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Solid state electrochemical sensors in process control 

KT Jacob & Tom Mathews 

Department of Metallurgy, Indian Institute of Science, Bangalore 560 012, India 

The basic principles of operation of gas sensors based on solid-state galvanic cells are described. 
The polarisation of the electrodes can be minimised by the use of point electrodes made of the solid 
electrolyte, the use of a reference system with chemical potential close to that of the sample system and 
the use of graded condensed phase reference electrodes. Factors affecting the speed of response of gal- 
vanic sensors in equilibrium and non-equilibrium gas mixtures are considered with reference to pro- 
ducts of combustion of fossil fuels. An expression for the emf of non-isothermal glavanic sensors and 
the criterion for the design of temperature compensated reference electrodes for non-isothermal galvan- 
ic sensors are briefly outlined. Non-isothermal sensors are useful for the continuous monitoring of con- 
centrations or chemical potentials in reactive systems at high temperatures. Sensors for oxygen, carbon, 
and alloying elements (zinc and silicon) in liquid metals and alloys are discussed. The use of auxiliary 
electrodes permit the detection of chemical species in the gas,phase which are not mobile in the solid 
electrolyte. Finally, the cause of common errors in galvanic measurements and tests for correct func- 
tioning of galvanic sensors are given. 

Solid state galvanic sensors for the determination 
of the partial pressure of a variety of species have 
gained popularity with the advent of robotics in 
chemical and metallurgical industries and increas- 
ing awareness of the consequence of environrnen- 
tal pollution. In industry they are used for control 
of fossil fuel combustion, control of exhaust gases 
from automobile engines and emissions from non- 
ferrous smelters, monitoring and control of atmos- 
pheres in metallurgical heat treatment furnaces 
and rapid determination of activities or concentr- 
ations of solutes in liquid metals and alloys. De- 
vices for measuring the oxygen content in liquid 
melts and gases are now comrnercialy available. 
The operation of automobile engines at the stoi- 
chiometric air fuel ratio ( N F )  improves engine ef- 
ficiency and minimizes the emission of toxic gases 
like CO and NO,. Sufficient amount of oxygen is 
supplied to convert all hydrocarbons to CO, and 
H,O. The proposed lean-burn car engines require 
an oxygen sensor having adequate speed of re- 
sponse, ruggedness in the corrosive environment 
of the exhaust, long-term stability and low cost 
when produced in large amounts. Other interesting 
applications include the monitoring of the oxygen 
content of exhaled air in intensive care units and 
the control of the air-gas ratio in domestic con- 
densing boilers. If excess air is reduced, the dew 
point of water vapour in the flue is lowered so 
that the recovery of latent heat by condensation is 

increased. Control of air-gas ratio can be achieved 
continuously with a permanently installed oxygen 
sensor. The classical (mostly infrared spectroscop- 
ic) methods of gas analyses are far from being 
suitable for these new types of application. 

The major advantages of solid state galvanic 
sensors are: (a) they can be used 'in situ' in high 
temperature systems, (b) the emf generated can be 
measured with high precision, (c) since the output 
is an electrical potential, it can be readily used to 
actuate control circuits, (d) the generated emf is 
independent of the dimensions of the galvanic cell, 
which permits miniaturization and integration into 
microelectronic devices, (e) the emf measured is a 
function of the logarithm of the ratio of partial 
pressures; hence the sensor covers a wide range 
with reasonable precision, (f) the electrical signal 
generated is selective for the mobile species in the 
solid electrolyte, (g) the cell emf is a function of 
bulk properties and is independent of specific 
electrostatic potential distributions at the boun- 
dary, and (h) the solid state cell is rugged and leak 
proof. 

