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Abstract

A new method for preparing mechanically stable dense 1 pm zeolite monograin layers on substrate electrodes allows detailed
information on the electrochemical behaviour of Cu?*-zeolite-modified electrodes to be obtained. The conductivity of the
Cu?*-Y-zeolite layers depends on the electrolyte cations and decreases in the order Cs*> K*> Na*> Li™. Experiments on thick
zeolite layers composed of stacked zeolite particles show that only the Cu?* ions in the first layer take part in the electrode
process. Significant differences between the cyclic voltammograms of Cu?™ at the unmodified glassy carbon electrodes and at the
zeolite-modified electrodes are observed. Our experiments clearly demonstrate that the electrochemical processes at monograin
Cu?+-Y-zeolite-modified electrodes are of intrazeolite ion transport type. Cu?" jons in A zeolites are electrochemically ‘silent’ in
the potential range from 0.5 to —0.8 V/SCE, in strong contrast with Cu2*-Y-zeolite but in agreement with the fact that A zeolites

2+

do not support high Cu** exchange.

1. Introduction

Modification of electrodes with zeolites has evoked
considerable interest. Reviews of zeolite-modified elec-
trodes and electrode-modified zeolites and of their
analytical applications have recently been published
[1,2]. Possible uses of such electrodes have been dis-
cussed in a review of the materials science aspects of
zeolites [3]. Current research is driven by the desire to
impart zeolitic properties to the electrodes. Therefore
in a successful modification the charge, size and shape
selectivity of the zeolite should be imparted to the
electrode.

Several techniques have been used in the prepara-
tion of zeolite-modified electrodes. Two of them are
very common. A simple approach is to cast an elec-
trode coating from a suspension of zeolite particles and
a dissolved polymer. After evaporation of the solvent,
the polymer enfolds the zeolite and holds it to the
surface of a substrate electrode such as platinum, glassy
carbon or SnO, conducting glass to form a porous
layer [4-8]. The second method relies on pressing the
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powder mixture into electrode grids. It has been used
for the preparation of zeolite-modified electrodes with
different composites [4,9-13]. We have developed a
simple method for producing dense zeolite monograin
layers on substrate electrodes and we have shown that
the preparations thus obtained are well suited to elec-
trochemical experiments [14].

Several studies of copper-zeolite-modified elec-
trodes have been reported and two mechanisms to
describe their electrochemical behaviour have been
proposed, one intrazeolitic and the other extrazeolitic
[7,8,15,16]. However, the experiments reported so far
are not conclusive because in all cases the layers of the
zeolite-modified electrodes were too thick to be suit-
able for obtaining mechanistic information. We shall
see that the two mechanisms suggested so far in the
literature are not sufficient to describe the observa-
tions made by us. It has been found to be necessary to
distinguish between an intrazeolite electron transport
mechanism and an intrazeolite ion transport mecha-
nism [14,17]. We shall show that an intrazeolite ion
transport mechanism is appropriate for describing the
electrochemical behaviour of Cu?*-Y-zeolite-modified
electrodes, whereas in zeolite A the Cu?* ions are
electrochemically ‘silent’.
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2. Experimental

2.1. Chemicals and apparatus

A zeolite (Linde 4A, Baylith T, Bayer) and Y zeolite
(LZY-52, Union Carbide) were used as received., All
chemicals were analytical grade and were used without
further purification. Double-distilled water was used in
all experiments. Electrochemical experiments were car-
ried out in a standard one-compartment three-elec-
trode cell with a water jacket for connection to a
thermostatic water circulator. The counterelectrode
was a Pt sheet electrode. The reference electrode was
a saturated calomel electrode (SCE). The potentials
were referred to this electrode (SCE) and not cor-
rected for /R drop and liquid junction potentials.
Voltammetric experiments were performed with an
EG & G model 273 potentiostat and model 270 electro-
chemical analysis system.

2.2. Preparation of zeolite samples

Samples with different degrees of Cu?* exchange
were prepared by the following procedure: 100 ml of a
dispersion containing 1.00 g of zeolite and the appro-
priate amount of CuCl, - H,O was stirred for 24 h at
room temperature (about 20°C) then filtered and
washed with double-distilled water until no Cl~ ions
could be detected using AgNO; in the filtrate. Finally,
the Cu®*-exchanged zeolite was dried for 24 h at 60°C.
The Cu?*-exchanged zeolite samples prepared in this
way were preconditioned in atmosphere at room tem-
perature for 48 h before they were used and analyzed.

These Cu?*-exchanged zeolite samples are denoted
as Cu,Na;,_,.-A and Cu,Nag_, -Y, where x is the
degree of Cu?* exchange. They were analysed by
CIBA-GEIGY AG. The combined analytical data are
expressed as unit cell compositions in Table 1.

2.3. Electrode preparation

Glassy carbon disc electrodes (diameter 3 mm) with
Teflon sheathing were used as substrate electrodes.
Before coating with zeolite, they were pretreated in the
following way. They were washed first ultrasonically in

TABLE 1. Zeolite analysis

0.1 M HNOj for 5 min and then thoroughly with water.
After this they were polished to a mirror finish under
rotation at 3000 rev min~" with 0.3 um Al,O,, washed
ultrasonically in water three times and stored in a
clean area ready for modification with zeolite.

A dispersion containing 60.0 mg of zeolite and 15.00
ml of water in a vial with a polyethylene stopper was
prepared by shaking vigorously and dispersing ultrason-
ically for about 1 h. It was repeatedly used as a mother
dispersion. Before use, it was shaken and dispersed in
an ultrasonic bath for at least 1 h, and after use it was
stoppered and sealed with parafilm to prevent evapora-
tion of water. With a micropipette, 5 wl of this disper-
sion was carefully applied to the surface of the pre-
treated glassy carbon electrode and allowed to dry very
slowly in a covered beaker at room temperature for
about 10 h.

A micropipette was used to drop 5 u1 of polystyrene
solution (0.75 mg of polystyrene in 20 ml of tetrahydro-
furan) onto the dried zeolite layer; this solution was
then evaporated at room temperature. The coatings
obtained contained 20 ug of zeolite and ca.0.2 ug of
polystyrene.

2.4. Procedure for the voltammetric experiments

Supporting electrolyte solution (40 ml) was added to
the cell. The solution was purged with Ar for at least
20 min before starting the measurements. The voltam-
metry measurements were carried out immediately af-
ter immersion of the electrode into the electrolyte
solution at 20°C. The surface of the electrolyte solution
was protected by Ar during the measurements. Elec-
trolyte solutions were adjusted to pH 6.0 with 0.1 M
HCl or 0.1 M MOH (M = Li*, Na*, K*, Cs*) under
Ar bubbling.

