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Three 8 wt% copper catalysts supported on SiO, and on two
SiO,/TiO, powders with different TiO, content have been prepared
by a “chemisorption-hydrolysis” method. Transmission electron
microscopy indicated that after calcination the three catalysts con-
tain supported particles which are small and quite homogeneous in
size (mean diameter, dy, = 3.0 nm). These particles slightly increase
in size after reduction in H, up to 773 K (dm = 3.5 nm). On the basis
of the diffuse reflectance UV-Vis-NIR spectra CuO and Cu,0 were
found to be present after calcination, while the electronic spectra
were dominated by the features due to metallic Cu particles already
after amild reduction in H; at 523 K. FTIR spectra of CO adsorbed
onto the three catalysts reduced at 523 K appeared very similar.
By a spectral fitting procedure, four different carbonylic species
were evidenced, three assigned to carbonylic adducts on different
types of microfacets exposed at the surface of three-dimensional Cu
particles and one related to CO molecules adsorbed on plate-like
two-dimensional copper particles. By increasing the reduction tem-
perature an overall decrease in intensity of the bands due to CO ad-
sorbed on copper supported on silica—titania carriers was observed,
probably because of the formation of titanium suboxides that can
cover a fraction of the copper sites. Furthermore, the CO-O, and
CO-NO reactions were studied by FTIR spectroscopy of the ad-
sorbed species and quadrupole mass analysis of the gas phase over
the catalysts. This allows the elucidation of the nature of the surface
sites involved in the activation of these molecules and the nature of
the intermediates present at the surface of the catalysts during the
reactions. The role played in these reactions by the uncoordinated
copper surface atoms exposed at the surface of the two different
types of Cu particles will be discussed.  © 1999 Academic Press

Key Words: Cu catalysts supported on different carrier; TEM;
DR UV-Vis-NIR characterisation; FTIR spectroscopy of adsorbed
CO; CO-0; and CO-NO reactions.

1. INTRODUCTION

Over the past few decades it has been observed by many
authors that catalytic performances of metal catalysts are
strongly dependent on the support, on the preparation
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method, and on the catalyst activation (1-3). In this re-
spect, copper particles dispersed on semiconductor oxides,
such as ZnO and TiO,, by different methods have been pre-
viously characterised by some of us (4-7). More recently,
we have studied two kinds of Cu/TiO;, samples, one ob-
tained by wet impregnation and the other by the so-called
“chemisorption—hydrolysis” method (8). It was shown that
after a mild reduction the last one is the most active in
promoting CO-0O,, CO-NO, and hydrogenation of dienes
reactions. The analysis of structural and spectroscopic data
showed that on the samples prepared by chemisorption—
hydrolysis the active sites for CO oxidation at room tem-
perature are Cu centres exposed at the surface of small
and well-dispersed three-dimensional (3D) copper metal-
lic particles. These sites disappear by increasing the reduc-
tion temperature, probably owing to the formation of TiOy
phases (X < 2), covering almost completely the 3D copper
particles. On both Cu/TiO, samples two-dimensional (2D)
Cu small particles, rendered electropositive by the interac-
tion with the oxidic support, have been put in evidence (6).
Moreover, these particles were found to be the only present
at the surface of the wet impregnated samples.

As for copper catalysts supported on insulating oxides, an
increase in the CO-NO activity was observed by increasing
the reduction temperature on Cu/SiO, samples prepared
by the homogeneous deposition of copper ions onto the
surface of suspended silica using the decomposition of urea
at 363 K (9). On these samples an incomplete copper re-
duction at the lower activation temperature probably oc-
curred; therefore, the increase in the activity observed by
increasing the reduction temperature can be ascribed to
an increase in the exposed metallic area. However, as for
Cu/TiO, samples, the properties of the copper supported
on silica can be strongly dependent on the preparation
method also. This fact will appear evident by a comparison
of our experimental data with those previously reported by
Balkenende et al. (9).

In this paper we will present also experimental data
concerning the CO oxidation, the CO-'20, scrambling
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reaction, and the CO-NO reaction. The oxidation of carbon
monoxide constitutes an important step in many relevant
processes such as methanol synthesis, water—gas shift reac-
tion, and automotive exhaust controls. Some studies have
shown that over copper-based catalysts methanol synthe-
sis is likely to occur through the hydrogenation of carbon
dioxide produced by the reaction between carbon monox-
ide and oxygen, while in the water—gas shift reaction carbon
monoxide removes surface hydroxyl or oxygen species pro-
duced by the dissociation of water.

