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Abstract: Photooxidation of water to O2 and of Cle to Cl2 by Ag®-exchanged zeolite A is 
briefly reviewed. Thermodynamic considerations concerning the free energy storage 
during these reactions are given. Interaction of CO2 with Ag®-exchanged zeolite A of 
various Ag® content, in the original and partially reduced state, is probed by in situ FTIR 
transmission spectroscopy. Chemisorbed, carbonate-like species are found in samples of 
low silver content. The CO2 physisorption capacity is lowest for highly Ag®-exchanged 
samples. After removing the physisorbed CO2 by evacuation, a small amount of weakly 
bound CO2 remains in the zeolite. Its v3 (asymmetric stretching) frequency is cation 
dependent, reflecting some specific interaction with the cations. On chemical reduction of 
the Ag®, the amount of weakly bound CO2 markedly increases, accompanied by spectral 
changes of the v3 band of CO2.

1. Photochemical Reduction of 
Silver Zeolites

Zeolites have become a widely used class 
of materials for diverse applications as het­
erogeneous catalysis, selective gas adsorp­
tion, ion exchange, and others. Their prop­
erties are related to two facts: (i) The zeo­
lite structure determines the size and con­
nectivity of the internal cavities and acts as 
an effective size selector for molecules to be 
adsorbed, (ii) The nature of the cations, 
which balance the negative charge of the 
zeolite framework, determines electronic 
properties of the system and the occurence 
of specific interactions with adsorbates. It 
has been known for some time that silver- 
exchanged zeolites are light sensitive and 
turn grey or black after prolonged irradia­
tion. Qualitative and later quantitative 
photochemical experiments11,21 have clearly 
shown that on illumination of silver zeo­
lites in aqueous dispersion the Ag® ions are 
reduced to Ag° and molecular oxygen is 
evolved according to 

hv
[(Ag®)n,mH2O]Z^

[Ag* n“r)®, rH®, (m - r/2)H,O]Z + r/4 O,
(1)

followed by partial transfer of the zeolitic 
protons to the solution, which results in a 
measurable decrease of pH.

[(Ag]rr’®, rH®, (m - r/2)H2O]Z + r'H2O# 
[Ag<” -r)®, (r - r')H®, (m - r/2)H2O]Z
+ r'H3O® (2)

(Z represents the negatively charged zeolite 
lattice).

This photoreaction is an interesting candi­
date for photochemical conversion of solar 
energy because any of the three following 
energy storage reactions involves the oxi­
dation of water to molecular oxygen:

H2O ^ H2 + 1/2 O2 (3) 
CO2 + 2H2O -^ CH3OH + 3/2 O2 (4) 
1/2 N2 + 3/2 H2O ^ NH3 + 3/4 O2 (5)

CO2 + 2H+/HC00H 
HVjHs

+ E° (V)
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Fig.l. Standard redox potentials181 of some redox couples, referenced against the free 
electron in vacuum.

To produce O2, 4 redox equivalents per 
molecule have to be transferred, a require­
ment which necessitates the existence of 
some kind of charge storage device. The 
zeolite matrix appears to efficiently medi­
ate this multiple charge transfer.

After establishing the products of reac­
tion (1), a detailed quantitative investiga­
tion of the spectral sensitivity was under­
taken[2] with the surprising result that a 
self-sensitization takes place: the further 
the reaction proceeds, the more the sensi­
tivity shifts from initially UV to visible 
wavelengths out into the red range. This 
brings up the question about the fate of 
Ag0 in the zeolite. As clearly demonstrated 
by the self-sensitization, new chromo­
phores are produced with bathochromi- 
cally shifted absorption in the process of 
the photoreaction. They are themselves 
able to drive the photoreaction if they get 
excited. Quantumchemical calculations at 
the Extended Huckel level of silver ions in 
zeolitic environments have provided the 
necessary theoretical background to un­
derstand the nature of the electronic transi­
tions131. It was found that the lowest energy 
transition is of charge transfer type, excit­
ing an electron from orbitals mainly local­
ized on zeolite oxygen atoms to the silver 
ion which is coordinated to the zeolite. In 
addition, bathochromic shifts are pre­
dicted by these calculations if interaction 
among silver atoms within the zeolite is 
taken into account. The self-sensitization 
phenomenon can therefore be rationalized 
by the photoinduced formation of partly 
reduced silver clusters which absorb at lon­
ger wavelengths. Formation of silver 
clusters in zeolites under thermal treat­
ment, under dehydration, and chemical re­
duction is known from ESR spectros­
copy [4], from single crystal X-ray structure 
analysis151, and has been inferred from far 
infrared spectroscopic results161.

