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The decompositions of methanol, formaldehyde, and formic acid were studied on a nonpolar 
(lOlO), a stepped (50?11), and a Zn polar (0001) surface by temperature-programmed decomposition. 
The decomposition products on the (1010) and the (5071) surfaces were similar, but the coverage 
and the amount of products were consistently higher on the (5051) surface. On these two surfaces, 
methanol decomposed in two pathways. In one pathway, dissociatively adsorbed methanol decom- 
posed into methane and adsorbed oxygen at 150°C. In the other pathway, the methoxide was 
oxidized to a surface formate-like species which decomposed at 380°C into CO, COz, H2, and HzO. 
Formaldehyde and formic acid also decomposed via the surface formate. Thus the decomposition 
of methanol and formaldehyde was accompanied by surface reduction. No coverage dependence of 
product distribution was observed. On the Zn polar (0001) surface, methanol decomposed in two 
competitive pathways via a common formaldehyde intermediate. In one pathway, dehydrogenation 
of formaldehyde to CO occurred. In the other pathway, oxidation by lattice oxygen to a formate 
intermediate occurred which eventually decomposed into CO, COz, Hz, and Hz0 above 400°C. The 
competition between dehydrogenation and oxidation depended on the coverage such that dehydro- 
genation was more favored for higher coverages. Within the dehydrogenation pathway, the selec- 
tivity for formaldehyde versus CO was lower for higher coverages. Within the oxidation pathway, 
the selectivity for CO versus CO2 increased with higher coverages. Formaldehyde and formic acid 
also decomposed via the formate intermediate. The desorption of all decomposition products was 
reaction-limited except for water which was desorption-limited. The results indicated that the 
(0001) surface is more metallic in its behavior than the (1010) and (SO?l) surfaces. Comparison of 
the desorption temperatures of different compounds suggests that at room temperature, alcohols 
adsorb molecularly on the (0001) surface, but dissociatively on the other two surfaces. On the 
(OOOl), comparison among methanol, ethanol, and isopropanol suggests that the ease of dehydro- 
genation parallels the strength of the oc.n bond. 

INTRODUCTION methanol from the nonpolar (lOTO), the 
stepped (4041) and (5051), and the Zn polar 

The chemical properties of single crystal (0001) surfaces of ZnO (3-5) (Fig. 1). The 
metallic surfaces have been extensively in- behavior of the stepped surfaces in CO and 
vestigated in the past 15 years (1). It is CO2 desorption is interesting in that they 
found that in many instances, different behave like the flat nonpolar surface in CO2 
crystal faces exhibit different properties. desorption, but like the Zn polar surface in 
Similar studies on oxide single crystal sur- CO desorption. Desorption of methanol is 
faces have been primarily limited to SrTi03, accompanied by decomposition. On the 
TiOz, and ZnO (2, 3). We have recently (10x0), (4041), and (5051) surfaces, the de- 
employed temperature-programmed de- composition products are methane, CO, 
sorption and reaction to study the adsorp- CO2, and Hz. On the (0001) surface, the 
tion and desorption of CO, C02, 02, and products are formaldehyde, CO, CO*, HZ, 

and Hz0 (5). Furthermore, it was found 
’ To whom correspondence should be addressed. that within experimental uncertainties, the 
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FIG. 1. Schematic representation of the different 
ZnO surfaces. The top surface is a stepped (n o ii 1) 
surface. The top surface without the step would be a 
(lOTO) surface. The vertical surface on the right is the 
(0001) surface. 

ratios of the decomposition products are 
the same on the (1010) and the stepped sur- 
faces. However, the fraction of desorption 
products being decomposition products is 
higher on the surface with a higher step 
density, and is very small on a stoichiomet- 
tic (1010) surface (4, 5). From this, it was 
concluded that the presence of defects is 
important for the decomposition activity. 

We report here the results of the study on 
the mechanism of the methanol decomposi- 
tion reaction on these surfaces. The mecha- 
nism is deduced from comparison among 
the decomposition reactions of methanol, 
formaldehyde, and formic acid. Hopefully, 
understanding the methanol decomposition 
reaction would shed light on the methanol 
synthesis reaction since they are related by 
the principle of microscopic reversibility, 

Since the behavior zf the stepped (505 1) 
and the nonpolar (1010) surfaces in these 
reactions is very similar except for the de- 
composition activity, it is reasonable to as- 
sume that the reaction mechanisms are 
identical on these surfaces. Thus most of 
the studies were performed on the (5031) 
and the (0001) surfaces. Results from these 
surfaces will be compared. From these 
results and other relevant results from 
other studies, a conclusion regarding the 
variation in chemical properties of the dif- 
ferent surfaces will be presented. 

The (5031) and the (1010) surfaces will be 
collectively referred to as the nonpolar sur- 
face unless distinction is necessary. 

EXPERIMENTAL 

Experiments were conducted in a con- 
ventional ultrahigh vacuum chamber 
equipped with Auger and LEED optics and 
a UT1 quadrupole mass spectrometer as de- 
scribed before (3-5). Zinc oxide single 
crystals were insulating samples purchased 
from Atomergic Chemicals. They were first 
aligned by X-ray Laue backscattering and 
then mechanically polished. The direction 
of the c-axis was determined by etching. 
The back and the edge of the samples were 
covered with gold by sputter deposition. 
The crystal faces being studied were about 
6 x 6 mm2. The surfaces were cleaned and 
annealed by repeated cycles of sputtering 
and annealing. The (1010) and the (0001) 
surface were annealed at 500°C for 60 min 
each time, and the (5031) surface was an- 
nealed first at 650°C for 30 min, and then at 
500°C for 20 min. Details of the preparation 
have been reported (3, 4). 

As reported before (3, 4), the LEED pat- 
terns of they surfaces showed a 1 x 1 pat- 
tern for (101_0), a 1 x 1 pattern with split 
spots for (5051), and a sixfold “1 x 1” pat- 
tern with no discernable splitting of spots 
for (0001). Auger gpectroscopy showed 
clean surfaces of (1010) and (5051). For the 
(0001) face, trace amounts of C, S, and Cl, 
but no K, were detected. Temperature-pro- 
grammed decomposition (TPD) results 
from this surface compared well with those 
of another (0001) surface from another sam- 
ple which showed the presence of K impu- 
rity but nothing else (5). After the initial 
cleaning and ordering, reproducible results 
were obtained from the nonpolar surfaces 
immediately. For the (0001) surface, about 
3 or 4 experiments had to be performed be- 
fore reproducible TPD results were ob- 
tained. However, LEED or Auger analysis 
did not indicate any observable changes ex- 
cept perhaps for a slight increase in the 
LEED background intensity. Reproducible 
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results were obtained immediately after 
subsequent sputtering and annealing. 

The crystals were heated at the back by 
radiation from a tungsten filament. The 
temperature was measured with a thermo- 
couple pressed by its own tension onto the 
front face of the crystal. Although this 
method does not guarantee that the correct 
temperature is read, it was found that the 
temperature-programmed decomposition 
(TPD) peak temperatures were reproduc- 
ible on the (1010) and the (0001) surface 
from sample to sample, and on the same 
sample among different mountings. On the 
(5051) surface, however, the temperature 
reading seemed to be more sensitive to the 
thermocouple position. In the earlier exper- 
iments, shifts in TPD peaks from one ther- 
mocouple mounting to another was ob- 
served although the order of the peaks and 
their areas were independent of the shift. 
This problem of peak position shift was 
later solved by critical positioning of the 
thermocouple. 

