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Ellipsometry, LEED and Auger electron spectroscopy have been used to study the interac- 
tions of Oa and NzO with a clean annealed Cu(ll0) surface and the reaction of CO with 
adsorbed oxygen in the monolayer range. Gas pressures were in the range 1O-8-1O-4 Torr and 
crystal temperatures varied between 23-4OO’C. The changes in the ellipsometric angles A and 
$I per oxygen atom upon adsorption and removal of oxygen depend on the coverage 0, the tem- 
perature and on the azimuth of the plane of incidence of the light beam. The kinetics of the 
chemisorption of oxygen is independent of the crystal temperature, initial sticking probabii- 
ity ~0.2. The LEED data and the adsorption kinetics indicate an attractive interaction in the 
adsorbed layer in the [OOl] direction. The initial decomposition probabi~~y of NaO at room 
temperature is 0.15 and decreases with increasing temperature; the maximum coverage is 0.5 
monolayer. The LEED patterns observed were the same as those with 0s. The reaction prob- 
ability of CO with adsorbed oxygen increases with decreasing oxygen coverage (order of mag 
nitude -1O-5, apparent activation energy -6 kcaI/mol). This increase has been attributed to 
the operation of the Langmuir-Hinshelwood mechanism. 

1. Introduction 

The adsorption of molecular oxygen on Cu( 110) has been investigated with 
LEED [l-4], work function measurements [5,6], AES [5,7] and low energy ion 
scattering [8]. The results suggest that at room temperature the initial sticking 
probability s(O) = 0.05-0.1. Initially LEED patterns showed streaks parallel to the 
reciprocal [i lo] direction, changing into a (2 X 1) pattern after an exposure of 60- 
600 L (1 L = 1 0e6 Torr s = 1.33 X 10e4 Pa s) [l-4]. Further exposure at room 
temperature caused an increase in the background ~tensity and the appearance of 
weak spots of a c(6 X 2) structure; this pattern was more easily obtained at higher 
temperatures [ 1,2]. Other patterns have been observed after exposures at crystal 
temperatures of about 400°C [3,4]. 

Ertl and Kiippers [5] have found an increase in the work function A$ = 0.2 eV 
after an exposure of 6 L O1 to Cu( 110). Delchar [6] reported a maximum increase 
A$ = 0.7 eV after an oxygen exposure of 2 X IO3 L. 
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From Iow energy ion scattering experiments it has been concluded that upon 
exposures of --1O-6 Tarr min no surface reconstruction takes place and that the 
adsorbed oxygen atoms are located 0.6 rt 0.1 A below the midpoint between two 
neighbouring Cu atoms in a [ClOl] direction [8j. 

E~~~sornetri~ results obtained at atmospheric pressure and at temperatures from 
70 to f7g=C showed rapid oxidation of Cu(ll0) within the range of oxide thicknes- 
ses IO-I 60 A, but no data in the s~bmo~o~a~er range have been reported [9]. 

On copper surfaces nitrous oxide decomposes into desorbing Nz and a chemi- 
sorbed oxygen atom [ 1 JO]. According to Ertl [I] streak formation in the LEED 
pattern takes place after an exposure af 6 L NzO to Cu(l10) and a sharp (2 X 1) 
pattern is observed only after exposures of 60 L at higher temperatures (300°C). 

The reaction of CO with oxygen adsorbed on Cu(3 10) has been investigated with 
LEED by Ertl f l I]. By treasuring the intensity of spots of the ~(6 X 2) and (2 X 1) 
s~~erstru~t~es as a f~~ctjon of CO expo~re, he obtained an activation energy of 
S keaifmol. 

In a previous paper we presented the results of an elli~s~metry-AE~-LEAK 
study of the kinetics of the interactions af Oa and NzO with a Cu(l11) surface and 
of the reaction of CO with adsorbed oxygen [ 121. In this paper we report on the 
same reactions on a clean annealed Cu( 110) surface. 

