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RESISTIVE GAS SENSING, ESPECIALLY FOR DETECTION OF OZONE

This invention relates to resistive gas sensing,

especlially for the detection of czone, and in

particular to methods of sensing ozone, sensors and

sensing apparatus sulitable for use 1n the measurement of
10 ozone concentrations, and methods of making such sensors.

4

The use of tungsten trioxide (WO3) as a material for gas

-

sensors is known in the art when incorporated 1in a ftail-
safe gas detection system in which the electrical
15 resistance of the sensors increases with an 1ncrease in

the concentration of a target gas consisting of chlorine,

NO, or ozone.

The document W095/00836, in the name of the present

20 Applicants, discloses the use of WO3 as the sensing

0

material in gas sensors for the selective sensing of

chlorine or NO; at a concentration of the order of 0.5 ppm

(parts per million) in air, in such a way as to

distinguish over the presence of any S0O; or CO, the sensor

25 having a heated thin-film sensing element which 1s

preferably in the range of 10 to 200 micrometres thick.
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It is well known to use sensors made from tungsten

trioxide for the detection of hydrogen sulphide.

The document DE-A-3 213 286 (Hitachi) discloses a

sensor in which the sensing material is WO, doped with
platinum, for use in the detection, at a temperature in
the range 250 to 400°C, of hydrogen, NO, or CO. The
disclosure in the Hitachi document shows that this
gensor gives a measurable signal only at concentrations
of these gases in excess of about 1000 ppm, the doped
WO, sensor being one of an array of sensors, of
different materials, which are scanned in a particular

way S0 as to give signals from the individual sensors.

Ozone in air can be toxic at concentrations of less
than 1 ppm or 1000 ppb (“ppb” means parts per billiocn,
where 1 billion is 1000 million). In the United
Kingdom, occupational limits for exposure to ozone lie

in the range 100 - 300 ppb.

One object of this invention is to provide gas sensors
which are sensitive to ozone at these rarefied
concentrations, in order for example to provide
continuous monitoring of an atmosphere, giving
electrical output signals which can be used to trigger
warning devices and/or means for remedying hazardous

occupational exposure levels of this gas.

In these circumstances, it is of course desirable to

distinguish the presence of ozone from that cf other
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3
gases which may be present at similar concentrations but which

are harmless at these levels.'

It is therefore another object of an aspect of the invention
to provide a sensor capable of detecting ozone at
concentrations of less than 1 ppm 1n air i1n the presence of
other gases, for example H»S, CO, hydrocarbons, ammonilia, .

hydrogen, ethanol, chlorine, or NO».

‘We have been surprised to find that these requirements can be

satisfied by using W03 as the sensitive material 1n a sensor

in a form having a very open porous micro-structure with an

especially large surface area exposed to the target gas.

According to the invention 1n a first aspect, a resistive gas
sensor comprises a sensing element containing tungsten
trioxide as gas-sensitive material, wherein the sensing

element is a porous oxilide layer containing tungsten trioxide

‘which 1s at least 99% pure, 1ts porosity being in the

inclusive range 30-60%, macroscopic flaws having a dimension
larger than 5 times the mean pore size being absent and the
laYer having a thickness (T) uniform to an accuracy better

than * 20%.

The sensor preferably includes an electrically isclated

.heating element in thermal contact with the oxide laver

(referred to below as a heated senscr)
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4

According to the invention in a second aSpect, gas
sensing apparatus including a resistive gas sensor, and
resistance measuring means connected with the sensor, for
measuring’values taken by the electrical resistance of

5 the sensor in response to the concentration of a target

gas to which the sensor 1s exposed, 1s characterised 1n

that the sensor is a sensor accordlng to the said first

aspect.

10 According to the invention in a third aspect, a method of

measuring concentrations of ozone using a resistive gas
sensor comprising a sensing element containing tungsten
trioxide as gas-sensitive material, 1s characterised 1n
that the sensor is a heated sensor, the method including
15 exposing the sensor, at a working temperature in the

range from ambient to 600°, to conéentrations of ozone 1n
air in a range that includes at least from 0 to 1 parts
per million inclusive, and measuring values taken by the

g

resistance of the sensing element 1n response to the

20 ozone concentration.