This article will focus on the basic principles of 
operation of solid-state galvanic sensors, some cri- 
tical properties of solid electrolytes and electrode 
systems, and their response characteristics, use of 
auxiliary electrodes, latest developments in non- 
isothermal sensors, test for correct functioning and 
directions for furure research. 
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Theory I 

A solid state galvanic sensor consists of an ionic 
or mixed conducting solid which separates the gas 
from a reference electrode of fixed chemical pot- 
ential. Between the sample gas and reference elec- 
trode, if there exists a difference of the chemical 
potential of the mobile species in the solid electro- 
lyte, there will be a particle flux in the solid along 
the gradient. For diffusion in an activity gradient 
and electric field the flux is given by' 

ji = - c,h,(grad pi + ziqgrad (5) = - cihi grad vi . . . ( 1 ) 

where c, h, q, z, p, 4 and 7 are concentration, mo- 
bility, elementary charge, valency of the species, 
chemical potential, electrostatic potential and elec- 
trochemical potential, respectively. The subscript i 
refers to the component i. 

Under steady state conditions when no current 
is drawn through the solid, charge neutrality has 
to be maintained at every point. This requires 

Combining Eqs ( 1 ) and (2)  gives 

- 2 c,z, hi grad 7, = O . . . (3) 

The  absolute mobility of the component i can be 
written as 

bi = [ii/(lzilq) = a 1 / ( z ~ ~ ( ~ , q 2 )  . . . (4) 

where [ I  and a are electrical mobility and electrical 
conductivity respectively. Combining Eqs (3)  and 
(4)  and solving for grad (5, we get 

grad (5 = - q -  ' 2 jr,/z,)grad pi . . . ( 5 )  

where a , /Za ,  is the transference number (r,). Be- 
cause of the partial pressure difference between 
the sample gas and the reference electrode the 
ions and electrons tend to diffuse along the gra- 
dient. According to Eq. (5) this tendency of ions 
and electrons is compensated by an electric field 
that opposes ionic motion. In other words, the 
sensor develops an emf by the separation of 
charged species moving under the influence of 
concentration gradients. The  emf generated is 
measured as an integral quantity between the left 
and right-hand electronic conducting leads. 
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In galvanic sensors. predominantly ionic con- 
ducting solids are used. When there is only one 
mobile species: 

The  integral of Eq. (7 )  can be split into parts 
corresponding to electronic conducting leads and 
ionic conducting solid electrolyte. Thus we can 
write for a cell incorporating a pure ionic conduc- 
tor (ti,,, > 0.99)': 

where single and double primes indicate the left 
and right-hand phase boundaries of the solid elec- 
trolyte. If the following equilibrium 

exists at the electrode/electrolyte interface. the ' 

chemical potentials can be expressed as 

where pT and pi are the chemical potentials of the 
neutral atoms and ions respectively. Because of 
the very high electron concentration the chemical 
potential of electrons are constant in each metallic 
lead. Eq. (8) can therefore be written as 

Since 

where ai represents the activity, Pi and Pi0 repre- 
sent the partial pressure of i over the electrode 
and pure i respectively. 

This is the familiar Nernst equation. In subsequent 
use of the equation the symbol* representing neu- 
tral species will be omitted and all activities refer 
only to neutral species. Deviations from the ideal 
Nernst behaviour are caused by the absence of a 
sudden transition from ionic to electronic conduc- 
tion at the electrolyte/electrode boundary. 

Sensors for Oxygen 
The principle application of oxide solid electro- 

lytes to date has been in galvanic sensors for mea- 
suring the partial pressure of oxygen. In research 
laboratories such cells have been extensively em- 
ployed in the generation of accurate thermody- 
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namic data (free energies, enthalpies, and entrop- 
ies of formation) on oxides and on solutions of 

