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A series of Pt-Cu alloys on a silica carrier has been prepared and investigated by infrared 
spectroscopy. It is observed that the position of the infrared bands is a function of the alloy 
composition. Comparison of the data obtained with other systems reported in the literature 
excludes the explanation of the shift in terms of electron transfer between alloy components 
(changes in nd, the number of d electrons) or in terms of bond strength to the nearest neighbors of 
the metal atoms in alloys. A tentative explanation is suggested according to which changes in the 
collective properties of metals (local density of states) are responsible for the shift of the infrared 
band maxima. 

I. INTRODUCTION 

The catalytic and chemisorptive behavior 
of alloys has already been a matter of 
considerable interest for many years. The 
work on fundamental problems intensified 
recently when it appeared that alloys (or 
more general bimetallic catalysts) could be 
superior to pure metals as far as their 
practical use is concerned (for reviews, see 
Refs. (I -3)). 

The main result that emerged from all of 
the fundamental studies was that the effect 
of alloying consisted mainly in reducing the 
“ensembles” of active sites that are neces- 
sary for some types of adsorption of hydro- 
carbons (1-6) or carbon monoxide (7, 8). 
Although in many alloy systems the 
changes in the electronic structure due to 
alloying are not very pronounced (I -6), it 
has nevertheless always been expected that 
they might influence some features of the 
chemisorption layers sufficiently to be de- 
tected. 

It is also desirable to know which chemi- 
sorption properties are determined by the 
“atomic” properties of metallic elements 
and which are dependent on the collective 
properties of metals. From other literature 

data (9, 10) it is clear that infrared spectros- 
copy might be a sensitive probe to attack 
the problems that concern alloying and 
chemisorption behavior. 

This investigation deals with the adsorp- 
tion of CO on Rt, Cu, and Pt-Cu alloys, all 
supported on silica. Using also literature 
data on similar alloy systems, an explana- 
tion of the results is presented, based on 
considering the atomic and collective prop- 
erties of the metals investigated. 

II. EXPERIMENTAL 

The preparation of pure Pt- and Cu-on- 
silica catalysts proved to be rather easy: the 
best results, viz., yielding the smallest par- 
ticles, were obtained using precipitation by 
urea (I 1) from a solution of the metals on a 
high-surface-area silica (Aerosil 380). The 
particle size, as roughly estimated by X-ray 
diffraction line broadening, was about 30 A 
for both Pt and Cu. 

The preparation of a single-phase alloy 
on silica catalyst proved to be much more 
difficult and less predictable; as a conse- 
quence the alloys mentioned and used in 
this paper have not all been made in the 
same way. They were prepared either by 
impregnation or precipitation by urea, on 
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different silica carriers (Aerosil 150, 300, or 
380). Nevertheless, the results did not re- 
veal any effect caused by varying condi- 
tions. The X-ray diffraction of all alloys 
reported in this paper showed a single 
phase and a particle size between 60 and 
150 A. 

With pure Pt two samples were prepared 
with an average particle size of 30 and 200 
A, respectively. The shape and position of 
the CO band were almost the same for both 
powders and we believe therefore that the 
lack of control of particle size with alloys is 
no serious limitation to the comparisons we 
are making in this paper. 

The bulk composition of the alloys has 
been determined by X-ay fluorescence. The 
exact surface composition of our Pt-Cu 
alloys is not known (to determine it, both 
the total surface area as well as that of one 
component should be measured). Rough 
estimates using ir band integrated intensi- 
ties show that alloy surfaces are slightly 
enriched in Cu. Auger spectra of alloy 
powders, taking in our laboratory, showed 
also a rather low extent of Cu segregation in 
contrast with theoretical predictions. How- 
ever, as we discuss in this paper only the 
band positions and not their intensities, no 
effort has been made to gain more accurate 
information. 

