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The characteristics of Cu ions loaded in different amounts on
ZrO2 have been studied as a function of the pretreatment conditions
(in vacuo, in air, or pure O2, and after room temperature hydration)
by EPR, FTIR of CO adsorption (at 77 K and 300 K), and UV-Vis-
NIR diffuse reflectance spectroscopy. The present results indicate :
(i) two families of CuII centres at the surface of oxidized samples;
(ii) the easy reducibility of CuII ions to CuI ions, and, eventually, to
Cu0, especially in the presence of some surface contaminants and/or
when starting from highly hydrated materials; (iii) CuI centres are
easily reoxidized to CuII by the room temperature action of H2O,
whereas the reoxidation of Cu0 centres requires the action of O2 at
high temperatures; (iv) the surface situation typical of the starting
Cu-ZrO2 catalysts can be obtained again from reduced catalysts
only by the joint action of O2 at high temperatures (leading to CuO
nanoparticles) and H2O at ambient temperature (redispersing the
CuII species). The stationary and nonstationary catalytic behaviour
of Cu-ZrO2 systems in the decomposition of N2O at 723 K depends
strongly on the pretreatment conditions and can be correlated to
the dispersion, oxidation, and hydration state of Cu surface species.
c© 1998 Academic Press
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INTRODUCTION

Transition metals supported on zirconium oxide have re-
ceived in recent years an increasing attention as catalytic
materials for the interesting surface and reactivity proper-
ties obtained when using zirconia as a support. Similarly
to TiO2, zirconium oxide promotes the effective surface
spreading of vanadium-oxide (1) and promotes the reactiv-
ity of vanadium ions in the reduction of NO in the presence
of ammonia and O2 (2). Iron supported on zirconia shows
interesting catalytic properties in the dehydrogenation of
olefins (3) and in the hydrogenation of carbon monoxide
(4). Kim and Wachs (5) showed that the reactivity of sup-
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ported Cr-oxide in methanol oxidation is about one or-
der of magnitude higher when supported on ZrO2 than
on other oxides such as SiO2. The same authors observed
that also the activity of molybdenum oxide is promoted by
supporting it on zirconia or titania (6). The superior hy-
drotreating properties of Mo/ZrO2 catalysts are also well
recognized (7–8). Co and Mn oxides supported on zirconia
show good properties in 1-butene to butadiene conversion
(9) and the promotion effect of zirconium in the catalytic
behavior of Co/SiO2 catalysts for Fisher–Tropsh synthesis
has been demonstrated (10). Also the behavior of noble
metals may be promoted by dispersion on zirconia with re-
spect to silica or alumina. Mark and Maier (11) showed that
ZrO2 promoted Rh/SiO2 catalysts are effective for the CO2

reforming with methane, and Borer et al. (12) reported the
superior performances of these catalysts for CO hydrogena-
tion. Burch and Loader (13) showed the improved behavior
of Rh supported on zirconia for the reduction of NO with
hydrocarbons in the presence of O2.

An interesting class of zirconia supported catalysts is that
based on copper oxide. With respect to other supported
copper-oxide systems, Cu-ZrO2 catalysts have been stud-
ied in much less detail, despite their promising surface and
reactivity properties (14). Zirconia has emerged as a par-
ticularly interesting support material for copper catalysts
in the synthesis of methanol from either CO/H2 or CO2/H2

(15–19). Cu-ZrO2 catalysts have interesting reactivity char-
acteristics in the reduction of NO under lean-burn condi-
tions in the presence of both low and high molecular weight
hydrocarbons (20–22) and in the NO–CO reaction at low
temperatures (23). The behavior of copper ions in the low
temperature oxidation of CO is also promoted using zir-
conia or modified zirconia supports (24–25). Recently, we
have shown that, when supporting copper oxide on zirco-
nia, it is possible to obtain better activities in the decompo-
sition of N2O with respect to other oxide supports (26). In
the latter case, the catalytic behavior turns out to be com-
parable to that of catalysts based on copper ion-exchanged
in ZSM-5 zeolite, reported in patent and open literature as
very active for this reaction (27–28).
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N2O contributes significantly to global warming and de-
struction of ozone layer. As a consequence, antropogenic
N2O emissions, and especially those from combustion and
chemical industrial processes, should be reduced by some
80–90% in the near future (29–31).

Water and oxygen are typical major components in the
emissions from industrial processes. In the study of the ef-
fect of these gas components on the catalytic reactivity of
zirconia-based catalysts for N2O decomposition we noted
that the effect on the surface reactivity cannot be explained
only in terms of the competitive chemisorption of water at
the sites necessary for N2O decomposition and/or oxygen
on the same sites. The presence of these gaseous species is
thought to influence directly the nature of surface sites and
their intrinsic reactivity (26,32).

The aim of this work is to characterize the nature of cop-
per species in Cu-ZrO2 catalysts and analyze how it depends
on the hydration state of the catalyst and on the conditions
of thermal treatments (e.g., in the presence/absence of oxy-
gen). These indications should be compared with the ob-
served effect of water and/or oxygen on the reactivity of
Cu-ZrO2 catalysts in the decomposition of N2O.

EXPERIMENTAL

Materials

The starting zirconia samples (hereafter referred to as Z
samples) were prepared following a sol-gel technique (base
catalyzed hydrolysis of Zr(O-iso-C3H7)4 diluted in a 1 : 5
volume with ethanol) as reported in more detail in Ref. (25).
After ageing (40 min, pH = 10, r.t.) and filtration, the solid
was dried at 400 K and then calcined in an air flow up to
773 K using a linear increase of temperature (50◦/h) up to
the final temperature that was then maintained constant for
4 h. The resulting ZrO2 phase is microcrystalline, tetragonal
(as indicated by XRD data nonreported), and has a mean
diameter of the crystalline particles of 18 nm after calcina-
tion. The N2 BET surface area is 93 m2/g.

On the precalcined Z support, copper was loaded by the
incipient wetness method, using dosed amounts of an aque-
ous solution of Cu(NO3)2 so as to obtain loading values
(expressed as wt% CuO) of about 0.2 and 1, respectively.
These samples, hereafter referred to as CZn (where n stands
for the CuO loading, i.e., either 0.2 or 1), were air dried,
calcined in air at 773 K for 2 h, and then stored in closed
vessels. After calcination the surface area of the samples
was 92 and 90 m2/g for the samples with 0.2 and 1% CuO,
respectively.

Before all spectroscopic experiments, the “as prepared”
samples were vacuum activated at various Tact (K) temper-
atures (see below), and the samples are therefrom desig-
nated by the symbol CZn(T) (e.g., CZ0.2(473) stands for
a Cu/ZrO2 catalyst, whose CuO loading is 0.2% and that

was activated in vacuo at 473 K). Whenever the vacuum
activation treatment was carried out on CZ catalysts after
a previous treatment (e.g., after oxidation, rehydration, or
else), no complex symbols will be used to designate the
samples, but the operations performed will be explicitly re-
ported both in the text and in the figure captions.

In no phase of the complex physical/chemical treatments
performed on CZ samples did XRD data of all CZn samples
ever evidence the presence of extra reflexes besides those
typical of the ZrO2 support.

Methods

Before spectroscopic measurements, Z and CZn samples
were placed in proper quartz cells (in the form of loose pow-
der for EPR and UV-Vis experiments and as self-supporting
pellets (∼20 mg cm−2) for IR experiments) and were acti-
vated in vacuo in a conventional vacuum line capable of
a residual pressure <10−5 torr at a temperature between
∼300 and 823 K.

Electron paramagnetic resonance (EPR) spectra were
obtained both at liquid nitrogen temperature (77 K) and at
ambient temperature (∼300 K) with a Varian E-109 spec-
trometer (X-band), equipped with a dual cavity.

Fourier transform infrared (FTIR) spectra were obtained
at 2 cm−1 resolution with Bruker spectrophotometers,
model IFS 113v or IFS 88, equipped with MCT cryodetec-
tor. The spectra of adsorbed species were recorder either
at beam temperature, or at a temperature close to that of
boiling liquid nitrogen, as reported in the text and figure
captions.

In situ UV-Vis-NIR spectra were obtained at ambient
temperature in the diffuse reflectance mode, using a Perkin-
Elmer spectrophotometer, model Lambda 19.

