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Infrared transmission spectroscopy has been used to study CO adsorption at 77 K on clean and 
Dr-pretreated ZnO surfaces. Two physisorbed species are present: one is localized on the free 
surface hydroxyls and the other is a liquid-like physisorbed species. Three CO chemisorbed species 
are detected, characterized by different chemisorption energies, as shown from the three different 
ranges of CO coverage in which they arise and reach their saturation. The comparison between CO 
adsorption on clean and D,-pretreated samples shows that (i) the least energetic CO chemisorption 
occurs on the sites involved in the irreversible Dz chemisorption, and (ii) the other two CO species 
involve sites interacting with the reversible D2 chemisorbed species. Models forthe chemisorption 
sites are proposed: consideration of the sites present on the (lOlO), (1120) and (1011) faces allows us 
to explain the experimental data and to indicate their possible relevance for the synthesis of 
methanol. 0 1985 Academic Press, Inc. 

INTRODUCTION 

A number of adsorption studies of pure 
CO on ZnO powders at room temperature 
(RT) have been reported (1-4). Reversible 
adsorption occurs on Zn cations giving rise 
to an ir band with wavenumber in the range 
2183-2191 cm-‘. The heat of adsorption is 
44 kJ/mol and there is no apparent activa- 
tion barrier for adsorption. Only 10% of 
surface is involved in this RT adsorption 
(5, 6). 

H*/CO (or D2/CO) coadsorption on ZnO 
at RT has also been investigated (6-10). 
One such study was performed in our labo- 
ratory (6) with the aim of obtaining a more 
detailed description of the active sites for 
hydrogen chemisorption. 

At RT two main processes of H2 (or D2) 
chemisorption have been identified, namely 
a rapid and reversible reaction, and a slow 
and irreversible one. The two different hy- 
drogen chemisorbed species so formed 
have been designated type I and type II, 
respectively. 

Type I chemisorption has been shown to 
be dissociative, giving rise to Zn-H and O- 
H groups. Recently the observation of 

bands due to irreversibly adsorbed hydro- 
gen, which are associated with bridged 
OH-O and ZnH-Zn, structures have also 
been described, and a dissociative chemi- 
sorption process has been proposed for 
type II (II). Type II chemisorption has also 
been described as a diffusion of the adsor- 
bate into the bulk (12). 

Hz-CO or (D2-CO) interaction at RT 
showed that CO is adsorbed on the same 
centers as those on which type I hydrogen 
adsorbs, producing well defined mixed CO- 
hydrogen structures. The adsorbing sites of 
H,(I) and CO are suggested to be formed by 
a triplet of exposed zinc ions and at least 
one reactive oxygen ion. The continuous 
shift of the v(ZnH) and v(OH) frequencies 
with H,(I) and CO coverage showed that 
these ion centers are not isolated, but are 
mutually interacting and grouped together 
forming a bidimensional array (6). 

The reconstructed (0001) and (0001) faces 
are shown to possess regular arrays of simi- 
lar ion clusters (6, 13). Another suggestion 
(14) is that sites responsible for Hz(I) and 
CO coadsorption involve zinc ions carrying 
two unshared coordinative vacancies. 

The v(ZnH-Zn) and v(OH-0) frequen- 
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ties of type II hydrogen are completely un- 
affected by the presence of Hz(I) or CO (6, 
II). This seems to imply that sites for type I 
and type II chemisorption are completely 
independent and that Zn ions involved in 
type II chemisorption no longer have coor- 
dinative vacancies to interact with CO at 
RT. 

The aim of the present work is a more 
detailed characterization of the ZnO sur- 
face. The study of CO adsorption at low 
temperature (below room temperature) has 
been shown to be particularly useful for ex- 
haustive characterization of an adsorbent 
(13, 25-18). In fact only a minor fraction 
of the surface is usually involved in room 
temperature adsorption, whereas the fea- 
tures of the whole surface can be re- 
vealed by weak interactions which take 
place at lower temperatures. The CO spec- 
trum is then very sensitive to the nature 
of the sites, also in the case of very weak 
interactions. 

Recent UPS studies of CO adsorbed at 77 
K on ZnO single crystals showed that all 
the low index faces are able to adsorb this 
molecule with coverages very near to unity; 
the initial heat of adsorption (50 kJ/mol) de- 
creases approximately linearly with cover- 
age to about 20 kJ/mol at 0 = 1 (19, 20). Ir 
and TPD studies of CO and H&O adsorp- 
tion at 100 K on ZnO powders (13) showed 
that a repulsive interaction exists between 
reversibly adsorbed CO molecules, while 
an attractive interaction exists between 
type I adsorbed HZ and reversibly adsorbed 
co. 

Low temperature measurements have al- 
lowed us to study separately the interaction 
between CO and ZnO on which only D*(I) 
or D*(B) is preadsorbed. Data obtained in 
the two different experiments, compared 
with those of pure CO adsorption, have 
given us new interesting information about 
the nature of the sites responsible for the 
two types of adsorption and about the 
mechanism of activation of H2 and CO as 
intermediates for reactions such Hz-D2 ex- 
change and CH30H synthesis. 

EXPERIMENTAL 

Two samples of ZnO were used in this 
study, the same as those employed previ- 
ously (6, 21, 22): one was prepared by de- 
composing ZnC03 in a controlled atmo- 
sphere (BET surface area: 21 mVg> and the 
other was Kadox-25 zinc oxide (New Jer- 
sey Zinc Co.) prepared by combustion of 
zinc metal (BET surface area: 10 m*/g). 

Scanning electron micrographs have 
shown that the powders obtained by ZnC03 
decomposition are formed of approxi- 
mately monodisperse hexagonal prisms 
elongated along the c axis, while Kadox-25 
is formed by larger and differently dis- 
persed particles, of less defined shape (see 
Fig. 1). 

The ZnO powder was compressed to ob- 
tain pellets of 2.5 cm diameter and of 
weight ranging from 0.2 to 0.4 g. The pellet 
was mounted in a suitable ir cell which al- 
lowed both heating and cooling (down to 77 
K) in situ under vacuum (1 x 10e6 Tot-r, 1 
Torr = 133.3 N rne2) or under a controlled 
atmosphere. During ir measurements at low 
temperature some heating occurs at the 
center of the pellet, estimated approxi- 
mately as 5-6 K. 

