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Abstract

The changes observed in the valence state and local structure of the Cu species present in the Cu ion-exchanged Y zeolite
movacuum treatment have been investigatedby ESR and photoluminescence techniques. Especially, the reduction behavior of the Cu(II
monomers and Cu(II) dimers which exist in the Y zeolite has been studied according to the changes seen in their ESR spectra during su
thermovacuum treatment. Moreover, the mechanism for the formation of the Cu(I) monomers and dimers after thermovacuum trea
been proposed based on investigations of the deconvoluted photoluminescence spectra.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Many studies have been devoted to the identifica
of different types of Cu species present in zeolites
to revealing their role during the catalytic reactions a
procedures, especially since the discovery of the high
tivity of overexchanged Cu-ZSM5 for the decompositi
of NO by Iwamoto et al.[1–6]. Moreover, on the ba
sis of TPR (temperature-programmed reduction) and T
(temperature-programmed desorption) analyses, Iglesia
co-workers[2] have determined the content of the isola
Cu(II) monomers and oxygen-bridged Cu(II) dimers (Cu2+–
O2−–Cu2+) in Cu-ZSM5 and found that the turnover rat
of the decomposition reaction of NO (normalized per
dimer) were nearly independent of the Cu content w
the Cu dimers were consideredas the active Cu species
the NO decomposition redox cycles. Furthermore, the C
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dimers (Cu+–Cu+) were proposed to be responsible for t
catalytic decomposition reaction of NO based on analy
of IR [1,6], XAFS (X-ray absorption fine structure)[7], and
DFT (density-functional theory)[8]. However, until now,
few works have been conducted on exploring both the
duction behavior of the Cu(II) dimers and the formation
Cu(I) dimers despite much attention into the redox che
istry of copper in zeolites. Although there have been a
reports on Cu(II) dimers and Cu(I) dimers[9,10], neither the
relationship between the Cu ion monomers and dimers
the reduction process of the various Cu(I) species have
clarified.

Taking into account the fact that Cu dimers play an
portant role in the NO decomposition reaction, in the pres
paper, the effects of Cu loading and thermovacuum tr
ment of Cu–Y on the Cu(II) dimers/Cu(II) monomers ratio
have been quantitatively determined by detailed deco
lution analysis of the ESR signals due to the Cu(II) io
Furthermore, the presence of several kinds of Cu(I) spe
have been elucidated by the quantitative deconvolutio
the photoluminescence spectra and the effect of the Cu l
ings as well as the evacuation temperature on the rel
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amount of the various Cu(I) species within the Y zeo
have also been investigated in detail. Special attention
been focused on the reduction mechanism of Cu(II) spe
within the Y zeolite, especially on the changes in the co
dination symmetry of the Cu species during thermovacu
treatment.

2. Experimental

The Na–Y zeolite (Tosoh Corp.) with a Si/Al ratio of
2.8 was used as the parent zeolite. The Na–Y zeolite
ion-exchanged with a NH3 buffer aqueous solution (2 M
NH3/0.05 M NH4NO3) for 24 h followed by calcination
treatment in air at 773 K to obtain an H–Y zeolite. Cu(
Y zeolites with various Cu loadings were prepared b
combination of an ion-exchange method and thermo
uum treatment at various temperatures, as follows: The H
zeolite was exchanged with a Cu(NO3)2 aqueous solution
having different pH values at 298 K for 24 h. The amo
of ion-exchanged Cu ions was controlled by the conc
tration and the pH of the Cu(NO3)2 aqueous solution, th
pH being adjusted by changing the ratio of NH3/NH4NO3
concentration in the solution. The increase of the pH of
Cu(NO3)2 aqueous solution led to a color change of the
lution into dark blue while no formation of a precipita
was observed. After the ion exchange, the samples
washed with distilled water and then dried in air at 373
for 24 h. Finally, the samples were degassed at diffe
temperatures and the Cu(I)–Y catalysts were prepared b
autoreduction reaction. The copper loading of the Cu(
Y zeolite samples was determined by an atomic absorp
flame emission spectrophotometer (Shimadzu AA-640
A quartz cell with window and furnace sections, havin
volume of ca. 50 cm3, was connected to a vacuum syst
for pretreatment and used for the in situ measuremen
the spectra. Both the ESR and the photoluminescence
tra of the samples were recorded at 77 K with a JES-RE
spectrometer operating in the X-band mode and a Spex F
rolog II spectrofluorimeter, respectively. The obtained spe
tra were deconvoluted by a computerization data analyzin
system.

