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Ru/MgO, Cu/Mg0O. and Ru-Cu/MgO systems were characterized by FT-IR spectroscopy of
adsorbed CO. The systems studied contained a total amount of metal of about 2 wt%: RCM100,
RCMO083, RCM070, RCM046, RCM034, and RCM000, with Ru/(Cu + Ru) atomic ratios 1, 0.83,
0.70, 0.46, 0.34, and 0.00, respectively. A comparison was made between the spectroscopic results
and the catalytic properties in propane hydrogenolysis. On the Ru/MgO (RCM100) system CO
originated an asymmetric band centered at 2038 cm "', shifting to lower frequency upon evacuation,
in the spectral range of CO linearly adsorbed on (0001) faces. On Cu/MgO (RCM000) CO revealed
the presence of two sites on which CO is adsorbed linearly giving bands at 2078 and 2060 cm™'. On
RCMO83 catalyst large islands of uncovered Ru coexisted with areas of Ru heavily decorated by
Cu, as revealed by the presence, upon CO adsorption, of a band at =2040 cm~! and of a very broad
band at p < 2000 cm~'. On RCMO070 catalyst only areas of Ru heavily decorated by Cu were
present, while on RCM046 and RCM034 samples large islands of uncovered Ru coexisted with
areas of Ru heavily decorated by Cu, despite the increase in the Cu content. On the four bimetallic
catalysts a variety of Cu(0) sites were revealed, bonding CO linearly (sharp CO stretching bands in
the 2140-2098 c¢m ! region), belonging to different Cu aggregates adsorbed on Ru microcrystals.
These results are consistent with those obtained by catalytic measurements: the minimum catalytic
activity and the maximum selectivity in ethane formation are found for the RCMO070 sample. which

shows only surface Ru(0) heavily decorated by Cu, as expected.

INTRODUCTION

During the recent past, bimetallic sys-
tems not forming bulk alloys have gained
considerable attention. The Cu-Ru sys-
tems have been extensively studied, mainly
as unsupported (/-13) or SiO, supported
systems (/4-22). All this work has shown
that Cu interacts with Ru in a way similar to
chemisorption, with Cu spread on the Ru-
metal particies. The effect on Cu—Ru inter-
action of a wide variety of silica supports
has been also investigated using H, chemi-
sorption and several reactions of varying
structure sensitivity (20-22). Recently
some of us have shown through TPR (tem-
perature programmed reduction) studies
that the degree of Cu-Ru interaction, as
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well as the stability of bimetallic particles,
is strongly dependent on the oxidic support
used (23). In order to obtain more informa-
tion on the influence of the support on the
chemical properties of this bimetallic sys-
tem, some of us studied propane hydrogen-
olysis on a series of pure Ru, pure Cu, and
Ru-Cu catalysts supported on SiO,, Al,O;,
and MgO (24). Cu is known to be inactive in
this reaction. On Si0O, the hydrogenolysis
activity of Ru decreased continuously by
addition of copper over the entire range of
composition. On AlL,O; and MgO it was
found that on an increase in the amount of
copper the catalytic activity initially de-
creased, reaching a minimum at Ru/(Ru +
Cu) atomic ratios of =0.40 and =0.70 for
AlLO; and MgO, respectively; it then in-
creased for higher Cu content. For each
support, the less active samples were also
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found to be the most selective towards eth-
ane formation. The decreased catalytic ac-
tivity has been attributed to the formation
of Ru-Cu particles. The formation and
composition of bimetallic particles have
been related to the stages of formation and
growth of the metal crystallites, but no cat-
alyst characterization giving direct evi-
dence of different degrees of interaction has
been simultaneously done.

So far the study of the vibrations of the
adsorbed molecules has been one of the
most important tools employed in the sur-
face characterization, and CO has been the
most commonly used molecular probe for
both mono- and bimetallic systems. How-
ever, for Ru-Cu supported systems, only
IR studies on silica supported systems (/7-
19) have been carried out. The most recent
paper of Liu er al. (19), concerning a large
range of Ru/(Ru + Cu) atomic ratios has
proved the formation of bimetallic parti-
cles: the increased CO stretching frequen-
cies for the Cu~CO species and the lowered
frequency for the Ru-CO species have
been interpreted as a proof of Cu-Ru elec-
tronic interaction and attributed to a charge
transfer from the Cu to the Ru, as expected
(13). Furthermore the paper showed that
the extent to which Ru is covered by Cu
increases on increasing the amount of Cu,
as hypothesized by some of us on the basis
of the catalytic measurements made on sys-
tems prepared in the same way (24).

