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Galvanic cell, humidity sensors were investigated using a high temperature proton conductive solid
electrolyte based on SrCeQj;. A sensor of this type is one of the applications of a steam concentration
cell, the concept of which was recently discussed. These sensors could be operated stably at elevated
temperatures. Furthermore, they exhibit a linear e.m.f. response against logarithm of vapour pressure
over a wide range, a good reproductibility, a very fast response time and small responses to impurity

gases.

1. Introduction

Recently we found that some sintered oxides
based on SrCeQj; exhibited proton conduction
under hydrogen- or water-containing atmospheres
at high temperatures [1-3]. As a result, a concept
of steam concentration cell was proposed and,
verified experimentally [1, 4]. One possible
application of the steam concentration cell will be
a galvanic cell-type humidity sensor which had not
previously been reported.

In contrast to the conventional humidity
sensors, which are based on the change in con-
ductance or capacitance of a solid on adsorbing
water vapour [5-10], the galvanic sensor pro-
posed here may, in principle, have the following
features; (2) the humidity is given directly by the
e.m.f. of galvanic cell, (b) the working temperature
can be high because protonic conduction in the
ceramics appears at elevated temperatures, the
working temperature of the conventional sensor
is below 160° C [10].

In this study, the galvanic humidity sensors
were constructed using high temperature, proton
conductors based on SrCeQ; and their perform-
ances were examined. These sensors exhibited a
stable operation over a wide humidity range,

a very fast response time and relatively small
responses to impurity gases.
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2. Working principles of the sensor

As illustrated in Fig. 1, a gas cell constructed with
a proton conductive ceramic as the electrolyte
gives rise to an e.m.f. due to the concentration
difference of water vapour, when atmospheres
with different humidities are introduced into each
electrode compartment [1, 4].

The theoretical e.m.f., £y, can be written as

_RT,  Pg,o(D [Py (ID))'7?
Eo="ptn Py, o(ID) (POZ(I)) (1)

where Py o and Po, are the partial pressure of
water vapour and oxygen, respectively, and R, F'
and T have their usual meanings.

When Po, (I) is close to Pg_ (I1), as in ambient
atmospherics with different humidities, £y can be
written as

RT @
Fo= 2L 1y Lm0
2 Py, (1)

If Py, o (1) is known and is constant, the humidity
in the compartment I (or Py, o(I)) may be
estimated from the measured e.m.f. of the cell.

When an electrolyte involves electronic con-
duction, e.m.f. is lowered to some extent

E=< tH""EO

@

3

where ¢ g+ is the transference number of the
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Fig. 1. The concept of a steam concentration cell using
solid proton conductor. P, o () > Py 0 an.

proton in the solid electrolyte. Even in such a case,
we can determine Py_o(I) from the measured
e.m.f. by using a calibration curve.

3. Experimental details

The proton conducting ceramics used in this
study were SrCeq g5 Ybg 0503~ (0ris the
number of deficiencies per perovskite unit cell).
The preparations of the ceramics were the same
as in the previous study [1]. The dense sinters
obtained were sliced into thin discs (thickness:
about 0.5 mm, diameter 12 mm) to provide
the electrolyte diaphragms for the gas cells.
The construction of the galvanic humidity
sensor is illustrated in Fig. 2. Each face of solid
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Fig. 2. Schematic illustrations of the galvanic cell-type
humidity sensors.

« emf —
Sensor tubeM
C-A thermocouple\

5" Stirring fan

W

-Glass vessel

-

J it HZO(I )9
Water
-—

Fig. 3. Setting of the sensor tube in the test chamber.

electrolyte diaphragm was smeared with platinum
paste and baked at 1000° C to provide a porous
electrode material. The specimen electrolyte

thus obtained was attached to a ceramic tube by
ceramic adhesives based on Al,04 (Sumiceram®).
Thus, two electrode compartments, inside and
outside of the tube, were separated by the speci-
men electrolyte. The electrolyte was heated by a
nichrome wire heater wound around the outer
tube of the sensor.

As is clear from Equation 4, it is necessary to
keep either Py o (I) or Py, o (II) constant in order
to obtain a steady e.m.f. response to a given
humidity. Two types of sensors were examined.
One is a gas flow type (A-type in Fig. 2) in which
air saturated with water vapour at 0° C was
passed through the inner electrode compartment
(inside of the tube - Py o (II) = 4.6 torr).
Another is a packed construction (B-type in
Fig. 2) in which a molecular sieve is used to keep
the vapour pressure inside the tube constant. As
shown in Fig. 3 the sensor tube was set in a glass
vessel (volume: about 1000 cm?®) settled in a
thermostat. A small stirring fan was placed in
the vessel.

The humidity in the vessel (outside of the tube)
was controlled by regulating the temperature of
water at the bottom of the vessel. The temperature
of water was controlled within + 1° C accuracy.
In this study, the humidity in the vessel was
represented by the partial pressure of water
(torr), assuming that the gas in the vessel (nor-
mally, air) was completely saturated with water.
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Fig. 4. EMM.F. response of the A-type sensor to Pgg_o (D).
Working temperature; 400° C (broken line shows theor-
etical EMM.F. calculated from Equation 2).

The e.m.f. of the sensor was measured by a
conventional electrometer. Also, the e.m.f. and the
temperature of water were recorded simultaneously
by a recorder.

Prior to the initial measurement, the sensor
was heated overnight to 400° C in order to
eliminate the impurities from the ceramic
adhesives.