Catalytic tests were carried out in a quartz fixed-bed re-
actor equipped with an on-line mass-quadrupole system for
the continuous analysis of the feed and of reaction products.
Results were corrected to consider overlap in the fragmen-
tation in the mass intensities. Tests were made using 1.0 g
of catalyst in the form of particles with diameter of the or-
der of 0.1-mm range and a space-velocity of 4200 h−1. The
uniform axial temperature profile of the catalytic bed was
monitored using a thermocouple. The feed composition was
1.0% N2O in He. The following procedure was adopted for
the catalytic tests: after calcination and sieving, the cata-
lyst was introduced in the reactor and pretreated in situ
as indicated in the text. Then the temperature of the reac-
tor was rapidly increased or decreased to 723 K (usually in
10–15 min) feeding a pure He flow to the reactor. When the
reactor temperature was stabilised, the feed was switched
to the 1% N2O/He mixture and the outlet composition of
the reactor was continuously monitored to determine how
the surface reactivity changed in reaching the steady-state
behavior.
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RESULTS AND DISCUSSION

1. EPR Data

The EPR technique has been employed to monitor the
CuII paramagnetic sites present on CZn catalysts isolated
in various redox conditions.

1.1. Reducibility of CuII Ions

All the “as prepared” samples exhibit an intense EPR
spectrum due to cupric ions. Despite the line broadening
due to the high surface concentration of cupric ions, the fea-
tures of a signal with g‖ = 2.30 and A‖ = 150 G (species A
in Table 1) are observed for the low loading CZ0.2 sample
(Fig.1a). The corresponding spectrum for CZ1, although
broader and less structured, exhibits the features of species
A overlapped with a broad unresolved signal correspond-
ing to clustered CuII species with the ions in magnetic inter-
action.

EPR spectra of Cu2+/ZrO2 catalysts, prepared with the
same procedure of the samples analyzed in the present pa-
per, were recently reported by Liu et al. (33). Only the spec-
tra of the calcined materials were available (thus compara-
ble with the spectrum in Fig. 1a), but the spin-Hamiltonian
parameters reported by Liu et al. (33) are quite different
(g‖ = 2.38 and A‖ = 110 G) from those measured in the
present case. The discrepancy could be due to the higher
copper loading, causing a relatively low resolution of the
spectra.

Evacuation at increasing temperature, with progressive
dehydration of the sample, causes the decrease of the spec-
tral intensity. At 373 K (spectrum 1b) the decrease is of
some 20% and at 773 K the signal is nearly vanished, due
to the gradual reduction of cupric ions. Parallel to the in-
tensity decrease, the resolution of the spectra increases and
the signal observed after outgassing at 573 K becomes that
of a single CuII species on ZrO2 (species B; see Fig. 1c).
The resolution of the spectrum in Fig. 1c is higher than
that observed for several other copper-on-oxide systems

TABLE 1

Spin-Hamiltonian Parameters of Cu2+ Ions as a Function of the
Thermal or Chemical Treatment of a CZ0.2 Sample

State of the
sample Species g‖ A◦ g⊥ AÁ

As prepared A 2.30 150 2.05 Unresolved
Outgassed B 2.285 150.0 2.047 18.9

570 K
Outgassed No CuII — — — —

770 K
Oxidized B 2.285 150.0 2.047 18.9
O2 770 K C 2.235 160 2.045 20.8
Rehydrated A 2.30 150 2.05 Unresolved

H2O-R.T.

FIG. 1. EPR spectra of CZ0.2 evacuated at 300 K (a), 373 K (b), and
573 K (c), respectively.

(34–35) and is comparable with the resolution observed for
the spectra of CuII ions in zeolites (36). This indicates the
presence on the dehydrated system of a single, well-defined
and isolated cupric surface complex. The spin-Hamiltonian
parameters of the signal have been derived by computer
simulation (Fig. 2), and are reported in Table 1 (species B).

FIG. 2. Computer simulation of the EPR spectrum of the sample
CZ0.2(573).
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FIG. 3. Integrated intensity of the CuII EPR spectra of CZ0.2.
(a) Upon treatment in vacuo at room temperature: “as prepared” sam-
ple (a1); 373 K (a2); 473 K (a3); 573 K (a4); 773 K (a5); and further, to
interaction with CO at RT (a6). (b) The effect of various treatments on
the CZ0.2 sample vacuum reduced at 773 K. H2O adsorption at RT (a7);
oxidation with O2 at 773 K (a8); H2O adsorption at RT after O2 oxidation
at 773 K (a9).

The EPR spectrum of species B is typical of CuII ions in
axial symmetry. Most probably the symmetry of the envi-
ronment is distorted octahedral (or square pyramidal), as
typical of many cupric systems. From EXAFS and XANES
experiments on Cu-ZrO2 (23) a coordination number of six
was found for CuII ions, in substantial agreement with the
present findings.

The considerable reduction of the spectral intensity
upon outgassing at increasing temperatures is described in
Fig. 3a. The graph shows that, after outgassing at 573 K (i.e,
in the conditions described by Fig. 1c or Fig.2), only ∼8%
of the CuII initially present on the “as prepared” sample re-
mains at the surface. This small residual amount of cupric
ions is then nearly eliminated after a further vacuum acti-
vation at 773 K.

A considerable reduction of CuII ions is also observed by
contacting at ∼300 K the “as prepared” CZ catalysts with a
mild reducing agent like carbon monoxide. For instance, in
the case of a CZ0.2(300) sample, the amount of CuII ions is
reduced to about 30% of its initial value (see the last column
in Fig. 3a), whereas the extent of reduction is somewhat less
pronounced in the case of CZ1.0(300) samples (not shown
in the figures).

1.2. Reoxidation of Reduced Copper Ions

Reoxidation of a sample vacuum reduced at 773 K has
been made by two alternative procedures, the first one being
the treatment in molecular oxygen, either at ambient tem-
perature or at high temperature (773 K), and the second
one being the contact with water vapour at room tempera-
ture. No effect is produced on the cupric ion concentration
by contacting the reduced sample with O2 at room temper-

ature, whereas by contact with O2 at 773 K a reoxidation
occurs (see step a8 in Fig.3b) leading to an EPR signal of CuII

corresponding to about 60% of the signal initially present
in the starting CZ0.2(300) material. (This percentage in-
creases to about 70% for CZ1.0 sample). This implies that
either the O2 treatment at 773 K does not reoxidize to CuII

all of the Cu surface species that were reduced during the
vacuum thermal treatment, or not all of the reoxidized CuII

species can be revealed by the EPR technique.
The EPR spectral features of the reoxidized sample (O2

at 773 K; step a8 of Fig. 3b) are shown in Fig. 4b; it indi-
cates that a new family of cupric ions is now present at the
surface (species C in Table 1) beside the already described
species B. Two slightly different, but distinguishable, EPR-
active isolated CuII species in axial symmetry, which differ
slightly in the coordinative environment, are thus typical of
a dehydrated CuII/ZrO2 system.

A sample reoxidized in O2 at 773 K has been submit-
ted to a second series of thermovacuum treatments at the
same temperatures of the first pattern. The loss of EPR

FIG. 4. (a) EPR spectrum of CZ0.2(773); (b) effect of oxidation in O2

at 773 K (see a8 Fig. 3); (c) effect of H2O adsorption at room temperature
(see a7 in Fig. 3); (d) effect of H2O adsorption at RT after O2 oxidation at
773 K.
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intensity observed along the new series of treatments for
this dehydroxylated, oxidized material is comparable to
that observed for the “as prepared” sample, whose surface
is hydroxylated and contaminated by carbonates and hy-
drocarbonaceous residues (vide infra). In particular, the fi-
nal intensity of the EPR signal after outgassing at 773 K is
nearly the same in the two cases.

1.3. Effect of Water on the Redox Behaviour
of Copper Ions

Addition of water vapor at room temperature (i.e., the
contact with saturated vapor pressure for several minutes)
either to the vacuum reduced sample (with CuII ions prac-
tically absent) or to the sample reoxidized in O2 at 773 K
(corresponding to the EPR spectrum of Fig.4b) causes a
considerable increase of the CuII signal suggesting an ex-
tensive reoxidation of the system. This is documented in
Fig. 3b, steps a7 and a9, respectively, and in Fig. 4, spectra c
and d, respectively. It is noted that:

(i) In the former case, water addition rises the CuII con-
tent to about 40% of the reference amount initially found
on the “as prepared” sample (see the reference horizon-
tal broken line in Fig.3b). This suggests that, during the
first activation (dehydration) cycle at Tact = 300–773 K, an
appreciable fraction of CuII, although not all, was vacuum-
reduced to a valence state that is reversible to a plain rehy-
dration at ambient temperature.

(ii) In the second case, water addition leads the CuII EPR
signal to a level that is definitely higher (about 1.5 times)
than the initial reference amount. The resulting spectrum
is reported in Fig. 4d (amplification of Fig. 4d is lower than
Fig. 4c).

In the second case illustrated above the final CuII spec-
trum has the same shape and parameters of the “as pre-
pared” material (see Fig. 4c, and the parameters of species
A in Table 1). This indicates that on the starting catalyst the
Cu situation (i.e., the surface distribution and valence state)
is determined by both oxidation and hydration state of the
system. The fact that, after reoxidation + rehydration, the
CuII signal becomes 1.5 times stronger than on the starting
material implies that, on the “as-prepared” starting ma-
terial, either one or both of the two mentioned param-
eters (i.e., oxidation, hydration) are appreciably different
from that achieved after the in situ dehydration–oxidation–
rehydration cycle.

