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Reaction rates and activation energies were measured for carbon
monoxide oxidation over thin films of metallic copper, copper (I)
oxide, and copper (II) oxide grown on graphite. The reactions
were carried out in the temperature range 200-350°C at total
pressures of 100 Torr. Auger Electron Spectroscopy (AES) and
X-ray Photoelectron Spectroscopy (XPS) were used to characterize
the growth and oxidation states of the copper films before and
after catalytic reactions. The stability of a given oxidation state of
copper under reaction conditions was found to be a function of
the oxidizing power of the CO/Q, partial pressure ratio: metallic
copper, Cu,0, and CuO were stable at 97/3, 90/10, and 66/33
ratios, respectively. The rate of reaction at 300°C decreased with
increasing copper oxidation state (Cu > Cu,0 > CuO) and the
activation energy increased with increasing copper oxidation state
(Cu 9 < Cu,0 14 < CuO 17 kcal/mol). The kinetic parameters
for CO oxidation over platinum foil was tested at a 66/33 CO/
O, ratio for comparison. The reaction rate over platinum was
approximately equal to that over metallic copper at 300°C and had
a larger activation energy (20 kcal/mol) than CuQ. The possible
mechanisms for CO oxidation over the different oxidation states
of copper are discussed. © 1994 Academic Press, Inc.

INTRODUCTION

Oxidation of carbon monoxide over copper catalysts
is significant in understanding methanol synthesis, the
water—gas shift reaction, and automotive exhaust con-
trols, to mention a few major applications. Studies have
shown that methanol synthesis is likely to occur by the
hydrogenation of carbon dioxide and that carbon monox-
ide is needed to scavenge oxygen left on the surface (1, 2).
In the water gas shift reaction, carbon monoxide removes
surface hydroxyls or oxygen produced by the dissociation
of water (3, 4). Copper has been explored as a possible
substitute for palladium and platinum for the reduction
of nitrogen oxides by carbon monoxide in automotive
catalytic converters (5, 6). The reaction is believed to
occur through the decomposition of NO, to form nitrogen

gas and adsorbed oxygen on the surface; the oxygen then
reacts with carbon monoxide. Even though the impor-
tance of the oxidation of carbon monoxide over copper
has been recognized, the reaction remains poorly under-
stood because of changes in the copper oxidation state
as the reaction conditions are altered. It is usually as-
sumed that copper is active in a particular oxidation state,
or in the case of a redox reaction, that it cycles between
two oxidation states. To date, there has been no attempt
to investigate how the rate of a reaction varies as a func-
tion of copper oxidation state.

We report here the first high pressure study of carbon
monoxide oxidation on model low surface area copper
and copper oxide surfaces:

Cu

_—
Cu,0
Co +40, —2

CuO

—_———

CO,.

We studied the catalytic oxidation of carbon monoxide
over copper in such a way that by adjusting the CO/
O, partial pressure ratio in the reactant mixture and the
temperature we could fix the oxidizing power. Within
certain ranges of CO/O, we could stabilize the copper
catalyst in its zero, + 1, or +2 oxidation state. The cata-
lyst was a thin film of copper deposited onto a graphite
support under ultrahigh vacuum (UHV). In this way the
copper oxidation state throughout the film would be uni-
form, as the sample could rapidly equilibrate to the oxida-
tion state imposed by the CO/O, ratio and could be mea-
sured.

Studies of carbon monoxide oxidation on copper by
others have been performed under high vacuum using
single crystals (6-10) and also supported copper catalysts
(11-17). The single crystai studies react carbon monoxide
at pressures less than or equal to 1 x 107* Torr with
saturation coverages of oxygen predosed on the copper
surface. In these cases the reaction conditions are very

567

0021-9517/94 $6.00
Copyright © 1994 by Academic Press, Inc.
All rights of reproduction in any form reserved.



568

reducing (CO/O, ratio greater than 100) in order to main-
tain a metallic surface. There is little information from
these studies on how the reaction and surface change
when higher pressures and more oxidizing conditions are
used. Additionally, the reaction on the single crystal typi-
cally turns over only once. Therefore, the reaction is
not catalytic. Carbon monoxide oxidation performed on
supported copper catalysts was studied under total pres-
sures between 10 and 760 Torr with an oxidizing gas mix-
ture (CO/O, ratios less than the stoichiometric value of
2). The catalysts were formed first by calcining a copper
salt to copper (1I) oxide (CuO). The catalyst is either used
in this state or pretreated. The pretreatment result in a
reduction of the catalyst to metallic copper, copper (I)
oxide (Cu,0), or a mixed oxide typically measured
by bulk X-ray diffraction prior to the reaction. These
studies do not determine the surface oxidation state of
the copper.

This paper bridges the gap between the low pressure
single crystal studies and the studies of the supported
catalysts that were carried out at high pressures. Copper
and its oxides were investigated in this study using surface
science techniques and a high pressure reactor under reac-
tion conditions where the CO/O, ratios overlap the condi-
tions utilized in both single crystal and supported catalyst
studies. To do this we constructed in our laboratory a
special high pressure reactor and transfer system which
was capable of operating under oxidizing conditions and
connected it to a UHV chamber. We carried out CO
oxidation at 100 Torr total pressure and CO/O, ratios
between 2 and 100 over the temperature range 200-350°C.
X-ray Photoelectron Spectroscopy (XPS)and Auger Elec-
tron Spectroscopy (AES) were used to characterize metal-
lic copper, copper (I) oxide, and copper (II) oxide that
were deposited onto a graphite support. Reactions were
also performed using platinum foil to provide a reference
for the activity of the copper surfaces in their different
oxidation states.