The results are confined to the monolayer range. A preliminary account of the 
interaction of Or with Cu(f IO) has been given in ref. f 131. In a ~~rnp~~on paper 
s~~~~uent stages of inMa% o~dat~a~ aa revealed by the ~omb~ati~~ of work func- 
tion measurements, e%psometry, AES and LEEI are described fI4j. For the 
chemisorptian stage of N&r and 02 the present results show an apparent plane- 
specificity with higher rates for Cu( I IO) than for Cu(l I I), in contrast with the 
apparent non-plane-specific behaviour of the CO oxidation reaction. 

The exper~ent~ a~a~~~e~t and procedures were ~sse~ti~~~ the same as 
described in ref, f12]. A disc-shaped crystal, spark-cut from a SN copper rod 
(Material Research Corporation) to within 2” of the (110) orientation, was ground, 
electro-Iap polished and mounted in the crystal holder. The surface was cleaned by 
applying cycles of sputtering (600 V, 5 HA/cm*, 10m4 Torr Ar) and annealing 
(450°C). Auger q?ectra showed that the amount of any ~ont~~~t on the surface 
was Iesa &an about 3% of a monoIayer. 

The changes in the e~i~~rne~~~ angIee &% (z & - A) and S jr (E 9 - $J; 2, $ 
clean surface) were determined with off-m8 irradiance measurements (during con- 
tinuous exposures) or by two-zone measurements (interrupted exposures). The 
wavelength was 632.8 nm and the angle af incidence 69 * Ia, The azimuth St, 
defined as the angIe between the plane of incidence of the light beam and the rows 
on the surface ([I 101 direction) was varied. 
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The Auger spectra were recorded with a four-grid retarding field analyser. The 
current of the primary beam was 40 PA, its energy 2500 eV and the angle of inci- 
dence about 8’ with the surface. The modulation voltage on the retarding grids was 
10 V p-p. As a measure for the oxygen coverage the ratio ho/hcu of the oxygen 
510 eV and the copper 920 eV peak-to-peak heights in the second derivative spectra 
were taken. 

For the CO exposures high purity carbon monoxide (L’Air Liquide, 99.997 vol 
%) was used. During all exposures the gas was continuously renewed by pumping 
with the turbomolecular pump. 

3. Ellipsometric results and calibration 

It appeared that the change in A per adsorbed oxygen atom was a function of 
the coverage 0, the crystal temperature T and the azimuth Sz, while 6 J, per 0 atom 

turned out to be only a function of S2. This is in contrast with the observations on 
the Cu(ll1) plane [12]. In fig. 1, 6A is depicted versus the oxygen Auger signal at 
different T for S’Z = 90”. At room temperature a linear relationship was observed 

between the oxygen Auger signal and &A. Then S j, = 0.25 66. The same curves 
result from the ~teraction of N20 with Cu(ll0) as well as from the removal of 

---m 6A Idegl 

Fig. 1. Ratio of the 0 510 eV to the Cu 920 eV Auger peak versus 6A upon adsorption of oxy- 
gen on Cu(l10) at different temperatures (Q = 90”). T= 24, 240 and 313’C; two-zone mea- 
surements. T = 81, 130 and 183OC: off-null irradiance measurements. Bars: estimated errors. 



adsorbed oxygen with CO, An adsorption experiment at 313°C delivered a total 611, 
of about 1.2” and a subsequent reduction of the surface with CO at 183°C yielded 
a total 6A of about 0.8”. This indicates that the curves of fig. 1 are reversible with 
respect to T. 

For fi = 0” (plane of incidence parallel to the troughs) the curve of fig. 1 at T= 
24’C was observed at all temperatures considered. In this case the m~imum S$ 
was 0.29”. For G! = 45” ~termed~ate curves were observed, then 6 j, amounted to 
0.17”. 

It must be concluded that the larger 6A at the same h&zc, at higher tempera- 
tures is not due to a larger uptake of oxygen. Most probably this effect is caused by 
a temperature dependent, anisotropic bonding of the oxygen atoms to the sub- 
strate. Optical anisotropy has been observed with ellipsometry in oxide films (thick- 
ness 100-1200 a> on copper single crystals with surfaces of (110) and (3 11) orien- 

tation [ 151. The observed anisotropy will be discussed in a forthcoming paper [ 161. 

