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ABSTRACT 

The chemisorption of carbon monoxide on platinum 

has been investigated by means of infrared spectroscopy 

(1) and surface potential measurements (2). 

The infrared investigations show that only the 

linear chemisorbed CO species is present on a platinum 

surface. 

The CO stretching band of this species is observed 

at about 2070 cm-1. 

Its apparent extinction coefficient has been found 

to be 

ka . 2 x 10
-18 cm2 x molecules-1 

= 12 x 102 litre x mole-1  x cm-1  

The apparent integrated absorption intensity B of 

this band has been found to be 

B = 68o to 1260 x 1o2  litre x mole-1  x cm-2  

decreasing with increasing coverage. 

2. 



On oxidized platinum surfaces two new CO stretching 

bands have been observed. 

They have been attributed to the surface species 

"Pt++ 	- CO" : band position at 2120 cm-1  and 

itpt++++ - CO" : band pibsition at 2170 cm-1. 

The values for the apparent extinction coefficient 

and the apparent integrated absorption intensity for 

the CO stretching band of carbon monoxide chemisorbed 

by Pt2+-ions have been found to be 

ka = 0.4 to 0.5 x 10
-18 cm2 x molecules-1  

. 2.4 to 3.0 x 102 litre x mole-1  x cm
-1  

and 

2 B = 290 x 10 litre x mole-1 x cm-2 

3. 



The surface potential of carbon monoxide on platinum 

has been found to be 

	

Pt/CO; T = 300°  K 
	

S.P. = 0.00 ± 0.01 volt 

	

T= 77°  K 
	

S.P. = 0.00 ± 0.01 volt 

The final figure for the surface potential of 

oxygen on platinum is 

	

Pt/02; T = 300°  K 
	

S.P. = - 1.04 ± 0.01 volt 

The surface potential of carbon monoxide on 

palladium has been determined, thus enabling the 

surface potential figures in the series nickel, 

palladium, and platinum to be compared. 

	

Ni/CO; T = 293°  K 	S.P. 	- 1.09 volt (3) 

	

Pd/C0; T = 300°  K 	S.P. = - o.84 volt 

	

Pt/C0; T = 300°  K 	S.P. = 	0.00 volt 

4. 



The kinetics of the oxidation of chemisorbed. carbon 

monoxide have been investigated by means of infrared 

technique and surface potential measurements. 

The reaction velocity at Po :0.5 to 5 mm Hg and 2  

T:250 to 3700  K can be described by 

V = k x 
2 

COa x P x f(T, Po ) Po 
2  

 

The following mechanism has been proposed 

	

°2 g 	02 ad 

	

02 ad + COa 	CO3 a 

	

CO3 a  + COa 	2 CO2 g + Pt2 

	

Pt2 + 02 g 	 2 Oa  

(suffix a - chemisorbed state; 

suffix ad - physically adsorbed state). 

The experimental velocities have been explained 

5. 



in terms of the basic collision theory; a steric factor 

of P 0.1 has been derived. 

The experimental activation energy has been found 

to be about 10 K cal mole-1 dependil.g on the activity 

of the platinum catalyst. 
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13. 

PART 1 

INFRARED SPECTROSCOPIC STUDIES OF THE PROPERTIES OF CARBON 

MONOXIDE CHEMISORBED ON AEROSIL SUPPORTED PLATINUM AND 

PLATINUM OXIDE SURFACES. 

1.1 	introduction 

Since the pioneering work of Eischens et al. (1) the 

I.R. spectroscopic technique has become one of the main 

tools for studying the surface chemistry of metals (5, 6) 

and the I.R. work was soon extended to a whole variety of 

gases which were chemisorbed on the surfaces of transition 

metals (7, 8, 9, 10, 11). 

Among others the I.R. work on the system Pt/H2  (12) 

and Ni/N2 (13) and on the chemisorption of CO on Au (14) pro- 

vide more interesting information about the bonding of the 

chemisorbed molecules. 	It is hoped to get more insight 

into the bonding of adsorbed molecules by comparing their 

spectra with those of similar inorganic compounds. 

Our work is mainly concerned with the chemisorption of 

CO on Pt- and Pt-oxide-surfaces. 

The system :t/C0 has already been studied by Eischens 

et al. (10). 

New results concerning the I.R. spectra of Pt-carbonyl 



compounds (15) and the recent studies of the integrated 

absorption intensities on a series of transition metal 

carbonyls and carbonyl-compounds (16) initiated further 

work. 

The application of these resul',,s as well as their 

underlying ideas lead to interesting conclusions upon the 

bonding structure of the carbon monoxide chemisorbed on 

Pt- and on oxidized Pt-surfaces. 

14. 
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1.2 	Experimental 

In this work the technique of silica supported metals 

first introduced by 1Aschens et al. (1) is used. 

2500 mg "Aerosil" are mixed with an aqueous solution 

of 500 mg H2PtC16  x H20, corresponding to a metal content 

of 8.,: weight 0,6. 

The slurry is then dried in an oven at 1600  C for six 

hours. 	The substance is powdered in a glass mortar and 

amounts between 100 and 400 mg are introduced into a die 

(fig. 1) and pressed to form pellets (0 = 30 mil. ). 	The 

die is so designed that the pellet (p) is in a metal 

(t) of stainless steel. 	This allows easy handling 

of the pellet and it also improves the thermal contact 

with the furnace (f) of the direct-transmission-cell 

(fig. 2) which is connected to the high vacuum apparatus 

(fig. 3). 	The metal tubing is kept in its final position 

by two springs (s). 

The furnace (f) can be heated by a Pt-resistance wire 

up to 350°  C. 	The temperature of the pellet is taken from 

the inside of the metal tubing by a thermocouple (th). 

Aerosil (Typ 2491/460) from DEGUSSA, 
Frankfurt a. M., GERMANY 



Fig.l. Pellet die 



Fig.2. Cell for infrared study of chemisorbed gases 



p: Pirani-gauge 
m: Mcleod-gauge 
st: stopcock- 
et: cold trap 
mc: mercury cut-off 
pi: pit: diffusion pumps 
dos 	dosing system 

Fig.3. Vacuum apparatus 
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The CaF2 windows of the cell are fixed with Picein. 

They are kept cool by a simple water cooling system, in 

which Compo-tubings (lead alloy) are used for the coils 

The transmission of the I.R. cell with its CaF2 

windows is 85/b. 

The transmission with a 120 mg pellet is 15 % and 

with a 4o0 mg pellet 4°A at 2060 cm-1. 	Under high vacuum 

conditions the pellet is baked out in the furnace (f) of 

the cell (fig. 2) for 2-4 hours at 250-300°  C. 	Finally 

the surface of the deposited Pt-particles is cleaned in an 

atmosphere of 10 nua .H2  at 200°  C for another 4 hours. 

The H2 is renewed 3 to 4 times and is then pumped off and 

the pellet is degassed for two hours at 200°  C. 	After 

cooling the Pt-Aerosil-pellet is capable of chemisorbing 

carbon monoxide. 

The I.R. measurements are taken by the usual differen-

tial method, i.e., in the reference beam there is another 

cell with a similar Pt-Aerosil-pellet. 	The I.R. measure-

ments were made with a Perkin Elmer Infracord Model 137 E. 

Owing to the large losses of I.R. energy due to Rayleigh 

scattering and the absorption of the Aerosil and the 

Pt-particles only 4/6 of the whole I.R. radiation at about 

2060 cm-1  is getting into the detector (400 mg-sample). 

As the size of the Aerosil and Pt-particles is in the order 
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, of 100 A and, hence, about 1 oAD of the wavelength of the 

1.R. radiation there are no losses of radiation due to 

light scattering caused by reflection or refraction. 

Because of the small transparency of the sample it 

was necessary to work with 5 times wider slit widths of 

the monochromator to bring about 25 times more energy into 

the detector and to obtain sufficient power for the pen 

servo system. 	Further, the method of compensated spectra 

was used by inserting another I.R. cell with a similar 

Pt-pellet into the reference beam. 

By working with 5 times wider slit widths we are 

loOsing resolution. 	But this fact is not too serious as 

we are dealing with the absorption bands of a chemisorbed 

CO layer with broad absorption bands like those of liquid 

and solid carbon moDoxide. 	(17). 

Our I.R. work was carried out with a spectral slit 

width of 23 cm-1  which is about the half band width of 

liquid CO (22 cm-1  at 800  K) (17). 	Under our operating 

conditions the reproducibility of the recorded spectra is 

± 0.5% T (ordinate) and ± 0.01 µ (abscissa). 
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1.3 	Interaction 	of CO, H2, 02, N2, CO2, A 

with the A erosil 	support 

material 

In the region between 4000-1200 cm-1  in which our 1.R. 

work was done, Aerosil has the following absorption bands 

(tab. 1); these are listed with those which Benesi and 

Jones (17) obtained for their water-silica-system. 

The Aerosil spectrum was taken from a sample in the 

form of a pellet. 	The bands at 2900 cm-1, 2850 cm-1  and 

2330 cm-1, which are not contained in the spectra of the 

silica gel originate from a small hydrocarbon content and 

from adsorbed carbon dioxide. 	The adsorbed CO2 is easily 

removed by baking out the sample under high vacuum conditions. 

But the hydrocarbons remain unchanged even after heating 

for a long time under an oxygen pressure of 10 MAI Hg. 

The differences in the positions of that two sets of 

bands (tab. 1) might be caused by different processing of 

the samples and different particle structures and sizes. 

The interaction arising from the adsorption of the 

different gases on the surface groups of the Aerosil was 

studied in a separate experiment. 



Aerosil 

3450 cm-1 
 
(st) 

2900 cm-1  (w) 

Silica-Gel (17)  

3730 cm-1  (m) 

3580 cm-1  (m) 

Assignment  

OH-stretching vibration 

OH- 
	11 

-1 
CM 

-1 cm 
-1 cm 

- cm 

- cm 

Table 1 

2850 

2330 

1970 

1850 

1620 

- cm 1  (w) 
- cm 1  (m) 
- cm 1 (sh) 

- cm 1  (m) 
- 

cm
1  (m)  

2000 

1875 

1640 

1635 

1200 

1095-cm
-1 

(w) 

(w) 

(w) 

(m) 

(sh) 

(v.st.)  

Si-0 combination vibration 

Si-0 
	11 
	 It 

Si-0 overtone vibration 

HOH bending vibration 

SiO stretching vibration 

(w) - weak, (m) - medium, (st) - strong, (v.st.) - very strong, 

(sh) - shoulder 
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140 mg Aerosil were mixed with distilled water and 

then dried at 160°  C in an oven and pressed to form a 

pellet. 	The sample was baked out for 3 hours at 250°  C 

under high vacuum conditions until there was no further 

change in the T.H. spectra of this sample. 	After cooling 

to room temperature various gases (CO, H2, 02, N2, CO2' A) 

were added (p = 10 m1 ). 

Except for the bands of CO2  and CO when these gases 

were present, there were no specific bands observed in this 

region. 	The CO2 and CO bands could be easily removed by 

pumping. 

As there was no change in the position and in the 

intensities of the herosil bands, the adsorption of these 

gases and their interaction with the surface is of minor 

importance. 
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1.4 	Interaction 	of 	H2,  02,  N2,  CO2, A 

with the Aerosil supported 

platinum sample 

Fcr the following experiment one of our Aerosil 

supported Pt-pellets (400 mg) is used. 

In the region between 2200 and 1300 cm-1  there are 

with the exception of CO and H2  no specific bands observed 

when the other gases are introduced. 	The runs are carried 

out at room temperature and the gas pressure used is in the 

range between 10-1 and 10 min Hg. 	All gases increase the 

absorption of the SiO combination vibration band at 1850 cm-1, 

the SiO overtone vibration and HOH bending vibration bands 

at about 1650 cm-1. 	The large increase of the absorption 

above 1400 cm-1  is caused by the interaction of these 

adsorbed gases with the Si-0 groups on the Aerosil surface 

(SiO vibration bands at 1200 cm-1  and 1095 cm-1). 	In the 

presence of H2 this effect is remarkably large, probably 

due to the strong interaction of H2 
with oxygen containing 

groups on the surface. 

In fig. 4 is shown how important this effect is for 

the different gases. 	The effect on the SiO combination 

vibration band is larger than on the SiO-overtone or HOH 

bending vibration bands both of which cannot be separated 



2000 
1 

1800 • 
1600 

. 1400/cni 1  . 
02 

N2  

H2 

A 

CO2  

, , % co 
) 

.00 1800 1600 14dOcrrii  

T% 
90 

I0 

90 

100 

90 

10 

90 

100 

90 

100 

90 

10 

Fig.4. Interaction of various gases with the Aerosil 
support of the Pt-sample 
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in our spectra. 	Fig. 4 also contains the corresponding 
data for the gas CO whose specific interaction with the 

Pt metal surface (CO-band at about 2070 cm-1) is discussed 

later. 

Ac2.ording to the magnitude of their effect on the 

support the series of added gases can be separated into 

four groups. 

I:H2 

II:CO2, CO 

III.N 0 III: N2, 2 

TV:A 

The band at 2000 cm-1 in the presence of H2 may be 

either attributed to a particular strong interaction of H2  

with the SiO surface groups or, more probably, may be 

attributed to the band of H2 chemisorbed on Pt (12). 
	The 

observed effects on the Aerosil surface groups can be very 

easily removed by pumping within one or two minutes. 

Higher pressure above 10 mm Hg effects a further 

increase of the absorption of the Aerosil bands. 	In the 

case of 02 it is shown in fig. 5 how the maximum extinction 

Ea  = log To/T for the bands at 1850 cm
-1 and 1650 cm-1 

depends on the gas pressure. 	T and To are the trans-

parencies with and without the gas phase present in the 

cell. 



   

	0 

1850 c rri 1  -2 
x10 

  

  

    

logTokr  

1650 cal 

I 

10 	 100 
P  

list) 	min Hg 
Fig.5. Pressure dependency of the interaction between oxygen and the Aerosil 

support of the Pt-sample 
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T 
If one assumes that log °/T is proportional to the 

concentration of the adsorbed gas molecules ns  a curve 

closely resembling an adsorption isotherm (fig. 5) is 

obtained. 

As the effect also occurs when the Pt surface has 

already been covered by CO, H2  and 02, the interaction of 

these gases cannot originate from their adsorption on the 

Pt-surface. 

We therefore assume that their adsorption takes place 

on the area adjacent to the Pt-particles and that from 

there the interaction with the surface groups of the 

Aerosil takes place. 

Yaroslaysky and Terenin (18) also studied the inter-

action of physical adsorbed molecules with the functional 

groups on the surface of the adsorbent. 	McDonald (19) 

thoroughly investigated the interaction of physical adsorbed 

molecules and the OH-groups of an Aerosil surface. 

In the case of N2 (T = - 190°  C; p-= 1 - 50 m w Hg) 

McDonald found a gradual decrease of the original OH band 

and a corresponding increase of a new band which was shifted 

towards lower wave numbers. 	On condensation of N2 

(T = - 200°  C; p = 1 atm) there was then only this new 

band there which was more intense than the original 

OH-band, which again appeared on desorption of N2. 	The 

shift of the OH-band for this particular case was 24 cm-1. 
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It is possible that similar effects occur with the 

Aerosil bands. 

Under our experimental conditions we would not be able 

to decide whether a new and slightly red-shifted, but more 

intense band is appearing or whether there is only the 

observed increase of the original Aerosil bands. 	In the 

case of the OH groups of the Aerosil the observed effect 

was thought to be caused by the proton-quadrupole inter-

action between the surface hydroxyl groups and the adsorbed 

molecules (20). 

It is interesting to note at this place that under 

very different experimental conditions (22), under which 

Pt was evaporated in an CO atmosphere on a Mg0-window, a 

CO-band at about 1850 cm-1  appeared beside the very intense 

band at 2070 cm-1 (23). 

But the bonding of this kind of CO species on the 

Pt surface proved to be unstable. 	It could be completely 

removed by pumping, but not be found again after gaseous 

carbon monoxide has been added to the Pt film (23). 
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1.5 Determination of the a 

parent extinction co-

efficient of the CO stretch 

ing band of chemisorbed 

carbon monoxide 

For quantitative investigations of the properties of 

the chemisorbed carbon monoxide species, it becomes 

necessary to know the relationship between the intensity 

T of the CO band., measured by the extinction Ea ,- log ( o/T) 

and the corresponding surface concentration; To  and T 

are the apparent intensities of the sample without and 

with chemisorbed C 0 	on the surface, measured by the 

height of the corresponding band peak. 

For the chemisorption of carbon monoxide on )erosil 

supported Pt-powder the conditions for the investigation 

of such a relationship are relatively favourable as only 

one CO band at about 2070 cm-1  is present. 	Eischens et 	al. 

attributed this band to carbon monoxide chemisorbed in a 

linear structure (10). 

At the end of the reduction process in hydrogen the 

Pt surface is covered with chemisorbed hydrogen. 	As it 

is not possible to achieve a better vacuum than 10 6 m.m. Hg 

with this kind of cell the Pt surface will become partially 
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covered by oxygen before all the chemisorbed hydrogen can 

be removed. 	Hence, the conditions on the Pt surface are 

undefined before CO can be added. 

We therefore have chosen the following surface reaction 

to determine the apparent extinction coefficient 

"Pt - 0 " + 2C0g 	CO2g + 71 Pt - CO" 

We start with a Pt surface which has been covered at 

room temperature with a layer of chemisorbed oxygen atoms, 

indicated as "Pt - 0". 	A charge of CO gas is then added. 

According to Langmuir (4) almost every collision 

between gaseous CO 'and chemisorbed oxygen leads to the 

formation of CO2' which then desorbs (24, 4). 

On the freed Pt-site carbon monoxide is then chemi- 

sorbed. 	The reaction is generally completed within a 

minute. 	The gas phase over the pellet consists completely 

of CO2, which can be demonstrated by freezing it down in a 

cold trap filled with liquid nitrogen. 

The amount of the chemisorbed carbon monoxide can then 

be found by the difference. 

More CO can be added to the system and the relationship 

between Ea 	Ord C. which one finds is shown in fig. 6. 



10 	20 	30 	40 	x1016molec.CM -2 

Fig.6. Apparent extinction as a function of coverage 
• 



33. 

The function does not go through the origin. 	This is 

due to the fact that the experiment was started with a small 

CO concentration already there on the Pt surface. 