2. FT-IR Data

2.1. CO Uptake as a Surface Probe

CO is a weak Lewis base that can interact with coor-
dinatively unsaturated (cus) surface sites, forming pure
σ -complexes (in d0 systems) and σ , π -complexes (in dn

systems).

If CO uptake is carried out at ambient temperature
(∼300 K), the interaction occurs only with the strongest
fraction of surface sites, and the CO/strong-site interaction
is little perturbed by inductive effects. When in the presence
of redox surface species, a drawback of CO adsorption at
∼300 K is the mild reducing activity of CO.

If CO uptake is carried out at low temperatures (e.g.,
77 K), the reducing activity of CO is usually inhibited,
whereas all interactions of the acid–base type may take
place. This has the advantage that CO uptake can reveal
all surface sites, and the simultaneous disadvantage that the
few CO/strong-site interactions are perturbed via inductive
effects by the abundant CO/weak-site interactions.

2.2. CO Adsorption at ∼77 K

Some of the IR spectra recorded at low temperature for
the interaction of CO with CZ1.0 samples are reported
in Fig. 5. Analogous spectra for the support alone are re-
ported, for comparison, in Fig. 6, whereas the spectral fea-
tures of both systems in the νOH region are shown in Fig. 7.
The 77 K spectra relative to the interaction of CO with
CZ0.2 samples present minor differences and are not de-
scribed for the sake of brevity.

FIG. 5. Absorbance IR spectra of CO adsorbed at ∼77 K on CZ1.0(T)
samples, under a CO pressure decreasing in the range 4 × 101–3 ×
10−2 torr. (1) Tact = ∼300 K; (2) Tact = 473 K; (3) Tact = 773 K; (4) after 3,
the sample was oxidized with O2 (60 torr) at 773 K, and the excess O2

evacuated at ambient temperature.
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FIG. 6. Absorbance IR spectra of CO adsorbed at ∼77 K on zirco-
nia Z(T) samples, under a CO pressure decreasing in the range 4 × 101–
3 × 10−2 torr. (1) Tact = ∼300 K; (2) Tact = 473 K; (3) Tact = 773 K.

The spectra of Figs. 5–7 point out the following aspects:
(i) If an “as-prepared” CZ1.0 catalyst is activated

in vacuo at room temperature (RT), a broad and proba-
bly double band forms at ∼2155 cm−1 at low CO coverages

FIG. 7. Absorbance IR spectra in the νOH spectral region of CZ1.0(T) samples (a) and Z(T) samples (b). (1) Tact = ∼300 K; (2) Tact = 473 K;
(3) Tact = 773 K. Solid-line curves, background spectra; dotted-line curves, spectra after the allowance of 40 torr CO at ∼77 K.

(θCO). With increasing θCO, the band grows both in inten-
sity and 1ν1/2, and is slightly shifted towards lower
wavenumbers (see set 1 in Fig. 5). The position of this band
is only slightly higher than that of COgas (2143 cm−1), in-
dicating either a weak pure σ -donation interaction (in that
case it would be a plain H-bonding interaction with surface
OH groups), or a σ ,π -interaction in which the shifts due to
the two contributions almost compensate. The spectral set
1 in Fig. 6, relative to the 77 K CO uptake on pure ZrO2

activated at RT, indicates that the complex CO absorption
at ∼2150 cm−1 is due to the support component of the CZ1
system and, thus, ascribable to a plain CO/OH interaction
of the H-bonding type. This assignment is confirmed by the
spectral sets 1 in Fig. 7, showing that CO adsorption brings
about the same H-bonding perturbation on the OH spec-
trum of both CZ1.0(300) and Z(300) systems.

In set 1 of Fig. 5 no spectral components are observed
at ν > 2160 cm−1 (meaning that no cus cationic sites act-
ing as Lewis acid centres are yet available on CZ1.0(300),
as expected of a virtually fully hydrated material), nor at
ν < 2140 cm−1 (meaning that, despite the presence of Cu,
there are no CO species that adsorb with an appreciable π

back-donation contribution).
(ii) When the CZ1.0 catalyst is activated in vacuo at

473 K, the spectra become far more complex (see set 2
of Fig. 5). At ν > 2140 cm−1, the first species that forms as
a function of CO pressure is centered at ∼2180 cm−1. On
increasing θCO, another CO component starts appearing
at ∼2170 cm−1, and the subsequent CO doses bring about
the formation of two additional components centered at
∼2162 cm−1 and ∼2150 cm−1, respectively. All of these
bands are relative to the σ -coordination of CO to either
cus surface cationic sites (Lewis acid sites, ν > 2150 cm−1),
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or to surface OH groups (ν ≈ 2150 cm−1). The comparison
of these bands with those of the spectral set 2 in Fig. 6 and
the spectral sets 2 in Fig. 7 confirm that all these CO fea-
tures are due to the ZrO2 support (adsorption on cus Zr4+

surface sites and on OH groups of the ZrO2 network).
At ν < 2140 cm−1, the first CO doses form a broad and

weak band at ∼2115 cm−1 that does not change much with
increasing θCO (the band at ∼2115 cm−1 is better revealed
by the blown-up inset to set 2 of Fig. 5). The spectral po-
sition of this band and the absence of these features in the
spectra of the pure ZrO2 support indicate the presence on
CZ1.0(473) of Cu surface sites capable of chemisorbing CO
with an appreciable π back-donation. On the basis of data
in the literature (37), the weak band at ∼2115 cm−1 is as-
cribed to small amounts of cus CuI sites formed by vacuum
thermal reduction of the starting CuII species. EPR data re-
ported in Fig. 3a showed that, after activation at 473 K, the
CuII EPR signal was reduced to ∼50% of the original one.

(iii) If the activation of CZ1.0 is carried out in vacuo at
higher temperatures (namely 773 K; see set 3 in Fig. 5), after
CO adsorption an even more complex situation is observed.
At ν ≥ 2150 cm−1, the first doses of CO favour the formation
of a new carbonyl component lying at ∼2195 cm−1, which in-
creases in intensity for higher θCO and becomes clearly dou-
ble (∼2180 cm−1). For still higher CO pressures, the bands
at ∼2195 and ∼2180 cm−1 start shifting with continuity to-
wards lower ν, while another CO component forms with fast
increasing intensity at ∼2175 cm−1 and eventually reaches
νmax ≈ 2170 cm−1. Comparison with set 3 of Fig. 6 indicates
that all of these CO bands, due to a very complex system of
Lewis acid sites produced during the high temperature ac-
tivation, are due to the ZrO2 support (38). The CO band at
∼2150 cm−1 (due to H-bonded CO) shows a very low inten-
sity now, due to the high surface dehydration achieved, and
is mainly due to OH groups belonging to the ZrO2 support,
as demonstrated by Fig. 6 (set 3) and Fig. 7 (sets 3). In the
νOH spectral region, the presence of Cu brought about only
an appreciable change in the relative intensity of the bands
due to terminal OH groups (∼3780 cm−1) and bridging OH
groups (∼3670 cm−1), typical of the ZrO2 support (39); it is
inferred that the CuO moiety anchors more favourably to
the ZrO2 support through the terminal OH groups.

At ν < 2150 cm−1, a broad band centred at ∼2115 cm−1

forms at the lowest θCO, and under increasing θCO does
not change appreciably in intensity, while keeps moving to
lower ν with continuity. This broad band is not present in
the spectra of pure ZrO2 and is thus confirmed to be due to
CO adsorbed onto CuI sites. The broad band due to CO/CuI

complexes is present on CZ1.0(773) at frequencies rather
different from those observed on CZ1.0(473), indicating
that the spectral features of these complexes depend also
on the conditions of the activation treatment. The position
of the ∼2115 cm−1 band varies much with CO coverage,
and this does not allow a convenient use of the spectra at

77 K to follow the spectral changes of the CO/CuI com-
plexes with activation conditions. For this reason some CO
spectra obtained at ambient temperature will be presented
in a following section.

The intensity of the CO/CuI band formed on CZ1.0(773)
is much higher than that formed on CZ1.0(473); it is so
deduced that the vacuum treatment at high temperature
brought about an extensive reduction of the copper species.
EPR spectra indicated that, in these conditions virtually
no EPR visible CuII remains in Cu/ZrO2 catalysts. More-
over, the CZ1(773) sample exhibited an appreciable dark-
ening from light grey to dark brown, suggesting that the
vacuum reduction process proceeded beyond the CuI level
and led to the formation of some Cu0 centres. CO uptake at
77 K does not yield any additional band(s) to be specifically
ascribed to CO/Cu0 complexes (band(s) at ν < 2000 cm−1

would be expected (37,40)), and this confirms that CO
hardly adsorbs at all on supported Cu0 centres (40).

