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Ag+-A zeolite monograin layers deposited on glassy carbon electrodes show a remarkable electrochemical 
behavior. The number and the position of peaks and shoulders which appear in cyclic voltammograms during 
the first cathodic scan depend on the Ag+-exchange degree, the scan rate, and the electrolyte cations. Our 
observations indicate the presence of eight electrochemically distinct silver species. We discuss the mechanism 
of the electrochemical reactions by assuming site-specific reduction potentials, site-to-site interconversion of 
Ag+ ions, and formation of silver clusters, and we propose an intrazeolite electron transport mechanism. 
Seven peaks observed in the cyclic voltammograms are related to reduction within the zeolite in an intrazeolite 
process. One corresponds to an extrazeolite process, namely, the reduction of Ag+ ions on the surface of the 
glassy carbon electrode after ion exchange of Ag+ out of the zeolite. Four peaks out of the seven are tentatively 
assigned to the reduction of Ag+ at different sites in the zeolite framework and three to the reduction of silver 
clusters formed in the a-cage during the cathodic scan. 

I. Introduction 

Zeolites are appealing host materials owing to the ability of 
their open crystallites to selectively exchange and incorporate 
both charged and neutral species within the void spaces and 
interconnecting channels. Modification of electrodes with 
zeolite has evoked considerable interest in the past decade.’ A 
number of electroactive probes have been investigated at zeolite- 
modified electrodes, including transition metal ions, complexes, 
and organic Two kinds of zeolite coatings on 
substrate electrodes have been commonly used: porous zeolite/ 
polystyrene layers and carbon powder/zeolite pellets. We have 
developed a simple method to prepare dense zeolite monograin 
layers on substrate  electrode^,^^^^^ and we recently found that 
electrochemical information useful for mechanistic studies is 
only obtained from those zeolite particles which directly contact 
the surface of the substrate electrodes7 Shaw and co-workers 
proposed an intrazeolite and an extrazeolite mechanism to 
explain the electrochemical processes at zeolite-modified elec- 
trodes.8 They concluded that intercalated transition metal ions 
are electrochemically “silent”. This means that the electro- 
chemical reactions occur outside of the zeolite after ion exchange 
of electroactive species. We, however, found that Ag+ ions in 
zeolite A and Cu2+ ions in zeolite Y are electrochemically 
“active”, and we have proposed an intrazeolite ion transport 
mechanism for the electrode processes at Cu2+-Y-modified 
electrodes to explain our  observation^.^^^ 

Ramos et al. were the first to report an electrochemical study 
at Ag+-zeolite-modified  electrode^.^ They prepared electrodes 
by compressing a mixture containing Ag+-mordenite and 
graphite on a stainless steel grid and investigated them by 
chronopotentiometry in aqueous solutions containing various 
supporting electrolytes. They found that the electrochemical 
reduction of Ag’ ions occurs at the current collector in these 
experiments which corresponds to an extrazeolite process. 
Baker and Zhang examined the electrochemical response of 
Ag+-Y-modified electrodes prepared as zeolite/graphite powder/ 
polystyrene layer on IT0 glass.6 Cathodic linear scan voltam- 
metry at electrodes with low Ag+ exchange degree (<lo%) 
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indicated the presence of two electrochemically distinct silver 
cations. The authors suggested that the two cathodic waves 
observed are related to occupancy of Ag+ ions at sites I and I’ 
in zeolite Y. They reported that the electrochemical processes 
occur at the surface of the zeolite and that the mechanism of 
electron transfer to intrazeolite silver cations proceeds via ion 
exchange of Ag+ with electrolyte cations. We found that the 
cyclic voltammograms of Ag+-A zeolite monograin layers on 
glassy carbon electrodes show a dramatic dependence on the 
degree of Ag+ exchange and that the silver ions in the zeolite 
are electrochemically active.2 We now report detailed cyclic 
voltammetry studies at these systems, and we propose an 
intrazeolite electron transport mechanism. 

11. Experimental Section 

Materials and Chemicals. Zeolite A (Linde 4A, Baylith T, 
Bayer) was equilibrated for 3 days at ambient air before use, 
and its composition was analyzed by Ciba-Geigy AG. The unit 
cell composition is Na12(A102)1~(Si02)1~*7.6H20. All chemicals 
were analytical grade and were used as received. Double- 
distilled water was used in all experiments. 