J.2. Calibration 

At room temperature the slopes in the ho/h~, versus 6A plots for Cu(ll0) and 
Cu( 111) [ 121 are the same within experimental accuracy (*lo%) (fig. 2). The abso- 
lute heights of the Cu LMM Auger peaks are equal for the clean surfaces of both 
planes; the attenuation at the highest coverage in the chemisorption stage was 
GO%. Thus for T= 23°C and at higher T, when R = O”, the 6A per adsorbed atom 
is the same for Cu(l10) and Cu(ll1). 

02- . CulllO) 23'C 

. Cu Ill11 23% 

. Cu~llll 2009; 

Fig. 2. Oxygen Auger signal versus 6A upon oxygen adsorption on Cu( I1 1) (23°C) and on 
Cu(l10) (23OC) and upon removal of oxygen from Cu(ll1) (T= 200°C). 
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The (2 X 1) LEED pattern at the saturation point of the chemisorption stage 
permits an absolute calibration of the coverage. Assuming that no reconstruction 
takes place during exposures in the 10 -6 Torr min range [8] we conclude that the 

(2 X 1) pattern corresponds to f3 = 0.5. Thus for the chemisorption stage on 
Cu(ll0) 

e = (1.25 ~O.l5)Xh&z~” (la) 

for ho/he, < 0.40, and at a = 0” 

0=(1.0+O.l)XFA (lb) 

for 6A < 0.49”. For 0 > 0.5 incorporation of oxygen is assumed to occur [14], as 

on Cu(100) [17]. 

4. Interaction of O2 and N20 with Cu(ll0) 

4.1. Adsorption ofoxygen 

Oxygen was exposed to a Cu(ll0) surface in the pressure range 1O-s-1O-4 Torr 
and at crystal temperatures between 23 and 360°C. In fig. 3 an example of 6A as a 

function of time of exposure at room temperature is shown. When the changes in 

A became too small to be measured, the pressure was increased. 
Fig. 4 shows the oxygen Auger signal as a function of O2 exposure at different 

06- -8 
6A p (Torr)=37xlO 
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Fig. 3.6A (off-null irradiance measurements) versus time, during exposure of oxygen to 

Cu(l10) at increasing pressures. 
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F4;. 4. Oxygen Auger signal as a function of exposure of 02 to Cu(ll0) at different tempera- 
tures. 

crystal temperatures. Starting with a surface totally free of oxygen turned out to be 
difficult (as revealed by AES). The reason for this may have been the adsorption or 
segregation of oxygen during annealing and cooling after sputtering or during the 
recording of an Auger spectrum. 

At the start of an exposure a pressure of 10V8 Torr was taken. After 10 L the 
pressure was increased to IO-? Torr until ~~1~~” = 0.40. Further exposures were 
made in the 10m4 Torr range. The Auger spectra were recorded after evacuation 
down to 5 X lo-‘* Torr in the low exposure region and to about 5 X lo-’ Torr in 
the high exposure region. No influence of the ionlsation pressure gauge was ob- 
served. 

After a few Langmuirs streaks appeared in the LEED pattern in the reciprocal 
[i lo] direction. These streaks condensed into spots and a (2 X 1) pattern devel- 
oped. This was at its sharpest around 360 L with ~*~~~~ = 0.40. At larger expo- 
sures the c(6 X 2) superstructure was observed via an increase in the background 
intensity and the formation of a domain structure as has been reported earlier [l] , 

4.2. Decomposition of nitrous oxide 

In contrast to Cu(lll) [ 121, on the Cu(ll0) plane NzO appeared to have a large 
reaction probab~ty. So the exposures were initi~ly performed at NzO pressures of 
lo-’ Torr, and at higher f3 with lo-’ Torr. Further procedures were essentially the 
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Fig. 5 _ Oxygen Auger signal as a function of exposure of NzO to Cu(l IO) at different tempera- 
tures. 

same as they had been with the O2 adsorption experiments, except for the fact that 
in these experiments the hot filament of the ionisation gauge was switched off 
during the exposures to prevent formation of NO species [ 121. 