(iv) If the activation of CZ1.0 is carried out at 773 K in
an oxidising atmosphere, or the vacuum activation at 773 K
is followed by an oxidation step 773 K, CO uptake at 77 K
leads to the spectra of set 4 of Fig. 5.

At ν ≥ 2150 cm−1, most of the spectral features relative
to the ZrO2 component are still present, meaning that the
dehydration stage achieved by the catalyst remained almost
the same, so that the concentration of the various families of
Lewis acid sites and of the OH groups capable of H-bonding
CO remained virtually unchanged. But at ν < 2150 cm−1

the broad absorption lying at ∼2115 cm−1 and ascribed to
CuI/CO complexes is now totally absent. This indicates that
the oxidising treatment at 773 K eliminated entirely the sur-
face CuI sites and confirms that at 77 K CO has no reduc-
ing activity towards CuII but yields only interactions of the
acid/base type. The virtual coincidence at ν > 2140 cm−1 of
the spectra in sets 3 and 4 of Fig. 5 confirms that, even at
77 K, no CO uptake occurs at a spectroscopically observ-
able level on CuII sites.

During the oxidising treatment at 773 K, the CZ1.0 sam-
ple lost the dark colour acquired during the vacuum thermal
treatments and recovered the starting pale grey colour, sug-
gesting the reoxidation to CuII also of Cu0 centres. EPR data
reported in Fig. 3b (step a8) showed that, after oxidation at
773 K of a CZ0.2(773) sample, the CuII signal recovered
only ∼60% of the original intensity. The complete oxida-
tion to CuII suggested by CO IR data at 77 K so indicate
that, after a plain oxidation at 773 K (with no rehydration),
a large fraction of the CuII species formed are in a EPR
silent form, probably in the form of surface dispersed CuO
particles (41).

(v) If, after a vacuum activation at 773 K (and the par-
allel CuII → CuI, Cu0 reduction process discussed above),
CZ1.0(773) is thoroughly rehydrated at ambient temper-
ature (note that in these conditions the sample remains
dark in colour) and then is further dehydrated at ambient



                

118 MORTERRA ET AL.

temperature, CO adsorption at ∼77 K yields a spectral pat-
tern indistinguishable from that of set 1 in Fig. 5, in which
only a H-bonding interaction with OH groups of the ZrO2

support is observed. This indicates that all of the CuI cen-
tres formed by vacuum thermal reduction are reoxidized
to CuII by water vapour, whereas Cu0 centres most likely
remain unaffected. EPR data indicated that, in this condi-
tions, about 60% of the original CuII signal is recovered.

2.3. CO Adsorption at RT

(A) The “as-prepared” samples. The first treatment
considered is the vacuum activation at increasing temper-
atures of an “as-prepared” sample. This treatment mimics
the activation cycles normally carried out on real catalysts
prior to catalytic reaction.

The IR background spectra reported as curves 1,2,5
in Fig. 8 show that the starting CZ1.0 catalyst is heavily
contaminated with surface carbonate-like species deriving
from the exposure to the atmosphere (spectral region 1700–
900 cm−1 (42)) and that vacuum treatments at Tact as high as
773 K (i.e., the highest activation temperature considered
in this work) reduce drastically the contamination but are

FIG. 8. Whole-range transmittance IR background spectra (and, in
the insets, absorbance spectral segments in the νOH range (a) and in the
νCH range (b)) of CZ1.0(T) samples. (1) Tact = ∼300 K; (2) Tact = 473 K;
(2′) spectral segment of the CZ0.2(473) sample, inserted for comparison;
(3) Tact = 573 K; (4) Tact = 673 K; (5) Tact = 773 K; (6) after 5, the system
was thoroughly rehydrated at ∼300 K; (7) as for 6, after evacuation at
∼300 K for 1 h.

FIG. 9. Absorbance IR spectra of CO adsorbed at ∼300 K on “as-
prepared” CZ1.0(T) samples, under a CO pressure of 100 torr. (1) Tact =
∼300 K; (2) Tact = 373 K; (3) Tact = 473 K; (4) Tact = 573 K; (5) Tact =
673 K; (6) Tact = 773 K; (6′) CZ0.2(773), inserted for comparison. Inset:
absorbance differential spectral segment of surface carbonates formed by
contact with CO at ∼300 K on CZ1.0(300).

not sufficient to eliminate it entirely. The spectra in Fig. 8
indicate that CZn samples are also abundantly contami-
nated with hydrocarbonaceous residues deriving from the
preparation and post-preparation steps (bands in the 3000–
2750 cm−1 interval) and that during the thermal dehydra-
tion process the contaminants are decomposed in vacuo at
∼573 K (see inset b to Fig. 8). The vacuum pyrolysis of
(CH)n residues certainly enhances the reducing potential-
ity of the medium in which the “as prepared” catalysts are
activated.

The IR spectra of CO (100 torr) adsorbed at ambient
temperature on an “as prepared” CZ1.0 sample vacuum
activated at increasing temperatures are reported in Fig. 9.
The spectral region at ν > 2150 cm−1 concerns CO uptake
on cus Zr4+ centres sufficiently strong as Lewis acid sites
to chemisorb CO at ambient temperature and monitors the
surface dehydration degree attained, as well as the frac-
tion of ZrO2 surface that was not covered by copper (e.g.,
compare curve 6, relative to CZ1.0(773), and curve 6′, rel-
ative to CZ0.2(773)). The spectral region at ν < 2150 cm−1

concerns CO uptake on CuI surface sites and monitors the
fraction of ZrO2 surface that was covered by copper as well
as the degree of occurrence of the CuII → CuI reduction
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reaction. It has to be considered that, in this case, part of
the CuII → CuI reduction is caused by the RT contact with
CO, as was shown by EPR data (Fig. 3a) and as indicated
by the fact that bands due to CuI/CO surface complexes
form already on CZ1.0(300), whereas at 77 K no CuI/CO
bands formed at ν < 2140 cm−1. The partial reduction of
CuII upon contact with CO at RT is also indicated by the
differential spectrum in the inset to Fig. 9, showing that
new carbonate-like species are formed, in addition to the
abundant carbonate contaminants already present on the
“as-prepared” catalysts. The amount of carbonates formed
upon contact with CO at RT (that monitors the ambient
temperature reducibility by CO) will decrease fast on CZ1.0
samples vacuum activated at increasing temperatures, and
eventually will become null on CZ1.0(673).

The complex band due to CuI/CO complexes increases
first and then declines. This indicates that surface CuI cen-
tres are formed, first at the expense of CuII ones (the de-
cline of the latter species was clearly shown by EPR spectra)
and then CuI surface centres are gradually eliminated, most
likely by a further reduction to Cu0. The darkening of the
sample pellet suggests that a CuI → Cu0 reduction reaction
does actually occur upon vacuum treatment at Tact ≥ 650 K,
while the lack of formation of carbonates by CO contact
on CZ1.0 samples treated at Tact ≥ 650 K indicates that the
reduction to Cu0 is indeed due to the vacuum thermal treat-
ment and not to the action of CO at RT.

The band due to CuI/CO complexes shown in Fig. 9 is
clearly double, as also shown by the spectral simulations
reported in Fig. 10. At low dehydration stages (Tact = 300–
473 K) a spectral component centered at ∼2100 cm−1 and
asymmetric on the high wavenumber side is by far dominant
and grows fast with the activation temperature, whereas at
high dehydration stages (Tact = 573–773 K) a second com-
ponent centered at ∼2120 cm−1 grows and dominates over a
residual component centered at lower wavenumbers. Com-
puter spectral simulations of Fig. 10 and the relevant spec-
tral data in Table 2 show that: (i) the evolution of the
CuI/CO band envelope does not vary appreciably with Cu
loading (compare sections a and b of Fig. 10 and Table 2);
(ii) the main spectral features of the two CuI/CO compo-
nents (νmax, 1ν1/2, as well as the percent gaussian character,
not reported) do not change much with the activation tem-
perature. This indicates that the spectral properties of cus
CuI centres (i) do not depend on the overall Cu concen-
tration and (ii) do not change with continuity on dehydra-
tion. Two discrete families of CuI centres exist in all cases,
in proportions that vary with the activation temperature.
Moreover, the virtually constant spectral position of the
two CuI/CO components with decreasing overall surface
concentration of CuII species, first, and then of CuI species
indicates that the properties of CuI

cus sites do not depend
appreciably on the average oxidation degree of surface cop-
per. The low frequency CuI/CO component can be thus

TABLE 2

Spectral Features of CO/CuI Complexes Formed at ∼300 K
at the Surface of CZn (T) Catalysts

Relative intensity
1% Cu-ZrO2 νmax (cm−1) 1ν1/2 (cm−1) (% absorbance)

298 K 2100.6 22.9 83
(2117.3) (18.4) (17)

473 K 2103.5 28.1 94
2122.3 15.0 6

573 K 2102.7 24.7 54
2116.3 23.2 46

673 K 2103.5 25.6 51
2120.2 21.8 49

773 K 2101.7 20.9 34
2120.2 22.3 66

Relative intensity
0.2% Cu-ZrO2 νmax (cm−1) 1ν1/2 (cm−1) (% absorbance)

298 K 2101.1 32.9 100
473 K 2103.4 22.7 79

2119.4 21.93 21
573 K 2103.5 19.9 55

2117.9 19.9 45
673 K 2106.6 27.4 66

2120.5 24.5 34
773 K 2105.1 25.6 43

2122.7 21.9 57

FIG. 10. Computer spectral simulation of the bands formed by the
adsorption of CO (100 torr) at ∼300 K on “as prepared” CZ1.0(T) samples
(a) and “as prepared” CZ0.2(T) samples (b). Tact (K) are as reported on
the curves.
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thought of as typical of the hydrated CZn catalysts (or of
the hydrated parts of the catalyst surface), whereas the high
frequency CuI/CO component would be typical of the de-
hydrated (portions of the) catalysts.

