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The catalytic decomposition of methanol at 0 to 50 mPa and 1 to 13 kPa was studied on three ZnO 
single-crystal surfaces: a %-polar (OOOl), a stepped nonpolar (5031) and an O-polar (0001) surface. 
The low-pressure study was conducted in an ultrahigh vacuum chamber in which methanol was 
directed onto the surfaces with a doser tube. Up to 425”C, the Zn-polar surface was at least five 
times more active than the other two surfaces, and the stepped nonpolar surface was marginally 
more active than the O-polar surface. The near-atomospheric pressure study was cond_ucted in a 
microreactor at 250-300°C. No measurable activities were found on the O-polar (0001) surface, 
whereas the activities of the Zn-polar (0001) and the stepped nonpolar (5031) surfaces were compa- 
rable. The reaction rate increased with increasing methanol pressure up to about 27 mPa beyond 
which the reaction became zeroth order in methanol. In the zeroth order region, the activation 
energy was 138-161 kJ/mole for the Zn-polar surface. These values and the turnover frequencies 
were comparable to values obtained on powder ZnO samples under near-atmospheric pressures. In 
the first-order region, the activation energy decreased as the temperature was increased. The major 
carbon-containing product observed was formaldehyde at low pressures and CO at near-atmo- 
spheric pressures. Differences between the results obtained at the two different pressures and the 
importance of surface defects generated by reduction of the surfaces were discussed. o 1s~ 
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INTRODUCTION 

The need to understand the relationship 
between the atomic structure and the cata- 
lytic properties of a surface has long been 
recognized. In 1925 Taylor, discussing this 
in terms of active centers, wrote that 
“there will be all cases between the ex- 
tremes in which all the atoms in the surface 
are active and that in which relatively few 
are so active” (I). Unless all surface atoms 
are equally active, it is important to know 
the atomic structures of the active sites to 
fully understand catalytic reactions. Ad- 
vances in the application of surface science 
techniques to catalytic studies have led to 
the use of well-defined single-crystal sur- 
faces as catalysts. To date there are many 
examples of metallic catalysts for which 
surfaces of different crystallographic orien- 
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tations exhibit different catalytic activities 
G-4). 

On the other hand, very few catalytic 
studies have been performed on single- 
crystal oxide surfaces. Recently we studied 
the catalytic decomposition of 2-propanol 
on different single-crystal ZnO surfaces by 
directing onto them a molecular flux of 2- 
propanol(5,6). Between 200 and 300°C and 
with a 2-propanol pressure less than 130 
mPa, the reaction rate was found to be the 
highest on a Zn-polar (0001) surface, inter- 
mediate on a stepped nonpolar (5051) sur- 
face, and the lowest on an O-polar (0001) 
surface. It was concluded that the decom- 
position of 2-propanol on ZnO was struc- 
ture sensitive. However, when 2-propanol 
vapor was decomposed under 1 atm pres- 
sure on ZnO powder samples, the results 
led to the conclusion that the reaction was 
structure insensitive (7)-every surface-ex- 
posed Zn ion was equally active. The two 
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different conclusions could be due to the 
different pressures used or to a physical dif- 
ference between ZnO single crystals and 
powders. In order to resolve these discrep- 
ancies, the decomposition of methanol on 
the same ZnO single-crystal surfaces was 
investigated in two different ranges of pres- 
sure: less than 0.1 Pa and near-atmospheric 
pressure. 

There are also reports in the literature on 
results of temperature-programmed decom- 
positon (TPDe) studies of methanol on sin- 
gle-crystal surfaces of ZnO (8-13). The Zn- 
polar surface was found to be the most 
active for methanol decomposition, 
whereas the O-polar surface was much less 
active. There were indications, at least on 
the nonpolar surfaces, that the methanol 
decomposition activity depended on the 
density of surface defects. In addition, the 
product distributions were different: form- 
aldehyde was observed on the Zn-polar 
surface but not on the other surfaces. The 
methanol decomposition reaction was also 
accompanied by a reduction of the surface 
which led to the evolution of metallic Zn at 
a much faster rate than could be due to sub- 
limation at the same temperature. Since 
these TPDe studies were not carried out un- 
der catalytic conditions, it would be inter- 
esting to see if the conclusions regarding 
the reaction mechanisms and the structure 
sensitivity can be extended to studies under 
catalytic conditions. 

EXPERIMENTAL 

I. Apparatus 

Low-pressure experiments. Experiments 
were carried out in the same stainless-steel 
ultrahigh vacuum chamber as that used pre- 
viously (5, 6, 14, 15). The chamber was 
equipped with LEED and Auger spectros- 
copy (PHI single-pass cylindrical mirror an- 
alyzer) and was pumped by two 220 liter s-i 
ion pumps and a Ti sublimation pump. 
Background pressures as low as 1.3 x 1O-8 
Pa were routinely achieved prior to con- 
ducting an experiment. 

The sample holder consisted of two stain- 
less-steel legs mounted on a small ceramic 
block (25). A tantalum foil and two tanta- 
lum wires were spot-welded onto the steel 
legs. The tantalum wires were used to wrap 
around the ZnO single crystal and press it 
to a gold foil that was placed between the 
tantalum foil and the ZnO. The Ta foil was 
heated resistively. The heat was conducted 
to the ZnO single-crystal through the gold 
foil, which provided good thermal contact 
between the ZnO sample and the tantalum 
foil heat source. The temperature at the 
surface of the ZnO sample was measured 
by a chromel-alumel thermocouple that 
was attached to the front surface of the 
ZnO by a small drop of liquid colloidal sil- 
ver. The liquid colloidal silver had been de- 
termined to be inactive for the methanol de- 
composition reaction (25). A stainless-steel 
plate with a OS-cm-diameter hole was 
placed between the ionizer of the mass 
spectrometer and the ZnO sample to dis- 
criminate the direct flux of molecules from 
the surface from the background gas that 
entered the ionizer. 

Chemicals. The same ZnO single crystals 
as those used in previous studies were used 
in these experiments (5, 6, S-10). These 
surfaces were about 6 x 6 mm*, and the 
crystals were about 1 mm thick. Except for 
the surface to be studied, the rest of the 
crystal was covered with gold. The samples 
were aligned by Laue X-ray diffraction, 
mechanically polished, and then cleaned 
and ordered by repeated cycles of argon ion 
sputtering (6 x 10m3 Pa, 45 min) and anneal- 
ing at 375°C for 1 h in the UHV chamber. 

Liquid methanol (99.9% purity) was puri- 
fied by several freeze-thaw cycles. CO 
(99.99%), CO2 (99.995%), and doubly dis- 
tilled water were used to obtain the individ- 
ual fragmentation patterns of these com- 
pounds in the mass spectrometer (MS) for 
low-pressure experiments. The fragmenta- 
tion pattern of formaldehyde was obtained 
from formaldehyde vapor that was gener- 
ated by heating solid paraformaldehyde 
(95%) to 100°C. These patterns were deter- 
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mined in each experiment by dosing small 
amounts of each compound into the cham- 
ber. That of methanol was obtained from 
the change in the MS signals when the 
steady flux of methanol was changed. 

Procedure. The methanol vapor, col- 
lected over liquid methanol submerged in a 
saturated aqueous sodium chloride-ice 
slurry, was introduced into the vacuum 
chamber via a leak valve and a 1.6mm-o.d. 
stainless-steel doser tube. The opening of 
the doser tube was about 2 mm from the 
ZnO surface and the angle between the line 
of sight of the doser and the surface normal 
was about 50”. For the stepped nonpolar 
(5031) surface, the methanol flux was in the 
up-the-step direction. The methanol flux 
was determined from the initial rate of 
methanol pressure drop in a calibrated vol- 
ume (1.5). This rate of pressure drop was 
found to be linearly proportional to the 
measured direct flux of methanol into the 
mass spectrometer (Fig. 1). The liquid 
methanol was changed frequently to avoid 
accumulating less volatile impurities in it. 