We find that the reaction rate of CO oxidation is fastest
on metallic copper, and at 300°C the rate decreases with
increasing copper oxidation state: Cu (0) > Cu (+1) >
Cu (+2). The apparent activation energies for the reaction
increases in a similar order: 9 kcal/mol Cu (0) < 14 kcal/
mol Cu (+1) < 17 kcal/mol Cu (+2). The reaction rate
on platinum at 300°C was approximately equal to the rate
on metallic copper but was greater then the rates for the

“oxides of copper. The activation energy, 20 kcal/mol, for
the reaction on platinum was greater than for the reactions
on the three copper samples. The different activation en-
ergies obtained for the reaction on copper in different
oxidation states indicates a changing mechanism that will
be discussed. We hope that these studies will aid the
development of a better understanding of the role played
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by copper in catalytic reactions in its various oxidation
states.

EXPERIMENTAL

(A) Apparatus

Experiments were performed in a stainless steel MDC
manufactured ultrahigh vacuum (UHV) chamber. The
chamber was equipped with a Perkin-Elmer 15-25G dou-
ble pass cylindrical mirror analyzer with an integral elec-
tron gun, a Perkin-Elmer 04-548 dual anode (Al/Mg)
X-ray source, a Varian 981-2043 sputter ion gun, a UTI
100C quadrupole mass spectrometer, and an external at-
mospheric pressure reaction cell. The sample was
mounted on a transfer piece which consisted of four pins
in an alumina holder. Two pins were stainless steel, the
sample was attached across them for resistive heating.
The other two were an alumel and chromel pair for making
a type K thermocouple. The transfer piece mated into
manipulators in the UHV chamber and in the reaction
cell. The sample was prepared and analyzed in UHV,
then shuttled to the reaction cell using a transfer rod. The
chamber depicted in Fig. 1 was pumped by an oil diffusion
pump and a titanium sublimation pump and had a base
pressure of 2 x 10~'° Torr, uncorrected. The high pres-
sure cell withstood pressures up to 2 atmospheres and
was pumped by a sorption pump and a mechanical pump.
A gate valve separated the UHV chamber and reaction
cell, and when opened, the base pressure measured in the
UHV chamber rose to 1 x 10~# Torr.

(B) Sample Preparation

The sample was a 1 X 1 X 0.005 cm graphite coated
stainless steel foil onto which copper was deposited, or
al X 1 x 0.005 cm platinum foil. The platinum foil was
used for comparison purposes. The graphite coated stain-
less steel foil was prepared by cleaning a 304 stainless
steel foil with methanol then spraying it with Aerodag (a
registered trademark of Acheson) and allowed to dry.
Aerodag is a dry film lubricant of micron-sized graphite
particles suspended in isopropyl alcohol, per the label.
The thermal stability of Aerodag was tested by heating a
sample in pure oxygen (100 Torr). No CO, was produced
at temperatures less than 450°C and AES showed no de-
lamination of the graphite coating. Prior to copper deposi-
tion, the foil was annealed at 600°C in UHV to remove
any remaining alcohol and surface oxygen species.

Copper was deposited by evaporation from an alumina
crucible. The crucible was heated to 1500°C by passing
current through a tungsten wire wrapped around the out-
side. The crucible was heated for 20 min prior to deposi-
tion to assure a steady flux of copper atoms. A deposition
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FIG. 1.

rate of approximately 0.5 monolayers per minute was
measured by an AES uptake curve of Cu deposited onto
a pure Fe foil. The deposition of 10 monolayers of metallic
copper was the first stage in the preparation of all of the
copper catalysts used in these experiments. The freshly
deposited copper was used as is for the metallic copper
measurements. Copper (1I) oxide was produced by oxidiz-
ing the metallic copper in the reaction cell in 100 Torr of
oxygen at 300°C for 20 min. Copper (I) oxide was obtained
by annealing copper (II) oxide in UHV at 400°C for 10
min. The platinum foil was cleaned by repeated cycles of
sputtering at 1500 V in 1 x 1073 Torr of argon at 600°C,
heating in oxygen at 600°C, and briefly annealing at 700°C.

(C) Experimental Procedure

Auger and X-ray photoelectron spectra were taken be-
fore and after each catalytic run. The spectra were ac-
quired by a personal computer. AES were taken using a
2 keV primary beam energy with a | mA emission current
and approximately a 30 uA beam current. The analyzer
control had a 4 V peak to peak modulation and was
scanned at 100 ms per eV from 1 to 1000 eV. XPS were
taken at 400 W with both the magnesium anode (hv
1253.6 eV) and the aluminum anode (hv 1486.6 V).
The Cu 2P and LVV regions, along with the O 1§ region,
were scanned using a CMA pass energy of 25 eV. Each
region was signal averaged for 20 scans at 200 ms pereV.