After drying at 12o”C, reducing under 
flowing hydrogen at 400°C and cooling to 
room temperature, a sample of about 50 mg 
was compressed (in air) into a disk at 2 
tons/cm* pressure and placed into a glass 
cell with sealed-in Si-windows. The cell 
was connected to a high-vacuum system. 
After evacuation the pellet was reduced in 
situ under flowing hydrogen, at 350°C for 
about 18 hr, evacuated for 1 hr while still 
hot, and then during cooling, until the pres- 
sure fell to about 10m5 Torr. 

The infrared spectra were obtained with 
a Perkin-Elmer 325 spectrophotometer. 
The 2200- to 19OO-cm-1 spectra were re- 
corded 5 min after admission of the CO at 
pressures ranging from 10e3 to 10 Torr, at 
room temperature. The bands on Pt reach 

their maximum in the region of 1O-3-1O-2 
Torr, but the band on Cu does not reach 
saturation even at 10 Ton-. At high pres- 
sures a gas-phase CO band appears as a 
distortion on the high-frequency side of the 
CO on Cu peaks; this gas-phase peak is 
subtracted from the spectra shown in Fig. 
1. It should be mentioned further that an- 
other baud is observed at about 1850 cm-l 
on Pt and Pt-rich alloys. However, this is a 
very weak band that we could not analyze 
in the way we did in the region 2200-2000- 
cm-‘. 

The transmission spectra produced by 
the spectrophotometer were converted into 
extinction units using the formula 

E = WT,ac,/Ta,h 
where E stands for extinction, Tbaclc for 
transmission of the background, and Tad for 
transmission with CO. 

III. RESULTS 

The main features of the infrared spectra 
converted into extinction units are pre- 
sented in Fig. 1. 
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FIG. 1. Spectra of Co adsorbed on Pt, Cu, and F’t- 
Cu; pco = 10 Torr. 
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As can be seen immediately, CO ad- 
sorbed at 10 Torr on the pure metals reveals 
a single absorption band with v,,, at 2085 
cm-l for Pt and at 2095 cm-l for Cu. With 
increasing pressure (i.e., increasing surface 
coverage) a positive shift from 2070 to 2085 
cm-r for CO on Pt and a negative shift from 
2098 to 2095 cm-’ for CO on Cu have been 
observed in the position of the infrared 
band. 

The spectra of CO adsorbed on the Pt- 
Cu alloys at 10 Torr exhibit two absorption 
bands that shift to higher wavenumbers 
with increasing Pt content, one from 2040 to 
2070 cm-l and the other from 2105 to 2130 
cm-l. We assigned the first one to CO on Pt 
and the second one to CO on Cu for the 
following reasons: (i) it is well known from 
the literature that CO adsorbed on transi- 
tion metals absorbs at lower wavenumbers 
than CO adsorbed on Ib metals; (ii) the 
spectra were taken in the presence of 10 
Ton- CO in the gas phase, and upon pump- 
ing only the 2105-2130 peak disappeared, 
which is characteristic for the weaker ad- 
sorption of CO on Cu; (iii) the relative peak 
areas revealed an increase for the 2040- to 
2070-cm-’ band and a decrease for the 
2105- to 2130-cm-’ band with increasing Pt 
content. From Fig. 2 a continuous shift of 
the CO-on-Pt band caused by alloying with 
Cu can be clearly seen. The variations of 
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FIG. 2. Absorption band maxima of CO adsorbed on 
Pt (8) and h(O) as a function of alloy composition. 

Vmax km-11 

2150 

2050 

% p" bulk 
% Ni bulk 

FIG. 3. Literature data on absorption band maxima 
of CO adsorbed on several alloys as a function of alloy 
composition (1) CO on Ni in Ni-Cu (IO); (2) CO on Ni 
in Ni-CO (14); (3) CO on Pd in Pd-Ag (9); (4) CO on 
Cu in Ni-Cu (10). 

the vmax of CO on Cu upon alloying are less 
pronounced: there seems to be a clear shift 
to higher wavenumbers due to alloying, but 
beyond a certain value the Y,,, remains 
almost constant in a broad range of alloy 
compositions. No effect of particle size, 
carrier, or preparation method could be 
detected within the limited variations ap- 
plied. 

