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The oxidation of methanol to formaldehyde was studied on a Cu(110) single crystal by flash
decomposition spectroscopy. The Cu(110) surface was preoxidized with oxygen-18; deuterated
methanol, CH;OD, was used to distinguish the hydroxyl hydrogen from the methyl hydrogens.
Very little methanol chemisorbed on the oxygen-free Cu(110) surface, but the ability of the
copper surface to chemisorb methanol was greatly enhanced by surface oxygen. This enhance-
ment was absent subsequent to reduction of the surface by methanol itself. CH:0D was selec-
tively oxidized upon adsorption at 180°K to adsorbed CII;0 and 1,'80. The methoxide was
the most abundant surface intermediate and decomposed at about 365°K to formaldehyde
and hydrogen with a first-order rate constant equal to 5.2 £ 1.6 X 102 exp(—22.1 & 0.1
keal/mole/RT) s™1. To a lesser extent some methanol was oxidized to HC'O*®0 which sub-
sequently decomposed to C'%00 and hydrogen with a first-order rate constant equal to
8 4+ 2 X 108 exp(—30.9 & 0.2 kecal/mole/RT) s71. A pronounced maximum in oxidation
activity with surface oxygen coverage was observed.

1. INTRODUCTION

The oxidation of methanol to formalde-
hyde is a very important industrial process
that was discovered more than a century
ago, but the mechanism of oxidation and the
function of oxygen in this process are still
not completely understood (7). The com-
mercial oxidation of methanol is presently
performed with two types of catalysts (2).
The first or classical procedure uses a
copper or silver catalyst in the form of
gauze or pellets at temperatures between
600 and 725°C. A rich mixture of methanol
with air is employed. The second method
uses an oxide catalyst near 350°C, such as
iron-molybdenum oxide, and employs a
lean mixture of methanol in air to produce
formaldchyde that is substantially free of
unreacted methanol. The gases resulting
from the first process contain 18 to 209
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hydrogen and less than 197 oxygen while
the gases resulting from the oxide process
contain unreacted oxygen and no appreci-
able concentration of hydrogen. The other
major by-product is carbon dioxide, and
trace amounts of CO, HCOOH, CHy, and
H,C(OCHj;), are also formed.

The industrial oxidation of methanol to
formaldehyde was first belicved to be a
gas-phase oxidation process (2, 3):

CH;OH + 30, - H,CO + H,0. (1)

The above mechanism was thought to
oceur between an oxygen atom adsorbed on
the catalyst and methanol from the gas
phase. This is still believed to be the oxida-
tion mechanism when an oxide catalyst is
employed. However, mechanistic studies of
the metal-catalyzed process led subsequent
investigators (4) to suggest that, overall,
the reaction was either a dehydrogenation
step, followed by the oxidation of hydrogen
until all of the oxygen in the gaseous
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mixture was consumed,
CH;0H = H.CO + H,, )
H, 4 10, = H,0, 3)

or a combination of the dehydrogenation
and oxidation reactions, steps (1) to (3).
Consequently, early work on this reaction
suggested the funetions of oxygen to be (5) :
(a) to displace the dehydrogenation equi-
librium to the right; (b) to keep the cata-
lvst “active,” and (¢) to supply heat to
make the process self-sustaining since the
oxidation reactions, steps (1) and (3), are
exothermie,

The importance of oxvgen in this re-
action was carefully investigated by Lawson
and Thomson (6) to determine its influence
on the activity of copper toward methanol
decomposition. These results revealed that
copper powders, prepared by reduction of
copper oxide with hydrogen, catalvzed the
methanol,  but
eventually poisoned or deactivated. When
oxidized copper films were partially re-
duced by hydrogen, a deerease in the extent
of methanol decomposition  was  noted,
Bulk copper metal, in the form of wire or
foil, was not active toward the decomposi-
tion of methanol. The copper foils and wires
could be activated by oxygen treatments at
clevated temperatures. 1t was coneluded
that oxygen must be present in the copper
Jor it to be active. Other investigators also
reported that the activity of their copper
atalyvsts were not maintained, and it was
always necessary to reactivate their cata-
lysts by exposure to oxyvgen (7 11).

The present study was motivated by the
lack of information available about the
oxidation of methanol to formaldehyde on
a molecular level. The oxidation of methanol
was studied on a Cu(110)-oriented single
crystal under ultrahigh vacuum conditions
with the modern tools of surface science.
The purpose of this work was (i) to investi-
gate the mechanism and kineties of the
oxidation of methanol to formaldehyde

decomposition  of were

* CH,OH TO H.CO
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and (ii) to determine the function of oxygen
in this reaction.

2., EXPERIMENTAL

The flash desorption experiments were
conducted in the stainless steel ultrahigh
vacuum  (UHV) system  previously  de-
seribed  (12). The UHV chamber was
cquipped with a PHI four-grid LEED -
Auger opties, an argon ion bombardment
gun, and a UTI-100C quadrupole mass
spectrometer. The (110)-oriented  copper
single-crystal sample was heated from the
rear by radiation from a tungsten filament.
Except where noted, a heating rate of 4
to 5°K s7' was employved. The sample
could be cooled to about —95°C by heat
conduetion through a copper braid attached
to a liquid nitrogen-cooled copper tube, The
methanol was introduced onto the copper
surface through a stainless steel dosing
svringe directed at the front face of the
crvstal. The mass spectrometer signal for
cach product produced during the flash
desorption was directly proportional to the
desorption rate because of the high pump-
ing speed of the system.

High-purity CH;OH (99.9 mole9) was
purchased from ischer Scientific Co. and
was purified by prolonged pumping at
—84°C until a constant vapor pressure of
was obtained. The final vapor
pressures of the methanol samples were in
good agreement with the tabulated vapor
pressure reported in the literature (13).
Deuterated methanol, CH,OD (99 atom$,
D)), was obtained from ICXN Life Sciences
and was similarly purificd. NMR analysis
of the CHLOD sanple verified that only the
hyvdroxyl hydrogen was deuterated. The
only funetion of the pumping step was to
outgas air from the samples. The aleohol
vapor obtained above liquid CH;OD at
~84°C was usced direetly for the adsorption
studies on copper.

25 um

Surface cleanliness was achieved at the
beginning of cach experiment by argon ion
sputtering and Auger

was  verified by
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electron spectroscopy (AES). In previous
studies on Ni(110) the AES calibrations
for a surface carbon monolayer (12) and a
surface oxygen monolayer (14) were ob-
tained. Since the Auger sensitivities for
copper and nickel are almost identical, the
Ni(110) calibration standards for a surface
monolayer of oxygen and carbon were also
applied to the Cu(110) surface after
correcting for the slightly different Cu and
Ni sensitivities (15). AES analysis subse-
quent to the flash decomposition of meth-
anol from a partially oxidized Cu(110)
surface revealed the presence of surface
carbon and oxygen. Oxygen did not desorb
from the Cu(110) surface at the coverages
used in this study when the sample was
heated to 450°C, but excess oxygen was
readily removed by exposing the sample to
methanol for 100 s and flashing to 275°C.
This procedure reproducibly formed an
oxygen-free surface at the end of cach flash
and prevented the accumulation of oxygen
on the copper surface. Auger analysis at the
end of the day revealed the presence of
15 + 39, of a surface earbon monolayer;
surface carbon when present did not exhibit
the characteristic Auger fine structure of
surface carbide or surface graphite (16) and
may have been amorphous carbon. This
amount of surface carbon did not influence
the reactions investigated because the first
flash decomposition spectrum of the day
was always reproduced at the end of the
day.

