
JOURNAL OF CATALYSIS 62, 329-340 (1980) 

Decomposition of Methyl Formate on W(iOO), W(lOO)-(5 x l)C, and 
W(lOO)-CO( p) Surfaces 

M. A. BARTEAU AND R. J. MADIX 

Department of Chemical Engineering, Stanford University, Stanford, California 94305 

Received May 1, 1979; revised September 13, 1979 

The decomposition of methyl fonnate was examined using temperature-programmed reaction 
spectroscopy under ultrahigh vacuum conditions on single-crystal W( loo), W( lOO)-CO(@), and 
W( 100)-(5 x 1)C surfaces. The W( 100) surface was highly selective toward formation of CO(p) and 
hydrogen from methyl formate. Hydrocarbon species, including methane, were produced on this 
surface from a complex with a stoichiometric excess of hydrogen only after the CO@) states were 
saturated by cracking methyl formate. Passivation of the surface by adsorption of CO to form the 
W( lOO)-CO(@) surface prior to exposure to HCOOCHB shifted the selectivity in favor of H&O and 
CH,OH. Methyl formate decomposition on this surface followed a reaction pathway different from 
that on the W( 100) surface: no hydrogen-excess surface complex was formed, and no methane was 
produced on the W( lOO)-CO(/3) surface. Passivation of the surface by formation of the carbide 
chemilayer also shifted the selectivity toward hydrocarbon formation. The reaction pathways 
observed on the W( 100) and W( lOO)-CO(p) surfaces both took place on the W( 100)-(5 x l)C 
surface, and methane was again evolved as on the W( 100) surface via a complex involving an 
excess of hydrogen. This unusual complex appears to involve multiple methoxy groups and surface 
tungsten atoms which stabilize the excess hydrogen. 

INTRODUCTION and /I states remains unresolved, although 
these effects have been attributed to lateral 

Much attention has been devoted over interactions between the adsorbed species 
the past two decades to the study of adsorp- (3). Likewise, the adsorption of H, has 
tion and desorption phenomena on tungsten been studied by several workers. On the 
surfaces. Many of these studies have been W(100) surface, hydrogen is adsorbed in 
concerned with the surprisingly complex two binding states, ,&I and &, which exhibit 
behavior of simple probe molecules on first- and second-order kinetics, respec- 
these surfaces. For example, numerous tively (4, 5). Several models (5-7) have 
workers have examined the adsorption of been proposed for the structure of the hy- 
CO on a variety of single-crystal and poly- drogen adsorbed on this surface; however, 
crystalline tungsten surfaces. No fewer this question also remains unresolved. 
than six binding states for CO have been In spite of the incomplete understanding 
observed on the W(100) surface. These of these simple systems, more complex 
have been characterized as follows: the systems can be profitably studied. The in- 
“virgin” state, formed by adsorption below teraction of H, and CO, in particular, has 
100 K, for which it has been proposed that been examined with a view toward determi- 
the CO is bridge bonded between two tung- nation of the properties of tungsten sur- 
sten atoms (I); the a1 and cy2 states, in faces for methanation reactions. Several 
which each CO molecule is bonded linearly workers (8-11) have reported a reduction 
to a single tungsten atom (2); and the &, P2, of the binding energy of hydrogen upon 
and p3 states in which CO is dissociated adsorption of CO, resulting in the formation 
into carbon and oxygen atoms which oc- of a new binding state, designated V, for H2 
cupy adjacent four-fold sites on the surface and CO. Benziger and Madix (I 1) reported 
(3). The origin of the multiplicity of the (Y that methane was evolved simultaneously 
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with CO(v) and H,(u) and suggested that 
these products result from a CO-hydrogen 
complex on the surface. The structure and 
composition of this complex, however, re- 
main unresolved. 

Decomposition reactions of hydrocarbon 
species have also been examined on clean 
and modified surfaces in order to determine 
the intermediate species involved in hydro- 
carbon formation and decomposition. 
Yates et al. examined the decomposition of 
H&O (12) and HCOOCH3 (13) on the 
clean W( 100) surface and reported the for- 
mation of CO, Hz, CH4, and COZ, as well as 
other hydrocarbon species. Based on the 
evolution of CH, and CO, at temperatures 
of 500 K and above, they suggested that the 
intermediate species in the production of 
CH, on the W( 100) surface was HCOOCH,. 
In a study directed toward understanding 
the surface reactivity of tungsten carbide, 
Ko, Benziger, and Madix examined the 
decomposition of CH,OD (14) and H,CO 
(15) on the W( 100) and W( lOO)-(5 x l)C 
surfaces. It was found that the selectivity 
for hydrocarbon formation increased sub- 
stantially for both reactants on the W( lOO)- 
(5 x l)C surface due to the suppression of 
the formation of CO@) by the surface car- 
bon (15). 

