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Abstract

We investigated the reduction behavior of’Cispecies supported opAl,Os in vacuo at high temperature by combined use of electron
paramagnetic resonance (EPR) detecting highly dispers&d<pecies and photoluminescence spectroscopy monitoring isolatei @i
In the case of low loaded alumina-supported copper catalysts (8luOs), there are isolated Cti species centered in tetragonal distorted
octahedra. It was found that the isolatec?Cspecies are easily reduced to'Cans by thermovacuum treatment for,®;-supported catalyst,
which are different from the past report for copper exchanged zeolites. On the other hand, the less dispérsgeaiais cannot be fully

reduced to Ctiions in vacuo at 973 K on the alumina surface.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Cuw?t species supported on zeolites or metal oxides
promote the selective catalytic reduction (SCR) of nitrogen
oxides[1,2]. In particular, a Cé&" ion exchanged ZSM-5
zeolite catalyst (Cu-ZSM-5) is widely investigated, because
that exhibits a high catalytic activity in the direct NO de-
composition and the SCR with hydrocarbd8k The redox
properties of Cé&it ions play an important role in the catalytic
activity. The Cd* ions supported on ZSM-5 are known
to be reduced to Cuions thermally, without a reductant
such as K and CO, in vacuo or under an inert gas flow at
high temperaturg4—6]. This phenomenon is called “auto-
reduction” or “self-reduction”. Liu and Robof{d] observed
the correlation between the thermally reducedtCon
concentration in Cu-ZSM-5 and the NO decomposition rate.

The thermal reduction of Ctf ions has been assumed to
proceed as follows; Cd'(OH™) species are condensed by
dehydration followed by the formation of &t—0?~—Cl#+

* Corresponding author. Tel.;: 81 75 383 2562; fax: 81 75 383 2561.
E-mail addresstanaka@dcc.mbox.media.kyoto-u.ac.jp (T. Tanaka).

1381-1169/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2004.06.014

dimer or oligomer species and the bridging extra-lattice oxy-
gen atoms are desorbed as oxygen molecules accompanied
by reduction of C&* ions to Cut ions|[5,6]. Larsen et al[7]
proposed another mechanism; the auto-reduction f Cu
ions are accompanied by the water desorption because the
electron paramagnetic resonance (EPR) signal intensities
decreased by thermal treatment at 473K and restored by
dosed water at room temperature. On the other hand, Hall
and co-workerg8] confirmed that the decrease in the EPR
signal intensities at 473K is not due to the auto-reduction
but due to a change of &t ions circumstances to low
symmetry resulting from dehydration by means of magnetic
measurement. Lamberti and co-worke8] have also
reported that the thermal reduction toCions never occurs
at 470K but does occur at 670 K. They considered that EPR
silent species such as &udimer species or low coordinated
CU?t species formed in the early stages of water desorption.
There have been many studies on the redox behavior of Cu
species supported on zeolites or silica. It is known th&tCu
species dispersed onsilica materials such as ZSM-5, Y-zeolite
[10], mordenitg[11-13] and SiQ [14] are auto-reduced to
Cut ions by thermal treatment. Kuroda et HI5] have re-
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ported that C&" species dispersed on silica-alumina hav-  Prior to each measurement, the hydrated samples were
ing lower Si/Al ratio are prevented from the auto-reduction. thermally treated atvarious temperatures unded®2 Torr
They proposed that the resistance to the auto-reductionfor 2h and cooled down to room temperature in vacuo. The
was responsible for the stabilization of ©ucations by samples were sealed out in a quartz tube without exposure to
paired ion-exchangeable sites. However, the effects of sup-air after the thermovacuum treatments.
port materials and Cu dispersion on the thermal reduction
behavior of Cu species under vacuum have not been fully
clarified. 3. Results and discussion

