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The chemisorption of formaldehyde at -100 K has been investigated on two 
single crystal planes of tungsten, W(100) and W(111). At low &CO coverages, only 
Hz and CO are observed as t,hermal desorption products. At higher H&O coverages 
both CH, and CO* are observed as additional desorption products. Work function 
and flash desorption measurements indicate that the dissociative adsorption of 
&CO into H(ads) and CO(ads) is accompanied at higher surface coverages by the 
formation of other surface complexes. 

A detailed comparison of W(100) with W(l11) indicates that crystallographic 
differences play a minor role in the surface catalyzed decomposition of H,CO by 
tungsten. 

I. INTRODUCTION 

The temperature-programmed thermal 
desorption method (commonly termed 
flash desorption) has been extensively ap- 
plied to the investigation of diatomic mole- 
cule adsorption by both polycrystalline 
(1-3) and single crystal transition metal 
surfaces (4-S). There are, however, fewer 
examples of the application of this method 
(7-9) to the study of more complex mole- 
cules which yield either fragment desorp- 
tion products or catalytically produced 
species containing entirely different in- 
ternal chemical bonds. 

In this paper we have employed the flash 
desorption technique to examine the role 
of substrate crystallography on the chem- 
isorption and surface-catalyzed decomposi- 
tion of formaldehyde by tungsten. Two 
crystal planes of bee tungsten were ex- 
amined: The atomically rough W(lll) 

plane, and the smoother cube face plane, 
W(100). We have also used field emission 
microscopy and work function measure- 

* Visiting Scientist, on leave from Department 
of Physics, Washington State University, Pull- 
man, WA. 

merits to follow H&O decomposition on 
tungsten. 

Previous flash desorption studies have 
been made of pure Hz chemisorption on 
W(W (4, 5) and W(ll1) (20, 11), of 
pure CO on W (100) (12-15) and of the 
interaction between H, and CO adsorbed 
on W (100) (IL). In addition, the adsorp- 
tion behavior of CH, on both W(lO0) 
(16) and W(lll) (11) and CO, on W(100) 
(15) have been investigated (CH, and CO, 
are decomposition products of adsorbed 
H,CO) . These previous investigations form 
a sound experimenta basis for comparison 
with H&O decomposition on W (100) and 
W(111). 

We note the lack of attention given to 
the chemisorption of formaldehyde. For 
example, there are no papers concerned 
with adsorption and catalytic formalde- 
hyde decomposition in Vol. l-23 of J. 
Catal. (1962-1971). An early paper deals 
with the thermal decomposition of H&O 
over Pt catalysts (17). There is also a re- 
cent observation of H&O adsorption be- 
havior on Pt (111) (18), where only H, 
and CO thermal desorption products were 
observed. It is of interest to note that 
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heterogeneous reactions involving HCO 
(ads) on glass are proposed in experiments 
involving H&O photolysis (19). 

Xs will be discussed, the interaction of 
II,CO with tungsten single crystals is com- 
plex. At low initial H,CO coverages 
(5 0.5 monolayers), the only gaseous de- 
sorption products observed during flash 
desorption are H, and CO. At higher H&O 
coverages, both CH, and CO, are observed 
as additional gaseous desorption products. 
While the details of the H,CO decomposi- 
tion processes are different on W (100) and 
W(lll), the gross features (decomposition 
products, distribution of products’ binding 
states, and work function behavior) are 
remarkably similar. 

II. EXPERIMENTAL METHODS 

The Pyrex ultrahigh vacuum (uhv) ap- 
paratus (base pressures 21 X 10-l” Torr) 
and crystal preparation have been described 
previously (5, 16). This apparatus permits 
the use of a focused beam of light, external 
to the vacuum vessel, to raise the temper- 
ature of a thin single crystal disc at a 
nearly linear rate for programmed flash 
desorption. The sample crystals were 
nearly circular discs (-6 mm in diameter 
and eO.12 mm thick), ground and polished 
with the appropriate crystallographic orien- 
tation on both sides and supported by a 
thin tungsten wire. The exposed surface 
areas were -95% of the designated orien- 
tation, with 25% edge effects. The temper- 
ature of each crystal was measured using 
a W/W-26% Re thermocouple (0.025 mm 
diameter wires) welded to its edge. The 
crystals were cleaned prior to each adsorp- 
tion sequence by heating in good vacuum 
to 2500K via electron bombardment from 
a pure tungsten filament. Frequent heat 
treatment of the crystals in O,(g) was done 
to remove possible impurity carbon from 
the surface. A quadrupole mass spectrom- 
cter operating at 35 eV electron energy and 
0.25 mA emission current was used to mea- 
sure the partial pressures of the various 
gases during adsorption and flash desorp- 
tion; it was frequently calibrated against 
a Bayard-Alpert ionization gauge. Gauge 
scneitivity ratios were taken from P. A. 

Redhead and .J. I’. Hobson and E. V. 
Kornelson, “The Physical Basis of Ultra- 
high Vacuum” Chapman and Hall, Lon- 
don, 1968, Table 7.2: [HZ/N,] = 0.4; 
[CH,/N,] = 1.37; [CO/N,] = 1.1. The 
gauge was normally turned off during ad- 
sorption experiments. 

Much of the data in this paper is dis- 
played as plots of gas phase partial pres- 
sure Ap, observed during heating of the 
crystal by the focused light (typical heat- 
ing rates were -20 K s-l). These plots of 
Ap vs temperature (or time) are termed 
desorption spectra. The integrated area 
under a desorption spectrum is proportional 
to the coverage 8 of that species observed 
to desorb and is usually expressed in frac- 
tions of a monolayer. One monolayer, is 
defined here as the saturation coverage of 
the pure species in question on the clean 
tungsten substrate at ~100 K. 