Before each adsorption study the sam- 
ples were cleaned by alternately outgassing 
in vacua (1 h) and heating under 20 Tot-r of 
O2 (10 min) three times at 673 K. After the 
last treatment, the samples were cooled to 
room temperature and evacuated down to 
1 x 10m6 Tot-r. By this process the surface 
carbonate and water were mostly removed 
without loss of area or activity and a 
“quasistoichiometric” ZnO was obtained. 
The lowering of temperature to 77 K in- 
duces a decrease in the transparency of 
ZnO (22). For this reason all the results re- 
ported concern DZ adsorption or CO-D? 
coadsorption, because both the Zn-D(1) 
and ZnO-D(I) stretching modes lie in re- 
gions of higher transparency than the corre- 
sponding Zn-H(1) and ZnO-H(1) stretching 
modes. Moreover, the ZnO-H(1) mode 
should superimpose on residual hydroxyl 
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bands of the zinc oxide, whereas this does 
not happen for ZnO-D(1). Measurements 
have been run as follows. After thermal 
treatments and oxygen evacuation at room 
temperature, the spectrum of the sample in 
0.5 Tot-r of helium was recorded at 77 K. 
When it was necessary to preadsorb D2 at 
higher temperatures, after recording the 
background at 77 K the sample was brought 
to the desired temperature and cooled back 
to 77 K. 

All spectra were recorded with a Perkin- 
Elmer 580B spectrophotometer, the resolu- 
tions in the different regions examined be- 
ing, respectively, 7.5 cm-’ in the 4000-3100 
cm-’ range; 5 cm-’ in the 2700-2500 cm-’ 
range; 3.5 cm-’ in the 2200-2000 cm-’ 
range; and 2.5 cm-’ in the 1200-600 cm-’ 
range. 

Scanning electron micrographs were 
made with a Coates and Welter scanning 
microscope. 

RESULTS 

CO Adsorption at 77 K 

Typical spectra of adsorbed CO at 77 K 
on a ZnO sample obtained by ZnC03 de- 
composition are illustrated in Figs. 2 and 3. 
For CO equilibrium pressures lower than 1 
Torr spectra were run on desorption, it be- 
ing easier to reach the desired coverage by 
evacuation rather than by dosing in small 
CO quantities. Spectral modifications due 
to CO adsorption occur in the OH stretching 
region (3800-3000 cm-‘, Fig. 2a), in the OH 
bending and surface mode region (1000-600 
cm-‘, Fig. 2b), and in the CEO stretching 
region (2100-2250 cm-‘, Fig. 3a). Bold 
solid curves refer to the 77 K spectrum of 
the sample alone. Dashed curves are the 
spectrum run at 77 K when the sample is in 
contact with 5 Torr of CO. 

In the OH stretching region the more 
prominent bands at 3670, 3625, and 3445 
cm-‘, already assigned to surface free hy- 
droxyls (23, 24), are destroyed and three 
new bands, broader and more intense, ap- 
pear at 3630, 3580, and 3420 cm-‘. 

In the lowest frequency region the trans- 
parency drastically increases between 750 
and 600 cm-’ as a consequence of the disap- 
pearance of a band at about 720 cm-’ and of 
the erosion of the longitudinal optical ab- 
sorption edge where v(Zn-0) surface 
modes are present (21); simultaneously a 
new broad band appears at 800 cm-‘. In the 
CO stretching region two very intense and 
complex absorptions are visible. The first 
one, with a maximum at 2145 cm-‘, is defi- 
nitely double; it shows in fact a shoulder at 
about 2 136 cm-‘. The second one is a triplet 
of sharp bands, the most intense at 2169 
cm-‘, the intermediate at 2178 cm-‘, and 
the third, visible only as a shoulder, at 
about 2187 cm-‘. 

At equilibrium pressures higher than 5 
Tort- no change occurs in the hydroxyl and 
surface mode regions, while modifications 
are still visible in the CO stretching region, 
where only the component at 2136 cm-’ in- 
creases, but high increments in pressure 
(40, 100, 200 Tort) are necessary to obtain 
appreciable changes in its intensity. The 
difference in optical density (OD) between 
the two spectra at CO equilibrium pres- 
sures of 200 and 5 Torr (each with the gas- 
eous phase spectrum subtracted) is re- 
ported in Fig. 3b. Only one band at 2136 
cm-’ increases, with a half width of about 
14 cm-‘. 

The dot-dashed curve in Fig. 3a refers to 
1 min evacuation (equilibrium pressure 1 x 
lo-* Torr). The triplet at higher frequency 
is practically unchanged; the doublet at 
lower frequency drastically decreases, and 
a very sharp band at 2148 cm-’ remains 
with only a small shoulder; in the other two 
regions (Figs. 2a and b) this curve has not 
been reported so as not to overcrowd the 
figure. In the hydroxyl stretching region 
only the band at 3445 cm-’ is completely 
restored, the other stretching modes re- 
maining still partially perturbed. 

In the bending and surface mode region 
the band at 800 cm-’ partially decreases 
and that at 720 cm-’ partially increases, 
while the range 600-700 cm-’ remains com- 
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FIG. 1. Scanning electron micrographs of (a) ZnO ex carbonate, 
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(b) Kadox-25. 20 kV. Top figures, x 15,000; bottom figures, x50,000. 
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FIG. 2. CO interaction with ZnO (ex carbonate) at 77 
K: (a) v(OH) region; (b) 6(OH) and v(Zn0) surface 
mode regions. Solid curves, background at 77 K; bro- 
ken curves, 5 Torr of CO; dotted curve, after 2 min of 
evacuation. 

pletely perturbed. Dotted lines refer to a 
2 min evacuation: the band at 2148 cm-l in 
Fig. 3 is practically destroyed, but no other 
variation is visible in the CO stretching re- 
gion. In the OH stretching region (Fig. 2a) 
the spectrum is coincident with that of the 
clean surface (bold solid curve). 

In the low frequency region (Fig. 2b) the 
800 cm-’ band has disappeared and the 720 
cm-i band is completely restored. On the 
contrary the surface modes of the solid re- 
main completely perturbed. 

