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Decomposition of methanol-d4 was studied using temperature-programmed decomposition spec- 
troscopy on the nonpolar flat (lOTO), stepped (5031) and (4041), and the polar (0001) ZnO surfaces. 
The (5071) and (4041) planes are surfaces with (0001) steps and (lOTO) terraces. CDI, CO, CO:, and 
Dz were the decomposition products on the nonpolar stepped and flat surfaces. The ratios of these 
products were similar on these surfaces. The fraction of desorbed product being decomposition 
products increased in the order stoichiometric (1010) < reduced (1070) < (SO?l) i (4041). The 
activity of the stepped surfaces decreased slightly after oxygen pretreatment of the surface. The 
results indicated that steps and anion vacancy defects are the active sites for methanol decomposi- 
tion. The activity of the polar (0001) surface was similar to that of the stepped surfaces. However, 
the products were different. CD10 and DZO, but no CD, were observed in addition to CO, CO: and 
Dz. The results indicated that methanol decomposition on ZnO is a structure-sensitive reaction. 
Implication of these observations on the reverse reaction of methanol synthesis on ZnO and Cu-Zn 
oxide is discussed. 

INTRODUCTION 

The concept of structure sensitivity in ca- 
talysis was introduced by Boudart (1) to 
classify reactions according to whether the 
rates per exposed surface atom of the cata- 
lyst and other characteristics of the reac- 
tion depend on the support, method of 
preparation, and dispersion. It is believed 
that these variables ultimately control the 
electronic properties and the atomic envi- 
ronments of the surface atoms. Since then, 
many structure-sensitive and structure-in- 
sensitive reactions have been reported on 
supported metal catalysts. While the origi- 
nal concept emphasized on supported cata- 
lysts, it has been extending to single-crystal 
studies in which different crystal planes, 
some of which possess steps and kinks, ex- 
hibit different catalytic behavior (24. 
However, practically all studies of the lat- 
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ter type reported to date involved metallic 
surfaces. 

It is conceivable that reactions on oxide 
catalysts can also be structure-sensitive. 
Indeed, since most oxide catalysts are pre- 
pared by calcination of hydroxide such that 
the surfaces are formed by dehydroxyla- 
tion, it has long been proposed that oxide 
surfaces consist of hydroxyl groups sur- 
rounded by different numbers of exposed 
cations, cations of different numbers of co- 
ordinative unsaturation, and oxygen anions 
(5, 6). Different degrees of dehydroxylation 
generate different ratios of these surface 
ions and therefore surfaces of different 
properties. For example, the isomerization 
and dehydration activities of AlZ03 (7) and 
the isomerization activity of Crz03 (6) were 
found to increase with increasing degree of 
dehydroxylation. Such observations, which 
indicated that special surface sites are re- 
quired for catalysis strongly suggested that 
these reactions are structure sensitive. 

There are other reports that suggested 
structure sensitivity in oxide catalysis. For 
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example, the catalytic decomposition of 
methanol on Ti02 was found to depend on 
the crystallographic forms of Ti02 (8). Sur- 
face defects have been suggested as the ac- 
tive sites for a number of reactions (9, 10). 

There has yet to be a report on the study 
of the catalytic activity of different crystal 
planes of an oxide. Some chemical proper- 
ties of single-crystal oxide surfaces have 
been reported for Ti02, SrTi03, and ZnO 
(22-13). In general, it was shown that anion 
vacancies are chemically more active than 
the stoichiometric surfaces. For example, 
water and oxygen adsorb readily on these 
vacancies. 

In addition to anion vacancy defects, 
structural defects such as surface steps can 
also be present on oxide surfaces. Re- 
cently, the CO, 02, and CO* chemisorption 
properties have been compared among ZnO 
surfaces that were perfect and those that 
contained anion vacancy defects or step de- 
fects (23). It was found that nonpolar sur- 
faces with steps in the positive c direction 
(Fig. 1) behave like a nonpolar surface with 
anion vacancies in CO2 adsorption, but they 
behave like the Zn-polar surface in CO ad- 
sorption. In this report, the reactivity of 
these surfaces in methanol decomposition 
are compared. From the reactivity and the 
product distribution measurements, infor- 
mation on the structure sensitivity of this 
reaction is obtained. Since methanol de- 
composition and methanol synthesis are re- 
lated by the principle of microscopic re- 
versibility, such information should be 
applicable to the synthesis reaction. 

