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Cu+ photoluminescence spectra and IR spectra of NO adsorbed
on Cu2+ in ion exchanged Cu-ZSM-5 of various Cu/Al and Si/Al
ratios were employed to identify two main Cu sites (denoted as Cuα

and Cuβ) and their redox properties. The Cuα site, preferably occu-
pied at low Cu loadings, exhibits more packed environment, higher
positive charge, and is proposed to be balanced by two framework
Al atoms, while the Cuβ site, occupied in the whole concentration
range, but predominantly at high loadings approaching and ex-
ceeding 100% degree of ion exchange is in more open coordination,
possesses lower positive charge, and is suggested to be balanced
by a single framework Al atom. The reducibility of these Cu sites
differs substantially and depends on the local negative framework
charge, controlled by both the local Si–Al ordering adjacent to the
Cu ion and on the total framework charge given by the Si/Al ra-
tio. The correlation of the catalytic activity and reducibility of the
Cu-ZSM-5 of various Cu/Al/Si compositions and populations of the
Cuα and Cuβ sites identified the Cuβ site as the active center for NO
decomposition. c© 1997 Academic Press

INTRODUCTION

Cu ions implanted in ZSM-5 matrices are known to ex-
hibit high and stable activity in the decomposition of NO
to molecular nitrogen and oxygen, which has not been at-
tained with these ions embedded in the other zeolite struc-
tural types, e.g., in Y and mordenite (1–5). Much effort has
been expended to elucidate the mechanism of NO decom-
position over Cu-ZSM-5 zeolites, especially over those ex-
hibiting excessively exchanged copper. It is well established
that the NO decomposition over Cu-ZSM-5 follows a re-
dox mechanism (6). IR studies of NO adsorbed at room
temperature on Cu-ZSM-5 revealed the formation of Cu+

dinitrosyl species, which were assumed to be precursors of
the reaction intermediate (7–9) and monovalent copper to
be the active site in the redox process (6). Under the con-
ditions of the catalytic reaction carried out at high tem-
peratures, the surface Cu(NO)(NO2) complexes were ob-
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served (8, 10, 11); however, it has not been proven that these
species are real reaction intermediates. Thus, the detailed
mechanism of NO decomposition over Cu-ZSM-5 remains
unresolved.

There has not been sufficient information on the Cu ion
siting and distribution in the high-silica matrices, on the
contrary to well-established siting for Cu exchanged into
A, X, and Y zeolites (12). Because of the high NO de-
composition activity of Cu-ZSM-5 with an overexchanged
amount of copper (Cu/Al > 0.5), attention has been paid
particularly to the zeolites with high Cu loadings. Kucherov
and Slinkin (13) reported two coordinations of Cu2+ ions in
ZSM-5 matrix, square pyramidal and square planar. They
suggested that divalent copper can be adjacent to a sin-
gle framework Al atom as Cu2+–OH. Similarly, Kuroda
et al. (14) found oxygen-bridged Cu2+ planar complexes
in overexchanged Cu-mordenite. Shpiro et al. (15, 16), em-
ploying XPS, AES, and XANES suggested the formation of
small Cu–O clusters in overexchanged Cu-ZSM-5 zeolites,
besides the presence of single Cu ions in ion-exchanged ze-
olite. Anpo et al. (17) employed Cu+ emission spectra of
Cu-ZSM-5 and found two bands at 450 and 540 nm, which
they ascribed to monomeric and dimeric Cu+ species, re-
spectively, analogously to the assignment of Barrie et al.
(18) for Cu+ supported on alumina. An EXAFS study (19)
produced evidence for the Cu–O distances in Cu-ZSM-5 of
2.01 and 3.13 Å, the latter occurring in the overexchanged
zeolites and ascribed to oxidic CuO species.

In connection with the overexchanged Cu-ZSM-5 zeo-
lites, the presence of (Cu–O–Cu)2+ bridging species was
suggested. Sárkány et al. (20, 21) proposed that these species
were converted into a pair of Cu+ cations upon treatment at
high temperatures in a stream of helium. On the contrary,
Valyon and Hall (11) considered association of extralat-
tice oxygen only with one copper ion in overexchanged
zeolites on the basis of IR studies. Larsen et al. (22) as-
sumed that Cu2+O− moieties were formed by dehydration
of (Cu2+–OH)+ ions and suggested that the Cu2+O− and
Cu+ ions were responsible for the Cu-zeolite activity in
NO decomposition. Although various Cu species, single
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Cu ions, Cu+ dimers, and Cu–O clusters were suggested,
and some of them found in the ZSM-5 matrix, there is no
straightforward evidence for the Cu species which really
represents the sites active in the reaction of NO decompo-
sition (5).