Up to 40 x 1016 molecules CM-2 geometric pellet area 

the relation is linear. 	At higher surface concentrations 

the slope decreases. 

It is interesting to note that carbon monoxide ex-

ceeding a concentration of 40 x 1016 molecules CM-2 is 

relatively :zea: - y held by the surface and can be pumped 

off quite easily as demonstrated in fig. 7. 

The apparent extinction coefficient is given by the 

slop in fig. 6 and amounts in the linear region to 

ka = 2 x 10
-18 cm2/molecules 

which correspond to 

ka = 12 x 10
2 
 litre x mole-1 x cm-1 

The rela:ive error is within ± 10°6 (4 runs). 

At the end of the coverage experiment the chemisorbed 

carbon mc-aoxide can 	oxidized in an oxygen atmosphere at 

room temperature. 	Charges of carbon monoxide then can be 

added again after the gaseous oxygen has been pumped off. 



0 

x1017  c 
molec. 
CM 2  

4 
2 	3 	4 	5 	6 h 

Fig.7. Removability of the chemisorbed CO 
_ 	_ 
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The apparent extinction coefficient for CO on Pt has 

been previously determined by Eischens et al (10). 	They 

were using the stepwise oxidation of the chemisorbed 

carbon monoxide by adding small amounts of oxygen to the 

carbon monoxide covered sample. 

They had to heat up the sample to about 200°  C so that 

the velocity of the oxidation of the chemisorbed CO became 

reasonably high. 	But at these high temperatures a 

desorption of the chemisorbed CO could cause inaccuracies (4). 

These authors found an extinction coefficient 

k = 3 x 10'.'18 cm2/molecules (9 < 0.66). 

The increase of the extinction coefficient for 

G > 0.66 which they found was not observed by us. 

As previously found by Eischens et al (10) the peak of 

the CO band is shifted towards higher wave-numbers as the 

surface concentration increases. 

Fig. 8 demonstrates this effect, which we reproduced. 

The shift amounts to about 30 cm-1 when the surface con- 

centration increases from 4 x 1016 to 40 x 10
16 molecules 

CM-2 geometric pellet area. 

This shift is about one third of that which one observes 

when carbon monoxide is chemisorbed from the gas phase 

(2143 cm-1 	2040 cm-1). 



concentration of 
Fis.8. Variation of the wave number w of the band centre with surface 

chemisorbed carbon monoxide 

10 30 20 x101.6m olec.CM 2 
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1.6 Determination of the ap-

parent integrated absorp 

tion intensity of the CO 

stretching band of the 

chemisorbed carbon monoxide 

Discussion of 1.R. results of the chemisorption of 

gases like carbon monoxide on silica supported metal 

surfaces has been mainly limited to the frequencies of the 

bands of the chemisorbed surface species and on such 

information as force constants and bonding distances 

which could be derived from the frequency figures. 

No attempt has been made so far to determine the 

integrated absorption intensities of chemisorbed species 

and to use these figures to provide additional information 

about the bonding structure of the species concerned. 

The importance of the integrated absorption intensity 

as a measure for studying the structure of organic molecules 

has be-  pointed out by Lippert and Mecke (25). 

Recently Noack determined the true integrated absorption 

intensities A of various metal carbonyls and a series of 

Fe-carbonyl-compounds (16). 

The experimental conditions for such quantitative work 

are not favo.,11-able for chemisorbed CO species on Aerosil 



supported metals for reasons which we stated in the 

experimental part (1.2). 	As we are not working with 

strictly monochromatic light and because of the inter-

action of the chemisorbed CO species on the Pt-surface 

only the apparent integrated absorption intensity B 

can be determined from our experimental results 

B 	cxd 	loge 	x do) 
1 	T 

j 
band 

c 	- concentration in moles litre -1 
r 

d 	length of the cell in cm, 

To, T - apparent intensities of the sample without and 

with chemisorbed CO present on the Pt-surface, 

- wave number in cm-1 

The units of B are in cm-2 x mole-1 x litre. 

In adsorption work the product c x d is generally 

expressed in molecules x cm-2; for conversion into 

cm-2 x mcle-1 x litre units a factor 6 x 1020 is used. 

38. 
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The magnitude of the apparent integrated absorption 

F 
T, 

loge  "VT x dw is found graphically. 

For better accuracy the recorded Z.R. bands are 

photographically magnified 2, 4 and 8 fold, depending on 

the size of the original I.R. band. 

Hence we obtained bands which after magnification 

cover an area of 10 to 15 cm2. 	From these magnified bands 

the corresponding figures of T and To  are taken at inter-

vals of 1 mm corresponding to 3.5 to 11 cm-1  depending 

on the magnification of the band. 	Then loge(To/T) is 

plotted as a function of w(cm ) and the area covered 

by this function is determined as F. 

The figures of the apparent integrated absorption F 

are then divided by the corresponding surface concentration. 

For this the known relationship between the extinction of 

the band peak and surface concentration described in the 

previous chapter is used. 	These figures are then con-

verted into molelx litre+1  x cm'.2  units. 

In tab. 2 are listed the figures of the apparent 

integrated absorption intensity B together with the 

corresponding surface concentrations and the position of 

the CO band peak. 

These B-figures have then to be corrected according 
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to the wing correction method (26). 	From these figures 

the true integrated absorption intensities A can be 

evaluated by using the extension of the method of Wilson 

and Wells, described by Ramsay (26). 

One of the essential assumptions of both methods is 

that the band can be described by a Lorentz curve 

I0) 
loge  

 

a 

N)-  - 	b2  

where •?" is the frequency of the peak of the band and a 

and b are constants. 

Another assumption is that the interaction of the 

molecules concerned only broadens the band so that it can 

still be described by a Lorentz curve. 

The CO bands in the I.R. spectra of the chemisorbed 

species are slightly asymmetric with a longer wing towards 

lower frequencies and also the band peak is shifted to-

wards higher frequencies with increasing surface 

concentration. 

Hence, there is an interaction of the chemisorbed 

CO species with the surface and with each other. 
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wave number w 

-1 cm 

Table 2 	(fig. 	9, 

concentration ns 

molecules CM-2 

line 1) 

B x 10-2 

-1 cm-2 x mole 	x litre 

2038 0.31 x 1017  1250 

0.30 x 10
17 1330 

2043 0.51 x 10
17 1080  

2048 0.80 x 10
17 1130 

2053 1.10 x 1017 1200  

2055 1.28 x 1017 950 

2063 2.0 	x 1017 1140  

2064 2.1 	x 10
17 

950 

2067 2.7 	x 1017 1070 

2070 4.5 	x 1017  980 

2089 lo 	x 10
17 

700 

ns - molecules per CM
2 geometric pellet area 
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For these reasons the resulting corrections are open 

to discussion, but they give at least some idea of the 

order of magnitude of which the true corrections would be. 

In tab. 3 are listed the estimated figures of the 

various corrections. 

The 'wing' correction amounts for a weak band 

o (2043 cm-1) 31/6, where as it is only 17% for an intense 

CO band (2070 cm-1). 	The corrections which one has to 

take into account to get from the 'wing' corrected B 

figures 	the true integrated absorption intensities A • 

amount to 23% for the intense band and 10/b for the weak 

one. 

The average resulting correction which one has to 

apply to the uncorrected B-figures (tab. 2) amounts to 

about 40°6. 



Table 3 

w 	ns 	corr. 1 	corr. 2 	S 

204J 5.1 1.1 31/b 10% 41% 

2064 20.0 1.4 21% 1390 34% 

2070 45.0 2.0 17/b 23% 40% 

cu 	 - frequency of the CO band in cm -1 

ns 	- concentration of the chemisorbed CO molecules 

molecules x CM-2 x 10-16  

s 	- spectral slit width 

w 	- half band width 

corr. 1 - 'wing' correction according to (4) 

corr. 2 - correction according to Wilson and Wells (4) 

S 	- resulting correction 

43. 
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In fig. 9 are plotted the data of the uncorrected 

apparent integrated absorption intensity B as a function 

of the wave number w for the linearly chemisorbed CO 

(0 - 0 - 0). 

Within the limits of experimental error the B figures 

decrease with increasing wave number and, hence (fig. 8), 

also with increasing CO surface concentration. 

Whereas the relationship between the B figures and 

the wave number can be regarded as approximately linear, 

the concentration dependency of B is not linear (tab. 2). 

According to tab. 2 the apparent integrated absorption 

intensity decreases only to about half its highest known 

figure when the CO surface concentration increases by a 

factor of about 30. 

Also are plotted in fig. 9 the integrated absorption 

intensities of CO chemisorbed linearly on pt2+-ions; the 

properties of these surface species are discussed in 

chapter 1.11. 

For the terminal CO groups in Fe carbonyls and Fe 

carbonyl compounds Noack found a similar dependency of 

the true integrated absorption intensity A with the wave 

number w. 	(16). 

The increase of these A-figures with decreasing wave 

number is shown by line ii. 	Because of this linear 
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relationship we have drawn through the figures for the 

chemisorbed species a straight line i. 

For the various carbonyls and carbonyl compounds which 

have two and more CO stretching bands for the terminal CO 

group the approximate frequency centres (16) in cm-1 are 

plottec. 

Such a relationship between integrated absorption and 

wave number is well known and has been found for various 

functional groups in organic compounds (25). 

In the case of the phenolic OH groups, for instance, 

it could be demonstrated that as the absorption band is 

shifted towards lower wave number the increase in the 

integrated absorption intensity is accompanied by an 

increase in the Tolarity of the OH group and its 

dissociation constant. - 

Similar evidence has been found for the CO group in 

aldehydes and for other functional groups (25). 

In terms of the chemisorbed CO species this would mean 

that at low surface concentrations the polarity of the CO 

group is bigger than at high surface concentrations. 

A linear relationship between integrated absorption 

intensity and wave number even holds when we plot the 

A-figures of the terminal CO groups of various metal car-

bonyls although the symmetry of these metal carbonyls 

varies (16) (line iii). 



2100 	2050 	2000 cm  

Fig.9. Integrated absorption intensity as a function of wave number 

 



The various metal carbonyls are in fig. 	9 (line iii): 

1. CO2(co)8 5. Fe(C0)5  

2. Co4(C0)12  6. Mo(C0)6  

3. Ni(c0)4  7.  Cr(C0)6  

Fe3(CO)12  8.  w(c0)6  

In general it seems reasonable to assume that this 

relationship (fig. 9) which we found for linearly chemi-

sorbed carbon monoxide on Pt and Pt++  surface sites also 

holds for other metal surfaces provided that the CO species 

—re chemisorbed in a linear structure. 

For Co2(C0)8  Noack shows that CO in a bridged structure 

with its band centre at 1860 cm-1 has a mean A-figure of 

150 x 102 cm-2 x litre+1 x mole-1 instead of a much higher 

figure of about 850 x 102 cm-2 x mole-1 x litre which one 

would expect for a terminal CO group at 1860 cm-1 according 

to line iii (fig. 9) (16). 

It is reasonable to expect that the difference in the 

A-figures for terminal and bridged CO groups in carbonyls 

also holds for the corresponding chemisorbed species. 

Therefore the determination of the integrated absorption 

intensity would provide us with an experimental means to 

give an experimental answer in the present controversy 

whether chemisorbed CO species with CO bands within 
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1850 - 2000 cm-1  are due to bridged surface species, 

according to Eischens,or whether they are due to linearly 

chemisorbed CO species, too, as it is assumed by Blyholder 

(27, 28). 

When one compares the integrated absorption intensity 

of terminal CO groups in metal-carbonyls and of chemisorbed 

CO species at the same position (cm-1) the increase in 

case of the chemisorbed state in the low wave number region 

is striving. 

At 2050 cm-1 the B-figure for the chemisorbed species 

is increased by a factor of 4 compared with the corresponding 

A-figure of the metal carbonyl (line iii). 	In case of the 

estimated A-figures of the chemisorbed species (line iv) the 

increase would then become even more significant. 

This difference in the figures of the integrated 

absorption intensities gets smaller as one moves towards 

higher wave numbers. 	All lines in fig. 9 seem to cross 

rather close to the A-figure of gaseous CO at 2143 cm-1  

position. 

'The big differences in the integrated absorption 

intensities in the low wave number region (fig. 9) cannot 

be attributed to differences in the symmetry of the metal 

carbonyl species (line iii) and that of the chemisorbed 

surface state (line l,iv). 
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We therefore suppose that this effect and the increase 

of the slopeil).p the B, cu-function of the chemisorbed CO 

species is due to the interaction of the chemisorbed CO 

with the metal and metal oxide surfaces. 

At present we have not sufficient experimental evidence 

to explain this effect. 
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1.7 	Interaction 	of N2, CO2 	and' A 

with the chemisorbed car-

bon monoxide 

Eischens and Pliskin (10) have previously studied the 

effect of gases like H2, NH3, HC1 on carbon monoxide which 

is chemisorbed on a pt surface. 	They noticed a shift of 

the CO band depending on the nature of the gas added. 

In our experiments the Pt-particles were covered by 

exposure to a CO atmosphere of 1 mitt for about 15 minutes. 

The gas phase CO and the weakly chemisorbed CO (fig. 7, 

chapter 1.5)wore then pumped off (15 minutes) (fig. 7). 

After this the pressure increase in the cell was less than 

10 4 mm over a period of half an hour. 	By adding gases 

like N2, CO2 or A (p = 10 mm.) no change in position, shape 

or intensity of the CO band could be detected. 	But the 

amount of chemisorbed CO removed on evacuation for another 

15 minutes is greatly increased. 

After treatment with N2, with A and with CO2 24/O, 13% 

and 7/b of the chemisorbed CO could be removed during the 

15 minutes pumping. 	Without this, the amount of chemi- 

sorbed CO which was removed in the second 15 minutes pumping 

was only about 4/b (fig. 7). 

We assume that the added gases (p = 10 mm) are adsorbed 
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on the Pt-area from which the CO was removed during the 

first 15 minutes pumping. 	These molecules weaken the 

metal carbon bond so that the CO is more easily removable. 

The weakening of the Me-C bond should result in a 

shift of the C-0 band towards higher frequencies, when 

one is assuming a similar bonding mechanism as in metal 

carbonyls (ch-.pter 1.13). 	This frequency shift would 

occur in the region where ns is in the order of 40 x 10
16 

molecules CM-2 pellet area (fig. 8). 	But here the change 

of the frequency with coverage is very small and there is 

little difference between the CO frequency of chemisorbed 

CO which could be easily removed and that what could not 

be removed. 	Thus, it is quite reasonable that no shift 

could be detected. 

The increase of the SiO bands of the support in the 

presence of these gases (p = 10 mzt) indicates that some 

gas is also adsorbed in the area around the Pt-particles. 

But their influence on the chemisorbed CO molecules shou]d 

be much smaller than of those molecules which are adsorbed 

by the Pt-surface. 
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1.8 Interaction of H2 with the 

chemisorbed carbon monoxide 

Eischens and Pliskin (10) reported a shift of the CO 

band to longer wavelength (0.09µ) when hydrogen was added 

to carbon monoxide chemisorbed on silica supported Pt. 

They attributed this effect to the electronic interaction 

of the hydrogen with the chemisorbed CO. 	The change of 

the CO band which we observed on addition of hydrogen is 

mainly characterized by the asymmetric broadening of the 

original CO band (fig. 10, A) to the side of lower wave 

numbers (fig. 10, B). 	There is also a small decrease in 

the maximum extinction log To/T of the band A on the 

addition of H2. 

The determination of the apparent integrated absorption 

intensities B of both bands shows an increase of the inte-

grated absorption intensity by 42% when hydrogen was added 

(p = 10 mL Hg). 

On pumping (15 minutes) there is a decrease of the 

maximum extinction of band B corresponding to a loss of 

about 130,6 of the chemisorbed carbon monoxide. 	As the 

broadening of band B essentially remains, we have to assume 

that the gaseous hydrogen does not interact directly with 

the chemisorbed CO but is strongly chemisorbed on the 

Pt-surface. 



2067 	2027 m 

0.5, 

Fig.10. Interaction of. H2  with the CO covered Pt surface 
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The infrared spectrum of chemisorbed hydrogen on Pt 

has been reported by Pliskin and Eischens (12). 	At 

relatively large pressure (p = 400 mm Hg) two bands at 

2057 cm-1 and 2109 cm-1 occur which are both attributed to 

the Pt-H vibrations. 

The asymmetric shape of band B (fig. 10) and the in-

crease of the integrated absorption intensity by 42/6 makes 

it very probable that the broadening of the original CO band 

A (fig. 10) is caused by the superposition of the correspon-

ding Pt-H-bands. 

The subtraction of the integrated absorption intensities 

of band B and band A provides us with band C in the lower 

frequency region. 

Band C consists of a strong absorption maximum at 

2046 cm-1  and a weak one at 2006 cm-1  position. 	In this 

subtraction process the small decrease of band B in the 

region where this band covers band A was not considered. 

When CO covers the Pt surface the metal-hydrogen bands 

are shifted by 50 cm-1  to lower frequencies due to the 

indirect electronic interaction with the chemisorbed CO, 

as we assume. 

Using a hydrogen pressure of 400 mm Pliskin and 

Eischens (10) obtained at room temperature a maximum ex-

tinction of 0.07 for the Pt-H bands. 
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In our previous experiments with a CO free Pt-surface 

we found under our experimental conditions (pH  = 10 mm Hg, 
"2 

= 35° C) an extinction figure of 0.04 for the band at 

about 2000 cm-1 position. 

In the presence of chemisorbed CO this value shows a 

markcl increase to 0.47 under the same pressure and 

temperature conditions. 

The additional uptake of H2  in the presence of adsorbed 

CO seems to be a more general effect. 	So Sastri and 

Viswanathen reported an increase of the H
2 uptake on a 

CO-covered cobalt surface (29). 

For two major reasons it is not possible to compare 

the figures for the maximum extinction quantitatively. 

Firstly, we do not know how the CO band is effected 

merely by interaction with the chemisorbed hydrogen. 	Hence, 

the figures which we get for the Pt-H bands (C) are uncertain. 

But the mere interaction effect could be studied by means of 

deuterium which would provide Pt-D bands at 1479 cm-1  and 

1515 cm-1 far out of the CO band region at 2000 cm
-1
. 

