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The effect of frequency (100 Hz to 1 MHz) both on complex permittivity and on complex 
impedance data was used to study the conduction processes in Sn-Sb-O systems between 
300 and 873 K. The conductance of tin oxide was increased by the addition of antimony oxide 
at all frequencies and a peak in conductivity was observed at 5 wt % Sb203. The effect of 
frequency on conductance was in agreement with the universal behaviour of solid dielectrics, 
whilst the atmosphere-dependent capacitance indicated surface dipole phenomena. The 
catalytic activity and selectivity patterns for the oxidation of propylene above 650 K may be 
correlated with the observed electrical behaviour, which is related to the mobility of lattice 
oxygen in the outer layers of the surface. 

1. I n t r o d u c t i o n  
The electrical conductivity of SnO 2 can be increased 
by several orders of magnitude by doping with Sb203 
[1, 2]. This electronically conducting material is an 
effective catalyst for the oxidation and ammoxidation 
of hydrocarbons (e.g. [2-8] ). An excellent review of 
this extremely controversial system was published by 
Berry [9]. Furthermore, the conductivity of the doped 
material is sufficiently high for it to absorb energy in a 
reactor heated by r.f. power [10]. Recently, the rates of 
diffusion of oxygen anions in various mixed oxides 
under catalytic conditions have been related to reac- 
tion rates for selective oxidation reactions [! 1]. The 
rates of oxygen diffusion were generally considered to 
be sufficient to carry out the reactions through rapid 
oxygen diffusion in the surface layers. But, on the 
other hand, by using t802 tracer in propylene oxida- 
tion, Ono et al. [12] showed that the extent of parti- 
cipation of the lattice oxygen is only three or four 
layers deep for a system containing 10 at % antimony 
obtained by co-precipitation. This means that the 
interaction with the ambient atmosphere and conse- 
quent influence of adsorption on the electrical proper- 
ties is strictly limited to the "skin" layers, at least up to 
673 K as in their experiments. Thus, a better under- 
standing of the conduction processes is needed. 
Conduction mechanisms and the influence of defect 
aggregates on activation and association energies in 
highly doped systems have been identified as items 
needing urgent attention if opportunities in highly 
conducting electroceramics are to be recognized [13]. 
In this report preliminary studies using a.c. techniques 
are discussed. 

Pure polycrystalline SnO 2 is used as a sensor and 
the links between chemisorption and the electrical 
properties of the bulk and surface layers have been 
examined (e.g. [14-16]). The electrical properties of 
tin-antimony oxides have already appeared in the 
literature in some detail (e.g. [2, 17-20]). However, 
these investigations generally involved measurements 
of the conductance at d.c. or a single a.c. frequency 
only. Here, both conventional methods of measure- 
ment and impedance spectroscopy (a technique main- 
ly used to separate bulk and grain boundary effects in 
solid-state electrolytes and ionically conducting sen- 
sors) have been used to study the a.c. properties 
between 300 and 873 K, over the frequency range 
100 Hz to 1 MHz in argon and air atmospheres. Some 
experiments performed in Romania using powders of 
the materials are also described, together with their 
catalytic behaviour for the oxidation of propylene. 

2. Experimental procedure 
Powders of SnOz (BDH Chemicals, containing 
< 0.002% arsenic and < 0.05% lead) and SbzO3 

(May and Baker, purity > 99%) were mixed in pro- 
portions containing 0 to 15 wt % Sb20 3 with a small 
amount of water to form a thick paste. About 
0.1 ml g-1 of ethylene glycol was added to assist 
lubrication in pelleting. After drying overnight at 
350 K, pellets of 1 cm diameter, 5 mm thickness were 
made using 10 kg force for about 5 min. They were 
then heated in static air at a rate of 2 K rain- 1 up to 
1273 K, calcined for 1 h and then cooled at 4 K min- 
in the same atmosphere. Under these conditions most 
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of the Sb is likely to have formed a solid solution with 
the SnO2. Powdered XRD measurements at Bradford 
showed no evidence of isolated patches of Sb20 4 or 
other oxides which have sometimes been observed 
when high proportions of Sb are present [3, 21]. The 
rutile structure is usually found for high-temperature 
calcined Sn-Sb-O systems with an Sb content up to 
25% [9]. This was explained by solid solution forma- 
tion, favoured by the comparable ionic radii of Sn 4 + 
(0.067 nm) and Sb 5+ (0.062 nm) ions [21]. 

