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The ~teractions of 02 and N20 in the low pressure range with a Cu(ll1) surface and of
CO with adsorbed oxygen have been studied with ellipsometry, Auger electron spectroscopy
and LEED. The adsorption of 02 was investigated in the 10-6-104
Torr range and at crystal
temperatures ranging from 23 to 4OO’C. 02 chemisorbs dissociatively with an initial reaction
probability of about 10m3 and an apparent activation energy of 2-4 kcal/mol, which depends
on the substrate temperature, up to a saturation coverage of 0.45. The probability of decomposition of N20 is 10ms at 300°C, and the activation energy is 10.4 kcal/mol For 250 < T<
4OO’C. The oxygen coverage saturates at B = 0.45 as well. For both oxidation reactions the
kinetics can be described with a precursor state model. With LEED no superstructures were
observed. The probability of the reaction of CO with adsorbed oxygen is 4 X lo-’ at 250°C
and is initially independent of the oxygen coverage. The reaction is assumed to proceed via a
Langmuir-Hinshelwood
mechanism. The activation energy for the reaction COad + oad -+ CO*
is 18-20 kcal/mol.

1. Introduction

Knowledge and understanding of the role of the surface geometry in the kinetics
of the reactions of gases with metal surfaces is important for catalysis. The interactions of oxygen and certain oxygen containing gases with copper surfaces of various
orientations are at present being studied with ellipsometry, Auger electron spectroscopy and LEED. In contrast to techniques which use electrons or ions as
probes, the optical technique of ellipsometry makes possible in-situ kinetic measurements at high pressures without interference with the processes under investigation. Furthermore,
the difference in information depth between AES and ellipsometry permits a distinction to be made between surface and subsurface phenomena.
The interaction of molecular oxygen with large single crystals, fihns and small
particles of copper at pressures between lo-* and 200 Torr has been the subject
of many investigations, e.g. with LEED [I-S], AES [S], UPS [6,7], 2PS [7], SIMS
[S], work function measurements
[.5,6,9] and gas volumetry [lo-121.
However,
kinetic studies are scarce and the results differ widely. At room temperature the
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sticking coefficients
of 0s on surfaces of large crystals was found to be of the
order of 1O-3-1O-2 and to depend on the structure of the surface [l-5,8,9].
At
room temperatures
turned out to be about an order in magnitude lower for Cu(111) than for Cu(ll0) and Cu(lO0). Contrary to (110) and (100) no superstructures are formed on (111) after exposures up to 5 X lo4 L (1 Langmuir = 10m6 Torr
s = 1.33 X 10e4 Pa s) [l-4].
Adsorption measurements
on films yielded s R=0.1
]6,111.
In the experimental conditions bulk oxides (CusO, CuO) are thermodynamically
stable, and unlike with large single crystals, with small copper particles they are
readily formed; this may be ascribed to the local temperature increase caused by
the evolution of the high heat of adsorption (-110 kcal/mol (10,12,13]). Eilipsometric results on the oxidation of copper surfaces at higher pressures have been
reported [14,15], but no data in the submonolayer range have been presented.
A nitrous oxide molecule N20 decomposes on a Cu surface into Nz, which
desorbs, and into an adsorbed oxygen atom [2,10,13,16].
The LEED patterns
formed after decomposition of NsO are the same as upon adsorption of 02, except
for the (100) plane [2]. The NsO reaction is much slower at room temperature and
strongly activated, and even with small copper particles no oxide formation takes
place at temperatures up to -12O’C. Above this temperature oxidation of copper
powder has been observed at pressures of 200-600 Torr f IO,1 6 1.
At room temperature CO is only weakly adsorbed (heat of adsorption 10-l 5
kcal/mol, cf. refs. [17-191). In his LEED study of the interaction of CO with oxygen preadsorbed on Cu(l1 l), Ertl observed no changes in a superstructure ascribed
to oxygen at temperatures up to 550°C, in contrast to the other low-index Cuplanes 1201.
In the present paper results are presented of a study of the adsorption of 0s on
Cu( 11 l), the decomposition of NsO and the removal reaction with CO ( low6 -10M3
Torr, crystal temperatures 23-400°C).
A preliminary account of this work has
been presented in ref. [21].