Secondly we have to consider that the shift of the Pt-H 

band towards lower frequencies is most probably connected 

with a marked increase in the values of the integrated ab-

sorption intensity. 

As we have found for the chemisorption of CO on Pt and 
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as we know from other examples, i.e. carbonyl compounds and 

organic compounds, such a shift towards lower frequencies 

would mean an increase of the Pt-H-dipolmoment when CO is 

present on the surface. 

Further support for the chemiEDrption of hydrogen on 

the carbon monoxide covered metal surfaces is provided from 

the spectra of hydrocarbonyls. 

Edgell and Summit (30) report for HCo(C0)4  a band at 

1934 cm-1  which they attribute to the Co-H vibration and 

for the compound H-Re(CO)
5 

the corresponding Re-H band was 

found by Beck, Hieber and Braun at 1832 cm
-1 

(31). 

The variety of inorganic hydrocarbonyls known (32) 

makes it possible that metal-hydrogen bands as with Pt oti- 

eurat other CO-covered metal surfaces. 	Some evidence for 

this assumption is given in the experimental results on 

CO-covered Rh- and Pd surfaces. 	On adding H2  to the 

CO-covered Rh surfaces a band was reported at 2048 cm-1  (33) 

and with Pd.  in addition to a small shift of the CO band, 

a broadening of this band to lower frequencies was observed 

(34). 
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1.9 Interaction of 02 with 

chemisorbed carbon monoxide 

By adding oxygen (p-- 1 mm , 19-  = 40°  C) a fairly rapid 

oxidation of the chemisorbed carbon monoxide is observed. 

About 90°A of the chemisorbed gas are oxidized within L. 

30 minutes. 	With diminishing CO concentration there is a 

shift of the CO band of the remaining chemisorbed CO to 

lower wave numbers. 	The reverse effect was observed when 

the Pt surface was gradually covered by CO. 

As in the work of Eischens and Pliskin on oxidation 

no additional bands occurred in the region between 4000 

and 1200 cm-1. 	With Fe (10), Rh (33), Ni (35), additional 

bands were reported. An interpretation of the "bands" at 

1850 cm-1, 1650 cm-1  and 1400 cm-1  in terms of CO
3 

com- 

plexes is in the presence of a gas phase like oxygen (-,1 mm Hg). 

meaningless (chapter 1.4). 

Recent work done by Kavtaradze and Lygin (34) on 

silica supported Pd'. metal has shown that no oxidation of 

the chemisorbed CO occurs at 25o C and po = 8 mm. 2  

This experimental result agrees well with the behaviour 

of the Pt-catalyst used by Eischens and Pliskin (10) on 

which rapid oxidation was reported to occur only at about 

200°  C. 
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The high activity of our Pt-catalyst might be due not 

only to energetic differences but also due to impurities 

on the surface. 	We can exclude the latter, as oxidation 

of chemisorbed CO also occurs under similar conditions of 

temperature and pressure on Pt films which are evaporated 

under ultra high vacuum conditions (chapter 2.6). 
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1.10 Chemi$orption of carbon 

monoxide on an oxidized 

platinum surface 

For the following experiments the Aerosil supported 

Pt pellet had been heated to 250-300°  C for 1 hour in an 

oxygen atmosphere of about 20 mm Hg. 

The oxygen was then pumped off and the pellet was 

cooled to about room temperature. 

Recently Weissmantel, Schwabe and Hecht (36) have shown 

that under these experimental conditions the Pt-surface takes 

up oxygen with formation of oxide, probably Pt0 and Pt02, 

which process is thermodynamically possible (37). 

According to the results of L. lahler (38) the 

formation of Pt0 should be favoured. 

X-ray edge absorption measurements (39) have also 

provided good evidence that at high temperature Pt oxide is 

formed in addition to the chemisorption of oxygen on the 

Pt surface as at room temperature. 

If we assume that after 30 minutes pumping (p < 10-6 mm) 
Lr,„, 

no physically adsorbed oxygen is left on the oxilated Pt 

surface we have to consider the following adsorption sites 

Pt2+, Pt4+, 02- in addition to Pt. 

The positive and negative charges ascribed to the ions 
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were chosen for convenience by analogy with the corres- 

ponding oxides. 	The bonding in the transition metal oxides 

is not purely ionic but has considerable covalent character. 

There is also some change in the bonding expected when 

going from the bulk oxide to its surface layers. 	Hence, 

these introduced ion terms can only give a rough quali-

tative picture of the state of those ions and they provide 

no information about the bonding between these ions. 

From the energic point of view we also expect that 

the Pt-ions are covered by 0, 02  ions rather than by 

0
2 -ions. 

In describing the Pt surface after oxidation we have 

also to consider that at least some of the surface did not 

undergo oxide formation so that we have also some chemi- 

sorbed 0 species on top of a Pt-surface. 	Hence, on adding 

CO we expect a CO band at about 2070 cm
-1 corresponding to 

the chemisorption of CO on Pt. 	Further, the two different 

kinds of Pt-ions become also potential bonding partners 

for the CO. 

I.R. - spectra of Pt carbonyl halogenids give evidence 

for the bonding of the CO to the Pt2+-ion (4O). 

As the Pt-surface ions are probably covered by different 

kinds of oxygen species (0, 02  , 02  ) the formation of the 

different kinds of surface species, i.e. Pt2+ - CO, 
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Pt
4+ 

- CO, should largely depend on the velocity with 

which this oxygen undergoes reaction with the carbon 

monoxide. 

Concerning the oxygen ions on the Pt oxide surface 

the formation of a CO
3
(6-)-complex (40, 41, 42) on addition 

of carbon monoxide is likely as discussed by Stone for Cu20, 

NiO, Co0 surfaces (43). 	But due to the interaction of 

the adsorbed CO gas with the Aerosil support which increases 

the absorption of the Aerosil bands at about 1850 cm-1, 

1650 cm-1  and 1400 cm-1  (see chapter 1.4) it would become 

very difficult to observe additional weak bands in this 

region which might be due to C - 0 stretching bands of 

this complex. 

Hence, at present this I.R. technique does not provide 

any experimental evidence for the existence or non-existence 

for a CO
3
(5-)-complex formed on the Pt oxide layer. 

A physical adsorption of the carbon monoxide 	10 mm) 

on the oxide surface should take place with no activation 

energy. 	The corresponding CO band should then also occur 

at once in its final intensity. 	Its frequency should not 

be much out of that of liquid CO (2139 cm-1) (17). 

On addition of CO ( p = 10 mm Hg) to the oxidized 

Pt surface three bands occur at about 2070 cm 1, depending 

on the coverage, at 2120 cm-1  and at 2170 cm-1  (fig. 11). 
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Fig.11. Chemisorption of CO on an oxidized Pt surface; 
CO-stretching bands at 2070 cm-1, 2120 cm-1, 
and 2170 cm-  I. 
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Fig. 12 shows how these bands develop in two hours 

time at about room temperature. 

The effects occurring in the earlier stages of the 

growing of the bands at 2070 cm-1 and 2120 cm-1  (fig. 12) 

could not be reproduced. 	They seem to be connected with 

the reaction of the CO with the different kinds of oxygen 

species at the surface. 

In tab. 4, 5, 6 we use the maximum extinction of these 

bands to describe what is happening to them during the 

following procedures during which the CO is removed and then 

is added again to the I.R. cell. 

Run A and run Z are carried out with the same pellet. 

The main difference between them is, that in run A the 

oxidation of the Pt-surface took place in an unsintered 

state just after the reduction process; in run Z the 

oxidation was carried out with the pellet in a highly 

sintered state at the end of a series of other studies 

concerned with the chemisorption of CO on an oxide free 

Pt-surface. 

We report here the results of run A as they are more 

suitable because of the more intense bands at 2120 cm-1 

and 2170 cm-1. 
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Fig.12. Chemisorption of CO on an oxidized Pt-surface as a function of time 
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Table 4 

Run PCO 
t expos. log(T9T)1  log(T°/T)2  log(To/T)3  

A 11 mm 2 hours 1.204 0.699 0.448 

Z 10 mm 2 hours 1.9 0.08 0.03 

suffix 1 - band at 2070 cm-1 

2 - band at 2120 cm-1 

3 - band at 2170 cm-1  

Table 5 

log(T7T)1  log(T°/T)2  log(T°/T)3  

under 10 
- CO 

= 10 mm 1.204 0.699 0.448 

After 1 hour pumping 

After 12 hours pumping 

0.254 

0.206 

0.549 

0.549 

0.056 

0.056 

After -ddition of CO 
(p = 10 mm) 1.204 0.699 0.414 

Table 6 

Band: 1 2 3 

log(To/T) initial 1.204 0.699 0.448 

log(T°/T)t, 1.204 0.699 0.33) 
log(To/T)t2  1.000 0.624 0.222 

(p = 10 mm) 



66. 

The three surface species differ in their ease of 

removal by pumping. 	In tab. 5 the figures of their 

extinction are shown after 1 and 12 hours pumping. 	This 

proves that there is no equilibrium between these species, 

or at least the processes leading tD equilibrium are 

highly activated. 

Striking is the comparatively high removability of 

the band at 2070 cm-1, which we attributed to CO chemisorbed 

on Pt. 	The reason for this different behaviour could be 

the influence of the oxide patches on the chemisorption 

properties of the residual Pt-surface. 

When subsequently CO is added again to the pellet we 

obtain the same figures for the different bands as before 

the pumping procedure., (tab. 5). This result indicates 

that during the long pumping time of 12 hours the hetero-

geneous nature of the surface remains almost unchanged. 

It further proves that the decrease of the different 

CO species on the surface during pumping is not due to a 

surface reaction between CO and the different oxygen 

species. 

During the following cycles a decrease of the bands 

is observed finally (tab. 6). 	This might be due to slow 

reduction processes which in turn could cause a decrease 

in the roughness of the surface. 	Such reduction processes 
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were likely to occur, since the sample was kept over night 

always under a CO pressure of 1-5 mm. 

Fig. 13 shows the dependency of the extinction of the 

three bands on time and pressure. 	(i: pco  = 0.1 mmHg; 

11: p 	= 2 mm Hg; 111: p 	= 3 mm Hg; iv: p 	= 10 mm Hg). co 	co 	co 

The experimental results are taken during one of the latter 

7t- 7es of these series of experiments. 	It is interesting 

that whereas the bands at 2070 cm-1 and 2120 cm
-1 

reach 

almost their final intensitiesi at p---- 0.1 mm, the band at 

2170 cm-1 needs a pressure of about 10 mm. 

A change in the ease of removability of the bands at 

2070 cm-1 and 2120 cm-1 was noticed at the end of these 

experiments; there was an increase of the removability 

of the band at 2120 cm-1  by 15% whereas the band 2070 cm-1  

has become less removable by a factor of 0.3. 

The interaction of these three surface species with 

other gases was studied in CO2, H2, 02  atmospheres which 

always contained some CO due to the high equilibrium 

pressure of the band at 2170 cm-1. 

In an atmosphere of 6 mm H2  and 1 mm CO the half 

widths of the bands were decreased and there seemed to 

be also a slight change in the mutual position of the 

bands. 	In a mixture of 30 mm CO2  and 1 mm CO no interaction 

with the three bands could be detected. 
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Fig.13. Chemiibrpion of CO by an oxidizedPt-surface' 

as function of time at different gasphase 
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Also, in an atmosphere of 6 mm 02  and 2 mm CO no 

change in the intensities or the positions of the bands 

was observed. 	After 72 hours a small amount of 

CO2  (log To/T 	0.01) could be detected in the spectrum. 

Previous experiments (see chapter 1.9) have shown 

that chemisorbed CO ("Pt - CO") can be easily oxidized in 

an oxygen atmosphere (-- 1 mm Hg) at about room temperature 

according to 

(1) "Pt - CO" + 02g -> CO2g + "Pt - 0" 

The same reaction (1) also takes place when some of the 

Pt-surface is covered by a layer of Pt-oxide. 	It can be 

studied by means of the decrease of the CO stretching band 

(2070 cm-1), provided no CO is present in the gasphase. 

But in the case of a mixed gasphase (po = 6 mm, 2  

pco = 2 mm) no decrease of the concentration of the chemi-

sorbed CO occurs, as the oxidized CO is at once replaced by 

CO from the gasphase. 

This replacement can take place by simple chemisorption 

of CO from the gasphase on the freed Pt-site. When the 

Pt-site has already been covered by chemisorbed oxygen 

("Pt - 0") then reaction between the gaseous CO and this 

chemisorbed oxygen (4) takes place according to 

(2) - O tt + 2 CO 	4- CO2g + "Pt - CO" 
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Both replacement processes require practically no activation 

energies and, hence, are much faster than reaction (1), 

for which we determined the activation energy of about 

10 K cal.mole
-1. 

A decrease in the intensities of the bands at 2120 cm-1  

and 2170 cm-1 can be already accelerated when the pellet is 

heated in a H2 or CO atmosphere. 	Thus, within 10-20 

minutes the oxide patches can be completely removed and 

the hands at 2120 cm-1 and 2170 cm-1 do not appear again 

when CO is admitted to the system. 

According to the chemical behaviour of the chemisorbed 

species and the frequencies of the corresponding CO stretching 

bands of the different surface species we attribute the 

bands at 2070 cm-1, 2120 cm-1, and 2170 cm-1, to CO bonded 

to Pt, Pt2+, and Pt4+. 

The bands at 2120 cm-1  and 2170 cm-1 and the species 

they represent are discussed in the next two chapters. 
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1.11 Properties of 

oxide chemiso 

determination 

parent integr 

intensity of 

ing band 

Irving and Magnusson (15) studied the CO stretching 

carbonyl halogenids. 	They 

with X = Cl, Br, I CO frequencies 

and 2122 cm-1, respectively. 

bands of 

reported 

at 2146 

various Pt (rt) 

for 1Pt(CO)X2 
-1 cm , 2135 cm-12 , 

. We have attributed the CO band at 2120 cm-1 to CO 

chemisorbed by Pt2+  -ions on the surface of the oxide layer. 

This agrees also well with the chemical reactivity of this 

kind of surface species. 

The differences in the reactivity of CO chemisorbed 

on Pt surface atoms (band at about 2070 cm-1) and of CO 

chemisorbed on Pt2+ ions on the surface (2120 cm-1) is 

clearly demonstrated during the oxidation reaction in an 

atmosphere of 2 mm Hg oxygen at room temperature. 

On addition of oxygen only the band at about 2070 cm-1 

disappears whereas that at 2120 cm-1 remains unchanged. 

Hence, in agreement with the results on an oxide free Pt 

sample (chapter 1.9) CO chemisorbed on Pt surface atoms is 
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oxidized. 	CO chemisorbed by Pt2+-ions does not react at 

all under the same experimental conditions. 

By this means it is possible to detect very small 

concentrations of CO chemisorbed by Pt2+-ions in the presence 

of high concentrations of CO chemisorbed by Pt surface 

atoms. 

After the complete oxidation of the CO chemisorbed on 

Pt the oxygen was replaced by hydrogen (p = 10 mm Hg). 

Under these conditions the band at 2120 cm-1 gradually 

disappeared and instead a new band at about 2070 cm-1 

appeared. 	The increase of this band was much bigger 

than the corresponding decrease of the band at 2120 cm-1, 

which took about 30 minutes to disappear completely (fig. 14). 

The linear relationship of the changes of the extinction 

figures of both bands is demonstrated in fig. 15. 

After removing the hydrogen, the new band at about 

2070 cm-1 could be completely removed by adding oxygen as 

in the case of CO chemisorbed on Pt. 

When after this CO (p = 10 mm Hg) was added again, 

the hydrogen treated Pt-pellet has the band at 2070 cm-1  

but not the band at 2120 cm-1 and that at 2170 cm
-1, both 

of which were formed with the oxidized Pt-sample. 
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We interpret the effect of H2  on the oxidized Pt-sample 

as a reduction process of oxide patches. 	During this 

process the sites of chemisorption of the CO were changed 

from Pt2+- to Pt-sites, which could be demonstrated by 

I.R. analysis. 

These experiments were carried out with the Pt-pellet 

oxidized in a highly sintered state. 	Thus, the bands at 

2120 cm-1 and 2170 cm-1 were not very strong in the presence 

of a sufficient high. CO pressure. 	But the reactivity of 

this sample was remarkably high in comparison to the highly 

oxidized unsintered state of the pellet, in which case no 

significa-t changes occurred during the exposure to an 

H2, CO atmosphere (chapter 1.10). 

In connection with the chemisorption of carbon monoxide 

on Pt and Pt2+  sites on the same Pt sample the question 

arises, whether the chemisorbed CO species are able to 

move from one kind „,f sites to the other. 

For carbon monoxide molecules bound by Pt2+-ions it 

could be demonstrated that during 20 hours at room tempera-

ture no surface diffusion of CO from Pt
2+ to Pt surface 

sites has taken place. 

Concerning the apparent extinction coefficient the 

slope in fig. 15 indicates a 5 times smaller apparent 

extinction coefficient for the CO band of carbon monoxide 
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chemisorbed by Pt2+-ions in comparison with that figure 

for carbon monoxide chemisorbed on Pt. 

This figure is in good agreement with results of the 

following dosing experiments. 

When CO is added in small doses to the sample which 

has been oxidized at high temperature the CO is chemisorbed 

by the surface and bands at about 2070 cm-1  (Pt - CO) and 

at 2120 cm-1  (Pt2+  - CO) are observed. 

There is no increase of the band at 2170 cm-1 as this 

band only develops under higher gas pressures ( > 10-1 mm Hg). 

As we know the apparent extinction coefficient for CO 

chemisorbed on Pt (chapter 1.5) it is possible to calculate 

the amount of CO which has been chemisorbed by the Pt- 

surface. 	The difference between the whole charge of CO 

and this amount provides us with the amount of CO taken up 

by the oxide surface forming Pt2+ - CO surface species. 

In agreement with our previous figure the apparent 

extinction coefficient of the CO band at 2120 cm-1 has been 

found to be 

ka 	0.4 to 0.5 x 10-18  cm2  /molecules 

corresponding to 

ka = 2.4 to 3.0 x 102 litre x mole-1  x cm-1. 
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As the apparent extinction coefficient for the Pt2+ - CO 

species is known it becomes possible to determine the figures 

for the corresponding apparent integrated absorption 

intensity B. 