3. Results and discussion

3.1. Structure of the zeolite layers

In order to analyse the layer structure of the
zeolite-modified electrodes, scanning electron mi-
croscopy (SEM) was performed for the zeolite layers

Zeolite Unit cell composition Cu?* exchange degree /%
Na-A Nalz(Aloz)u(SiOz)lz +7.64H,0 0

Na-Y Na56(A102)56(Si02)142 -244H,0 0

CuggsNayyg-A CuggsNay; o(AlO,)5(8i0,),, - 24H,0 0.9

CugoNay g-A Cug19Nay; g(Al0,)5,(Si0,),, - 24H,0 L7

CugsNay; A Cug15Nay; ,(AlO,);5(Si0,);, - 24H,0 2.6

CugyNayy6-A Cug 5 Nay; 6(Al0,)15(Si0,),, - 24H,0 3.6

CUO'ZsNalL‘fA Cu0_28 Na]1'4(A102)12(Si02)12 . 25H20 4.7

CugsyNajgg-A Cug57Naygo(AlO,)15(Si04);, - 27H,0 9.6

Cu 10.6Na34_8'Y Cumé Na34‘8(A102)56(Si02)142 -257TH 20 37.7
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Fig. 1. Scanning electron micrographs of CuyggNas, g Y layers on
the surface of glassy carbon disc electrodes: (a) without polystyrene
binder; (b) with polystyrene binder.

with and without polystyrene binder. A typical result is
shown in Fig. 1. The uncoated parts in the right-hand
side represent the surface of the glassy carbon elec-
trode, where the zeolite coatings were carefully peeled
off before performing SEM in order to give a clear
view of the thickness of the zeolite layer. Figure 1
shows that the coating achieved by our procedure
consists of one to two condensed monograin layers of
zeolite particles of average size about 1 wm?> and that
the thickness of the zeolite layer is about 1 pm. The
structure of the zeolite layer prepared by this method
is completely different from that reported by other
authors [6,7]. In their procedures, thick porous zeolite
+ polymer layers are obtained and the zeolite particles
are embedded in the polystyrene film.

Comparison of Figs. 1(a) and 1(b) shows that no
obvious polystyrene layers are present in Fig. 1(b) but

these two kinds of coatings show a significant differ-
ence in mechanical stability. The mechanical stability
of the zeolite coatings without polystyrene binder is
very low and the polystyrene binder improves it sub-
stantially. For example, the coatings without polysty-
rene binder are easily removed from the surface of the
glassy carbon electrode when they are immersed in a
slowly stirred solution, but no apparent loss of zeolite
from the surface of the glassy carbon electrode in
aqueous solution has been observed for the coatings
with polystyrene binder even under rotation at 3000 rev
min~!. This indicates that the polystyrene binder pro-
duces a remarkable increase in the mechanical stability
of the zeolite coatings on the surface of the glassy
carbon electrode.

3.2. Mechanical stability and reproducibility

The mechanical stability of the zeolite-modified layer
on the surface of a substrate electrode is crucial for the
reproducibility of the experiments. In general, poor
mechanical stability of zeolite layers decreases the ex-
perimental reproducibility and a good experimental
reproducibility indicates that the mechanical stability
of the zeolite layers is high. This was tested with nine
Cu, o4 Nay, oY modified electrodes by performing cyclic
voltammetry in 0.1 M NaCl aqueous solution at a scan
rate of 20 mV s~ L. The resulting cyclic voltammograms
show two reduction peaks (A and B) and two oxidation
peaks (C and D), which are illustrated in Fig. 2 and will
be discussed later. The peak current and the charge
under peak A are listed in Table 2. They show good

(a)
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0.4 0.2 0 -0.2 -0.4 04 02 0 -0.2 -0.4
E/V vs. (SCE)

Fig. 2. Cyclic voltammograms of a Cuyq6Nas, g-Y-modified electrode
in 0.1 M NaCl aqueous solution at pH 6, 20°C, a scan rate of 20 mV
™1, an initial potential of 0.4 V and a switching potential of —0.5 V:
(a) cycles 1-3; (b) cycles 4-7. The broken curve is the baseline
obtained from a Na-Y-modified electrode under the same condi-
tions.
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TABLE 2. Reproducibility test *

Experimental values m SD
Tepay/ A 64.5 68.4 62.4 65.7 68.3 65.6 63.5 67.0 65.3 65.6 2.03
Oay/1C b 635 677 615 646 677 649 625 663 645 648 21.6

® The experimental values were obtained from nine different Cu gy 5Nas, 3-Y-modified electrodes: m, mean; SD, standard deviation; Iopays Deak
gurrent of cathodic peak A; O(ay» charge under the peak A.
The charge was obtained by integrating the area under the peak A.

reproducibility which indicates that the zeolite layer on
the glassy carbon prepared by our procedure is me-
chanically stable. We conclude that this kind of
zeolite-modified glassy carbon electrode is well suited
to electrochemical studies.

3.3. Influence of the location of Cu?* in zeolites on
voltammetric behaviour

Figure 3 shows some crystaliographically identified
cation positions of zeolites A and Y. In zeolite A, site
SII is at the centre of a six-ring face with sites SIT' and
SIT* displaced into and out of the B-cage along the
triad axis respectively, while site SIII is adjacent to the
four-ring face in the a-cage. Site SV, which is not
indicated in Fig. 3, is at the centre of the octagonal
window. In zeolite Y, site SI is at the centre of the
hexagonal prism and site SI' is displaced towards the
B-cage from the hexagonal prism. Sites SII, SII’ and
SII* are defined in the same way as in the case of
zeolite A. In fully hydrated zeolite Na-A, a six-fold
coordinated Cu?* complex bound to three water
molecules and three oxygen atoms of the zeolite frame-
work is located at site SIT' in the B-cage, while in fully
hydrated zeolite Y, Cu®* ions are located only in the
Supercage coordinated to six water molecules to form
[Cu(H,0),]** ions which can rotate freely [18,19].