In the present paper the codispersion and
interaction of Cu and Ru on MgO has been
investigated for different Ru/(Ru + Cu)
atomic ratios by the FT-IR study of ad-
sorbed CO and CO/0; mixtures. The main
scope is indeed to achieve direct evidence
for the different degree of Cu—Ru interac-
tion at different Ru/(Cu + Ru) atomic ratios
and to do a comparison with the catalytic
results. No FT-IR data are available, to our
knowledge, for Cu~Ru/MgO systems.

EXPERIMENTAL

Materials. Commercial hydrated RuCl;
and Cu(NO,); were used as precursor com-
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pounds. The support used (supplied as
powder) was commercial MgO, Carlo Erba
RPE-ACS, surface area 15 m? g .
Systems at different Cu~Ru ratios were
prepared by impregnation of the support
with aqueous solutions of RuCl; and
Cu(NQs); having appropriate concentra-
tions of metal. The amount of solution used
was slightly greater than the pore volume.
The salt(s) concentration in the solution
was adjusted to yield a total (Cu + Ru)
metal content of about 2 wt%. After im-
pregnation the systems were dried at 393 K
for about 24 h and reduced at 673 K for 1 h
with a pure H, stream, in a microreactor.
Six samples with the following Cu and Ru
wt% have been examined: Cu = 0, Ru =
2.09; Cu = 0.23, Ru = 1.82; Cu = 0.43,
Ru = 1.61; Cu = 0.77, Ru = 1.03; Cu =
0.87, Ru = 0.70; and Cu = 2.0, Ru = 0. For
the six catalysts the Ru/(Cu + Ru) atomic
ratios are 1.00, 0.83, 0.70, 0.46, 0.34, and
0.00, respectively. On the basis of these ra-
tios we named the six different samples
RCM100, RCMO083, RCM070, RCMO046,
RCMO034, and RCM000, respectively.
Procedures. The powdered samples were
pelleted (using a pressure of 20 x 10° kg/
cm~?) in self-supporting discs of =25 mg/
cm? and =0.1 mm thick. Pellets were evac-
uated up to 673 K, reduced in pure H; for |
h at 673 K, again evacuated at 673 K, and
cooled to room temperature (RT) in an IR
cell allowing thermal treatments in vacuum
or in a controlled atmosphere. Then CO
was admitted at increasing pressures to ob-
tain the maximum coverage at RT (40-80
mbar). Subsequent evacuations were per-
formed at RT or at higher temperature and
CO was readmitted. To study the CO-0,
coadsorption, the IR cell containing the
sample in equilibrium with CO at the satu-
ration pressure was allowed to face pure
oxygen at a pressure of ~30 mbar con-
tained in a volume three times greater than
that of the IR cell, and the gases were left to
mix in contact with the sample overnight.
The final partial pressures were pco = 1-2
mbar, po, = 20 mbar. Finally the partial
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pressure of CO was increased to 40 mbar,
to obtain the saturation in CO of the oxi-
dized surface. This oxidation procedure
was chosen to avoid a too fast copper reox-
idation reaction that could develop a high
local heat that could be the origin of unde-
sired metal sintering. The samples after
reoxidation at RT were submitted to a new
reduction-evacuation—-CO-adsorption cy-
cle to test the stability of the bimetallic sys-
tems.

The IR spectra were run on a Perkin-
Elmer 1760-X FT-IR spectrophotometer
with a resolution of 2 ¢cm™!. Data are re-
ported as difference spectra obtained by
subtracting the spectrum of the sample re-
corded before the interaction with CO and
CO-0, and are normalized to the same
amount of catalyst per cm?® (25 mgr/cm?).

No spectrum of adsorbed carbonyl spe-
cies (2250-1750 cm™!) has been revealed af-
ter contacting pure MgO, pretreated as pre-
viously described, with CO at RT. As a
consequence all bands in the 2250-1750
cm™! after CO interaction were assigned to
copper or ruthenium carbonyls.

