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The reactions of formaldehyde on W(100) and W(100)—(5 x 1)C surfaces were studied by
temperature-programmed reaction spectroscopy (TPRS). The clean W(100) surface was very
reactive, completely decomposing formaldehyde upon adsorption at 300 K. The W(100) surface
passivated by either adsorbed CO(8) or adsorbed carbon adsorbed formaldehyde nondissociately
which reacted to form methane and methanol. Methane was formed from adsorbed methoxy groups
complexed with hydrogen. The reactions of formaldehyde on W(100) and W(100)-(5 x 1)C were
found to be very similar to the reactions of methanol. Two differences that were observed were (i)
methyl formate was a major reaction product from the reactions of H,CO on a carbide surface, but
only a minor product from CH;OH, and (ii) there was a second reaction pathway leading to
methane formation from H,CO that was not observed for CH;OH. These differences have been
attributed to lateral interactions among adsorbed species on the surface.

INTRODUCTION

It was previously shown that alloying
tungsten with carbon conferred the tung-
sten with catalytic properties characteristic
of noble metals. Surface carbon in carbidic
form was shown to suppress the dissocia-
tive adsorption of both carbon monoxide
and hydrogen (I). Furthermore it was
shown that a clean W(100) surface dis-
played a much greater surface reactivity for
methanol than a W(100)-(5 x 1)C surface;
however, the carbide surface showed
greater selectivity for the formation of hy-
drocarbons than the clean surface (2).
These studies have been extended in order
to compare the reactions of formaldehyde
on W(100) and W(100)-(5 x 1)C with those
of methanol.

The reactions of formaldehyde on tung-
sten have been previously studied by sev-
eral different techniques. Yates et al. (3)
followed the reactions of formaldehyde on
W(100) and W(111) using flash desorption
spectroscopy. They observed that for for-
maldehyde coverages of less than half a
monolayer the formaldehyde decomposed
to adsorbed hydrogen and CO, and as the
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initial H,CO coverage was increased, CH,
and CO, were observed as additional prod-
ucts. The results of photoemission studies
of Egelhoff et al. (4) agreed with these
results. For low H,CO exposures the uv
photoelectron spectra from W(100) were a
superposition of tungsten with adsorbed H
atoms and dissociated CO. At higher cover-
ages the spectra showed the existence of
new surface intermediates which presum-
ably gave rise to new reaction products.
These results indicated that the clean tung-
sten surface was very reactive, completely
decomposing formaldehyde to hydrogen,
carbon, and oxygen atoms at 300 K. The
carbon and oxygen atoms passivated the
tungsten toward the decomposition of for-
maldehyde, allowing H,CO to be associa-
tively adsorbed to form new intermediates
which gave rise to the formation of other
products.

In this study temperature-programmed
reaction spectroscopy (TPRS) was used to
follow the reactions of formaldehyde on
W(100) and W(100)—(5 x 1)C surfaces. Car-
burization of the W(100) surface produced a
large increase in the selectivity for hydro-
carbon formation from formaldehyde, simi-
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lar to the effect observed with methanol (2).
Furthermore, CH, and CH;OH were
formed by the same reaction from both
CH;OD and H,CO. On the other hand,
formaldehyde showed greater reactivity on
the carbide surface than methanol, and
methane and methanol reaction peaks were
observed at two temperatures following
formaldehyde adsorption, whereas only
one peak was observed when methanol was
the reactant. These differences in reaction
mechanisms can be understood in terms of
intermolecular interactions between inter-
mediates on the surface.

EXPERIMENTAL

The experimental apparatus has been de-
scribed in detail elsewhere (/). The system
contained four-grid LEED optics, a double-
pass cylindrical mirror analyzer for Auger
electron spectroscopy (AES), and a quad-
rupole mass spectrometer. Oriented (100)
tungsten crystals were cleaned by heating
to 1500 K in § x 1078 Torr oxygen for 2-3 hr
and then flashing to 2500 K in vacuum. The
W(100)-(5 x 1)C surface was prepared by
cracking ethylene on the W(100) crystal at
1500 K as described previously (7). The
structure and composition of both surfaces
were verified by LEED and AES. The
W(100) crystal was flashed to 2500 K before
each experiment to restore surface cleanli-
ness. Adsorbed oxygen was found to be a
reaction product on both the clean and
carbide surfaces. To maintain the W(100)—
(5 x 1)C surface it was necessary to recar-
burize the surface after every adsorption-—
desorption cycle. _