Instrumentation. Electrochemical experiments were carried 
out in a standard one-compartment, three-electrode cell with a 
water jacket for connection to a thermostatic water circulator. 
The counter electrode was a Pt sheet electrode. The reference 
electrode was a saturated caolmel electrode (SCE) with a 1 M 
NaN03 bridge electrolyte solution and a Vycor frit to avoid 
the influence of C1- ions. The potentials were referred to this 
electrode (SCE) and not corrected for iR drop and liquid junction 
potentials. The electrolyte solution was purged with Ar for at 
least 20 min before starting the measurements. The voltam- 
metric measurements were carried out immediately after im- 
mersion of the electrode into the electrolyte solution at 20 “C. 
The surface of the electrolyte solution was protected by Ar 
during the measurements. Voltammetric experiments were 
performed with EG&G Model 273 potentiostat and Model 270 
electrochemical analysis system. 

Potentiometry measurements were carried out with an Ag+ 
ion-selective electrode (Model IS 550-Ag+, Philips) and a 
saturated calomel electrode with a bridge electrolyte solution 
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(RE 3/DJ, Philips). The bridge electrolyte solution was 1 M 
NaN03 to avoid the influence of C1-. The emf measurements 
were performed with a potentiometer (PW 9422 pH meter, 
Philips). 

Atomic absorption analysis of silver was performed with an 
atomic absorption spectrophotometer (Beckman, 1248). 

Calibration of the Ag+ Ion-Selective Electrode. The 
concentration of Ag+ in solution was determined with an Ag+ 
ion selective electrode in the dark. Approximately 200 mL of 
1.000 M NaNO3 was added to a cell (about 400 mL) with a 
water jacket for connection to a thermostatic water circulator 
and stirred magnetically for about half an hour in order to reach 
a constant temperature of 20 "C. A 20 pL aliquot of 1.000 M 
AgN03 was added to the above solution with a micropipet, and 
the emf was measured under continuous stirring. This operation 
was repeated until the concentration of Ag+ was 1.00 mM. 

Kinetics of the Ag+ Exchange into Zeolite A. A 9.10 mg 
sample of zeolite A was added to the above solution containing 
1.000 M NaN03 and 1.00 mM AgN03. The emf's were 
measured with the calibrated Ag+ ion-selective electrode under 
continuous stirring at different times, t = 1, 2, 4, 6, 8, 10, 20, 
40, and 60 min. 

Electrode Preparation and Ion Exchange. Glassy carbon 
disk electrodes of 3.0 mm diameter were used as substrate 
electrodes. The zeolite-modified electrodes were prepared as 
described elsewhere.' The coatings contained 20 ,ug of zeolite 
and ca. 0.2 pg of polystyrene. 

The Ag+-A-modified glassy carbon electrodes with different 
Ag+-exchange degree were prepared by the following proce- 
dure: Prior to Ag+ ion exchange, the Na-A-modified electrodes 
were cleaned by rotating at 500 rpm in 0.1 M NaN03 solution 
for 10 min and washed with double-distilled water. The so- 
prepared electrodes were ion-exchanged in 200 mL of NaN03 
+ AgNO3 solution under rotation at 500 rpm at 20 i 1 "C in 
the dark for 30 min and washed thoroughly with double-distilled 
water to obtain partially Ag+-exchanged Ag+-A-modified 
electrodes. The initial concentrations of AgN03, [Ag'];, were 
0.05, 0.1, and 0.3 mM, and the initial concentration of NaN03, 
[Na'];, was 0.1 M; that is, the ratios [Ag+]:/[Na+]: in the 
solutions were 5 x lop4, 1 x and 3 x respectively. 
To obtain fully Ag+-exchanged samples, ion exchange was 
carried out in 0.1 M AgN03 under otherwise the same 
conditions. 