I oxygen in metals and alloys. In industry these cells 
are frequently used for measuring the partial pres- 
sure of oxygen in gaseous environments and for 
monitoring the activity of oxygen in molten metals 
and alloys. For e x a ~ p l e ,  in wire bar casting of 
copper oxygen sensors are used continuously. In 
steel industry oxygen sensors are used as single 
immersion devices that are discarded after use. 
Control of the oxygen content is often essential 
for both ingot and continuously cast steel. The  key 
to better control of deoxidation of liquid steel is a 
sensing device' for rapid measurement of the con- 
centration of oxygen. In nuclear industry on-line 
monitoring of oxygen in liquid sodium is import- 
ant for fast breeder reactor development. The 
other important uses are control of combustion in 
boilers burning fossil fuels to  maximise efficiency 
and minimise the generation of C03.4; monitoring 
and control of atmospheres in metallurgical heat 
treatment furnacess, control of car exhaust gases 
for protection of three way catalyst systems" con- 
trol of POZ in laboratory applications using purnp- 

gauge and oxygen sensors in automobile 
enginesv."). Millions of automobiles have been fit- 
ted with oxygen sensors during the last decade. 

The  cell 

generates an emf, E, between the metal electrodes, 
Me, 

02(Pb2)9 Me 

where R is the gas constant, T the absolute tem- 
perature, F the Faraday constant and t,, the trans- 
port number of the mobile ion (oxygen). If ti,, is 
close to unity then Eq. (14) simplifies to 

0'- conducting 
solid electrolyte 

The  metal electrodes may be Pt, Ag o r  any other 
material that catalyses the oxygen exchange reac- 
tion between the gas and the solid electrolyte. 

Solid electrolytes exhibit predominant ionic 
conductivity (ionic transferance number, 
tion> 0.99) only over a limited range of tempera- 
ture and chemical potential. So electrolytic con- 
duction domain is an important factor limiting the 
application of solid electrolytes in galvanic sen- 
sors. A schematic representation of the conduction 

~ l r l l l l ~  I 1 I I 
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Fig. I -Electrolytic conduction domain (ti,, > 0.99) of ZrO, 
(15 mole % CaO) 

domain of calcia stabilised zirconia is shown in 
Fig. 1. At low oxygen partial pressures, the partial 
electronic conductivity increases because of elec- 
tron generation 

and at high oxygen partial pressures a similar ef- 
fect takes place as a result of hole generation 

Thus at low and high oxygen partial pressures tion 
will be less than unity. The  oxygen partial pressure 
range over which ionic conductivity predominates 
reduces with increasing temperature. Even within 
the ionic conduction domain, electron and hole 
conductivities have f i t e  values. The residual elec- 
tron or hole conductivity gives rise to electro- 
chemical permeability or  semipermeability of the 
migrating species in the solid electrolyte. 

Galvanic oxygen sensors incorporate oxygen ion 
conductors like Zr02 ,  CeO, or T h o ,  as solid 
electrolytes. Ionic conductivity of these oxides is 
enhanced by doping with aliovalent oxides which 
generate high concentration of anionic vacancies. 
Electrolytes based on ZrO, (Zr0,-Y,O,, Zr0,- 
CaO or Zr0,-MgO) are most commonly used at 
the present time. Ionic conductivity increases with 
the type of dopant and its concentration in the or- 
der Yb203 > Y203 > C a 6  > MgO". These do- 
pants stabilise the cubic structure of zirconia at 
lower temperatures. Lower dopant levels achieve 
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partial stabilization, resulting in a cubic phase with 
tetragonal precipitates. Fully stabilized zirconia has 
lower thermal shock resistance than partially stabi- 

- lized material. Recent work has shown that suit- 
ably prepared partially stabilised zirconia can have 
conductivities adequate for sensors, with high frac- 
ture toughness providing a distinct advantage12. A 
requirement for accurate measurement is that elec- 
tronic partial conductivity should be very small so 
that ti,, in Eq. (14) is close to unity. Further, the 
physical permeability should be negligible and 
thermal shock resistance should be sufficient to 
prevent cracking during thermal cycling. , 