In an experiment, the mass spectrometer 
(MS) signal due to methanol flux onto a 
ZnO surface at room temperature and fac- 
ing the mass spectrometer (referred to as 
direct flux) was first determined. The direct 
flux was found to reach a steady state in 2 
to 6 h. Afterwards, the sample was turned 
away from the mass spectrometer and a 
new steady-state MS signal was recorded, 
which corresponded to the indirect flux re- 
sulting from the background gases. The dif- 
ference between the direct and the indirect 
flux was taken as the signal due to the reac- 
tant feed. This procedure to obtain the di- 
rect flux and then the indirect flux was re- 
peated at each sample temperature after the 
temperature was stabilized. The difference 
between these two fluxes after correcting 
for the same difference at room tempera- 
ture was taken as the MS signal due to the 
reaction mixture desorbing directly from 
the surface. Sometimes the methanol flux 
onto the ZnO surface was changed instead 
of the temperature. 

The activity of the holder was deter- 

0.00 26.7 53.3 80.0 

PRESSURE mPa 

FIG. 1. The intensity of mass spectrometer signal of methanol expressed as direct flux of methanol 
from the surface versus the average surface pressure calculated from the rate of pressure drop in the 
feed line. 
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mined in the control experiments where a 
gold-plated ZnO sample was used. No ac- 
tivity was observed when the holder tem- 
perature was raised to the highest value 
achieved in the experiments even though 
the surface temperature of the gold-plated 
sample was above the highest temperature 
of the ZnO surfaces studied (425°C). 

The factor to convert the MS signal to the 
number density of molecules leaving the 
ZnO surface was determined by performing 
a temperature-programmed desorption of 
CO from a Ni(ll1) surface, where a satura- 
tion coverage of CO corresponds to 9.3 x 
lOi molecules/cm2 (17, 18). The relative 
MS sensitivities for different compounds 
were calculated using the formula provided 
by the mass spectrometer manual which 
took into account the fragmentation pat- 
tern, the transmission coefficient, and the 
spectrometer gain (15). 

The effective methanol pressure at the 
ZnO surface was calculated from the geom- 
etry of the system and the measured metha- 
nol flux assuming that methanol effused 
from the open end of the doser tube (15). 

Figure 2 shows the calculated pressure dis- 
tribution for an average pressure of 0.93 
mPa. 

II. Near-Atmospheric Experiments 

These experiments were conducted in a 
batch reactor (16) which was made from 
three stainless-steel flanges. The top flange 
contained a Pyrex window with a 2.5 cm 
diameter. The middle one was double-sided 
Vat-U-Flat flange, and the bottom one was 
a blank flange. The reactor was connected 
to the gas manifold via two valves. Its vol- 
ume was 10.5 cm3. The interior of the reac- 
tor was coated with evaporated gold to min- 
imize its reactivity. Except for the window, 
the reactor was wrapped in heating tapes 
and heated to about 110°C during experi- 
ments to prevent condensation of the reac- 
tion mixture onto the reactor wall. The 
pressure of methanol in the reactor was 
measured by a pressure transducer. 

The ZnO samples were held in place in 
the reactor by a piece of gold foil that was 
mounted on a gold-plated ceramic block 1.2 
x 1.2 x 0.3 cm3 in size (Fig. 3). The gold 
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FIG. 2. The calculated distribution of methanol pressure across the surface for an average pressure 
of 0.93 mPa. 
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FIG. 3. Schematic drawing of the sample holder in 
the near-atmospheric pressure reactor. The ZnO sam- 
ple (A) was held in place by four gold prongs of the 
gold foil that was mounted on a ceramic block. 

foil also reduced the heating of the ceramic 
block by the incident light. The temperature 
of the ZnO sample was measured with a 
0.037-cm-diameter chromel-alumel ther- 
mocouple, the head of which was flattened 
to maximize the contact area between the 
thermocouple and the surface. The thermo- 
couple head was shielded from the incident 
light with a small piece of gold foil to pre- 
vent heating of the thermocouple by the 
light. The samples were heated by focusing 
light onto them that was emitted from a 
1000-W quartz halogen lamp placed outside 
the reactor. A UV filter was placed in the 
light path to prevent light of energy higher 
than 3 eV from reaching the samples in or- 
der to avoid any photochemical reactions. 
This device could heat the sample to any of 
the desired temperatures within 2 min. 

Procedure. After the surface to be stud- 
ied was ordered and cleaned in the ultra- 
high vacuum chamber, it was removed 
from the chamber and mounted into the 
batch reactor within 30 min. The surface 
was then cleaned by the following oxygen 
treatment. First the reactor was filled with 
66 Pa O2 and the ZnO sample was heated to 

250°C for 2 min. Afterwards the reactor was 
evacuated, then refilled with 02, and the 
sample temperature was raised to 270°C for 
2 min. This cycle was repeated as the tem- 
perature was raised to 290”, 310”, 330”, and 
350°C. Finally, after the reactor was evacu- 
ated, the temperature was raised to 400°C 
for 30 min before it was lowered to 250°C. 
A desired pressure of methanol vapor was 
then introduced into the reactor, and the 
surface was heated to the desired tempera- 
ture to begin the experiments. Before each 
subsequent experiment, the sample was 
cleaned by this oxygen treatment. It was 
determined separately by repeating the pro- 
cedure in the ultrahigh vacuum chamber 
that this oxygen treatment was sufficient to 
clean a carbon-contaminated surface that 
had been exposed to methanol or air. 

At the end of the reaction, the reaction 
mixture was removed from the reactor and 
analyzed by gas chromatography. Two 
columns were used: a 5-m Porapak T 
column to separate CO, C02, HCHO, and 
CH30H, and a l-m molecular sieve column 
to separate CO from air that might have 
leaked into the system. 

In the gas chromatographic analyses, al- 
though the gas compositions could be ob- 
tained quite accurately, the absolute con- 
centrations could be determined only to 2% 
accuracy because of the limited reproduc- 
ibility in injecting the same volume of gas 
into the gas chromatograph. Thus the con- 
versions were calculated from the compo- 
sitions of the mixtures and not from the de- 
creases in the concentrations of methanol. 
From control experiments in which mix- 
tures of known compositions were intro- 
duced into the reactor, it was found that the 
detection limits were 0.2% for COz, 0.3% 
for HCHO, and 1 .O% for HlO. H2 was not 
analyzed, but its presence could be de- 
tected in the gas chromatograms. 

RESULTS 

I. Low-Pressure Experiments 

General observations. In all of the exper- 
iments, CH20, H20, CO2 , and Zn were the 
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only products whose signals were signifi- 
cantly above background. The background 
pressure of Zn was very low and its signal 
could be accurately measured. On the other 
hand, the uncertainties in the CO? and H20 
signals were high because of their high 
background pressures. The background 
pressure of CH30H was also quite high and 
increased at higher CH30H fluxes, and it 
affected the accuracies of the measure- 
ments of CO and HCHO. The problem was 
particularly severe for CO because CHzO 
also cracked into mass 28. Thus the uncer- 
tainty of the data for CO was very high. 
Within these large uncertainties, no CO 
was detected (see Appendix I for further 
discussion). 