We have found that an alumina supported 2Cu
(CU?t/AI,03) catalyst promotes the selective catalytic re- 3.1. The Cé&" dispersion of Cé&t/Al,O5 catalysts
duction of NO with CO in the presence ob@L6]. Diffuse
reflectance UV—vis/NIR and XANES spectra of the highly XRD patterns of Cu-related compounds such as bulk CuO
active catalyst show that the &uspecies are in a distorted and CuAbO4 crystallites are not detected on any?G(Al ;03
octahedral coordination and highly dispersed form on the catalyst16]. The UV-vis/NIR spectra of each EWAI ,03
v-Al,03 surface[17]. In the present study, we have found catalyst show the d—d transition of €uions in a distorted

the thermal reduction of isolated €uions to Cu" on they- octahedral coordinatiof17]. These results suggest that the
Al,Oz surface. Itis merely known the auto-reduction of€u  Cu?t species supported anrAl,0s are in a highly dispersed
species supported on ionic metal oxides such-a$,03 in form different from CuO-like clusters. Isolated Euspecies

contrast to Si@-based support such as zeolites. We investi- on y-Al,O3 are often called superficial copper-aluminate
gated the reducibility of the highly disperseduspecies spinel species because the’Cispecies are assumed to oc-
on vy-Al,03 in vacuo at high temperature by means of EPR cupy the octahedral cation vacant site of{hal O3 surface
and photoluminescence spectroscopies. [18,19] However, the structure of CupD, crystallites is
random spinel consisting of the €uions of 60% tetrahedral
and 40% octahedral coordinatif0]. The local environment

2. Experimental of the C#* species called superficial spinel is different from
_ bulk CuAlL,O4 spinel obvioushf21].
The alumina-supported €t catalysts were prepared by The local structures of cupric (3pparamagnetic ions are

impregnation ofy-Al,O3 (JRC-ALO-8, 148rAg~?) pro- characterized by means of EPR spectroscéijxy. 1 shows
vided by the Catalysis Society of Japan with an aqueous so-the EPR spectra of Gti/Al,03 catalysts evacuated at room
lution of Cu(NGs), at 353 K. The samples were pressed to temperature. In the case of 0.1 wt.%%CIAl,O3 catalyst,
disks followed by calcination at 773 Kindry air. The calcined  the spectrum was typical of &ti cations in an axial symme-
disks were crushed to 26-50 mesh in a mortar. We preparedyy [7,22—-24] Four splitting featuresnf; = —3/2, —1/2, 1/2,
catalysts of different Cu loadings, 0.1, 0.25, 0.5, 0.75, 1, 3 3/2) due to the hyperfine interaction between the unpaired

and 5wt.%, as copper metal, in order to reveal the relation- electron and the nuclear Spin of C]u:( 3/2) appear on the
ship between the degree of Cu dispersion and reducibility.

In the case of copper loading of more than 10 wt.%, the sup-
ported C4* species are aggregated to bulk CuO crystallites
on y-Al,03 surface by the calcination at moderate temper-

ature and are transformed to bulk Cy®}, crystallites by L]
calcination at 973 H17]. The calcined samples were kept in @)
a hydrated state under ambient condition. In this study, we g x5

assigned loading amount of 0.1-0.75 wt.% as low loaded cat-
alysts and loading amount of 1.0-5.0wt.% as highly loaded
catalysts.

The X-band EPR spectra were recorded with a JES-
SRE2X spectrometer (JEOL) at room temperature. The g
factor was determined by using an Kfnmarker included
in MgO. The signal intensity of EPR spectra was calculated
from twice integration.

