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Infrared evidence for the low-temperature decomposition of CO over supported Ru-Pt 
bimetallic clusters is presented. Both the nominal bulk composition and the surface composition 
of the clusters were 10 atom% Ru. Other Ru compositions were tried but none was as effective 
as the 10 atom% Ru catalyst. When small doses of CO were added to a well-reduced sample 
of this catalyst, a band around 2074 cm -1 was observed. The intensity of this band gradually 
decreased on standing, indicating CO decomposition at room temperature. The band intensity 
became permanent only after six such additions. The presence of carbon on the surface was 
confirmed by electron microprobe analysis. The presence of oxygen on the surface following 
the CO decomposition was verified by adsorbing NO. NO adsorption bands characteristic of a 
partially oxidized Ru surface were obtained. CO decomposition did not occur when a well- 
reduced sample of the catalyst was first exposed to excess CO (g). A Inodel is proposed to explain 
the nature of bonding which is a precursor to CO dissociation. 

INTRODUCTION 

Recent studies show that  the methana- 
tion reaction can possibly take place by 
more than one mechanism depending on 
whether CO is either associatively or dis- 
sociatively adsorbed on the metal. The 
literature on the subject is quite volumi- 
nous (1-15) ; however, there are two schools 
of thought  regarding possible reaction in- 
termediates. The "enol" intermediate has 
been suggested in order to account for 
the observed parameters in the kinetic 
rate expressions (1, 12); however, despite 
numerous efforts, extensive infrared ad- 
sorption studies, carried out both in situ 
(11) and under reaction conditions (13), 
have failed to produce any evidence of 
infrared bands characteristic of adsorbed 
"enol" intermediates. If  such an inter- 
mediate exists, it must  be either very 

short lived or must  occupy a very small 
fraction of the surface. More recently, 
there has been a return to the concept 
of Fischer and Tropsch (4) tha t  a carbide 
intermediate is the precursor to the for- 
marion of methane. Rabo et al. (10) have 
recently screened several supported metals 
as to their ability to dissociate CO. They 
found that  metals tha t  were active in 
promoting CO dissociation were also good 
methanat ion catalysts. On the other hand, 
metals tha t  adsorbed CO associatively 
were generally poor methanat ion catalysts 
but were more active in promoting alcohol 
formation. Whereas Ni, Ru, Fe, and Rh 
appear to be good methanat ion catalysts, 
Pd, Pt, and Ir  have a much lower metha-  

nation activi ty but show a higher act ivi ty 

for alcohol formation under conditions 

which generally favor the formation of 
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alcohols. Recent infrared studies under 
reaction conditions also suggest rather 
strongly that  methanation proceeds via 
the hydrogenation of an active surface 
carbon species (13). 

These data could be interpreted to mean 
that in eases where CO is associatively 
adsorbed, alcohol formation, possibly 
through an "enol" intermediate, is en- 
hanced and the methanation activity is 
therefore depressed. On the other hand, 
a strong prerequisite for high methanation 
activity is that CO be dissociatively ad- 
sorbed. The factors which affect the 
strength of the CO bond when it is ad- 
sorbed on a group VIII metal are therefore 
important considerations in the under- 
standing of the factors which lead to high 
methanation activities. 

The ease with which the CO bond is 
cleaved on most group VIII metals is 
well established; however, there appears 
to be very little data on the dissociative 
adsorption of CO on supported bimetallic 
clusters. One recent study (14) of the CO 
hydrogenation reaction over well-charac- 
terized supported Fe-Ru bimetallic clus- 
ters show that  as the Fe concentration 
is increased, the turnover number for CI-I4 
formation generally decreases in agreement 
with the excellent methanation charae- 
teristics of Ru, i.e., there appears to be 
no synergistic effect due to the presence 
of the Fe. Methanation studies over sup- 
ported Cu-Ni alloys (5) show that  the 
addition of Cu drastically decreases the 
methanation activity of these catalysts 
while high-temperature infrared studies (6) 
show that the dissociative adsorption of 
CO is inhibited as the concentration of 
Cu is increased. 