It was found that the indirect flux of H2 
was 90% of the direct flux. This high back- 
ground made it quite impossible to obtain 
accurate measurements of rates of forma- 
tion of Hz. 

The rates of product formation on the Zn- 
polar (0001) surface did not depend on the 
recent temperature history of the surface, 
but the rates on the O-polar (OOOi) and the 
stepped nonpolar (5051) surfaces were of- 
ten higher when the sample temperature 
was lowered from 375°C than when the 
temperature was raised to 325 or 350°C. 
The rates were higher when the sample was 
cooled to 325 or 350°C in 20 of the 22 mea- 
surements on the O-polar surface, and in 30 
of the 40 measurements on the (5051) sur- 
face. It appeared that these surfaces be- 
came activated after reaching 375°C. In 
view of this, the data reported for these two 
surfaces were those obtained when the 
sample temperature was lowered from 
375°C. 

Pressure dependence of reaction rates. 
The dependence of the rates on pressure 
was found to be quite similar at 325, 350, 
and 375°C (15). Since more data were taken 
at 350°C than at the other temperatures, 
only the results at this temperature will be 
presented. 

Figures 4a-4d show the data for CH20, 
Zn, H20, and CO*. Below about 6 mPa of 
methanol, the rates increased rapidly with 

increasing pressure. The maximum rates 
were reached at about 27 mPa. 

Among the three surfaces studied, the 
Zn-polar surface was found to be the most 
active for the formation of all produc_ts. The 
activities of the O-polar and the (5051) sur- 
faces were at least five times lower than 
those of the Zn-polar surface, and the 
(5051) surface might be marginally more 
active than the O-polar surface. 

Temperature dependence. The tempera- 
ture dependence of the rates of production 
of the various products was investigated at 
three average surface pressures of metha- 
nol: 0.93, 11.7, and 42.6 mPa. The data for 
0.93 and 11.7 mPa are shown in Figs. 5a-5d 
and 6a-6d, respectively. The data for 42.6 
mPa were very similar to those for 11.7 
mPa. Since the background was lower and 
the conversions were higher at 0.93 mPa, 
the experiments at the lowest pressures 
were studied more extensively, whereas for 
the two higher pressures, measurements 
were made at only four temperatures, 300, 
325, 350, and 375°C. In addition, experi- 
ments at temperatures above 375°C were 
run only on the Zn-polar surface. 

The uncertainties of the data in each of 
the experiments were not very large, but 
the reproducibility from one experiment to 
another was relatively poor (see discus- 
sions in Appendix II). Thus the relative 
rates at different temperatures were found 
to be substantially more reproducible than 
the absolute rates. The data shown in 
Figs. 5 and 6 were obtained in several 
different temperature variation experi- 
ments. 

As shown in the figures, the activities of 
the Zn-polar surface were much higher than 
those of the O-polar and the (5051) sur- 
faces. On the Zn-polar surface, the rates 
increased exponentially with increasing 
temperature up to about 375°C. Above 
375”C, the rate increased more slowly. The 
Arrhenius plots for the Zn-polar surface at 
0.93 mPa methanol are shown in Fig. 7 and 
the activation energies are reported in Ta- 
ble 1. Because of t_he low activities of the O- 
polar and the (5051) surfaces, no attempts 
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TABLE 1 

Activation Energies for the Formation of Various 
Products on the Zn-Polar Surface of ZnO at Low Pres- 
sures 

Activation energy (kJ/mole) 

0.93 mPa 11.7 mPa 42.6 mPa 

Product 250-375°C 37%425°C 250-375°C 250-375°C 
Hz0 95 ? 19 53 2 11 171 -t 59 306 + 73 
CHzO 91 2 10 19 + 2 112 2 64 161 2 16 
co2 154 + 34 43 ? 9 207 -c 46 331 + 65 
Zn 97 ‘- 17 58 k 10 175 f 60 216 2 18 

were made to calculate activation energies 
from those data. 

Surface conditions after reactions. Gra- 
phitic carbon was found by AES to have 
deposited on all three ZnO surfaces during 
an experiment. Although the amount was 
smaller than that found after a reaction 
study, carbon deposit was also detected af- 
ter a ZnO surface was exposed to the meth- 
anol flux at room temperature for 2 h. Esti- 
mating from the AES peak intensities, the 
surface could have been completely cov- 
ered by carbon at the time the experiment 
was finished. Since the data for the Zn-po- 
lar surface were reproducible at the begin- 
ning and at the end of an experiment, the 
accumulation of carbon must have reached 
a steady state when the data were obtained. 
The situations for the O-polar and the 
(5057) surface were less clear since their 
rates depended on whether the sample was 
heated or cooled to a certain temperature. 
Nonetheless the rates reported here were 
steady-state rates. 

Once an equivalent of one monolayer of 
carbon was deposited on the surface, AES 
did not detect any additional build up of 
carbon. Heating of the sample to 400°C for 
several hours did not remove the carbon. 

When the sample was removed from the 
vacuum chamber, a dark surface layer was 
visually observed on all three surfaces stud- 
ied. The dark surface layer could be a com- 
bination of carbon deposits as well as me- 
tallic Zn. Interestingly, Auger analyses of 
the sample immediately before removal 
from the chamber showed Zn, 0, and C. 

II. Near-Atmospheric Pressure 
Experiments 

Activities of the reactor and the O-polar 
surface. The activity of the reactor was 
studied at 270°C at three pressures-2.7, 
5.3, and 13.3 kPa-and at 2.7 kPa at three 
temperatures-260, 270, and 300°C. In 
these experiments, the ZnO sample was re- 
placed either by a gold-plated ceramic piece 
or by a gold-plated Zn-polar surface. The 
reactor was found to possess some activi- 
ties for methanol decomposition. CO was 
found to be the major carbon product. 
Small amounts of CO2 (less than 5% of CO) 
were also detected. However, no formalde- 
hyde was detected. The amount of CO 
formed as a function of time is shown in 
Fig. 8 for 5.3 kPa and 270°C. Curves for the 
other conditions were similar (16). 

When the experiments were conducted 
using the O-polar surface instead of the 
gold-plated samples, the rate of formation 
of CO was found to be essentially the same 
under all of the conditions studied. Some 
sample data are shown in Fig. 8, curve a. 
Estimating from the uncertainties of these 
data, it was concluded that the rate of for- 
mation of CO on the O-polar surface at 
270°C and 5.3 kPa was less than 1.7 x IOr 
molecules/cm2 s. From similar data ob- 
tained under other conditions, the maxi- 
mum activities of this surface could be esti- 
mated. These values are shown in Table 2. 

TABLE 2 

The Estimated Maximum Activity for CO Forma- 
tion on the O-Polar Surface of ZnO at Near-Atmo- 
spheric Pressure 

Temp PC) Methanol Max. rate (tll%), 
pressure (kPa) lOI* moleculelcm* s 

260 2.7 1.2 
270 2.7 1.9 

5.3 1.8 
13.3 2.3 

280 2.7 3.0 
290 2.7 6.0 
300 2.7 7.2 
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FIG. 4. The rates of product formation at different pressures at 350°C. (a) CH20; (b) Zn; (c) H,O; and 
(d) CO2 . The filled and open symbols are used for clarity. 