An upwards frequency shift of the νCO mode, brought
about by the dehydration process, may mean either an in-
crease of the σ contribution to the Cu-CO bond, or a de-
crease of the π back-donation contribution. As the two
CuI/CO adspecies do not exhibit significant differences of
resistance to evacuation (i.e., of bond strength), it is diffi-
cult to understand what contribution actually changes with
the varying surface hydration degree. A recent work on
Cu/zeolite systems tends to ascribe to the σ component of
the CuI-CO bond a decisive role in determining the CO
stretching frequency (43).

(B) Sample rehydration. The assignment proposed for
the two CuI/CO adspecies is confirmed by the spectral
pattern reported in Fig. 11 and by the spectral simulations
in Fig. 12, relative to the stepwise addition of small water
doses on a CZ1.0(773) catalyst onto which CO has been ad-
sorbed (curve 1, the high frequency CuI/CO component at
∼2120 cm−1 dominates, in view of the high dehydration at-

FIG. 11. (1) absorbance IR spectrum of CO adsorbed at ∼300 K
on CZ1.0(773) (100 Torr CO were equilibrated, and then evacuated to
10−3 Torr. Only the Cu/CO spectral region is shown, as the Zr/CO ad-
species are reversible at ∼300 K); (2)-(8) on pre-adsorbed CO, succes-
sive doses of water vapour were allowed (equilibrium PH2O in the ∼10−1–
101 Torr range).

FIG. 12. Computer simulation of some of the Cu/CO curves of Fig. 11.
(The numbers marked on the curves correspond to those reported in
Fig. 11.)

tained). The first water doses bring about first a fast decline
of the ∼2120 cm−1 component and an increase of the low
frequency component centered at ∼2100 cm−1 (see curves
2, 3). Parallel to the increase of the ∼2100 cm−1 component
there is the appearance of another CO component cen-
tered at even lower frequency (∼2080 cm−1; see curves 4, 5)
that was not present during the dehydration steps. The
allowance of further water doses tends to enhance the rela-
tive intensity of the ∼2080 cm−1 component (curve 6), and
eventually the overall intensity of the whole CuI/CO band
envelope declines (curves 7, 8). These spectra can be inter-
preted in the following way: the first water doses cause a re-
hydration of the catalyst, and the high wavenumber CuI/CO
adspecies (typical of the dehydrated system) are trans-
formed into the low wavenumber CuI/CO adspecies (typical
of the hydrated system). With increasing water pressure,
another CuI/CO adspecies characterised by a further
lowered ν tends to form (νmax ≈ 2080 cm−1), due to the in-
troduction of water molecule(s) in the coordination sphere
of (some of) the CuI/CO complexes. This phenomenon is
not unknown at the surface of supported metal and/or metal
oxide systems. It is recalled that a similar effect of hydration
on the spectral features of CO adsorbed on a Cu-ZSM-5
catalyst was reported by Kapteijn et al. (44). Miessner
et al. (45) observed similar results by adsorbing CO on
CuI-Y-zeolites. Moreover, the small downward shift of the
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FIG. 13. Absorbance IR spectra of 100 torr CO adsorbed at ∼300 K
on a CZ1.0 sample first vacuum activated at 773 K (i.e., CZ1.0(773)), and
then thoroughly rehydrated at ∼300 K and further vacuum activated in
various conditions. The temperatures (K) of the second activation pattern
are as follows: (1) (Tact)II = ∼300 K, 5 min; (2) (Tact)II = ∼300 K, 60 min;
(3) (Tact)II = 373 K; (4) (Tact)II = 473 K; (5) (Tact)II = 573 K; (6) (Tact)II =
673 K; (7) (Tact)II = 773 K. Upper broken curves refer to a CZ0.2 sample
treated in the same way and inserted for comparison: (6′) (Tact)II = 673 K;
(7′) (Tact)II = 773 K.

νCO mode (1νCO ≈ −20 cm−1) suggests that only one water
molecule is inserted in the aquacarbonyl complexes (45).

(C) Rehydrated samples (water reoxidation). In the sec-
tion devoted to CO adsorption at ∼77 K it was reported
that, after hydration at RT, no CuI surface sites remain
available for CO uptake, confirming that the reoxidation
of CuI sites by water action is complete. Figure 13 reports,
for a rehydrated CZ1.0(773) sample, the spectra of CO
adsorption at RT during a further dehydration pattern.
It indicates that: (i) after a plain evacuation at ambient
temperature a limited reduction is again produced by the
contact with CO at RT. In fact, in curve 1, the CuI/CO band
does not have null intensity; (ii) as long as there is excess
water at the surface (as shown, for instance, by the back-
ground spectrum 6 in Fig. 8) the CuI/CO band is centered
at ∼2080 cm−1, due to the water ligand in the coordination
sphere of the CuI/CO complexes. Then the band moves to
∼2100 cm−1, the position typical of CuI/CO complexes on
hydrated catalysts, but with no water molecules in the coor-
dination sphere; (iii) with increasing the dehydration tem-

perature, the CuII → CuI reduction process occurs again,
and the overall intensity of the CuI/CO band increases while
the spectral position moves towards ∼2120 cm−1 (i.e., the
spectral position typical of a dehydrated catalyst); (iv) at
Tact ≥ 650 K the overall intensity of the CuI/CO band does
not decrease as it did on the “as-prepared” catalyst during
the first activation cycle, meaning that on the rehydrated
and water-reoxidized CZ1.0 system no further reduction of
CuI to Cu0 occurs to an appreciable extent, although this is
not observed in all cases (for instance, the upper curves in
Fig. 13 indicate that, in a CZ0.2 sample, the second dehydra-
tion pattern did actually yield a further CuI - Cu0 reduction).

(D) O2-reoxidized samples. The last treatment pattern
to be considered in this section is the vacuum activation at
increasing temperatures of a CZ1.0(773) sample that, after
the vacuum treatment at 773 K, was oxidized with O2 at
773 K. With this oxidizing treatment the sample recovers
the original pale gray colour. EPR spectra showed that, in
these conditions, a CuII signal corresponding to ∼60% of
the original signal is obtained, whereas CO spectra at ∼77 K
showed that, in these conditions, no CuI sites available for
CO uptake remain at the surface. CO adsorption at RT
on the reoxidized–reactivated sample yielded the spectra
reported in Fig. 14. Appreciable differences with respect
to the spectra of the “as-prepared” material (Fig. 9) and
of the rehydrated material (Fig. 11) are noted and can be
summarized as follows:

(i) The bands of CO adsorbed on cus Zr4+ sites
(νCO > 2160 cm−1) reach almost immediately their maxi-
mum intensity, as the oxidation process at 773 K did not
cause an appreciable rehydration (but for the unavoidable
minor contamination deriving from the prolonged use in
static conditions of a conventional high-vacuum system).
Still, the maximum intensity of the Zr4+/CO band envelope
is far lower than that reached, after vacuum treatment
at 773 K, on the “as-prepared” material or, even more
evident, on the rehydrated material. Since the dehydration
level attained is not different from that of the other mate-
rials (OH spectra fairly similar to those of curves 4 and 5
of the inset a to Fig. 8 were obtained), it is inferred that the
first activation cycle at up to 773 K and/or the subsequent
oxidation at 773 K produced a different distribution of
the Cu moiety over the support. A lower portion of the
ZrO2 support is now free from Cu and, when dehydrated,
is available for an acid–base Zr4+

cus /CO interaction at RT.
(ii) No matter what the vacuum activation temperature,

CO bands at ν < 2150 cm−1 due to CuI/CO complexes
have the maximum constantly centered at ∼2120 cm−1,
as expected of a system that remained, after reoxidation,
highly dehydrated.