The cyclic voltammograms of the CuygeNag, g Y-
modified electrode in Fig. 2 show two reduction peaks
and two oxidation peaks in the scan range from 0.4 to
—0.5 V/SCE. When an Na-Y-modified electrode is

.i;I supercag
RS
~0

Fig. 3. Structures of zeolites A and Y showing crystallographically
identified cation positions.

scanned under identical conditions, no peaks are ob-
served, as is shown in Fig. 2(b). Peaks A and B in the
voltammogram of the Cu,y,Na,,qY-modified elec-
trode are clearly due to the electrochemical reduction
of Cu?* and Cu* ions, and peaks C and D correspond
to the electrochemical oxidation of reduced Cu* and
Cu®. ’
The charging current of the baseline is very small
compared with the faradaic current. Assuming that the
charging current is the same for the CuygsNay, Y-
and the Na-Y-modified electrodes, the charge passed
in the first cathodic peak A (Qay=648 1C) can be
estimated directly by integrating the area under the
peak A. The amount of Cu,y4Na,, ¢-Y zeolite used for
the modified electrode was 20 wg, which therefore
contained a total of 1.2 X 10~® mol of Cu?* ions.
About 56% of Cu?* ions were electrochemically re-
duced to Cu™ at this scan rate in 0.1 M NaCl aqueous
solution. This indicates that the bulk Cu?* ions are
electrochemically reduced during the negative scan
since the external surface area of the zeolite crystals is
about 1% of the total equivalent surface area [20].

first cycle
1 uA
second cycle

| | | | I | |
05 03 0.1 0.1 0.3 0.5 0.7
E/V vs. (SCE)

Fig. 4. Cyclic voltammograms of a Cu 022Nayy ¢-A modified electrode
in 0.1 M NaCl aqueous solution at pH 6, 20°C and a scan rate of 20
mV s~L The initial potential is 0.5 V and the switching potential is
—0.8 V. The broken curve is the baseline obtained from a Na-A-
modified electrode under the same conditions.
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The same experiments were carried out with Cu**-
A-modified electrodes of varying degrees of Cu?t ex-
change for which completely different behaviour was
observed. A typical cyclic voltammogram is shown in
Fig. 4. In comparison with the voltammogram of the
Na-A modified electrode, only two very small cathodic
peaks and three anodic peaks appear, which are de-
noted as a, b, ¢, d and e respectively. The peak cur-
rents are almost the same for all degrees of Cu’*
exchange (0.9% to 9.6%). Not more than 0.5% to 1%
of the Cu2* ions in zeolite A are electrochemically
reduced. This indicates that the Cu®* ions in zeolite A
are electrochemically ‘silent’ in the potential range
from 0.5 to —0.8 V/SCE. The very small currents
observed may result from the reduction of Cu?* ions
adsorbed on the surface of zeolite A and/or leached
out by ion exchange. The difference between the
voltammetric behaviour of Cu?*-A- and Cu?®*-Y-mod-
ified electrodes seems to be due to the different coor-
dination and mobility of Cu?* ions in zeolites A and Y.

In comparison with Cu?* ions in zeolite Y, it can be
expected that diffusion of Cu®* ions in zeolite A is
much slower owing to their coordination to the zeolite
framework, the smaller cages and channels, and the
slow migration of Cu?™ ions from the B-to the a-cages.
It seems that this hindered transport is consistent with
the very small current in Fig. 4. This agrees with the
fact that zeolite A does not support more than about
6% of Cu?*. At higher loadings corrugation of the
crystals is observed and very high loading results in
complete destruction of the zeolite framework [21].
The coordination of Cu?* can be described in terms of
distinct rigid polyhedra, while the alkali cations exhibit
less well defined and less rigid coordination polyhedra.
Therefore it seems that strain is induced in the zeolite
framework upon exchange of the alkali ions by Cu?*.
This strain increases with increasing exchange level
until the framework ruptures. The looser framework of
zeolites X and Y can compensate better for this strain
than the more compact zeolite A [21].

The oxidizability of a metal ion complex decreases
with increasing stability constant. In the case of Cu?*
ions in zeolite A, the coordination to the zeolite frame-
work may result in a decrease of their oxidizability of
Cu?* such that they cannot be reduced in the potential
range from 0.5 to —0.8 V/SCE. In the following, we
focus on the voltammetric behaviour of the Cu?*Y-
modified electrodes which do not show the complica-
tions of Cu?*-A zeolites.

3.4. Influence of the thickness of the zeolite layer

In order to investigate the influence of the thickness
of the zeolite layer on the electrochemical response,
zeolite-modified electrodes containing different a-

TABLE 3. Influence of the thickness of the zeolite layer on the
electrode response 2

W, /&8 20 40 60 80
Q,/nC  648+26 692438  704+42  706x42

2 Yoltammetry experiments were carried out with nine different
electrodes under the same conditions as shown in Fig. 2: W,, amount
of zeolite CuosNas,g-Y on the surface of the glassy carbon elec-
trode; Q,, charge under peak A as shown in Fig. 2.

mounts of zeolite Cu,q¢Nagz,g-Y have been prepared
and voltammetry experiments have been carried out
under the same conditions as shown in Fig. 2. Table 3
presents the charges passed in the first cathodic peaks
in the first cycles for the electrodes containing 20, 40,
60 and 80 pg of CuygNay,sY respectively. As dis-
cussed above, when 20 pg of Cuyg¢Nas, Y are coated
on the glassy carbon electrode, the thickness of the
coating is about 1 pm. Accordingly, the approximate
thicknesses of about 2, 3 and 4 um correspond to
zeolite layers containing 40, 60 and 80 ug of
Cuy¢Nay, oY respectively. The charge Q, increases
only slightly on increasing the amount of CuyggNazug-Y
from 20 to 60 pg and remains constant for higher
loading. This observation indicates that only the Cu*™
jons within the zeolite particles which directly contact
the surface of the glassy carbon electrode (the first
layer in Fig. 5) take part in the electrode process. The
Cu2* ions within the zeolite particles which do not
directly contact the surface of the glassy carbon elec-
trode are electrochemically ‘silent’ because otherwise
the measured charges would be directly proportional to
the amount of Cu,o4Nay,g-Y on the electrode.

A thick zeolite layer on a substrate electrode is
composed of several zeolite particle layers. According
to their function in the electrode process, they can be
divided into the two parts illustrated in Fig. 5. The
layer in which the zeolite particles directly contact the
surface of the substrate electrode is denoted the first
layer and the layers in which the zeolite particles do

bulk solution -

7 _~ interface between zeolite
layer and bulk solution

aperture

out-layer

contact area

uncovered surface of the
substrate electrode

first layer

—— - z

R T R
substrate electrode

Fig. 5. Proposed arrangement of a thick zeolite layer on a substrate
electrode: E**, electroactive ions.
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not directly contact the surface of the substrate elec-
trode are denoted the out-layer. The area at which the
surface of the substrate electrode and the zeolite parti-
cles contact each other is called the contact area. The
surface of the substrate electrode consists of the con-
tact area and the uncovered part.

