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bstract

Ionic conductivity curves of powder zeolite Y and mordenite encapsulating initially cobalt, nickel or copper cations, was determined by the
hift of the cut-off frequency of the imaginary part of their complex impedances for temperatures lower than 650 ◦C. We have shown that zeolite

containing nickel cations has 1 eV as activation energy in the range of temperature [530–600 ◦C], and with the addition of a small quantity of
ithium its conductivity curve has undergone a shift towards lower energies. In addition, in the range [445–600 ◦C], cobalt cations in zeolite Y have
conductivity coefficient in the vicinity of [0.89–2.77] × 10−6 �−1 m−1 and activation energy 0.88 eV. With the lithium addition these values was

hanged, respectively, to [0.13–1.44] × 10−6 �−1 m−1 and 1 eV in the range [405–600 ◦C].

The same observations were obtained for copper cations in mordenite. The conductivity of this sample was changed from
1.12–4.25] × 10−6 �−1 m−1 in the narrow range [550–650 ◦C] to [0.06–4.04] × 10−6 �−1 m−1 in the wider one [370–650 ◦C] after lithium addition.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Zeolites have attracted considerable attention due to their
otential applications in many fields. We give in this section
short outline of some important studies and their impact on

veryday life. First of all, zeolites can carry the dual function
f separator and catalyst [1–5]. They were used like gas [6–9],
H [10] or humidity sensors [11]. Cylindrical zeolite L crys-
als filled with dye molecules can transfer electronic excitation
nd challenges for developing new photonic devices for solar
nergy conversion and storage [12]. With an aim of employ-
ng zeolites as gas storage materials, investigation of hydrogen
dsorption by number of zeolites are in progress. The largest
ptake of hydrogen was found to be at low temperatures [13].
ue to presence of carbon monoxide in hydrogen gas, corro-
ion in the fuel cells electrodes may happen and reduces its
ower output. To avoid this problem some researchers employed
-zeolites with noble metals to purify hydrogen gas [14]. Desul-
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Lithium

hurization of transportation fuels is the point of interest of some
ther authors; they proved that it may be accomplished by zeo-
ites at ambient temperature [15]. In addition, the formation of

olecular clusters entrapped in the pores of Y-zeolite has been
nvestigated using FTIR spectroscopy and a blue shift of the
arbon oxide bands in Y-zeolite has been observed during the
odium cation exchange by other cations [16]. Intense effort
ere also provided to prepare zeolite monolayer films with con-

rolled orientation, these samples are favorable for molecular
iffusion and may have a potential application for biosensor
anufacture [17].
Combined with cobalt oxide, zeolites may be used as mate-

ials for adsorption and conversion of environment pollutants
18]. Modified by manganese or lanthanum or mixture of both,
eolites present photocatalytic and decolorization activities
19]. The investigation of the forms and dimensions of the zeo-
ite films cavities may contribute to the development of the low-k
hin films necessary for development of the future microproces-

ors [20]. Previous study has also proved that the insertion of
he ZSM-5 zeolite in compressed lead-acid batteries has given
mprovements to its electrical performances [21]. Other authors
ave enriched these experimental studies and have proposed
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heoretical algorithms predicting the evolution of the interaction
etween the free cations and the network of the zeolites [22–24].

In general, zeolites are three-dimensional microporous crys-
alline solids with well-defined aluminosilicates structures.
heir frameworks may contain linked cages, cavities or chan-
els and are typically anionic. Guest cations can populate the
ores to maintain its electrical neutrality and can participate to
on-exchange processes with other type of metals when it is in
queous solution.

In the present work, we have initially used two types of zeo-
ites which are the Faujasite knowing also as zeolite Y and
he mordenite. They have respectively the following chemical
ormulas [25]:

|Na58
+(H2O)240|[AI58Si134O384]-FAU,

|Na8
+(H2O)24|[Al8Si40O96]-MOR. (1-1)
Fig. 1 gives their frameworks structures. In former works,
hemicals synthesis method has been described [3,26–29].