CD,OD, CH,OD, DZCO, and DCOOD 
were purchased from Merck. They were 
+98 or +99% pure in the deuterium con- 
tent. They were purified by vacuum distilla- 
tion a few times, followed by several 
freeze-thaw cycles. Adsorption was 
achieved by dosing the desired compound 
directly onto the sample surface via a stain- 
less-steel doser as described before (4, 5). 
During dosing, the background pressure 
typically increased to 1 to 2 x 10d9 Torr (1 
Ton- = 133.3 Pa). The effective pressure at 
the surface was probably 10 to 100 times 
higher. The desorption characteristics of 
the surfaces studied did not depend on 
whether or not the nude ion gauge was 
turned on during adsorption. 

Adsorption was achieved at room tem- 
perature. A typical exposure was for 20 s. 
In runs using different coverages, the expo- 
sure varied from 0.1 x lop9 Torr (back- 
ground pressure) for 2 s to 5 x lop9 Torr for 
20 s. After adsorption, the chamber was 
evacuated for 2 min during which the fila- 
ment of the mass spectrometer was mo- 

mentarily flashed to get rid of adsorbates on 
the filament. Desorption was then per- 
formed with the sample facing the mass 
spectrometer. The heating rate was 10°C 
s-l up to 550°C at which temperature the 
sample was held for about 1.5 min. This 
procedure resulted in complete desorption 
of all surface species as determined by Au- 
ger spectroscopy. Even after weeks of ex- 
perimentation, no detectable increases in 
C, S, or K (the typical impurities) were ob- 
served. There were no desorption peaks be- 
yond 550°C (up to 600°C). Cooling from 
550°C to room temperature took about 1 h. 
If a blank desorption was performed after 
this, the only major peak observed was that 
of water which will be described later. 

The cracking patterns of the samples 
used were obtained by scanning the mass 
spectrometer from m/e = 1 to 70. These 
patterns are shown in Table 1. They were 
used for analysis of the TPD results and to 
show the absence of impurities in the sam- 
ples. However, it was found that there was 
hydroxyl exchange taking place at the de- 
tector of the mass spectrometer. For exam- 
ple, the gas phase cracking patterns of 
CD,OD, CH,OD, and DCOOD also 
showed cracking patterns of CD,OH, 
CH,OH, and DCOOH, respectively. That 
the detection of OH compounds was due to 
hydroxyl exchange at the mass spectrome- 
ter was confirmed by a combination of sev- 
eral observations. Analysis of the liquid 
samples of CD30D and CH30D with proton 
NMR did not detect any OH species. The 
amount of exchange was not affected by 
baking out the gas-handling manifold out- 
side the vacuum chamber or the vacuum 
chamber itself, but was affected by the time 
the mass spectrometer filament was turned 
on. It also depended on the nature of the 
previous experiments. Finally, the absence 
of such exchange for CD20 and CD4, and 
the exchange of protonated compounds 
(CH,OH, HCOOH, H20) into OD com- 
pounds also supported the assignment. 
Such hydroxyl exchange has been reported 
by others (6). 
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As mentioned, the extent of hydroxyl ex- 
change at the mass spectrometer varied 
with time. In the data reported, the peak 
intensities of the OD samples were cor- 
rected for the hydroxyl exchange using the 
best estimate of its extent at the time of the 
experiment. For example, in experiments 
using CD30D on the (5051) surface, the 
amount of CD30D desorbed was measured 
as the area under the m/e = 34 (CD*OD+) 
peak multiplied by 200% to account for the 
fact that about 50% of the desorbed CD30D 
was detected as m/e = 33 (CD,OH+). 

The peak areas reported in the tables are 
for data obtained with the sample facing the 
mass spectrometer. If the sample faced 
away from the mass spectrometer, the peak 
size typically was reduced from 50 to 70%, 
except for H2 and DZ, which did not seem to 
decrease in size. Thus the mass spectrome- 
ter signals reported are not entirely due to 
direct flux from the sample. Since the be- 
havior of all the peaks except H2 and D2 
were similar, the relative amounts of the 
products were proportional to the relative 
peak areas after correction for the relative 
sensitivities. 

The mass spectrometer sensitivities were 
determined for Hz, D2, H20, CO, and CO2 
by leaking the appropriate gas individually 
into the chamber and measuring the corre- 
sponding mass spectrometer intensity. The 
pressure of the gas in the chamber was 
measured by an ion gauge. The introduc- 
tion of one gas usually resulted in increase 
of the partial pressures of the other gases 
due to displacement. This effect was cor- 
rected for in the calculation of the partial 
pressure of the gas from the ion gauge read- 
ing, which was further corrected for the dif- 
ferent ionization cross sections of different 
gases. The sensitivities were HZ, 7.2 A/ 
Torr; DZ, 7.2, H20, 5.5; CO, 7; and COz, 5. 
From these, the relative sensitivities were 
calculated and were found to be similar to 
those obtained using the formula of Ko et 
al. (7), which gave HZ, 0.55; DZ, 0.66; H20, 
1.2; CO, 1; and COz, 1.4. 

If the ZnO sample was replaced by gold, 

no desorption peaks were detected using an 
otherwise identical procedure. Thus these 
results were not affected by desorption or 
reaction on places other than the sample. 

RESULTS 

As mentioned, the behavior of the non- 
polar (1010) surface and the stepped (5051) 
surface in these reactions were similar ex- 
cept for the larger amount of decomposi- 
tions from the (5051) surface. Therefore, 
unless necessary, results from only the 
(5071) and the (0001) surfaces are pre- 
sented. 

The TPD spectra was obtained by moni- 
toring the relevant masses which represent 
various cracked fragments of various spe- 
cies. From these raw data and the cracking 
patterns of Table 1, the amounts of various 
species were determined. A sample of the 
raw data and a description of its treatment 
is presented in Appendix 1. 

Results for the (50?1) Surface 

Adsorption and desorption of water. The 
TPD profile of water adsorbed from the 
background is shown in Fig. 2a. A single 
peak at about 135°C was observed. It was 
not displaced by adsorption of methanol, 
formaldehyde, or formic acid. Its presence 
appeared to have no effect on the other 
molecules. 

CH,OD decomposition. A typical TPD 
profile of CH30D decomposition is shown 
in Fig. 3a. Two groups of products were 
observed. The group of peaks at 380°C was 
assigned to CO, C02, and H2. Only H2 was 
found to desorb. Table 2 lists the typical 
peak area ratios of these species. Because of 
a higher background for HZ, the uncertainty 
for this peak was much larger than that for 
CO, which was larger than that for COz. 
This is reflected in a much larger variation 
in the H2 area than in other species. The 
situation was improved for other adsor- 
bates of higher coverages which yielded 
larger signals. Finally, the noise level in the 
data made the detection of small amounts 
of water impossible. 
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0 100 200 300 400 x)0 

Tamp C 

FIG. 2. Desorption spectra of water. Curve a: back- 
ground adsorption on a (5051) surface; curve b: satura- 
tion coverage on a (0001) surface; curve c: background 
adsorption on a (0001) surface. 

The group of peaks at about 150°C were 
assigned to undecomposed CH30D and 
methane. A water peak at 135°C that is not 
shown (see Appendix 1) was from adsorp- 
tion of background water on cooling. The 
methane peak was a product of methanol 
decomposition. Its intensity did not corre- 
late with the adsorbed background water in- 
tensity, suggesting that the latter does not 
affect the methane formation. As explained 
in the Appendix, the uncertainty in the m/e 
= 16 and 17 intensities did not permit quan- 
titative determination of H/D isotope distri- 
bution in methane. Finally, we have looked 
for but did not find methyl formate, di- 
methyl ether, formaldehyde, and glycoalde- 
hyde. 