Enriched oxygen (999, %0;) was pur-
chased from Bio-Rad Laboratories and was
introduced into the background of the
UHV chamber through a variable leak
valve. An oxygen background pressure of
1 X 108 Torr was always maintained
throughout the adsorption of oxygen, and
only the exposure time was varied; the
copper sample was kept at 22 4- 10°C
during the adsorption of oxygen. The
oxygen exposure was varied from 0 to 10
Langmuirs (a Langmuir is defined as
1 X 10-¢ Torr-s of oxygen exposure); the

WACHS AND MADIX

TABLE 1

Surface Coverages of Oxygen as
Determined by AESs

Surface coverage
of oxygen
(fraction of
monolayer)

Oxygen
exposure
(Langmuirs)

0.2 0.04
0.45 0.05
1.2 0.14
2.0 0.22
3.0 0.40

¢ Calibration standards for a surface monolayer
of oxygen and carbon were obtained from the
Ni(110) surface and corrected for the different
Auger sensitivities of Cu(110) and Ni(110).

surface coverages of oxygen were deter-
mined by AES for several different oxygen
exposures and are tabulated in Table 1.
An initial sticking probability of ~5
X 1072 for oxygen on the Cu(110) surface
was calculated from the initial slope of the
data in Table 1. No other values for the
sticking probability of oxygen surfaces are
available for comparison.

The products observed in this study were
identified by carefully comparing their
observed cracking patterns in the mass
spectrometer with those tabulated in the
literature. Once the product was identified,
the ionized parent molecule, i.e., m/e = 33
for CH;0D, m/e = 30 for H.CO, ete.,
was used to monitor the product. The only
exception was CH;OH for which m/e = 31
was monitored in order to avoid overlap
with the CH3;0D m/e = 32 signal. A more
extensive discussion on product identifica-
tion by mass spectrometry will be found in
Appendix IT.

3. RESULTS

A brief summary of the results is pre-
sented first to assist the reader. This
summary is confined to the major observa-
tions, emphasizing their qualitative features.

Several reaction products were formed
while heating the Cu(110) surface predosed
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Fic. 1. Flash decomposition spectrum following
CH30D adsorption at 180°K on a Cu(110) surface
that was predosed with 2 Langmuirs of 80 at
295 + 10°K. The CH;O0D exposure was 100 s,

with 0, on which CH;0D was adsorbed.
These products were 1,0, H,CO, CI;0H,
H,, and CO,. Careful studics showed cach
of these products to be formed by first-order
kineties. D80 was evolved first as a result
of the specific interaction between CH,0OD
and 30, to form CHH;O,. This inter-
mediate then decomposed to form H.CO
and I, The CO, was formed via an
HCOO,, intermediate which was more
stable (though Iless predominant) than
CH;0 ).

There was an enhancement in the adsorp-
tion of CH30D and the amount of products
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formed by over an order of magnitude as
the concentration of surface oxvgen was
increased. In effect, the surface oxygen
acted as a promoter for both dissociative
and nondissociative alecohol adsorption. The
production of H.CO exhibited a maximum
as the surface oxygen concentration was
increased. A more detailed presentation of
the results now follows,

The product distribution subsequent to
CH3;0D adsorption near 180°K on the
copper surface predosed with 2 Langmuirs
of 0, is shown in Fig. 1. Below room
temperature 12,0 and CH;0D were the
only species to desorb; D30 accounted for
75% of the water formed below room
temperature; the remaining water was in
the form of IHDBO (109,) and H.“0
(159;). Slightly above room temperature
H.CO, CH:0fI, and H, evolved simul-
taneously indicating that they originated
from the same surface intermediate.! The
products H,CO, CH;OH, and H, had to

1'The thermal programmed reaction produet
spectrumn is a kinetie spectroscopy. Products that
are emitted simultaneously therefore have the same
rate as a funetion of temperature and must originate
fromn the same mechanism. When the evolution of
these produets is first order, they originate from the
same rate-determining intermediate,

TABLE 2
The Interaction of Simple Molecules with the Oxygen-Free Cu(110) Surfaces

State Ty E v hld Source
(°K) (keal/mole) (1 (keal/mole)

CO,/CO 223 14 4 % 108 13.5 Ying (17)
CO/CO; 223 14 4 X 10% 13.3 This work
H.O(a)/H:O 235 — — 11.2 Ying (17)
1.0(8) /1.0 285 — -— 17.3 Ying (I7)
C:H/CH, 224 - - -— 13.5 This work
H,CO/H.CO 225 — — 13.5 This work
D./D atoms 336 12 + 1€ 10 741 ed -— This work
H. + CO./HCOOH 470 321 8+ 2 X101 29.0

Ying (I7)

e Adsorption was always done with the Cu(110) sample cooled to 180°K.
b E* is the activation energy ealculated for a single first-order rate-limiting step from 7', assuming

]“le vy = 13.

< The kinetic parameters were caleulated by plotting In(R/C?) vs 1/T.
4 Second-order process and frequency factor has units of square centimeters per second.
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result from the decomposition of a surface
intermediate since otherwisc they would
have desorbed at lower surface tempera-
tures, characteristic of their desorption
(see Table 2). Above room temperaturc
CH;0H was formed even though CH;0D
was initially adsorbed on the copper surface.
No HD or D, was observed to desorb
throughout the entire temperature range
because all of the deuterium atoms released
upon adsorption were tnvclved in the forma-
tion of water. At higher surface tempera-
tures C1%010, H,, and H,"®*0O (not shown
in Fig. 1) also evolved simultancously near
470°K, suggesting that these species origi-
nated from another surface intermediate.
C15010 accounted for 849% of the total
carbon dioxide signal; the small amounts
of C*(), and C!*Q, probably resulted from
methanol that dissociated upon adsorption.
No other flash decomposition products were
observed ; in particular, carbon monoxide,
methane, methyl formate, methylal, di-
methyl ether, and ethanol were absent
from the spectrum.

