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A cadmium-modified zeolite with superior electron transfer 

capacities has been prepared by the incorporation of 

cadmium vapor into the channels of a dehydrodrated HZSM-

5 (protonated zeolite ZSM-5). This Cd-containing zeolite 

material possesses superior oxygen storage property. 10 

Meanwhile, univalent Cd+ species can be observed  for this 

zeolite under the ultraviolet irradiation.  

Zeolites have been widely used in many fields, 1 such as catalysis, 
ion exchange, and separations. They are crystalline 
aluminosilicates, with lots of channels and cages of molecular 15 

dimensions dispersed in their framework. Various cations or 
clusters (including Zn2

2+, Na4
3+, Ag3

2+, etc.)2-5 can be implanted 
into the channels of the zeolite, generating electron-rich 
composites. Among them, a particular type is zinc-modified 
zeolite with accessible electrons delocalized on the zeolite 20 

framework in the vicinity of zinc cations.6-8 For the high 
reactivity of the delocalized electrons in combination with regular 
porous structures of zeolite, these electron-rich materials possess 
unusual properties. For example, the electron-rich zinc-modified 
zeolite Y can act as an efficient activator to decompose 25 

thermodynamically stable CO2 molecules into carbon and oxygen 
under relatively mild condition.7 

Cd + HZSM-5 →  CdZSM-5 + 1/2H2         (1) 

Cadmium-modified zeolite is one storage material for gases, 
which offers the possibility of selective separation of gases from 30 

mixed streams.9-11 A variety of techniques,10-14 such as ion 
exchange from aqueous solutions, impregnation, or chemical 
vapor deposition at high temperature, have been proved to be 
successful for the preparation of cadmium-modified zeolite. 
However, electron-rich cadmium-modified zeolite material is not 35 

obtained by these techniques. In this communication, we report 
on the formation of electron-rich cadmium-modified zeolite by 
exposing the dehydrated HZSM-5 to cadmium vapor under 
vacuum. In comparison with the previously-reported cadmium-
modified zeolite, our preparation route is highly advantageous 40 

because the cadmium-modified zeolite contains a large number of 
delocalized electrons, and it exhibits superior oxygen storage 
capacity and can be used as •O2

- radicals reservoir for the 
reactions that radicals and in-situly generated highly active O2 are 
essential. More importantly, the electron-rich cadmium-modified 45 

zeolite obtained through this vacuum approach can produce 
univalent cadmium (Cd+) species in the zeolite. As is known, Cd+ 

is a strong reducing ion, which usually formed by the reaction of 
hydrated electrons with Cd2+ cations.15, 16 Most of the produced 
Cd+ species only exist the dissolution of cadmium metal in 50 

molten cadmium dihalides.17 These molten preparation 
techniques usually consumes a lot of energy resources, 
sometimes involving tedious treatments. To date, the preparation 
of these Cd+ species is still full of challenge. In our work, it is 
found that upon the irradiation of ultraviolet (UV) light, the 55 

electrons have transferred from the zeolite framework to the 
nearby Cd2+ cations, the latter becoming Cd+ species. This 
provides a new novel method to preparation of Cd+ species.  

 
Fig. 1 Schematic representation of the formation of electron-60 

rich cadmium-modified zeolite ZSM-5 material through the 

vapor-solid reaction (yellow: the zeolite framework; Cd: blue; 

H: white; electrons: red). 