In a previous paper (16), we have 
reported on the surface characterization 
of supported Ru-Pt bimetallic clusters 
using infrared spectroscopy. We have found 
that the compositions of both the surface 
and the bulk are essentially equal over a 
wide range of bulk compositions. Since 

Ru and Pt represent extremes in regard 
to methanation activity, we felt that it 
might prove fruitful to perform an infrared 
study of the adsorption of CO as the 
surface composition of Pt is increased. 
To our surprise we found that  when the 
surface composition of Ru was 10 atom%, 
extensive dissociation occurred even at 
room temperature. We therefore report 
on the result of this study. 

EXPERIMENTAL METHODS 

Materials. The gases used in this study 
were subjected to the following purifica- 
tion treatment: CO (Matheson Research 
Grade) was purified by passing it through 
a liquid N2 trap. NO (Matheson Research 
Grade) was first purified by a standard 
vacuum distillation technique in which 
only the middle cut was retained. Dis- 
solved N2 was removed by the freeze- 
thaw technique. In this technique, NO 
was first frozen at 77 K and evacuated 
for 5 rain. It was then thawed and re- 
frozen several times until a mass spectral 
analysis showed that  the N2 was reduced 
to an acceptable level. Commercial It2 
(Cranston Welding) was used in the reduc- 
tion of the catalyst. It  was purified by 
first passing it through a Deoxo unit to 
convert 05 impurities to H20 which was 
then removed by a molecular sieve backed 
up by a liquid N2 trap. 

The silica-supported Ru-Pt  bimetallic 
clusters used in this study were prepared 
by the coprecipitation of H2PtC16.6It20 
(StrernChemical) and RuCI~-3H20 (Strem- 
Chemical) onto the silica support (Cab-o- 
Sil, Grade M-5, Cabot Corp.). The pro- 
cedure used in the preparation of the 
catalyst is identical to that described in 
an earlier report (17) and will not be 
repeated here. Total metal loading in each 
sample was 6% by weight and average 
particle size as estimated by X-ray line 
broadening was 60 to 80 A. 

The surface composition of the supported 
Ru-Pt  bimetallic clusters were determined 
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using infrared spectroscopy. In this tech- 
nique, CO and NO are coadsorbed onto 
the bimetallic surface at room tempera- 
ture. Under these conditions, CO is selec- 
tively adsorbed on Pt surface sites and 
NO on Ru surface sites. The relative 
absorbances of the two bands are a mea- 
sure of the ratio of surface Pt sites to 
surface Ru sites. It was found that no 
surface enrichment occurred over the entire 
range of surface compositions studied. We 
are quite confident that  the 10 atom% 
Ru catalyst (based on nominal bulk com- 
position) used also had a surface composi- 
tion which was 10 atom% Ru. 

Apparatus and procedure. A new im- 
proved infrared cell was used in this study. 
The cell was made from a 50-ram O-ring 
joint without a cooling water jacket. By 
the use of rectangular tubing, the path 
length inside the cell was reduced to a 
minimum and the cell could be easily 
positioned within the sample compartment 
of the instrument. Polished NaC1 windows 
were secured in place to the rectangular 
tubing using glyptal cement. Further de- 
tails on the design of this cell will be 
appearing elsewhere (18). 

Catalyst pretreatment was as follows: 
heated at 325°C in vacuum for 1 to 2 hr, 
reduced in flowing H2 (250 ml/min) for 
4 to 5 hr at 325°C, evacuated for 1 hr 
at 325°C, and cooled slowly to room tem- 
perature under vacuum. In one experiment, 
the surface was purposely oxidized by ex- 
posing the sample to 50 Torr Of 02(g) for 
30 see at 325°C. Following the evacuation 
of 02 at 325°C for 1 hr, the sample was 
cooled to room temperature leaving a layer 
of chemisorbed 02 at the surface. 

Spectra were recorded at room tern- 
perature using a Perkin-Elmer Model 521 
infrared spectrophotometer using the 
double-beam technique. Adsorption experi- 
ments were performed in situ with the 
infrared cells placed in the sample com- 
partment of the instrument. CO(g) was 
admitted through a liquid N2 trap whereas 

NO(g) was admitted through a dry ice- 
acetone bath. The adsorption of CO(g) 
was carried out in several small steps. In 
each step, a small measured volume of gas 
was expanded into the infrared cell such 
that the adsorbed volume of gas was 
considerably less than a monolayer. 