Most of the flash desorption expcrimcnts 
were performed using liquid nitrogen cool- 
ing of the crystal and its support assembly. 
The cooled surfaces rapidly pumped such 
species as CO, CH,, and CO, with varying 
rates, so that an absolute coverage mca- 
surcment is virtually impossible. Hence, 
desorption yields of all species arc cx- 
pressed either as fractions of monolayers or 
as 

I it i,+dt 

where i,’ is the quadrupole mass spectrom- 
eter ion current due to species x which de- 
sorbs completely during the time interval 
At as the crystal temperature is raised. 

An electron gun, directed at the rear of 
the crystal, was used to measure work func- 
tion changes during adsorption, using an 
electron retardation method (5, 16). Thix 
measurement of work function does not 
disturb the adsorbed layer due to electron 
impact effects because the incident clcc- 
trons have low kinetic cncrgies when they 
reach the crystal surface. 

Formaldehyde gas was prepared in an 
external vacuum system by heating para- 
formaldehyde crystals to 350 K and dis- 
tilling H,CO (g) into a reservoir at 77 K 
where multiple freeze-thaw-vaporize puri- 
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fication cycles were carried out. H&O was 
then vaporized at 195 K and transferred 
directly into a previously baked 1000 cm3 
Pyrex bulb where it was stored at, a pres- 
sure of ~0.1 Torr. H&O(g) could be ad- 
mitted directly from this storage bulb into 
the uhv system by means of a stainless 
steel leak valve. Depending upon unknown 
experimental differences in the nature of 
different baked storage bulbs, formalde- 
hyde vapor at -0.1 Torr could be stored 
at 300K for periods ranging from days to 
weeks without appreciable decomposition 
or catalytic conversion to other products. 
In Fig. IA is shown the mass spectrum of 
freshly prepared H,CO, containing a small 
amount of CO, and HZ impurity. Follow- 
ing 6 days storage, new mass peaks at 
m/e = 60, 32, 31, 15, and 13 are observed 
(Fig. 1B). There are a number of possible 
impurities which could produce mass 60, 
namely, trioxane (CH,O) 3, acetic acid, 
methyl formate (HCOOCH,) and glycol 
aldehyde (CH20HCHO). On the basis of 
the absence of peaks at m/e = 89 and 61, 
we can eliminate trioxane as an impurity. 
Acetic acid should exhibit peaks at *m/e = 
45, 43, and 42, and can therefore be elimi- 
nated also. We do not know the mass spec- 
trum of glycolaldehyde. However, the ob- 
served extra-peak ratios are consis’ent with 
the impurity being methyl formate [ex- 
perimental ratios shown along with API 
(20) ratios in parentheses] : 60:31 = 0.28 

E 
z 
& Q 

! 
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(0.28); 32:31 = 0.34 (0.34); 45:31 = 0.018 
(0.0144) ; ES:31 = 0.055 (0.0234). Further- 
more, Walker (21) reports that methyl 
formate is a common impurity in formalde- 
hyde produced from paraformaldehyde. 
There is, however, little formic acid present 
since m/e peaks at 45 and 46 are absent. 

Because of the buildup of methyl for- 
mate impurity, the mass spectrum of 
H&O was monitored prior to experiments, 
and fresh H&O was generated frequently 
during the course of this work. 

III. RESULTS 

A. Coadsorption of H, + CO on W (100) 
at +llO K 

Before discussing H,CO decomposition 
on tungsten, it is appropriate to recall the 
essential features of the coadsorption of H, 
and CO on W (100) ; the details of this in- 
teraction have been published previously 
(12). The effect of CO addition to an H, 
monolayer on W(100) at ~110 K is illus- 
trated in the desorption spectra of Fig. 2. 
Figure 2a is the desorption spectrum for 
hydrogen corresponding to the saturation 
coverage of H, on W (100) at ~110 K; the 
familiar ,& and p1 binding states are clearly 
seen. When the pure H, monolayer formed 
by adsorption at zllOK is then exposed 
to 66 x 1CV Torr s of gaseous CO, the hy- 
drogen desorbs with a new distribution of 
binding stat.es (the v states) seen in Fig. 

M/e 

FOG. 1. Comparison of mass spectrum of pure formaldehyde with the mass spectrum of methyl formats- 
contaminated formaldehyde. Electron energy V, = 70 eV, total gas pressure = 2 X 1OP Torr. 
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FIG. 2. Desorption spectra for saturation cover- 
age of hydrogen adsorbed on W(100) atI To ‘v 110 K. 
(a) Desorption from a pure hydrogen layer; (b) 
desorption of hydrogen following exposure of the 
hydrogen layer to 66 X 10-e Torr s of CO. [A = 
amperes ion current from mass spectrometer; s = 
.*econds.] 

2b. The coadsorption of CO with hydrogen 
on W(lO0) results in a weakening of the 
hydrogen-metal bonds and the conversion 
of hydrogen to new, lower energy binding 
states. The fractional coverage of hydro- 
gen in the v states is a function of CO 
coverage ; in the limit of complete conver- 
sion (cf. Fig. 2b), when the CO coverage 
has become +0.6 monolayer, the hydrogen 
coverage is diminished to NO.9 monolayer. 

B. H,CO on W(lO0) at +llOK: 
Flash Desorption 

The adsorption and decomposition of 
H,CO on W(100) was studied as follows. 
The crystal was flashed clean in vacua and 
cooled to -1lOK; H,CO(g) was admitted 
to t.he vessel for a fixed exposure (expressed 
as Torr s). After pumping away the H,CO 
(g), the crystal was heated using the fo- 
cused light, and the flash desorption spectra 
of the various desorption products were 
recorded. 

Figure 3 shows a series of flash desorp- 
tion spectra for H, desorption following 
increasing exposures of the W (100) crystal 
to H,CO (g) ; the crystal was cleaned by 
flashing to 2500 K prior to each data curve. 
Spectra a to f of Fig. 3, in which the H, 
coverage 0 is SO.5 monolayer, are similar 
to Hr desorption spectra seen during studies 
of coadsorpt,ion of H, and CO (12) : the 
common features are the shift of the 
maxima to lower temperatures as coverage 

200 300 400 500 600 
T(K) 

FIG. 3. Resorption spectra for desorption of H2 
from H&O layers adsorbed on W(100) at 2’0 1~ 
110 K. Mass 2 ion current is plotted vs crystal 
temperature. 

