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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 during ther
movacuum treatment have been investigdigdESR and photoluminescenaechniques. Especially, thedwaction behavior of the Cu(ll)
monomers and Cu(ll) dimers which exist iretN zeolite has been studied according to thenges seen in their ESR spectra during such
thermovacuum treatment. Moreover, the mechanism for the formation of the Cu(l) monomers and dimers after thermovacuum treatment has
been proposed based on investigations of the deconvoluted photoluminescence spectra.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction dimers (Cu—Cu™) were proposed to be responsible for the
catalytic decomposition reaction of NO based on analyses

Many studies have been devoted to the identification ©f IR [1,6], XAFS (X-ray absorption fine structurgj], and
of different types of Cu species present in zeolites and PFT (density-functional theory}8]. However, until now,
to revealing their role during the catalytic reactions and few works have been conducted on exploring both the re-
proceduresy especia”y since the discovery of the h|gh aC_dUCtiOn behavior of the CU(”) dimers and the formation of
tivity of overexchanged Cu-ZSM5 for the decomposition Cu(l) dimers despite much attention into the redox chem-
of NO by Ilwamoto et al.[1-6]. Moreover, on the ba- istry of copper in zeolites. Although there have been a few
sis of TPR (temperature-programmed reduction) and TPD reports on Cu(ll) dimers and Cu(l) dim€g10], neither the
(temperature-programmed desorption) analyses, Iglesia andelationship between the Cu ion monomers and dimers nor
co-workers[2] have determined the content of the isolated the reduction process of the various Cu(l) species have been
Cu(ll) monomers and oxygen-bridged Cu(ll) dimers €y clarified.
0% —CU*") in Cu-ZSM5 and found that the turnover rates  Taking into account the fact that Cu dimers play an im-
of the decomposition reaction of NO (normalized per Cu portantrole in the NO decomposition reaction, in the present
dimer) were nearly independent of the Cu content while paper, the effects of Cu loading and thermovacuum treat-
the Cu dimers were considered the active Cu species in  ment of Cu-Y on the Cu(ll) dimey€u(ll) monomers ratio
the NO decomposition redox cycles. Furthermore, the Cu(l) have been quantitatively determined by detailed deconvo-
lution analysis of the ESR signals due to the Cu(ll) ions.
r— _ Furthermore, the presence of several kinds of Cu(l) species
E?;;fggg;ﬂ;gﬁé;hgh}:éﬁkfhz;2.;232‘:;3_13#@_ Chen), have been elucidated by the quantitative deconvolution of
matsumac@ok.chem.osakafu-u.agljh Matsuoka) jlzhang@ecustac.cn  the photoluminescence spectra and the effect of the Cu load-
(J. Zhang) anpo@ok.chem.osakafu-u.ac(. Anpo). ings as well as the evacuation temperature on the relative
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amount of the various Cu(l) species within the Y zeolite 54 b
have also been investigated in detail. Special attention has
been focused on the reduction mechanism of Cu(ll) species 52|
within the Y zeolite, especially on the changes in the coor-
dination symmetry of the Cu species during thermovacuum
treatment.
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2. Experimental
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The Na-Y zeolite (Tosoh Corp.) with a &l ratio of
2.8 was used as the parent zeolite. The Na-Y zeolite was
ion-exchanged with a Nflbuffer aqueous solution (2 M 4
NH3/0.05 M NH;NO3) for 24 h followed by calcination 98 102 106 1 114 118 122
treatment in air at 773 K to obtain an H-Y zeolite. Cu(l)- pH of Cu(NO3), solution
Y zeolites with various Cu loadings were prepared by a
combination of an ion-exchange method and thermovac- Fig. 1. The effect of the pH of the Cu(Ng solution (0.08 M) on the Cu(ll)
uum treatment at various temperatures, as follows: The H-Y loading of the Cu(ll)-Y zeolites.
zeolite was exchanged with a Cu(N)@ aqueous solution
having different pH values at 298 K for 24 h. The amount ] ]
of ion-exchanged Cu ions was controlled by the concen- ©f the Cu(N@)2 solution since monovalent [Ga(OH) T+
tration and the pH of the Cu(Ng) aqueous solution, the ~ OF @mmonia-coordinated [Ga(OH)T* complexes become
pH being adjusted by changing the ratio of MNH4NOs3 dominant at high pH levels. However, ion-exchange proce-
concentration in the solution. The increase of the pH of the dures repeated three times under optimum exchange condi-
Cu(NO3), aqueous solution led to a color change of the so- tions (0.08 M, pH 11.9) led to only a slight increase in the
lution into dark blue while no formation of a precipitate CU/Al ratios from 0.203 to 0.235, showing that not all the
was observed. After the ion exchange, the samples wereion-exchange sites can be displaced by the Cu ions in the Y
washed with distilled water and then dried in air at 373 K Zzeolite with such a low Al ratio.
for 24 h. Finally, the samples were degassed at different The ESR spectrum of the Cu-Y zeolite evacuated at
temperatures and the Cu(l)-Y catalysts were prepared by arf73 K has been well deconvoluted into two kinds of
autoreduction reaction. The copper loading of the Cu(ll)- Spectral components, i.e., an isotropic compong@rb =
Y zeolite samples was determined by an atomic absorption2.17-218) and a anisotropic componeny( = 2.33-231,
flame emission spectrophotometer (Shimadzu AA-6400F). A;; = 165-155 G), which can be attributed to the spin—-spin-
A quartz cell with window and furnace sections, having a interacted Cu(ll) ions (Cu(ll) dimergll4—-16]and isolated
volume of ca. 50 cfy was connected to a vacuum system Cu(ll) ions with square pyramidal coordinatiiil,16—18]
for pretreatment and used for the in situ measurements ofrespectively, as shown ifig. 2 Moreover, the signal inten-
the spectra. Both the ESR and the photoluminescence specsities of these two Cu(ll) species were determined by the
tra of the samples were recorded at 77 K with a JES-RE2X integral area of the corresponding deconvoluted spectrum. It
spectrometer operating in the X-band mode and a Spex Fluo-should be noted that ESR signal duete:s = 2 transition
rolog Il spectrofluorimeter, rg@ectively. The obtained spec- of Cu(ll) dimers was also detected in tge= 4 region, and
tra were deconvoluted by a cguterization data analyzing a good relationship was observed between the integral in-
system. tensity of the ESR signal appearing in the- 4 region and