The electron-rich cadmium-modified zeolite was prepared 
through a solid-vapor reaction route under vacuum (Fig. 1), 65 

following the procedure described previously.7 Typically, 
metallic cadmium was placed in an end-closed glass tube, next to 
dehydrated zeolite ZSM-5 (HZSM-5, Si/Al molar ratio = 14.8). 
After evacuated at 400 °C for two hours to remove the water and 
other species adsorbed in the microspores of HZSM-5, the glass 70 

tube was sealed and further heated at 450 °C for approximately 
40 hours to allow vaporized metallic Cd to react with the protons 
of the Brønsted acidic sites (OH groups bridging Al and Si atoms 
of the framework) in HZSM-5 (Fig. S1, ESI†). In order to make 
sure that no neutral cadmium species were physically adsobed in 75 

the zeolite, the sample after the reaction was evacuated at about 
420 ºC for six hours. During the solid-vapor reaction, the protons 
of the Brønsted acidic sites in the zeolite are reduced by cadmium 
atoms to form H2 molecules [eqn (1)], whereas the cadmium 
atoms undergo two different oxidations: One is that each 80 

cadmium atom reduces two closely-positioned protons to form a 
Cd2+ cation; the other is that each cadmium atom reduces one 
isolated proton to form a Cd2+ cation with an extra electron 
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delocalized on the zeolite framework. Delocalization of electrons 
on the zeolite framework has been reported previously, 18, 19 and 
the delocalized electrons do not give rise to electron paramagnetic 
resonance (EPR) signals.6 This cadmium-modified zeolite 
containing delocalized electrons is abbreviated as CdZSM-5. 5 

According to inductively coupled plasma (ICP) elemental 
analysis, the composition of CdZSM-5 is Cd0.69AlSi14.8O31.6. For 
comparison, conventional Cd2+-exchanged ZSM-5 material 
(designated Cd2+-ZSM-5) was also prepared through ion 
exchange of Cd(NO3)2·4H2O with HZSM-5 in an aqueous 10 

solution. The adsorbed water molecules within Cd2+-ZSM-5 were 
removed by evacuation at about 450 °C as well. The composition 
of the Cd2+-ZSM-5 is Cd0.49AlSi14.8O31.6 on the basis of the ICP 
analysis. ICP elemental analyses indicate that the molar ratios of 
Cd/Al in CdZSM-5 and ion-exchange Cd2+-ZSM-5 are 15 

approximately 0.69 and 0.49, respectively. Obviously, the 
cadmium content of the CdZSM-5 sample is considerably higher 
than that of the Cd2+-ZSM-5 sample. This observation is 
reasonable because there are extra (delocalized) electrons in 
CdZSM-5 whereas Cd2+-ZSM-5 has no such extra electrons. 20 

These extra electrons, besides the negative charges of the zeolite 
framework, require more Cd+ cations to balance their charges. 
Because the molar ratio of Cd/Al in the CdZSM-5  material is 
0.69, it is calculated that about 55% of the incorporated Cd atoms 
reduce one proton per Cd atom and the rest (45%) of the Cd 25 

atoms reduce two protons per Cd atoms (Supporting Information, 
ESI†). Therefore, the cadmium species remaining in the CdZSM-
5 material after the solid-vapor reaction should be isolated Cd2+ 
cations, some of which are accompanied by delocalized electrons 
in their vicinity. Meanwhile, no obvious difference is observed in 30 

the powder X-ray diffraction patterns of CdZSM-5, Cd2+-ZSM-5 
and HZSM-5, indicating that the solid-vapor reaction under 
vacuum and ion-exchange processes for the preparation of 
CdZSM-5 and Cd2+-ZSM-5 have negligible influence on the 
framework structure of HZSM-5 (Fig. S2, ESI†).  35 

 
Fig. 2 (a) XANES spectra of the CdZSM-5 and

 
Cd2+-ZSM-5 

samples, and (b) Fourier-transformed EXAFS spectra for Cd 

K-edge of the CdZSM-5 and
 
Cd2+-ZSM-5 samples. 

Previous studies have demonstrated that the position of the 40 

absorption edge in XANES spectra is correlated with the valence 

state of the absorbing atom.20 With increase of oxidation state, the 

absorption edges usually shift towards higher energies.21 Fig. 2a 

shows the XANES spectra of the CdZSM-5 and Cd2+-ZSM-5 

samples. The absorption edge of the CdZSM-5 material for Cd K-45 

edge is at approximately 26713 eV, an energy value lower than 

that of ion-exchanged Cd2+-ZSM-5 (26714.5 eV).22 As is known, 

the oxidation state of cadmium in Cd2+-exchanged zeolite is +2. 