IV. DISCUSSION 

One conclusion is very straightforward: 
CO molecules adsorbed on transition or Ib 
metals are distinguishable also on alloys. In 
this respect metals preserve their identity 
given by the atomic properties of the ele- 
ments, in a similar way to UPS and XPS 
spectra (for reviews, see Refs. (4, 5)). 

The data presented in this paper are in 
many respects similar to those obtained by 
other authors: Primet et al. (9) found that 
the vrnav of CO on Pd decreased upon 
alloying with Ag (see Fig. 3); the fact that 
this o,,, remains constant beyond about 
50% Ag, whereas in Pt-Cu a more contin- 
uous decrease is observed, could be as- 
cribed to a different surface composition of 
these alloys (8, 12, 23). Dalmon et al. (10) 
observed for Ni-Cu a decrease of the v,,, 
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of CO on Ni and a (continuous) increase for 
CO on Cu by alloying (see Fig. 3). Results 
obtained by Van Dijk (14) on Ni-Co indi- 
cated that the peak of CO on Ni shifts to 
lower wavenumbers upon alloying with a 
second transition metal like Co as well (see 
Fig. 3). Combining these results, it is there- 
fore obvious that the v,,, of the ir band of 
CO on transition metals always decreases 
by alloying while on Ni-Cu and on Pt-Cu 
an increase of the v,,,~\ of CO on the Ib 
metal is noted. 

The alloys mentioned above form a suit- 
able basis for discussion, as they comprise 
systems for which many parameters are 
different. The number of the transition 
metal d-electrons, Q, varies for Pd-Ag but 
remains constant for Ni-Cu (1.5). The satu- 
ration magnetic moment (M) decreases for 
Ni-Cu, but increases for Ni-Co (16). There 
are alloys formed (AH,O > 0) endothermic- 
ally (Ni-Cu) as well as alloys formed with a 
small (Pd-Ag) or moderate (Pt-Cu) exo- 
thermic effect (17). In Ni-Cu alloys the two 
components tend to form Ni and Cu clus- 
ters while in Pt-Cu short-range ordering of 
the Pt and Cu atoms is possible. 

It can be seen immediately that the 
above-mentioned parameters (rzd, M, and 
ligand effects due to variations in AH,O) 
cannot be responsible for the observed 
changes in v,,, of CO adsorbed on transi- 
tion or Ib metals by alloying, as these 
changes are always in the same direction. It 
is particularly noteworthy that the specula- 
tions on the variations in nd (18), which 
were and in some cases still are very popu- 
lar in the literature, cannot explain these 
data (compare Ni-Cu, Ni-Co, and Pd-Ag). 

The position of the absorption band max- 
imum v,,, is a function of the surface 
coverage 8co (19), so a possible explanation 
can be that the shifts are caused by a 
variation.in 8co with alloying. 

As shown in Fig. 4, the v,,, of CO on 
transition metals increases with increasing 
I3 co, while on Ib metals a decrease is re- 
ported (20, 21). This is confirmed by our 
results on pure Pt and pure Cu. It has been 
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FIG. 4. Literature data on the variations of the ir 
band maxima of CO adsorbed on Ib (20) and transition 
(21) metals upon increasing surface coverage (for Cu 
our own results are considered). 

established that the main mechanism re- 
sponsible for the v(0) shifts is coupling of 
vibrating dipoles (19). However, we may 
assume that CO molecules that exhibit a 
different frequency in their ir spectra do not 
influence each other by mutual coupling. 
This means that alloying will always have 
the same effect as lowering the surface 
coverage and the results presented in this 
paper could at least qualitatively be ex- 
plained in this way. However, when we 
take the size of the effects into account a 
large discrepancy can be noticed. While the 
effects caused by a varying surface cover- 
age of CO are usually very small on Cu (less 
than 5 cm-‘), the effects caused by alloying 
amount to between 20 and 30 cm-‘; for CO 
on Pt there seems to be a similar discrep- 
ancy also, although probably less pro- 
nounced. It should be noticed that when 
CO molecules with different frequencies in 
their ir spectra do influence each other, the 
discrepancy between surface coverage and 
alloying effects of CO on Cu becomes even 
greater because then diluting Cu with Pt 
would mean an increase of the effective 
surface coverage. While a part of the total 
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FIG. 5. Literature data (22) of the width of the d- 
band of all components of Pd-Ag (---) and Ni-Cu 
(-) as a function of alloy composition, as revealed 
by XPS experiments. 

