2
 corresponding to the double layer capacity of an
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in-homogeneous electrode surface.
The real and the imaginary components of the whole

impedance of this circuit were calculated according to
the following expressions:

2

1

1

1

2

2

2
11p

2
11p

p11
2
p

Q

)2/cos(

2))ð/sin(ùQ(R

2))/cos(ùQR1(

R2)/cos(ùQR
Z



















'

(1)

2

1

1

1

2

2

2
11p

2
11p

11
2
p

Q

)2/sin(

2))ð/sin(ùQ(R

2))/cos(ùQR1(

2)/sin(ùQR
Z



















 "

(2)

In figure 3 are represented Z and -Z versus fre-
quency at 703K respectively, together with fits to the
equivalent circuit of NaAgPbP

2
O

7
. The good confor-

mity of calculated lines with experimental data indicates
that the suggested equivalent circuit describes the crys-
tal-electrolyte interface reasonably well.

-Z


Z


(rads-1)
Figure 3 : Variation of Z and �Z with frequency at 703K and

the equivalent circuit model of NaAgPbP
2
O

7

Figure 4 (a) and (b) show the experimental and
calculated values in (-Z- Z) diagram using the equiva-
lent circuit. The depressed semicircles have their cen-
ters on a line below the real axis, which indicates de-
parture from the ideal Debye behaviour[13].

The extract parameters for the circuit elements are
summarized in table 1. It is obvious all the capacitance
values Q

2
 are in the range of pF. This implies that the

single semicircle is from grain interiors.
The electrical conductivity 

p 
= e/R

p
S plotted against

temperature in an Arrhenius plot is shown in Figure 5.
Following the Arrhenius law, the obtained activation
energy is about 0.95(5)eV. The values of  vary in the
range 0.80�1 that confirmed the weak interaction be-

tween localized sites.

(b)

-Z


Z

(a)

-Z


Z
Figure 4 : Experimental and calculated using the equivalent
circuit (-) semi-circle plots of Z vs Z at different tempera-
ture: (a) low temperature range, (b) high temperature range
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pT
) (


-1
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1000/T(K-1)
Figure 5 : Temperature dependence of ln(

p
T).

TABLE 1 : The extract parameters for the circuit elements

T(K) Rp(k )  1  Q 1 (10 - 1 2 )  
 2  Q 2 (10 - 6 ) 

703 58 0.924 0.295 0.279 30  

692 66 0,925 0.288 0.221 50 

683 75 0,930 0.265 0.185 45 

676 89 0,934 0.254 0.170 40 

660 126 0,895 0.419 0.294 13 

651 164 0,873 0.569 0.296 10 

634 257 0.861 0.635 0.287 49 

622 454 0.808 0.012   

609 539 0.809 0.012   

599 694 0.811 0.011   

581 1094 0.782 0.013   
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Conductivity analysis

The conductivity of the sample has dispersion at all fre-
quencies. It is generally analyzed using the power law[14]:


ac

() = 
dc

 + As      0<s<1 (3)

Where 
dc 

is the direct current conductivity, A is a constant for
a particular temperature and s is the power exponent, it repre-
sents the degree of interaction between mobile ions and the
environments surrounding them. The power law has been ap-
plied to many materials such glasses, phosphate and amor-
phous semiconductors[15-20].

The frequency dependence of the AC conductivity
at various temperatures is determined by complex im-
pedance analysis.

The above equation (3) has been used to fit the AC
conductivity data. In the fitting procedure, A and s val-
ues have been varied simultaneously to get the best fits
(Fig.6). A plot of -lnA against s indicates a linear tem-
perature independent and structure-insensitive correla-
tion between the values of these two parameters (Fig.
7). The values of exponent s lie in the range 0.6�1.2,

the correlation motion is sub-diffusive and indicates a
preference on the part of ions that has hopped away to

return to where it started[21]. Jonscher[22] has shown that
a non-zero s in the dispersive region of conductivity is
due to the energy stored in the short range collective
motion of ions. A higher s implies that large energy is
stored in such collective motions. In this work, expo-
nent s increases with increasing temperature.

DC conductivity data are plotted in Arrhenius for-
mat as ln(

dc
T) vs 1000/T (figure 8), and show

Arrhenius-type behavior described by:

T
dc

 = Bexp(-E
c
/kT) (4)

Where B (B=
0
= 4.01 104-1cm-1K) is the pre-exponential fac-

tor and E
C
 (E

C
=

 
0.96(5)eV) is the activation energy for conduc-

tion. The transport mechanism is explained by the thermally
activated hopping process between two sites separated by an
energy barrier.