(iii) CO bands at ν < 2150 cm−1 show that, unlike what
observed at ∼77 K, at RT CuI/CO complexes form with
great intensity already after a plain evacuation at ambient
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FIG. 14. Absorbance IR spectra of 100 Torr CO adsorbed at ∼300 K
on a CZ1.0 sample first vacuum activated at 773 K (i.e., CZ1.0(773)) and
then oxidized with O2 (60 Torr) at 773 K and further vacuum activated
in various conditions. The temperatures (K) of the second activation
pattern are as follows: (1) (Tact)II = ∼300 K, 60 min; (2) (Tact)II = 373 K;
(3) (Tact)II = 473 K; (4) (Tact)II = 573 K; (5) (Tact)II = 673 K; (6) (Tact)II =
773 K. Inset: absorbance differential spectral segment of surface carbon-
ates formed, by contact with CO at ∼300 K, on the samples treated as
reported above at ∼300, 473, and 573 K, respectively.

temperature. This indicates that the reducibility with CO
to CuI of the CuII phase formed upon reoxidation is much
higher than that observed on the “as-prepared” material;
this is confirmed by the large amount of carbonates formed
upon contact with CO (see inset to Fig. 14; note that the
ordinate scale is about one half of that of the inset to Fig. 9).
The easy reducibility of CuII to CuI by contact with CO will
remain up to activation temperatures as high as ∼673 K.

(iv) The reducibility to Cu0 of the reoxidized Cu species
is definitely lower. In fact, the band of CuI/CO complexes
keeps growing to very high intensities after activation at
temperatures as high as 673 K, and a decline of the CuI/CO
band will be observed only after vacuum treatment at 773 K
(see trace 6 in Fig. 14). The residual intensity of the CuI/CO
band will remain fairly high also after the treatment at
773 K, confirming the EPR datum of a lower vacuum re-
ducibility of CuII in the Cu phase(s) obtained by reoxidation
with O2 at high temperatures. The later and lower extent of
the CuI → Cu0 reaction on reoxidized CZn samples is cer-
tainly ascribable, in part, to the absence on reoxidized sam-

ples of surface hydrocarbonaceous contaminants, whose
vacuum pyrolysis at Tact ≥ 573 K is partly responsible for the
easy vacuum reducibility of “as-prepared” CZn systems.

3. UV-Vis-NIR DIFFUSE REFLECTANCE SPECTRA

The effects on CZ1.0 samples of the thermal and/or chem-
ical treatments dealt with in the previous sections have
been followed also by in situ measurements in the UV-Vis-
NIR spectral range, and some of the results are reported in
Fig. 15. With reference to the spectrum of pure ZrO2 (re-
ported in Fig. 15 as curve 1; the spectrum presents only a
strong signal at ∼220 nm due to the Zr4+-O2− charge trans-
fer (C.T.)), it is noted that the spectrum of the “as-prepared”
sample CZ1.0(300) (curve 2 in Fig. 15) contains a strong sig-
nal at ∼270 nm, mainly ascribable to the Cu2+-O2− C.T., and
a weak broad signal centered at ∼750-800 nm, ascribable
to d-d transitions of Cu2+ ions in octahedral coordination.
This spectrum is consistent with the hypothesis that, on the
starting catalyst, most of the copper is in the form of dis-
persed 6-coordinated CuII species (23). It is recalled that
no CuI species can be revealed, if present, due to the d10

FIG. 15. UV-Vis-NIR reflectance spectra of a Z reference sample and
of a CZ1.0 sample treated in situ in various conditions: (1) (broken line):
reference Z(773); (2) CZ1.0(300); (3) CZ1.0(773); (4) After 3, CZ1.0(773)
was thoroughly rehydrated at ∼300 K, and the excess water evacuated at
the same temperature; (5) after (3), CZ1.0(773) was oxidized with O2

(60 torr) at 773 K; (6) CZ1.0(773)II, i.e., after (3), CZ1.0(773) was oxidized
at 773 (as in (5)) and rehydrated at ∼300 K (as in (4)), and then the sample
underwent a second vacuum activation at 773 K.
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configuration. For this reason, no other spectra of CZ1.0
samples activated at temperatures in the 400–700 K range
are reported, as in this activation range most of the surface
copper reaches the CuI state.

Curve 3 of Fig. 15, relative to the CZ1.0(773) sample,
presents some remarkable differences, among which most
significant are: (i) an appreciable growth of the spectral
background in the whole 350–1250-nm range, as evidenced
by the broken line; (ii) the formation of a discrete peak at
∼580 nm “on top” of the unresolved intense background.
Both observations are indicative of the formation of small
particles of reduced metallic copper (Cu0) and represent
the spectroscopic counterpart of the strong darkening ob-
served on the CZn catalysts, further, to a vacuum activation
at Tact > 573 K. In fact it is reported in the literature that the
reduction of copper to the Cu0 state is accompanied by the
appearance of strong and often unresolved absorptions in
the 300–900-nm range (46), where a broad absorption is as-
signed to an optical conduction band due to the nucleation
of metallic copper. Moreover, the appearance of a discrete
absorption at∼580 nm is to be assigned to a plasmon peak of
Cu0 clusters of increasing size (47,48), as a band at ∼560 nm
has been attributed to collective oscillations of free elec-
trons in metallic copper particles. The reduction to the
metallic state of a large fraction of copper present at the sur-
face of an “as-prepared” catalyst by the effect of a vacuum
treatment at relatively low temperatures is thus confirmed.

Curve 4 of Fig. 15 shows that no appreciable changes
are produced in the UV-Vis spectrum by the addition to
CZ1.0(773) of excess water. EPR and IR data indicated
that the addition of water reoxidises CuI species to CuII,
whereas this UV-Vis spectral datum indicates that water
has no effect on the particles of Cu0 that were produced by
vacuum thermal reduction.

Curve 5 of Fig. 15 is relative to a CZ1.0(773) sample that
has been oxidised in situ at 773 K with excess O2. The high
spectral background that was produced in the 350–1250-nm
spectral range by the thermal treatment at high temperature
has now disappeared. This is the spectroscopic counterpart
of the clearing-up observed on reduced CZ samples after a
high temperature oxidation step and monitors the oxidative
elimination of Cu0 species. Other features produced in the
spectrum are (i) an appreciable intensification of the band
at∼270 nm, ascribed to a Cu2+ - O2− C.T. that monitors a fair
increase of concentration of CuII species; (ii) the formation
of a broad and asymmetric band centered at ∼650 nm that
can be thought of as indicative of the formation of bulk-like
CuO particles. In fact, both bulk copper oxide and CuO
mechanically diluted in alumina have been reported to be
characterised by a strong asymmetrical band centered at
∼620 nm (49). The formation of bulk-like CuO particles,
that are known to be EPR silent (41), is thus consistent with
the incomplete restoration of the CuII EPR signal, further,
to an oxidation at high temperature.

Curve 6 of Fig. 15, relative to a second vacuum thermal
treatment at 773 K carried out on the reoxidized sample of
curve 5, indicates that the reduction of CuII species occurs
again, as monitored by a fair decrease of the C.T. band at
∼280 nm (and previously indicated by EPR data), whereas
the formation of Cu0 is not as abundant as it was during the
vacuum thermal treatment of the “as-prepared” catalyst. In
fact there is a far more modest increase of the spectral back-
ground in the 350–1250-nm range, and also, the plasmon
band at ∼580 nm is far less evident after the second vacuum
treatment at 773 K. These data seem to confirm that CuII

species at the surface of a plainly reoxidized CZ1.0(773)
catalyst are still easily reducible to CuI (both by a vacuum
thermal treatment and by the ambient temperature contact
with CO), but are far less reducible to Cu0 species.

The spectral and redox behaviour typical of “as-
prepared” CZ catalysts can be reproduced only if the oxida-
tion treatment at 773 K is followed by a thorough rehydra-
tion (at RT, or higher). In that case, and only in that case, the
UV-Vis spectrum of the starting CZ1.0(300) sample shown
in curve 2 of Fig. 15 is reproduced. This implies that the
dispersion of the CuII species becomes modified by the re-
hydration process, and in fact, the band at ∼650 nm, due
to CuO bulk particles, is eliminated. Thermal treatments
in vacuo of this oxidised-and-hydrated material will cause
changes of the oxidation state of surface copper that are at
all similar to those described for the “as-prepared” catalyst,
with some differences (not described in detail) that can be
ascribed to the fact that the oxidised-and-hydrated catalyst
is a “clean” system (i.e., not contaminated by pyrolizable
surface hydrocarbonaceous residues; a less pronounced re-
ducibility at T ≥ 573 K is thus justified).

