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The concentration of excess electrons in zinc oxide catalysts was determined by hydrogen- 
evolution method and the effect of doping with mono- and trivalent, cations was studied. The 
amount of excess electrons of doped and nondoped zinc oxides increased remarkably by evacua- 
tion above 300°C. The addition of trivalent cations increased the excess electron concentration, 
while the monovalent cation seemed to decrease it. Such behavior is consistent with the observa- 
tion in electron conductivity measurement, and can be interpreted in terms of the substitution 
of impurity cations for the lattice zinc. It was found, however, that the catalytic activity for 
the isomerization of butenes over these catalysts is independent of net, excess of electrons 
det,ected by this method. 

I. INTRODUCTION 

Zinc oxide is a typical ?&-type semiconduc- 
tor and considered to have nonstoichio- 
metric excess zinc in the bulk and the sur- 
face layer, especially when it is treated in a 
reductive atmosphere or evacuated at high 
temperatures. The excess zinc produced 
by t’he removal of the lattice oxygen either 
from the surface or from the inner bulk 
of the oxide can easily be ionized by a 
thermal process, into the interstitial cation 
and the free electron. Thus, the nonstoi- 
chiometry of the oxide is directly asso- 
ciated with the electronic properties and, 
moreover, may be responsible for the be- 
havior in adsorption of gases, catalysis, 
solid phase reaction and sintering. 

In the earlier experiments to estimate the 
nonstoichiometry, several indirect methods 
using electronic devices were employed (1). 
However, chemical methods were expected 
to provide more direct and precise informa- 
tion on the nonstoichiometry and on the 
concentration of excess electrons (,2). All- 
sopp (3) developed a “hydrogen evolution 

method” in which the ( xidc is dissolved in 
an acidic solution. Norman (4) reported a 
similar but simpler method using a photo- 
metric technique. 

In the present paper, the concentration of 
excess electrons in pure and doped zinc ox- 
ides are reported, and the effectsof pretrcat- 
ment temperatures and gas adsorption are 
also discussed, in connection with the cata- 
lytic activity for butene isomerization. 

II. EXPERIbIENTAI, METHODS 

I. Samples 

Basic zinc carbonate (Zn0.2C03s4Hz0) 
was first decomposed in a dry air flow at 
400°C for 5 hr. Doped zinc oxides, ZnO(1) 
series and ZnO(I1) series, were prepared 
from the resultant oxide by impregnation 
into a solution of metal nitrate which con- 
t’ained the desired amount of the dopant 
cation. The samples were heated at the 
melting point or at the decomposition 
temperature and then calcincd at 400°C 
for 5 hr [ZnO (I) series] or at 500°C for 3 hr 

48 

Copyright 0 1977 by Academic Press, Inc. 
All rights of reproduction in any form reserved. ISSN 0921-9517 



EXCESS ELECTRONS OF ZINC OXIDE CATALYSTS 49 

[ZnO(II) series], in a dry air flow. Pure 
zinc oxides, ZnO(I)-pure and ZnO(II)-pure, 
were also treated in a similar manner using 
decationized water instead of the nitrate 
solution. Cation-doped zinc oxides are rep- 
resented, for example, as ZnO(I)-L-10, in 
which the last two numerals denote the 
cationic fraction of the dopant Li (ntm%). 

2. Principles an.d Procedures OJ Hydrogen 
lihhti(~?c Method 

This method applied to determine the 
small amount of excess zinc or the electron 
concentration in zinc oxide is similar to 
that described by Allsopp (3). The principle 
of the analysis is based on the following 
reactions, viz, 

ZnO + 2HCl = ZnClz + HZO, (1) 

Zn”(c~xcc~ss) + 2HCl = ZnCl,! + H?(g), (2) 

Zn+(exccw) + e + 2HCl 

= ZnClz + H,(g). (3) 

The cxccss zinc, ZIP (cxccss), is considrrcd 
to bc produced by the removal of the 
lattice oxygen from the surface layers and 
dissolved presumably into the intclrstitial 
position of the oxide lattice : 

ZnO = ZIP(~) + 3 02. (4) 

Further, most of the interstitial zinc, ZIP(i) 
is singly ionized at around room tempera- 
ture and doubly at higher temperatures as 
given in Eys. (5) and (6) (1 b, 5). 

