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This paper reports the structure, transport properties, and
magnetic susceptibility of the new silver vanadium(IV) diphos-
phate Ag,VP,04. The structure was refined from X-ray powder
diffraction by the Rietveld method. This phase, isostructural to
Na,VP,0yq, crystallizes in the monoclinic space group P2,/c with
the parameters a=7.739 A, b=136114, c=62944A, p=
99.01°, Z=4, and V= 654.8 A>. It consists of [ VP,04],, layers,
observed in many phosphorus compounds, parallel to the (010)
plane interleaved with silver cations. The structure delimits
rather large tunnels running along the [010] direction, where
silver cations are located too. Electrical transport measurement
has been carried out, by complex impedance, to determine the
ionic conductivity of the compound and its evolution with temper-
ature and frequency. Curie-type behavior is observed in the
magnetic susceptibility which confirms the tetravalent state of
vanadium and suggests no magnetic interactions. © 1997 Academic

Press

INTRODUCTION

Compounds with structures that contain well-developed
layers of atoms and those with tunnel frameworks have been
extensively studied, not only because of the rich and com-
plex structural chemistry, but also because the layers may be
separated chemically and become the site of interlamellar
chemistry. In principle the chemical characteristics of tunnel
materials are a priori favorable to cation mobility.

On the other hand, the vanadium phosphate oxides have
received considerable attention, due to their use as hetero-
geneous catalysts in various organic reactions (1-5). Some
exhibit an extraordinary, rich chemistry owing to the vari-
ous oxidation states and flexible coordination of vanadium
(6-9). In this respect it is interesting to consider the variety
of ways in which phosphate tetrahedra and vanadyl octa-
hedra can be interlinked (10).

The vanadyl diphosphates AVP,05 (4 = K, Cs, and Rb)
(11,12) are characterized by layer and tunnel structures,
where the alkali metal cations are located; K,VP,Og is
tetragonal and Rb,VP,04 and Cs,VP,0Og are orthorhombic
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with the space groups P4mb, P2,2,2,, and Pnma, respect-
ively. Their structures are built up from pure VOs pyr-
amids and P,O- groups, but the way in which they are
connected is quite different. In other compounds water can
be introduced simultaneously with univalent cations as in
NasV,P;0,4-H,0 (13). The common feature in the com-
pounds Na,VP,Og (14) and Ag,VP,Ogz deals with the
particular geometry of the VOg4 octahedra which is charac-
terized by a short V-O bond. The objectives of the present
work were, first, the determination of the Ag,VP,Oyg struc-
ture by the Rietveld method and, second, the study of
temperature variation by ac conductivity, as well as fre-
quency dispersion of the dielectric constant in the frequency
range 1 Hz—10 MHz.

EXPERIMENTAL
Synthesis

Powder samples of pure Ag,VP,Og were prepared by
solid state reaction methods starting from AgNO;3, V,0,,
and (NH,),HPO, weighed in stoichiometric quantities.
First, the starting materials were well mixed, ground in an
agate mortar, and heated at 673 K for a time sufficient to
complete the evolution of gaseous products (N,O3, H,O,
and NHj). Then they were progressively fired between 773
and 823 K in air for 4 days, with intervening mixing and
grinding, until no change was detected by X-ray diffraction.

The final product, which is a green powder, was pressed
(5 ton/cm?) to form pellets 12.5 mm in diameter and 1.4 mm
thick and sintered overnight at 823 K. Finally, the pellets
were coated with a thin layer of conducting graphite adhes-
ive paint on opposite sides.

X-Ray Diffraction

X-ray powder diffraction patterns were registered at a
rate of 0.1°(20) min~ ! using a Philips X’pert MPD, CuKu«
radiation, a step scan 0.04°(20) between 10 and 120°(20),
and a counting time of 12s for each step. Finally, the
selected X-ray diffraction profile was analyzed and refined
by means of the Rietveld method (15).
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lonic Conductivity

Ac conductivity values of the coated pellet were obtained
by the well-known complex impedance method in the tem-
perature range 363—673 K. A frequency resonance analyzer
(Solatron 1260) was used for electrical characterization over
the frequency range 1 Hz—10 MHz.

Magnetic Measurements

Variable temperature magnetic susceptibility y(7) data
were obtained by using the Faraday method in the temper-
ature range 70-300 K in the DSM-5 pendule magnetometer
on 52.3 mg of the powder.

