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INTRODUCTION

A common opinion concerning the unique cata�
lytic properties of copper�substituted zeolites, espe�
cially Cu–ZSM�5, in the decomposition of nitrogen
oxides [1–3] and the selective catalytic reduction of
NO with С2–С4 hydrocarbons [4–8] has been formed
in the past two decades. For understanding the nature
of the catalytic activity of Cu–ZSM�5, it is important
to have information on the electronic structure of cop�
per cations, their coordination, mutual association,
and localization in the structure of Cu�substituted
ZSM�5 and also on changes in the individual elec�
tronic states of copper upon the adsorption of NO,
oxygen, and light hydrocarbon molecules.

It was found by various physicochemical tech�
niques that Cu–ZSM�5 contains isolated ions stabi�
lized in cation�exchange sites of the zeolite [1, 7, 8],
copper ions coordinated to extra�framework bridging
oxygen [7–12], and copper ions bound to extra�
framework aluminum cations [13]. The electronic
state and geometry of Cu2+ cations containing extra�
framework oxygen and also their structural transfor�
mations in the reaction atmosphere are the most con�
troversial subjects. It is believed that the bridging cop�
per dimers [Cu–O–Cu]2+ [7], bis(μ�oxo)�[Cu2O2]
complexes [9], the square�planar oxide clusters

(Cu2O2)n [8, 10, 11], and the chain copper oxide struc�
tures (CuO)n [8, 12] occur in Cu–ZSM�5.

In this work, we used ultraviolet�visible diffuse
reflectance (UV�Vis DR) spectroscopy to study the
adsorption and activation of NO molecules on Cu–
ZSM�5 samples with different electronic states of copper
cations depending on NO pressure and temperature.

EXPERIMENTAL

The aCu�ZSM�5�b�c catalysts, where a is the cop�
per content (wt %) and b and c are the Si/Al and Cu/Al
atomic ratios, respectively, were prepared in accor�
dance with a procedure described elsewhere [12]. For
this purpose, the ion exchange of H–ZSM�5 zeolite with
aqueous (pH ~6) or ammonia (pH ~10) solutions of cop�
per acetate was performed at a solution : zeolite ratio of
10 and copper acetate concentrations from 0.01 to
0.10 mol/L. In the course of the synthesis, H–ZSM�5
with Si/Al atomic ratios of 17, 30, and 45 and iron
contents of 0.09, 0.50, and 0.65 wt %, respectively,
were used. After the completion of ion exchange, the
suspension was filtered and washed with distilled
water, and the sediment was dried in air at 100оС and
calcined at 500°С for 2 h. According to data obtained
by inductively coupled plasma atomic emission spec�
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trometry (ICP AES), the copper content was 0.3–
3.0 wt %.

A system equipped with a diffusion pump, a trap
cooled with liquid nitrogen, a gas inlet line, manome�
ters, and heating and temperature�control devices was
used for the activation of samples and the adsorption
of gases. The activated Cu–ZSM�5 sample with a vol�
ume of about 2 cm3 was placed in an optical cell
equipped with a vacuum valve; after the measurement
of the UV�Vis DR spectrum of the initial sample, it
was kept in an atmosphere of oxygen or in a vacuum at
400°С for 1 h, and the released gases were frozen in the
trap with liquid nitrogen. Upon the completion of
activation, the valve on the cell was closed, and the cell
was detached from the vacuum system; the UV�Vis DR
spectrum of the activated sample was measured at
room temperature. In some cases, the vacuum activa�
tion time was increased to 20 h. Previously, we studied
Cu–ZSM�5 samples by electron paramagnetic reso�
nance (EPR) spectroscopy [8]; in this case, we mea�
sured the spectra of an initial sample and a sample
activated in an atmosphere of oxygen or in a vacuum
placed in quartz ampoules under conditions analogous
to those described above.

Next, the optical cell with the activated Cu–ZSM�5
sample was placed in the above system, and the
adsorption of gases was performed. NO was adsorbed
from a volume of 0.35 L at room temperature and a
pressure of 0.65–2.6 mbar, and О2 was adsorbed at 25
and 400°С and pressures of 2–15 mbar and 0.1–0.2 bar,
respectively. After the adsorption of gases, the UV�Vis DR
spectra were measured; then, the sample was heated at
temperatures from 100 to 400°С and the UV�Vis DR
spectra were recorded again at each particular tempe�
rature.

The UV�Vis DR spectra were measured on a Shi�
madzu UV�2501PC spectrophotometer with an ISR�
240 A attachment. In the recording of the spectra, the
absorption compensation with respect to BaSO4 in the
range of 11000–54000 cm–1 was considered, and the
spectra were represented as the Kubelka–Munk func�
tion F(R) after computer processing.

EPR spectra were measured on a Bruker ER 200D
spectrometer with λ = 3 cm, magnetic field modula�
tion of 100 kHz, and a magnetic field to 5000 G at a tem�
perature of 77 K. The parameters of the EPR spectra
were determined by their comparison with the spec�
trum of diphenylpicrylhydrazyl (g = 2.0037 ± 0.0002).

The activity of Cu–ZSM�5 samples in NO decom�
position was determined in a flow reactor at a gas sup�
ply space velocity of 5200 h–1 in the temperature range
of 150–450°С. The reaction mixture contained 1.5 vol %
NO in argon. The catalyst (grain size of 1–2 mm) was
mixed with quartz (particle size of 1–2 mm) in a ratio
of 1 : 1. The catalyst volume was 1 cm3. The reaction
mixture and reaction products were analyzed on an
ЕСОМ�SGplus gas analyzer (the accuracy of the deter�
mination of NO and NO2 was 1 ppm, and the accuracy
of the determination of O2 was 0.1 vol %) and on a Kri�

stall 2000M gas chromatograph with a thermal con�
ductivity detector. A packed column with the Porapak
Q phase was used for the determination of N2O, and
a column with molecular sieves 5 Å was used for the
separation of N2, O2, and NO. The carrier�gas
(helium) flow rate was 30 mL/min, and the column
temperature was 90°С. The activity of the catalyst
was characterized by the rate of NO conversion (wNO,
µmol (gcat)

–1 min–1) at a specified temperature, which
was calculated on the assumption that the reactor is a
plug�flow reactor and the reaction is of first order with
respect to NO. The selectivity of the catalyst was evalu�
ated according to the degrees of conversion of NO into
N2, NO2, and N2O.