Formaldehyde was prepared by heating
paraformaldehyde to 345 K while continu-
ously pumping to maintain a pure sample.
The resulting sample showed no impurities
of trioxane or methyl formate; the fragmen-
tation pattern for the H,CO sample is given
in Table 1. The gas manifold was filled with
formaldehyde to 36 Pa (0.27 Torr), and then
H,CO was admitted into the vacuum sys-
tem through a 22-gauge stainless-steel nee-
dle which provided a collimated beam to
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TABLE 1

Fragmentation Pattern for H,CO

Mass to charge ratio Relative yield
30 85
29 100
28 40
14 5
13 3
12 2

the front face of the tungsten sample, which
minimized adsorption on the backside of
the crystal. Between doses the gas line was
pumped down and refilled with formalde-
hyde to reduce problems of formaldehyde
reacting in the gas lines.

The product desorption spectra were ob-
tained by flashing the tungsten crystal di-
rectly into the ionizer of the mass spec-
trometer and monitoring the mass
spectrometer signal as a function of crystal
temperature up to 800 K. This procedure
permitted the direct measurement of the
desorption flux and suppressed the effect of
different pumping speeds for different
gases. Rates of desorption were calculated
by correcting for ionization efficiency, mass
spectrometer gain, transmission of mass
fraction, and cracking fraction using the
method outlined previously (2). Auger
spectra were taken after each flash to deter-
mine coverages of adsorbed carbon and
oxygen.

RESULTS
Reactions of Formaldehyde on W(100)

Formaldehyde was adsorbed on a clean
W(100) surface at 300 K. At low exposures
(less than 2 L) the only product observed to
desorb below 800 K was hydrogen. Hydro-
gen desorption occurred between 300 and
600 K, desorbing as both Hy(8) characteris-
tic of clean tungsten (5, 6) and Hy(») char-
acteristic of coadsorbed hydrogen and CO
(7, 8). The Auger spectrum taken after
heating the sample to 800 K showed CO(8)
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also was a reaction product. No other prod-
ucts were observed until the coverage in
the CO(p) state was greater than 80% satu-
ration.

For H,CO exposures greater than 2.5 L
the CO(B) state was saturated (as deter-
mined by AES) and H,, CH,, CH;0H, CO,
CO;, and H,CO were all observed to desorb
from the surface below 800 K. An Auger
spectrum taken after heating the sample to
1500 K to desorb the CO(B) showed a net
oxygen buildup on the surface, indicating
the adsorbed oxygen was also a reaction
product. The product desorption spectra
for a 20 L exposure of formaldehyde, corre-
sponding to saturation coverage, is shown
in Fig. 1 and the product yields are summa-
rized in Table 2. Hydrogen desorbed be-
tween 300 and 600 K in a multitude of
peaks. Its origin was both desorption lim-
ited and reaction limited. Displacement of
H, from the surface during adsorption was
inferred from the stoichiometry of the prod-
ucts, which showed an overall H atom
deficiency at high H,CO exposure; after a
20-L exposure of H,CO at 300 K there was
a hydrogen atom deficiency of 15% (2 X
10! atoms/cm?). Formaldehyde desorbed
by itself in a desorption-limited peak at 350
K. Methane, methanol, and carbon monox-
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TABLE 2
Product Yields for H,CO Adsorption

Product Yields (molecules/cm?)

W(100) W(100)-(5 x 1)C
20L 0.2L 0.9L 20L
H, 2.5 x 191 0.29 x 10® 5.6 x 102 1.2 x 10"
COB) 4.2 x 10 —_ —_ —_
CO(a) 6.0 x 10¥ 3.9 x 10% 1.3 x 10" 2.6 x 10
H,CO 5.0 x 10" 02x10°  08x 10 2.0x 102
CH,OH 5.6 x 101 0.3 x 10 3.0 x 108 5.1 x 108
HCOOCH, — — 03 x 10 4.2 x {0®
CH, 7.2 x 10 1.6 x 10" 6.5 x 10 1.0 x 10"
CO, 0.8 x 10® 0.7 x 10 1.2 x 10 1.7 x 108
O (adsorbed) 5.0 x 10" 0.8 x 10" 4.5 x 108 8.0 x 102
H,0 — — —_ 0.6 x 10
Overall stoichiometry (atoms/cm?)
C 7.4 x 10% 6.7 x 10" 2.5 x 10M 53 x 10
o 7.2 x 10" 6.6 x 101 2.4 x 10" 5.3 x 10"
H 11.1 x 10" 13.8 x 10 52 x 10" 10.6 x 10

