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ABSTRACT 
 

Changes in electronic state of gold supported on 

mordenites during long-term storage in air have been 

studied by UV-visible spectroscopy method. Supporting 

gold on mordenites by ion-exchange method with further 

reduction with H2 led to formation of neutral and charged 

metal clusters and nanoparticles. Prolonged storage of the 

gold catalysts in air caused intensive redox processes. Ionic 

states of gold were partly reduced, perhaps, under the action 

of light, whereas metallic particles, in contrast, were 

oxidized by atmospheric oxygen. After one-year storage 

both as-prepared and reduced samples came to more or less 

similar stationary state. 

Cluster contribution and their stability depend strongly 

on acidity of zeolite (determined by SiO2/Al2O3 molar 

ratio). Strong Brønsted acid sites favor the stabilization of 

gold clusters and their oxidation during prolonged storage 

in air because of higher redox potential of oxygen in acid 

media. Oxidation of gold clusters and nanoparticles can be 

considered as the main cause of gold catalyst deactivation 

during prolonged storage. 
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term storage 

 

1 INTRODUCTION 
 

Supported gold nanoparticles are well-known as active 

catalysts for some processes, for example, low-temperature 

CO oxidation, water gas-shift reaction, hydrocarbon 

oxidation, etc. [1-3]. Among all other catalysts, gold has 

unique properties since Au can efficiently catalyze CO 

oxidation and some other processes at low temperatures; 

and only nanosized species of gold (< 5 nm) exhibit high 

catalytic activity, while bigger gold particles are 

catalytically inert. However, along with high catalytic 

activity, gold nanocatalysts have a serious problem – fast 

deactivation during usage and storage [3-5]. The 

researchers suggested different explanations of this 

phenomena: aggregation of the metal particles, formation of 

carbonates or other adsorbed complexes, redox processes 

[2,3,6-10]. 

In our previous studies we suggested that gold clusters 

with size < 1 nm are responsible for low-temperature CO 

oxidation, while bigger Au nanoparticles catalyze this 

process at higher temperature (> 250oC) [11-13]. Formation 

of clusters always accompanies synthesis of the metal 

nanoparticles, but their study is complicated by difficulties 

in detection of small supported clusters with diameter < 1 

nm by standard direct structural methods such as XRD and 

TEM [14]. According to our results [15], 

cluster/nanoparticle ratio as well as gold electronic state 

exerts a significant effect on catalytic properties of 

supported metals. Perhaps, changes in cluster/nanoparticle 

contribution and variations in redox properties of supported 

gold are the reason for gold catalyst deactivation during 

storage. UV-visible spectroscopy is a very fast and 

informative method for investigation of supported metal 

catalysts as it can detect both gold clusters and 

nanoparticles.  

The aim of the present paper is the investigation of 

conditions of formation of gold clusters and nanoparticles 

in mordenites and their changes during prolonged storage in 

air. A comparative study was made varying three 

parameters: (1) mordenite SiO2/Al2O3 molar ratios (MR), 

(2) reducing pretreatment, and (3) time of storage in air.  

 

2 EXPERIMENTAL 
 

Mordenites in protonated form with SiO2/Al2O3 molar 

ratio 15 (M15) and 206 (M206) supplied by TOSOH 

corporation, Tokyo, Japan were used for the catalyst 

preparation. Gold containing zeolites were prepared by ion 

exchange procedure. The solution of [Au(NH3)4](NO3)3 

complex for ion exchange was prepared by reaction of 

HAuCl4 with NH4OH and NH4NO3 [15]. After ion 

exchange the samples were washed with distilled water, 

dried at 60oC and heated in H2 at 500C. In order to reduce 

the initial states of gold the samples were treated with 

hydrogen at 1000C during 2.5 h. The samples were tested 

by UV-visible spectroscopy after 1 day, 1 week and 1, 6 

and 12 months of storage. 

UV-Visible diffuse reflectance measurements were 

made on a CARY 300 SCAN (VARIAN) 

spectrophotometer with a standard diffuse reflectance unit 

at room temperature. Spectra of pure supports were 

subtracted. 