Recently, we have reported (23) that the Cu siting-
coordination in zeolites can be characterized well by the
Cu+ luminescence spectra. Moreover, the intensity of the
Cu+ luminescence bands corresponding to individual Cu
coordinations were in sound agreement with the intensities
of the shifted vibration bands of NO molecules adsorbed on
the precursor divalent Cu sites (24); these shifts reflected a
characteristic degree of electron density transferred from
the NO molecule to the divalent Cu and, thus, were a mea-
sure of effective charges on the individual Cu2+ sites.

We have also found (24) that the Cu-ZSM-5 zeolites con-
tained two dominant Cu sites, whose coordination was as-
sumed to be affected by the local aluminum arrangement
in the zeolite framework: (i) Cu ions with the Cu+ emis-
sion at 480 nm, the IR band of NO adsorbed on Cu2+ at
1912 cm−1, and Cu2+ ESR axially symmetrical and split sig-
nal with the parameters of the parallel component g‖ = 2.33,
and A‖ = 140–160 G, denoted here as Cuα; (ii) Cu ions with
Cu+ emission at 540 nm, the IR of Cu2+–NO at 1895 cm−1,
ESR signal with g‖ = 2.27, and A‖ = 170–180 G, denoted as
Cuβ. The distribution of these sites in the zeolite matrix de-
pended on the Cu loading and Si/Al framework ratio. The
latter Cu ions were present in Cu-ZSM-5 regardless of the
Cu concentration, but they prevailed in zeolites with high
Si/Al ratio and Cu content approaching and exceeding an
exchange degree of 100% (i.e., Cu/Al ≥ 0.5). This type of
dependence of the relative concentration of different cop-
per species on the Cu/Al and framework Si/Al ratio, sup-
ported by quantum chemical calculations of energy minima
in the aluminosilicate frameworks as well as experimental
evidences on the existence of Al pairing in the framework
of high silica zeolites (25–28), and observation that divalent
Ni ions could not be fully exchanged in ZSM-5 (29) led us
to the suggestion that Cuβ species are Cu ions adjacent to a
single framework Al atom, while species Cuα are balanced
by two framework Al atoms.

On the basis of different distribution of the Cu sites in
the ZSM-5 zeolites at various Cu loadings and Si/Al frame-
work ratios, a study has been performed to elucidate the
relationship between the Cu siting-coordination and the
zeolite activity in NO decomposition. Preliminary study in-
dicated that the active site is connected with the Cuβ species
reflected in the Cu+ emission band at 540 nm (30). The
present contribution deals with a detailed study of the dis-
tribution of Cu sites and activity of Cu-ZSM-5 zeolites dif-
ferring in the Si/Al ratio and Cu loading in a wide range up
to Cu overexchange. The Cu active site is proposed and its
redox properties are considered in relation to its catalytic
activity.

EXPERIMENTAL

Cu-loaded zeolites were prepared by ion exchange of the
parent Na-forms of ZSM-5 with diluted aqueous solutions
of Cu2+ chloride and Cu2+ acetate. After careful washing
the Cu-zeolites were dried in open air to a constant weight.
Their chemical compositions are given in Table 1.

The IR spectra of NO adsorbed on Cu-zeolites were
monitored on thin transparent plates (ca 7 mg per cm−2)
using FTIR spectrometer Nicolet Magna-550 on zeolites
treated as given in the figures. Cu+ luminescence spectra
were recorded employing laser (Xe Cl excimer) kinetic
nanosecond spectrometer (Applied Photophysics) with the
excitation pulse at 308 nm. The spectra of the Cu+ emission
were recorded at 5 µs after the excitation pulse and used
for data analysis.