H, coverage, B 
(relative to “pure” H&O exposure” 

curve H2 monolayer) (x lo-6 Torr s) 
-- ___-~--.__ 

iTI 0.16 0.21 0.7 1.5 

: 0.29 0.34 1.7 1.9 

; 0.50 0.41 3.0 8 3 
g 0.59 5.0 
h 0.50 5.6 
i 0.69 7.9 

___~ -__- 
u 1 X 1Om6 Torr s = 3.7 X 1Ol4 H&O molecules/ 

cm2 incident flux. 
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increases and the multiplicity of peaks in 
the temperature region 200-400 K. Com- 
pare the v states of Fig. 2b with curves 
e and f of Fig. 3; three major peaks in the 
same temperature region (200-400 K) are 
seen in both cases, although the relative 
amplitudes of the 3 peaks are different. 
Such differences may be due to the differ- 
ent CO: H ratios achieved in the H, + CO 
experiments, compared to the H,CO adsorp- 
tion experiment. Curves g to i of Fig. 3 
(19,~ 2 0.5 monolayer) exhibit, a new fea- 
ture not seen at lower coverages: a new 
peak appears in the desorption spectra with 
its maximum at 2500 K. In addition, the 
detail in the region 2OO-400K is obliter- 
ated, and we observe a single, broad peak. 

Figure 4 shows a series of flash desorp- 
tion spectra corresponding to liberation of 
CH, from H&O adsorbed on W (100) at 
4110 K. Significant CH, desorption (Fig. 
4d) is observed at roughly the same H&O 
exposure as is necessary to produce the 
500K peak in the H, desorption spectra 
(Fig. 3g), that is, at H&O exposures 
254 X 1O-6 Torr s. The intensities of the 
methane peaks grow as the H&O exposure 
is increased. For comparison, the broken 
curve in Fig. 4 is a methane desorption 
spectrum observed for a pure CH, layer 
which is physically adsorbed on W( 100) 
(16). The differences between the broken 
and solid curves of Fig. 4 indicate that the 
CH, produced following adsorption of 
H,CO arises from surface-catalyzed de- 
composition of the H,CO as the surface is 
heated during desorption. At least the 
major portion of the CH, is not present as 
an adsorbed entity on the surface at the 
adsorption temperature, but is produced 
thermally during the heating process. 

In Figure 5, a series of flash desorption 
spectra illustrate the kinetics of desorption 
of another product from adsorbed H&O 
layers: gaseous CO,. As in the case of 
methane, the CO, is only observed follow- 
ing H&O exposures > 4 X 1CP Torr s. The 
threshold H&O exposure for CO, desorp- 
tion appears slightly higher than that for 
CH, desorption. 

Another thermal desorption product from 
the adsorbed H,CO was CO. However, 

PURE CH4 LAYER (ARBITRARY , 

T(K) 

FIG. 4. Desorption spectra for CHd desorbed from 
H&O layers adsorbed on W(100) at 7’0 ‘v 110 K. 
Mass 15 (CH,+) ion current is plotted vs crystal 
t,emperature (K). 

Curve 
H&O6 exposure 
(X 1OF Torr s) 

Fi 
1.0 
1.9 

: 
3.0 
4.3 

T 

5.0 

6.5 

kT 6.6 

The broken curve is a desorption spectrum for CH, 
desorbed from a pure CH, layer adsorbed on W(100) 
[cf. Ref. (16)]. 

since most of the CO desorbed at tungsten 
temperatures greater than those achievable 
using the focused light source (i.e., 
2 900 K) , we did not perform a systematic 
study of the CO flash desorption behavior. 
Flash desorption studies of pure CO from 
W(100) have been reported previously 
(1%15). 

The above results are consistent with the 
following picture for H&O adsorption on 
W (100). At low coverages (f3 5 0.5)) and 
upon heating, the adsorbed layer behaves 
in similar fashion to mixtures of H(ads) 
and CO (ads), and only H, and CO are 
liberated. At higher coverages, new inter- 
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200 300 400 500 600 
T (K) 

FIG. 5. Resorption spectra for CO2 desorbed from 
H&O layers adsorbed on W(100) at 2’0 ‘v 110 K. 
Mass 44 ion current is plotted vs cryst,al tempera- 
ture (K). 

H&O exposure 
Curve (X 10-e Torr s) 

.~~~ 

E 
5.3 
6.7 

c 10.2 
~~___ 

mediate species are formed; during heat- 
ing t’hese species thermally decompose to 
yield CH, and CO, as additional desorption 
products. 

It is of interest to compare Fig. 3i (H, 
desorption) with Fig. 4g (CH, desorption). 
The two major peaks in both spectra have 
roughly the same relative amplitudes and 
occur in roughly the same temperature 
regimes, suggesting the same rate con- 
trolling steps involving the decomposition 
of adsorbed surface complexes lead to H, 
and CH, products. 

C. H,CO on W(100) at b7S K: 
Flash Desorption 

In order to assess the effect of adsorp- 
tion temperature on the decomposition of 
adsorbed H&O, a series of experiments 
were carried out with the W (100) crystal 
at 273 K during adsorption of H&O. Figure 
6 shows a sequence of H, flash desorption 
spectra obtained after various exposures 
of W (100) to H&O. These data are similar 
to those obtained following adsorption at 
+llOK (Fig. 2). In Fig. 6, as the H,CO 
exposure increases from 0.5 to 3.5 X 10-G 

11 I I I I J 
300 400 500 600 700 

1 (K) 

FlG. 6. Resorption spectra for H? desorbed from 
H&O layers adsorbed on W(lO0) at TO N 273 K. 
Mass 2 ion current, is plotted vs crystal temperature 
(K). 