From the known pumping speed of the 
system and the mass spectrometer sensitiv- 
ities, the surface coverage of methanol was 
estimated from the desorption peak areas to 
be about 1% of a monolayer (1 monolayer = 
6 x 1014 molecules/cm*). 

To check whether methanol decomposi- 
tion on the (5051) surface involved surface 
reduction, a series of CH30D decomposi- 
tion was performed starting from a stoi- 

chiometric surface. The surface was made 
stoichiometric (5) by using a procedure 
based on the work of Giipel and co-workers 
(8-10) of annealing for 20 min at 400°C in 1 
x 10m6 Torr 02, cooled in 02, and then 
flashed to 500°C to remove any adsorbed 
02. In each of these experiments, the meth- 
anol exposure was kept constant. After 
each desorption, the crystal was cooled to 
room temperature, exposed to methanol, 
and subjected to another desorption. The 
high temperature C02/C0 + CO2 peak ra- 
tios are plotted in Fig. 4, curve a, for each 
run. It was found to decrease with run num- 

Temperature C 

0 Km 200 300 400 600 600 

Temperature C 

FIG. 3. TPD profile of methanol, temperature ramp 
10 K s-l. (a) CH,OD from (5031) surface, the CH30D 
peak is the m/e = 32 peak. (b) CH,OH from (0001) 

surface at saturation coverage. 
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TABLE 2 

Peak Area Ratios of the High Temperature Decomposition Products from a (5031) Surface. 

Surface Adsorbate co2 
areaa 

Relative areas 

HdW’ co HLWW) Exposured 

(SOSl) 

(lOi0) 

Averageg 

(5051) 

Averagea 

(5031) 

Average8 

CH30H 

CH,OD 
CH30D 

CHIOH and 
CH,OD 
CD10 

2.64 
2.69 
3.9 
3.2 
9.31 
9.45 

9.25 
9.94 
8.27 

12.42 
11.77 
7.02 
6.66 

DCOOD 88.0 
79.8 
38.9 
61.5 
55.7 

0.83 0.66 I 
0.51 0.84 1 
1.38 0.76 1 
0.38 0.49 I 
f  0.53 1 

0.92 J 1 
0.73 0.67 I 

co.5 +0.3 
f  0.71 I 
f 0.77 I 
f 0.64 I 

0.67 0.74 1 
0.68 / I 
f 0.65 I 
f 0.51 I 

0.63 0.73 1 
20.20 20.06 

0.48 0.73 1 
0.41 0.74 1 
0.38 0.77 1 
0.52 0.81 1 
0.46 0.77 1 
0.47 0.78 I 

20.41 to.09 

0.14 
0.21 
0.17 
0.21 
0.21 

0.18 
0.19 

20.04 
0.22 
0.23 
0.20 
0.23 
0.23 
0.22 

iro.04 

215 x 10m9 
513 x 10-9 

1012.3 x lOmy 

10/2 x 10-g 
10/2 x 10-y 

10/.5 x 10-y 
IO/l x 10-g 
1012 x 10-g 
518 x 10m9 

1012 x 10-y 
1012 x 10-g 
1012 x 10-9 

6012 x lO-9 
3012 x lOmy 
10/l x 10-g 
20/2 x 10-g 
10/2 x 10-Y 

u The CO* areas are in arbitrary units. 
b Hz for compounds CHjOH and CH30D, D2 for CD20 and DCOOD. Hz was taken as the sum of the areas 

under m/e = 2 and 3, both of which were measured. Dz was taken as m/e = 4, multiplied by 120% to account for 
H-D exchange at the mass spectrometer. 

c Hz0 for compounds CHjOH and CH30D, D2 for CD20 and DCOOD. D20 was taken as the area of m/e =20, 
multiplied by 150% to account for H-D exchange at the mass spectrometer. 

d Exposure is expressed as time (s)/background pressure (Torr). 
e These areas are uncorrected for the relative mass spectrometer sensitivities. 
’ These values were not determined. 
6: These are average of more data than are shown. 

ber, suggesting that the surface is being re- 
duced. 

If methanol was adsorbed at 230°C when 
the surface was free of adsorbed water, 
subsequent desorption yielded the same 
high temperature products. Thus the ad- 
sorbed background water had no effect on 
the decomposition reaction. 

CD20 decomposition. The product distri- 
bution in CD20 decomposition on a (5031) 
surface is shown in Fig. 5a. Undecomposed 
CD20 desorbed at 130°C. At 380°C the de- 

composition products of CO, C02, D2, and 
D20 were desorbed. The amounts of these 
decomposition products are listed in Table 
2. The peak areas were about four to five 
times larger than those from methanol. 

The possibility that formaldehyde de- 
composition resulted in surface reduction 
was investigated in a similar manner as for 
methanol. Thus a stoichiometric surface 
was first prepared. Consecutive desorption 
of CD20 was then performed. The variation 
of the CO,/(CO + CO*) peak area ratio with 
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DCOOD and HCOOH decomposition. 
The product distribution in DCOOD de- 
composition on a (5031) surface is shown in 
Fig. 6a. No undecomposed formic acid de- 
sorbed. The decomposition products of 
COz, CO, DZ, and D20 desorbed simulta- 
neously at 380°C. The following species 
were looked for but not found: methyl for- 
mate, formaldehyde, methanol, methane, 
dimethyl ether, and glycoaldehyde. The ra- 
tios of the various products are listed in Ta- 
ble 2. Using HCOOH, the_ decomposit@n 
was studied on both a (1010) and a (5051) 
surface. The decomposition products and 
temperatures were the same on both sur- (0001) surface at saturation coverage. 

0 100 200 300 400 500 600 

TEMPERATURE C 

FIG. 5. TPD profile of CD*O. (a) (5031) surface; (b) 

AKHTER ET AL. 

faces, and very similar to DCOOD decom- 
position. The amount of decomposition 
products from a (5051) surface were about 
twice that from a (1010) surface. 

The possibility that formic acid decom- 
position resulted in surface reduction was 
investigated in a manner similar to that 
used for formaldehyde and methanol. Thus 
consecutive desorption was performed 
starting with a stoichiometric surface and 
the resulting CO&O + CO2 ratios are 
shown in Fig. 4, curve c. Unlike the data 
for methanol and formaldehyde, these ra- 
tios did not show a systematic decrease 
with run number. Similar conclusions could 
be drawn for other ratios. 

I 0-l ‘A 
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FIG. 6. TPD profile of formic acid: (a) DCOOD on a 
(SOjl) surface; (b) HCOOH on a (0001) surface at satu- 
ration coverage. 

composition products for formic acid, for- 
maldehyde, and methanol are shown in Ta- 
ble 2. 

Coverage dependence of product distri- 
bution. Because of the low coverages in- 
volved in these experiments, the coverage 
dependence was investigated only over a 
limited range. As can be seen from the typi- 
cal data shown in Table 2, there does not 
appear to be a strong coverage dependence 
for any of the three compounds studied. 