2. Experimental
The experiments were performed in a Varian UHV system (VT 114 B) provided
with facilities for LEED-AES, e~ipsometry, quadrupole mass-spectromet~
and ion
bombardment.
The experimental arrangement was designed so that the available
surface techniques could be applied without changing the position of the crystal.
The system is analogous to that described in refs. [22,23], except for the presence
of a poppet valve between the reaction chamber and the ion and sublimation pump
unit. The working chamber was evacuated with a 70 l/s turbomolecular
pump, a
240 l/s integrated ion pump and titanium sublimation unit and usually reached a
pressure of a few times 10 -lo Torr after bake-out at 200°C for about 60 h. After
closure of the poppet valve the pressure rose to about 10Y8 Torr. Then the mass-
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spectra showed distinct peaks for m/e = 28 (CO, 88%) and 44 (CO*, 8%).
The gas handling system was pumped by the turbomolecular pump to a pressure
lower than 10e6 Torr. The gases used, i.e. argon (purity 99.999%), oxygen
(99.995%) carbon monoxide (99.0%), nitrous oxide (99.99%) and carbon dioxide
(99.997%) were purchased from L’Air Liquide. Check experiments were done with
high purity carbon monoxide (99.997%). During all exposures the gas in the reaction chamber was continuously renewed by pumping with the turbomolecular pump.
The sample was a disc-shaped crystal (diameter 6.5 mm, thickness 2.6 mm)
spark-cut to within 2” of the (111) orientation from a 5N copper rod from the
Material Research Corporation. After grinding and electro-lap-polishing,
the crystal
was mounted in a stainless-steel sample holder, which could be heated to about
7OO’C with a resistance wire placed at the back of the crystal. The temperature was
measured with a chromel-alumel
thermocouple attached to the edge of the crystal.
After the procedure of polishing had been repeated the results could be reproduced.
The surface was cleaned by cycles of sputtering (typically 600 eV Ar+, 5 PA/cm*,
angle of incidence -45’, 30 min) and annealing (450°C, 15 min). When only oxygen was left on the surface, an exposure of CO of about 3 X lo4 L at 35O’C was
sufficient to clean the surface.
The ellipsometric arrangement and procedure was as described in ref. [24]
(wavelength 632.8 nm, angle of incidence 68.6 + 0.3’). Most of the static ellipsometric measurements
were done in two zones. Changes in A during transient
phenomena were followed by off-null irradiance measurements. The polarizer was
deliberately set at about three degrees off-compensation
and the analyser was set at
compensation,
so that the change in transmitted irradiance was approximately
proportional to the change in A. The measured 6A, SA = h - A (h: clean surface),
was checked by two-zone measurements before and after an experiment.
The Auger spectra were taken with a four grid retarding field analyser (RIBER,
OPR 304). The angle of incidence of the primary electron beam was 7 f lo with the
plane of the surface, the beam energy was 2500 eV and its current 8 PIA. The
modulation voltage was 12 V p-p.

3. Determination

of oxygen coverage

In the submonolayer range a linear relationship was found between SA and the
ratio ho/he” of the oxygen 510 eV to the copper 920 eV peak-to-peak heights in
the second derivative Auger spectra (fig. 1). At the highest coverage the attenuation
of the Cu 63 and 920 eV Auger peaks was of the order of 10%. These results
strongly suggest that 6A is proportional
to the oxygen coverage. It should be
pointed out that similar relationships were obtained for oxygen on Ag(ll0)
[25]
and Cu( 110) [26] at room temperature. In this range for Cu( 111) the change in the
other ellipsometric parameter 6 $ = l/3 6A.
An experimental absolute coverage calibration has been obtained for oxygen on
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Fig. 1. Ratio of the 0 510 eV to the Cu 920 eV peak versus 6A upon adsorption of oxygen on
Cu(l IX) at 23% and upon removal of adsorbed oxygen with CO at 2OO’C.