The photoluminescence measurements were performed ©
with a LS50B spectrometer (Perkin-Elmer) at room temper-
ature. The emission and excitation spectra were recorded ' L ' L '
in the phosphorescence mode with a delayed time of 240 260 280 ,309 820 340 360
50ps. The life times were evaluated from the exponential Magnetic Field /mT
_Curve _fittings of the decay of the phosphorescence emiSSionFig. 1. EPR spectra of Gti/Al ;03 catalysts evacuated at room temperature:
intensity. (a) 0.1wt.%; (b) 0.5wt.%; and (c) 3.0 wt.%.
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parallel component in the low field region. The anisotropic [
parametersq;, = 2.30,A,, = 145 G) were in agreement
with a tetragonally distorted octahedral symmetry reported
for CU?t/Al,03 sampleg22,23,25] The broadening of the
parallel hyperfine features increases gradually with an in-
crease inm;, which can be attributed to correlatgd and
A-strain results from a heterogeneity of micro-environments
of the copper site24]. The signal of the perpendicular com-
ponent was too broad to determine the anisotropic parameters
clearly. This broadening was not a motional effect because
the spectrum measured at 123 K was almost the same as that 01 025 05 075 1 3
at room temperature. The perpendicular figures of 0.1 wt.% Copper loading ( wt.% )
Cu?t/Al,05 catalyst were not perfectly simulated by one ax-
ial spin Hamiltonian. Lamberti et g26] have simulated the Fig. 2. The EPR signal intensities of &UAI,O3 catalysts evacuated at:
experimental EPR spectrum of an alumina supported €uCl _(a) room temperature; and (b) 97_3 K_With dif_ferent Cu loadings. The signal

. . . . intensities are evaluated from twice integration of EPR spectra.
catalyst with a low Cu loading as the superimposition of two
very close axial signals, suggesting the presence of two types
in slightly different microenvironments. In the present sam- sample, the axial symmetry became broad and the hyperfine
ple, there would be several isolated Xuspecies in very  features unclear due to dipolar interaction between neigh-
similar axial symmetry due to the heterogeneityyefl 03 boring paramagnetic species. It is suggested that around
surface. 0.75wt.%, the number of EPR active €uspecies were sat-

A 0.5wt.% Cif+/Al,03 catalyst shows axially symmet-  yrated on they-Al O3 surface and that EPR inactive species
ric signals that have relatively broad line width and unre- started to be formed mainly. Therefore, we can decide the
solved hyperfine features in comparison with the 0.1wt.% saturation point of highly dispersed €uspecies is around
CU?t/Al ;03 catalyst. The axial signals have two overlapping  0.75wt.%, which corresponds to 0.5wt.% Cu/108 ffithe
spectral components; the anisotropic signal of isolatetf Cu  cation vacant sites of thg-Al,O3 are occupied, an excess
species is superimposed by another broad anisotropic signalCi,?+ species will begin to aggregate to form EPR inactive
The presence of neighboring Suspecies causes broaden- multinuclear species.
ing of EPR signal due to dipole—dipole magnetic interaction Fig. 3shows a fraction of EPR active €uspecies of dif-
between the paramagnetic sif@3]. We consider that the  ferent Cu loaded catalysts. The spin densities are determined
broad anisotropic signal is attributed to neighboring?Cu using CuSQ@-5H,0 as a standard. Although there are both
monomers that is very weakly interacted with each other.  the isolated and the neighboring Euspecies, the fraction

The EPR signal intensities decrease extremely in the casepf the EPR active species to the total amount of Cu can be
of formation of aggregated €t species such as CuO clus-  regarded as a degree of the presence of highly dispergéd Cu
ters. The Cu—O—Cu networks are EPR inactive due to the species supported grAIl 0. The fraction is evaluated from
strongly magnetic interaction. A 3.0wt.% &UAI,0; cat- a twice integrated EPR signal intensity that is normalized to
alyst shows very broad EPR signals mainly derived from the number of Cumolecules contained in each catalyst, taking
neighboring C&" monomers in anisotropic symmetry. To no thought of the difference in a signal intensity coefficient
some extent, there might be overlapping of very weak petween the isolated ones and the neighboring ones. In the
isotropic signals resulting from Gt aggregates. The sig-  case of the 0.1 wt.% Cti/Al 03, the fraction of EPR active
nal intensity of the 3.0 wt.% sample is comparable to that of Cu?* species were about 100% based on the total amount of
the 0.5wt.% sample in spite of the high loading of copper.
This result indicates the presence of EPR inactive species.
Here, it is noteworthy that this EPR inactive €uclusters
are different from bulky CuO-like species, because the local
structures are found to be different from CuO crystallites even
in the case of high loading (1.0-3.0 wt.%) region by means
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of XANES and UV-vis/NIR spectroscopi¢k?]. Therefore,

we consider that the EPR inactive aggregates are very fine 40
multinuclear clusters taking into account of results from the 20

other spectroscopic techniques.