“ This table includes only the H, desorbed during the flash and does
not include H, displaced during adsorption.

ide all desorbed simultaneously in two
peaks at 385 and 500 K, respectively. The
CH, and CH;OH product spectra from
methanol showed only a single product
peak at 500 K. Carbon dioxide desorbed in
a single peak at 590 K. Formic acid decom-
position on W(100) also led to H, and CO,
desorption at 590 K (/0), so the CO, prod-
uct from H,CO can be ascribed to the
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FIG. 1. Product desorption spectra for H,CO adsorption on W(100), 20 L exposure.
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decomposition of a surface formate. These
results are qualitatively identical to those of
Yates et al. (3), the only differences were
that (i) surface oxygen was not previously
identified as a product, and (ii) the metha-
nol product was then thought to be ethane.

To help identify the intermediates in-
volved in the formation of methanol and
methane, D, and H,CO were coadsorbed
on the W(100) surface. The surface was first
saturated with a 20 L exposure of D, at
300 K and subsequently exposed to 20 L
of H,CO. The reaction product spectra
showed most of the deuterium to desorb in
a desorption-limited fashion near 300 K.
However, some D, and HD desorption was
observed at all temperatures where H, de-
sorption occurred in Fig. 1. Additionally
both singly and doubly deuterated metha-
nol and methane were observed as reaction
products, but no products with more than
two deuteriums were detected. This result
indicated that adsorbed hydrogen atoms
participated in the formation of both CH,
and CH,OH.

The role of surface hydrogen in the for-
mation of methane was further examined
by adsorbing formaldehyde on a surface
presaturated with CO(8) with no adsorbed
hydrogen atoms. The surface was saturated
with CO(B) by exposing the W(100) surface
to S L of CO at 300 K and then heating
to 500 K to desorb the CO(a). After the
surface was cooled to 300 K and exposed to
20 L of H,CO, only small amounts of
CH;0H, H,CO, H;, and CO were found to
desorb at 400 K (approximately 5-10% of
the yield on an initially clean W(100) sur-
face). No products were observed at 500 K,
and no methane was observed. The ab-
sence of methane formation on this surface
was also observed following methanol ad-
sorption on a W(100)-CO(B) saturated sur-
face (2). In addition, the product yields at
400 K from formaldehyde were much less
than observed from methanol; the interme-
diates leading to products were clearly
more easily formed from CH;OD on this
surface.

135

Product selectivity of the W(100) surface
varied with formaldehyde exposure. The
selectivity for hydrocarbon formation was
defined as the total hydrocarbon yield
(CH, + CH,OH) divided by the total CO
yield (CO(a) + CO(B)). It was found that
for low exposures of H,CO the selectivity
was zero. The selectivity remained zero
until the CO(B) state was more than 80%
saturated at which point methane and meth-
anol evolution was observed. Increasing
the formaldehyde exposure resulted in an
increase of the selectivity of 0.27 for satura-
tion coverage of formaldehyde.

Discussion of Reactions of Formaldehyde
on W(100)

The two reactions that produced meth-
ane and methanol from formaldehyde both
involved intermediates that contained ex-
cess hydrogen with respect to either simple
methoxy (OCH,) or methyl (CH;) interme-
diates, indicating that a surface complex
was formed which stabilized hydrogen on
the surface. The intermediate which de-
composed at 510 K was previously
identified in a study of the reaction of
methanol and has been attributed to a
methoxy complexed with surface hydrogen
(2). The formation of singly and doubly
deuterated methane and methanol from
coadsorbed D, and H,CO indicated that the
methoxy-hydrogen complex was formed
by the reaction of adsorbed H,CO with
adsorbed hydrogen atoms. The intermedi-
ate which decomposed at 385 K also ap-
peared to be the result of a methoxy-
hydrogen complex, as the reaction
products and overall stoichiometric excess
of hydrogen were the same.