In fig. 5 the oxygen Auger signai is depicted as a function of the NzO exposure 
at different temperatures. No nitrogen has been found in the Auger spectra. At all 
T (<400°C) the maximum A&-, * 0.40, up to exposures of 10 L. The LEED 
patterns observed were the same as those with Oa. From fig. 5 it follows that the 
reaction rate decreases with increasing T for hJhCu < 0.34. Above this coverage, 
the reverse is the case. 

4.3. Discussion of the O2 adsorption 

In fig. 6 a plot is shown of the sticking probability as a function of the oxygen 
coverage at room temperature. The initial sticking probab~ity is about 0.17. This 
value compares reasonably well with values derived from the literature [1,2,7]. 
0s reacts more easily with Cu(ll0) than with Cu(ll1) (s(O) R 10T3 1121) and 
Ag(ll0) (s(O) = 5 X 10V4 [ 181). The initial reactivity of polycrystalline copper 
films (s(0) - 0.1 [ 191) compares with that of Cu(ll0). 

Fig. 6 shows that the adsorption rate is proportional to the pressure for ah 0. 
The results obtained with NzO and for the reduction with CO (section 5) strongly 
indicate that Oa chemisorbs dissociatively on Cu(ll0). The occurrence of the 
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Fig. 6. Oxygen sticking coefficient s versus 0, derived from continuous ellipsometric measure- 
ments at room temperature. The dashed line represents eq. (4) with w’ = 0 kcal/mol and W” = 
4 kcal/mol. 

ordered (2 X 1) pattern, while no restructuring of the Cu surface takes place [8], 
points to lateral interactions in the adsorbed layer. 

When two empty adjacent sites are necessary for dissociation, then the lateral 
interactions have to be taken into account in the model for the kinetics. This can be 
achieved by the introduction of the parameter 0 ee, which is the probability that 
two nearest neighbour (nn) adsorption sites are empty at a given B (cf. refs. 
[20,21]). In this case 8ee has to be calculated for the rectangular lattice of the 
Cu(l10) plane, with two different pair-wise interaction energies, w’ and tir’ for the 
[i 101 and the [OOl’J direction, respectively. If thermodynamic equilibrium is 
assumed and only nn interactions are taken into account, then one gets for a one- 
dimensional chain of sites [20] : 

28(1 - e) 
I-e-(l_4e(l_e)(1_e~‘/RT)j~/2+I ’ e& =A&# . (2) 

Here w’ is the pair-wise ~teraction energy (w’ is negative for repulsive and posi- 

tive for attractive interactions), t9 the coverage (Z N; ,‘A$, IV&-, the number of empty 
nn site pairs, N6 the number of adsorption sites and Ni the number of occupied 
sites, all per unit length. The parameter 0 ee for a (110) plane can then be evaluated 

by adding A& and N& for the two directions [i lo] and [OOl] : 



tfere No0 ad .A$ are defied per unit of surface area. In this so-called quasi-chemi- 
eal a~~ro~~~tjon it has been assumed, that pairs of NT sites in two different dim- 
tions may be treated as being ~nde~~dent of each other, although in fact they are 
not [ZO]. (A more detailed evaluation of the two-dimensional case has been 

attempted by De Wit’ C22] .) Finally one obtains from eqs. (2) and (3) 

coo = I - e -‘e(i - e)[f(i - 4e(i -- e)(l - ew”RT))1’2 f I]+ 

f {(I - 48(1 - e)(l -- ew”~RT)ji’2 + I)-xf _ (4) 

For w’ = WI’, eq, (4) reduces to the result obtaairred by I%1 [20] and King and Wells 
12 f ] for a k&ice with four-fold ~rnrn~try. 