Upon insertion of an E"*-exchanged zeolite-mod-
ified electrode into an electrolyte solution, the elec-
trolyte solution will permeate the apertures between
zeolite particles in the zeolite layer and ion exchange
will occur at the surface of the zeolite particles. In Fig.
5, the arrows indicate the leaching of the electroactive
E"* ions out of the zeolite into the apertures by ion
exchange. The diffusion of the leached E"* ions from
the apertures to the bulk solution is hindered with
respect to that of the leached E” ™" ions at the interface
between the zeolite layer and the bulk solution. This
means that the first layer is in an environment with a
particular E"* concentration. Therefore the loss of
E"* ions from the first zeolite layer is smaller than in
the case of the monograin layer. With increasing thick-
ness of the zeolite layer, diffusion of E”* ions from the
apertures to the bulk solution becomes more difficult,
When it reaches a certain thickness, the concentration
of the leached E"* ions in the apertures no longer
changes. In this case, the smallest amount of E”* jons
is leached out of the first layer. This is probably the
main reason why the observed charges slightly increase
with increasing Cu,¢Nag,q-Y from 20 to 60 wg and
become constant at higher loadings.

The E"* ions in the apertures of the zeolite layer
also diffuse to the uncovered surface of the substrate
electrode where they can undergo an electrochemical
reaction. Whether this extrazeolite reaction is a main
electrode process or a side-process only depends on
the system. If the leaching of electroactive species out
of the zeolite is fast enough within a certain experi-
mental time-scale (i.e. at a certain scan rate in voltam-
metry) and if the area of the uncovered surface of the
substrate electrode is larger than the contact area, it
can become a main electrode process which means that
an extrazeolite mechanism applies.

3.5. Ion exchange and determination of relative diffusion
rates of ions within the zeolite

Ion exchange is a very important property of zeo-
lites. In electrochemical studies of zeolite-modified
electrodes, electroactive species can be concentrated
within zeolites by this property. Electroactive species
can also leach out of zeolites by ion exchange with
electrolyte cations during the measurements, There-
fore electrode processes at zeolite-modified electrodes
are much influenced by ion exchange processes.

interface between zeolite and solution

D S) 2+

D
2) 2+ 2+ ¢
PE sy — ET

E2+(z) E s 1

" Dy . . D .
My ¢ 2M g 4 2M ) +————— 2M'

bulk zeolite «————+——— bulk solution

Fig. 6. Ion exchange processes occurring at the interface between
zeolite and solution: E?* and M* are the electroactive ion and the
electrolyte cation respectively; Dy, denotes diffusion of ions within
the zeolite and Dyg, denotes diffusion in the solution.

For simplicity, we discuss a system in which the
electroactive species is a divalent cation E%*, and the
co-cation in the zeolite and the electrolyte cation are
M™. Upon insertion of the E2*-exchanged zeolite-mod-
ified electrode into the electrolyte solution, ion ex-
change occurs between E2* in the zeolite and M* in
the solution. This ion exchange process (Fig. 6) can be
divided into three subprocesses: (1) ion exchange at the
interface between the zeolite and the solution; (2)
diffusion of E2>* and M* in the cavities and channels
of the zeolite; (3) diffusion of E2* and M* in the
solution. Ions diffuse much faster in the solution than
within the zeolite and the ion exchange at the
zeolitelsolution interface is very fast. Therefore the
rate of the whole ion exchange process is controlled by
the diffusion of E** or M* within the zeolite [20]. In
the strict sense, diffusion of E** and M* within the
zeolite, which is discussed here, is an apparent diffu-
sion because the mobilities of E2* and M+ located at
different sites and in the different cages of the zeolite
are different. The extent of exchange of the E2* ions
out of the zeolite by M* depends on the nature and
concentration of E** and M, the structural character-
istics of the zeolite and the solvent. From the thermo-
dynamic point of view, the amount of E2* exchanged
out of the zeolite into the solution depends on the
selectivity coefficient. The larger the selectivity coeffi-
cient, the less E2* will be exchanged out of the zeolite
into the solution by M*. In the actual voltammetric
experiments, the volume of solution is much larger
than that of the zeolite layer on the substrate elec-
trode. Therefore, even if all the electroactive species
E?* originally encapsulated in the zeolite leached out
into the solution, the concentration of E2* in the
solution would always be much smaller than that of
M* which is usually of the order of 0.1 M. Hence if the
time of immersion of the E?*-exchanged zeolite-mod-
ified electrode in the solution is long enough to reach
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equilibrium, most E2* jons will exchange out of the
zeolite into the solution.

From the kinetic point of view, the amount of E**
exchanged out of the zeolite into the solution is con-
trolled by the rate of the ion exchange process. As we
discussed above, the rate of the whole ion exchange
process is controlled by the diffusion of E?** or M*
within the zeolite. Thus the amount of E2?* exchanged
out of the zeolite into the solution is controlled by the
diffusion of E2* or M* within the zeolite.

Obviously, when the voltammetric experiments of
the E2*-exchanged zeolite-modified electrodes are car-
ried out, leaching of the electroactive species E2* out
of the zeolite into the solution by ion exchange cannot
be avoided except when the electroactive species B2+
is too large to escape from the zeolite cage [22,23]. In
order to minimize the loss of E2* ions from the zeolite
during the experiments, the measurements are per-
formed immediately after insertion of the E%**-ex-
changed zeolite-modified electrodes into the solution.

