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ESR measurements were combined with determinations of the amount of oxygen ad- 
sorbed or desorbed on ZnO in order to investigate the relationship between the solid state 
electronic properties of a semiconductor catalyst and the amounts and the nature of the 
adsorbed oxygen species. 

The ESR spectral study indicates paramagnetic species associated with solid state 
donors (g = 1.96) and those associated with various adsorbed oxygen species (g ~ 2). 
The quantitative studies led to a tentative identification of the oxygen surface species 
and assignment of g value: O2 (g = 2.04), 0 -  (g = 2.010), and 02- (no observable reso- 
nance). The electron transfer occurring between the solid and the various adsorbed 
species was studied in detail in an adsorption-desorption cycle. 

Pretreatments such as heating the ZnO in vacuum or in oxygen were found to affect 
the ESR of the ZnO, the amount of oxygen adsorbed, and the character of the adsorbed 
species. With the ESR results as criteria of adsorption and charge transfer, appreciable 
oxygen adsorption occurs only when donor states are present in ZnO. 

INTRODUCTION 

This research is directed toward a funda- 
mental problem of heterogeneous catalysis: 
the influence of the catalyst 's solid state 
properties on the nature of the surface- 
adsorbed species. The goal of the investiga- 
tion is to determine the identity of oxygen 
species adsorbed on ZnO and the effect of 
catalyst pretreatment on the various ad- 
sorbed species. I t  is of particular interest to 
investigate how the nature and amount of 
the various adsorbed species depend upon 
the electron transfer process between the 
bulk of the semiconductor and its surface. 
Toward this goal the results of the electron 
spin resonance (ESR) technique are com- 
bined with a simultaneous measurement of 
the amount of gas adsorbed or desorbed. 

The ESR technique has been used to 
study gases adsorbed on solids (1-8), and to 
identify the catalytically active centers in 

* This research was supported by several indus- 
trial companies and by Stanford Research Institute. 

solids (9-11). In our laboratory we have 
recently shown that  ESR can be used to 
study electron transfer between the solid 
and the adsorbed species (12). 

There are several reasons for selecting the 
ZnO-oxygen system for the current investi- 
gation. Our preliminary work (12) indicates 
that  ESt~ would provide valuable informa- 
tion regarding the properties of reactants 
adsorbed on ZnO, and some recent studies 
have also dealt with certain aspects of the 
ESR of this system (13-16) and of ZnO 
itself (17, 18). Also the extensive physico- 
chemical research on the ZnO-oxygen system 
is expected to provide a suitable background. 

EXPERIMENTAL 

Powdered ZnO (S.P. 500, New Jersey 
Zinc Co.) was situated in a vacuum appara- 
tus so that  ESR measurements could be 
made while the sample temperature and the 
ambient gas were independently varied. The 
apparatus consists essentially of a quartz 
tube (0.3-cm ID),  metal valves (bellows), a 
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Pirani gauge, and a trap that could be 
cooled in liquid nitrogen. This apparatus 
could be disconnected from the gas-vacuum 
system at an O-ring joint and could be 
moved as a unit in order to replace the ZnO 
(about 0.15 g of ZnO as a 3-era-long column). 
Known quantities of oxygen were admitted 
or removed from the ZnO chamber by using 
the calibrated volumes of the ZnO and 
Pirani chambers (about 15 em 3 each) and 
the measured pressure (to as low as I X 10 .5 
Tort). The adsorption-desorption measure- 
ments were corrected to include the influence 
of a small air leak of 10 .6 Tort em 3 sec -1. 
The temperature of the ZnO could be ad- 
justed over the range of 100 ° to 570°K by a 
temperature controller (Varian) mounted in 
the ESR cavity. Temperatures up to about 
800°K were achieved with a mierofurnace, 
the use of which required removal only of the 
ESR cavity. Oxygen gas (Matheson) was of 
standard purity. 

The ESR measurements were made with 
a Varian V-4502 X-band spectrometer with 
a dual cavity (TEl04 mode, Q = 9000) and 
a 12-inch magnet, and measurements were 
made with a low-power bridge. The sample 
cavity employed 100-ke/sec field modula- 
tion. The other cavity employed 200-cps 
field modulation, and was equipped either 
with a sample of 0.1% pitch in KC1 (Varian) 
or with a solution of 10 .3 M MnS04 for 
calibrating instrumental sensitivities and 
evaluating g values. The measurements were 
all made at the same field modulation ampli- 
tude of about 5 gauss for the 100-kc channel; 
the microwave power was held constant at 
about 10 mW, except in power saturation 
studies; and the signals were normalized to 
an arbitrary instrumental gain. The ESR 
eavity-waveguidc assembly was held in place 
by a brass jig which permitted vertical 
movement or removal of the cavity assembly. 