RESULTS AND DISCUSSION
X-Ray Diffraction

X-ray diffraction results were analyzed by means of the
Rietveld method. The program used minimizes the function
%% = (Ryp/Rexp)?. Good agreement between the final ob-
served, calculated, and difference diffraction profiles is seen
in Fig. 1. The unit cell parameters and reliability factors are
listed in Table 1, final atomic coordinates in Table 2, and
bond lengths in Table 3. Due to the lower scattering of
oxygen atoms the values for bond distances are not very
reliable in these cases, but all of them agree well with the
Shannon ionic radii and those reported in the literature for
related systems.
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TABLE 1
Summary of Structure Parameters (Rietveld Refinement Data)

1. Structure parameters

Space group P2,/c

a @A) 7.739(1)

b (A) 13.611(1)

¢ A) 6.294(1)

B (°) 99.00(8)

Z 4

V(A3) 654.82(8)
2. Structure solution and refinement

Rp 11.7

Rwp 14.4

Ry 6.03

72 3.79

Parameters refined 58

Reflections 1945

Note. Rp = 1002;()’:‘ - yci)/z,-(yi)- Ryp = [1002,-(}’1' - yci)z/zi(yi)zl
Ry = loozi(li - Ici)/zi(li)- Xz = (RWP/Rexp)Z-

Structure Description

As shown in the projection view on the ab plane (Fig. 2)
the structure of this compound is formed by layers parallel
to the (010) plane, which can be described as the association
of the [VPOg],, chains running along the [100] direction
(Fig. 3), that are built up from opposite corner-sharing VOj
octahedra and P(2) O, tetrahedra. Laterally these chains are
interconnected in such a way that each VOg4 octahedron of
one [VPOg], chain shares one corner with one P(2)O,
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FIG. 1. Observed (...) and calculated (—) patterns of Ag,VP,Os. The difference pattern is at the same scale.
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TABLE 2
Ag,VP,04 Positional Parameters
x/a y/b z/e
\% 0.223(7) 0.422(3) 0.269(3)
P(1) 0.359(9) 0.627(9) 0.538(8)
PQ) 0.171(6) 0.479(5) 0.745(1)
Ag(l) 0.062(4) 0.701(8) 0.150(9)
Ag(2) 0.514(2) 0.353(3) 0.914(2)
o(l) 0.361(3) 0.557(7) 0.358(3)
oQ) 0.466(8) 0.358(4) 0.314(6)
0@3) 0.123(5) 0.324(5) 0.198(5)
o) 0.231(6) 0.408(6) 0.586(1)
0(5) 0.015(3) 0.521(8) 0.244(1)
0(6) 0.272(1) 0.454(0) —0.032(0)
o(7) 0.221(9) 0.592(7) 0.693(2)
o) 0.286(9) 0.726(4) 0.473(5)

Note. All the atoms are located in the general position 4e with an
occupancy factor of 1.

tetrahedron of the adjacent chain, giving rise to the resulting
formula [V,P,0,4],. Such double chains are observed
previously in molybdenum and vanadium phosphates as
NazMo;P;0,6 (16) and -VPOs (17).

TABLE 3
Oxygen Atoms Surrounding V**, P>*, and Ag* with
Distances (A) < 3.2 and Sums of Ionic Radii

V-0(1) = 2.157(8) V-0(4) = 1.994(1)

V-0(2) = 2.051(0) V-0(5) = 2.093(5)
V-0(3) = 1.569(8) V-0(6) = 2.035(8)
P(1)-O(1) = 1.485(8) P(2)-O(4) = 1.514(6)
P(1)-0(2}) = 1.515(7) P(2)-O(5%) = 1.458(7)
P(1)-O(7) = 1.625(1) P(2)-O(61) = 1.533(6)
P(1)-O(8) = 1.487(6) P(2)-O(7) = 1.634(5)

Ag(l
Ag(l

1) = 3.1552)
3y = 2.486(3)

Ag(2)-O(1) = 2.419(7)
Ag(2)-O(21i) = 2.603(9)

Ag(1)-0(3¥) = 2.459(4) Ag(2)-0(2vi1) = 2.959(5)
Ag(2)-0(4) = 2.863(6)

Ag(1)-O(7%) = 3.052(1)