Recently, copper has also been tested as a possible sub-
stitute for palladium and platinum for the reduction of ni-
trogen oxides by carbon monoxide in automotive catalytic
converters. Even though the importance of carbon monox-
ide oxidation has been recognised, a full understanding of
this reaction has not been achieved, in particular for the role
of the oxidation state of the metals, for their coordinative
unsaturations, and for the contribution of the support.

As far as the role of the oxidation state of the metal is
concerned, Jernigan and Somorijai (10) recently discussed
CO oxidation over Cu, Cu,0O, and CuO and showed that
the rate of the reaction decreased with increasing copper
oxidation state. However, also the other two points, the
coordinative unsaturations of these sites and the nature of
the support, can play a significant role.

Often the best catalysts are more complex than a bi-
nary system formed by one supported phase dispersed on a
monocomponent carrier. For instance, a lot of interest has
been recently devoted to the use of mixed SiO,-TiO; sys-
tems as support; they are appearing very attractive to im-
prove the mechanical strength, thermal stability, and sur-
face area of TiO,. Moreover, these mixed oxides exhibit
also interesting properties related to the generation of new
catalytic sites for selective oxidation reactions such as cy-
clohexene epoxidation (11). Even more attractive would be
to combine the catalytic effect of such materials with that
of a metallic phase to design new bifunctional catalysts.

In this paper we will present a characterisation by dif-
ferent techniques of three 8 wt% copper catalysts sup-
ported on SiO; and on two SiO,-TiO;, powders with dif-
ferent TiO, content, prepared by a method that, for the
sake of uniformity with previous papers, we continue to call
chemisorption-hydrolysis (6, 7, 8). The effect of reducing
pretreatments and a study of the CO-0O, and CO-NO reac-
tions will be described. In the next paper (Part I1) the cata-
lytic behaviour of these systems in the polymerisation by
oxidative coupling of 2,6-dimethyl phenol will be discussed.

2. EXPERIMENTAL

2.1. Materials

Cu/SiO,, Cu/SiO,-0.3%TiO,, and Cu/SiO,-2.3%TiO;
catalysts, hereafter referred to as Cu/Si, Cu/SiTi0.3, and
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TABLE 1

Relevant Surface and Textural Properties of the Samples:
Specific Surface Area (SSAgeT), Pore Volume (PV), Metal Load-
ing (Cu wt%), and Metallic Specific Surface Area (Scy(o))

SSAgET PV Cu Scu()
Catalyst (m?-gch) (ml-g7Y (Wt%) (m?-gch)

SiO, 320 1.75 — —
Cu/Si 263 0.78 7.68 129
SiOy/TiO,0.3 330 1.90 — —
Cu/SiTi0.3 352 0.94 8.85 138
SiOy/TiO,2.3 340 1.20 — —
Cu/SiTi2.3 349 1.01 8.10 120

Cu/SiTi2.3, were prepared by what was called in previ-
ous papers (6, 7, 8) chemisorption-hydrolysis. The support
was added to a Cu(NHs)5" solution prepared by adding
NH;OH to a Cu(NO3), - 3H,0 solution until pH 9. After
20 min under stirring, the slurry, held inan ice bath at 273 K,
was slowly diluted in order to allow hydrolysis of the copper
complex and deposition of the finely dispersed product to
occur. Under these conditions, no dissolution of silica was
detected. The solid was separated by filtration, washed with
water, dried overnight at 383 K, and calcined in airat 673 K
for 4 h. In all cases the Cu content was ca. 8 wt% (Table 1).
Other relevant surface and textural properties of the sam-
ples, metallic and BET specific surface area, pore volume,
and size are listed in Table 1.

High purity gases (Matheson) were employed in the acti-
vation treatments and in the adsorption and reaction exper-
iment. In particular, Oy, H, and CO were used without any
further purification, whilst NO was freshly distilled before
use and its purity checked by mass analysis.

2.2. Methods

The Cu(0) surface area was determined by the N,O dis-
sociative adsorption method (12, 13), using a pulse-flow
technique. The Cu(0) surface area was computed by con-
sidering a surface coverage factor (moles of oxygen atoms
per moles of surface Cu(0) atoms) Q =0.35 and a mean
surface area for a copper site of 7.41 A (14).

Electron micrographs of the samples were obtained by a
Jeol 2000EX microscope equipped with a polar piece and
top entry stage. Before the introduction in the instrument,
the samples, in the form of powders, were ultrasonically
dispersed in isopropyl alcohol, and a drop of the suspen-
sion was deposited on a copper grid covered with a lacey
carbon film. Histograms of the particle size distribution
were obtained by counting onto the micrographs at least
300 particles, and the mean particle diameter (dn,) was cal-
culated by using the formula dm=>_din;/ >_ n;, where n;
was the number of particles of diameter d;.

