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Abstract

We investigated the reduction behavior of Cu2+ species supported on�-Al 2O3 in vacuo at high temperature by combined use of electron
paramagnetic resonance (EPR) detecting highly dispersed Cu2+ species and photoluminescence spectroscopy monitoring isolated Cu+ ions.
In the case of low loaded alumina-supported copper catalysts (Cu2+/Al 2O3), there are isolated Cu2+ species centered in tetragonal distorted
octahedra. It was found that the isolated Cu2+ species are easily reduced to Cu+ ions by thermovacuum treatment for Al2O3-supported catalyst,
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hich are different from the past report for copper exchanged zeolites. On the other hand, the less dispersed Cu2+ species cannot be ful
educed to Cu+ ions in vacuo at 973 K on the alumina surface.
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. Introduction

Cu2+ species supported on zeolites or metal oxides
romote the selective catalytic reduction (SCR) of nitrogen
xides [1,2]. In particular, a Cu2+ ion exchanged ZSM-5
eolite catalyst (Cu-ZSM-5) is widely investigated, because
hat exhibits a high catalytic activity in the direct NO de-
omposition and the SCR with hydrocarbons[3]. The redox
roperties of Cu2+ ions play an important role in the catalytic
ctivity. The Cu2+ ions supported on ZSM-5 are known

o be reduced to Cu+ ions thermally, without a reductant
uch as H2 and CO, in vacuo or under an inert gas flow at
igh temperature[4–6]. This phenomenon is called “auto-
eduction” or “self-reduction”. Liu and Robota[4] observed
he correlation between the thermally reduced Cu+ ion
oncentration in Cu-ZSM-5 and the NO decomposition rate.

The thermal reduction of Cu2+ ions has been assumed to
roceed as follows; Cu2+(OH−) species are condensed by
ehydration followed by the formation of Cu2+–O2−–Cu2+

∗ Corresponding author. Tel.: 81 75 383 2562; fax: 81 75 383 2561.

dimer or oligomer species and the bridging extra-lattice
gen atoms are desorbed as oxygen molecules accomp
by reduction of Cu2+ ions to Cu+ ions[5,6]. Larsen et al.[7]
proposed another mechanism; the auto-reduction of C2+
ions are accompanied by the water desorption becaus
electron paramagnetic resonance (EPR) signal inten
decreased by thermal treatment at 473 K and restore
dosed water at room temperature. On the other hand,
and co-workers[8] confirmed that the decrease in the E
signal intensities at 473 K is not due to the auto-reduc
but due to a change of Cu2+ ions circumstances to lo
symmetry resulting from dehydration by means of magn
measurement. Lamberti and co-workers[9] have also
reported that the thermal reduction to Cu+ ions never occur
at 470 K but does occur at 670 K. They considered that
silent species such as Cu2+ dimer species or low coordinat
Cu2+ species formed in the early stages of water desorp

There have been many studies on the redox behavior
species supported on zeolites or silica. It is known that C2+
species dispersed on silica materials such as ZSM-5, Y-z
[10], mordenite[11–13], and SiO2 [14] are auto-reduced
E-mail address:tanaka@dcc.mbox.media.kyoto-u.ac.jp (T. Tanaka). Cu+ ions by thermal treatment. Kuroda et al.[15] have re-
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ported that Cu2+ species dispersed on silica-alumina hav-
ing lower Si/Al ratio are prevented from the auto-reduction.
They proposed that the resistance to the auto-reduction
was responsible for the stabilization of Cu2+ cations by
paired ion-exchangeable sites. However, the effects of sup-
port materials and Cu dispersion on the thermal reduction
behavior of Cu species under vacuum have not been fully
clarified.