According to the invention 1n a fourth aspect, a method
of measuring concentrations of ozone using a resistive
gas sensor comprilises a sensing element wherein the
25 sensing element 1s a porous oxlde layer, containing
- tungsten trioxlde as gas-sensitive material, according to

this invention.
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The invention thus provides a method of sensing ozone
5 concentrations below 1 ppm in air, which comprises

exposing to air an electrical resistance sensor,

comprising a porous film having an open micro-structure

and containing W03 as the sensing material, and measuring

electrical resistance signals from the sensor so as to

10 detect the presence and/or concentration of ozone in the

alr.

Tt also provides a gas sensor, which has WO; as 1ts
sensing material, with a sufficiently open porous micro-

15 structure and high surface area to produce a measurable

signal representing a change 1n electrical resistance of

the sensor in the presence of ozone at concentrations oz

P

less than 1 ppm 0of ozone in air. It will however be

understood that use of the sensor and method of the
20 invention is not confined to the case where the ozone
concentration is 1 ppm or less: the invention is also

effective at higher wvalues.

The WO; 1s preferably not doped, so that for example

25 platinum is absent from the gas-sensitive material.

It 1s by careful control of the development of the

microstructure of the gas-sensitive, porous WO; body of

the sensor that the latter can be made, in accordance

30 with the invention, in such a way that it 1s able to
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detect czone at the very low concentrations at which
monitoring to prevent occupational exposure Lo

hazardous levels of the gas is required.

The invention will now be discussed further, by way of
example only and with reference to the accompanying

drawings, in which:

Figure 1 shows response characteristics of a sensor
according to the invention to ozone concentrations of O

to 0.3 ppm in air;
Figure 2 is a similar diagram on a logarithmic scale;

Figure 3 shows the cross-sensitivities of suchh a sensor
as between ozone and three other gases, given by way of

example;

Figure 4 shows diagrammatically a simplified form of a
typical apparatus for conditioning and calibrating an

QzZone sSensor;

Figure 5 shows diagrammatically a test chamber of the

apparatus of Figure 4, with electrical connections;

Figure 6 shows responses of an unconditioned sensor to

201,

Figure 7 shows responses of a sensor conditioned by

short-term repetitive exposure to ozone;
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Figure 8 shows signal variation when a sensor is

powered~-up in the presence of ozone;

Figure 9 shows sensor response for different ozone

concentrations in a pulsed power mode;

Figure 10 compares responses of a sensor to ozone when
operating under pulsed power and under continuous

power;

Figure 11 shows, for two sensors, responses to varying

ozone concentration under pulsed and continuous power;

Figure 12 compares the response of an ozone sensor with

and without a cap;

Figure 13 shows responge curves for an ozone sensor at

three different ozone concentrations;

Figure 14 is a diagrammatic view, not to scale, showing
one form of construction of an ozone sensor according
to the invention, in cross section on the line XIV-XIV

in Figure 15;

Figure 15 is an outside view of the same sensor, with

the tungsten oxide layer omitted;

Figure 16 shows a typical mounting for the sensor, in

cross section taken on the line XVI-XVI in Figure 17;

Figqure 17 is an outside view of the mounting shown 1in

Figure 16, wlth the cap removed; and
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Figure 18 is a block diagram illustrating in simple
form an ozone sensing apparatus incorporating a sensor

according to the inventiomn.

Air is continuously monitored, using gas monitoring
equipment (not shown), which may be generally
conventional in that it consists of one or more gas
sensors and equipment of any suitable known kind for
receiving, processing and making any suitable use of
electrical resistance signals from the sensors. FoOX
example, the equipment, connected to at least one
sensor according to the invention, can be arranged to
give suitable warnings when the concentration level of
ozone in the atmosphere rises above a predetermined

safety level, which is generally less than 1 ppm.

The sensors in this case consist of interdigitated
electrodes on which a thick film of gas sensitive
material is screen printed. The mechanical
construction of the sensor can be generally
conventional; but an example of a sultable

construction is described later herein.

The gas sensitive material is WO,, which is of a
typical purity exceeding 99%. Typical impurities are:
Zr0, (30 ppm), sodium (20 ppm), and Mg, Cd, Mn, Fe, Cu,
Ca {each less than 30 ppm).

By way of example, the sensor is made by calcining WO,

as a loose powder at 1000°C in air for 16 hours, after
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which it is cooled to room temperature and mixed with a
suitable organic vehicle so as to produce an ink for
screen printing. This ink is then printed over the
electrodes, and fired to a top temperature that is the

5 same as the calcination temperature. This results in a
particularly large amount of surface area in the pores
of the structure, and a particularly open porosity,

being retained in the thick £ilm.