Pt enamel contacts were fired on to the end faces of 
the pellets for 1 h at 1073 K. Using a Hewlett Packard 
4194A analyser and a programmable Eurotherm gold 
reflecting furnace, the electrical characterization was 
conducted as described previously [22]. For conduct- 
ivity (oc G) and capacitance measurements the sample 
was represented by a capacitance Cp in parallel with a 
resistance ( = 1/G). The real and imaginary compon- 
ents of the dielectric constant (s' and s") are propor- 
tional to Cp and G/m, respectively, where co is the 
angular frequency. For complex impedance plots the 
samples were represented by a resistance Z' in series 
with a reactance Z". The Boukamp "equivalent cir- 
cuit" package from the University of Twente (using 
200 frequency points between 100 Hz and 1 MHz) was 
used to study the dielectric dispersion data and the 
complex impedance data. Generally, for the most 
conducting samples with a high loss tangent, if G 
exceeds about 0.1 S the Cp and Z" data were not 
sufficiently accurate to be used. 

By monitoring the conductivity, no indication of 
moisture was found at Dower temperatures and prior 
to measurements being made, the sample was allowed 
to stabilize for 15 min at each temperature concerned. 
The initial measurements were made in purified and 
pre-dried air flowing at 20 ml min- 1 with the temper- 
ature increasing from ambient to 873 K. After slow 
cooling in static air, measurements were repeated in 
pre-dried argon at 20 mlmin- ~ and after cooling in 
argon, again repeated in air. 

The fundamental Kramers-Kronig transforma- 
tions relating the real and imaginary components of 
the dielectric constant (and consequently Z' and Z") 
should be obeyed for all dielectric data. Hence for the 
highly conducting samples only data at intermediate 
frequencies may be used for complex dielectric and 
impedance analysis [233. At the high frequencies, 
when the impedance of the leads is comparable to that 
of the pellets, the compensation for the leads is never 
totally accurate and errors will occur. For highly 
conducting samples, at low frequencies inductive 
loops may become apparent and can sometimes also 
be associated with the formation of intermediate spe- 
cies after chemisorption [23]. 

In order to compare the electrical conductivity data 
with other surface properties, some in situ single- 
frequency conductivity and catalytic activity measure- 
ments were performed on powdered samples (1.5 cm 3 
grains, diameter 0.2-0.8 ram) of the calcined materials 
described above. Data were obtained using an integral 
flow reactor provided with two coaxial tantalum 
cylinders as electrodes as described elsewhere [24]. 
The electrical conductivity was measured using a 

semi-automatic precision Tesla BM484 bridge at 
1592 Hz, during temperature-programmed heating at 
2 K min- 1 in atmospheres of argon, air, propylene-air 
and propylene-argon (1 : 10) mixtures, with a contact 
time between 0.5 and 2 s. After experiments using 
propylene mixtures, measurements using argon alone 
were repeated in order to check the possible influence 
of the mixtures on the surface conductivity of the 
samples. For catalytic experiments, the product dis- 
tribution was monitored using on-line gas chromato- 
graphy. 

3. Results and discussion 
3.1. Conductivity 
It is difficult to compare the magnitude of the conduct- 
ivity with other reports on polycrystalline samples 
since this will also depend on the method of pre- 
paration, the density of the sample and its porosity. 
An overall conductivity of the pellet can be estimated 
using cy = G x depth/area (here o~35  GSm-1). Sam- 
ples in air at 1 atm at 300 and 700 K at 100 Hz showed 
the conductivity to be comparable in magnitude with 
those measured by Herrmann and co-workers [1, 2] 
and also to go through a substantial peak at around 
5 wt % Sb203 .  At room temperature the addition of 
5 wt % SbzO 3 leads to an increase in conductivity of 
order 105 whilst at 700 K the increase is reduced to 
below 103 (Fig. l). The reasons for the peak are well 
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Figure 1 Conductance as a function of temperature for samples of 
SnO 2 containing 0 to 15 wt % Sb20 3 in air at 100 Hz and 1 MHz: 
(�9 0% 100 Hz, (0)  0% 1 MHz, (~) 5% 100 Hz, (0)  5% 1 MHz, 
(~) 10% 100 Hz, ( I )  10% 1 MHz, (2~) 15% 100 Hz, (A) 15% 
1 MHz. 
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described (e.g. [-1, 2]). At 0 < Sb < 10 %, doping of 
Sb 5 + cations dissolved in SnO 2 occurs and one elec- 
tron per Sb atom is liberated giving rise to the large 
increase in conductivity. At larger additions of Sb, 
trivalent Sb ions are thought to be created with a 
subsequent decrease in free electrons and reduction in 
the conductivity. 