Fig. 2a shows the integrated EPR signal intensities of
CU?t/Al,05 catalysts with different Cu loadings after out-
gassing at room temperature. The signal intensities increased
with an increase in the Cu loadings up to 0.75wt.% and de- Fig. 3. The effects of copper loading on a fraction of EPR activé*Cu
creased when it exceeded 1.0 wt.%. Moving to hlgh|y loaded species evaluated from the EPR signal intensity.
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The EPR signal of the sample evacuated at 873 K was almost

Cu in the sample. This indicates that all the’Cspecies are
captured by the cation vacant sites of {h8l,03 surface in
anisolated state. The fraction of the EPR activé Cspecies
decreased gradually with increasing Cu loadings. For highly

equivalent to that at 773 K.
After evacuation at 973 K, the EPR signal intensities de-
creased drastically and nearly disappeared. This disappear-

loaded sample, 3.0-5.0 wt.%, the major species are the veryance in the signal suggests that the EPR active Gpecies

fine CUtT aggregates instead of the monomers.

The EPR measurement of thex®s-supported Ctit cata-
lysts revealed the dependence of loading amount for tR& Cu
dispersion. The two types of highly dispersed?Cispecies

are thermally reduced to 3% diamagnetic Cti ions. We
can exclude the possibility of the formation of EPR inactive
species such as the very fineuaggregates after evacu-
ation at 973 K, because the remaining signal shows a typi-

in axial symmetry, which are the isolated monomers and the cal spectrum for C&” species in axial symmetry. However,

neighboring monomers, are dominant in the low loaded sam-

ples. The EPR active Gti species interacting with each other
are not CG"—0? —Cu#t dimers, because the copper dimer

EPR spectroscopy cannot detectGipecies, so that another
spectroscopic measurement is necessary for the precise char-
acterization of the oxidation states of copper species.

species are EPR silent in general. In addition, the dimers are  The photoluminescence spectroscopy is a powerful tool in

difficult to be spread of-Al 203 surface homogeneously tak-
ing into account thermodynamics. The Gibbs free ene@y (
=H-TS9 of the surface monomers will be lower than that of
the surface dimers as far as each enthalpy tétjig(almost
the same, due to the higher entropy tei®h ¢f monomers
than dimers. In the highly loaded Cu catalysts, excess Cu
ions to the cation vacant sites of theAl 03 are aggregated

order to determine the presence of'dans. It is known that

Cut ions show phosphorescence emissions that are affected
by the local structures or the types of supported materials.
The isolated Cti ions supported on zeolites are excited®3d

— 3d%4pt) at 250-300 nm and exhibit the phosphorescence
emission (384st — 3d1%) at 450-550 nni28—30] Although

the excitation bands of Cuions have been assigned to the

to the very fine multinuclear species. Perhaps, a part of d—s transition (3t — 3d4s"), the assignment is far from
the aggregates show very weak EPR signals in isotropic understanding, because the transition is dipole forbidden.

symmetry.

3.2. Auto-reduction of the isolated €uspecies

Fig. 4 shows the EPR spectra of 0.1 wt.% Al ,03

catalysts after evacuation at various temperatures. The EPR
signal evacuated at lower temperature than 473 K was similar
to that at room temperature. On the other hand, thermovac-
uum treatment at 773 K caused a variation of the signal shape

and a little decrease in the EPR signal intensity. It is due to
transformation of the local environment of hydrated?€u
species by desorption of coordinated hydroxyl grol34.

Intensity

1 l 1 l 1 I 1 l 1 I 1
240 260 280 300 320 340 360

Magpnetic field / mT

Fig. 4. EPR spectra of 0.1 wt.% /Al ;O3 catalyst evacuated at: (a) room
temperature; (b) 473K; (c) 773K; and (d) 973 K.