Specifically, the technique of tempera- 
ture-programmed decomposition spectros- 
copy (TPDS) was used to study four ZnO 
surfaces: a nonpolar (1010) surface (the 
horizontal surface in Fig. 1 if the step we_re 
not present), a stepped (5051) and (4041) 
surface which are surfaces with (lOTO> ter- 
races and (0001) steps (surface shown in 
Fig. l), and a Zn-polar surface (the vertical 
surface on ihe right in Fig. 1). The (40;?1) 
and the (5051) surfaces can also be labeled 
4(1010) x (0001) and S(lOiO) x (OOOl), re- 
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FIG. 1. Model of a stepped nonpolar ZnO surface. 

spectively, and 25 and 20% of their surfaces 
are steps. The reactivity in methanol de- 
composition of these surfaces will be de- 
scribed in this paper. The reaction mecha- 
nism will be discussed in a later paper. 

EXPERIMENTAL 

Experiments were conducted in a con- 
ventional ultra-high vacuum stainless-steel 
chamber equipped with Auger and LEED 
optics and a UT1 quadrupole mass spec- 
trometer as described elsewhere (13, 14). 
Zinc oxide single crystals were insulating 
samples purchased from Atomergic Chemi- 
cals. The crystal face being studied was 6 x 
6 mm2. The crystals were oriented by X-ray 
Laue back-scattering to within 0.5”. The di- 
rection of the c-axis was determined by 
etching. The (4041) and the (5051) surfaces 
were obtained by cutting the crystal at 7.7 
and 6.2”, respectively, with respect to the 
(1070) plane in the direction of positive c- 
axis. The samples were mechanically pol- 
ished until free of observable scratches un- 
der an optical microscope. A thin layer of 
gold was deposited on the edge and the 
back side of the samples. The samples were 
heated by radiation from a tungsten fila- 
ment. 

The surfaces were cleaned and ordered 
by repeated cycles of sputtering and an- 
nealing. The (1010) and the (0001) surfaces 
were annealed at 500°C for 60 min each 
time, and the (4041) and (5051) surfaces 
were annealed first at 650°C for 30 min, and 
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then at 500°C for 20 min. Details of the 
preparation have been reported (13, 14). 

Potassium was the only detectable impu- 
rity and the Auger K/O peak ratio was kept 
below 5%, usually less than 2%. TPRS 
results were identical on surfaces with and 
without detectable K. 

Sample pretreatment conditions were 
chosen based on the work of Gopel(15-17). 
By performing studies on ZnO powder and 
single-crystal (1070) plane using techniques 
such as EPR, surface conductivity, surface 
potential, and temperature programmed de- 
sorption of isotopically labeled oxygen, Go- 
pel and coworkers found that because of 
preferential vaporization of oxygen, anion 
vacancies are present on ZnO surfaces that 
are heated in U~CUO above 800°K. Exposure 
of such surfaces at room temperature to ox- 
ygen removes these vacancies and results 
in chemisorbed 02- species. The latter 
chemisorbed species can be desorbed at 
350°C leaving behind a stoichiometric sur- 
face. 

In this study, a surface that was sput- 
tered and annealed as described earlier is 
referred to as a reduced surface because it 
contained surface anion vacancies. If a re- 
duced surface was exposed to 1.3 x 10m4 Pa 
of oxygen at 400°C for 15 min, cooled in O2 
to 2OO”C, and then in U~CUU to room tem- 
perature, the resulting surface is referred to 
as an oxidized surface. If the surface was 
further heated to 350°C in uucuo and cooled 
back to room temperature, it is referred to 
as a stoichiometric surface. If unspecified; 
the surface is a reduced surface. 

Methanol-d., (Chemalog 99.5% enriched) 
was dosed directly onto the sample surface 
via a leak valve and a l/16-in-o.d. stain- 
less-steel doser in a manner similar to that 
of Madix (18). It was purified by fractional 
distillation using dry-ice-acetone as refrig- 
erant, and by several freeze-thaw cycles. 
During dosing, the methanol was kept at 
0°C. 