The formation of methane from a
methoxy intermediate required the
methoxy to be complexed with hydrogen.
When H,CO or CH,0D was adsorbed to
saturation on a clean W(100) surface, the
initial reactions produced a surface with
coadsorbed hydrogen atoms and CO(3) as a
result of the initial complete decomposition
of either reactant. Further adsorption led to
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the formation of the methoxy-hydrogen
complex which reacted when heated to give
methane and methanol at 510 K. When
either CH,OH or H,CO was adsorbed on a
surface presaturated with CO(B) in the ab-
sence of coadsorbed hydrogen, CH;OH,
H,CO, CO, and H, were found to desorb at
400 K. The overall stoichiometry of the
reaction products evolved was approxi-
mately CH;0, suggesting that the reaction
step was the decomposition of a simple
methoxy intermediate (2, /1); no methane
was detected, and no products were de-
tected at 510 K. It is interesting to note that
much less product was observed at 400 K
on the CO(@) saturated surface from H,CO
than from methanol. This difference would
be expected from the above mechanism, as
CH,OD can readily form a methoxy by
losing the hydroxyl hydrogen, whereas the
gain of a hydrogen by H,CO to form a
methoxy is restricted by the hydrogen
deficiency of the surface.

The mechanism for the reactions of for-
maldehyde on an initially clean W(100) sur-
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face are summarized in Table 3. Two reac-
tion regimes can be distinguished for the
clean W(100) surface and the W(100) sur-
face with coadsorbed CO(B) and hydrogen,
respectively. On the clean W(100) surface
H,CO decomposed to adsorbed H, C, and
O atoms. On the surface with coadsorbed
hydrogen and CO(B), formaldehyde was
associatively adsorbed and subsequently
reacted with surface hydrogen to form
methoxy-hydrogen complexes, which in
turn reacted to form methane and metha-
nol. The formation and decomposition of
the surface complexes have not been writ-
ten as elementary steps as the exact nature
of the complex is unknown. Formate for-
mation probably occurred by the oxidation
of adsorbed formaldehyde by surface oxy-
gen as has been observed on Cu(110) and
Ag(110) (11).

The results shown here help to clarify the
mechanism suggested by Worley et al.
(13, 14), where methyl formate was tenta-
tively proposed as the intermediate in-
volved in the formation of CH, and CQO,.

TABLE 3

Reactions of H,CO on W(100) and W(100)—(5 x 1)C

Temperature regime (K)

Reaction

W(100) W(100)=(5 x 1)C
300 NA® H,CO(g) — 2H(a) + C(a) + O(a)
300-600 350-600 2H(a) — Hy(g)
1000 NA C(a) + O(a) — CO(g)
300 300 H,CO(g) — H,CO(a)
NA 300 2H,CO(a) — HCOOCH,(a)
NA 350 H,CO@) — 2H(a) + CO(a)
300 350 H,CO(a) + H(a) — H,CO(a)
300 350 H,CO(a) + H(a) _ zg{‘r':gl‘:)’: g
350 350 H,CO(a) — H,CO(g)
NA 350 HCOOCH,(a) - HCOOCH;(g)
385 410 complex A — CH,(g) + CH,OH(g)
+ Ha(g) + O(a) + HyCO(g)
510 500 complex B — CHy(g) + CH;OH(g)
+ Hy(g) + O(a) + H,CO(g)
300-500 410-500 H,CO(a) + O(a) — HCOO(a) + H(a)
590 545 HCOO(a) — H(a) + CO(g)

* NA, not applicable.
® Only after the CO(B) state is saturated.
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Methyl formate was shown to desorb at 350
K (15), well below the temperature at
which methane was formed. Additionally,
the stoichiometry of the products formed
were not consistent with methyl formate as
the intermediate leading to methane forma-
tion.