RESULTS AND DISCUSSION

Before starting to examine and discuss
the spectroscopic data it is important to re-
view the catalytic resuits obtained for Cu-
Ru/MgO samples. Catalytic activities for
propane hydrogenolysis are reported in
Fig. 1 for nine different Ru/(Cu + Ru)
atomic ratios. The measure of the catalytic
activity has been evaluated on the basis of
the following mechanism:

C;Hg + Hz —> CzH(, + CH4 (1)
C;Hg + 2 Hz hnd 3CH4 (2)

V is the rate of the overall reaction, calcu-
lated by the expression V = (FX)/W, where
F is the feed rate of propane, X is the frac-
tion of consumed propane, and W is the
weight of Ru contained in the catalyst
charge. The catalytic activity initially de-
creases on addition of Cu, reaching a minj-
mum for the RCM070 sample. On further
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F1G. 1. Catalytic activity for hydrogenolysis of pro-
pane at 473 K over Ru-Cu/MgQ samples vs. Ru/Ru +
Cu ratios.

increase in the copper content (sample
RCMO53) it sensibly increases (even if to a
value lower than for the pure Ru sample)
and then remains practically constant for
higher Cu contents.

Selectivity values measured at different
temperatures (see Ref. (24) for more de-
tailed information) showed that addition of
Cu initially increases ethane selectivity,
which reaches a maximum at 0.70 Ru/
(Cu + Ru) ratio. At higher copper content
the selectivity decreases (even if to a value
higher than for the pure Ru sample).

To explain the lower activity and the
higher ethane selectivity of the Ru—Cu sys-
tems it has been suggested (24) that the ac-
tive sites are made by ensembles of n adja-
cent Ru atoms present at the surface and
that the catalytic activity is related to the
probability of finding such ensembles. The
presence of inert copper on the surface
would decrease the number of active en-
sembles. Reaction (1) has been reported
(25) to require an ensemble of active atoms
having a size smaller than that needed for
reaction (2); therefore a dilution of Ru with
inert copper would favor reaction (1), lead-
ing to an increase of selectivity. To explain
the presence of the minimum in activity and
a maximum in selectivity at 0.70 Ru/(Cu +
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Ru) ratio, it has been suggested (24) that (i)
up to this copper content nucleation centers
of Ru are first formed on MgO support, on
which copper is segregated; (ii) for higher
copper content the probability that nuclea-
tion centers of Cu and Ru are formed simul-
taneously increases and monometallic par-
ticles can be formed. These suggestions will
be tested in the following paragraphs.

CO adsorption on reduced monometallic
systems. Figure 2a shows the spectra of CO
adsorbed at RT on MgO samples support-
ing pure Ru (RCM100); Fig. 2b those on
MgO supporting pure Cu (RCM000). Differ-
ent curves concern different coverages. For
the Ru/MgO (RCM100) system the main
feature is a band at 2038 cm ™! at maximum
CO coverage, shifting to lower frequency
after evacuation. The spectral region is that
of CO adsorbed on the (0001) face of a Ru
macrocrystal (shifting from 2060 to 1980
cm™! with CO coverage). The band is
broader (FWHM = 45 cm™') in comparison
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FiG. 2. (a) FT-IR spectra of CO adsorbed on
RCMI100 sample: curve 1, 40 mbar of CO; curve 2,
after 15 min outgassing at RT; curve 3, after 10 min
outgassing at 373 K. (b) FT-IR spectra of adsorbed CO
on RCMO000 sample: curve 1, 40 mbar of CO; curve 2,
9 mbar of CO; curve 3, 1 mbar of CO: curve 4, 0.3
mbar of CO; curve 5, after 10 sec outgassing at RT.
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to that for CO adsorbed on a macrocrystal
(FHWM = 15 cm™'), shows a tail on the
low frequency side at maximum coverage.
Furthermore, at low coverage, a variety of
bands is observed: three components are
evident at about 2010, 2000, and 1975 cm™'.
Broadening, asymmetry, and the presence
of different bands can be caused by hetero-
geneity like that represented by CO located
on different faces, on steps, corners, and/or
at the border of the facets. However, these
sites are not present in very large amounts;
in fact the temperature for a complete CO
desorption is 523 K, i.e., only 50 K higher
than on the (0001) macroface. These results
are consistent with data obtained from
TEM (Transmission Electron Microscopy)
analysis of the sample, showing Ru parti-
cles with diameter ranging from 10 to 120 A
(unpublished data). Similar results were
found by Guglielminotti (26) on a Ru/MgO
system prepared in the same way. The two
small bands at 2080 and 2120 cm~! are due
to small fraction of unreduced Ru (26-28).
No bands are detected in other spectral re-
gions.