Results for the (0001) Surface 

Adsorption and desorption of water. Fig- 

ure 2 shows the desorption spectra of wa- 
ter. Two desorption peaks, (Y and j3 were 
observed. A comparison between curve b 
for a saturation coverage and curve c for 
background adsorption shows that inten- 
tional exposure of the surface to water re- 
sulted in a much larger desorption peak (Y 
and a somewhat larger peak p. The temper- 
ature at peak maximum of the (Y peak de- 
creased with increasing coverage from 
280°C initially to 230°C at half saturation, 
and then stayed at 230” until saturation. 
Within experimental error (+-YC), the tem- 
perature at peak maximum of the p peak 
did not show coverage dependence. The p 
state was found to be completely displaced 
by the adsorption of CD,OD, CD20, and 
DCOOD. The (Y state was also completely 
displaced by the adsorption of formic acid. 
Whether it is also displaced by CD10 and 
CD30D is not known because these two 
compounds are also desorbed at about 
220°C and their cracked fragments inter- 
fered with the detection of a small CY water 
peak. 

CH,OD, CD30D, CH,OH decomposi- 
tion. The TPD spectrum of CH30H for a 
saturation coverage is shown in Fig. 3b. 
Undecomposed methanol was desorbed at 
about 220°C. At 410°C formaldehyde, HZ, 
and CO were desorbed. The last group of 
products, CO, Hz, COz, and Hz0 were de- 
sorbed between 460 and 490°C. 

When CH30D was used instead of 
CH,OH, the undecomposed methanol was 
entirely CH,OD, and the hydrogen peak at 
410°C was entirely HZ. The m/e = 3 (HD) 
peak at that temperature was less than 4% 
of the mle = 2 peak, and it could be ac- 
counted for by H-D exchange at the mass 
spectrometer (see Table 1). For the water 
peak at 48O”C, the m/e = 18/19 ratio was 
about 2.5 which was the ratio expected for 
Hz0 counting H-D exchange at the mass 
spectrometer. Thus there was no deuterium 
in the decomposition products detected ex- 
cept the undecomposed CH30D. 

When CDIOD was used, the hydrogen 
peak at 410°C was D2 (m/e = 4). No HD 
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was detected. For the water peak at 480°C 
the ratio of m/e = 20 to 19 peaks was about 
2.5, which was consistent with pure D20 
after correction for H-D exchange at the 
mass spectrometer. Within experimental 
error (SC) the peak temperatures were 
the same using CDSOD and CH30H. 

The coverage dependence of the decom- 
position product distribution is shown in 
Figs. 7-9. The relative areas of the CH20 
and the CO (410°C) peaks changed with sur- 
face coverage (Fig. 7). At low coverages 
CHzO was a much more prominent product 
than CO. The two products became equally 
prominent at high coverages. The ratio of 
the high temperature CO and CO2 peaks 
(470°C) also varied with coverages as 
shown in Fig. 8. The CO/CO2 ratio was 
found to increase with increasing coverage. 
Figure 9 shows the variation with coverage 
in the production of CH20 and CO (410°C) 
versus the higher temperature CO and COz. 
The selectivity for CH20 and CO (410°C) 
increased with increasing coverages. 

The temperatures at peak maximum for 
the products formaldehyde, CO (41o”C), 
and H2 (410°C) decreased from 435°C at low 
coverage to 410°C at saturation. The peak 
temperatures of the undecomposed metha- 

07r 

CO(4lOC) 

CH20 t CO(4lOC) 

1r . 
OO 2 4 6 8 

cH,ot CO (410 C) AREA (MB. UNIT) 

FIG. 7. Coverage dependence of the relative 
amounts of the CHzO and the CO (410°C) peak in 
methanol decomposition on a (0001) surface. These 
areas have not been corrected for mass spectrometer 
sensitivities. 

nol, Hz0 (48o”C), CO (47O”C), and CO2 
(470°C) either decreased slightly (less than 
1oOC) or were constant with increasing cov- 
erage. 

The effect of surface reduction on metha- 
nol decomposition was investigated by per- 
forming successive TPD of CD,OD starting 
with a (0001) surface that was given an 
identical treatment that would result in a 
stoichiometric (1070) surface. The product 

CD20 , . . . . . .  * .  .  .  .  .  .  

CH#JH --c 

0 2 4 6 8 

cot470 c) +co, AREA (ARB. UNll) 

FIG. 8. Coverage dependence of the ratio CO/(CO + CO*) in the high temperature (470°C) products 
in the decomposition of methanol, formaldehyde, and formic acid on a (0001) surface. The x-axis is the 
sum of the CO (470°C) and CO2 (470°C) areas. The areas have not been corrected for mass spectrome- 
ter sensitivities. 
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ratios, D,O/CO (47O”C), and CO;! (47o”C)/ 
[CO2 (470°C) + co (470°C) + co (41o”C)] 
for saturation coverage were plotted in Fig. 
10 for the various runs. The former ratio 
was found not to change, but the latter ratio 
decreased with run number. The ratio CO2 
(470”C)/[C02 (470°C) + CO (47o”C)] also 
decreased with run number. The decrease 
in these ratios suggested that the ZnO 
(0001) surface was reduced in the decompo- 
sition reaction. 

Finally, some other possible products 
were searched for but not found. They in- 
cluded methane, acetone, dimethylether, 
and methyl formate. 

CD20 decomposition. The product distri- 
bution in the TPD of CD20 at saturation 
coverage is shown in Fig. 5b. Undecom- 
posed formaldehyde was desorbed at about 
220°C. CO, CO;?, and D2 were desorbed at 
about 47O”C, and D20 at 480°C. No HDO 
beyond that due to H-D exchange of D20 
at the mass spectrometer, and no Hz0 were 
detected. 

The product distribution depended on the 
coverage in a manner similar to methanol 
decomposition, as is shown in Fig. 8. The 
CO/COz ratio was found to increase with 
higher coverages. The different coverages 
were calculated from the desorption peak 
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FIG. 9. Coverage dependence of the production of 
CH20 and CO (410°C) versus the CO (470°C) and CO2 
(470°C) in the decomposition of CH3OH on a (0001) 
surface. 
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FIG. 10. Variation in the ratio DrOICO (47o”C), and 
CO2 (47o”C)/C, where C = CO2 (470°C) + CO (470°C) 
+ CO (41O”C), with run number for CDrOD decompo- 
sition on a (0001) surface. The filled data points are for 
the first series of experiments, the empty points are for 
the second series. 

areas for experiments using different expo- 
sures, ranging from 2 s at 0.1 x lop9 Torr 
(nominal) to 20 s at 1 x lop9 Torr (nominal). 
Table 3 shows the corresponding ratio of 
D20 (sum of D20 and HDO) to CO + CO*. 

Methane, oxygen, acetone, dimethyl 

TABLE 3 

Variation of product distribution in CD20 
decomposition on a (0001) surface with exposure. 

Exposure” D20/(CO + CO$ D/C’ OK 

2/0.1 x 10-s 0.14 0.28 1.8 
YO.1 x 10-s 0.16 0.32 1.68 
YO.2 x 10-9 0.13 0.26 1.64 
YO.4 x 10-9 0.18 0.38 1.65 
3/l x 10-s 0.17 0.36 1.57 

20/l x 10-9 0.17 0.36 1.59 

a Exposures are expressed in time (s)/pressure 
(Torr) . 

b The value for DzO is the sum of HDO and D20. 
These ratios are ratios of mass spectrometer peak ar- 
eas after correction for the cracking patterns. 

c D/C is 2(Dz + DrO)/(CO + CO?). O/C is (CO + 
2COz)/(C0 + CO& These ratios have been corrected 
for the cracking patterns and the mass spectrometer 
sensitivities. 
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ether, methyl formate, and methanol were 
looked for but not found as products. 