In the present study, we have examined 
the decomposition reactions of HCOOCH3 
on the W(100) and W(lOO)-(5 x l)C sur- 
faces in order to determine possible mecha- 
nisms for hydrocarbon production and to 
test the suggestion that HCOOCHB may act 
as an intermediate for the production of 
CH, from species such as CH,OH and 
H&O. In addition, the decomposition of 
HCOOCH3 on the W(lOO)-CO(p) surface 
was studied, as preadsorption of CO@) 
appears to passivate the tungsten surface 
toward further production of CO(@) from 
hydrocarbon decomposition in a manner 
similar to carburization . 

EXPERIMENTAL 

The experimental apparatus has been de- 
scribed in detail elsewhere (16). In addition 

to the quadrupole mass spectrometer used 
for monitoring reaction products, the sys- 
tem contained four-grid LEED optics and a 
double-pass cylindrical mirror analyzer 
used for Auger electron spectroscopy 
(AES). LEED and AES were used to deter- 
mine the structure and composition of the 
surface, respectively. 

The W(lOO)-(5 x 1)C surface was pre- 
pared by cracking ethylene on the W( 100) 
crystal surface as previously described 
(16). The sample was heated to 1500 K 
between successive experiments in order to 
desorb any accumulated surface oxygen 
as CO. Thus maintained, the W(100)-(5 x 
l)C surface was found to be free of observ- 
able degradation as determined by LEED 
and AES for more than 20 adsorption- 
desorption experiments. 

The W( 100) surface was prepared by 
successively heating the sample to 1500 K 
at a background pressure of 3 x IO-” Torr 
of oxygen for several minutes, pumping 
away the oxygen, and heating the sample to 
2500 K to remove volatile tungsten oxides 
until no impurities were revealed by AES. 
The clean W(lOO) surface was found to 
rapidly chemisorb CO in the dissociated p 
states, and the sample was heated to 2500 K 
before each experiment to desorb it. The 
sample could be cooled from 1500 to 300 K 
in 70 -c 10 sec. At base pressures of 2 x 
lo-lo Tot-r, this cooling rate was sufficient 
to provide a clean surface, as evidenced by 
the surface reconstruction from thep( 1 x 1) 
to the ~(2 x 2) structure at 300 K described 
by Debe and King (I 7). The work described 
for the clean W( 100) surface was performed 
under these conditions: the CO(@) adsorbed 
on the surface before dosing with methyl 
formate did not exceed 2% of a monolayer 
as determined by AES. Temperatures be- 
low 300 K could be achieved only by in- 
creasing the time allowed for cooling of the 
sample, resulting in greater adsorption of 
CO from the background. As such adsorp- 
tion was found to significantly affect the 
reaction selectivity of the W(100) surface, 
reaction studies for adsorption of 



DECOMPOSITION OF METHYL FORMATE 331 

HCOOCH, below room temperature were beam of molecules directed onto the front 
not performed. face of the tungsten sample. 

The W( lOO)-CO(p) surface was prepared 
by dosing a clean W( 100) surface at 300 K 
with CO introduced directly onto the sur- 
face by means of a 22-gauge needle. The 
CO(p) coverage was determined from the 
relative intensities of the W( 350) and C( 27 1) 
Auger signals (16), and the surface was 
found to be saturated for exposures of CO 
at a background pressure of 2 x 1O-s Torr 
for 2 min. The sample was heated to 600 K 
before each experiment in order to remove 
CO(o). This surface was found to be free of 
degradation for more than 10 adsorption- 
desorption cycles. 

Methyl formate was purified by pro- 
longed pumping at 195 K in a dry ice- 
acetone bath until a constant vapor pres- 
sure of 600 pm was achieved. Samples to 
be dosed into the chamber were introduced 
into the stainless steel dosing line immedi- 
ately before dosing, and pumped down to 
the desired pressure for dosing (usually 150 
,um). The cracking pattern for methyl for- 
mate shown in Table 1 was thus easily 
reproduced, and degradation of the methyl 
formate to formaldehyde in the dosing lines 
was minimized. (Contact of methyl formate 
with the stainless-steel dosing line for peri- 
ods exceeding 5 min resulted in larger m/e 
= 29 and 30 signals for the sample dosed 
into the chamber due to H,CO formation.) 
Methyl formate was admitted to the vac- 
uum system through a 22-gauge stainless- 
steel needle, which provided a collimated 