The other curves in Fig. 3a refer to differ- 
ent increasing times of evacuation. The first 
band of the triplet undergoing an intensity 
decrease is the 2169 cm-’ one, this intensity 
decrease being associated with an apprecia- 
ble increase in frequency. The bands at 
2178 and 2187 cm-’ are unaffected up to 6 
min outgassing. For outgassing times 
higher than 6 min also the 2178 cm-’ band 
starts to decrease, shifting gradually toward 

higher frequencies. The shoulder at 2187 
cm-i is still visible and does not seem to 
decrease until 30 min outgassing. For out- 
gassing times higher than 30 min only one 
band is present; its half-width is 12 cm-’ 
and its intensity decreases slowly with in- 
creasing evacuation times, regularly shift- 
ing from 2187 cm-i toward higher fre- 
quency. After 90 min evacuation a very 
small band is still visible at 2193 cm-i. For 6 
min and higher evacuation times, variations 
are finally visible also in the range of the 
surface modes of ZnO (600-700 cm-i), 
where the spectrum gradually regains the 
original absorbance. After 60 min outgass- 
ing the spectrum is practically coincident 

T?zz 
2170 2150 

v/cm-’ 
2)x) 

FIG. 3. CO interaction with ZnO (ex carbonate) at 77 
K. v(C0) region: (a) (transmission vs wavenumber) 
bold solid curve, background at 77 K; dashed curve, 5 
Torr of CO; dot-dashed curve, after 1 min of evacua- 
tion; dotted curve, after 2 min of evacuation; thin solid 
curves, different increasing times of evacuation (4, 6, 
15, 30, 60, and 90 min). (b) (optical density vs 
wavenumber) the difference between the two spectra 
at CO equilibrium pressure of 200 and 5 Torr. 
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with that of the clean sample (bold solid 
curve-Fig. 2b). 

Results qualitatively similar to those just 
described are obtained when CO is ad- 
sorbed at 77 K on ZnO Kadox-25 samples. 
However, there is consistently a difference 
in the intensities of the triplet band (2169, 
2178,2187 cm-r) for the two kinds of oxide, 
as illustrated in Fig. 4a. In this figure the 
spectra of CO adsorbed at a coverage cor- 
responding to 2 min evacuation are re- 
ported for the two different oxides (OD vs 
cm-‘), these spectra being normalized to 
the surface unity area. If we make a com- 
parison between any sample of ZnO ob- 
tained from carbonate and any one of Ka- 
dox-25, the difference in the two spectra is 
constantly in the direction noted in Fig. 4a: 

the ZnO Kadox-25 shows the pair of bands 
at 2178 and 2187 cm-l to be more intense, 
and the band at 2169 cm-l less intense than 
those of ZnO ex carbonate. 

The interaction of CO at room tempera- 
ture with the two types of ZnO produces 
only one band, highly pressure dependent, 
and whose position shows a red shift at in- 
creasing coverage. At an equilibrium pres- 
sure of 300 Tot-r, the band is at 2187 cm-‘, 
with a half width of 20 cm-‘. At this pres- 
sure the integrated optical density of this 
band is approximately the same as that of 
the band of CO adsorbed at 77 K with a 
coverage corresponding to 60 min of evacu- 
ation. This latter has a frequency and a half 
width of 2191 and 12 cm-r, respectively. 

We assume these results to be an indica- 

, 
peratures. In that case, we can say that, at 
corresponding coverages, CO adsorbed at 
77 K shows bands at higher frequency (5-6 
cm-l), and with a half width narrower than 
that of CO adsorbed at room temperature. 

tion of similar coverages at different tem- 

m-1 

FIG. 4. Comparison between adsorption properties 
of ZnO ex carbonate (solid curves) and Kadox-25 
(dashed curves). (a) CO interaction at 77 K (after 2 min 
of evacuation), v(C0) region; (b) D2 interaction at 195 
K, u(ZnD) region; (c) D2 interaction at 195 K, v(OD) 
region. 

D2 Adsorption 

At room temperature (RT) type I adsorp- 
tion is reversible and equilibrium data are 
obtainable; the saturation corresponds to 
an equilibrium pressure of about 100 Torr. 

On the other hand type II adsorption at 
RT was found to be irreversible, so it must 
be the only species present on the surface, 
if after saturation in D2 for 24 hr the ZnO is 
evacuated at RT for few minutes (25). 

At low temperature, e.g., below 233 K, 
type I adsorption is irreversible and the 
amount of adsorption is kinetically con- 
trolled (26). At 77 K the D,(I) coverage 
reaches only about 50% of the RT value 
within 15 min after the sample is exposed to 
100 Torr of deuterium, but at 195 K the 
D,(I) formation is still quite rapid and 
reaches saturation in a few minutes at the 
same pressure. The adsorbed quantity re- 
mains unaltered also after prolonged out- 
gassing (27). 

The solid line (OD vs cm-‘) in Figs. 4b, c 
refers to this last situation: the intensity and 
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the frequency of Zn-D stretching (1230 
cm-l) and O-D stretching (2585 cm-*) are 
characteristic of saturated D2(I) on any 
sample of ZnO Kadox-25, normalized to 
unit area. The same results are obtained on 
a sample of ZnO from ZnC03 (dashed line), 
but at corresponding surface area this type 
of sample constantly shows a minor activity 
toward D*(I) chemisorption. 

When D2 adsorption was performed at 
195 K or at lower temperature we never 
observed the formation of the bands char- 
acteristic of the D,(II) species (II); this is 
proof that no ir detectable quantity of this 
species is formed, in agreement with volu- 
metric adsorption measurements of Naito 
et al. (26). 

Interaction COIDZ nds. at 77 K 

As a consequence of the results illus- 
trated in the preceding section it is possible 
to obtain ZnO surfaces with only one type 
of D2 (or H2) chemisorbed. We therefore 
studied separately the two different interac- 
tions, CO/D2(I) and CO/D2(11), respec- 
tively, at 77 K. In the first case the samples 
were contacted with D2 (100 Torr, 10 min) 
at 195 K, then outgassed for few minutes 
and frozen at 77 K. In the second case the 
samples were contacted with D2 (100 Ton-, 
24 hr) at RT, then evacuated for few min 
and frozen at 77 K. On the samples treated 
in the two different ways, CO was adsorbed 
at different coverages. As before, CO equi- 
librium pressures lower than 1 Torr were 
reached by desorption. 

In Fig. 5a a comparison between the 
spectra of CO adsorbed on a clean surface 
(solid curve) and on a surface with D*(I) 
preadsorbed (dashed curve) is illustrated 
for the CO stretching region. The sample is 
ZnO Kadox-25, the CO equilibrium pres- 
sure is 5 Ton-. As far as the triplet at higher 
frequency is concerned, the peak at 2169 
cm-’ is unchanged in frequency and inten- 
sity, while the two components at 2178 and 
2187 cm-i are replaced by two others, 
higher in intensity and frequency (2180 and 
2190 cm-‘). The doublet at lower frequency 

FIG. 5. Comparison between CO interaction at 77 K 
(5 TOIT) with clean ZnO (Kadox-25) and with ZnO 
(Kadox-25) with preadsorbed D2: v(C0) region. (a) 
CO/D,(I) interaction; (b) CO/D,(II) interaction. Bold 
solid curves, background at 77 K; thin solid curves, 
CO interaction on clean surface; dashed curves, CO 
interaction after Dz adsorption. 