 

3 RESULTS AND DISCUSSION  
 

The spectra of AuM15 sample showed three 

characteristic absorption bands (Fig. 1). According to some 

studies the absorption bands in the regions 250-260 and 
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320-340 nm could be attributed to neutral or charged gold 

clusters (charge transfer bands) [15]. The maximum 

wavelength at 530 nm of the spectra can be attributed to the 

plasmon resonance of Au nanoparticles [15-17]. Spectrum 

of fresh as-prepared sample exhibited very weak peak at 

550 nm while signals of gold clusters (250 and 340 nm) 

were pronounced (Fig. 1A). According to our previous 

studies (XPS, FTIR, XRD, TEM data) the most part of gold 

in the as-prepared samples is in ionic form [15].  
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Figure 1. UV-visible spectra of AuM15 sample  

as-prepared and  reduced with H2 at 1000C  

before and after long-term storage in air 

 

Prolonged storage of as prepared sample in air for 6 and 

12 months (Fig. 1A) led to a significant rise of intensity of 

the band at 550 nm belonging to gold neutral nanoparticles 

and a relative decrease of contribution of gold clusters. 

Moreover, total unstructured absorption of these samples 

was also increased. Obviously, the observed effects were 

caused by partial reduction of ionic gold. Reduction of gold 

ions under the action of light was noted earlier [3]. 

For AuM15 sample reduced at 100 oC we observed the 

opposite pattern. Spectrum of the fresh reduced sample 

contained very pronounced bands at 260, 360 and 540 nm 

(Fig. 1B). After long-term storage of the sample intensity of 

plasmon resonance bands at 540 and 250 nm as well as 

unstructured absorption were decreased significantly. The 

intensity of the signal at 350 nm remained more or less the 

same. The observed effects can be explained by partial 

oxidation of the reduced sample by oxygen during storage.  

Thereby, storage of the gold catalysts in air led to 

intensive redox processes of gold particles. Ionic states of 

gold were partly reduced while metallic particles, on the 

contrary, were oxidized. It is interesting to note, that after 

12-month storage both as-prepared and reduced samples 

came to more or less similar state (Fig. 1A-B).  

Spectrum of the fresh as-prepared AuM206 sample 

demonstrated only one pronounced signal at 270 nm 

attributed to gold clusters (Fig. 2A). Prolonged storage in 

air led to appearance of intensive plasmon resonance band 

at 550 nm. Spectra of the sample after storage for 6 and 12 

months did not differ noticeably. Only the unstructured 

absorption in the range of 600-900 nm slightly increased 

after one-year storage. Thus, as-prepared AuM206 sample 

reached stationary state faster as compared with AuM15. 
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Figure 2. UV-visible spectra of AuM206 sample  

as-prepared and  reduced with H2 at 1000C  

before and after long-term storage in air 

 

Reduced AuM206 sample demonstrated a tendency 

similar to AuM15 catalyst. Spectrum of the fresh sample 

contained pronounced signals at 260 nm (gold clusters) and 

at 550 nm (Au nanoparticles) (Fig. 2B). After prolonged 

storage in air we observed decreasing of the intensities of 

both peaks due to partial oxidation of metallic particles. 

Final states of both as-prepared and reduced samples after 

one-year storage were also alike.  

Thus, general trends in changes electronic states of gold 

species in mordenites with different acidity (MR) during 

long-term storage were the same. As prepared samples were 

partly reduced with storage, probably, under the action of 
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light, while reduced catalysts were partly oxidized by 

oxygen in air. Finally, both samples came to more or less 

similar states corresponding to redox equilibrium.  

Differences in gold states on the studied mordenites 

were observed mainly in the range of clusters. AuM15 

sample demonstrated at least 2 types of clusters (bands at 

250 and 350 nm) with different sizes and effective charge 

[15]. Spectrum of AuM206 exhibited only one cluster type 

(peak at 260 nm); and contribution of the cluster states of 

gold was lower as compared with AuM15.  

SiO2/Al2O3 molar ratio of mordenites influences mainly 

the concentration and strength of Brønsted acid sites on 

zeolite surface. Acidity of M15 is much higher as compared 

with M206 [18]. According to our studies, Brønsted acid 

sites favor formation of metal clusters in zeolites [15,18]. 

Analysis of UV-visible spectra of the studied samples 

revealed that cluster states of gold in mordenites are more 

resistant to redox processes as compared with metal 

nanoparticles. Moreover, redox potential of oxygen is 

higher in acid media [19]. Therefore, the surface proton 

acidity of zeolite has to favor oxidation of gold particles. 

Indeed, the rate of gold oxidation in AuM15 was much 

higher than in AuM206 (Figs 1B-2B). 