After preparation of the surface, the flash 
desorption experiments were conducted as 
follows. The sample was cooled to 295 K 
and dosed with methyl formate. The sample 
was then turned toward the ionizer of the 
mass spectrometer and heated at a constant 
rate of 20 K/set by means of a tungsten 
filament located behind the sample. The 
product desorption spectrum was obtained 
as a function of temperature by monitoring 
both the mass spectrometer signal and the 
output of the thermocouple attached to the 
sample. The desorption spectrum of each 
product was corrected for overlapping 
cracking fractions, and absolute coverages 
were determined from the corrected de- 
sorption spectra in the manner described by 
Ko et al. (14). Coverages of CO(p) were 
determined by AES as described by Benzi- 
ger et al. (16). 

RESULTS 

W( 100) 

TABLE 1 

HCOOCH, Cracking Pattern 

Mass Relative intensity 

15 30 
28 19 
29 68 
30 11 
31 100 
32 40 
60 30 

The major result of the decomposition of 
methyl formate on the W( 100) surface was 
the formation of hydrogen and CO@). Sev- 
enty-five percent of the adsorbed methyl 
formate reacted to form these two prod- 
ucts, with Hz displaced from the surface 
during the adsorption process. CO(p) was 
desorbed from the surface only by electron 
bombardment heating of the sample above 
1000 K. All other products desorbed from 
the surface below 600 K and are shown in 
Fig. 1. Subsequent to saturation exposure 
of the surface to methyl formate at 295 K, 
HCOOCH, desorbed at 355 K; CO and H2 
were produced simultaneously at 390 K; 
CH,OH, H,CO, CH4, H,, HzO, and CO 
were produced simultaneously near 500 K; 
and CO, and H2 were produced above 560 
K. The actual desorption spectra were cor- 
rected in Figs. 1, 3, and 5 to reflect relative 
mass spectrometer sensitivities, so that the 
area under each curve is proportional to the 
absolute coverage of that product. Abso- 
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lute coverages for each of the products are 
listed in Table 2. 

Coverage variation studies were also per- 
formed. At low exposures, CO(p) and Hz 
were the only products observed. Other 
organic products were produced only after 
the CO(p) states approached saturation. 
With the exception of the Hz(&) peak ob- 
served for low exposures, the peak temper- 
atures of all of the products were found to 
be independent of coverage, so that all of 
these products resulted from first-order 
processes. Further, with the exception of 
methyl formate and CO(p), all of the prod- 
ucts were observed above their desorption 
temperatures, indicating that their evolu- 
tion was limited by reaction rather than by 
desorption. 

The coverage and peak temperature of 
the unreacted methyl formate desorbed 
were found to be dependent upon the tem- 

FIG. 1. Product desorption spectra for HCOOCH3 perature at which the HCOOCH, was ad- 
adsorption on W( 100): saturation exposure. sorbed. All other products were unaffected 

by the adsorption temperature. When ad- 

TABLE 2 

Product Distribution 

Td WI Product Coverage (molecules/cm*) 

W( 100) w lW-cw3 W(lOO)-(S x 1)C 

355 HCOOCH, 
381-390 co 
390-408 Ii2 
408 C&OH 

&CO 
471-500 C&OH 

&CO 
CH, 
& 

igl 
560 Co, 

HZ 
Stoichiometry of desorbing 

products 
Adsorbed products 

code, 
O(a) 

Overall stoichiometry 
Total carbon adsorbed 

1.0 x 10’3 
6.0 x 1013 
4.4 x 10’3 

4.0 x 10’3 
9.6 x 1OL2 
7.3 x 10’2 
5.2 x 10’3 
1.1 x 10’3 
<l x 10’2 
1.8 x lo’* 

4.3 x 10’4 

WmO CH,.& 
5.8 x 10” 2.2 x 10” 

2.9 x 1013 
7.4 x 10’3 
2.4 x :013 
4.4 x 10’3 
3.8 x lOI 

4.0 x 10’2 

2.6 x lOI 
1.4 x 10” 
3.8 x lo’% 
1.8 x 10’3 
1.1 x 10’3 
1.4 x 10’3 
1.1 x 10’3 
2.8 x 10’3 
2.4 x 1OL3 
<l x 10’2 

3.0 x 10’9 
1.6 x lOI 

3.0 x 10’3 

CH,O 
2.8 x 10’4 
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sorbed at 295 K, HCOOCH, desorbed at 
355 K. When adsorbed at 230 K, 
HCOOCH, desorbed at 285 K, with the 
resulting peak completely enveloping that 
observed for the 295 K adsorption. (See 
Fig. 2.) In addition, the HCOOCH, peak 
did not shift with coverage for a fixed 
adsorption temperature. Similar behavior 
was also observed on the W( lOO)-(5 x 1)C 
and W( lOO)-CO(p) surfaces. 