Certain sample treatments altered the 
electrical conductivity of the ZnO and 
thereby altered the cavity Q and the ESR 
sensitivity. Corresponding changes were 
produced in the values of It, M~, and Ip (for 
given settings of gain and modulation ampli- 
tude), where Io is the peak-to-peak height 
of the recorded first-derivative curve, Mg is 
the first moment which is proportional to 

the number of unpaired spins, and the sub- 
script g indicates the g value of the ESR line 
of the sample. Ip is the peak-to-peak height 
of the recorded first-derivative curve of the 
0.1% pitch sample, and its value was used 
to correct for changes in cavity Q by calculat- 
ing the normalized signal intensity I t * =  
IdIp and the normalized first moment of 
the derivative curve Mg*= MdI~. The 
values of M~* have also been normalized to 
1 g of ZnO. 

Absolute spin intensity calibrations were 
made using 1.1 X 10 .3 g DPPH ground with 
1 g of ZnO; 3.6 M 10 .3 g of DPPt t  in 100 ml 
of benzene; and ZnO doped with 6.8 × 1017 
indium atoms per em 3 (resonance at g = 
1.96). DPPH was used as supplied by East- 
man Chemical Co., and the ZnO:In and its 
In concentration were supplied by the New 
Jersey Zinc Co. These preparations were 
introduced into the 0.3-era ID quartz tube 
and the first moment of the resonances 
determined. All results were normalized as 
described above; with ZnO an arbitrary 
packing density was employed. For the three 
preparations it was determined that the spin 
intensity calibration factor S = 1.2 4-0.6 
X 1015, and the product SMg* provides the 
number of spins/g ZnO for a given resonance. 

RESULTS 

ZnO Pretreatment 
ESR examination shows that pretreat- 

merit of ZnO affects both the electronic 
properties of the solid and the nature and 
quantities of adsorbed oxygen species. Of 
principal interest are the ESR signals at a 
g value of 1.96 and at g values in the range of 
2.0033 to 2.04. The 1.96 line is attributed to 
mobile electrons in either the conduction 
band and/or a shallow donor band (14, 15, 
17, 18) and probably arises from defects 
such as interstitial zinc and/or oxygen ion 
vacancies (14-18). The 2.0033 to 2.04 lines 
appear to be associated with adsorbed 
species, some of which are oxygen; the 
probable identification of some of these lines 
has been discussed (12, 13, 15, 16). Two other 
signals were observed in ZnO (both in 
Mallinckrodt, reagent grade, and in New 
Jersey Zinc Co., S.P. 500): a weak, narrow 
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line at g = 2.0028 (~-~5 gauss) and a broad 
line at g = 2.10 (~--500 gauss); since these 
signals were unaffected by pretreatment or 
oxygen adsorption, they will not be con- 
sidered further. 

Pretreatments such as heating in vacuum 
or in oxygen result in characteristic changes 
in the ESR spectrum of ZnO. The tempera- 
ture and the duration of pretreatment 
determine not only the magnitude of these 
changes but  also the subsequent effect of 
oxygen adsorption. Some typical results are 
summarized in Table 1 (reference is made to 
this Table by the letters in brackets). Be- 
cause of the difficulty of computing the 
contributions of overlapping lines (in the 
range 2.033 to 2.04) the results in this Table 
are useful mainly for understanding trends 
in behavior. Some typical ESR spectra are 
shown in Fig. 1. 

D 
I I 

II  [ I 
1.96 2.0053 I 2.015 2.04 

2.010 

Fro. 1. ESR Spectra of ZnO at 290°K. (A) 
Vacuum-heated at 770°K for 5 rain, and then (B) 
exposed to 0.05 Torr oxygen. (C) Fresh ZnO vacuum- 
heated at 770°K for 10 rain and exposed at 290°K 
to 10 -3 Torr oxygen, and then (D) exposed to 760 
Torr oxygen (ordinate expanded by factor of 5). 

In general, desorption of the ZnO by 
heating in vacuum increased the first mo- 
ment of the 1.96 line and decreased that  of 
the lines with g values in the range of 2.0033 
to 2.04 [A to D]. Subsequent oxygen adsorp- 
tion decreased the first moment of the 1.96 
line which then approached a lower limit 
after sufficient adsorption. Pretreatment  by 
heating in oxygen tends to destroy the 1.96 
line, an observation reported in earlier work 
(13, 15). The relatively long period of 
vacuum heating then required to restore the 

1.96 line [El, compared with that required 
for untreated ZnO [B], indicates that  donor 
defects destroyed by the thermal oxidation 
were slowly reformed. 

A crude desorption measurement showed 
that  the untreated ZuO was covered with 
about a monolayer of adsorbed gases, chiefly 
CO2, tt20, and 02, approximately in the 
ratio 5: 5:1. For this measurement the gases 
desorbed upon heating the ZnO to 700°K 
(after initial outgassing for several minutes 
at 290°B2 to remove weakly adsorbed gases) 
were qualitatively analyzed by the pressure 
rise in a system of known volume containing 
a trap whose temperature was maintained 
at 77 °, 193 °, or 290°K. The ESI~ results also 
show that  species other than oxygen had 
been adsorbed on untreated ZnO [B to D]. 
For example the 2.003 line, which is assumed 
to be due to such species, appeared during 
vacuum heating but  essentially disappeared 
after extensive desorption [B to D]. 