HCOOH, HCOOD, and DCOOD decom- 
position. The product distribution at satura- 
tion coverage is shown in Fig. 6b for 
HCOOH decomposition. It can be seen that 
there was no desorption below 400 C-no (Y 
state of the background water, and no un- 
decomposed formic acid. The decomposed 
products of CO, COz, and H2 were de- 
sorbed at 460-470°C and Hz0 at 480°C. 
Using DCOOD instead of HCOOH, the 
H20 peak became D20 entirely, and the H2 
became DZ. The CO and CO2 peaks re- 
mained unchanged. There was no detect- 
able shifts in peak temperatures either. On 
the other hand, the decomposition products 
for HCOOD were identical to those for 
HCOOH, that is, no deuterium-containing 
compounds were detected. 

The displacement of the a-state water by 
formic acid was confirmed by first exposing 
the surface to water to populate the (Y state, 
then to formic acid. Upon desorption, no 
water peak at 230°C was found. 

The coverage dependence of the decom- 
position products is shown in Fig. 8. Simi- 
lar to formaldehyde and methanol decom- 
positions, the selectivity for CO versus COz 
increased with increasing coverage. 

The species that were searched for but 
not found included methane, methanol, ac- 
etone, dimethy! ether, and methyl formate. 

DISCUSSION 

The discussion will be in five parts. First, 
the decomposition of methanol, formalde- 
hyde and formic acid on the nonpolar sur- 
faces will be compared. Second, their de- 
composition on the Zn polar surface will be 
compared. Third, the similarities and differ- 
ences between the nonpolar and the polar 
surfaces will be discussed. This is followed 
by the mechanism of methanol decomposi- 
tion on these surfaces. Finally, the general 
properties of these surfaces derived from 
the present study will be presented. 

Reaction on the (1070) and the (5031) sur- 
faces. The decomposition of methanol, for- 

maldehyde, and formic acid on these sur- 
faces show some interesting differences 
and similarities. Two and possibly three dif- 
ferences were observed. First, methane is 
produced from methanol but not from for- 
maldehyde or formic acid. Second, both 
methanol and formaldehyde decomposition 
result in a reduction of the surface as evi- 
denced by a change in the COJCO ratio in 
the products in consecutive experiments 
starting from a stoichiometric surface. On 
the other hand, formic acid decomposition 
does not result in surface reduction. A third 
difference, that water was detected as a 
product for formaldehyde and formic acid 
but not for methanol, may not be real. This 
is because water may be formed in metha- 
nol decomposition, but the low coverage of 
methanol made it undetectable. 

The production of methane is also a dif- 
ference between the nonpolar and the polar 
surfaces. Thus this point will be discussed 
in that section. 

The reduction of the surface by methanol 
and formaldehyde must be associated with 
the formation of the high temperature prod- 
ucts. Since formic acid does not result in 
surface reduction, it suggests that in the 
formation of the high temperature prod- 
ucts, both methanol and formaldehyde are 
first oxidized to a formate-like species 
which is then decomposed. This proposal is 
further substantiated by the similarities 
among the decomposition of the three com- 
pounds. 

Two important similarities were ob- 
served in the decomposition reactions. 
First, the decomposition products were all 
evolved at the same temperature of 380°C. 
Second, the ratios of the products were 
similar (Table 2), especially the COJCO ra- 
tio. The D20/C02 ratios were also similar, 
but the uncertainties were larger. For the 
ratios of HZ (or D2)/C02, there might be a 
trend of increasing H2 desorption going 
from formic acid, to formaldehyde, and to 
methanol. 

These similarities strongly suggest that 
the precursor intermediate leading to the 
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formation of CO, C02, H,(D,), and 
H,O(D,O) is the same for the three com- 
pounds studied. That these products were 
evolved at the same temperature which is 
higher than when the gases were adsorbed 
alone (3, 4) suggests that their desorption 
was reaction limited. 

A likely precursor is a formate or a for- 
mate-like intermediate such as one involv- 
ing a strong interaction between adsorbed 
formate and adsorbed CO. A formate pre- 
cursor has been proposed in the decompo- 
sition of formic acid on many metal sur- 
faces and oxygen-covered metal surfaces. 
In most cases, however, CO2 and Hz were 
the decomposition products. On Ru(OO1) 
and Ni(llO), CO, C02, HZ, and Hz0 were 
formed, and that formate was the precursor 
was confirmed by high-resolution electron 
energy loss spectroscopy (II, 12). On Fe 
(loo), CO, COz, HZ, and adsorbed oxygen 
were the products, and the formate precur- 
sor was inferred from stoichiometry mea- 
surements (13). Formate and its derivatives 
have been proposed in formic acid decom- 
position on Ni(ll0) (24), Ni(lOO) (f5), 
Ru(1010) (16), and Ni(ll0) (2 x 1)0 (17). 
CO, COz, HZ, and Hz0 were the products. 

On ZnO powders, infrared studies by 
Ueno et al. (18) and TPD studies by 
Bowker et al. (19) have indicated the pres- 
ence of formate species in methanol decom- 
position. The same infrared spectrum was 
observed by Noto et al. on adsorption of 
formic acid (20). In view of these data, the 
decomposition intermediate in our experi- 
ments is likely a formate or formate-like 
species. 

Reactions on the Zn polar surface. Water 
is adsorbed on this surface in two states. 
The higher temperature p state was com- 
pletely displaced by adsorbed formic acid, 
formaldehyde, and methanol. The lower 
temperature (Y state was also displaced by 
adsorbed formic acid. While similar data 
were not available for formaldehyde and 
methanol, the fact that these two com- 
pounds displace the p state suggests that 
they would most likely displace the (Y state 

which binds less strongly than the /? state. 
The displacement of the p state by metha- 
nol appears to be molecule for molecule. It 
was found that as the coverage of CD30D 
decreased, the p-state background water 
peak (H,O) increased, while the decompo- 
sition product D,O decreased proportion- 
ally. 

Methanol decomposes into two sets of 
products: one at 410°C which consists of 
formaldehyde, hydrogen, and CO; the 
other at 470-480°C which consists of CO, 
C02, H20, and a small amount of HZ. The 
higher temperature set of products ap- 
peared to be identical for methanol, formal- 
dehyde, and formic acid. They were de- 
sorbed at identical temperatures, and the 
ratios of CO/CO2 (Fig. 8) and H/C were the 
same within experimental uncertainties for 
the three compounds. The desorption of 
this set of products, except Hz0 at 480°C is 
reaction-limited because the products were 
evolved at the same temperature, and, if 
the products were adsorbed individually, 
they would desorb at lower temperatures 
(3). The desorption of water, however, is 
desorption-limited. 

The identical ratios of the decomposition 
products at 470-480°C even for different 
coverages strongly suggest that the precur- 
sor intermediate is a formate-like species. 
In the formation of the formate intermedi- 
ate from methanol, the ZnO surface must 
be reduced. This is reflected in the decreas- 
ing COP/CO ratio with increasing run num- 
ber in a series of successive methanol de- 
composition experiments (Fig. IO). Direct 
evidence of formate can be provided by vi- 
brational spectroscopy which has to be per- 
formed. As mentioned before, the exis- 
tence of formate has been confirmed on 
ZnO adsorption of formic acid (20), and 
from temperature programmed decomposi- 
tion experiments (19). The proposal of a 
formate intermediate in formic acid decom- 
position is common on metal surfaces (IZ- 
13). 