Dues to their porosities and the simplicity of exchanging
ations, zeolites can play a very important role in the manufac-

ig. 1. (a) Framework of zeolite Y viewed along [1 1 1] direction and for (b)
ordenite viewed along [0 0 1] direction.
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ure of fuel cells membranes [30–32]. For this purpose, we were
nterested in studying the ionic conductivity of some cations in
eolite Y (ZY) and mordenite (M).

Our choice was focused on the cobalt, copper, nickel and
ixtures with low amounts of lithium which we estimated can

ring improvements to the conduction.
In Section 2, a short description of the used devices and the

ifferent techniques of characterizations will be given. With ac
mpedance spectroscopy, ionic conductivity curves will be deter-

ined. And in the end, a discussion will be given referring to
he effects of lithium on these samples.

. Experimental

Ion-exchange of sodium cations Na+ by others metallic
ations like Co2+, Cu2+, Ni+ or Li+ was carried out in solution
y conventional procedures. At ambient temperature, 1 g of the
eolite (ZY or M) was dissolved in 50 ml of metal chlorate solu-
ion and was stirred during 24 h. The exchange was performed
s expected and carried out many times. After filtration, the
olid was dried at 110 ◦C and the decanted liquid was analyzed
y atomic absorption with AAS Vario6 Analytikjena equip-
ent. The morphology of the powder zeolites, ZY and M, was

bserved with FEI Quanta 200 scanning electronic microscope
SEM) with X-ray analysis. Fig. 2 gives images for two differ-
nt enlargement; the average grains dimensions is about 200 �m.
urthermore, the energy dispersive analysis of X-rays spectrum
EDAX) as seen by Fig. 3 gives the chemical compositions in
focused point of one grain of the samples. All the principle

hemical elements of the zeolites exist with the guest cations.
The crystallographic zeolites structures was also been inves-

igated by Philips X’Pert Pro X-Ray diffractometer (XRD). The
ood crystallinity for ZY sample was verified by the presence of
he four 2θ reflections angles at 12.0◦, 15.8◦, 20.5◦ and 23.8◦;
nd for the mordenite at 19.8◦, 22.4◦, 27.8◦, 26.4◦, 27.8◦ and
1.1◦. Fig. 4 gives the X-ray pattern with the correspondent h k l
rystallographic Miller index.

During the thermal annealing, we have observed that only Co-
Y sample has underwent an important color modification from

he pink color at the room temperature to the blue one at 700 ◦C.
his is due to the different oxidations states of cobalt (+3, +2, 0
nd −1). In addition, the presence of inter-crystalline water may
ermit to cobalt cations to be transformed to cobalt hydroxides. It
as positive electric polarities able to guarantee the electrostatic
eutrality inside the cavities of zeolites. The recent reference
33] can give an interesting explanation about the transforma-
ion of the colors of cobalt hydroxide. On other hand, we have
hecked that the X-ray spectrum of Co-ZY at 400 and at 700 ◦C
tay representing a good crystallographic structure.

FTIR zeolites spectra were also given. Fig. 5 shows that the
o-ZY and Cu-M have roughly the same IR spectra with weak
odifications towards lower frequencies.
Before proceeding with the conductivity measurement, the
amples was powdered and encapsulated under a pressure of
0 t/cm2 in small pellets of 13 mm of diameter and 1 mm of
hickness. We have, also, evacuated the adsorbed water by
eating the sample at 100 ◦C during 24 h. On the two faces of
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Fig. 2. SEM images of (a) Co2+-ZY and (b) Cu2+-M powder.

Fig. 3. The energy dispersive analysis of Co-ZY and Cu-M samples for
HV = 25.0 and 30.0 kV Fig. 4. XRD patterns of Co-ZY and Cu-M.
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and theoretical expression (3-2), the conductivity curves versus
the inverse of the absolute temperatures was determined. The
corresponding Nyquist diagrams are arcs of circles having a
shifted center as shown by Fig. 7.
Fig. 5. FTIR spectrum of Co-ZY and Cu-M.

he pellets, a silver deposition and platinum wires was used to
nsure the role of electrodes.