In a later study it was observed that sil­
ver zeolites are also capable of photo­
producing Cl2 if dispersed in a 0.2 M

E° (V) n

-2.70 ■■ Ag^/ Ag

-3.00 --

°, Hl]

AgCl/ Ag bulk + Cl.,

Agaq /Agbulk 
Agzeol /Ag bulk [1^1
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aqueous KC1 solution of low pH171. Simi­
larly as in the water oxidation (1), self-sen­
sitization occurs. The reaction can be for­
mulated as

hv 
[Ag®)n]Z(mCl9)ads - 
[Ag? -' >®]Z(m - r)Cl9ads + r/2 Cl2 (6)

An important question always to be 
asked in solar energy conversion systems is 
whether thermodynamically energy stor­
age is achieved in a given photoreaction. In 
case of the Cl9 oxidation, this question has 
an unambiguous positive answer. In Fig. 1 
there is a collection of some standard 
redox potentials, either experimentally 
known181 or estimated, which are pertinent 
to this work. These data are referenced 
to the electron in vacuum, thus the 
normal hydrogen electrode has a potential 
of —4.5 VP1. In estimating the free energy 
of reaction (6) two assumptions are intro­
duced. As far as the state of reduced Ag° is 
concerned, we take the most pessimistic 
case that the bulk state is reached. The 
state of the educt Cl9 is expected to be 
intermediate between Cl9 and AgCl. It has 
been pointed out171 that Cl9 can, for elec­
trostatic reasons, hardly enter the zeolite 
cavities where it could form AgCl ag­
gregates. Cl9 will therefore be adsorbed at 
the external surface where also the electron 
transfer takes place, forming an adsorbate 
of stability between Cig and AgCl. Taken 
these considerations one obtains a poten­
tial difference corresponding to the stored 
free energy of 5.86 — 5.37V = 0.49Vforthe 
hydrated Cl9 as educt, and 5.86 - 4.72 V 
= 1.14 V for AgCl as educt. Energy stor­
age is thus accomplished even under the 
worst case approximations. The feasibility 
of an unsupported AgCl layer to photo- 
chemically produce Cl2 has recently been 
demonstrated1101 and photopotentials be­
tween the illuminated AgCl electrode and a 
Pt or graphite counterelectrode exceeding 
1 V in open circuit have been measured. 
With such a high driving force it is very 
noticeable that reoxidation of the photo- 
chemically produced Ag° is kinetically 
strongly hindered. In contrast to chlorine 
production, the energetics of water oxida­
tion (1) is pH dependent and endergonic 
only at low pH, if again bulk silver is the 
reaction product. Energy storage in this 
reaction does therefore highly depend on 
the actual form of the reduced silver spe­
cies. The redox potential of finely 
dispersed silver atoms and clusters in the 
zeolite is now of interest. Since coordi­
nation of Ag® in the zeolite is partly by 
water molecules, partly by framework oxy­
gen, the solvation energies may be approxi­
mated by those in water. The standard 
redox potential of Ag®/Ag° in water has 
been estimated to be —2.7 V1“1, the Ag° 
atom in water thus being an extremely 
strong reductant. With increasing cluster 
size a gradual decrease of the standard po­
tential is expected until the value — 5.3 V 
forAg®/Agbulk is reached.

