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Thermally stable cubic mesoporous zirconia samples stabilized
by the alkaline-earth cations (Ca, Sr, Ba) were synthesized via the
coprecipitation route followed by refluxing in the presence of sur-
factants. These systems were used as supports for copper cations
and then modified by the addition of silver nanoparticles using
impregnation or photoassisted deposition techniques. The struc-
tural, textural, and surface features of these nanosystems were stud-
ied by using TEM, X-ray diffraction, EXAFS, nitrogen adsorption
isotherms, SAXS, FTIRS of adsorbed CO, and TPD of adsorbed
NOx species. Partially stabilized zirconia samples were found to
possess a disordered cubic structure. A higher tendency of bulky
Ba cation to segregate in the surface layer is reflected in a higher
degree of surface disordering, higher concentration of hydroxyls,
and greater coordination unsaturation of isolated copper cations.
In contrast to such traditional supports as γ -alumina, stabilized zir-
conia supports appear to favor formation of small reactive (prob-
ably, three-dimensional) clusters of copper cations possessing an
increased reactivity and decreased strength of oxygen bonding with
these cations. It is reflected in decreased thermal stability of sur-
face nitrite and nitrate species located at these centers as compared
with such species on the surface of CuO/alumina catalysts. This
feature seems to be primarily determined by the specificity of the
surface structure of fluorite-like supports (ceria, zirconia). Silver
incorporation into copper oxidic clusters decreases the strength of
copper–oxygen bonds as well as the thermal stability of adsorbed
nitrite–nitrate species. For samples prepared via the photodeposi-
tion route, the clustering degree of copper cations is usually lower
than in the case of samples obtained by traditional impregnation
procedure. c© 2001 Academic Press
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INTRODUCTION

Zirconia-supported transition metal cations are known to
possess a reasonably good catalytic activity in the reactions
of NOx-selective reduction by hydrocarbons in the excess
of oxygen (NOx HC-SCR) (1–6). Among these systems,
CuO/ZrO2 or Cu/sulfated ZrO2 appear to have a remark-
able low-temperature (in the range of 200–300◦C) activity
compared with or exceeding that of Cu-ZSM-5, while being
much more stable hydrothermally. This activity was usually
assigned to a high number of isolated Cu cations stabilized
by these supports, while CuO crystallites emerging at high
copper loadings are thought to be either inactive or nonse-
lective. However, as was indicated in [7], small copper oxidic
clusters epitaxially bound with support could also be of im-
portance. Another attractive feature of these systems, when
compared with Cu-ZSM-5, is their hydrothermal stability
and mesoporosity; the latter allows the use of long-chain
hydrocarbon reductants. However, as a rule, zirconias used
as supports are either monoclinic samples with relatively
low surface area or sulfated tetragonal modifications. In the
former case, the disadvantage of such supports is obvious,
while in the latter, low stability of surface sulfates in the hy-
drothermal conditions of real exhausts could be a problem.
Earlier (8), highly dispersed tetragonal and/or cubic modifi-
cations of ZrO2 partially stabilized by alkaline-earth cations
were synthesized and shown to be rather active in the high-
temperature (500–600◦C) NOx reduction by propane in the
excess of oxygen. This paper aims at using this approach
for preparation of high-surface-area stabilized zirconia sup-
ports. Moreover, refluxing in the presence of surfactants
(9) was applied to ensure the mesoporosity of supports
and their high-temperature stability. Supported copper oxi-
dic species known for their reasonable middle-temperature
performance in NOx HC-SCR were chosen here as the
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active component. To improve the low-temperature ac-
tivity of CuO/stabilized zirconia systems, by analogy with
approaches used earlier for alumina [10] and Ce-ZSM-5
catalysts [11], silver was added. To understand the fac-
tors determining performance of supported copper systems
in the reactions of NOx reduction by hydrocarbons, their
bulk and surface properties were studied by using a com-
bination of structural and spectroscopic methods (TEM,
X-ray diffraction, EXAFS, nitrogen adsorption isotherms,
SAXS, FTIRS of adsorbed CO, and TPD of adsorbed NOx

species). For comparison, a Cu (+Ag)/alumina catalyst was
also studied.

METHODS

Bulk samples of highly dispersed mesoporous ZrO2 par-
tially stabilized by Ca, Sr, and Ba were prepared by copre-
cipitation of the corresponding mixed nitrate solutions with
ammonia, surfactants (up to 1 wt% of polyvinyl alcohol or
polyethylene oxide) were also added, followed by refluxing
for 120 h. After filtration, samples were washed by distilled
water until all nitrates were removed and then washed with
ethanol, dried at 110◦C for 14 h, and calcined for 4 h in a
stream of air at 600◦C.

For comparison, as a traditional support, the earlier stud-
ied commercial γ -Al2O2 sample (A-1 type) with the specific
surface area ∼180 m2/g (12) was used.

To support the active components, three types of proce-
dures were used. In the first one, copper (up to 5 wt%),
was supported on the surface of zirconia or alumina from
the nitrate solutions by a standard wet impregnation pro-
cedure followed by drying for 6 h at 120◦C (periodically
grinding zirconia-supported sample with a pestle and mor-
tar) and calcination at 400◦C for 4 h. To add up to 2 wt%
of silver, a sample with supported copper was impregnated
by the silver nitrate solution of a required concentration.
The drying and calcination procedures were the same as de-
scribed above, with a final calcination at 400◦C for 2 h. To
ensure a homogeneous distribution of silver, the calcined
CuO + Ag/ZrO2 samples were ground and wetted with ca
15 wt% HNO3 solution. After thorough mixing, samples
were dried and calcined as described above.

In the second method, copper and then silver were added
to supports by mixing the support with copper acetate
(pH 5.4) or silver nitrate (pH 6.3) solutions and then purg-
ing with Ar under illumination by a high-pressure DRL-250
mercury lamp for 1.5 h (Cu) and 10 min (Ag), respectively.
After photodeposition, samples were washed by distilled
water, dried under an IR lamp for 5 h, and calcined at 400◦C
for 2 h.

