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Physicochemical properties of rare
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The change of the conductivity in the rare earth perovskite oxide took place after the
chemisorption of flammable gases. The sensitivity for methanol was highest. From the
conductivity change of these perovskite oxides after the injection of methanol, the
energy needed to promote an electron from a conducting to a nonconducting state,

AE = E; — Ey, could be derived from the equation ¢ = Ao, exp (—AE/kT). LnCoO;,
had the smallest AE and AH (metal-O), which is the binding energy of oxygen coordinat-
ing to the metal ions, but exhibited the highest activity for gas sensing. The gas sensing

mechanism was also considered.

1. Introduction

The detection of toxic and flammable gases is a
matter of urgent public concern. The requirements
to detect toxic and flammable gases have led to
the development of gas detectable devices. A
number of the most recent devices involving appli-
cations of surface chemistry and physics can be
termed gas sensors, which include operating
characteristics such as high sensitivity, fast res-
ponse and a high degree of specificity. It is well
known that the metal oxide semiconductors, ZnO
or SnO,, are used as gas sensor materials [1-3].
A decrease in electric resistance of an n-type oxide
semiconductor is observed when a reducing gas is
adsorbed onto the surface.

This paper describes in the main part the
change in the conductivity of rare éarth perovskite
oxides in an attempt to obtain a new gas sensor
material. Some of the perovskite type oxides show
high electrical conductivity and exhibit oxidation—
reduction catalytic characteristics. In particular,
rare earth cobaltates have been suggested as sub-
stitutes for noble metals in electro-catalysis and in
automotive-exhaust catalysis [4—6]. In the oxi-
dation reaction of carbon monoxide or alcohols,
the reactive gases cause a change in the oxygen
balance of an oxide when the gases come into
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contact with the surface of the perovskite oxide
at elevated temperatures. Thus, it is expected
that a change in the electrical resistance of the
perovskite is caused by the adsorption of reducing
gases.

2. Experimental details

2.1. Materials

The samples were prepared by the solid-state
reaction of dried Ln,0; (Ln = La—Gd) and the
transition metal oxides (Fe,03, Cr,03, Mn;0;
and CoO). The well-ground mixtures of the com-
ponents were fired at 1300° C in air for 10h.
These compounds had perovskite structures, as
determined by X-ay diffraction. Their BET
surface was smaller than 2m? g™* in all cases.

2.2. Measurements

A thin film of perovskite oxide for electrical
measurements was prepared using a procedure
similar to that reported previously [7]. The thin
film was placed in a Pyrex glass tube and a gaseous
mixture (40 cmmin™) of N, (100 —x vol%) and
0, (x vol %) was passed through. Methanol, hydro-
gen and carbon monoxide were introduced at an
injection port. The conductivity changes due to
the presence of the reducing gases were recorded
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as a source of direct current;a d.c. voltage genera-
tor (10 V) was used. For LnFeO; and LnCrO;, the
electric current flowing through the thin film was
measured with an electric recorder as the potential
drop across a fixed resistance (400 £2) to be con-
nected in series with the thin film. The conductivity
changes in LnMnO3 and LnCoO; thin films were
measured by conventional methods over the range
25 to 500° C; the current, which depended upon
the resistance of the film, was converted to voltage
and recorded using an electric recorder,