-ln
(A

)

T(K)
Figure 7 : Variation for universal exponents s and A as a
function temperature.


ac

(
-1
cm

-1
)

(rad/s)
Figure 6 : Frequency dependence of AC conductivity at
various temperatures
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Figure 8 : Plot of DC conductivity 
dc

 vs 1000/T

The power law can be described by the Almond�
West expression[23]:













 s

h
dcac )(1 (5)

Where ù
h
 is the hopping frequency of the charge carrier which

represents the crossover frequency from dc to dispersive con-
ductivity region at ù>ù

h
. The dc conductivity ó

dc
 represents

the random process in which the ion diffuse throughout the
network by performing repeated hops between charge com-
pensating sites[24]. The calculate of the hopping frequency is

given by:

S
1

dc
h )

A
(


 (6)

The variation of ln(ù
h
) with temperature is shown

in figure 8, it follows Arrhenius relation with the activa-
tion energy Ea=1.07(5)eV. E

a
 and E

c
 are close, the con-

duction is due to the hopping mechanism.

s
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TABLE 2 : Activation energy of ceramic Na
2
PbP

2
O

7
,

Ag
2
PbP

2
O

7
 and NaAgPbP

2
O

7
.

Ceramic Na 2 PbP2 O 7
[ 1 1 ]  Ag 2 Pb P2 O 7

[ 1 0 ] NaAgPbP2 O 7
 

E c (Ev)  0 .90 0.78 0.96(our  study)  

E a (eV) --- - - -  0 .75 1.07(our  study)  

 0 ( - 1 cm - 1 K)  1.910 5  1 .910 5  0.4 10 5 (our  study)  

Figure 9 shows the variation ln(
ac
/

dc
) vs ln(/

h
)

at different temperatures. The conductivity spectra
merge on a single curve, indicating that the relaxation
dynamics of charge carriers in the present ceramic and
 (obtained by using Kohlrausch�Williams�Watt

(KWW) relaxation function) parameters of that
stretched exponential function ((t) = exp(-t / ), 0 <
 < 1[25,26]) are independent of temperature.

L
n(


ac
 /

0)

Ln( / 
h
)

Figure 9 : Plot of log (
ac

/
dc

) vs. log (/
h
).

Electrical data relative to Na
2
PbP

2
O

7
, Ag

2
PbP

2
O

7

and NaAgPbP
2
O

7
 materials are listed in Table 2.

Compared with the parental compounds,
NaAgPbP

2
O

7 
is characterised by a smaller pre-

exponential factor 
0
 (Table 2).

The pre-exponential factor 
0
 can be expressed

as[10]:


0
= (e2 a

h
2 

0
/6k) N(T ) exp(S


 /k) (6)

Where a
h
 is the hopping distance, 

0 
is an

 
attempt frequency to

overcome the potential barrier, N(T) the charge carrier
concentration and S


 is the migration entropy. In NaAgPbP

2
O

7
,

the monovalent cation Na+ or Ag+ occupies both S1 and S2
site (fig2), it implies an increase of the disorder in material. The
entropy S

 
is more important in the NaAgPbP

2
O

7 
compound.

According to equation (6), we conclude that the number of
charge carriers in the mixed compound is smaller than in Na
and Ag phase.

The structure of Na
2
PbP

2
O

7
, Ag

2
PbP

2
O

7
 and

NaAgPbP
2
O

7
 are isotype. The transport properties in

these materials are probably due to displacements of
the monovalent cation pseudo plane parallel to (001)
between�S1�S2�S2�S1� conduction path[10,11].

CONCLUSION

In summary, in this work, we have synthesised the
new monovalent mixed pyrophosphate NaAgPbP

2
O

7
.

The compound crystallises in triclinic system (P(l ) space
group). It is isotype to Na

2
PbP

2
O

7
 and Ag

2
PbP

2
O

7

compounds. We have investigated the electrical
properties of the mixed compound NaAgPbP

2
O

7
. The

conductivity of the sample is analyzed at all frequencies
and in temperature range 581-703K. The ac
conductivity is interpreted using the power low: () =


dc
 + As. The transport mechanism is explained by

the thermally activated hopping process between two
sites separated by an energy barrier. A comparative
study with previous results Na

2
PbP

2
O

7
 and Ag

2
PbP

2
O

7

shows that the conductivity in these materials is slightly
higher than in the mixed compound.
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