that of the corresponding isotropic signal in the- 2 region

[19,20] These results also show that the isotropic ESR sig-
3. Resultsand discussion nal observed around the= 2 region can be assigned to the

spin—spin-interacted Cu(ll) ions (Cu(ll) dimers).

The copper contents of the Cu(ll)-Y samples increased  Fig. 3shows the effect of the Cu(ll) loading on the molar
with an increase in the pH values of the Cu(§y©solution, ratio of the Cu(ll) monomers and dimers within the Cu-Y
as shown inFig. 1L When the pH value of the Cu(Ng» zeolites evacuated at 673 K for 1 h. At this stage, the Cu(ll)
solution is high, the copper ions were considered to be monomers and Cu(ll) dimers are formed through the des-

exchanged at the Bronsted acid sites of the Y zeolite in orption of NHz and HO following the mechanism indicated
the form of [C#T(OH)~]* [15] or ammonia-coordinated below[12,21,22]

[Cu?t(OH)~]+ complexes. Also, considering that the diva-

lent Cu(ll) ions, which compensate two Bronsted acid sites, [CU?"(OH)~]* complexes (ammonia coordinated)

are the main Cu(ll) moiety in the low pH, it is plausible — [CW?T(OH™)]* (Cu(ll) monome} + nNHs,

that the copper content increases with an increase in the pH Q)

42




H. Chen et al. / Journal of Catalysis 228 (2004) 75-79 77

1000
---0--. Isotropic
3 ---a--- Anisotropic original
300 ¢ o Original X 540nm
p ' A 450nm
. 0 500nm
S =
o
N I~
< £
£ Z
@ P
& 2
S =
T -500 | =
o
-1000 |
1500 . . . . . . . . s 350 400 450 500 550 600 650 700