The electrode reaction can be represented as, 

where Vo" and 0: are oxygen vacancies and 
oxygen ions in the lattice respectively. This reac- 
tion takes place at the three-phase b~unda ry '~ - ' ~  
between the gas phase, the electrode and the elec- 
trolyte. Therefore, close contact between the elec- 
trode and electrolyte and a long three-phase boun- 
dary are essential for good results. Platinum paints 
which are dried first and then fired in air to bum 
off the organic binders provide good contact and 
can be a suitable electrode16. But at high firing 
temperatures recrystallization and sintering of 
platinum take place, reducing porosity and length 
of the three-phase boundary. This also happens 
more slowly at operating temperatures1'. Hence 
the firing and operating temperatures should be 
minimized to maintain the activity of the elec- 
t r o d e ~ ' ~ .  Platinum electrodes can also be applied 
by techniques other than painting (e.g. sputtering, 
evaporation). Platinum electrodes behave catalyti- 
cally and at elevated temperature bring the con- 
centration of components of the gas phase at the 
gas-solid interface to their thermodynamic equilib- 
rium value. The measured emf then corresponds 
to equilibrium Po, rather than actual. It has been 
found that platinum can be poisonaTi3Kleadso- 
that the measured Po, correspond to the non-eq- 
uilibrium value at temperatures above 773 K, at 
lower temperatures even lead poisoned platinum 
electrodes are catalytic19. 

Electrode Polarisation 
One important factor which results in incorrect 

values for the concentration of oxygen in a gal- 
vanic sensor is electrode polarisation. Polarisation 
occurs as a result of the physical or electrochemi- 
cal permeability of the solid electrolyte. While 
physical permeability can be reduced by using a 
dense form of the solid electrolyte free from inter- 

connecting porosity, electrochemical permeability 
results from the intrinsic properties of the materi- 
al. Because of the small but finite electronic con- 
duction present in the solid electrolyte, a charge 
compensated ionic flux occurs, resulting in a mass 
transport of the active species across the electro- 
lyte from an electrode of higher chemical potential 
to the one having a lower chemical potential of 
the mobile species. This phenomenon known as 
the electrochemical permeability or semipermea- 
bility will cause electrode polarisation, especially 
when the electrodes have a low thermodynamic 
capacity for the conducting species20 and a large 
gradient of chemical potential exists across the sol- 
id electrolyte. 

When gas electrodes are used, the presence of 
polarisation manifests as flow rate dependence of 
emf. Although polarisation can be reduced by in- 
creasing the flow rate, a practical limit is set by 
the cooling effect of the streaming gas. Asymmet- 
ric gas flows at the two electrodes can result in ' 

differential cooling and non-isothermal contribu- 
tions to cell emf which are difficult to correct. A 
design solution to the polarisation problem is the 
use of a point electrode2' shown in Fig. 2. The 
platinum electrode actually measures the equilibri- 
um chemical potential of oxygen in a microsystem 
formed at the triple phase region among the elec- 
trode, electrolyte and gas. The oxygen flux 
through the electrolyte due fo the semipermeabil- 
ity may alter the equilibrium oxygen chemical pot- 
ential in the microsystem2'. Since the ionic flux 
takes the lowest resistance path, this flux is dissi- 
pated at the tip of the point electrode made using 
the same material as the electrolyte. The measured 

low Ps, 

'PIIWT ElEClRODE --  --- 

PLAIINW (Gfl GOLD) 