It appears that the measured sticking probability $8) (fig. 6) can be described by 

s(e) = s(O) eee $ c-4 

with s(O) x 0.1’7. Two parameters in eq. (5), namely w’ and w”, may be adjusted to 
obtain a good fit to the data of fig+ 6. Streak formation in the LEED pattern at low 
coverages indicates order in the fOOl] and disorder in the [i IO] direction. This is 
very ~robabl~ the result of strong attractive ~te~~t~ons ~twee~ the adatoms fpos- 
sibly via the substrate) in the jr301 ] direction and weak istteractions in the [i IO] 
direction. Consistent with this conclusion, the data of fig. 6 can be explained with 
eqs. (4) and (5) if o’ is taken between ,-I and 1 kcallmol and w” > 4 kcalfmol. It 
has been assumed that the surface consists of specific sites of two nn copper surface 
atoms in the [i”lO] d’ erection. The combined data (fig. 4, cf. also ref. [14]) show 
that the completed (2 X 1) structure represents the maximum coverage for the 
~hern~so~tio~ stage and therefore the relative coverage B’ - 3~~~~ is used instead of 
B in fitting eq, (5) with the date of fig* 6. 

Eq. (5) can be obtained in two ways. Firstly one can assume Langmuir kinetics, 
in which physisorbed oxygen molecules are supposed to have a negligible effect on 
the chemisorption kinetics and a gas molecule has a probability s(O) for chemisorpm 
tion only when impinging on an empty mz site pair. 

Secondly one can assume precursor state kinetics. In that case an expression for 
the sticking ~~~ba~ility is $211: 

sf@‘) =f(O>[l + K(!Q - t j]-’ . (6) 

Here s(O) and K are related to the condensation coefficient sx of gas molecules and 
to the probabilities for chemisorption (P,) and for desorption of the precursor 
molecules from an empty chemisorption nn site pair (P,J and from a nn site pair 
not available for chemisorption (PA). K and s(O) are expressed as follows: 

K =f$/(pa+~d1pd), SW = tup,/Pl3 + Pd) * m 



Eq. (5) is obtained when K = 1. The precursor state model has been used to 
describe the kinetics of the dissociative chemisorption of O2 on Cu( 111) [ 121. On 
that plane the sticking probability was found to be initially independent of the 
coverage, but to depend on the crystal temperature, In the 0&3r(l IO) system, 
however, the kinetics of ~hemisorpt~on is independent of the crystai temperature 
within exFe~~~t~ accuracy (fig. 41, and the sticking probability decreases 
strongly with increasing oxygen coverage (fig. 6). This makes a description in terms 
of a precursor model less favourable. 

There is a remarkable difference between the two copper planes (111) and (110) 
both with respect to the absolutevalue ofs(0) as well as with respect to the 13 and T 
dependence. When oxygen is in the gas phase, mobile physisorbed O2 molecules are 
expected to be present on both planes. On Cu( 110) incident 0% molecules, which 
undergo a direct transition into the chemisorbed state, may make a substantives 
larger contribution to the ~hem~sor~tjon rate than phys~sorbed O2 molecules; on 
Cu(I 11) the reverse seems to be the case. 

4.4. Discussion of the N,O decompasition 

In fig. 7 the reaction probability s of NzO at room temperature is depicted as a 
function of 0. The reaction probability is defined as the number of oxygen atoms 
deposited per incident N&I mobcub, The initial value s(0) is 0.15, which is much 
farger than on Cu(l.1 I> (extrapolated value at 30°C: -lo-’ [X2]). The ~robab~~ty 

Fig. 7. Nitrous oxide reaction probability as a function of 6, derived from continuous ellipso- 
metric measurements at room temperature. 
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decreases linearly up to 0 = 0.36 and then becomes very small. The coverage 0 = 

0.5 is reached after about 10’ L. These results are in qualitative agreement with 
those which Ertl obtained using LEED [ 11. 