The desorption properties of various
simple gases from the oxygen-free Cu(110)
single~crystal surface, subsequent to adsorp-
tion at ~180°K, are presented in Table 2.
The notation A(a)/B refers to the a state
or desorption peak for gas A following
adsorption of gas B. The tabulated activa-
tion energies and preexponential factors
were determined by heating rate variation
(18) unless otherwise stated. E*
calculated from the peak temperature of
each state, assuming a first-order reaction
step with a frequency factor » = 101 s7!
to provide a relative value for those states
for which kinctic parameters were not
available. Note that all the small molecules
that exhibited first-order desorption kineties
(CO, H,O, H,CO, and C,H,) desorbed
with peak temperatures between 223 and
285°K. Therefore all of the product peaks
above 283°K were formed by surface
reaction-limited processes.

was
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a. CH:0D and CH30H /Methanol

Methanol desorbed both as CH;0OD and
as CH;OH (see Fig. 1) subsequent to the
adsorption of CH;OD on the oxidized
copper surface. The CH;OD desorption
peaks were only observed below 300°K and
represented the desorption-limited evolu-
tion of methanol; the CH;0H peaks were
only observed above 300°K and were
reaction limited. These results suggested
that the CH;OH peaks resulted from
CH;0D that had released its D atom upon
adsorption to form CH;0 and subsequently
reacted with a surface H atom to form
CH,;OH.

The above results suggested the possi-
bility of forming CH;0D above room tem-
perature by maintaining a sufficient concen-
tration of D atoms on the copper surface
above room temperature. Since D, does
not stick on copper, but deuterium atoms
have a high sticking probability, the
jonizer of the mass spectrometer was used
to dissociate D, to deuteriuin atoms. A D;
background pressure of about 10-% Torr
was maintained during the flash decomposi-
tion with the front of the sample facing the
mass spectrometer with an initial CH;0
coverage of 239, of a monolayer; the
CH;OD signal shown in Fig. 2 was moni-
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Fia. 2. The formation of CH;OD from surface
methoxide and background deuterium above 300°K
following adsorption of CH;OD at 180°K on a
Cu(110) surface preoxidized with 2 Langmuirs of
180), at 295 + 10°K. The CH ;0D exposure was 100 s
and the D, background pressure was ~1 X 1076
Torr.
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Fri. 3. The CHOH desorption spectrum subse-
quent to the adsorption of CH3OIL at 1S0°K on a
Cu(110y surface predosed with 2 Langmuirs of
10, at 295 £ 10°K. The CHLOH exposures were
() 1, (b) 5, () 13, (d) 27, (3 50, (f) 75, and (&)
100 s,

tored during this experiment. Under these
conditions CHZ0D desorbed both above and
below room temperature. The CHiOD peak
above room temperature corresponded to
that previously only recorded for CHZOH.
It was coneluded from this experiment that
the following reaction oceurred at 350°K,

(."H;(()(n) + I)(;,) — (‘/H'J()])(g), (4)

and that methoxide, CH;0, was a surface
intermediate, A small amount  of the
CHOD could also have been formed by
the Rideal- Elv mechanism, but under these
experimental conditions the surface con-
centration of the deuterium
very high, and the Langmuir-Hinshelwood
mechanism was probably the preferred re-
action pathway. This experiment demon-
strated  that the methanol peaks below
300°K were desorption limited and  the
methanol peaks above 300°K were reaction
limited.

The CH;OH/CITL;OH spectra from the
copper surface predosed with 2 Langmuirs
of 0, exhibited multiple peaks above and
below roomn temperature as shown in Fig. 3.
Deuterated methanol, CHZOD, was not
utilized for this coverage variation study,
but the above discussions demonstrated
that only the methanol peaks below 300°K

atoms  was

were desorption limited. The methanol
desorption speetra below room tempera-
ture exhibited three peaks (e, a, and ay).
The desorption of CHOH (a3) /CHZOH was
a first-order process as evideneed by the
of the peak with
methanol exposure. The overlap of the
CH;0H prevented  an accurate
determination of their kinetie parameters.
The methanol flash decomposition spectra
above room  temperature  exhibited two
major peaks (8, and 8.). A minor 8; peak
is not well defined in IFig, 3 and is more dis-
tinetly shown in Fig. 11, The CH;OH(3.)/
CH:OH peak was the most prominent, and
the constant peak temperature with in-
creasing methanol exposure revealed that
the rate-limiting step was a first-order
surface process. This step was not desorp-
tion of the aleohol, and the above results
showed that the sccond-order step (4)
must have been fast under the conditions
of this experiment. The rate-determining
step was thus a first-order reaction pre-
ceding step (4). The CH3OH(82)/CHOH
peak corresponded to that obscerved for
I,COB.) /CH;OH and will be further
discussed below in conjunction with for-
maldehyde formation,

invariance position

peaks

b, H.CO/ Methanol

The formaldehyde flash decomposition
speetrum is shown in Fig. 4 as a function
of CH3;OH exposure. The formaldehyde
speetra exhibited two peaks (8y and 8i).
The H.CO(83)/CHROIH state filled first
and saturated at low exposures of methanol.
The HCO(82)/CH3OH peak became pre-
dominant at higher exposures of methanol,
and most. of the formaldehyde desorbed
from this state. The invariance of the 8.
peak  with  methanol  exposure  demon-
strated that the surface reaction-limited
step producing formaldehyde was a first-
order process. The simultaneous produetion
of H.CO(@3)/CH;OH and CHiOH(B.)/
CH30H revealed that both produets origi-
nated from  decomposition of the same
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Fic. 4. The H.CO flash decomposition spectrum
as a function of CH;OH exposure. The Cu(110)
surface was always predosed with 2 Langmuirs of
180, at 295 %= 10°K prior to the adsorption of
CH3OH at 180°K. The CH;O exposures were (a)
1, (b) 5, (¢) 12, (d) 25, and (e) 50 s.

surfaco intermediate. It was concluded
from these observations that formaldehyde
was produced from the decomposition of
the surface methoxide, CH;0. The rate
constant for H,CO(8,)/CH,0H was calcu-
lated by the method of heating rate varia-
tion to be

kucorcnzon = 5.2 £ 1.6 X 10'?
X exp(—22.1 & 0.1 keal/mole/RT) s~

(3)

The evolution of formaldehyde from this
surface at ~365°K was not desorption
limited and represented a reaction-limited
step since H,CO/H,CO desorbed from
Cu(110) at 225°K (sce Table 2).

c. Hy/ Methanol

The H:/130,, CH;0H? spectra are shown,
subsequent to the adsorption of CH,OH
on the copper surface exposed to 2 Lang-
muits of 80,, as a function of methanol
exposure in Fig. 5. Studies with deuterated

2 This notation indicates that 1*(0); was adsorbed
prior to CH O, and H; was then the observed
product.
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methanol, CH;0D, exhibited the same H,
spectra, (sce Fig. 1) indicating that these
hydrogen peaks originated from the methyl
hydrogens. The H:(8.) /CH3;OH and H;(85) /
CH,OH peaks were very similar to the
H.,CO(B.)/CH;0H and H,CO(8;)/CH,0H
peaks (see Fig. 4), but their peak maxima
were several degrees higher. This suggested
that both g-H, and H,CO originated from
the same surface intermediate, CH;0, but
that the hydrogen recombination process
was not instantancous near 370°K and
the coverages utilized in this study. In
addition, the activation energy determined
for the Hy(8,) /CH3;OH peak was essentially
identical to that previously caleulated for
H.CO(8:)/CH3;OH. This showed that, al-
though the hydrogen recombination process
delayed the H; peak by several degrees, it
had only a minor influence on the determi-
nation of the activation energy for the
production of the hydrogen atoms from the
methoxide intermediate. Computer simula-
tions of this series rcaction process also
verified these deductions. The origin of
the H,(8:1) and Ha(y) peaks was different,
however, as these additional peaks were
absent from the formaldehyde spectrum,
sce Fig. 4. The H,(8,)/CH;0H peak tem-