Prior to characterization or catalytic reaction testing the
zeolites were treated at 720 K in an oxygen or helium stream
or in vacuum. For Cu+ luminescence measurements the
Cu2+ zeolites were reduced by hydrogen as it provided a
rather comparable degree of reduction for the individual
Cu ions to Cu+. Figure 1 illustrates the dependence of the
intensity of the Cu+ luminescence bands (reflected individ-
ual Cu sites; see below) on the reduction time in hydro-
gen monitoring the Cu2+–Cu+–Cu0 reduction process. The
emission spectra considered for estimation of the popula-
tion of the individual Cu sites were recorded on Cu-zeolites
reduced in hydrogen at such temperatures at which max-
imum plateaux of the individual Cu+ luminescence bands
overlapped (see shadow area in Fig. 1). In this region 90%
of the Cu ions was reduced to Cu+ as was verified by a com-
parison of the intensity of UV-VIS spectra of Cu2+ ions.

Catalytic activity of Cu-zeolites for NO decomposition
was determined in a flow-through reactor at 670 K with

TABLE 1

Chemical Composition of CuNa-ZSM-5 Zeolites
and Their Catalytic Activity

Si/Al Cu/Al Cu (wt%) TOFa

14.1 0.20 1.26 0.6
14.1 0.18 1.10 1.2
14.1 0.33 2.03 3.7
14.1 0.31 1.86 3.9
14.1 0.33 2.03 4.1
14.1 0.41 2.23 5.0
14.1 0.37 2.47 5.5
14.1 0.52 3.05 7.2
14.1 0.56 3.37 6.5
14.1 0.63 3.93 7.1
22.5 0.26 1.10 5.6
22.5 0.23 0.97 6.1
22.5 0.48 1.84 11.2
22.5 0.51 2.00 12.1

a NO molecules converted per Cu atom per hour.
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FIG. 1. Dependence of the Cu+ luminescence intensity of the 480 and
540 nm bands on the reduction time. Spectra were recorded at 5 µs. Cu-
ZSM-5, Si/Al 22.5, Cu/Al 0.25 reduced in H2 of 7.5 Torr at 573 K. Intensities
were normalized.

typical catalyst weight of about 200 mg containing 3.50 mg
of Cu, and helium flow rate of 100 ml/min with inlet NO
concentration of 4000 ppm. The reaction product composi-
tion was analyzed employing chemiluminescence NO/NOx

FIG. 2. Cu+ emission spectra of Cu+-ZSM-5 zeolites. Cu-ZSM-5, Si/Al 14.1, Cu/Al 0.20 reduced in H2 of 7.5 Torr at 473 K for 10 min; Cu-ZSM-5,
Si/Al 14.1, Cu/Al 0.56 reduced in H2 of 7.5 Torr at 473 K for 1.5 min; Cu-ZSM-5, Si/Al 22.5, Cu/Al 0.26 reduced in H2 of 7.5 Torr at 523 K for 2 min;
Cu-ZSM-5, Si/Al 22.5, Cu/Al 0.51 reduced in H2 of 7.5 Torr at 523 K for 1 min. Spectra were recorded at 5 µs.

analyzer (Vamet, CZ); no NO2 was found within the de-
tection limit 5 ppm. The NO conversions did not exceed
20%.

RESULTS

Figure 2 depicts the Cu+ emission spectra of Cu-ZSM-5
zeolites with different Cu loadings and Si/Al ratios. The
intensities of the main bands at 480 and 540 nm differ dra-
matically in dependence on the Cu-ZSM-5 composition. An
additional low intensity band at 450 nm levels off at very
low Cu loadings and, thus, the corresponding Cu sites did
not reach significant concentrations in any of the studied
Cu-ZSM-5 zeolites. Another band of very low intensity,
having comparable intensity in all the zeolites investigated
here, is observed at 605 nm. It corresponds to trace amounts
of Cu ions bonded via terminal Si–OH groups (see Ref.
(23)). Because of the very low concentration of both these
ions (reflected in Cu+ emissions at 450 and 605 nm) they
were not considered in the evaluation of the NO decompo-
sition activity of the Cu sites in the zeolites.