The standard procedure for adsorption 
and desorption was to cool the ZnO sample 
in uacuu (-lo-” Pa) for I to I l/2 h since the 

last desorption or annealing. Then with the 
sample facing the doser, methanol was in- 
troduced for 15 s. The magnitude of the de- 
sorption peaks remained constant for expo- 
sures longer than about 5 s. The pressure 
recorded by the nude ion gauge was 2.7 x 
lo-’ Pa during exposure, although the ef- 
fective pressure at the sample surface was 
much higher. After evacuating the chamber 
for 2 min, desorption began. The desorbed 
species was detected by the mass spec- 
trometer which was controlled by a micro- 
processor such that intensities of 5 masses 
could be recorded every second. Partial 
discrimination between desorption signal 
and the background was achieved by plac- 
ing a stainless-steel plate with a l-cm- 
diameter hole between the sample and the 
mass spectrometer. A heating rate of 1OWs 
was maintained up to 400°C. Between 400 
and 55O”C, the rate slowed to about 8”Us. 

During thermal desorption, mass num- 
bers corresponding to the parent peaks for 
CO, COz, and Dz, and the various cracked 
fragments of CD3OD, CD20, D20, and CD4 
were monitored. To convert the peak inten- 
sities into relative concentrations of the 
various compounds, the intensities were 
first corrected for contributions as cracked 
fragments from the appropriate species, 
and then corrected for the relative sensitivi- 
ties of the species. The parent peaks of CO, 
CO*, and D2 were used for such concentra- 
tion calculations. For methanol, the CD30 
peak (m/e = 34) was used, and for formal- 
dehyde, the CD0 peak (m/e = 30). The 
cracking patterns for all the above species 
were independently measured in our sys- 
tem by leaking in the appropriate gas. The 
identification of the various species were 
relatively straightforward except for what 
we assigned as CD4. Both CD4 and D20 
have mass 20, but they were distinguished 
by their cracking patterns at mle = 16 and 
14. Specifically, the cracking pattern for 
CD4 was m/e = 20, 100; 18, 75.4; 16, 14.7; 
14, 10.2; 12, 3.3. That for D20 was difficult 
to obtain due to H-D exchange in the mass 
spectrometer. However, it is expected from 
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the cracking pattern of H20 that the m/e = 
16 fragment (Of) to be very small, and m/e 
= 14 fragment to be nonexistent. Thus the 
m/e = 16 and 14 intensities can be used for 
CD4 identification. In the experiments using 
the stepped surfaces, for example, the peak 
area ratios for m/e = 20:16:14 is 
1 : 0.21 : 0.12 (after subtracting contribution 
from CDJOD). Within experimental error, 
the ratios were the same as the ratios in 
CD4 cracking pattern. Therefore, the peak 
was assigned totally to CD4, and none to 
D20. This assignment was further con- 
firmed by results from similar experiments 
using CH30H instead of CD30D. Then the 
methane formed was CH4 whose parent 
peak was mle = 16 which was clearly dis- 
tinguishable from H20 (m/e = 18). The ab- 
sence of detectable m/e = 18 peak above 
background desorption confirmed the as- 
signment. 

The sensitivity of the mass spectrometer 
for each species was determined by moni- 
toring the mass spectrometer intensities as 
a function of pressure determined by the 
ion gauge which was further corrected for 
the ionization cross section of the gas. The 
sensitivity thus determined for CO, COZ 
and 02 were within 8%. That for D2 was 
2.74 times lower. According to the manu- 
facturer, the mass spectrometer sensitivity 
for different gases is about the same; we 
have therefore assumed constant sensitiv- 
ity for all species except Dl. Because of the 
low sensitivity for Dz, a small D2 peak could 
easily be missed. In addition, the small Dz 
signals were more subjected to a constant 
error in background subtraction, and lower 
signal to noise than other species. Thus the 
deuterium balance was less accurate than 
carbon or oxygen balance. 

The peak intensities reported in the ta- 
bles and figures have all been corrected for 
contribution from cracking of other species 
and difference in relative sensitivities. 

Peak temperatures in the desorption pro- 
files were reproducible to within 10°K from 
run to run. Peak intensities were reproduc- 
ible to within 15%. Data on (1010) surface 

have been repeated on two different sur- 
faces of different samples. Data on (0001) 
surface have been repeated on two surfaces 
prepared from the same crystal, while data 
on the stepped surfaces were obtained only 
on one surface each. 