4. REACTIVITY IN N2O DECOMPOSITION

As recent works indicate that ZrO2 itself is active in N2O
decomposition (50–52), preliminary tests were carried out
to determine the catalytic role of copper and zirconia. At
723 K the addition of 1% Cu to ZrO2 improves the conver-
sion of N2O from about 11% to 62%, whereas the addition
of 4% Cu improves N2O conversion up to 96%. This clearly
indicates that the activity of Cu-ZrO2 in N2O decomposi-
tion is mainly related to the presence of copper ions. It is
recalled that doping ZrO2 with Mg decreases the conver-
sion to about 4% and with Cr to nearly zero. This confirms
that ZrO2 itself possesses intrinsic activity in N2O decom-
position, although the rate of this reaction is significantly
lower with respect to that exhibited when copper ions are
present.

The influence of the pretreatment conditions on the re-
activity of CZ1.0 catalysts in N2O decomposition at 723 K is
shown in Fig. 16. The figure reports the percentage conver-
sion of N2O versus time on stream, after the start of feed-
ing the 1% N2O/He mixture. Four different pretreatments
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FIG. 16. Reactivity of CZ1.0 samples in N2O decomposition at 723 K
as a function of time on stream and of the type of pretreatment: (A) 773 K
(1 h) with 20% O2 in helium; (B) 773 K (2h) in helium; (C) increase of
reactor temperature from r.t. to 723 K in 15 min; and (D) treatment at
473 K (15 min) with a flow of 2% H2O in helium on a sample after pre-
treatment type (A), followed by an increase of the reactor temperature
to 723 K in 10 min in a helium flow. The time on stream equal to zero
corresponds to the starting time at which a mixture of 1% N2O in helium
is fed to the reactor.

have been carried out on the same “as-prepared” sample,
and namely: (i) pretreatment A, consisting of an oxidative
activation (1 h at 773 K in a flow of 20% O2/He); (ii) pre-
treatment B, simulating a high temperature vacuum acti-
vation (2 h at 773 K in pure He flow); (iii) thermal pre-
treatment C, consisting of a rapid increase (∼15 min) of the
reaction temperature from RT to 723 K in a He flow; (iv)
pretreatment D, consisting of an in-situ rehydration of the
catalyst (15 min at 473 K in a flow of a 2% H2O/He mixture),
following the oxidative pretreatment A. After the rehydra-
tion step, the reactor temperature was rapidly increased to
723 K (∼10 min).

The plots reported in Fig. 16 show that the pretreatment
conditions influence both the stationary activity reached by
the catalyst and the transient change of reactivity leading to
the stationary behaviour. The catalyst that underwent the
oxidative pretreatment A gives the worst results in terms
of stationary activity, and the stationary level of N2O con-
version is reached immediately after switching to the 1%
N2O/He feed. All of the other samples reach a stationary
activity in about 1 h, although showing different trends. Af-
ter the mildly reductive pretreatment B the catalyst shows a
progressive decline of N2O conversion activity down to the
stationary activity. If the catalyst pretreatment is the simple
rapid heating in a He flow up to the reaction temperature
(treatment C), the stationary activity reached is compara-
ble to that of the more severe treatment B, but the activity
increases to that level, instead of decreasing to it. When the

catalyst is rehydrated after a preliminary oxidative treat-
ment (treatment B), the best stationary catalytic activity
is observed, and the reactivity passes through a transient
maximum.

After reaching the stationary activity, a stable catalytc
behaviour lasting at least 1–2 h was observed, although in
longer term experiments minor changes were observed, es-
pecially in not rehydrated samples, due to minor water and
oxygen contamination in the feed. When some 2% H2O
and some 5% O2 was present with N2O in the feed, cata-
lytic activity at 573 K was observed to be constant for at
least 200 h on stream, even if catalyst activity was shown to
be reversibly depressed by the presence of these molecules
in the feed (26).

5. FEATURES AND REDOX BEHAVIOR OF COPPER
SITES ON ZIRCONIA

Reactivity tests of Cu-ZrO2 in N2O decomposition af-
ter different pretreatments (Fig. 16) pointed out that both
stationary activity and the trend towards stationary activity
depend severely on the pretreatment conditions, as do other
features evidenced by the spectroscopic characterization of
the catalyst.

The different redox states attained by copper at the zir-
conia surface upon thermal and chemical treatments are
schematically summarised below.
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The CuII species detected by EPR are evidenced in the
scheme by the labels used in Table 1 (A, B, C). All other
copper species, including CuO particles, are EPR silent. The
reduction of CuII ions by simple outgassing even in rather
mild conditions (often incorrectly called autoreduction) has
been observed in all experiments of the present work, and
follows a stepwise mechanism involving first the reduction
to CuI (step 1) and, for higher outgassing temperatures, a
further reduction of a fraction of CuI or CuII to Cu0 (step 2).
Reduction to Cu0 is favoured when the oxidised material is
in a hydrated form and less pronounced when starting from
a hydroxyl-free oxidised surface.

Also the presence of (CH)n surface contaminants, par-
ticularly abundant on the starting materials, plays an im-
portant role in the reduction of surface Cu. The reoxida-
tion of the system has been obtained using two different
reagents: molecular oxygen and water. Surprisingly, water
turns out to be much more effective than oxygen in cop-
per reoxidation; this is obtained at RT using H2O, whereas
high temperatures (773 K) are needed to achieve a com-
parable copper reoxidation by O2. The oxidative action of
water, however, is limited to CuI and is not effective on Cu0

(step 3′), while the high temperature oxidation by oxygen
involves both types of reduced copper (step 3) and leads to
the formation of a certain amount of surface dispersed CuO
nanoparticles. In these conditions the interaction between
the cupric phases and the support is at a maximum and little
portions of ZrO2 surface turn out to be Cu-free. The final
hydration (step 4) transforms the isolated copper species
in hydrated ones (A) and, since the intensity of the EPR
spectra increases to levels even higher than those of the
“as-prepared” materials, disaggregation of CuO nanopar-
ticles leads to an increased amount of hydrated CuII

ions. The different concentration of CuII species between
“as-prepared” and oxidized/rehydrated catalysts should be
ascribed to the high concentration of carbonate contam-
inants in the starting materials. These species are rather
different from those typical of pure ZrO2 (53, 54) and far
more resistant to evacuation and must, thus, involve Cu
surface species. The only hypothesis consistent with EPR,
IR, and UV-Vis data is that carbonates, formed during the
preparation-cooling phase of the starting materials, stabi-
lizes some Cu surface species in the +1 valence state. CuI

species can be revealed only by IR of CO adsorption, but
the CuI species on “as-prepared” systems cannot interact
with CO (either at RT or at 77 K) because strongly held
carbonates render the species coordinative saturated.

The so-called “autoreduction” of CuII is a well-known
phenomenon observed for various oxide-supported or ze-
olitic copper systems, whereas the reoxidation of reduced
copper by low temperature interaction with water is less
frequently reported, and for zeolitic systems only. Conflict-
ing evidences and interpretations are present in the liter-
ature about this phenomenon. In some instances the need

for both water and oxygen (even in small amounts) has
been claimed as necessary to reoxidize reduced copper (55),
whereas other authors indicate, as we have found in the
present work, that water alone can oxidize CuI to CuII (56).

On the basis of different experimental evidences, two are
the chemical pathways discussed in the literature for the
reduction–reoxidation of cupric ions by thermal treatment
in vacuo (or in an inert gas stream), and both have been
proposed to explain the behaviour of Cu/zeolite systems.
The first mechanism involves the loss of water and oxygen
(55, 57) according to Eq. [1],

2[Cu OH]+ ↔ Cu2+ O2− Cu2+ + H2O

↔ Cu+
h Cu+ + 1

2 O2, [1]

where the starting cupric ions are written in the hydroxy-
lated form present in hydrated zeolites and the symbol h

represents a vacancy of “extralattice oxygen” (as no oxygen
can be lost by the zeolitic framework (58)). The extralattice
oxygen can be eliminated either by desorption at high tem-
perature, as proposed by Iwamoto et al. (57, and references
therein) and as indicated in Eq. [1], or by the action of a
reducing agent (namely CO), as reported by Vaylon et al.
(58). A second mechanism, exclusively based on water elim-
ination, has been proposed by Bell and co-workers (56) on
the basis of EPR data and is based on a complex pathway
involving the formation of hydroxyl radicals in their usual
form (OH•) and in the deprotonated form (O− ions):

Cu2+ OH− ↔ Cu+ + OH•

Cu2+ OH− + OH• ↔ Cu2+ O− + H2O [2]

2[Cu2+ OH−] ↔ Cu+ + Cu2+ O− + H2O

According to this mechanism a fraction of copper is ac-
tually reduced to CuI while a second (equivalent) fraction
remains as CuII in the form of a Cu2+ - O− pair, undetectable
by EPR. The addition of water would restore the initial ox-
idation state. It is worth mentioning that the two oxygen
radical species reported in the above mechanism have not
been directly observed by the authors.