Schematic diagram of ultra high vacuum chamber designed for this experiment.

The XPS binding energies were referenced to the graphite
C 1S peak at 284.2 eV and the system was occasionally
checked using the Fe 2P;,, peak at 706.8 eV of a sputtered
cleaned pure iron foil.

Reactions were run between 200 and 350°C in a batch
reactor with a volume of 0.68 liter. The sample was re-
sistively heated during the reaction using a Eurotherm
temperature controller which maintained the sample tem-
perature to within 1°C over the course of the reaction.
CO and O, were premixed in a separate vessel in partial
pressure ratios of 66/33, 90/10, and 97/3, CO to O,, re-
spectively, before admittance to the reactor. CO (Airco
grade 2.3) was distilled with 5 A molecular sieve trap in
a liquid nitrogen bath to remove metal carbonyls prior to
use, and O, (Airco grade 2.6) was used without purifica-
tion. For each reaction a total of 100 Torr of mixed gas
was used. The gases were recirculated in the reactor at
100 cm*/min. The sample was brought to the reaction
temperature in the presence of the gases in approximately
4 min. The production of CO, and the decrease of CO
and O, were monitored by gas chromatography using a
Supelco Carboxen 1000 column run isothermally at 125°C
with a helium carrier flow of 30 ml/min and measured by
a thermal conductivity detector. The sensitivity of the
thermal conductivity detector was calibrated using known
partial pressures of the individual gases. A 1-ml aliquot
gas sample was removed by an automatic sampling valve
every 11 min. and injected into the gas chromatograph.
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After the reaction, the cell was pumped to less than 50
mTorr; then it was transferred into UHV. A 10 min. delay
was necessary to allow the base pressure to return to less
than 1 x 10~° Torr before post reaction analysis was per-
formed.

RESULTS

(A) Catalyst Characterization by AES and XPS

The AES of graphite coated stainless steel is depicted
in Fig. 2. The sample was introduced to UHV and an-
nealed at 600°C. The absence of an oxygen peak is due
to removal of carboxyl and hydroxyl groups from the
graphite surface (18) by annealing. The Auger peaks for
Fe, Cr, and O of the stainless steel substrate are not seen.
A post blank reaction of a graphite coated stainless steel
foil exposed to a 66/33 CO/O, ratio at 300°C for 2 hr is
also shown in Fig. 2. It contains a small oxygen signal
which disappears upon annealing at temperatures greater
than 300°C. One reason for choosing graphite as a sub-
strate was that it could be cleaned of oxygen and does
not readily oxidize. Hence, any oxygen signal appearing
in the AES or XPS could be associated with oxygen bound
to copper. Graphite is also highly conductive, which al-
lowed the electron spectroscopies to be performed with-
out sample charging difficulties.

A 20-min. copper deposition onto the graphite coated
substrate resulted in an attenuation of the carbon peak,
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FIG. 2. AES of an annealed graphite substrate, a graphite substrate
after a blank reaction run under a 66/33 CO/O, ratio at 300°C for 2 hr,
and catalyst films of metallic copper, copper (1) oxide, and copper (II)
oxide grown on graphite.
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FIG. 3. XPS of (A) Cu 2P and (B) Cu LVYV regions for the metallic

copper, copper (I) oxide, and copper (II) oxide references used in
these experiments.

as seen in Fig. 2. This corresponds to approximately 10
monolayers. An AES uptake curve of Cu 918 eV peak
intensity versus deposition time did not show any distinct
breaks but followed a smooth curve, indicative of a
Volmer—Weber growth mode (island formation). With the
oxidation of metallic copper to copper (1) oxide, the car-
bon 272 eV peak intensity decreased further while the
copper 918 eV peak remained unchanged. We interpreted
this to be due to the spreading of the copper (I) oxide
islands on the graphite. Upon further oxidation to copper
(I1) oxide, there was an additional decrease in the carbon
peak without a change in the copper peak, indicative of
further spreading of the oxide islands on the graphite.
These observations are consistent with a progressive de-
crease in the surface tension of the islands as the copper
is oxidized. As the surface tension decreases, the islands
wet the graphite surface. This model is valid if the interfa-
cial energy between the islands and graphite is small, and
that would be expected based on the chemical inertness
of graphite.

Figure 3 shows the copper 2P and LVV XPS peaks for
metallic copper, copper (I) oxide, and copper (II) oxide
prepared for these experiments and used as reference.
Spectroscopically, the different oxidation states of copper
can be distinguished by their Auger parameter (the sum
of the 2P,;, binding energy and the LVYV kinetic energy)
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as well as by the presence of shake-up peaks for copper
(I oxide (19-23). Table 1 lists the Auger parameter data.
AES relative peak intensities of the oxygen 515 eV peak
to the copper 918 eV peak can also be used for quantitative
analysis of stoichiometry. Auger copper to oxygen ratios
are listed in Table 1 for copper (I) oxide and copper
(I1) oxide.