RESULTS AND DISCUSSION

Electronic State and Redox Properties
of Copper Cations

Earlier [8], we studied the electronic state of cop�
per cations in the Cu–ZSM�5 catalysts, which were
used in this work. The following three types of the sta�
bilization of copper cations in Cu–ZSM�5 with differ�
ent copper contents and different Si/Al atomic ratios
were detected by EPR spectroscopy and UV�Vis DR:
(1) isolated Cu2+ ions stabilized in the cation�
exchange sites of the zeolite, (2) chain copper oxide
structures in zeolite channels, and (3) square�planar
oxide clusters localized on the external surface of crys�
tallites. The relative concentration of copper ions sta�
bilized in the specified states in the ion�exchange Cu–
ZSM�5 samples, depended on the catalyst preparation
method and Cu/Al and Si/Al atomic ratios [8]. For
example, it was shown that isolated Cu2+ ions were
predominant in the samples with low Cu/Al and Si/Al
ratios, whereas the square�planar oxide clusters of
copper predominated in the samples with a Cu/Al
ratio above 0.5 prepared from ammonia solutions with
pH 10. The electronic state and localization of copper
ions are responsible for the redox properties of Cu–
ZSM�5 and the accessibility of copper centers to the
adsorption of different molecules. The electronic state
of copper cations and their redox properties character�
istic of each type of stabilization are briefly considered
below.

The isolated ions of Cu2+ in the initial Cu–ZSM�5
samples (before activation) manifested themselves as
an anisotropic signal with the parameters g|| = 2.38,
A|| = 135 G, and g⊥ = 2.08 in the EPR spectrum (type
A, curve 1 in Fig. 1) and as the d–d transition and the
O2– → Cu2+ charge transfer (CT) band in the regions
of 12200–12500 and 46500–48000 cm–1, respec�
tively, in UV�Vis DR (Fig. 2, curve 1) [8]. The above
parameters of the EPR spectrum and the energies of
absorption bands (the d–d transition and the L → M CT
band) are characteristic of Cu2+ ions with the 
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which are similar to the hexaaqua complex
[Cu(H2O)6]

2+ [14]. The activation of Cu–ZSM�5
samples in a vacuum or in oxygen at 400°С, which
caused their dehydration, was accompanied by a
decrease in the intensity of the EPR signal of isolated
Cu2+ ions and by a change in their parameters to the
values of g|| = 2.28–2.33 and A|| = 142–164 G (types B
and C, curve 2 in Fig. 1). In the UV�Vis DR spectra of
the activated Cu–ZSM�5 samples, a wide absorption
band at 12500–14500 cm–1 was observed (Fig. 2,
curve 2). Changes in the EPR and UV�Vis DR spectra
of the activated samples are indicative of a tetragonal
distortion (extension) of the octahedral field of ligands

in the coordination sphere of isolated  ions [14],
which can be caused by the partial removal of Н2О
ligands. In this case, the broadening of a band at
12500–14500 cm–1 is a consequence of the splitting of
electronic bands due to the d–d transitions of isolated
Cu2+ ions in fields with the tetragonal symmetry (for
example, with a square�planar coordination). A char�
acteristic property of the isolated Cu2+ ions in Cu–
ZSM�5 is their two�step reduction initially to Cu+ and
then to Cu0; the second step occurs at a sufficiently
high temperature of about 400°С [15, 16].

The square�planar oxide clusters of copper
(Cu2O2)n, which mainly occur on the outer surface of
zeolite crystallites, are characterized by the O2– →
Cu2+ CT band in the region of 30000–32000 cm–1 in
the UV�Vis DR spectra. Usually, they are observed in
the ion�exchange Cu–ZSM�5 catalysts after their
activation in a vacuum or in an atmosphere of oxygen
[8]. The low energy of the O2– → Cu2+ CT band is
indicative of the high covalency of the Cu–O bond in
these structures, which is consistent with the results of the
temperature�programmed reduction of Cu–ZSM�5
with hydrogen and by carbon monoxide [10, 15]. These
structures are more easily reduced to Cu0 than isolated
Cu2+ ions; in this case, the reduction at temperatures to
200°С occurs in one step analogously to the reduction
of highly dispersed copper oxide [10, 15].

Among the electronic states of copper in Cu–
ZSM�5, copper ions bound to extra�framework oxy�
gen and localized in zeolite channels are of the greatest
interest. They can be represented as bis(μ�oxo)�
[Cu2O2] complexes [9] and Cu2+–O2––Cu2+–O2–

chain structures [8, 12], in which the adjacent Cu2+

ions are bound to each other by two or one bridging
oxygen. The copper dimer [Cu–O–Cu]2+ is a special
case of chain structures [7]. Under mild conditions,
the reversible ion reduction Cu2+ ↔ Cu+ [17] (rather
than Cu0) and the stabilization of the mixed�valence
bound states Cu2+…Cu+ were observed in these struc�
tures [12]. The capability of the structures containing
Cu2+ ions and extra�framework oxygen for reversible
reduction can play an important role in the adsorption
and conversion of molecules in a number of oxida�
tion–reduction reactions.