Diffuse reflectance UV-Vis-NIR measurements were
performed with a Varian CARY5 spectrometer equipped
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with a diffuse reflectance sphere. The measured reflectances
are relative to a BaSO, standard and were converted in
the Schuster-Kubelka—Munk function F(R.,). The samples
were introduced in a suitable reflectance cell which allowed
all thermal treatments to be carried out in a controlled at-
mosphere.

The IR spectra (2 cm™ resolution) were recorded at
room temperature (RT) in an infrared cell designed to treat
the samples in situ, using a Perkin—-Elmer FTIR 1760 instru-
ment.

The CO-0, and CO-NO reaction features were mon-
itored by FTIR spectroscopy by recording spectra at in-
creasing times of contact. At the same time the IR cell was
permanently connected through a needle valve to a VG
Micromass 100 mass spectrometer to obtain the analysis of
the gas phase during the reaction. Due to the very low flow
rate, the overall gas pressure was not significantly modified
during the experiment.

2.3. Samples Pretreatments

The samples were first submitted to a preliminary pre-
treatment in oxygen at 673 K, then reduced in H, at 523 K
and 773 K, and outgassed at the same temperature.

3. RESULTS AND DISCUSSION

3.1. TEM Characterisation

In Fig. 1 TEM images of the Cu/Si catalyst calcined at
673 K (Fig. 1a) and then reduced at 773 K (Fig. 1b) are
shown. In both cases small particles well distributed onto
the silica carrier are observed. On the basis of the UV-Vis-
NIR results (vide infra) they should correspond to CuO and
Cu,0O phases for the calcined sample and to a Cu(0) phase
for the reduced one.

A statistical analysis of the dimension of the particles
present after calcination resulted in a quite narrow size dis-
tribution over the 2.0-5.5 nm range and in a mean diameter
dm=3.0nm (Fig. 2a). For the reduced sample, particle sizes
are distributed essentially over the same range, butaslightly
larger mean diameter d,, = 3.5 nm was obtained (Fig. 2b).
This indicates that a slight growth of the supported particles
occurred during the reduction treatment at 523 K. Notice-
ably, on the basis of the mean diameter d,, =3.5 nm and
assuming that Cu particles are spherical, a specific surface
area of the metallic copper phase Scy) =112 m?-g~! was
calculated, in good agreement with the value obtained by
the N,O dissociative adsorption method (Table 1).

TEM investigations were also carried out on the Cu/
SiTi0.3 and Cu/SiTi2.3 catalysts. A striking similarity be-
tween these last and the Cu/Si system was observed. In fact,
the supported particles on both the silica—titania carriers ex-
hibit the same particle size distribution and the same mean
diameter (see Table 2) than for the Cu/Si catalyst, both in
the oxidised and in the reduced forms.
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TABLE 2

Mean Diameter (dm) of the Supported Particles Observed by
TEM on the Catalysts Calcined at 673 K and Reduced at 523 and
773K

Calcined samples Reduced samples?

Catalysts dm (nm) dm (nm)
Cu/Si 3.0 35
Cu/SiTi0.3 3.0 3.4
Cu/SiTi2.3 3.2 35

2 The same values of d, of the supported particles were obtained after
reduction of the samples both at 523 and 773 K.

3.2. Diffuse Reflectance UV-Vis-NIR Spectroscopy

All catalysts were characterised by diffuse reflectance
UV-Vis-NIR spectroscopy at different stages of the acti-
vation procedure. Moreover, the spectra of the bare sup-
ports were recorded also (Fig. 3a). Both the silica-titania
carriers (Fig. 3a, curves 2 and 3) exhibit a main band in
the 35,000-25,000 cm™! range, where the valence to con-
duction transition edge of bulk TiO, is observed (see the
spectrum of a pure titania powder reported for the sake of
comparison, in Fig. 3a, curve 1). However, a close inspection
of these samples by electron microscopy did not evidence
the presence of TiO; particles. This feature suggests that
the titania phase should be highly dispersed onto the silica.
Noticeably, the formation of a very thin amorphous layer
of TiO, on SiO, was recently reported (10c). Differences
in the shape of the absorptions observed for the SiO,-TiO,
carriers with respect to the TiO, powders could be due to
the different morphologies of the titania phases in the two
cases.

