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Evidence of failure of hopping model of ionic
conductivity in phosphomolybdic acid studied by
a.c. conductivity measurements

KAMLESH PANDEY, N. LAKSHMI
Department of Physics, Banaras Hindu University, Varanasi-221 005, India

The a.c. conductivity measurement has been used to probe into the possible conduction
mechanisms (Vehicle or Hopping) in proton conducting acid hydrate Phosphomolybdic acid
H;PO4-12Mo003-nH,0. The magnitude of hopping rate and its temperature dependence
evaluated from a.c. conductivity data does not favour the hopping mechanism of
conduction. The value of activation energy (Ea ~ 0.76 eV) supports the vehicle mechanism
of ion transport. © 7999 Kluwer Academic Publishers

1. Introduction is called the d.c. conductivity of the material ard
Solid state proton (H) conductors [1] belong to the is a frequency-dependent parameter. This frequency-
general class of ionic solids (termed as fast ion conducindependent conductivity (d.c. conductivity) must be
tors or solid electrolytes) which have highionic conduc-obtained at high frequency, where the electrode and
tivity. These materials have recently become importanthe grain boundary effects are negligible in polycrys-
duetotheir application in 5O, fuel cells, batteries, gas talline samples. Almonet al. [6] suggested a simple
sensors, etc. Salt/acid hydrates are included in one of thelationship betweew (0) and the a.c. coefficienA
important groups of effective proton conductors studiedor estimating the ion hopping rates from the a.c.
for room temperature applications [2]. In these materi-conductivity measurements by assuming that these
als, the possible proton transport mechanism could beere related to the same basic dielectric response
hopping (Grotthus) or vehicle. The hopping model forin the a.c. field. The dielectric constagt and the
ion transport is quite successful for AgCu™, Lit etc.  dielectric lossy” can be determined from the value of
conductors, but for solid-state'Htonductors it is still  the measured capacitance and conductance at different
uncertain [3]. To determine the possible transport mechfrequenciesd) as given under
anism in ion/proton conductors it requires a combina- ,
tion of many experimental tools. The determination of X'(@)=C/Co (@)
carrier concentration and the hopping rate can be easily x" (@) = o(w)/eo(w) (3)
made possible by a.c. conductivity measurement. The
advantage of this method [4] is it avoids the necessityvhereC, is the geometrical capacitance of the sample
of non-blocking electrodes that are required in the d.celectrode assembly without the sample. The values of
technique and to separate the grain boundary and thgielectric constant have been found to be large for supe-
bulk phenomena in the polycrystalline materials. Therionic materials because of their high conductivity [5].
study of a.c. conductivity measurement with dielectric  In hopping ion conductors the dielectric logé is
response is one of the methods to gain insight into thegjiven by [8]
hopping mechanism of the ionic conductors [5, 6]. , . .

In this paper we report the measurement of a.c. X" (@) = (©/wp)™ " + (w/wp)™ (4)
conductivity with frequency of a proton-conducting
hydrate, the heteropolyacid hydrate phosphomolybdlgure of hopping rate) and, andn; are the slopes of

acid (HsPQy- 12MoQz-nH20, abbreviated as PMA) and log o vs. logw curve (Fig. Ib) in the low and high fre-

attempt to explain the proton transport in terms of the . : . .
hoppirr:g transpport and F\)/ehicle mecﬁanisms. guency dispersion region. In special case, whes: 0

(i.e. no low frequency dispersion) ang = n (Fig. 1a)

wherew), is a characteristic frequency (which is a mea-

2. Theory and methodology (@) = Kwp + K(wp)' "o (5)
The a.c. conductivity () of hopping ion conductors  \yhereK is a constant of proportionality anal, is the
is given by [7] hopping (frequency) rate. The hopping rate may be ob-

tained by the Equation 5

=K 1 n
wherew is the angular frequency;(0) corresponds o(@) wp[ +(@/wp) ]
to the frequency independent plateauoifw) which = 0(0)[1+ (a)/wp)”]. (6)

o(w) = o(0)+ Ao" (1)
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log ¢ (w)

stope Nq

This expression helps in estimating the hopping rate. It
is obvious from Equation 6 that at, = w

g {wi= olo)+ A"

o(w) = 20(0)

| 2010)

i If we knowa (0), we can locate@(0) and the frequency

i corresponding to @(0) shall givewp. Two situations

: arise, as has been discussed earlier: (i)ol@g) vs.

