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THE MECHANISM OF CO OXIDATION OVER Cu(ll0): 
EFFECT OF CO GAS ENERGY. 
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The effect of the temperature of gas phase CO upon the kinetics of the oxygen titration 
reaction: COg + O a ~ CO2,g, has been studied. It is found that the reaction's rate is indepen- 
dant of CO gas temperature between 300 and 623 K. The activation energy (6.5 kcal/mole),  
dependence upon CO pressure (first-order), and independence upon oxygen coverage for 
0.1 < 0 o < 0.4 are all independant of the CO gas phase temperature. This result rules out any 
Eley-Rideal type mechanism whereby CO reacts directly from the gas phase with an oxygen 
adatom without first being accommodated to the surface temperature in an absorbed state. 
The result is instead interpretable in terms of a Langmuir-Hinshelwood mechanism. 
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1. Introduction 

The reaction between CO and absorbed oxygen atoms (Oa) on copper surfaces 
is of interest because of the important role it plays in many catalytic reactions. 
Specifically, it is thought that CO and CO 2 actively interconvert via an O a 
intermediate during both the water-gas shift (H20 + CO ~ H 2 + CO2) and 
methanol synthesis reactions (CO + 2H 2 ~ CH3OH ) over Cu and C u / Z n O  cata- 
lysts [1,21. 

The titration reaction CO + O a ~ CO 2 on Cu (110) has been studied exten- 
sively by several groups. Habraken and coworkers [3,4] and van Pruissen and 
coworkers [5,6] have studied the interaction of CO gas with oxygen covered 
Cu(110) in the temperature range 475 to 775 K. They observed a first order 
dependence of the rate (R) upon the partial pressure of CO (Pco) and measured 
an apparent activation energy (Eapp) of 6.3 to 7.1 kca l /mole  for oxygen coverages 
(0o) between 0.1 and 0.4. These results have most recently been interpreted in 
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terms of a Langmuir-Hinshelwood (LH) mechanism which consists of the follow- 
ing elementary steps [5]: 

COg r a (1) 

CO a -J- O a -'~ CO2,g. (2) 

They assumed that the CO coverage was low and that the step COg ~ CO a was in 
rapid equilibrium, and therefore the overall rate could be written as follows: 

RLH = VLHVA/V D exp - (ELH + AHad)/RT eco0o, (3) 

where ECH is the activation energy for the Langmuir-Hinshelwood step (2), AHa d 
is the adsorption enthalpy associated with step (1), and the preexponential factors 
(vt) refer to the Langmuir-Hinshelwood step (VLH), desorption of CO (VD), and 
adsorption of CO (VA). The value v A takes into consideration the effect of oxygen 
coverage upon the sticking probability for CO which was assumed to be propor- 
tional to the factor (0ma x --00), where 0ma x is an adjustable parameter. With an 
appropriate value for 0ma x [5], this dependence in eq. (3) reproduces well the 
experimental result that the rate of titration was nearly independant of 0 o 
between 0.1 and 0.4 [5]. This model also appropriately reproduces the observed 
first-order dependence of the rate upon Pco- According to this model, the 
apparent activation energy is then simply given by: 

Eap p = ELH q-- AHad. (4) 

Since AHad is about - (12-13)  kcal /mole on Cu(l l0)  [2,7], the observed value of 
6.3-7.1 kcal /mole for Eapp implies an activation energy of - 18-20 kcal /mole 
for the elementary LH reaction step. 

It should be recognized, however, that the previously observed kinetics could 
just as easily have been explained within an Eley-Rideal (ER) mechanism, 
whereby a CO gas molecule reacts directly with an oxygen adatom in the 
elementary reaction step without first being accommodated to the surface temper- 
ature: 

COg -t- O a --~ CO2,g. (5) 

According to this mechanism, the reaction rate would be expressed as: 

RER = YEa exp(-EER/RT)PcoOo, (6) 

where EER is the activation energy for step (5). Again, if Vzg is allowed to vary 
appropriately with 0 o (due to lateral interactions in the adlayer or steric effects), 
this expression could adequately reproduce the observed near independence of 
the rate on 0 o for 0.1 < 0 o < 0.4 and the first-order dependence on Pco- Accord- 
ing to this mechanism, the apparent activation energy of - 7 kcal /mole  directly 
gives the value of EER for step (5). 