In order to cheek the carbon deposition, 
the surface was analyzed using a Jeol 
JXA-50A Electron Microprobe Analyzer. 
For carbon (graphite), the characteristic 
X-ray photon energy is 0.277 keV. A pure 
carbon standard was used to calibrate the 
instrument. The number of counts per 
second of the 0.277-keV photons was 
monitored and this was taken to be pro- 
portional to the number of carbon atoms 
present on the surface. Detection limits 
for the Jeol JXA-50 Analyzer (for carbon) 
was 0.02% (w/w) of any given sample. 

RESULTS AND DISCUSSION 

The spectra of increasing doses of CO 
adsorbed on a 10 atom% Ru, supported 
Ru-Pt  bimetallic duster sample were 
recorded as shown in Fig. 1. Following 
the first, addition, a small broad band 
centered at 2052 em -1 was observed 
(Fig. lb). This band disappeared after 
a 5-rain period. Subsequent small additions 
of CO did not show absorption bands in 
the 2000 to 2100 em -1 region. The spectrum 
was traced 5 min after each dose was 
added. Each dose, when expanded into 
the infrared cell, yielded a pressure ap- 
proximately equal to 1 X 10 -~ Tort and 
was estimated to be about 15% of a CO 
monolayer. Following the addition of six 
such doses, a substantial absorption band 
was observed at 2072 em -~ (Fig. le). This 
absorption band decreased in intensity 
after 15 min and the frequency was shifted 
to 2078 cm -~ (Fig. ld). At this point, the 
sample was exposed to 20 Tort of CO(g). 
A strong absorption band centered at 
2074 cm -~ which was slightly asymmetric 
to the low-frequency side was observed. 
Furthermore, this band was stable and 
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FIG. 1. Infrared spectra of increasing small doses 
of CO adsorbed on a 10 atom% Ru, P t -Ru  bi- 
metallic sample at 25°C: (a) background; (b) first 
dose of CO added; (c) six doses of CO added; 
(d) le after standing for 15 min; (e) 20 Torr of 
CO(g) added. 

showed no fur ther  decrease in intensi ty 
on standing (Fig. le ) .  In addit ion to the 
strong band at  2074 cm -1, a weak broad 
band centered at  2135 cm -1 was also ob- 
served. F rom these experiments, and the 
fact tha t  the CO band did not reach its 
maximum intensi ty until  six doses of CO 
had been added, we conclude tha t  total  
carbon deposition corresponded to about  
a monolayer  of C. Furthermore,  this mono- 
layer of carbon had very  little effect on 
the total  volume of CO adsorbed. 

These bands have previously been as- 
signed as follows (19): The strong band 
at  2074 cm -1 is assigned to CO linearly 
adsorbed on a P t  surface site, P t -CO.  
The asymmet ry  which appears on the 
low-frequency side of this band has been 
assigned to CO linearly adsorbed on a Ru 
surface site, Ru-CO (20). The weak, high- 
frequency band centered at  2135 cm -1 has 
been assigned to CO linearly adsorbed on 
an oxygen-perturbed Ru surface site. 

This result is strongly suggestive of the 
dissociative adsorption of CO on the sup- 
ported R u - P t  bimetallic clusters. The 
possibility does exist, however, tha t  ra ther  
than  dissociating, the CO molecules have 
reverted to a different adsorbed state, i.e., 
one in which the CO has a different 
orientation with respect to the surface. 
Such an adsorbed state which is infrared 
inactive, has recently been suggested by 
Roberts  (7) as a precursor to dissociation. 