80

4. Results and discussion
4.1. EM.F. response to the humidity

Fig. 4 shows the e.m.f. response of the A-type
sensor to the logarithm of Py o(I) at 400° C
using SrCeq o5 Ybo.0s03-¢ as the electrolyte.

The sensor exhibited a stable, good, linear
response against the logarithm of Py ¢ and good
agreement with the theoretical e.m.f. value calcu-
lated from Equation 2. There was no change in
the e.m.f. on stirring with the fan in the vessel,
but the response time became somewhat faster.

The response of the e.m.f. following an increase
or decrease in humidities were examined by
changing the temperature of the vessel gradually.
Fig. 5 shows the results. The e.m.f. against time
curve is almost parallel to the temperature against
time curve during increasing humidity, and,
during the humidity decrease, the change in
e.m.f. with time corresponds to the change in
temperature with time.

To examine the rapid response characteristics,
the humidity in the vessel was changed quickly
by injecting hot water into the bottom of the
vessel. The e.m.f. of the sensor increased rapidly
corresponding to the rise of the temperature
of the water as shown in Fig. 6. It took only a
few seconds for the e.m.f. to establish a stable
value after the vapour pressure was changed
rapidly from 12 to 20 torr.

4.2.Some improvement of the sensor

It may be unfavourable for a practical sensor
to use a flow of standard humidity gas. So, we
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examined the B-type sensor described in Section
3.

Fig. 7 shows the e.m.f. response of this type
of sensor at 300 ~ 400° C. This sensor exhibited
a good linear response of e.m.f. against the
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Fig. 7. EM.F. response of the B-type sensor (lines 1 to 3)
and the A-type sensor (line 4) to Pgz_o (). Working tem-
perature: 1:300° C, 2;350° C, 3 and 4:400° C. o 1st
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logarithm of Py; . The e.m.f. at 400° C was
expressed as

E(mV) =—23.0+93.7 log Py, o (torr)

with a standard deviation of 4.6 mV for

Py, o = 10~ 100 torr. Due to the lower vapour
pressure inside the tube compared to the case of
the A-type sensor, the e.m.f. of the B-type sensor
is higher than that of the A-type one. Since the
equilibrium vapour pressure inside the tube
becomes lower with decreasing temperatures, it
is reasonable that the e.m.f.’s at lower tempera-
tures are larger than those at higher temperatures.
Similarly to the A-type sensor, the response of
the B-type sensor was also rapid (within a few
seconds).

The sensitivity of the sensor was determined
from Fig. 7 and listed in Table 1. The B-type
sensor had a higher sensitivity than the A-type.
However, the sensitivity of the B-type exceeded
the theoretical value (= 2.30 RT/2F).

This phenomenon can be explained by con-
sidering the proton transference number, fy+,
in SrCep05Ybg 0sO3.- o electrolyte. As described
previously {1, 4], conduction in these ceramics
is not purely ionic but partially electronic, and

Table 1. Sensitivity of the galvanic cell-type sensor at
400° C

Sensitivity (mV decade ™)

A-type 58.0
B-type 93.7
Theoretical 66.7

(2.303 RT/2F)
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the transference number of proton at very low
vapour pressure is small. In the case of the A-type
sensor, the vapour pressure at the standard elec-
trode inside the tube is not so low (4.6 torr) so
that g7 + of the electrolyte can be regarded as
almost constant {about 0.9, from Fig. 4)
irrespective of the vapour pressure outside of the
tube Py, o (D).

On the other hand, in the case of the B-type
sensor, the humidity inside the sensor tube has a
much lower value than in the case of the A-type.
Also tg1+ may decrease with decreasing vapour
pressure in the outer atmosphere. As a result,
the gradient of £ against log Py o (I) is steep.
The detailed studies of the dependence of the
ty+ of the specimen electrolyte upon the Py o
are in progress.

4.3. Response to the impurity gas

The effects of some impurity gases on the e.m.f.
response of the B-type sensor were tested as
follows. Air (flow rate = 100 cm® min™") in the
laboratory room (60% RH, 17°C, Py o = 8.7
torr) was introduced to the glass vessel. When the
sensor exhibited a constant e.m.f. response,

100 ul of impurity gas was injected into the vessel
with the flow of air. Hydrogen, butane and carbon
dioxide were injected as the impurity gas.

The e.m.f. response and the maximum
deviation from the usual humidity response were
shown in Fig. 8 and Table 2, respectively. Hydro-
gen gas made the e.m.f. increase. This is reasonable
because the electrolyte of the sensor is a proton

conductor. On the other hand, there was no
change in the e.m.f. for the injection of carbon
dioxide, even if a few cm® of carbon dioxide

was injected. Butane gas made the e.m.f. decrease
somewhat, probably because of its adsorption

to the electrode surface instead of water vapour.
However, the e.m.f. change caused by the
impurity gas injection was relatively small com-
pared with the e.m.f. response to the humidity,
especially at 300° C (Table 2).

According to Equation 1, this sensor responds
to any pressure difference in oxygen between
two electrode compartments. However, we can
determine the vapour pressure by using a
calibration curve if the pressure difference in
oxygen is constant. Furthermore, even if oxygen
pressures at both electrodes are variable, we can
cancel the e.m.f. due to oxygen pressures by
connecting galvanic cell-type oxygen sensor
electrically to this sensor in series.

Table 2. Deviation of the e.m.f. from the usual humidity
response caused by the impurity gas injection

Impurity gas Maximum deviation of the e.m.f. (%)

300°C 400°C
H, +0.78 +17.0
C.H,, —17 — 6.3
Co, 0.0 + 00
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