The third procedure was used to support a small amount
of copper cations in a manner similar to that applied for

the cation exchange in zeolites (12). In this case, a powder
of zirconia support was placed into 0.15 M copper nitrate
ET AL.

solution and kept stirring at 80◦C for 2 h and then filtered,
dried, and calcined at 500◦C for 4 h. The copper content
was found to be close to 0.2 wt% for all supports.

The chemical composition of samples was analyzed by the
atomic absorption spectroscopy (a Karl Zeiss Jena AAS1N
spectrometer). The X-ray phase analysis was carried out
by using a HZG-4C diffractometer with monochromatized
CuKα radiation. The unit cell parameter of partially stabi-
lized zirconia was determined from the positions of 222 and
311 diffraction peaks of the doubled unit cell (vide infra).
The accuracy of the unit size determination (∼±3× 10−3 Å)
was estimated from comparison with results obtained for
the International X-ray standard corundum sample. The
apparent particle sizes (D) were estimated by the Scherrer
equation. Adsorption characteristics were measured on a
Micromeritics ASAP-2400 installation by N2 adsorption at
∼77 K.

EXAFS spectra of the K-edge of Zr and Cu X-ray
absorption were obtained at the EXAFS Station of the
Siberian Center of Synchrotron Radiation, Novosibirsk.
The storage ring VEPP-3 with the electron beam energy
2GeV and a typical filled current of 70 mA was used as the
radiation source. The energy of the X-ray quanta was mon-
itored with the help of the cutoff Si (111) monochromator.
X-ray absorption spectra were recorded at room tempera-
ture in the transmission mode using two ionization cham-
bers, i.e., the monitoring one and the full absorption one.
Sample powders were mixed with the Apiezon T grease, and
spectra were collected at room temperature. The thickness
of samples was chosen to achieve the optimal absorption
jump.

The X-ray absorption data were analyzed for interval of
the wave numbers k from 3.0 to 15.0 Å−1 for Zr spectra and
3.0–11. Å−1 for those of Cu in the form of k3χ(k), where
χ(k) is the oscillating part of the absorption coefficient µ.
The background was removed by extrapolating absorption
in the pre-edge region onto the EXAFS region in the form
of Victoreen’s polynomials. Three cubic splines were used
to construct the smooth part of µ. The inflection point of
the edge of the X-ray absorption spectrum was used as the
initial point (k= 0) of the EXAFS spectrum. The curve-
fitting with the help of EXCURV-92 procedure was used
to determine the interatomic distances and coordination
numbers from the EXAFS spectra.

Samples were also characterized using TEM (JEM 2010,
200 kV) and X-ray small angle scattering (SAXS, a KRM-1
camera with CuKα radiation, nickel filter, and an ampli-
tude analyzer). Surface properties were probed by the
Fourier transform infrared spectroscopy (FTIRS) of ad-
sorbed CO (IFS 113V Bruker spectrometer). In those
experiments, samples were pressed in wafers with densi-
ties 4.4–22.7 mg/cm2 and pretreated in the IR cell first at

100 Torr of O2 and then in vacuum at 400◦C for 1 h. CO was
adsorbed at 77 K first by introducing several doses (each
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CO dose corresponds to∼4 µmol), finally setting CO pres-
sure to 10 Torr. By using a routine computer processing,
the data were presented as absorbance normalized to the
unit weight of sample, which allows one to directly compare
results obtained for different samples.

The temperature-programmed desorption of NOx (TPD)
from the surface of samples after oxidative pretreatment
was carried out with the temperature ramp from 25 to 550◦C
at 10◦C/min rate using a chemiluminescence NOx Beck-
man analyzer and following procedures described earlier
in detail (12). For the systems studied here subjected to the
oxidative pretreatment, no evolution of nitrous oxide was
detected in TPD runs, which was checked by using a Perkin
Elmer “Spectrum RX I FT-IR” system and a gas cell.

RESULTS

1. Structural and Textural Features of Stabilized
Zirconia Supports

Phase composition and structural parameters. X-ray
data presented in Fig. 1 and in Table 1 indicate that despite
the low content of stabilizing cations, samples annealed at
600◦C possess a cubic structure with a small admixture of
the monoclinic phase for Sr-modified sample. In this re-
spect, samples refluxed in the presence of surfactants differ
from those calcined without refluxing: in the latter case,
at this content of stabilizing cation, the structure is either
monoclinic or tetragonal [8]. Another important feature
of samples synthesized in this work is their rather good
crystallinity, which is reflected in the presence of a set of
strong peaks in the diffraction pattern. The presence of a
superstructural peak at 22∼ 15◦, i.e., at a position exactly
matching a half of that for the intense 222 peak situated at
22∼ 30◦, indicates a doubling of the zirconia unit cell via
some ordering of the oxygen vacancies created due to the
presence of guest Me2+ cations in the lattice. The doubled
unit cell size systematically increases with the increase of the
guest cation radius in the order Ca< Sr<Ba. The apparent
particle sizes estimated from the broadening of 226 peak

decline in the order Ca> Sr>Ba (Table 1). In fact,
micr

X-ray data. High dispersion of stabilized zirconia supports
nts
ostrains are in part responsible for the peak broad-

TABLE 1

Structural and Textural Data for Stabilized Zirconia Supports Annealed at 600◦C

X-ray data Textural data

Type of MO Unit cell Particle Specific Integral Micropore Mean
guest content parameter (Å) size (Å) surface pore volume volume (cm3/g) pore diameter

cation (M) (mol%) (±3 × 10−3 Å) (±5%) (m2/g) (cm3/g) (±3%) (±50%) (Å) (±5%)

Ca 3.3 10.23 8.0 180 0.41 0.0008 90
Sr 3.1 10.24 7.5 170 0.35 0.0015 80

is confirmed by the nitrogen adsorption measureme
Ba 2.7 10.25 7.0 1
OMOTED BY SILVER 119

FIG. 1. Typical X-ray diffraction data for mesoporous partially stabi-
lized zirconia supports.

ening as well, as follows from comparison of the 222 and
226 peaks widths. Indeed, the ratio of the half-widths of
these peaks (β226/β222 = 1.3) somewhat differs from the
value corresponding to the reciprocal ratio of the reflec-
tion angles cosines (1.1), which is to be observed in the case
of a pure size broadening effect. However, the experimen-
tal ratio differs strongly from the value predicted in the case
of broadening caused by microstrains (2.15), thus implying
a relatively small density of those defects.