The determination of these figures has been carried 

out according to the procedure described in chapter 1.6. 

The values obtained from two experiments for the 

apparent integrated absorption intensity B are 

B1  = 300 x 10
2 cm-2 . mole-1 . litre 

B2  = 280 x 10
2 	ft 

Considering the corrections (chapter 1.6) these figures 

correspond to a mean figure of the true integrated ab-

sorption intensity of 

A = 420 x 102 cm-2 mole-1 litre. 

Eischens and Pliskin (10) reported for a CO covered 

F surface a "shift" of the CO band from 1960 cm-1  to 

2127 cm-1  when oxygen was added. 	A "shift" towards higher 

frequencies has also been observed by Yang and Garland (33) 

with Rh, where 	a "shift" from 2053 cm
-1 to 2127 cm

-1 

occurs. 

There seems to be a direct connection between these 

results on Fe and Rh and the results of the experiment 
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where H2 has been added to an oxidized Pt-sample which con- 

tains Pt2+ - CO species (2120 cm-l) only. 	In this particu- 

lar case we have demonstrated that the "shift" of the CO 

band at 2120 cm-1 towards lower frequencies to about 

2070 cm-1 is due to the reduction of the Pt-oxide patches. 

Hence, we suppose that the "shift" towards higher 

frequencies for CO covered 	and Rh surfaces is due to 

the oxidation of the corresponding metal surfaces and the 

formation of 	and Rh ions on which CO is chemisorbed. 

With Cu (11) oxide additional to the band at 2127 cm
-1  

a band at 2173 cm-1 has been reported (44). 

It is of some interest to note that a "shift" towards 

higher frequencies of the CO band of carbon monoxide chemi-

sorbed on Pt (2070 cm-1) does not occur in the case of Pt 

on addition of oxygen. 	This marked difference is due to 

the fact that at room temperature - as generally assumed 

oxygen is in a chemisorbed state rather than in a more 

ionic one as on Fo and Rh surfaces. 
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1.12 Identification of the CO 

band at 2170 cm-1 

The previous experiments have shown that this CO band 

only develops under a relatively large GO pressure 

(p > 0.1 mm Hg) and is very easily removed by pumping. 

This indicates a weak bonding of the CO and one might 

expect a physical adsorption of the CO instead of a chemi- 

sorption. 	But physical adsorption should occur without 

activation energy and we know from our experiments that it 

takes about 1 hour to develop the band at 2170 cm
-1 

under 

a CO gas pressure of 1 to 10 mm. 	Another argument against 

physical adsorption of CO is the fact that the CO frequency 

of the band at 2170 cm-1 is shifted by 27 cm
-1 

to higher 

frequencies in comparison with the frequency of gaseous CO. 

For physical adsorption one would expect a CO band 

near that of liquid CO (2139 cm-1) (17) and not such a big 

shift which is more than half as large as that which is 

connected with the ionization of CO to CO+  (2184 cm-1) (45). 

The results of Irving and Magnusson (15) suggest that 

the CO might be bonded to a pt2+ ion which already contains 

a CO molecule. 	This kind of species could be formed and 

decomposed by the following mechanism: 
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(1) 
	

Pt2+ + 2 CO 	Pt2+(C0)2  

(iia) 	Pt2+  4 CO 	r=1 	Pt24-(CO) 

(iib) 	Pt2+(CO) + CO 	Pt24-(C0)2  

According to Irving and Magnuson the compound 

Pt(C0)2  C12  has two CO bands at 2200 cm-1  and 2162 cm-1. 

These bands are close to the band at 2170 cm-1 	4 we 

find due to the chemisorption of CO on the oxide surface. 

The ease of decomposition of the inorganic compound 

Pt(C0)2  C12  would correspond well with the high removability 
1 

of the band at 2170 cm . 

But there is a serious objection against this idea. 

No decrease of the band at 2120 cm-1 has been observed 

when the band at 2170 cm-1  is formed according to (iib) 

and there is also no increase of the band at 2120 cm-1 

when the band at 2170 cm
-1 

is removed by pumping. 

There is also no experimental evidence for a reaction 

according to mechanism (i), because the band at 2170 cm-1 

occurs at relatively high pressures where all the Pt2+-ions 

have already chemisorbed one CO molecule according to (iia). 

During the oxidation of carbon monoxide over Ni0 

Eischens and Pliskin (35) observed a band whose frequency 

2193 cm-1 was close to that of the band at 2170 cm
-1 

which we are discussing. 
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In case of Ni0 the band was attributed to the asym-

metric vibration of a structure of type Me-O-C-0. 

On other oxides like ZnO and chromia alumina and 

alumina (46, 47) bands have been detected at 2174 and 

2200 cm-1 in the presence of CO. 

But es it was impossible in any of these oxides to 

detect a band which might be due to the corresponding 

symmetric vibration, we exclude the possibility that the 

CO is bonded to the oxygen ions on the Pt-oxide surface. 

As the formation of Pt (IV) oxide is thermodynamically 

possible under the experimental conditions we used (37), 

we assume that the 1)0-F-ions are the third chemisorption 

centres on the surface besides Pt and Pt2+-sites and that 

the CO band at 2170 cm-1  is due to the formation of 

Pt4+ - CO surface species. 

The general disoussion of the chemisorption of CO on 

Pt and Pt-ions (chapter 1.13) will show that it is possible 

to explain why CO is only weakly bound by Pt4+ions and, 

hence, easily pumped off and why we find the corresponding 

CO stretching frequency shifted further to higher wave 

numbers in comparison with the band position for the 

Pt2+-ions. 

For CO bonded to Pt4+-ions it was not possible to 

determine the apparent extinction coefficient and the 



apparent integrated absorption intensity because of its 

unfavourable high equilibrium pressure. 

82. 
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1.13 Discussion of the chemi ,- 

sorption of carbon mon- 

oxide 	o n Pt and Pt-ions 

Eischens et al. (48) determin,.,,d the force constants 

for the C - 0 and Pt - C stretching vibrations of linearly 

chemisorbed CO species by means of the isotopic shift ratio 

of the C 	0 stretching vibration of C120 and C130. 

Blyholder (50) calculated from the experimental figures 

of the frequencies of the C 0 and Fe C stretching 

vibrations of the chemisorbed CO on Be the corresponding 

force constants. 

The CO force constants of CO linearly chemisorbed on 

Pt and Fe lre close to those figures in metal carbonyls '"' 

The force constants for the Pt - C and Fe - C vibrations 

are somewhat bigger than the values in carbonyls, and 

depend on the mass which one assumes for the "metal surface" 

By applying Badger's rule Blyholder (50) calculated 

the bonding distances for chemisorbed CO species on Fe. 

These figures as well as those evaluated for Pt are very 

close to the distance figures in metal carbonyls which were 

obtained by X-ray analysis and electron diffraction studies. 

It is therefore reasonable to assume a similar bonding 

mechanism for the chemisorption of CO on metal surfaces as 
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for metal carbonyls, where we have detailed knowledge of the 

bonding mechanism (51). 

In the case of Ni(C0)4  electron diffraction (52), 

dipolmeasurements (53) and X-ray studies (57) have shown 

that the CO groups are bonded by the C-atom to the Ni atom 

in the carbonyl molecule. 	The same kind of bonding is 

generally assumed for other transition metal carbonyls and 

carbonyl compounds and also for CO chemisorbed ,on transition 

metal surfaces. 

A general molecular orbital approach to the bonding in 

metal carbonyls has been given by Orgel (51, 55, 56), 

Ballhausen (57) and Richardson (58). 	For the chemisorbed 

CO species Blyholder proposed a molecular orbital view 

based on Hackel molecular orbitals (28). 

The bonding of the carbon monoxide on a Pt atom may be 

described as a combination of an ordinary dative .7J-bonding  

due to the overlap of the carbon 3 orbital (59) containing 

the lone pair of electrons and a 5d 6s 6p2  Pt hybrid orbital 

with a back n-bonding resulting from overlap of a partially 

filled 5d 6p Pt hybrid orbital with the empty 2n orbitals 

of the CO molecule. 

The back donation of electrons from the metal d, p 

hybrid orbitals to the 2n orbitals of the CO molecules 

remove some of the excess charge from the metal atom, built' 
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up by the donor bond and allows further .--bonding to 

occur. 	This "synergic interaction" strengthens the Pt - C 

bond and introduces some double bond character thereby 

slightly weakening the C - 0 bond, a result supported by 

the lowering of the carbonyl infrared stretching frequencies. 

Generally, in carbonyls the metal-carbon and the carbon-

oxygen bonds are complementary; any effect which increases 

one necessarily decreases the other (60). 

The bonding of CO in a bridged structure can be dis- 

cussed similarly. 	One has to consider here all the effects 

arising from the rehybridization (sp 	sp2) of the carbon 

atom (49). 

We apply these models mutatis mutandis to the chemi-

sorption of CO in linear and bridged structure on metal 

surfaces. 

In his view of the chemisorption of CO on transition 

metal surfaces Blyholder interprets the I.R. spectra in 

terms solely of linear CO species which are adsorbed on 

metal atoms; the lower frequency bands, generally 

attributed to bridged CO species, are ascribed in his view 

to linearly chemisorbed CO bonded to surface metal atoms 

having less than the maximum number of neighbours. 

Among other properties of the chemisorbed CO which 

Blyholder explains in his m.o. view, he also deals with 
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the shift of the CO stretching band towards higher wave 

number with increasing surface coverage. 	He explains 

this effect in terms of the competition of an increasing 

number of CO species for a limited number of metal electrons. 

This interpretation is not convincing. 	It does not 

take into account the transfer of electrons from the CO 

molecule to the metal surface and the 'synergic effect' 

of the metal-carbonyl-bonding. 

The effect of the CO concentration on the frequency 

of the CO stretching band can be studied from data of metal 

carbonyls where the ratio metal atom to terminal CO groups 

alters. 

According to Noack (16), with Fe(C0)4 	and F4(C0)5, 

the band centre moves by about 35 cm-1 to lower frequencies 

when the concentration of the terminal CO groups is in- 

creasing from 4:1 to 5:1. 	. 

A smaller shift of 10 cm-1 but in the same direction 

has been observed in Co1(C0)12  and Co2(po)8  when the 

number of terminal CO groups per metal atom increases. 

According to these results one should expect a shift 

towards lower frequencies with increasing CO coverage rather 

than a shift towards higher frequencies as experimentally 

observed (chapter 1.5); (10). 

As we mentioned above, the metal-carbon and the 
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carbon-oxygen bonds are roughly complementary. 	This means 

that the increase of the C - 0 bond with increasing coverage 

is connected with a decrease in the Pt - C bond. 

The repulsion forces between the surface dipoles and 

the heterogeneity of the surface ara supposed to weaken the 

metal carbon bond and this in turn strengthens the C - 0 

bond and shifts the corresponding frequency towards higher 

wave numbers. 

For the strong bonding of CO in metal carbonyls and in 

its chemisorbed state on transition metal surfaces the back 

donation of electrons from the metal into the 2n orbitals 

of the CO molecule is essential. 

In the chemisorption of CO the influence of back 

donation on the bonding of the chemisorbed CO species can 

be studied in the series Pt, Pt2+, Pt4+, where the electron 

concentration in the d, p levels for back donation decreases. 

In the same sequence we find the CO stretching band shifting 

towards higher wave numbers, i.e. from about 2070 cm-1 

for "Pt - CO", to 2120 cm-1  for "Pt2+  - CO" and, finally, 

2170 cm-1  for "Pt4+  - CO". 

The CO stretching bands of the first two species have 

been shifted towards lower wave numbers in comparison with 

gaseous CO (2143 cm-1) (45) indicating back donation of 

electrons from the Pt and pt2+-sites. 	For "Pt4+ - c0" 
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the CO band is shifted to higher frequencies compared with 

gaseous CO. 	In this case there is no back donation. 	The 

comparatively weakly bound CO is obviously positively charged 

(co)b+ 
 and its CO stretching frequency is close to that in 

the 00+  species (2184 cm-1) (45). 	This lack of back 

donation results in a relatively weak chemisorption of the 

CO species on the Pt4+-sites. 

In the case of Pt2+ the electron concentration in the 

d, p levels is higher compared with that in Pt4+ and back 

donation results. 	The bonding between Pt2+ and CO is very 

strong and of the same order as the bonding for the strongly 

chemisorbed CO on Pt metal, for which we would expect an 

even stronger chemisorption bonding according to its in- 

creased back donation. 	But as we have seen (chapter 1.5 

and 1.10) a good deal of the chemisorbed CO can be quite 

easily pumped off the Pt surface, whereas the removability 

of CO on Pt2+  is relatively small. 

In the bonding of CO by Pt and Pt2+ some other effects 

come into play. 	There are differences in the radii which 

in turn affect the overlapping of the orbitals concerned. 

Further, due to its charge the bonding between Pt2+ and CO 

might possibly be of less covalent character than in the 

case of Pt. 	Additionally there are the effects arising 

from differences in the metal and oxide surfaces. 
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mathematical relationship between the frequency of 

the CO stretching vibration and the number of electrons in 

the chemisorbed CO species has been discussed by Gardner 

and Petrucci (44). 

For a limited number of CO species on metal and metal 

oxide surfaces the CO stretching vibrations could be related 

to the number of valence electrons. 	These chemisorbed CO 

species have been called intermedions. 	They are weakly 

held on metallic and metal oxide surfaces possessing 

partially vacant orbitals. 	These species are in equilibrium 

with the gasphase and can be removed easily by pumping (61). 

When we apply this mathematical treatment to CO chemi-

sorbed on Pt4+-ions which has the properties of an "inter-

medion", we should expect on Pt and its ions chemisorbed 

CO species with ... 8.82, 9.82, 10.82, 11.82 etc. valence 

electrons. 

But the figure which we get from the CO stretching 

frequency of CO on Pt4+ (2170 cm-1) according to this 

mathematical treatment is 9.47 valence electrons, i.e. very 

far from that proposed by Gardner's interpretation (61). 

Gardner's mathematical interpretation lacks a well 

based relation to the main factors determining the bonding 

on surfaces, such as radii, electrostatic charges, surface 

fields. 	Due to this the application of this treatment 

seems to us very limited. 
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PART II 

INFRARED SPECTROSCOPIC AND SURFACE POTENTIAL STUDIES OF 

THE OXIDATION OF CHEMISORBED CARBON MONOXIDE ON PLATINUM. 

2.1 	Introduction 

The oxidation of CO has been studied on Pd (62, 63), 

Pt (4), Ag (62, 64) and Au (63). 	The reaction kinetics 

are different for different metals and with Pd and Ag even 

two different mechanisms have been suggested. 

All these experiments had in common a gasphase con- 

sisting of CO and 02  and the reaction mechanism was derived 

by means of the rate at which CO2  was formed. 

Experiments on the oxidation of chemisorbed CO on 

Pd and Ni films have recently been reported (65, 66). 

In the present work we followed the oxidation 

reaction on the Pt surface directly by measuring the 

decrease of the intensity of the CO stretching band of 

the chemisorbed CO in the infrared region (1). 	During 

the S.P. measurements (2) we studied the oxidation by 

following the replacement process of the oxidized CO 

by oxygen. 
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2.2 Infrared spectroscopic 

studies of the kinetic of the 

oxidation of carbon mon-

oxide chemisorbed on 

Aerosil supported platinum 

2.2.1 Experimental 

Our previous I.R. measurements have shown that the 

only CO species we have to deal with on the surface of 

the Aerosil supported Pt sample is the linearly chemi- 

sorbed CO. 	This fact simplifies the study as no equilibria 

between different chemisorbed species have to be considered. 

Another advantage of the Pt-catalyst is, that at the 

end of an oxidation run the chemisorbed oxygen on the Pt 

surface is very easily replaced by carbon monoxide. 	This 

reaction takes place even more rapidly than the oxidation 

of the chemisorbed CO by,gaseous 02  in which we are mainly 

interested. 

Hence, the reaction can be easily repeated without 

changing the catalytic activity by vigorous reduction in 

H2 at high temperatures. 

All experiments described in this part were carried 

out with the same Pt-sample which was also used during the 



92. 

previous I.R. studies. 	By these previous experiments the 

sample has obtained a suitable and stable catalytic activity 

as indicated by the good reproducibility of the results. 

The procedure in the oxidation experiments was as 

followed, first, the surface of the Pt-sample was exposed 

for a constant time (10 min) to an CO atmosphere of 2 mm Hg. 

The cell was then evacuated for another 15 min to remove 

all the gaseous and weakly chemisorbed CO (fig. 7). 

The initial CO surface concentration C as well as its 

changes during the reaction were determined by using the 

apparent extinction coefficient ka  (fig. 6) which had been 

determined in the previous experiments: 

ka = 200 x 10
-20  cm2/molecules. 

As the maximum initial CO concentrations are less than 

45 x 1016 molecules per CM2 geometric pellet area (we use 

CM
2, when the CO concentration is referred to the geometric 

pellet area and cm2, when related to the actual Pt surface) 

we had not to consider the deviation of the intensity from 

linearity at higher surface concentrations (fig. 6). 

Oxygen was then introduced into the cell at 0.9 mm Hg 

pressure. 	This oxygen pressure is high enough so that it 

can be assumed to be constant during the whole of the 

reaction, the decrease being less than Ob. 	At this 
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pressure the rate of the decrease can be conveniently 

followed. 

Higher oxygen pressure was avoided since overheating 

of the sample might occur and would make it difficult to 

study the kinetics. 	Such an overheating was actually 

observed at p > 10 mm oxygen. 

When determining the activatt 	energy of this oxi-

dation process it was necessary to study the reactiz.n at 

different temperatures (40-82°  C). 

As the efficiency of the furnace in the cell was 

dependent on the gaspressure present, the right figures 

for the heating current were obtained in blank experiments 

with an 02 gaspressure of 0.9 mm Hg. 

In the higher temperature experiments the CO gas was 

also chemisorbed at the given reaction temperature, and 

also the removal of the gaseous and weakly bonded CO took 

place at that same temperature. 	10 seconds before the 

oxygen was introduced into the cell the heating current 

was switched to the corresponding value. 

The temperature of the pellet was measured by the 

installed thermocouple th (fig. 2) fixed at the metal 

tubing. 	There was a good mechanical contact between the 

pellet and the inetal tubing as the pellet itself was actually 

pressed in this piece of tubing. 
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chemisorbed CO 
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Fig. 16 demonstrates the temperature variation of the 

sample during the reaction at 355° K. 