In this paper, peak intensities are re- 
ported as areas under the desorption peaks. 
It was found that if the sample was not di- 
rectly facing the mass spectrometer, the in- 
tensities of the desorption peaks decreased 
uniformly by 70-50%, except for Dz. Be- 
cause of the uniform behavior of the peaks, 
the relative peak intensities should reflect 
the relative concentrations even though we 
did not separate the contribution due to di- 
rect flux from that due to the background 
pressure increase. 

RESULTS 

LEED evidence for ordered surfaces af- 
ter sputtering and annealing cycles has 
been presented (13). Summarizing the 
results, the (1010) surface exhibited a sharp 
1 x 1 pattern. The (0001) surface exhibited 
a sharp sixfold “ 1 x 1” pattern which was 
interpreted as due to the presence of single 
double-layer steps (19). The stepped (4041) 
and (5051) surfaces exhibited characteristic 
splitting of spots. Results from the analysis 
of the characteristic voltages at which the 
spots became singlets or equal intensity 
doublets were consistent with the conclu- 
sion that there is little relaxation of the sur- 
face atoms from positions derived from 
truncation of an ideal solid. Thus the model 
shown in Fig. 1 appears to represent well 
the real surface. 

Figure 2 shows the temperature pro- 
grammed desorption profile of methanol 
from a (5071) surface. Undissociated meth- 
anol was desorbed with a peak maximum at 
150°C. Deuterated methane was evolved si- 
multaneously. Between 300 to 45O”C, the 
other products CO, CO*, and Dz were de- 
sorbed. The peak maxima of CO and DZ 
were both at 38O”C, and that of COZ was at a 
slightly higher temperature of 400°C. For- 
maldehyde, methyl formate, and dimethyl- 
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FIG. 2. Temperature-programmed decomposition profile of CD,OD on a reduced (5031) surface. CD, 
peak was expanded 2.5 times, CO, CO?, and Dz 5 times. 

ether were searched for but not found. Wa- 
ter was not detected. However, because of 
the relatively large uncertainty in our 
method of mass analysis as described 
above, if a small amount of D20 was 
evolved together with CD4, it would not be 
detected. The assignment of the peak to 
CD4 instead of D20 was described in the 
last section and confirmed by studying de- 
sorption of CHjOH instead of CD@D. 

The desorption profiles for the (4041) and 
the reduced (1010) surfaces are similar to 
the (SOJl) surface except for differences in 
absolute peak intensities on the different 
surfaces. Within uncertainties, the relative 
peak areas of the decomposition products 
were the same on all three surfaces. The 
area of the CD30D peak for the (1010) sur- 
face was about 207~ higher than for the 
stepped surfaces. This difference was not 
considered significant considering the un- 
controlled variables involved when com- 
paring different samples, such as precise lo- 
cation of the sample, and performance of 
the mass spectrometer. The intensities of 
the decomposed products relative to 

CD30D for each sample would be free of 
these uncertainties. These ratios for the 
four products are shown in Fig. 3 and listed 
in Table 1. The fraction of desorption being 
decompo$tion pro_ducts decreased in the 
order (4041) > (505_1) > reduced (1010) > 
stoichiometric (1010). The amount of 
CD30D desorbed from the stoichiometric 
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FIG. 3. Ratios of the intensities of the decomposed 
products to that of CD,OD for different ZnO surfaces. 
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TABLE 1 

Product Distribution in CD,OD Decomposition0 

Surface CD3OD CO2 CO CD4 Drb 

(loio) 1.00 0.04 0.07 0.036 0.14 
(SO51 ) 1.00 0.15 0.27 0.12 0.66 
(4041) 1.00 0.25 0.44 0.20 0.96 

u These are peak areas normalized to CDsOD (mea- 
sured as CD,O, m/e = 34). 

b These values are D2 peak areas times 2.74, the 
mass spectrometer sensitivity factor. 

(1010) surface was about 25-30% lower 
than the reduced (lOTO), while the decom- 
posed products were barely detectable. Re- 
ferring to data in Table 1, it is interesting to 
note that the ratio of CDJCOz is close to 
unity. 

Methanol decomposition was also stud- 
ied on a stoichiometric and an oxidized 
(4041) surface defined and pretreated as 
described in the experimental section. The 
amounts of decomposition products rela- 
tive to CD30D are listed in Table 2 and 
compared with a reduced (4041) surface. A 
heating rate of 5°K s-i was used for these 
experiments instead of the usual 10°K s-i. 
Within experimental uncertainties, the 
product distribution of decomposition 
products seemed to be about the same on 
the three surfaces, although the fraction of 
methanol decomposed might be slightly 
larger on the reduced surface. 