2. Interaction of CO2 with Ag°
The silver zeolite systems described in 

Section 1 provide the difficult step of pho­
toinduced water oxidation. However, in 
order to make them usable solar energy 
conversion devices, the reduced silver 
needs to be reoxidized. From a thermo­
dynamic point of view, finely dispersed, 
reduced silver clusters should be able to 
reduce H® or CO, (Fig. 1). H®-reduction 
has been achieved at temperatures above 
600 °C whereby H2 was evolved so that the 
splitting of water into O2 and H2 could be 
completed[1!. We are currently studying 
other ways to reoxidize Ag° species either 
thermally or photochemically with the aim 
to produce in this step a fuel of high energy 
content. More specifically, we have con­
centrated on the interaction of CO2 with 
silver zeolites of different reduction de­
grees. Several experimental results have led 
to this choice.

CO2, although an apolar molecule as a 
whole, possesses a remarkable bond dipole 
moment of 1.33 debye1131 which makes the 
carbon atom a strong Lewis acid. An inter­
esting experiment1141 showed that CO2 can 
react with a silver surface at room temper­
ature to silver carbonate and CO if the 
silver is mechanically activated by contin­
uous grinding:

2 Ag + 2 CO2 ^ Ag2CO3 + CO (7) 
The free enthalpy AG of this reaction is 
212 kJ/mol and thus comparable with the 
228 kJ/mol required for water photolysis. 
It can be speculated that the microscopic 
basis of this reaction are small silver parti­
cles formed on the surface by the mechani­
cal treatment which have a lower work 
function than the bulk silver . This would 
correspond to the situation of the redox 
couple Ag“®/nAg® (m < n) in water or 
zeolitic environment where we have 
presented evidence that silver clusters of 
low nuclearity are expected to be strongly 
reducing. The third piece of information 
are matrix isolation studies by Ozin et 
al.1151. They found, using UV/VIS, Raman, 
and IR spectroscopy that codeposition of 
CO2 and Ag atoms or the mixture Ar/CO2/ 
Ag at low temperature results in formation 
of a single, weakly bound Ag(CO,) mole­
cule which has four new absorptions in the 
UV and blue region. The geometry of the 
Ag(CO;) molecule is given1’51 by the struc­
ture

which was derived from Extended Hiickel 
molecular orbital (EHMO) calculations, 
with an OCO angle of 125°. EHMO calcu­
lations performed in our laboratory1161, 
however, gave the following symmetric 
structure as being most stable:

The OCO angle is also 125° and structure 
(9) is by 0.1 eV more stable than (8). The 
orbital stabilization energy of (9) is 1.95 eV 
so that this molecule can be regarded as 
fairly stable.

3. FTIR Characterization of CO2 
Adsorbed on Zeolite A

It has been realized some time ago that 
CO2 adsorption on alkali and alkaline 
earth cation exchanged zeolites A and X 
can lead to both physisorbed and chemi­
sorbed species117-181. The latter are stable at 
temperatures exceeding 200 °C. IR spec­
troscopy has proven invaluable in discrim­
inating between the two types of adsor­
bates: physisorbed, weakly interacting 
CO2 is best identified through its strong 
asymmetric stretching vibration v, in the 
range 2340-2360 cm 1 while new bands ap­
pear between 1200 and 1700 cm-1 for the 
chemisorbed species. Several structural 
propositions have been given for this che­
misorbed CO2; at the current state of 
knowledge we prefer the term «carbonate­
like species».

A recent study of CO2 adsorption on 
completely dehydrated Na12A zeolite1191 has 
provided adsorption isotherms at low 
coverage and initial heats of adsorption 
for the physisorption only. However, no 
data for CO2 adsorption on Ag®-ex- 
changed zeolites could be found in the lite­
rature.