Fig. 5 shows emission spectra of 0.1 wt.% Z1AlI,03
catalysts excited by the light of 280 nm at room temperature.
In the case of the sample evacuated at room temperature, no
emission was detected. Evidently, isolated"Gons are ab-
sent in the fresh CGii/Al,O3 catalysts. Lifting evacuation
emperature up to 773K, a phosphorescent emission band
emerged at 500 nm. Although not shown, the emission inten-
sity of the sample evacuated at 873 K is almost consistent with
that evacuated at 773 K. On the other hand, the evacuation at
973 K caused remarkable increase in the emission intensity.
These emissions have been attributed to the photolumines-
cence from the isolated Guons supported og-Al,03 with
low-coordination number by means of X-ray absorption spec-
troscopy[31]. It is recognized that the disappearance in the
EPR signal intensities after evacuation at 973K is not due

Intensity

1 I 1 I 1 l 1
300 400 500 600 700
Wavelength / nm

Fig. 5. Phosphorescence emission spectra of 0.1 wt.3%/BipOs catalyst
evacuated at: (a) room temperature; (b) 473K; (c) 773K; and (d) 973 K.
The spectra were recorded at room temperature and monitoredpat 50
Excitation wavelength was 280 nm.
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of atomically dispersed Ctr species, easily auto-reducible
one and less auto-reducible one at 773 K, might be correlated
with the long-lived Cu species and the short-lived ones, re-
spectively.

The isolated Cti species supported on ZSM-5 zeolite
show two emission bands at 480 and 540 nm. Dedecek and
Wichterlova [29] attributed the emission band at 480 nm
(55us) to the Cu species adjacent to two Al framework
atoms and the emission band at 540 nm (L&pto the Cu
species adjacentto one Al framework atom, because the lower
is the ratio of Si/Al, the more preferential is the emission band
at 480 nm. Zecchina and co-work¢B2] attributed the emis-

Fig. 6. Phosphorescence intensity decay of 0.1 wt. %Al ,O3 catalyst sion band at 480 nm to the Cispecies coordinated to three

evacuated at: (a) 773K; and (b) 973K. Solid curves show the simulated oxygen atoms and the emission band at 540 nm to the Cu

decay curves. The spectra were ref:orded at room temperature. Emissionspecies coordinated to only two oxygen atoms. The coordi-

spectra excited at 280 nm were monitored at 490 nm. nation environments of the luminescence-activé Gpecies
have not been clarified yet.

) ] ) ] In the present case, each of the local environments of the
to a formation of EPR inactive Gt species but due toa cut species is almost the same, because the wavelengths
reduction to the isolated Cuions. The presence of emis- ¢ the emission bands are not definitely different. However,
sion species after evacuation at 773 K shows that parts of theiye pand max slightly shifts to 490 nm and a large number
atomically dispersed Cu species are thermally reduced 10 ot the short lifetime species appeared after thermovacuum
the isolated Ctl ions. After evacuation at 973 K, the remain-  yraatment at 973 K. This should be due toa slightly structural
ing CuP* species that resist to the auto-reduction at 773K change around the Guemission species into that exhibit
are also reduced to the Cions. There would be atleast two stronger interaction with Al atoms, because the short-lived
types of isolated Ct species supported opAl20s, easily  gpecies increased with an increase in the content of Al ions in
auto-reducible ones at 773 K and less auto-reducible ones. Cu-ZSM-5[29]. Here, we confirmed that the highly dispersed

Fig. 6shows the decay curves of the emission intensities - 2+ species supported arAl 03 are auto-reducible to the
of 0.1wt.% C@t/Al,O3 catalysts after thermal treatments isolated Cd ions with low coordination number by means
in vacuo. The excitation wavelength was 280 nm and the in- 4t EpR and photoluminescence spectroscopy.
tensity of the phosphorescence emission was monitored at
490 nm. The decay curve of the Cemission in the sample 3 3 The effect of the Gt dispersion on the
evacuated at 773 K could be fitted using two sets of exponen-ayto-reducibility
tials as below.