.&-polar surface. The activity of the Zn- tor increased with time. An inspection of 
polar surface was studied between 1.3 and the crystal afterwards found that the gold 
13.3 kPa of methanol and 250 and 300°C. In coating at the back and the side of the crys- 
this temperature range, the results were re- tal had cracked. 
producible and independent of the se- At 300°C and below, the major carbon- 
quence of the experiment. Above 3Oo”C, containing product was CO. Small amounts 
the activities of the sample and of the reac- of COz were occasionally detected, but 
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FIG. 4-Continued 

these amounts were not reproducible and activity of the Zn-polar surface. Figure 8, 
were very small. H2 was also a product. No curve b shows the formation of CO on the 
formaldehyde or water was detected. Zn-polar surface at 2.6 kPa and 270°C after 

The rates of formation of CO were higher correcting for the background activity of 
than the rates due to the activity of the the reactor. The rate of CO formation was 
background. The differences between these calculated from the slope of this plot. The 
two sets of rates were used to calculate the rates at various pressures and temperatures 
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FIG. 5. The rates of product formation at different temperatures at 0.93 mPa. (a) CH20; (b) Zn; (c) 
H,O; and (d) CO?. 

are summarized in Table 3. Within experi- the data in Table 3. The activation energy 
mental uncertainties, the rates of methanol was found to be 138 -t 8 kJ/mole. From the 
consumption determined from the decrease data in Table 3, the reaction was found to 
in the methanol concentration in the reac- be zeroth order in methanol. 
tion mixture were the same as the rates of Conditions of the Zn-polar surface. The 
CO production. conditions of the Zn-polar surface after the 

Figure 9 shows the Arrhenius plot using oxygen pretreatment and after being used 
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FIG. S-Continued 

360 

in a reaction study were investigated using With the sample left in the UHV chamber, 
TPDe of methanol. A fresh surface that had the surface was subjected to the same oxy- 
been cleaned and ordered by ion sputtering gen pretreatment as the one used for reac- 
and annealing showed some activities to de- tion studies. Then five consecutive TPDe 
compose methanol in a manner similar to experiments were performed. The surface 
that described in previous reports (8-11). was inactive in the first run and no decom- 
CO, CO?, and HCHO were the observed position products were detected. The de- 
carbon-containing decomposition products. composition activity began to develop in 
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FIG. 6. The rates of product formation at different temperatures at 11.7 mPa. (a) CH20; (b) Zn; (c) 
H20; and (d) CO*. 

the second run and continued to increase in 
subsequent runs. The activity in the fifth 
run was only about 20% of the value before 
the oxygen pretreatment. 

Stepped nonpolar (5051) surface. Only a 
few experiments were performed on the 
stepped nonpolar surface to test if it was 
active or inactive. Decomposition rates 

above the background were observed. The 
major products were CO and Hz; small 
amounts of CO* were sometimes observed. 
In this regard the results were very similar 
to the Zn-polar surface. The rates of CO 
formation are shown in Table 3. Because 
fewer data points were obtained, the uncer- 
tainties in the rates were higher. 
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DISCUSSION 

The results in this study can be summa- 
rized as follows: (i) The activity for metha- 
nol decomposition is different for different 
ZnO surfaces, and the differences depend 
on the pressure. At near-atmospheric pres- 
sures, a Zn-polar or a stepped nonpolar sur- 
face is much more active than an O-polar 

surface. At low pressures, a Zn-polar sur- 
face is also more active than an O-polar sur- 
face, but a stepped nonpolar surface be- 
comes almost as inactive as an O-polar 
surface. (ii) The product distribution is a 
strong function of pressure. The principal 
carbon product is HCHO at low pressures 
versus CO at near-atmospheric pressures. 
(iii) On a Zn-polar surface, the reaction rate 
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FIG. 7. Arrhenius plots for the formation of various products at 0.93 mPa. (a) CH,O; (b) Zn; (c) HzO; 
and (d) CO*. 

increases with increasing methanol pres- methanol decomposition is probably not the 
sure up to almost 26 mPa beyond which the same as that of the surface after an oxygen 
reaction is zeroth order. (iv) In the zeroth treatment or sputtering and annealing in ua- 
order region on a Zn-polar surface, the acti- cud. Since the data obtained on the Zn-po- 
vation energy is 138 to 161 kJ/mole and is lar surface are the most accurate and abun- 
lower at lower pressures. (v) The steady dant, and this face is the most active, we 
state of a Zn-polar surface during catalytic shall first discuss the results on this surface 
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before making comparisons among differ- under near-atmospheric pressures of meth- 
ent faces. anal, it can be calculated that the turnover 

number on the Zn-polar surface is at least 

1. Reactions on the Zn-polar surface 
lo2 using the data shown in Table 3 and 
assuming that every surface Zn-0 pair is 

General discussion. It is important in sin- an active site and that the density of the 
gle-crystal studies to establish that the reac- Zn-0 pairs is 1.1 X 10i5/cm. Thus these 
tions are catalytic. For the experiments results represent the catalytic behavior of 
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TABLE 3 

Rates of CO Formation on Single-Crystal ZnO 
Surfaces at Near-Atmospheric Pressures 

Surface P (kPa) Temp (“C) CO formation rate (+22%), 
lOI molecules/cmZ s 

Zn-polar 2.1 250 3.6 
260 7.7 
270 11.7 
280 21 
290 25 
300 61 

Zn-polar 1.3 270 14.2 
2.7 11.7 
5.3 11.4 

10.6 14.9 
13.3 11.1 

(5051) 2.7 260 4.3 
280 26 

this surface. The same argument applies to 
the stepped nonpolar surface. 

In addition, each data point in Figs. 8 and 
9, and in similar figures for other conditions 
(16) represents an individual experiment. 
The linearity in these figures suggests that 
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FIG. 8. The concentration of CO in the reaction mix- 
ture as a function of reaction time at (curve a) 2.6 kPa 
of methanol and 27o”C, using a Zn-polar surface, and 
at (curve b) 5.3 kPa and 27O”C, using either a gold- 
plated Zn-polar surface, a gold-plated ceramic block, 
or a (oooi) surface. 
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FIG. 9. The Arrhenius plot of the CO formation rate 
on a Zn-polar surface at 2.7 kPa. 

the data are reproducible and that the sur- 
faces do not deactivate with time of reac- 
tion. 

In the low-pressure experiments, the rate 
of CH20 production on the Zn-polar sur- 
face is about 10 X 1Oi5 molecules/cm2 s at 
the high-pressure limit and 375°C. Assum- 
ing again that every Zn-0 pair is an active 
site, a turnover number for a 10-h experi- 
ment for the production of CH20 would be 
of the order of 106. However, during reac- 
tion, the surface is continuously reduced 
and Zn atoms are desorbed from the sur- 
face. In the zeroth-order region, the rate of 
Zn desorption is about 1 X lOi atoms/cm* 
s, or 10 times smaller than the rate of CH20 
production. Thus it can be concluded that 
the majority of the reaction occurred cata- 
lytically because the rate of surface erosion 
is much smaller than the rate of methanol 
decomposition. In addition, since the ma- 
jority of the surface is covered with a car- 
bonaceous layer, the number of exposed 
active sites must be quite small; that is, the 
number of exposed active sites should be 
much less than the number of Zn-0 pairs 
used in the calculation and the turnover 
number should be much greater than 106. 
These sites must be catalytic. 

Reaction mechanism. The products ob- 
served are CO and H2 in the near-atmo- 
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spheric pressure experiments and CH20, 
H20, Zn, and COz in the low-pressure ex- 
periments. In the latter case, CH20 is the 
major product and CO, if present, is a mi- 
nor product. H2, although unidentified be- 
cause of large uncertainties, must be a 
product also to account for the reaction 
stoichiometry. 