Ueno et al. (18) produced formate on 
ZnO powders by coadsorption of CO? and 
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H2 at 230°C. On decomposing the formate 
at the same temperature, they found that 
the selectivity for CO decreased with in- 
creasing coverage, which is opposite to 
what was observed in this study (Fig. 8). 
One possible explanation is that the decom- 
position in their experiments was at 230°C 
but was at about 450°C in our experiment. 
We have performed an experiment in which 
formic acid was adsorbed at 230°C. Subse- 
quently TPD yielded the same product as 
room temperature adsorption. On the other 
hand, we observed that on this (0001) sur- 
face, adsorption of COz at elevated temper- 
atures resulted in a production of CO and 
adsorbed oxygen on subsequent TPD, in 
addition to CO2 desorption. The yield of 
CO was maximum when CO2 was adsorbed 
at about 230°C. It decreased with increasing 
coverage of adsorbed oxygen on the sur- 
face. If this CO2 decomposition reaction 
contributed in their experiment, it could ac- 
count for the decrease in CO yield with in- 
creasing coverage of formate. 

The decreasing COdCO ratio with in- 
creasing coverage may indicate the in- 
creased tendency for the formation of for- 
mic anhydride: 

PP 
2HCOO (a) ---, HCOCH(a) + 0 (a) 

Increasing the surface coverage of formate 
should drive the reaction to the right. The 
COdCO ratio is expected to be higher for 
the formate than for the formic anhydride. 
The proposal that the latter is an intermedi- 
ate in formic acid decomposition is also 
common on metal surface (15-17). The 
O(a) is readily reduced by H2 generated in 
the decomposition to form H20. This could 
explain the constant D,O/(CO + COJ ratio 
independent of coverage observed in CD20 
decomposition (Table 3). That O(a) can be 
reduced by H,(g) has been confirmed in this 
laboratory. 

In the decomposition of methanol, there 
is an additional pathway that leads to the 
production of CH20, CO, and H2 at 410°C. 

The nature of the products suggests that the 
pathway involves dehydrogenation and is 
probably totally independent of the path- 
way of oxidation to form formate. Figure 9 
shows that the selectivity for dehydrogena- 
tion increases with increasing coverage. 

This change in selectivity can be ex- 
plained by the fact that the oxidation path- 
way involves surface reduction, while de- 
hydrogenation does not. With increasing 
coverage, the extent of surface reduction 
also increases in forming the formate, 
which makes this pathway less favorable 
compared to dehydrogenation. Within the 
dehydrogenation pathway, the yield of CO 
(410°C) relative to CHzO increases with in- 
creasing coverage. This may indicate the 
fact that with increasing coverage, the sur- 
face is increasingly reduced due to in- 
creased formate formation. A more re- 
duced surface is more metallic like. Since 
dehydrogenation to CO is a common reac- 
tion for methanol on metal surfaces (21- 
24), a more reduced surface would yield a 
higher CO/CHzO ratio. 

Comparison between the nonpolar and 
the Zn polar surfaces. 

Compariso_n of these results obtained 
from the (lOlO), (5051), and (0001) surfaces 
shows more similarities and differences 
which reflect the different properties of the 
nonpolar and the polar surfaces. Several 
important differences can be identified. 
They include the behavior of adsorbed wa- 
ter, the product distribution in the decom- 
position reactions, the temperature of de- 
sorption of the products, and the coverage 
dependence of the product distribution. 

Only one desorption peak for water at a 
relatively low temperature was observed on 
the nonpolar surfaces. Two peaks, one at a 
lower and one at a substantially higher tem- 
perature were observed on the (0001) sur- 
face. It is likely that the two peaks corre- 
spond to two modes of adsorption. One 
possibility is that the lower temperature 
peak is for the desorption of molecularly 
adsorbed water, and the higher temperature 
peak is for the desorption of dissociatively 
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adsorbed water. If water behaves like meth- 
anol, then following our proposed mecha- 
nism below, the single water desorption 
peak on the nonpolar surfaces would corre- 
spond to desorption of dissociatively ad- 
sorbed water. We shall return to this point 
later. 

While the product distribution in formic 
acid and formaldehyde decompositions are 
roughly similar on all three surfaces, those 
for methanol decomposition differ signifi- 
cantly. In particular, methane is formed on 
the nonpolar surfaces, and the dehydro- 
genation reaction is more prominent on the 
Zn polar surface. There are two possible 
pathways for the production of methane on 
the nonpolar surface: 

CH30D + CH30 D+O I CH3D 

ZLd dn-0 
(4 

(1) 

In these mechanisms, the methyl group re- 
mains intact and methane-d1 would be the 
only methane product. Our data was not 
quantitative enough to permit determina- 
tion of the isotope content of methane. 
However, the fact that only H2 and no HD 
or D2 was desorbed at 380°C from CH30D 
is consistent with the assumption that the 
methyl group was intact. In addition, in the 
infrared study of methanol adsorption on 
ZnO powder, a methoxy species was identi- 
fied (28), suggesting that at least some of 
the methyl groups remain intact. 

The overall mechanistic consequence of 
both path A and B is the same. Path B has 
been proposed for another basic oxide MgO 
(29, while path A has been proposed for an 
acidic oxide A1203 (26). Our data do not 
distinguish the two pathways. If all basic 
oxides behave the same, then path B would 
apply. 

The absence of methane production on 
the (0001) surface may be due to either of 

the following reasons. Dissociative adsorp- 
tion of methanol as in path A or B does not 
occur readily; or the 0-CH3 formed is so 
stable on this surface that the production of 
methane is no longer favorable; or the na- 
ture of the dissociatively adsorbed species 
are different on the different surfaces. For 
this last point, specifically, the disso- 
ciatively adsorbed methanol has the form of 
I or II in paths A or B on the nonpolar 
surfaces. It is expected that the dissociation 
would be more heterolytic. On the polar 
surface, a likely form is either III or IV, and 
the dissociation would be more homolytic. 

CH3 OH CH30 H 

I I I I 

;ioji A 6 
0 0 0 0 

III Ip 

The difference in their ionic character could 
result in different reactivities. Of these pos- 
sibilities, the most likely one is the one that 
dissociative adsorption does not take place 
readily on the (0001) surface because of the 
large distance between the adjacent surface 
Zn ions and the rather weak Zn-CH3 (or 
Zn-H) bond. Without the formation of III 
(or Iv>, methane is not formed. It is also for 
this reason that methanol adsorbs molecu- 
larly on the (0001) surface, and dissociative 
adsorption requires elevated temperature. 
On the nonpolar surfaces, dissociative ad- 
sorption readily occurs. 

The production of formaldehyde and CO 
(410°C) on the (0001) surface suggests that 
dehydrogenation is more prominent on this 
surface. Since the dehydrogenation reac- 
tion is commonly observed on metals, this 
suggests that the (0001) surface is more me- 
tallic-like than the nonpolar surfaces. In- 
deed, the particular atomic arrangement of 
a zinc polar surface (in which a layer of Zn 
is more outwardly displaced than a layer of 
0) produces a strong dipole moment at the 
surface and a larger surface energy. To 
minimize both the dipole moment and the 
surface energy, the surface tends to recon- 
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struct, and the surface ions tend to carry a 
lower real ionic charge than the bulk ions. 
The lower real charge would make the ions 
on this surface more metallic in character 
than the ions on the nonpolar surfaces. On 
the other hand, the formation of formate 
from methoxy takes place at a lower tem- 
perature on the nonpolar surfaces. Thus the 
oxidation activity on the nonpolar surfaces 
is higher, which is consistent with the struc- 
ture of the surface. 