The total product stoichiometry for satu- 
ration coverage of HCOOCHB was found to 
be CH,,,O by summing the coverages of 
products obtained by thermal desorption to 
the residual coverage of CO(p) remaining 
on the surface. This overall stoichiometry 
represented a hydrogen deficiency with re- 
spect to the parent molecule and indicated 
that hydrogen was displaced from the sur- 
face during the adsorption process. In con- 
trast, the stoichiometry of the thermally 
desorbed products alone (i.e., excluding 
CO(p)) was CH30 which represented a net 
excess of hydrogen with respect to the 
parent molecule, HCOOCH3, suggesting 
that such surface methoxy groups were 
stable on the surface as intermediate spe- 
cies once the CO@) states approached sat- 
uration. Further, the stoichiometry of prod- 
ucts formed at 500 K was CH4.50, 
suggesting that surface complexes contain- 
ing excess hydrogen were formed on the 
surface, as adsorbed hydrogen itself was 

HCOOCH3/ W(lO0) 

TEMPERATURE (K) 

FIG. 2. Desorption of HCOOCY, from W(100). (a) 
T. = 295 K; (b) T. = 230 K. 

not stable on the surface at this tempera- 
ture. 

The decomposition of methyl formate on 
the W(100) surface was quite sensitive to 
the amount of CO(p) adsorbed on the sur- 
face before exposure to HCOOCHB. When 
the surface was contaminated with small 
amounts of CO(p), an additional desorption 
peak for CH30H and H&O was observed 
near 400 K. When the W(lOO)-CO@) sur- 
face was formed by saturation of the sur- 
face with CO(p) prior to adsorption of 
HCOOCH3, the product peaks observed at 
500 K on the clean W(lOO) surface disap- 
peared, and CH30H and H&O were ob- 
served only at 408 K. Since the CO(p) 
states were saturated before adsorption of 
methyl formate, no additional CO(p) was 
formed by cracking HCOOCH, as was ob- 
served on the clean W(100) surface. The 
desorption spectra for unreacted 
HCOOCH,, CO(p), and CO, were very 
similar to those observed on the initially 
clean W( 100) surface; HCOOCH3 adsorbed 
at 295 K, desorbed at 355 K, CO(p) at 381 
K, and COz above 560 K (see Fig. 3); H2 
desorbed at 408 K. Absolute covet-ages of 
the products are listed in Table 2. The peak 
temperatures for all of the products ob- 
served on the W( lOO)-CO(p) surface were 
coverage invariant, indicating that all of the 
products resulted from first-order rate proc- 
esses. In addition, IZO CH, was formed on 
the W( lOO)-CO(p) surface. 

W(lOO)-(5 x I)C 

The decomposition behavior of 
HCOOCH3 on the W( 100)-(5 x 1)C surface 
included features of the behavior observed 
on both the clean W( 100) and W(lOO)- 
CO(/l) surfaces as shown in Fig. 4. On the 
W(lOO)-CO(p) surface CH30H was pro- 
duced only at 408 K; on the W( 100) surface 
CH30H was produced only at 500 K; and 
on the W(100)-(5 x 1)C surface CHIOH 
was produced at saturation coverage at 
both 408 and 470 K, with the peak at 470 K 
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FIG. 3. Product desorption spectra for HCOOCH, 
adsorption on W( lOO)-CO(p): saturation exposure. 

shifting to 500 K for low coverages. The 
complete product desorption spectrum for 
the decomposition of HCOOCH, on the 
W( lOO)-(S x l)C surface (Fig. 5) shows that 
the desorption spectra for the other prod- 
ucts also resembled the sum of that ob- 
served on the W(100) and W(lOO)-CO(p) 
surfaces. As on the W(100) surface, the 
CH,OH, H&O, CHI, Hz, and CO products 
were evolved from an intermediate species 
of stoichiometry CH4.50 near 500 K. On the 
W(lOO)-(5 x l)C surface these products 
were evolved simultaneously at 470 K for 
saturation coverages, and all shifted to 500 
K as the coverage was reduced. The reac- 
tion order for the CH, product on the 
W(100)-(5 x 1)C surface was determined 
by isotherm-isostere methods (18). As 
shown in Fig; 6, the apparent reaction order 
was near one for low coverages, and in- 
creased toward two as the coverage was 
increased,. Similar behavior was observed 
for the reactions of CH30H and H,CO to 
form CH4 on the same surface (14, 15). The 
shift in apparent reaction order has been 

attributed to repulsive interactions between 
adsorbed species, which result in a cover- 
age-dependent activation energy (18, 19). 