Cu( I lo), where a simple (2 X 1) LEED pattern is observed 1261. If one takes 8 =
0.5 (0 atoms/Cu surface atom) for the (2 X 1) superstructure, a comparison of the
h&c,
values yields, after correction for the difference in atomic density of the
planes, for Cu(ll1):
13= (0.65 + 0.06) 6A.

(1)

In this calibration it is assumed that the Cu 920 eV Auger signal is equal for Cu(110) and Cu(ll1).
This was conformed by measuring the absolute peak-to-peak
heights of the Cu 920 eV signal for both planes. It should be pointed out that the
above assumption has also been confirmed recently for the Ni 848 eV peak for
Ni(lOO)~dNi(llO)
1271.

4. Interaction of O2 and N20 with Cu(lf1)
4.1. Adsorption of oxygen
Oxygen adsorption curves were taken at crystal temperatures from room temperature up to 400°C with off-null irradiance measurements. Some examples are
presented in fig. 2. The oxygen pressures were in the 10-6-10-5 Torr range, where
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the backgro~d gas (mainly CO) could be neglected. The rate of adsorption
appeared to be proportional to the oxygen pressure.
A ~turation effect was observed at &Asat= 0.68 z!z0.02”. With a hot filament or
at temperatures above 175’C a further, much slower change in A took place, which
was only measurable at pressures above IO4 Ton. (For slow processes it was difticult to distinguish between changes in A and mechanical drift of the sample
holder.) In this second oxidation stage the ellipsometric parameter $ and the oxygen Auger signal remained nearly constant. fn view of the difference in information
depth between AES (0.6 nm) and el~psomet~ (14 run), these data can be ascribed
to incorporation of oxygen into the copper lattice (see section 5) In our experimental conditions the rate of change of A for the second stage was >103 times
slower than that for the ~hemisorption stage. In this paper we consider only the
kinetics associated with the first chemisorption stage in detail.
Up to saturation the LEED patterns showed no extra spots but only an increase
in background ~tensity. At all tem~ratures evacuation caused no change in A.

The decomposition of N& on a Cu(l11) surface has been investigated in the
temperature region 250-400°C at pressures mainly above lo4 Torr. Oxygen coverages were determined both with AES and ellipsometry. In all cases no nitrogen
could be detected in the Auger spectra, which confirms that the overall reaction is
NzO -+ Nz t + Oad. It was necessary to switch off the ion pressure gauge to prevent
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the formation of large amounts of NO on the hot filament (according to massspectra). The pumping speed after an exposure with the ion gauge on was strongly
reduced, which is known to occur with NO in a stainless steel chamber [28].
Adsorption curves for different temperatures are represented in fig. 3. The Auger
measurements were done in the region where ellipsometric measurements took too
much time because of the instability of the sample holder.
The ellipsometric curves were determined with off-null irradiance measurements.
The difference between the curves taken with AES and with ellipsometry at T x
320°C for B > 0.2 is probably due to the reaction of adsorbed oxygen with NO
produced on the hot filament of the ion gauge and/or the Auger electron gun before
and during the recording of an Auger spectrum (p < lo-* Torr). Upon exposure
with the pressure gauge switched on the oxygen coverage remained low. A saturation effect was observed at the same oxygen coverage as upon chemisorption of 02,
As with O2 the LEED patterns showed no extra spots, only an increase in background intensity.
4.3. Adsorption

of CO2 and CO

With ellipsometry and AES no interaction of COz with a clean or an oxygencovered Cu(l11) surface was observed up to pressures of 10e3 Torr at 24 and
364°C (exposures G5 X lo5 L), when the ion gauge was switched off. A hot fila-

bA

Ideg)
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IL x 10J)