+2
OhCu

The redox properties of chain structures, which
manifest themselves in the internal (physical) reduc�
tion–oxidation process Cu2+ + O2–(d9, p6) ↔ Cu+ +
O–(d10, p5) are caused by their electronic structure,
and they depend on the degree of hydration of the sys�
tem. Thus, according to quantum�chemical calcula�
tions [18, 19], the 3d levels of Cu2+ in linear (quasi�lin�
ear) structures with the formal oxidation number 2+,
for example, in the molecules of Cu(OH)2 and CuO
[18], are close in energy to the р level of oxygen. As a
result of this, the level with the preferred electron
localization on the р orbitals of oxygen, which formally
corresponds to the state [Cu+O–] with the (d10, p5) elec�
tron configuration, becomes partially occupied. At the
same time, the adsorption of two water molecules, in
particular, on the molecule of Cu(OH)2 [18], leads to
the oxidation of Cu(I), and a state of the system that
corresponds to [Cu2+O2–] with an unpaired electron
on the d orbital of copper (d9, p6) becomes the ground
state. Analogous effects of the electron density redis�
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Fig. 1. EPR spectra of (1) the initial sample 3.4Cu–ZSM�
5–45–1.37 and the sample successively subjected to (2)
vacuum activation at 400°С for 1 h and the adsorption of
water vapor at 25°С and pressures of (3) 9 and (4) 22 mbar.
The parameters of the EPR spectra of isolated ions of the
types A, В1, В2, and C are specified.
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tribution of an unpaired electron are characteristic of
the model chain structure О2––Cu2+–О2––Cu2+

localized on the Al3+ ion of the zeolite matrix upon the
adsorption and desorption of four water molecules
[19]. In the EPR spectra of Cu–ZSM�5 samples, the
redistribution of electron density on the Cu2+ ions
manifests itself as signals due to the O– radical anion
(g⊥ = 2.05, g|| = 2.02) and Cu2+ ions with the 

ground state (g = ge without hyperfine structure split�
ting), which are observed against the background of
isolated Cu2+ ions (types B and C) upon dehydration
(Fig. 1, curve 2) and hydration (types B1 and B2, curves 3
and 4 in Fig. 1, respectively). These EPR signals are
indicative of the stabilization of reduced ([Cu+O–])
and oxidized ([Cu2+O2–]) chain copper oxide struc�
tures in zeolite channels [8]. In the UV�Vis DR spec�
tra of Cu–ZSM�5, the effects of electron density redis�
tribution on the Cu2+ ions of chain structures appear after
dehydration at 400оС in a vacuum (Fig. 3a, curve 1) or in
oxygen (Fig. 3b, curve 1) in the form of the intervalent
transition (IVT) Cu2+…Cu+ at 22 500 cm–1. These
signals disappear after hydration [8].

The redox properties of chain copper oxide struc�
tures in the channels of Cu–ZSM�5 zeolite manifest
themselves in chemical reduction and oxidation upon
the adsorption and activation of NO and О2 molecules
with the participation of which the decomposition of
NO and the selective reduction of NO by hydrocar�
bons occur.

d
z

2

Electronic State of Copper Cations upon 
the Adsorption of Oxygen

As noted above, according to UV�Vis DR data, the
samples of Cu–ZSM�5 with Cu/Al ≥ 0.5 after activa�
tion (dehydration) in an atmosphere of oxygen or in a
vacuum at 400°С for 1 h (curves 1 in Figs. 3a and 3b)
and 20 h (Fig. 2, curve 2) contained isolated Cu2+ ions
(12000–14500 cm–1), chain copper structures in a
mixed�valence state (Cu2+…Cu+ intervalent transi�
tion band at 22500 cm–1), and square�planar copper oxide
clusters (O2– → Cu2+ CT band at 30000–32000 cm–1).
Using the sample 2.7Cu–ZSM�5–17–0.57 as an exam�
ple (Figs. 2 and 3), let us consider how the electronic
states of different copper ions change upon the
adsorption of oxygen and NO.

The adsorption of small oxygen amounts
(28.5 µmol at a pressure of 2 mbar and a temperature
of 25°С) on Cu–ZSM�5 does not lead to a change in
the UV�Vis DR and EPR spectra. In the EPR spectra,
the signals of isolated Cu2+ ions with different degrees
of the tetragonal distortion of an octahedron (  =
2.30–2.33,  = 145–150 G, and  = 2.06–2.07;

= 2.28,  = 165 G, and  = 2.06) and the signal
of the O– radical anion (g|| = 2.02, g⊥ = 2.05) were
present. The parameters and intensities of these sig�
nals are characteristic of the Cu–ZSM�5 samples acti�
vated in a vacuum (Fig. 1, curve 2). As the amount of
adsorbed oxygen was increased to 150 µmol (10
mbar), the intensity of the EPR signals of isolated
Cu2+ ions decreased; in this case, the intensity of a sig�

�'g

�'A ⊥
'g

�''g �''A ⊥
''g

6

5

3

4

2

1

0
40000 50000300002000010000

F(R), Kubelka–Munk units

Wavenumber, cm–1

1

2

3

4

5
12

20
0

13
20

0
15

00
0

22
50

0

28
50

0

31
00

0

Fig. 2. UV�Vis DR spectra of (1) the initial sample 2.7Cu–ZSM�5–17–0.57 and the sample successively subjected to (2) vacuum
activation at 400°С for 20 h, (3) the adsorption of О2 at 400°С and a pressure of 0.1 bar, (4) evacuation at 400°С for 0.5 h, and
(5) the adsorption of О2 at 400°С and a pressure of 0.2 bar.
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nal from Cu2+ ions with a strong tetragonal distortion
(  = 2.28) decreased to a greater degree. A further
increase in the amount of adsorbed oxygen to 1.5–
3.0 mmol (0.1–0.2 bar) led to the dipole–dipole
broadening of the EPR spectrum; as a result of this,
the signal intensity of the isolated Cu2+ ions consider�
ably decreased so that it becomes difficult to estimate
a change in their concentration.