Reactions of Formaldehyde on W(100)-
(5 x DC

The reactions of formaldehyde on the
W(100)—(5 x 1)C surface were analogous to
those observed for the W(100) surface satu-
rated with H,CO. Carbon passivated the
tungsten, significantly reducing the activity
for the complete decomposition of H,CO,
so that at 300 K formaldehyde was associa-
tively adsorbed. For H,CO exposures be-
tween 0.2 and 20 L the products observed
were H,, CO, CH;OH, CH,, and CO..
Adsorbed oxygen detected by AES after
heating to 800 K was also identified as a
reaction product. Following exposures of
formaldehyde greater than 0.8 L, methyl
formate (HCOOCH;) and water were also
observed as reaction products. Product dis-
tributions as a function of H,CO exposure
are shown in Fig. 2; the product yields are
summarized in Table 2. Nearly equal
amounts of molecular CO and (CH, +
CH.,OH) were formed on the W(100)—(5 X
1)C surface, independent of H,CO expo-
sure.

The results shown in Fig. 2 indicate that
the reaction progressed through a series of
intermediates. Unreacted formaldehyde de-
sorbed at 350 K, and at higher coverages of
H,CO, methyl formate was also observed
to desorb at 350 K. The desorption of CO
and H, at 350 K indicated that formalde-
hyde decomposed at that temperature. The
CO and H, peaks from the formaldehyde
decomposition shifted from 350 K at low
coverages of H,CO to 395 K at high cover-
ages, indicative of increased stability of the
adsorbed formaldehyde with increasing
coverage. The relative yield of CO to H, in
the initial decomposition step was approxi-
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mately 4 to 1, showing little variation for
initial coverages of formaldehyde of 7 X
102 molecules/cm? to 6.6 x 10" mole-
cules/cm? The overall stoichiometry of
H,CO was recovered when all of the reac-
tion products at all temperatures were
summed; the hydrogen deficiency in the
products at 395 K indicated that most of the
hydrogen evolved by the initial decomposi-
tion reaction remained on the surface to
higher temperatures.

This hydrogen on the surface reacted to
form new intermediates which yielded CH,,
CH;OH, and H, in two reaction steps,
evidenced by the two peaks at 390 and 500
K. The stoichiometry of these intermedi-
ates at and above 390 K was estimated from
the product yields to be approximately
CH, ;0. The high-temperature product
peaks shifted with coverage from 515 K
after a 0.2 L. exposure of H,CO to 470 K
after a 20 L exposure. The shift of the
product peaks near 500 K with formalde-
hyde coverage and the reaction product
distribution at 500 K from formaldehyde
adsorption were the same as those ob-
served for methanol, indicating both metha-
nol and formaldehyde gave rise to the same
intermediate. Isothermal analysis of the
peak at 500 K showed the apparent reaction
order decreased from 1.7 to 1 with decreas-
ing coverage (/, 9), suggesting the reaction
step was first order with repulsive interac-
tions. Evolution of methane and methanol
at 400 K was observed from H,CO but not
from CH,;OH. The product peaks at 400 K
did not shift with coverage, indicating the
rate-limiting step was a first-order process.
The product yields at 400 K were estimated
by subtracting the product yields at 500 K
from the overall product yields. The reac-
tion step at 400 K also involved a hydrogen-
rich intermediate with a stoichiometry of
approximately CH, ;0.

The third reaction intermediate was a
surface formate which decomposed to H,
and CO, at 545 K, the same temperature at
which formic acid decomposed to yield H,
and CO, on the carbide surface.
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Discussion of Reactions of Formaldehyde
on W00)-(5 x I)C

The initial interaction of H,CO with the
W(100)—(5 x 1)C surface obviously differed
from W(100) by its high selectivity for hy-
drocarbon formation. Even at low expo-
sures of formaldehyde, methane and meth-
anol were formed on the carbide surface,
whereas only the complete dissociation of
formaldehyde was observed on clean tung-
sten. The role of surface carbon was to
passivate the tungsten, facilitating the asso-
ciative adsorption of formaldehyde. Molec-
ularly adsorbed formaldehyde then reacted
with hydrogen to form methoxy intermedi-
ates, which reacted to form methane and
methanol. The simultaneous desorption of
CO, H;, and H,CO at 350 K shown in Fig.
2a was the result of competitive decomposi-
tion and desorption of the adsorbed formal-
dehyde. Following their adsorption on
W(100)—(5 x 1)C, methanol (2), methyl
formate (15), and formaldehyde also de-
composed and/or desorbed near 350 K.
This result indicated that all three species
were bound to the surface in similar fash-
ion, presumably through the lone-pair elec-
trons on the oxygen as has been suggested
for other systems, including CH;OH on
Ni(111) (16) and Ru(110) (17), and CH;OH,
(CH;).0, CH3;CHO, and (CHj;),CO on poly-
crystalline Pd (/8).