(2148, 2136 cm-i) remains unperturbed. 
Figure 5b shows the behavior of the CO 
bands in the case of the preadsorbed D2(II). 
The 2169 cm-’ peak shows a notable inten- 
sity decrease but its frequency remains un- 
changed. No variation in intensity and fre- 
quency is shown by any of the other 
components. 

In Figs. 6, 7, and 8 the change of the 
spectrum with CO coverage is illustrated 
for the case of CO/Dz(I) interaction. 

Sections (a) refer to the CO stretching 
region, sections (b) and (c) to v(Zn-D) and 
v(O-D) regions, respectively. The changes 
of the spectrum in the 4000-3200 and lOOO- 
600 cm-l regions are not reported, as they 
are the same as observed in the CO/clean 
surface interaction. 

Bold solid curves in Fig. 6 refer to the 
spectrum of the sample with only pread- 
sorbed D*(I). Bold dashed curves refer to 
the spectrum run when the sample is in con- 
tact with 5 Torr of CO. The CO stretching 
region of this spectrum was previously de- 
scribed (Fig. 5a). At this coverage the CO 
adsorption broadens and shifts the v(Zn-D) 
band to lower frequency, from 1232 to 1187 
cm-i (Av = -45 cm-‘), but leaves its inte- 
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FIG. 6. CO interaction at 77 K on ZnO (Kadox-25) with preadsorbed D>(I): (a) v(C0) region; (b) 
v(ZnD) region; (c) v(OD) region. Bold solid curves, ZnO with preadsorbed D,(I); dashed curves, 5 Torr 
of CO; dot-dashed curve, 1 min of evacuation; dotted curve, 3 min of evacuation; Thin solid curve, 7 
min of evacuation. 

grated intensity practically unperturbed. As for the CO stretching region we ob- 
The effect on the v(O-D) is a notable shift serve that the two components at 2180 and 
toward higher frequency, from 2856 to 2606 2190 cm-’ show the same behavior as the 
cm-’ (Av = +50 cm-‘), leaving the inten- 2178 and 2187 cm-’ components (present 
sity unchanged. The other curves in Figs. 6, on the clean surface). In fact they remain 
7, and 8 refer to increasing evacuation unchanged in intensity and frequency in the 
times. first desorption range (5 Torr-7 min of 

FIG. 7. CO interaction at 77 K on ZnO (Kadox-25) FIG. 8. CO interaction at 77 K on ZnO (Kadox-25) 
with preadsorbed D*(I): (a) v(C0) region, (b) v(ZnD) with preadsorbed Dz(I): (a) v(C0) region; (b) v(ZnD) 
region; (c) v(OD) region. Thin solid curves, 7 min of region; (c) v(OD) region. Dashed curves, 15 min of 
evacuation (the same as in Fig. 6); dotted curves, 13 evacuation (the same as in Fig. 7); thin solid curves, 35 
min of evacuation; dashed curves, 15 min of evacua- min of evacuation; bold solid curves, ZnO with only 
tion. preadsorbed D,(I) (the same as in Fig. 6). 
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evacuation); the 2180 cm-i component de- 
creases in intensity and shows a blue-shift 
in the second desorption range (7-30 min of 
evacuation), while the 2190 cm-’ one shows 
this behavior for desorption times greater 
than 30 min. 

As regards the other two spectral re- 
gions, we observe that in the first desorp- 
tion range, corresponding to the disappear- 
ance of the 2136, 2148, and 2169 cm-l 
bands, the v(O-D) and v(Zn-D) bands are 
unperturbed. In the second desorption 
range, corresponding to the 2180 cm-i dis- 
appearance, small blue-shifts of the v(Zn- 
D) from 1188 to 1194 cm-l are observed 
together with a weak sharpening, while 
only a very small (2 cm-‘) red shift of the 
v(O-D) band is observed. In the third de- 
sorption range, corresponding to the disap- 
pearance of the 2190 cm-i component, the 
v(Zn-D) at 1194 cm-l decreases with a con- 
tinuous blue-shift. At the same time a band 
at higher frequency (-1210 cm-‘) appears 
and reaches its maximum after about 60 
min evacuation. It then decreases while a 
third band at higher frequency appears. The 
frequency and intensity of this band contin- 
uously increase with decrease of the CO 
coverage, moving toward those of the 
v(Zn-H) band before the CO contact (1232 
cm-l). Meanwhile the v(O-D) band shows 
a continuous red frequency shift towards 
the original frequency at 2586 cm-l. This 
behavior is inverse to that occurring when 
at RT CO is allowed to bleed in on a hydro- 
gen-saturated sample (i.e., in equilibrium 
with 100 Tot-r of D2) to give gaseous mix- 
tures (6). 

In the case of the CO/D,(II) interaction, 
the change of the spectrum with decreasing 
CO coverage is the same as is observed for 
CO adsorbed on a clean surface (figure not 
reported). 

Interaction DJCOads at 77 K 

The interaction was studied for all CO 
coverages reported in Fig. 3a. 

The experiment was performed as fol- 
lows: the sample with a given coverage was 

contacted with 100 Torr of D2 at 77 K for 15 
min and then briefly evacuated. No type I 
chemisorption was observed until cover- 
ages lower than that corresponding to 6 min 
evacuation were reached. For coverages 
corresponding to evacuation times higher 
than 6 min and lower or equal to 30 min we 
observed a blue shift of the two bands still 
present in the CO stretching region and the 
appearance of the v(Zn-D) mode at 1187- 
1194 cm-* and the Y(O-D) mode at 2606- 
2604 cm-l, in their lower and higher posi- 
tion respectively. The two bands reached 
their maximum intensity for the coverage 
corresponding to about 30 min evacuation. 
For CO coverages corresponding to evacu- 
ation times higher than 30 min, the contact 
with D2 still produced a blue shift of the 
single CO stretching band now present, 
while in the v(Zn-D) region a doublet or a 
triplet of bands appeared and the v(O-D) 
mode was at lower frequency. 