We therefore extended CO2 adsorption 
studies to pure Ag®- and mixed Ag®/Na®- 
zeolites A, using FTIR transmission mea­
surements to monitor adsorbed species. 
The sample preparation as well as the 
transmission spectrum of room tempera­
ture dehydrated Na12A and AgllgNa0,A 
from 20 to 13 800 cm-1 have been discussed 
elsewhere1201. Briefly, self-supporting, undi­
luted zeolite disks of about 20 pm thick­
ness are prepared. A high vacuum cell at­
tached to a BOMEM DA3 FTIR spectro­
meter has been constructed which allows in 
situ evacuation, heating, cooling, gas load­
ing, and illumination with visible or UV 
light. All spectra presented here have been 
recorded with a resolution of 2 cm-1. They 
are unsmoothed spectra which have, for 
ease of comparison, been numerically 
scaled to a constant sample thickness of 20 
pm. Intensities between different samples 
are therefore comparable within the accu­
racy of the thickness determination which 
is estimated to be ±20%. We have made 
no attempt to completely dehydrate our 
samples; after several hours evacuation at 
10 6 torr and room temperature some re-
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sidual water remains in the zeolite (it has 
been shown by X-ray crystallography that 
even on evacuation at 350 °C at least 3 wa­
ter molecules could be located in the P-cage 
of fully silver-exchanged zeolite A[2I]). Our 
results are therefore coadsorption studies 
of CO2 with H2O. The silver A zeolites have 
been prepared from commercial Linde 4A 
by ion exchange with AgNO3 solution in 
the dark. An excess of 0.23 m AgNO3 solu­
tion was used for the preparation of the 
fully exchanged sample Ag118Na02A, and 
stoichiometric amounts of 53, 31, 6 mM 
concentration for the partially exchanged 
samples Ag75Na45A, Ag43Na77A, and 
Ag09Na1L1A, respectively. Na12A was ob­
tained by washing Linde 4A in a 0.26 m 
NaNO3 solution. All consecutive sample 
treatments, except for reduction with H2, 
have been carried out at room tempera­
ture.

In Fig. 2A the formation of chemisorbed 
species is examined for three unreduced 
samples with different silver content. The 
lower curve of each pair corresponds to 
the unreacted zeolite, evacuated at 10 6 
torr for one hour. The upper trace is the 
spectrum after one hour reaction with 
15 torr CO2 followed by one hour evacu­
ation. The intensities of the thus observed 
bands are the same as when measured in 
the 15 torr CO, atmosphere. The species 
which are responsible for these bands de­
sorb only to a negligible amount on evacu­
ation so that the term chemisorption is jus­
tified. Absorption frequencies of these 
samples together with Ag09NanlA and 
Ag7 5Na4 5A are summarized in Table 1. It is 
clearly seen that the strong new bands at­
tributable to chemisorbed CO2 appear 
most pronounced with Nal2A while fully 
silver-exchanged zeolite A chemisorbs al­
most no CO2. There is a gradual transition 
in this behaviour with increasing silver 
content. It can be seen that already the 
exchange of the first 4 Na® by Ag® (curve 2 
in Fig. 2A) strongly diminishes the chemi­
sorption capacity. Since it is known from 
single crystal X-ray crystallography1221 that 
the first few Ag® ions replace Na® in oxy­
gen 6-ring sites, it can be concluded that 
chemisorption requires Na® ions at these 
sites. It is also interesting to note that to­
gether with CO2 chemisorption a redis­
tribution of structural hydroxy groups oc­
curs (curve 1, Fig.2B). The initially strong 
band at 3713 cm-1 is reduced in favour of a 
new band at 3662 cm"1. It is seen by com­
parison with curve 2 that this is also the 
OH-band of partially Ag®-exchanged zeo­
lite. Chemisorption of CO2 has therefore 
the same effect on the distribution of struc­
tural OH groups as has the replacement of 
the first few Na® by Ag®. Note that in fully 
Ag®-exchanged zeolite A (curve 3) the OH- 
band has moved to 3610 cm"1. In both fully 
and partially exchanged Ag®-zeolite A the 
OH frequencies are unaltered on exposure 
to CO2.

Physisorption of CO2 is presented in 
Fig. 3 and Table 2. The CO2 bending mode 
v2, which is not shown in the figure, is weak

Fig. 2. Chemisorption of CO2 on 1) Nal2A, 2) Ag43Na77A, 3) AgII8Na02A. Lower trace of 
each pair: 1 h evacuation. Upper trace of each pair: 1 h adsorption of 15 torr CO2 followed 
by 1 h evacuation. - A) frequency range of carbonate-like species. - B) frequency range of 
structural hydroxy groups.