In use, the sensor is heated to a temperature in the
10 inclusive range from ambient to 600°C, and typically
400°C + 20°C, and is exposed continuously to the

atmosphere in which any ozone 1s to be detected.

The emphatilc resistance response of the sensor to the
introduction of ozone intco ambient air, at least at

15 concentrations below 1 ppm, can be seen in the
characteristics in Figures 1 and 2 for the range of 0 -
¢.3 ppm (300 ppb). In Figure 1, the lines A and B are
taken at 80% and 45% relative humidity (RH),
respactively. In Figure 2, the lines A’ and B’ are the

20 logarithmic equivalents of lines A and B respectively,
the phantom line being a line of proportionality

approximating te the lines A’ and B'.

Figure 3 shows the responsge of the resistance R of such
a sensor to ozone in this concentration range, as
25 compared with its response to NG,, chlerine and H,S

which are present at the game time. In Figure 3, the
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line C represents the response to ozone, D represents
the response to NO,, and E the response to chlorine and
H.S. It will be realised from Figure 3 that the
response signal can readily be processed, 1in any
suitable known way, so that weak signals such as thosgse
due to the three last mentioned gases are ignored by
the processing equipment. In this connection, we have
found with some surprise that these sensors, made in
accordance with the invention, are selective not only
in the way exemplified by Figure 3, over NO,, chlorine
and H,S, but also over other gases as well, for example
(but without limitation), carbon monoxide,

hydrocarbons, ammonia, hydrogen and ethanol.

More surprisingly, we have discovered that the curves
relating sensor resistance to ozone concentration
illustrated in Figures 1 - 3 will in practice tend to
depend upon the prior history of the sensor, and also
on all the materials in its immediate vicinity. Ozone
is adsorbed on to, and can interact with, many
surfaces, and also with other molecules which may be
present, such as hydrocarbons and oxides of nitrogen.
It may alsco be adsorbed on to nearby surfaces. One
important species which can reduce the ozone
concentration experienced by the sensor, elther through

its presence either in the gas phase or when adsorbed

on surfaces near the sensor, 1s water wvapour.
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When the surfaces or atmospliere are hot, which they
inevitably are if the sensor element or chip 1s
operated continuously at its normal operating
temperature such as 400°C, these prcblems of
establishing a concentration of ozone in the vicinity
of the sensor representative of the surrounding wider
atmosphere are exacerbated. This is because ozone
decomposes and reacts more rapidly at higher

temperatures.

When calibrating ozone sensors 1t is impoxrtant to
remember that ozone is a strong oxidising agent. A
steady state concentration in any envircnment 1is
established only slowly, because the gas adsorbs on
most containing surfaces and 1is 1itself reduced to
varyving degrees, depending on the nature of the
surface, temperature, humidity and hydrocarbon
contamination. In the real atmosphere remote from any
surfaces, the ozone concentration will have reached a
steady state: it is this concentration that the sensor
should, as far as is at all possible, be adapted to

measure.

Out of doors, the ozone concentration 1s determined by
the intensity of sunlight and the concentration of
hydrocarbons and oxides ¢f nitrogen in the atmosphere,
Indoors, the concentration is determined by the balance
between the rate of production of the gas and by 1its

rate of decomposition, and can vary widely depending on
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the location of the ozone sources in relation to the

measurement point.

The kinetics of the sensor response are influenced by
relative humidity: an artificial atmosphere of dry
ozone gas induces a slower response and is misleading,
since artificially maintained and managed laboratory
conditions of this type do not reflect the real

atmosphiere.

It can be seen from the foregoing that the calibration
procedure for the ozone sensor should 1lnvolve a
conditioning process which leads to its evaluation, or
response characterisation, in order to stabilise the
sensor under the conditions in which it is then to

operate in service.

Figures 4 and 5 show a typical apparatus for use in
this calibration process. The apparatus comprises an
ozone generator 10, fed with pure dry air at 12. The
alr/ozone mixture leaving the generator is passed via a
pipe 14 to a junctiocn 16 between the pipe 14 and &
further feed pipe 18. Pure dry air is passed through
the pipe 18, via a flow controller 20 and a
controllable humidifier system 22, to the junction 16,

where it mixes with the air/ozone mixture.

The humidifier 22 is represented here, by way of
example, in the form of a vessel 24 containing pure

water, connected to the pipe 18 via a valve 26 and a
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valve 28 downstream of the valve 26. The valves 26 and
28 control communication between the pipe 18 and two
branch tubes 30, 32 terminating in the vessel below and
above the level of water in the latter, respectively.