In Fig. 1 the log(conductance) versus reciprocal 
temperature characteristics show regions of well-de- 
fined activated behaviour. At T < 400 K there is a 
low activation energy as shown in Table I for values at 
100 Hz in air. At T > 700 K there is a much higher 
activation energy. In general, the greater the conduct- 
ivity of the sample the lower is the activation energy. 
The magnitudes for E A are similar to those measured 
by Paria and Maiti [18] for samples containing up to 
0.4 wt % Sb203 at 1592 Hz, and exhibit similar trends 
despite the much lower amounts of doping used. The 
high-temperature value for pure SnO2, i.e. about 
1.7 eV, is in excellent agreement. At 708 K a lower 
value of 1.13 eV has been observed for powdered 
samples under a constant pressure [2]. At temper- 
atures near ambient, 0.81 eV lies within the range of 
activation energies (about 0.7 to 1.4 eV) tabulated for 
pure SnOe (e.g. [25]). At lower frequencies and inter- 
mediate temperatures the behaviour is somewhat erra- 
tic and superimposed peaks in conductance were 
sometimes observed. Space-charge effects at the Pt 
electrodes, which result in a blocking (i.e. non-ohmic) 
contact might also arise and retard the flow of elec- 
trons across the Pt-sample barrier [26]. Due to the 
difference in work functions between Pt and SnO 2 as 
well as possible surface property changes of Pt in 
oxygen, Pt may be a bad choice of electrode, although 
it has been generally used elsewhere in conductivity 
studies of Sn-Sb-O mixtures (e.g. [17, 18, 27]). 

Fig. 1 shows the frequency to have most effect for 
the more insulating (0 and 15 wt %) samples. There is 
a minimum effect of frequency for the highly conduct- 
ing samples at 5 wt % which indicates semi-metallic 
behaviour. As is usually observed for semiconducting 
and insulating materials, the effect of frequency de- 
creases as temperature increases as shown in Fig. 2. In 
general, solid oxide materials exhibit non-Debye be- 
haviour showing a low activation energy at low tem- 
peratures coupled with a large effect of frequency (with 
oocm" where n < 1, often between 0.7 and 0.8). In this 
region, according to the interpretations of Hill and 
Jonscher [28], the dielectric behaviour is that of a 
"lattice" response from a regular array of permanent 
or induced dipoles. The higher the value of n the more 

T A B LE I Low-frequency activation energies in air 

Activation energy (eV) 

Sb20 a Low temp. (300-400 K) High temp. (800-900 K) 
(wt %) 

0 0,81 1.76 
5 0.14 0.49 

10 O J 6  0.52 
15 0.19 0.98 
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Figure 2 Effect of frequency on conductance for (a) 5% Sb203 in Ar 
and (b) 15% SbzO3 in air. 

perfect the lattice. High values of n are accompanied 
by activation energies which may approach zero if 
thermal activation plays a negligible role in determin- 
ing the dielectric loss (or the a.c. conductivity o oc c0~"). 
In contrast, at high temperatures and low frequencies, 
strong low-frequency dispersion may be exhibited. 
The index n may approach zero and accompany high 
activation energies when thermally activated diffusion 
of hopping charge carriers completely dominates any 
frequency-dependent relaxation of dipoles in the ma- 
terial. In this region n has been related to screening 
effects due to "many-body" interactions between the 
charge carriers [28-1. Values for n' (calculated near 
300 K between 100 kHz and 1 MHz) and n" (calcu- 
lated at about 870 K between 100 Hz and 1 kHz) and 
are shown in Table II for samples measured in air. For 
the undoped material n' is a maximum as expected 
since it will be closest to a perfect regular array of 
dipoles. At 5 wt % S b 2 0  3 n' is significantly reduced to 
0.2 since the material is now highly conducting even at 
low temperatures and electronic conduction (which is 
not sensitive to frequency) dominates the behaviour. 
At 15 wt % the material again becomes more insulat- 
ing with n' = 0.62. In contrast, values of n" approach 
zero as expected for the high-temperature behaviour. 