H&O exposure 
Curve (X lo-” Torr s) 

-_____ ~~ ~- 

0.5 
1 ..5 
3 .5 
4.6 

34 

Torr s, the H, dcsorption maximum shifts 
to lower temperatures and structure ap- 
pears below T + 400 K. At exposures 2 
4.6 X IO-” Torr s, the new broad peak at 
-5OOK appears. It thus appears that the 
adsorption processes at both 110 and 273 K 
are similar, and that only the low temper- 
ature desorption states (T 5 273 K) seen 
in Fig. 2 are missing in Fig. 6. 

The fact that major amounts of hydro- 
gen remain on the W( 100) surface in the 
limit of heavy H&O dosage contrasts 
markedly with CO adsorption experiments 
involving CO exposure to a hydrogen mono- 
layer at 273 K (12). The coadsorption mea- 
surements show that hydrogen can be com- 
pletely displaced by CO. This difference 
in behavior is indicative once again that 
at high H,CO exposures, surface inter- 
mediates other than H(ads) and CO(ads) 
are produced on W (100) even at 273 K, 
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and these intermediates are responsible for 
hydrogen retention in the adsorbed layer. 

As shown in Fig. 7a and b, the methane 
desorption spectra seen following adsorp- 
tion of H&O at 273 K are also similar to 
those obtained following adsorption at 
cl10 K (Fig. 3). As in the case of H, de- 
sorption, only the low temperature part of 
the CH, desorption spectra are missing 
upon adsorption at 273 K. Curves a and b 
of Fig. 7 also demonstrate the similarity 
between the mass 15 (CH,+) and mass 16 
(CH,‘) desorption traces: this comparison 
conclusively demonstrates that we are mea- 
suring CH, by monitoring mass 15 in the 
desorption experiments. Curve c of Fig. 7 
indicates that a small quantity of hydro- 
carbon having mass 29 as a cracking frac- 
tion (probably C&H,) also desorbs from 
the surface following a H,CO exposure of 
7 X 10-” Torr onto the W (100) crystal at 
273 K. As in the case of CH, and CO,, no 
mass 29 peak was seen for H,CO exposures 
55 x 1O-6 Torr s. 

D. Coadsorption of Hz + CO on W(111) at 
104 K: Flash Desorption 

Before examining the details of H,CO de- 
composition on W (111)) it is appropriate to 
consider the coadsorption of H, and CO on 
this plane. The effect of CO addition to a 
hydrogen monolayer formed on W(lll) at 
104 K is shown in the hydrogen desorption 
spectra of Fig. 8. In each case, the surface 
was cleaned at +25OOK and cooled to 
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00 400 500 600 700 
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FIG. 7. Desorption spectra for hydrocarbons 
desorbed from H&O layers adsorbed on W(100) 
at TO N 273 K. Note differences in ordinate magni- 
tude between curves. 
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t 
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200 300 400 500 600 
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FIG. 8. Desorption spectra for saturation hydro- 
gen layer adsorbed on W (111) following exposure to 
increasing amounts of CO. To 'v 104 K. 

Curve 
CO exposure 

(X 10-e Torr s) 

HP coverage rela- 
tive to satura- 

tion coverage on 
clean W(ll1) 

a 0 1.0 
(pure hydrogen layer) 

b 0.17 0.95 

: 
0.62 0.83 

36 0.27 

104 K prior to adsorption of the saturation 
(monolayer) coverage of hydrogen. Ex- 
posure of the hydrogen covered surface to 
various exposures of CO preceded the flash 
desorption spectra. Figure 8a is the flash 
desorption spectrum for pure hydrogen ; 
the molecular y states and the 4 atomic p 
states reported previously (10, 11) are 
clearly evident. Following increasing ex- 
posure of the Hz covered surface to gaseous 
CO, two features are apparent in the hy- 
drogen desorption spectra of curves b, c, 
and d. Firstly, as CO coverage increases, 
the binding energy of the adsorbed hydro- 
gen decreases, and new structure appears 
in the range 200400K. Secondly, the hy- 
drogen coverage remaining on the surface 
decreases upon coadsorption of CO: for 
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curve d, only 0.27 monolayer of hydrogen 
remains after a CO exposure of 36 X 1O-6 
Torr s. In contrast to the H, + CO on 
w (100) results at -1lOK (16), CO 
rapidly displaces adsorbed hydrogen on 
W (111) at 104 K. This displacement pre- 
sumably occurs via a weakening of the 
hydrogen-metal bonds and a conversion to 
weakly bound hydrogen species which de- 
sorb rapidly at 104 K. For W (loo), es- 
sentially all of the weakly bound v states 
produced upon interaction of CO with ad- 
sorbed hydrogen remain “frozen in” on the 
surface at ~110 K, and loss of hydrogen 
by desorption at this temperature is slight. 

Thus, a comparison of flash dcsorption 
results for the W(lO0) and W(lll) planes 
indicates that there are clear crystallo- 
graphic and/or electronic effects which pro- 
duce differences in the interaction of pure 
H, and of CO + hydrogen on W (100) and 
W(lll). As will be seen, the influence of 
substrate crystallography on formaldehyde 
decomposition is less pronounced. 

E. H,CO on W(lll) at 104 K: 
Flash Resorption 

A series of desorption spectra for the 
desorption of hydrogen following adsorp- 
tion of H&O on W(lll) at various ex- 
posures is shown in Fig. 9. These spectra 
have some features in common with the 
H, desorption data from H,CO on W (100) 
shown in Fig. 3. As H,CO coverage in- 
creases, new peaks appear having lower 
binding energy (i.e., lower desorption peak 
temperatures). At the highest formalde- 
hyde coverage studied, curve e, two major 
peaks are apparent, at 2350 and +450K, 
which arc reminiscent of the two peaks 
seen at highest H,CO exposures on W( 100). 