5 Thus the valves switch between wet and dry conditions.
When they are open, the air reaching the junction 16

from pipe 18 is wet.

The humidifier can of course take any other convenient

form.

10 A sensor test chamber 34 has an inlet 36 ilmmediately
downstream of the junction 16. The test chamber 34 has
as small an internal surface area as is practical, and
is preferably made from laboratory glass or anodised
aluminium. After leaving the test chamber part of the

15 gas stream is diverted through a UV ozone analyser 38,
which continuously monitors the czone concentration.

If required, a signal from the analyser can be employed
in a feedback network (not shown), having an
appropriate time constant to maintain the ozone

20 concentration in the test chamber 24 at a fixed level.
Care needs to be taken to establish a stable and
uniform ozone concentration in the test chamber, by
allowing adequate purging of the equipment and by
correlation of the output ozone level of the ozone

25 generator 10 with that measured by the analyser 38.
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Power is applied from a pulsed 5V power supply unit 40
to a sensor heating driver 42, connected via leads 44
ro connections in the chamber 34, which are in turn
connected to the heater of the sensor 46 in the
chamber. The resgistance signals from the sensor are

taken to the appropriate measuring equipment via leads

48 .

When power is applied to the driver 42, the sensor
temperature stabilises at the operating temperature
within 10 seconds. In air not containing ozone, the
sensor resistance falls rapidly, goes through a
minimum, then rises, and stabilises at the baseline
resistance value in about one minute. In air
containing ozone, the behaviour of the sensor depends
to some extent upon its previous history oOf exposure to
ozone. We believe that this is because the
concentration of ozone in the immediate wvicinity of the
active sensor surface changes as ozone scavenges
adventitioug hydrocarbon contamination off the

gurrounding surfaces.

The pipework in the apparatus of Figures 4 and 5 1s

preferably made of polytetraflucrethylene (PTFE).

A suitable conditioning and response characterisation

procedure for sensors involves:
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- adjusting their cperating temperature to the requlired
level over a period of typically ten minutes in air of

ambient humidity;

- allowing the sensors to cool for typically five

5 minutes;

- introducing a stable concentration of ozone into the

rest volume of typically 300 ppb concentration in 50%

nominal relative humidity;

- powering the sensors at the previously adjusted

10 temperature for typically 30 minutes;

- allowing the sensors to cool for typically five

mlnutes;

- powering the sensors for 95 seconds; and

- measuring their resistance at the end of this

15 interval.

The desirability of conditioning is illustrated by
reference to Figures 6 and 7. In Figure 6, the
resistance response R, over 15 hours at 400°C, of a
sensor which has not been conditioned in moist air and

20 moist ozone is shown, for ozone concentrations of 1 ppm
(curve F) and 100 ppb (curve G), the ozone being
introduced at the time 0. In curve F, the resistance
of the sensor rises rapidly to a high value, then

slowly increases further up over a continued long
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period of exposure. In curve G, the sensor resistance
rises through a maximum, decreases to a minimum, then
rises slowly once more. The details of this time
variation of the sensor resistance vary from one sensor
to another, and change with changes i1in the relative
humidity of the atmosphere. Ozone-containing alr
delivered from a typical generator can be extremely
dry, since ozone also reacts with water vapour. Even
at the elevated temperature of operation, the sensor
surface retains traces of strongly-bound water, and
some of the time-variation of resistance can be
ascribed to the effects of the very dry atmosphere
slowly further drying the sensor surface. Since the
effects are particularly marked at low ozone
concentration, it is also believed that these time-
variations are partly due to changes in the actual
concentration of ozone at the active sensor surface,
caused by changes in the rate of decomposition of the

gas on adjacent surfaces.

After short-term repetitive exposure to dry ozone, on
the other hand, a reproducible characteristic can be
obtained, as shown in Figure 7. Figure 7 is a plot of
Sensor response against time, showing a sequence in
which the sensor was continuously exposed to dry air,
with ozone added, in the concentrations indicated, for
the periods marked “0O,”. This Figure shows that,

although during the first exposures, first to 1 ppm and

PCT/GB95/01432 .
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then to 0.3 ppm ozone, the sensor did not fully

stablilise in the time allowed, stabilisation did cccur

subsequently.