H2O chemisorbed CO2 OH stretch
bend

Table 1. Chemisorption of CO2 on variously silver-exchanged zeolites A. Absorption frequencies [cm ’] after one 
hour reaction with 15 torr CO2 followed by one hour evacuation (see Fig. 2).

Na^A 1667 1742a) 1655a) 1589 1380 1207 3713 3662
Ago.9Nan iA 1665 1656a) 1588 1381 1207 3713 3662
Agq gNa? 7A 1658 1383 3661
Ag7.jNa45A 1651 3660 3609
Agn.jNaojA 1637 3610
a) These values are taken from an experiment with deuterated samples to avoid interference with the H2O bending 
mode.

Table 2. Physisorpti°n °f CO? on variously silver-exchanged zeolites A. Absorption frequencies [cm '] of physi­
sorbed CO2 (Fig. 3A). 15 torr CO2 are adsorbed for one hour. The measurements are done in this CO2 atmosphere.

^2 v3(12CO2) v3(13CO2)
v3(12CO2)
Vst’W

V3+V] 
v3+2v2

gas phase1241 667.38 2349.14 2283.49 1.0287 3612.84 3714.78
Na] 2 A 2352 2285 1.029 3712
Ago^NanjA 2352 2285 1.029 3599 3713
Ag4.3Na7.7A 656 2351 2284 1.029 3599 3713
Ag7.5Na4.5A 656 2348 2283 1.028 3595 3709
Agii.sNa0i2A 656 2338 2273 1.029

Fig. 3. Physisorbed (A) and weakly bound (B) CO2 on unreduced silver zeolites A, v3 band 
of CO2.1) NaI2A, 2) Ag43Na77A, 3) Ag75Na45A, 4) Agn8Na02A. - A) 1 h adsorption of 15 
torr CO2, measured in this CO2 atmosphere; absorptions due to gas phase CO2 are comple­
tely compensated for. — B) 1 h evacuation after A).

and not suited for quantitative studies 
since there is a framework absorption in its 
vicinity. The frequency of the v2 vibration 
is 656 cm“1 irrespective of the silver con­
tent. The weak combination bands v3 + vH 
v3 + 2 v2 at 3712 and 3600 cm"1 which are in

Fermi resonance, can be observed, the 
lower frequency band only visible in deute­
rated samples where the broad overlapping 
water stretching band is reduced. The 
strong asymmetric stretching band v3 of 
CO2 on Na12A has been analyzed in detail
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Table 3. Effect of chemical reduction of variously silver-exchanged zeolites A on CO2 adsorption. v3 frequency 
[cm-1] and peak integrals [arbitrary units] of weakly bound l2CO2 remaining on the zeolite after one hour 
evacuation in the unreduced and reduced state. For details of the reduction procedure see text.

Unreduced samples (Fig. 3B) Reduced samples (Fig. 4) 
absorption frequency integrated 

intensity
absorption frequency integrated 

intensity
Na12A 
Ago.sNan |A 
Ag4.3Na77A

2350 2343 (sh)
2350 2343(sh)
2350 2342 (sh) 0.8 2349 2341 4.3

A-g7.5Na4.5A 2345 2338 1.0 2346 (sh) 2337 4.4
Agii.8Na02A 2337 2328 (sh) 1.1 2336 2326 1.5