All of these products have been observed 
in TPDe studies on single-crystal ZnO sur- 
faces (8-13). It has been proposed that 
methanol decomposes in two separate path- 
ways on the Zn-polar surface. The first in- 
volves the dehydrogenation of methanol to 
formaldehyde: 
Scheme I, dehydrogenation pathway: 

CH30H(g) + Zn-0 e 
CH30-Zn + H-O [I] 

CH30-Zn + O(s) + 
CH20-Zn + H-O [2] 

CH20-Zn + CHzO(g) + Zn(s) [3] 

2 H-O + HZ(g) + 2 O(s) [41 

CH20-Zn + CO(g) + H*(g) + Zn(s), [5] 

where O(s) and Zn(s) represent surface ox- 
ide and Zn ions. In this scheme, methanol is 
adsorbed dissociatively to form an ad- 
sorbed methoxy and a hydroxyl. This step 
may or may not be reversible. The ad- 
sorbed methoxy breaks a C-H bond to 
form an adsorbed formaldehyde. The for- 
maldehyde and the hydrogen then desorb. 
The formaldehyde may also further decom- 
pose to CO and HZ. This scheme is sup- 
ported by two observations from the litera- 
ture. Adsorbed methoxy has been detected 
by both infrared spectroscopy (19, 20) and 
XPS (13), and CH3180H has been observed 
to decompose only to CH2’s0 (no CHz”jO 
was detected (10)). 

The other products COZ, H20, and Zn 
are produced by an oxidation pathway 
(Scheme II) (8-11, 13, 21, 22). ZnO oxi- 
dizes the adsorbed methoxy to a formate. 
The formate then decomposes to CO, COZ, 
H2, and H20. The formation of the formate 

reduces the surface layer of ZnO to Zn, 
which then desorbs from the surface: 
Scheme II, oxidation pathway: 

CH30-Zn + 3 Zn-0 + 
HCOO-Zn + 2 Zn-OH + Zn(a) 161 

2 HCOO-Zn + H2 + 2 CO1 + 2 Zn(s> [7] 

2 HCOO-Zn * 
Hz0 + CO + CO;! + 2 Zn(s) [S] 

2 Zn-OH -+ 2 Zn-0 + Hz [91 

HCOO-Zn + Zn-OH + 
H2 + CO2 + Zn(s) + Zn-0 [IO] 

HCOO-Zn + Zn-OH -+ 
Hz0 + CO + Zn(s> + Zn-0 [l I] 

Zn(a) + Zn(g). [121 

The existence of this pathway has been 
confirmed by TPDe experiments, IR, and 
XPS. During TPDe of methanol, formalde- 
hyde, or formic acid, very similar peaks of 
decomposition products of CO, CO:!, HzO, 
and HZ have been observed. Using IR spec- 
troscopy or XPS, a surface formate formed 
from adsorbed methanol has been detected. 
It has been further shown in TPDe experi- 
ments that the products of the oxidation 
pathway desorb at temperatures 30 to 50°C 
higher than do the products of the dehydro- 
genation pathway. Similarly, a steady-state 
reaction study has also shown that the de- 
composition of methanol to formaldehyde 
occurs at a lower temperature than the for- 
mation of CO1 (23). 

The lattice oxygen has been shown to 
participate in the oxidation pathway in a 
TPDe experiment using 180-labeled metha- 
nol. Contrary to the dehydrogenation path- 
way which produces exclusively lRO-la- 
beled formaldehyde, the oxidation pathway 
produces mainly 160-labeled COz, H20, 
and CO (10). 

In the oxidation pathway, the ZnO sur- 
face is reduced. The resulting metallic Zn 
desorbs from the surface, generating fresh 
ZnO active sites. This phenomenon has 
been observed during TPDe of methanol on 
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ZnO single-crystal surfaces (10, 13) and 
during steady-state decomposition of 
CHxOH on powder ZnO samples (23,24). If 
the suggestion that the ZnO surface is “re- 
generated” by Zn desorption is true, then 
one would expect that the ratio of steady- 
state production rates of (Hz0 + COz)/Zn 
would be unity in the low-pressure experi- 
ments. Values of this ratio are shown in 
Tables 4 and 5. Within the large uncertain- 
ties, they are close to unity and are much 
smaller than the ratios of CH20/Zn. 

We believe that H2 is also a major prod- 
uct in the low-pressure experiments since 
Hz0 alone could not account for the hydro- 
gen atoms released from methanol during 
the formation of CH20 and CO2 (Tables 4 
and 5). In fact, the production rate of H2 
has to be substantially larger than that of 
Hz0 in order to balance the H atoms in the 
reaction. 

It is interesting that CO and HZ are the 
major products in the near-atmospheric 
pressure experiments, which agrees with all 
the published studies on the catalytic de- 

composition of methanol on ZnO at close to 
atmospheric pressures (24-27). Only small 
amounts of other products such as CH20 
and CO2 have been observed. This con- 
trasts sharply with the observation that 
CHzO is the major product in the low-pres- 
sure experiments. There are two possible 
reasons for this discrepancy. The first rea- 
son is that at the low pressures, desorbed 
CHzO would not be able to readsorb and 
would further decompose to CO and HZ. 
On the other hand, at the higher pressures, 
there is probably a stagnant boundary layer 
at the surface through which desorbed 
CH20 has to diffuse to enter the bulk gas 
phase. The presence of this stagnant layer 
would increase the probability of readsorp- 
tion and thus further reaction of CH20. 

The second reason is that the ZnO sur- 
face may be more reduced at higher pres- 
sures. It has been shown that the desorp- 
tion of metallic Zn in a TPDe experiment 
could be suppressed by 1O-4 Pa of O2 (10). 
It has also been observed that a more re- 
duced ZnO surface produces a higher ratio 

TABLE 4 

Rates of Product Formation Relative to the Rates of CHrO and Zn Formation at 350°C 

Product Zn-polar surface 
formed rate relative to 

CH20 Zn 

Surface pressure = 0.93 mPa 
Hz0 20 f 3 622 11 
CHzO 100 303 * 40 
co2 7-r-2 21* I 
Zn 33 f 4 100 

Surface pressure = 11.7 mPa 
Hz0 8r2 652 17 
CHzO 100 832 f 200 
co* 2kl 16* 5 
Zn 12 f 3 100 

Surface pressure = 42.6 mPa 
H20 Sk-3 52 k 28 
CHlO 100 1040 + 350 
co2 l?l 8k 5 
Zn 10 2 3 100 

(5051) surface 
rate relative to 

CH20 Zn 

O-polar surface 
rate relative to 

CHzO Zn 

15 2 12 54 t 44 18k 4 67 ? 24 
100 371 IfI 330 100 369 + 96 

42 3 14 2 12 12 1 5t 3 
27 2 24 100 27? 7 100 

9t 7 79* 33 18 f 15 59 2 43 
100 853 + 648 100 330 * 210 

lk 1 7+ 3 3-c 3 92 8 
122 9 100 30 k 19 loo 

2+ 1 25k 17 12 ? 18 28 rt 28 
100 1470 k 510 100 224 f 250 

I* 1 13 2 15 2k 2 4k 2 
72 2 100 45 k 51 100 
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TABLE 5 

Rates of Product Formation Relative to the Rates of CHrO and Zn Formation at 375°C 

Product 
formed 

Zn-polar surface 
rate relative to 

CH20 Zn 

- 
(5051) surface 
rate relative to 

CH20 Zn 

O-polar surface 
rate relative to 

CHzO Zn 

Surface pressure = 0.93 mPa 
Hz0 32 2 21 54 2 32 29+ 3 66k 6 205 3 552 6 
CH20 100 167 + 95 100 227 t 23 100 278 2 27 
co* 12k 7 21t 11 32 1 7+ 1 5+ 1 15t 3 
Zn 60 t 34 100 44k 4 too 36+ 3 100 