In use, there are two possible modes Of sensor
5 operation: continuously powered and pulse powered. We

have found that the pulse powered mode of operation
gives more consistent results at low ozone
concentrations. We believe that this is because there
is less uncertainty in this mode of operation about the

10 actual ozone concentration in the immediate vicinity of
the sensor: the sensor operates at an elevated
temperature, and so warms up the surrounding surfaces.
Ozone will be decomposed on these surfaces, so the
actual concentration of gas in the vicinity of the

15 sensor will depend critically upon the rate at which

gas is flowing over the active surface.

Howewver, in some applications operatlion under
continuous power in dry ozone is suitable. Under
continuous power, the sensor signal increases as the

20 operating temperature is decreased. At an operating
temperature of 200°C, the device 1is extremely
sensitive, so much so that any minor change in ozone
concentration at low concentrations will result in very
large changes in sensor signal. AL operating

25 temperatures lower than 200°C, the response to the
‘ntroduction of ozone intco the air does however become

slow.
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In pulse powered operation, the sensor is initially at
room temperature. Power is applied and the resigtance
measured after a short predetermined time delay from
the start of each discrete pulse. We have used a delay
of 75 seconds. Although the sensor signal does not
stabilise in this time, we have found that this simple
procedure 1is effective, because both the final sensor
resistance and the initial rate of rise of resistance
following the stabilisation of the temperature increase
regularly with increasing ozone concentration. The
procedure can readily be refined sc that the rate of
change of sensor registance can be measured after a

short time delay.

As a consequence of the reactivity of ozone to
adventitious contamination on surfaces, depending on
how long the sensor has been left unpowered, it may be
necessary to apply two pulses and take the result of
the second pulse. This is because, if a sensor has
been left unpowered, there may be a delay before the
signal is observed. This can be because there is some
adventitious hydrocarbon contamination on the surface
which scavenges the ozone, or because the sensor
surface might be rather wet as a consequence of
exposure to ambient atmospheres of high relative
humidity with which ozone reacts. Second and
subseguent pulses can, however, be expected to give

generally consistent results. The “cleaning” caused by

PCT/GBY5/G1452 .
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heating in ozone lasts for some time, so any subsequent
heating pulse, applied within some hours of the first,

can also be expected to give a consistent result.

Figure 8 shows the signal variation when a sensor is
powered up (i.e. when power 1is initially applied) in
the presence of ozone. This measurement was made, 1in
the way described later herein, with a relative
humidity of 30% in the gas stream, and illustrates both
continuous power and pulsed power operation. The
heater driver wags adjusted to give the required
operating or working temperature (400°C) in air at 30%
RH (region H), and was then switched off. Ozone was
introduced into the gas stream at a concentration of
100 ppb, and the concentration in the exit stream
allowed to stabiligse at 10C ppb (region I). Power was
appliad to the sensor again (region J), and maintained
for 39 minutes. The sensor was again switched off, for
10 minutes (region K). The power was pulsed on again
and the resistance measured after 75 seconds (region
L}. If the power ig continued, then the sensor
resigstance will, in general, rise above its steady

state value attained in region J.

Figure 9 shows the variation with ozone concentration
of the sensor resistance measured after 75 seconds, as
described above, in the pulse powered mode of

operation.
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Figure 10 shows, for each cf the three concentrations

of ozone indicated (100 ppb, 300 ppb and 1 ppm}, the
response curves M obtained in a continuous power mode,
overlaid on the résponses observed under the same
conditions but in a pulsed power mode. In the latter
case, pulses were applied at 5-minute intervals, power
being switched on where indicated at 50 for each pulse,
and off where indicated at 52. The sensor resistance
measured after 75 seconds of each pulse is indicated at

E,. in each case, the data points shown having been

taken at 6-second intervals during each pulse.

In Figure 11, the resistance R of a first sensor to
ozone at different concentrations is shown for the
continuous power mode (line 1C) and for the pulsed
power mode {(line 1P}. Similar responses 2C and 2P
respectively are shown for a second sensor. The pulsed

power resistance was measured after 75 seconds in each

case, as before.

As an illustration of the effects of reactive surfaces
in the vicinity of the sensor, Figure 12 shows a
response curve for a sensor tested under continuous
power in a housing such as that described later herein
with reference to Figures 16 and 17, having a removable

cap 102. The sensor was tested with the cap on (line

0', and then with the cap removed (line N). The low
concentration response of the sensor without the cap is

enhanced.