—¢ —¢ Fig. 7 shows the photoluminescence emission spectra
I=1 exp(—) + I exp(—)

Intensity

0 50 100 150 200
time / us

of CUZt/AI,O3 catalysts evacuated at 973K with differ-

ent Cu loadings. In the case of the low Cu-loaded catalysts
I; is the band intensity of emission componigiif the lifetime (0.1-0.75 wt.%), the emission bands due to the isolated Cu
of emission componenmt andt the delayed time. ions (3d4s' — 3d'9) are clearly observed. On the other hand,

In the case of the sample evacuated at 773 K, the two com-the phosphorescence emission bands hardly emerge in the

ponents exhibit 8 and 1(8s life time. The decay curve ofthe  case of the highly Cu loaded catalysts (1.0-3.0wt.%). It is
sample evacuated at 973 K could be also fitted with short- andconsidered that the Gt species supported opAl,0z in a
long-lived components. If we assume that the non-radiation highly dispersed form are auto-reduced to the isolateti Cu
process is negligible, the productlpfandT; can determine  ions in vacuo at 973 K.
the fraction of the two emission sites. We obtained that the  Fig. 8 shows the EPR spectra of €UAl,O3 catalysts
fractions of short- and long-lived components were 15 and with different Cu loadings evacuated at 973 K. As shown in
85%, respectively, in the sample evacuated at 773 K. On theFig. 4, the signal intensities nearly disappeared after evacu-
other hand, in the case of the sample evacuated at 973 K, theration at 973K in the case of the 0.1 wt.% Al ,03. The
were a large number of short-lived component (89 69%) amount of the remaining Gt species that are not reduced
in addition to long-lived component (1@&; 31%). Although after evacuation at 973 Kincreased with Cu loadings. It seems
we cannot neglect non-radiation process actually, it is very thatthe less dispersed &uspecies supported grAl ;03 re-
likely that the amount of the isolated Cispecies with short  sist to the auto-reduction into the isolated'Tons, because
lifetime increased after evacuation at 973 K. In any cases, wethe isolated C#" species are thermally reduced td"3dia-
can conclude that there exist several types of isolatetd Cu magnetic ions Fig. 83). However, even in the case of the
species in slightly different environments due to the hetero- 0.5wt.% C@#t/Al,0s, there are less auto-reducible ones at
geneity of they-Al,03 surface. The presence of two types 973 K.
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sions are very low in the case of the highly loaded samples.

Intensity

P I I I
300 400 500 600 700
Wavelength / nm

Fig. 7. Phosphorescence spectra ofZ0il,03 catalysts evacuated at
973 K: (a) 0.1 wt.%; (b) 0.25 wt.%; (c) 0.5 wt.%; (d) 0.75 wt.%; (e) 1.0 wt.%;
and (f) 3.0 wt.%. The spectra were recorded at room temperature and mon-
itored at 5Qus. Excitation wavelength was 280 nm.

The comparison of twice-integrated EPR signal intensi-
ties between the fresh samples and the thermal treated one
at 973K is presented ifrig. 2 For the low loaded cata-

lysts, the EPR signal intensities decreased after evacuation a

973 K. For the highly loaded catalysts, the decrease at 973 K
hardly occurs. Moreover, the signal intensity of 3.0 wt.%
Cu?t/Al,03 increases after evacuation at 973 K as shown in
Fig. &. It is suggested that the EPR inactive multinuclear
species supported opAl,O3 are hardly reduced but re-
dispersed to EPR active €uspecies by thermal treatment.
This behavior of the fine Ctr aggregates is also supported by

the photoluminescence spectra; the intensities of photoemis-

Intensity

[ I A
240 260 280 300 320 340 360
Magnetic field / mT

Fig. 8. EPR spectra of Cti/Al,Oz catalysts evacuated at 973K: (a)
0.1wt.%; (b) 0.25wt.%; (c) 0.5wt.%; (d) 0.75wt.%; (e) 1.0wt.%; and (f)
3.0wt.%.