The reproducibility of the experimental results was 

good and not affected by the conditions of the preceding 

oxidation run. 

As the CO is removed by oxidation from the chemisorbed 

layer oxygen will rapidly be chemi$orbed on the freed Pt- 

sites. 	After pumping off the oxygen gasphase the chemi- 

sorbed oxygen can be removed rapidly ( < 30 sec) by ex- 

posure to CO (p 	1 mm) at room temperature due to form- 

ation of gaseous CO2. 	Then CO is there again chemisorbed 

on the freed sites and the surface returns to the original 

condition of the first oxidation experiment. 

The oxidation process was followed by the decrease in 

the concentration of the chemisorbed CO. 	The C - 0 

stretching band of the linearly chemisorbed CO at about 

2070 cm-1 was recorded at 1 minute intervals. 	The recording 

of the peak of the band was accurate to ± 5 sec. 

During all the quantitative experiments the I.R. cell 

remained with its pellet in a fixed position in the I.R. 

apparatus and too, the Pt-sample was not exposed to air or 

other gases than CO and 02  (p-- 2 mm). 

In the tables 7, 8, and 9, are given the experimental 

results for three typical runs at three different tempera-

tures (309°  K, 316°  K, and 355°  K). 
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The following symbols are as: 

T - Apparent I.R. intensity at the peak of the CO 

stretching band of the linearly chemisorbed CO. 

To - Apparent I.R. intensity of the sample with no CO 

present on its surface, taken under p = 0.9 mm. 
°2 

To is taken at the same wave number as T. 

Ea - Apparent extinction; Ea. - n /T. 

C - Concentration of the chemisorbed CO, calculated 

from the apparent extinction coefficient 

k = 200 x 10-20 cm2/molecules. 	The concentrations 

in these tables are in terms of geometric pellet 

area (CM2). 

In the last two columns of these tables are given the 

values of 1/C and log C, which are used in the following 

discussion. 



Table 7 

Oxidation experiment:  po = 0.9 mm Hg; T = 309°  K 
2 

 

T 	To 	Ea  = log molec.  
min 

CM2  
log C 

	

0 	11 	80.6 

	

1 	14 	80.4 

	

2 	16 	80.3 

	

3 	19 	80.1 

	

4 	22 	79.9 

	

5 	24 	79.8 

	

7 	25 	79.7 

	

10 	35 	79.2 

	

15 	41 	78.7 

	

20 	47 	78.2 

	

25 	51 	78.0 

	

30 	54 	77.5  

43.3 x 1016  2.31 x 10-18  0.865 	 17.636 

	

37.9 x 1016 	18 0.758 	2.64 x 10-  17.578 

	

35.0 x 1016 	-18 0.700 	2.86 x 10 	17.544 

31.3 x 1016  3.20 x 10-18  0.625 	 17.495 

27.9 x 1016  3.58 x 10-18  0.559 	 17.445 

0.521 	26.1 x 1016 	3.83 x 10-18 	17.416 

25.2 x 1016  3.97 x 10-18  0.503 	 17.401 

17.7 x 1016  5.65 x 10-18  0.354 	 17.248 

0.283 	14.2 x 1016 	7.04 x 10-18  17.152 

	

11.1 x 1016 	-18 0.221 	9.00 x 10 	17.045 

0.184 	9.2 x 1016 	10.85 x 10-18  16.963 

12.81 x 10-18  0.156 	7.8 x 1016 	16.891 



Table 8 

Oxidation experiment: po = 0.9 mm Hg; T = 316°  K 2  

min 	
e T 	To 	Ea log To 	c. mol
2 CM  log C 

	

0 	15 	80.4 	0.729 	36.5 x 1016 2.74 x 10-18  

	

1 	25 	79.8 	0.504 	25.2 x 1016 3.97 x 10-18  

	

2 	29 	79.5 	0.438 	21.9 x, 1016 
	

4.56 x 10
-18 
 

	

3 	33 	79.3 	0.381 	19.1 x 10
16 

5.24 x 10-18  

	

4 	34 	79.2 	0.367 	J,8.4 x 1016 
	

5.44 x 10-18  

	

5 	36 	79.1 	0.342 	17.1 x lo
16 

5.85 x 10-18  

	

7 	41 	78.7 	0.283 	14..2 x 10
16 

7.05 x 10
-18  

	

10 	45 	T8.4 	0.240 	12.0 x 1016 8.33 x 10-18  

	

15 	52 	77.7 	0.174 	8.7 x 10
16 11.50 x 10-18  

16 

	

20 	53 	77.6 	o.166 	8.3 x 10 	12.05 x 10
-18  

	

25 	56 	77.3 	0.140 	7.o x 10
16 	

14.30 x 10
-18 
 

	

30 	59 	76.8 	0.114 	5.7 x 10
16 17.55 x 10-18  

17.550 

17.401 

17.340 

17.281 

17.265 

17.233 

17.152 

17.078 

16.939 

16.918 

16.844 

16.756 



Table 9 

  

Oxidation experiment: po = 0.9 mm Hg; T = 355°  K 
2 

   

min T To E 	log To 	C  molec. 
T 	CM 

1/c log C 

0 

1 

2 

3 

4 

5 

7 

10 

15 

35 

45 

5o 

54 

56 

60 

62 

80.4 

79.2 

78.4 

77.9 

77.5 

77.3 

76.7 

76.4 

0.729 

0.354 

0.240 

0.192 

0.156 

0.140 

0.106 

0.090 

36.5 x 1016  

17.7 x 1016  

12.0 x 10 16 

'9.6 x 1016 

7.8 x 1016  

7.o x 1016  

5.3 x 1016  

4.5 x 1016  

2.74 x 10-18  

5.65 x 10-18  

8-34 x 10-18  

10.42 x 10-18  

12.81 x 10-18  

14.30 x 10-18  

18.90 x 10-18  

22.20 x 10-18  

17.562 

17.248 

17.078 

16.982 

16.892 

16.844 

16.724 

16.652 
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2.2.2 Discussion 

The question whether the activation energy E varies 

with the surface concentration of the chemisorbed CO or 

not becomes vital for further discussion of any kinetics. 

Previous I.R. results have given evidence (chapter 1.6) 

that the polarity of the C 0 bond of the chemisorbed CO 

varies with its concentration on the Pt surface. 

Hence, we should expect a change of the activation 

energy of the oxidation as the amount of chemisorbed CO 

decreases. 

We have plotted C as a function of time and derived 

dC graphically the values of - a- - V for different C at 

different temperatures (tab. 10) (C - concentration of the 

chemisorbed CO in molecules/CM2). 

In fig. 17 are plotted log V as a function of C at 

309°  K (1), 316°  K (ii), and 355°  K (iii). 

As the activation energy is 

E = R x 
T1 . T2 
T1 - T2 

x (logeVT2  - logeVT1) 

for C = const, the variation of the intercept between two 

of these three plots would indicate the change of the 

activation energy E during the oxidation process. 



Table 10 

C x 10-16 
	

V x 10-13Imolec. cm-2  sec -1/ 	 log V 
log C 

Imolec. CM-2I T = 309°K T = 316°K T = 355°K 	T = 309°K T = 316°K T = 355°K 

8 3.38 5.00 27.0 16.903 0.528 0.699 1.432 

10 5.98 7.66 42.0 17.000 0.777 0.884 1.623 

12 8.14 11.20 56.3 17.079 0.910 1.049 1.750 

14 10.25 15.45 91.2 17.146 1.011 1.189 1.960 

16 13.20 19.32 111.0 17.204 1.120 1.286 2.045 

18 19.00 24.30 139.8 17.255 1.279 1.386 2.145 

20 24.65 35.62 183.2 17.301 1.392 1.551 2.262 

22 29.50 45.00 250.0 17.343 1.470 1.653 2.398 



iiimemmesom C 

log y 

1.0 

\N 

-2 
20_ 18 	16 	14 x10 molec.CM 

05 

IFig.17. Oxidation of the chemisorbed CO; log (velocity) 
as a function of surface concentration. 
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All the three plots are parallel to each other over a 

large range, so that E = const. 

For surface concentrations C > 22 x 1016 amd 

C < 8 x 1016 molecules/CM2 the changes of the surface 

concentrations become either too large or too small to 

provide us with reasonable reliable values for V. 

The activation energy derived is 

E = 9600 cal/mole (fig. 18). 

The reaction order n of the decrease of the chemi-

sorbed CO during this oxidation process is given by the 

following equation 

V = k . Cn  

so that 

log V = log k + n log C 

In fig. 19 log V = f(log C) is plotted for the three runs. 

The slope of these lines gives n = 2. 	Hence, there is a 

second order decrease of the chemisorbed CO during the 

oxidation, i.e. 

dc 
d• t 

11 
-c-  - c• o  

1 
6 

• k".c2  

• k".t 

• a.t + b 



logy 

2.0 

1.5 

2.9 	3.0 
	

3.1 	
3 

Fig.18. Oxidation of the chemisorbed CO; determination 
of the activation energy. 
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Fig.19. Oxidation of the chemisorbed CO; determination 

of the reaction order. 
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where 

C 	is the concentration of the chemisorbed CO at time t, 

Co 	is the initial concentration at time t = 0, 

a, b are constants, and 

kii  the velocity constant. 

For comparison we also show the decrease of CO 

according to a first order reaction. 	The corresponding 

equetions are 

dc ki .c dt 

10gec = - k t + 3.1>g
e
c
o 

log c = - At + B 

In fig. 20, 21, 22 are plotted 1/C = f(t) and also 

log C = f(t). 

The decrease in the CO concentration C is clearly 

described by a'second order kinetic. 

For the three different temperatures the velocity 

constants k" turn out to be: 

309°  K k" = 0.56 x 10-20  molec.-1  CM2 sec
-1  

316°  K 	0.81 x 10-20  molec.-1  CM2 sec
-1 

355°  K : k" = 3.83 x 10-20  molec.
-1 
 CM2 sec

-1 



10 	2 30 	min 

logc_ .700 
I0 

.500 

5 

t ammosmammilli. 

.000 

I 

 

, ------- 
1st-order (log c) and 2nd-order (1/c) plots for the oxidation of the 
chemisorbed CO; p, = 0.9 mm Hg; 	T = 309°  K. 

"42 

Fig.20. 
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Fig.21. 1st-order (log c) and 2nd-order (1/c) plots for the oxidation of the 

_ 

	

chemisorbed CO; po = 0.9 mm Hg; 	T = 316°  K. 
2 
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Fig.22. lst-order (log c) and 2nd-order (1/c)  plots forthe oxidation of the 

chemisorbed CO; po2 = 0.9 mm Hg; 	T = 355 K. 
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For applying these experimental figures to the process 

occurring on the Pt surface it is convenient to relate 

the rate to the concentration of the chemisorbed CO OD 

the Pt-surface. 

We assume that at peo  = 2 mm Kt; the apparent extinction 

Ea = 1.1 corresponds to a Pt surface covered by a monolayer 

of CO. 

The number of CO molecules chemisorbed per CM2 geometric 

pellet area is according to fig. 6 

N = 70 x 1016 molecules. 

We now assume that 1 CO molecule is chemisorbed by 1 Pt 

surface atom, so that the Pt-area (roughness factor = 1) 

per CM2 pellet area is 

70 x 1016  = 560 cm2  Pt area/CM2 pellet area 
1.25 x 101  

if it is further assumed that equal areas of the three more 

prominent planes (111), (100), (110), are equally present 

on the surface. 

To relate the experimental velocity constants k" to 

the actual Pt-surface means multiplying the previous k" 

figures by a factor of 560 (tab. 11). 

The first figures Ka  at each temperature refer to the 

runs in tab. 7-10 and fig. 20, 21, 22. 



2.9 	3.0 	3.1 	x 103  
iFig.23. Oxidation of the chemisorbed CO; determination 

of the activation energy. 
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Table 11 

T oK 1 	3 — x lo T 
8 	-1 Ka x 101 	mole°-1 om2 sec 	) _ 18 4. log Ka 

309 3.24 2.91 0.464 

316 3.16 4.21 0.624 

3.16 4.32 0.636 

3.16 3.90 0.591 

3.16 4.67 0.669 

355 2.82 19.9 1.290 

2.82 21.0 1.322 
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The temperature dependency of Ka  gives an activation 

energy of 

E = 9350 cal/mole (fig. 23, tab.11) 

compared with 9600 cal/mole deduced from the temperature 

dependence of the reaction velocity. 

	

Assuming po 	const the decrease of the chemisorbed 2  

CC can be described by a second order kinetics with respect 

to the chemisorbed CO, i.e. 

diC0 

	

dt 	C 2  

or the complete oxidation is given by 

diCO 1 2g 	 _ 

kICO 1 2 	 Ka )  --00 -1 2  dt 	dt 	a- f(po2) 	 _ a: 

Ka is an apparent velocity constant containing besides k 

the unknown function f(p0 ). 2  

The kinetics and particularly the dependency of the 

oxygen pressure is further discussed in connection with 

the S.P. results. 

The activation energy is discussed in connection with 

the proposed mechanism in the final chapter. 

It has been further demonstrated in separate experiments 

that the catalytic activity of the pellet is increased in 

	

the presence of a small pressure H2  (p = 10-2 mm Hg). 	The 
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presence of adsorbed mercury decreases the uptake of CO 

and also the rate of oxidation. 	After removing the 

adsorbed mercury (heating for several hours with evacuation) 

the catalytic activity was unexpectedly greatly increased, 

e.g. before Hg treatment about 90% CO was oxidized in 

30 minutes, and after Hg treatment and its removal by 

heating, the process took now only 30 sec. 
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2.3 Surface potential studies 

of the chemisorption of 

carbon monoxide and oxygen 

o n platinum films 

2.3.1 Experimental 

The surface potential measurements were carried out 

using the recently developed static capacitor technique (2). 

A descri'tion of the cell used is given in the paper 

mentioned; further details about all the experimental 

procedure are given in (67). 

The Ptx-films were evaporated from W-filaments. 

Experiments with spectralpure Pt-wire did not show any 

significant change in the S.P. results. 

The films were deposited at pressures ranging from 

5 x 10-9  mm Hg to 8 x 10-10  mm Hg at room temperature. 

The pressure after the deposition was always less than 

10-9  mm Hg and usually about 5 x 10-10  mm. 

The gases for the S.P. experiments, i.e. carbon mon-

oxide and oxygen were obtained from British Oxygen Company, 

London, in sealed glass ampoules. 

X  Thermopure Pt (99.999 5b) 
Johnson, Matthey, Co., Ltd., 
73-83, Hatton Garden, 
London, E.C.l. 



116 

2.3.2 Chemisorption of carbon monoxide on platinum films 

at 300°  K and 77°  K 

Within 5-15 minutes after the deposition of the Pt- 

films CO was introduced in small doses to the film. 	The 

gas was chemisorbed and the resulting S.P. was found to be 

± 0.0 Volts at pco  < 10-1  mm Hg. 	At p > 1 mm a decrease 

of the S.P. of 	0.02 Volts was observed. 	This effect 

probably due to a weak adsorption of CO could be completely 

removed by pumping. 

The amount of CO chemisorbed by a Pt-film in a typical 

run at 300°  K was 

N = 1.27 x 1018 molecules at pcs)  = 3.7 x 10
-2 mm Hg. 

0 

For a ratio Pt:CO = 1, and 8.09 A per Pt site, corres-

ponding to equal distribution of (111), (100), (110) crystal 

planes in the Pt-surface, the covered surface area of the 

film would be 

18 ° 8.09 x 1.27 x 10 A = 1030 cm2  

Assuming at p = 3.7 x 10-2  that G-1, this corres- 

ponds to a roughness factor of 4 to 5. 	This assumption 

is supported by the fact that the amount of oxygen atoms 

taken up by a Pt film at 300°  K is very close to the CO 

value. 
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The S.P. of CO chemisorbed on Pt proved to be indepen- 

dent off
k,  

the temperature of introduction of gas to the film. 

A film deposited at room temperature was then cooled 

down to 77° K. 	The S.P. was ± 0.0 volt at p 	< 10-1 mm Hg. co 
The amount of CO chemisorbed at 77o  was 

N = 8.8 x 1017  molecules at p = 2 x 10-3  mm Hg. 

At co = 3.4 mm Hg the S.P. became + 0.01 volts. 	On warming 

to room temperature the S.P. of 0.01 volts remained but 

became 0.00 volts after removal of CO by pumping at room 

temperature. 

Surface potentials of ± 0.0 due to chemisorption on 

transition metal surfaces are very rare (68, 69). 

Compared with the high S.P. figures for Ni-CO at 293°  K 

of-1.09 volt (70) and Pd-CO (71) of - 0.84 volt at 300°  K a 

S.P. of ± 0.0. volt for Pt-00 is unexpected, particularly 

because there are two quite different S.P. figures given in 

the literature (72, 73), thus Dorgelo and Sachtler (72) 

reported a S.P. for Pt-00 of - 0.24 volt and later Rootsaert, 

van Reijen and Sachtler a value of - 0.68 volt. 	The first 

figure was found by 1-sing a condensator method, the last 

figure emerged from F.E. work. 	No indication of which 

crystal plane used was given. 

The effect of surface contamination could be studied in 

the case of a Pt-film which was evaporated at a pressure 
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of 2 x 10-8 mm Hg and was left for about 2 hours under 

p 1 x 10-9  mm Hg before carbon monoxide gas was added. 

After the first CO dose an irreversible change of the S.P. 

of + 0.04 volt was observed. 

This effect was most probably due to oxygen contami-

nation of the Pt-surface which would give the film a nega- 

tive S.P. (chapter 2.3.3). 	When CO was added afterwards 

the reaction between the gaseous CO and the chemisorbed 

oxygen took place and the removal of this oxygen contami-

nation resulted in the observed positive change of the S.P. 

This explanation is strongly supported by those results 

which were obtained on oxygen covered Pt-surfaces 

(chapter 2.5). 

The initial vacuum conditions in the actual S.P. 

investigations of Pt/CO were much better and also the 

time between deposition of the film and the first addition 

of CO was much shorter. Hence, surface contamination 

should be largely excluded. 