The desorption profile for the Zn-polar 
(0001) surface, which is shown in Fig. 4 was 
markedly different from those for the other 
surfaces. Three DZ and CO peaks were ob- 
served. CD4 was not found. Instead, small 
CD20 and D20 peaks were observed. The 
relative peak areas of these products are 
shown in Table 3. Comparing with the data 
in Table 1, it can be seen that the fraction of 
desorbed products being decomposition 
products was higher on this surface than on 
the other surfaces. Table 3 also shows the 
product distributions as a function of the 
annealing temperature of its surface. It was 
reported that annealing between 300 and 

400°C resulted in a (0001) surface that ex- 
hibited splitting of the spots of the sixfold 1 
x 1 pattern (13). This suggested the forma- 
tion of regular steps on the surface. Anneal- 
ing between 500 and 600°C resulted in a 
sharp sixfold 1 x 1 pattern (13). The data in 
Table 3 show that the (0001) surface under 
these different conditions gave similar 
product distributions in methanol decom- 
position. 

The surface coverages of methanol were 
estimated from the desorption peak areas in 
experiments where the sample was not fac- 
ing the mass spectrometer. In this manner, 
the mass spectrometer measured the partial 
pressure of the individual gas in the cham- 
ber. From the known pumping speed of the 
gases, the number of molecules desorbed 
and therefore the surface coverage can be 
calculated. These coverage values are 
shown in Table 4. 

DISCUSSION 

Two interesting observations were made 
here. First, it was shown that the reactivity 
of the surfaces for methanol decomposition 
depended markedly on the detailed atomic 
structure of the surface. Second, the Zn- 
polar plane showed a completely different 
product distribution as compared to the 
other surfaces. 

Since the total surface coverage of meth- 
anol on the different surfaces was compara- 

c Not measured. 

TABLE 2 

Product Distribution in CD,OD Decomposition on 
Different (4041) Surface? 

Surface CD90D CO2 CO CD4 Dlb 

Oxidized 1.00 0.29 0.32 0.17 0.79 
Stoichiometric 1.00 0.24 0.30 0.17 c 
Reduced 1.00 0.30 0.41 0.18 1.15 

0 These are peak areas normalized to CD,OD (mea- 
sured as CD,O, m/e = 34). Sample heating rate was 
5°C s-1. 

b These are Dz peak areas times 2.74, the mass spec- 
trometer sensitivity factor. 
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FIG. 4. Temperature-programmed decomposition profile of CD,OD on a (0001) surface 

ble (Table 4), results in Tables 1 and 3 highest, some of the products were evolved 
showed that the polar (0001) surface and only at very high temperature suggesting 
the stepped nonpolar surfaces are compara- that they were produced by a pathway of 
ble in methanol decomposition activity. high activation energy. Therefore, quantita- 
While the percentage of adsorbed methanol tive comparison of the methanol decompo- 
decomposed on the polar plane was the sition reactivity between the polar and the 

TABLE 3 

Product Distribution in CDIOD Decomposition on (0001) Surface~f 

Annealing CO2 
temp.* 
(“Cl 

co CDiOD CD20 DzO DZ’ 

260°C 360°C 450°C 260°C 360°C 

385 3.14 1.33 1.01 2.26 1.00 1.05 1.19 2.41 6.30 
500 3.36 1.49 1.42 2.10 1.00 1.00 1.16 2.85 7.12 
600 3.31 1.57 1.02 2.48 1.00 0.82 1.22 d 6.55 

ti These are peak areas normalized to CD30D (measured as CDjO, nzir = 34). 
b The (0001) surface was annealed in uucuo at these temperatures before experiment. 
c These are Dz peak areas times 2.74, the mass spectrometer sensitivity factor. 
d Not measured. 
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TABLE 4 

Surface Coverage of Methanol 
on Different Surfaces0 

Surface Coverageb 
(10-Z) 

(ioioj 0.81 
(5051) 0.82 
(oool) 1.12 

0 The coverage was calculated 
using a pumping speed of 80 liters 
s-l, and a mass spectrometer sen- 
sitivity of 12.6 A/Torr. One mono- 
layer of coverage is taken as 6 x 
lOI molecules/cmz. 

b These are the coverages of 
methanol immediately before 
temperature-programmed desorp- 
tion. 

stepped surfaces cannot be made without 
knowledge of the activation energies. Or- 
dering of the reactivity of_fhe other_surfaces 
is readily obtained as (4041) > (5051) > re- 
duced (1010) > stoichiometric (1010). 