Hp/CHy0-
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Fic. 5. H, desorption subsequent to CH,OH
decomposition on a partially oxidized Cu(110)
surface. The Cu(110) surface was oxidized with 2
Langmuirs of 120, at 295 4= 10°K prior to the
adsorption of CIHOIL at 180°K. The CH;OH
exposures were (a) 1, (b) 5, (¢) 12, (d) 25, (e) 50,
and (f) 100 s,
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Fi:. 6. The desorption of C'¢0'0 from the oxida-
tion of CH3;0H on a Cu(110) surface predosed with
2 Langmuirs of 80,. The Cu(110) sample was
oxidized at 295 &+ 10°K and CHsOH was adsorbed
on the partially oxidized surface at 180°K. The
CH;OH exposures were (a) 2, (b) 8, (¢) 25, (d) 50,
() 100, and (f) 200 s.

pvrature cm'rvs'pondvd to that of D2/ Datows
(sec Table 2) and was desorption limited.
This desorbing hydrogen therefore origi-
nated from another surface intermediate
which reacted below 325°K to produce sur-
face hydrogen. Since the reaction CHzO
+ Hqy — CHOH should have been de-
teetable above the highest  desorption
temperature of CH;OH (300°K),
that the intermediate responsible

it appears
for

the I1,(8,) decomposed near 325°K. The
CH,;0D(8))/CH30D peak showed the same

peak position as the Hy(81),/CH;0D which
LS LRI RS IR Al S SV Y and 1T raantal ad
IMAICatCd Ll UILgl/(3) allu Il(a) reacied av
325°K. The simultancous appearance of
the Hy and C'%0130) signals at 470°K will be

discussed in greater detail below,
d. C8O10 / Hethanol

The production of C*0%0/CH;OH was
a first-order process as shown by the
coverage variation study of Fig. 6 and the
peak symmetry (79). The activation energy
and the prooxponontial factor were calcu-
variation studies and

lated from heat rat
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The CY0O"0Q peak position, activation
energy, preexponential factor, and the

ratio of C'0Q¥(0)/H.(y) were identical to
the results obtained from the decomposition
of HCOOH on this copper sample (sce
Table 2) in which it was found that HCOOH
dissociatively adsorbed
surface to yield formate, HCOQO, and
hydrogen atoms. The formate was very
stable and dissociated at 470°K to produce
\/\}) All\} u> bii‘ﬁ‘uu‘u‘u Uusn In
study oxygen-18 was still present on the
copper surface at elevated temperatures,
and a fraction of the hydrogen was oxidized
to Ho'0. The decomposition of the formate
HC'®0O)0O was thus responsible for the
simultancous appearance of C*¥0'30, H.(y),
H.B0(y) at 470°K.
of CYOB0)  evidently arose from the
interaction of CII;OH (or an intermediate
therefrom) and the surface 0.

on the copper
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The Hg”‘() /CH30H specelra are presented
in Fig. 7 as a function of CH,OH exposure

for a (.onst-ant exposure of oxyvgen, 2
Langmuirs of 30,. Several H,"*0/CH;0IL
peaks were observed: 81, 82, 83, and vy [the

H,B30(v)/CH;OH peak is not shown in
Fig. 7]. The different water peaks were
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F1a. 7. The H'80 desorption spectrum subsequent
to the oxidation of CH3OH on Cu(110). The CH,0H
was adsorbed at 180°K on a Cu(110) surface that
was predosed with 2 Langmuirs of 10, at 295
=+ 10°K. The CH;OH exposures were (a) 4, (h) 10,
(¢) 25, (d) 50, and (e) 100 s.
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isolated by varying the mecthanol adsorp-
tion temperature, and the results arc
shown in Fig. 8. At Jow methanol exposures
the 8, and 8; states filled first and saturated ;
at higher methanol exposures the §;, peak
dominated the desorption of Ha80/CH3OH.
The desorption peaks exhibited first-order
behavior since their peak maxima did not
change with coverage. The H,#0/CH,0H
spectra were identical to the desorption
speetra of H,O/H.0 from copper at low
coverages (see Table 2). This information,
coupled with the observations that (a)
nearly all the water formed room tempera-
ture was deuterated when CHRO0D was
used and (b) methoxide was a stable
intermediate, suggested that methanol ad-
sorbed dissociatively on the partially oxi-
dized copper surface to form CH;O and
water with its hydroxyl hydrogen.

f. Oxygen Variation Studies

The oxygen exposure was varied from
0 to 10 Langmuirs while a constant
methanol exposure of 100 s was maintained
in order to examine the function of oxygen
upon the oxidation of methanol on copper.
The pronounced effect of the surface con-
centration of oxygen on the production of
CH;O0H, H.CO, and C!0“0 is shown in
Fig. 9. Exposures of oxygen less than 2
Langmuirs enbhanced the amount of CH3OH,
H,CO, and C'0O0 observed, but ex-

VARIATION CF ADSORPTION TEMPERATURE
" D, B0/CH,0D

8 I
- 2L 70, s |5 %101%AMP
2 -

0,'%0 SIGNAL

200 250 300~ 350 400
TEMPERATURE (°K)

Fic. 8. Isolation of the different D.'*Q)/CHOD
peaks by variation of the adsorption temperature.
The CH;OD exposure was 5 s and the Cu(110)
surface was exposed to 2 Langmuirs of 130, at

295 % 10°K.
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Fi1a. 9. The influence of oxygen exposure upon the
production of CH;OH, H.CO, and C'*080 following
a 100-s exposure of CH;OH at 180°K. The Cu(110)
surface was always oxidized at 295 £ 10°K,

posures of oxvgen greater than 2 Lang-
muirs decreased the vield of CH;OH,
H.CO, and C'00. The formaldehyde
production was very sensitive to the surface
concentration of oxygen. The H,CO signal
increased over an order of magnitude
between 0 and 2 Langmuirs of oxygen
exposure. These results showed that the
sticking probability of methanol on copper
was very sensitive to the amount of oxygen
on the surface; at low coverages of oxygen
the sticking probability was enhanced, and
at high oxygen coverages the sticking
probability decreased. The detailed effects
of surface oxvgen on the rate of product
production are presented in Appendix 1.
They are summarized briefly below.

Very little methanol adsorbed on the
surface free from the oxygen predose. To
a minor cxtent the presence of surface
oxygen altered the relative population of
the methanol binding states and small
shifts in peak temperatures were observed
with increasing oxygen coverage. The bind-
ing encrgy of the CH,OH(B.)/CH;OH
state inereased by 1.5 kcal/gmole at the
highest oxygen coverage. The reaction
product peaks were affected substantially.

