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An approach is described for investigating the nature of sorbed oxygen species 
on a semiconductor catalyst surface and for determining their relative reactivities 
in a heterogeneous oxidation reaction. Experimental information as to the types 
of oxygen species on ZnO with presorbed oxygen, ZnO.O*, was obtained from 
measurements of ESR and sorption of carbon monoxide at 20°C. When CO is 
sorbed on Zn0.02, the 1.96 line, associated with conduction electrons, rapidly 
increases and the 2.010 line, associated with a sorbed oxygen species, slowly 
decreases. These results indicate that CO reacts with two different sorbed oxygen 
species. The probable nature of these species is discussed. 

One goal of current research in hetero- 
geneous oxidation catalysis is to develop 
experimental approaches suitable for the 
detection of reactive sorbed species and for 
the determination of their surface concen- 
trations and reactivities. The present paper 
describes an ESR study of the CO oxida- 
tion reaction on ZnO, an approach which 
offers considerable potential for further 
extension. Emphasis is placed on the in- 
formation that can be obtained by studying 
t’he electron transfer between the bulk and 
the surface of the semiconductor, ZnO, as 
surface reactions proceed. In this investiga- 
tion, low oxygen surface coverages were 
used so t,hat charged surface species would 
dominate orer neutral species. 

Earlier we reported that the ESR tech- 
nique provided important information on 
heterogeneous reactions occurring on a 
semiconductor surface (I). In that study, 
when CO was sorbed on ZnO with pre- 
sorbed oxygen, we observed that the ESR 
line at g = 1.96 increased, and a line in the 
vicinity of g z 2.00 increased in some ex- 
periments and decreased in others. The in- 
crease of the 1.96 line was attributed to a 
surface reartion bet’ween CO and a charged 

oxygen species which released electrons to 
the conduction band of the ZnO. The vari- 
able behavior of the 2.00 line suggested 
that better control of the ZnO pretreat- 
ment was required, 

Some effects of ZnO pretreatment and of 
subsequent oxygen sorption have since been 
demonstrated in another ESR study (2). 
The results showed that for incompletely 
outgassed ZnO, oxygen sorption produces 
two new lines at g values of 2.004 and 
2.010, both of which have some reversi- 
bility with oxygen pressure. However, 
after more outgassing, oxygen sorption 
shows no reversibility with oxygen pres- 
sure. The present study makes use of the 
latter surface treatment. 

EXPERIMENTAL 

The apparatus, techniques, and materials 
have been described (I, 2). All gas sorption 
and ESR measurements were made at about 
20°C. ,Oxygen and CO were individually 
passed through traps at liquid nitrogen 
temperature before sorption on ZnO. The 
carbon dioxide (Matheson, C.P. grade) was 
distilled several times, and it was passed 
through a trap at dry ice temperature be- 
fore sorption on ZnO. The ZnO was pre- 
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treated by heating at 500°C in vacuum for 
at least 30 min; hereafter it will be re- 
ferred to as “pretreated ZnO.” The pre- 
treated ZnO with presorbed oxygen will be 
referred to as “ZnO*O,.” 

RESULTS 

Figure 1 shows the effect, on the pre- 
treated ZnO, of oxygen sorption and sub- 
sequent carbon monoxide sorption on the 
first moments of the first derivative curves 
of the 2.010 and 1.96 lines, M,.,,, and M,.,,. 
The data were obtained with three separate 
0.2-g samples of pretreated ZnO. When 0.2 
torr-cc oxygen was admitted to the pre- 
treated ZnO, the residual pressure rapidly 
decreased to less than 19* torr (30 cc vol- 
ume). This sorption resulted in a surface 
coverage of 3 X lOI O2 molecules/g ZnO, 
and for these conditions it is estimated (a) 
that about 1/5 of the sorbed oxygen is pres- 
ent as charged species. No time scale is 
given in Fig. 1 for (1) the vacuum-heat 
pretreatment and (2) the oxygen sorption 
because the ESR lines remained stable for 
long periods of time after each of these 
treatments. The time scale applies only to 
the changes that occurred upon (3) CO 
sorption. Immediately after oxygen sorp- 
tion, the ZnO * 0, samples were exposed to 
different amounts of CO, so that on the 
separate samples 0.3 x 1Ol7, 1 X 1017, and 
3 x 1Ol7 CO molecules/g ZnO were sorbed 
with residual pressures after about 30 min 
of 2 x 1CP3, 30 X 1e3, and 50 X 10e3 torr, 

respectively. The results in Fig. 1 show no 
significant effect due to different amounts 
of CO sorbed. 