PCT/GB95/01452 .
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The behaviour of the ozone sensor can be understood
phenomenclogically by the response curves illustrated
schematically in Figure 13, in which sensor resistance
R is plotted against time t for three ozone

5 concentrations, namely zero (response S), 100 ppb

(response T), and 300 ppb (response U).

As has already been indicated herein, the rate of rise
of resistance of the sensor depends on its intrinsic
response (including its previous history), the means by

10 ' which ozone reaches the sensors, the surrounding
materials and gases and their temperatures. Similarly
the “steady state” resistance response of a sensor to
gas, which may not be entirely steady over extended
periods of time, depends on these factors. Consistent

15 measurements can be made satisfactorily, as Figures 7
and 10 illustrate, if the sensor is exposed to
consistent conditions when measurements are taken. In
this connection, for optimum performance, Sensors
should be either calibrated in situ, or deployed

20 exactly as they have been calibrated, for example as

described earlier hereiln.

Figures 14 and 15 show, sowmewhat diagrammatically, a
typical form cof construction for the ozone sensor. In
this example the sensor, 63, comprises a metal oxide

25 substrate 70, carrying a palr of interdigitated
metallic electrodes 72 on one of its faces, 74. On 1its

other face 76 the substrate carries a heating element
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78 which is electrically insulated, there being an

insulating layer 80 overlaid on the face 76.

A porous tungsten oxide layer 82 (omitted in Figure
15), which is the active component of the sensor, 18
carried by the substrate 70. The layer 82 is made
using the conventional thick-film processing method
described earlier herein. It should be noted that
sensors made using that method are found to have
repeatable characteristics in terms of their ozone and

temperature resgspounse.

The layer 82 is in electrical contact with the
electrodes 72, and is bonded on the latter and on the
face 74 by sintering, being in thermal contact with the
heater element through the substrate 70. The thickness
T of the layer 82 ig greater than 50um and uniform
across the layer within +20%. It 1is repeatable between

one sensgor and another to better than +20%.

The layer 82 is free from macroscopic flaws, such as
cracks or bubbles, larger than 5 times the mean pore
size of the tungsten oxide, the porosity of which is 1in
the inclusive range 30 - 60%. It consists of particles
of WO, having a purity of at least 99% and a particle
size preferably smaller than 5um. No isclated particle

has a dimension larger than 5% of the thickness T.

The substrate 70 in this example is of alumina, with a

thickness in the inclusive range 0.2 - 3 mm. The
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electrodes 72 are of a metallic material, such as
platinum or gold, appropriate for use with ozone and
tungsten oxide. They are spaced apart by a distance d
which ig in the inclusive range 1 - 300um, the value of
5 d being chosen so as to give a range of electrical
resistance between the electrodes convenient for
measurement in the application for which the sensor is
intended to be used. The distance d is generally
uniform within +5%, and a typical value of d is 200um

10 where the layer 82 is of WO, with gold electrodes.

It will of course be understood that the sensor may be
of any other convenient form. The substrate may for
example have a sultable metal oxide composition
consisting of, or containing, at least one oxide other

15 than alumina. The sensor need not be f£lat as shown,
but may have another shape, such asg that of a cylinder.
The WO, sensing material may be incorporated in a
sultable multi-state ceramic composite, in any known
way but such that its response to ozone is

20 substantially that of the W0, alone.

Each electrode 72, and each end of the heater element
78, 1s sultably connected electrically to an external
terminal connection, in this example in the form of a
tag or pad. In this example the pads 90 for the

25 electrodes are on one side of the sensor 68, and the
pads 92 for the heater are on the other, with one pad

at each corner. These terminal connections may of
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course be located in any convenient position cn the
sensor, but the “four-cornered” arrangement shown here
is especially suitable for enabling the sensor to be
suspended freely in a housing, so that the gas under
test can flow around the sensor. This assists
dissipation of heat from the sensor when the heater
element 78 is energised in use. In this connection it
is desirable to keep the heated part of the sensor well

spaced away from the inner surface of the housing.

An example of such a housing is shown at 94 in Figures
16 and 17. It comprises a cylindrical base 9¢ having a
base portion 98 and a coaxial cylindrical wall 100
extending from the latter. A removable cap 102 fits
around the wall 100, and has slots 104 for admitting
the gas under test intoc the interior of the housing.
The base pertion 98 carries external pins 106 for
soldering to a printed-circuit board, each pin 106
being connected within the base 96 to terminal posts

108 on top ©f the wall 100.