3. Results and discussion

The copper contents of the Cu(II)–Y samples increa
with an increase in the pH values of the Cu(NO3)2 solution,
as shown inFig. 1. When the pH value of the Cu(NO3)2
solution is high, the copper ions were considered to
exchanged at the Brönsted acid sites of the Y zeolit
the form of [Cu2+(OH)−]+ [15] or ammonia-coordinate
[Cu2+(OH)−]+ complexes. Also, considering that the div
lent Cu(II) ions, which compensate two Brönsted acid si
are the main Cu(II) moiety in the low pH, it is plausib
that the copper content increases with an increase in th
-

-

Fig. 1. The effect of the pH of the Cu(NO3)2 solution (0.08 M) on the Cu(II)
loading of the Cu(II)–Y zeolites.

of the Cu(NO3)2 solution since monovalent [Cu2+(OH)−]+
or ammonia-coordinated [Cu2+(OH)−]+ complexes becom
dominant at high pH levels. However, ion-exchange pro
dures repeated three times under optimum exchange c
tions (0.08 M, pH 11.9) led to only a slight increase in
Cu/Al ratios from 0.203 to 0.235, showing that not all t
ion-exchange sites can be displaced by the Cu ions in t
zeolite with such a low Si/Al ratio.

The ESR spectrum of the Cu–Y zeolite evacuated
673 K has been well deconvoluted into two kinds
spectral components, i.e., an isotropic component(giso =
2.17–2.18) and a anisotropic component (g// = 2.33–2.31,
A// = 165–155 G), which can be attributed to the spin–s
interacted Cu(II) ions (Cu(II) dimers)[14–16]and isolated
Cu(II) ions with square pyramidal coordination[11,16–18],
respectively, as shown inFig. 2. Moreover, the signal inten
sities of these two Cu(II) species were determined by
integral area of the corresponding deconvoluted spectru
should be noted that ESR signal due to�ms = 2 transition
of Cu(II) dimers was also detected in theg = 4 region, and
a good relationship was observed between the integra
tensity of the ESR signal appearing in theg = 4 region and
that of the corresponding isotropic signal in theg = 2 region
[19,20]. These results also show that the isotropic ESR
nal observed around theg = 2 region can be assigned to t
spin–spin-interacted Cu(II) ions (Cu(II) dimers).

Fig. 3shows the effect of the Cu(II) loading on the mo
ratio of the Cu(II) monomers and dimers within the Cu
zeolites evacuated at 673 K for 1 h. At this stage, the Cu
monomers and Cu(II) dimers are formed through the d
orption of NH3 and H2O following the mechanism indicate
below[12,21,22]:
[
Cu2+(OH)−

]+ complexes (ammonia coordinated)
→ [

Cu2+(OH−)
]+ (

Cu(II) monomer
) + nNH3,

(1)
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Fig. 2. The ESR spectrum of the Cu–Y zeolite(Cu/Al = 0.165) evacuated
at 673 K for 1 h and their deconvoluted spectra.

Fig. 3. The effect of the Cu(II) loading on the molar ratio of the Cu(
monomers and Cu(II) dimers to the framework Al, as determined by
integral area of the deconvoluted ESR spectra observed for Cu–Y ze
evacuated at 673 K for 1 h.

2
[
Cu2+(OH−)

]+
→ Cu2+O2−Cu2+ (

Cu(II) dimer
) + H2O.