Using the reference data, one can readily study the
oxidation of metallic copper. The results of exposing a
metallic copper surface to a 66/33 Torr CO/0O, gas mixture
at 275°C are shown in Fig. 4, curves (a)-(g). Curve (a) is
the initially deposited metallic copper and each subse-
quent curve, (b) through (g), is an 1 1-min exposure totaling
66 min. for the experiment. For the first exposure, curve
(a) to (b), there was a significant shift to lower kinetic
energies for the Cu LVV transition seen in Fig. 4B. The
Cu 2P,,, peak shifts to slightly lower binding energies for
the first exposure, curve (a) to (b) in Fig. 4A. Exposures
(b) through (g) show a gradual shift back to higher kinetic
energies for the Cu LVV peak. The Cu 2P;,, peak shifts
to higher binding energies for exposures (b) through (g),
and the shake-up peak increases in intensity with each
exposure. The changes in the spectra are consistent with
metallic copper being oxidized to copper (I) oxide for
exposures (a) to (b) and copper (I) oxide being oxidized
to copper (11) oxide for exposures (b) through (g). This
finding agrees well with other studies of the oxidation of
copper (22, 23). All exposures produced CO,. The amount
of CO, produced decreased with increasing exposure,
showing that metallic copper, copper (1) oxide, the partial
oxides between copper (I) and copper (II), and copper
(II) oxide were all active for CO oxidation.

(B) Catalytic Reaction Studies

Catalytic reactions were performed with different CO
to O, partial pressure ratios for metallic copper, copper
(I) oxide, and copper (II) oxide using 97/3, 90/10, and 66/
33, respectively, because the surface oxidation state can
change as a function of the gas composition, temperature,
and exposure time. These ratios were chosen because in
each case the 300°C post-reaction XPS indicated that the

TABLE 1

Reference Values for Metallic Copper, Cuprous Oxide, and
Cupric Oxide

Cu 2P;
Auger Ratio Binding Cu LVV Auger
O/Cu* Energy Kinetic Energy Parameter
Metallic copper —_ 932.8 918.5 1851.3
Cuprous oxide 1.1 932.6 916.5 1849.1
Cupric oxide 2.3 933.8 (SU) 917.6 1851.4

9 3keV beam energy (SU) Shake up at 942.5 eV.
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FIG. 4. XPS of (A) Cu 2P and (B) Cu LVV regions for a metallic
copper catalyst exposed to a 66/33 CO/O, gas mixture at 275°C for a
cumulative time of (a) 0, (b) 11, (c) 22, (d) 33, (e) 44, (f) 55, and
(g) 66 min.

copper oxidation state had not changed from the oxidation
state prior to the reaction. By performing CO oxidation
under conditions where the oxidation state of the catalyst
does not change, we were able to obtain activation energ-
ies for the three different oxidation states of copper. Plati-
num was tested under a CO/0O, ratio of 66/33. The results
are reported as the percentage of CO in the reactor that
was converted to CO, versus time, defined as

co
%CO = (———--2—~>,
Pco + Peo,

where P and P, are the partial pressures of CO and
CO,, respectively. Rates obtained from the initial slopes
of percentage of CO converted versus time were used to
calculate the activation energy for CO oxidation.

(1) Metallic copper catalyst. Representative kinetic
data for CO oxidation on a metallic copper catalyst are
shown in Fig. 5A. A CO/O, ratio of 97/3 was used and
could result in a maximum CO conversion of 6.2%, where
O, is the limiting reagent. There was a rapid rise in conver-
ston for curves (a) 350, (b) 300, and (c) 275°C, resulting
in the complete use of oxygen. At 200°C, curve (¢), the
initial rate is not rapid but gradually rises. The 250°C data,
curve (d), show a slow initial rate but at 89 min. there is
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FIG. 5. CO oxidation results for a metallic copper catalyst run under

a 97/3 CO/0, gas mixture. The maximum CO conversion is 6.2%. (A)
Percent of CO converted to CO, versus time for (a) 350, (b) 300, (c) 275,
(d) 250, and (e) 200°C. (B) Arrhenius plots for (a) an oxygen free metallic
copper catalyst using the initial CO oxidation rates of the catalytic runs
at 350, 300, and 275°C, and the rapid rise in the 250°C catalytic run,
and (b) an oxidized metallic copper catalyst using the initial CO oxidation
rates for the 200 and 250°C catalytic runs.

a rapid rise in the percent conversion. A comparison of
the XPS and Auger spectra before and after the change
in activity for the 250°C reaction shows that the rapid rise
is due to the copper becoming metallic. Hence, even under
these very reducing conditions, the catalyst is slightly
oxidized upon exposure to the reactant gas mixture. The
reduction of the surface is very slow at temperatures be-
low 250°C. Using the reaction rate where the catalyst is
known to be metallic, curves (a), (b), (¢), and (d) after
the break, gave an activation energy of 8.8 + 1.0 kcal/
mol for CO oxidation on the metallic copper catalyst in
Fig. SB. This is in good agreement with UHV studies of
CO oxidation on copper single crystals (8—10). Using the
reaction rate where the surface is oxidized, curve (e) and
curve (d) before the break gave a higher activation energy
of 11.2 = 1.0kcal/mol. The error in the activation energies
for the metallic copper catalysts are large because of the
few points available in calculating the slope for the rapid
rise of the high temperature reactions and in the very low
conversion for the reactions at the lower temperatures.
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(2) Copper (I) oxide catalyst. Representative Kinetic
data for CO oxidation on a copper (I) oxide catalyst are
shown in Fig. 6A. A ratio of 90/10 was used and could
result in a maximum CO conversion of 22.2% based on
complete use of gas phase oxygen. The kinetic curves, (a)
350, (b) 300, (c) 275, (d) 250, and (e) 200°C, are smoothly
varying with time. This indicates that there is no change
in the catalyst oxidation state such as was seen in the
metallic copper catalyst data. The 350°C run does ap-
proach complete use of the gas phase oxygen. XPS
showed that for an extended run at 350°C the catalyst
surface does not reduce until all of the gas phase oxygen
had been consumed. Using the initial reaction rates an
apparent activation energy of 13.9 = 0.5 kcal/mol for CO
oxidation on copper (I) oxide was calculated. The Arrhen-
ius plot for copper (1) oxide is shown in Fig. 6B.