The absorption edge of the cadmium-modified zeolite ZSM-5 

indicates that one intermediate oxidation state of cadmium 50 

cations exists in the sample. It is presumable that the unusual 

nominal oxidation state for cadmium arises from the possible 

existence of Cd2+ cations with delocalized electrons in the vicinity. 

The Fourier-transformed EXAFS spectra of the CdZSM-5 and  

Cd2+-ZSM-5 samples measured at Cd K-edge are shown in Fig. 55 

2b and the main corresponding structural parameters are listed in 

Table S1. Main features of Cd-O and Cd-Cd connections are 

observed for the ion-exchanged Cd2+-ZSM-5 sample, but only the 

Cd-O connection is observed for the CdZSM-5 sample, 

suggesting better dispersion of cadmium cations in CdZSM-5 60 

sample. Given the fact that there are no oxygen molecules in the 

reaction system, the oxygen shell backscatterers can only be from 

the zeolite framework. During the calculation at Cd K-edge, 23 the 

Cd cations in the sample are coordinated by about 3.9 oxygen 

atoms on average, and the oxygen shell backscatterers at 2.25 Å 65 

(Table S1, ESI†), a value close to the Cd-O bond distance 

observed for compounds with divalent cadmium cations tetra-

coordinated by oxygen.24 This observation indicates that the Cd2+ 

cations may partly coordinated with four and partly with three 

oxygens, with the average coordination number (N) being about 70 

3.9. From the XANES and the EXAFS spectra, we conclude that 

in the CdZSM-5 material, the cadmium cations are divalent, some 

of which each possess a nearby electron over the zeolite 

framework, and this nearby electron makes the Cd K-edge X-ray 

absorption shift toward lower energies.  75 

 
Fig. 3 (a) In situ EPR spectra for the CdZSM-5 sample before 

and after the irradiation of UV light under room temperature, 

and (b) the schematic representation for the Cd+ species 

generation from the electron-rich zeolite ZSM-5 framework 80 

under the UV irradiation. 

To further confirm the existence of extra electrons, the as-
prepared CdZSM-5 material was subjected to the irradiation of 
ultraviolet (UV) light from a 150 W high-pressure Hg lamp for 
one hour. The electron paramagnetic resonance (EPR) spectra 85 

were recorded before and after the UV irradiation (Fig. 3a). The 
EPR spectrum measured in vacuum before the UV irradiation 
shows no obvious EPR signals. Previous studies indicated that it 
is possible for extra electrons to be delocalized on the zeolite 
framework, 6, 7 and these delocalized electrons do not show EPR 90 

signals. The silence in the EPR spectrum indicates that no 
obvious unpaired electrons are present for the as-prepared 
CdZSM-5 material. However, a distinct EPR signal with a g 
value of 2.003 is observed after the UV irradiation for the 
CdZSM-5 sample. Because both the zeolite framework and Cd2+ 95 
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cations are EPR-silent, the only possibility for the appearance of 
the EPR signal with a g value of 2.003 is the formation of isolated 
Cd+ cations in the zeolite.25 Under the UV radiation, delocalized 
electrons are promoted from the zeolite framework to the nearby 
Cd2+ cations, the latter becoming Cd+ species (Fig. 3b). For 5 

comparison, the ion-exchanged Cd2+-ZSM-5 material was 
irradiated similarly under the UV irradiation, but no EPR signal 
appears at all in this case for the Cd2+-ZSM-5 sample (Fig. S3, 
ESI†), which has no extra electrons on the zeolite framework.  

 10 

Fig. 4 UV/Vis diffuse reflectance spectra for the samples of 

ZSM-5, Cd2+-ZSM-5 and
 
CdZSM-5 (K-M Units = Kubella-

Munk units). 