There are clear differences between the 
H, desorption spectra from H, + CO and 
H, desorption from H,CO layers (Figs. 8 
and 9). From the Hz + CO coadsorption 
data, it is clear that CO causes appreciable 
displacement of the adsorbed hydrogen to 
lower binding energy states which desorb 
below T N 300 K ; the total hydrogen cov- 
erage decreases to as low as 0.27 mono- 
layer via CO displacement. In contrast, in- 
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PIG. 9. I)esorption spectra for hydrogen desorbed 
from II&N layers adsorbed on W(111) at !P, z 
104 K. Mms 2 ion cllrrent iq plotted vs crystal 
temperatllre. 

Hydrogen coverage, 0 
(relative to “pIire” H&O exposure 

Cllrve H? monolayer) (x 10-G Torr a) 

a 0.0:; 0.!5 
b 0.12 ‘2 4 
c 0.41 6.0 
(1 0.77 17 
e 0.81 :38 

creasing exposure of W (111) to H&O leads 
to a monotonic increase of hydrogen cov- 
erage which is present in binding energy 
states which desorb at T > 300 K (for 
Fig. 9, curve e, BH2 e 0.8 monolayer), This 
is strong evidence that, at least at higher 
coverages, the kinetics of liberation of H, 
from the H,CO layer are determined by 
the rate of thermal decomposition of the 
adsorbed H&O molecule or a related inter- 
mediate adsorbed species, and that H, does 
not arise from a simple mixture of H (ads) 
and CO (ads). 

A series of flash desorption spectra for 
CH, desorbed from H,CO layers adsorbed 
on W(lll) at +104K is shown in Fig. 10. 
Below a H,CO exposure of 27 x 1P 
Torr s, no CH, is liberated upon heating. At 
higher H,CO exposures, increasing amounts 
of CH, desorption are seen. Curve d of 
Fig. 10 shows the presence of two desorp- 
tion states for CH,: there is a major peak 
at +250K and a lesser peak at 2500 K. 
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FIG. 10. Resorption spect,ra for CHI desorbed 
from H&O layers adsorbed on W(lll) at To= 
104 K. Mass 15 (CH,+) ion current is plotted vs 
crystal temperature (K). 

H&30 exposure 
Curve (X 1OF Torr s) 

it 
8.2 
8.8 

4 
13 
35 

The broken curve is a desorption spectrum for CHd 
desorbed from a pure CH, layer adsorbed on W(ll1) 
[cf. Ref. (II)]. 

These are in the same temperature regions 
where two more distinct CH, peaks were 
seen from H,CO covered W( 100) in Fig. 4. 

Two desorption spectra for CO, desorbed 
from H&O layers adsorbed on W (111) at 
+ 104 K are shown in Fig. 11. The H,CO 
exposure necessary to produce measurable 
CO, evolution is 22 X lo-” Torr s. As in 
the case of W (100)) the dominant features 
in the desorption spectra are the sharp 
peak at ~130 K and a peak at 2550 K. In 
addition, a small peak at +280K is evi- 
dent in Fig. 11. We cannot exclude the pos- 
sibility that the sharp 130-K CO, peak 
originates from a small amount of impurity 
CO? present in our H&O which is phys- 
ically adsorbed on our surfaces at higher 
exposures. 

r I I I I I 
200 300 400 500 600 

T(K) 

FIG. 11. Resorption spectra for CO2 desorbed 
from an H&O layer adsorbed on W(lll) at TO ‘v 
104 K. Mass 44 ion current is plott,ed vs crystal 
temperature (K). 

Curve 
H&O exposure 
(X 1Om6 Torr a) 

T, 
36 
33 

- 

F. Comparison of Decomposition Product 
Yields on W(lOO) and W(111) 

Figures 12-14 are semilogarithmic plots 
of the various desorption product yields as 
a function of H,CO exposure on the two 
crystals. The most obvious difference be- 
tween the yields from the two crystals is 
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FIG. 12. Total yield of hydrogen desorbed follow- 
ing H&O adsorption on tungsten single crystals vs 
the H&O exposure (Torr s). Hydrogen desorption 
yield is expressed as the fraction of hydrogen de- 
sorbed relative to saturation coverage of pure Ha 
on the appropriate crystal. Adsorption temperatures 
were Ta ‘v 104 K [W(lll)]; TO = 110 K [W(lOO)]. 



FORMALDEHYDE ADSORPTION ON w SINGLE CRYSTALS 269 

H&O EXPOSURE (Tom SW) 

FIG. 13. &sorption yield of CHI following ad- 
sorption of HzCO on W(100) and W(lll) vs H&O 
exposure (Torr s). The desorption yield is expressed 
as the integral of flash desorption traces including 
those of Figs. 4 and 10 (A s). Adsorption tempera- 
tures were : 7; ‘v 104 K [W(Ill)!; 7’0 ‘v 110 K 
[W(lOO)!. 

the higher H&O exposure necessary to 
produce desorption of products from the 
W(111) crystal in comparison to the 
W (100). A possible cause for this difference 
is suggested as follows. Tamm and Schmidt 
(10) have found for pure hydrogen ad- 
sorption that the saturation coverage of 
H, on W(ll1) is 1.75 times greater than 
the saturation coverage on W (100). Thus, 
in the event of similar sticking probabilities 

H2C0 EXPOSURE (Torr set) 

FIG. 14. lIesorption yield of CO2 following ad- 
sorption of H,CO on W(lO0) and W(111) vs H&30 
exposure (Torr s). Resorption yield is expressed as 
the integral of flash desorption traces, including 
those of Figs. 5 and 11 (A s). Adsorption tempera- 
tures were: 2’” ‘v 104 K [W(lll)]; 7’1 ‘v 110K 
lw(loo)l. 

for H,CO on the two planes, it is possible 
that a higher H,CO exposure (and hence, 
a higher H,CO coverage) is necessary to 
produce the critical coverages on W (111) 
which lead to the appearance of CH, and 
CO, in thermal desorption. A sticking 
probability of H&O on W (111) smaller 
than that for H&O on W( 100) would pro- 
duct a similar effect; however, accurate 
sticking probability measurements in this 
system using conventional gas uptake mea- 
surements were impossible due to wall ef- 
fects involving H,CO. Furthermore, slight 
changes made between experiments in the 
crystal support and cooling assembly, as 
well as small differences in the ion gauge 
behavior (22) may have affected the ac- 
curacy of the intercomparison of exposure 
scales. 