As on the CO(@)-saturated surface, no 
HCOOCHB was cracked to form CO(p), so 
that the stoichiometry of HCOOCH3 with 
respect to carbon and hydrogen was recov- 
ered in the desorbing products (see Table 
2). Small amounts of adsorbed oxygen (3% 
of a monolayer as determined by AES) 
were observed on the surface after each 
experiment. By addition of the coverage of 
O(a) from AES measurements to the cover- 
ages determined by thermal desorption of 
the remaining products, it was determined 
that the overall stoichiometry of the react- 
ing HCOOCH, was recovered for reactions 
on the W( lOO)-(5 x 1)C surface. 

DISCUSSION 

The decomposition of methyl formate on 
the W( lOO), W( 100)~(5 x l)C, and W( lOO)- 
CO(@) surfaces closely resembled the de- 
composition of methanol (14) and formal- 
dehyde (15) on those surfaces. The 
following common features were observed 
for all three reactants: 

(1) The W( 100) surface initially dissoci- 
ated adsorbing species into CO(p) and hy- 
drogen. Other products were observed only 
as the CO(p) states neared saturation. Fur- 
ther exposure to the adsorbing species re- 

E 
4 
r I I I I 

300 400 500 600 
TEMPERATURE (K) 

FIG. 4. C&OH desorption following HCOOCH, 
adsorption. (a) On W( MO-CO@); (b) on W( 100)-(5 x 
UC; (c) on W(100). 
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FIG. 5. Product desorption spectra for HCOOCH3 
adsorption on W( 100)-(5 x 1)C: saturation exposure. 

sulted in the displacement of some hydro- 
gen from the surface, so that the overall 
stoichiometry of the parent molecule was 
not recovered in the products formed on 
this surface. 

(2) The effect of presaturation by CO(p) 
and of deposition of surface carbon to form 
the (5 x 1) structure was to passivate the 
surface with respect to the dissociation of 
the parent molecule into CO(p) and hydro- 
gen. This passivation of the surface reactiv- 
ity allowed the production of various hy- 
drocarbon species. 

(3) Methane was produced on both the 
W( 100) and W( 100)-U x 1)C surfaces upon 
the decomposition of a surface complex 
above 470 K. The surface complexes result- 
ing from the adsorption of different parent 
molecules all exhibited a stoichiometric ex- 
cess of hydrogen relative to CH30, al- 
though the selectivity toward various hy- 
drocarbons produced from this complex 
depended upon the nature of the parent 

(4) No hydrocarbon products were ob- 
served on the W( lOO)-CO(p) surface above 
408 K, and no CH, was produced on this 
surface. 
These common observations suggested that 
the formation of various products from the 
different reactants adsorbed involved 
nearly identical mechanistic steps. 

Worley and Yates (13) previously exam- 
ined the decomposition of HCOOCH3 on 
the W(100) surface. The results reported 
here help to clarify their results further. 
They reported desorption of hydrocarbon 
species from an adsorbed layer of 
HCOOCH, in a two-peak spectrum, with 
peaks located near 400 and 500 K for heat- 
ing rates of 30 K/set. The high-temperature 
peak was observed in this study on the 
W( 100) surface; however, the low-tempera- 
ture peak must be attributed to patches of 
W( lOO)-CO(@ surface as it was found to be 
reproducible only if CO(p) was adsorbed on 
the surface before exposure to HCOOCH,. 
Further, the magnitude of the low-tempera- 
ture peak, observed at 408 K, was found to 
be sensitive to the level of CO(@) pread- 
sorbed on the surface. Fluctuations in the 

/ I I I I I 

i 

I I / I I L , 

log o- (arbitrary uninl 

FIG. 6. CH, desorption following HCOOCH, ad- 
sorption on W( 100)-(5 x l)C: log rate vs log coverage. 
(A) T = 440 K, slope = 1.6; (0) T = 470 K, slope = 
1.5; (0) T = 500 K, slope = 1.3; (V) T = 525 K, slope 

molecule. = 1.0; (0) T = 547 K, slope = 0.9. 
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level of this contamination could easily lead 
to the discrepancies in the apparent product 
cracking patterns described by Worley and 
Yates (13). The results of the work re- 
ported here also showed that methyl for- 
mate desorbed from this surface at 355 K 
when adsorbed at room temperature, with a 
distribution of binding states accessible 
only when the adsorption temperature was 
reduced. The various reaction products re- 
sulted from the dissociative adsorption of 
HCOOCH, and did not involve these low- 
temperature binding states. Thus it is un- 
likely that HCOOCH, can act as a true 
intermediate in the formation of various 
hydrocarbon species from H&O at temper- 
atures above 400 K, although the CO, pro- 
duced was, indeed, the result of the decom- 
position of a stable surface formate 
intermediate. 