The ESR changes produced by CO sorp- 
tion were not due simply to CO or CO, 
sorption effects. This was demonstrated by 
sorbing CO and CO, separately on pre- 
treated ZnO to a surface coverage far 
exceeding that in the above experiments. 
For example, sorption of either CO or CO, 
to a surface coverage of about lOls mole- 
cules/g ZnO produced essentially no effect 
on the 1.96 line, and no new ESR line 
appeared. 

The rapid change of the 1.96 line upon 
CO sorption, shown in Fig. 1, was studied 
by adjusting the magnetic field of the ESR 
spectrometer so as to record the peak in- 
tensity, I,,,,, with respect to time. Typical 
results are shown in Fig. 2, for which the 
Zn0.02 was prepared by sorbing about 
5 X 1015 0, molecules/g ZnO on pretreated 
ZnO. For this surface coverage, charged 
sorbed species are believed to predominate 
over neutral species. In Fig. 2, CO sorption 
was initiated at time 0 and steady state 
sorption after about 3 min was about 10 
X 1Ol5 GO molecules/g ZnO. The maximum 
of the curve is caused by line-broadening 
of the 1.96 line; however, M,.,,, if it were 
possible to measure its rapid changes, 
would presumably not pass through a max- 
imum but just increase to a limiting value. 
The line-broadening is due to an increased 
concentration of conduction electrons in 
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FIG. 1. Relative changes of the first moments, kf,., (solid symbols) and M~.w (open symbols), 
resulting from oxygen and carbon monoxide sorption on three samples of pretreated ZnO. (ESR 
and sorption carried out at 2OC.) (1) ZnO vacuum-heated at 500°C for 1 hr; (2) oxygen sorp- 
tion of 0.3 X lo’-‘01 molecules/g ZnO; (3) carbon monoxide sorption of 0.3 X 10” (Q), 1.0 X IO” 
(A), and 3 X 10” (0) CO molecules/g ZnO. 
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TIME 

FIG. 2. Change of the peak intensity, I,.M, upon 
at time 0. 

the bulk resulting from the reaction of CO 
with oxygen surface states. 

The linewidth and spin density of the 
1.96 line were found to be approximately 
proportional to one another for three sep- 
arate ZnO samples and essentially inde- 
pendent of treatments such as vacuum 
heating, oxygen sorption, subsequent heat- 
ing, and finally CO sorption. For example, 
for conditions that increased the spin densi- 
ties in the range from 3 X 1Ol5 to 15 X 1Ol5 
spins/g ZnO, the linewidths increased from 
7 t.0 10.5 gauss, respect’ively. 

DISCUSSION 

The period of time for a one-half change 
of the ESR lines upon CO sorption is esti- 
mated from the data in Figs. 1 and 2 to be 
about 60 min for the 2.010 line and about 
10 see for the 1.96 line. The rates of change 
of these lines clearly differ by a factor of 
at least 10” despite the inherent difficulty in 
measuring the initial rapid change of the 
1.96 line. The marked difference in rates 
of change of the two ESR lines upon CO 
sorption is taken as evidence of two dif- 
ferent mechanisms by which CO reacts on 
the ZnO.0, surface. These mechanisms 
must involve reactions of CO with sorbed 
oxygen species, because CO, in the absence 
of presorbed oxygen, produced no change in 
the ESR spectrum of ZnO. It is further 
concluded t,hat each of the two mechanisms 
involves a different oxygen species, since 
one oxygen species cannot account for two 
reactions of such different rates. 

The identities of the reactive oxygen 
species and the CO oxidation mechanisms 

- set 

sorbing CO on ZnO-O1 at 20°C. CO introduced 

cannot be unequivocally deduced from the 
above largely qualitative information. The 
results of various investigators (2, S-1s) 
on the probable identity of sorbed oxygen 
species on ZnO lead to the consensus that 
oxygen sorption at low temperatures leads 
primarily to O,, OF, and O-, and at higher 
temperature primarily to O- and 02-. We 
therefore assume that in the present study 
the oxygen species reactive with CO are 
among O,, O;, and O-. 