In general for the ESR lines with g values 
in the range of 2.0033 to 2.04 the intensities 
are increased by oxygen adsorption. In order 
for these ESR lines to be observed, it is 
necessary that  the ZnO exhibit a 1.96 line 
prior to the adsorption. For example, the 
2.0033 to 2.04 lines do not appear when 
untreated or oxidized ZnO is exposed to 
oxygen [A and F]. 

The changes of the ESR spectrum depend 
upon oxygen pressure as well as pretreat- 
ment of the ZnO. After longer periods of 
vacuum heating of the ZnO, oxygen adsorp- 
tion resulted in lower intensities of the 
2.0033 line relative to the 2.010 line [B to D]. 
After prolonged vacuum heating and for 
oxygen pressures less than 10 -2 Tort,  oxygen 
adsorption at 290°K was essentially ir- 
reversible, as judged from the fact that  the 
2.0033 and 2.010 lines could not be de- 
creased by subsequent evacuation at 290°K. 
A similar observation was reported by Kokes 
(15). At higher pressures the 2.015 line 
became weakly evident (Fig. 1, curve B). At 
still higher oxygen pressures (>  1 Torr) the 
lines in the range of g = 2.003 to 2.04 
broadened, in a way similar to other ob- 
servations (12, 15). 

The 2.04 line was observed for oxygen 
pressures equal to and greater than about 
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TABLE i 

TYPICAL EFFECTS OF PRETREATMENT AND OF OXYGEN ON THE ESI:~ OF ZNO 

Normalized first moment  

Treatment  a M*I. 9G M*2. 00~z M*2. 010 M*2.0~ 

[A] Untreated: Unchanged by 760 Torr O~ 3 days or by 0.1 - -  - -  - -  
subsequent evacuation. 

[B] Vat., 600°K, 10 min 4 0.5 - -  - -  
(1) 0.05 Tort  O2 1 1.0 1.5 - -  
(2) 10 -8 Torr O2 1 0.8 0.8 - -  

[C] Vae., 770°K, 5 rain b 5 0.3 - -  - -  
(1) 0.05 Torr O2 ~ 1 2 1.5 1 
(2) Vat., heat, 370°K 1 1 0.7 - -  

[D] Vat., 770°K, 10 min 6 - -  - -  - -  
(1) 10 .8 Torr O2 ~ 1 0.1 1.4 - -  
(2) 0.05 Torr O2 0.8 0.1 1.5 1 
(3) 10 -3 Torr O~ 0.8 0.1 1.4 - -  
(4) 760 Torr O2, 18 hr ~ 0.8 - -  f 700 
(5) 160 Torr O2, 3 min 0.8 - -  I 500 
(6) Vae., 570°K, 1 min 2 - -  - -  - -  

[El 760 Torr 0~, 770°K, 10 rain 0.3 - -  - -  - -  
(1) Vat., 3 min 0.3 ~ - -  100 
(2) Vae., 770°K, 15 min 0.7 - -  - -  - -  
(3) Vat., 770°K, 90 min 2 - -  - -  - -  
(4) 10 -* Torr O2 0.3 - -  0.5 - -  

IF] 760 Tort  02, 770°K, 2.5 hr 0.1 - -  - -  - -  
(1) 760 Torr O~, 2 days 0.2 - -  - -  - -  
(2) Vat., 3 min 0.2 - -  - -  - -  

In general, the sequence of treatments proceeds from [A] to [F]. All treatments at 290°K unless otherwise 
noted. All ESR measurements at 290°X. Estimated reproducibility about + 15% in a given series, and 
about + 25 % from one series to another. 

b Figure 1, curve A. 
c Figure 1~ curve B. 
d Figure 1, curve C. 
"Figure 1, curve D. 
/ 2.010 line pressure-broadened and overlapped by 2.04 line. 

0.05 T o r r  a t  w h i c h  p r e s su re  M'2.04 = 1 [C 
a n d  D].  A t  760 T o r r  o x y g e n  t h e  2.04 l ine  
was  in t ense  a n d  b r o a d  ( N h 0 0  gauss)  a n d  
r e a c h e d  o n e - f o u r t h  of i ts  m a x i m u m  sp in  
i n t e n s i t y  in  a b o u t  10 ra in  b u t  r e q u i r e d  m a n y  
h o u r s  t o  r e a c h  t h e  u l t i m a t e  va lue .  E v a c u a -  
t i o n  t o  lower  p re s su res  of such  an equ i l i -  
b r a t e d  ZnO a t  2 9 0 ° K  r e su l t ed  in a dec rease  
of l i n e w i d t h  ( to 25 gauss  a t  10 -3 T o r r )  a n d  
a l a rge  inc rease  in  p e a k  h e i g h t s  of t h e  
r e sonance ,  a n d  w i t h i n  a pe r iod  of a few 
m i n u t e s  t h e r e  was  essen t i a l ly  no  loss in sp in  
i n t e n s i t y  [D 4-5].  U p o n  t h u s  l o w e r i n g  t h e  
o x y g e n  pressure ,  t h e  ensu ing  la rge  inc rease  
in t h e  p e a k  h e i g h t  w a s  u s e d  as  a s ens i t i ve  
c r i t e r i on  of t h i s  t y p e  of o x y g e n  a d s o r p t i o n ,  
for  example ,  t h a t  o x y g e n  a d s o r p t i o n  of th i s  