We have found that an alumina supported Cu2+
(Cu2+/Al2O3) catalyst promotes the selective catalytic re-
duction of NO with CO in the presence of O2 [16]. Diffuse
reflectance UV–vis/NIR and XANES spectra of the highly
active catalyst show that the Cu2+ species are in a distorted
octahedral coordination and highly dispersed form on the
�-Al2O3 surface[17]. In the present study, we have found
the thermal reduction of isolated Cu2+ ions to Cu+ on the�-
Al2O3 surface. It is merely known the auto-reduction of Cu2+
species supported on ionic metal oxides such as�-Al2O3 in
contrast to SiO2-based support such as zeolites. We investi-
gated the reducibility of the highly dispersed Cu2+ species
on �-Al2O3 in vacuo at high temperature by means of EPR
and photoluminescence spectroscopies.

2. Experimental
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Prior to each measurement, the hydrated samples were
thermally treated at various temperatures under 3×10−3 Torr
for 2 h and cooled down to room temperature in vacuo. The
samples were sealed out in a quartz tube without exposure to
air after the thermovacuum treatments.

3. Results and discussion

3.1. The Cu2+ dispersion of Cu2+/Al2O3 catalysts

XRD patterns of Cu-related compounds such as bulk CuO
and CuAl2O4 crystallites are not detected on any Cu2+/Al2O3
catalyst[16]. The UV–vis/NIR spectra of each Cu2+/Al2O3
catalyst show the d–d transition of Cu2+ ions in a distorted
octahedral coordination[17]. These results suggest that the
Cu2+ species supported on�-Al2O3 are in a highly dispersed
form different from CuO-like clusters. Isolated Cu2+ species
on �-Al2O3 are often called superficial copper-aluminate
spinel species because the Cu2+ species are assumed to oc-
cupy the octahedral cation vacant site of the�-Al2O3 surface
[18,19]. However, the structure of CuAl2O4 crystallites is
random spinel consisting of the Cu2+ ions of 60% tetrahedral
and 40% octahedral coordination[20]. The local environment
of the Cu2+ species called superficial spinel is different from
b
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c
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t
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The alumina-supported Cu2+ catalysts were prepared
mpregnation of�-Al2O3 (JRC–ALO–8, 148 m2 g−1) pro-
ided by the Catalysis Society of Japan with an aqueou
ution of Cu(NO3)2 at 353 K. The samples were presse
isks followed by calcination at 773 K in dry air. The calcin
isks were crushed to 26–50 mesh in a mortar. We prep
atalysts of different Cu loadings, 0.1, 0.25, 0.5, 0.75,
nd 5 wt.%, as copper metal, in order to reveal the rela
hip between the degree of Cu dispersion and reducib
n the case of copper loading of more than 10 wt.%, the
orted Cu2+ species are aggregated to bulk CuO crysta
n �-Al2O3 surface by the calcination at moderate tem
ture and are transformed to bulk CuAl2O4 crystallites by
alcination at 973 K[17]. The calcined samples were kep
hydrated state under ambient condition. In this study

ssigned loading amount of 0.1–0.75 wt.% as low loaded
lysts and loading amount of 1.0–5.0 wt.% as highly loa
atalysts.

The X-band EPR spectra were recorded with a J
RE2X spectrometer (JEOL) at room temperature. T

actor was determined by using an Mn2+ marker included
n MgO. The signal intensity of EPR spectra was calcul
rom twice integration.

The photoluminescence measurements were perfo
ith a LS50B spectrometer (Perkin-Elmer) at room tem
ture. The emission and excitation spectra were reco

n the phosphorescence mode with a delayed tim
0�s. The life times were evaluated from the expone
urve fittings of the decay of the phosphorescence emi
ntensity.
ulk CuAl2O4 spinel obviously[21].
The local structures of cupric (3d9) paramagnetic ions a

haracterized by means of EPR spectroscopy.Fig. 1 shows
he EPR spectra of Cu2+/Al2O3 catalysts evacuated at roo
emperature. In the case of 0.1 wt.% Cu2+/Al2O3 catalyst
he spectrum was typical of Cu2+ cations in an axial symm
ry [7,22–24]. Four splitting features (mI = −3/2,−1/2, 1/2,
/2) due to the hyperfine interaction between the unp
lectron and the nuclear spin of Cu (I = 3/2) appear on th