In order to distinguish between these 
two possibilities, NO(g) was added in a 
stepwise manner  to a sample on which 
CO was presumed to have dissociated as 
in Fig. le, following the evacuat ion of 
CO(g) for 5 rain. These spectra are shown 
in Fig. 2. Following the addition of the 
first dose of NO(g), a weak broad band 
centered at  1798 cm -1 was observed in 
addition to another  very  weak broad band 
at 1580 em -I  (Fig. 2b). When excess 
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FIG. 2. Infrared spectra showing the effect of 
adding NO to a 10 atom% Ru bimetallic sample 
exposed to increasing small doses of CO: (a) back- 
ground; (b) one small dose of NO added; (e) excess 
NO (g) added; (d) infrared cell evacuated and ex- 
posed to 20 Torr of CO (g). 
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NO(g) was added to this sample, a broad 
band of medium intensity centered at 
1882 cm-'  appeared and the low-frequency 
band at 1580 cm -1 intensified and 
broadened. The strong, sharp band cen- 
tered at 2074 cm -~ nearly disappeared in 
the presence of excess NO(g) (Fig. 2c). 
The infrared cell was then evacuated for 
5 rain and excess CO(g) was added: The 
strong, sharp Pt-CO band centered at 
2074 cm -~ reappeared and the high-fre- 
quency band assigned to CO adsorbed on 
an oxygen-perturbed Ru surface site inten- 
sified slightly (Fig. 2d). The band at 
1074 cm -~ was now completely symmet- 
rical suggesting that under these condi- 
tions, CO was selectively adsorbed on Pt 
surface sites and NO on Ru surface sites. 
All bands were stable to 20 Tort of CO(g). 

These data are entirely consistent with 
previously published results on the ad- 
sorption of NO on supported Ru (21) 
and supported Ru-P t  clusters (17). When 
NO is adsorbed on a well-reduced silica- 
supported Ru sample, initial adsorption 
gives rise to a strong band a 1810 cm -1, 
(Ru-NO). Further adsorption of NO(g) 
occurs dissoeiatively resulting in a partial 
oxidation of the Ru surface. Adsorption 
of NO(g) on these oxidized Ru surface 
sites gives rise to an absorption band at 
1860 em -1 (21). When NO(g) is adsorbed 
on silica-supported Ru-P t  bimetallic clus- 
ters, the dissociation of NO is strongly 
inhibited and the only bands observed 
are the Ru-NO bands at around 1810 and 
1580 era-' (i6, 17). It  has also been deter- 
mined that NO (g) reacts with CO adsorbed 
on Pt to give N20 (g) and CO2(g) and that 
NO adsorbed on Ru is stable to excess 
CO (g) (19). These conclusions were reached 
by analyzing the gas phase mass spee- 
trometrieally. In the ease of excess NO(g) 
in contact with CO adsorbed on Pt, 
N20 (g), and CO2 (g) were observed, whereas 
in the ease of excess CO(g) in contact 
with NO adsorbed on Ru, only CO was 
observed in the gas phase. 

With this background in mind, our 
results can be interpreted as follows: 
Initial CO adsorption occurs on both Pt 
and Ru surface sites. As each successive 
dose of CO is added, the CO adsorption 
band at 2074 cm -1 is observed but rapidly 
disappears because the adsorbed CO dis- 
soeiates. After several such additions, CO 
apparently stops dissociating and the CO 
absorption band at 2074 cm -1 reaches its 
maximum intensity. The simultaneous ap- 
pearance of the high-frequency band cen- 
tered at 2135 cm -1 strongly suggests that 
additional CO adsorption takes place on 
the oxygen-perturbed Ru surface sites. We 
interpret this to mean that a Ru-P t  dual 
site is probably involved in the dissocia- 
tion of CO. As dissociation proceeds, a 
layer of chemisorbed oxygen accumulates 
on the Ru surface sites. Adsorption of 
CO(g) on these oxygen-perturbed Ru sur- 
face sites gives rise to the 2135 cm -~ band. 
When these dual P t -Ru  surface sites 
become saturated with oxygen, CO dis- 
sociation apparently stops. Any further 
CO adsorption occurs on either a Pt  sur- 
face site or a Ru surface site. 

When NO is added to a bimetallic 
cluster surface treated in this way, it 
initially displaces CO from oxygen-free 
Ru surface sites giving rise to the band 
at 1798 cm -~. This absorption band as can 
be recalled, is due to NO linearly adsorbed 
on a well-reduced Ru surface site (Ru-NO). 
As these surface sites become saturated 
with NO, further NO adsorption on 
oxygen-perturbed Ru surface sites gives 
rise to the absorption band at 1882 cm -~. 
When the cell is evacuated and excess 
CO(g) is added, the intensity of the 
2135 cm -~ band increased thereby sug- 
gesting that further oxidation of the sur- 
face has occurred due to the addition 
of NO(g). 