It is clearly seen from Fig. 2 that the Cu ions of type Cuα

(480 nm) dominate at lower Cu loadings and in the zeolites
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with lower Si/Al ratios. On the other hand, in zeolites ex-
hibiting a higher Si/Al ratio and particularly in those with
the highest Cu loadings, the Cu sites type Cuβ (emission at
540 nm) predominate. A model wherein the 480 nm emis-
sion was attributed to Cu+ bonded via framework oxygens
to the “aluminum pairs” (Al–O–(Si–O)n–Al), where we do
not specify a value of n, but expecting that two Al atoms are
as close to copper cation to balance one divalent Cu ion,
while the 540 nm emission was due to Cu+ adjacent to a sin-
gle aluminum T atom, was put forward in our recent papers
(23, 24, 30). It was based on the following assumption on
the distribution of the Al atoms in the zeolite framework:
at higher Si/Al ratios, a higher number of single framework
Al atoms are present in the lattice compared to those pos-
sessing a lower Si/Al ratio, where the presence of more “Al
pairs” relevant for balancing divalent cations can be ex-
pected. The framework Si–Al sequences (far remote single
Al atoms and “Al pairs”) can affect the Cu ion environ-
ment by their electrostatic fields and by different charges
on the bridging oxygens (Cu–O–Al) and thus can play an
important role in the Cu site binding and chemistry.

However, a distribution of Al in the zeolite framework
is not established. A nonrandom distribution of Al in high
silica framework of ZSM-5 was suggested at T2 and T12
sites by the calculated energy minima for various Al and
Si occupations at T sites (25). But the low population of
Al–O–Si–O–Al ordering in the framework of high silica
zeolites was indicated by Monte Carlo calculations, consid-
ering statistically random distribution of framework Al and
Loewenstein rule (26). The existence, but low number, of
such type of framework Al pairs was observed also by 29Si
MAS NMR for ZSM-5 (28) and ferrierite (31). However,
as given above, the “Al pairs” relevant to Cu2+ bonding are
not restricted to n = 1, but also other Si–Al ordering with
n > 1 should be considered. The number of such “Al pairs”
is much higher compared to (Al–O–Si–O–Al) entities, but
only the latter pairs can be detected by 29Si MAS NMR and
were included in models for quantum chemical calculations.

Lifetimes of the lowest excited states of centers emitted
at 480 and 540 nm were 55 and 120 µs, respectively (23, 24).
As the ratio of the decay times of the individual emissions
calculated using the Einstein coefficients of spontaneous
emission is close to the experimental value, and the results
of Klier et al. for Cu+–Y zeolite (32) indicate close values of
absorption coefficients at wavelengths longer than 300 nm;
the quantum efficiency of both centers can be supposed to
be similar. In this work, the intensities of the individual
bands recored at a decay time of 5 µs were compared with
the corresponding integrated intensities of the emissions
calculated over the whole emission time. The ratio of the
band intensities of the 480 to 540 nm emissions measured
at 5 µs with that of the integrated emission intensities from
t = 0 to ∞ were in agreement within 5%. Therefore, the in-
tensitites of the individual bands as obtained by band sep-

FIG. 3. The dependence of Cuα/Al and Cuβ/Al concentration on the
total Cu/Al concentration in Cu-ZSM-5 with Si/Al 14.1.

aration of the spectra measured at 5 µs and related to the
total emission intensity were taken as a measure of the con-
centration of the individual Cu sites in the sample. Figure 3
depicts the concentration dependence of the Cu sites in
ZSM-5 (Si/Al 14.1) reflected in the Cu+ emission at 480
and 540 nm on the Cu loading in the zeolite.

IR spectra of NO adsorbed on Cu-ZSM-5 are shown in
Fig. 4. When all the Cu ions were in the divalent state, the
spectrum reflects a single broad maximum centered around
1910 cm−1 as found also by other authors (7, 10, 11). We
have shown (24) that this band consists of two main bands
at 1895 and 1912 cm−1, accompanied by a smaller band at
about 1921 cm−1. An additional very low intensity band at
1906 cm−1 was suggested by the second derivation mode of
the IR spectra for Cu-ZSM-5 samples at high Cu loading
(not shown in Fig. 4). The intensities of these characteristic
IR bands changed with the Cu loading and framework Si/Al
ratio parallel to those of the individual Cu+ emissions; the
IR band of adsorbed NO at 1895 cm−1 corresponded to the
Cu+ emission at 540 nm and the IR band at 1912 cm−1 to
the 480 nm emission. Thus, two main Cu sites differring in
the degree of electron density, which is transferred from the
NO molecule to the divalent Cu ion, have been indicated by
the IR spectra of NO adsorbed on the divalent copper. For
an estimate of the concentration of the individual Cu sites
reflected in various vibrations of adsorbed NO, we assumed
identical values for their absorption coefficients. Then the
ratio of the integrated intensities of the bands at 1895 and
1912 cm−1 was in a sound agreement with the ratio of the
intensities of the corresponding 540 and 480 nm Cu+ bands
determined as described above (see Fig. 3).