Additional adsorptions at 13,500 cm~* and in the 20,000
30,000 cm~! range were observed in the spectra of the cal-
cined catalysts (Fig. 3b), due to the supported phase. The
close similarity in position, shape, and intensity of these
additional features for the three catalysts (all loaded with
almost the same copper amount) indicates that they con-
tain the same types of supported copper species. As for the
assignment of these absorptions, the band at 13,500 cm™!
should be due to the fundamental transition of CuO small
particles, blue shifted with respect to the bulk transition (oc-
curring at 11,500 cm™1) as a consequence of the small size of
the particles; a similar effect has been observed in the opti-
cal spectra of different nanocrystalline semiconductors such
as ZnO and CdS (15). The assignment of the absorption in
the 20,000-30,000 cm~! range is more difficult. However,
Cu,0 layers on a copper substrate were found to exhibit a
maximum of absorption at ca. 20,000 cm~* (16), and then
the component observed in the 20,000-30,000 cm~? region
could be tentatively assigned to Cu,O layer-like species.

After reductive treatments at 523 and 773 K a strong
absorption with a maximum at 18,000 cm~—* grows up in all
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FIG. 1. Electron micrographs of the Cu/Si catalyst: (a) after calcination at 673 K and (b) after reduction at 773 K. Original magnification: x200,000.
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FIG. 2. Size distribution of the supported particles present in the
Cul/Si catalyst: (a) after calcination at 673 K and (b) after reduction at
773 K.

the samples containing silica, with a very similar intensity
and shape (Fig. 3c). The strong absorption at 18,000 cm™!
can be assigned to the plasmonic absorption of metallic
copper particles produced by reduction.

3.3. FTIR Spectroscopic Features of CO Adsorbed on the
Surface Sites of Cu/SiO; and Cu/SiO,-TiO, Samples

Figure 4a reports the FTIR spectra in the carbonylic
region of CO adsorbed at full (10 mbar) and decreasing cov-
erages on the Cu/Si sample reduced and outgassed at 523 K.
The spectra exhibit a main peak at 2100 cm~* with an evi-
dent shoulder at 2130 cm~! and a weaker one at 2070 cm™1,
Upon decreasing the CO pressure a gradual decrease in
intensity of all the components is observed (Fig. 4a, curves
1-9). All these spectra can be well fitted by the super-
position of four lorentzian bands. An example is shown
in Fig. 4b, where the experimental spectrum at full CO
coverage is compared with the curvefitting resulting from
the addition of four individual components. The integrated
intensity of these four components at the various CO cov-
erages was reported versus their position in frequency, ob-
taining the diagrams shown in Fig. 4c. Itappears evident that
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FIG. 3. Diffuse reflectance UV-Vis-NIR spectra of the bare supports

(a) and of the Cu/Si, Cu/SiTi0.3, and Cu/SiTi2.3 samples in the calcined
(b) and reduced (c) forms. (a) Spectra of the bare carriers outgassed and
oxidised (100 Torr Oy) at 673 K: (1) TiO, P25 powders, reported for the
sake of comparison; (2) SiO;; (3) SiO,-TiO; 0.3 wt% TiO,; (4) SiO~TiO,
2.3 wt% TiO,. (b) Spectra of the Cu containing catalysts calcined in air at
673 K: (1) Cu/Si; (2) Cu/SiTi0.3; (3) Cu/SiTi2.3. (c) Spectra of the Cu/Si
catalyst: (1) after calcination at 673 K (the same as curve 1 in b); (2) after
reduction in 30 mbar H, at 523 K; (3) after reduction in 30 mbar H, at
773 K.
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FIG. 4. FTIR spectra of the carbonylic region of CO adsorbed on the
Cu/Si reduced in 30 mbar H, for 45 min at 523 K and then outgassed for
45 min at the same temperature. (a) Spectra at decreasing coverages, from
(1) the presence of 10 mbar CO, to (9) after outgassing 10 min at room
temperature. (b) Curvefit of curve 1 in (a) obtained by the addition of
the four Lorentzian bands shown in the layer. (c) Integrated intensities vs
frequency at maximum of the four components used to fit the experimental
curvesin (a) (curvefitting procedure carried out without fixed parameters).
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component | reduces its intensity without frequency shift,
whereas the decrease in intensity of components Il and II’
is accompanied by a blue shift of their maximum position.

On the basis of the close similarity with the spectra of
CO adsorbed on the Cu/TiO, sample prepared by the same
method discussed in a previous work (6) and by comparison
with the spectra of CO adsorbed on well-defined monocrys-
talline surfaces reported in the literature (17), components
Il and 111 can be assigned to CO adsorbed on Cu stepped
surfaces and on small (111) microfacets, respectively. Band
1l', close in frequency to component 11, can be tentatively
assigned to CO adsorbed on a different high index plane.
These features indicate that different types of microfacets
are exposed at the surface of the three-dimensional Cu par-
ticles.