A comparison of the decomposition of 
HCOOCH, on the W(100) and W(lOO)- 
CO(p) surfaces suggests that the hydrocar- 
bon products evolved from these two sur- 
faces were produced by different reaction 
pathways. On the initially clean W( 100) 
surface, hydrocarbons, including CH4, 
were produced from HCOOCHB only at 500 
K. On the W(lOO)-CO(p) surface, hydro- 
carbons were produced only at 408 K, and 
no CH, was produced. Since the initial 
reaction on the W( 100) surface was to crack 
HCOOCH, into CO(p) and H(a), the most 
significant difference between these two 
surfaces was that excess H(a) was present 
when reaction intermediates formed on the 
W(100) surface, whereas it was absent on 
the W(lOO)-CO(@) surface. In spite of the 
displacement of large quantities of hydro- 
gen from the surface during the adsorption 
of HCOOCH,, the reaction pathway on the 
W(100) surface was quite sensitive to the 
amount of CO preadsorbed, indicating that 
two types of sites were formed on this 
surface : “Hydrogen-containing” sites 
formed by cracking species such as 
HCOOCH,, CH,OH, or H&O and “hydro- 
gen-deficient” sites formed by prior ad- 
sorption of CO into the p states. Yates and 

Madey (8) have shown that if H2 is ad- 
sorbed on a W(100) surface, subsequent 
adsorption of CO at 100 K does not result in 
substantial displacement of the hydrogen, 
although the peak temperature of Hz de- 
sorption is reduced. If, however, CO is 
adsorbed first, it is difficult to subsequently 
adsorb hydrogen. Thus it appears that the 
CO(p) and H(a) formed by cracking hydro- 
carbon species is equivalent to that formed 
by preadsorbing or co-adsorbing hydrogen 
with CO, and that only surface sites which 
are saturated with dissociated CO by this 
process retain the hydrogen which subse- 
quently interacts with adsorbing 
HCOOCH,. Since the decomposition be- 
havior of HCOOCHS observed here closely 
resembled that of CH30H (14), it is pro- 
posed that this interaction of HCOOCH, 
with adsorbed hydrogen on the surface 
produced adsorbed methoxy groups 
(CH,O). This mechanism is consistent with 
the observed stoichiometry of the products 
which desorbed from the W(100) surface 
following exposure to HCOOCHB. Some of 
the CH30 groups decomposed to liberate 
CO and H2 at 390 K, with the remaining 
CHBO groups “trapping” hydrogen into the 
complex structures of stoichiometric com- 
position CH,.,O which decomposed at 500 
K. This behavior is best illustrated by the 
evolution of the Hz product desorption 
spectrum as a function of coverage, shown 
in Fig. 7. 

The H2 product desorption spectrum 
shown in Fig. 7 proceeded through three 
distinct stages as the coverage of 
HCOOCH3 was increased to the saturation 
level. The first stage was characterized by a 
downward shift in peak temperature shown 
by curves a, b, and c. At these coverages, 
HCOOCH3 was cracked completely into 
CO(p) and H(a). Yates and Madey (8) 
demonstrated a similar downward shift of 
the H.&&l peak with increased exposure to 
CO for sequential adsorption of Hz and CO. 
As the exposure to HCOOCH, was in- 
creased further, an additional H, peak was 
observed at 390 K (curve d) which became 
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FIG. 7. Hz desorption following HCOOCH, adsorp- 
tion on W( 100): coverage variation. (a) 3% of satura- 
tion exposure; (b) 6% of saturation exposure; (c) 
12.5% of saturation exposure; (d) 25% of saturation 
exposure; (e) 50% of saturation exposure; (f) satura- 
tion exposure. 