We present here, however, direct evidence that the rate of this titration reaction 
does not depend upon the temperature of COg but only upon the surface 
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temperature, which was independently varied over the range 300-623 K. This 
result is inconsistent with an elementary reaction step of the type COg + O a 
CO2,g since that step must also have an activation energy of - 7 kcal /mole.  This 
result helps strengthen the evidence that this titration reaction occurs via the 
Langmuir-Hinshelwood mechanism, only assumed previously on Cu(l l0) .  Al- 
though this mechanism was previously proven on other transition metals (i.e. Pt 
[8] and Pd [9]), it was not obvious that it should also occur on Cu since Cu 
surfaces bind CO a much more weakly, and since this reaction's probability per 
CO collision with the surface is some four orders-of-magnitude lower on Cu than 
on Pt or Pd. 

2. Experimental 

The ultrahigh vacuum (UHV) apparatus and attached microreactor for this 
experiment has been described elsewhere [10,12]. The carbon monoxide (99.99%) 
and oxygen (research grade) used were purchased from Airco. Gas purity was 
checked in vacuo by mass spectrometry. The Cu(l l0)  crystal was cleaned by Ar + 
ion sputtering at 470 K followed by annealing at 830 K. Surface cleanliness was 
checked by AES, LEED, and thermal desorption. The crystal was then dosed 
with a near saturation coverage of 0 2 ( - 1 1  L at 300 K, to give 0 o -0 .45) .  
Absolute coverages are reported relative to the Cu(l l0)  surface atom density 
where 0 - - 1  corresponds to 1.085 • 1015 cm -2 on Cu (110). Absolute oxygen 
coverages were measured by the O(510 eV)/Cu(930 eV) AES ratio. A ratio of 
0.085 was assigned previously to a coverage of 0 -- 0.5 [11]. This coverage gave a 
work function change relative to clean Cu (A~) of approximately +330 meV, 
which is consistent with previous observations [4]. The oxygen-covered crystal 
was then heated to the reaction surface temperature, Ts, and finally translated 
into an attached microreactor which contained COg and N2,g a t  controlled partial 
pressures (Pco = 1 0 - 4  to 10 - 3  Torr, PN2 = 0 to 50 Torr). This slow-flow type 
reactor was designed so that the partial pressures of CO and N 2 did not  change 
due to reaction, and so that these pressures could be measured by mass spec- 
trometry as described elsewhere [12]. Periodically this exposure to COg was 
interrupted by translating the sample back into UHV for a zi4~ measurement. 
(Our non-destructive method of measuring zl4, is described in [12].) Since below 
0 o = 0.5 the value of Aq, is known to be proportional to 0 o [4], this ziq~ was then 
easily used as a rapid measure of 0 o. (At these T s and Pco, the coverage of CO a is 
too low to measurably alter Ar [13].) A slope of 0 o (via A~) verses exposure time 
to COg was used to determine the rate ( d O o / d t )  of the net titration reaction 
C %  -I- O a ---> CO2,g as a function of 0 o. 

This type of titration was then repeated at different surface temperatures, CO 
partial pressures, and N 2 partial pressures. As described previously in our study 
of the net reaction Hz,g + O a ~ HaOg [12], the addition of N 2 from 0 to 50 Torr 
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has the effect of raising the temperature (Tg) of the COg molecules which collide 
with the Cu surface from the temperature of the reactor walls (300 K) to the 
temperature of the sample surface (448 to 623 K). This occurs because the gas 
mean-free-path is much larger than the distance from the surface to the walls 
( -  2 cm) in the absence of N2, but less than 10 -4 of this distance at 50 Tort of 
N 2. In this way, we were able to independently determine the effects of T s, Tg, 
Pco, and 0o upon the rate of oxygen removal by CO. 