The adsorption of oxygen at 400°С and a pressure
of 0.1–0.2 bar on the sample 2.7Cu–ZSM�5–17–
0.57 activated in a vacuum caused a reversible increase in
the intensity of the Cu2+…Cu+ IVT band (22500 cm–1)
and the O2– → Cu2+ CT band of square�planar copper
oxide clusters (28000–32000 cm–1, curves 3 and 5 in
Fig. 2). The removal of oxygen from the gas phase at
400°С first led to a decrease in the intensity of the
Cu2+…Cu+ IVT band (Fig. 2, curve 4). In both cases,
the absorption band intensity at 13700 cm–1, which
corresponds to the d⎯d transitions of isolated Cu2+

ions, remained almost unchanged (Fig. 2, curves 3–5). It
is believed that, in the course of vacuum activation, the
internal reduction of the Cu2+ ions of chain structures
to Cu+ (d10, S = 0), which do not give an EPR signal
and absorption bands in the visible region of UV�Vis
DR, occurs. It is likely that oxygen is adsorbed on the
closely spaced Cu+…Cu+ ions of chain structures in
zeolite channels. The oxidation of one of them is
accompanied by the formation of the Cu2+…Cu+

mixed�valence pairs (IVT band at 22500 cm–1). Upon
the oxidation of both Cu+ ions, centers similar to the
square�planar oxide dimer of copper in electronic
structure (L → M CT band, 32000 cm–1) are formed
in zeolite channels.

Electronic State of Copper Cations upon
the Adsorption of Nitrogen Oxide

Because we used H–ZSM�5 zeolites containing
from 0.1 to 0.6 wt % iron impurities for the preparation
of Cu–ZSM�5, we initially performed experiments
with the unmodified initial samples of H–ZSM�5 in
order to evaluate the role of Fe3+ cations in the adsorp�
tion of NO. Upon the adsorption of NO on them (at
pressures of 2.5 and 25.0 mbar), the UV�Vis DR spec�
tra exhibited three absorption bands (at 15500, 24300,
and 27200 cm–1), whose intensity was lower by an
order of magnitude than the intensity of bands in this
region upon the adsorption of NO on Cu–ZSM�5.
Furthermore, the intensity did not depend on the Fe
content of H–ZSM�5 and on the pressure of NO.

The spectrum of gaseous NO added to an evacu�
ated empty cell (with no sample) is characterized by
low�intensity absorption in the region of 42000–
45000 cm–1, whereas absorption bands are completely
absent from the region of 11000–40000 cm–1; this is
consistent with published data [22]. In the spectrum of
gaseous NO2, which can be formed upon the oxidation
of NO in the presence of the Cu–ZSM�5 catalyst in

�''g

the course of the consecutive reactions 2NO → N2 +
O2 and 2NO + O2 → 2NO2 [7, 20] or the dispropor�
tionation 3NO → N2O + NO2 [21], there are low�
intensity absorption bands at 24300 and 29200 cm–1

and an intense band in the UV region at 50100 cm–1,
which correspond to n*–π*, π*–σ*, and π–π* tran�
sitions, respectively [14, 22]. The low intensity of
absorption bands in the region of 15000–35000 cm–1,
which are characteristic of H–ZSM�5 and gaseous
NO2, and the absence of these bands from the spec�
trum of gaseous NO allow us to attribute absorption
bands in the UV�Vis DR spectra upon the adsorption
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Fig. 3. UV�Vis DR spectra of the sample 2.7Cu–ZSM�5–
17–0.57 after the following treatment: (a) (1) vacuum
activation at 400°С for 1 h; NO adsorption at 25°С and
pressures of (2) 0.65, (3) 2, (4) 6.5, and (5) 13 mbar; (b) (1)
activation in an atmosphere of oxygen at 400°С for 1 h; (2)
NO adsorption at 25°С and a pressure of 25 mbar; and
thermal treatment for 0.5 h at (3) 150 and (4) 300°С.
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of NO on Cu–ZSM�5 to copper ions and a change in
their electronic state and coordination environment.

The adsorption of small NO amounts (9.5 µmol at
a pressure of 0.65 mbar and a temperature of 25°С) in
the activated sample 2.7Cu–ZSM�5–17–0.57 does
not influence its electronic spectrum (Fig. 3a, curve 1)
in the region of the d–d transition of the isolated Cu2+

ions (12100–14500 cm–1), but it leads to noticeable
changes in the Cu2+…Cu+ IVT region (18400–
22500 cm–1, curve 2 in Fig. 3a). As the pressure of NO
was increased to 6.5–25.0 mbar (95–380 µmol), the
intensity of the d–d transition of isolated Cu2+ ions
(13800 cm–1) remained almost unchanged, whereas
the Cu2+…Cu+ IVT band intensity (18400 cm–1)
gradually increased. Furthermore, as the pressure of
NO was increased, the L → M CT band (25600 cm–1)
of the dimers of copper exchange�bound through
bridging oxygen appeared in the spectrum (Fig. 3a,
curves 3–5).

Analogous changes in the electronic spectra of
Cu–ZSM�5, namely, the appearance of the
Cu2+…Cu+ IVT band (18400 cm–1) and the L → M CT
band of the dimers of copper (25600 cm–1), were also
observed upon the adsorption of NO (Fig. 3b, curve 2)
on the Cu–ZSM�5 samples activated in oxygen
(Fig. 3b, curve 1). The experimental results clearly
indicate that the intensity of the absorption band at
13700 cm–1, which corresponds to the d–d transition

of isolated  ions in a tetragonally distorted octa�
hedral coordination, remained unchanged after the
adsorption of NO on the activated sample. Note that the
intensities of the Cu2+…Cu+ IVT band (18400 cm–1)
and the amounts of NO chemisorbed on the samples

+2
OhCu

activated both in a vacuum and in oxygen practically
coincide at the same pressure of NO. For example, the
amount of NO chemisorbed on the sample 2.0Cu–
ZSM�5–17–0.40 activated either in a vacuum or in
oxygen at 400°С was 57 µmol per gram of the catalyst.