The fact that the amount of formalde-
hyde formed inereased more than an order
of magnitude at low oxygen exposure
indicated that 1t was necessary to have
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oxygen on the copper swrface in order to
produce efficiently H,CO from CH0I. This
deduction was further supported by the
observations that (i) predoses of 30, on
the surface of 1 to 3 Langmuirs reduced
the sticking probabilities of CO and CO.
(Appendix I) and (i) CH0D interacted
specifically with adsorbed 0 to produce
1,50 and no . The hydroxyl end of
CH,0D must have interacted specitically
with the adsorbed oxygen during the
dissociative adsorption of CH;OD.

The results observed for the oxidation
of CH,OH on the copper(110) surface are
tabulated below in Table 3.
parameters were caleulated by the method

The kinetie

of heating rate variation unless otherwise
noted.
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4. DISCUSSION
a. Mechanisne and Kinetics

The results of the preceding section led
to the following conelusions about the
oxidation of CH;0D on copper (110). (i)
Surfaco oxygen enhanced the chemisorption
of CH;0D on the partially oxidized copper
surface; (i) CIH30D interacted with sur-
face oxygen through the hydroxyl end of
the molecule during adsorption to form an
adsorbed  methoxide intermediate  and
water; (ni) H,, IL.CO, and CH;0H were
formed from the reactions of a methoxide
intermediate; (iv) the simultancous appear-
ance of H,, H.0, and CHO™0 at 470°K
originated  from the  decomposition  of
HCHO™0); (v) the Ho and CHROH peaks

TABLE 3

State

Oxidation of CH;OH on Cu(110)*

T, K v E*
(°K) (keal/mole) (=) (keal ‘mole)
CH;0H () /CH,OH 200 £ 5 —- - 12.1
CH;0H (e2) /CHLOH 245 + 5 — - 11.8
CH30H (a3) /CH30H 275 - 16.7
CH:0H (3,)/CH;OH 330 £ 5 — — 20.1
CH;OH (8.)/CH,;0OH 365 — - 22.4
CHOH(8;)/CHOH 390 - - 23.9
H.COB.)/CH0H 365 22,1 + 0.1 3.2 £ 1.6 X 10 22.4
H.CO(34)/CHOH 392 19.3 + 0.1 L5 07 X 100 24.0
Ha(3,)/CH,0H 325 £ 5 — - 19.8
H.(8.)/CH,O1 370 22.0) 3.6 X 102 22.6
:(35)/CH,OH 390 - - 23.9
H:(v)/CH:OH 470 309 £ 02 R0 £ 2.0 X 107 29.0
26010 /CHOH 470 309 = 0.2 8.0 £ 2.0 X 10 24,0
H.#0 (5,)/CH30H 2138 -- —- 14.3
130 (82) /CILOH 290 — - 17.6
H.#0 (8;)/CH30H 320 — - 19.5
1.1%0 (1) /CH,0H 470 30.9 0.2 8.0 £ 2.0 X 1018 29.0

¢ The Cu(l110) surface was oxidized at 295 + 10°K and exposed to CH;OH at 180°K.
b E* ix the activation energy caleulated for a single first-order rate-limiting step from 7', assuning

logiey = 13.

 The kinetic parameters were calculated by plotting In(R/C) vs 1/7.
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observed at 325°K resulted from the de-
composition of an intermediate that was
neither CH;3;0 @y nor HCOO .

WACHS AND MADIX

These observations suggested the follow-
ing reaction scheme for the oxidation of
CH;0D on copper (110).

CH;0D¢,, + 0w — CH;0wy + 0D, (7a)
CH;0Dy + ¥0Du — CH;30 ) + D230, (7b)
CH;0 0y + 180 oy — H,C'®0B0 )y + Hy (8)
H ) + 80D @) — HDY™0 9)
2H 4y + 80 ) — H2'%0 ) (10)
CH3;0D ) — CH;0Dy,, (11)

D0y — D04y (61, b2, 55) (122)

HD'%O @, — HD"O, {81, 82, 85) (12b)

;590 @) — 90, {81, b, 53] (12¢)

CHsODg — CIODy  lau, as, as) (13)
H,C'*030(,, — HCYO"¥O,, + H, (14)

H) + Hay — Hag, {61) (15)

., + CH;0, — CII;0H |, (16)
CH;0y — H,y + H.COy  {8s, 83} (17)

Huw + Ha — Hawy {82 Bsl (18)

Ha@ + CH3Ow — CH3;OHy {8, B3} (19)
HCH¥0#0 4y — H,y + CHO'0 (20)

He + Haw = Hog {v} (21)

2H iy + 30 @y — H %0, (22)

The intermediate H,C!'%010 was de-
duced on Cu(110) (20) and Ag(110) (21)
during the oxidation of H,CO on thesc
surfaces. It was concluded from these
studies that H,CO was oxidized upon
adsorption to H.C!%0Q'30 because only trace
amounts of water were observed and while
H,C1%0 exchanged its oxygen-16 with
surface oxygen-18 to form H,C!®0. The
H;COO intermediate was not very stable
on these surfaces and dissociated to
HC'*0"®() and hydrogen below 300°K.

Since in that experiment H, evolution was
desorption limited on copper, the exact
temperaturc at which the formate was
formed was mnot known. However, the
presence of the H.(8,)/CH3;0H peak sug-
gested that H,C'*0'0 was present in this
reaction because, had the formate been
formed during the adsorption process, the
hydrogen atoms would have been im-
mediately oxidized to water. This experi-
mental evidence supports the presence of
a H,C'®*0"0 intermediate on the Cu(110)
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surface during the oxidation of CH,0,D
but the exact steps by which this inter-
mediate is produced from CH;OD are still
unclear,

The above mechanism includes three
reaction pathways for the adsorption of
methanol [steps (7), (8), and (11)]. Step
(11) represents the nondissociative adsorp-
tion of CH;0D whereas steps (7) and (8)
represent  the dissociative adsorption of
CH,0D. The nondissociative adsorption of
methanol was probably due to stabilization
of CH3OH by the presence of other surface
intermediates since very little methanol
adsorbed on the oxygen-frec Cu(110)
surface. The data showed that all three
pathways occurred in the oxidation of
methanol on copper, but the final product
distribution revealed that methoxide was
the most abundant surface intermediate. The
adsorption of CH;OD at ~180°K resulted
in the formation of four major distinct
surface species : CH;0D, CH 30, H.C'*0'*0,
and water. Since below room temperature
CH;0D and water molecules desorbed, and
H.C#0®0) had released a hydrogen atom
to form the formate only the intermediates
CII;0, HC'®0O™0, and H remained on the
copper sutface at room temperature.

The hyvdrogen atoms released when the
intermediate  H,C'00  decomposed  to
HCHUO®0, step  (14), could either re-
combine and form H,, step (13), or react
with methoxide to form CH,OH, step (16).
The previous work with background D.
(Fig. 2) clearly demonstrated that step
(16) was fast above 300°K.