Determination of the Ag+-Exchange Degree. The Ag+- 
exchange degree of the Ag+-A-modified electrodes was 
determined by atomic absorption spectrophotometry. For each 
Ag+-exchange degree, nine electrodes were prepared, and their 
zeolite layers were dissolved ultrasonically in 10 mL of 1 .O M 
HNO3. The concentration of Ag+ was measured using 1.0 M 
HNO3 as a reference. 
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111. Results and Discussion 

Kinetics of Ag+ Exchange. The calibration curve of the 
Ag+ ion-selective electrode was determined in 200 mL of a 
1 .OOO M NaNO3 solution at 20 "C from 0.1 to 1 .O mM AgN03. 
It was linear with a slope of 58.14 mV and a correlation 
coefficient of 0.99998. The concentration of Ag+ in the aqueous 
phase, [Ag+],, decreases with time after addition of 9.10 mg of 
zeolite A to a solution containing 1.000 M NaN03 and 1.00 
mM AgN03 because the Ag+ ions are exchanged into the 
zeolite. The Ag+-exchange degree X in percent can be 
calculated as 
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Figure 1. Ag+-exchange degree of zeolite A as a function of the 
exchange time at 20 OC. A 9.1 mg sample of zeolite A was added to 
200 mL of an aqueous 1.000 M NaNO3 f 1.00 M AgN03 solution. 

[Ag']; and [Ag+], are the initial molar concentration in the 
aqueous phase and the concentration at exchange time t ,  
respectively. V,, W,, M,, and 2 are the volume of the aqueous 
phase in dm3, the weight of added zeolite in grams, the formula 
weight of the unit cell of zeolite in g mol-', and the negative 
charge of the zeolite unit cell, respectively. In Figure 1 we 
show X as a function of time. The results indicate that the Ag+/ 
Na+ ion-exchange equilibrium is reached in about 10 min under 
the experimental conditions. An ion-exchange time of 30 min 
was chosen to prepare the monograin Ag+-A-modified glassy 
carbon electrodes based on this finding. 

Ion-Exchange Equilibrium and Ag+-Exchange Degree. In 
Figure 1 X reaches a maximum value of 32% at ion-exchange 
equilibrium. This corresponds to an apparent selectivity coef- 
ficient K$ of 514. 

The asterisk represents equilibrium concentrations. Since X 
can be expressed as 

substitution of [Ag+]:/[Na+]: in (2) leads to 

[ Na'] ,*X 

K g  = [Ag+]:(lOO - X )  

(3) 

(4) 

The amount of Ag' exchanged to the zeolite A layer is 
considerably smaller than the total amount of Ag+ in the solution 
under the applied conditions. The concentration changes of Ag+ 
and Na+ in the solutions are therefore negligible. This means 
that [Ag+],* = [Ag+]: and [Na']: = [Na']; holds and that eq 4 
can be written as 

( 5 )  

X can therefore be estimated from eq 5, the measured apparent 
selectivity coefficient, and the [Ag+]:/[Na+]: ratio. The val- 
ues in Table 1 show close agreement with the atomic absorption 
spectrophotometry (AAS) data for small [Ag+]/[Na+] ratios. A 
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TABLE 1: A$-Exchange Degree of Ag+-A-Modified 
Glassy Carbon Electrodes 

electrode [Ag+]:/[Na']p Xc (?6)b X m  (%)c xd 
1 5 x 10-4 20 22 2.6 
2 I x 10-3 34 33 4.0 
3 3 x 10-3 61 54 6.5 
4 100 100 12 

a Ratios in the solutions to prepare the Ag+-A-modified electrodes. 
The Na+ concentration was always 0.100 M. X, is the Ag+-exchange 
degree in percent derived from eq 5. X m  is the Ag+-exchange degree 
in percent measured by atomic absorption spectrophotometry. x is the 
stoichiometric exchange degree for A&Nals-,-A and is based on X,. 

Figure 2. SEM micrograph of a Nal2-A zeolite layer on a glassy 
carbon disk electrode. The uncoated part on the right side represents 
the surface of the glassy carbon electrode. 

deviation of 13% is observed for electrode 3. The concentration 
of Na+ ions is 0.100 M, and that of Ag+ is much smaller in 
each case. We can therefore assume that the activity coefficients 
of Na+ and of Ag+ are the same in all solutions and remain 
constant during the ion exchange. This means that the devia- 
tions of X as derived from ( 5 )  with respect to the values obtained 
by AAS are mainly due to the activity coefficients of Ag+ and 
Na+ in the zeolite. 