The initial reaction probability decreases slightly with increasing crystal tempera- 
ture (fig. 5). Values of s(0) derived from the Auger measurements are: 0.15 (30”(J), 

0.062 (145”Q 0.035 (232’(Z), 0.031 (33O’C) and 0.022 (360°C). For the slope of 
an Arrhenius plot of s(0) a value of about 2 kcal/mol is calculated (pre-exponenti~ 
factor 6 X 10v3), instead of -10.4 kcal/mol for Cu(ll1) ]12]. This dependence of 

s(0) on Tpoints to the existence of a precursor prior to the transition to the final 
chemisorption state. Though the linear decrease of s with coverage (fig. 7) seems to 
favour a model without any precursor state, it can also be explained with a precur- 
sor state model. 

It has been suggested [23,24] that the dissociation proceeds via the capture by 
NzO of an electron from the substrate. The activation energy required to capture an 
electron will be associated with the work function. The work function difference 
between Cu(ll1) and Cu(l IO) (11 [25] to 14 kcaljmol [6]) equals approximately 
the difference between the activation energies for the NzO decomposition on both 
planes (12.4 kcal/mol). 

From fig. 5 it follows that the apparent activation energy for the decomposition 
increases with the oxygen coverage, and is zero for f3 = l/3. This increasing appar- 
ent activation energy may be due to the increase in work function that results from 
oxygen adsorption 156,141. According to section 4.3 the arrangement of the 
adsorbed atoms on the surface is rather independent of the temperature. 

5. The oxidation of CO by preadsorbed oxygen 

The reaction of adsorbed oxygen with carbon monoxide was studied in the tem- 
perature range 230410°C and at CO pressures between 5 X 10m5-5 X 10e4 Torr. 

During the exposures of CO the ionisation gauge was switched off. The ratio of the 
partial pressures of CO and Oz, as determined with the mass spectrometer, turned 
out to be about 5 X IO’. 

The exposures were started at an oxygen coverage of 0.5 ((2 X 1) pattern). In 
fig. 8, 6A (measured at a = 0”) is depicted as a function of CO exposure at dif- 
ferent temperatures (0 R 6A (deg), eq. (1 b)). A small amount of oxygen was gener- 
ally still present after a reduction experiment, as monitored with AES (cf. section 
4.1). No difference in the curves was observed between surface oxygen orig~at~g 
from O2 and NzO. 

The reaction rate appears to increase with decreasing oxygen coverage. Jir the 
whole coverage range this rate appears to be proportional to the CO pressure. An 
analogous increase in the reaction probability with decreasing oxygen coverage has 
been observed for the reaction of CO with oxygen adsorbed on Ag(ll0) [l&26,27]. 
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Fig. 8.&A versus exposure of CO to a surface with preadsorbed oxygen at different tempera- 
tures. Solid lines: ellipsometric off-null measurements (0 = O”). Dots: integral of eq. (9) with 
(A) kl = 4.4 x lo+ L-‘; (0) kl = 8.5 x 1O-s L-‘; (0) k, = 9.8 x 1O-5 L-‘; (w) kI = 1.34 X 
low4 L-’ ; k2 = 2kI, w = 4 kcal/mol. 

In ref. [ 18] a one-dimensional model has been devised for a row of adsorbed atoms 
in the [OOl] direction with attractive ~teractions. In this model different rate con- 
stants were assumed for ‘lone” oxygen atoms and “row” oxygen atoms. A better 

adaptation is obtained, when this model includes the assumption that the reaction 
proceeds via the Langmuir-Hinshelwood (L-H) mechanism. Recently it has been 
shown that this is the path via which the oxidation of CO on Pd( 111) (molecular 

beam study) [28] and polycrystalline Pt (isotope tracer method) [29] proceeds. 
Let Nr 1 be the number of occupied site pairs, Nor the number of pairs of sites 

that are occupied by one atom, iVr the total number of adsorbed atoms and& the 
total number of sites. Then the rate equation becomes: 

wr/‘d@) = (-Jz&$r - 2krN, r)(N, - N,)/N, , (8) 