Summarizing the results of studying the adsorption
of NO on Cu–ZSM�5 at a temperature of 25°С, we
can make a number of conclusions and assumptions
that follow from UV�Vis DR data. First, the similar
intensities of the d–d transitions of isolated Cu2+ ions
in the tetragonally distorted octahedral coordination
sphere before and after the adsorption of nitrogen
oxide indicate that these ions, which are characterized
by a band at 12100–14500 cm–1 in the UV�Vis DR
spectra, do not change their coordination state after
the adsorption of NO. It is likely that their amount
also remained unchanged. Second, the appearance of
the Cu2+…Cu+ IVT band and the L → M CT band of
the dimers of copper suggests the participation of
closely spaced Cu+ and/or Cu2+ copper ions, which,
for example, enter into the composition of chain
structures containing no less than two copper ions. These
centers occur in the Cu–ZSM�5 samples activated both
in a vacuum and in oxygen. Third, in the spectra of the
Cu–ZSM�5 samples with copper contents from 0.3 to
3 wt %, an absorption band at 25600 cm–1 appears only
after the addition of NO in an amount close to or
larger than that is required for chemisorption. The
absorption band intensity at 25600 cm–1 and the
amount of chemisorbed NO (Fig. 4) increase as the
Cu/Al atomic ratio is increased from 0 to 0.35–0.40;
then, it remains almost unchanged over the range of
Cu/Al ratios from 0.40 to 0.50. As the Cu/Al ratio is
further increased, there is a weak tendency toward a
decrease in the amount of chemisorbed NO, whereas
the intensity of a band at 25600 cm–1 remains almost
unchanged. Note that the molar ratios of the amount
of chemisorbed NO to the total amount of copper in
Cu–ZSM�5 in all of the test samples were lower than 1.
For example, they were 0.08, 0.27, and 0.16 in the
samples 0.3Cu–ZSM�5–30–0.1, 1.1Cu–ZSM�5–
30–0.35, and 1.7Cu–ZSM�5–30–0.50, respectively.
The low NO/Cu ratios indicate that copper does not
entirely participate in the chemical adsorption of NO;
in this case, the fraction of “active copper” reaches a
maximum in the samples with Cu/Al = 0.25–0.45.
Fourth, the low energy of the O2– → Cu2+ CT band of
the dimer of copper at 25600 cm–1 observed upon the
adsorption of NO is indicative of a higher covalency of
the Cu–O bond, as compared with the well�known
dimer [Cu2+–O2––Cu2+]2+ (L → M CT band at
27000 cm–1 [14]), and the presence of a bidentate
ligand in the coordination sphere of the Cu2+ ion.
Fifth, after the adsorption of NO, the Cu–ZSM�5
samples change their color from blue to reddish.

Analyzing the changes in the UV�Vis DR spectra of
Cu–ZSM�5 after the adsorption of NO at room tem�
perature, we assumed that the adsorption of NO
occurs at the closely spaced Cu+ ions of chain struc�
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Fig. 4. Dependence of the amount of NO chemisorbed on
Cu–ZSM�5 samples at 25°С and an initial pressure of
2.6 mbar upon the Cu/Al atomic ratio. The samples were
synthesized on H–ZSM�5 zeolite with Si/Al of (1, 2) 17,
(3, 4) 30, and (5, 6) 45 from the solutions of copper acetate
with pH (1, 3, 5) ~6 and (2, 4, 6) ~10.
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tures with the initial formation of the mono� and dini�
trosyl complexes of copper(I) [Cu2+⋅⋅⋅Cu+–(NO)] and
[Cu2+⋅⋅⋅Cu+–(NO)2], respectively. The rearrangement
of two nitrosyl ligands adsorbed at the Cu+ ion into the
cis dimer N2O2 leads to the formation of the complex
[Cu2+⋅⋅⋅Cu+–cis�(N2O2)] with the bidentate ligand
and then to the activation of NO as a result of electron
transfer form the d orbital of the Cu+ ion to the binding
molecular π orbital of the cis dimer N2O2 [19]. For�
mally, this process corresponds to the formation of the
π�radical anion (N2O2)

– stabilized at the Cu2+ ion.
According to the data of quantum�chemical calcula�
tions [19], the cis dimer N2O2 possesses high electron
affinity (Еа = –1.3 eV); therefore, in the case of its sta�
bilization at the electron�donor center of Cu+, the for�
mation of [Cu2+–cis�(N2O2)

–] can occur as a result of
the oxidation of Cu+ with electron transfer to the cis
dimer N2O2. According to published data [23], the
dinitrosyl complex NO–Cu+–ON with a cyclic struc�
ture is formed without an activation barrier from a

mononitrosyl complex in the case of the addition of
NO to Cu+ through oxygen. In contrast to the weakly
bound molecular cis dimer (2.23 Å [24]), the π�radical
anion (ONNO)– is characterized by a short length of
the N–N bond (1.3–1.4 Å [19, 23, 25]), which also
ensures its subsequent disintegration mainly into N2O
and the [Cu2+–O–] center [19] or F center [26]. This
disintegration occurs at a noticeable rate even at room
temperature [23, 26]. Quantum�chemical calculations
also showed that the formation of the [Cu2+–cis�
(N2O2)

–] center is energetically more favorable for the
Cu+ ions localized in chain structures containing two
or more copper ions than at the isolated ions of copper
[19]. In this case, it is likely that the role of the second
closely spaced copper cation consists in the formation
of a “buffer system” because redox properties in
Cu2+–(О)–Cu+ pairs occur more easily due to the
possibility of an internal redistribution of electron
density. Thus, the adsorption and activation of NO on
Cu–ZSM�5 can be represented as follows:

 

For evaluating the stability of the complex [Cu2+ –
cis�(N2O2)–], we performed two series of experiments
on the thermal treatment of Cu–ZSM�5 samples at
50–400°С after the adsorption of NO. In the first
series, were initially removed NO from a gas phase by
evacuation at room temperature for 1 h. After the
removal of NO, a decrease in the intensity of the
Cu2+…Cu+ IVT band in the region of 18400 cm–1 was
observed in the electronic spectra, whereas the inten�
sity of a band at 25600 cm–1 did not change. The latter
fact suggests the formation of a stable adsorbed com�
plex with NO on the surface of Cu–ZSM�5. This
complex occurs on the sample surface up to a temper�
ature of 150°С, although its concentration decreases
as the treatment temperature is increased from room
temperature to 150°С; this is evident from a decrease
in the intensity of an absorption band at 25600 cm–1.
A further increase in the treatment temperature to 300
and 400°С leads to the disappearance of the band at
25600 cm–1, which is indicative of the degradation of
the complex. Note that the reddish color intensity of
the sample gradually decreases as the treatment temper�
ature of Cu–ZSM�5 is increased from room tempera�
ture to 150°С. After treatment at 300°С, the reddish
color completely disappears, and the sample becomes
blue; this color change is accompanied by the appear�
ance of absorption bands at 12500–13700 cm–1 in the

UV�Vis DR spectrum. Upon the subsequent vacuum
activation of the Cu–ZSM�5 sample at 400°С,
absorption bands corresponding to the d–d transition
of isolated Cu2+ ions (13000–14000 cm–1) and the
Cu2+…Cu+ IVT band (22500 cm–1) appear, and this
fact indicates the reduction of the initial electronic
state of the catalyst.