(3) Copper (II) oxide catalyst. Representative data
for CO oxidation on a copper (II) oxide catalyst are shown
in Fig. 7A. A CO/0O, ratio of 66/33 was used and could
result in a CO conversion of 100% based on complete use
of gas phase oxygen. The kinetic curves, (a) 350, (b) 300,
(c) 275, (d) 250, and (e) 200°C, have fast initial rates. For
all the curves, at 22 min. the rates begin to decrease.
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FIG. 6. CO oxidation results for a copper (I) oxide catalyst run
under a 90/10 CO/O, gas mixture. The maximum CO conversion is
22.2%. (A) Percent of CO converted to CO, versus time for (a) 350.
(b) 300, (c) 275, (d) 250, and (e) 200°C. (B) Arrhenius plot for a copper
(D) oxide catalyst using the initial CO oxidation rates of the catalytic runs.
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Extended catalyst runs beyond 2 hr resulted in complete
deactivation of the catalyst. The catalyst does not com-
pletely use all of the gas phase oxygen present. This deac-
tivation is believed to be due to CO, adsorption onto the
surface (14). Post reaction XPS did not show the presence
of a carbonate peak. After deactivation, the reaction cell
was evacuated and admittance of fresh gases returned the
catalyst to its initial activity. Hence, we believe that CO,
does not modify the catalyst surface, but does block ad-
sorption sites. Using the initial reaction rates an apparent
activation energy of 16.7 = 0.5 kcal/mol for CO oxidation
on the copper (1I) oxide was determined. The Arrhenius
plot is shown in Fig. 7B. This is in good agreement with
supported catalyst measurements (12, 13).

(4) Platinum catalyst. Representative kinetic data for
CO oxidation on a platinum foil are shown in Fig. 8A. A
CO/0O, ratio of 66/33 was used resulting in a maximum
CO conversion of 100%. The reaction at 350°C, curve (a),
has a very large initial rate and slowly decreases as the
reaction approaches 100% conversion. At lower tempera-
tures, the curves, (b) 300, (c) 275, (d) 250, and (e) 200°C,
are nearly linear with time with the initial rate being
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FIG. 7. CO oxidation results for a copper (II) oxide catalyst run

under a 66/33 CO/O; gas mixture. The maximum CO conversion is
100%. (A) Percent of CO converted to CO, versus time for (a) 350,
(b) 300, (c) 275, (d) 250, and (e) 200°C. (B) Arrhenius plot for a copper
(ID) oxide catalyst using the initial CO oxidation rates of the catalytic
runs.
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FIG. 8. CO oxidation results for a platinum catalyst run under a 66/
33 CO/O, gas mixture. The maximum CO conversion is 100%. (A)
Percent of CO converted to CO, versus time for (a) 350, (b) 300, (c) 275,
(d) 250, and (e) 200°C. (B) Arrhenius plot for a platinum catalyst using
the initial CO oxidation rates of the catalytic runs.

slightly greater. Extended runs at 300°C resulted in com-
plete use of CO and O,. Post reaction AES for all tempera-
tures did not show any surface oxygen present. Using
the initial reaction rates an apparent activation energy of
19.9 + 0.5 kcal/mol for CO oxidation was determined
from an Arrenhius plot, shown in Fig. 8B. The apparent
activation energy is in close approximation to the values
reported for similar temperatures and gas pressures for
CO oxidation in a flow reactor (24).

DISCUSSION

(A) Surface Reduction and Oxidation

This work has been motivated by the lack of knowledge
concerning how a catalyst’s surface oxidation state affects
its catalytic ability and whether the changes in the surface
oxidation are part of the catalytic mechanism. This is
especially important in selective oxidation and combus-
tion reactions over mixed metal oxide catalysts. For these
reactions, it is commonly proposed that the reaction
mechanism does occur through a redox cycle. The initial
step in the reaction is the reduction of the surface by a gas
phase reactant. The oxidized reactant can then undergo
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rearrangements prior to leaving the surface. The final step
in the reaction is the reoxidation of the catalyst by gas
phase oxygen. This mechanism has yet to be experimen-
tally verified but there are some reports which strongly
suggest (25) that it is valid. The obstacle to experimentally
determining this reaction mechanism has been the inabil-
ity to monitor the surface oxidation state. This is difficult
because there is a rapid reoxidation of the surface by
the gas phase and by diffusion of bulk oxygen to the
catalyst surface.