The formate, HCYO"(), was the most
stable surface intermediate produced in this
reaction and decomposed at 470°K to yield
an adsorbed hydrogen atom and ecarbon
dioxide, step (20). Some of the hydrogen
atoms apparently reacted with residual
surface oxygen atoms to form water, step
(22), in addition to H,, step (21). These
oxygen atoms must have been strongly
bound to the copper substrate because
H.130 was not observed at 365°K and
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higher {emperatures  were neeessary to
weaken this bond. The investigations of
the decomposition of HCOOH and the
oxidation of ILCO on Cu(110) (20)
revealed that, above 400°K formate was
the only stable surface intermediate. Other
investigators studying copper oxide cata-
lysts utilized more complex molecules, i.e.,
propylene, and also observed the existence
of formate intermediates (22). Summed up,
these investigations suggest that formate
was a very slable surface intermediate in
the oxidation of hydrocarbons on copper.

Although the formate was the most
stable intermediate; the methoxide was the
most abundant intermediate on the partially
oxidized Cu(110) surface. It was the
dissocialion of the melhoxide to formaldehyde
and a hydrogen atom, step (17), that was
responsible for the formation of formaldehyde
Jrom methanol. The methoxide intermediate
was not previously identified in other
investigations as the intermediate respon-
sible for the production of formaldehvde
during the oxidation of methanol on copper
and silver catalysts (-5, 23 20). The
hydrogen atoms released in this step could
either recombine to Hs, step (18), or react
with another methoxide to form CH3;OH,
step (19). The overall selectivity for the
oxidation of CH;OD on Cu(110) was
determined by the competition between
steps (7) and (8). The experimental results
showed that the selectivity for the oxidation
of CH;0D to 80% H,CO and 209, %00
was determined by the nature of the surface
intermediates formed. The predominant
pathway for the oxidation of methanol
on Cu(110) was through the methoxide
intermediate. It is interesting to considcr
the binding of this intermediate to the
surface.

The methoxide was most probably bound
to the copper substrate via the oxygen in
CH;0 beeause: (a) the hydroxyl end of the
methanol molecule interacted with surface
oxygen-18 during the adsorption process
to yield D,20; (b) the oxygen in the
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methanol possesses a lone pair of clectrons
to share with the copper surface; and (c¢)
the oxidation of CH;CH,OD on Cu(110)
(27) exhibited the same chemistry as
CH3;0D, which is consistent with both
alkoxides bonding to the substrate via their
oxygen. Fisher ef al. concluded from angle-
integrated ultraviolet photoemission that
methanol bonding to Ru(110) substrate
occurs via oxygen-derived orbitals (28).
In other ultraviolet photoelectron spectros-
copy (UPS) studies of CH;OH adsorbed
on other surfaces at low temperatures
[ZnO(1100), polyerystalline Pd, and
Ni(111)7], the molecule was weakly per-
turbed by adsorption, and the effect on its
molecular orbitals has been used to suggest
that it is oriented with the oxygen nearer
the surface (29-31). If the above conclusion
is wvalid, then the frequency factor of
5.2 £ 1.6 X 102 37! for the dissociation
of CH30, to H.COyy and Hy,y appears
to be a reasonable value for breaking the
H-C bond through a cyelie intermediate.

H

H l El H ¥ i
\,:/ o \'{-/ - \c -2
!‘ ;;" ‘\‘/: i p-:/
[} : : i
Zu o] jatt} p ] Ju
methoxide transition nraduct

itate

Some entropy may be lost in the transition
state due to the loss of rotation about the
O-C bond (about 6 e.u.), but the weakened
vibrational modes of the Cu-0 and H-C
bonds may partially compensate for this
(about 2 c.u.). In the formalism of transi-
tion state theory for a unimolecular de-
composition (32),

AST
v = 101 exp(— : >s“,
R

where ASY is the entropy of activation and
R is the gas constant, For the transition
state depicted above, ASf = —4 cal/
gmole — °K, and » = 10'2s-% The accuracy
of our experimental numbers do not allow
any further conclusions to be made, but a

(23)
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frequency factor of 5.2 £ 1.6 X 10w s
seems reasonable for this step.

It is not known whether only one or both
oxygens in HC'®O™0O participated in bond-
ing of the formate to the surface, but it is
generally agreed that there does not exist
a metal-carbon bond. Infrared studies of
olefin adsorption on oxide surfaces have
generally not indicated the presence of a
metal-carbon bond and it was concluded
that the organic fragment was held on the
surface by a carbon-oxygen bond (33).
Further evidence for the lack of a metal-
carbon bond is suggested by the present
observations that both methanol and form-
aldehyde reacted with swrface oxygen-18
atoms to form HCYO®(O on Cu(110).
Regardless of whether one or both oxygen
atoms were bound to the copper substrate
the frequency factor measured for the
decomposition  of HCYO®0 to carbon
dioxide and hydrogen, 8 + 2 X 108 s,
also appeared to be a consistent value for
breaking the H-C bond. In this respect the
class of gas-phase reactions similar to
breaking the H-C bond of surface inter-
mediates, as postulated for the decomposi-
tion of CH30 and HC'*O®0 on a copper
surface, are complex fission reactions with
four- or five-center eyelie transition states
(34). Table 3.5 of Ref. (34) lists many
four-center complex fission reactions, and
all have preexponential factors between 10
and 10" s71. Five-center complex fission
reactions are listed in Table 3.7 of Ref. (34)
and exhibit preexponential factors which
may be one or two orders of magnitude
less than 10 571 In general the frequency
factors for a gas-phasc fission reactions
involving cyelic transition states arc
~10"-10* s~! and are in agreement with
the preexponential factors observed for
breaking the H~C bonds of CH,;0 and
HCY¥0O®0O on Cu (110).

b. The Effect of Adsorbed Oxygen

The oxygen variation studies (IFig. 9)
demonstrated that the amount of methanol
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Fia. 10. A schematic representation for the adsorp-
tion of CH30H on a partially oxidized copper(110)
surface. The oxygen covalent radins was used to
represent the diameter of the adsorbed oxygen atom.
Small filled eirele = hydrogen atom; small empty
cirele = carbon  atom; hatched circle = oxygen
atom; large empty circle = copper atom.

adsorbed on the partially oxidized Cu(110)
surface exhibited & maximuin at approxi-
mately 209, surface coverage by adsorbed
oxygen. Moreover the dissociative chemi-
sorption of CH,OH on copper was greatly
enhanced through a highly specific inter-
action involving the hydroxyl end of the
methanol molecule and a surface oxygen
atom. This observation implies that zero-
valent copper was not active for alcohol
adsorption. The insertion of oxvgen into
the surface may ereate copper sites with a
positive valence promoting adsorption of
CH30D via interaction of the clectron-
donating oxygen lone pair. Furthermore,
the Cu®” (8- site may produce more efficient
splitting of the O-D bond in CH3;0D. Such
an interaction may require a  specific
geometric orientation of CH;0D relative
to the site; as shown schematically in Iig.
15, which may be quite sensitive to surface
structure.