As for the redox chemical cycle observed in the present
work, the reduction of CuII ions brought about by ther-
mal treatments (steps 1 and 2 in the previous scheme) is
likely to be favoured by the nature of the zirconia support
which is, per se, able of losing molecular oxygen, giving rise
to reduced Zr3+ surface centers (59). In the case of Cu-
ZrO2 systems, CuII ions would be the preferential electron
scavenger centers. The role of oxygen depletion from the
support is also indirectly indicated by the easy formation
of thoroughly reduced Cu0 particles which is not observed,
under similar conditions, in zeolitic systems.

The mechanism of reoxidation by water vapour (step 3′)
remains rather puzzling. Our data differ from those of Kasai
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and Bishop (55), who claim that the joint action of water
and oxygen is needed to observe reoxidation of reduced
copper mordenites, and are in line with the results of Bell
and coworkers (56), who observe that water alone is ca-
pable of oxidizing CuI to CuII at room temperature. Still,
the mechanism of Eq. [2] (53) is not completely convinc-
ing, in that the formation of a hydroxyl radical (OH•) on
a hydrated surface is not highly probable in the present
experimental conditions and should be demonstrated. The
complete understanding of the oxidative action of water on
CuI ions is thus left to further experimental investigations
aimed at clarifying the following points: (i) the presence and
the possible role of traces of oxygen in the water vapour put
in contact with the samples (in the present work, multiple
distillation of water did not produce any change); (ii) the
possible onset of a radical chemistry such as that described
in Ref. (56); (iii) the possible formation of H2 upon contact
of water with the reduced catalyst, indicating the reduction
of water hydrogen. This latter point has been already ad-
dressed by Kasai and Bishop (55) for Cu and Cr exchanged
mordenite. They showed that the reduction of water hydro-
gen indeed occurs in the case of Cr samples and does not
occur in the case of Cu samples. They explained the dif-
ference in terms of standard redox potentials, although the
conditions for redox reactions at the surface of a complex
heterogeneous system (or in a zeolitic framework) are very
far from those corresponding to a standard electrochemical
cell; the possible evolution of the reaction in the direction
opposite to that indicated by the standard potentials cannot
be ruled out.

In order to check this hypothesis and verify the possible
formation of H2 by contacting water with “autoreduced”
Cu-ZrO2 the following experiments were made: CZ1.0 was
pretreated in a quartz reactor at about 773 K in a nitro-
gen flow for 1 h and, then, after cooling to 343 K (still in
the nitrogen flow), water was added to the nitrogen flow
by means of an infusion pump so as to make a step-change
in water concentration from 0 to about 3%. Using a mass-
quadrupole detector the reactor outlet was continuously
monitored in real-time. In order to better show the forma-
tion of hydrogen, D2O was used, because the background
values for mass 4 (D2) and 3 (HD) are lower than for mass
2 (H2) and, thus, the detection of HD or D2 upon contact
of D2O with a pretreated catalyst should be easier. No evi-
dence for the formation of HD or D2 after the addition of
D2O to the nitrogen flow was ever found. Similar results
were observed also when, with D2O, also some 2% oxygen
was added to the nitrogen flow in a step-change mode. Also,
a brief catalyst reduction treatment (in 10% H2/N2 flow at
573 K for 15 min), followed by cooling to 473 K in pure ni-
trogen flow did not allow us to detect HD or D2 after D2O
addition.

The lack of hydrogen formation thus excludes, within de-
tection limits of our tests, that a plain redox mechanism of

CuI reoxidation by water is responsible for the behaviour
observed and indicates that more complex phenomena oc-
cur at the surface of Cu-ZrO2 samples. Further studies are
obviously necessary to clarify the details of the mechanism
by which water vapour does indeed reoxidize CuI species
on ZrO2 surface.

6. RELATIONSHIP BETWEEN NATURE OF COPPER IONS
AND REACTIVITY IN N2O DECOMPOSITION

The catalytic activity of Cu/ZrO2 catalysts was shown
(Fig. 16) to depend on the oxidation state of copper ions
and on the hydration state of the surface.

A purely oxidative pretreatment (A) gives the worst re-
sults, due to the formation of CuO particles that are prob-
ably inactive in N2O decomposition. If, after the oxida-
tive pretreatment, the sample is hydrated (treatment D)
a fair improvment of the catalyst reactivity is observed.
This can be ascribed to the redispersion of copper from
CuO particles to isolated Cu2+ species (caused by rehydra-
tion; step 4 of the scheme), followed by reduction to iso-
lated Cu+ ions in the final part of the treatment (step 1 of
the scheme). Moreover, the elimination of surface contam-
inants favours a better dispersion of Cu2+ ions with respect
to “as-prepared” samples and, thus, leads after pretreat-
ment D to a higher stationary activity than after pretreat-
ment B or C. Sample D exhibits a growth of activity and
a relative maximum before reaching stationary behaviour.
As after the oxidative pretreatment this sample underwent
a rapid increase of temperature under inert gas up to the
temperature of the catalytic tests (723 K), it is thought that
the catalytic response is due to a gradual transformation of
surface copper species:

Cu2+-OH2 → Cu+-OH2 → Cu+
hydrox. → Cu+

dehydrox..

The maximum activity would be thus due to Cu+ species in
a more hydrated form.

Pretreatments B and C (high and low temperature
pretreatment in He) leads to the same stationary activity,
lower than in case D. This is probably a consequence of the
“cleaner” surface obtained with treatment D and of a better
dispersion of copper ions. On the other hand, the nonox-
ididative pretreatment at high temperature (B) is likely to
lead to the formation of significant amounts of Cu0, due to
the presence of surface hydrocarbonaceous contaminants.
On the contrary, in the nonoxidative pretreatment at lower
temperature (case C) Cu0 species should not form. The
presence in case B of Cu0 species is likely to be responsible
for the high initial activity of the catalyst, as the activity
of Cu0 species in N2O is known (14). When reoxidation of
Cu0 by N2O to form CuO particles is complete, the residual
activity is only due to the presence of isolated Cu+ species:
also these species are reoxidized during N2O decomposi-
tion, possibly by reaction of N2O with O∗ surface oxygen
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species to give N2 + O2 and with simultaneous oxydation of
Cu+ , as indicated by Kapteijn et al. (44,60). CuII species so
formed can spontaneously reduce again at the temperature
of the catalytic tests (see step 1 of the scheme). The
presence in B of lower amounts of isolated CuI species
with respect to case D explains the lower stationaryk
activity.

Finally, in case C the less severe thermal conditions of
the nonoxidative pretreatment avoid the formation of Cu0

particles and thus justify the absence of the initial higher
activity and successive decline, typical of case B.

CONCLUSIONS

Catalytic activity of Cu-ZrO2 systems turns out to be
highly sensitive to the pretreatment of the solid and to the
state of hydration/oxidation of the surface. The main fea-
tures of the system are as follows:

(i) The catalyst is an efficient redox system in that the re-
dox state of the active Cu phase undergoes strong changes
even in mild reductive or oxidative conditions. In particu-
lar, the “autoreduction” of CuII is very pronounced in mild
conditions of thermovacuum treatment, as it is assisted by
the zirconia matrix which is capable of oxygen depletion.

(ii) Two different families of isolated copper ions have
been detected both by EPR (CuII centres) and IR (CuI cen-
tres). The CuII centres have an axial symmetry (likely of
distorted octahedral type), and both types of Cu sites are
coordinatively unsaturated.

(iii) The reduction of the system to Cu0 is more effective
when the starting material is surface hydrated and when in
the presence of hydrocarbonaceous contaminants. A dehy-
drated and/or “clean” material preferentially leads to CuI

formation.
(iv) Water adsorption at room temperature efficiently

oxidizes CuI to CuII, whereas O2 at high temperature is
needed to oxidize Cu0. The mechanism of the former pro-
cess is not yet fully understood. The oxidation of Cu0 (by
O2 or N2O at relatively high temperatures) leads to CuO
nanoparticles, whose CuII ions are redispersed at the sur-
face by water adsorption.

(v) Only the joint action of high-temperature oxidation
and ambient temperature hydration reproduces the condi-
tions of CuII on the starting Cu-ZrO2 systems. The maxi-
mum surface concentration of dispersed CuII centres is ob-
tained through the oxidation–hydration process, due to the
role played by surface contaminants, abundantly present
on the starting materials. After a complete reduction–
oxidation–rehydration cycle, as well as on the starting ma-
terials, CuII ions are similar to those observed on several
hydrated systems; the coordination sphere of the ions is vir-
tually complete and is made of oxide ions of the solid and
of hydroxy groups and/or coordinated water molecules.

(vi) The stationary and nonstationary catalytic be-
haviours in N2O decomposition depend significantly on the
type of catalyst pretreatment, as the pretreatment deter-
mines the presence/amount of surface contaminants and
the hydration state of the surface. Both factors are impor-
tant in determining the redox behaviour of copper ions at
the ZrO2 surface.
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