The obtained results showed that long-term storage of 

gold catalysts led to drastic changes in gold state. It is 

interesting to investigate similar effects during short-term 

storage of gold samples. 
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Figure 3. UV-visible spectra of AuM15 sample 

as-prepared and  reduced with H2 at 1000C 

after short-term storage in air 

Fig. 3 demonstrates the principal trend of changes in 

gold structural and electronic states during short-term 

storage (up to 1 month) to be similar to the one for long-

term storage (Fig. 1). As-prepared (oxidized) sample was 

partially reduced while reduced catalyst was oxidized.  

However, after 1-month storage, in contrast with 1-year 

one, spectra of as-prepared and reduced samples differed 

noticeably. It means that longer time is necessary to bring 

gold species to a stationary state. 1-day storage did not 

change absolutely form of spectra of the fresh samples. 
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Figure 4. UV-visible spectra of AuM206 sample 

as-prepared and  reduced with H2 at 1000C 

after short-term storage in air 

 

For AuM206 catalyst, the character of changes during 

short-tem storage was also alike (Fig. 4). However, the rate 

of redox processes in AuM206 differed significantly from 

AuM15 sample. Reduction process of as-prepared AuM206 

catalyst was relatively fast (Fig. 4A), while oxidation of the 

reduced sample for a month was not so marked (Fig. 4B). 

Obviously, relatively slow oxidation of AuM206 sample 

during short-term storage is also explained by less proton 

acidity of M206 zeolite as compared with M15. 

Comparison with Fig. 2 shows that even 6-month 

storage was not enough for significant oxidation of the 

reduced AuM206 catalyst, while reduction of the as-

prepared catalyst was relatively fast.  

Thus, the obtained results showed that during prolonged 

storage supported gold catalysts undergo strong both 

reducing and oxidizing action of the medium. Initially ionic 
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gold states can be partially reduced, probably, under the 

action of light, whereas neutral gold species can be 

oxidized by oxygen. But what is a probable cause of gold 

catalyst deactivation during storage? Usually pre-reduced 

supported gold catalysts are utilized for catalytic processes 

as Au3+ ions are inactive [11-13]. Therefore, real gold 

catalysts are initially reduced and during storage in air they 

are oxidized by oxygen. Oxidation of gold clusters and 

nanoparticles can be considered as the main cause of gold 

catalyst deactivation during prolonged storage. 

Oxidation of gold clusters and nanoparticles was studied 

in some researches [6-10]. Authors of Ref. [10] supposed 

that Au particles smaller than about 30 Å are reactive to air, 

leading to oxidation up to 15% of Au atoms, whereas larger 

particles are not oxidized. These oxidized Au atoms in 

small particles are suggested to be active for CO oxidation. 

However, our studies revealed inactivity of Au3+ ions, 

whereas partly charged Aun
+ clusters were suggested to be 

active sites for low temperature CO oxidation [11-13]. 

In any case, the oxidizability of gold particles depends 

strongly on support type. For example, the most effective 

supports for gold catalysts, such as TiO2, Fe2O3, CeO2 and 

other metal oxides of variable valence strongly interact with 

the supported metal [2,3]. They favor formation of 

nanosized gold particles, which partially charge gold atoms 

bound with the support. These partly charged gold states 

may be active sites of the catalysts. However, in our 

opinion, the effective charge value is a determinant for 

catalytic activity of gold. Deep oxidation of gold including 

the catalyst prolonged storage in air leads to deactivation of 

active gold species.  

 

4 CONCLUSIONS  
 

Prolonged storage in air of as-prepared gold catalysts 

and reduced at 100oC leads to intensive redox processes. 

During storage in air ionic states of gold in as prepared 

samples undergo the reduction, perhaps, under the action of 

light, whereas metallic particles in gold catalysts reduced at 

100oC, in contrast, are oxidized by atmospheric oxygen. 

After one-year storage both as-prepared and reduced 

samples came to more or less similar stationary state 

corresponding to redox equilibrium. 

Cluster contribution and their stability depend strongly 

on acidity of zeolite (determined by SiO2/Al2O3 molar 

ratio). Strong Brønsted acid sites favor the stabilization of 

nanosized gold species and their oxidation during 

prolonged storage in air because of higher redox potential 

of oxygen in acid media. 

Oxidation of gold clusters and nanoparticles can be 

considered as the main cause of gold catalyst deactivation 

during prolonged storage. 
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