ig. 1. EPR spectra of Cu2+/Al2O3 catalysts evacuated at room temperat
a) 0.1 wt.%; (b) 0.5 wt.%; and (c) 3.0 wt.%.
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parallel component in the low field region. The anisotropic
parameters (g// = 2.30,A// = 145 G) were in agreement
with a tetragonally distorted octahedral symmetry reported
for Cu2+/Al2O3 samples[22,23,25]. The broadening of the
parallel hyperfine features increases gradually with an in-
crease inmI , which can be attributed to correlatedg- and
A-strain results from a heterogeneity of micro-environments
of the copper sites[24]. 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
at room temperature. The perpendicular figures of 0.1 wt.%
Cu2+/Al2O3 catalyst were not perfectly simulated by one ax-
ial spin Hamiltonian. Lamberti et al.[26] have simulated the
experimental EPR spectrum of an alumina supported CuCl2
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-
ple, there would be several isolated Cu2+ species in very
similar axial symmetry due to the heterogeneity of�-Al2O3
surface.

A 0.5 wt.% Cu2+/Al2O3 catalyst shows axially symmet-
ric signals that have relatively broad line width and unre-
solved hyperfine features in comparison with the 0.1 wt.%
Cu2+/Al2O3 catalyst. The axial signals have two overlapping
s u2+
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Fig. 2. The EPR signal intensities of Cu2+/Al2O3 catalysts evacuated at:
(a) room temperature; and (b) 973 K with different Cu loadings. The signal
intensities are evaluated from twice integration of EPR spectra.

sample, the axial symmetry became broad and the hyperfine
features unclear due to dipolar interaction between neigh-
boring paramagnetic species. It is suggested that around
0.75 wt.%, the number of EPR active Cu2+ species were sat-
urated on the�-Al2O3 surface and that EPR inactive species
started to be formed mainly. Therefore, we can decide the
saturation point of highly dispersed Cu2+ species is around
0.75 wt.%, which corresponds to 0.5 wt.% Cu/100 m2. If the
cation vacant sites of the�-Al2O3 are occupied, an excess
Cu2+ species will begin to aggregate to form EPR inactive
multinuclear species.

Fig. 3shows a fraction of EPR active Cu2+ species of dif-
ferent Cu loaded catalysts. The spin densities are determined
using CuSO4·5H2O as a standard. Although there are both
the isolated and the neighboring Cu2+ species, the fraction
of the EPR active species to the total amount of Cu can be
regarded as a degree of the presence of highly dispersed Cu2+
species supported on�-Al2O3. The fraction is evaluated from
a twice integrated EPR signal intensity that is normalized to
the number of Cu molecules contained in each catalyst, taking
no thought of the difference in a signal intensity coefficient
between the isolated ones and the neighboring ones. In the
case of the 0.1 wt.% Cu2+/Al2O3, the fraction of EPR active
Cu2+ species were about 100% based on the total amount of

F u
s

pectral components; the anisotropic signal of isolated C
pecies is superimposed by another broad anisotropic s
he presence of neighboring Cu2+ species causes broad

ng of EPR signal due to dipole–dipole magnetic interac
etween the paramagnetic sites[27]. We consider that th
road anisotropic signal is attributed to neighboring C2+
onomers that is very weakly interacted with each othe
The EPR signal intensities decrease extremely in the

f formation of aggregated Cu2+ species such as CuO clu
ers. The Cu–O–Cu networks are EPR inactive due to
trongly magnetic interaction. A 3.0 wt.% Cu2+/Al2O3 cat-
lyst shows very broad EPR signals mainly derived f
eighboring Cu2+ monomers in anisotropic symmetry.
ome extent, there might be overlapping of very w
sotropic signals resulting from Cu2+ aggregates. The si
al intensity of the 3.0 wt.% sample is comparable to th

he 0.5 wt.% sample in spite of the high loading of cop
his result indicates the presence of EPR inactive spe
ere, it is noteworthy that this EPR inactive Cu2+ clusters
re different from bulky CuO-like species, because the
tructures are found to be different from CuO crystallites e
n the case of high loading (1.0–3.0 wt.%) region by me
f XANES and UV–vis/NIR spectroscopies[17]. Therefore
e consider that the EPR inactive aggregates are very
ultinuclear clusters taking into account of results from
ther spectroscopic techniques.