The Ag+-exchanged zeolite A is represented as A&Nal2-,- 
A where the stoichiometric exchange degree x can be calculated 
from X. The x values 2.6,4.0,6.5, and 12 reported in Table 1, 
as determined by AAS, are used in the following text. 

Zeolite Layer Structure. The texture of a typical Na-A 
zeolite layer on a glassy carbon electrode obtained by scanning 
electron micrography (SEM) is shown in Figure 2. The 
uncoated part on the right side represents the surface of the 
glassy carbon electrode, where the zeolite coating was carefully 
peeled off before performing SEM in order to give a clear view 
of the thickness of the zeolite layer. It shows that the coating 
achieved by our procedure consists of one to two condensed 
monograin layers of about 1 pm3 zeolite particles and that the 
thickness of the zeolite layer is in the order of 1 pm. The zeolite 
layers are mechanically stable. No apparent loss of zeolite from 
the surface of the glassy carbon electrode in aqueous solution 
has been observed even under rotation at 3000 rpm. The 
experimental reproducibility obtained with this kind of zeolite- 
modified electrodes is good.' 

Voltammetric Behavior of Ag+-A-Modified Electrodes. 
Cyclic voltammograms of monograin Ag+- A-modified elec- 
trodes have been measured in 0.1 M LiC104 and in 0.1 M 
NaClOs at different scan rates and different Ag+-exchange 
degrees x in a systematic way. Electrodes prepared in exactly 
the same way have been investigated in the two electrolytes, 

so that the results illustrated in Figures 3 and 4 can be compared 
with each other. In these two figures each column corresponds 
to a different x but the same scan rate, and each row corresponds 
to a different scan rate but the same x. A dramatic dependence 
of the peaks and shoulders on x, the scan rate, and the electrolyte 
cation is apparent. The peaks and shoulders indicate the 
presence of eight electrochemically distinct silver species which 
we denote as A through H. 

We distinguish three possible reaction sites, Le., the uncovered 
part of the substrate electrode surface, the substrate electrode/ 
solutiordzeolite interface, and the cages and channels of the 
zeolite. The influence of the ion-exchange capability of zeolites 
on electrode processes was discussed by us in a study at 
monograin Cu2+-Y-modified electrodes. We found for this 
system that the electrochemical processes occur at the zeolite 
side of the glassy carbordsolutiordzeolite interface, which 
corresponds to an intrazeolite ion transport mechanism.' 

Structured voltammograms of silver at gold and platinum 
electrodes were reported by Sandoz et al. and attributed to 
surface effects.I0 The question arises if our structured voltam- 
mograms can be explained by a similar effect because Ag+ ion 
exchange with the electrolyte cations occurs after inserting an 
Ag+-A-modified electrode into an electrolyte solution. We 
have therefore carried out voltammetric experiments at naked 
glassy carbon electrodes in the Ag+ concentration range from 
0.87 to 15.5 mM in 0.1 M LiClO4 at 10 mV/s. Only one 
cathodic peak at 0.15 V vs SCE with currents in the range from 
7.71 to 128 p A  was observed. These currents are comparable 
to those observed at Ag+-A-modified electrodes at a scan rate 
of 10 mV/s as reported in Figure 3. As an example, we compare 
the cathodic peak measured at the blank glassy carbon electrode 
in 1 .O mM AgN03 + 0.1 M LiC104 with the first cathodic wave 
of the Agl2- A-modified electrode in 0.1 M LiC104; see Figure 
5.  The cathodic peak at the blank glassy carbon electrode 
matches H exactly. This proves that the peaks A to G are not 
due to reduction of leached Ag+ at the uncovered part of the 
surface of the glassy carbon electrode. 