However, it is difficult to determine the amount of reduced
Cut species by means of photoemission spectra, because not
all the Cu' ions show the phosphorescence emission bands
due to various decay processes. Therefore, we cannot ex-
clude the possibility of auto-reduction of the multinuclear
CU?* species to Ctions. Actually, Praliaud et al. reported
that the outgassing at 773 K reduces partially bulk CuO clus-
ters creating Ct ions in the CuO matrix (non-isolated Cu
ions) based on IR study of CO adsorption. In the same way, a
part of fine multinuclear species in the present samples may
undergo thermal reduction to Cuons surrounding by Cif

ions. However, we concluded that the fraction of the auto-
reducible Cét species to the total amount of copper would
decrease with increasing Cu loadingseAl20s.

It has been reported that the EPR signal intensities of
alumina-supported catalyst with low Cu loadings decreased
by thermal treatment under vaculi@8], and that low coor-
dinated Cd ions were formed by thermovacuum treatment
starting from uncalcined 0.55 wt.% Eu(NO3)2/Al .05 cat-
alyst[31]. However, this is the first report that has revealed
that the isolated Ci species supported grAl O3 are auto-
reducible. It was suggested that the degree of the Clis-

ersion determines the auto-reducibility as a wholeyen
%IZO;; supported catalyst. The isolated&tions are more
?asily reduced in vacuo on theAl,0O3 surface, which are
different from the past report on zeolites and Si€up-
ported C@+ catalysts. For the copper exchanged ZSM-5 ze-
olites, it has been assumed that the auto-reduction éf Cu
ions are promoted by desorption of bridging extra-lattice
oxygen from Cdt—0?—Cw?+ dimer specie$5,6,8]. How-
ever, the very fine multinuclear species, which possess the
CUPt—0O>—CW?t networks, supported on theAl,0O3 are
less auto-reducible to the isolated Cions.

Since the formation of the emission bands are accom-
panied by the decrease of EPR signal intensities, tife Cu
monomers are reduced to the isolated Gons without ag-
gregation to the EPR inactive dimers. The full auto-reduction
of the isolated C#" ions has occurred at 973K, so that the
copper reduction would not be concomitant with water des-
orption. We also confirmed the reversible redox cycle of the
isolated copper species under dry condition by means of EPR;
CU?t ions re-oxidized by @ were reduced to Cuions by
thermovacuum treatment at 973 K again. The mechanism of
the thermal reduction should be as follows. The coordinated
hydroxyl groups of the isolated &t ions are desorbed as
water in the range 473-773 K. In the second step, evolution
of two oxygen ligands as a molecular oxygen from the dehy-
drated C&+ monomer causes the thermal reduction into the
low-coordinated Cti ion.

4. Conclusions

The dispersion of the Gt species is dependent on the
Cu loadings over AlOs-supported catalysts. In the case of
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the low loaded region, two types of highly dispersed?Cu  [10] P.A. Jacob, W.D. Wilde, R.A. Schoonheydt, J.B. Uytterhoven, H.
species exist in tetragonally distorted octahedral symmetry, _ Beyer. J. Chem. Soc., Faraday Trans. 1 (1976) 1221.

isolated C&+ monomers and neighboring &umonomer [11] Y. Kuroda, Y. Yoshikawa, S. Konno, H. Hamano, H. Maeda, R.
solate onomers a eighboring onomers. Kumashiro, M. Nagao, J. Phys. Chem. 99 (1995) 10621.

The excess Gl species over the saturation pointefl ;03 [12] H. Yamashita, M. Matsuoka, K. Tsuiji, Y. Shioya, M. Anpo, M. Che,
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inuclear species, [13] F. Xamena, P. Fisicaro, G. Berlier, A. Zecchina, G.T. Palomino, C.
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) ) 107 (2003) 7036.
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and photoluminescence spectroscopy. It was found that the ~ chem. Lett. (1991) 889.

isolated C&" monomers are easily reduced to the low- [15] Y. Kuroda, T. Mori, Y. Yoshikawa, S. Kittaka, R. Kumashiro, M.
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