We circumvent these difficulties by using a thin (10
monolayers) copper catalyst. In this way the whole cata-
lyst can be viewed as a surface without different bulk
properties. The use of a bulk sample would have resulted
in a reservoir for oxygen or metallic copper. A thick film
would not be appropriate because the electron spectro-
scopies have a limited penetration depth into the surface.
This has importance in studying metallic copper, where
oxygen can go into the near surface region (26). As was
demonstrated in the kinetic results for CO oxidation over
metallic copper at 250°C, the presence of subsurface oxy-
gen can affect the reaction rate.

The success of using a thin copper catalyst is also dem-
onstrated in the time exposure of a metallic copper cata-
lyst to a 66/33 CO/O, ratio at 275°C seen in Fig. 4. There
is competition between the oxidation of the catalyst sur-
face and the oxidation of CO. We are seeing the kinetics
of surface oxidation on a time scale which is much greater
than the kinetics of CO oxidation. Knowing that there
can be a solid state reaction, and working to avoid it,
allows us to better understand how the reaction is oc-
curring over the different copper catalysts.

(b) Mechanistic Considerations

Working with gas mixtures of CO and O,, where the
catalyst composition does not change on the time scale
of the reaction, we are able to compare the activity and
activation energies for the different oxidation states of
copper. Different rate-determining steps for each of the
oxidation states of copper could be inferred from having
obtained different activation energies. The rate determin-
ing step could be (1) adsorption of species onto different
sites for each surface, (2) reactions between adsorbed
species, (3) reactions between adsorbed species and the
catalyst surface, (4) reactions between adsorbed species
and the gas phase, and (5) reaction between the catalyst
surface and the gas phase. Let us consider which of these
steps might control the rate for a given copper oxida-
tion state.

(1) Reactions over metallic copper. We believe that
the mechanism of CO oxidation over the metallic copper
catalyst is of the Langmuir-Hinshelwood type and that
the presence of oxygen affects the adsorption of CO. Our
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kinetic results showed that the reaction had different rates
when there was surface oxygen present. The rate of CO
oxidation was slower on an oxidized surface. Surface
oxygen was found during reactions run at temperatures
less than 275°C. With time, the oxidized surfaces were
gradually reduced. Upon the return to a metallic oxidation
state, the rate of reaction increased over the metallic cop-
per surface. For reactions run at temperatures greater
than 275°C, the surface did not oxidize and had a faster
rate for CO oxidation than the oxidized surface. This
changing rate had been seen by O. P. van Pruissen (10),
who attributed it to two different sites for oxygen, surface
and subsurface. The reaction is limited by the adsorption
of CO, which was postulated to be inhibited by surface
oxygen. At the start of the reaction, there is a low surface
coverage of CO. The CO reacts with the surface oxygen,
which is replenished by subsurface oxygen. When the
bulk is depleted of subsurface oxygen, the concentration
of CO on the surface can increase. The reaction rate
changes because adsorbed CO does not inhibit the adsorp-
tion of O,. Hence, gas phase O, can react rapidly upon
adsorption with the CO present. We agree with that inter-
pretation of the change in the reaction rate. XPS results
did show that oxygen was present when the reaction rate
was slow and absent when the reaction rate was fast. This
fits well with other UHV studies in the literature which
postulate that the reaction mechanism can be described
with the Langmuir-Hinshelwood model (9). For metallic
copper the reaction rate is different over an oxygen satu-
rated surface and a carbon monoxide saturated surface.

(2) Reactions over copper (I) oxide. Studies of the
mechanism of CO oxidation over copper (I) oxide are
complicated by many subtleties. Copper (1) oxide is only
stable under a small range of CO/O, ratios. A smaller
CO/0, ratio would result in the oxidation of the surface
and a higher ratio would result in a reduction of the sur-
face. During the course of a reaction, the CO/O, ratio
will increase as the limiting reagent, oxygen, is depleted.
The surface will most likely be reduced at a point in the
reaction. A second difficulty arises from the possibility
that the reaction might undergo a redox cycle involving
the surface oxidation state. The mechanism could cycle
between Cu,0 and CuQ, where the first step in the reac-
tion is the oxidation of the surface, or the mechanism
could cycle between Cu,O and metallic copper, where
the first step in the reaction would be the reduction of
the surface. The last concern is if the reaction does not
involve a change in the oxidation state of the surface how
does the reaction proceed? There have been very few
surface science or catalysis studies on copper (1) oxide
in the literature.

From the kinetic curves obtained for the reaction of a
90/10 CO/0O, ratio over copper (I) oxide, some insight can
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be gained. First, the curves are smoothly varying with
time. This most likely indicates that there is not a change
in the reaction mechanism as was seen over a metallic
copper catalyst. Second, it was discovered that the sur-
face did not reduce until all gas phase oxygen had been
reacted. This is also in contrast to what occurs over metal-
lic copper. These two facts discount a redox cycle be-
tween metallic copper and copper (I) oxide. If the redox
cycle was occurring, as oxygen was being removed from
the gas phase, fewer sites would be reoxidized to copper
() oxide. Therefore, as the reaction proceeded, the sur-
face would gradually become reduced to metallic copper.
This does not occur, because we do not see any reduction
in the surface during the reaction. Last, there is no deacti-
vation in the catalyst. The formation of CO, does not
inhibit the reaction.