Fig. 3. 6A (solid lines) and oxygen Auger signal (dots and crosses) versus exposure of NzO to
Cu(ll1).
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ment caused the formation of CO (l-Z%), then after the CO2 exposure the pumping speed was reduced.
Within the detection limit of AES and ellipsometry (8 x 0.03) no adsorption or
disproportionation
of CO was observed on a clean Cu( 111) surface up to T = 460°C
(exposures G3 X 10’ L).
4.4. Discussion
The initial sticking coefficient s(O) for O2 is of the order of 10m3 at 23°C and
increases with the temperature of the crystal. This value is intermediate between
values reported for Ni(ll1) (-1 1291) and Ag(ll1) (-3 X lo-’ [30]). In fig. 4 the
sticking coefficient is depicted as a function of the coverage at different temperatures; s(e) remains constant up to 0 = $ @,a,. According to eq. (1) the oxygen
saturation coverage ((Isat) shown in figs. 2 and 3 is 0.45 5 0.05. From the fact that
e sat * $ and is the same for O2 and NzO it can be concluded that in both cases the
adsorption site per oxygen atom consists of two nearest-neighbour
(nn) copper
atoms.

0

0.2

04
-

0.6

0.8

6Aldeg)

Fig. 4. Oxygen sticking coefficients versus SA, derived from ellipsometric measurements. The
solid lines represent eq. (2) with ~$8’) = r(0); K1 = 0.018 and K2 = 0.98 at 23’C and K1 =
O.OlO,K2 = 1.00 at 153,332 and 372’C.
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This already suggests that the oxygen molecules are dissociatively adsorbed (for
further evidence see section 5). The LEED patterns indicate that the adsorption
takes place in a disordered, random fashion.
The data in fig. 4 could be fitted with the equation derived by Kohrt and Comer
[31] for dissociative adsorption via a precursor state requiring a pair of adjacent
free sites:

s(e’)_ 1 - r(e’) s;(e’, =- 1 - r@‘) 1 +K
s(0)

1 -?(O)

s (0)

1 -r(O)

(

0’
‘l_

+K&

i

-*(I -

e’) :

where 0’ = e/t&t, r is the reflection probability of gas molecules and s’ the probability for chemisorption of accommodated precursor molecules. The constants Kr
and Kz are related to the probabilities for chemisorption (P,) and for desorption of
the precursor molecules from empty chemisorption sites (Pd), from filled sites (P&)
and from sites not available for chemisorption, e.g. a single site in the case of dissociative adsorption (Z$):
K 1 = PA/(P, + Pd)

and

K2 = 1 - Pl/(P, + Pd) .

(3)

Chemisorption is assumed to take place after dissociation of the mobile precursor,
e.g. physisorbed oxygen molecules. In the derivation of eq. (2) it is assumed that
the distribution of filled sites is random, i.e. that the chemisorbed oxygen atoms are
mobile, and that lateral interactions between them may be neglected. Adsorption
stops when no free adsorption site (i.e. two free nn substrate atoms) is left. With
highly mobile atoms one expects esat = f. When the atoms are immobile esat will
become <OS, because part of the non-occupied substrate atoms will only have
occupied nn atoms. With restricted mobility it will take long before the final
coverage of f is reached. Our measurements yielded Bsat = 4 within experimental
accuracy, justifying the use of eq. (2).
The fits in fig. 4 were obtained by assuming that the reflection probability r is
independent of 8. From the results (K1 - 10m2 and K2 = 1) and eq. (3) it follows
that & and Pi are small (-10e2). If also Pd would be small,
S’(o)

= P&P,

+ pd)

=

1 ;

this means that on a free site every physisorbed O2 molecule dissociates and
becomes chemisorbed, and that 1 - r = 10m3. The experimentally observed increase
in s(O) with increasing temperature would imply that r decreases with increasing
temperature, which is not very probable (cf. N,/W(lOO) system [32]). So one must
conclude that in contrast to p& and Pl, Pd will have an appreciable value.
A recent molecular beam study showed that the assumption of r being independent of 0 does not apply to the interaction of O2 with Pd( 111) [33]. By assigning a
different reflection probability to empty and filled sites (rr and rz), one gets r(0) =
rr(1 - 0) + r2i9 and instead of eq. (2) [3 l] :

s(e’)
s’(e’) 1 + rl - r2
-=-CT/
40) s’(O)