3. Results 

In the absence of N2, our  kinetic results are quite similar to those found in 
previous studies [3-6]: 

1. The reaction rate was first-order in Pco in the range 10 -3 to 10 -4  Torr for 
0.1 < 0 o < 0.4. 

2. The rate at constant Pco demonstrated an apparent activation energy of 
6.5 +_ 0.2 kcal/mole in the surface temperature range 448 to 623 K for 
0.1 < 0 o < 0.4. (Note that only T s was varied, here but not Tg.) 

3. The rate was nearly independant of 0 o in the coverage range 0.1 < 0 o < 0.4, 
but decreased with 0 o for 0 o < 0.05. 

4. The reaction probability (rate per CO collision with the surface) was 
2.5 • 10 -5 at a surface temperature of 623 K and 0.1 < 0 o < 0.4. 

None of these results changed within experimental error when 50 Torr of N 2 

was added to the reaction vessel. (The slight change in CO collision frequency 
with the surface due to its change in temperature was considered in calculating 
the reaction probability here.) This result proves that the reaction rate was 
independant of the gas phase temperature of the COg hitting the surface for the 
range Tg = 300 to 623 K. 

4. Discussion 

The kinetics we have observed are indeed consistent with the LH mechanism 
proposed previously [5], but not consistent with an ER mechanism. Most notable 
is our only truly new result, which is that the rate is independent of the CO gas 
temperature between 300 and 623 K. According to the ER mechanism, gas phase 
CO would be directly involved in the elementary step which has a 6.5 kcal /mole 
activation energy (see Introduction). Depending upon where this barrier occurred 
along the reaction coordinate, all or only part of it might be accessible with the 
gas-phase CO degrees of freedom. However, even if only 15% of it were accessi- 
ble, via the energy of COg, one would expect a 150% increase in the reaction rate 
as Tg is increased from 300 K to 623 K. This is outside the error bars of our 
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measurements, which strongly suggests that a direct impact type of ER mecha- 
nism is not an appropriate description of the reaction event. 

On the other hand, the independence of the reaction rate upon Tg is easily 
understandable within the LH mechanism proposed previously (see Introduction). 
The only elementary step involving COg directly in this mechanism is the sticking 
or adsorption reaction: COg --, CO a. Since that step is known to occur with nearly 
unit sticking probability even at the low temperatures where it has been measured 
(100-200 K) [7], it is unlikely to have any significant activation barrior. That is, 
the sticking probability can not increase any further on going to Tg = 300 or 623 
K. If anything, the sticking probability may decrease slightly between 300 and 
623 K due to dynamical effects associated with collisional energy loss [14]. This 
effect is expected to be small (<  50%) [14,15] and probably below the error bars 
associated with our measurement of reaction probability. (These error bars are a 
factor of - 1 . 7  at 95% confidence limits, due mostly to the difficulty of accu- 
rately measuring Pco in the presence of 50 Torr N2). 

In conclusion, it appears that the net reaction COg + O a -~ COz,g occurs via a 
CO a intermediate on Cu(110), just as has been proven on Pd [9] and Pt [8] 
surfaces. Thus, the much weaker metal-CO bond in the case of Cu does not result 
in a fundamentally different mechanism for this reaction. The fact that this 
reaction's probability per CO collision with the surface is some four orders-of- 
magnitude lower on Cu than on Pt or Pd is, however, related to this weaker CO 
adsorption energy on Cu since it results in a much higher desorption rate for COa. 
This higher desorption rate means that a CO a will desorb with a much higher 
probability than it's probability for reacting with an O~, whereas on Pt and Pd 
surfaces, the reverse is true [8,9]. 

As a point of proof, we have recently shown, using the same experimental 
methods, that an increase in Tg from 300 K to 623 K results in a -~ 30-fold 
increase in the rate of the net reaction: Hz,g + O a ---> H2Og. In that case, the 
change in rate is due to a 14 kca l /mole  activation energy for the step H2,g ---, 2H~, 
largely accessible via the H2,g translational degrees of freedom [12]. 
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