Surface contamination seems also from another point 

of view unlikely. 	So in the case of the chemisorption of 

oxygen on Pt at room temperature S.P. figures were obtained 

which were very close to those figures which are listed in 

literature by two different authors (74, 75). 

An important factor, which could effect the S.P. 
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results, were oxygen traces in the carbon monoxide gas. 

We took special precautions against such kind of 

contamination, which would, however, give a negative S.P. 

In the presence of a CO gasphase the chemisorbed oxygen 

should then be removed and a positive S.P. change is likely 

to occur. 

For the theory of the bonding of CO on the Pt-surface 

two facts are essential: firstly that the S.P. of Pt/C0 

is±   0.0 volt and independent of coverage and secondly 

that due to the I.R. results the CO group forms a dipole 

which decreases with increasing surface coverage. 

By means of the wavemechanically derived dipole 

properties of the CO molecule (76) it is possible to connect 

these two experimental facts and develop a qualitative view 

of the bonding of CO which is chemisorbed on Pt. 

The wavemechanical treatment by Moffit (76) shows that 

the lone pair of electrons occupying the 38m.o. of the CO 

molecule at the C atom contributes an atomic dipole in the 

sense CO which more than compensates the amount which 

arises from the electrons involved in the 1 m.o. and 

2 8m.o. (59). 

The resulting effect is a moment of 2.1D with the 

negative end towards the C atom being slightly greater 

than the moment of 1.9D in the reverse sense arising from 

the polarity of the n bondings. 



120. 

Assuming that the chemisorption of the CO takes place 

at the C atom and provided that the electronic structure 

of tt,e CO molecule would not be affected at all during 

this process, we would expect a resulting dipole with its 

positive end directing away from the surlface. 

S.P. measurements on the chemisorption of CO on a 

series of transition metals indicate that the actual surface 

dipole has a reverse direction with its negative end on the 

0-atom (68, 69). 

Calculated from S.P. results the surface dipole in 

the case of the chemisorption of CO on Ni turns out to be 

about 0.5D. 	This ftgure agrees well with that assumed 

for the Ni - C 0 group by dipoleinvestigations of 

carbonyl compounds (77, 78). 

It is mos';:likely that this change in the dipole 

moment is mainly due to the electrons in the 3 m.o. which 

are taking part in the Me - C bonding. This in turn 

would lead to a decrease in the negative charge at the 

C atom and the dipole moment of the CO group would be now 

outweighted by the effects arising from the polarity of the 

1 n-bondings and the IZ) and 2m.o.'s of the CO. 	Some 

negative charge is transferred back to the carbon by filling 

of the 2 n orbitals of the CO molecules. 
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Due to the bonding of the carbon monoxide on the Pt 

surface a Pt - C dipole is formed. 	The S.P. ± 0.0 volt 

for Pt/CO indicates that this dipole decreases in the same 

way as the CO dipol decreases when the CO concentration 

increases on the Pt-surface. • From the general view of the 

CO bonding in metal carbonyls, discussed in chapter 1.13 

follows that both, i.e. the C - 0 dipol and the Pt C 

djToliare directly connected with each other. 

For the chemisorption of CO there seems to be some 

kind of relationship between the S.P. results on the three 

metals Ni, P4 , and Pt, the I.R. results and the values of 

their electroaffinity. 

According to Nyhoim (79) the electroaffinity of Pd 

and Ni atoms in their d10 state are fairly close (corres-

ponding similar S.P. and I.R. results) whereas there is 

quite a big gap between these figures and the electro-

affinity of Pt, which is almost twice as big. 

These figures indicate that Ni and Pd tend to concen-

trate less negative charges around themselves compared 

with Pt. 	Due to their smaller electroaffinity Ni and Pd 

cann(Jt therefore form a negative counterpart for the 

0 atom in the CO which is big enough to compensate the 

C - 0 dipole. 	This could be the reason why we are 

measuring large and similar S.P. values for Ni and pd 

+ and a S.P. - 0.0 volt for Pt. 
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The lower electroaffinity of Ni and Pd could also 

result in a larger back donation effect (chapter 1.13) of 

electrons from the metal atom into the 2n orbitals of the 

CO, measurable by the shift of the CO stretching band to 

lower frequencies. 

We know that the major C - 0 stretching bands are for 

Ni and Pd at lower frequencies compared with the C - 0 

band on Pt (48, 34). 
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2.3.3 Chemisorption of oxygen on platinum films at 300°  K 

The chemisorption of oxygen on Pt surfaces has been 

studied at 300°  K. 	The Pt-films were evaporated under 

similar vacuum conditions as reported for the chemisorption 

of CO on Pt. 	The oxygen was added in small doses to the 

film and the S.P. and its dependency on the amount of 

oxygen taken up by the film was studied. 

The relationship of the S.P. to oxygen coverage is 

shown in fig. 24. 	Up to almost ko x 1016 molecules 

oxygen there is a reasonable linear relationship. With 

increasing oxygen coverage the time increased until the 

final S.P. figure was reached in about 3 min at 39 x 10
16 

molecules for run A (0 - 0 - 0) and 32 x 10
16 molecules 

for run B (A- A -A). 

The final S.P. figures were obtained by exposing film A 

to an oxygen pressure of 2 x 10-3 mm Hg and film B to one 

of 2.3 x 10-2 mm Hg. 

The f1.nal amounts of oxygen adsorbed by the films 

during the last stage differ, but the final S.P. figures 

are similar: - 1.05 volt; - 1.03 volt. 

These figures are in good agreement with those 

previously reported in the literature - 1.19 volt (74) 

and - 1.1 to - 1.2 volt (75). 



V 

—0.8 

—0i 

I 	I 	 I 	1 	1 	
Id 10 20. 30 .40 __ _x10_molec. 

F'ig.21.1.. Chemisorption of oxygen on a Pt surface at 
300° K; surface potential as function of 
coverage 
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In run B the deviation from the linear relationship at 

coverages > 32 x 1016 molecules could be due to additionally 

weakly adsorbed oxygen. 

The number of oxygen atoms taken up by the Pt-films is 

close to the number of chemisorbed CO on Pt. 	This seems 

to indicate that the oxygen atoms and CO molecules may 

occupy the same sites on the Pt-surface. 

The fact that in fig. 24 the plot does not go through 

the Origin is probably due to the adsorption of oxygen on 

the metal parts of the cool ionization gauge etc. 

The heat capacity of oxygen adsorbed on Pt at T > 2500  X 

is 3.5 cal/mole. ° K, (80). 	From this result the picture 

of a two dimensional classical monoatomic 0-gas on the 

Pt surface has been discussed. 	This idea seems to be in 

good agreement with the fact that the number of chemisorbed 

CO molecules and the number of 0-atoms taken up are nearly 

the same on Pt. 	This result would also exclude a signifi-

cant bulk oxidation of the Pt at room temperature. 

Brennan, Hayward and Trapnell (81) who studied the 

adsorption heats of oxygen on various metals have shown 

that Pt together with Pd and Rh have a comparatively low 

heat of oxygen adsorption. There are also significant 

differences between these values and the heats of bulk 

oxide formation. With the other group of metals to which 
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Ni belongs there are much higher heats of oxygen adsorption 

and these generally reasonably close- with those expected 

for the formation of the bulk oxide. For Ni the heat of 

adsorption of oxygen has been reported to be 107 K cal/mole 

and the heat of oxide formation to be 116 K cal/mole; for 

Pd the corresponding figures are 67 K cal/mole and 

42 K cal/mole and for Pt 67 K cal/mole and 34 K cal/mole. 

The differences in the heats of bulk oxide formation 

for Ni on one hand and Pd and Pt on the other can be 

related to the high 1. ionization potentials of Pd and Pt 

(8.11 and 8.55 V ) and the comparable low figures for 

Ni (5.33 V ) which indicates that much less energy is 

necessary to form a Ni ion (79). 

The differences between the heat of oxygen adsorption 

and the heats of bulk oxide formation with Pd and Pt could 

also indicate different states of the oxygen species. 

Lewis (39) recently studied the oxygen adsorption on 

Pt at different temperatures by means of the L
3 
X-ray 

absorption edge of the Pt-sample. 	These results indicate 

a chemisorption of oxygen at room temperature on the Pt-

surface and the formation of bulk Pt oxide at 350°  K and 

p
o2 

= 0.5 atm. 

The different bonding states of oxygen on Ni on the 

one hand and Pd and Pt on the other is nicely demonstrated 
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by the highly different reactivity of oxygen species towards 

CO oxidation. Whereas at 0°  C 89-92% of the adsorbed 

oxygen on Pd can be removed by reaction with CO (65) only 

0.2-0.4% of the adsorbed oxygen is removed from a Ni 

surface (66). 	The corresponding figures of these authors 

for Pd are 65-95% (66). 

For Pt we found 50-90% of the oxygen can be removed 

from the surface by adding CO 	mm Hg) at 300°  K, the 

percentage depending on the activity of the Pt film. 

From the heat capacity measurements (80) it was con-

cluded that for T < 250°  K the oxygen becomes increasingly 

chemisorbed in a molecular state. 

Hence, depending on the temperature we have different 

oxygen species on the Pt surface. 
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2.4 Surface potential studies 

of the reaction between 

chemisorbed carbon mon-

oxide and .gaseous oxygen 

After deposition under ultra high vacuum conditions 

the Pt-films were covered with CO, the gasphase and the 

weakly bonded species were pumped off and small doses of 

02 were added to the system at 300° K. 

The reaction between the chemisorbed CO and the gaseous 

oxygen commenced with a measureable velocity only at 

po > 1 x 10-3 mm. 	By adding oxygen to a pressure 10-1  mm 
2 

the S.P. changed from ± 0.0 volt for Pt/CO to - 0.93 volt; 

- 1.0 volt for Pt/02  at 300°  K. 

These S.P. figures are close to those obtained for 

oxygen on a clean Pt-surface at 300°  K. 

It is therefore reasonable to assume that practically 

all the chemisorbed CO has been oxidized and the resulting 

CO2 has been replaced by chemisorbed oxygen. 

The carbon dioxide evolved was frozen out. 	Its amount 

corresponded to the amount of chemisorbed oxygen, indicated 

by the S.P. change. 

Hence, oxidation of the chemisorbed CO occurred on the 

film surface in a manner similar to that on the Aerosil 

supported Pt, where the vacuum conditions (10-5  to 10-6  mm Hg) 

were far from being satisfactory. 
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2.5 Surface potential studies 

of the reaction between 

chemisorbed oxygen and 

gaseous carbon monoxide 

In contrary to the oxidation of chemisorbed carbon 

monoxide in an oxygen atmosphere the reaction between 

chemisorbed oxygen and gaseous carbon monoxide takes place 

almost instantaneously ( < 5 see) under similar pressure 

and temperature conditions. 

This fact was expected from our I.R. results. 	Due 

to the comparatively, low activation energy for the reaction 

between gaseous CO and chemisorbed oxygen it was con- 

venient to follow the reaction over a wide range by 

means of the change in S.P. 

A change of the original S.P. for Pt/02  to less' nega- 

tive figures occurred. 	In fig. 25 the dependency of the 

change in surface potential S.P. on the number N of CO 

molecules added to the film is shown. 

In this particular case the change of S.P. was almost 

0.73 volt, which indicated that almost three quarters of 

the chemisorbed oxygen could be removed by the reaction 

with CO. 

In the initial stages of the process the slope is about 
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0.1 volt/1017  molecules CO 

i.e. initially all CO molecules react according to 

Pt-0 + CO 	Pt + CO2 

and the amount of CO chemisorbed on the Pt-surface remains 

small. 

When the reaction came finally to an end the CO could 

be very easily removed by exposing the film for some minutes 

to oxygen (p 	1 mm). 	After.  pumping off the gaseous o2  

oxygen it was possible to repeat the previous experiment, 

i.e. the reaction between chemisorbed oxygen and gaseous 

carbon monoxide. 

Fig. 25 demonstrates one experiment of a sequence of 

five performed on the same Pt-film. 	The S.P. changes ob-

tained in this sequence were 0.80 v; 0.78 v; 0.74 V; 

0.73 v; 0.7o V. 

The slope shown in fig. 25 was the same for the last 

four runs. 	In the first one, where A S.P. = 0.8 volt, 
the decrease of the initial slope was smaller. 

During the following runs of similar nature a further 

decrease of A S.P. occurred until a "final" figure of 

0.62 V was reached which then remained almost unchanged. 

These figures for A S.P. (final) varied from film to film 

indicating that the amounts of reactive surface on various 
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films were different. 	For a series of Pt-films the figures 

of 6, S.P. (final) were about 0.5 ± 0.1 volt. 

For another Pt-film the 6 S.P. figures of a sequence 
of reactions between chemisorbed CO and gaseous 02  (I) and 

between chemisorbed oxygen and gaseous CO (II) are as 

reaction 	LS S.P. volt 

o.48 

	

II 	0.45 

	

II 	o.47 

	

I 	 0.49 

	

II 	0.46 

These figures indicate that the change in S.P. is indepen-

dent of whether the oxidation of carbon monoxide takes 

place according to reaction (I) or reaction (II). 

The amount of CO2 evolved during each of these 

processes correspond to 

0.09 to 0.1 volt per 1017 molecules CO2 formed, 

in good agreement with the previously mentioned figures 

of 0.1 volt per 1017  molecules CO added (fig. 25) and the 

slope of fig. 24 which corresponds in its linear section to 



133. 

0.1 volt per 1017 0-atoms. 

By means of the S.P. technique it was possible to 

study the oxidation of carbon monoxide according to 

reaction (I) or reaction (II) at low temperatures. 

The results showed that the oxidation of chemisorbed 

CO in an oxygen atmosphere (p 	1 mm) starts about 195°  K o2  

and has a reasonably high velocity at about 0°  C. 

The reaction between oxygen chemisorbed at 300°  K and 

gaseous CO is completed even at 77 K at < 5 sec. 	This 

fact makes it clear that the activation energy of this 

process must be very low. 	It is therefore reasonable to 

assume that a 'sticking probability' for CO on Pt-0 is in 

the order of almost 1. 

Stephens (65) studied the oxidation of CO on Pd 

according to reaction (I) and reaction (II). 	His results 

concerning the reaction (II) between chemisorbed oxygen and 

gaseous carbon monoxide are of interest for the interpre- 

tation of our results on Pt-films. 	He determined for this 

reaction the ratio of CO2 formed to CO added to the Pd. film 

to be 0.49 over almost the whole of the reaction. 	Hence, 

he could assume the following reaction to occur on Pd.: 

Pd.-0 + 2C0 4 CO2g + Pd -CO 
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Our results on a Pt surface are at variance with these. 

We find for a large part of reaction (II) a ratio 1, which 

gradually decreases (fig. 25). 	This would mean that the 

reaction takes place in the initial stages as 

Pt-0 + COg  -> CO2g + Pt 

and the freed Pt-sites remain mostly unoccupied. 

We can explain these differences by means of different 

sticking probabilities of CO on Pt-, Pt0-sites and on Pd-, 

Pd0-sites. 

Let the velocity with which CO reacts with the 'Pt-0' 

be V1 and the velocity at which it is chemisorbed on Pt be 

V2' then 

V1 	S1 	gl 	' e  = VT- 2 -E2/kT 2 
82 e 

where S is the sticking probability, 

E the activation energy, and 

9 the fraction of the surface which is involved 

in the process concerned. 

The reaction between gaseous CO and chemisorbed oxygma 

atoms is treated as a kind of adsorption process. 

Al and 82' i.e. the fraction of the surface covered 

with chemisorbed oxygen and the uncovered fraction of the 

Pt surface, can be calculated at different stages of the 

E/ - i  kT 
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CO addition by means of the amount of CO added and the 

corresponding changes of S.P. which indicate the amount of 

CO which has reacted with the chemisorbed oxygen. 

The surface involved in the reaction is assumed to 

correspond to 7.3 x 1017  sites according to a total change 

of S.F. of 0.73 V. 	The first 1 x 1017 molecules CO are 

not considered in the calculation of the 9 figures. as 

these molecules only cause a very small change of the 

S.P. 	They are obviously adsorbed as parts of the surface 

which are not involved in the measured reaction. 

At X = 7 x 1017  molecules (fig. 25) when the slope of 

the curve indicates equal velocities for the chemisorption 

of CO on freed Pt sites (Ii2) and the reaction of CO with 

the chemisorbed oxygen to form CO2  (V1) the corresponding 

figures for Al  and 92  are 0.07 and 0.63 (Pt-CO:93  = 0.3). 

Hence, 
-(E1  - E2)/RT 

e 	 = 9. 

Assuming E1 = 0 K cal mole
-1, the activation energy 

for the chemisorption of CO E2  would turn out to be 1-2 

cal/mole. 	In other words, for Ai  = 92  the sticking 

probability of CO on Pt(S2) is only about one tenth of that 

for CO on Pt-0(S1
) leading to the reaction and formation 

of CO2. 	Presuming S1  = 1, i.e. every collision of a CO 

molecule with a chemisorbed oxygen atom leads to the 

/01-- 
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formation of CO2, the sticking probability of CO on Pt(s2) 

would be in the order of 0.1 and similar to those figures 

on other metals (82). 

When we extend the discussion to the experimental 

results on Pd which we mentioned ab,ve (65) then a reaction 

according to 

Pd-O + 2C0 	CO2g + Pd-CO 

would mean that Vl' the velocity for the reaction of CO 

with MO is over the whole of the reaction much smaller 

than V2' the velocity of chemisorption of CO on Pd. 	For 

the oxygen covered s,zrface the reaction between Pd0 and 

COg  becomes the rate-determining process. 

As it is reasonable to assume sticking probabilities' 

for CO on Pd and Pt to be about the same, there should be 

a significant difference between the sticking probabilities' 

of CO on oxygen-covered Pt- and oxygen. covered Pd-sites. 

In other words, the oxidation of CO on an oxygen covered 

Pd surface needs a greater activation energy than for Pt. 

For the catalytic oxidation of olefins on various 

metal 	(83) the higher activity of Pt compared with 

Pd has been demonstrated. 
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2.6 Surface potential studies 

of the kinetic of the oxi-

dation of carbon monoxide 

chemisorbed on platinum 

films 

Our previous S.P. studies have shown that the surface 

area of the Pt-films taking part in following two processes: 

i 	COa + 02g 	CO2g + 0a 

ii 	0a + 2 COg  a CO2g + COa 

at first continuously decreases but finally reaches an 

almost constant value. 