We propose that the mechanism of CO oxidation over
copper (I) oxide is of the Langmuir-Hinshelwood type
and is related to the metallic copper catalyst case where
subsurface oxygen was present. The reaction rate for cop-
per (I) oxide is similar to that for an oxidized metallic
copper catalyst, and the activation energy for an oxidized
metallic copper catalyst is between the values for an unox-
idized metallic copper catalyst and copper (I) oxide. The
difference between the two catalysts is that the energy
barrier for subsurface oxygen in metallic copper to diffuse
to the surface and react is lower than the dissociation
energy of copper (I) oxide into metallic copper and an
oxygen atom. We do not see any change in the oxidation
state of copper (1) oxide during the reaction and so believe
that no dissociation occurs. The reaction on an oxidized
metallic copper was explained by a model where adsorbed
CO reacts with adsorbed oxygen and oxygen inhibits CO
adsorption. This is what we believe happens on copper
(I) oxide; the higher activation energy could be due to the
extra energy needed to dissociate O, on the copper (I)
surface. There is one study which reports that the heat
of adsorption of CO on copper (1) oxide is greater than
on metallic copper (27). The higher heat of adsorption of
CO on copper (I) oxide, as compared to metallic copper,
could be due to a lower surface coverage as heats of
adsorption typically decrease with increasing coverage.
The higher heat of adsorption does indicate that CO
should be present on the surface during the reaction. The
presence of oxygen on the copper (I) oxide surface can
be inferred from its ability to further oxidize to copper
(II) oxide, because in order to further oxidize, the copper
(I) oxide surface must be able to dissociate O,.

(3) Reactions over copper (II) oxide. CO oxidation
over a copper (1) oxide catalyst has been studied by many
researchers (12-17), but there is no consensus as to the
mechanism. There is an agreement that the reaction rate
is enhanced by exposing the catalyst to a reducing pre-
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treatment. This work has shown that with decreasing cop-
per oxidation state the CO oxidation rate is faster, in
agreement with the enhancement found by reducing the
catalyst surface. The possibility that different pretreat-
ments may result in the catalyst surface having an oxida-
tion state between 0 and 2 can explain why a consensus
on the reaction mechanism has not been reached. It should
also be mentioned that the catalyst surface might change
depending on the gas phase composition during the reac-
tion, as was demonstrated in Fig. 4, where metallic copper
under a 66/33 CO/O, ratio at 275°C oxidized to copper
(II) oxide. If a reaction was carried out where metallic
copper was the starting catalyst and it was tested under
stoichiometric reaction conditions, then the catalyst
would change with time. If the reaction rate was measured
at the start of the reaction or after some period, then
different activation energies would be obtained from an
Arrhenius plot. This fact complicates the interpretation
of the current literature.

Combining our results for the oxidation of copper and
the kinetic results obtained for CO oxidation under a 66/
33 CO/O, ratio, we propose a redox cycle mechanism
between CuO and Cu,0 where the rate limiting step is
the reduction of copper (11) oxide by CO. We know that
the reaction rate has a first order dependence in CO and
that the reaction only proceeds if there is adsorbed CO on
the catalyst surface (12). This indicates that the reaction is
dependent on the surface coverage of CO. The adsorbed
CO must react with either a gas phase oxygen or a surface
oxygen. O, dissociation only occurs when electrons are
donated from the surface to the O, molecule, leading to
a metal cation and oxygen anion pair (28). Because copper
(I1) oxide is an insulator and cannot donate electrons,
oxygen will not dissociate. Hence, for there to be CO,
production, CO must reduce the catalyst surface. Under
reaction conditions, where the ratio of CO to O, is less
than or equal to 2, the surface will be rapidly oxidized to
copper (II) oxide. The oxidation of the catalyst surface
is faster than the reaction rate, which equals the rate of
surface reduction. The deactivation in our Kinetic results
is due to CO, adsorption on the copper (II) oxide surface
(14). CO, could be blocking CO adsorption sites on the
surface or decomposing on a reduced surface site to ad-
sorbed CO and oxygen. We believe the decomposition is
unlikely because the high O, gas phase partial pressures
would rapidly oxidize any reduced surface sites.

(4) Comparison of the copper catalysts and plati-
num. CO oxidation over platinum and the other noble
metals has been a well-studied reaction and is therefore
a good reférence to compare with metallic copper, copper
(I) oxide, and copper (II) oxide. For an excellent review
of CO oxidation over the noble metals, the reader is re-
ferred to the work of Engel and Ertl (29). The mechanism
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for CO oxidation over platinum is of the Langmuir-Hin-
shelwood type and has two regimes. The regimes are
divided by the temperature of maximum CO desorption
from the surface. At temperatures less than the desorption
maximum, CO is adsorbed on the surface and the reaction
rate law has a negative first order dependence on gas
phase CO, and a positive first order dependence on gas
phase oxygen. Adsorbed CO inhibits O, adsorption,
which explains the pressure dependences. At tempera-
tures greater than the desorption maximum, CO is not
adsorbed on the surface allowing oxygen to saturate the
surface. The reaction has a first order dependence on CO.
In this study, platinum was tested under conditions where
the temperature of the reactions was lower than the tem-
perature for CO desorption. Hence, the surface is covered
with adsorbed CO, which inhibits O, adsorption giving the
previously mentioned partial pressure dependences (24).