Zn” (i) = Zn+(i) + c, (5) 

ZIP(~) = Zn”+(i) + 2~. 6) 

However, since these free clcctrons formed 
can also act to reduce proton in the acidic 
solution according 60 Eq. (7), 

e + Hf = f H,. (7) 

The amount of the hydrogen evolved corre- 
sponds to the sum of those of the free elec- 
tron and of the metallic zinc. In this sense, 
in the case of the pure oxide, the hydrogen 
evolution method can be a measure of the 

excess zinc in the oxides as well as that of 
the free electron concentration. In other 
words, the nonstoichiometry of the oxide 
can be det)ermined by this analysis. How- 
ever, in the case of doped zinc oxides, the 
free electron concentration may not neces- 
sarily correspond to the amount of excess 
zinc, ZnO(i), and thus, it may be said that, 
the amount of the hydrogen evolved can be 
ascribed to the net amount of the reductive 
species over those of oxidative species. 
Therefore, it can be denoted as the concen- 
tration of the excess electrons including 
those free in the conduction band and those 
of quasi-free trapped in the interstit,ial zinc 
or the substituted cat,ions which form the 
impurity levels. 

The sensitivity of this method was ca. 0.1 
ppm as reported by Allsopp (3) or Norman 
(4). The reproducibility of this method 
altered dcpcnding on the process of the 
prtyarat ion of tlw sample and also un the 
conditions of the pretreatment, since zinc 
oxide is unstable, especially wht>n it, is 
treated in a reductive atmosphere, or in a 
vacuum at high tcmpcratures. In the first 
attempt to avoid the complexity a.nd 
errors caused by the USC of a solution of 
hydrochloric acid, dry gas of hydrogen 
chloride was employed. The result, how- 
ever, proved to have little effect and 
rather difficult, to complete the reduction- 
rc~action. Thus, the solution method WLS 
adopted with a special care to purge out 
02 in the solution by IV2 flow and by rc- 
peatcbd evacuation. 

III. RESULT AND DISCUSSION 

I. Effect of Evacuation Temperature 

It is confirmed by DTA and X-ray 
analysis that the sample obtained by the 
thermal decomposition was completely zinc 
oxide. The specific surface areas for the 
ZnO (II) series were in the range 11.3- 
19.9 m*/g (6). In Fig. 1, the effect of 
evacuation temperature for ZnO (II) series 
is shown. As for pure zinc oxide, it is evident 
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FIG. 1. Effect of the evacuation temperature on 
the excess electrons of variously doped zinc oxides. 
(Ga) ZnO (II)-Ga-0.2; (Al) ZnO (II)-Al-0.2; (pure) 
ZnO(II)-pure; (Li) ZnO(II)-Li-0.2. The samples 
were evacuated for 3 hr under a vacuum of 
10e4 mm Hg. 

that the concentration of the excess zinc 
increased remarkably with the rise of 
evacuation temperature above 300°C. This 
is consistent with an increase in t’he electron 
conductivity and a decrease in the opt’ical 
transparency of these samples (7). The 
concentration of excess zinc observed for 
ZnO(1) calcined at 400°C (Eq. (1)) was 
rather low, compared with that for ZnO(I1). 
The acceptable explanation for this differ- 
ence might be that ZnO (II) was calcined at 
a higher temperature (5OO”C), so that the 
thermal dissociation reactions given in 
Eqs. (4), (5), and (6), might proceed to a 
further extent than for ZnO (I). 

2. E$ect of Doping 

Figure 1 also shows the effect of “small” 
doping (0.2 at.%) on the concentration of 
the excess electrons. The excess electrons 
increase remarkably above 300°C. How- 
ever, the electron concentration seems to be 
supressed by Li-doping, while it is in- 
creased remarkably by doping with Ga3+ 
or A13+ at the higher temperature range. 
The temperature-dependent features might 

be due first to the desorption of oxidative 
(or acceptor) species from the surface by 
evacuation. Second, at higher temperatures, 
some of the lattice oxygen might be re- 
moved. The difference in the doping effect 
of mono- and trivalent cation on the elec- 
tronic properties of ZnO are well known 
and interpreted in terms of so-called 
“valence control theory” (8). The effect of 
doping observed here by the hydrogen 
evolution method was quite consistent 
with the facts reported for the conduc- 
tivity measurement and for the surface 
properties (9). If impurities of a trivalent 
cation such as Ga3+, were substituted for 
Zn2+ in the zinc oxide lattice with the ratio 
of 1: 1, it would be accompanied by elec- 
tronic defect centers of reducing nature to 
preserve the charge neutrality as shown in 