As fully discussed in the paper devoted to the Cu/TiO;
sample (6) component I may correspond to CO adsorbed on
small two-dimensional copper particles rendered partially
electropositive by the interaction with the oxygen atoms
at the surface of the carrier, which are able to withdraw
electron density from the metal phase. Evidences of elec-
tropositivised thin metallic particles supported on oxides
have been recently reviewed by Campbell (18). The posi-
tion in frequency of this component appears very close to
that observed for CO adsorbed on Cu(l) copper sites (9).
However, the adsorption of CO on these centres is known
to be partly irreversible at room temperature (9), whereas
in the present case the 2128 cm~! component is almost com-
pletely depleted by briefly outgassing at RT (Fig. 4, curve 9),
as for CO stabilised on Cu metal sites (9). This behaviour
suggests that, although positivised, the Cu centres at the
surface of 2D particles still keep a metal character.

All the components in the carbonylic spectra should then
correspond to CO molecules stabilised on metallic cop-
per sites, indicating that the reduction of the supported Cu
particles is accomplished in the mild activation condition
adopted (reduction in 30 mbar H; at 523 K for 45 min).
Interestingly, Cu/SiO; catalysts prepared by homogeneous
deposition of copper ions onto the surface of suspended sil-
ica by using the decomposition of urea and then calcined at
673 Kwere reported to be fully reduced only after treatment
in 10% Hy/Ar at 873 K for 16 h (9a). This striking difference
in reducibility with respect to the Cu/SiO, sample object of
the present paper should be due to the different prepara-
tion method adopted in the two cases. In particular, the
copper hydrosilicate crisocolla was identified as the precur-
sor of the metal phase in both the dried and calcined forms
of those samples, whereas no copper oxides were detected
(9b). The reduction of such a hydrosilicate phase should
require higher temperatures to obtain metallic copper par-
ticles.

The adsorption of CO on Cu/SiTi0.3 and Cu/SiTi2.3 sam-
ples reduced and outgassed at 523 K produced carbonylic
spectra very similar to those obtained for the Cu/Si sys-
tem (spectra not reported for the sake of brevity). Also in
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these cases, the best curfitting of the experimental spectra
at decreasing coverage was obtained by introducing four
Lorentzian components located at the same frequency as
those found for the Cu/Sisample. This indicates that, for this
reduction treatment, the surface features of the Cu parti-
cles are not affected by the presence of the titania phase
onto the carrier.

The same four components were also found by fitting the
experimental spectra of CO adsorbed on all the three sam-
ples reduced and outgassed at 773 K. This feature confirms
that the reduction of the Cu phase is already accomplished
by treating in H, at 523 K. In fact, an increase of the extent
of reduction of the copper phase should be accompanied
by a shift to a lower frequency of the band due to adsorbed
CO (9), whereas this behaviour did not occur in the present
case.

By comparing the values of the integrated intensity of
each of these components for the samples activated at 523
and 773 K (Table 3), it appears evident that by increasing
the reduction temperature the components at 2110, 2100,
and 2070 cm~!grow up in the case of the Cu/Si system, while
these absorptions decrease in intensity for the Cu/SiTi0.3
and Cu/SiTi2.3 samples. In all cases by increasing the activa-
tion temperature a depletion of the 2128 cm~* component
is observed, although in a larger extent for the catalysts
supported on silica—titania.

Electron microscopy clearly indicated that the size of the
copper particles does not significantly change by increasing
the reduction temperature, and then it can be inferred that
the observed evolution of the integrated intensity of the var-
ious spectral components is not due to relevant modifica-
tions of the morphology and the dispersion of the Cu phase
(e.g., sintering of the metal particles in the case of the sam-
ples supported on silica—titania). The increase in intensity
of the 2128, 2110, and 2070 cm~! components observed by
passing from the Cu/Si activated at 523 K to that reduced at
773 K could be then due to the fact that at lower outgassing
temperature the silica surface is still widely hydroxylated,
and therefore some of the Cu sites at the boundary between
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the metal particles and the support could be overcrowded
by silica surface ~OH groups. By increasing the outgassing
temperature a large fraction of such hydroxyl groups is des-
orbed, and then a larger amount of Cu sites is available to
adsorb CO.

The lower intensity of the bands due to CO adsorbed on
the Cu/SiTi0.3 and Cu/SiTi2.3 samples reduced at 773 K
with respect to those observed in the case of the samples
reduced at 523 K is probably related with the reduction of
titanium oxide leading to the defective suboxide of titania,
covering a fraction of the copper sites. A similar effect,
although more pronounced, was observed in the case of
the Cu/TiO; catalyst (6).