Can the peaks A to G be explained by assuming Ag+ 
reduction at the zeolite side of the glassy carbonkolutiordzeolite 
interface as observed for the Cu2+-Y-modified electrodes? Ion 
exchange occurs, and x decreases as soon as an Ag+-A- 
modified electrode is inserted into the electrolyte. Decreasing 
scan rate means also increasing immersion time, and hence the 
amount of Ag+ ions leached out of the zeolite during the first 
cathodic scan increases. Thus, the Ag+ concentration in the 
zeolite is larger at high scan rates than at low ones at a constant 
initial x. Increasing initial x at constant scan rate should cause 
a similar pattern as an increasing scan rate at constant initial x 
if A to G would result from an electrode process at the zeolite 
side of the glassy carbordsolutiordzeolite interface. This is not, 
however, what we observed. The electrodes respond at more 
positive potential at large x and low scan rate and at more 
negative potential at small x and high scan rate in a systematic 
way, as shown in Figures 3 and 4. In the following we explain 
that it is reasonable to assume an intrazeolite electron transport 
process in which reduction of Ag+ ions takes place within the 
cages and channels of the zeolite. 

Site-Specific Reduction Potentials. Scheme 1 shows crys- 
tallographically identified cation positions of zeolite A. Site 
SI1 is at the center of a 6-ring face with sites SII' and SII* 
displaced into and out of the /I-cage along the triad axis, 
respectively, while site SI11 is adjacent to the 4-ring in the 
a-cage. Site SV, which is not indicated in Scheme 1, is at the 
center of the octagonal window. In fully hydrated Ag12-A, 
Ag+ ions are located at these four different sites.11*12 Kim and 
Seff indicated that in fully hydrated A zeolite the coordination 
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Figure 3. Voltammetric behavior of Ag+-A-modified glassy carbon electrodes in 0.1 M LiC104 at 20 “C as a function of the scan rate and the Ag+-exchange degree x. Each column corresponds to a different 
x but the same scan rate, and each row corresponds to a different scan rate but the same x. The solid and dashed lines are the first and the second cycles, respectively. The upper half of traces are the cathodic 
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SCHEME 1: Structure of Zeolite A Showing 
Crystallographically Identified Cation Positions 

Li et al. 

strength of Ag+ at different sites decreases in the order" 

Ag'(SI1') > Ag+(SII*) >> Ag+(SV) - Ag'(SII1) (6) 
They also reported that Ag+ at the sites SI11 and SV are very 
weakly coordinated to the zeolite framework and that the Ag+ 
at SIII are easier to be reduced than those at SV. It is reasonable 
to assume that Ag+ ions at different sites possess different redox 
potentials and that less adequately coordinated ions are easier 
to be reduced. In addition, the size of clusters that can form at 
different sites is different. It is therefore appealing to express 
the reduction potential for a site a as 

Agf(site a) + e- Ago(site a) EoAgi(site a)/AgO(site a) (7) 
We assume that the site-specific reduction potentials 
EoAg+(site a)/AgO(site a) decrease in the order 

EO(SI1') < Eo(SII*) << E"(SV) < E"(SII1) (8) 
Site-to-Site Interconversion of Ag+. We consider the 

following Ag+ distribution equilibrium at the different sites of 
the zeolite: 

Ag'(SI1') Ag+(SII*) Ag+(SV) Ag'(II1) (9) 
The number of Ag+ at each site depends on the number of 
positions available, on site preference, and on the Ag+-exchange 
degree. In fully hydrated AglZ-A, three Ag+ are located on 
3-fold axes (SII') where they are bridged by three water 
molecules within the sodalite unit, five occupy 3-fold-axis 
positions near 6-rings, recessed by 0.86 A into the large cavity 
from 111 planes (SII*), three are associated with the eight 
oxygen rings (SV), and the remaining one is located at SIII." 
On the basis of experimental and theoretical evidence,l3>l4 we 
assume that the Ag+ ions are mainly located at SII' when x 5 
3 and that SII* and SV are filled up next until x = 8 and x = 
11, respectively, is reached. When equilibrium (9) is disturbed, 
a site-to-site interconversion of Ag+ happens until a new 
equilibrium is established. 