t y p e  d id  n o t  occur  on  u n t r e a t e d  [A] o r  
ox id ized  [F] ZnO.  T h e  adso rbed  species  
g i v i n g  r ise  t o  t h e  2.04 l ine  a r e  e v i d e n t l y  
w e a k l y  a d s o r b e d  s ince  t h e  l ine  i n t e n s i t y  
r a p i d l y  dec reased  a t  t e m p e r a t u r e s  g r e a t e r  
t h a n  350°K.  T h e  b r o a d  2.04 l ine  e x h i b i t e d  
cons ide r ab l e  u n r e s o l v e d  s t r u c t u r e  w h e n  t h e  
ZnO,  a f t e r  e q u i l i b r a t i o n  a t  160 T o r r  oxygen ,  
was  coo led  t o  100°K.  A t  tb i s  p re s su re  t h e  
E S R  l ines  d u e  t o  gaseous  m o l e c u l a r  02 a r e  
n o t  d e t e c t a b l e  b e c a u s e  of p r e s s u r e - b r o a d e n -  
ing  effects.  

M i c r o w a v e  p o w e r  s a t u r a t i o n  m e a s u r e -  
m e n t s  w e r e  m a d e  on  t h e  v a r i o u s  E S R  signals .  
O v e r  t h e  r a n g e  of a b o u t  0.1 t o  50 roW,  a n d  
a t  o x y g e n  p ressures  of a b o u t  10 -~ To r r ,  
e s s e n t i a l l y  no  s a t u r a t i o n  effects  w e r e  d e t e c t -  
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able at 290°K for the signals at g values of 
1.96, 2.0033, and 2.010. The 2.04 line (760 
Torr oxygen) showed slight but not certain 
saturation. The power saturation effect 
previously reported (12) for the 2.004 line 
applied to the reversibly adsorbed oxygen 
species is probably associated with C02 
and/or H~O surface species which had not 
been completely desorbed. The partially 
reversible intensity of the 2.0033 line due to 
oxygen adsorption-desorption [B and C] 
cannot, however, be entirely accounted for 
by power saturation effects. 

Thus the several different ESR lines and 
their dependence on ZnO pretreatment and 
oxygen pressure indicate several types of 
adsorbed species, some of which are due to 
adsorbed oxygen. The subsequent results 
are primarily concerned with the oxygen 
species. 

Adsorption-Desorption Studies 
In this section quantitative results are 

presented in order to develop (in the Discus- 
sion) the relationship between nonequilib- 

rium oxygen adsorption and electron transfer 
from the bulk to the surface of the ZnO, and 
also to identify the various forms of adsorbed 
oxygen. For this study the ZnO was pre- 
treated by vacuum heating at 770°K for 
30 rain. While the first moment of the 1.96 
line, M'1.96, was increased by moderate 
vacuum heating (Table 1 [B to D]), it was 
then decreased by further vacuum heating 
(770°K for 30 rain). The resulting maximum 
was qualitatively retraced upon oxygen 
adsorption (Fig. 2A). Oxygen adsorption 
produced principally the 2.010 line, which 
is of primary interest in this investigation. 
Oxygen adsorption also produced a weak 
2.003 line whose intensity after small 
amounts of oxygen adsorption remained 
independent of further oxygen adsorption. 

The adsorption study was carried out at 
290°K. Desorption, which immediately fol- 
lowed the adsorption study, was carried out 
by heating the ZnO (1-2 rain) to the lowest 
temperature which provided the desired 
pressure, about 5 × 10 -4 Torr, in the com- 
bined ZnO and Pirani chambers. The 
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NO2 , OXYGEN MOLECULES x 10-15/gZnO 

[FIG. 2. Dependence of M'1.96 and M'2.010 upon amount  of oxygen, No~, (A) adsorbed and (B) desorbed. 
Prior to adsorption, ZnO was heated in vacuum at 770°K for 30 rain. Desorption measurements immediately 
followed those of desorption. All ESR measurements were made at 290°K. Dot ted  lines indicate change of 
M'1.96 corresponding to one electron/C2 molecule. 
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desorption temperature was increased from 
290 ° to 670°K for the first five data points 
and then from 700 ° to 770°K for the next 
four points of Fig. 2B. A known amount of 
gas could then be pumped out of the isolated 
Pirani chamber. Upon cooling the ZnO to 
290°K the residual oxygen in the ZnO 
chamber was reduced by ZnO adsorption to 
a pressure less than 10 .4 Torr. 

After each adsorption or desorption step 
the ESR spectrum was taken with the ZnO 
at 290°K, and M'1.9~ was determined for 
each spectrum. The determination of the 
first moment of the 2.010 line, M*2.0~0, could 
not be made at low oxygen coverages because 
of the presence of the interfering lines (g = 
2.0028 and 2.0033). M'2.010 was evaluated 
only at the highest oxygen coverage in the 
adsorption sequence, where the contribution 
of the interfering lines was relatively in- 
significant. The other values of M*2.0~0 were 
calculated from the peak height of the 
2.010 line on the assumption that the line 
shape was unchanged. 