Surface pressure = 11.7 mPa 
Hz0 35 + 17 54 * 53 12* 3 67 z!z 20 122 7 712 27 
CHzO 100 446 IL 219 100 553 + 168 100 569 2 348 
co2 42 3 2Ok 11 1+ 1 42 1 l? 1 82 3 
Zn 21 f 13 100 18t 5 100 18 f 11 100 

Surface pressure = 42.6 mPa 
H20 8t 2 482 13 13t 6 52 +- 33 52 2 432 13 
CH20 100 574 + 133 100 394 + 178 100 929 2 137 
co2 2* 1 lot 3 12 1 3t 1 0.00 5t 1 
Zn 17t 4 100 25 +- 11 100 11+- 2 100 

of CO/CH20 than a less reduced surface 
(9). If the rate of surface reduction is higher 
or if the desorption of Zn is suppressed by a 
high-pressure of methanol, then the surface 
would contain a higher density of metallic 
Zn and produce more CO and less CH20 
than at low pressures. Although our data do 
not discriminate between the two explana- 
tions, we believe that this latter effect is 
more plausible. In fact, the TPDe experi- 
ments performed to study the conditions of 
the Zn-polar surface described earlier sug- 
gest that the decomposition of methanol ac- 
tivates a surface that has become inactive 
after the oxygen pretreatment for the near- 
atmospheric experiments. This activation 
phenomenon, together with the fact that Zn 
atoms desorb from a surface during metha- 
nol decomposition (ZO), suggest that at 
steady state, the ZnO surface contains a 
significant density of defect that could be 
the active sites, as has been shown in pre- 
vious TPDe experiments (8). 

In addition to the different production 
rates of CO and HCHO at different pres- 

sures, the rate of Hz0 production is also 
higher at low pressures than at high pres- 
sures. This indicates that the oxidation 
pathway of the decomposition reaction, 
which involves the decomposition of a sur- 
face formate, is less prominent at high pres- 
sures than at low pressures. This is consis- 
tent with the presence of a more reduced 
surface at higher pressures and thus a lower 
rate of formation of surface formate. 

Pressure dependence. The dependence 
of the rates on pressure presented in Fig. 4 
shows that the rates first increase with pres- 
sure and then decrease at pressures higher 
than 27 mPa. The decrease is more appar- 
ent for Hz0 and CO* than for CH20 or Zn. 
As is explained in Appendix III, these de- 
creases (with the possible exception of 
CO2) are most likely due to over-correction 
of the data for background contributions. 
Therefore the actual pressure dependence 
is such that below about 26 mPa, the rate 
increases with increasing methanol pres- 
sure; above 26 mPa, the rate is independent 
of pressure. This is consistent with the 
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near-atmospheric pressure results in Table 
3 that the rate is zeroth order in the pres- 
sure range between 1.3 and 13 kPa. A 
zeroth-order dependence on methanol pres- 
sure has also been found on ZnO powders 
in the range 1.3 to 4.6 kPa (24) and at pres- 
sures close to atmospheric (25, 28, 29). In- 
terestingly, one study reported a negative- 
order dependence for the rate of formation 
of CO and CO* at methanol pressures be- 
tween 3 to 130 Pa, and a positive-order de- 
pendence for the rate of H2 production (23). 

The dependence of the rate of formation 
of CH20 on pressure can be explained by 
Scheme I. If step [l] is irreversible and the 
breaking of the C-H bond (step [2]) is the 
slow step (the step whose rate constant is 
much smaller than the others), then the ar- 
eal rate can be expressed as 

rate = klkzPl(k2 + klP), iI31 

where k, and k2 are the rate constant for 
reactions [I] and [2], respectively, and P is 
the pressure of methanol. This rate expres- 
sion predicts a transition from a first-order 
rate dependent at low methanol pressures 
to a zeroth-order dependence at high pres- 
sures. 

A similar pressure dependence is ob- 
tained if step [l] is reversible. If we further 
assume that the desorption of formalde- 
hyde and Hz in steps [3] and [47 are rapid 
such that the surface concentrations of 
CH*O-Zn and O-H are small, then the ar- 
eal rate of formation of formaldehyde can 
be expressed as 

rate = k2KIPI(l + K,P), u41 

where K1 is the equilibrium constant for re- 
action [l]. This expression predicts a pres- 
sure dependence of the rate similar to that 
in Eq. [13]. 

Methanol is known to adsorb reversibly 
on ZnO. In the temperature-programmed 
decomposition studies, some of the metha- 
nol desorbs from ZnO without decompos- 
ing (8-13, 21). However, methanol also ad- 
sorbs irreversibly and dissociatively at 
room temperature, and the resulting sur- 

face methoxy species can be detected by 
infrared spectroscopy (29, 20) and XPS 
(13). In view of the possibility that at steady 
state during reaction only a small fraction 
of the surface remains clean and is active, it 
is not clear how applicable these literature 
results are to the situation under reaction 
conditions, since the techniques used in 
these studies only detect species that are 
present in high densities on the surface. At 
present we tend to favor irreversible ad- 
sorption of methanol. In addition, as will be 
discussed later, it is also possible that sur- 
face defects are the active sites whose con- 
centration may depend on the pressure of 
methanol. Then the values of kl , k2, and K1 
in Eqs. [13] and [14] will be functions of 
pressure. 

Temperature dependence. The turnover 
rates of the various products are shown as a 
function of temperature for all three sur- 
faces in Figs. 5 and 6 and in Tables 2 and 3. 
The corresponding Arrhenius plots for the 
Zn-polar surface are shown in Figs. 7 and 9. 
The rates increase exponentially with in- 
creasing temperature below about 375°C. 
Above 375°C the rate of increase is slower. 
The activation energies for the Zn-polar 
surface at low pressures are shown in Table 
1. Because of the high uncertainties in the 
data, the activation energies for the other 
two surfaces are not shown. 

The value for CH20 production at 43 
mPa of methanol is 161 kJ/mole. It is com- 
parable to the value of 138 kJ/mole ob- 
tained for the primary reaction of CO for- 
mation at 2.6 kPa on the same Zn-polar 
single-crystal surface. The activation ener- 
gies reported in the literature are summa- 
rized in Table 6. These values vary widely. 
Below about 330°C the range of the re- 
ported values is from 127 to 255 kJ/mole. 
The values in this study fall within the 
range. 

The values at low pressures shown in Ta- 
ble 1 show three interesting trends: the acti- 
vation energies increase when the pressure 
is increased; they are lower at temperatures 
above 375°C than below 375°C (at least for 
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TABLE 6 

Summary of Activation Energy Values Published in 
the Literature 

Activation energy Temperature 
(kJ/mol) range (“C) 

Method Ref. 

156 230-372 PreSSW?” 
146 295-330 Cob 

92 330-376 co 

225 2 8 3 I Z-330 PKSSUK 

115 i- 3 330-356 PrEXlllX 

191 298-330 CO 

67 330-425 co 

247 260-337 Conversions~ 

121 337-370 Conversions 

127 288-315 co + cop 

42.5 315-340 co + co> 

Dandy (24) 
Dohse (25! 
Dohse 
Fuderer (32) 
Fuderer 

Uchida (31) 
LJchlda 
Morelli (28) 
Morelli 
Tawarah (23) 
Tawarah 

n Rates measured by pressure increase in the system. 
b Rates measured by the formation of CO. The activation energies for 

total product formation were the same. 
c Rates measured by the conversions of CHjOH. 
d Rates measured by the formation of CO + CO2. 

the data at 0.93 mPa); and below 375°C the 
activation energy for the formation of CO2 
is higher than those for the other products, 
whereas the value for formaldehyde above 
375°C is lower than for the other products. 