3.4. Effects of Oxidative Interactions on Preadsorbed CO

3.4.1. CO-Oginteraction. Curve linFig. 5aisthe spec-
trum of CO adsorbed at full coverage on the Cu/Si catalyst.
The admission of **0;, causes the disappearance of the two
components at 2103 and 2070 cm~! in few minutes; at the
same time the shoulder at 2128 cm~! intensifies and ap-
pears more structured (Fig. 5a, curves 2). At longer reac-
tion times three overlapped components, at 2116, 2128, and
2138 cm~! become evident and an additional absorption
appears at 2146 cm~! (Fig. 5a, curves 3, 4). Parallel exper-
iments indicated that these four components are partially
irreversible by outgassing at RT (spectra not shown for the
sake of brevity). Moreover, a very weak absorption at 2350
cm~tassigned to CO is also detected. By further increasing
the contact time the component at 2146 cm~ is completely
depleted and the absorptions in the 2116-2138 cm~* fre-
quency range are reduced in intensity (Fig. 5a, curve 5).
The immediate decrease in intensity by O, admission of
the bands at 2103 and 2070 cm™, assigned to CO adsorbed
on 3D copper particles, indicates that copper sites exposed
at the surface of 3D particles are highly reactive towards
oxygen. As will be shown in the next paper, sites exposed
at the surface of the 2D particles were found less reactive
towards O,. This difference in reactivity is probably related

TABLE 3

Integrated Intensity (I/M, Normalised to the Weight of the Pellet) of the Four Components at 2128, 2110, 2100, and 2070 cm™*
Obtained by Fitting the FTIR Spectra of CO (10 mbar) Adsorbed onto the Catalysts Reduced at 523 and 773 K

Band at 2128 cm™*

Band at 2110 cm™*

Band at 2100 cm™* Band at 2070 cm™*

Catalysts ~ Treduction (K) /M (cm™)  AlI/M%?* /M (m™)  AI/M%?* I/M(@Em™) AlI/M%* I/M(m™)  Al/M%?
Cu/si 523 16 17 38 14

773 13 —14 21 +23 50 +31 17 +19
Cu/SiTi0.3 523 18 26 48 16

773 5 -72 10 —61 27 —61 7 —54
Cu/SiTi2.3 523 16 16 35 14

773 5 —69 8 —-50 34 -2 9 -32

AL /M% = [(I /Mred 773 — | /Mred 523) /1 / Mreq 523] x 100.
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FIG.5. FTIR spectraof O, interaction with CO preadsorbed on Cu/Si

reduced and outgassed at 523 K. (a) (1) Spectrum recorded in the presence
of 10 mbar CO; (2-5) spectra recorded 2, 4, 8, and 30 min, respectively,
after the inlet of 10 mbar 0, into the cell already containing 10 mbar CO.
(b) (1) Spectrum recorded in the presence of 10 mbar CO; (2-7) spectra
recorded 2, 4, 6, 8, 10, and 30 min, respectively, after the admission of
10 mbar *#0, onto preadsorbed CO.

to the fact that flat particles are rendered electropositive by
the interaction with the support and therefore the Cu-CO
bond is stronger and the copper atoms are less oxophilic.
The 2146 cm~! band, certainly due to a carbonyl species
adsorbed on an oxidised copper site, can be tentatively as-
signed to CO stabilised on copper centres interacting with
a couple of oxygen atoms deriving from the dissociation of
the O, molecule. In fact, it must be considered that this band
was not observed by using NO as an oxidant (see infra), the
dissociation of which on the copper surface produces iso-
lated oxygen atoms.

The same experiment was carried out by using 20,
(Fig. 5b). The interaction of adsorbed CO with these
molecules produces peaks in the 2116-2140 cm~! range,
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broader and less structured than in the case of the 10,.
Furthermore, an additional band at 2060-2080 cm~! is de-
tected. This last absorption is red shifted by 48-50 cm~? in
comparison with the bands at 2116 and 2128 cm~* and sim-
ilar to these components, appeared partially irreversible to
the outgassing at room temperature (spectra not shown for
the sake of brevity). On the basis of both these features the
2060-2080 cm~! band can be assigned to C**O molecular
species adsorbed on oxidised copper sites. This assignment
is also supported by the quadrupole mass analysis of the
gas phase, showing a peak at m/z = 30. On the basis of the
ratio of the integrated intensity at the end of the process
(Fig. 5b, curve 7) the fraction of 30 exchanged CO, on the
basis of the integrated intensities of the bands, is 0.3. How-
ever, it can be noticed that this “spectroscopic ratio” could
be affected by an intensity transfer from the low frequency
mode to the high frequency one through dipole-dipole in-
teractions (6, 17). It could be then suggested that the actual
CQ/C*®0 is larger in amount.

In the 2400-2250 cm~* range weak absorption bands due
to the asymmetric stretching of the different isotopic CO;
molecules formed in the reactions are observed: the multi-
plet of bands can be assigned to C*®0,, C*%0*0, and C*%0,;
the same speciesare also detected by quadrupole mass spec-
trometry.