(

e,

1

(4)
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In the absence of molecular beam data for O2 on Cu, a fit with this equation has
not been attempted because of the large number of adjustable parameters.
The Arrhenius plot of s(0) (fig. 5) shows that the apparent activation energy,
E act>increases with increasing crystal temperature. Phenomenologically
two regions
could be distinguished: T < 230°C with Eact = 1.7 kcal/mol and 230 < T < 400°C
with Eact = 4 kcal/mol. In the precursor model the activation energy should be
interpreted
as the difference between the energy barriers for chemisorption
and
desorption of fully accommodated precursor molecules, if r is independent of T. The
change in Eact could be due to a change in r; the s(0) curves give no indication for
the occurrence of two different processes in the two temperature regions. Unfortunately, in this study we could not vary the temperature of the gas phase and were
therefore unable to obtain additional information.
Fig. 6 shows the reaction probability of N?O, defined as the number of adsorbed
oxygen atoms per incident NzO molecule. The solid lines are the best fits with the
equation for adsorption on a single site via a precursor state [3 11, for I independent

0fe:

s@‘>
_
SW

(
1

+K

-l

8

‘1-8’

)

(5)

.

The absolute value ofs(0) is about 10e5 at 3OO’C and increases with the crystal
temperature. The Arrhenius plot (fig. 7) shows a straight line for the temperature
range studied (250-400°C)
s(0) =A exp(-E,&T),
with Eact = 10.4 f 0.6 kcal/

T I”Cl
I
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I
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Fig. 5. Arrhenius plot of s(0) for 02 on Cu(l11).
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mol and A = 0.09. Extrapofation to room temperature gives s(0) Q IO-‘. This very
low value is in qualitative agreement with the value deduced from ref. [IO] for the
decomposition of NzO on copper powder (*lo-“).

5. The reaction of CO with preadsmbed oxygen

It appeared possible to reduce an oxidized surface by means of CO at higher
crystal temperatures. Exposures of CO to a surface saturated with adsorbed oxygen
@A = &A,,, = 0.68”) were carried out in the pressure range 5 X 10-s-5 X IO”
Torr with the crystal temperatures ranging from 200 to 4@C. The presence of a
hot filament caused an increase in the reaction probability of CO with &d with
about a factor of 2, so the exposures were made with the ionisation gauge switched
off.
Fig. 8 shows to typical plots of &Aas a function of CO exposure. The removal of
oxygen from a more strongly oxidized surface @A = 1.1”) is represented in fig. 9.
The s~u~t~eous AES and e~lipsometr~cmeasurements show that apparently during the first stage the surface concentration of oxygen remains constant. After
reduction of the surface with CO a small amount of oxygen (6 = 0.04) was generally still present, as measured with AES. This may have been caused by readsorption
of oxygen during evacuation before and during an AES-spectrum was taken or by the
presence of more strongly bound oxygen. This effect became more serious after a
long series of experiments.

.6

Fig. 8. &A versus exposure of CO to a -surface with preadsorbed oxygen @A = 0.68). Off-null
irradiance measurements.
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Fig. 9. Interaction of CO with oxygen adsorbed at 200% and 2 X 104 Torr (1.2 X 10’ L).
Upper curve: AES nleasurements; other curves: ellipsometric two-zone measurements. During
the measurements the exposure was interrupted.