Typical EXAFS spectra for ZrK edge are shown in
Fig. 2, while corresponding structural parameters are pre-
sented in Table 2. In all samples, the Zr environment corre-
sponds to that of the disordered cubic zirconia phase. Here,
a set of close Zr–O distances exists, thus decreasing the av-
erage Zr–O coordination number (CN). Though in the first
approximation the nature of the guest cation has a small
effect on the Zr coordination sphere, Ca-modified samples
appear to be more ordered when compared with the other
two systems.

Textural properties. Figure 3 illustrates typical TEM
data for stabilized zirconia samples. Small sizes of parti-
cles revealed by TEM agree with those estimated from the
60 0.30 0.0019 80
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FIG. 2. (a) Typical RDA functions for ZrK edge for bulk mesoporous
zirconia supports stabilized by Ca (1), Sr (2), and Ba (3). (b) Typical RDA
functions for CuK edge in 5% CuO/MeO–ZrO2 samples with supports
stabilized by Ca (1), Sr (2), and Ba (3).

(Table 1). The pore structure is nearly exclusively presented
by mesopores with sizes comparable with those of zirconia
particles. Hence, mesopores appear to be formed by pack-
ing of zirconia particles. The size of mesopores and integral
pore volume slightly decrease in the order Ca> Sr>Ba.

Only a small fraction of micropores is observed in samples.
Though the error in determining small volumes of microp-
ET AL.

ores by standard Brockhoff and de Boer method is rather
high (±50%), the amount of micropores is certainly bigger
for Ba-containing sample.

2. Structural Features of Supported Systems

No variation in the particles appearance was observed by
TEM after supporting CuO using the methods described
above.

According to EXAFS data (Fig. 2b; Table 2), for all
copper-containing samples, nearly identical square-planar
coordination of copper cations by the four oxygen atoms sit-
uated at 1.99 Å distance is realized. In general, the next dis-
tance (ca. 3 Å) is close to values typical for Cu–Cu distance
in copper oxidic clusters [13], though a similar value is ob-
served for Cu–Zr distance in the case of copper cations in-
corporated into the surface layer of zirconia [14]. To clarify
the situation, this peak was modeled by Cu (Cu–Cu sphere)
and Zr (Cu–Zr sphere) scattering atoms. The best uncer-
tainty factor (R factor) was obtained for Cu–Zr distances,
though up to 30% of Cu–Cu distances may also contribute
to this peak. Hence, a part of copper cations is certainly
incorporated into the surface vacancies of zirconia. At a
high copper loading, EXAFS data could not exclude the
presence of copper oxidic clusters. At least these results

TABLE 2

Some EXAFS Parameters

Debye-Waller
Coordination Coordination Distance factor 2σ 2

Sample sphere No. (Å) (Å2)

CaO–ZrO2 Zr–O 3.8 2.10 0.010
Zr–Zr 6.4 3.66 0.016

SrO–ZrO2 Zr–O 4.3 2.11 0.011
Zr–Zr 5.1 3.67 0.015

BaO–ZrO2 Zr–O 3.8 2.11 0.010
Zr–Zr 5.1 3.67 0.017

0.2%CuO/ Cu–O 3.8 1.97 0.016
CaO–ZrO2

a

5%CuO/ Zr–O 3.9 2.10 0.010
CaO–ZrO2

b Zr–Zr 5.4 3.65 0.015
Cu–O 3.1 1.97 0.010
Cu–Zr 0.4 2.94 0.016

2%CuO/ Cu–O 2.8 1.92 0.006
SrO–ZrO2

a

5%CuO/ Zr–O 3.8 2.10 0.010
SrO–ZrO2

b Zr–Zr 5.5 3.66 0.018
Cu–O 2.9 1.98 0.011
Cu–Zr 0.5 2.93 0.017

0.2%CuO/ Cu–O 2.9 1.93 0.004
BaO–ZrO2

b

5%CuO/ Zr–O 3.9 2.10 0.013
BaO–ZrO2

b Zr–Zr 4.5 3.66 0.016
Cu–O 3.0 1.98 0.011
Cu–Zr 0.5 2.92 0.017
a Ion exchange.
b Consecutive impregnation.



R
CuO/ZrO2 CATALYSTS P

FIG. 3. Typical TEM picture of mesoporous MeO–ZrO2 support.

agree with the absence of bulk CuO phase as follows from
the data of TEM and XRD.

EXAFS spectra of silver not shown here for brevity
were found to have a very high noise level, suggesting that
supported Ag mainly exists as isolated cations with a low
Ag–O coordination number. Certainly, a small part of Ag is
present as rather big particles with typical sizes up to 200–
400 Å revealed by TEM (Fig. 4). Similar particles were
detected by TEM for alumina-supported Ag–Cu system
(Fig. 5). Simultaneously, SAXS data (Fig. 6) indicate that a
FIG. 4. Typical TEM picture of 2%Ag + 5%CuO/Sr–ZrO2 sample.
OMOTED BY SILVER 121

FIG. 5. TEM micrograph of silver particle on the surface of 0.8%
Ag + 0.8% CuO/Al2O3 sample.

predominant part of silver particles detected by this method
are of a rather small sizes confined in the range of 10–20 Å.

For Ag-promoted CuO/stabilized ZrO2 samples pre-
pared via the impregnation route, the interaction between
metallic and oxidic components is manifested in the appear-
ance of thin transparent layers extended around bulk silver
particles (Fig. 7). For barium-stabilized zirconia, this inter-
action is the most strong leading to emergence of thin disor-
dered platelets probably corresponding to mixed copper–
silver oxidic phases containing also some Ba (Fig. 8).