effect on AY,,, can be ascribed almost 
certainly to an increasing mutual distance 
of the CO molecules due to alloying (see 
Figs. 2 and 3), the question remains what 
additional effects may be operative next to 
it. 

The position of the absorption band max- 
imum ymax is a sensitive measure of the 
contribution to the bonding of “back-dona- 
tion” of electrons from the metal d-orbitals 
into the 7rr* CO-orbitals. Back-donation, in 
turn, is sensitive to the vertical distance of 
CO from the surface, so that the shifts in 
v,,, could have been ascribed to the 
changes in this distance occurring by alloy- 
ing. However, from the above-mentioned 
data it is clear that variations in the radius 
of one of the components of an alloy have 
no reversal effect on the vrnax shifts (com- 
pare Pt-Cu and Ni-Cu). 

Having discussed all these possible ex- 
planations we arrive at one that is (so far) 
not contradicted by experiments. As can be 
seen in Fig. 5 the width of the d-band in 
XPS emission spectra decreases for all 
components of bimetallic systems by alloy- 
ing (22), which means that the local N(Qd 
is higher in alloys. Although a similar effect 
on the width of the sp-band cannot be 
detected by XPS, similar behavior may be 
expected on theoretical grounds (24), 
namely, the bandwidth is dependent on the 
position of the atomic energy levels and on 
the overlap of orbitals when a metal is 

formed from the atoms. Making an alloy 
solution always causes a decrease of the 
bandwidth of all bands; only with very 
exothermically formed intermetallic com- 
pounds is a band broadening sometimes 
observed. Our suggestion is to relate this 
narrowing to the finding that the Y,,,=~ of CO 
on an Ib metal increases upon alloying 
while it decreases on transition metals. 

A semiempirical description (23) of 
charge transfer complexes Iike CO on tran- 
sition metals reveals that the bond strength 
and the ability to transfer electrons in any 
direction are enhanced when the density of 
states is higher. While the effects on the 
heat of adsorption might be too small to be 
detected by calorimetric measurements, 
the vmax of CO on these metals is a more 
sensitive function of changes in the electron 
transfer (direct and back-donation). An in- 
crease in the density of states (N(E), and 
N(E),) improves the conditions for electron 
transfer in both directions, but evidently to 
a different extent. Back-donation decreases 
the C-O bond strength and thus the stretch- 
ing frequency v,,,, while direct donation 
from the nonbonding orbital (5~) of CO has 
the opposite effect. On transition metals 
where back-donation is decisive for the 
position of the ir band, the effect of improv- 
ing charge transfer in both directions will 
result in a net decrease of ymax. With Cu the 
back-donation effect is much smaller and 
the direct donation effect evidently prevails 
here (changes in N(E), are expected to be 
responsible for that) as a net increase of 
Y,,, is observed. A red shift with respect to 
free gas-phase CO molecules does not nec- 
essarily mean an indication of strong back- 
donation, but may also be caused by di- 
pole-image dipole interactions. The Cu 
d-electrons are more contracted to the nu- 
cleus than with Ni or Pt, e.g., so that less 
back-donation must be expected also on 
theoretical grounds. The work function 
changes observed with Cu do not suggest 
strong back-donation effects either. 

If our explanation is correct, the data 
presented and reviewed in this paper form 



ADSORPTION OF CO ON Pt-Cu ALLOYS 115 

an example of how the collective properties 15. Wenger, A., and Steinemann, S., Helv. Phys. 
(density of states) interfere with the atomic 
states in determining the spectral behavior 
of CO on metals. 
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