UV-vis diffuse reflectance spectra were conducted for the 
samples of pristine ZSM-5, ion-exchanged Cd2+-ZSM-5 and 15 

CdZSM-5 to analysis the transition of electrons. As shown in the 
UV-vis spectra (Fig. 4), pristine ZSM-5 zeolite does not exhibit 
significant absorption; but the ion-exchanged Cd2+-ZSM-5 
sample shows an absorption threshold at approximately 278 nm, 
which can be attributed to the O (2p) to Cd (5s) charge-transfer 20 

(CT) transition.26, 27 In comparison with the Cd2+-ZSM-5 sample, 
the UV-vis diffuse reflectance spectrum of the CdZSM-5 material 
shows a very broad band with the absorption threshold at 394 nm, 
which is consistent with the results of previously-reported 
transition of delocalized electrons.6 This optical absorption 25 

between 394 and 278 nm can further support the presence of 
extra electrons on the framework of the as-prepared CdZSM-5 
materials. Under the UV irradiation, the CdZSM-5 material is 
excited and some of the extra electrons are promoted from the 
delocalized positions to the Cd2+ cations, resulting in generation 30 

of Cd+ species. 
The electrons transfer capacities of the CdZSM-5 material can 

also be observed between the zeolite framework and the outside 
gas of O2. As shown in Fig. 5a, after exposure to O2  under the 
room temperature, EPR signals with g values of approximately 35 

2.001 and 2.008, characteristic of superoxide (•O2
-) radicals are 

observed for the CdZSM-5 material,28 indicating the occurrence 
of electron transfer between the zeolite framework and the 
outside oxygen molecules. It is speculated that the electrons 
delocalized on the CdZSM-5 framework are transferred to the O2 40 

molecules, generating •O2
- radicals associated with the zeolite 

ZSM-5. For comparison, the samples of pristine ZSM-5 and ion-
exchanged Cd2+-ZSM-5 after exposure to O2 were also tested by 
the EPR spectra under the same condition (Fig. 5a). However, no 
EPR signal appears for the pristine ZSM-5 and ion-exchanged 45 

Cd2+-ZSM-5 samples, indicating that no electron transfer between 
the zeolite framework and the Cd2+ cations occurs. 

 
Fig. 5 In situ EPR specta for the samples of (a) pristine ZSM-

5, Cd2+-ZSM-5, and CdZSM-5 after exposure to O2 under the 50 

room temperature, and (b) the •O2
--CdZSM-5 sample at 

different temperature. 

 
It is found the thermal stability of the •O2

- radicals associated 
with the zeolite ZSM-5 is quite high. As shown in Fig. 5b, the 55 

EPR signals of •O2
- radicals are clearly observed under the room 

temperature. Increasing the temperature to 200 ºC, the EPR 
signals of •O2

- radicals are still observed. But once the 
temperature is over 300 ºC, the signals of •O2

- radicals are 
disappeared, indicating that •O2

- radicals are completely destroyed. 60 

As detected by gas-chromatography (GC), O2 molecules are 
released [eqn (2)] (Fig. S4, ESI†). It is assumed that under the 
relatively high temperature of 300 ºC, all of the •O2

- radicals can 
dissociate from the zeolite to form O2 molecules, leaving surplus 
electrons delocalization in the framework. After the removal of 65 

the •O2
- radicals, the Cd+ species can be re-generated when the 

electron-rich cadmium-containing zeolite ZSM-5 is subjected to 
UV irradiation under room temperature (Fig. S5, ESI†). For 
comparison, pristine ZSM-5 and ion-exchanged Cd2+-ZSM-5 
after exposure to O2 were also tested by the EPR spectra at 70 

different temperature (Fig. S6, ESI†), no EPR signal appears for 
these two samples, indicating that the transition of electrons can 
not happen between the zeolite and O2 molecules. 