As far as the Cu/MgO (RCMO000) system
is concerned, CO is adsorbed at RT on the
metal particles, as occurs on copper films
and on copper particles supported on other
oxides (29-32), the adsorption being highly
pressure dependent. Spectra in the car-
bonyl region at maximum CO coverage
show complex absorption with a pro-
nounced tail at the low frequency side. Two
bands are visible: one at 2078 cm !, another
at 2062 cm~! (more pressure dependent).
They have both a FWHM of ca. 25-30 cm™!
(FWHM of bands of CO adsorbed on Cu
macrofaces is 10 cm™"). As the low fre-
quency tail becomes relatively more impor-
tant at lower coverages, it can be consid-
ered as due to CO adsorbed at the particie
borderlines. For low-index (111), (110), and
(100) planes of copper macrocrystals Prit-
chard et al. (33) recorded absorption max-
ima at 2075 to 2095 cm ™!, for CO adsorption
at 77 K. The main maxima for the high-
index stepped surfaces (211), (311), and
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(755) were between 2095 and 2110 cm™'.
These single-crystal results point directly to
the presence of low-index contributions to
the microfacets of the Cu particle sup-
ported on MgO. However, while the peak
at 2078 cm~! has the same position as that
for CO adsorbed on a (111) copper macro-
face, the component at 2062 cm™' falls at a
frequency unusual both for macrofaces and
for supported copper particles. Actually,
supported copper particles usually show
CO bands at v = 2075 cm~'. However, a
band at 2050 cm ™! near to the one at 2078
cm™! has previously been observed on Cu/
MgO by Davydov (34).

CO adsorption on Ru—~Cu/MgO reduced
systems. Figures 3a, 3b, 4a, and 4b show
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Fic. 3. (a) FT-IR spectra of CO adsorbed on
RCMO083 sample: curve 1, 70 mbar of CO; curve 2, 13
mbar of CQO; curve 3, 4 mbar of CO; curve 4, | mbar of
CO; curve §, after 1 h outgassing at RT; curve 6, after
30 min outgassing at 373 K. (b) FT-IR spectra of CO
adsorbed on RCM070 sample: curve 1, 40 mbar of CO;
curve 2, 20 mbar of CO: curve 3, 5 mbar of CO; curve
4, after 15 min outgassing at RT.
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Fig. 4. (a) FT-IR spectra of CO adsorbed on
RCMO046 sample: curve 1, 40 mbar of CO: curve 2, 8
mbar of CO; curve 3, after { min outgassing at RT;
cruve 4, difference between curve | and curve 3. (b)
FT-IR spectra of CO adsorbed on RCM034 sample:
curve 1, 40 mbar of CO; curve 2, 20 mbar of CO: curve
3, 5 mbar of CO; curve 4, after S min outgassing at RT;
curve S, difference between curve | and curve 4.

the results obtained for the samples
RCMO083, RCMO070, RCMO046, and
RCMO034, respectively. Different curves re-
late to different CO coverages.

In the spectrum of CO adsorbed on
RCMO83 catalyst (see Fig. 3a) no bands at
2078 and 2060 cm~! due to CO on pure cop-
per particles are visible; a variety of new
peaks are displayed at 2093, 2104, and 2128
cm~! with FWHM < 20 cm™!, all unstable
under brief evacuation (1 min) at RT. Si-
multaneously the spectrum of CO adsorbed
on Ru has been extensively perturbed: a
band, characteristic of CO adsorbed on
highly ordered Ru(0) areas, at about 2050
cm™!, shifting to lower frequency by evacu-
ation, is still present, but it is accompanied
by a very broad absorption (FWHM = 150-
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200 cm™!) with a large maximum at v < 2000
cm™!, partially unstable under 15 min of
evacuation at RT and partially showing a
higher stability.