The decomposition of H,CO at 350 K
was also accompanied by the reaction of
adsorbed H,CO with hydrogen atoms to
form methoxy-hydrogen complexes on the
surface. As mentioned above, only 25% of
the hydrogen formed in the decomposition
of H,CO desorbed at 350 K, and the re-
maining 75% reacted with adsorbed formal-
dehyde to form more stable intermediates
which decomposed at higher temperatures.
In addition, both CH;OH (2) and H,CO
gave rise to CH, and CH;0H formation at
470 K on the carbide surface, which was
suggestive of a common intermediate.
These facts indicated that methoxys com-
plexed with hydrogen were the important
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intermediates which decomposed at 470 K.
The similarity of both the reaction products
at 400 K and their stoichiometries to those
at 470 K suggested that the products
formed at 400 K were also derived from a
methoxy-hydrogen complex. The reaction
products formed, namely, CH,, CH;OH,
H,, adsorbed oxygen, and small amounts of
CO and H,CO, indicated that the complex
followed three reaction pathways: (i) loss of
hydrogen to yield H,CO or CO and hydro-
gen, (ii) addition of hydrogen to form
CH;OH, or (iii) hydrogenation of the
methyl group to yield CH, and surface
oxygen. Complexing the methoxy with hy-
drogen caused the latter two options to be
favored.

The adsorbed oxygen formed by the re-
action remained on the surface above 800 K
after all of the other products had desorbed.
The formate, which decomposed at 540 K,
was probably formed by the oxidation of
formaldehyde by the surface oxygen—simi-
lar to the mechanism proposed previously
(11). The water which desorbed at the same
temperatures as that for reaction of the
methoxy-hydrogen complex probably re-
sulted from hydrogen reacting with surface
oxygen.

Two major differences existed between
the reactions of formaldehyde and those of
methanol on the W(100)-(5 x 1)C surface.
First, methyl formate was a major reaction
product subsequent to formaldehyde ad-
sorption, whereas the reactions of metha-
nol produced only a minor amount of
methyl formate. Second, formaldehyde ad-
sorption and reaction resulted in two dis-
tinct methane and methanol reaction peaks
in contrast to only one peak for methanol.
Both of these differences may be the conse-
quences of lateral interactions between ad-
sorbed species.

The appearance of methyl formate was
coverage dependent and was only observed
for initial formaldehyde coverages greater
than 0.6 monolayer. The methyl formate
product desorbed at 350 K, the same tem-
perature at which desorption occurred after
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methyl formate adsorption (15), indicating
that methyl formate was formed near 300
K—at lower temperatures than H,CO de-
composed. These results indicated that
methyl formate was formed by an intermo-
lecular hydrogen transfer between adjacent
formaldehyde molecules as shown in Fig. 3
(19). This configuration for adsorbed for-
maldehyde would be favored by a near
head to tail alignment of the dipoles of the
formaldehyde molecules due to attractive
interactions.

The reaction step that formed methane
and methanol at 400 K can be attributed to
repulsive dipole interactions between
methoxys in adjacent sites on the surface,
which only occurred when H,CO was the
reactant. The effects of the dipole interac-
tions are best understood by considering
the binding energy of the adsorbed interme-
diates as consisting of the unperturbed
binding energy of an individual surface in-
termediate and the configurational contri-
bution due to dipole—dipole interactions:

Ey = Eg, + Econfie-

If formaldehyde were associatively ad-
sorbed at 300 K, bonded through the lone-
pair electrons on the oxygen, as shown in
Fig. 4, the dipole of formaldehyde would
make an angle of approximately 30° with
the surface. If the molecular dipoles aligned
due to attractive interactions the binding
energy of adsorbed formaldehyde would
increase (20). An increase in binding en-
ergy was in fact observed with increasing
H,CO coverage, as the H, and CO desorp-
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Fi1G. 3. Mechanism for methyl formate formation
from formaldehyde.
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MOLECULAR CONFIGURATION
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FiG. 4. Configuration of adsorbed surface intermedi-
ates.