The results of the dependence of the first 
moments on amount of oxygen ad sorbed and 
desorbed, No,, are shown in Fig. 2. The 
residual pressure at the end of the adsorption 
sequence was 9 × 10 -4 Torr which is mostly 
nitrogen due to the air leak. 

Upon oxygen adsorption, M*2.0~0 and 
M'1.96 approached limiting values (Fig. 2) 
which then remained essentially unchanged 
at higher residual pressures (e.g., at 0.05 
Torr 02, see Table 1 [D]). The oxygen 
coverage at which the limiting value of the 
1.96 line was reached is in agreement with 
Kokes' results (I4), considering that slight 
differences of surface area may be ex- 
pected from the slightly different ZnO 
pretreatments. 

The amount of oxygen adsorbed by 
vacuum heated ZnO was found to be crudely 
twice that adsorbed by oxidized ZnO. For 
this measurement, vacuum heated and 
oxidized ZnO (e.g., Table 1 [D] and [F] were 
exposed to 760 Torr O2 for at least one hour 
at 290°K and then evacuated for several 
minutes. The remaining amount of oxygen 
adsorbed was qualitatively measured by the 
pressure rise in a known volume as the ZnO 
was heated to 700°K (at higher temperatures 

and for the ease of the vacuum heated ZnO 
alone the oxygen pressure, initially at about 
5 X i0 -a Torr, decreased with time indicat- 
ing that the ZnO reacted chemically with 
the oxygen). 

DISCUSSION 

Effect of ZnO Pretreatment on 
Oxygen Adsorption 

The ESR study of various ZnO pretreat- 
merits demonstrates that adsorbed species 
other than oxygen can be present and can 
alter the electronic and surface properties 
of ZnO. Indeed, it is reported to be difficult 
to completely remove CO2 from ZnO (19). 
The ESR lines with g values in the range of 
2.0033 to 2.04 are certainly due to adsorbed 
species, and not to solid state defects (e.g., 
holes), because only surface species would be 
subject to the observed pressure broadening 
at high oxygen pressures. 

The 2.0033 line is assigned to adsorbed 
species other than oxygen (e.g., C02 and/or 
H20) which are initially present on the ZnO 
and can be desorbed by the vacuum heating 
process. This assignment is based on the 
observations that the 2.0033 line becomes 
progressively weaker after the ZnO is de- 
gassed at higher temperatures, and also that 
the extent of the intensity enhancement due 
to oxygen adsorption becomes markedly less 
after substantial vacuum heating of the 
ZnO. This enhancement suggests that the 
adsorbed species (CO2 and/or H20) and the 
adsorbing oxygen interact by a process not 
as yet understood. It is clear that a single 
species cannot account entirely for the two 
lines, 2.0033 and 2.010, since their relative 
intensities vary upon adsorption and desorp- 
tion. Variations of relative intensities of 
these lines were reported upon oxygen 
adsorption (15) and upon heating ZnO on 
which oxygen had been adsorbed (20). 

The 2.010 line is assigned to an adsorbed 
oxygen species because this ESR line, in 
contrast to the 2.0033 line, still appears 
strongly upon oxygen adsorption after the 
ZnO has been extensively desorbed (Table 
1 [D]). 

The ESR criteria demonstrate that oxygen 
adsorption becomes appreciable only when 
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solid state donor defects are present as 
indicated by the 1.96 line. Thus there is no 
ESR evidence of oxygen adsorption on 
thermally oxidized ZnO for which defects 
such as interstitial zinc or oxygen ion va- 
cancies may be expected to have been mostly 
destroyed, that is, for which the 1.96 line 
is very weak. Likewise the volumetric ad- 
sorption-desorption results show that oxy- 
gen adsorption is much less for the thermally 
oxidized than for the vacuum-heated ZnO. 

It is understandable that donor defects 
are required for oxygen adsorption to occur 
with electron transfer from bulk to surface. 
However, in order to account for the 
substantial molecular oxygen adsorption 
occurring without electron transfer (e.g., 
associated with the ESR line at g = 2.04, 
see below), it is proposed that neutral 
oxygen molecules are attracted to sur- 
face defects by electric-field-induced dipole 
forces. The slow equilibration of the 2.04 
line (when a vacuum-heated Zn0 is exposed 
to 760 Torr 02) suggests that surface order- 
ing of the adsorbing oxygen molecules is 
required. The amount of this type of adsorp- 
tion is decreased by thermal oxidation 
presumably because the surface defects are 
altered so that the local electric fields are 
reduced. The concept of electric-field-in- 
duced dipole interactions between adsorbate 
molecules and surface ion defects of the 
adsorbent has been developed by King and 
Benson to account for the separation of 
hydrogen isotopes on chromatographic col- 
umns (21). 