Figure 5 depicts the IR spectra of NO adsorbed on Cu-
ZSM-5 fully oxidized (Fig. 5A, with only Cu2+–NO species
present) and partially reduced (Fig. 5B, with both Cu2+–NO
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FIG. 4. IR bands of nitrosyl species present on Cu2+-ZSM-5 at 45 Torr of NO; IR spectra measured after NO adsorption at 523 K for 20 min.
Spectra were recorded at room temperature.

and Cu+–NO). The presence of the Cu+ adsorption centers
is clearly seen from the presence of mono and dinitrosyl
Cu+ complexes with the characteristic bands at 1812, and
at 1826 and 1735 cm−1, respectively. From a comparison

FIG. 5. IR bands of nitrosyl species present on Cu-ZSM-5 (Si/Al 22.5,
Cu/Al 0.28) at 45 Torr of NO on fully oxidised (A, adsorption at 523 K)
or partially reduced samples via vacuum heat treatment (B, adsorption at
298 K) and the difference spectrum (C) of (A)–(B).

of the IR spectrum of the completely oxidized Cu-ZSM-5
(Fig. 5A), with that of partly reduced to Cu+ (Fig. 5B), it
follows that the intensities of the two prominent bands of
Cu2+–NO at 1895 cm−1 and 1912 cm1 differ. As shown also
by the difference spectrum (Fig. 5C), the emergence of the
Cu+–NO and Cu+–(NO)2 bands is accompanied by the in-
tensity decrease mainly of the band at 1895 cm−1. Thus the
Cu sites (IR band at 1895 cm−1) corresponding to Cuβ type
are readily reduced, compared to the Cu2+ ions with NO
band at 1912 cm−1 corresponding to Cuα type. The easy re-
duction of a part of the Cu2+ ions in ZSM-5 zeolite was also
reported by Larsen et al. (22), attributing a partial decrease
of the Cu2+ ESR signal intensity to the dehydration of the
(Cu2+–OH)+ exchanged ions and formation of the ESR-
silent Cu2+O− species and Cu+. Moreover, we have found
that the reducibility of both the Cu sites (Cuα and Cuβ) is
affected by the total framework Si/Al ratio as documented
in Fig. 6. The intensity changes of the Cu+ emission bands
at 540 nm depending on the reduction time corresponding
to the Cu2+–Cu+–Cu0 reduction process of the Cu-ZSM-5
zeolites with different Si/Al ratios are presented. The Cu2+

ions exchanged into Cu-ZSM-5 with a lower Si/Al frame-
work ratio were not as readily reduced and needed more
severe reducing conditions.

This conclusion on the different reducibility of the Cu
ions depending on Cu loading and Si/Al ratio is further sup-
ported by our study of CO adsorption on oxidized and on
evacuated Cu-ZSM-5 with different Cu/Al and Si/Al com-
positions (see Ref. (33)). The number of Cu sites reduced
under vacuum heat treatment to Cu+ is much lower in zeo-
lites with low Cu loadings and low Si/Al, compared to those
with high Cu/Al and Si/Al ratios.

The catalytic activity of Cu-ZSM-5 zeolites for NO
decomposition was followed in dependence on the
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FIG. 6. Dependence of the Cu+ luminescence intensity of the 540 nm
band on the reduction time for zeolites with different Si/Al ratio. Cu-
ZSM-5, Cu/Al 0.25 reduced in H2 of 7.5 Torr at 573 K. Intensities were
normalized.

temperature at a constant flow of NO and weight of Cu (3.50
mg) in the tested sample (for details see Ref. (30)). The con-
version of NO (NO2 was not found in the reaction products)
increased with increasing temperature, reached a maximum
at about 750 K, and then decreased. This pattern of NO con-
version with temperature is reversible and typical for the
Cu-zeolites and has been ascribed to a reversible change
in the reaction kinetics (11). The activity data for all the
zeolites are also included in Table 1. Figure 7 depicts a typi-
cal relationship between the rate of NO conversion per Cu
atom (turnover frequency–TOF is defined as NO molecules
decomposed per hour per one Cu atom) depending on the
total Cu/Al concentration in the zeolite. The dependence
for Cu-ZSM-5 (Si/Al = 14.1) is very similar to that obtained
by Valyon and Hall (11). It clearly indicates that the ZSM-5

FIG. 7. Effect of Cu/Al and Si/Al ratios in ZSM-5 on the TOF in NO
decomposition (NO molecules converted per Cu atom per hour).