There are several factors that could con- 
tribute to the relatively high reactivity of 
the polar surface. An unreconstructed polar 
surface has a layer of Zn ions slightly more 
outward than a layer of 0 ions. This results 
in a strong outward pointing dipole moment 
which would result in strong interaction be- 
tween the surface and molecules that pos- 
sess dipole moments, such as methanol. 
Another consequence is that the surface 
would have high surface energy which 
causes the surface to reconstruct readily. 
Indeed, the least complicated LEED pat- 
tern observable on a polar surface is the 
sixfold 1 x 1 pattern (20, 21) which has 
been explained by the presence of one dou- 
ble-layer step (19). Splitting of the LEED 
spots were readily observed on cleaved (22) 
and sputtered-annealed surfaces (13, 23). 
This is attributed to the presence of regular 
two double-layer steps. More complicated 
(5 x l), (2 x 2), (4V’? x 4V? - 307, and (3 
x 3) reconstructions have all been reported 
(22, 24). These patterns indicated recon- 

struction into other well-ordered surfaces 
that has coherent length large enough for 
low-energy electron diffraction. There may 
well be other lower density and less regular 
defects present that are not detected by the 
simple LEED detection on the phorescent 
screen. Therefore, it may be concluded that 
the polar surface is normally a surface of a 
rather high density of defects. If some of 
these defects are active in methanol decom- 
position, it could explain the high activity 
of this surface. Among the possible types of 
reconstruction, the regular two double- 
layer steps are probably inactive in metha- 
nol decomposition. This follows from the 
observation of Table 3 which shows that a 
polar surface preannealed to 350°C so as to 
develop split LEED spots showed the same 
methanol decomposition activity as the sur- 
face preannealed to higher temperatures 
and showed only sharp sixfold 1 x 1 pat- 
terns. 

Finally, the product distribution ob- 
served for the polar surface suggests that 
the mechanism of methanol decomposition 
on this surface is different from that on 
other surfaces. Different mechanisms could 
proceed at different rates. As mentioned 
earlier, discussion of the reaction mecha- 
nisms will be deferred to a later publication. 

The product distributions for the stepped 
and the flat nonpolar surfaces are identical. 
Thus the decomposition proceeds via iden- 
tical mechanism on these surfaces. The or- 
dering in reactivity for these surfaces must 
therefore reflect the ordering in active site 
density. It is interesting that this order@g 
parallels the defect densities. The (4041) 
surface which has on the average 25% of 
the surface being steps is the most active, 
the (5051) which has 20% of the surface be- 
ing steps is second, the reduced (1010) 
which has anion vacancies but no steps is 
third, and the stoichiometric (1070) is the 
least active. This observation strongly sug- 
gests that on these surfaces the active site 
must be associated with anion vacancies or 
step defects. Furthermore, it suggests that 
the step defects behave like anion vacan- 
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ties in this reaction, This is not totally sur- 
prising if the diagram in Fig. 1 realistically 
models the stepped surface. From the dia- 
gram, it can be seen that when a molecule 
approaches the step, it would interact with 
the two coordinatively unsaturated bonds 
of the two zinc ions, one above and one 
below the step. On the other hand, a mole- 
cule approaching a surface anion vacancy 
would interact with the coordinatively un- 
saturated bonds of the surrounding three 
zinc ions, while a molecule approaching a 
stoichiometric surface would interact with 
one zinc ion. Thus the local environment of 
a step site is closer to an anion vacancy 
than a site on the terrace. Furthermore, the 
vertical section of the step can also be 
viewed as a small fraction of the polar 
(0001) surface. The strong dipole moment 
present there should also enhance the 
strength of interaction of the site with meth- 
anal. 