earlier1231. It was shown in this work that 
this band is composed of 3 subbands cen­
tered around 2362, 2352, and 2344 cm-1 at 
room temperature. Their weight was found 
to depend on temperature and degree of 
hydration. Our data for the partially hy­
drated sample are in good agreement with 
these findings: thé observed frequèncy is 
2352 cm 1 which corresponds to band II 
of[23). With increasing silver content the v3 
frequency of CO2 shifts to lower wave­
numbers. This is also found for the H2O 
bending frequency (Fig. 2A, Table 1). The 
inset of Fig. 3A shows an enlarged section 
containing the natural abundance 13CO2 
band. It undergoes the same shift as the 
main peak. The frequency ratio of the two 
isotopic CO2 molecules is 1.029, the same 
value as in the gas phase. Thé adsorption 
capacity is strongly reduced in the fully 
silver-exchanged sample. On evacuation 
after CO2 loading most of the CO2 desorbs. 
What remains after one hour of pumping is 
shown in Fig. 3B and Table 3. This residual 
CO2, which we will call «weakly bound 
CO2», must experience an interaction of 
medium strength with the zeolite: weaker 
than the carbonate-like species because it is 
slowly removed on prolonged evacuation, 
but stronger than the bulk of physisorbed 
CO2 which desorbs much faster. It posses­
ses an asymmetric stretching band v3 which 
is not much displaced from the frequency 
in the gas phase. This v3 band of weakly 
bound CO2 as shown in Fig. 3B for both 
the pure Na®- (curve 1) and pure Ag®-zeo- 
lite (curve 4) is made up of two compo­
nents, a main peak and a low frequency 
shoulder, the whole pattern being dis­
placed in going from Na® to Ag®. This 
profile possibly reflects the heterogeneity 
of adsorption sites. Visual inspection 
shows that the mixed Na®/Ag® samples 
(curves 2, 3) contain both profiles of the 
ionically pure samples (curves 1, 4) at dif­
ferent ratio.
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Without going into a more quantitative 
analysis we draw the conclusion that CO2 
adsorption at Na® or Ag® sites is indepen­
dent of the presence of the other cation, at 
least at these low coverages. Comparison 
of the intensities of these bands should be 
done with precaution since especially the 
thickness of sample 1) is uncertain. Never­
theless it is obvious that all four samples 
have a comparable capacity to weakly bind 
CO2 although the total amount of physi­
sorbed CO2 before evacuation was very 
different (Fig. 3A).

Fig. 4. Weakly bound CO2 on partially redu­
ced silver zeolites A, v3 band of CO2. 1) 
Agj -Na A, 2) Ag^N'a^A. 3) Ag1LSNa0,2A. 
1 h adsorption of 15 torr CO 2 followed by 1 h 
evacuation. For reduction conditions see 
text.

Up to now the Ag® ions have not yet 
been reduced to Ag". Reduction can be 
done by reacting the zeolite with molecular 
hydrogen at or above room temperature. 
In the experiment presented here reduction 
was carried out with 200 torr H2 at 100 °C 
for five minutes. This leads to a partially 
reduced sample whose reduction degree 
has not been determined analytically. Prior 
to and after reduction, 15 torr CO2 were 
adsorbed for one hour and evacuated 
again for one hour. The v3 band of the 
weakly bound CO2 in the reduced state of 
the zeolites is shown in Fig. 4 and Table 3. 
Some integrals of this peak for the reduced 
and unreduced state, derived from the 
same samples, are also given in Table 3. 
Reduction of the Ag® ions has two effects 
on the interaction of CO2 with the zeolite. 
First, the amount of weakly bound CO2 
after one hour evacuation is up to 5 times 
higher than in the unreduced state. For the 
fully silver-exchanged zeolite this increase 
is much less pronounced. Second, the two- 
component contour of the band in the un­
reduced state (Fig. 3B) is basically main­
tained, however, the low frequency com­
ponent is much enhanced in intensity rela­
tive to the high frequency component. It is 
too early to relate this result to a detailed 
microscopic picture. Nevertheless it is 
remarkable that the interaction of CO2 
with partially reduced silver zeolites is 
stronger than with the unreduced samples.

4. Conclusions
FTIR spectroscopy is found to be a very 

useful tool for the understanding of the 
adsorbate - zeolite interaction. Band fre­
quencies, line widths (not exploited in this 
work), and relative or even absolute inten­
sities provide a broad set of detailed infor­
mation. If combined with conventional 
quantitative adsorption/desorption techni­
ques, a refined picture of the state of the 
adsorbate in the zeolite can be expected.

It has been shown in this work that the 
interaction of CO2 with silver zeolite A de­
pends on the Ag®/Na® ratio. In addition, 
partially reduced samples show an en­
hanced capability to retain CO2. We have 
not succeeded in finding an IR absorption 
band attributable to the intermolecular 
CO2 • • ■ Ag® and Ag • • • CO2 vibration. 
Such a band will be located in the far IR. If 
it could be found this would constitute the 
most direct information on the interaction 
between the molecule and the zeolite.
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