The "reactive" part of the surface is measured by the 

absolute value of the change of the S.P. and is found to 

be one half of the whole film surface. 

It was generally necessary to repeat the reactions i 

and ii one after the other several times before reproducible 

results could be ',, btained. 

In this chapter we are mainly concerned with the 

kinetic of process i. 	We are using reaction ii only to 

replace the chemisorbed 0a at the end of reaction i again 

by 00a, i.e. chemisorbed carbon monoxide. 
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In any run the Pt surface was covered with CO 

(P 
	

1 mm Hg, T = 300o K, t = 5-10 win), the CO gasphase 

was then pumped off and the cell was evacuated down to 

10-7  mm. 

The S.P. was recorded before the oxygen was admitted 

at various pressures ranging from about 0.5 to about 

5 mm Hg. 	The temperature range was 250°  to 3100  K, 

depending on the catalytic activity of the film. 

The oxygen pressures were always so high that there 

was no decrease over the whole of the reaction. 

The oxidation of the chemisorbed CO to form gaseous 

CO2' which was condensed in the cold trap, and its replace-

ment on the surface by an equivalent amount of chemisorbed 

oxygen adatoms was monitored by the increase of the negative 

S.P. which was displayed on the chart of the recorder. 	The 

reaction was substantially complete in about 2 to 5 minutes, 

depending on the reaction conditions and the activity of 

the film concerned. 

When we are using the chemisorption of oxygen on the 

freed Pt sites as a monitoring devi‘,e for the velocity of 

the evolution of CO2 we are presuming that the chemisorption 

velocity of the oxygen on Pt is-extremely rapid and inde- 

pendent of temperature and pressure. 	This is reasonable 

as this chemisorption takes place with almost no activation 
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energy, and the velocity of the chemisorption is virtually 

limited by the collision frequency at p (in the order of 

1 mm) and T (about 273°  K). 	This rate is about a factor 

107  bigger than the observed velocities of CO2  evolution. 

Hence, the evolution of CO2  becomes the rate limiting process., 

No chemisorption of CO2 on Pt has be-n observed at 

about 300°  K (24). 

Although this monitoring process 

iii 	Pt2 + 02g -4. 2 Pt0 

gives the velocity of the evolution of the CO2  and, thus, 

the velocity of the oxidation of the chemisorbed CO, it is 

independent on the kinetic of the CO oxidation. 

It was found, that the rate of change of S.P. at time 

t is directly proportional to the difference d between the 

negative S.P.00  at the end of the reaction and S.P.t at 

time t. 

Hence, 

d S.P. c>4c 
dt 	(s.p.400  - S.P. f ) 

We are presuming that 

S.P. 	( Oa ) 

which we have previously proved to be true up to relatively 

(1)  

(2)  
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high oxygen coverages (fig. 24). 	Combining (1) and (2) 

we are getting 

	

d(CO2) 	diOa) 
(3) dt = dt 	= K 	 - (0 	)) Kb a,00 (Oa, 

In tab. 12, 13, 14 we have listed for one of the Pt 

films (film B) the S.P. data, given in volts. 

The three runs were taken at different temperatures 

and oxygen pressures. 

For calculating the concentration of the 0a atoms on 

the surface a factor of 

1018 0 adatoms 	x 	volts-1  

as deduced from the calibration curve can be used. 	The 

effective area of the Pt films is about 500 cm2. 

In fig. 26 the function 

d S.P. log 	dt 	n. log (S.P. oo 	S'P't)  

has been plotted for the three runs and indicates.  that 

n = 1 or 1st order with respect to d = S.P.00 	S.P.t  

(In fig. 26 V stands for d S.P. ). 



Table 12: 	Film B; T = 253°  K; 	Po 	= 
2 

24.5 x 10-1 mm Hg 

t units x  S.P.t 	volts 	d = S.P.00 	- S.P.t volts 	1/d. 	1 + log d 

0 

5 

0.00 0.54 1.85 0.73 

0.10 0.44 2.27 0.64 

10 0.15 0.39 2.56 0.59 

15 

20 

0.20 0.34 2.94 0.53 

0.23 0.31 3.22 0.49 

25 0.27 0.27 3.70 0.43 

30 0.31 0.23 4.35 0.36 

35 0.34 0.20 5.00 0.30 

40 0.36 0.18 5.55 0.26 

45 0.38 0.16 6.25 0.20 

50 0.40 0.14 7.15 0.15 

6o 0.44 0.10 10.0 0.00 

70 0.46 0.08 12.5 

80 0.49 

co 0.54 

17 time units = 60 seconds; 



Table 13: Film B; T = 273°  K; Po = 20.5 mm Hg 
2 

t units x 	S.P.t volts 	d 	= S.P.ap  - S.P.t 	volts 1/ 	1 'd + log d 

0 0.'00 0.57 1.75 0.76 

2 0.11 0.46 2.18 o.66 

5 0.21 0.36 2.78 0.56 

7 0.26 0.31 3.22 0.49 

10 0.34 0.23 4.35 0.36 

12 0 77 0.21 5.00 0.30 

15 0.41 0.16 6.25 0.20 

17 0.43 0.14 7.15 0.15 

20 0.46 0.11 9.10 0.04 

25 0.50 0.07 

30 0.52 0.05 

co 0.57 

17 time units = 6o seconds; 



Table 14: 	Film B; 	T = 299°  K; 	Po 2 
4.1 x 10-1 mm Hg 

t units 	S.P.t volts 	d = S.P.00)  S.P.t volts 	1/d 	1 + log d 

0 0.00 0.65 1.54 0.81 

5 0.10 0.55 1.82 0.74 

10 0.20 0.45 2.22 0.65 

15 0.32 0.33 3.03 0.52 

20 0.40 0.25 4.00 0.40 

25 0.45 0.20 5.00 0.30 

30 0.50 0.15 6.66 0.17 

35 0.54 0.11 9.1 0.04 

4o 0.58 0.07 

50 0.62 0.03 

co 0.65 

17 time units = 60 seconds; 
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In fig. 27, 28, 29 log d = f(t) and 2ci- = f(t) have 

been plotted according to a first order and second order 

kinetic. 

The velocity constants for the three runs according to 

a first order kinetic are 

T I 	 K1 Pot Kb sec-1 ) 

253 24.5 x 10-1  0.75 x 10-2 

273 20.5 x 10-1 2.3k x 10-2  

299 4.1 x 10-1  1.61 x 10-2  

For the two runs at 253°  K and 273°  K, which were carried 

out at comparable oxygen pressures we have plotted 

log d S dt  
.P. = f(d) in fig. 30; (V stands for 21-44' 

in fig. 30). 	This figure demonstrates how the activation 

energy of the evolution rate of the CO2 varies with 

coverage. 

Similarly to our I.E. results the evolution of CO2 

is occurring with a constant activation energy over the 

major region of the reaction. 
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The pressure dependency of the rate of CO2  formation 

is demonstrated in fig. 31 where the specific velocity Kb  

is plotted versus oxygen pressure for various temperatures 

(film B). 	At low pressures the specific rate of evolution 

of CO2  increases almost linearly with pressure, but with 

increasing pressure the plot becomes concave to the pressure 

axis. At higher temperatures the linear part extends to 

higher pressures of oxygen. 



I 
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4 mm Hg 
Fig. 31. 	Surface potential study; pressure dependency of the specific rate 

of the oxidation of the chemisorbed carbon monoxide. 
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2.7. Discussion of the kineti.c 

results and the mechanism 

of the oxidation of carbon 

monoxide chemisorbed on 

p latinum 

In considering the primary step of the surface 

reaction leading to the oxidation of the chemisorbed GO, 

four possible main reactions are considered. 

COa + 02 g -4 CO2 g 

ii COa  + 02  ad  ---> CO2 g 

iii COg  + 0a 4 CO2 g 

iv COa + 0a -> CO2 g 

The relevant thermodynamical equations are 

COg  --> COa 

	

02 g 	0a 2 	2 g 

H = -48 K cal/mole 

falling with coverage (84) 

6H = -35 K cal/g-atom 

falling with coverage (81) 

02 ad - molecular oxygen adsorbed on top of the chemisorbed 
layer 
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1 COg 	2  + 02 g > CO2 g 	A H = -67.5 K cal/mole 

02 g -> 2 O
g 
	A H = +117 K cal/mole 

02 g >  02 ad 	A Ha  —n Hsublimation 

According to ref. 4, 81 002  is not adsorbed on a Pt 

surface at 300°  K and we are presuming that the desorption 

of the CO2 formed requires only a small amount of energy 

corresponding to its heat of physical adsorption. 

i 

ii 

iii 

iv 

Hence 

COa + 
1 02 g  

 COa + 2 02 ad 

0a + COg 	-> 

0a + COa 	-> 

> 	CO2 g 

4 	CO2 g 

CO2 g 

CO2 g 

H= -19.5 K cal/mole; 	0= 

A H = 	+ A  Ha)K cal/mole; 

= 0 

6 H= -32.5 K cal/mole; 	A= 0 

6 H= +15.5 K cal/mole; 	0= 0 

All processes become increasingly negative with increasing 

coverage O. 	It follows that since the activation energy 

is about 10 K cal/mole all these pr-3esses are possible. 

From the viewpoint of ease of formation of the surface 

transition complex, iii and iv are more probable since they 

do not involve the high energy of dissociation of the 02  

molecule. 
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We have found experimentally that iii is very rapid 

compared with i or ii, and iv is very slow because if an 

oxidation is interrupted by removing 02  from the gasphase, 

i.e. when both COa and 0a are present on the surface, the 

reaction ceases but commences immediately at the same rate 

if the same pressure of oxygen is reintroduced as that 

preceeding the interruption. 

This conclusion was unexpected. 	Thus for a typical 

run, we may assume that 20% of the effective Pt surface 

is covered with chemisorbed oxygen Oa  and the remainder 

with COa' i.e. chemisorbed carbon monoxide. 	
Then the 

probability that a COa and an 0a species are adjacent to 

each other on the surface is 0.8 x 0.2 = 0.16, and full 

coverage corresponds to 1.25 x 1015 species per cm2  Pt. 

If the activation energy of about 10 K cal/mole for the 

reaction is derived from the vibrational energy of the 

adsorbent, the rate of 00,, formation is at 273°  K. 

0.16 x 1.25 x 1015  x 1013  x exp( 

2 x 1019  molecules/cm2.sec 

10000 )molecules 
2 x 273 cm2  x sec 

and hence by a factor of 106  - 107  higher than the observed 

highest initial rate of CO2  evolution. 

In order for this reaction iv 	to be rate determining 
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the activation energy of the reaction must be therefore 

almost 20 K cal/mole. 

For process i we can calculate the rate of reaction 

assuming that each molecular collision of an 02 molecule 

from the gasphase leads to a reaction provided the 

necessary activation energy of about 10 K cal/mole is 

available. 

The number of collisions per cm2  and sec is 

 

P 

 

1 

sec.cm2 1 
Z = 3.52 x 1022  

 

M1/2 T1/2 

 

   

where P is the oxygen pressure in mm Hg, 

M is the molecular weight, and 

T is the absolute temperature. 

At 273°  K and P = 1 mm Hg the rate of collisions is 

3.9 x 1020 sec-1 cm-2 and with E about 10000 cal this is 

reduced to an effective rate 

Zeff = 3.9 x 10
20 x 10-8  = 3.9 x 1012 sec-1 cm-2 
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compared with the experimental figures of 1.6 x 1013  

molec.sec-1  cm-2  (S.?. result; film B; T = 273°  K; 

P = 1 mm Hg; G = 1) and 6.6 x 1011  molecules sec-1  cm-2  co 

(I.R. result; Pt-pellet; T = 273°  K; P = 0.9 mm Hg; 

0 	= 1). co 

Hence, the collision theory provides a simple model 

which would explain the experimental figures satisfactorily. 

But for an oxidation reaction by means of a direct collision 

between an oxygen molecule from the gasphase and a chemi-

sorbed carbon monoxide molecule the reaction velocity should 

be directly proportional to the oxygen pressure. 

According to fig. 31 the rate of the oxidation velocity 

with the oxygen pressure gradually decreases as the 

pressure rises. 

We, therefore, conclude that the oxygen forms a second 

molecularly adsorbed layer on top of the chemisorbed carbon 

monoxide and that the reaction with the underlying carbon 

monoxide takes place from this adsorbed oxygen layer. 

We postulate for the oxidation of the chemisorbed 

carbon monoxide the following mechdnism 

1 

(1,2) 02 -4  g 	02 ad 	V1' V2' 	2 1,  2' 	1,  2 

3 
(3,4) 02 ad + CO, 	CO3 a 

	V3, V4; E3,  E4 
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5 
(5,6) co3 a + 00a 	2 CO2g c— 

Hence 

V5, V6; E5, E6 

01103j 	 2 
(7)  

	

	k3(°2ad
)(C0a)-kil(CO3a)+k6(CO2s) -k5(CO3a)(C0a) 

dt 

As the formed CO2 is continually frozen out during the 

reaction it is 

k6(CO   g )
2 	

k5  (CO3 a )(COa  ) 2  

Assuming steady state conditions 

d(CO3  ,) . 0  
dt 

(8)  

(9)  

we get 

(10) k3(02 -)(C0a) = (003 a  

and 

(11) (003  a) = 
	k

3  

Inserting (11) in 

(12) 
d(CO2  g) 

dt 

+„ k5 (COa )1 

x (C0a) x (02  ad) 

k5(COa)(CO3 
 a) 

we get 

d(CO2 g) 	k .k 	2 ...„5 A__, 	a 	(02  ad) x (co) (13)  	5kC0a) dt 	= 	4-1-1(  
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Assuming that the velocity of decomposition of the 

CO3 a complex V4  is much bigger than the reaction velocity 

V5 between a CO3 a and a neighbouring COa species we can 

impose the restriction 

(14) k5(C0a) k4 

and we get 

d(CO 	) 	k .k, 	2 
Z15) 	dt 	u.  

g 	51,  -2 x (COa ) x (02  ad) 
". 4 

In our further discussion the dependency of the concen-

tration of the adsorbed oxygen on its gasphase pressure is 

of major importance, i.e. whether the oxygen adsorption 

takes place on a homogeneous surface of chemisorbed carbon 

monoxide in a Langmuir type of isotherm or whether the 

oxygen is adsorbed on a heterogeneous surface according to 

a Freundlich or Temkin type of isotherm. 

Since the activation energy for the reaction remains 

constant over the major part of the process a discussion 

of the oxygen adsorption in terms of a Langmuir type of 

surface seems favourable. 

Since the pressure dependency on a Langmuir isotherm 

requires that 0 should be significant with respect to unity, 

one may calculate that the heat of molecular adsorption 
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must be ca. 10 K cal/mole, which value would be considerably 

greater than be expected, and moreover, the experimental 

value deduced from the curvature of the Kb versus p(02) 

plots leads to a value of only 1-3 K cal/mole. 	We there-

fore conclude that the decreasing adsorption with coverage 

is not due to exclusion of sites by occupation of sites by 

adsorbed molecules (Langmuir hypothesis) but due to a 

decreasing heat of adsorption as the coverage increases.  

,If we assume an average heat for the physical ad-

sorption of oxygen of 2 K cal/mole the surface coverage 

G at po = 1 mm Hg and T = 273°  K is 2  

(16) Z(1-G)  molec  G.exp( 	
iv( cm2.sec 	RT 	

. _I 	) 
cm .sec 

where Z is the number of oxygen colli.sions with the surface, 

G the surface coverage, 

qa the heat of adsorption, 

-1 the frequency factor of 1013 sec
-1, and 

N the number of sites/cm2, assumed to be 1.25 x 10
15  /cm-,  . 

At 
p°
2 = 1 mm and T = 273°  K the collision rate is 

Z = 3.8 x 1020  molec.sec-l.cm-2  

Hence 

3.8 X 1020(1 - 0) = 8 x 10-1'6  x 1013  x 1.25 x 1015  

= 1.2 x 10-6 
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The number of adsorbed 02  molecules/cm2  is then 

No = 1.25 x 1015 x 1.2 x 10-6 = 1.5 x log 

This calculation demonstrates that only a minute part of 

the surface formed by the chemisorbed carbon monoxide is 

covered by oxygen. 

In terms of the proposed mechanism the relationship 

between the concentration of the adsorbed oxygen 02 ad  and 

the gasphase pressure is given by 

(17) (02  ad) = Ic.-2  (02 g) x f(P'T)  

where the term f(p,T) measures the deviation of the adsorp- 

tion on a heterogeneous surface from that of a homogeneous 

one. 	This term also describes the deviation of the oxi-

dation velocity from a direc.t proportionality to the 

oxygen pressure. 

Inserting (17) into (15) we end with the following 

rate equation 

d(CO2 g) 	k 

(18) dt 	5 k .k 	
2 (c  ) (02  g).f(p,T) h 4 2 Oa 

During the I.E. experiments the evolution of CO2  was 

studied by observing the decrease of the chemisorbed CO at 

a constant oxygen pressure (0.9 mm). 	The kinetic of this 

reaction could be described by 

2 
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(19) d(CO2) 	d(CO3) 	2 

dt 	dt 	
Ka(C0a) 

In the S.P. measurements the velocity of the evolution 

of CO2 was investigated by the subsequent rapid reaction, 

during which the two Pt-sites freed from CO2  were covered 

by oxygen according to 

(20) Pt2 02 a 2 Pt 0 

Assuming that reaction takes place instantaneously the 

evolution of the CO2 can be monitored by the surface 

potential and can be described by 

(21) 	
d(CO2) 	d(COa) 

dt 	= Kb((°aco) 	(°a t))  dt 

(chapter 2.6). 

Consistency between the first order term of the surface 

concentration in (21) and the square term in (19) is achieved 

because the oxidation process involves a reaction between 

two adjacent sites, i.e. between a CO3 a and a COa species, 

whereas the subsequent chemisorption of the oxygen (20) on 

those two sites takes place in one single step. 

From the temperature dependency of the velocity 

V (I.R. results) we derived an apparent activation energy 

(chapter 2.2.2.) 