The housing 94 may be of any suitable material, but 1in
this example it is of a material impervious to ozone,
such as polyphenylene sulphide, gold-plated metal, or

anodised aluminium.

The gensor 68 is suspended within the housing, in the
cavity 110 within the wall 100, by four platinum wires

112. Each of these is attached to a respective post

PCT/GBIS/01452
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108 at one end, and to a respective pad 90 or 92 at the
other. The length ©f each wire 112 is such that the
sensor is more than 3 mm away from any surface of the

housing, and their dliameter is typically 100um or less.

The wires 112 also provide part of the electrical
connection between the electrodes and heating element
of the senscr on the one hand, and parts of the ozone
detecting apparatus which esither supply power to the
heater, or recelve resistance signals from the sensor,
on the other. In this connection, the electrical
resistance ¢f the wires 112 should be no gréater than
5% of the resistance of the sensor heating element 78,
and their length and diameter should generally be such
that no more than 30% of the power dissipated in the

element 78 is conducted down any one wire 112,

An ozone detecting apparatus is illustrated, very
simply and generally, in Figure 18. A power source 120
supplies power at suitable voltages to a heating
control means 122 and to a resistance measuring circuit
124, The heater 78 of the sensor 68 1s connected to
the output side of the control means 122, while its
electrodes 72 are connected to the input side of the
circuit 124. The measuring circuit 124 processes the
sensor cutput signals and preoduces output signals,
represgsenting sensor resistance, in any suitable form.
These output signals may for example be taken to output

means 126, such as a VDU, or means for giving a visual
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#

or audible indication of the presence of any ozone or o:

h

an excess amount of ozone.

The elements 120, 122, 124 and 126 may take any well-
5 known form, depending on particular reguirements, and

need not be described further: however, 1t should be

noted that the heating control means are preferably

arranged to control the working temperature of the oxide

layer 82 to within #0.1°C, and to maintain the
10 temperature across the layer 82 uniform within *30°C.
The working temperature may be in the range of 200°C to

500°C or preferably 300°C to 500°C.

It should also be noted that, when the senscr according

15 to the invention 1s in use for detecting ozone, care must
be taken not to induce polarisation within the sensor

when measuring the sensor resistance. This can

§:

conveniently be achieved by using an impressed current of

around 1OnA.
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CLAIMS

1. A resistlve gas sensor comprlsing a sensing element
containing tungsten trioxide as gas-sensitive material,
whereln the sensing element 1s a porous oxide layer
containing tungsten trioxide which is at least 99% pure,
1ts porosity being 1in the inclusive range 30-60%,
macroscopic flaws having a dimension larger than 5 times
the mean pore size being absent and the layer having a

thickness (T) uniform to an accuracy better than * 20%.

2. A sensor according to Claim 1, wherein the tungsten
trioxide 1n the oxide layer has a maximum particle size

smaller than 5 micrometre.

3. A sensor according to Claim 1 or Claim 2, wherein

oxlde particles having a dimension greater than 5% of the

thickness (T) of the layer are absent from the latter.

4. A sensor according to any one of Claims 1 to 3,

wherein a metal oxide substrate i1s 1n electrical contact

i
o

with the oxide layer and a pair of interdigitated

metallic electrodes carried by the substrate and in

electrical contact with the oxide layer, the distance (d)

between the electrodes being uniform to better than *5%

anc 1n the i1nclusive range 1-300 micrometre.

5. A sensor according to Claim 4, wherein the

P

electrodes are of gold, the said distance (g) being 200

mlicrometre.

0. A sensor according to Claim 4 or Claim 5, wherein
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the oxide layer is bonded to at least one of the

substrate or the electrodes by sintering.

7. A sensor according to any one of Claims 4 to 6,
whereln the substrate i1s of alumina having characteristic

dimensions 1n the inclusive range 0.2 to 3 mm.

iy

3. A sensor according to any cne of Claims 1 to 7,

wherein an electrically isolated heating element is in

thermal contact with the oxide lavyer.

9. A sensor according to any one of Claims 1 to 8,
wherein the oxide layer consists of a multi-state ceramic

composite having a response to the presence of ozone

F

which 1s substantially that of tungsten trioxide alone.

10. Gas sensing apparatus including a resistive gas
sensor and resistance measuring means connected with the
sensor, for measuring values taken by the electrical
resistance of the sensor in response to the concentration
of a target gas to which the sensor is exposed, wherein

the sensor is a sensor according to any one of Claims 1

to 9.