dominant with the disappearance of hydro- 
gen from the p2 state (curve e). As CO was 
also evolved at 390 K, it is suggested that 
CH30 groups were first stabilized on the 
surface at exposures such as correspond to 
curve d, and decomposed at 390 K to yield 
CO and Hz. Further, at this exposure, the 
CO(p) states were very nearly saturated, as 
evidenced by the production of undissoci- 
ated CO among the products and by the fact 
that slight increases in the exposure to 
HCOOCH, resulted in complete displace- 
ment of hydrogen from the pZ state (curve 
e). At saturation coverage of HCOOCH,, 
some of the hydrogen produced at 390 K 
reacted to stabilize the remaining CH30 
groups into a stable surface complex. Thus 
at saturation coverage, the H2 desorption 
spectrum (curve f) showed peaks at both 
390 and 500 K, resulting from the decompo- 
sition of CH,O groups and of the surface 
complex, respectively. Additional products 
which resulted from the decomposition of 
the surface complex were CH,OH, H&O, 
CHI, and CO. Small amounts of CO, were 
observed at 595 K which were attributed to 
an HCOO intermediate, as CO, was pro- 
duced from HCOOH at the same tempera- 
ture (20). These formate species probably 
resulted from the oxidation of H&O by 

adsorbed oxygen formed with the forma- 
tion of CH,. 

The decomposition of HCOOCH, on the 
W( lOO)-CO(p) surface proceeded by a dif- 
ferent reaction pathway than on the clean 
W( 100) surface. As there was no cracking 
of the parent molecule to CO(p) and H(a), 
there was no adsorbed hydrogen present on 
the W(lOO)-CO(p) surface with which the 
adsorbing HCOOCH3 could interact. 
Rather, HCOOCHB dissociated to form 
HCO(a) and CH,O(a). The subsequent de- 
composition of HCO(a) species yielded 
CO(p) and H(a) at 381 K. Decomposition of 
the CH,O(a) species yielded CH,OH, 
H,CO, and H, at 408 K, with the evolution 
of H, characterized by a somewhat wider 
peak which included the hydrogen pro- 
duced from both intermediate species. As 
on the W(100) surface, small amounts of 
CO, were also evolved on the W(lOO)- 
CO(p) surface above 560 K, which again 
appear to have been evolved from a for- 
mate intermediate. 

It should be noted that due to the small 
separation of the decomposition tempera- 
tures of the HCO and CH,O intermediate 
species, it was not possible to separate the 
decomposition into distinct regimes, with 
clearly defined sets of adsorbed species in 
each regime. Rather, the decompositions of 
the HCO(a) and CH:,O(a) species took place 
over ranges of temperature which over- 
lapped, so that all intermediate and product 
species observed must be considered to 
have been present over the temperature 
range from 380 to 408 K. The effect of these 
overlapping decompositions was to change 
the decomposition selectivity for the CHBO 
intermediate, as well as the desorption 
spectrum for H,. For example, when 
CH,OD was adsorbed on the W(lOO)- 
CO(p) surface, the decomposition of the 
CH,O intermediate yielded CO as well as 
CH,OH and H&O (14). When HCOOCH3 
was adsorbed on the surface, the produc- 
tion of CO from HCO effectively blocked 
the complete dissociation of the CH,O in- 
termediate to form CO. Likewise, although 
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the Hz desorption spectrum exhibited a methyl formate, as well as the surface upon 
maximum at 408 K, this peak was wider which each step occurs, are listed in Table 
than those of CH,OH and H&O which 3. The decomposition behavior observed 
occurred at the same temperature due to on the W( 100)-(5 x 1)C surface was essen- 
the evolution of hydrogen from the decom- tially the sum of that observed on the other 
position of the HCO intermediate at slightly two surfaces, and common intermediate 
lower temperature. Thus the reaction and species and reaction steps have therefore 
desorption characteristics of surface spe- been proposed. It should be noted, how- 
ties may be affected by the presence of ever, that the product selectivity was de- 
other species. pendent upon the surface involved, and 

With the exception of the initial forma- common reaction steps do not imply com- 
tion of CO(p) from HCOOCH3 on the mon selectivity nor common rate parame- 
W(100) surface, all of the steps of the ters. These selectivity differences may be 
mechanism proposed for the decomposition attributed to the geometric and electronic 
of methyl formate took place on at least two characteristics of the various surfaces. For 
of the three surfaces examined. The com- example, although the same intermediate 
plete mechanism for the decomposition of complex, designated Y, of stoichiometric 