(2)

As shown inFig. 3, the fraction of Cu(II) dimers increase
almost linearly with an increase in the Cu/Al ratio, while
that of the Cu(II) monomers reaches a plateau at around
(Cu(II) monomer/Al ratio), showing a good agreement wi
the result observed with Cu-ZSM5, as reported by Igle
and co-workers[2]. These results suggest that the Cu(II) io
are exchanged at the closely neighboring pair sites of
Brönsted Al–OH–Si groups, predominantly in the case
low Cu(II) content, while the Cu(II) ions are exchanged
Fig. 4. The deconvoluted spectra of the photoluminescence observed f
Cu–Y zeolite(Cu/Al = 0.165) evacuated at 1073 K.

the pair sites of the Brönsted Al–OH–Si groups separate
a relatively long distance to form Cu(II) dimers (Cu(II)–O
Cu(II)) in the case of high Cu(II) content.

High-temperature evacuation of the Cu(II)–Y zeolites
1073 K led to the appearance of characteristic photolu
nescence at around 400–600 nm under photoexcitatio
around 285 nm, indicating that the reduction of the Cu
ions to Cu(I) ions occurs. The photoluminescence sp
tra, due to Cu(I) ions, have been deconvoluted into th
main bands at around 450, 500, and 540 nm, respecti
as shown inFig. 4. All of these deconvoluted photolum
nescence components of Cu(I) are similar to those repo
in previous literature[13]. Dedecek et al.[14] have re-
ported that the relative intensities of these three photolu
nescence bands vary depending on the Si/Al ratio of the
Y zeolites. According to previous studies on the photolu
minescence of Cu(I) ions[23–27], the photoluminescenc
bands at 450 and 540 nm can be assigned to the rad
deactivation process of the photoexcited two-coordina
Cu(I) monomer (3d94s1 → 3d10) and Cu(I)–Cu(I) dimer
(4sσ → 3dσ ∗), respectively. It has also been reported t
the emission bands at around 500 nm are attributed to th
diative deactivation process of the photoexcited planar th
coordinated Cu(I) monomer (3d94s1 → 3d10) [11]. Based
on these assignments, it can be concluded that three k
of Cu(I) moieties with different coordination spheres a
present in Cu(I)–Y zeolites evacuated at high temperatures

As shown inFig. 5, Cu(II) dimers are more easily reduce
by the thermovacuum treatment than Cu(I) monom
Moreover, the intensity of the photoluminescence spe
due to the two-coordination Cu(I) monomers as well
Cu(I)–Cu(I) dimers is seen to increase with a decrease in
intensity of the ESR signals due to the Cu(II) monomers
Cu(II) dimers, when the degassing temperature of the o
inal Cu(II)–Y sample was increased. These results cle
suggest that the Cu(II) monomers and dimers are red
into Cu(I) monomers and dimers. The intensity of the p
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Fig. 5. The effect of the evacuation temperature as well as evacuation
of the Cu(II)–Y (Cu/Al = 0.203) sample on the relative intensity of th
ESR signal attributed to Cu(II), and therelative intensity of photolumines
cence attributed to Cu(I).

toluminescence spectrum due to three-coordination C
monomers(λ = 500 nm) reaches a maximum at 973 K a
then decreases by further evacuation treatment, sugge
that the three-coordination Cu(I) monomers are not ene
ically favorable under high-temperature treatment and
converted into two-coordination Cu(I) monomers or Cu
dimers.

Based on these results, the mechanism of the reducti
Cu ions during the thermovacuum treatment has been
posed, as shown below. Cu(II) monomers are considere
be reduced according to the mechanism proposed by La
et al. [28] under degassing treatment at temperatures b
973 K:

Cu2+OH− → Cu+ + · OH, (3)

Cu2+OH− + · OH → Cu2+O− + H2O, (4)

2[Cu2+OH−] → Cu2+O− + Cu+ + H2O. (5)

At the same time, the Cu(II) dimers are also partia
reduced to Cu(I) ions with the formation of Cu2+O−, as sug-
gested in Eq.(6). Both the intensity of the ESR signal due
Cu(II) monomers and the dimers decrease quickly due to
formation of Cu(I) ions and the ESR silent Cu2+O− [28],

Cu2+O2−Cu2+ → Cu2+O− + Cu+. (6)