FIG. 8. The dependence of TOFα and TOFβ corresponding to Cuα

and Cuβ sites, respectively, on the concentration of the individual sites
(Cuα/Al and Cuβ/Al).

contains the Cu sites of a higher activity at higher Cu load-
ings, and moreover, that the Cu sites exchanged into the
ZSM-5 matrix with a higher Si/Al ratio (22.5) are more
active.

An attempt has been made here to differentiate the cata-
lytic activity of the individual Cu sites by using correlation
of the rate of NO decomposition with the population of
different Cu sites in the ZSM-5 zeolite (Si/Al = 14.1) de-
pending on Cu loading (cf. Figs. 3 and 7). The kinetic data
were treated with an assumption that only one type of the
Cu site (Cuα or Cuβ) is the active site, and the contribu-
tion of the second one to the total conversion is negligible.
Therefore, TOFα and TOFβ corresponding to the Cuα and
Cuβ sites, respectively, in dependence on the concentration
of the individual Cu sites were plotted in Fig. 8. The TOFα

increased dramatically within the whole range of the con-
centration of the Cuα sites, while the Cuβ sites exhibit nearly
a constant TOFβ value at higher Cu loadings above a value
of Cuβ/Al = 0.15; i.e., Cutotal/Al ca 0.3.

DISCUSSION

In order to understand the different wavelengths of the
Cu+ luminescence in different environments, it is helpful to
recall the nature of the photoexcited Cu+ (3d9 4p/4s) triplet
from which emission takes place as a down-transition to
the ground singlet Cu+ (3d10). Because of the large radius
of the n = 4 electron orbital (1.6 Å according to Slater’s
rules), repulsion of the 4p/4s electron by the surrounding
lattice will increase the energy of the emitting state and cor-
respondingly will shorten the wavelength of the Cu+ pho-
toluminescence. This simple model put forward by Texter
et al. (34) is corroborated by systematic changes of pho-
toemission wavelength from the shortest in highly packed
host lattices (e.g., 245 nm in lithium iodide) to long ones
(450–600 nm) in open lattices such as zeolites (32, 34, 35).
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In regard to the presently studied Cu centers in zeolite
matrices, their compositional and structural features, repul-
sion and other effects can affect photoemission wavelength
λe as follows:

(i) Electrostatic field generated by nearest negative
charge originated from the Al in the T position will give
rise to shorter λe than that due to nearest Si atoms. Two Al
neighbours to the Cu ion will result in shorter λe of Cu+

luminescence than one Al neighbour;
(ii) The open Cu+ site coordination will give rise to

longest λe, the recessed and highly coordinated Cu+ ions
will emit at shortest λe;

(iii) Dynamic Jahn–Teller effect in the excited Cu+ triplet
is expected to be strong due to a hole in the 3d shell. If the
site is near planar tri- or penta-coordinated, the effect will
be similar to the tri-coordinated Cu2+ centers as in Ref. (36)
(Jahn–Teller splitting 900 cm−1) and longer luminescence
wavelength will ensue. Here we view the excited Cu+ ions
as Cu2+ with an extra 4p/4s electron.

(iv) In previous studies (35, 36) the Cu+ luminescence
wavelength did not depend on whether these ions origi-
nated by reduction of Cu2+ or by ion exchange of NaY
with Cu+ iodide without reduction. There were also no dif-
ferences in Cu+ luminescence wavelengths for CuH- and
CuNa-ZSM-5, and for Cu zeolites reduced by hydrogen
or CO (37). Therefore the surface protons and oxygen va-
cancies were ruled out as defects influencing the spectral
characteristics of the Cu+ ions.

