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Abstract 

 

We examined the relation between the zeolite framework, Ag clusters, and 

properties of photoluminescence (PL) using in-situ infrared spectroscopy (IR) and 

X-ray absorption fine structure (XAFS). The Ag clusters are generated in the cavity 

of Ag-type zeolite-A that is cooled to room temperature after heating at 500°C for 

24 hour under vacuum or in atmosphere. The Ag clusters in the zeolite cavity break 

down when air is introduced. According to the formation and breakdown of the Ag 

cluster, the infrared spectrum of the zeolite framework changed slightly. Then, this 

change was compensated by irradiation of the excitation light. Results suggest that 

the structural change in the zeolite induced by the formation and breakdown of the 

Ag clusters is a key point of the PL mechanism. 
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1 Introduction 
 

   Zeolites are crystalline aluminosilicates exhibiting unique properties because 

of the presence of cavities (cages) in their structure [7, 10, 11, 18]. Because of their 

micro-porosity, zeolite have very high surface area. They have been widely used in 

applications such as catalysis, ion exchange, and separation [2, 4, 13, 17]. In 

addition, zeolite is an inexpensive material. A promising property of Ag+ exchanged 

zeolite is photoluminescence (PL). In fact, Ag-zeolite is a luminescent material 

despite having no rare earth metal constituent. Recently, many researchers have 

explored the emissive behavior of silver-exchanged zeolite [3, 5, 9, 16]. Various 

reports have explained that the photoluminescence of Ag-zeolite derives from Ag 

clusters formed in the zeolite framework. However, in the study of PL, the presence 

of Ag clusters has only been confirmed indirectly. In a recent study, we took PL 

and XAFS measurements simultaneously to ascertain the relation between the PL 

band and the local structure of the Ag cluster [14]. Results confirmed that the Ag 

clusters are formed during heat treatment processing. Then Ag clusters are broken 

down when cooled to room temperature (RT). The unheated XAFS spectrum and 

the cooled spectra are very similar in XAFS measurements. No PL band from 

unheated Ag-zeolite-A is observed, but strong PL bands are exhibited from the heat-

treated sample. From XAFS measurements, no difference was observed between 

the heat treated state (PL was observed) and the unheated state (PL was not 

appeared). 

Vibrational spectroscopy has gained wide recognition for its capability for 

determining the chemical nature of materials. Particularly, infrared spectroscopy 

(IR) has achieved high sensitivity at high resolution. For Ag-zeolite measurements, 

XAFS is useful to observe the local structure around the Ag, observing the 

framework in IR. Consequently, when measuring Ag-zeolite, the combination of 

IR and XAFS is a superior means of obtaining complementary information. 

As described in this paper, we combined three techniques (PL, IR, and XAFS) to 

investigate the PL mechanism from the perspectives of the zeolite framework and 

the Ag local structure. In addition, we describe the effects of laser radiation on IR 

spectra. 

 

2 Experimental 
 

   Fully Ag-exchanged zeolite-A (hydrated 12Ag-A) powder samples were 

prepared using ion-exchange method. The Ag-type zeolite-A was heated at 500°C 

under atmosphere or vacuum to produce the Ag cluster. Then PL measurements 

were taken using a UV-VIS spectrometer (SPM-002; KLV Co. Ltd.) and a 405 nm 

violet laser (SU-61-405; Audio-Technica Corp.) light source. The Ag-type zeolite-

A was set in the in-situ infrared, photoluminescence, and XAFS measurement high 

vacuum chamber (RVX-3 [14]) in which the sample can be heated to 600°C in 

vacuum and atmosphere. All measurements were performed at RT. The IR light 

absorption spectra were obtained at normal incidence of radiation. The 

measurements were taken using a spectrometer (MB-100; ABB Bomem) equipped  
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with DTGS detector at 4 cm-1 resolution with 128 interferometric scans. 

X-ray absorption spectra of K-edge of Ag (25 keV) were measured at NW10A at 

the Photon Factory at KEK with transmission mode. XANADU code and FEFF 

8.10 were used for XAFS analyses. 