3. Results and discussion

3.1. The selectivity of gases

When methanol was introduced into the system,
a conductivity change in the thin oxide film was
observed. An isolated example of conductivity
change is shown in Fig. 1. For the SmCoOj; thin
film, the conductivity decreases immediately after
the injection of methanol and then is restored to
its initial value. Chemisorption of methanol on
LoMnOj, LnCoO3 and LnCrO; led to a decrease
in the conductivity of the oxide, whereas on
LnFeOj the reverse was observed. Thus it is under-
stood that the former acted as a p-type and the
latter as an n-type semiconductor. When hydrogen
or carbon monoxide was introduced into the
system, a conductivity change was also observed.
The temperature at which the change in the elec-
trical resistance of a thin oxide film began was
higher than that in the case of methanol. The
temperature dependence of the response ratio of
SmCoQO; to the injection of reducing gases (2.5 x
1072 mmol) is shown in Fig. 2. The response ratio
is defined as follows; response ratio =R —R,/
Ry x 100(%), where R is the maximum resistance
after the adsorption of a reducing gas, and R, is
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Figure I The variation of conductivity of SmCoO, with
time after injection of CH,OH at 240° C. Carrier gas:
N, (40 cm® min™*, contained O, =~ 50 ppm),
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Figure 2 Response ratio as a function of temperature for
CH,; OH, H, or CO adsorption,

the resistance in steady gas flow. The sequence of
selectivity was CH;OH > H, > CO,

3.2. The activity for gas sensing

The activity for methanol sensing, shown in Fig. 3,
is given by the temperature at which for LnMnOj,
and LnCoO; a response ratio of 20% is attained,
and for InCrO; and LnFeQj; the relative sen-
sitivity attains 1. From the results it is clear that
the activity of SmCoO; or EuCoOj; is highest.

We may write for the conductivity;

0 = Adgg exp (— (Ec —Ey)/kT), (1)

where ¢ is the minimum conductivity after the
adsorption of a reducing gas, 04 is the conductivity
in a steady gas flow, 4 is a constant, £ is the
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Figure 3 The sequence of the activity of various perovskite
oxides for methanol sensing,



TABLE I AE* for LnMO,

Compound AE (eV) Compound AE (eV)
LaCoO, 0.14 LaCrO, 0.28
SmCoO, 0.13 SmCrO, 0.22
EuCoO, 0.09 EuCrO, 0.14
LaMnO, 0.25 LaFeO, 0.98
SmMnO, 0.25 NdFeO, 0.74
EuMnO, 0.27 SmFeO, 0.55

*The absolute value.

energy of the conduction band, and Ej is the
energy of the surface state [8, 9]. . — F} is taken
as AFE. In the derivation of Equation 1, there are
several assumptions, i.e. the mobility of electrons
and the ratio of the density of occupied and
unoccupied states is insensitive to temperature. At
constant surface coverage or constant density of
states, AE is derived from a plot of In(o/o,)
against 1/7. From the conductivity changes of
InMOj; after the injection of methanol, we esti-
mated AF as summarized in Table I. AE for
SmCoOj; is smaller than that for other perovskite
oxides. It is noteworthy that LnCoOj;, which has
the highest sensitivity, has the smallest AF,

From studies of the electrical conductivity of
the p-type rare earth perovskites, the most prob-
able mechanism for the transport of charge carriers
is by the hopping of positive holes*. That is,
M*" ions present as a result of native defects give
rise to p-type extrinsic conduction. The activation
energy (E,) of the electrical transport for these
oxides was low, i.e. the value of E, for LaCrO;
was 0.22eV, for LaMnO; 0.13eV. The value of
AFE for LaCrOj is close to that of E,. When the
reducing gases were adsorbed on LnMO; (M = Mn,
Cr, Co), the conductivity decreased. Thus the
chemisorption of the reducing gases led to a
decrease in the number of positive holes as the
charge carriers.

The reaction products in the outlet gas were
CO, and H,0 in all cases. X-ray powder diffrac-
tion patterns of the thin oxide films measured
before and after the reaction confirmed that there
was no detectable loss in crystallinity. Therefore,
it seems that the catalytic oxidation of methanol
occurs on the surface of the thin solid. For LnFeO,
(Ln = La—Gd), it has been pointed out that the
sequence of the activity for methanol sensing is
consistent with that of the activity for methanol
oxidation [7]. The catalytic activity of SmCoO;
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Figure 4 — [AH(Ln—0) + AHM~-0)] and AE as a func-
tion of the electronic configuration of the M ion for
LnMO,. =, a:La, e, 0: Sm, 4: Eu,

for the methanol—0, reaction was tested over a
wide range of temperature, Although the con-
ditions for the catalytic reaction differed from
those for gas sensing, the conversion of methanol
to reaction products (CO, and H,0) reached
50% at 260° C and 100% at 300° C.