Peak H. We have already discussed that peak H in Figures 
3-5 results from reduction of leached Ag+ ions at the uncovered 
part of the surface of the glassy carbon electrode. This is further 
supported by the following reasoning. After inserting an Ag+- 
A-modified electrode into a solution, Agf ions are ion- 
exchanged out of the zeolite into solution by electrolyte cations. 
The rate of Ag+ leaching out of the zeolite depends on the initial 
degree of Ag+ exchange, the cocations, and the electrolyte 
cations. Ag+ ions at different sites in zeolites have been 
reported to possess different mobilities during ion exchange in 
the sense that bound ions are first converted to mobile ions in 
the large cavities and then diffuse rapidly through the main 
channels to the zeolite ~urface. l~- '~  We assume that the stronger 
the ions are coordinated to the zeolite framework, the more time 
it takes to convert them to mobile ions. The diffusion rate 
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Figure 5. Comparison of the cathodic behavior of the Agl2-A- 
modified glassy carbon electrode and that of Ag+ ions at the blank 
glassy carbon electrode: solid line, Aglz- A-modified glassy carbon 
electrode in 0.1 M LiC104 at 20 "C at a scan rate of 0.5 mV SKI; dashed 
line, blank glassy carbon electrode in 0.1 M LiC104 + 1.0 mM AgN03 
at 20 "C at a scan rate of 10 mV s-'. 

depends also on the concentration gradient. The larger x is, 
the larger the concentration gradient at the zeolite/solution 
interface. Since the Ag+ ions prefer the sites SII' and SII* at 
which they are most strongly coordinated, they are mainly 
located at these two sites when x 5 8. With increasing exchange 
degree (x > 8), more and more Ag+ occupy sites SV and SI11 
at which they become mobile easily. At lower scan rate, there 
is more time for this leaching process. This explains why H is 
only observed at AglP- A-modified electrodes in both electro- 
lytes and why its relative height decreases with respect to G 
with increasing scan rate. 

Peaks A to G. The peaks G, F, E, ..., A show up in this 
order at more and more negative potential, and their appearance 
strongly depends on the Ag+-exchange degree x ,  the scan rate, 
and the electrolyte cation. The frequency and the intensity of 
the more negative potential peaks increase with decreasing x 
and increasing scan rate in a systematic way. The most negative 
one, A, is only observed in the LiC104 electrolyte and at small 
x, B is the most negative potential peak in NaC104, while all 
other peaks appear in both electrolytes. The site-specific 
reduction potentials (7), the site-to-site interconversion reactions 
(9), and the formation of silver clusters can account for these 
observations. 

When an Ag+-A-modified electrode is inserted into the 
electrolyte solution and/or Ag+ ions start to be reduced, 
equilibrium (9) is disturbed, and site-to-site interconversion starts 
to play an increasingly important role. This process is less 
material at small x and high scan rate. Mainly Ag+ ions located 
at their original equilibrium sites are reduced at fast scan rates, 
with respect to the time scale of the Ag+ interconversion (9). 
This explains why the negative potential cathodic peaks 
dominate at low x.  

The electrolyte cations move into the zeolite during the 
cathodic process to maintain charge neutrality. They then act 
as co-cations and migrate to the corresponding sites in the Ag+ 
site-to-site interconversion process, which depends on their 
mobility; e.g., the migration of Li+ ions through the 6-rings is 
more difficult than that of Na+. l5 We have recently shown that 
the electrode processes at Cu2+-Y-modified electrodes are 
much influenced by electrolyte alkali cations and that in this 
system the mobility of Li+ is much lower than that of Na+, 
K+, and C S + . ~  The general positive shift of the cathodic waves 
in the Na+ electrolyte with respect to the Li+ electrolyte and 
the disappearance of peak A in the former case are therefore 
plausible. 
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The most negative peak A is only observed in Figure 3 and 
at low x. It becomes dominant at x = 2.6 when v 2 5 mV/s. 
This means that the scan rate is fast enough with respect to the 
time scale of the interconversion of Ag+ under these conditions 
and that the Ag+ ions are mainly reduced at their original sites 
SII’ which are located in the P-cage. In the NaC104 electrolyte, 
however, it seems that even the scan rate 50 mV/s is not fast 
enough to compete with the Ag+ interconversion rate because 
of the larger mobility of Na+ with respect to Li+. This explains 
why peak A is missing in this electrolyte. 