Adsorption-Desorplion Processes 

Insight into the oxygen adsorption-de- 
sorption processes, with and without electron 
transfer, can be developed from the con- 
current measurements of (1) the behavior 
of the lines with g values in the range of 
2.0033 to 2.04 attributed to adsorbed species; 
(2) the behavior of the 1.96 line attributed 
to mobile bulk electrons which can be trans- 
ferred to the surface during adsorption; and 
(3) the amount of oxygen adsorbed or 
desorbed. It will be shown that the inter- 
relationship among the parameters M*1.9% 
M'2.010, and No, demonstrates that oxygen 
is adsorbed on ZnO by two mechanisms-- 

with electron transfer, which is complete for 
small surface coverages, and without elec- 
tron transfer, which dominates at large 
surface coverages. 

The essentially reciprocal relationships 
between M'1.9~ and No2 and between M'2.010 
and M'1.96 upon oxygen adsorption (Fig. 2A) 
indicate that the adsorbing oxygen decreases 
the concentration of solid state mobile elec- 
trons and results in formation of negative 
oxygen ion radicals at the surface. 

Adsorption without electron transfer is 
indicated partly by the increase of the 
amount of oxygen adsorbed (i.e., No2) as 
M'2.010 and M'1.96 approach constant values 
(Fig. 2A). This type of oxygen adsorption 
becomes inappreciable for values of No~ > 
20 × 10 I5 O2/g ZnO. Adsorption without 
electron transfer is also indicated by the 
2.04 line which will be shown to be due to a 
molecular species. 

The following reactions are proposed as a 
basis, not intended to be complete in detail, 
to discuss the adsorption-desorption results. 
The reactions are divided into those which 
occur with and without electron transfer 
between the bulk and the surface. Unless 
otherwise indicated the species are surface- 
adsorbed. 

A D S O R P T I O N  D E S O R P T I O N  

Without Electron Transfer 

O2(gas) ~ 02 (1) 
02 + 0,~- ~ 0~+2 (2) 
02 + 2 0 -  ~ 202-  (3) 

With Electron Transfer 

O2(gas) + e *-+ O~- (4) 
O~(gas) + 2e +-~ 2 0 -  (5) 
O~(gas) + 2e *-~ O22- (6) 
02(gas) + 4e *-~ 202-( la t t ice)  (7) 

The tentative identifications of the ad- 
sorbed oxygen species and assignments of 
their resonance signals are indicated below, 
and the basis of selection will be discussed 
subsequently. 

Species A = O2 (2.04) 
Species B = 02-  (NR) 
Species C = O -  (2.010) 

The g value of the resonance is in paren- 
thesis, and NR signifies that no resonance 
was observed. 
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It is convenient first to consider the nature 
of the adsorbed species which gives rise to 
the 2.04 line. The 2.04 line is assigned to a 
neutral molecular species (species A) because 
its surface concentration is much larger than 
that possible for a charged species. For 
example, at 760 Torr 02 the surface eoncen- 
tration of this species, considered to be 02 
molecules, is calculated to be about 4 X 101~ 
O2/g ZnO or 1.4 X 10 I8 O2/cm 2 [i.e., M'2.04 
= 700; spin conversion factor, S = 1.2 X 
1015 spins/g ZnO.M*; 2 spins/O2; and surface 
area ~5 3 X 104 cm2/g Zn0]. The correspond- 
ing fractional surface coverage 0 = 0.02-- 
assuming 6 X 101~ surface sites/era ~ ZnO 
(22)--is larger by a factor of about 102 than 
the amount of electron transfer permissible 
from theoretical considerations of the space- 
charge layer (28) and also from experimen- 
tally considerations of the maximum value 
o f  M*1.96 ~'~ 8. The assignment is supported 
by the fact that for ZnO at 100°K the broad 
2.04 line exhibits unresolved structure which 
resembles the ESR of oxygen adsorbed on 
porous glass at 77°K (24). Atomic oxygen is 
an alternative neutral species, but it is 
unlikely to be produced by adsorption be- 
cause its formation from the molecule is 
5.1 eV endothermic, and it is difficult to 
imagine a surface-binding mechanism which 
could provide this amount of energy for 
neutral atoms. The neutral adsorbed species 
assigned to the 2.04 line is probably the 
same species which has been postulated to 
account for reversible oxygen adsorption 
without changes of electrical conductivity 
(25). 

Neutral oxygen adsorption also occurs in 
the adsorption sequence (Fig. 2A), but it 
seems unlikely that this adsorption can be 
accounted for by species A (i.e., the 2.04 
line). For example, at 0.05 Torr O2 when 
M'2.04 = 1 (Table 1 [D2]), the amount of 
species A is estimated to be about 1 × 1015 
02/g ZnO or 1/20 of the total oxygen ad- 
sorbed in the adsorption sequence. This 
fraction will be much less at the residual 
pressure (10 -~ Torr) after the adsorption 
sequence. It may be possible to account for 
adsorption of some neutral species by a 
polymerization of the type indicated by 
reaction (2). For example, the species 04- 

has been postulated to account for isotopic 
exchange reactions on Zn0 (26). 

In the following discussion of the adsorp- 
tion-desorption results shown in Fig. 2, the 
magnitude of AM*I.gs will be used to measure 
the number of electrons transferred between 
the bulk and the surface. 