DISCUSSION 

Physisorbed CO 

Among the five components present in 
the CO stretching region the assignment of 
the two bands at 2136 and 2148 cm-’ is the 
most simple: the lability immediately sug- 
gests they correspond to physisorbed spe- 
cies. The first one has a position character- 
istic of a condensed CO phase, and its 
presence does not perturb any other spec- 
tral region, showing that it is due to a non- 
specific liquid-like physisorption. The sec- 
ond band has a frequency higher than that 
of the gaseous phase and perturbs the free 
hydroxyls of the surface. It causes a shift to 
lower frequency and an enhancement of the 
OH stretching modes (from 3670, 3625, 
3445 cm-’ to 3630,3580,3420 cm-i, respec- 
tively) together with a shift to higher fre- 
quency of the bending modes (from about 
720 to 800 cm-l), as expected when hydro- 
gen bonds are formed. This physisorbed 
species is therefore localized on free hy- 
droxyls of the surface, as already observed 
in the case of silica (1.5, 16). 
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Chemisorbed CO 

The assignment of the other three com- 
ponents is not immediate. In the first in- 
stance they can be assigned to three differ- 
ent CO chemisorbed species: CO(l), 
CO(2), and CO(3), corresponding respec- 
tively to the 2169, 2178, and 2187 cm-’ 
bands, involving different interaction ener- 
gies, as shown from the three different 
ranges of coverage in which the three com- 
ponents appear and reach their maximum 
intensity. The chemisorbed species corre- 
sponding to the component at higher fre- 
quency is the only one to involve a chemi- 
sorption energy higher than thermal energy 
at room temperature (RT). In fact only one 
band is visible for CO adsorption at RT; its 
intensity markedly depends on the equilib- 
rium pressure and its position continuously 
shifts to higher frequency as coverage de- 
creases. This band shows a half-width 
larger than the corresponding one at low 
temperature, and is shifted to lower fre- 
quency, according to what happens to the 
stretching modes of other carbonyl surface 
species (17). 

D2 and CO Coadsorption 

We can confirm these assignments and 
give a more detailed description about the 
sites involved in the chemisorption from 
the study of CO interaction with pread- 
sorbed Dz. Both Dz(I) and D2(II) pread- 
sorbed modify the spectrum of chemi- 
sorbed CO, but in different ways. 

D2(II) preadsorption decreases the 2169 
cm-r component, revealing competition of 
CO(l) and D2(II) for the same sites. The 
other two components are not perturbed, 
so we can say that their sites are not sites 
for D2(II) adsorption. D2(I) preadsorption 
leaves the 2169 cm-’ component unper- 
turbed but intensifies and slightly shifts the 
other two components to higher frequen- 
cies. It follows that the sites for the 2169 
cm-’ species are not sites for D*(I) adsorp- 
tion. The other two species evidently inter- 
act with D*(I) but it is not easy to under- 

stand immediately how. These interactions 
can be clarified by the study of CO desorp- 
tion in the three spectral regions of Figs. 6, 
7, and 8. 

As noted in the Results section, the 
bands at 2180 and 2190 cm-’ show the same 
behaviour as the 2178 and the 2187 cm-’ 
bands. We therefore regard them as due re- 
spectively to the CO(2) and CO(3) chemi- 
sorbed species, perturbed by the Dz(I), the 
effect of the perturbation being practically 
the same for the two bands. On the other 
hand the same experiment suggests that 
while CO(3) chemisorbed species produce 
the greater perturbations on u(Zn-D) and 
40-D), the subsequent formation of 
chemisorbed CO(2) only slightly perturbs 
these modes. The great perturbations in the 
v(Zn-D) and v(O-D) region were previ- 
ously assigned by some of us (6) as due to 
different adsorption steps occurring on Zn 
ion triplets. Thus it is clear that only the 
CO(3) chemisorbed species are responsible 
for these mixed complexes. 
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Moreover, from the experiments illus- 
trated in the last paragraph of the Results 
section it is evident that D2(I) cannot be 
formed when the coverage in CO(2) chemi- 
sorbed species is complete. Decreasing the 
CO(2) coverage brings about increasing 
D*(I) adsorption, while the v(Zn-D) and 
v(O-D) frequencies for all CO(2) coverages 
remain those of the mixed complex richer 
in CO. The characteristic frequencies of the 
complexes poorer in CO appear only when 
the CO(3) coverage begins to decrease. 
This is a proof that when saturation in 
CO(3) species is verified, sites for D2(I) ad- 
sorption are completely bare. On the other 
hand, although CO(2) is not responsible for 
the mixed complexes, it inhibits in some 
way the D*(I) chemisorption. 
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Inductive Interactions 

All bands of the adsorbed species on ZnO 
show frequency shifts at increasing cover- 
ages. 

Coverage-induced frequency shifts in vi- 
brational spectra of adsorbed molecules can 
be induced either by dynamic or by static 
interaction between molecules. Dynamic 
shifts are attributed to electrodynamic in- 
teractions between oscillating dipoles, and 
act only between isotopically similar ad- 
sorbates (e.g., CO-CO, ZnH-ZnH). Static 
shifts may be caused either by electrostatic 
or by chemical interaction, or both, and the 
magnitude of these interactions determines 
the adsorption energy change. Recently 
Griffin and Yates (23) have described a 
method of calculation of both dynamic and 
electrostatic shifts for the bands of the CO 
and Hz(I) chemisorbed species on ZnO. 
They computed the chemically induced 
shifts as the difference between the ob- 
served shifts and the predicted electrostatic 
and dynamic shifts (when present). They 
concluded by offering a qualitative ex- 
planation for the latter quantity, based 
on the inductive interactions between adsor- 
bates. 

Following Griffin and Yates, the disso- 
ciative H,(I) adsorption is an electron-local- 
izing process with regard to electron den- 
sity initially present at a vacant site, and we 
are in agreement with this statement. As a 
consequence “H2 adsorption will decrease 
the available electronic density at the 
neighboring sites (i.e., it will have a nega- 
tive sigma-inductive effect)“, providing a 
good explanation of the v(Zn-H) and v(Zn- 
OH) frequency shifts with H2 coverage. In 
fact a negative sigma-inductive effect will 
slightly increase the positive charge on the 
neighboring zinc atoms and slightly de- 
crease the negative charge on neighboring 
oxygen atoms. The Zn-H bond will become 
more covalent at increasing H2 coverage 
with a higher stretching frequency; the O- 
H bond will be less covalent, and the fre- 
quency will shift toward lower values. This 

is well supported by the effect due to the 
introduction of different sigma-inductive 
groups on the v(XH) of a series of hydrides 
and of a series of alcohols and acids (28), 
where it is evident that a sigma-inductive 
negative group decreases the hydroxyl 
stretching frequencies, while the hydride 
stretching frequencies increase. 