v log w plot with one slope as in Fig. 1(a) or (ii) plot with
“p two slopes as in Fig. 1(b). For the Fig. 1(a) case, con-
ductivity values extrapolated to low frequencies give
0(0). Then obtaining 2(0) andwp is a straightfor-
ward evaluation from Fig. 1(a). For a two slopg &nd

n,) system, the intersection of straight lines defining
slopesn; andn; giveso (0), 20 (0) andwp as is shown

in Fig. 1(b).

d (o)

(a) log w

3. Experimental
The material employed phosphomolybdic acid
(H3POy-12M0Gs-nH20, Alfa, Germany) was of ana-

(b)

Figure 1 (a) Characteristic of a.c. conductivity of materials for which
n1 = 0 no low frequency dispersion. (b) Characteristic of a.c. conduc-

“p tog w lytical grade purity. For the electrical conductivity
measurements, pellets were prepared at a pressure of
1.0 x 10° Kg cm™2. The diameter of the pellet was

tivity of materials for which the two slopes; andn; (low and high ~ 0-8 cm. Graphite paste (Eltech COI’p.., India) was used
frequency dispersion) are present. for the electrodes. The a.c. conductivity was measured
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Figure 2 Variation of a.c. conductivity with frequency at (&)= 38°C, (b) T = 70°C, (c) T = 100°C and (d)T = 150°C.
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using a Solartron FRA, 1250 with an ECI 1286 coupled 6
to an HP computer in the frequency range 0.1 Hz 0
to 65 KHz. The measurements were carried out a
different temperatures.

/
(34

4. Results and discussion
The values of a.c. conductivity of #O,-12M0GCs-
nH,O as a function of frequency at different tempera-
tures is shown in Fig. 2 (a slow heating ratg °C/min.
was maintained). The presence of two slopes indicate
low as well as high frequency dispersion. It is obvious 2|
from Fig. 2 that the two slopes can be seen in the dat
obtained below 100C, but they are not so evident in
the data at 150C, possibly because of dehydration of 10 '_1 : ' ' ‘ 103
H3POy-12M0Q;-nH,0 above~104°C [9]. As was ex- 10 10 10
plained earlier, we have calculateq0) andw from Log f (Hz)
the result of Fig. 2. They are plotted in Fig. 3 and the
calculated values of dielectric constant and dielectririgure 4 Variation of dielectric constant’ (w) and dielectric losg” ()
loss with frequency are shown in Fig. 4. with the temperature.

The d.c. conductivityr (0) initially increases with
the temperature attains a maximum-a0°C and then
starts decreasing (Fig. 3). In the temperature rangg,e H+ charge carriers. The loss of water molecules
(14— 85°C) this shows a "Arrhenius type thermally ac- gecreases the number of charge carriers and hence a de-
tivated process” with the activation energ}a=0.76  .raa56 in conductivity results. The loss of water would
eV. The d.c. conductivitys(0) is controlled by hop- 515 |ead to many vacant sites which may make the hop-
ping rate as well as the number of charge carrierg)ing rate high, as is observed in Fig. 3. However, the
(0 =n-q-p where mobility,. depends upon the hop- g6 gisturbing fact is the magnitude of the hopping
ping rate). As has been explainedTa& 70°Caso(0)  4te. The value ofs, changes from~1C? to 1(Ps L.
increases the value af, also increases, but at higher Thase values ab, arpe low. Such low values of ion mo-
temperatures (0) decreases whilep continues to in- i are indicative of translation motion rather than real
crease (at afaster ra_te). The dec_rease((ﬂ) is ascribed hopping. This suggests that hopping is not the mech-
to the loss of water in PMA, which was the source of ynism responsible for proton transport in PMA. The
more likely mechanism can be inferred as a vehicle
mechanism. The possible vehicles argOH and OH
in PMA [10]. There are many studies which show that
H30™ moves with activation energga=0.8 eV [11].
The activation energy evaluated from our data ofdog
vs. /T (in the temperature range less thah00°C
i.e. before dehydration) iEa = 0.76 eV.

Dielectric constant ¥
. . ”
Dielectric loss X

5. Conclusion

Assuming a hopping conduction mechanism, the hop-
ping rate calculated from a.c. conductivity data is unre-
alistic for PMA. Therefore, a vehicle transport mecha-
nism is more likely.

Hopping Rate wp. (sec™h
Conductivity (s5.cm))
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