Table 1 The results of oxygen storage experiment for the samples. 

of ZSM-5, Cd2+-ZSM-5 and CdZSM-5.   75 

 Sample Amount of evolved O2 
a
  O2 Storage Capacity  

1 
ZSM-5 
(0.5 g) 

1.2 µmol 2.4 µmol g-1 

2 
Cd2+-ZSM-5 

 (0.5 g) 
4.9 µmol 9.8 µmol g-1 

3 
 CdZSM-5  

(0.5 g) 
160.5 µmol 321 µmol g-1 

a the amount of O2 released was measured at 300 ºC. 

The CdZSM-5 materials with lots of delocalized electrons can 
be used as •O2

- radicals reservoir. By controlling the temperature, 
the •O2

- radicals associated with the zeolite are able to turn into 
O2. An oxygen storage/release experiment was designed for the 
pristine ZSM-5, Cd2+-ZSM-5 and CdZSM-5 samples. First, the 80 

O2 gas (> 99.999 %) was dried by passing through a column 
containing zeolite 4A to remove moisture. In a glove box filled 
with Ar, the samples were transferred into the glass tube reactor. 
Before introducing pure O2, the reactor was evacuated to remove 
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the Ar gas. O2 was then introduced into the glass tube reactor 
slowly and reacted to the samples under the room temperature. 
Afterwards, the reactor was heated at 300 ºC and the amount of 
O2 released was directly measured by GC. As shown in Table 1, 
the amount of evolved O2 is approximately 321 µmol per gram of 5 

the CdZSM-5 sample, revealing their superior O2 storage capacity. 
But the amounts of O2 released for the pristine ZSM-5 and Cd2+-
ZSM-5 materials are only 2.4 and 9.8 µmol per gram of samples, 
respectively, revealing their poor storage capacities. These results 
indicate that O2 storage capacity of the CdZSM-5 material 10 

containing delocalized electrons is far higher than that of the 
pristine ZSM-5 and Cd2+-ZSM-5 materials. More importantly, 
after the removal of the oxygen molecules at 300 ºC, the oxygen 
storage capacity of the CdZSM-5 material is regained under the 
room temperature for the existence of extra electrons. The 15 

performance of the CdZSM-5 materials for oxygen storage was 
tested four cycles, and the results indicate that this material may 
be used repeatedly without noticeable deactivation (Fig. S6, 
ESI†). After the repeated tests, the crystal structure of the zeolite 
material remained intact, as judged by powder X-ray diffraction 20 

(Fig. S7, ESI†). Therefore, we speculate this electron-rich 
cadmium-modified ZSM-5 material can be used as good •O2

- 
radicals reservoir for the reactions that radicals and in-situly 
generated highly active O2 are essential.  

In summary, we demonstrate that in an electron-rich cadmium-25 

modified zeolite there exist divalent cadmium cations partly 
accompanied by extra electrons delocalized over the zeolite 
framework in their vicinity. Under the UV irradiation, these 
delocalized electrons are promoted to the Cd2+ cations in the 
vicinity to form Cd+ species. Meanwhile, this electron-rich 30 

cadmium-modified zeolite is considered as a good •O2
- radicals 

reservoir. The maximum oxygen storage amount can reach as 
high as 321 µmol per gram of the Cd-containing zeolite. With the 
temperature evaluated to 300 ºC, the •O2

- radicals associated with 
the zeolite can be dissociated from the zeolite to form O2 35 

molecules, leaving surplus electrons delocalization again over the 
zeolite framework. The storage of O2 molecules using electron-
rich Cd-containing zeolite is of significance in practical aspect. 
Our research on the successful preparation of electron-rich 
cadmium-modified zeolite and the exploitation of the delocalized 40 

electrons in the zeolite material open a new way for the 
encapsulation of O2.  
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An electron-rich cadmium-modified zeolite prepared by the incorporation of cadmium vapor into the channels of a dehydrodrated 

HZSM-5, shows superior oxygen storage property. 
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