Eq. (81, 

GazOB = 2Ga+czn) 
+ 2e + 2ZnO + +02. (8) 

Here, Ga+cz,) denotes trivalent gallium 
ion in the zinc position of the lattice, and 
( )2-(znj denotes the zinc vacancy. The 
former may probably trap an electron at 
lower temperatures and thus forms a 

0 10 20 
Cation Doped (at -%) 

Fra. 2. Effect of the cation concentration of 
dopant. ZnO (I)-Ga series. The samples were evacu- 
ated at 450°C under a vacuum of lo-” mm Hg for 
3 hr. Ga(II)-Ga series (0) were evacuated at 
400°C under a vacuum of 10S4 mm Hg for 3 hr. 
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donor level, viz, 

( )+(zn) + Ga3+ + e 

= Ga+(z,, + e = Ga+(z,, .e. (9) 

On the other hand, when monovaIent 
cation, like Li+, was substituted, the elcc- 
tron concentration would decrease as given : 

Li20 + 302(g) 

+ 2e = 2Li-(znj + 2Zn0, (10) 

L-,zn, = ( )2-tzn) + I,i+ - e, (11) 

where Liecz,, represents a lithium cation 
substituted for lattice zinc. As for the in- 
terstitial zinc, however, the amount may 
decrease by doping with trivalent cations, 
if the reverse reaction of Eq. (6) is induced 
by the increase of the electron concentra- 
tion. The reverse is true for doping with 
monovalent ones. However, Fig. 2 shows 
very clearly that these effects of doping 
on the electron concentration were evi- 
dently influenced by t.he cation concentra- 
tion introduced and that there is an 
optimum concentration of Ga3+ at around 
0.2-0.3 at.%. Further addition decreased 
it by factor of 10. Similar effects of large 
amount of impurities were also observed 
for pure and doped ZnO(I1) series as 
given in Table 1. It seems evident that the 
level of the electron concentration was 
quite low compared with that for pure 
zinc oxide. In Fig. 3, the effects of the 
cation concentration are shown. These re- 
sults are quite consistent with the reported 
observation for the samples fired at higher 

TABLE 1 

Excess Electron Concentration of Doped 
Zinc Oxides (ppm) 

Catalyst 

ZnO(II)-Li-10 
ZnO (II)-pure 
zno(II)-Al-10 
ZnO(II)-Ga-10 

Evacuation temp (“C) 

200 350 400 460 

0.43 0.30 1.61 2.6 
1.52 16.6 19.1 - 
0.48 0.80 2.5 3.6 
0.47 0.62 2.6 3.7 

0 10 20 
Cats on Doped (al -“A) 

Fra. 3. Effects of cation concentration of dopant. 
ZnO (I)-Al series and ZnO (I)-Li series. The samples 
were evacuated at 450°C under a vacuum of 10-a 
mm Hg for 2 hr. 

temperatures that the electronic conduc- 
tivit,y increased by doping wit’h Al203 or 
Cr,O, and decreased by that of LizO, and 
that the former has a maximum and the 
latter has a minimum value at around l-3 
w-t% of the impurity (9). Lithium ion doped 
from the vapor or in a solution was found 
to diffuse easily and to substitute for zinc 
above 300°C (10). 

It was reported also that the amount of 
hydrogen evolved was about 900 ppm, 
when zinc oxide was sintered with 0.5% of 
Gaz03 at a high temperature, for example 
at llOO”C, to accomplish the substitution 
reaction of Ga3+ for the lattice zinc. If 0.1 
at.% of Ga3+ introduced is assumed to 
completely substitute for zinc according 
to Eq. (8), the electron concentrat.ion 
would increase by 1000 ppm over that of 
pure zinc oxide. 

In the present case, however, the result 
was different from the above expect,ation. 
The primary reason would be that, as for 
the trivalent cations the temperature of 
calcination was too low to complete the 
substitut,ion or diffusion into the inner bulk 
of the lattice. The difference between the 
ZnO-Al series and the ZnO-Ga series might 
be due t.o the difference in reactivity and 
diffusion. Second, it should be noticed that, 
according to Eq. (S), t,hc substitution by 
trivalent cations may produce oxygen. If 
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FIG. 4. Effect of 01 adsorption at various tem- 
peratures. Sample: ZnO(II)-pure; pretreatment: 
evacuation at 45O”C, 10e4 mm Hg for 2 hr; adsorp- 
tion: 100 mm Hg of 02 was introduced at each 
temperature, kept for 1 hr, and evacuated at the 
same temperature for 30 min (10m4 mm Hg). 

the oxygen formed cannot be desorbed by 
evacuation and is present in an active form, 
hydrogen would not be produced. In fact, 
in the cases of ZnO-Al-10 and ZnO-Ga-10, 
a considerable amount of oxygen was de- 
tected after dissolving the sample in the 
acid, while, in contrast, ZnO-Li series did 
not produce any detectable oxygen. Third, 
when the excess impurit’y was introduced 
above the limit of solubility, it may prob- 
ably be present as the “single” oxide on t’he 
surface of the crystals or as double oxide 
formed by solid phase reaction with zinc 
oxide. 