In the second series, the thermal treatment of Cu–
ZSM�5 was performed without the removal of NO
from the gas phase. In the course of these experiments,
it was shown that the thermal treatment of Cu–ZSM�5
at 150°С (Fig. 3b, curve 3) leads to a decrease in the
intensities of the Cu2+…Cu+ IVT band (18400 cm–1)
and the L → M CT band of the dimer of copper
(25600 cm–1). In this case, the intensity of the absorp�
tion band at 25600 cm–1 depends on the pressure of
NO in the gas phase and on the time of thermal treat�
ment. For example, the absorption band intensity at
25600 cm–1 in the spectrum of the sample 2.7Cu–
ZSM�5–17–0.57 after treatment at 150°С for 0.5 h at
an NO pressure of 25 mbar in the gas phase was higher
than that at pressures of 2 and 6.5 mbar, and it
decreased with treatment time. As the treatment tem�
perature was increased to 300°С at a treatment dura�
tion of 0.5 h (Fig. 3b, curve 4), the d–d transition of iso�
lated Cu2+ ions (13800 cm–1) and a shift of the L → M
CT band of the dimer of copper from 25600 to 28200–
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30000 cm–1 were observed in the UV�Vis DR spec�
trum. This is indicative of the degradation of the
adsorbed complex [Cu2+…Cu2+–cis�(N2O2)

–] and the
formation of the square�planar complexes of copper.

We also performed an experiment on the adsorp�
tion of oxygen at pressures of 2.6 and 13 mbar on the
sample 2.7Cu–ZSM�5–17–0.57, which contained
adsorbed NO in an amount of 60 µmol/(gcat)
(1.7 mbar). The adsorption of oxygen even at 25°С led
to the disappearance of the L → M CT band in the
region of 25600 cm–1. In our opinion, this is indirect
evidence for the formation of an adsorbed dimer of
nitrogen(II) oxide on the surface of Cu–ZSM�5
because it is well known that N2O2 rather than NO
reacts with oxygen in the gas�phase oxidation of NO
[27]. In this case, the gas�phase oxidation of NO to
NO2 occurs at a sufficient rate already at room tem�
perature, and the reaction rate dramatically decreases
(by a factor of 7000) as the temperature is increased
even to 100°С [27].

Thus, the study of the effect of thermal treatment
on the electronic state of copper in the Cu–ZSM�5
sample with adsorbed NO showed that the complex
[Cu2+⋅⋅⋅Cu2+–cis�(N2O2)

–] is stable at room tempera�
ture, and its degradation comes into play at 150оС and
depends on the pressure of NO in the gas phase.
According to quantum�chemical calculations [19],
N2O, which is released into the gas phase as a reaction
product, and the center [Cu2+O–] are predominantly
formed upon the decomposition of this complex. The
complex [Cu2+⋅⋅⋅Cu2+–cis�(N2O2)

–] easily interacts
with molecular oxygen to give NO2 and Сu+ as prod�
ucts. At 200–350°С, the center [Cu2+O–] interacts
with NO from the gas phase to be converted into
nitrite–nitrate complexes, as reliably demonstrated by
IR spectroscopy [28–34]. A comparison with pub�
lished data shows that the adsorbed nitrite–nitrate
complexes can be desorbed from the surface at 400оС
without decomposition (in the form of NO2) [20, 30]
and with decomposition to NO and O2 [31, 32] or N2

and O2 [33] at 450°С. The decomposition of the nitrite
([Cu2+(NO2)

–]) and nitrate ([Cu2+(NO3)
–]) com�

plexes is accompanied by the regeneration of Cu+ and
[Cu2+O–] centers, respectively [29]. As a result of the
decomposition of the complex [Cu2+(NO)(NO2)

–],

N2O is released and the center  is formed [28],
which is necessary for the formation of a nitrate com�
plex and oxygen as a product of the direct decomposi�
tion of NO [29]. Spoto et al. [33] proposed a similar
reaction scheme for the conversion of NO based on IR
spectroscopic data; this reaction scheme is based on
the assumption of the direct decomposition of the
dinitrosyl complex of copper(I) to N2O with the simul�
taneous formation of the center [Cu2+O–(NO)], which
subsequently participates in the decomposition of NO
through the formation of the [Cu2+(NO2)

–(NO)] and

2
2Cu O+ −

[Cu2+O–] complexes. Iwamoto et al. [34] proposed a
reaction scheme in which the mono� and dinitrosyl

complexes [Cu+(NO)δ–] and [ ] were
responsible for the decomposition of NO to N2O and
N2 at room temperature. In this case, N2O and N2

resulted from an intermolecular reaction involving two
adjacent copper ions, which interacted with adsorbed

NOδ– and  rather than the dinitrosyl complex

[ ]. Note that this reaction scheme cannot
explain the formation of N2 (to 0.46 mole per mole of
Cu), which was observed by Iwamoto et al. [34] at
room temperature. In our opinion, the adsorption of
NO can occur at isolated copper ions; however, for the
decomposition of the dinitrosyl complex of copper(I)
to N2O, it should be initially converted into the cis dimer
N2O2 adsorbed at the Cu+ ion. In this case, the second
closely spaced Cun+ cation participates in the redistribu�
tion of electron density, and it is necessary for the stabili�
zation of the complex [Cu2+⋅⋅⋅Cu2+–cis�(N2O2)

–].