As the different Cu+ luminescence wavelengths at 450, 480,
510, 540 nm are found for Cu ions planted in various zeo-
lite structural types (24, 32) as well as with Cu+ supported
on alumina (18), the wavelength value seems to be domi-
nated by the geometry of the metal ion environment. This
supports mechanism given above ad (ii) and (iii).

That the longer wavelength (540 nm) of Cu+ lumines-
cence in ZSM-5 is associated with an open Cu coordina-
tion is also supported by a semiquantitative agreement be-
tween the intensity of the Cu+ luminescence at 540 nm and
the intensity of the parallel component of the axially sym-
metrical Cu2+ ESR signal with g‖ 2.27 and A‖ 170–180 G
(24), which was ascribed to Cu2+ in a close to planar en-
vironment (13). A low degree of electron density transfer
from the NO molecule to this Cuβ ion (IR band of NO at
1895 compared to 1875 cm−1 for a gaseous NO) reflects
a low positive charge on the Cu site, which is in agree-
ment with the assumption that the Cuβ site is balanced
by a single Al framework atom, thus by a low negative
charge. As already mentioned the distribution of Al in the
ZSM-5 zeolites is not known, but the quantum chemical
calculations indicate a strong preference of incorporation
of only one Al atom into certain framework rings in high
silica matrices (31), which oxygens can form a site for this
Cuβ ion.

On the other hand, the intensity changes with the
Cu/Al/Si concentrations of the shorter Cu+ emission band
at 480 nm, reflecting more packed environment corre-
sponds to the Cu2+ ESR signal intensity changes followed
in the parallel component of the signal with g‖ 2.33 and A‖
140–150 G, attributed to a pyramidal Cu2+ coordination.
This Cuα site exhibits a high positive charge manifested by
a high degree of an electron density transfer from the NO
molecule to the Cu site (band at 1912 cm−1). It supports the
suggestion that this Cu ion is balanced by a high negative
framework charge produced by two framework Al atoms
adjacent to the cation.

Consideration of all these results and information al-
ready published on the characteristic spectral features for
Cu ions at the cationic sites for various structural zeolite
types (13, 24, 34, 36), provides evidence that both the Cuα

and Cuβ ions are at the cationic sites and cannot be assigned
to Cu oxidic species. If Cu oxidic species would be present
in the zeolite, which can happen at high Cu overexchange,
then Cu+ emissions are expected with much shorter life-
times, moreover, at higher wavelengths, in contrast to Cu+

emissions at 480 and 540 nm for the Cu ions in the zeolite
cationic sites.

The finding on the different positive charges on the in-
dividual Cu sites is in agreement with their different re-
ducibility as documented by the adsorption of NO and CO
(see Ref. (33)) on Cu-ZSM-5 with various Cu/Al/Si com-
positional ratios treated in vacuum at such conditions that
only a part of the Cu ions is reduced to Cu+ (cf. Fig. 5).
It clearly follows that the Cu ions of type Cuβ, emitting at
540 nm (Cu+) and possessing an IR band of adsorbed NO
on Cu2+ at 1895 cm−1, exhibit an easier reducibility, which
is facilitated by their compensation by a single framework
Al atom, compared to the Cuα type sites manifested by the
Cu+ emission at 480 nm and vibration of adsorbed NO on
Cu2+ at 1912 cm−1. However, the reducibility of both the
Cuα and Cuβ type ions is in addition affected by the to-
tal content of aluminum in the framework (cf. Fig. 6 and
Ref. (33)); lower total negative framework charge (higher
Si/Al ratio) results in an easier reducibility of the Cu ions.
It follows that both the local (adjacent to the Cu ion) and
total negative framework charge (given by the Si/Al ratio)
contribute to the resulting reducibility of the Cu ions.

Thus two main Cu sites with different populations in the
ZSM-5 zeolite matrix, depending on the Cu/Al and Si/Al
compositions were identified. They differ in coordinations,
positive charges on the cations, as well as in redox proper-
ties, controlled by the local and total negative framework
charge. As the redox properties of the Cu sites are sup-
posed to play a major role in their catalytic activity in the
reaction of NO decomposition, the different reducibility of
the individual Cu ions in Cu-ZSM-5 with various Cu/Al/Si
compositions was considered as a main factor controlling
the rate of NO decomposition.
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If monovalent Cu ions are active centers, then their
higher concentrations at a given reaction condition can be
expected in zeolites with a higher Si/Al ratio. This is in line
with the observed higher catalytic activity and reducibility
of the Cu ions in Cu-ZSM-5 with Si/Al of 22.5, compared
to those in ZSM-5 with Si/Al of 14.1 (cf. Figs. 6 and 7, and
Fig. 4 in Ref. (33)). Our finding that the Cu sites located
in the ZSM-5 matrix with a higher aluminum content are
less active than those in high silica material, agrees with the
results published by Iwamoto and Hamada (3), but contra-
dicts conclusions given in a review paper by Morretti (38),
claiming higher activity for Cu-ZSM-5 zeolites possessing
low Si/Al ratios.