Again following Griffin and Yates the in- 
ductive interaction provides an equally 
straightforward explanation of the fre- 
quency shifts for Hz-CO and CO-CO inter- 
actions. CO adsorption on ZnO is an elec- 
tron-donating process occurring out of the 
weakly antibonding 5~ CO orbital. As a 
consequence it will increase the available 
negative charge at the neighboring sites 
(i.e., it will have a positive sigma-inductive 
effect). This provides a good interpretation 
of the red shifts of CO stretching modes at 
increasing CO coverages. In fact “a neigh- 
boring COtis molecule should inhibit the ex- 
tent of 5~ electron donation by a reference 
COtis molecule. ” Since the 5u orbital is 
weakly antibonding, decreased electron do- 
nation should weaken the C=O bond, and 
thus decrease the CO stretching frequency. 
We agree with this interpretation; however, 
we have been able to resolve into three 
components the CO stretching band consid- 
ered as unique by these authors. 

If we consider the frequency shifts in 
v(Zn-H) and v(ZnO-H) due to adsorbed 
CO, we predict that the presence of an elec- 
tron-donating adsorbed CO molecule at a 
neighboring site will decrease the positive 
charge on a Zn ion and increase the nega- 
tive charge on an oxygen ion at the refer- 
ence H(1) adsorption site, so the covalence 
of the Zn-H(1) bond will be lowered and 
that of the ZnO-H(1) bond will be raised 
according to the observed shift. 

Finally we must consider the frequency 
shift of the CO stretching modes due to 
the u inductive negative effect caused by 
preadsorbed Hz. As expected, the CO(2) 
and CO(3) stretching frequencies increase. 
No effect is observed on the CO(l) fre- 
quency. 
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Surface Sites on ZnO 

The picture we can infer so far can be 
summarized as follows: 

(i) There is some heterogeneity of surface 
sites on ZnO; there is evidence for four dif- 
ferent Zinc ion families, which we will label 
as A, B(l), B(2), and C sites. A sites are 
responsible for CO(l) and D2(II) adsorp- 
tion. B( 1) sites are responsible for D2(I) ad- 
sorption. B(2) sites are responsible for 
CO(3) adsorption and are nearest neighbors 
to B(1) sites. C sites are responsible for 
CO(2) adsorption, their structure and orien- 
tation with regard to B(1) sites being such 
that a CO molecule preadsorbed on them 
inhibits the D2(I) chemisorption. 

(ii) The continuous shift of frequencies 
with coverage of the bands corresponding 
to all chemisorbed species shows that the 
different sites are not isolated, but lie on 
regular portions of surface. Moreover, 
while B(l), B(2), and C sites must be on the 
same regular portions of a face, A sites 
must lie on regular portions of a different 
face. More precisely, B(1) and B(2) sites 
must be on the same regular array, C on 
adjacent arrays. 

(iii) All the three CO chemisorbed spe- 
cies are active in destroying the absorption 
due to the vibrational surface states of the 
solid (700-600 cm-l). A more detailed ex- 
amination of the different components of 
this absorption and of their dependence on 
the CO chemisorbed coverage would be 
useful in order to clarify the nature of the 
involved sites. We hope to continue work 
along this line. 

The Models 

No models have been proposed up to 
now for sites chemisorbing D2(II), although 
models of the ZnO surface that provide Zn 
ion triplets for D2(I) and the successive for- 
mation of mixed complexes with CO have 
been suggested. One of these (6), proposed 
by some Tf us, is a reconstructed (2 x 2) 
ZnO (0001) surface in which one quarter of 
the 0 anions have been removed. Griffin 

and Yates (23) proposed a (2 x 2) recon- 
structed ZnO (0001) surface in which one 
quarter of the Zn cations have been re- 
moved. Lavalley et al. (14) proposed a new 
model on the basis of results obtained using 
COz as a probe molecule, showing the pres- 
ence of particular sites on ZnO which can 
be described as surface zinc ions with two 
vacancies, with a basic oxygen in an adja- 
cent position. They proposed (29) the same 
model for the HJCO interaction. We think, 
however, that none of these models is suf- 
ficient to explain all the observed low tem- 
perature phenomena, in particular the pres- 
ence of two distinct sites on the same face 
for CO adsorption, and the inhibition effect 
shown by CO(2) species toward D?(I) 
chemisorption. 

Before we propose a new surface model, 
it is useful to remember the differences al- 
ways shown by the two ZnO samples exam- 
ined (ZnO Kadox-25 and ZnO from decom- 
position of carbonate) illustrated in the 
Results section. On the basis of the analysis 
carried out up to now, we can say that for 
the same surface area the portions of regu- 
lar surface carrying A sites, compared with 
those carrying all the others, must be 
greater in extent on the ZnO ex carbonate 
than on the Kadox-25. Starting from the 
reasonable hypothesis that CO at 77 K cov- 
ers almost all the surface, the observed dif- 
ferences may be ascribed to some differ- 
ences in the ratio between the more 
exposed faces on the two ZnO samples ex- 
amined. In fact electron micrographs show 
that powder obtained by ZnC03 decompo- 
sition is formed of well-defined prismatic 
particles, whilst the powder of Kadox con- 
sists of less-defined, wider and shorter par- 
ticles; thus we can infer that ZnO ex car- 
bonate exposes a greater amount of 
prismatic faces. The less-defined shape of 
the Kadox particles may be interpreted as 
due to the exposure of faces of higher index 
obtained from a continuous succession of 
steps formed by polar and nonpolar low in- 
dex faces (as happens on pyramidal faces). 

We can therefore test the following 
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models for Hz and CO chemisorption: (1) 
H#I) or D2(II) and CO(l) species involve 
sites present on nonpolar prismatic faces 
like (1010) and (1 ITO), as illustrated in Fig, 
9. However, we think that the (1070) face is 
the only one able to give the H2 or D2(II) 
chemisorbed species; the nature of the vi- 
brational modes related to this species (II) 
indicates that it is formed of a bridged hy- 
dride and a bridged hydroxyl group. Only 
the (1010) face can offer pairs of Zn ions 
and oxygen ions with uncoordinated vacan- 
cies oriented in a suitable direction. On the 
other hand, we think that the two surfaces 
are equally able to adsorb CO with very 
similar interaction energies, as demon- 
strated by Gay et al. (19). The presence, on 
the (1120) face, of sites A only capable of 
chemisorbing CO but not of dissociating H2 
into H2(II) species, may be the reason for 
the constant presence, on samples which 
preadsorbed H2 at RT, of a considerable 
fraction of CO(l) adsorbed species, with a 
CO stretching frequency not perturbed by 
the H*(II) coverage. 