Fig. 2a shows the integrated EPR signal intensitie
u2+/Al2O3 catalysts with different Cu loadings after o
assing at room temperature. The signal intensities incre
ith an increase in the Cu loadings up to 0.75 wt.% and
reased when it exceeded 1.0 wt.%. Moving to highly loa
ig. 3. The effects of copper loading on a fraction of EPR active C2+
pecies evaluated from the EPR signal intensity.
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Cu in the sample. This indicates that all the Cu2+ species are
captured by the cation vacant sites of the�-Al2O3 surface in
an isolated state. The fraction of the EPR active Cu2+ species
decreased gradually with increasing Cu loadings. For highly
loaded sample, 3.0–5.0 wt.%, the major species are the very
fine Cu2+ aggregates instead of the monomers.

The EPR measurement of the Al2O3-supported Cu2+ cata-
lysts revealed the dependence of loading amount for the Cu2+
dispersion. The two types of highly dispersed Cu2+ species
in axial symmetry, which are the isolated monomers and the
neighboring monomers, are dominant in the low loaded sam-
ples. The EPR active Cu2+ species interacting with each other
are not Cu2+–O2−–Cu2+ dimers, because the copper dimer
species are EPR silent in general. In addition, the dimers are
difficult to be spread on�-Al2O3 surface homogeneously tak-
ing into account thermodynamics. The Gibbs free energy (G
=H –TS) of the surface monomers will be lower than that of
the surface dimers as far as each enthalpy term (H) is almost
the same, due to the higher entropy term (S) of monomers
than dimers. In the highly loaded Cu catalysts, excess Cu2+
ions to the cation vacant sites of the�-Al2O3 are aggregated
to the very fine multinuclear species. Perhaps, a part of
the aggregates show very weak EPR signals in isotropic
symmetry.

3
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a e to
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s
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t

The EPR signal of the sample evacuated at 873 K was almost
equivalent to that at 773 K.

After evacuation at 973 K, the EPR signal intensities de-
creased drastically and nearly disappeared. This disappear-
ance in the signal suggests that the EPR active Cu2+ species
are thermally reduced to 3d10 diamagnetic Cu+ ions. We
can exclude the possibility of the formation of EPR inactive
species such as the very fine Cu2+ aggregates after evacu-
ation at 973 K, because the remaining signal shows a typi-
cal spectrum for Cu2+ species in axial symmetry. However,
EPR spectroscopy cannot detect Cu+ species, so that another
spectroscopic measurement is necessary for the precise char-
acterization of the oxidation states of copper species.

The photoluminescence spectroscopy is a powerful tool in
order to determine the presence of Cu+ ions. It is known that
Cu+ ions show phosphorescence emissions that are affected
by the local structures or the types of supported materials.
The isolated Cu+ ions supported on zeolites are excited (3d10

→ 3d94p1) at 250–300 nm and exhibit the phosphorescence
emission (3d94s1 → 3d10) at 450–550 nm[28–30]. Although
the excitation bands of Cu+ ions have been assigned to the
d–s transition (3d10 → 3d94s1), the assignment is far from
understanding, because the transition is dipole forbidden.