The oxidation of copper was studied
under UHV conditions by low-cnergy
cleetron diffraction (LEED) and ultra-
violet photoclectron speetroscopy  (UPS).
Ertl (35) and Simmons et al. (36) examined
the oxidation of Cu(110) by LEED and
independently observed the formation of
streaks in the diffraction pattern during
the carly stages of oxygen adsorption. These
streaks were interpreted to be caused by
oxygen initially adsorbed in the troughs of
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the (110) surface, as depicted in Fig. 10.
Additional oxygen adsorption produced a
(2 X 1) LEED pattern which was at-
tributed to surface restructuring. Ertl
observed the onset of the formation of the
(2 X 1) LEED pattern at approximately
I Langmuir of exposure of oxygen. The
UPS spectra of the oxidation of Cu(110)
have not been examined, but the results
for the adsorption of oxygen on poly-
crystalline  copper surfaces have been
reported in the literature (37, 38). The
UPS spectra of the initial adsorption of
oxygen on the polyerystalline copper sur-
faces did not exhibit unusual characteristies
that could account for the maximum in the
methanol sticking probability as a function
of oxygen exposure. The above results
suggests that restructuring of the Cu(110)
oxygen surface was probably responsible
for the maximum in the sticking probability
of methanol on Cu(110) as a function of
oxygen exposure. This effect may be due
to a decrease in the affinity of the copper
for the methanol oxyvgen as the copper atom
is surrounded by adsorbed oxvgen.

The relative importance of the oxidation
step,

CHK()H(g) + Q@ —

H.CO + HsO, (24)

versus the dehydrogenation step,
CH;0H ) — HoCO,y + 2H,,),  (25)
Hau + Hay — Hag, (26)
2Hw) + 0@ = HoOy, (27)

in the production of formaldehyde from
mathanol on copper and silver catalysts,
has not been resolved previously. Thermo-
dynamic caleulations on the equilibrium
relations for the dehydrogenation of meth-
anol to formaldehyde showed that at
atmospheric pressure the equilibrium con-
versions would be about 509, at 400°C,
909, at 500°C, and 999, at 700°C (39).
Several investigators examined the produc-
tion of formaldehyde from methanol in the
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absence of oxygen and found low conver-
sions (23, 24) or almost no formaldehyde in
the product gases (7, 25). The conversions
predicted by thermodynamics were not
observed experimentally. These results
suggested that dehydrogenation was not
the principle reaction, but some confusion
still persisted because more formaldehyde
was produced than could be accounted for
by Eq. (24), based on the oxygen consumed,
and a large amount of hydrogen was
produced under oxidizing conditions. The
mechanism proposed in the present study
for the oxidation of methanol to formalde-
hyde readily accounts for these dis-
crepancies:

CHaOH(g) + O(g) -

CHiOu + OHg, (28)

CH:OH) + OHpy —
CHyO@y + HoOgy, (29)

2CH;0 ) —
2H,CO + 2H(y, (30)
Hey + Hey — He. (31)

The above mechanism shows that it was
only necessary for oxygen to react with the
methanol hydroxyl hydrogen and that less
oxygen was actually nccessary than pre-
dicted by Eq. (24). The resultant overall
reaction is

2CH;0H + 10, —
2H.CO + H: + H,0. (32)

This mechanism also explains why the
product gases contained significant amounts
of hydrogen. Some of the hydrogen formed
in step (30) was undoubtedly oxidized to
water, but since the commercial process
employs a rich mixture of methanol with
air a substantial percentage of the hydrogen
is not converted to water.

5. CONCLUSIONS

The results of this study clearly indicated
that the active state of the copper surface
for the oxidation of methanol was a partially
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oxidized surface. The oxygen activated the
surface for methanol adsorption and re-
moved the hydrogen released by water
formation on the surface via a low-energy
reaction pathway. In the oxidation several
intermediates were identified. Adsorbed
CH;0 was the dominant intermediate, and
the oxidation selectivity was determined
by the competitive formation of HCOO.
The values of the preexponential factors
observed for the elementary steps were
consistent with the formation of cyclic
transition states. This work illustrates
further the applicability of UHV kinetic
studies to more complex reaction systems.

APPENDIX I

THE EFrEcT o SURFACE OXYGEN CONCEN-
TRATION ON ADSORPTION/DESORPTION AND
SurrAcE REACTION

The influence of oxygen upon the CH;OH
desorption spectra is presented in Figs. 11
and 12. Very little methanol adsorbed on
the oxygen-free copper surface (Fig. 11a),
but the methanol coverages increasced
substantially when the copper surface was
predosed with oxygen. The surface concen-
tration of oxygen not only determined the
amount of CH;OH adsorbed on the copper

—_—— — i~ — - — s T — T
az CHaOH/CH;0H
2,

180, VARIATION Lo“-’ AMP

CH30H SIGNAL

D S W U A" UN—————————
200 225 250 275 300 325 350 375 400 428
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Fic. 11. The influence of low exposures of oxygen
upon the CH3;OH desorption spectrum. The Cu(110)
surface was oxidized at 295 & 10°K and was given
a 100-s dose of CH,OH at 180°K. The oxygen
exposures were (a) 0, (b) 0.3, (¢) 0.5, and (d) 1
Langmuir.
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Fic. 12, The influence of high exposures of oxygen
upon the CH;OH desorption spectrum, The Cu(110)
surface was oxidized at 295 £ 10°K and was given
a 100-s dose of CH3OH at 180°K. The oxygen
exposures were (e) 2, (1) 3, () 5, and (h) 10
Langmuirs.

surface, but also  altered the relative
populations of the various methanol de-
sorption states. The relative population of
the methanol peaks was constantly altered
as the oxygen exposure was varied; this
was most dramatic at the highest exposure
of oxygen (Fig. 12h), where the 8, state
had completely disappeared and was re-
placed by a new gy peak. If the pre-

' H,CO/CH ,0OH
. 90, VARIATION

4,00 SIGNA

30C 350 400 450
TEMPERATURE (°K}

Fi1a. 13. The influence of low exposures of oxygen
upon the H.CO flash decomposition spectrum. The
Cu(110) surface was oxidized at 295 + 10°K and
was given a 100-s dose of CH;OH at 180°K. The
oxygen exposures were (a) 0, (b) 0.25, (¢) 0.5, and
(d) 1.0 Langmuir.
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expounential factor were assumed constant,
such a shift in the CH3;01I peak could be
brought about by an increase of 1.5 kecal/
mole in the activation energy. Overall the
effects of surface oxygen on CH;OH/
CH;0H were to produce a4 maximum in the
sticking probability and to inerease the
activation energy of the binding state.

The results of low exposures of oxygen
(01 Langmuirs) upon the production of
formaldehyde from methanol are presented
in Fig. 13. Little formaldchyde was formed
on the oxygen-free copper surface (Fig.
13a), but the formaldehyde signal inereased
over an order of magnitude with oxygen
exposure, [t was therefore necessary to have
oxygen on the copper surface in order {o
produce  efficiently  formaldehyde — from
methanol.