In order to confirm the presence of 
carbon deposition on a supported Ru-P t  
bimetallic sample on which CO had de- 
composed, an electron microprobe analysis 
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of the surface was made using a Jeol 
JXA-50A Electron Microprobe Analyzer. 
A pure carbon s tandard  was used to 
calibrate the ins t rument  for the 0.277-keV 
yield in counts per second. The results are 
shown in Table  1. 

These results a l though quali tat ive ra ther  
than  quant i ta t ive,  dea r l y  show tha t  car- 
bon decomposit ion occurred on Sample B 
in agreement  with the infrared observation. 

To s tudy  the conditions under  which 
decomposit ion occurred, an exper iment  was 
carefully performed by  exposing the sam- 
ple directly to 20 Torr  of CO(g). These 
spectra are shown in Fig. 3. A single 
intense band centered a t  2074 cm -1, which 
was asymmet r ic  to the low-frequency side 
was observed (Fig. 3b). The band was 
stable to 20 Torr  of CO(g) and did not 
decrease when the gas phase was evacuated.  
When NO(g) was added to this sample 
with full CO surface coverage, the CO 
band  at  2074 cm -1 became sharp and sym- 
metric  and only one addit ional band cen- 
tered a t  1804 em -1 was observed (Fig. 3e). 
The sample was then  evacuated  and  20 
Torr  of CO(g) was added to the infrared 
cell. Only two sharp symmetr ic  bands 
were observed. Under  these conditions, 
CO was selectively adsorbed on P t  surface 
sites (2074 cm -1) and NO was selectively 

TABLE 1 

Electron Microprobe Analysis of Supported 
Pt-Ru Bimetallic Cluster Surfaces 

cps Carbon as a 
percentage 

of the 
total surface ~ 

(%) 

Pure carbon standard 1000 100 
Sample A b <5 0.5 
Sample B 20 2.0 

a Includes metal and support. 
b Sample A had been treated according to the 

normal pretreatment procedure but it had not been 
subjected to a decomposition experiment. 

b.j 
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FIG. 3. Infrared spectra showing the effects of 
adding excess CO and NO to a 10 atom% Ru, 
Pt-Ru bimetallic sample : (a) background ; (b) 20 
Tort of CO(g) added; (c) 20 Torr of NO (g) added; 
(d) infrared cell evacuated and 20 Torr of CO(g) 
added. 

adsorbed on Ru  surface sites (1804 cm -1) 
(Fig. 3d). There were no infrared absorp-  
t ion bands a t  2135 or 1882 cm -1 due to 
CO or NO adsorbed on oxygen-per turbed 
Ru surface sites. I t  is clear tha t  under  
these conditions there was no dissociative 
adsorpt ion of CO. 

I t  was found by  repeat ing the above 
experiments  several times, tha t  in order 
for dissociative adsorpt ion to occur, it was 
necessary to add small doses of CO to 
a bare surface of the catalyst.  After a 
monolayer  of CO was adsorbed, no fur ther  
dissociation occurred. This observat ion is 
in agreement  with our dual bimetallic site 
model described earlier in the text. Ini t ial  
adsorption takes place on a P t  surface site 
corresponding to a R u - P t  dual surface 
site. As dissociation proceeds, oxygen is 
chemisorbed on Ru surface sites. Fur ther  
addit ion of CO can cause a part ial  reduc- 
t ion of these oxidized sites by  reacting to 



136 RAMAMOORTHY AND GONZALEZ 

I I ' I ' I ' I r I ' I ' I ' I ' 

N 

10%~_ 
, I , , I ,  I , I , I , I , 

2300 2100 1900 1700 1500 

FREQUENCY, (cm-') 

FIG. 4. Infrared spectra showing the effects of 
adding small doses of CO to a 10 atom% Ru, 
Pt-Ru bimetallic sample exposed to 0~: (a) back- 
ground; (b) several small doses of CO added; 
(e) 4b after evacuation and standing for 80 rain. 

form C02(g). This reduced Ru surface site 
can therefore participate in the decom- 
position of another CO molecule. As the 
CO monolayer is approached, these dual 
sites appear to be poisoned for CO 
decomposition. 