Eexp = 9.6 K cal/mole. 
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We are using this apparent activation energy figure 

to calculate in terms of the basic collision theory 

(22) = z.e.141(  _ _ exp Vtheo =-12  " 
7eff 	

RT )  

the theoretical reaction velocity. A comparison of the 

experimental velocities Vexp with theee derived theoretical 

velocities provides then the steric factor P for this 

reaction 

(23) 
Vexp P vtheo 

In tab.12 are listed the experimental reaction velocities 

of the I.R. results for 8 = 1, po = 0.9 mm Hg for co 	2 
various temperatures; the figure for 273°  K is extrapolated 

by using Eexp = 9.6 K cal mole
-1. AdditiOnally are listed 

the corresponding figures for Vtheo  and also P. 

Table 12 

(I.R. results) 

T 

fo Ki 

Vtheo vexp P 
_ 
i molec . cm-2  . sec-1j 

273 6.6 x loll  7.2 x 1012  9 x 10-2  

309 4.6 x 1012  5.8 x 1013  8 x 10-2  

316 6.8 x 1012  8.8 x 1013  8 x 10-2  

355 32 	x 1012 39 	x,1013  8 x 10-2 
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In comparison with the experimental results obtained on an 

Aerosil supported Pt pellet are listed the corresponding 

figures of the four Pt-films in tab. 13. at T = 273°  K 

and p0 	1 mm Hg. For the calculation of the theoretical 2  

velocities Vtheo were used the individUal figures of the 

experimental activation energy obtained from the temperature 

dependency of the velocity constant Kb. 

Table 13 

(S.P. results) 

Film 	Eexp 	Vexp 	Vtheo . 	P 

K cal.mole-1  Imolec.cm-2.sec-1) 

A 10 9.8 x 1013  3.8 x 1012 (2 6) 

B 8 1.6 x 1013  1.5 x 1014  11 x 10-2  

C 12 0.4 x 1013 9.5 x 1010  42 x 10-2  

D 8 1.4 x 1013  1.5 x 1014  9 x 10-2  

With the exception of film A the figures of P are all in 

the order of 10-1. 	The average of P taken from the 

results of the films B, C, D is 21 x 10
-2 and rather close 

to the P figure of 8 x 10-2  derived from the I.R. results 

on the Aerosil supported Pt-pellet. 

The reason why we obtained for film t a steric factor 
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much bigger than for the other films and the Pt-pellet is 

not quite clear. 	It could be due to the fact that this 

Pt film has been treated with hydrogen in an earlier stage, 

and it has been shown that this treatment accelerates the 

reaction (2.2.2). 

This discussion has shown that good agreement between 

the experimental velocities Vexp and the derived figures 

of Vtheo can be achieved by using a steric factor P in the 

order of 0.1 and the individually determined apparent 

activation energy Eexp (Tab. 12, 13). 

This activation energy consists of various energy 

terms according to the proposed mechanism. 	It is 

(24) 	E5 -(E4 	E3)-(E2 - E1)=. Eexp 

where E2  - El  is the heat of the adsorption of molecular 

oxygen on top of the layer of chemisorbed 

carbon monoxide, 

- E3 
the heat of formation for the CO

3 
complex, and 

E
5 	

the activation energy for the reaction between 

a CO3 a and a neighbouring COa 
species. 

It has been shown (chapter 2.2.2 and 2.6) that these 

apparent activation'energies remain constant over the major 

part of the reaction, which means that on the heterogeneous 

Pt catalyst surface compensation within the various 
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activation energy terms takes place. 	Equation 24 would 

also provide the explanation why differences in the activation 

energy are likely to occur depending on the activity of the 

Pt-catalyst. 

Langmuir (4) studied the kinetic of the reaction 

2 CO 4. 02 	2 CO2 

on platinum, using mixed gases. 	His experiments were 

carried out at lower gas pressures (10-3 to 10-1 mm Hg) 

and at higher temperatures (500 to 750°  K). 	An electrically 

heated Pt-wire was used as catalyst in these experiments. 

It was found that the reaction velocity was propor- 

tional to the oxygen pressure and inversely proportional 

to the pressure of carbon monoxide. 

Hence, at T = 572°  K the reaction rate was found to be 

° r = 7.10 x 1014 2 g (25) 	 molecules cm-2.sec
-1 

CO 

This reaction rate is also proportional to the rate of 

desorption of carbon monoxide, the teiJperature coefficient 

of which corresponds to an activation energy of 31,800 

cal/mole. 

Of basic intertst for the solution of Langmuir's and 

the present experimental results are the following two 

equations 
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(26)  

(27)  

(28)  

.(29) 

Qz1 

9Z2  = 

Vl  = 

V2 	..17. 

exp(- --- RTl) Al  N + Z2.91.exp 

92 N + Z1.92.exp 

E1 (- 

'T' 

E1 
(- --) 

exp(- T2)21 
E0  

(- 	") 

Z2.01.exp 

Z1.92.exp 

RT' 

Ng.) 

E  (- -- RT) 
 

where 

is the frequency factor 1013 sec-1, 

N is the number of sites/cm2, assumed to be 

1015 sites/cm2, 

is the bare fraction of the surface, 

Al, 92 are the fractions of the surface covered by 

carbon monoxide and oxygen, 

q1,  q2 are the heats of chemisorption of carbon monoxide 

and oxygen, 

E E2 are the apparent activation energies for the 

reaction between gaseous oxygen and carbon 

monoxide (V1) and for the reaction between 

gaseous carbon monoxide and chemisorbed oxygen (V2), 

Z1, Z2 are the collision frequencies measured in 

molec.cm-2.pec-1 for gaseous carbon monoxide 

and oxygen. 
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The equations 26 and 27 correspond more or less to those 

used by Langmuir (4) in his first approach to the solution 

of his kinetic problem. 

The model used in these two basic equations contains 

various assumptions. We are assuming that the activation 

energies for the chemisorption of carbon monoxide and 

oxygen on platinum are zero, that both gases have the same 

sticking probability and that both gases require each one 

single site on the Pt surface during the course of the 

reaction. 

No further assumptions are made towards the bonding 

of the chemisorbed species. 	The reaction rates V1 and 

V2 are described in terms of collision rates using overall, 

i.e. apparent activation energies El  and E2  and assuming 

steric factors of 1 for both rates. 

As no detailed assumptions are made concerning the 

reaction mechanism in this rigid model we do not take into 

account the factor 2 coming into the first and second term 

of equation 26 and the third term in equation 27. 

Assuming that CO2  instantaneously desorbs as it has 

been formed we can further state 

(30) 
	

G + G1 + 02 = 1 

From the results of his experimental work carried out 
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at relatively high partial pressures in the order of 

10-1 mm Hg Langmuir (11) concluded that at oxygen pressures 

in the order of 10-3 mm Hg the third term in equation 26, 

i.e. the reaction velocity V1  becomes very small compared 

with the first and second term, i.e. the rate of chemi- 

sorption and desorption of carbon monoxide. 	So equation 

26 is simplified to 

1  g1 (31) ez1 NJ- 10 .ex 	--- RT )  • gl • M 	81 • H1' 

and equation 27 can be simplified to 

(32) 9Z2 = Z1 . 82' 

because of the high heat of chemisorption of oxygen the 

rate of desorption of oxygen becomes negligible compared 

with the rate of chemisorption of oxygen and the reaction 

rate V2. 

We transform equation 31 and 32 into 

81  = 0 . zl/H1  

92 = 8 . Z2/Z1  

Inserting these equations into equation 30 we then get 

Z, 	Zo  
(35) 	1 = 	(1 + 	+ `/z1) 

(33)  

and 

(34)  
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or 

(36) 	g 
H1.Z1 

H1Z1 + Z12  + Z2.H1 

According to equation 32 the rate of reaction V2 then 

becomes 

(37) 	21.02 = Z2.9 = 
Z2.H1.Z1 

H1.Z1 + Z12  + Z2.H1 

In order to get the Langmuir's pressure dependency we have 

to make the two restrictions, that 

(38) z12 >> H1Z1 

(39) z12  >> Z2.H1 

Since pco  po = 10-3 mm Hg, then Z1 = Z2  = 10
17 molecules -  2 

cm-2.sec-1 and using 	Q1 = 31.8 K cal.mole
-1 (4) we get 

for H1 at 5000 K 

('to) H1  = 1013  . 10-14  . 1 . 1015 = 1014 molecules cm-2.sec-1 

and, hence, 

(2+1) 	Z1 	H1 

It follows that 

0 1 	z 1 (42) 	-g- = 1-r  = 103 , 
1 
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022 
74 	1 

Assuming 01---1, for p co---  10-3  mm and T = 500°  K, 

02 = 0 = 10
-3 

At steady state conditions the surface concentrations 

of chemisorbed carbon monoxide N00, chemisorbed oxygen No, 

and that of the bare surface sites Nb  are 

Nco = 1015 molecules cm-2 

(45) No = 1012 molecules cm-2  

Nb = 1012 sites.cm-2 

When we evaluate now the reaction velocity V2  according 

to equation 29 we use for the activation energy of this 

reaction E2 = 0 K cal mole
-1, since we know from our S.P. 

results (chapter 2.5) that the reaction between chemisorbed 

oxygen and carbon monoxide from the gasphase is extremely 

fast even at 77°  K. 

Assuming Pco P 	10-3  mm 116, and then Z1  = Z2  = 1017  — o = 2  

molecules cm-2.sec-1 the derived reaction velocity V2  at 

500°  K is 

(46) V2  = 02.Z1  = 10-3.1017  = 1014  mo1cc.cm-2.sec-1 

and 

(L.3) 

(44) 
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compared with the experimental velocity figure at 506° K 

which is 

(47) 	Vexp = 2.6 x 1013 molec.cm-2.sec-1 

(pco = 2.6 x 10-3 mm; po = 1.5 x 10-3 mm Hg) 
2 

For pco po this experimental figure would then be by a 
2 -  

factor of 2.6/1.5 = 1.7 higher. 

Hence, 

(48) vexp = 4.3 x 1013 molec.cm-2.sec-1 

which agrees well with the derived figure V2 for the reaction 

velocity. 

Since E2 / 0 K cal.mole
-1, V2 is extremely rapid 

except when 02 is extremely small. 	On introducing equal 

pressures of CO and 02 the value of 9~ would at ti = 0, be 

1 . 	Hence, the time which the reaction requires to 

reach steady state concentrations (45) on the platinum 

surface, and the amount of CO2 
formed during this initial 

period are of considerable interest; should these be large 

compared with the total time of experiment ( 10 min) and 

total CO2 produced, then Langmuir's measurements do not 

subscribed to the steady state considerations required in 

the mathematical treatment above (equation 45). 

We a:'e assuming that the rate at which the concentration 
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of oxygen on the Pt surface decreases by the reaction with 

the carbon monoxide from the gasphase to its steady state 

value is proportional to the reaction velocity V2  (equation 

29). 	Then, 

d(N.0 ) 
(49) 	a = z1 ' 02 = V'2 dt 

and 

(50)  
del 	Z1  
02 	

- 	. dt 

The integration of equation 50 between 02,i  at time 

ti  = 0 and the steady state figure 02,1  at time tf  brings 

us to 

1  (51) log 2  --I 	- 	(t. - tf) 0 i 2,f 	2.3.N  

Assuming that at ti  = 0 half of the Pt surface is covered 

by chemisorbed oxygen, i.e. 92,i  = 0.5, the time required 

to reach steady state conditions is then 

(52) tf = + log .52:-.2 x 2.3.N 
2,f 	 1  

and taking 

02,f = 10-3  

N 	= 1015 sites cm-2 

Z1 	= 1017 molec.cm
-2
.see

-1 
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the time tf is 6 x 10-2  sec, which means that in about one 

tenth of a second steady state conditions are achieved. 

The amount of CO2 formed during this time is almost 

5 x 1014 molecules.cm-2, when a figure of G2,i=  0.5 and 

oxygen chemisorbed in atoms is assumed. 

This amount would be big enough to have effect on the 

few experiments with low reaction velocity figures of 

Langmuir's work (4), but it should be hardly detectable 

when the reaction takes place with high velocities, since 

the pressure readings were made in Langmuir's experiments 

in one-minute-time intervals. 

As we have pointed out before, the rigid model which 

we have been using in the previous discussion assumes 

single site chernisorption for oxygen and carbon monoxide 

molecules. 

Hence, this model apparently disagrees with the 

experimental evidence from the present work OW carbon 

monoxide is chemisorbed in a linear structure on platinum 

and occupies at 300°  K only half as many sites as the 

chemisorbed oxygen molecule. 	Thus, both species occupy 

under normal conditions at least, when the surface is 

covered by one species only, different numbers of sites 

and not the same as required by the model. 

But reasonable agreement can be achieved, when we 
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assume that the oxygen molecule is chemisorbed during the 

reaction as such on a single site without further 

dissociation. 

This assumption would necessarily involve a two step 

mechanism for the reaction between this kind of molecular 

oxygen species and the carbon monoxide. 

One possibility would be that a CO3 a complex is formed 

as intermediate as the gaseous CO molecule hits the chemi- 

sorbed 02 a species. 	The further reaction of this com-

plex could then take place with an adjacent COa  species 

forming two CO2  molecules which desorb. 

This kind of mechanism would change equation 32 into 

(53) 	9z2  = Z1  . 02  . Al  

But as 0l' i.e. the coverage of the chemisorbed CO is 

practically unity the introduction of 01  would not 

essentially alter the further derivation according to 

the proposed single site mechanism (equation 26 to 46). 

For this model the heat of chemtsorption of un-

dissociated oxygen molecules has to be assumed to be 

smaller than that of dissociated oxygen and, hence, the 

rate of desorption would become more important as for the 

dissociated oxygen species. 	But this would not affect 

equation 53 as long as the heat of chemisorption of 
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molecular oxygen is about that of carbon monoxide, i.e. 

> 30 K cal 'mole-1. 

To maintain this type of mechanism the additional 

restriction has to be made that the number of double sites 

does not increase during the reaction. 	This can be 

achieved by assuming surface mobility of the chemisorbed 

CO on Pt at T > 500°  K. 

We are discussing now the experimental results of the 

present work on the basis of the same model in terms of 

which we could derive the reaction velocity V2  in good 

agreement with the experimental figures given by Langmuir (4). 

In table 14 are compared the conditions at which 

Langmuir's experiments were carried out with those for 

the present work. 	This table also contains the pressure 

dependency of the reaction and the figures of the activation 

energies for both sets of experiments. 

When we assume thermal equilibrium for the carbon 

monoxide on the Pt catalyst at 300°  K the equilibrium 

pressure in the gasphase during the I.R. and S.P. experi-

ments would be extremely small and according to Langmuir 

(4) in the order of 10-17  mm Hg. 

At this very low CO pressure the rate of chemisorption 

in equation 26 becomes negligible. 	Negligible is also the 

rate of desorption of the chemisorbed CO which is in the 

order of 105 molec.cm-2.sec-1 at 300o K and 	41 	31.8 

K cal mole-1 (4). 



Table 14 

Langmuir results (4) 	Results of present work 

T: 500-750°  K 	 T = 250-370°  K 

P ---P --- 10-3 - 10-1 mm Hg 	p-1 mm Hg co 	02 	 02  

Pco ---10-17 mm Hg according to (4) 

for T = 300° K 

co ---1, almost constant co 	
1 = 1, decreasing to F  to Tu  

9o = 10-3, almost constant o = 0, increasing, so that 

(T = 500°  K, pco  p = 10-3  mm Hg) °2 	 co G 	+ o  = 1 

Po 	 2 
ratec=.4.11co P 

2 	 rate •=-- COa 	. P
o2 

. f(T,Po ) co 	 2 

Hco 	rate of desorption of CO for 	COa - concentration of chemisorbed CO 

	

g 	1 co 

Eexp = 31.8 K cal/mole 	Eexp: . 8-12 K cal/mole, 

depending on the activity of 	H 
the surface. 	cli 
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Under the experimental conditions of the present work, 

i.e. pressure of oxygen in the order of 1 mm Hg, the last 

term in equation 26, i.e. the reaction velocity V1  becomes 

now important. 	This velocity has been found to be in the 

order of 1013 molecules cm-2.sec-1 at p = 1 mm Hg and 02  

As the Pt sites are getting freed from carbon dioxide, 

which has been formed, they are subsequently covered by 

chemisorbed oxygen, the rate of which in equation 27 was 

assumed to be equal to the rate of reaction V1. 

The two other terms in equation 27, i.e. the rate of 

desorption and the reaction velocity V2  become negligible 

under the experimental conditions of the present work, the 

first because of the high heat of chemisorption for oxygen, 

the latter due to the extremely low partial pressure of 

carbon monoxide in the gasphase. 

When we use for E1 in equation 28 our experimental 

figure of 10 K cal mole-1 to calculate V1  under the experi- 

mental conditions of Langmuir's work, i.e. 	 -3 mm Hg 
"12 

and T = 500°  X, this comes out to be according to equation 28 

V1  = 1017 . 1 . 5 x 10-5  = 5 . 1012 molec.cm-2.sec-1 

Hence, V1 comes out to be only 
1/20 of the figures of the 

major velocities in equation 26 and 27, i.e. the rate of 

T = 273°  K. 
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chemisorption of oxygen, and the rate of reaction between 

CO from the gasphase and chemisorbed oxygen. 	These figures 

are all about the same, i.e. 1014 molec.cm-2.sec-1 

(T = 500°  K, pco p02 = 10-3  mm Hg, 

Qi  = 31.8 K cal mole-1  and E2  = 0 K cal.mole-1). 

Hence, an increase of both partial pressures by a factor of 

20 would bring up the reaction velocity V1  in the same order 

as V2. 

This conclusion agrees well with the experimental 

dependency of the overall reaction velocity on the oxygen 

partial pressure which Langmuir described (4). 	So, 

Langmuir found that at 200°  C the velocity V1  would 

equalize V2  when both partial pressures are increased 

from p 10-3  mm Hg to about 3 x 10-2 mm Hg, i.e. by a 

factor of 30. 

During this discussion the same model and the same 

basic equations 26 and 27 have been successfully used to 

derive the reaction velocities V1 and V2 in terms of the 

basic collision theory and in good agreement with the experi- 

mental results of Langmuir's and the present work. 

Hence, consistency has been achieved between different 

rate equations for the oxidation of carbon monoxide on a 

platinum catalyst which are solely due to different reaction 
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mechanism working under different conditions of pressure 

and temperature. 
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