Figure 2 shows a continuous decrease of the ca-
thodic and anodic currents which is primarily due to
the leaching of Cu* and /or Cu™ out of the zeolite Y
by ion exchange with the electrolyte cation Na™ during
the potential scan. To confirm this and to investigate
the influence of the electrolyte cations on the ion
exchange process, cyclic voltammetric experiments have
been performed on the Cuyy¢Nas,,-Y-modified elec-
trodes after ion exchange for a certain time in a
separate solution containing different alkali catioms.
The results of these experiments are shown in Fig. 7.
Curve 5 corresponds to the first cycle in Fig. 2. Curves
1, 2, 3 and 4 are also first cycles under the same
conditions but recorded after ion exchange by immers-
ing the electrodes into 20 ml of 0.1 M CsCl (curve 1),
KCl (curve 2), NaCl (curve 3) and LiCl (curve 4)
aqueous solutions (without stirring) for 20 s, washing
them with double-distilled water and transferring them
into the 0.1 M NaCl solution in the cell. Compared
with curve 5, the currents of curves 1-4 decreased in
the order

I > Iy, > Ig > I (1)

This indicates that the rate of loss of Cu?* ions of
zeolite Y by ion exchange increases in the order

Lit<Nat<K*<Cs* (2)

If the diffusion of Cu?* within the Y zeolite is
slower than that of all the other cations, then the ion
exchange process is controlled by its diffusion within
the Y zeolite and the rate of loss should be indepen-
dent of the electrolyte cation. If the diffusion of Cu?*
within the Y zeolite is faster than that of all the other
cations, then the rate of loss of Cu?* depends on the

l l | | I
0.4 0.2 0 -0.2 -0.4

E/V vs. (SCE)

Fig. 7. Cyclic voltammograms of the Cu o6 Nay g-Y-modified elec-
trodes in 0.1 M NaCl aqueous solution after immersion in(101M
CsCl, (2) KCJ, (3) NaCl and (§) LiCl for 20 s. Curve 5 corresponds to
the first cycle in Fig. 2. (For details see text.)

electrolyte cation. Sequence (2) clearly demonstrates
that the rate of loss of Cu?* of the Y zeolite depends
on the electrolyte cation in the solution. Therefore it
can be concluded that the order of decreasing diffusion
of the tested ions within the Y zeolite is

Cu?t>Cs*>K*>Na*> Li* (3a)
or
Cs™> Cu?*> K*>Na®>Li* (3b)

This important finding has consequences for the mech-
anism of the electrochemical reactions at Cu?*-Y-mod-
ified electrodes. Although the diffusion coefficients of
ions in zeolites could not be obtained in this experi-
ment, it provides us with their relative speed of diffu-
sion within zeolites.

3.5. Voltammetric behaviour in chloride-containing elec-
trolytes

The voltammetric behaviour of the CujggNag,g-Y-
modified electrode and of Cu?* ions at the unmodified
glassy carbon electrode shown in Fig. 8 is significantly
different. The peak potential E ., of A shifts towards
negative values and the peak potential E gy of B shifts
towards positive values. This indicates clearly that the
electrochemical reduction of Cu?* and of Cu™ at the
Cu o sNay, - Y-modified glassy carbon electrode does
not oceur at the uncovered surface of the glassy carbon
electrode following ion exchange of Cu?* ions out of
the Y zeolite into the solution because otherwise the
Cu,q N, ¢ Y-modified electrode and Cu®* ions at
the unmodified glassy carbon electrode should show
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the same behaviour. However, this observation is not
sufficient to decide whether the electrochemical reduc-
tion of Cu®* jons at the Cu,o4Na,, g~ Y-modified elec-
trodes occurs at the contact area or in the bulk of the
zeolite.

3.6. Voltammetric behaviour in nitrate-containing elec-
trolytes

Figure 9(a) shows voltammograms of Cu,;¢Nas, g
Y-modified electrodes and of Cu?* ions at the unmod-
ified glassy carbon electrode in 0.1 M NaNO; in the
range from 0.4 to -0.6 V/SCE under the same condi-
tions as in Fig. 8. The voltammograms for Cu2™* at the
unmodified glassy carbon electrode show one cathodic
and three anodic peaks, which we denoted as Ises
ge, Mge and IVge respectively. Peaks Il and
IVge may be due to some complications in the elec-
trode process. Peaks I ;. and I 4. indicate that, in the
case of nitrate electrolyte, the electrochemical reduc-
tion of Cu®* ions at the unmodified glassy carbon
electrode occurs via a single two-electron step. The
voltammogram of the Cu,,¢Na,q-Y-modified glassy
carbon electrode shows two cathodic peaks and one
broad anodic peak, which we denoted as I, IT and III
respectively. The relative heights of the peaks I and II
change to some extent from one electrode to another,
but both can always be observed although sometimes
one of them becomes a shoulder. This may be caused
by small differences between different CujgeNag, g-Y-

l ! I I |

0.4 0.2 0 -0.2 -0.4
E/Vvs. (SCE)

Fig. 8. Cyclic voltammograms of a Cuyq sNay, o-Y-modified electrode
in 0.1 M NaCl aqueous solution (solid curve) and of the unmodified
glassy carbon electrode in 0.1 M NaCl+8.5 mM CuCl, (broken
curve) at 20°C and a scan rate of 20 mV s~L, The initial potential is
0.4 V and the switching potential is ~0.5 V. The curves are the first
cycles.
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Fig. 9. (a) Cyclic voltammograms of a Cu 10.6Na34 g-Y-modified elec-
trode in 0.1 M NaNO; aqueous solution (solid curve) and of the
unmodified glassy carbon electrode in 0.1 M NaCl+6.5 mM
Cu(NO,), (broken curve) at 20°C and a scan rate of 20 mV s~ L, The
initial potential is 0.4 V and the switching potential is —0.5 V. The
curves are the first cycles. (b) Cyclic voltammograms of CujgeNay, g-
Y-modified electrodes in 0.1 M NaNO, aqueous solution as a
function of switching potential under the same conditions as in (a).
The switching potentials are ~0.6, —0.4 and —0.3, respectively.

modified electrodes. The broad peak III of Fig. 9(a)
may contain two unseparated peaks as shown in Fig.
9(b). We observed that the voltammetric behaviour of
the CuyoNay,o-Y-modified electrodes is strongly af-
fected by the electrolyte anions. This indicates that the
electrochemical reduction of Cu?* jons at the
CuyogNay, g-Y-modified electrode does mnot occur
within the bulk of the zeolite, otherwise the same
voltammetric behaviour should be observed in both
chloride and nitrate electrolytes because at this con-
centration the imbibition of either chloride or nitrate
ions into the bulk of the zeolite is negligible due to
charge restriction [24,25].

In Figs. 8 and 9 the waveforms of the voltammo-
grams of the unmodified glassy carbon electrode shift
to a positive current after the potential at which Cu® is
produced. This is due to a change in the surface state
of the unmodified glassy carbon electrode caused by
deposits of Cu®. From this, we conclude that no Cu® is
deposited at the surface of the glassy carbon electrode
in the case of the Cu,,¢Na,, -Y-modified electrodes.
This explanation is supported by the voltammetric be-
haviour of the Cu,, ;Na,, ,-Y-modified electrode in 0.1
M NaNO; as a function of the switching potential as
shown in Fig. 9(b). The anodic current increases when
the switching potential is more positive. A possible
explanation is that the Cu® atoms and/or clusters
produced during the cathodic process migrate deeper

e e e e o
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into the zeolite and some of them (i.e. those far away
from the contact area) cannot be re-oxidized during
the anodic process. The more positive the switching
potential, the less time is available for the Cu® atoms
and/or clusters to migrate into the zeolite; thus fewer
of them are deep enough in the zeolite to be oxidized.
As a result, the anodic current increases.