The initial oxygen adsorption of 0.1 X 
1015 02/g ZnO produced an increase of 
AM'1.98 = 2 (from 3.3 to 5.3) which is un- 
expected both in sign and magnitude. In 
Kokes' adsorption data (14) an analogous 
maximum is indicated at 400°C, but not at 
25°C probably because, according to the 
present results, the maximum would have 
occurred at very small surface coverages. 
This value of AM'1.96 is equivalent to the 
transfer of 25 electrons from surface to bulk 
per oxygen molecule adsorbed. It is possible 
to account for the sign (but not the magni- 
tude) of this initial electron transfer by 
postulating that adsorbing oxygen reacts 
with surface aceeptor states and releases to 
the bulk those electrons which were trapped 
at the surface states; such a mechanism was 
found for initial oxygen adsorption on 
germanium (27). In order to account for the 
magnitude as well as the sign of the effect 
it is proposed that the microwave skin depth 
of the ZnO, and hence the sample volume 
examined by ESR, was initially limited by a 
relatively high intergranular electrical con- 
ductivity of the ZnO (after vacuum heating). 
Then upon oxygen adsorption, with oxygen 
acting as an electron acceptor, a slight in- 
crease in the surface potential of each grain 
would result in a substantial decrease of the 
intergranular electrical conductivity and an 
increase of the skin depth. The skin depth 
in ZnO for donor densities of 1017 to 10 is 
cm -3 and at X-band frequencies is estimated 
to be 10 -I to 10 .2 em (28, 29), which values 
are large relative to the grain diameter 
(~10 -4 cm) but small relative to the diam- 
eter of the quartz tube containing the ZnO. 
Therefore, according to the above argu- 
ment, the initial value of M'1.98, prior to 
adsorption, will be assumed to be _> 5.3. 
Skin depth effects are probably less signifi- 
cant in the desorption sequence because a 
pressure of at least 10 .3 Tort 02 was present 
over the hot ZnO, and readsorption of this 
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oxygen upon cooling the ZnO would tend to 
minimize intergranular electrical conduc- 
tivity. The reason for the difference between 
the values of M'1.96 at the beginning (5.3) 
and the end (7.9) of the adsorption-desorp- 
tion cycle is obscure. In order to understand 
this difference, it appears necessary to con- 
sider the influence of various factors, for 
example, the microwave skin effect, the 
extent of thermal decomposition of the ZnO 
during desorption, and peculiar effects on the 
ESR sensitivity due to changes in electrical 
conductivity of ZnO. 

The processes occurring during the ad- 
sorption-desorption cycle and the nature 
of the adsorbed oxygen species can now be 
discussed in a quantitative way. The M'1.96 
curve indicates that electron transfer occurs 
efficiently upon initial oxygen adsorption 
but  then occurs less so as a limiting value of 
M'1.96 is reached. The limiting value is pre- 
sumed to be determined by such factors as 
the surface potential, donor density, and 
particle size of the ZnO. The lower limit of 
M'1.98 is related to the concentration of 
mobile electrons remaining in the bulk after 
the surface space-charge region is exhausted 
of electrons. The decreasing slope of the 
M*~.96 curve upon adsorption indicates an 
increasing importance of neutral species, 
that is, of adsorption without electron 
transfer. 

At least two oxygen surface species are 
believed to be involved as aceeptors in the 
electron transfer process accompanying ad- 
sorption. The essentially reciprocal behavior 
of M*~.9~ and M'2.9~0 suggests that the 2.010 
line is due to an oxygen surface species, 
species C, which adsorbs with electron 
transfer to form a negatively charged surface 
species; that is, both these parameters 
change rapidly initially and ultimately 
approach limiting values at about the same 
surface coverage. 

There is indirect evidence of a second 
acceptor species, species B, with no observa- 
ble resonance, from the threefold greater 
number of electrons transferred from the 
bulk to the surface than can be accounted 
for by the 2.010 line (species C). For exam- 
ple, during the adsorption sequence AM*~.96 
= 4.4 while AM*2.010 = 1.4, and this differ- 

ence is not complicated by microwave power 
saturation effects. Thus of the total number 
of electrons transferred from bulk to surface 
about two-thirds are accepted by species 
B and one-third by species C. 

Useful information concerning the identity 
of the surface oxygen species which adsorb 
or desorb with electron transfer can in 
principle be deduced from the slope AM'1.96/ 
ANoy. The absolute magnitudes of this slope 
are about 1.2 X 10 -15 for initial adsorption 
and 0.9 × 10 -15 M * . g  ZnO/02 for final 
desorption. The virtual equivalence of these 
slopes suggests qualitatively that a given 
surface oxygen species (species B with no 
observable resonance) is predominantly the 
first to be adsorbed and the last to be de- 
sorbed. The charge of species B can be 
calculated from the product of the above 
slopes and the spin intensity calibration 
factor, S. Although the charge cannot be 
unequivocally specified because of the uncer- 
tainty in the determination of S, this ap- 
proach provides a consistent and satisfactory 
interpretation of the results. The product 
(S) (AM*I.9~/ANoy) for the initial adsorption 
and the final desorption leads to the results: 
1.4 and 1.0 spin/02, respectively; the changes 
of M'1.96 corresponding to 1 spin/02 molecule 
adsorbed or desorbed are indicated by the 
dotted lines in Fig. 2. These experimental 
data for adsorption are in agreement with 
those reported by Kokes (14) for oxygen 
adsorption under comparable conditions; 
however, the interpretations of the results 
differ. 