Hence, a main part of silver in supported samples is rep-
resented by isolated cations incorporated into the support
surface layer or copper oxidic species; a small part exists as
nanosized particles detected by SAXS, while big particles
detected by TEM constitute a negligible fraction of silver.
FIG. 6. Normalized SAXS size distribution curve for Ag particles on
CuO/stabilized ZrO2 samples.
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FIG. 7. TEM image of the products of interaction (thin platelets) be-
tween silver (dark bulky particles) and copper oxidic species supported
onto CaO–ZrO2 sample.

3. IR Spectroscopy of Adsorbed CO

Table 3 lists assignment of CO absorption bands detected
for samples studied here. Figures 9 and 10 show typical spec-
tra of CO adsorbed on alumina-supported copper oxidic
species. At low temperatures, bands at ∼2180–2190 cm−1

correspond to CO complexes with isolated Cu2+ cations,
while bands in the range of 2118–2150 cm−1 are due to
Cu1+–CO species (15). Reduced copper species emerge ei-
ther due to oxygen loss from the surface during vacuum pre-
treatment or due to reduction of clustered copper cations
by CO even at low temperatures. Domination of clustered
copper species (three-dimensional oxidic clusters (15)) for
these samples is suggested by rather low-frequency po-
sition of Cu1+–CO band (∼2118 cm−1 at full coverage).
FIG. 8. Typical TEM images of the microphases of interaction be-
tween the copper oxide component and silver supported on BaO–ZrO2.
ET AL.

TABLE 3

Assignment of Carbonyl Bands Observed for Zirconia and
Alumina Supported Samples after CO Adsorption at 77 K

Band position
(cm−1) Type of center Reference

2090–2110 Ag+ in partially oxidized 16, 18
Ag particles

2090–2125 Cu+ in 3D copper oxidic clusters 15
A pair of bands Cu+, dicarbonyl complexes 21

2090+ 2125
2140 Ba2+ (BaO-ZrO2) 8
2140 Cu+ in 2D copper oxidic clusters 15

on γ -Al2O3

2155 Hydroxyls 15
2170–2180 Ag+ isolated 17
2180–2190 Cu2+ isolated 15
2180–2200 Zr4+ 8

The frequency shift of this band with increasing coverage
(∼12 cm−1) is similar in magnitude to that observed in the
case of supported metals (16). The clearly visible maximum
at∼2140 cm−1 in the spectrum recorded after the first dose
of CO can be assigned to Cu+ cations in two-dimensional
copper oxidic clusters epitaxially bound with the most de-
veloped (110) faces of γ -alumina support (15). The band at
∼2155 cm−1 well developed in the presence of CO in the
gas phase is usually assigned to weak CO complexes with
hydroxyls of the support (15). A sample prepared by using
photodeposition from the copper acetate solution, despite
a higher copper content, is characterized by a lower inten-
sity of Cu+–CO and Cu2+–CO carbonyl bands as compared
with sample prepared by a simple impregnation with cop-
per nitrate solution. It implies a higher degree of copper
clustering in the former case.

FIG. 9. FTIR spectra of CO adsorbed at 77 K on 0.5% CuO/Al2O3

sample prepared from copper nitrate. Spectra were recorded after consec-

utively introducing into the cell 1 (a), 4 (b), and 9 (c) doses of CO (each
dose corresponds to ∼4 µmol), finally setting CO pressure to 10 Torr (d).
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FIG. 10. FTIR spectra of CO adsorbed at 77 K on 0.7%CuO/Al2O3

sample prepared from copper acetate. Curves designation as in Fig. 9.

For copper–alumina samples promoted by silver
(Figs. 11 and 12), after several doses of CO weak bands
at 2170–2180 cm−1 appear. These bands can be assigned to
Ag+–CO complexes (17). At higher coverages, these bands
are masked by broad bands corresponding to weaker CO
complexes with hydroxyls and Cu2+ cations. Decline of the
intensity of band at∼2152 cm−1 for silver-modified samples
implies that these silver cations are anchored through the
ion exchange with hydrogen of these hydroxyls.

For samples prepared from copper nitrate, the presence
of silver only slightly affects the spectral features of CO
complexes with copper cations: a shoulder at ∼2110 cm−1

is now visible in spectrum recorded after the first dose. It
implies that a part of silver supported through the photoas-
sisted deposition is located on the copper oxidic clusters
changing their properties. However, the integral intensity
of Cu+–CO band in the presence of CO in the gas phase was
practically unchanged for silver-promoted sample. Hence,

FIG. 11. FTIR spectra of CO adsorbed at 77 K on 0.3% Ag+

0.5%CuO/Al2O3 sample prepared from copper nitrate. Curves designa-
tion as in Fig. 9.
ROMOTED BY SILVER 123

FIG. 12. FTIR spectra of CO adsorbed at 77 K on 0.6% Ag+
0.7%CuO/Al2O3 sample prepared from copper acetate. Curves designa-
tion as in Fig. 9.

this feature can be assigned to CO species located on the sur-
face of partially oxidized Ag◦ particles. Indeed, for bulk sil-
ver the band corresponding to Ag◦–CO species is observed
at ∼2060 cm−1 (18). The high-frequency shift of Ag◦–CO
band can be explained either by CO adsorption on high in-
dex planes abundant on small silver particles or by dynamic
and/or chemical effects due to the presence of adsorbed
oxygen on the surface (16). Hence, in this case, silver parti-
cles and copper oxidic species appear to be independently
distributed on the surface of alumina support.

In the case of samples prepared from acetate, the effect of
silver photodeposition was much more pronounced. First,
the intensity of Cu+–CO and Cu2+–CO bands declines for
silver-promoted sample, indicating that at least some of the
silver particles are juxtaposed on copper oxidic species. Fur-
ther, in the spectrum recorded after the first CO dose, a
shoulder at∼2140 cm−1, corresponding to CO adsorbed on
Cu+ cations included in two-dimensional oxidic clusters dis-
appears. Hence, small silver particles appear to be mainly
located on neighboring copper cations situated at the most
developed (110) alumina surface planes.

