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Abstract 

Pillaring of the layered structure of a-zirconium phosphate by chromium(Ill) oxide has been performed by a new method 
involving preswelling of the layered substrate by n-propylamine vapours, followed by a colloidisation in a pH controlled 
medium, chromium(Ill) oligomer grafting and calcination in N 2 at 673 K. Pure chromia-pillared a-zirconium phosphate and 
Li +-exehangod derivatives presented enhanced electrical conductivity in comparison with pristine a-zirconium phosphate and 
much lower activation energies. @ 1997 Elsevier Science S.A. 
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I. Introduction 

Pillared layered solids are formed by intercalation 
of large polymeric inorganic cations in the interlayer 
region of layered solids such as clay minerals or 
layered phosphates [1,2]. After calcination in air or in 
a controlled atmosphere, the precursor cations are 
transformed to the respective metal oxide nanoclus- 
ters, which prop the layers permanently apa~'t. These 
metal (Zr, Cr, Ai, Ga) oxides interact strongly with 
the layers giving thermally stable materials of high 
surhce area and pore volume accessible for ion ex- 
change, adsorption, and catalysis [3-6]. Pillared lay- 
ered phosphates present poor crystallinity, their 
pore-size distribution is usually quite narrow with 
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high residual cationic exchange capacity, allowing the 
presence of mobile exchangeable cations and making 
possible the existence of ionic conductivity. A syste- 
matic study of the electrical properties of several 
alumina-pillared ot-M(IV) phosphates (where M - Zr, 
Sn) has been undertaken [7-10]. Their electrical beo 
haviour can be fitted by supposing two contributions 
resulting from the existence of two kinds of pores, 
interlayer micropores and small mesopores induced 
by pillaring, and mesopores resulting from edge-face 
interaction between layer packets. Recently, the con° 
ducting and dielectric properties of lithium-exchanged 
mixed Fe-Cr oxide-pillared a.zirconium phosphate 
has been investigated [11]. The Li* ion distribution 
shows a two potential-well system associated with the 
two kind of pores, showing a strong dependence oll 
lithium content of the conducting and dielectric 
properties. The aim of this paper is to study the 
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electrical behaviour of a chromia-pillared a-zirconium 
phosphate prepared by a novel method that gives rise 
to a more ordered structure. 

2. Materials and experimental methods 

Z 1. Preparation of lithium.exchange'd chromia pillared 
layered zirconium phosphate 

~.Zirconium phosphate, a-ZrP, was prepared fol- 
lowing the method described elsewhere [12]. Subse- 
quently, 2 g of ot-ZrP were preswelled with n-pro- 
pylamine vapours overnight. This material was dis- 
~ r ~ d  in 0.026 M acetic acid (400 mi), resulting in a 
suspemion presenting a pH = 5. Later, 0.1 N n-propyl- 
amine was added up to pH = 8, in order to start the 
polymerisation of the Cr(lll) species. 

The above suspension was mixed with a Cr(OAc)3 
solution, The final concentration of Cr(lll) was 0.031 
M. ~ter,  the suspension was refluxed for 4 days, 
giving ri~ to a precursor material with a d~M~t = 44.0 

(Fig. 1). Finally, the ~lid which was calcined in N: 
at 673 K, poresents a very high interlayer distance, 
d ~  ~ 30.0 A, with a high specific surface area (426 
m ~ g=t) and a narrow pore size distribution (Fig. 2b). 
As zeolites, pillared phosphate materials show cationic 
exchange prol~r!ies owing to the remain ~g not neu- 
tralized POH groups of the layered phosphate. So, the 
chromia pillared compound was fully ion-exchanged 
wi~h 0~05 M LiOH solution. 

2~2° Phvswal meas,rements 

Pellets of 13 mm in diameter ~md 1 mm thickness 
w¢1~c prepared ~t 0 MPa. Opposite faces of discoshaped 
~mples were coated with gold by a va~ur deposition 
method. ~ e  dc current conductivity was measured by 
mean8 of a PAmeter/D C. Voltage Source HP41~B 
controlled by computer. The ac electrical behaviour 
of the pellet was performed using a Solartron 12611, 
controlled by computer also. The electrical respon~ 
was measured in the range between 1 Hz and 5 MHz. 
The tem~rature range was between 484 K and 972 
K. and it was measured by means of a platinum 
thermometer; the temperature did not change more 
th~n 1% during the measurement. The experimental 
data were corrected by software and the influence of 
connecting cables and other parasite capacitances 
were eliminated. 

3. Result~ a.d dtscus:sto. 

Pure chromiaopillared aozirconium phosphate pre- 
~cnts a high electronic conductivity (3 × 10 :a [[~ ~ cm 
at 845 K} which may be measured by the dc meth~. 
~ i s  conductivity is higher than that of other oxide. 
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Fig, I, X.ray low angle diffraction paiterns of chron~ia°pillared 
~irconium phosphale at different temperatures. 