G. Work Function Measurements During 
Adsorption of H,CO at ill0 K 
and 300 K 

An electron gun was used to measure the 
changes in the work function of the tung- 
sten single crystal surfaces during adsorp- 
tion of H,CO. The work function change as 
a function of H&O exposure on the sur- 
faces held at +I 10 K is shown in Fig. 15. 
The results on both crystal surfaces are 
quite similar; the work function initially 
increases above the clean surface value. 
The onset of the rapid decrease in work 
function change corresponds roughly to 
the threshold exposures for the appear- 
ance of CH, in the desorption spectra 
(see Fig. 13). Similar work function 
measurements previously reported (12) 
have demonstrated that a work function 
decrease below the clean surface value 
is not observed for coadsorbed mixtures of 
H, + CO on W( 100) at ~100 K. This fur- 
ther supports the view that the work func- 
tion decrease seen at high H,CO exposures 
is due either to undissociated H,CO or to 
the formation of complex adsorbed 
intermediates. 

The work function behavior dl>ring ad- 
sorption of H&O on W(100) and W(l11) 
at 300K is shown in Fig. 16. These results 
are qualitatively similar to the data of 
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FIG. 15. Work function changes as a function of 
H,CO exposure on W(lO0) and W(ll1) at -110 K. 

Fig. 15 and verify the stability of the ad- 
sorbed H&O and/or the complex inter- 
mediates even at 300 K. The limiting values 
of the work function changes are different 
at the two adsorption temperatures, pre- 
sumably due in large part to the lower 
saturation coverages at the higher adsorp- 
tion temperature. 

H. Field Emission Observations of 
H,CO Decomposition 

A field emission microscope containing a 
single crystal tungsten emitter and a phos- 
phor covered anode was att.ached as an ap- 
pendage to the vacuum system used in these 
studies; it has been described previously 
(16). Our primary interest in using the 
field emission microscope was in a search 
for a residual oxygen or carbon layer fol- 
lowing the adsorption and thermal decom- 
position of H,CO. Two types of field emis- 

H+O EXPOSURE (Torr set) 

FJG. 16. Work function changes as a function of 
II.+20 exposure on W(lO0) and W(lll) at 300K. 

sion experiments were performed. With the 
emitter initially held at 300 K with a back- 
ground pressure of 2 X 1O-8 Torr of H&O 
present, the emitter was flashed clean (2500 
K), then cooled to adsorb H&O. Upon re- 
peated heating to +1650K, no residual 
decomposition product was visible: the field 
emission pattern from the heated emitter 
appeared clean. H, and CO are readily de- 
sorbed below 1650K, but carbides and 
oxides would be stable to 2000K or above. 
The emitter was then cooled to ~77 K and 
dosed with H&O for an exposure of 21 X 
10m5 Torr s. After reducing the H&O back- 
ground pressure, the emitter was rapidly 
heated to 41650 K and a “crossbones” pat- 
tern indicative of adsorbed oxygen was 
seen (25) ; this pattern was stable until the 
emitter was heated well above 2000 K. The 
conclusions from these experiments are: 
(a) At low H&O exposures, the H&O de- 
composes and desorbs cleanly (as H, and 
CO) upon heating, leaving no oxygen or 
carbon residue; (b) At high H&O ex- 
posures, a small residual oxygen coverage 
remains on the surface after heating. Un- 
fortunately, the persistent presence of a 
small amount of CO, as a gaseous con- 
taminant following high H,CO exposure 
cannot be definitely excluded as the source 
of the residual oxygen layer on the heated 
sample ; it is known from field emission 
(24) and flash desorption (15) measure- 
ments with pure CO, on tungsten that dis- 
sociation to CO (ads) and 0 (ads) occurs. 

IV. DISCUSSION 

A. Thermochemistry of H,CO Adsorption 
and Decomposition 

As an aid to understanding the decom- 
position of adsorbed H,CO on tungsten, it 
is of interest to consider the thermochem- 
istry of H,CO and its decomposition 
products (25). Consider the following gas 
phase reactions: 

2H,CO(g) + CO&) + C%(g), (1) 
H&O(g) --f Hz(g) + CO(g). (2) 

Reaction (1) is strongly exothermic with 
a reaction heat of AEP(~'I = - 60.04 kcal/ 
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mole of products. Reaction (2) is only 
slightly exothermic with a reaction heat, 
AHo (2) = - 0.47 kcal/mole. Both reactions 
exhibit a negative AGo at 298 K. 

In order to assess the thermochemically 
different reaction paths on the surface, the 
heat of adsorption of the molecules must 
be known. Consider the alternate decom- 
position paths for adsorbed H,CO: 

ZH&O(a) 4 CO*(a) + CHda), (3) 

2H,CO(a) + 2H2(a) + 2CO(a). (4) 

Gas phase thermochemical data (25), along 
with zero coverage heats of adsorption (or 
desorption) were used as follows: 

-aIT, = 32 kcal/mole (4, 5), 

-aH,(CO) = 93 kcal/mole (15), 

-AH,(CH~) = 7.5 kcal/mole (11, f6), 

-aH,(CO,) = 109 kcal/mole (26). 