However, if the substitution of Ga3+ 
for the lat’tice zinc took place by the stoi- 
chiometric ratio of Ga3+: Zn2+ = 2 : 3 in- 
stead of “1: 1 substit.ution,” t.o form a zinc 
cation defect, hydrogen could not evolve 
as given in Eq. (12). Further, if it is as- 
sumed that the ratio is altered by some 
reason to a lower value, such as 2:4, the 
electron concentration would be decreased 
to conserve neutrality by accepting oxygen 
from the gas phase as shown in Eq. (13), 

Gaz03 = 2Ga+cZn) 

4 3ZnO + ( F(z~), (12) 

Gaz03 + +O, + 2c = 2Ga+(z,,) 

+ 421~0 + 2( )2-(Zn). (13) 

These circumstances might be realized as 
the result of the modification of the mother 
oxide by the impurities. 

3. Effect of Absorbed Gas on Electron 
Concentration 

It should be emphasized that the amount 
of excess electrons titrated by this method 
does not necessarily represent the total 
interstitial zinc in zinc oxide. The result 
obtained may represent the electron con- 
centration over that of chemisorbed oxygen 
or oxidat.ive species which are present, in a 
form capable of taking part in the oxida- 
tion-reduction process in the acid solution. 

In order t’o elucidate the role of oxygen 
on the surface, the effect of preadsorption 
of oxygen was examined. ZnO (II)-pure was 
preevacuated at 450°C for 3 hr and then 
oxygen (100 mm Hg) was introduced at 
various temperatures. The result is shown 
in Fig. 4. It seems that the electron con- 
centration was lower in the two different 
temperature regions, below 100°C and 
around 3OO”C, which may bc ascribed to 
the adsorption of oxygen. These facts were 
quite consistent with the following expcri- 
mental results: when ZnO(I1) was evacu- 
ated at above 45O”C, a metal-like behavior 
\yas observed in the temperature dcpcn- 
dcncy of electron conductivity, and when it 
was heated above room temperature in the 
presence of oxygen (> 10-l mm Hg) the 
conductivity decreased stepwise at 17&- 
300°C and 3754OO”C, and then it increased 

TABLE 2 

Effect of Pretreatment by Various Gases on the 
Excess Electron Concentration (ppm) 

Gas Excess 
elect.ron 

H* 
CO 
co2 
02 

No trestnrertt 

--~____ 

55.9 
41.0 
17.7 
16.4 
19.1 
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again with the desorption of the oxygen 
from the different sites. These facts may 
suggest that these adsorbed oxygens might 
trap the electron, and are consistent with 
the results detected by ESR (11) or TI’D 
measurement (12). 

The excess electron concentration ob- 
tained by this method corresponds to the 
net of the following electrons, provided that 
they can reduce prot’ons in the acid solution : 
(a) t’hose, in the bulk or the surface, free 
or trapped on the interstitial zinc [ZIP+(i), 
Zn+(i)] and on the impurity cation; (b) 
those trapped on oxygen vacancies (0,) ; 
(c) those connected to the excess oxygen of 
adsorbed state (02-, O-, 02-). 

The ctl’ect of the pretreatment by other 
oxidative or reductive gases was studied 
over t’he samples where they were adsorbed 
at 400°C for 1 hr and evacuated at the 
same temperature. The result is given in 
Table 2. The order of the excess electron 
concentrations is reasonably ranged in the 
order of the reducing power of the gases. 
Thus, this fact implies that the electron 
concentration of these catalysts arc very 
scnsitivcly affected by their redox reaction. 