CO adsorption on the surface of stabilized zirco-
nia supports revealed rather strong adsorption centers—
coordinatively unsaturated Zn4+ cations (bands at
∼2180–2190 cm−1). After the first CO dose, a weak shoul-
der at∼2140 cm−1 which can be tentatively assigned to CO
complexes with Me2+ cation is observed only in the case
of Ba-containing sample (Fig. 13a). As was discussed ear-
lier (8), it implies mainly the subsurface location of guest
cations. At low CO coverages, the intensity of Zn4+–CO
bands only slightly depends upon the nature of the system,
suggesting a comparable number of strong Lewis acid sites
(Fig. 13a). In the presence of CO in the gas phase, a broad
band with the maximum at ∼2155 cm−1 (CO adsorbed on
surface hydroxyls) and a shoulder at∼2180 cm−1 (Zn4+–CO
complexes) are observed (Fig. 13b). The surface concen-

tration of hydroxyls is certainly higher for the Ba–Zr sys-
tem. While for Ba–Zr and Sr–Zr systems the high-frequency
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FIG. 13. FTIR spectra of CO adsorbed at 77 K on stabilized meso-
porous zirconia samples. (a) First dose of CO; (b) 10 Torr of CO.

absorption corresponding to Zn4+–CO complexes appears
to be saturated even after the first dose, it does increase with
CO pressure for Ca–Zr sample, indicating, the existence of
a weaker Lewis acid site.

For samples with a low copper content (Fig. 14), along
with bands at 2180–2190 cm−1 corresponding to Zn4+–CO
and Cu2+–CO complexes, new bands, which can be ten-
tatively assigned to CO complexes with clustered Cu1+

cations, appear in the 2115–2125 cm−1 region. Hence,
along with isolated Cu2+ cations incorporated into the sur-
face layer of the support (corresponding band at ∼2180–
2190 cm−1 is superimposed with Zn4+–CO band), some cop-
per cations seem to be present as small clusters. As judged
only by the Cu+–CO band position, at low copper load-
ing, the degree of copper cation clustering appears to be
somewhat higher in the case of stabilized zirconia support
when compared with alumina (Figs. 9 and 10). However,
the situation could be much more complex, since, accord-
ing to (7, 19–22), for fluorite-type supports, even isolated
surface Cu2+ cations can be easily reduced by CO at low
temperatures to Cu+ and/or Cu◦ state, thus giving rise to
low-frequency carbonyl bands, while in the case of alumina
support, only small three-dimensional clusters possess such
properties.

For the BaO–ZrO2 system, a higher intensity of Cu+–
CO band at a low (0.1 Torr) CO pressure indicates a higher

surface concentration of coordinatively unsaturated Cu+

cations as compared with the other two samples. This fea-
ET AL.

ture clearly correlates with a higher density of surface hy-
droxyls on the surface of this support (vide supra) and a
higher degree of sample disordering (lower X-ray particle
sizes). At higher CO partial pressures, for the BaO–ZrO2

system, the initial band at 2115 cm−1 is split into two bands
at 2090 and 2125 cm−1, corresponding to copper dicarbonyl
species (23). This suggests the highest degree of coordi-
native unsaturation of copper cations for this support. A
feature at ca. 2140 cm−1 for BaO–ZrO2 based sample ob-
served at pCO = 10 Torr can be assigned to CO complexes
with Ba cations (vide supra).

An increase in the copper loading on stabilized zirco-
nia supports (Fig. 15) was accompanied by a decline in
the normalized (per gram) intensity of all carbonyl bands
in the 2000–2200 cm−1 region. Coordinatively unsaturated
Zn4+ cations appear to be completely shielded by the cop-
per oxidic species. Bands corresponding to Cu+–CO com-
plexes are red shifted, indicating a higher degree of copper
cation clustering (aggregation) (15). The higher the degree
of clustering in the order CuO/BaO–ZrO2>CuO/SrO–
ZrO2>CuO/CaO–ZrO2, the lower the band intensity and
corresponding CO stretching frequency. At the same cop-
per content, the clustering degree appears to be mainly de-
termined by the specific surface area and amount of micro-
pores (Table 1). At a high CO pressure (Fig. 15b), a band
at∼2155 cm−1 emerges due to CO complexes with hydrox-
yls, its intensity being lower than with the case of initial

FIG. 14. FTIR spectra of CO adsorbed at 77 K on samples of stabi-

lized mesoporous zirconia containing 0.2 wt% of Cu introduced via cation
exchange. (Top) 0.1 Torr CO; (bottom) 3 Torr CO.
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FIG. 15. FTIR spectra of CO adsorbed at 77 K on samples of stabilized
mesoporous zirconia containing 5 wt% of Cu introduced by impregnation.
(a) First dose of CO; (b) 10 Torr of CO.

supports (cf. Fig. 13). Hence, both Lewis and Brönsted acid
sites take part in anchoring the surface copper species.

For samples prepared via the successive photoassisted
deposition of copper and silver (vide supra), FTIRS data of
adsorbed CO (Figs. 16–18) strongly resemble those for the

FIG. 16. FTIR spectra of CO adsorbed at 77 K on sample containing

0.2% Ag + 3.1 wt% of CuO loaded by the photoassisted deposition on
CaO–ZrO2 support. Curves designation as in Fig. 9.
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FIG. 17. FTIR spectra of CO adsorbed at 77 K on sample containing
0.2% Ag + 2.5 wt% of CuO loaded by the photoassisted deposition on
SrO–ZrO2 support. Curves designation as in Fig. 9.