tion peaks from H,CO decomposition
shifted from 350 to 395 K with increasing
H,CO coverage. This shift amounts to a net
attractive interaction of about 3 kcal mol .
The appearance of the two peaks at 400 and
470 K may also have its origin in attractive
interactions between H,CO molecules. The
reaction of adsorbed H,CO with surface
hydrogen would then result in methoxy
groups in nearest-neighbor positions. The
hydrogenation of formaldehyde to methoxy
would change the bonding configuration
from planar to tetrahedral. Whereas the
bonding geometry of formaldehyde to the
surface via the lone-pair electrons would
favor alignment of the dipoles, the methoxy
group would be nearly normal to the sur-
face. The dipoles of the methoxys would
then be in a repulsive configuration, which
would reduce the binding energy and there-
fore cause the methoxy-hydrogen com-
plexes to decompose at lower temperatures
than in the absence of such interactions.
The net result is that there would be two
peaks for methane and methanol forma-
tion—a low-temperature peak where the
decomposition rate was enhanced by repul-
sive dipole interactions with a high-temper-
ature peak from the decomposition of iso-
lated methoxy-hydrogen complexes. The
repulsive interaction between methoxys
can be estimated by approximating the di-
pole moment by that for methanol (1.7 D)
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(21). Assuming a nearest-neighbor distance
of 3.2 A, the repulsive energy was calcu-
lated to be 11 kJ/mol, which would cause a
difference in peak position of approxi-
mately 60 K, compared to the 55 K shift
observed.

It is extremely important to note two
features of the above model. First, if the
two peaks for methane and methanol actu-
ally originated from nearest-neighbor H,CO
packing due to attractive dipole interac-
tions, then the two peaks should occur even
at low coverages, as the attractive interac-
tions would cause condensation of H,CO
into nearest-neighbor configurations. Con-
densation will occur for all coverages
greater than a critical coverage, which is
typically quite small for attractive interac-
tions (20). Fhis feature was observed. Sec-
ond, repulsive dipole interactions would
inhibit adsorption of methanol to nearest-
neighbor positions, and the low-tempera-
ture methane and methanol peaks due to
the repulsive interactions were not ob-
served following methanol adsorption (2).

Summary of Reactions of Methanol and
Formaldehyde

The reactions of methanol and formalde-
hyde on W(100) and W(100)—(5 x 1)C are
summarized and compared in Tables 3 and
4. Tt is evident that there was a large
increase in the selectivity for hydrocarbon
formation on the carbide surface for both
reactants. There were two substantial dif-
ferences between the reactions of methanol
and formaldehyde on the carbide surface.
More H,CO than CH;OH could be ad-
sorbed on the surface, possibly due to the
attractive dipole interactions which allowed
for closer packing. It was also observed
that methanol was less reactive than for-
maldehyde. The reactivity was defined as
the total amount of reactant that gave rise
to products divided by the total amount of
reactant adsorbed. The difference in reac-
tivity may have been the result of the
relative thermodynamic stabilities of the
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TABLE 4
Comparison of the Reactions of CH;0OD and H,CO

W(100) W(100)-(5 x 1C

CH;0D adsorbed

(molecules/cm?) 5.4 x 104 2.7 x 10
CH,30D desorbed

(molecules/cm?) 1.5 x 10 1.5 x 10"
% CH,O0D reacted 97.3 44.4
CO product yield

(molecules/cm?) 4.6 x 10" 3.7 x 1018
Hydrocarbon yield

(molecules/cm?) 9 x 10 8.4 x 101
Selectivity for

hydrocarbon formation 0.20 2.27
H,CO adsorbed

(molecules/cm?) 6.6 x 10 5.5 x 10¢
H,CO desorbed

(molecules/cm?) 5.0 x 108 2.0 x 108
% H,CO reacted 92.4 96.5
CO product yield

(molecules/cm?) 4.8 x 104 2.6 x 10
Hydrocarbon yield

(molecules/cm?) 1.3 x 10 2.4 x 104
Selectivity for

hydrocarbon formation 0.27 0.92

two reactants. At 298 K the following equi-
libria can be considered:

AGS5gs
—27 kJ/mole

CH,OH =2 2H, + CO 24 kJ/mole

H,CO=2H, + CO

The thermodynamic driving forces favor
formaldehyde decomposition but oppose
methanol decomposition, so that the rela-
tive reactivity of methanol and formalde-
hyde followed their relative thermody-
namic driving forces.