At low temperatures/high frequencies the conduct- 
ivity power index n' increased as the air was replaced 
by Ar (due to the lattice becoming more perfect as 
surface impurities were removed) and decreased again 
on further exposure to air. The high temperature/low 



T A B L E  I I  Effect of frequency on conductivity, index n in air -5 

Sb203 Low temp., High temp�9 
(wt %) high freq. (n') low freq, (n") 

0 0.73 0,037 
5 0.2 0.01 

10 0.31 0.006 
15 0.62 0.006 

frequency value of the power n" remained close to zero 
in all cases, confirming that thermally activated char- 
ges dominated the behaviour in all cases. 

3.2. Capacitance and dielectric dispersion 
A marked change in the capacitance-temperature 
relationship was found between low and high frequen- 
cies. At 1 MHz the temperature had little effect, whilst 
at 100 Hz temperature had a negligible effect up to 
about 700 K, but as it was increased to 900 K the 
capacitance increased rapidly with a high activation 
energy of order 1.7 eV. Typical dielectric dispersion 
curves for 15% Sb20 3 at 665 and 878 K are shown in 
Figs 3 and 4. For  the given geometry of the samples, a 
bulk capacitance of about 6 pF would be expected at 
room temperature for pure SnO2 with a relative di- 
electric constant of about 24 [25]. The observed val- 
ues at 100 Hz are many orders of magnitude higher 
and more typical of surface and grain boundary phe- 
nomena. In agreement with the conductivity data, the 
capacitances were generally highest for the most con- 
ducting material and lowest for the pure SnO2. 

Although the loss part of the dielectric dispersion 
(~:G/o~) measured at different temperatures could be 
normalized, i.e. superimposed by lateral shift of the 
frequency axes, the real part (capacitance) could not. 
Thus for these mixed oxide samples, the universal 
behaviour observed for many solid dielectrics [28] 
was not strictly obeyed, probably due to the presence 
of more than one loss process. This might arise from 
the surface, grain boundary and bulk contributions to 
the total capacitance having dissimilar activation 
energies. 

The effects of changing the atmosphere from air to 
argon and back to air were relatively small, since after 
pelleting the specific surface area will be of order 
I m 2 g-  1 and surface effects will consequently be low. 
For  5 and 10% Sb20 3 pelleted samples, the replace- 
ment of air by argon caused an increase in conduct- 
ance at high temperatures only, but the reverse effect 
at low temperatures. The latter behaviour is somewhat 
surprising for a material usually claimed to be an n- 
type semiconductor, for which a change of atmosphere 
from air to argon would be expected to result in an 
increase in conductivity; further discussion is given in 
the Appendix�9 On a second exposure to air the con- 
ductance was significantly reduced for all the doped 
samples as expected. In the experiments on uncom- 
pressed powdered samples, the 5% sample showed 
erratic behaviour and the greatest effect of changes in 
atmosphere, whilst the 15% Sb203 sample exhibited 
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) in air, 

typical n-type behaviour over the whole temperature 
range studied. 

These results are in agreement with those of Herr- 
mann et aI. [2, 29] who showed oxygen partial 
pressure to have a large effect up to 1.5% but almost 
no effect between 5 and 100% for powdered samples 
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at 1592 Hz. Initially some excess surface oxygen will 
be removed by the At, oxygen anion vacancies will be 
formed and the electronic conductivity will increase. 
With further exposure to air this surface concentration 
of vacancies will decrease and conductivity again de- 
crease. The capacitances in air are observed to be 
lower than those measured in At, probably due to the 
larger proportion of surface dipoles arising from in- 
duced surface defects in the lattice. 

In Sn-Sb-O mixed catalysts calcination can lead to 
segregation of Sb and an epitaxial layer of Sb oxide 
may be formed [30]. The interaction between an oxide 
and a gas can lead to the formation of electric fields 
due to defect segregation which can influence the 
diffusive transport and gas solid kinetics 1-15]. A large 
influence on the catalytic properties of an oxide can 
occur and may mask any influence on the bulk prop- 
erties. A more detailed study of the effect of frequency 
on conductance of such systems may assist in the 
understanding of such phenomena. 