235 250 265 280 295 310 325 340 355 370 385

Magnetic field / mT

Wavelength / nm

Fig. 4. The deconvoluted spectra of the photoluminescence observed for the
Fig. 2. The ESR spectrum of the Cu-Y zeoljteu/Al = 0.165) evacuated Cu-Y zeolite(Cu/Al = 0.165 evacuated at 1073 K.
at 673 K for 1 h and their deconvoluted spectra.

the pair sites of the Bronsted AI-OH-Si groups separated by
a relatively long distance to form Cu(ll) dimers (Cu(Il)-O—
Cu(ll) in the case of high Cu(ll) content.

High-temperature evacuation of the Cu(ll)-Y zeolites at
1073 K led to the appearance of characteristic photolumi-
nescence at around 400-600 nm under photoexcitation at
around 285 nm, indicating that the reduction of the Cu(ll)
ions to Cu(l) ions occurs. The photoluminescence spec-
tra, due to Cu(l) ions, have been deconvoluted into three
main bands at around 450, 500, and 540 nm, respectively,
as shown inFig. 4. All of these deconvoluted photolumi-
nescence components of Cu(l) are similar to those reported
in previous literature[13]. Dedecek et al[14] have re-
ported that the relative intensities of these three photolumi-
nescence bands vary depending on theABratio of the
Y zeolites. According to prgous studies on the photolu-
minescence of Cu(l) ion23-27] the photoluminescence
bands at 450 and 540 nm can be assigned to the radiative
deactivation process of the photoexcited two-coordination
Cu(l) monomer (384s' — 3d'% and Cu(l)-Cu(l) dimer
Fig. 3. The effect of the Cu(ll) loading on the molar ratio of the Cu(ll) (40 — 3do™*), respectively. It has also been reported that
monomers and Cu(ll) dimers to the framework Al, as determined by the the emission bands at around 500 nm are attributed to the ra-
Z‘Jﬁ?ﬂ?&eﬁt gf?;hi ?;Cf?]YO'Uted ESR spectra observed for Cu-Y zeolites yja1iye deactivation process of the photoexcited planar three-

coordinated Cu(l) monomer (3ds' — 3d'9) [11]. Based
2[Cu2+(OH—)]+ on these as;ignmeqts, it. can be concl_udgd that three kinds

s CLRHOZ-CL2t (Cu(ll) dimen) + Hz0. of Cu(I).m0|et|es with .d|fferent coordlpatlon spheres are

@) presentin Cu.(I)I—Y zeolites eyaatnad at high temperatures.
As shown inFig. 5, Cu(ll) dimers are more easily reduced

As shown inFig. 3, the fraction of Cu(ll) dimersincreases by the thermovacuum treatment than Cu(l) monomers.
almost linearly with an increase in the QA ratio, while Moreover, the intensity of the photoluminescence spectra
that of the Cu(ll) monomers reaches a plateau at around 0.08due to the two-coordination Cu(l) monomers as well as
(Cu(Il) monomey Al ratio), showing a good agreement with  Cu(l)-Cu(l) dimers is seen to increase with a decrease in the
the result observed with Cu-ZSM5, as reported by Iglesia intensity of the ESR signals due to the Cu(ll) monomers and
and co-workerf2]. These results suggest that the Cu(ll) ions Cu(ll) dimers, when the degassing temperature of the orig-
are exchanged at the closely neighboring pair sites of theinal Cu(ll)-Y sample was increased. These results clearly
Bronsted Al-OH-Si groups, predominantly in the case of suggest that the Cu(ll) monomers and dimers are reduced
low Cu(ll) content, while the Cu(ll) ions are exchanged at into Cu(l) monomers and dimers. The intensity of the pho-
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Fig. 6. The effect of Cu(ll) loading on the molar ratio of Cu(l) species to
the framework Al determined by the intensities of the deconvoluted photo-
luminescence spectra of Cu-Y zeolites evacuated at 1073 K.