Correlation of NO Chemisorption Data 
for the Cu–ZSM�5 Samples with Their 
Catalytic Activity in NO Decomposition

The main products of the direct decomposition of
NO on the Cu–ZSM�5 catalysts in the range of 150–
450°С are N2 and O2; however, at temperatures lower
than 350°С, N2O and NO2 were also present among
the reaction products in an amount to 300–400 ppm.
Figure 5 shows the temperature dependence of the NO
conversion into N2, N2O, and NO2 over the catalyst
1.5Cu–ZSM�5–30–0.44. As can be seen, the total
conversion of NO increases with temperature to reach
a maximum value (of about 47%) at 350°С (Fig. 5,
curve 1) and then decreases. In this case, the maxi�
mum amounts of N2, N2O, and NO2 are formed at
temperatures of 400, 250, and 300°С, respectively,
whereas N2O and NO2 are absent from the reaction
products at 450°С.

According to published data [21], the cause of the
formation of N2O and NO2 below 300°С is the dispro�
portionation of NO (3NO = N2O + NO2). The forma�
tion of NO2 in the range of 300–350°С can also be due
to the interaction of unreacted NO with oxygen
[20, 21], which was formed as a result of the direct
decomposition of NO (2NO = N2 + O2 and NO +
1/2O2 = NO2).

Note that the decomposition of nitrous oxide to
nitrogen and oxygen (N2O = N2 + 1/2O2) in the pres�
ence of Cu–ZSM�5 occurs effectively at temperatures
of 300–400°С [3, 35], which can lead to a decrease in
the yield of N2O in the reaction of the direct decom�
position of NO at temperatures higher than 300°С. As
found previously [20, 21], the decrease in the NO con�
version at high temperatures it is caused by a decrease
in the contribution of the equilibrium�controlled
reaction of NO oxidation to NO2, whose rate

+ δ−Cu NO 2( )

NO 2( ) ,δ−

Cu NO 2( )+ δ−
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decreases with temperature [27], rather than by cata�
lyst deactivation. Thus, the character of the observed
temperature dependence of the NO conversion into
N2, N2O, and NO2 on the sample 1.5Cu–ZSM�5–
30–0.44 is consistent with published data [20, 21],
although the temperature at which a maximum con�
version of NO was reached in the cited works was
somewhat higher, namely, 400–450°С [20] or 450°С
[21]. The difference in temperatures at which Cu–
ZSM�5 reached maximum activity in NO decomposi�
tion can be due to both different catalyst compositions
and different testing conditions, in particular, different
concentrations of NO in the reaction mixture and dif�
ferent contact times.

Similar temperature dependences of the NO con�
version into N2, N2O, and NO2 were obtained on the
other Cu–ZSM�5 test catalysts with copper contents
of 0.3–3 wt %; however, the NO conversion and the
temperature of a maximum activity depended on the
copper content of the catalyst. Thus, on over�
exchanged catalysts, the maximum NO conversion
was somewhat lower and it was reached at a tempera�
ture of about 400°С. For example, on the catalyst
2.8Cu–ZSM�5–30–0.83, the conversion of NO was
38% at 350°С or 39% at 400°С. Figure 6 shows the
dependence of the rate of NO decomposition on the
Cu/Al ratio at a space velocity of 5200 h–1 and temper�
atures of 250, 350, and 450°С. As on the sample
1.5Cu–ZSM�5–30–0.44, the maximum rate of NO
decomposition on the catalysts with Cu/Al > 0.35 was
reached at temperatures of 350–400°С. In this case,
the catalytic activity of Cu–ZSM�5 dramatically
increased as the Cu/Al ratio was increased from 0.25
to 0.35–0.40, and a tendency toward a decrease in the
activity was subsequently observed. This tendency
weakened as the temperature was increased from 250
to 450°С, and the rate of NO decomposition on the
catalysts with Cu/Al from 0.5 to 1.1 at 450°С
remained almost unchanged. The dependences shown
in Fig. 6 are consistent with published data [7, 20, 31,
36–38]. For example, it was shown that the Cu–
ZSM�5 catalysts with Cu/Al < 0.20 did not exhibit
activity in the reaction of NO decomposition [7];
however, their efficiency increased as the Cu/Al ratio
was increased from 0.20 to 0.45 [7, 34] and reached a
maximum value at Cu/Al close to 0.50–0.60 [1, 7].
These data were confirmed by the results of studies
[36, 38] performed on Cu–ZSM�5 catalysts with
Si/Al = 12–25. A number of authors showed that the
over�exchanged Cu–ZSM�5 catalysts were active and
stable in the reaction of NO decomposition. In this
case, the same conversion of NO was reached on the
samples with Cu/Al = 0.65–0.75 [36–39] and the activ�
ity remained unchanged [1, 37–39] or gradually
decreased [7] as this ratio was further increased to
0.75–0.90. On the other hand, the rate of NO decom�
position on Cu–ZSM�5 with a high modulus (Si/Al =
80) increased as Cu/Al was increased up to 2.87 [40]
and 3.20 [21].

The observed dependence of the catalytic activity
of Cu–ZSM�5 in NO decomposition on the Cu/Al
ratio (Fig. 6) correlates well with the amount of NO
chemisorbed on them (Fig. 4). It was noted above that
the amount of NO chemisorbed under the same con�
ditions (initial NO pressure of 2.6 mbar and tempera�
ture of 25°С) depends on the Cu/Al ratio in Cu–
ZSM�5. The amount of chemisorbed NO increases
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Fig. 5. The temperature dependence of the NO conversion
on the catalyst 1.5Cu–ZSM�5–30–0.44 at a space velocity
of 5200 h–1 and an NO concentration of 1.5 vol % in
helium: (1) total conversion, (2) conversion into N2,
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with an increasing Cu/Al ratio and reaches a maxi�
mum (70–80 µmol NO/gcat) at Cu/Al = 0.35–0.40
regardless of the Si/Al ratio and the pH of a copper
acetate solution used in the synthesis of Cu–ZSM�5.
At the above Cu/Al ratios, a maximum rate of NO
decomposition, in particular, with the formation of
N2O, was reached (Fig. 6). The intensities of the
absorption bands at 18400 and 25600 cm–1 in the
UV�Vis DR spectrum increased symbatically. As
noted above, these absorption bands are due to the for�
mation of NO complexes with Cu+ and Cu2+ cations,
which are the constituents of copper oxide structures
containing two or more copper ions. The amount of
NO chemisorbed at 25°С remained unchanged up to a
Cu/Al ratio close to 0.50; however, with a further
increase in the Cu/Al ratio to 0.65–0.85, a tendency
toward a certain decrease in the chemisorption of NO
was observed (55–60 µmol NO/gcat). Analogously, a
tendency toward a decrease in the activity of over�
exchanged catalysts took place; this tendency was
most clearly pronounced at low temperatures (250°С,
Fig. 6).