Looking now at the RCMO070 sample
(Figure 3b), no bands due to CO on pure
copper particles appear; four peaks at 2110,
2124, 2132, and 2140 ¢m ™! are present and
are highly pressure dependent. Simulita-
neously the spectrum of CO adsorbed on
extended ordered Ru regions is completely
lacking. Only a very broad band (FWHM =
150-200 cm™!) with maximum at =~1970
cm~! and stable under 15 min evacuation at
RT is now present.

We assign the sharp peaks in the region
2140-2093 cm™! to CO adsorbed on differ-
ent Cu(0) sites, even if the assignment is not
straightforward and requires a more de-
tailed analysis. While peaks at 2093, 2104,
and 2110 cm™! are in the range of CO ad-
sorbed on high index Cu(0) macrofaces, the
2124, 2128, 2132, and 2140 cm™! frequen-
cies are unusually high for CO adsorbed on
Cu(0), both unsupported and supported on
various oxides, and are positions character-
istic of CO adsorbed on Cu(I) sites (30, 32,
34). However, the conditions of reduction
used were strong enough to warrant com-
plete copper reduction on Cu/MgO sys-
tems. Furthermore, the CO lability to the
evacuation is that of CO adsorbed on Cu(0)
sites. Looking at the IR data regarding CO
adsorbed on Cu~Ru/SiO, systems (/7-19),
the C-0 stretching frequencies of the Cu—~
CO carbonyls are shifted to higher values
as compared to pure silica-supported Cu.
These high frequencies are considered con-
sistent with a positive polarization of the
copper when supported on Ru, the higher
polarization being, the lower is the copper
content. However, on silica supported sys-
tems the phenomenon is slightly different
as compared to that observed on our sam-
ples. Silica supported systems with differ-
ent copper contents show, actually, only
one C-0 stretching band shifting from 2144
cm~!, for material having low copper con-
tent, to 2123 cm~!, for material with high
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copper content (/9). On our samples a vari-
ety of bands is simultaneously present.
Data from the literature (//) regarding a
FT-IRAS study of CO adsorbed on Cu
evaporated in different amounts and condi-
tions on Ru(0001) macrofaces give a more
important suggestion for our assignments.
Copper films evaporated at 85 K on the
Ru(0001) face exhibit a variety of adsorp-
tion sites when CO is used as probe mole-
cule: small copper clusters of 1-4 atoms
show C-O stretching frequencies in the
range 2138-2123 cm~!, two-dimensional ag-
gregates show C-O stretching frequencies
in the range 2120-2110 cm™!, and three-di-
mensional aggregates show frequencies at
about 2098 cm~!. The range of C-O fre-
quencies displayed is clearly that shown by
our spectra, and allows us to hypothesize
that the different peaks we saw are due to
CO adsorbed on different aggregates of
Cu(0) atoms, grown on the Ru particles.
Different Ru crystallites may support Cu
clusters with different sizes or Cu layers
less or more extended, following the rela-
tive local concentration of Ru and Cu pre-
cursors. As no Cu(0)-CO species present
on Cu/MgO system are detectable on the
two examined samples we can conclude
that in this range of content the copper does
not segregate in monometallic particles.
Another problem is the nature of the sites
related to the broad band at v < 2000 cm ™.
Frequencies so low are indicative of very
small Ru(0) clusters: a value of 2004 cm™!
was in fact calculated for a hexagonal CO
istand of 10 A diameter on Ru(0001) face
(35). The broadness and the asymmetry of
this band (it shows a tail extending down to
1750 cm™") could be due to a high heteroge-
neity of species not only for a disordered
situation (very small clean Ru areas of dif-
ferent sizes) but also for the formation of
bridged carbonyls, the CO being coordi-
nated to Ru-Ru or Ru-Cu sites. SSIMS
studies of CO adsorption on Cu/Ru(0001)
surfaces have demonstrated that Cu-Ru
bridged CO and Ru-Ru bridged CO are
likely surface species (8, 36). We remark
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that Ru bridged carbonyls are not usual in
either homogeneous or heterogeneous
phase complexes. However, electron trans-
fer from Cu to Ru in bimetallic particles
could favor the stability of Ru bridged car-
bonyl species. In conclusion, we assign the
broad absorption at v < 2000 cm™! to CO
adsorbed on Ru(0) areas heavily decorated
by copper.