Ag(1)-O(8) = 2.479(3) Ag(2)-0(6') = 3.127(4)

)-O(

)-O(

)-O(
Ag(1)-O(5) = 2.558(4)

)—O(

)=O(

)-O(

Ag(1)-O(8") = 2.414(5)

(
(
(
(
Ag(2)-0(61) = 2.388(0)
(
Ag(2)-O(7") = 3.038(8)
Ag(2)-O(8™) = 2.347(7)

Sums of ionic radii (A) Shannon values (A)

V-0 1.98 1.96
P(1)-O 1.53 1.57
P(2)-O 1.53 1.57
Ag(1)-0 2.66 2.62
Ag(2)-O 272 2.68

Note. Symmetry code: (i) 1 —x, 1 —y, 1 —z (i) —x, 1 —y, 1 —z;
(i)x, y, 1+z G —x, 1=y, —z; (V) —x, 3+ 35—z (Vi) x, 3 —,
i) x, Sy i (i)l —x, 1=y, 2—2 (i) 1 —x, S+,
— Z.

(S}

Ag(1) Ag(2)

FIG. 2. View of the infinite layers of VOg4 octahedra and PO, tetra-
hedra running along the ¢ axis.

The double chains are interconnected, moreover through
P(1)O, tetrahedra forming the [VP,Og4]., host lattice. In
fact, P(1)O, tetrahedron shares two corners with one VOjg
octahedron of each [V,P,0,4],, parallel double chain. The
third vertex O(7) is shared with P(1)O, of one [V,P,014].,

FIG. 3. Projection of the structure along b axis. The position of Ag(2)
in tunnels are lightly shaded to distinguish them from the darker shaded
Ag(1) positions.
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double chain exhibiting thus [VP,O; ] units, which built up
from one P,O- group sharing two of its apices with the same
VOg octahedron, the remaining vertex O(8) being free. In
the same way, the shorter V-O(3) bond (1.57 /OX) corres-
ponds to the free apex of the VOg4 octahedron which can be
interpreted as the result of the ability of V(IV) to form
a vanadyl group VO.

The fact that each VOg4 octahedron and each P,O- group
exhibits one free apex pointed toward the interlayer suggests
for this structure great flexibility.

On the other hand, the structure is characterized by a
large six-sided window giving rise to large tunnels running
along the b axis (Fig. 3).

The monovalent cations Ag® are on two independent
sites: Ag(1), located between the layers (Fig. 2), are sevenfold
coordinated (Fig. 4a) whereas Ag(2), in the tunnels (Fig. 3),
exhibit an eightfold coordination (Fig. 4b). These cations
can migrate and therefore this material could be a good
ionic conductor. Such properties are investigated in the
present paper.

Magnetic Measurements

Magnetic susceptibility was measured and Fig. 5 shows
the temperature dependence of the reciprocal molar mag-
netic susceptibility between 70 and 300 K. It can be ob-
served that Ag,VP,0g obeys a Curie law; from the slope of
this straight line running through the origin, one obtains the
Curie constant C = 0.37 emu K mol ™! and an effective mag-
netic moment p;; = 2.40 g close to the expected value for
four isolated ions (s = 1/2) per unit cell with no magnetic
interaction, indeed confirming its tetravalent state.

Ionic Conductivity

Most electrical measurements on ionic conductors, in-
cluding the determination of dc parameters, are carried out
by ac techniques using the complex impedance (Z) plots.
The reason for this is that contact and interfacial phenom-

021
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FIG. 4. Coordination polyhedra of (a) Ag(l) atoms and (b) Ag(2)
atoms.
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FIG. 5. Plots of inverse magnetic susceptibility, y !, versus temper-
ature, T, for a powder sample of Ag,VP,Os.

ena make it difficult to determine the dc conductivity
directly (18).

To better understand the electrical nature of this solid
electrolyte, ac conductivity analysis was used by many
researchers (19-21) which includes complex permitivity
complex impedance and modulus spectroscopy. These tech-
niques are useful in eliminating the polarization effects and
the effect of grain boundaries in the evaluation of the true
dc term. Moreover, characteristic properties as relaxation
times, carrier hopping rate, and carrier concentration can
also be determined (22).