4. Correlations bettoeen Catalytic Activity attd 
Electron Concentration 

It was reported that in the hydrogena- 
tion of ethylene over zinc oxide, no effect, 
of doping was observed (13). While in the 
case of N20 dissociation, a correlation be- 
tween the kinetic behavior and that of the 
electron conductivity was interpreted in 
terms of the participation of the conduc- 
tion electron in the rate determining step 
(14). As for the isomerization of &s-2- 
butene, the catalytic activity and the 
selectivit’y were increased by doping with 
Ga3+ and A13+ and decreased by doping 
with Li+ (6). Figure 5 appears to show that 
no simple quantitative relat’ion is present 
bctwecn the catalytic activity or the selcc- 
t’ivity, and the cxccss clcctron conccnt~ra- 
tion over the whole range of the impurity 
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FIG. 5. Plots of catalytic activity and selectivity 
vs excess electron concentration. Reaction: cis-Z 
butene isomerixation at 320°C in a flow system, 
cis-2-butene: 1 ml(NTP)/min; Nz(carrier gas): 10 
ml (NTP) /min; pretreatment: evacuation at 400°C 
for 3 hr. t: first order rate constant for unit surface 
area; It,: that for unit weight of the catalyst; ~811: 
the initial selectivity by the ratio (trans-2-/l-). 
(I) ZnO(II)-Ga-0.2; (2) ZnO(II)-AI-0.2; (3) ZnO- 
(II)-pure; (4) ZnO(II)-Li-0.2; (5) ZnO(II)-Ga-1.0; 
(6) ZnO (II)-Al-l .O; (7) ZnO (II)-Li-1.0. 

content. However, if it was taken into con- 
sideration that the excess dopant added 
decreased the electron concentration due to 
the other factors accompanied as discussed 
above, the result for the samples of high 
impurity content could be excluded. Con- 
sequently, it may bc probable that the 
excess electrons also play a role in the 
isomcrization reaction over the surface. 

ACKNOWLEDGMENT 

The authors are grateful to hlr. H. Yamaguchi, 
hlr. N. Chiba, and Mr. K. Tadenuma, for their 
technical assistance in the experimental work. 

REFERENCES 

1. (a) Hahn, E. E., J. Bppl. Phys. 22, 855 (1951) ; 
(b) Baumbach, H. H., and Von Wagner, C., 
Z. Phys. Chem. B 22, 199 (1933); (c) Bevan, 
D. J. M., and Anderson, J. S., Discuss. 
Faraday Sot. 8, 238 (1950) ; (d) Morrison, 
S. R., in “Advances in Catalysis” (W. G. 
Frankenburg, V. I. Komarewsky and E. K. 
Rideal, Eds.), Vol. 7, p. 259. Academic Press, 



54 UEMATSU AND HASHIMOTO 

New York, 1955. (e) Thomas, D. G., Phys. 
Chem. Solids 3, 229 (1957). 

b. (a) Allsopp, H. J., and Roberts, J. P., Trans. 
Furaday Sot. 55, 1386 (1959) ; (b) Allsopp, 
H. J., and Roberts, J. P., Nature (London) 
180, 603 (1957); (c) Norman, V. J., Aust. J. 
C&m. 19, 1133 (1966) ; (d) Norman, V. J., 
Au&. J. Chem. 20, 85 (1967). 

9. Allsopp, H. J., Analyst 82, 474 (1957). 
4. Norman, V. J., Analyst 89, 261 (1964). 
6. Hauffe, K., and Bloch, J., Z. Phys. Chem. 196, 

438 (1950). 
6. Uematsu, T., Inamura, K., Hirai, K., and 

Hashimoto, H., J. Ca‘atal. 45, 68 (1976). 
7. (a) Arghiropoulos, B., and Teichner, S. J., 

J. Catal. 3, 477 (1964) ; (b) Uematsu, T., 

Watanabe, K., and Hashimoto, H., unpub- 
lished data. 

8. (a) Wagner, C., J. Chem. Phys. 18,62 (1950). (b) 
Krijger, F. A., Vink, H. J., and Boomgard, 
J. V., Z. Phys. Chem. 203, 1 (1954). 

9. Hauffe, K., and Vierk, A. L., Z. Phys. Chem. 
196, 160 (1950). 

10. Lander, J. J., J. Phys. Chem. Solids 15, 324 
(1960). 

11. Kokes, R. J., J. Phys. Chem. 66, 99 (1962). 
1% Tanaka, K., and Blyholder, G., J. Phys. Chem. 

76, 3184 (1972). 
IS. Aigueporse, J., and Teichner, S. J., J. Cutul. 2, 

359 (1963). 
14. Canningham, J., Kelly, J. J., and Penny, A. L., 

J. Phys. Chem. 74, 1992 (1970). 