The coverages of the compounds stud- 
ied, especially methanol, were much higher 
on the (0001) than on the nonpolar surfaces. 
This made possible the study of the cover- 
age dependence of the decomposition prod- 
ucts over a wide coverage, and a strong de- 
pendence was observed. The coverages on 
the nonpolar surfaces were low and, over 
the limited range of coverages studied, little 
variation was observed. 

In spite of these differences, some inter- 
esting similarities were observed among the 
surfaces. The most striking similarity is the 
fact that the major decomposition pathways 
for methanol, formaldehyde, and formic 
acid appear to be the same. That is, they all 
proceed via the formate-like intermediate. 
The stability of this formate is slightly 
higher on the (0001) than on the nonpolar 
surfaces. Because the formate intermediate 
is involved, methanol decomposition re- 

duces all the surfaces. 
Proposed mechanisms. The mechanisms 

for methanol decomposition are summa- 
rized in Figs. 11 and 12 for the nonpolar and 
the polar surface, respectively. For the 

D + CH3P + 7 + CH$ %+ H,C?O-+ CO+C02+H20tH2 
! 
I * - * +* 

i*(G) 
OR 0*0(G) 

HCO? + ? + D2k) OR 

t' * D20k) 

FIG. 11. Proposed reaction mechanism for the non- 
polar surfaces. 

1 
CH3'?D 230_2, CH30Dk) CH20W 

230 c 
1 

p + CH$ 

i * 
D2 

HCOOH(G) 

FIG. 12. Proposed reaction mechanism for the Zn 
polar surface. 

nonpolar surfaces, methanol is first ad- 
sorbed dissociatively both in paths A and 
B. At 150°C the methyl species in path B 
recombines with OD to desorb as CH,OD, 
or combines with the D in OD to desorb as 
CH3D. Some deuteron is desorbed on ad- 
sorption of methanol and is not detected. 
The remaining methoxy undergoes dehy- 
drogenation to formaldehyde which is then 
rapidly oxidized by lattice oxygen to a for- 
mate-like species, which then decomposes 
to CO, C02, H20, and H2 at 380°C. 

Because of the low coverage of methanol 
and the fact that only about half of the ad- 
sorbed methanol decomposes (the rest is 
desorbed as methanol or forms methane), 
the mass spectrometer intensity for water is 
small and is not detected. Once the formal- 
dehyde intermediate is formed, some of it 
may be desorbed. However, from results in 
formaldehyde decomposition, the fraction 
of formaldehyde desorbed is expected to be 
small and may not be detected. Alterna- 
tively, the dehydrogenation process occurs 
simultaneously with oxidation, and formal- 
dehyde is not an intermediate of signifi- 
cantly long lifetime for detection. 

The mechanism for formaldehyde de- 
composition follows the same pathway as 
methanol. Thus adsorbed formaldehyde, if 
not desorbed by 150°C is oxidized to the 
formate-like species by lattice oxygen. Sim- 
ilar mechanisms have been proposed for 
oxygen covered Ag (27) and Cu (28) sur- 
faces. 

Since lattice oxygen is involved in the 
formation of the formate-like species in 
these two reactions, the decomposition 
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product pattern is expected to depend on 
the reduction state of the surface. In partic- 
ular the CO#O ratio is expected to de- 
crease on a more reduced surface as was 
observed. 

The proposed formate-like intermediate 
is labeled H,COO(a). It is used to indicate 
the ignorance in its hydrogen stoichiome- 
try. It is possible that x is unity for formic 
acid decomposition, and is larger for for- 
maldehyde and methanol. 

Finally, it is interesting to note that unde- 
composed methanol and formaldehyde 
were detected desorbing at about 130 to 
15O”C, but no undecomposed formic acid 
was observed. Also, desorption of back- 
ground water was present in all cases. Thus 
none of these compounds displaces ad- 
sorbed water, a case quite different from 
the zinc polar (0001) surface. 

The proposed mechanism for the polar 
surface is summarized in Fig. 12. For meth- 
anol, it is first adsorbed molecularly. While 
our data do not strongly distinguish the pos- 
sibility of molecular versus dissociative ad- 
sorption to form methoxide, the absence of 
methane product is more consistent with 
molecular adsorption. On heating to about 
2Oo”C, some of the methanol desorbs, while 
some undergoes dissociation to methoxide 
and hydrogen. On further heating to about 
4Oo”C, the methoxide undergoes dehydro- 
genation to formaldehyde. Then three com- 
petitive pathways occur. The formaldehyde 
can desorb. It can undergo further dehydro- 
genation to CO and HZ, and it can be oxi- 
dized by lattice oxygen to a formate-like 
intermediate. The competition among these 
three processes depends on the reductive 
state of the surface as was discussed ear- 
lier. The formate-like intermediate is de- 
noted as CH,OO(a) in the figure to point out 
our ignorance in its hydrogen content. It 
also allows for a different hydrogen content 
for different coverages, and for different or- 
igins of its formation. 

It is interesting to note that while ad- 
sorbed formaldehyde is postulated as an 
intermediate in methanol decomposition, 

formaldehyde TPD spectrum shows un- 
decomposed formaldehyde at 225°C no 
products at 410°C and one set of products 
at 470-480°C. This suggests that oxidation 
of formaldehyde to formate takes place at 
about 225°C such that no dehydrogenation 
to CO is observed. This would imply that in 
methanol decomposition, the conversion of 
methoxide to formaldehyde is a rate limit- 
ing step. Once formaldehyde is formed at 
410°C its desorption, further dehydrogena- 
lion to CO, and oxidation to formate are all 
rapid and competitive. 

The decomposition of formaldehyde and 
of formic acid proceed via the formate in- 
termediate in the same manner as metha- 
nol. 

From experiments using CH30D and 
HCOOD, it was found that the hydroxyl 
hydrogen was not observed in the decom- 
position products. In the case of formic 
acid, the D may have been desorbed as D2 
on dissociative adsorption of formic acid at 
room temperature, and was therefore not 
detected. For methanol, the dissociation of 
the O-D bond takes place at about 200°C. 
However, owing to the low coverage of 
methanol, and thus low concentration of 
the adsorbed D, the recombination of ad- 
sorbed D to form D2 may be slow which 
would result in a broad DZ peak not easily 
detectable. 

Finally, for both nonpolar and polar sur- 
faces, the peak intensities and positions 
were not affected by whether totally pro- 
tonated reactants or totally deuterated 
reactants were used. This implies that the 
C-H and C-D bond breaking is not the 
rate limiting step, or that the transition state 
is very reactant-like that breaking of the 
C-H (C-D) bond has not taken place sig- 
nificantly. From our results, it is likely that 
in the decomposition of the surface for- 
mate, the breaking of C-O bonds is the rate 
limiting step for the oxidation pathway. 

Comparison among different adsorbates. 
In addition to the similarities observed 
among formic acid, formaldehyde, and 
methanol decompositions, when these 
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results were compared with some other 
compounds, more interesting correlations 
can be found. Table 4 lists the peak temper- 
atures of the desorption peaks of the unde- 
composed adsorbates. On the (0001) sur- 
face the temperatures are very similar. 
Formaldehyde and acetone do not possess 
hydroxyl hydrogen. Its adsorption must be 
molecular and, most likely, is via the oxy- 
gen interaction with the surface. Since, as 
we proposed, the alcohols also adsorb mo- 
lecularly on this surface, the interaction 
would also be between the oxygen in the 
molecule and the surface. Therefore, it is 
not surprising that the desorption tempera- 
tures are similar. On the nonpolar surfaces, 
however, the desorption temperature for 
formaldehyde, acetaldehyde and acetone 
are somewhat lower than the alcohols. This 
may indicate that the modes of adsorption 
are different; namely, the alcohols are ad- 
sorbed dissociatively on these surfaces, 
and the aldehydes are adsorbed molecu- 
larly. Thus the alcohols are desorbed at a 
higher temperature. 