Fig. 5. The effect of the evacuation temperature as well as evacuation time
of the Cu(ll)-Y (Cu/Al = 0.203 sample on the relative intensity of the
ESR signal attributed to Cu(ll), and thelative intensity of photolumines-
cence attributed to Cu(l).

Fig. 6 shows the effect of the Cu(ll) loading on the mo-
toluminescence spectrum due to three-coordination Cu(l) lar ratio of the two kinds of Cu(l) monomers and dimers to
monomergx = 500 nm) reaches a maximum at 973 K and the framework Al, determined by the intensities of the de-
then decreases by further evacuation treatment, suggestingonvoluted photoluminescea spectra of the Cu-Y zeolites
that the three-coordination Cu(l) monomers are not energet-evacuated at 1073 K. Here, the evacuation time at 1073 K has
ically favorable under high-temperature treatment and are been adjusted so that a maximum photoluminescence can be
converted into two-coordination Cu(l) monomers or Cu(l) observed.
dimers. It was found that the three-coordination Cu(l) monomers

Based on these results, the mechanism of the reduction ofare the predominant species after the reduction of the Cu(ll)
Cu ions during the thermovacuum treatment has been pro-ions in the Cu-Y zeolite with a low Cu(ll) loading. How-
posed, as shown below. Cu(ll) monomers are considered toever, when the Cu(IpAl ratio exceeds 0.16, the amount
be reduced according to the mechanism proposed by Larserof three-coordination Cu(l) monomers decreases, indicat-
et al.[28] under degassing treatment at temperatures belowing that these monomers are converted to two-coordination
973 K: Cu(l) monomers or Cu(l) dimers in the case of a high Cu(ll)
CWTOH™ — Cut + - OH, (3) loading. On the other hand, Cu(l) monomers are the predom-
inant species even for Cu-Y zeolites with high Cu loadings,

CU#FOH™ + - OH — CU*FO™ + H20, (4) where Cu(ll) dimers are the main species before reduction,
2[CPTOH™] — CW?TO~ + Cut + H,0. (5) as shown irFig. 3. This suggests that at least some part of the

At the same time, the Cu(ll) dimers are also partially Cu(ll) dimers were reduced preferably to Cu(l) monomers
reduced to Cu(l) ions with the formation of &tO—, assug-  than directly to Cu(l) dimers, showing a good agreement

gested in Eq(6). Both the intensity of the ESR signal due to  With the mechanism proposed in E§). Furthermore, the
Cu(ll) monomers and the dimers decrease quickly due to theamount of Cu(l) dimers increased with an increase in the

formation of Cu(l) ions and the ESR silent &10~ [28], two-coordination Cu(l) monomer, as shownFig. 6, sug-
CLRHO?-C2+ — CL2+O- 4+ Cut ©) gesting that a large amount of Cu(l) dimers was formed

through the interaction between the two-coordination Cu(l)

Further thermovacuum treatment at 1073 K caused the monomers which exist in near proximity to each other within
ESR silent C&tO~ species to be reduced to Cu(l) ions the Cu—Y zeolite:

[EqQ. (7)], while the three-coordination Cu(l) monomers were

converted into two-coordination Cu(l) monomers or Cu(l) Cut + Cut — Cut—Cu'. (8)
dimers. These reduction of the ESR silenfC0™ species  The reduction route of the Cu(ll) species present in
as well as the conversion of the unstable three-coordinationc,_y zeolite can, thus, be proposed as showBdheme 1
Cu(l) monomers into other kinds of Cu(l) species led to a Cu(ll) monomers and dimers within the Cu-Y zeolite
marked growth in the photolumingscence bands at 450 nm,,51d be reduced to two-coordination Cu(l) monomers,
and 540 nm at 1073 K, as shownhig. 5 three-coordination Cu(l) monomers, and Cu(l) dimers af-
2CPTO~ — 2Cut + O, @) ter thermovacuum treatment. The three-coordination Cu(l)
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Scheme 1. The reduction of Cu(ll) ions in the Y zeolite.
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