The increase in activation energy when 
the pressure is increased is predicted by the 
rate expressions [I31 and [14]. Examining 
expression [ 131, the rate at the low-pressure 
(first-order) limit is given by rate = k,P, and 
the apparent activation energy is El. The 
rate at the high-pressure (zeroth-order) 
limit is given by rate = k2, and the apparent 
activation energy is E2. Since it has been 
shown that dissociative adsorption of meth- 
anol occurs even at room temperature but 
the decomposition to formaldehyde does 
not, it is reasonable to assume that El < El, 
which would result in an increase in activa- 
tion energy when the pressure of methanol 
is increased. 

Likewise, from rate expression [14], the 
rate at the low-pressure limit is given by 
rate = k2KIP, and the apparent activation 
energy is E2 + H, where H is the heat of 
adsorption of methanol. The rate at the 
high-pressure limit is given by rate = k2, 
and the apparent activation energy is E2. 
Since the heat of adsorption of methanol on 

ZnO is negative (30), the apparent activa- 
tion energy should be lower at low pres- 
sures than at high pressures. 

Although these arguments explain the 
data qualitatively, they do not take into ac- 
count the possible changes in the surface 
conditions with pressure and particularly 
with temperature. If indeed the surface is 
partly reduced at the steady state, it is rea- 
sonable to assume that the degree of reduc- 
tion depends on temperature and pressure. 
This would affect the apparent activation 
energies. 

A smaller activation energy at high tem- 
peratures than that at low temperatures has 
also been reported by other workers (Table 
6). Several explanations have been pro- 
posed in the literature. Dohse has sug- 
gested that methanol decomposes sequen- 
tially, first into formaldehyde and then into 
CO. At low temperatures the step with the 
higher activation energy is the rate-limiting 
step, and at high temperatures the step with 
the lower activation energy is the rate-limit- 
ing step (25). In the study by Uchida and 
Ogino, it was found that the temperature at 
which the activation energy of the methanol 
decomposition reaction changed was the 
same as the temperature at which the acti- 
vation energy of the conductivity of the 
ZnO powder in Hz changed (31). This might 
indicate a change in the extent of reduction 
of the ZnO surface. Tawarah and Hansen 
explained the change in the activation en- 
ergy of the reaction with the proposal that 
methanol decomposition occurred only 
when there was a vacant active site adja- 
cent to an adsorbed methoxy species. The 
higher activation energy at low tempera- 
tures was due to the fact that the surface 
was nearly fully saturated and some 
CH30H needed to be desorbed before de- 
composition could take place (23). The neg- 
ative-order dependence they observed for 
the production of CO + COz could also be 
explained by a requirement of two adjacent 
sites. 

Neither Dohse’s nor Tawarah’s model 
could explain our data. Dohse’s explana- 
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tion would apply to the formation of CO as 
a subsequent reaction of formaldehyde. 
However, the major product in our low- 
pressure study is formaldehyde, the forma- 
tion of which shows the same change in ac- 
tivation energy as those of the other 
products. Since we did not observe a nega- 
tive order in the rates, Tawarah’s explana- 
tion would not apply here. 

The effect of pore diffusion is another 
common explanation for a lower activation 
energy at higher temperatures than at lower 
temperatures. Since our single-crystal sam- 
ples do not have pores, a pore diffusional 
effect is not applicable. 

Our results cannot be readily explained 
using Schemes I or II, which would predict 
no changes in the activation energy in the 
region of first-order kinetics. 

If the schemes are correct, this change in 
activation energies with temperature may 
reflect a change in the temperature depen- 
dence of the concentration of surface active 
sites, perhaps because of a change in sur- 
face defect concentration as proposed by 
Uchida and Ogino (31) and/or in surface 
carbon coverage. Unfortunately, there are 
no data to evaluate this possibility. 

Turnover frequencies (TOF). Assuming 
that each surface Zn ion is an active site, 
the turnover frequency for the Zn-polar 
surface in the zeroth-order region at low 
pressure is about 10 s-r (10 x lOi mole- 
cules/cm* s) at 350°C. At near-atmospheric 
pressure, it is 6 x 10e2 s-l (6 x 1013 mole- 
cules/cm2 s) at 300°C or 0.6 s-r (6 x lOi 
molecules/cm2 s) at 350°C (using an activa- 
tion energy of 138 kJ/mole). These two val- 
ues are reasonably close considering the 
very different pressures and the very differ- 
ent experimental techniques used. This 
close agreement lends strong support to the 
validity of the measurements reported in 
this paper. 

However, from the rate data on powder 
ZnO and the surface areas published by 
other workers, we calculated widely differ- 
ent TOF’s. Morelli et al. reported a value of 
1.5 x 1Or3 molecules/cm2 s at 320°C (28, 

29), Uchida and Ogino reported 1 x 1Or4 at 
425°C (31), Dandy reported 6 x lOi at 
375°C (24), and Tawarah and Hansen re- 
ported 6 x 10” at 340°C (23). It is tempting 
to attribute the wide variation to the struc- 
ture sensitivity of this reaction. 

2. Comparison among Different Surfaces 

Figures 4a-4d show that at low pressures 
the catalytic activities of the stepped non- 
polar (5031) or the O-polar (0001) surface 
are much lower than the Zn-polar (0001) 
surface. This trend is the same as that ob- 
served during the low-pressure catalytic de- 
composition of 2-propanol(5, 6), as well as 
during the temperature-programmed de- 
composition of methanol (9, 13). Such a 
trend has been used by some investigators 
to explain their results on powder ZnO (22, 
23). 

On the other hand, the stepped nonpolar 
is about as active as the Zn-polar surface at 
near-atmospheric pressures (Table 3), and 
they are both much more active than the O- 
polar surface. 

To explain these results, we make use of 
the assumption that the active sites are sur- 
face defects produced by reduction of the 
surface. The Zn-polar surface is the most 
easily reduced. Thus it is the most active. 
The stepped nonpolar surface is less reduc- 
ible and is less active than the Zn-polar sur- 
face at low methanol pressures. However, 
at high pressures of methanol, the surface is 
sufficiently reduced to be as active as the 
Zn-polar surface. The O-polar surface is re- 
duced with difficulty and is thus the least 
active. 

It is also possible that the adsorption of 
methanol on the nonpolar surface is weaker 
than that on the Zn-polar surface. Thus a 
much higher pressure of methanol is re- 
quired to result in a saturation coverage of 
methanol and the corresponding high cata- 
lytic activity on this surface. 

If indeed the active sites are surface de- 
fects, why is the Zn-polar surface more eas- 
ily reduced than the nonpolar surface? We 
conjecture that the presence of coor- 
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dinatively unsaturated (cus) 0 ions on the 
nonpolar surface help prevent the surface 
from being reduced because these 0 ions 
are more easily protonated and participate 
with greater difficulty in the oxidation of 
surface methoxy species to surface for- 
mate. The Zn-polar surface does not have 
any (ideally) 0 cus ions, but it does have 
coordinatively saturated surface 0 ions. 
These 0 ions participate more readily in the 
oxidation of surface methoxy to formate. 
The result is that it is more difficult to re- 
duce the Zn ions in the nonpolar surface to 
Zn atoms. Another possibility is that meth- 
anol adsorbs less strongly on the nonpolar 
surface than on the Zn-polar surface be- 
cause of their different electronic struc- 
tures. This results in a low surface coverage 
of methanol on the nonpolar surface and a 
low activity. 