On RCMO046 reduced sample the CO
spectrum (Fig. 4a) shows bands at 2127 and
2108 ¢cm™!, unstable under evacuation at
RT, already assigned to CO adsorbed on
different copper aggregates supported on
Ru. As far as the use of CO as a probe of
the Ru surface state is concerned, there is a
band at about 2040 cm ™! with features char-
acteristic of highly ordered surface Ru ar-
eas and a very broad band at about 1975
cm~! already assigned to Ru areas heavily
covered by copper. We may conclude that,
despite the further increase in the copper
content, large surface areas of Ru are not
covered by Cu. It is difficuit to state if small
amounts of Cu segregate as monometallic
particles. Surely the band at 2078 cm™! is
not present. A small positive peak at 2060
cm~! and a small negative peak at 2030
cm~! are visible in the difference between
spectra before and after evacuation at RT
{see Fig. 4a, curve 4). The 2060 cm™~! fre-
quency corresponds to the other CO
stretching vibration detected on the Cu/
MgO sample and so could be assigned to
CO adsorbed on small amounts of copper
particles supported on MgO. However, the
simultaneous presence of a negative peak at
2030 cm~! in the same difference spectrum
could be also interpreted as an effect of ero-
sion and a shift to lower frequency of the
band at 2040 cm~! with evacuation.

Passing now to the RCM034 sample (the
richest one in copper we examined by FT-
IR spectroscopy) our expectation, on the
basis of the catalytic data, was that a major
amount of Cu would segregate as monome-
tallic particles. This is not the case. The
spectrum of adsorbed CO (see Fig. 4b) re-
veals the presence of (i) three sharp bands
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at 2130, 2125, and 2103 cm ', with the same
features of the bands previously assigned to
CO on different copper aggregates sup-
ported on Ru; (ii) a very broad absorption at
lower frequencies with a tail extending to
1750 cm™!, due to the superposition of a
small absorption at 2040 cm™~! with FWHM
=~ 50 cm™’', unstable under evacuation at
RT (see Fig. 4b, curve 5) and of a very
broad absorption with maximum at 2000-
1980 cm™!, which has the features previ-
ously assigned to CO adsorbed on Ru re-
gions heavily decorated by Cu. The small
band at 2040 cm™~' shows features typical of
surface Ru carbonyls on extended islands
of uncovered Ru(0). As no bands assigned
to CO adsorbed on pure Cu particles are
evident, no pure copper particles are
present on this catalyst. As both islands of
uncovered Ru(0) and heavily decorated
Ru(0) regions are present, we imagine the
following situation: first some copper segre-
gates as pure particles, then they are com-
pletely covered by Ru layers, then Ru re-
mains partially uncovered and is partially
heavily decorated by other Cu atoms.

O, interaction with preadsorbed CO. Fig-
ure 5a shows the results obtained on the
Ru/MgO sample. Ru(0) is only partially oxi-
dized as revealed by the persistence of a
band at 2040 cm ™!, Two new bands increase
at 2138 and 2080 cm™! that are stable under
evacuation at room temperature. Minor
features are shoulders at =2066 and 2000
cm~!. The spectral characteristics (posi-
tions, integrate intensity ratio, FWHM) and
stability under evacuation of the two main
bands (2138, 2080 cm~!) are the same as
those of two bands previously found by CO
adsorption on Ru/SiO; systems oxidized at
RT, assigned to Ru(6*)(CO); species (27).
Bands with similar features have also been
found on Ru/ZnO (37) and Ru/AlL,O; (38,
39) systems by decomposition of Ru;(CO),»
and assigned to surface di-/tricarbonyl
Ru(8*)}CO), ; species, with & near 3. Shoul-
ders at about 2066 and 2000 cm™! are very
near in frequency to two bands at 2070-
2005 cm~! found on Ru/Al;0; systems and
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F1G. 5. (a) FT-IR spectra of O, interaction with CO
preadsorbed on RCM 100 sample: curve 1, the same as
curve 1 of Fig. 2a; curve 2, after interaction with O, (as
described in Experimental); curve 3, after [5 min out-
gassing at RT. (b) FT-IR spectra of O, interaction with
CO preadsorbed on RCMO00 sample: curve 1, the
same as curve [ of Fig. 2b: curve 2, after interaction
with O, (as described in Experimental).

assigned to Ru (87)(CO).; surface species
with 8 near 2 (38, 39). Very weak bands
appear in the carbonate-like species region
(1750-800 cm ™!, not reported in the figure),
testifying that very small amounts of CO
are oxidized to CO,, and subsequently ad-
sorbed on the MgO matrix.