TABLE 3 

Step T U-3 

Mechanism of HCOOCH, Decompositiona 

Surface upon which step occurs 

W(lO0) w(1oo)-co@) W(loo)-(S x 1)C 

1 

2 

3 

4 

5 

6 
7 

8 

9 

10 

11 
12 
13 
14 
15 
16 

17 

18 

19 

20 

21 
22 

ads 
29s 
ads 
295 
ads 
295 
ads 
295 
ads 
295 
355 
380- 

390 
380- 

390 
380- 

390 
38& 

390 
408 
408 
408 
408 
408 
471- 

500 
471- 

500 
471- 

500 
471- 

500 
471- 

500 
550 
550 

HCOOCH&) - 2CO(p) + 4H(a) 

HCOOCH&) - HCW + CWXa) 

HCOOCY(g) + I-W - &(g) + COW + CI-WW 

Wa) * H,(g) 

HCOOCH&) - HCOOC&(a) 

HCOOCH&) - HCOOCI&@) 
HCOW l H(a) + CO@ 

C&O(a) l CO(g) + 3H(a) 

C&O(a) + H(a) - Y 

‘Wa) ’ K(g) 

C&O(a) - IWO(a) + H(a) 
C&O(a) + H(a) - ‘XOW 
YCO(a) + o(a) - HO(a) + H(a) 
H&O@ - &CO@) 
2Wa) ’ Rat) 
Y l C&OH(B) + U-L(B) + COW 

+ H&O(a) + H(a) + O(a) 
WOC3 + o(a) - HCOO(a) + H(a) 

I-WXa) ’ H2Cwlt) 

2Wa) + O(a) - Iww 

2Wa) l &W 

HCOO(a) - CO&) + H(a) 
2Wa) l S(e) 

X 

X 

X 

X 

X 

X 

X 
X 

X 
X 

X 

X 

X 
X 

X 

X 

X 

X 
X 
X 
X 
X 
X 

X 

X 

X 

X 

X 
X 

o Y is the proposed intermediate of stoicbiometric composition CH,.,O. 
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composition CH,.,O was proposed on both 
the W(100) and W(lOO)-(5 x 1)C surfaces 
for the production of hydrocarbons, includ- 
ing methane, above 470 K, the product 
selectivity and decomposition behavior of 
this intermediate differed on the two sur- 
faces. The W(lOO)-(5 x 1)C surface was 
more selective for the formation of CH, and 
probably involved repulsive interactions as 
evidenced by the coverage-dependent acti- 
vation energy for the decomposition of the 
complex as previously mentioned. These 
two effects may be explained by the geome- 
tries of the surfaces involved. The W( lOO)- 
(5 x l>C surface has hexagonal symmetry 
(16) and may be expected to result in closer 
packing of the component species in the 
complex than the W(100) surface, which 
has square symmetry. Closer packing 
would be expected to result in stronger 
interaction of the component species as 
observed on the W(lOO)-(5 x 1)C surface. 

The most likely candidate for the inter- 
mediate species, Y, is a complex structure 
of CH,O groups, stabilized by excess hy- 
drogen to yield the observed stoichiometry 
C&.,0. The formation of CH4, CH,OH, 
H&O, and HZ above 470 K on the W(100) 
and W(lOO)-(5 x 1)C surfaces exhibits 
common energetics and thus implies that 
these species are formed from a common 
intermediate on each surface. As absorbed 
hydrogen is not stable on either surface at 
these temperatures, a hydrogen-stabilizing 
interaction within the complex intermedi- 
ate, Y, is necessary in order to explain the 
observed stoichiometry. Other reaction 
pathways for formation of CH, such as 
hydrogenation of surface carbon do not 
appear to be important in the present case: 
such pathways can explain neither the for- 
mation of H&O and CH,OH which accom- 
panies U-L, formation, nor the production 
of CH, on the clean W(100) surface. In 
addition previous studies (16, 20) have 
demonstrated that carbon on the W(100) 
surface cannot be hydrogenated either by 
adsorption of hydrogen at 300 K or the 
release of hydrogen by reaction at 600 K. 

Thus it may be concluded that the inter- 
action of adsorbed methoxy species with 
surface hydrogen was responsible for the 
production of the stable surface intermedi- 
ate of stoichiometry C&.,0. The decompo- 
sitions of both HCOOCH, and CH,OD (14) 
demonstrated that CH30 groups which are 
not stabilized by surface hydrogen (e.g., as 
on the W(lOO)-CO(p) surface) decompose 
below 410 K, and do not lead to the produc- 
tion of C&. While the mechanism of the 
stabilizing interaction remains unresolved, 
it is clear that the stabilization of CH,O(a) 
by surface hydrogen is crucial in the pro- 
duction of methane and other hydrocarbons 
above 470 K on both the W(100) and 
W(lOO)+S x l)C surfaces, and that 
HCOOCH, does not act as the intermediate 
in this process. 
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