Fig. 5 shows emission spectra of 0.1 wt.% Cu2+/Al2O3
catalysts excited by the light of 280 nm at room temperature.
I re, no
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.2. Auto-reduction of the isolated Cu2+ species

Fig. 4 shows the EPR spectra of 0.1 wt.% Cu2+/Al2O3
atalysts after evacuation at various temperatures. The
ignal evacuated at lower temperature than 473 K was si
o that at room temperature. On the other hand, thermo
um treatment at 773 K caused a variation of the signal s
nd a little decrease in the EPR signal intensity. It is du

ransformation of the local environment of hydrated C2+
pecies by desorption of coordinated hydroxyl groups[25].

ig. 4. EPR spectra of 0.1 wt.% Cu2+/Al2O3 catalyst evacuated at: (a) roo
emperature; (b) 473 K; (c) 773 K; and (d) 973 K.
n the case of the sample evacuated at room temperatu
mission was detected. Evidently, isolated Cu+ ions are ab
ent in the fresh Cu2+/Al2O3 catalysts. Lifting evacuatio
emperature up to 773 K, a phosphorescent emission
merged at 500 nm. Although not shown, the emission in
ity of the sample evacuated at 873 K is almost consisten
hat evacuated at 773 K. On the other hand, the evacuat
73 K caused remarkable increase in the emission inte
hese emissions have been attributed to the photolum
ence from the isolated Cu+ ions supported on�-Al2O3 with
ow-coordination number by means of X-ray absorption s
roscopy[31]. It is recognized that the disappearance in
PR signal intensities after evacuation at 973 K is not

ig. 5. Phosphorescence emission spectra of 0.1 wt.% Cu2+/Al2O3 catalys
vacuated at: (a) room temperature; (b) 473 K; (c) 773 K; and (d) 9
he spectra were recorded at room temperature and monitored at�s.
xcitation wavelength was 280 nm.
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Fig. 6. Phosphorescence intensity decay of 0.1 wt.% Cu2+/Al2O3 catalyst
evacuated at: (a) 773 K; and (b) 973 K. Solid curves show the simulated
decay curves. The spectra were recorded at room temperature. Emission
spectra excited at 280 nm were monitored at 490 nm.

to a formation of EPR inactive Cu2+ species but due to a
reduction to the isolated Cu+ ions. The presence of emis-
sion species after evacuation at 773 K shows that parts of the
atomically dispersed Cu2+ species are thermally reduced to
the isolated Cu+ ions. After evacuation at 973 K, the remain-
ing Cu2+ species that resist to the auto-reduction at 773 K
are also reduced to the Cu+ ions. There would be at least two
types of isolated Cu2+ species supported on�-Al2O3, easily
auto-reducible ones at 773 K and less auto-reducible ones.

Fig. 6shows the decay curves of the emission intensities
of 0.1 wt.% Cu2+/Al2O3 catalysts after thermal treatments
in vacuo. The excitation wavelength was 280 nm and the in-
tensity of the phosphorescence emission was monitored at
490 nm. The decay curve of the Cu+ emission in the sample
evacuated at 773 K could be fitted using two sets of exponen-
tials as below.

I = I1 exp

(−t

T1

)
+ I2 exp

(−t

T2

)

Ii is the band intensity of emission componenti,Ti the lifetime
of emission componenti, andt the delayed time.

In the case of the sample evacuated at 773 K, the two com-
ponents exhibit 8 and 108�s life time. The decay curve of the
sample evacuated at 973 K could be also fitted with short- and
long-lived components. If we assume that the non-radiation
p e
t t the
f and
8 n the
o , there
w
i
w very
l rt
l s, we
c Cu
s ero-
g es

of atomically dispersed Cu2+ 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 Cu+ 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
(55�s) to the Cu+ species adjacent to two Al framework
atoms and the emission band at 540 nm (120�s) to the Cu+
species adjacent to 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-workers[32] attributed the emis-
sion band at 480 nm to the Cu+ species coordinated to three
oxygen atoms and the emission band at 540 nm to the Cu+
species coordinated to only two oxygen atoms. The coordi-
nation environments of the luminescence-active Cu+ species
have not been clarified yet.