The voltammograms of the CuyyNas,, ¢-Y-modified
electrode in 0.1 M NaNO, show two cathodic and two
anodic peaks respectively, a fact that has not hitherto
been reported. We can conclude that the electrochemi-
cal processes at the Cu,,¢Na,, g~ Y-modified glassy car-
bon electrode have to be interpreted by an intrazeolite
ion transport mechanism.

3.7. Influence of the electrolyte cations

To investigate the influence of the electrolyte cations
the experiments with a Cuy¢Na,,¢-Y-modified elec-
trode in 0.1 M MCI aqueous solutions have been
carried out in two potential ranges, with all other

‘ — in01 MNaCl P —moauka
Vo moamac Voo —iotmka
Voo +8.5mM CuCl, Vool +7.5mM CuCl,
i ¥

Co U Coe

Dec Dee
| | | | 1 I 1 l 1 |
0.4 0.2 0 -0.2 -0.4 04 0.2 0 -02 -0.4
(d) B

o — mo1MCsCl /Bee — ino.1MLCI
M -+ in0.1 M CsCl D -+ in0.1 MLiC!
Dac +6,0 mM CuCl, +5.0mM CuCl,
1 | | | ! 1 | 1 L |
0.4 0.2 0 02 0.4 0.4 0.2 0 02 04
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Fig. 10. Cyclic voltammetric behaviour of Cuyq¢Nas,s-Y-modified
electrodes (solid curve) and of Cu?* ions at the unmodified glassy
carbon electrode (broken curve) in different alkali chloride solutions.
The other experimental conditions are the same as in Fig. 8.
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Fig. 11. Cyclic voltammetric behaviour of Cuyq¢Nas,g-Y-modified
electrodes (solid curve) and of Cu?* ions at the unmodified glassy
carbon electrode (broken curve) in different alkali chloride solutions.
The switching potentials are (a) —0.17 V, (b) —0.13 V, (c) =012 V
and (d) —0.18 V. The other experimental conditions are the same as
in Fig. 8.

conditions the same as in Fig. 8. Figure 10 shows the
voltammograms in the potential range from 0.4 to 0.5
V, and Fig. 11 shows them in the potential range where
only the electrochemical reduction of Cu?* to Cu* can
occur. Experiments with Cu?* at the unmodified glassy
carbon electrode have been carried out under the same
conditions and the Cu?* concentration has been ad-
justed in each solution to make the current at peak
A ¢ almost equal to that at peak A. The peak currents
and charges observed in these voltammograms are given
in Table 4, and the corresponding peak potentials, the
apparent formal potentials and the peak potential dif-
ferences are listed in Table 5.

Almost the same peak potentials (Table 5) are ob-
served for Cu?* ions at the unmodified glassy carbon
electrode in the different electrolytes. This indicates
that the voltammetric behaviour of Cu?* ions at the
unmodified glassy carbon electrode is not affected by
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TABLE 4. Peak currents and charges of Cuyp g Na 4 g-Y-modified
electrodes in different electrolytes *

MCl  I,/pA Q/mC 0a/Qr%/%
NaCl 654 662 236 0648 0355 56
KCI 587 383 162 0518 0258 45
CsCl 452 307 205 0404 0264 35
LiCl 357 516 334 0402 0399 35

T The data are obtained from Figs. 10 and 11: A, B, C, D, Agc,

Cgc and Dgc represent the peaks as shown in Figs. 10 and 11;

Bse,
2+ jons in

Qr = nFNy where Ny is the total amount of moles of Cu
the zeolite layer and Q, is the charge under peak A.

the electrolyte cations. Reversible behaviour of
Cu2*/Cu* is observed for Cu?* at the unmodified
glassy carbon electrode; for instance, in Fig. 11 the
ratio of the anodic to the cathodic peak currents is
close to unity, while in Fig. 10 the ratio of the anodic to
the cathodic peak current is much greater than unity.
This observation indicates that the peak C is strongly
affected by the redox process of Cu™/ Cu®. This may be
due to some complications in the electrode process
caused by deposits of Cu® on the surface of the unmod-
ified glassy carbon electrode. This effect is not ob-
served in the voltammograms of the Cuyy¢Na 4 q-Y-
modified electrodes which further indicates that the
electrochemical reaction at the CuyggNas,g-Y-mod-
ified electrodes is of intrazeolite character.

The voltammetric behaviour of the CuyNajqg-Y-
modified electrodes in chloride electrolytes is strongly
affected by the electrolyte cations. As shown in Figs. 10
and 11, the peak currents and peak potentials depend
on the electrolyte cation. The potentials of peaks A
and C shift towards negative values, and the potentials
of peak B shift slightly towards positive values with
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Fig. 12. Possible rate-limiting steps in the electrochemical reduction
of Cu?* at the Cu?*-Y-modified glassy carbon electrode in chloride
electrolyte: (1) diffusion of Cu?* ions from the bulk of the zeolite to
the surface; (2) reduction of Cu?* to Cu™*; (3) reduction of Cu* to
Cu®; (4) diffusion of Cu™ into the bulk of the zeolite; (5) diffusion of
Cu® into the bulk of the zeolite; (6) movement M™* into the zeolite
to maintain charge neutrality; (7) diffusion of M* within the zeolite.

respect to the glassy carbon electrode. The potential of
peak D is nearly the same as that of Dg.