The H.CO speetra observed at higher
exposures of oxygen (2-10 Langmuirs) is
shown in Fig. 14. Exposures of oxygen
greater than 2 Langmuirs decreased the
overall production of formaldehyde and
altered the relative formation of formalde-
hyvde from the 8. and 83 states. At 10

HCOCH o A g
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300 30 400 450
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Fic. 14. The influence of high exposures of oxygen
upon the H,CO flash decomposition spectrum. The
Cu(110) surface was oxidized at 295 £ 10°K and
was given a 100-s dose of CH;OH at 180°K. The
oxygen exposures were (e) 2, (f) 3, (g) 5, and (h)
10 Langmuirs.
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Langmuirs of exposure of 0, (Fig. 14h),
the B. peak was completely suppressed
and only the 83 peak was present. The
symmetry of the H,CO(8;)/CH;OH peak
indicated a first-order process and its
kinetic parameters were therefore calculated
by plotting the natural logarithm of rate
divided by the coverage versus inverse
surface temperature (/7). The value found
was
knyco g cmson = 1.5 £ 0.7 X 101
X exp(—19.3 & 0.4 keal/mole/RT) s=*.
(33)

The low preexponential factor and activa-
tion energy of H,CO (85} /CH3;0OH may have
been due to the broadening of curve h
(Fig. 14) by the presence of some HyCO(82)/
CH;0H. Such a broadening would prevent
an accurate determination of the kinetic
parameters. The similarities in the H,CO
and CH;O0H spectra above room tempera-
ture as a function of oxygen exposure in
Figs. 11 to 14 again show that both
products were related to the same surface
intermediate.

The adsorption characteristics of CO,
CO,, and D, were compared on the clean
and partially oxidized copper surfaces in
order to understand better the influence
of surface oxygen atoms upon the adsorp-
tion behavior of simpler molecules. The
experiments were conducted by varying
the oxygen exposure and subsequently
exposing the partially oxidized surface to a
constant amount of CO, CO,, or D.; the
amount of gas exposed was always less than
that necessary to produce saturation cover-
ages. The results demonstrated that the
ability of the copper surface to adsorb
simple gases decreased with increasing
OXYgen coverage.

The influence of surface oxygen upon the
adsorption/desorption behavior of CO s
presented in Fig. 15. The total amount of
CO adsorbed decreased with initial ex-
posure to oxygen, but the peak position
appeared unaffected by the presence of
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F1a. 15. The influence of surface oxygen upon the
adsorption of earbon monoxide. The Cu(110) surface
was oxidized at 295 £+ 10°K and CO was adsorbed
at 180°K.

surface oxygen. The adsorption of CO, also
exhibited similar behavior. On the oxygen-
free copper surface greater than 999 of
the adsorbed CO, molecules dissociated to
CO and surface oxygen. The magnitude
of the CO/CO, peak was greatly diminished
when the copper surface was predosed
with 1 to 3 Langmuirs of oxygen. 1, did
not adsorb on either the clean or the
partially oxidized surface (as reflected by
the absence of D, and D0 signals).
These results demonstrated that the
presence of oxygen atoms on the copper
surface diminished the sticking probabilities
of CO and CO,; the lower sticking proba-
bilities may be reflecting the decreased
number of adsorption sites available to CO
and CO,. Furthermore, the oxygen varia-
tion results strongly suggest that the
enhanced activity of the partially oxidized
copper surface toward the adsorption of
methanol was due to a highly specific
interaction of the aleohol with the surface
oxygen atoms. Since no HD or D, was
observed to desorb when CH;0D  was
adsorbed, and all of the deuterium atoms
were reacted to D80 and HD!(O, the
hydroxyl end of the methanol molecule
interacted with the surface
oxygen during the adsorption process.

must have



OXIDATION OF CH;OH TO H.CO

225

TABLE 4
The Mass Spectrum of CHOH and CH;0D:

mje CH,OH
Identity Abundance
31 CHOH 100
32 CHOH S0
29 CHO 33
15 CHy 10

mie CH;OD
Identity Abundance
32 CH.0D 100
33 CH;OD 79
29 C'HO 18
15 CHs 10

3 Data from Ref. (40).

APPENDIX II
ANALYsSI® OF Mass SPECPRAL DaTa

The various species that desorbed from
tho partially oxidized Cu(110) surface
following adsorption of CH30D were readily
identified by mass  spectrometry. The
major ionization peaks of CH;OH (M = 32)
and CH,OD (M = 33) in the mass spec-
trometer are presented in Table 4 (40).
The CH3;OH molecule gives rise to large
mie = 31, 32, 29, and 15 signals and the
CH;0D molecule gives rise to large m/e
= 32, 33, 29, and 15 signals. The two forms
of methanol are thus distinguishable by
monitoring wm/e = 33 for CH,0OD and
mie = 31 for CH3OH. The m/e = 33, 32,
and 31 signals were recorded subsequent
to the adsorption of CH30D on a partially

ME THANOL /CHACD
2t ¢,

S SPFCTROME TR S.GNAL

HAS

300 %0  4co
TENPERATURE (°K)

200 250

Fi¢. 16. The m/e = 33, 32, and 31 signals subse-
quent to the adsorption of CHzOD at 180°K on a
Cu(110) surface that was predosed with 2 Langmuirs
of 180, at 295 + 10°K.

oxidized Cu(110) surface and are shown
in Fig. 16. Only the m/e = 33 and 32 signals
appeared below 300°K and they originated
from CH;OD; only the m/e = 32 and 31
signals appeared above 300°K and they
originated from CH3OIH. Thus CH3;0H was
monitored by recording the m/e = 31
signal and CIH,0D recorded by
monitoring the m/e = 33 signal.

The product H.C®O (M = 32) was
isolated in the oxidation of H,C'%Q on
Cu (110) (20) and also gives rise to large
mie = 31 and 32 signals (41). H,C"*0O
can be  distinguished from CH;OH by
monitoring the m/e = 13 signal because
formaldehyde does not have a CHj; group.
The m/e = 15 signal was monitored subse-
quent to the adsorption of CHOIL on a
partially oxidized surface and is shown in
Fig. 17. Since a large m/e = 15 signal was
observed above room temperature H,C'*0

was

m/e = 15 (CH,"1/CH,CH
2L %0, - I
157 AMP

i

MASS SPLCTRGME TER SIGNAL

200 25¢ 300 350~ 400
TEMPERATURE (°K)

Fia. 17. The m/e = 15 (CH;*) signal following
adsorption of CH3;0H at 180°K on a Cu(l10)
surface that was preoxidized at 295 & 10°K with
2 Langmuirs of %O,
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was not a significant product in this re-
action. Formaldehyde, H,CO (M = 30),
that resulted from the oxidation of meth-
anol on Cu(110) was monitored by record-
ing the m/e = 30 signal because neither
CH;OH or CH30D gave rise to substantial
m/e = 30 signal.

The various isotopes of water observed
below room temperature when CHZ;OD
was employed were monitored by recording
the m/e = 22 (D,®0), the m/e = 21
(HD20), and the m/e = 20 (H,'%0) signals.
The H.'80 signal was corrected for 150D+
contributions from D0 and HD'*O (41).
The isotopes of carbon dioxide did not
give rise to overlapping signals and were
identified by recording the m/e = 48
(C010), m/e = 46 (C'%0'0), and m/e
= 44 (C'*Q'®0) signals.
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