Further thermovacuum treatment at 1073 K caused
ESR silent Cu2+O− species to be reduced to Cu(I) io
[Eq.(7)], while the three-coordination Cu(I) monomers we
converted into two-coordination Cu(I) monomers or Cu
dimers. These reduction of the ESR silent Cu2+O− species
as well as the conversion of the unstable three-coordina
Cu(I) monomers into other kinds of Cu(I) species led t
marked growth in the photoluminescence bands at 450
and 540 nm at 1073 K, as shown inFig. 5,

2Cu2+O− → 2Cu+ + O2. (7)
g

f
-

n

Fig. 6. The effect of Cu(II) loading on the molar ratio of Cu(I) species
the framework Al determined by the intensities of the deconvoluted ph
luminescence spectra of Cu–Y zeolites evacuated at 1073 K.

Fig. 6 shows the effect of the Cu(II) loading on the m
lar ratio of the two kinds of Cu(I) monomers and dimers
the framework Al, determined by the intensities of the
convoluted photoluminescence spectra of the Cu–Y zeolite
evacuated at 1073 K. Here, the evacuation time at 1073 K
been adjusted so that a maximum photoluminescence c
observed.

It was found that the three-coordination Cu(I) monom
are the predominant species after the reduction of the C
ions in the Cu–Y zeolite with a low Cu(II) loading. How
ever, when the Cu(II)/Al ratio exceeds 0.16, the amou
of three-coordination Cu(I) monomers decreases, ind
ing that these monomers are converted to two-coordina
Cu(I) monomers or Cu(I) dimers in the case of a high Cu
loading. On the other hand, Cu(I) monomers are the pred
inant species even for Cu–Y zeolites with high Cu loadin
where Cu(II) dimers are the main species before reduc
as shown inFig. 3. This suggests that at least some part of
Cu(II) dimers were reduced preferably to Cu(I) monom
than directly to Cu(I) dimers, showing a good agreem
with the mechanism proposed in Eq.(6). Furthermore, the
amount of Cu(I) dimers increased with an increase in
two-coordination Cu(I) monomer, as shown inFig. 6, sug-
gesting that a large amount of Cu(I) dimers was form
through the interaction between the two-coordination C
monomers which exist in near proximity to each other wit
the Cu–Y zeolite:

Cu+ + Cu+ → Cu+–Cu+. (8)

The reduction route of the Cu(II) species present
Cu–Y zeolite can, thus, be proposed as shown inScheme 1.
Cu(II) monomers and dimers within the Cu–Y zeol
would be reduced to two-coordination Cu(I) monome
three-coordination Cu(I) monomers, and Cu(I) dimers
ter thermovacuum treatment. The three-coordination C
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Scheme 1. The reduction of Cu(II) ions in the Y zeolite.

monomers are converted into two-coordination Cu(I) mo
mers or Cu(I) dimers under high-temperature treatment o
the case of high Cu(II) loadings. The increased amoun
two-coordination Cu(I) monomers which exist in near pro
imity to each other on the Cu–Y zeolites is considered
lead to the formation of the Cu(I) dimers.

4. Conclusions

Not all of the ion exchange sites are seen to be excha
by Cu ions in the Y zeolite with a low Si/Al ratio. During the
course of ion exchange, the Cu ions are, at first, excha
as Cu(II) monomers at closely neighboring pair sites of
Brönsted Al–OH–Si groups, then the Cu ions are exchan
as Cu(II) dimers (Cu(II)–O–Cu(II)) at those pair sites se
rated by a long distance, in accordance with the increas
Cu content.

Cu(II) monomers and dimers formed within the Cu–
zeolite are reduced to two-coordination Cu(I) monomer
and three-coordination Cu(I) monomers as well as C
dimers after thermovacuum treatment. Moreover, th
coordination Cu(I) monomers are converted into two-co
dination Cu(I) monomers or Cu(I) dimers under hig
temperature treatment or in the case of high Cu(II) loadin
Some parts of the Cu(II) dimers can be reduced to C
monomers and an increase in the two-coordination C
monomers which exist in close proximity to each oth
within the Cu–Y zeolites led to the formation of Cu(
dimers.
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