with different rate constants k2 and kr for different types of oxygen (cf. eq. (7) of 
ref. [ 181). The factor (NS - Nr)/IV, has been included to take account of the L-H 
mechanism and it denotes the probability that a site in a neighbouring [OOl] row is 
empty and available for CO molecules. In the experimental conditions only a very 
small qu~tity of CO is adsorbed (heat of adsorption 43.1 kcal/mol [30]). We 
assume that this quantity is proportional to the CO pressure, justify~g the use of 
the product of pressure and time in the left hand side of eq. (8). Finally we get: 

di? 4(k2 - k,) 6’(1 - 6’) 
- = 
dC.r4 

-2k10’- 11 __4e’(1 _O’)(l _ew/R?j}l/2 + 1 (9) 

where o is the pair-wise interaction energy in the [OOl] direction. As in section 
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Fig. 9. Arrhenius plot of the reaction probab~ity of CO with Oad taken at @ = &A it. 0.25; (=) 
values of kl . obtained by fitting the integral of eq. (9) to the measurements of fig. 8. 

4.3, the coverages are normalized to 8’ = 1 at half a monolayer of adsorbed oxygen 

atoms. A non-zero reaction rate is assumed at 0’ = 1, which is ascribed to a few 
empty sites, defects or to a reaction with a much lower rate. 

There are three parameters ki, kz and w, which can be varied so that eq. (9) fits 
the curves of fig. 8. For w we took 4 kcal/mol, as in fig. 6. The dots in fig. 8 are ob- 
tained by numerical integration of eq. (9), with starting point 0 = 0.95 and the 
values for kr and kz are as indicated. Good fits are obtained for kz = 2kl, indepen- 
dent of T, indicating that the removal of lone oxygen atoms is somewhat more 
likely than that of row atoms. A possible reason is that a lone oxygen atom has 
more free nn sites than a row atom. 

In fig. 9 the values for the reaction probability P (defined as the number of 

removed oxygen atoms per incident CO molecule), calculated in the nearly linear 
(midway) part of the curves of fig. 8, are depicted in an Arrhenius plot. Also 
depicted are the values of kl, obtained by the fits of eq. (9). In this model the mid- 
way reaction probability P is about equal to 0.6 kl in the considered temperature 
range, indicating that the slope of an Arrhenius plot of P is approximately equal to 
the activation energy of the reaction, of which kl is the rate constant. This is 
illustrated in fig. 9. The activation energy appears to be 6.3 f 0.3 kcaljmol, which is 
in reasonable agreement with the value 5 kcal/mol obtained by Ertl [ 111. To this 
value of 6.3 kcah’mol should be added the heat of adsorption of CO on Cu(ll0). 
We thus obtain as the activation energy for the suggested rate-limiting step CO,d + 
Gad -+ CO*? a value of 19 kcaI/mol, which is equal to that for Cu(ll1) (18-20 
kcal/mol [ 121). The absolute values for the overall reaction probabilities also 
appear to be equal (-(3-4) X IO-‘, 250°C, 0 = 0.25). Thus this reaction seems 
rather structure-insensitive. 
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6. Conclusions 

(i) In the chemisorption stage the 6A and S J, per adsorbed oxygen atom depend 
on the temperature, the oxygen coverage and the azimuth of the plane of incidence. 

(ii) The initial sticking probability for O2 is about 0.2. The rate of adsorption is 
independent of the crystal temperature up to a coverage of half a monolayer. We 
can describe the process by ~~uir kinetics into which dissociative adsorption on 
empty nn site pairs and an attractive interaction in the adsorbed layer in the [OOI] 

direction are incorporated, as is suggested by the sequence of LEED patterns. 
(iii) The initial reaction probability of NzO at room temperature is 0.15 and 

decreases with increasing temperature. The saturation coverage is 0.5 monolayer up 

to exposures of 10’ L and temperatures of 400°C. The activation energy increases 
with the oxygen coverage. The LEED sequence observed was the same as that with 

02. 

(iv) The reaction of CO with preadsorbed oxygen proceeds via a Langmuir- 
Hinshelwood mechanism with an activation energy for the reaction CO,d + Oad + 
CO2 of about 19 kcal/mol. The overall reaction probability at 0 * 0.25 is 3 X 
lo-’ at 250°C. 
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