B appears at low x in both electrolytes. In LiC104 at x = 
4.0 and v = 20 mV s-l only peak B is observed, while it appears 
together with a small peak A at x = 4.0 and v = 50 mV s-l. 
We assume that the interconversion of Ag+(SII’) to Ag+(SII*) 
is faster than that of Ag+(SII’) and Ag+(SII*) to Ag+(SV) and 
Ag+(SIII), because the sites SII’ and SII* are close to each other 
and the Ag+ coordination strength is larger than at SV and SIII. 
If the scan rate is fast enough with respect to the time scale of 
the Ag+(SII’) and Ag+(SII*) to Ag+(SV) and Ag+(SIII) inter- 
conversion and slow enough with respect to the time scale of 
the Ag+( SII’) to Ag+(SII*) interconversion, then reduction of 
Ag+ will only happen at SII*. In this case only one less negative 
peak compared to A should be observed. If not all Ag+ ions at 
SII’ can switch to SII* above a critical scan rate, both peaks B 
and A are expected. This reasoning is in agreement with the 
observations, and we therefore assign B to the reduction of Ag+ 
ions at SII*. 

G dominates at x < 8 and v = 0.5 mV s-l in Figure 3. 
According to (8), the Ag+ ions at SI11 are reduced first. If the 
scan rate is slow enough relative to the time scale of both, the 
site-to-site interconversion, and the migration of silver clusters, 
only the Ag+ ions at this site are reduced, and hence only one 
most positive peak can be observed. On the basis of this we 
assign peak G to the reduction of Ag+ ions at SIII. 

F appears as the first peak and with a large current at x = 
4.0 and v = 2 mV s-l, a tx  = 6.5 and v =  5 and 10 mV s-l in 
Figure 3, and at x 5 6.5 and v 5 5 mV s-l in Figure 4. Such 
a large current can only result from the reduction of a large 
amount of Ag+ ions or charged silver clusters. However, the 
formation of such a large amount of charged silver clusters needs 
many Ago atoms which must be produced before peak F can 
develop. This indicates that F does not correspond to the 
reduction of charged silver clusters, and it seems reasonable to 
assign F to the reduction of Ag+ ions at SV according to (8). 

We have assigned A, B, F, G, and H to the reduction of Ag+ 
ions at the sites SII’, SII*, SV, and SIII and at the glassy carbon 
electrode, respectively. What remains are C, D, and E. We 
can speculate that during the first cathodic scan the produced 
Ago atoms react with each other and with unreduced Ag+ to 
form uncharged and charged silver clusters, Agnm+ (m < n), 
with different redox ability. Uncharged silver clusters may 
migrate out of the z e ~ l i t e . ~ . ~ ’ , ~ ~  The formation of silver clusters 
Agnmf in zeolite A has been investigated considerably. 19sZ0 The 
maximum value of n is limited by the size of the zeolite cages. 
In addition, it was experimentally and theoretically found that 
the redox ability of silver clusters depends on their ~ize.*l-*~ 
On the basis of this it makes sense to allege C, D, and E to the 
reduction of silver clusters formed during the cathodic scan. 
However, we have no detailed information about these cluster 
so far. 

Charges in the First Cathodic Processes. Voltammetry 
experiments of Nalz- A-modified electrodes have been carried 
out under the same conditions as those reported in Figures 3 
and 4. No peaks have been observed at any scan rate in both 
electrolytes. The nonfaradaic charges in the cathodic process 
have been obtained by integrating the cathodic curves. The total 
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Figure 6. Percentage of reduced Ag+ ions (% Ag+) on the Agfias-A 
zeolite-modified electrodes during the first cathodic scan as a function 
of the scan rate. 

charges (faradaic + nonfaradaic) produced in the first cathodic 
scan were obtained in the same way for Ag+-A-modified 
electrodes. The faradaic charges of the first cathodic scans can 
be obtained by assuming that the charging current is the same 
for both types of electrodes. The percentage of the silver ions 
(% Ag+) reduced during the first cathodic scan can then be 
calculated from the measured faradaic charge, the amount of 
the zeolite on the electrode (20 pg), and the Ag+-exchange 
degree. 

The % Ag+ reduced as a function of the scan rate is shown 
in Figure 6 for the Agfiag-A-modified electrode in 0.1 M 
LiC104 and in 0.1 M NaC104. More than 100% have been 
observed at v = 0.5 mV s-l in 0.1 M LiC104 and at v = 2 mV 
s-l in 0.1 M NaC104. This may be caused by the different 
charging currents of the Agaa8-A and the Nalz-A electrodes. 
The strong dependence of % Ag+ reduced on the scan rate and 
on the electrolyte cation further indicates that the electrolyte 
cations play an important role in the cathodic process which is 
kinetically influenced by the transport of electrolyte cations into 
the zeolite and their migration in the channels and cavities of 
the zeolite. 