3.3. Complex impedance 
For ionic conductors the complex impedance dia- 
grams, in which Z" is plotted as a function of Z' as 
frequency increases, often exhibit a series of over- 
lapping semicircles which may be attributed to differ- 
ent loss processes in the bulk, at grain boundaries and 
at the electrode interface [22]. Due to the high con- 
ductivity of the 5 and 10% samples it was not possible 
to obtain complex impedance diagrams over the 
whole frequency range at high temperatures. Typical 
curves for a 15% sample at 426K and for a 5% 
sample at room temperature are shown in Fig. 5. In 
general, single shallow semicircles inclined at angles of 
about 16 ~ to the real axis were shown at the lower 
temperatures, whilst little effect of frequency was ob- 
served for the highly conducting samples. For the 5% 
material, a significant intercept on the real axis occur- 
red. This resistance, R 1, was almost independent of 
temperature and could be associated with electronic 
conduction, whilst the d.c. resistance R2 (given by the 
value of Z' extrapolated to zero frequency, R1) was 
thermally activated and associated with ionic conduc- 
tion and relaxation losses in the material. 

No evidence of clearly defined overlapping semi- 
circles was found for all the data examined. Hence the 
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Figure 5 Complex impedance diagrams for (a) 15% Sb203 in air at 
426 K and (b) 5% Sb20 3 in air at 300 K. 

conduction processes could not be separated into 
bulk, grain boundary and surface phenomena as is 
often possible for solid-state ionic or mixed conduc- 
tors. It is interesting to note that closely overlapping 
semicircles were found for undoped samples of poly- 
crystalline SnO2 [27]. Elsewhere, simultaneous meas- 
urements of surface conductance (o) and work func- 
tion (qb) have been used to separate bulk and surface 
phenomena in undoped tin oxide [14]. At low temper- 
atures, the change in d~ was large and the change in o 
was small, whilst at high temperatures the reverse was 
found. Since the effects of atmosphere were of similar 
magnitude at all frequencies for the doped samples 
examined here, it is likely that the observed behaviour 
largely stems from surface loss processes. 

3.4. Catalyt ic  act ivi ty 
The catalytic activity and selectivity data for pro- 
pylene oxidation in a propylene: air (1 : 10) mixture for 
a contact time of 2 s are shown in Table III. The 

TABLE III  Catalytic activity for propylene oxidation of Sn-Sb-O mixtures 

Sb/(Sb + Sn) T(K) C(%)" S(%) b 
(%) 

CO CO 2 CH3CHO CH2CHCHO 

0 653 53.8 - 96.2 Traces Traces 
5 648 5.6 1.6 30.7 5.8 61.9 

10 2.7 2.2 15.5 9.2 73.1 
15 4.4 3.5 14.7 9.2 72.6 
5 673 9.6 1.0 34.8 2.9 61.3 

10 8.7 3.3 18.5 4.8 73.6 
15 7.0 3.9 25.3 5.4 65.4 

a C = conversion of propylene. 
b S = selectivity-moles of propylene transformed into product X per total amount of propylene transformed. 
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propylene transformation into oxidation products 
starts to be significant above about 623 K. This agrees 
well with the electrical conductivity data for both 
pelleted and powdered samples, which showed an 
increase in the activation energy (and hence a steep 
rise in conductivity) in this range of temperature. This 
correlation is presumed to arise from an increased 
mobility and a greater participation of lattice oxygen 
above 623 K. Antimony doping produces a sharp 
increase in the conductivity of SnO2; this is accom- 
panied by a marked decrease in the catalytic activity 
but an increase in selectivity to acrolein rather than 
production of carbon dioxide. For the doped samples, 
the greatest activity but least selectivity to acrolein is 
shown for the 5% Sb20 a mixture which also exhibited 
the highest conductivity. 

Up to 573 K, the electrical conductivity of powders 
of 5% SbzO 3 samples in propylene mixtures showed 
values intermediate between those for air and argon 
alone. At higher temperatures the conductivity in the 
propylene mixtures was slightly raised. For 10% 
Sb203 (up to 413 K) and 15% Sb203 (up to 573 K) the 
data were almost identical to those in air, indicating 
that there is no significant influence of propylene on 
the surface at these low temperatures. Hence these 
preliminary measurements indicate a good correlation 
between catalytic activity and electrical behaviour. A 
more detailed report concerning the catalytic behavi- 
our will be the subject of a further article. 