The oxygen species involved in the oxidation and scram-
bling reactions could be atomic or molecular in principle,
and any direct evidence about their nature was obtained
by the experimental methods adopted. However, the spec-
troscopic features of CO-0O; interactions observed in the
present paper are very similar to those reported by Hollins
and Pritchard on oxidised Cu(110), where a dissociative
oxygen chemisorption occurred (17a).

Furthermore, many other experimental evidences, com-
ing from different surface science techniques (19), indi-
cate that, for instance, oxygen is dissociatively chemisorbed
on the Cu(110) surface already at T <300 K. Moreover,
HREELS results supported by LEED, TPD, and STM data
(19, 20) evidenced that the admission of O, on the Cu(100)
plane produces highly reactive O~ species on defect sites,
while less reactive O>-like species were associated with
reconstructed Cu—O-Cu planes, clearly indicating that Cu
sites in defect positions are more reactive than the nonde-
fect ones and play a dominant role in sustaining the reac-
tion. On very small, stepped metal particles a high concen-
tration of isolated and uncoordinated Cu sites is expected,
on which the reaction can occur easily. Our experimen-
tal data show IR evidences for a transient surface species
in which CO and two oxygen atoms are bonded to the
same metallic atom (bands at 2146 cm™?) (Fig. 5a, curve 6).
This species can be considered as a precursor of a carbon-
ate species. This kind of intermediate was suggested by
Schneider et al. (21) who studied CO oxidation on
the Cu(110)—(2 x 1)-O surface. We recall here that CO
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oxidation by O, adsorbed molecules was reported for
Pt(111) (20) and Ag(110) (22) and, in those cases, sur-
face carbonates were detected as intermediate species by
HREELS.

We have shown that, in the presence of 0, CO
molecules exchange oxygen atoms to a large extent and the
molecular integrity of CO is not preserved already at room
temperature. It was shown that the surfaces of the copper
metal crystallites in the methanol synthesis working cata-
lysts are partially oxidised (23), and therefore we suggest
that the scrambling of the oxygen atoms of adsorbed CO
could actually occur also in the methanol synthesis condi-
tions, while usually the molecular integrity of CO isassumed
for this reaction. The chemisorption and the reactivity of
CO on monocrystalline and supported metals has been ex-
tensively studied with different techniques (24). It is well
known that carbon monoxide is weakly bonded on sp and
d*® metals while the bond is strong and sometimes disso-
ciative on transition metals. Looking at these features it is
often proposed that d*° metals are selective in the hydro-
genation of CO to form alcohol because they do not disso-
ciate CO while the transition metals produce hydrocarbons
because they do dissociate CO. However, the scrambling
reaction in the mild conditions illustrated above indicates
that probably the reasons for this different selectivity are
more complex.

3.4.2. NO-CO interaction. The main point that we
stress here is that the admission of NO at room temper-
ature onto the catalysts does not produce bands in the
1900-1700 cm~! range, where bands due to adsorbed NO
are usually observed. By contrast, in spite of the absence of
adsorbed NO molecules, reaction products of the CO-NO
interaction are immediately evident: in the first few
minutes of interaction at RT a band related to the reaction
product CO; at 2350 cm~* is produced (Fig. 6a, curves 1-6).
Moreover, a broad absorption at 2180-2220 cm™! appears;
at the same time the band in the CO stretching region at
2128 cm~tincreases, while the bands at 2103 and 2071 cm™?
decrease in intensity. It can be stressed that the well-defined
component at 2146 cm™! detected during the interaction
with oxygen is never observed during the CO-NO reaction
experiments. As previously commented on, this behaviour
suggests that the 2146 cm~! band is related to a surface
species produced by the reaction of CO with two oxy-
gen atoms directly bonded to the same copper atom on
which is adsorbed the carbon monoxide molecule, while this

FTIR spectra of NO interaction with CO preadsorbed on Cu/Si reduced and outgassed at 523 K. (a) (1) Spectrum recorded in the presence

of 10 mbar of CO; (2-6) spectra recorded after 2, 4, 6, 10, and 30 min, respectively, after the admission of 10 mbar NO onto preadsorbed CO.
(b) Spectra recorded after (1) admission of 10 mbar CO of the freshly reduced Cu/Si sample (dashed line); (2) readmission of 10 mbar CO onto the
sample outgassed at room temperature after the first CO-NO reaction run (solid line); (3) 30 min after the admission of 10 mbar NO onto preadsorbed
CO (second CO-NO reaction run) (dotted curve). (c) (m/z 44)/(m/z 30) versus reaction time determined during the 1° run ((J), 2° run (0), 3° run (V).
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surface adduct is not produced by using NO as oxidant, as
in this case essentially isolated oxygen atoms are produced
by NO dissociation.