To verify the correctness of this model, 
an experiment was performed in which the 
sample was purposely exposed to 02 for 
30 see at 325°C to ensure a monolayer of 
chemisorbed 02. The sample was then 
slowly cooled to room temperature and 
small doses of CO were adsorbed on the 
oxidized surface. The spectra of the CO 
adsorption are shown in Fig. 4. At mono- 
layer coverage, there is a strong absorp- 
tion band centered at 2074 cnT1-1 and a 
weak band at 2135 em-* (Fig. 4b). The 
infrared cell was evacuated and allowed 
to stand for 80 min at room temperature 
and another spectrum was obtained. The 
intensity of the CO absorption band at 
2074 em -~ was reduced and its frequency 
was shifted to 2058 em-t; however the 
reduction was not nearly as large as that 
observed on a bare Ru-P t  bimetallic 
surface. 

Other supported Ru-P t  binaetallie clus- 
ter samples having different surface Ru 

concentrations were studied; none was 
found to dissociate CO as effectively as 
the 10 atom% Ru sample. We are not 
sure why this is so but the coordination 
of the Ru surface atoms with respect to 
the Pt surface atoms appears to be rather 
critical. 

I t  is interesting to speculate as to the 
nature of the adsorbed CO species which 
is a precursor to dissociation. One pos- 
sibility is that of a "~r-complex" with ~r 
electron donation from the CO molecule 
to the two surface metal atoms followed 
by back donation between the "d" orbitals 
of the metal and the 7r* antibonding or- 
bitals of CO. This concerted back dona- 
tion of electrons could weaken the CO 
bond to the extent where dissociation 
would occur. A possible bonding model for 
CO adsorbed in this configuration is shown 
in Fig. 5. In this model, initial electron 
donation is from a bonding 7r orbital of CO 
to the dz~ orbitals of the metal (Fig. 5a), 
followed by back donation from the dxu, 
dye, and dx~ orbitals of the metal atoms 
to the 7r* orbitals of CO (Fig. 5b). 

I t  is always tempting to suggest that  
geometric effects such as covalent radii 
might have some bearing on the distortion 
of the adsorbed intermediate, however 
there do not appear to be any correlations 
between the covalent radii and the ease 
with which group VIII metals appear to 
dissociate CO. 

We have not explored the nature of the 
carbon monolayer, however, it is clear 
that it does not inhibit CO adsorption. 
Recently, Dwyer et al. (22) have observed 
that carbon formed in the decomposition 
of CO over rhodium and iron loses its 
methanation activity on heating to 800 K. 
Using Auger spectroscopy, these authors 
find that rapid graphitization occurs at 
these temperatures and conclude that the 
carbon which is active in the methanation 
reaction is not graphitie but is probably 
bound to the metal by carbene-like metal-  
carbon bonds. This picture is consistent 
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(b) 

Fro. 5. Bonding model for a possible precursor leading to the dissociation of CO. 

wi th  our observat ions  t h a t  CO adsorp t ion  
is no t  inhibi ted b y  ca rbon  deposit ion, 
however,  this is no t  a guaran tee  t h a t  this 
par t icu lar  ca ta lys t  will be ac t ive  in the  
m e t h a n a t i o n  reaction.  As several  mono-  
layers  of ca rbon  are deposi ted  on the  
meta l  surface, one would  expect  t h a t  CO 
adsorp t ion  should be inhibited.  

CONCLUSIONS 

We have  shown t h a t  CO will readi ly  
dissociate on a suppor t ed  R u - P t  bimetall ic  
cluster  ca ta lys t  a t  r o o m  tempera tu re .  The  
o p t i m u m  concen t ra t ion  for dissociat ion to  
occur  appears  to  be abou t  10 a t o m %  R u ;  
however  dissociat ion occurs on ly  on a sur- 
face no t  fully covered  b y  CO. A m e t h a n a -  
t ion  s t u d y  using suppor t ed  bimetall ic 
R u - P t  clusters is planned.  
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