A substantially different reducibility of the Cuα and Cuβ

sites in ZSM-5 (Fig. 5) and their different population de-
pending on Cu/Al ratio, together with a clear indication that
the Cu sites of different activity are present in the ZSM-5
zeolite (Fig. 7), led us to an attempt to analyze the kinetic
data on NO decomposition over Cu-ZSM-5 with Si/Al of
14.1 by using a simplified model, where only one of the Cu
sites is considered to be an active center, while the second
one is assumed to contribute not significantly to the catalytic
activity of the Cu-zeolite and vice versa.

As follows from Fig. 8, in such a model the Cuα site can
hardly be considered as an active site, as the TOFα val-
ues for NO decomposition per Cuα site increases in the
whole concentration range. On the other hand, the “flat”
dependence of TOFβ for Cuβ sites at higher Cu loadings
(Cutotal/Al > 0.3, i.e., Cuβ/Al > 0.15) encourage us to claim
that these sites dominate in activity for NO decomposition.
This conclusion is strongly supported by the fact that the
site of type Cuβ exhibits a substantially higher reducibil-
ity compared to the Cuα site, thus enabling the presence of
a monovalent state of copper under the conditions of the
decomposition reaction.

It should be also noted that when Cuβ ions in our zeolites
were transformed into Cu oxidic entities (e.g., by overheat-
ing) a decrease in NO decomposition activity was observed
(Refs. (37, 39)). It indicated that these oxidic species do not
display such high activity as single Cuβ ions.

CONCLUSIONS

Two main Cu sites differring in coordination, positive
charges, reducibility, and catalytic activity in NO decom-
position were distinguished in ion exchanged Cu-ZSM-5 of
various Si/Al and Cu/Al ratios ranging up to the overex-
change level. There are no structural data on detail Si–Al
ordering in frameworks of high silica zeolites relevant to the
bonding of divalent cations. Nevertheless the dependence
of the population of the individual Cu sites and spectral in-
formation obtained from the Cu+ emissions and IR vibra-
tions of NO adsorbed on divalent copper, depending on the
zeolite composition (Cu/Al/Si), strongly indicate that the

Cuα site is found in more packed environment of two frame-
work Al atoms producing higher local negative charge in
vicinity of the Cu ion and, thus, a higher positive charge on
the Cu ion. In more general terms, the longer wavelength
(540 nm) of the Cuβ ion and relatively long lifetime (120 um)
of the excited triplet luminescence of the Cu+ ions indicates
an open coordination due to smaller repulsion by the near-
est neighbouring oxygens (34, 36) and therefore greater
accessibility of this site to the reactants. The Cuβ site with
more open coordination exhibits a lower positive charge on
the Cu cation in agreement with the model proposed in our
earlier work (24, 30), where the Cuβ ion is balanced by a
single framework Al atom (by a lower negative framework
charge).

The structural and compositional features are reflected
in the redox properties and catalytic activity of the Cu sites.
Both the local negative charge (Si–Al ordering) adjacent to
the Cu ion and the total negative charge given by the total
Al content in the zeolite framework control the Cu ions
reducibility and, thus, also the decomposition activity. The
environment of the Cuβ center with a low positive charge
and open coordination sphere stabilizes the monovalent
state of copper to a high extent. Using the correlation of the
population of these sites, with their reducibility and cata-
lytic activity, it is concluded that mostly the Cuβ centers are
responsible for NO conversion to molecular nitrogen and
oxygen. It is of importance that the highest relative popu-
lation of the Cuβ has been found in overexchanged zeolites
with high silica matrix. It can be inferred that the highest
decomposition activity per Cu ion could be predicted for
Cu-zeolites with high Cu loading and high Si/Al ratio.
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