On the other hand, the low�temperature adsorp�
tion of NO on Cu–ZSM�5 has some specific features,
as compared with its activity in NO decomposition at
elevated temperatures. The maximum ratio of the
amount of chemisorbed NO to the total copper con�
tent (NO/Cu) was 0.27–0.30, and it was observed in
the Cu–ZSM�5 samples in the wide range of Cu/Al
ratios from 0.25 to 0.45. Thus, even in the samples
with Cu/Al = 0.25–0.45, no more than 30% copper
introduced into Cu–ZSM�5 is capable of actively
adsorbing NO at 25°С, and the fraction of this active
copper decreased in both over�exchanged samples
(NO/Cu = 0.15 at Cu/Al > 0.5) and samples with a
low exchange level (NO/Cu < 0.1 at Cu/Al < 0.15). At
the same time, the Cu–ZSM�5 samples with Cu/Al in
the narrow range from 0.37 to 0.45 exhibited the max�
imum catalytic activity per gram of copper at temper�
atures of 250–450°С, and the activity decreased as the
Cu/Al ratio was increased and, particularly sharply, as
this ratio was decreased.

The above specific features of the catalytic behavior
of Cu–ZSM�5 in NO decomposition are adequately
described by the proposed reaction scheme of NO
conversion. The high catalytic activity of the Cu–
ZSM�5 samples with Cu/Al of about 0.4 can be
explained by the formation of a sufficient amount of
chain copper oxide structures in zeolite channels;
these structures contained at least two closely spaced
copper ions connected by extra�framework oxygen.
The activation of NO molecules occurs with the par�
ticipation of Cu+ ions, which are the constituents of
these structures. This activation occurs through the
formation of the π�radical anion of the cis dimer of
N2O2 and new active centers, in particular, [Сu2+O–],
which subsequently participate in the decomposition
of NO at elevated temperatures. The experimentally
found formation of N2O and NO2 products at temper�

atures lower than 350°С can be explained by the
destruction of the complexes [Cu2+–cis�(N2O2)

–] and
[Cu2+(NO3)

–], respectively. According to published
data [34], the dimers [Cu–O–Cu]2+ are active in the
reaction of NO decomposition; it was assumed that
these dimers are formed in over�exchanged catalysts.
However, the formation of the dimers of copper and
copper oxide structures in the catalysts with Cu/Al <
0.5 cannot also be excluded because of the special fea�
tures of the hydrolysis of copper salts. For example,
with the use of a solution of copper acetate with
pH ~6.0 instead of pH 5.74 (Cu/Al = 0.48 and 0.52,
respectively) for the synthesis, the conversion of NO
on the Cu–ZSM�5 samples with close exchange levels
differed by almost 20% [36]. At the same time, the cat�
alysts with Cu/Al = 0.48 and 0.51 obtained at pH 5.74
exhibited the same activity. In a number of publica�
tions [39–42], it was assumed that the high activity of
Cu–ZSM�5 catalysts with a low silica modulus
(Si/Al = 12 and 26 [40]) and Cu/Al ratios of 0.45–
0.75 in the reaction of NO decomposition at 500°С
was caused by the formation of an optimum number of
active centers containing two closely spaced copper
atoms [1, 39], in particular, in the microcrystallites of
CuxOy on the catalyst surface [42].

It is likely that isolated Cu2+ ions can participate in
the adsorption of NO. This is evident from the chemi�
sorption of NO in an amount to 20–30 µmol/gcat,
which is characteristic of the Cu–ZSM�5 catalysts
with Cu/Al < 0.20. Furthermore, it is well known that
isolated ions with a square�planar ligand environment
easily coordinate NO [43], and the IR spectra exhibit

signals due to Cu+NOδ–, , and
Cu2+(NO)δ+ [34, 44, 45]. However, it is likely that the
chemical adsorption of NO on isolated Cu2+ ions is
not accompanied by the low�temperature activation of
NO [34] because, according to our results and pub�
lished data [7, 20, 34], the Cu–ZSM�5 catalysts with
Cu/Al < 0.2 do almost not manifest catalytic activity in
the decomposition of NO at temperatures of 250–
450°С.

The influence of oxygen on the activity of Cu–
ZSM�5 in the reaction of NO decomposition, which
depends on the copper content of the catalyst [7, 20],
can be adequately explained by the participation of the
same centers, namely, the Cu+ ions of chain struc�
tures, in the adsorption of oxygen and the activation of
NO. The introduction of oxygen into a gas mixture
decreased the rate of NO decomposition, but the con�
version of NO increased with the copper content of the
catalyst even under these conditions [7, 20, 41]. For
example, oxygen had a weak effect on the activity of
Cu–ZSM�5 with Cu/Al of ≈ 0.6, whereas the catalyst
with Cu/Al of ≈ 0.45 was strongly deactivated in this
case [7].

Thus, the oxidation–reduction properties of chain
copper oxide structures in zeolite channels, namely,
their capability for the reversible reduction of the Cu2+

Cu NO 2( )+ δ−
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ions to Cu+ and the oxidation of the Cu+ ions to Cu2+,
and the stabilization of the mixed�valence bound
states Cu2+…Cu+ under mild reduction conditions
impart unique catalytic characteristics to Cu–ZSM�5
for the reactions of direct NO decomposition.
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