3.8. Model of the electrochemical reduction of Cu?*

A model for the electrochemical reduction of Cu?*
at the Cu?*-Y-modified electrode in chloride elec-
trolyte, based on our results, is proposed in Fig. 12.
Step 1 is the diffusion of Cu?* ions within the zeolite,
steps 2 and 3 are the reduction of Cu?* and Cu* at
the zeolite side of the three-component interface, steps
4 and 5 are the diffusion of Cu™ and Cu® into the
zeolite, step 6 is the movement of the electrolyte cation
M™ into the zeolite to maintain charge neutrality in
the zeolite and step 7 is the diffusion of M™ ions

TABLE 5. Peak potentials, apparent formal potentials and difference of peak potential differences 2

?(/)I?M) Cuyg¢Nas, ¢-Y-modified electrode Glassy carbon electrode
) E_./V(SCE) E,,/V(SCE) AE c.n)/ E% i/ E,./V(SCE) E,./V(SCE) B 1)/
V(SCE) V(SCE) V(SCE)

NaCl —0.044(A) 0.072(C) 0.116 0.014 0.050(A g¢) 0.145(Csc) 0.098
—0.254(B) 0.011(D) —0.287(Bgc) 0.006(Dg¢)

KCl —0.003 0.109 0.112 0.053 0.051 0.145 0.098
—-0.255 -0.007 -0.289 —0.002

CsCl 0.001 0.093 0.092 0.047 0.051 0.143 0.097
~-0.281 -0.029 —-0.289 —-0.025

LiCl -0.105 0.066 0.171 -0.020 0.059 0.141 0.100
—-0.255 0.016 -0.294 ~0.004

a . .
EThe data are obtained from Figs. 10 and 11: A, B, C, D, A, Bge, Coe and D represent the peaks as shown in Figs. 10 and 11; E,, and
7o represent the cathodic and anodic peak potentials respectively. AE .4, is the difference between the potentials of peaks Cand A; E%y 4 is
the apparent formal potential of Cu?*/Cu* which is calculated by (Epc, + Eyay)/2 and (Egcgey + Enagn)/2
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within the zeolite. In nitrate electrolyte, steps 2 and 3
are replaced by a single step in which Cu?* is directly
reduced to Cu® via a two-electron process. Any of the
steps shown in the diagram may be rate limiting, giving
a characteristic signature to the electrode reaction.

3.9. The rate-limiting step in the reduction of Cu** to
Cu*

Table 4 shows that the peak current I,,, of A in
Figs. 10 and 11 is strongly affected by the electrolyte
cation in the chloride electrolyte. The order of decreas-
ing peak current I,y of A is
Na*t>K*>Cs*>Li* (4)
This observation indicates clearly that the electrode
process depends on the nature of M and therefore is
determined by steps 6 and 7. As discussed above, the
migration of ions into the zeolite is faster than the
diffusion of ions within the zeolite. It can be concluded
that the electrode process of the electrochemical re-
duction of Cu?* ions at the Cu,y4Nas,q-Y-modified
electrode is controlled by the diffusion of the elec-
trolyte cation within the Y zeolite, i.e. step 7 in Fig. 12
is a rate-limiting process.

3.10. Influence of the leaching of Cu®™ out of the zeolite

If the diffusion of the electrolyte cations inside the
zeolite is a rate-limiting process, then the order of
decreasing current I,,, of A should be Cs*>K*>
Na*t> Li* according to (3a) or (3b). However, this is
not in agreement with observation (4). The peak cur-
rent is determined not only by the diffusion but also by
the concentration. When a voltammetry experiment
with an electroactive species zeolite-modified electrode
is carried out in electrolyte solution, the loss of the
electroactive species from the zeolite to the solution by
ion exchange cannot be avoided except when the elec-
troactive species is too large to escape from the zeolite
cage. Therefore the actual concentration of the elec-
troactive species in the zeolite during the measurement
is smaller than its initial concentration in the zeolite
(before inserting the electrode into the solution). Se-
quence (2) indicates that the sequence of the rate of
loss of Cu?* ions from the Y zeolite by ion exchange in
0.1 M MCl aqueous solution is Cs™>> K*>Na*>Li"
in the case of the Cu,,sNas,q-Y-modified electrode.
Thus the actual concentration of Cu®* ions in the Y
zeolite during the measurements is smaller than the
initial concentration and is expected to be in the fol-
lowing order:

r ' ! r ES
Cos < € <Cha <CLi <€ (5)
where ¢’ and ¢* are the actual and initial concentra-

tions respectively. Sequence (4) is observed as a result
of (3) or (5). When an experiment is carried out by

inserting an electroactive species zeolite-modified elec-
trode into an electrolyte solution, losses by ion ex-
change must be considered.

3.11. Diffusion of the Cu™ ions into the zeolite

As shown in Fig. 11, the current of peak C is much
smaller than that of A in NaCl, KCl and CsCl elec-
trolytes, but I, and Iy are nearly equal in LiCl. In
order to measure I, accurately, the voltammetric
experiments have been carried out by holding the
potential at the switching potential for 6 s to make the
current fall to the baseline. The I, values measured
in the different electrolytes are reported in Table 4.
The ratio Jc)/Ia, Of the currents increases in the
following order:
K*<Na*<Cs*<Li* (6)
During the negative scan the concentration of the Cu*
ions produced at the three-component interface in-
creases. Some of them diffuse so deep into the interior
of the zeolite (far away from the contact area) that they
cannot be reoxidized during the positive scan. The
amount of this part of Cu™ depends on the concentra-
tion of Cu* ions produced at the interface, their diffu-
sion rate and the electrolyte cations in the Y zeolite.
The higher the concentration of the Cu™ ions pro-
duced and the faster their diffusion within the Y zeo-
lite, the larger is the amount of Cu™ ions which cannot
be reoxidized. If we assume that the diffusion of the
Cu* in the Y zeolite is faster than that of the elec-
trolyte cations, then the amount of Cu™ which moves
deep into the zeolite during the scan is determined by
the diffusion rate of the electrolyte cations within the
zeolite. As a result, the amount of this Cu* decreases
in the order
Cs™>K*>Na*>Li* (7
according to sequence (3a) or (3b), for a constant Cu™
concentration. In addition, the charge under peak A in
0.1 M CsCl is much smaller than that in 0.1 M NaCl
and KCl as shown in Table 4, which means that the
amount of Cu* ions produced in 0.1 M CsCl is less
than that in 0.1 M NaCl and KCl. Combining the
effects of diffusion of the electrolyte cations and the
amount of Cu* ions produced (i.e. the concentration
of Cu™ ions at the interface) results in sequence (6).
We conclude that the observed deviation of the ratio
Lo/ Txay from unity is caused by the diffusion of some
of the Cu™ ions produced deep into the Y zeolite. This
also explains the observed values of Qg/Q, and
Lgy/ Iy (Table 4).