CONCLUSIONS

Carbon has been shown to passivate
tungsten for the total decomposition of for-
maldehyde, resulting in the formation of
methane, methanol, methyl formate, car-
bon monoxide, and hydrogen from formal-
dehyde. Both a surface carbide and a sur-
face with dissociated CO(B) and adsorbed
hydrogen atoms displayed much greater
selectivities for hydrocarbon formation
than clean tungsten. Methane and methanol
were both evolved from the decomposition
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of methoxy-hydrogen surface complexes.
The reactions of formaldehyde differed
from those of methanol, as methane and
methanol were produced in two reaction
steps when formaldehyde was the initial
reactant. Additionally methyl formate was
a major product from formaldehyde on a
carbide surface, whereas it was a minor
product from methanol. These differences
between methanol and formaldehyde have
been suggested to arise from lateral
attractive/repulsive interactions between
adsorbed species.

ACKNOWLEDGMENT

This work was supported by the NSF-MRL Pro-
gram through the Center for Materials Research at
Stanford University under the NSF-MRL Program.

REFERENCES

1. Benziger, J. B., Ko, E. L, and Madix, R. J., J.
Catal. 54, 414 (1978).

2. Ko, E. 1., Benziger, J. B., and Madix, R. J., J.
Catal. 62, 264 (1980).

3. Yates, J. T., Jr., Madey, T. E., and Dresser, M.
1., J. Catal. 30 260 (1973).

4. Egelhoff, W. F., Jr., Perry, D. L., and Linnett, J.
W., J. Electron Spectrosc. Relat. Phenom. S, 339
(1974).

5. Tamm, P. W., and Schmidt, L. D.,J. Chem. Phys.
51, 5352 (1969).

6. Yates, J. T., Jr., and Madey, T. E., ‘‘Structure et

10.

Il.

2.

13.

4.

5.

16.

17.

18.

19.

20.

21,

BENZIGER, KO, AND MADIX

Propriétés des Surfaces des Solides,”” No. 187, p.
155. CNRS, Paris, 1970.

. Yates, J. T., Jr., and Madey, T. E., J. Chem.

Phys. 54, 4969 (1971).

. Benziger, J. B., and Madix, R. J., Surface Sci. 77,

L379 (1978).

. Falconer, J. L., and Madix, R. J.,J. Catal. 48, 462

(1977).

Benziger, J. B., Ko, E. 1., and Madix, R. J., J.
Catal. 58, 149 (1979).

Wachs, I. E., and Madix, R. J., J. Catal. 53, 208
(1978).

Wachs, I. E., and Madix, R. J., Surface Sci. 76,
531 (1978).

Worley, S. D., Erickson, N. E., Madey, T. E.,
and Yates, J. T., Ir., J. Electron Spectrosc. Relat.
Phenom. 9, 355 (1976).

Worley, S. D., and Yates, J. T., Jr., J. Catal. 48,
395 (1977).

Barteau, M., and Madix, R. J. J. Catal. 62, 329
(1980).

Rubloff, G. W., and Demuth, J. E., J. Vac. Sci.
Technol. 14, 419 (1977).

Fisher, G. B., Madey, T. E., Waclawski, B. J.,
and Yates, J. T., Jr., in “‘Proc. 7th Int. Vac.
Congr. and 3rd Int. Conf. Solid Surfaces’’ R.
Dobrozemsky, Ed.). Berger and Sohne, Vienna,
1977.

Luth, H., Rubloff, G. W., and Grobman, W. D.,
Surface Sci. 63, 325 (1977).

Dickenson, J. T., and Madix, R. J., Int. J. Chem.
Kinet. 10, 871 (1978).

Benziger, J. B., to be published inJ. Chem. Soc.
Faraday 1.

Weast, R. C., Ed., ““‘Handbook of Chemistry and
Physics.’’ Chem. Rubber Co., Cleveland, 1968.