The adsorption of CO and O, onto the copper catalyst
surfaces is different from the platinum surface. For the
reactions over the copper catalysts there is a positive
dependence on the CO gas phase pressure. CO is weakly
bound to the copper catalysts at these temperatures and
pressures. Higher CO gas pressures will result in an in-
creased surface coverage of adsorbed CO and a faster
rate. We see no pressure dependence on O, for the reac-
tions over the copper catalysts. There is an O, pressure
dependence on the oxidation of the copper surface. The
lack of a pressure dependence on O, for CO oxidation
can be explained by the abundance of surface oxygen on
the copper surface. Hence, CO oxidation over the copper
catalyst is similar to a platinum catalyst run at tempera-
tures greater than the CO desorption maximum tempera-
tures.

Although the copper catalysts have similar pressure
dependences, the activation energies differ for CO oxida-
tion over all of the catalysts. If one starts with the assump-
tion that the mechanism for CO oxidation over the three
different copper catalysts is Langmuir-Hinshelwood like
platinum, then the apparent activation energy, E,,,.
should equal the difference between the energy need for
the Langmuir-Hinshelwood step, E;y (reaction of ad-
sorbed CO and adsorbed Q), and the heat of adsorption
of CO, Eqy:

Epp = Ern — Eco.
We measured a decrease in E,,, with increasing copper
oxidation. If E|  is constant for all three copper catalysts,
then E-o would have to decrease with increasing oxida-
tion. [t was reported (27) that the heat of adsorption of
CO on copper (1) oxide was greater than that on metallic
copper. This means that the assumption that E,  is con-
stant is not valid. We might expect E;; to differ on the
different copper surfaces because of the changes in the
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bonding of oxygen to copper. This was demonstrated in
the ability to reduce oxidized metallic copper but not
copper (1) oxide during the reactions. Also, the three
different copper catalysts were tested under different CO
gas phase concentrations. This affects the amount of CO
adsorption and therefore the CO heat of adsorption on
the different copper surfaces. Last, a Langmuir—Hinshel-
wood reaction requires adsorbed oxygen on the surface,
and in the case of copper (II) oxide, we believe that the
oxygen in the reaction comes from the catalyst. This im-
plies that the different activation energies are due to differ-
ent reaction mechanisms.

The reaction rates for CO oxidation over the copper
catalysts also changed with surface oxidation. The reac-
tion rate decreases with increasing surface oxidation. The
kinetics of copper (1I) oxide have been most often com-
pared in the literature to a platinum catalyst as a potential
substitute. A review by Kummer (30) showed copper (1I)
oxide to be approximately 10 times less active, but at
100°C lower in temperature. Under similar conditions to
Kummer’s, we measured copper (I1) oxide to be approxi-
mately 100 times less active. These results are not cor-
rected for the different surface areas between the copper
(1) oxide film and the platinum foil. This leads to the
question of comparing surface areas or active sites be-
tween the three copper catalysts. Unfortunately, a mea-
surement of the surface area or number of active sites on
such a small amount of the oxidized copper catalysts is
very difficult and could not be made. We believe that
upon oxidizing the metallic copper catalyst to copper (1)
and copper (11) oxide, there is a loss in active sites, giving
rise to the possibility that turnover frequencies may be
similar between the copper catalysts.

CONCLUSION

The three oxidation states of copper were formed and
tested for the catalytic ability to oxidize CO to CO, using
0,. Metallic copper was generated by depositing the metal
in UHV onto a graphite-coated stainless steel foil. XPS
showed that copper (II) oxide was formed by oxidizing
metallic copper in a 100 Torr of oxygen at 300°C for 20
min. and copper (I) oxide was formed by annealing copper
(II) oxide at 400°C for 10 min. in UHV. AES showed
that upon increasing oxidation, copper wets the graphite
substrate. Under reaction conditions of 66/33 CO/O, par-
tial pressure ratio at 275°C, metallic copper completely
oxidizes to copper (II) oxide in approximately 1 hr. In
order to prevent the oxidation state of the copper catalysts
from changing during a catalytic test, the CO/QO, ratio was
fixed at 97/3, 90/10, and 66/33 Torr for metallic copper,
copper (1) oxide, and copper (II) oxide, respectively. Me-
tallic copper was found to be the most active, and with
increasing copper oxidation the activity decreased. The
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activation energy showed a reverse trend and increased
with increasing oxidation. Metallic copper compared fa-
vorably to a platinum sample having a faster rate for
temperatures less than 350°C and a lower activation en-
ergy. Copper (1) and copper (I1I) oxide were less active
than the platinum sample but had lower activation energ-
ies. The mechanism for CO oxidation over the three cop-
per catalysts was affected by subsurface oxygen and ox-
ide formation.
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