Fig. 2-A schematic representation of the CaS + (CaO)ZrO, 
point electrode for deflecting the semipermeability flux from 
the measuring metal electrode-a modified versionz2 of the 

system introduced by Fo111tier et aL2' 
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composition at the platinum lead corresponds to Nernst equation right from the start. Since t02 of 
that of the bulk gas. Jacob et ale2, have shown that the equation: 
the performance of the point electrode can be im- 
proved by applying a porous coating of a catalyst i ~ ' i ) :  

such as Pt at the tip of the point electrode made E=(1/4 F ,  to2- d,Mo2 . . . (17) 
from the solid electrolvte material. Another meth- P ol 
od of minimizing semipermeability and its effect 
on emf is by choosing a reference system with a 
chemical potential close to that of the sample sys- 
tem. Air is the commonly used reference gas as it 
is easily available and has constant compositon. 
For accurate measurements air should be dried 
and correction for barometric changes applied. 
Mixtures of inert gas and oxygen are not suitable 
for Po, < lo2 Pa because of the low thermodynam- 
ic capacity of the mixture for oxygen2". Mixtures 
of C O +  CO, and H, + H 2 0  provide good buf- 
fered systems with low equilibrium oxygen partial 
pressure when the gas ratio ranges from lo-* to 
lo2. The usefulness of H, + H 2 0  mixtures is limit- 
ed by severe thermal segregation in the gas phase 
and the elaborate procedures required to minimize 
it. 

Flowing gas is inconvenient for sensors that 
must operate inside high temperature reactors. 
This problem can be solved by using sealed con- 
densed phase mixtures inert to the solid electro- 
lyte. A two phase metal/metal oxide which gener- 
ates a Po, fixed by the temperature of operation 
can be used. Selection of an appropriate redox 
system may be made from thermodynamic data on 
component phases or Ellingham diagram for ox- 
ides. A very wide range of Po, values can be gen- 
erated using an appropriate redox system. Mix- 
tures like Ni + NiO and Cr  + Cr,O, are easily po- 
larisable, especially when the oxygen content of 
the sample is higher than that established by these 
mixtures. In such cases an excess of the compo- 
nent that is being consumed due to the flux of 
oxygen is taken to minimize polarisation. The  use 
of graded composition electrodes to minimize po- 
larisation without significantly affecting the buffer 
capacity of the reference system has been success- 
fully used by the authors. 

Response Time 

The response time for an electrochemical sen- 
sor is defined as the time taken for the sensor to 
achieve a specified per cent of its maximum open 
circuit voltage after a step change in the bulk oxy- 
gen partial pressure. For a sensor consisting of a 
pure electrolyte and perfectly reversible elec- 
trodes, the emf developed after a step change is 
constant and has the value corresponding to the 

in this case is unity and can be taken out of the in- 
tegral, E becomes independent of the p- 
distribution and is determined by the boundary 
values only. 

The presence of a mixed or electronic conduct- 
ing phase with lower oxygen ion transport number 
gives rise to a slow r e ~ p o n s e ~ ~ . , ~ .  Consider a sys- 
tem in equilibrium with equal partial pressure of 
the active species at both sides of the solid elec- 
trolyte. When there is a step change in the con- 
centration of the active species at one of the elec- 
trodes, a finite amount of the active species is tak- 
en (or released) by the electrolyte/electrode sys- 
tem. In practical systems the composition of the 
solid electrolyte depends on the partial pressure of 
the active species in the gas phase. Thus composi- 
tional changes are induced in the solid electrolyte 
because of the changes in the gas concentration. 
These compositional changes give rise to small de- 
viations from the exact stoichiometry. The process 
of reestablishment of a new equilibrium concentra- 
tion gradient in the solid electrolyte takes some 
time. During this transition period the emf deve- 
loped may have a value different from that in the 
final equilibrium state. If the electrode kinetics is 
sufficiently rapid compared to the rate of uptake 
or  release of active species by the solid electrolyte, 
deviation from the equilibrium value will not be 
observed. When the electrode kinetics is slow, the 
flux of the active species due to stoichiometric 
readjustment can affect the partial pressure in the 
microsystem around the electrodes Bnd thus influ- 
ence the emf. The redistribution of concentration 
of the active species is illustrated schematically in 
Fig. 3. Heyne and den E n g e l ~ e n ~ ~  have proposed 
a numerical method for the calculation of the new 
concentration distribution of the active species at 
time t after a step change in the active species 
concentration. They also computed new local 
transport numbers from the concentration distrib- 
ution. For an oxide solid electrolyte with dispersed 
(second phase) impurity, shown schematically in 
Fig. 4, the emf can be represented as 