The first three values correspond to low 
coverage thermal desorption energies from 
W(100). The heat of adsorption for CO? 
on a W film is a calorimetric value; it ap- 
pears that CO, in fact dissociates at low 
coverages to CO (a) + 0 (a) on W. Un- 
fortunately, the heat of adsorption for 
H,CO on W is not available. Using these 
values, the heats of reaction at low H&O 
coverages on W for reactions (3) and (4) 
are given by: 

Aff(3) = -2AH,(H,CO) + AHo + AH,(CHb) 

+ Affa(COd 

= -2AH,(H&O) - 177 kcal. 

AH(4) = -2AH,(H$O) + 2[Ai?(2) + AH,(H,) 

+ AHo( 

= -2AH,(H&O) - 251 kcal. 

If the heat of adsorption of H,CO is less 
than 89 kcal/mole, then at low coverages 
both processes are exothermic ; the exo- 
thermicity of reaction (4) is greater than 
that of reaction (3) by 74 kcal. It appears 
from our experimental thermal desorption 
data that on both W(lO0) and W (111) at 
low H&O coverages reaction (4) is favored 
on kinetic grounds. 

As the coverage of adsorbed species is 
increased, the heat of adsorption of the 
various species will decrease. Consideration 

of the possible variations in AH, for the 
various species (4, 5, 11, 12, 15) indicates 
that the exothermicity difference between 
reactions (3) and (4) will probably de- 
crease, but both processes will remain exo- 
thermic and probably thermodynamically 
possible. Thus, thermodynamic exclusion 
of reaction (4) at higher coverages is not 
likely ; instead we must postulate that as 
coverage increases, steric crowding factors 
induce the formation of new kinds of ad- 
sorbed intermediates other than H (ads) and 
CO (ads) and these intermediates liberate 
both CR,(g) and CO,(g) upon heating. 

B. Kinetics of H,CO Decom.position 
on Tungsten 

At low H,CO exposures and coverages, 
t,he following experimental evidence sup- 
ports a model of low temperature dissoci- 
ative adsorption of H,CO on tungsten to 
yield H (ads) + CO (ads) : 

1. H, and CO are the only dcsorption 
products; mixtures of H (ads) and CO (ads) 
also yield only H, and CO upon desorp- 
tion (12). 

2. H, dcsorption states resemble (in their 
desorption temperature range) the hydro- 
gen states produced by coadsorption of CO 
and H, on W(100) (12). 

3. The work function rises during early 
stages of H,CO adsorption; this is also seen 
for mixtures of H(ads) and CO(ads) on 
W(100) (12). 

,4t’ higher H&O exposures however, a 
number of new experimental features arc 
observed which indicate that at higher cov- 
erages a new kind of adsorption complex 
is produced, i.e., HCO(ads), H,CO (ads) or 
more complex associated species. Surface 
complex formation at’ higher coverages is 
indicated by the following observations: 

1. CH, and CO, are new products of de- 
sorption, never seen from mixtures of 
H (ads) and CO (ads) (12). 

2. CH, desorbs from the H&O layer at 
temperatures several hundred degrees 
higher than the dcsorption temperature for 
pure CH, adsorbed alone on tungsten (11, 
16). The rate controlling step in CH, de- 
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sorption is apparently the decomposition 
of surface complexes. 

3. H, desorption behavior departs from 
that observed with H (ads) and CO (ads) 
mixtures. A new desorption peak above 
400 K is observed at higher H&O exposures 
on W (100)) and is not seen for mixtures of 
H (ads) and CO (ads). 

4. The work function passes through a 
maximum and at higher H,CO exposure 
falls sharply; this is not seen for mixtures 
of H(ads) and CO(ads) on W(100) (12). 

5. The H, coverage from H,CO increases 
monotonically on W(lll) as exposure is 
increased; in contrast, H(ads) can be dis- 
placed by CO at 104 K on W(lll). 

6. At high H,CO exposures on W(100) 
at 273 K, significant quantities of H, are 
observed upon flash desorption ; in contrast, 
H (ads) can be completely displaced by CO 
at 273 K on W(100) (121. 

C. Kinetics of Desorption of H&O 
Decomposition Products 

All of the desorption spectra correspond- 
ing to desorption of H, and CH, from high 
exposures of H,CO on W(100) and W(lll) 
have one feature in common: the distinct 
desorption peaks observed are too broad to 
be explained by simple first or second order 
desorption mechanisms with “normal” pre- 
exponential terms and constant desorption 
energies. For a simple desorption process, 
the rate of desorption may be expressed as 

du 
- - = 

dt 
ffV,e -E,IRT 

where v is the coverage of the species in 
question (atoms or molecules/cm2), v is 
the preexponential term, Ed is the desorp- 
tion activation energy, R is the gas con- 
stant, T is temperature (K), and n is the 
desorption order (n = 1 for first order de- 
sorption ; n = 2 for second order desorp- 
tion). The functional form of desorption 
spectra for first or second order desorption 
processes during a linear increase of tem- 
perature with time has been discussed pre- 
viously (27,18). A good example of a nearly 
ideal first order desorption spectrum is 
provided by the p1 state of hydrogen de- 
sorbing from W (100) [see Fig. 2a and Refs. 

(4, 5) 1. The p1 peak is quite sharp, having 
a full width at half maximum of (AT%) N 
40 K. 

In order to compare the present experi- 
mental data with model calculations of de- 
sorption spectra, we will examine the de- 
sorption of CH, from H&O adsorbed on 
W (100) (see Fig. 4). Physically adsorbed 
CH, on W (100) desorbs with first order 
kinetics [see broken curve, Fig. 4 and Ref. 
(16) 1 and we assume, for the sake of the 
calculations, that CH, desorbs from an 
H,CO layer following first order kinetics. 
Model calculat.ions of simple first order 
desorption spectra having peaks located at 
280 and 505 K yield the results shown in 
Table 1. Assuming knowledge of both the 
peak temperature and v yields values of 
Ed and AT,. It is clear that the AT, values 
for the experimental peaks illustrated in 
Table 1 are much too large to be explained 
by first order desorption with a normal 
(10 l3 s-l) preexponential term. Similar con- 
clusions may be drawn regarding the de- 
sorption of the other decomposition prod- 
ucts of H&O. 