Of the possible surface species only 02- 
can adsorb and desorb with the transfer of 1 
electron/02, as expressed by reaction (4), 
and the 02- species is favored as species B 
for other reasons. Of all the reactions involv- 
ing electron transfer, reaction (4) is the most 
favored since it is probably the most exo- 
thermic, based on the energeties of the 
gas-phase reactions. Also it seems likely that 
the 02- species would not have an observable 
resonance by analogy to 02- in KC1, for 
which the ESR signal is not observed be- 
cause of line-broadening for temperatures 
above 35°K (30). Species C and the 2.010 
line should probably be identified with 0- .  
The formation of O- from O2 (or from O2-) 
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is probably less energetically favored than 
the formation of 0~- from 02, for example 
for the gas phase, reaction (5) is about 2 eV 
endothermic and reaction (4) is 0.15 eV 
exothermic; this is consistent with the 
observation that the number of electrons 
transferred is less to form species C (O-) 
than species B (05-). Further support of the 
assignment of these species is provided by 
the observation that the value of the number 
of spins transferred per O5 molecule for 
initial adsorption is somewhat greater than 
unity, as is expected for adsorption occurring 
mostly by 05- and partly by O-. 

Measurements are planned by which it 
may be possible to make a more positive 
identification of species C if hyperfine split- 
tings of the 2.010 line can be resolved when 
O2 ~7 is used in the adsorption study. 

This interpretation differs from that of 
Kokes, who, for comparable data, postu- 
lated that oxygen adsorption at 300°K occurs 
by formation of the O- species, and that this 
chemisorption depends upon an equilibrium 
of the solid state electrons between the 
conduction band and donors which are as- 
sumed to be largely an-ionized (N). How- 
ever the donors of ZnO are thought to be 
nearly completely ionized at 300°K (31) and 
therefore the equilibrium of electrons be- 
tween the conduction band and the donors 
will not significantly influence chemisorp- 
tion. Accordingly, the number of electrons 
transferred from bulk to surface upon 
adsorption is indicated directly by AM*l.96 
assuming that the 1.96 line is due to conduc- 
tion electrons (14). 

The possibility exists that species B, with 
no observable resonance, should be identified 
with the nonparamagnetic charged species 
055. or O 2-. However, the formation of these 
species upon adsorption by reaction (6) or 
(7) is less energetically favored than forma- 
tion of O2- and O-. Certainly O 2- (lattice) 
would be formed only at high temperatures. 

In about the first half of the desorption 
sequence, the oxygen is desorbed without 
electron transfer as indicated by the essen- 
tially constant value of M'1.9~. Therefore this 
desorption process is primarily due to neutral 
surface oxygen species. Also, in this part of 
the desorption species C is destroyed since 

M'5.010 decreases to zero. In order to account 
for the destruction of a charged surface 
species without electron transfer to the bulk, 
it is proposed that at the higher temperatures 
required for desorption a charge exchange 
occurs on the surface between 02 and O- 
to form 02- according to the forward reac- 
tion (3), which in the gas phase is exothermic 
by about 2.3 eV. This reaction may be 
significant only at temperatures high enough 
to provide surface mobility. 

The second half of the desorption sequence 
occurs primarily with electron transfer and 
with nearly a linear dependence between 
M'1.96 and No,  As discussed above, this 
desorption is attributed to O2-surface  
species, desorbing according to reaction (4). 

The total amount of electron transfer 
occurring during adsorption can be calcu- 
lated from the product of AM'1.96 = 4.4 and 
the spin intensity calibration factor to yield 
5.3 X 1013 electrons/g ZnO. It is thereby 
estimated that the surface charge density is 
about 2 X 1011 cm -3 and the fractional 
surface coverage of electrons is 0 ~ 3 × 
10 -~. This estimate is consistent with theo- 
retical expectations (23) of the maximum 
number of chemisorbable molecules on ZnO 
assuming a donor density of 1017 cm -~. The 
donor density is estimated to be about 
3 X 1016 cm -3, assuming that the 1.96 line 
represents all the donors uniformly dis- 
tributed in the volume of the ZnO. 

According to the above calculation, 5.3 X 
1016 02/g Zn0 is the maximum amount of 
oxygen molecules which can adsorb with 
electron transfer to form 05-, and the 
amount adsorbed will be lower to the extent 
that O- is formed. This amount is in sub- 
stantial agreement with the experimental 
results in Fig. 2 from which it can be seen 
that about 90% of the electron transfer is 
complete (M'L96 changes from 5.3 to 1.3) 
upon adsorption of about 6 X 1015 O2/g 
ZnO some of which adsorbs without electron 
transfer. 
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