The product distributions on the three 
surfaces are similar: at near-atmospheric 
pressures, CO and H2 are the products de- 
tected; at low pressures, CH20 is the major 
product, but COz, HzO, Zn, and_Hz are also 
produced. However, for the (5051) and the 
(0007) surfaces, it is possible that CO and 
H2 are actually the major products which 
have gone undetected because of the high 
background pressures of these gases. In- 
deed during the TPDe of methanol, CH20 is 
not a product formed on these two surfaces 
(9). However, the higher rate of CH20 pro- 
duction than of Hz0 production observed 
here suggests that the surface behaves dif- 
ferently during steady-state catalytic reac- 
tions than during TPDe reactions. 

From the data, it is not possible to evalu- 
ate the effect of surface carbon. Other ex- 
periments need to be conducted to eluci- 
date this point. 

CONCLUSION 

It has been shown that catalytic decom- 
position of methanol takes place on single- 
crystal surfaces of ZnO. Between 0.93 and 
about 43 mPa of methanol and up to 425°C 
a Zn-polar surface is much more active than 
a stepped nonpolar (5031) or an O-polar 

(OOOi) surface. Between 2.7 and 13.3 kPa, 
the Zn-polar and the (5031) surfaces are 
about equally active and are much more ac- 
tive than the O-polar surface. Thus the de- 
composition of methanol on ZnO is struc- 
ture sensitive. The rate of decomposition of 
methanol increases with increasing pres- 
sure up to about 27 mPa. Above this pres- 
sure the rate is zeroth order in methanol. 
The turnover frequencies and the activation 
energies found on the Zn-polar surface at 
low and near-atmospheric pressures are 
comparable. 

The major product at low pressures is 
formaldehyde. CO*, H20, and Zn are also 
detected. H2 is also a product but it is not 
detected because of the high background of 
this gas in the system. Although CO could 
be formed, it could not be the major prod- 
uct on the Zn-polar surface. However, at 
near-atmospheric pressures, CO and H2 are 
the major products, which agrees with pre- 
vious work using ZnO powders at similar 
pressures. The difference in the products at 
different pressures is attributed to two fac- 
tors: the presence of a boundary layer in 
the near-atmospheric pressure studies that 
facilitates readsorption and further reac- 
tions of formaldehyde, and the different de- 
grees of surface reduction at different pres- 
sures. The active sites on the Zn-polar 
surface are proposed to be surface defects 
generated by the reduction of the surface 
during reaction. 

APPENDIX 1: MAXIMUM POSSIBLE RATE OF 
CO FORMATION 

An estimate of the maximum possible 
rate of CO formation was made using some 
limiting and probably unreasonably con- 
servative assumptions about the fragmenta- 
tion of CH30H, CH20, and CO* into m/e = 
28. If we assumed that the m/e = 28 peak 
was due only to CO and fragmentation from 
methanol (whereas in reality, both CH20 
and CO* also fragmented significantly into 
this peak) and that the mass spectrometer 
sensitivities of CO and CH20 were the 
same (whereas the spectrometer was about 
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2.86 times more sensitive to CO than 
CHzO), the rate of CO production was cal- 
culated to be only about 0.58 times the rate 
of CH20 production. Thus CH20 was un- 
doubtedly the major product in these mea- 
surements. 

APPENDIX II: ESTIMATION OF 
UNCERTAINTIES IN THE DATA 

Whether the rates of reaction could be 
accurately determined and whether the 
ZnO surfaces behaved as catalysts were of 
great concern throughout this study. The 
reproducibility of the data has been an im- 
portant criterion. As can be seen in Figs. 
4a-4d, the variation from one measurement 
to another could be as large as a factor of 2. 

In these figures, an error bar along the y- 
axis represented a 95% confidence limit in 
the reproducibility estimated from a group 
of data points collected under similar condi- 
tions, whereas an error bar along the x-axis 
represented the pressure range of the same 
group of data points. 

The magnitudes of the various sources of 
errors in the data can be discussed with re- 
spect to whether they would affect the re- 
producibility or the accuracy of the data. 
The noise imparted by the mass spectrome- 
ter and the uncertainties in the measured 
flow rates of methanol through the doser 
tube were small, less than the width of the 
data point in Fig. 4. During an experiment, 
the sample holder and the ZnO sample were 
frequently rotated away from and back to 
the mass spectrometer to measure in an al- 
ternate sequence the direct and the indirect 
fluxes at the reaction temperature. An error 
of 1” off the optimal position of the sample 
with respect to the mass spectrometer was 
found to lead to a 10% decrease in the MS 
intensity. However, the maximum error in 
repositioning should be less than 0.5” or 3% 
in the MS intensity. 

The temperature of the ZnO surface mea- 
sured by the thermocouple could only be 
set to +2”C. Because there were tempera- 
ture variations across the surface, it was 
possible that different temperature varia- 

tions from one experiment to another could 
affect the reproducibility. The effect in- 
duced by a temperature variation was esti- 
mated using the data on Zn production, 
which had the smallest contributions from 
the background. Assuming an activation 
energy of Zn production of 150 kJ/mole, 
such a temperature variation at 350°C 
would result in a rate variation of *lo%. 
Although this did not totally account for the 
33% spread in the rates shown in Fig. 4b, it 
did contribute significantly. 

Using the methanol signal, the day-to- 
day variations in the sensitivity of the mass 
spectrometer were estimated to be ?14% 
when the sample was at room temperature. 
Thus this contribution to the lack of repro- 
ducibility of the data was also substantial. 
Finally, judging from the data, the change 
in the activities of the surface from one ex- 
periment to another was not expected to be 
large in view of the other contributions dis- 
cussed. 

APPENDIX III: DECREASE IN RATES AT 
PRESSURES HIGHER THAN 27 mPa 

The decrease in rates is attributed to 
over-correction of the data for background 
contributions in the low-pressure experi- 
ments. For example, the rates for water 
were calculated from the difference in MS 
intensities of the direct flux and the indirect 
flux measured at reaction temperature mi- 
nus the same difference measured at room 
temperature when no reaction occurred. 
However, if the room temperature correc- 
tions were not applied, the rates were not 
lower at the higher pressures. The room 
temperature correction for Hz0 was large 
and increased with increasing methanol flux 
due to both the displacement of water from 
the chamber walls by methanol and the 
presence of water impurity in the methanol. 
We believe that this large correction is the 
reason that water appeared to show a lower 
rate at high pressures (Fig. 4~). 

Two other possibilities for this effect 
could be excluded. One possibility is the 
effect due to collision of molecules at high 
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pressures. However, at 43 mPa, the mean 
free path of methanol is 18 cm, which is 
much longer than the distance between the 
sample surface and the ionizer of the mass 
spectrometer, thereby eliminating this pos- 
sibility. The linear relationship between the 
direct flux MS intensity at room tempera- 
ture and the methanol pressure (Fig. 1) sup- 
ports this conclusion. The second possi- 
bility is that the impinging methanol mole- 
cules collide with the adsorbed species 
causing the desorbing species to desorb in 
angles that do not follow the cosine law of 
desorption. This effect should be larger for 
the lighter product molecules such as Hz0 
and CH20 than for the heavier ones such as 
Zn and CO1 . However, such a dependence 
on the molecular weight was not observed. 
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