The binding energy of oxygen which coordinates
to metal ions in various perovskite oxides is esti-
mated from the following equation [10],

1
AH(metal—0) = H; —Hgn —= Dy,
C,m 2

’ @)

where Hg, H, Dy and C, are enthalpy of for-
mation on one mole of oxide M,,0,,, the sub-
limation energy of metal, the dissociation energy
of O, and the coordination number of metal ions,
respectively. The values of AH(Ln—-0) + AH(M—
0) for the various perovskite oxides were cal-
culated from Equation 2. The pattern between
AH(Ln—-0) + AHM-0) and the electric con-
figuration of the M ion according to Goodenough’s
classification method [11] is shown in Fig. 4,
compared with that for AE. AF is evaluated by
the absolute value, as AE is represented by the
energy needed to promote the conductivity change

*A hopping polaron model has been employed to explain conduction in LaCoO,. Small-polaron Cr** jons exist in
LaCrQ;. For LaMnO, the charge carriers are localized at Mn** sites,
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after the injection of methanol. A similar pattern
has been observed in the catalytic oxidation of
CO on various perovskite oxides [12]. From Fig.
4, it is obvious that the decrease in the binding
energy corresponds well to the decrease in AE.
AF for LnCoOj; shows a minimum value at the
minimum binding energy. These results indicate
that the strength of the metal—-oxygen bond in
various perovskites is an important factor in
methanol sensing, because the catalytic reaction
occurs on the surface of the thin oxide film as
described above. Thus, LnMO; materials conform
to the interaction which relates the semiconductor
conductivity to the surface chemical catalytic
reactivity.

3.3. The mechanism for gas sensing

The conductivity change after the injection of
CH;0H, H, or CO has been closely related to the
surface chemical reactivity as mentioned before.
We may picture an adsorption or surface reaction
occurring as

CO(g) + O*(s) > CO, (s) + 2¢” ®3)

H, (g) + 0*7(s) > H,0(s) + 2~ “4)
CH,0H(g) + 30%(s) = CO, (s) + 2H,0(s) + 6¢".
(5)

As an electron is liberated upon adsorption, where
(s) denotes a surface species and (g) a gaseous
species, because the magnitude of AE for LnMO;
is correlated with that of the binding energy of
metal—oxygen in LnMOj, it appears that 0% (s)
and lattice oxygen in LnMOj; attains equilibrium
fairly rapidly at the reaction temperature as
follows:

0% (s) 2 0% (OF: lattice oxygen in LnMO3).
(6)

Equations 3, 4 and 5 can result in the loss of a
conductivity hole by interaction with the free elec-
tron. Hence the conductivity would decrease
under the chemisorption of the reducing gases, as
is observed. Recently, for the adsorption of CO
on LaCoQgj, it has been proposed that CO is
adsorbed onto surface 0% ions and oxygen onto
surface metallic ions (Co®* or La*") of LaCoO,
[13]. It has also been reported that the heat of
adsorption of CO on LaCoO; was 0.15t0 0.05eV
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in the temperature range, 113 to 273 K. AE, the
energy needed to promote an electron from a
conducting to a nonconducting state, for the
adsorption of CO on LaCoQOj was about 0.05eV.
This value was close to the heat of adsorption of
CO on LaCoQOs;.

The catalytic decomposition of methanol on
LnMO; takes place at first as follows:

CH;0H ~ CH,0 + H. 7

Moreover, (CH30) is decomposed to such adsorbed
species as (CH,0), (CHO) or CO [14]. CO and H,,
however, could not be detected in the outlet gases
under the experimental conditions. Therefore, it
appears that the reaction between these species
and adsorbed oxygen is extremely fast. However,
in Equation 5 the reaction path to final products
H,0 and CO, seems to be very complex.
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