Ag-type zeolite-A was heated at 500°C for 24 hr in atmosphere or vacuum to 

produce Ag clusters [6]. For vacuum processing, they were cooled to RT; then air 

was introduced. Furthermore, we have conducted observations of the framework 

change because of UV-laser irradiation. Experimental details are presented in 

reports of several earlier studies [6, 12, 14]. 

 

3 Results and Discussion 
 

   Fig. 1 shows PL spectra of Ag-zeolite for unheated and heat-treated conditions 

excited by 405 nm. Before heat treatment processing at 500 °C (unheated sample: 

dashed line), photoluminescence was not observed. We have already confirmed that 

Ag-zeolite-A does not emit luminescence in a vacuum even after heating. After 

exposure to air, the strongest intensity of the PL band around 2.1 eV was observed  

(solid line). Even in the case of heat-treated in air, a strong PL band was observed 

at ca. 2.1 eV from Ag-zeolite-A. Results show that PL of Ag-zeolite-A is 

independent of the heating environment. However, it is necessary that the 

atmosphere coexist at the time of measurement. It is important that the air coexists 

when measuring luminescence. 
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Fig. 1: PL curves for unheated (dashed line) and heat-treated (solid line) Ag 

type zeolite-A measured in air 
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Figure 2 shows the Ag-K EXAFS k2 χ(k) spectra for the unheated Ag-type zeolite-

A at RT in atmosphere (solid line), at RT in vacuum after heated (dashed line), and 

after air was introduced (dotted line). Results show that the structure changed 

around 3.5 Å-1 after heating, which is a characteristic feature of generating the Ag 

clusters [6]. After air was introduced, the structure returned to its initial state around 

3.5 Å-1. This change in k2 χ(k) spectra indicates the crumbling of the Ag clusters.  

Results of the curve fittings [14] are presented in Table 1. When the sample was 

evacuated, the coordination number of Ag (NAg) increased from 1.12 to 1.98, which 

indicates production of Ag clusters. Then it was observed that the Ag clusters were 

grown by heat treatment (NAg ~2.58). After cooling to RT, they remain (NAg ~1.93). 

After air was introduced, the strong PL band was observed as presented in Fig. 1. 

After introducing air, the Ag clusters disappeared. The inter-atomic distances of 

Ag-Ag (rAg) and NAg are nearly equal to those at the RT in atmospheric pressure. 

The air engenders breakdown of the Ag clusters. Judging from the results of the PL 

and the XAFS, the existence of the Ag clusters is not necessary to produce the 

strong PL band. 
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Fig. 2: EXAFS k2(k) spectra for Ag-zeolite-A at RT in atmosphere 

(unheated, solid line) and at RT in vacuum after heating (dashed line) and 

after air was introduced (dotted line) 
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Table 1. Structural parameters: r and N for various conditions 

 

 
                    rO1 (Å)  NO1   rO2 (Å)   NO2   rAg (Å)  NAg   

 
unheated at RT  2.38    5.51   2.85    3.92   2.88    1.12  

in vacuum at RT  2.30    3.70   2.82    3.89   2.83    1.98  

in vacuum at 500°C  2.29    3.40   2.74    3.49   2.80    2.58  

in vacuum at 500°C 

 after 24 h heated 2.29    3.10   2.74    3.20   2.80    2.55  

in vacuum at RT 

 after 24 h heated 2.29    3.14   2.81    3.61   2.81    1.93  

air introduced   2.38    4.57   2.86    2.96   2.86    1.40 

 
 

Figure 3 presents the IR result obtained for the Ag-zeolite-A. The solid line shows 

the IR transmission spectrum of the unheated Ag-zeolite. Because zeolite has a 

complicated structure, the various Si-O and Al-O bands are superimposed. It is 
extremely difficult to discern one from the other. Therefore, assignment of the absorp- 
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Fig. 3: IR absorbance spectra of Ag type zeolite-A unheated (solid line) after 

heating to 500 °C in vacuum (dashed line) and when air was introduced after 

heating in vacuum (dotted line) 
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tion band around 1000 cm-1 region is represented as (T-O) (T = Si or Al) [15]. 