CuO + Ag/alumina system prepared via the same route.
They indicate a lower degree of clustering of copper cations
(higher intensity and higher frequency of Cu+–CO band)
compared with systems prepared via the impregnation
route. For the 0.8Ag + 3CuO/BaO–ZrO2 sample, a part
of Zn4+ coordinatively unsaturated centers remains acces-
sible, which is evident from the appearance of a band at
∼2190 cm−1 after the first CO dose. For this sample, at
10 Torr CO pressure, in the high-frequency carbonyl re-
gion, in addition to the usual band at 2155 cm−1, two more
maxima at∼2175 and∼2185 cm−1 are observed. While the
latter band clearly corresponds to Zn4+–CO species (vide
supra), the former one can be assigned to Ag+–CO species.
For other two zirconia-supported samples prepared via this
route, Ag+–CO band certainly dominates due to apparently
lower surface density of coordinatively unsaturated Zn4+

FIG. 18. FTIR spectra of CO adsorbed at 77 K on sample containing

0.8% Ag+ 3 wt% of CuO loaded by the photoassisted deposition on BaO–
ZrO2 support. Curves designation as in Fig. 9.
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FIG. 19. FTIR spectra of CO adsorbed at 77 K on samples of stabilized
mesoporous zirconia containing 2% Ag + 5 wt% of CuO introduced by
impregnation. (a) First dose of CO; (b) 10 Torr of CO.

centers. No bands which can be assigned to Ag◦–CO com-
plexes are visible in these figures. In the case of zirconia
supports as compared with the alumina-supported system
(Figs. 11 and 12), a higher absorption at ∼2175 cm−1 for
silver-containing samples implies a higher degree of silver
dispersion in the former case.

For samples with higher silver and copper content
(Fig. 19) prepared by the impregnation procedure modified
to enhance the interaction between the metal and oxidic
components (vide supra), a sharp increase in the intensity
of Cu+–CO bands due to Ag addition was observed (cf.
Fig. 15). It implies a disordering and/or redispersion of
large copper oxidic clusters due to such a treatment. For
Sr- and Ba-containing samples, silver addition also causes
a red shift of Cu+–CO absorption band to 2100–2105 cm−1

for spectra recorded after the first CO dose (Fig. 19a) and to
2090–2098 cm−1 for spectra recorded under 10 Torr of CO
(Fig. 19b). This effect implies the existence of CO molecules
adsorbed on metallic Ag◦ species at low temperatures (vide
supra). In addition, for spectra recorded after the first CO
dose, the appearance of bands at 2170–2180 cm−1 implies
the presence of CO complexes with coordinatively unsatu-
rated Ag+–CO species (17). In this respect, for CaO–ZrO2

support, the lowest intensity of these bands as well as the

highest frequency and lowest intensity of band in the Cu+–
CO stretching region imply the lowest surface concentra-
ET AL.

tion of accessible metallic or ionic silver sites. It can be ten-
tatively explained by a higher aggregation of oxidic and/or
metallic species on this support due to its lower disordering
(hence, a smaller density of surface defect sites) as demon-
strated by the structural data (vide supra). This conclusion is
supported by the data in Table 2 which shows higher Cu–O
and lower Cu–Zr coordination numbers in the CaO–ZrO2-
supported catalyst (Table 2).

Addition of silver strongly enhanced the reactivity of sup-
ported copper oxidic species enabling them to oxidize CO
at as low a temperature as 77 K with formation of phys-
ically adsorbed CO2 (band at ∼2340 cm−1, Fig. 19b). The
intensity of this band varies from sample to sample appar-
ently correlating with the amount of reactive weakly bound
oxygen removed by CO from copper (copper+ silver) oxi-
dic species in the course of experiment. This amount is the
highest for 2Ag+CuO/SrO–ZrO2 sample with the high-
est intensity of Cu+–CO (Agδ+–CO) band corresponding
to three-dimensional oxidic clusters and/or microphases of
interactions between silver and copper oxidic species (vide
supra). For other two samples, CO2 band is apparently more
intensive for Ag + CuO/CaO–ZrO2 sample, for which the
intensity of the carbonyl band increases more when going
from the first dose to 10 Torr of CO, thus implying a higher
degree of that sample reduction in the course of measure-
ments.

4. Temperature-Programmed Desorption of NOx

Typical TPD data are presented in Figs. 20 and 21. For
low-concentrated Cu-supported samples, low-temperature
(<100◦C) maxima or shoulders on the complex contours
of desorption peaks correspond to decomposition of ni-
trosyl species bound with isolated Cu2+ cations (12). Des-
orption maxima in the range up to 250◦C are assigned
to nitrite species bound either with copper or Zr cations.
FIG. 20. TPD spectra of NOx for samples containing 0.2 wt% of CuO
introduced via cation exchange on zirconia supports.
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FIG. 21. TPD spectra of NOx for samples containing 2% Ag + 5 wt%
of CuO introduced by impregnation of zirconia supports.

Indeed, TPD maxima at these temperatures were also ob-
served for samples of zirconia partially stabilized by Ca,
Sr, and Ba; alumina and CuO/alumina catalysts (12). In
the high-temperature region, for CuO/MeO–ZrO2 samples,
Tmax (∼380–390◦C) are lower than corresponding values
for CuO/alumina (480◦C) and partially stabilized zirconias
(540–590◦C), while being practically identical with that for
Cu–ZSM-5 (12). For samples studied here, all peaks are
composed of evolved NO molecules, except for CaO–ZrO2-
supported CuO (CuO+Ag) and BaO–ZrO2 supported
CuO+Ag, where the high-temperature peak result from
∼10% NO2 and 90% NO. As was concluded earlier consid-
ering FTIRS data on the dynamics of ad-NOx species trans-
formation in the course of thermal desorption (13), it im-
plies that strongly bound adspecies correspond to nitrates
(monodentate and bidentate) rather than nitrites. The in-
tegral amount of ad-NOx species (Table 4) does not exceed
several percent of monolayer, suggesting that a predomi-
nant part of the surface is free from these species. For sam-
ples with a low copper content, in the first approximation,
the amount of chemisorbed NO correlates with the den-
sity of coordinatively unsaturated surface cations able to

TABLE 4

Integral Amount of NO Desorbed from the Surface of Samples
Pretreated in Oxygen

0.2%Cu 2% Ag + 5%Cu

Sample CaZr SrZr BaZr CaZr SrZr BaZr ZrOa
2

a6 (1019 5.8 1 11 5.8 7.1 2.5 12
molec/g) (Tmax 90◦C;

440◦C)

a Sample prepared by the same procedure as other supports with-

out addition of surfactants and alkaline-earth cations. Specific surface
100 m2/g, 50% cubic + 50% monoclinic phase.
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adsorb CO (cf. Fig. 14). Moreover, the integral amount of
adsorbed NOx species for zirconia support, either partially
stabilized (12), or pure monoclinic one (Table 4) is compa-
rable or even higher than in the case of copper-containing
systems, thermal stability of strongly bound nitrates species
being higher as well.