FIG. 9. Surface geometry of the (1070) and (1120) 
faces of ZnO and model for CO(l) and D,(II) chemi- 
sorption. Large circles, oxide ions; small circles, zinc 
ions. Solid circles, surface layer; dashed circles, sec- 
ond layer. 

FIG. 10. Model of a stepped (1011) face of ZnO. 
Solid circles, zinc ions; open circles, oxide ions. 

(2) H2 or Dz(I>, CO(2), and CO(3) species 
involve sites present on pyramidal faces. 
One of these, the hexagonal (1011) face, 
seems to be particularly suitable as our 
model. We notice that this is still a low in- 
dex face, and thus has a higher probability 
to be exposed. On this plane two face-to- 
face rows of uncoordinated zinc ions are 
present, which we label as p and y Zn ions, 
essentially different in the orientation of 
their dangling bonds with respect to the sur- 
face plane (30). This is evident in the per- 
spective drawing of Fig. 10, where these 
dangling bonds are shown and where the 
letter V represents, for sake of clarity, the 
position of the row of missing anions. 
Moreover, each Zn-ion double row is sepa- 
rated from its neighbor by a row of uncoor- 
dinated oxygens bridged between a p and a 
y Zn ion. 

Another pyramidal face is the (1121) 
face, on which two face-to-face rows, one 
of threefold and the other of twofold coor- 
dinated Zn ions, are present. Although we 
cannot exclude the presence of this face, it 
will certainly be less probable than the 
(1011) face, simply because only zinc ions 
with one uncoordinative vacancy are 
present on this latter. 

The CO(2) and CO(3) chemisorbed spe- 
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ties. We consider that when a CO molecule 
is put into contact with the clean (lOi1) 
face, it will be attracted by the electrical 
field of the two face-to-face zinc ions, but at 
the moment of the bond formation the elec- 
tronic properties and the geometry of the 
system is critical for the structure of the 
chemisorbed species. In fact the two Zn 
ions are separated by about 3.25 A and no 
bridged species can be formed, as in fact 
the experiment shows. Thus the CO mole- 
cule, to minimize better the energy of the 
system, will adsorb to saturate only one sp3 
dangling bond of the two face-to-face Zn 
ions. As a consequence of the different ori- 
entation of the dangling bonds with respect 
to the surface plane, two different linear 
carbonyl species can be formed, one arising 
from a /3 type and the other from a y type 
dangling bond saturation (see Scheme I). 

To appreciate better the structure of the 
two possible chemisorbed species it is use- 
ful to keep in mind the average bond dis- 
tances of some linear homogeneous car- 
bony1 complexes, in particular those of Cu, 
which can be taken in this case as a suitable 
reference system and where the metal-car- 
bon bond is -1.8 A long and carbon-oxy- 
gen distance is - 1.14 A (31). Hence the Zn- 
C bond distance should certainly be no 
shorter than 1.8 A, and probably a little 
longer, and it should be very near to the 
zinc-oxygen distance bond of zinc oxide 
itself, which is 1.91 A. In the two species 
the carbon atom could be imagined to oc- 
cupy a surface position very near to that of 
the missing surface oxygen, the V position 
of Scheme I. On the other hand, if the 
sigma bond is formed with the /3 zinc ion, 
the oxygen end of the bond (i.e., the posi- 
tive end of the dipole) is localized on the 

SCHEME I 

plane formed by the C=O bond itself and 
the dangling bond from a surface uncoor- 
dinated oxygen, in such a way as to allow 
attractive interaction. This attraction can 
be considered to be synergetic with the car- 
bon-metal sigma bond formation and thus 
there is an increased stretching frequency 
with respect to the situation where the CO 
molecule is attracted only by a zinc ion. 

If the second type of interaction (that 
with the y zinc ion) is kept under consider- 
ation, the direction of the saturated Zn dan- 
gling bond is such that the CEO bond pro- 
trudes out of the surface, while the oxygen 
bond is away from the two neighboring un- 
coordinated surface oxygens, on a plane 
different from those that contain oxygen 
dangling bonds, where the negative charge 
is mainly localized. The attractive interac- 
tion will be weaker. 

We therefore believe that the most ener- 
getic CO(3) species, which has the highest 
v(C=O) frequency (2187 cm-’ at maximum 
coverage) is that adsorbed on /3 ions, which 
can be made coincident with the B(2) sites. 

The adsorption of the first molecule will 
produce a sigma-inductive positive effect 
on the other surface Zn ions. This effect 
will be maximum on the two nearest neigh- 
bor /3 ions, which are separated only by an 
oxygen-zinc bond, but will be very weak 
on the face-to-face y zinc ion from which it 
is separated by three oxygen-zinc bonds. 
The probability that two /3 neighbors adsorb 
CO is very poor. At a certain coverage the 
cr-inductive effect on the p ions still bare 
will be such that the adsorption on y sites 
will be practically the same or more ener- 
getic, and so the CO(2) species will be 
formed (6 = 2178 cm-‘, at maximum cover- 
age) and y ions can be identified with C 
sites. 

For sake of clarity and simplicity we 
show in Scheme II an ideal ordinate situa- 
tion where only one CO molecule is ad- 
sorbed per two Zn ions, with an alternative 
orientation, one of /3 and one of y type. 

The Hz(Z) chemisorbed species. We also 
propose that p zinc ions are the positive 
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SCHEME II 

partners of the sites for Hz(I) adsorption, 
while the upper oxygens are the negative 
partners of this dissociative adsorption, the 
mechanism of the reaction being illustrated 
in Scheme III. The hydrogen molecule, 
strongly polarized by the electric field of 
the two face-to-face zinc ions and oriented 
with its induced positive pole toward the 
upper oxygen anion, can dissociate, pro- 
ducing Hz(I) chemisorbed species. Owing 
to the sigma-negative inductive effect, this 
H2 adsorption occurs only on one half of 
the zinc-oxygen couples. Thus we have 
identified the structure of the B(1) sites. 
Nevertheless, from this discussion it is evi- 
dent that the zinc ions responsible for 
CO(3) and the hydridic part of the Hz(I) 
species are structurally the same, so that 
the distinction between B(1) and B(2) sites 
is not necessary to explain the experimental 
data. Hence from now on we will refer only 
to B sites. 

The mutual position of Zn-H(1) and 
OH(I) partners is such that their recombi- 
nation to give a hydrogen molecule (the de- 
sorption process) can easily take place dur- 
ing an elongation of the Zn-H bond in its 
stretching vibration and a contemporane- 
ous decrease of the Zn-O-H angle during 
the OH bending vibration, as illustrated by 
the arrows in Scheme III. The model is con- 
sistent with the reversibility of the Hz(I) 
species at RT. 