3.12. Conductivity of the zeolite layer
No I(R,+ R,) compensation has been made in any
of our experiments. R, and R, are the resistances of
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the electrolyte solution and the zeolite-modified layer
respectively. In the case of the unmodified glassy car-
bon electrode, the differences AE, in the peak poten-
tials are almost the same in the different electrolytes
(see Table 5). This indicates that IR, is little influ-
enced by the electrolyte cations. The differences
AE,_a) between the potentials of the peaks C and A
are larger for the Cu,,¢Na,,,-Y-modified electrode
than those observed at the unmodified glassy carbon
clectrode and depend on the electrolyte cations.
AE, _,, decreases in the order

Li*>Nat>K*> Cs* (8)

The zeolite can be considered as a solid electrolyte
and its conductivity depends on the mobility of its
cations. The larger their mobility, the larger is the
conductivity of the zeolite. Based on the sequence (3a)
or (3b), the conductivity of the Y zeolite layer in the
electrolyte solutions used decreases as follows:

Cs™>K*>Na*>Lit (9)
However, the resistance R, decreases in the order
Lit>Na*>K*> Cs* (10)

which is in good agreement with sequence (8) and
indicates that the increase in AE, c ) for the zeolite-
modified electrodes is mainly caused by the uncompen-
sated IR,.

In addition, Table 5 shows that the AE, in 0.1 M
CsCl solution is the same for both the modified and
the unmodified electrodes. From this and sequence
(3a) or (3b), we conclude that the mobilities of Cu2*
and Cs™ in the supercages of the Y zeolite are the
same and are the same as in water.

3.13. Semi-infinite linear diffusion in the zeolite Y layer?
Table 4 shows that the charge under peak A de-
pends on the electrolyte cations and decreases in the
order
Na*>K*>Cs*>Li* (11)
Regardless of any losses of Cu®* into the solution by
ion exchange, 56%, 45%, 35% and 35% of the initial
Cu?* ions were reduced in NaCl, KCl, CsCl and LiCl
respectively. Since the loss of Cu?* ions to the solution
by ion exchange cannot be avoided in these experi-
ments, the actual percentages must be larger than the
calculated values. We conclude that the semi-infinite
liner diffusion condition [26] does not apply to the
Cu g 4Na,, g-Y-modified electrodes.

3.14. Shift of the apparent formal potential of Cu?*/
Cu*

The apparent formal potential of Cu?*/Cu™ for the
CupNay,g-Y-modified electrodes shifts in the nega-

tive direction with respect to the glassy carbon elec-
trode, as shown in Table 5. The same behaviour has
been reported for Nafion®-modified electrodes [271
and clay-modified electrodes [28]. The shift in the
apparent formal potential of Cu®*/Cu* for Cu?*-Y-
modified electrodes can be described by

. Y . RT  K([M™*]q
AE®=E /1)~ E 1/1s) = —I;Inm (12)

where E®%;y, is the apparent formal potential of
Cu®*/Cu* within the zeolite layer, E% 1 is the
formal potential of Cu?*/Cu* measured at the un-
modified electrode, K; and Ky are the selectivity
coefficients for the ion exchange reactions of the Cu?t
and Cu™ ‘with the ion exchange sites in the zeolite
respectively, and [M*],, and [M*](S) are the concentra-
tions of M™ in the zeolite layer and solution respec-
tively. Equation (12) indicates that the shift of the
apparent formal potential of Cu?*/Cu™ for the Cu?*
exchanged Y zeolite modified electrode depends on
the selectivity coefficients K;; and K; and the concen-
trations of M* in the solution and in the zeolite Y
layer. Strictly speaking, eqn. (12) is only suitable for the
case in which the co-cation in the zeolite is the same as
the electrolyte cation in the solution. In our experi-
ments, the concentration [M*],, of the electrolyte
cation in the solution was 0.1 M and the temperature
was 293 K. If the effect of the co-cation is negligible,
then eqn. (12) can be written

AE®/V =0.058 log(Ky /K [M*])) —0.058  (13)

This equation indicates that E° /i@ deviates from
E?; /15 and that the extent of the shift depends on the
nature of the electrolyte cation, which is in agreement
with the experimental observation.

4. Conclusions

The monograin zeolite-modified glassy carbon elec-
trodes prepared by the method described in this paper
are mechanically stable, and voltammetric experiments
with these electrodes show good reproducibility.

Cu®Tions in A zeolites are ‘electrochemically silent’
in the potential range from 0.5 to —0.8 V/SCE in
sharp contrast with the Cu?* ions in the Y zeolite. This
is probably due to relatively strong coordination of
Cu’* jons to the framework of the A zeolite, causing
slow diffusion in its cages and channels, and is in
agreement with the fact that A zeolites do not support
high Cu?* loading.

The relative diffusion rates of the alkali and Cu2+
cations in the Y zeolite are Cu?T= Cs*> K*> Na*>
Li*, and the mobilities of Cs* and Cu?* in water and
in the zeolite Y are nearly identical.

I
|
|
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The experiments show that, for thick-layer zeolite-
modified electrodes, only the Cu?™ ions in the first
layer take part in the electrode process. The following
layers play a role only decreasing the loss of Cu’* ions
of the first layer.

Significant differences between the cyclic voltam-
metric behaviour of the Cu,q¢Na,, - Y-modified elec-
trodes and Cu?* ions at the unmodified glassy carbon
electrode are observed. They clearly indicate that the
electrochemical behaviour of the Cu;y4Naz,g-Y-mod-
ified electrodes cannot be explained by a process in
which the Cu?* ions are ion exchanged into the solu-
tion, diffuse to the uncovered part of the surface of the
glassy carbon electrode and then are electrochemically
reduced. The considerable influence of the electrolyte
anions on the electrode process at the CuyggNag,g-Y-
modified electrodes indicates that the electrochemical
reduction of Cu?* ions at the Cuyy4Naj,-Y-modified
electrodes does not occur within the bulk of the zeo-
lite. We conclude that the electrochemical processes
occur at the zeolite side of the glassy carbon/
solution / zeolite interface as explained in Fig. 12. We
call this kind of electrode process an intrazeolite ion
transport mechanism to distinguish it from another
intrazeolite process which has been found in silver
A-zeolite-modified electrodes [14,17]. In the electro-
chemical reduction process of Cu** to Cu™, the diffu-
sion of the electrolyte cation within the Y zeolite is a
rate-limiting process. The experiments show that the
semi-infinite linear diffusion model is not suitable for
the electrode process at the Cu?*t zeolite-modified
electrode. The apparent formal potential of Cu?*/Cu”*
in the zeolite shifts from that of Cu**/Cu™ in the
solution and depends on the nature of the electrolyte
cations. Also, the conductivity of the Y-zeolite-mod-
ified layer depends on the electrolyte cations and de-
creases in the order Cs*> K*> Na*> Li*.
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