The kinetic curves for the reaction of CO with sorbed oxygen show two distinct
stages (figs. 8 and 9) with a constant ratio of 2.3 for the slope d6 A/dt.
From fig. 9 it can be concluded that the second stage is associated with the
lowering of the surface oxygen concentration.
At the same temperature the slopes
of the first stage are, within experimental accuracy, equal for the continuous and
the interrupted measurements. In fig. 8 linear extrapolation of the second stage to
the start of the exposures yields approximately &A,,*.
During both stages d6Aldt is proportions
to the CO pressure. The Arrhenius
plot of (-l/Pc~)
(d6Ajdt) shows to straight lines (fig. lo), which run parallel.
Obviously during both stages the same process is rate limiting, this process being
probably the removal of oxygen from the surface. During the first stage the empty
surface site must then immediately be filled up by oxygen from beneath the surface. The resulting effect is that oxygen is removed from the selvedge. The differ-
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Fig. 10. Arrhenius plot of the reaction coefficient k for the removal of oxygen by CO. Lower
curve: f&t stage; upper curve: second stage (see text).

ence in slope then represents the difference in sensitivity of the ellipsometer to surface- and bulk-oxygen. It is noteworthy that $J does not change during the first
stage of reduction just as during the second stage of oxidation (section 4.1). Apparently after deposition of half a monolayer of oxygen, in the time between the
adsorption and reduction experiments (typically 2 h) adsorbed oxygen moves into
the sefvedge and a f=ed part (_I: @sat= 0.3) remains on the surface. Attempts to
follow this ~~orporat~on process directly were not successful because of the lack of
stability of the sample holder at the higher temperatures. When the time between
oxidation and reduction was taken small (-15 mm) the ellipsometer showed no
change in A during evacuation, but then with CO the second stage only was observed.
In view of the uncertainty in the interpretation of ellipsometric data the experimental results for the second stage of oxidation and the first stage of reduction
could alternatively be explained by assuming restructuring of the surface at a constant oxygen coverage. However, one then has to introduce a number of less proba-

ble assumptions with respect to the influence of oxygen and CO on the rearrangement of the atoms in the interfacial region.
The reaction coefficient a r(-l/Pea)
(d~A~d~) is independent of the oxygen
coverage down to 0.15 Bsat. The Arrhenius plots of k yield an activation energy of
8.0 f 0.6 kcalfmol. At 250°C the initial reaction probability (number of oxygen
atoms removed per incident CO mQl~cule) is 4 X IO-“.
Because k is strongly dependent on the temperature but initially independent of
the oxygen covera’ge, one must conclude that in the overall reaction CO + Oad +
COz f, the reacting CO molecules are also adsorbed on the surface (langmuir-~~~~e~wood mechanism) and that they are mobile (cf. ref. [34]). The heat of
adsorption of CO on Cu(ll1) has been reported to be 10-12 kcal~rl~o~[18,19].
Thus the equiIib~~m concentration of COad will vary as exp(lO- 12 kcal~rnol~~~
and is expected to be very small in the range of temperatures and pressures of our
study. For the activation energy of the rate-limiting step, COti f Oad -+ COzI we
get IS-20 kcaijmol.
No difference in reduction rate was observed between surface oxygen originating
from Oa or NaO. This is a clear abdication that Oa dissociates upon ch~misorpt~on.

(i) E~~~sorne~ has proved to be a suitable technique for the study of the kinetits af oxidation and reduction of Cu(l11). Its combination with AES permits to
distinguish between different processes at or near the surface.
(ii) Oxygen chemisorbs dissociatively via a precursor state. At room temperature
the initial sticking probability is *10V3. The chemiso~tion stage saturates at B =
0.45. An apparent activation energy of 1.7 kcal/mol for 23 < T < 230°C and
4 kcal/moZ for 230 < T< 460°C has been found.
(iii) The deposition of atomic oxygen via the decomposition of Ny.0 also leads to
a saturation coverage of 0.45 in the temperature range 250 to 4OO’C. The initial
reaction probability is about 10e5 at 300°C and the activation energy 10.4 kcaI/
mol. The kinetics can dso be described with a precursor state model,
(iv) The reaction of CO with preadsorbed oxygen is assumed to proceed via a
bluer-~~nshelwood
mechanism with an activation energy for the reaction
COBd+ Oad + CO2 af 18-20 kcalimol. The initial reaction probab~it~ is 4 X lo-’
at. 250°C.
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with financial aid from the Netherlands Organization for the Advancement of Pure
Research (ZWO).
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