11. Apparatus according to Claim 10 in which the sensor

1s a sensor according to Claim 8, wherein the apparatus
further includes heating control means connected with the

heating element.

12. Apparatus according to Claim 11, wherein the heating

control means are adapted to control the temperature of

the oxide layer to an accuracy better than #0.1°C and to
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malntain the temperature across the layer uniform within

+30°C.

13. Apparatus according to any one of Claims 10 to 12,
wherein a sensor housing contains the sensor and has
electrical connection means for connecting the sensor

with at least the resistance measuring means.

14. Apparatus according to Claim 13, wherein the housing
comprises a base carrylng the sensor, and a removable cap

having means for admitting gas to the sensor.

15. Apparatus according to Claim 13 or Claim 14, whereln

the housing is of a material impervious to the said

Target gas.

16. Apparatus according to Claim 15, wherein the said

material is ilmpervious ToO ozone.

17. Apparatus according to any one of Claims 10 to 16,

wherein a sensor support means comprises a plurality of

fine wires suspending the sensor 1in free space, the said
wires being electrically connected to the sensor and to

connection means for connecting the senscr with at least

the resistance measuring means.

18. Apparatus according to Claim 17, whereln each wire

has a diameter no greater than 100 micrometre.

19. Apparatus according to Claim 18 in which the sensor

1s a sensor according tce Claim 8, wherein the sald wires

have an electrical resistance no greater than 5% of the
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resistance of the heating element, the length and
diameter of the wires beling such that no more than 30%
of the power dissipated 1n the heating element can be

conducted along the wires.

20. -Apparatus according to any one of Claims 18 to 19

when dependent on any one of Claims 15 to 18, wherein the

sensor 1s suspended with a gap of at least 3 mm

separating 1t from any surface of the housing.
21. Apparatus according to any one of Claims 17 to 1°%
when dependent on Claim 15, wherein the wlres are Ifixed

on the base at thelr ends remote from the sensor.

#

22. A method of measuring concentrations of ozone using

a resistive gas sensor comprising a sensing element
wherelin the sensing element 1s a porous oxlide layver,
containing tungsten trioxide as gas-sensitive material,

Jr—

as claimed 1n one of claims 1 to ©.

23. A method according to Claim 22, whereln the sensor

18 a sensor according to any one of Claims 1 to 11.

24. A method according to Claim 22 or Claim 23, wherein

sald method steps include: exposing the sensor, at a

working temperature in the range from ambient to 600°C,

to concentrations of ozone 1n air 1n a range that
includes at least from 0 to 1 parts per million
inclusive; and measuring values taken by the

F

resistance of the sensing element in response to the

OzZone concentration.
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25. A method according to Claim 23 in which the sensor
is a sensor according to Claim 8, 1ncluding applying
power to the heating element so as to heat the sensing

element to a working temperature above ambient.

26. A method according to Clalim 25, wherein the working
temperature 1s controlled to an accuracy within +0.1°C,
and the temperature across the sensing element (82) 1is

maintained uniform within +30°C.

27. A method according to Claim 25 or Claim 26, whereiln

the working temperature is in the range 300-500°C.

28. A method according to Claim 29, whereiln the working

temperature is 400°C +20°C.

29. A method according to any one of Claims 22 to 28,
wherein the power 1is applied 1n one or more discrete

pulses, the resistance being measured after a

predetermined time from the start of a pulse.

30. A method according to any one of Claims 25 to 27,

wherein the power 1s applied continuously.

31. A method according to Claim 30, wherein the working

temperature is in the inclusive range 200-500°C.

32. A method according to any one of Claims 25 to 31,
characterised by the preliminary procedure of
conditioning and calibrating the sensor by:

(1) heating the sensor to a predetermined

temperature correspondling to a required working
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temperature, over a first period 1n air;

(11) allowing the sensor to cool;

(1ii) introducing ozone to the sensor 1n a stable

known concentration;

(1v) reheating the sensor to the same temperature as

in step (i), for a second period;

(v) repeating step (i1); and

(vi) reheating the sensor,

and measuring 1ts

resistance after a predetermined period.

i

33. A method ¢f making a sensor according to any one of

Claims 1 to 9, wherein the steps of calcining W03 powder

at a temperature of the order o:

£ 1000°C, subsequently

applying the calcined material to a set of electrodes,

and firing the material to a temperature substantially

the same as the calcining temperature retains the

required high surface area and open porosity.
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