On the Cu/MgO sample (see Fig. 5b) the
bands of Cu(0)CO species are destroyed,
giving a new band at 2116 cm ' (FWHM =
30 cm™!) with a very small shoulder at
~2140 cm ™!, both of which are unstable un-
der prolonged evacuation (30 min) at RT.
Owing to the mild oxidation condition used,
a surface film of Cu,O is formed (3/), and
we assign the 2116 cm™! band to CO ad-
sorbed on Cu(l) ions of the oxidized copper
particles and the 2140 cm™! band to CO ad-
sorbed on oxidized copper atoms at the par-
ticle borderlines. Simultaneously large
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amounts of carbonate species are formed
(not reported in figure).

On the four Cu—-Ru/MgO systems, inter-
action with oxygen gives spectra very simi-
lar (see Figs. 6 and 7) in number and posi-
tion of bands; however, some differences
have to be noted. On samples RCM083 and
RCMO46, i.e., those showing the presence
of large areas of ordered Ru(0), a fraction of
Ru(0) is not oxidized, as revealed by the
persistence, after oxidation, of a band at
=~2040 cm™! partially unstable at RT (see
Figs. 6a and 7a). Common features in the
spectra of all samples are the increase of
absorptions at 2126 cm~!, 2078-2080 cm™!
and 2005 cm™!. The absorption at 2126 cm ™!
is indeed the sum of two main components,
one at about 2124-2117 cm™! unstable after
prolonged evacuation (30 min) at RT, and
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FiG. 6. FT-1R spectra of O, interaction with pread-
sorbed CO. (a) RCM083 sample: curve 1, after interac-
tion of O, with preadsorbed CO as described in Experi-
mental; curve 2, after 30 min outgassing at RT; curve
3, difference between curve 1 and curve 2. (b)
RCMO070 sample: curve 1, after interaction of O, with
preadsorbed CO as described in Experimental; curve
2, after 30 min outgassing at RT; curve 3, difference
between curve | and curve 2.
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F1G. 7. FT-IR spectra of O, interaction with pread-
sorbed CO. (a) RCM046 sample: curve 1, after interac-
tion of O, with preadsorbed CO as described in Experi-
mental; curve 2, after 30 min outgassing at RT; curve
3, difference between curve | and curve 2. (b}
RCMO034 sample: curve 1, after interaction of O, with
preadsorbed CO as described in Experimental; curve
2. after 30 min outgassing at RT: curve 3, difference
between curve 1 and curve 2.

one stable under evacuation at about 2138-
2125 cm~!. The same stability under evacu-
ation is shown by the bands at 2078-2080
and 2005 cm ™.

The band at 2124-2117 has a frequency
very near, and a stability under evacuation
very similar to that observed by oxidation
of pure copper particles: we assign it to CO
adsorbed on oxidized copper. Bands at
2138-2125 and 2078-2080 cm™! can be as-
signed to Ru(6*)(CO),; with & near 3. The
band at 2078-2080 ¢m~! actually shows a
tail at lower frequency. It seems reasonable
that also on these samples the band at
2078-2080 cm ! is the superposition of two
components, one at 2080 correlated to the
2138 cm ! one, and another at 2072-2070
(responsible for the tail) associated to the
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band at 2005 c<m!
Ru(8*}(CO); 3 with 8 near 2.

The presence of Ru oxidation products
indicates that on all bimetallic systems Ru
atoms are present at the surface, as well as
on the RCM070 sample on which the *‘clas-
sic”’ spectrum of Ru carbonyls (v = 2040
cm~!, shifting to lower frequency at low
coverage) is absent. This is a further confir-
mation that the very broad band at 1975
cm~ ! has been correctly assigned to Ru-car-
bonyls.