The increase of the copper content and addition of silver
have not appreciably affected the level of NO chemisorp-
tion for CaO–ZrO2-based samples, whereas large ef-
fects are apparent for the Ba- and Sr-containing systems
(Table 4). In general, for silver-containing samples, no sim-
ple correlation between the integral amount of adsorbed
NOx and intensity of bands corresponding to CO adsorbed
at different centers (cf. Fig. 19) can be derived. In part,
this can be explained by a variety of ad-NOx forms lo-
cated at chemically different centers as well as by the
difficulty in estimation the surface centers concentration
from the optical density of overlapping bands correspond-
ing to CO complexes with different absorption coefficients
(15). Furthermore, while CO is more strongly bound with
Cu1+ cations, thus ensuring domination of corresponding
bands in the carbonyl region, nitrite and nitrate species
are strongly bound with Cu2+ cations often completely
shielded by oxygen to CO adsorption (15). Nevertheless,
some qualitative conclusions can be obtained by consider-
ing this data. Thus, an apparent shift of low-temperature
peaks to higher temperatures due to silver addition sug-
gests some strengthening of nitrites or monodentate ni-
trates bonding with the surface. On the contrary, high-
temperature peaks are certainly shifted to lower temper-
atures. It implies some decrease of bonding strength and
stability of bidentate or bridging nitrates, which can be ten-
tatively assigned to the replacement of some of the Cu2+

cations by Ag+ cations with a lower effective charge, and,
hence, low ability to retain negatively charged NO−3 group
(12). All these features are clearly indicative of the non-
additive behavior of mixed supported copper-silver ox-
idic systems. Indeed, in the case of Ag-ZSM-5 sample
(77% exchange level), two NOx TPD maxima at ∼140 and
380◦C were earlier observed (11), which clearly could not
explain the shift of TPD maxima caused by addition of
silver- to copper-supported systems revealed in our exper-
iments.

Appearance of high-temperature TPD maximum for
Ag + CuO/BaO–ZrO2 samples can be assigned either to
nitrates bound with Ba cations (12), bulk-like silver nitrite
species (10), or to decomposition of the surface AgNO3

phase (24).

DISCUSSION

1. Effect of Support
In general, the mesoporous stabilized cubic zirco-
nia (CaO–ZrO2, SrO–ZrO2, and BaO–ZrO2) supports
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synthesized and studied here possess rather similar bulk,
surface and textural properties. Hence, at the level of zir-
conia doping used in the present work and for the Ca- and
Sr-containing systems, the surface layer rearrangement into
the perovskite-like structure leading to the anion vacancies
and Lewis acid centers disappearance (8) does not take
place. As a result, at the same doping level of different
alkaline-earth cation, the number and strength of Lewis
acid sites are comparable. Nevertheless, a somewhat higher
tendency of bulky Ba cation to segregate in the surface layer
(8) is reflected in a higher degree of the surface disordering
and higher concentration of hydroxyls able to weakly in-
teract with CO at low temperatures. Due to this enhanced
surface reactivity, Ba-doped mesoporous zirconia is slightly
less stable toward sintering, which is reflected in a lower sur-
face area and increased microporosity. For this system, at a
low level of copper loading, copper cations are highly coor-
dinatively unsaturated, thus being able to form dicarbonyls
and retain a considerable amount of ad-NOx species.

In contrast to such traditional supports as γ-alumina, sta-
bilized zirconia supports appear to favor formation of small
reactive (probably, three-dimensional) clusters of copper
cations possessing a decreased strength of oxygen bonding
with these centers, and, hence, increased reactivity. In our
case, it is reflected in decreased thermal stability of surface
nitrate species located at these centers as compared with
such species on the surface of CuO/alumina catalysts. This
feature seems to be primarily determined by the specificity
of the surface structure of fluorite-like supports (ceria, zir-
conia). In general, for those supports, as was found here
in agreement with previous studies (7, 21, 22), the increase
of copper loading was shown to be accompanied by the
progressive clustering of copper cations into oxidic species.
Such species can be termed as 3D metastable oxidic clusters.
As revealed by oxygen TPD data (21, 22), up to a certain
degree of loading dependent upon the specific surface area
of support and its chemical composition, a higher cluster-
ing degree results in lower strength of oxygen bonding with
copper cations. The shift of CO and H2 TPR peaks to lower
temperatures with the increase of clustering degree (21, 22)
proves that weakly bound oxygen is indeed reactive species.
At a certain level of copper loading (usually, in the range of
10–15 wt%), bulky oxidic particles with a structure resem-
bling that of CuO, and, at last, X-ray detected CuO phase
appear (7). Those species are characterized by TPD and
TPR peaks situated at higher temperatures as compared
with the peaks observed for the case of low-concentrated
copper–zirconia samples or even bulk CuO (7, 21, 22).