A question can be raised as to whether 
the step sites themselves directly account 
for the enhanced reactivity of the stepped 
surface as compared to the flat surface, or 
whether the presence of steps stabilizes a 
higher density of point anion vacancies on 
the terrace which are the true active sites. 
Data in Table 2 tend to discount the latter 
possibility. It was found that the reactivity 
of the stepped surface only decreased 
slightly after the surface was pretreated 
with oxygen in a procedure that signifi- 
cantly removes anion vacancies on the pris- 
matic surface. The anion vacancies on the 
(lOTO) terraces should behave like the 
(1010) plane. Thus the results suggest that 
the step sites account for most of the reac- 
tivity with only minor contribution from an- 
ion vacancies on the terraces. 

The results here also demonstrated that 
single-crystal studies can greatly supple- 
ment studies using powder catalysts. In 
a recent study of methanol decomposition 
on ZnO powder using temperature- 
programmed decomposition spectroscopy 
technique (25), a ZnO powder was used 
which was prepared by ignition of zinc in an 

oxidizing atmosphere and showed a ratio of 
exposed areas of the prismatic (1010) face 
to polar (0001) and (0001) face of about 6 : 1 
as determined by transmission electron mi- 
croscopy. Comparing their desorption data 
with those reported here, it is found that the 
product distribution and the order of ap- 
pearance of the products showed marked 
resemblance between their results and 
those observed here on the (0001) plane. It 
appears that although the Zn-polar surface 
is only present as a minor surface on their 
ZnO powder, it accounted for the observed 
methanol decomposition activity. This can 
be readily understood from our results be- 
cause defects of anion vacancies or steps 
are needed for reactivity on the prismatic 
plane. The density of such defects on their 
powder might be low because of the partic- 
ular method of preparation, and because 
their catalyst was not heated to higher than 
700°K in their experiments. 

One more difference between the polar 
and the nonpolar surfaces should be men- 
tioned. The appearance of formaldehyde on 
the (0001) surface suggests that the surface 
possesses a higher dehydrogenation activ- 
ity than the stepped or the nonpolar sur- 
faces. It suggests that the (0001) surface is 
more metallic in nature. This point will be 
further discussed in a future publicatL. 

Although methanol decomposition was 
studied with TPDS one may assume that 
the steady-state reactivity parallels the re- 
activity observed here. Thus the polar and 
the stepped surfaces are expected to be 
rather active in steady-state catalytic meth- 
anol decomposition. A reduced nonpolar 
(IOiO) surface will have some activity, and 
a stoichiometric (lOiO> surface will be al- 
most inactive. Since methanol decomposi- 
tion and methanol synthesis are related by 
the principle of microscopic reversibility, it 
can be concluded that an active ZnO meth- 
anol synthesis catalyst should contain 
mostly Zn polar planes and stepped nonpo- 
lar planes. Other planes and defects may 
also be active, but such information is not 
provided from this study. 
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The catalyst for low-temperature metha- 
nol synthesis from syngas is based on Cu- 
Zn oxide. It has been shown that on varying 
the Cu/Zn ratio, two activity maxima were 
observed (26). Electron microscopy inves- 
tigation of the two catalysts corresponding 
to the maxima indicated that in one cata- 
lyst, the oxide appeared to be long needles 
of hexagonal cross sections, and in the 
other catalyst, thin hexagonal platelets. 
The active component of the catalyst was 
proposed to be a solid solution of Cu(1) in 
ZnO (26-28) where the function of Cu(I) is 
to activate carbon monoxide. The majority 
of the exposed surface of the needle-shaped 
crystallites is the nonpolar plane, while that 
of the hexagonal platelet crystallites is the 
polar plane. It is interesting that the two 
types of crystallites are both highly active. 
In view of the results here, it is not surpris- 
ing that the hexagonal platelets are highly 
active. On the other hand, the high activity 
of the needle-shaped crystallites may indi- 
cate the presence of a high density of sur- 
face defects, in particular anion vacancies. 
Therefore, it is possible that the function of 
Cu(I) is, in addition to activating carbon 
monoxide, to generate and stabilize anion 
vacancies through charge balance in the 
crystallite, as has been proposed earlier 
(10). 

CONCLUSION 

Methanol decomposition on ZnO has 
been shown to be a structure-sensitive reac- 
tion. The activity and the reaction mecha- 
nism depend on the detailed atomic envi- 
ronment of the surface. The Zn polar 
surface is active in the reaction. The nonpo- 
lar surface requires the presence of defects 
to be active, such as steps and anion vacan- 
cies. The reactivity depends on the defect 
density. 
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