Bands appearing at a high wavenumber are assigned to the as mode, and in the 

lower wavenumber region are assigned to s mode. The dashed line presents a 

spectrum of the Ag-zeolite cooled to RT after heating for 24 hr at 500 °C in vacuum 

(measured in a vacuum). Compared to the unheated spectrum, the absorption band 

has been changed drastically. Although the individual band assignment is not 

known, as described above, considering the XAFS results, it is reasonable to infer 

that the change occurred because of Ag cluster formation. For cluster formation, it 

is necessary that Ag+ ions (at least partially) be reduced to Ag0. Also Ag is to be 

aggregated away from the site at which Ag+ ion was located. Reduction of ions and 

changing their position also affect vibration of the framework in each case. 

Differences in the distance Ag atoms from frameworks can perturb the vibration of 

the T-O, as can differences in the electrostatic attraction of Ag atom and Ag+ ion. 

In other words, IR is probably a technique that is sensitive to such a change. The 

dotted line is the spectrum obtained after introducing air into zeolite-At RT after 

heating in vacuum. This spectrum greatly changed again, approaching much closer 

to the unheated spectrum shown as a solid line. However, although the spectra 

coincide substantially with the state air intake after heating and unheated is obtained 

for XAFS, in the case of IR, they are similar but do not match completely. In XAFS, 

the spectrum after introducing the atmosphere substantially coincides with the 

spectrum of the unheated. In the case of IR, they do not coincide completely. 

A distinct band appeared at 1140 cm-1. The strength of the main band of 1000–

900 cm-1 has decreased slightly. In a state where the excitation light is illuminated 

(the state in which PL is expressed), the main band intensity increases and the 

intensity of 1140 cm-1 band decreases (Fig. 4(a)). The cause of this change is not 

apparent. 

As the cause of this change, considering that almost no change in XAFS is 

observed, the following two hypotheses might be tested. 

(1) Oxygen deficiency is generated in the framework by treatment such as heating 

in vacuum. 

(2) After a cluster collapse, Ag+ cannot be located at a stable site. Rather it is 

"caught" at a metastable site near a stable site. This metastable site must be a shift 

of the slight position that cannot be determined using XAFS. 

Because Ag loading into zeolite occurs in solution for a sufficient time, Ag+ ions 

can be positioned at the stable site. In contrast, disintegration after cluster formation 

occurs in atmosphere at RT and might not exceed a potential barrier existing 

between the stable site and metastable sites. 

Figure 4(b) portrays difference spectra between excitation light irradiation and 

non-irradiation. When these are compared with the difference spectra obtained 

before and after heat-treatment shown in Figure 4(c), it is clear that change by the 

excitation light irradiation is the change to suppress the change caused by heat 

treatment. For these reasons, the spectral change by heat treatment is related directly 

to the PL. Changes in 1070 cm-1 of spectra have increased by both of heating and 

excitation light irradiation. This change is currently under investigation. 
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4 Conclusion 

 

   We studied in-situ IR and XAFS to assess structural changes of zeolite 

framework and Ag cluster after heat treatment and introduction of air. Results show 

that the Ag clusters were formed by heat-treatment and were then broken when air 

was introduced. Along with the formation and breakdown of the Ag cluster, the 

infrared spectrum of the zeolite framework changed slightly. Then, this change was 

compensated by irradiation of the excitation light. 
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Fig. 4: 

(a) IR absorbance spectra of Ag type zeolite-A before laser irradiation (solid 

line) and during irradiation (dashed line). 

(b) Differential IR absorbance measured before and after laser irradiation. 

(c) Differential IR absorbance for unheated, and after air was introduced after 

heating in vacuum 
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Results suggest that the change of the zeolite framework after heat-treatment and 

introduction of the air plays an important role of expression of the strong PL band. 

Ag clusters might not be direct species for the PL. We infer the possibility that the 

slight site change of Ag+ ion in the zeolite cavity induced by the formation and 

breakdown of Ag clusters is a key point of the PL mechanism. 
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