Electrode Response during the Second Cathodic Scan. 
The electrode response during the second cathodic scan is 
completely different from that during the first cathodic scan as 
shown in Figures 3 and 4. Only one cathodic wave is observed 
which is broader at small Ag+-exchange degree x and high scan 
rate than at large x and slow scan rate. The electrodes respond 
in the more negative potential range with decreasing x and 
increasing scan rate. The current decreases dramatically in the 
second cycles. It decreases faster at small than at large x, and 
it decreases faster at high than at slow scan rates. 

The second cathodic wave appears mainly in the potential 
region of the C, D, and E peaks, and they appear at more positive 
potential with increasing x. This indicates that electrochemical 
reduction of silver clusters formed during the first cathodic scan 
occurs and that at larger x larger clusters are formed. 

What is the reason for the dramatic decrease of the current 
in the second cycles which is faster at small than at large x? 
Nearly the same percentage of Ag+ ions are reduced during 
the first cathodic scan for all Ag+-exchange degrees at a given 
scan rate. This can be explained if we assume that the decrease 
of the current in the second cycle is mainly caused by migration 
of uncharged silver clusters out of the zeolite to form electro- 
chemically “silent” silver particles at the zeolite s u r f a ~ e . ~ ~ ~ ~  
Provided that the smaller uncharged silver clusters migrate faster 
than the larger ones,18 the current of the second cycle is expected 
to decrease faster at low exchange degree and high scan rate. 
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Figure 7. Three possible mechanisms at zeolite-modified electrodes: 
(a) intrazeolite ion transport mechanism, (b) intrazeolite electron 
transport mechanism, and (c) extrazeolite mechanism. D, and D, 
represent the diffusion of ions within the zeolite and in solution, 
respectively. Ex indicates ion exchange at the zeoliteholution interface. 
The diffusion of cocations within the zeolite and ion exchange of 
electrolyte cations at the zeolite/solution interface are not indicated. 

W .  Conclusions 

The voltammetric comportment of Ag+-A-modified elec- 
trodes depends considerably on the Ag+-exchange degree, the 
scan rate, and the electrolyte cations. Eight electrochemically 
distinct waves in the first cathodic scans denoted as A through 
H have been observed. Reduction of Ag+ ions at different sites 
of the zeolite and reduction of silver clusters in the zeolite are 
responsible for the appearance of A to G. These waves are 
due to intrazeolite processes in which electron transfer takes 
place within the zeolite. The electrochemistry of the Ag+-A- 
modified electrodes is distinctly different from that observed 
at Cu2+-Y-modified electrodes at which an intrazeolite ion 
transport mechanism was propo~ed.~ In this process the 
electroactive species Em+ are reduced after diffusion from the 
bulk zeolite to the interface substrate electrode/solution/zeolite, 
and then the reduced species E(m-n)+ diffuse from the interface 
to the bulk zeolite, as shown in Figure 7a. The electrode 
processes at Ag+- A-modified electrodes, however, are better 
described as intrazeolite electron transport mechanism as 
illustrated in Figure 7b. In this mechanism, the electroactive 
species Em+ are reduced at the sites where they are located 
within the zeolite. This demands sufficient electron conductivity 
mainly through the channels of the zeolite. Band structure 
calculations of silver clusters in the cages of zeolites indicate 
that their interactions are sufficient for such a mechanism to 
take place.25 Similar results have been obtained for silver halide 
containing sodalites.26 The mechanism is also supported by our 
finding that cyclic voltammograms of zeolite A monograin 
layers on glassy carbon containing occluded silver chloride 
complexes show quasi-reversible behavior in the dark and under 
i l l~mination.~~ Only peak H corresponds to the extrazeolite 
process in Figure 7c, namely, the reduction of the leached Ag+ 
ions on the substrate electrode. Generally speaking, the Em+ 
ions are ion-exchanged by electrolyte cations into the solution 

in an extrazeolite process and then diffuse to the substrate 
electrode where they are reduced. 
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