In the present case, each of the local environments of the
Cu+ species is almost the same, because the wavelengths
of the emission bands are not definitely different. However,
the band max slightly shifts to 490 nm and a large number
of the short lifetime species appeared after thermovacuum
treatment at 973 K. This should be due to a slightly structural
change around the Cu+ emission species into that exhibit
stronger interaction with Al atoms, because the short-lived
s ns in
C sed
C e
i ns
o

3
a
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e lysts
( Cu
i nd,
t in the
c It is
c
h Cu
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w n in
F acu-
a
a ed
a ems
t
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t
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0 s at
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rocess is negligible, the product ofIi andTi can determin
he fraction of the two emission sites. We obtained tha
ractions of short- and long-lived components were 15
5%, respectively, in the sample evacuated at 773 K. O
ther hand, in the case of the sample evacuated at 973 K
ere a large number of short-lived component (29�s; 69%)

n addition to long-lived component (108�s; 31%). Although
e cannot neglect non-radiation process actually, it is

ikely that the amount of the isolated Cu+ species with sho
ifetime increased after evacuation at 973 K. In any case
an conclude that there exist several types of isolated+
pecies in slightly different environments due to the het
eneity of the�-Al2O3 surface. The presence of two typ
pecies increased with an increase in the content of Al io
u-ZSM-5[29]. Here, we confirmed that the highly disper
u2+ species supported on�-Al2O3 are auto-reducible to th

solated Cu+ ions with low coordination number by mea
f EPR and photoluminescence spectroscopy.

.3. The effect of the Cu2+ dispersion on the
uto-reducibility

Fig. 7 shows the photoluminescence emission spe
f Cu2+/Al2O3 catalysts evacuated at 973 K with diff
nt Cu loadings. In the case of the low Cu-loaded cata
0.1–0.75 wt.%), the emission bands due to the isolated+
ons (3d94s1 →3d10) are clearly observed. On the other ha
he phosphorescence emission bands hardly emerge
ase of the highly Cu loaded catalysts (1.0–3.0 wt.%).
onsidered that the Cu2+ species supported on�-Al2O3 in a
ighly dispersed form are auto-reduced to the isolated+

ons in vacuo at 973 K.
Fig. 8 shows the EPR spectra of Cu2+/Al2O3 catalysts

ith different Cu loadings evacuated at 973 K. As show
ig. 4, the signal intensities nearly disappeared after ev
tion at 973 K in the case of the 0.1 wt.% Cu2+/Al2O3. The
mount of the remaining Cu2+ species that are not reduc
fter evacuation at 973 K increased with Cu loadings. It se

hat the less dispersed Cu2+ species supported on�-Al2O3 re-
ist to the auto-reduction into the isolated Cu+ ions, becaus
he isolated Cu2+ species are thermally reduced to 3d10 dia-
agnetic ions (Fig. 8a). However, even in the case of
.5 wt.% Cu2+/Al2O3, there are less auto-reducible one
73 K.
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Fig. 7. Phosphorescence spectra of Cu2+/Al2O3 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 50�s. Excitation wavelength was 280 nm.

The comparison of twice-integrated EPR signal intensi-
ties between the fresh samples and the thermal treated ones
at 973 K is presented inFig. 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.%
Cu2+/Al2O3 increases after evacuation at 973 K as shown in
Fig. 8f. It is suggested that the EPR inactive multinuclear
species supported on�-Al2O3 are hardly reduced but re-
dispersed to EPR active Cu2+ species by thermal treatment.
This behavior of the fine Cu2+ aggregates is also supported by
the photoluminescence spectra; the intensities of photoemis-

F (a)
0 (f)
3

sions are very low in the case of the highly loaded samples.
However, it is difficult to determine the amount of reduced
Cu+ 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
Cu2+ species to Cu+ ions. Actually, Praliaud et al. reported
that the outgassing at 773 K reduces partially bulk CuO clus-
ters creating Cu+ 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 Cu+ ions surrounding by Cu2+
ions. However, we concluded that the fraction of the auto-
reducible Cu2+ species to the total amount of copper would
decrease with increasing Cu loadings on�-Al2O3.