Immediately after the admission of NO on preadsorbed
CO a small intensification of the band at 2128 cm~ is ob-
served (Fig. 6a, curves 1, 2), while after 30 min of contact
the same band decreases its intensity (Fig. 6a, curve 6). At
the same time modifications in the shape of the broad com-
ponent at 2220-2180 cm~! are observed. Absorption bands
in this spectral region, irreversible to the outgassing at RT,
produced by CO-NO interactions have been observed pre-
viously and have been assigned to the asymmetric stretching
of isocyanate NCO species coordinated to oxidised or re-
duced copper sites or to isocyanate adsorbed on the support
(25, 26). It has been shown by Solymosi and Bansagi (26)
that NCO species formed by HCNO adsorption on differ-
ent oxides exhibits NCO asymmetric stretch in the range
2300-2210 cm™?, the frequency decreasing by decreasing
the stability of the species. As for NCO species adsorbed
on copper sites, the same authors assigned a band at 2230-
2240 cm~ to NCO on Cu(0), a band at 2200-2205 cm™ to
NCO on Cu(l), and a band at 2180-2185 cm~* to NCO on
Cu(I1) sites. The absorption growing during CO-NO inter-
action in our case is initially located at 2180 cm~* while after
a long contact time the maximum is shifted at 2210 cm™1.
On the basis of the assignments reported above it could be
proposed that at the beginning of the CO-NO interaction
the NCO species are formed on Cu(ll) centres, while dur-
ing the reaction a modification of the adsorption sites into
Cu(l) species probably occurs.

In Fig. 6b a comparison of the absorption spectrum pro-
duced by the first CO adsorption on a freshly reduced sam-
ple (curve 1), the spectrum obtained by readsorption of CO
after outgassing at RT of a first reaction mixture (curve 2),
and that obtained in a second CO-NO interaction (curve
3) is presented. It can be observed that in the spectrum of
the readsorbed CO after the reaction (curve 2) the bands
typical of CO adsorbed on 3D metallic particles are almost
completely lacking. In the second run of the reaction the
produced CO; appears weaker, and stronger bands are ob-
served in the 2220-2150 cm~? region (curve 3). From these
data it appears evident that the catalytic activity of the sam-
ples remains high, almost unchanged, even when the micro-
facets of the 3D copper particles are covered by an oxidic
layer, produced during the CO-NO interaction. However,
some of the copper and support sites are already covered
by isocyanate species produced by this process. Probably,
the smaller intensity of the carbon dioxide absorption band
detected by FTIR is due to the competitive coverage of the
surface with isocyanate species, whose intensity increases
during the successive interactions.

On the basis of these observations the almost constant
activity of the samples in the successive interactions can be
related to the presence of the isolated atoms or small 2D
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copper particles, slightly rendered electropositive by the
interaction with the support. On these particles NO can be
dissociate, producing highly reactive oxygen species, which
are not incorporated to form a stable oxidic layer.

4. CONCLUSIONS

The characterisation of the Cu/SiO, and of the two
Cu/SiO,-TiO; catalysts by TEM, diffuse reflectance UV-
Vis-NIR spectroscopy, and FTIR spectroscopy of adsorbed
CO evidenced that the morphological and surface proper-
ties of the copper phase are essentially the same for all
the systems investigated. In particular, all samples were
found to contain both three-dimensional and plate-like
two-dimensional metal particles. This clearly indicates that
the features of the supported phase produced following the
adopted preparation and activation methods do not depend
on the nature of the carrier. This statement is confirmed by
the fact that essentially the same types of supported parti-
cles were found in a Cu/TiO; catalyst prepared by the same
method, the subject of previous studies.

Therefore, we could now plan to design a catalyst where
the metal is suitably tailored and the support can exert its
activity, if any, without influencing one another.

Interestingly, a fully reduced metal phase is obtained on
all three samples already after treatment in Hy in mild
conditions (523 K). By reduction at higher temperature,
the TiO; phase present in the systems supported on silica—
titania forms TiO suboxides covering a fraction of the ex-
posed Cu metal sites. This indicates that, even if present in
low amount, the TiO, phase can interact in these conditions
with the copper particles.

Information on the oxidative behaviour of the metal
phase was obtained by studying the CO-O,and CO-NO re-
actions. The results obtained in the first case allow the con-
clusion that these systems are highly active towards O, and
NO even at room temperature. Furthermore, the observed
features indicated that the active sites in the CO-NO reac-
tion are the Cu centres at the surface of two-dimensional
particles.
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