pillared pht_~,~phates (lO-S=lO ~ il "~ cm) [7-I0]. 
There is no appreciabh: change of dc intensity vs. 
time for that sample; however, the Li~-exchanged 
derivative sample is a mixed conductor, due to Li '~ 
and protons' mobility, and its de intensity decays with 
time. This exchanged sample shows a higher conduc- 
tivity (10 ~-~ [~ ° ~ cm at 845 K). The at: experimental 
results have been fitted to an equivalent circuit by a 
non-linear square method (Boukamp). The Nyquist 
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Fig, 2, (a) N~ adsorption.desorption isotherm at 77 K and (10 pore 
size disllibulion of chnmfia-pilhlred zirconium phosphate obtained 
lit 411tl'~C, 

plots and flteir equivalent circuits obtained lk~r tire 
pure chromia°pillared and for the Li*-exchang4.d 
sample are very different. The first sample presents a 
simple depressed semicircle (Fig. 3); whereas, the 
corresponding plot of the Li*-exchanged sample shows 
a depressed semicircle at low frequencies with a tail 
at higher frequencies (Fig. 4). The equivalent circuit 
for the pure chromia pillared sample is, in the 
Boukamp notation, for all temperatures, R(RQ)where 
Q is a constant phase element (CPE), being a charac- 
leristic circuit for non-blocking electrodes. The first 
resistance represents the resistance for an infinite 
frequency and is due to the bulk resistance, the other 
one i,~ due to the grain boundary effects. However, 
the equivalent circuit for the Li*-exchanged sample 
changes with temperature and in all cases presents a 
blocking electrode diagram. At low temperature we 
can observe two relaxation processes; the lowest fre- 
quency relaxation is attributed to a capacity and resis.. 
tance between grain boundories, and the highest fre- 
quency relaxation is due to the bulk processes; how- 

ever, at high temperature there is no indication of a 
grain boundary effect in the impedance diagram. 

Measurement of ac conductivity (or(to)) of many 
materials produces a frequency independent plateau~ 
which is usually identified with dc conductivity, while 
a dispersive bulk phenomena is present at high fre- 
quencies. According to Jonscher [13] the ac conductiv- 
ity may be expressed: 

o" ' (ca)  = %c + yton (1) 

where o-d~ is the direct current conductivity, Y is a 
temperature-dependent parameter which determines 
the magnitude of the ~ispersion found at high fre- 
quencies, to is the angular frequency of the applied 
field and finally, n is an experimental parameter that 
is in the range 0 <n  < 1 [8]. In Fig. 5, igor(to) versus 
lg to is plotted for the pure and Li+-exchanged porous 
solids. When the carrier concentration is thermally 
activated, the activation energy is composed of two 
terms: E,, which is associated to the hopping rate of 
the mobile charge carriers and E~, which depends on 
the charge carriers concentration [14]. Consequently, 
the dc conductivity may be expressed as: 

,rd~ T = o'.exp{ - ( E.,, + E~ )/kT) (2) 

where % is a prefactor, k is the Boltzmann constant. 
Considering that the ion-exchanged chromic-pillared 
a.zirconium phosphate material is a weak electrolyte, 
two distinctive carrier populations, 'mobile' and 'im- 
mobile' carriers are assumed to exist. In the weak 
model, almost all carriers are bound at various traps 
and only tlmse that relapse contribute to electrical 
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conductivity [14]. The ionic hopping frequency, which 
ca~ be obtained directly from ac conductivity data 
[!4]. de~nds o~ly on the activation energy E.. It 
¢otre to the frequency where the electrical 
conductivity changes from low to high frequency dis~ 
~rsi~n regime, and is being expres~d as a simple 
Arthenius p!ol 

(3) 

Table I 
Activation energies and effective attempt frequencies of the 
samples studied 

Chromia-pillared-ZrP Li +-chromia-pillared-ZrP 

E, (eV) 0.33 0.66 
E,. (eV) 0.1 0.26 
~ (MHz) 4.1 5.6 

Here, to~ is the effective attempt frequency of the 
ion moving from its site to the nearest neighbouring 
site [14]. 

Fig. 6 shows the Arrhenius plot for dc current and 
the characteristic frequency for the two samples. In 
all cases, for the dc conductivity, hopping frequency 
and charge carrier concentration, the respective acti- 
vation energies for the pure chromia-pillared a- 
zirconium phosphate are lower than the Li+-ex - 
changed derivative sample. Table l shows the activa- 
tion energies and the effective attempt frequency for 
both samples. The pure chromia-pillared zirconium 
phosphate has an activation energy value of 0.33 eV, 
typical of an electronic conductor and much lower 
than those observed for other oxide-pillared phos- 
phates (1.0-1.3 eV). The higher conductivity and the 
lower activation energy can be explained by the exis- 
tence of Cr(III) and Cr(V) as demonstrated by UV- 
visiblcoNIR diffuse reflectance spectroscopy. The ad- 
ditional presence of CriV) is indicated by the transi- 
tion ob~rved at 485 nm and the existence of a 
lowoe|!er~ broad hand in the nearolR region (I)~rezo 
Reina e! al. unpublished resulls). The couple Cfflll) 
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Fig, i~ Atd;cnius p|o;s i~ tO ~T,  Q) Li '-exd~angcd ¢hromia-pfl- 
Jial~cd zirconium ph,~phate. { ~ ~rT. • ~,~p~ ~:hromia°pillai'cd zh* 
c~mi~m phosphate, 
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and Cr(V)  facilitates the electron mobility along the 
structure.  Li+-exchanged chromia-pil lared zirconium 
phosphate  has an activation energy of  0.66 eV, higher 
than that  of  the unexchanged sample. This difference 
is due to a modification of  the potential  well produced 
by lithium ions. 
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