The rapidly reacting species must be 
negatively charged to account for the ob- 
served electron transfer to the bulk upon 
C,O sorption, i.e., the increase of M,.,,. It 
is difficult to decide whether the slowly 
reacting species reacts with or without elec- 
tron transfer to the ZnO bulk, because the 
experimental variation in the measurement 
of M,.,, is of t,he same order of magnitude 
as the change in M,.,,,. Therefore at pres- 
ent it is not possible to recognize a slow 
change of M,.,, w ich 
slow change of M h‘ 

corresponds to the 
2 ,,1,,. If the slow reaction 

proceeds with electron transfer, the oxygen 
species is charged; if no electron transfer 
occurs, the species is either neutral or it 
is charged and reacts to form a sorbed 
product that retains the electron. 

We tentatively propose that the reactive 
oxygen species at room temperature are 
0, and O-. The 0, species is assumed to 
be the slowly reactive species associated 
with the 2.010 line; actually the 2.010 line 
is one of three lines (2.003, 2.008, a.nd 
2.05) attributed to anisotropic g values of 
this species (14). This species may react 
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with or without electron transfer to the 
ZnO bulk. The O- species is then assumed 
to be the rapidly reactive species which 
has no observable resonance and which re- 
acts with electron transfer to the bulk, 
probably by CO + O-+ CO, + e. Expec- 
tations that the principal product of the 
fast reaction is CO, are supported by the 
fact that this molecule is neither an elec- 
tron acceptor nor donor, as shown in this 
study and in others (3-5). Thus, if an 
intermediate complex such as CO, were to 
be formed, it would rapidly release its elec- 
tron to the solid. Finally, we must postulate 
formation of a sorbed product, such as 
CO, which traps electrons at the surface. 
Such a species is required because sorption 
of CO on ZnO * O2 does not entirely restore 
M 1.96 to the original value before oxygen 
sorption. 

Because of the importance of the electron 
transfer process with respect to bulk ZnO 
in the interpretation of our CO oxidation 
results, it is valuable to assess the findings 
of other investigators in this connection. 
Several such studies have been made in 
which an electron transfer process has been 
observed (3, 1.2, IS) ; however, the results 
of these studies are not entirely comparable 
with the present study, nor in some cases 
in agreement among themselves. The prin- 
cipal reason for the discrepancies appears 
to be due to differences in the ZnO pre- 
treatment and in experimental conditions 
such as residual oxygen pressure. 

Chon and Prater used the Hall effect to 
study the CO oxidation and concluded that 
O- is the dominant? but probably not the 
only, reactive species in a reaction with 
electron transfer to the ZnO in the temper- 
ature range of 200” to 350°C (5). Their 
values for the half-time 7 of the electron 
transfer reaction were larger by a factor of 
about lo2 than that observed in the present 
study. Amigues and Teichner (5) also 
observed that the reaction between CO and 
0, at 261°C produced in ZnQ a slow in- 
crease of the electrical conductivity (T r~ 
10 to 70 min), and they concluded that a 
nonionic sorbed oxygen species reacts with 
CO. These large values of 7 are probably 
due to the large residual oxygen pressures 

that these investigators used. That is, un- 
til the partial pressure of oxygen is reduced 
by the CO reaction, the electrons of the 
bulk will tend to be localized on sorbed 
oxygen species. A comparable effect of 
oxygen on sorbed species was noted by 
Kwan and Setaka, who showed by means 
of ESR that in the presence of CO the rate 
of disappearance of a sorbed oxygen 
species, identified with a line at g = 2.008, 
depended in some reciprocal way on the 
oxygen pressure (6) ; however, they did not 
examine the 1.96 line. In the present study 
the residual oxygen pressure was very low, 
so that only the presorbed oxygen was 
available for CO oxidation. 

Amberg and Seanor, by means of infra- 
red, observed a slow transfer of electrons 
from the surface to the bulk when CO was 
sorbed on ZnO at 3O”C, but only for oxi- 
dized ZnO (12). However, for a similar 
system Doeffler and Hauffe report from 
electrical conductivity studies that electron 
transfer occurs in the opposite direction, 
from the bulk to the surface, when CO is 
sorbed on oxidized ZnO at 150°C (IS). 
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