4. Conclusions 
Tin oxide is well known for its sensing properties. 
When doped with antimony oxide it has good cata- 
lytic properties, which are thought to be associated 
with its enhanced electronic conduction and related 
concentration of oxygen anion vacancies, particularly 
in the surface layers. A better understanding of charge 
transport and reaction mechanisms at and along in- 
terfaces and boundaries has been defined as a critical 
research need in electroceramics and catalysts [13, 
30]. Here, the a.c. electrical properties of pellets con- 
taining 0 to 15 wt % Sb203 have been measured in air 
and argon atmospheres. The conductivity was 
optimum for intermediate amounts, with both fre- 
quency and temperature having relatively small ef- 
fects. For the more insulating materials the effect of 
frequency became important at temperatures ap- 
proaching ambient, and thermally activated conduct- 
ivity was exhibited at high temperatures and lower 
frequencies. The observed frequency and temperature 
dependencies are typical of lossy solid dielectrics in 
accordance with the universal theory of dielectric 
response. At high temperatures, thermally activated 
charge carriers dominate the loss processes whilst 
dipole relaxation losses dominate at high frequencies 
and lower temperatures. Both processes are likely to 
be predominantly surface phenomena up to 1 MHz, 
and the high conductivity of the 5 wt % solid makes it 
a good candidate for consideration as a catalyst to be 
heated by r.f. power. 

The catalytic oxidation of propylene was found to 
correlate well with the observed electrical behaviour, 

the greatest conversion being shown for pure SnO2 
but the greatest selectivity to acrolein for the doped 
material. In future investigations, care should be taken 
to avoid any loss of Sb by volatilization, e.g. by 
calcining pellets enclosed in a powder of the same 
composition [18]. Possible segregation of the anti- 
mony phase should also be studied [31]; work func- 
tion changes in addition to a.c. properties could be 
helpful in studying the effect of chemisorption of 
oxygen [15]. Apart from electrical properties, other 
important criteria such as thermal and chemical 
stability, mechanical strength, formability and poros- 
ity should also be considered. 

Appendix: The effects of the Sbs+/Sb 3+ 
ratio in S n - S b - O  mixtures 

According to thermodynamic data [32] the stability of 
SnO2 in the presence of oxygen is considerably higher 
than that of SnO up to 1573 K, whilst for antimony 
oxides the situation is complex. Sb205 is the stable 
form up to 1243 K, but Sb203 is more stable at higher 
temperatures and the limit is 'shifted to lower temper- 
atures for Sb 5+ and Sb 3+ ions contained in Sb20 4 
and Sb6013 (oxides with mixed antimony valencies). 
The Sb 5 +/Sb 3 + ratio will depend both on the temper- 
ature and on the concentration of ambient oxygen. In 
addition, the relatively high ionic radius of Sb 3+ 
(0.09 nm) practically excludes the participation of 
these ions in a solid solution. However, in the surface 
layers exposed to the atmosphere, due to incomplete 
co-ordination, fluctuations in the Sb 5 +/Sb 3 + ratio are 
possible and the conductivity may vary in an unusual 
manner due to the process 

Sb 5+ + 2e ~- Sb 3+ 

The solid-solution formation produces free electrons 
according to the scheme [32] 

S_4+ m.5 +~_3+,~2- 4+ 5+O2- "l-2xoux oux ~'2 ~ Sn~_~Sbx + xe- 

For powders prepared by co-precipitation and 
calcination, M6ssbauer data have proved the exist- 
ence of both ions [20, 33]. However, for the pellets 
used here (for which a typical ceramic method was 
used for the preparation with a relatively short time of 
high-temperature calcination), grains of SnOz may 
only contact and react with Sb203 at the interface and 
the extent of a true solid solution may increase upon 
further heating. It is thus possible that the structure 
may not be completely stable and deposition of is- 
lands or segregation of antimony oxides may occur at 
the surface. Such processes may explain the apparent 
p-type behaviour observed at lower temperatures and 
the reduced conductivity of the 10 and 15% Sb203 
mixtures in comparison with those containing 5% 
Sb203. This is in excellent agreement with the cata- 
lytic activity data, since SbzO ~ is known to have low 
activity but high selectivity for acrolein conversion. It 
is probably that the electrical conduction is strictly 
related to the concentration of Sb 5+ ions and the 
apparent p-type behaviour sometimes observed re- 
flects a fluctuating ratio of Sb 5 +/Sb 3 + in air or argon. 
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