Earlier obtained estimations of the heats of oxygen ad-
sorption on different types of copper centers in copper-
supported systems (15) make it possible to understand this
data taking into account specificity of the structural ar-

rangement of various copper species. For isolated copper
cations inserted into the vacant positions of a support sur-
ET AL.

face, the surface oxygen form is characterized by the heat of
oxygen desorption ca. 110–120 kJ/mol. For the most devel-
oped (110) plane of alumina support, epitaxially bound 2D
copper oxidic clusters are covered by tightly bound bridging
oxygen forms with the heat of desorption in the range of
290 kJ/mol. Due to steric reasons, only boundary copper
atoms in 2D clusters can be covered by terminal (Cu-
O) oxygen forms. Bridging oxygen forms with a similar
high heats of desorption cover the most developed densely
packed faces of tenorite (CuO) particles, provided that sur-
face defects are absent. For 3D metastable oxidic clusters
such as those stabilized by fluorite-like supports, due to
steric hindrances, surface is to be covered by terminal (Me-
O) oxygen forms. Moreover, due to structure rearrange-
ment caused by removal of oxygen from the surface, namely,
formation of relatively strong Cu–Cu bonds, compensat-
ing in such a way a part of energy spent by the rupture of
the Cu–O bond, the heat of oxygen desorption is addition-
ally decreased up to 20 kJ/mol (14). Up to a certain limit,
for fluorite-like supports, the increase of copper loading
increases the size of 3D clusters, which is to be accompa-
nied by the decrease of the share of the surface copper
cations accessible to CO adsorption, which is indeed ob-
served (vide supra). Moreover, for a bigger cluster, its struc-
ture relaxation caused by the oxygen removal is to be more
pronounced, thus decreasing a mean values of the copper–
oxygen bonding strength and increasing its reactivity, which
agrees with the experimental data (7, 21, 22).

Hence, enhanced low-temperature performance of
copper–zirconia systems in the NOx selective reduction by
hydrocarbons (1–6) can in part be assigned to the speci-
ficity of fluorite-like supports surface structure affecting the
strength of oxygen bonding with isolated/clustered copper
oxidic species, which is important from the point of view of
reactants activation.

2. Effect of Silver

The effect of silver seems to depend upon the type of
support and preparation procedure. In the case of consec-
utive photoassisted deposition, the adsorption properties
of supported copper oxidic species are only moderately af-
fected by silver. As can be judged from the results obtained
with alumina support, silver particles appear to be prefer-
entially photodeposited upon associates of copper cations
or copper oxidic clusters epitaxially bound with support,
thus decreasing the surface density of coordinatively unsat-
urated copper cations.

In the case of the consecutive impregnation procedure
followed by a partial acid dissolution of supported species
with subsequent reprecipitation as described under meth-
ods, the interaction between silver and copper is very strong,

allowing formation of mixed phases revealed as separate
micro-phases. As a result, the adsorption properties of
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supported copper oxidic species are strongly modified due
to possible appearance of Ag atoms as next-nearest neigh-
bors in the coordination sphere of copper. As a result, the
reactivity of surface oxygen is certainly enhanced which is
reflected in very efficient oxidation of adsorbed CO even
at 77 K.

3. Nature of ad-NOx Species

For zirconia-supported copper oxidic species including
those promoted by silver, TPD data revealed ad-NOx

species with thermal stability and strength of bonding
comparable with those in Cu-ZSM-5, which can be as-
signed to nitrosyls (weakly bound species) and monoden-
tate/bidentate nitrates (strongly bound species). Taking
into account conclusions about participation of strongly
bound nitrates in the reaction scheme of HC-NOx SCR (10,
12–14), these results seem to explain a comparable perfor-
mance of Cu/ZrO2 and Cu-ZSM-5 systems in these reac-
tions. A weakening of the metal–oxygen bond in mixed
silver–copper oxidic species can in part be responsible for
decreased thermal stability of surface bidentate nitrates.

CONCLUSIONS

Mesoporous samples of high-surface-area zirconia sta-
bilized by alkaline-earth cations synthesized via coprecipi-
tation followed by refluxing in the presence of surfactants
were found to possess a cubic structure with a local tetrag-
onal distortion of Zr coordination sphere compensated on
average within the oxide crystallites. These supports possess
sufficient Lewis and Brønsted acidity to ensure a good dis-
persion of supported copper and silver species. The effects
of interaction between these species and their adsorption
properties strongly depend on the synthesis procedure. In
contrast to such traditional supports as γ-alumina, stabi-
lized zirconia supports appear to favor formation of small
reactive (probably, three-dimensional) clusters of copper
cations possessing an increased reactivity and decreased
strength of oxygen bonding with these cations. It is re-
flected in decreased thermal stability of surface nitrite and
nitrate species located at these centers as compared with
such species on the surface of CuO/alumina catalysts. This
feature seems to be primarily determined by the specificity
of the surface structure of fluorite-like supports (ceria, zir-
conia). For samples prepared via the photodeposition route,
the clustering degree of copper cations is usually lower than
in the case of samples obtained by traditional impregnation
procedure due to a more uniform spatial distribution of the
active component on support.

The effect of silver on the adsorption properties of sup-
ported copper oxidic species depends upon the type of

support and preparation procedure. In the case of photo
deposition, silver nanoparticles are either juxtaposed upon
ROMOTED BY SILVER 129

copper oxidic species, decreasing the number of coordina-
tively unsaturated copper cations, or independently located
on the accessible sites via interaction with surface hydrox-
yls. In the case of a special consecutive impregnation pro-
cedure aimed at enhancing the interaction between copper
and silver, silver incorporation into copper oxidic clusters
decreases the strength of copper–oxygen bonds as well as
thermal stability of adsorbed bidentate and bridging nitrate
species.
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(1998).


	INTRODUCTION
	METHODS
	RESULTS
	TABLE 1
	FIG. 1.
	FIG. 2.
	TABLE 2
	FIG. 3.
	FIG. 4.
	FIG. 5.
	FIG. 6.
	FIG. 7.
	FIG. 8.
	TABLE 3
	FIG. 9.
	FIG. 10.
	FIG. 11.
	FIG. 12.
	FIG. 13.
	FIG. 14.
	FIG. 15.
	FIG. 16.
	FIG. 17.
	FIG. 18.
	FIG. 19.
	FIG. 20.
	FIG. 21.
	TABLE 4

	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