The impedance measurement was carried out by using a sys-
em including a standard analyzer of impedance type HP4192A
hich can sweep frequencies from 1 Hz to 13 MHz, a controller
f temperature West Model 6100, a furnace with standard ther-
ocouple K, an interface board GPIB, a computer with serial

able RS232 and a software Labview 4.0 for data acquisition.

. Theory

The sample with his two electrodes was considered as a sim-
le circuit formed by a resistance R parallel with a capacitance
and has the complex impedance versus frequency:

(ω) − Z0 = R
1 − j(ω/ωc)

1 + (ω/ωc)2 (3-1)

0 is arbitrary complex impedance dependent of temperature and
ndependent of the frequency and which will determine the shift
f the conductivity arcs. The imaginary part of this impedance
as a minimum at the following cut-off frequency:

c(T ) = 1

RC
= σ(T )

ε0
. (3-2)

t is related directly to the ionic conductivity coefficient σ(T)
ependant of absolute temperature and which has, for one type

f carrier charges, the following form:

(T ) = σ0
T0

T
exp

[
−Ea

k

(
1

T
− 1

T0

)]
(3-3)

here σ0 is the ionic conductivity of the medium at a reference
emperature T0 and Ea is its activation energy.
ig. 6. Experimental complex impedance part of the Co-ZY sample vs. the
requency.

. Results and discussions

At the ambient temperature, all our samples are insulators
or any passage of electric or ionic currents. They become ionic
onductors in the neighborhoods of 400 ◦C. From this value to
50 ◦C and with suitable temperature steps, the displacements
f the cut-off frequency were carefully measured. Fig. 6 gives
he example of Co-ZY sample at two different temperatures,
46.2 and 498.6 ◦C. It shows a measurable displacement towards
he higher frequencies. Combining these experimental results
Fig. 7. Nyquist diagram of the zeolite Co-ZY sample.
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ig. 8. Ionic conductivity curves of the samples: (a) Ni+-ZY and (Ni+–Li+)-ZY
b) Cu2+-M and (Cu2+–Li+)-M, (c) Co2+–ZY and (Co2+–Li+)-ZY.

The first conductivity result is the outcome of nickel cations

onduction. As presented by Fig. 8a, it has a high threshold
emperature 530 ◦C from which it becomes conductor and has a
ignificant conductivity (σ = 1.45 × 10−6 �−1 m−1). The intro-
uction of −0.03% of lithium, exchanged with nickel Ni+, has
nd Engineering B 139 (2007) 226–231

hifted the conductivity curve to the lower temperature regions
ith a threshold temperature of 412 ◦C.
The same observations were obtained for the mordenite con-

aining copper. Important displacements of the conductivity
urve towards the lower temperatures were observed (Fig. 8b).
he conductivity starts to be reasonable from 560 ◦C and with
ddition of ∼0.1% of lithium, the conductivity started from the
ower temperature 370 ◦C. Break in this curve has also been
bserved around the critical temperature 415 ◦C. It corresponds
ertainly to the contribution of Cu2+ or to the couple (Cu2+,
i+) carrier charges on both sides of this temperature. Different

esults, than the preceding ones, were obtained for zeolite con-
aining cobalt (Fig. 8c). The experimental conductivity curve
hows that, in presence of ∼0.1% of lithium, a slight displace-
ent towards the higher temperatures has taken place. In spite

f this, the lithium has improved the threshold temperature from
50 to 405 ◦C and has given the curve a good linearity.

From these results, we have proved experimentally that the
resence of lithium may play a significant role to improve ionic
onduction and we also think that all these cations may be good
raps for hydroxides and favorite the passage of protons in the
eolites matrix. Cobalt may be the best for this set of samples.
e plan to continue this study for the research of better produced
aterials which may be employed as electrolytes for solid fuel

ells.

. Conclusion

We have proved experimentally that the conductivity depends
ssentially on the nature of cations encapsulated inside the pores
f zeolites. The introduction of small quantity of lithium showed
ts efficiency in improving the curve of conductivity and mov-
ng it towards lower temperature zones. We think that these
ypes of samples are suitable for the manufacturing of fuel cells

embranes.
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