The interaction D2/C0. The CO interac- 
tion with preadsorbed Hz(I) or D*(I) will 

first saturate the B ion nearest neighbors 
and afterward the face-to-face C ions, as 
shown in Scheme IV. The latter are evi- 
dently still bare for CO adsorption. This is 
in agreement with the fact that the HZ is 
strongly polarized by the zinc B ion to 
make a Zn-H(1) bond partially covalent, its 
length being very near to that of molecular 
zinc hydrides (1.62 A), as supported by the 
high v(Zn-H) frequency values, nearly co- 
incident with that of the molecular zinc hy- 
drides (1695 cm-l) (32). Its formation 
leaves space enough for the CO molecule. 
Moreover, this model is compatible with 
the same effect produced by the presence 
of Hz(I) species on the frequencies of the 
CO(2) and CO(3) chemisorbed species. In 
fact at saturation of H,(I) or Dz(I) a CO mol- 
ecule adsorbed either as CO(3) species or 
as CO(2) species is coordinated to zinc ions 
directly bonded to the hydroxyl partner of 
the H2(I), i.e., the part of this adsorbed spe- 
cies where is mainly localized the elec- 
tronic charge extracted from the solid. 
Thus the two zinc ions become equally im- 
poverished of electron density and as a con- 
sequence an equal enhancement of the 
sigma bond must be expected, that is an 
equal shift in the CEO stretching frequen- 
cies of the two species (2178 + 2181 cm-l, 
2187 + 2190 cm-l). 

As far as the different effect of the two 
CO chemisorbed species on the v(Zn-H) 
and v(ZnO-H) is concerned, the model is 
well consistent with what happens. 

Let us discuss first the effect of the CO(3) 
species, the more energetic one. From 
Scheme V it is clear that while it is possible 

SCHEME IV SCHEME III 
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SCHEME v 

to speak of two equivalent nearest neighbor 
CO(3) molecules for any Zn-H group kept 
as a reference, it is possible to speak of only 
one nearest neighbor CO(3) species for any 
Zn(O-H) species kept as a reference. In 
fact in this model the zinc ion triplets are 
the repetitive unit of a chain delineated in 
Scheme V by the dashed line. Passing from 
low to high CO(3) coverage, the entry of the 
second CO molecule into the triplet gives 
rise, as regards Zn-H, to a second CO(3) 
carbonyl equivalent to the first one. On the 
contrary, the entry of the second CO(3) 
molecule into the triplet is not equivalent to 
the first one as regards the OH partners. 
This second molecule will be the nearest 
neighbor of another hydroxyl, so, while dis- 
continuous shifts are expected for the Zn- 
H species, only continuous shifts are ex- 
pected for the OH species. 

Let us now comment on the subsequent 
effect due to the CO(2) species. The small 
but visible effect on the ZnH species is 
probably caused by the electrostatic inter- 
action due to the extreme proximity of the 
two species. As for the very small effect on 
the u(O-H) frequency, it can be ascribed to 
the very weak sigma bond involved in this 
interaction. 

Finally the model also accounts for the 
inhibition effect of the CO(2) preadsorbed 
species with respect H*(I) adsorption. 
When the CO(2) coverage on a surface is 
complete, all the face-to-face Zn ions are 
screened by CO(2) or CO(3) species. There 
is not a positive electric field sufficiently 
intense to polarize the H2 molecules. Only 

when some CO(2) species are desorbed giv- 
ing rise to some face-to-face completely 
bare zinc pairs can the adsorption take 
place; only dicarbonyl mixed complexes 
can be formed until the CO(3) coverage is 
maximum. On the other hand, the presence 
of the CO(3) species at maximum coverage 
should leave completely unaltered the ca- 
pacity of the surface for adsorbing HZ, or 
even should favor it, from an energetic 
point of view, owing to the opposite sigma- 
inductive effect that they exercise on the 
solid. 

Reaction Mechanisms 

Type I chemisorbed H2 was demon- 
strated (33) to participate directly in cata- 
lytic reactions such as DZ-HZ exchange and 
ethylene hydrogenation, and was proposed 
(34), very reasonably, to be one of the in- 
termediates in the methanol synthesis. 
Hence it is interesting to investigate 
whether our model is consistent with mech- 
anisms proposed for these reactions. 

Hx-Dz exchange. The model is suitable 
either for hydrogen-deuterium exchange 
via an Eley-Rideal mechanism, or via a 
Bonhoeffer-Farkas mechanism. In fact, for 
the first mechanism the model offers for all 
Hz(I) coverages a bare site near this species 
suitable to weakly polarize a Hz molecule 
from the gas phase which could react with 
the dissociative adsorbed species. Such a 
pathway has been suggested as the predom- 
inant one by Naito et al. on ZnO (26). The 
model is also consistent with the Bonhoef- 
fer-Farkas mechanism according to which 
the exchange takes place when H and D 
adsorbed atoms are desorbed. Such a path- 
way has been suggested as the predominant 
one on ZnO by Conner and Kokes (35). 

In our model at any Hz(I) coverage both 
the hydridic and hydroxyl hydrogen part- 
ners can independently migrate onto bare 
adjacent sites. This surface mobility allows 
an easy recombination of H atoms coming 
from two different molecules. 

Methanol synthesis. It is also interesting 
to investigate whether our model is suitable 
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SCHEME VI 

to propose a mechanism for methanol syn- 
thesis. If we look at Scheme IV, we can see 
that CO and H,(I) chemisorbed species are 
in positions very favorable for making for- 
my1 and hydroxycarbene intermediates. A 
possible scheme for CO(2) and H*(I) inter- 
action is shown above (Scheme VI). An 
analogous scheme for CO(3) and H*(I) in- 
teraction can be proposed. 

The initial steps of methanol synthesis on 
ZnO are thus proposed to be the heteropo- 
lar splitting of hydrogen and the chemisorp- 
tion of the CO followed by the electrophilic 
attack of the carbon end of CO by protons 
and a nucleophilic attack on the oxygen end 
of CO by hydride ions. The first attack give 
rise to formyl intermediates, the second 
one to hydroxycarbenes. In our model the 
two attacks can easily take place during the 
OH and ZnH bending vibrations. A similar 
mechanism involving formyl and hydrocar- 
bene intermediates has been proposed for 
the catalytic synthesis of methanol on Cu/ 
ZnO systems (36). 
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