A variety of reasons may be advanced to 
explain the large AT, values. Large en- 
tropy decreases accompanying the forma- 
tion of the desorbing molecule would cause 
a drastic decrease in Y and a corresponding 
increase in AT,. Complex surface kinetic 
processes might also be expected to affect 

TABLE 1 
MODEL CALCULATION OF KINETIC PARAMETERS 

FOR FIRST ORDER DESORPTION 

First, order Model calculations 
desorption Experi- 
peak posi- mentala Ed 

tion T, AT112 (kcal/ 

!W W) mole) Y(S’) ATdK) 

280 150 16.2 1 x 10la 26 
9.9 1 x 108 36 
4.2 1 x loa 72 

505 130 29.9 1 X 10la 42 
18.9 1 x 108 64 
8.5 1 x 103 127 

a Data taken from desorption spectra of Fig. 4 
corresponding to desorption of CHI from adsorbed 
H&O. 
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the apparent desorption kinetics, particu- 
larly if the rate-controlling step for de- 
sorption is really decomposition and/or 
diffusion. These latter effects are to be ex- 
pected in view of the complexity of the 
H,CO desorption products. Overlapping, un- 
resolved substates or coverage-dependent 
activation energies as well as higher order 
desorption kinetics would cause broadened 
desorption peaks. Attempts to characterize 
the desorption of the H,CO decomposition 
products by idealized single-process rate 
laws are simply not appropriate. 

I). The Nature of the Surface Complex 
Produced by H,CO Adsorption 
on Tungsten 

The following properties of the surface 
complex have been observed: 

1. The complex possesses a positive di- 
pole oriented outward from the surface, 
leading to a work function decrease. 

2. The complex yields methane in two 
desorption stages at about 300 and 500 K 
during programmed heating. 

3. The complex yields H, in two desorp- 
t’ion stages at about 300 and 500 K during 
programmed heating. 

4. The complex yields CO, in a high 
temperature desorption stage above 
+500 K. 

WC cannot be specific about the struc- 

ture of the surface complex formed at 
higher coverages in the presence of H (ads) 
previously generated by fragmentation of 
H&O at lower coverages. Structures such 
as 

H&--O.. . .C--0 

\? Fir 

(61 

vl 4. 

or 
H-C-(‘).. .C-(j 

IL& vl & 

(7) 

could be subject t’o attack by H(ads) to 
yield CO,(ads) plus either CH,(ads) or 
CH, (ads). Further attack during heating 
could then lead to CH, (g) and CO,(g) 
evolution. Since the maximum Hz evoIu- 
tion and CH, evolution rates seem to occur 
together in two stages, it may be that 
H (ads) availability or mobility may be 
rate determining in the production of both 
CH, (gj and H?(g) The surface-catalyzed 
combination of species such as CH,(ads) 
could then lead to the small yields of C&H, 
or higher hydrocarbons. 

The field emission evidence showing that 
a carbon residue does not remain on tung- 
sten following H,CO decomposition sug- 
gests that very reactive carbon-containing 
species are involved; the reactivity of these 
species with H(ads) is postulated to result 
in desorption of CH, before carbide forma- 
tion becomes possible at elevated temper- 

ELECTRON DENSITY 
CONTOUR AT 
0.1265 e/(a.uJ3 

CONTOUR 

W(III) FORMALDEHYDE W(lO0) 

ok-E-3 
A 

Fro. 17. Models of structure of t,ungsten crystal planes and two views of the H&O molecllle (28). The 
t,opmost plane of t,ungsten atoms is indicated by the dark circle. 
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TABLE 2 
COMPARISON OF HcCO ADSORPTION BEHAVIOR ON W(lO0) AND W(lll) 

Experimental feature W(100) W(ll1) 

Products of desDrption at low H&O coverage 
New products of desorption at high H&O coverages 
Number of H, desorption stages above 200 K at highest H&O 

coverage 

HP+CO Same 
C& + COz Same 

Two Two 

Maximum number of stages of H: desorption above 200 K at inter- 
mediate H&O coverages 

Three Three 

Comparison of Ha deeorption spectra from medium coverages of Good qualitative 
H&O with spectra from mixtures of Hz and CO correlation 

Number of CHd desorption stages above 200 K at highest H&O Two 
coverage 

Poor qualitative 
correlation 

Two 

Number of CO* desorption stages at highest H&O coverage Three Three 
Contribution of lowest temperature COz state compared to ot,her Small Approximately 

states equal 
Double plateau in Hz yield vs exposure Yes YeS 
Work function behavior at low H&O exposures A4 > 0 A4 > 0 

A4mmax = +0.2 V A&,,,, = +0.13 v 
Work function behavior at high H&O exposures A4 < 0 A4 < 0 

atures, as studied in a previous investiga- 
tion (16). 

E. Comparison of the Chemistry of 
Formaldehyde Decomposition on 
the Two Crystal Planes of 
Tungsten 

In Fig. 17 is shown the structure of the 
two W crystal planes studied in this work, 
along with a representation of the shape 
and size of the free H&O molecule (28). 
Because of the approximate trigonal sym- 
metry about the C atom in H&O, it was 
expected that the threefold symmetric 
W(lll) plane would exhibit different ac- 
tivity and perhaps produce different prod- 
ucts with H,CO when compared to W (100). 
In fact, as shown in Table 2, there are a 
large number of qualitative similarities ob- 
served for the two planes, indicating that 
in this case surface crystallography plays 
a secondary role in determining the chem- 
ical and electronic behavior of H&O during 
adsorption. Our experiments are probably 
observing the intrinsic properties of surface 
complexes which are similar on both planes. 
In contrast to this, the desorption behavior 
of pure hydrogen layers is very character- 
istic of the tungsten plane involved as can 
be seen by comparing Figs. 2a and Sa. 
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