Finally, there appears to be a correlation 
between the strength of the (Y C-H bond 

TABLE 4 

Desorption Temperatures of Undecomposed 
Adsorbates on ZnO” 

Adsorbate 

H2O 

CHSOH 
CzHSOH 
i-C3H70H 
CD20 
CH$HO 
(CH3)2CO 

Surface 

(lOiO),(5051) (~01) 

135 + 5 230 + 10d 
150 + 5 220 + 5 
130b 240 k 5’ 
150 2 5’ 240 + 5’ 
125 f  5 225 f  5 
105b - 
105 ? 5’3’ 250 f  lo’ 

0 All temperatures are in degree centigrades for a 
heating rate of 10°C SK’ except for those indicated. 

b Taken from Ref. (29). The heating rate was 11°C 
s-1. 

c Unpublished results from this laboratory. 
d Temperature for saturation coverage. It is for the 

lower temperature peak. 
e The lower temperature peak. 

TABLE 5 

Alkoxide Dehydrogenation Temperatures on a ZnO 
(0001) Surface 

\ 
-C-OH - 
/ 

) C=O + H2 

Alkoxide Temperature” (Y C-H bond strengthb 
(“Cl (kJ/mol) 

CH30 410 f  5 393 + 1 
C2H50 375 Ii 5” 389 f  4 
i-C3H70 350 f  5” 380 -+ 4 

0 Temperature for a heating rate of 10 C set-I. 
b Taken from Ref. (30). 
c Unpublished results from this laboratory. 

and the dehydrogenation activity as mea- 
sured by the desorption temperature of the 
dehydrogenation products. Such a correla- 
tion is shown in Table 5. It can be seen that 
the stronger the (Y C-H bond, the higher is 
the temperature required. It suggests that 
for this dehydrogenation process, the 
breaking of the (Y C-H bond is involved in 
the rate limiting step. The absence of appar- 
ent difference between C-H and C-D 
bond is probably due to the smaller differ- 
ence in their bond strengths than those 
among different hydrocarbons, such that 
the chemical shift is less than the noise of 
the experiment. 

APPENDIX 1 

Treatment of raw data to obtain TPD 
pro@es. The raw data for CH30D on a 
(5051) surface is shown in Fig. IA. There 
were three groups of desorbed products. 
The lowest temperature group consisted of 
m/e = 18 and 19, with peak maximum at 
about 135 + 5°C. The second group at a 
slightly higher temperature consisted pri- 
marily of m/e = 33, 32, 31, 17, and 16. The 
third group was at a distinctly higher tem- 
perature of about 380°C. The highest tem- 
perature products can be easily identified as 
CO*, CO, and H2 because their cracking 
patterns are distinct from each other (Table 
1). The small m/e = 3 peak (HD) can be 
accounted for by hydroxyl exchange at the 
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200 300 400 500 
Temperature “C 

FIG. 1A. TPD profile of CHjOD on a (SOjl) surface 
showing the major mass spectrometer peaks. 

mass spectrometer. No m/e = 4 peak was 
observed. 

The m/e = 18 and 19 peaks were due to 
adsorption of background water as they 
were observed even in a blank desorption 
for a surface that underwent an identical 
pretreatment except without methanol ad- 
sorption (Fig. 2). The same m/e = 18 peak, 
at the same temperature and with at most a 
slight decrease in intensity, was observed. 
Furthermore this peak of about the same 
intensity was observed independent of 
whether CH,OH, CH,OD, CD,OD, D&O, 
DCOOD, or HCOOH was adsorbed. The 
m/e = 19 peak observed in a blank desorp- 
tion had a lower intensity of about 10% of 
the mle = 18 peak as compared to about 30 
to 50% in the desorption of any OD-con- 
taining compounds. We attribute this latter 
higher m/e = 19 intensity as primarily due 
to an increase in the extent of hydroxyl ex- 
change at the mass spectrometer with mi- 
nor, if any, contribution from H-D ex- 
change on the sample surface because of 
the following reasons. When the chamber 
was dosed with CD30D and the gas phase 
Hz0 cracking pattern was taken, the 19/18 
peak ratio was about 20% compared to the 
normal 10% when no OD groups had been 
introduced previously. When DCOOD was 

adsorbed which had a much higher (about 
five times) coverage than methanol, the 191 
18 peak ratio remained about the same. 
This suggested that no appreciable hy- 
droxyl exchange on the surface took place. 
The 19118 peak ratios for different adsor- 
bates are shown in Table 1A. Clearly, the 
ratios were low and about the same for all 
OH-containing adsorbates, and high for all 
OD-containing adsorbates. While the evi- 
dence strongly suggested that the hydroxyl 
exchange was at the mass spectrometer, 
the possibility of a very small amount of 
exchange on the crystal surfaces cannot be 
excluded. 

The mle = 33, 32, and 31 peaks at 150°C 
were assigned to desorbed CH30D. The 
nearly equal intensities of these three peaks 
agreed with the cracking pattern in Table 1. 
Thus the m/e = 31 peak was due to hy- 
droxyl exchange between CH*OD+ and 
some OH-containing species in the mass 
spectrometer, and not due to desorption of 
CH30H from the surface. 

There were three contributions to the m/e 
= 17 and 16 peaks. One was from the crack- 
ing of CHJOD. The second was from the 
cracking of the overlapping Hz0 and HDO 
peaks. Both of these can be easily cor- 
rected with data of Table 1. However, these 
corrections introduced rather large uncer- 
tainties in the areas of these peaks. 

TABLE 1A 

Intensity Ratios of Mass 19 and 18 Peaks 

Surface Adsorbate 19/18 Area ratio 

(1010) 

(5051) 

Blank 

CH,OH 
CH,OH 
CH,OD 
CH,OD 
CH,OD 
CDSOD 

HCOOH 
CH,OD 
CH30D ’ 
DCOOD 

0.10 

0.11 
0.07 
0.41 
0.47 
0.50 
0.45 

0.10 
0.49 
0.53 
0.64 



456 AKHTER ET AL. 

These two peaks are attributed primarily 
to CH3D and CH4. The uncertainties in the 
data did not permit estimation of the rela- 
tive amounts of the isotopic species. There- 
fore, whether the methyl group in methanol 
remained intact in the formation of methane 
has to be inferred from other data. While 
the isotopic content of methane was not 
certain, its identification was. First, the size 
of the m/e = 16 and 17 peaks could not be 
accounted for by cracking of methanol or 
water. Secondly, in the decomposition of 
CD,OD, peaks of m/e = 20 (CD,) and 18 
(cracking of CD4) were observed in place of 
16 and 17. Similarly, in the decomposition 
of CH,OH, peaks of m/e = 16 (CH,) and 15 
(cracking of CHJ were observed instead. 

After identifying the species that contrib- 
uted to the various peaks, the TPD profile 
showing the relative amounts of various de- 
sorption products was constructed. Such a 
profile is shown in Fig. 3a. 
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