In fact, the behavior may be understood in terms of the
frequency dependence of real and imaginary components of
the complex permitivity, which may be expressed by the
following universal expression, as function of the radian
frequency w (18,23):

e(w) = (M*)71 =¢&(w) —je"(w) =&y + a(ja))'“l [1]

=&, + a[sin(nn/2) — jcos(nm/2)]w" 1. [2]

&4 18 the limiting “high frequency” value of the permitivity
and the exponent typically falls in the range 0 < n < 1. The
a constant determines the “strength” of the polarizability
arising for the universal mechanism in question.

Figures 6a and 6b show the data for ¢'(w) and ¢”(w) in
which we can see very clearly the strong low-frequency
dispersion and the very high values attained for the per-
mitivity. In fact, the real part is proportional to ™"~ 1 for
low frequency values (24). This behavior is characteristic of
the interaction between mobile cations occupying neigh-
boring sites in the tunnels or in the interlayers, where the
conduction takes place.
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«673 K

Ig¢'

FIG. 6.

The ¢"(w) response is dominated by a true dc conduction
mechanism as deduced from the — 1 slop in the ¢”(w) graph
at all temperature.

In Fig. 7 typical plots of ac conductivity are depicted. The
curves show a frequency-independent plateau correspond-
ing to dc conductivities. It is noteworthy that electrode
polarization effects lead to a low-frequency dispersion.
However, at higher frequencies the conductivity dispersion
follows the power-law dependence, as observed in many
hopping ion conductors (25). Generally, through (26), the
experimental data points were fitted to a single power-law of

¢ 673K
0593 K
3 x518 K
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0633K
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lgo (S.cm'1)

FIG. 7. Plots of log of conductivity versus log of frequency at different
temperatures.

673 K

Ig e"

(a) loge’ and (b) loge” versus logw at different temperatures.

the form o(w) = 0(0) + Aw", where ¢(0) corresponds to a
frequency-independent plateau and the latter is usually
identified with the dc term. 4 is a temperature-dependent
parameter and n is a slope of high-frequency dispersion data
assuming values between 0 and 1.

A thermally activated term w, [®w, = {5(0)/A}'"], which
is proportional to the ion hopping rate (27), can be found by
inspection of the ac data since w, = w when a(w) = 25(0).
In Fig. 6 the arrows indicate the attempt frequency w,.

Normalized complex modulus spectra (22), M"/M ..
M" =jwCyZ* =M+ jM", C, refers to the vacuum
capacitance of the cell), vs log frequency are given in Fig. 8
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FIG. 8. Normalized modulus (M") spectra at various temperatures.
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FIG. 9. Complex impedance plots for Ag,VP,Og powder at various temperatures.

at various temperatures. Such a graph shows that the asym-
metric peak shifts with change in temperature, as expected,
and also that this material is not an ideal electrolyte since
the peak spectra are broader than the Debye spectra. This
fact corresponds to an ideal solid electrolyte represented by
a single parallel RC element.

Indeed, broader peaks can be assigned to the summation
of the distribution of relaxation times (t, = 1/F,), calculated
from the peak frequency, F, (Fig. 8), occurring within the
bulk material (as opposed to interfacial or intergranular
effects).

Figure 9 shows examples of complex impedance plots.
Conductivity was estimated from the values of the intersec-
tion of an extrapolated semicircle and the real axis (28).

20
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FIG. 10. Temperature dependence of conductivity, o, inverse relax-

ation times, (17! = F,), and the attempt frequency, w,,.

Ionic conductivity values determined from the (Z) dia-
grams were analyzed by an Arrhenius equation of the form
g =aggexp(— E,/KT), were o, and E, represent the pre-
exponential factor and activation energy, respectively, with
K and T taking the usual meanings. Figure 10 illustrates the
linear plots of logo vs 1000/T. The activation energy
deduced from the slope was E, = 0.58 eV. The ¢ values at
558 and 673 K were 0555 =2.08x1075Q 'ecm~! and
073 =143x1073Q 'em™ 1.

The peak frequency terms, F,, and those of w, are repre-
sented with the Arrhenius plots of logg vs 1000/T for
comparison (Fig. 10). The parallel lines indicate that F,, and
, are thermally activated and that they bear the same
activation energy as o. This fact explains that the conductiv-
ity dispersion, as discussed before, was not due to any
localized dielectric loss or to the electrode or interfacial
polarization (29), but it can be attributed to the hopping
motion of the mobile Ag ions.
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