It has been reported that the EPR signal intensities of
alumina-supported catalyst with low Cu loadings decreased
by thermal treatment under vacuum[33], and that low coor-
dinated Cu+ ions were formed by thermovacuum treatment
starting from uncalcined 0.55 wt.% Cu2+(NO3)2/Al2O3 cat-
alyst [31]. However, this is the first report that has revealed
that the isolated Cu2+ species supported on�-Al2O3 are auto-
reducible. It was suggested that the degree of the Cu2+ dis-
persion determines the auto-reducibility as a whole on�-
Al2O3 supported catalyst. The isolated Cu2+ ions are more
e e
d
p ze-
o Cu
i ttice
o
e s the
C
l
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p Cu
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g tion
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ig. 8. EPR spectra of Cu2+/Al2O3 catalysts evacuated at 973 K:
.1 wt.%; (b) 0.25 wt.%; (c) 0.5 wt.%; (d) 0.75 wt.%; (e) 1.0 wt.%; and
.0 wt.%.
t
asily reduced in vacuo on the�-Al2O3 surface, which ar
ifferent from the past report on zeolites and SiO2 sup-
orted Cu2+ catalysts. For the copper exchanged ZSM-5
lites, it has been assumed that the auto-reduction of2+

ons are promoted by desorption of bridging extra-la
xygen from Cu2+–O2−–Cu2+ dimer species[5,6,8]. How-
ver, the very fine multinuclear species, which posses
u2+–O2−–Cu2+ networks, supported on the�-Al2O3 are

ess auto-reducible to the isolated Cu+ ions.
Since the formation of the emission bands are acc

anied by the decrease of EPR signal intensities, the2+
onomers are reduced to the isolated Cu+ ions without ag
regation to the EPR inactive dimers. The full auto-reduc
f the isolated Cu2+ ions has occurred at 973 K, so that
opper reduction would not be concomitant with water
rption. We also confirmed the reversible redox cycle o

solated copper species under dry condition by means of
u2+ ions re-oxidized by O2 were reduced to Cu+ ions by

hermovacuum treatment at 973 K again. The mechanis
he thermal reduction should be as follows. The coordin
ydroxyl groups of the isolated Cu2+ ions are desorbed
ater in the range 473–773 K. In the second step, evol
f two oxygen ligands as a molecular oxygen from the d
rated Cu2+ monomer causes the thermal reduction into

ow-coordinated Cu+ ion.

. Conclusions

The dispersion of the Cu2+ species is dependent on
u loadings over Al2O3-supported catalysts. In the case
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the low loaded region, two types of highly dispersed Cu2+
species exist in tetragonally distorted octahedral symmetry,
isolated Cu2+ monomers and neighboring Cu2+ monomers.
The excess Cu2+ species over the saturation point of�-Al2O3
(0.5 wt.% Cu/100 m2) aggregate to form EPR inactive mult-
inuclear species.

We investigated the auto-reduction behavior of Cu2+
species supported on�-Al2O3 by combined use of EPR
and photoluminescence spectroscopy. It was found that the
isolated Cu2+ monomers are easily reduced to the low-
coordinated Cu+ ions by thermovacuum treatment for Al2O3-
supported catalyst. On the other hand, the less dispersed Cu2+
species cannot be perfectly reduced to Cu+ ions in vacuo
at 973 K. The degree of the Cu dispersion determines the
auto-reducibility of Cu2+/Al2O3 catalysts as a whole. This
is the first report that has revealed the relationship between
the Cu2+ dispersion and the auto-reducibility of Cu2+ ions
supported on ionic metal oxides.

There are several types of thermally reducible Cu2+
monomers in Cu2+/Al2O3 catalysts. It is also confirmed the
formation of two types of thermally reduced Cu+ species;
long- and short-lived emission species. The varieties of
microenvironments of those copper species are probably due
to the heterogeneity of the�-Al2O3 surface as host material.
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