The amount of surface copper. The inte-
grated intensity of the band at 2117-2124
cm !, assigned to Cu()CO species, is
highly affected by the copper content and
we have used it as a measure of the amount
of oxidized copper exposed at the surface
of our samples. To easily compare the dif-
ferent samples, we normalized the inte-
grated intensities obtained for each sample
to the same amount of copper, 0.43 mg/
cm?, i.e., the amount present in the
RCMO000 sample. The results are shown in
Fig. 8 as open circles. In the same figure we
have shown the integrated intensities (nor-

assignable at
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Ru/(Ru+Cu) atomic ratios

Fic. 8. Integrated intensities (normalized to 0.43
mg/cm? of copper) vs. Ru/Ru + Cu ratios of the bands
related to CO adsorbed on reduced copper, solid cir-
cles; and of the bands related to CO adsorbed on oxi-
dized copper, open circles.
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malized to the same amount of copper) of
the bands related to CO adsorbed on re-
duced copper as solid circles. To be clear,
each solid circle represents the overall inte-
grated intensity of the group of bands in the
2140-2093 cm™! region. We have used this
overall integrated intensity as a measure of
the amount of surface Cu(0). This is a very
coarse measure, and corresponds to the as-
sumption that the extinction coefficients of
the different Cu(0)CO species are the same.
We can see a continuous increase in the
integrated intensities related to the surface
reduced copper with decreasing copper
content; the same trend is also shown by
the integrated intensities related to oxidized
copper. These results are in good agree-
ment with the other features of the spectra
of CO adsorbed on reduced systems, indi-
cating that for all examined bimetallic sys-
tems the surface copper is present as clus-
ters or islands supported on Ru surface,
even for the RCM046 and RCM034 sam-
ples. Obviously for these two systems, if
our hypothesis sounds well, some copper is
completely masked by Ru, but the exposed
Cu has a surface area higher than if the total
amount of copper segregated as pure cop-
per particles. For the other systems,
RCMO070 and RCMO083, all copper is reason-
ably dispersed on Ru. Therefore we can
conclude that the lower the copper content
is, the higher is the amount of copper ex-
posed on the surface both in reduced or oxi-
dized form, as revealed by the behaviour of
the integrated intensities of the bands due
to the carbonyl species reported in Fig. &.
Furthermore, the ratio between integrated
intensities related to oxidized and reduced
surface copper shows a value of =1.2 for
the RCMO00 sample, and higher values for
the bimetallic systems: =1.6 for the
RCM034 and RCM046 samples, =2 for the
RCMO70 sample, and ~1.7 for the RCM083
sample. This is consistent with the fact that
surface copper of pure metal particles is on
flat microfacets, while copper supported on
Ru presents roughness and so is easily oxi-
dized.
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CONCLUSIONS

On RCMO083 catalyst large islands of un-
covered Ru surface coexist with areas of
Ru surface heavily decorated by copper.
On RCMO070 catalyst only areas of Ru sur-
face heavily decorated by copper were
present. On RCM046 and RCM034 cata-
lysts large islands of uncovered Ru surface
coexisting with areas of Ru surface heavily
decorated by copper are again present, de-
spite the increase in the copper content.
The FT-IR results are qualitatively consis-
tent with results obtained by catalytic mea-
surements. The minimum catalytic activity
and the maximum selectivity in ethane for-
mation are found for sample RCMO070,
which shows only surface Ru(0) heavily
decorated by copper. The hypothesis that,
starting from Ru/(Ru + Cu) ratios lower
than 0.70, pure Cu(0) and Ru(0) can origi-
nate simultaneously is only indirectly dem-
onstrated. In fact, while the presence of
pure Ru(0) particles is consistent with our
IR analysis, in contrast no evidence of pure
Cu(0) particles was found. In our opinion
FT-IR data are consistent with the forma-
tion, starting from ratios <0.70, of particles
with a nucleus of copper covered by Ru
layers and then decorated by more copper.
Obviously such a final situation requires an
initial one where copper pure particles first
segregate and then are completely recov-
ered by Ru. The coverage with Ru of a Ib-
group metal has already been put in evi-
dence in the Ru-Au/MgO system and has
been attributed to a strong interaction of the
noble metal with the MgO support (40).
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