where tj is the oxygen transport number in the re- 
gion j and ( , ~ B : - p g )  is the potential droy ov;r 
this region. Regions with to>- = 1 and (pgz  - p O , )  
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Fig. 3-Solid state electrochemical gas sensor. (a) Concentra- 
tion profile in solid electrolyte after a step increase in the par- 
tial pressure of the test gas. Curve 1 shows the initial distribu- 
tion; curve 2 represents .an intermediate distribution and curve 
3 depicts final steady state distribution. (b) Schematic rep-. 

resentation of an electrochemical gas sensor. 

Eleclrode Electrode 

T 
2- 

O2 Ze -+ 0 T 0'---,%02+2e. 

Fig. 4-A schematic diagram of an oxygen sensor based on an 
oxygen ion conducting solid electrolyte with second phase re- 

gions exhibiting mixed conductivity 

# O will generate Nernstian emf. Regions with 
(,uG1: - ,u{.) = 0 do not contribute to the emf. The  
coniributibns of regions with (& -,u&) # 0 and 
t02- < 1 will be less than the ideal value. If the 
solid electrolyte has a mixed conducting dispersed 
phase, the emf can drift for a long time when the 
chemical potential is altered at an electrode. The 
diffusion processes in the solid electrolyte are 
many orders of magnitude slower than the equilib- 
ratory reaction at the electrode/electrolyte inter- 
face. The composition profile will be established 
only after a long time. During this process the 
chemical potential gradient across the dispersed 
phase changes with time, giving rise to a varying 
emf contribution till the steady state profile is es- 
tablished. This drift in emf is only a few per cent 
of the emf change after the alteration14. 

In general, response time depends on a number 
of  factor^'^: 

(a) At the electrode/electrolyte interface there 
is a separation of charge; the charge in the electro- 

lyte is balanced by an equal and opposite charge 
in the electrode. This double layer acts as a capa- 
citor requiring the transfer of charge when the 
sensor emf responds to a step change in oxygen 
pressure. 

(b) The double layer region must come to 
chemical equilibrium with the gas phase before the 
electrode potential is stabilized. 

(c) Stoichiometric changes in the electrolyte in- 
troduce overvoltage due to charge transfer which 
perturbs the measured emf. An oxygen partial 
pressure gradient may be set up in the gas phase 
adjacent to the electrode/electrolyte interface if 
the flux due to the change of stoichiometry of the 
solid electrolyte is large. This gives rise to diffu- 
sion overvoltage.. The electrode response is slowed 
down because of the above two overvoltages. 

(d) The response of a sensor is enhanced by us- ' 

ing electrodes having lower resistance to charge 
transfer. 

(e) Before the electrode can respond to a Pol 
change that change must be transmitted to the 
electrode/electrolyte interface. The rate at which 
an oxygen pressure change reaches the electrode 
surface is influenced by the hydrodynamics in the 
gas phase. 

Fouletier et aLz%arried out response measure- 
ments on oxygen sensors and found the sensor 
voltage as a function of time (t) after a step change 
in POI, to follow the relation 

where E(t) ,  E(0)  and E ( a )  are -sensor voltages at 
t= t, r =  0 and r =  a, respectively; t is a character- 
estic time parameter, which followsan Arrhenius- 
type expressionZh 

where A is a constant and P, is the mean oxygen 
partial pressure, P,,, = (P,,, + P,,)/2. Combining 
Eq. ( 18) and (19), we get: - - 

In their experiments they foundJmth platinum and 
silver electrodes responded according to Eq. (20). 
The response of silver electrodes was faster than 
that of platinum electrodes: 

Based on experiments on oxygen sensors based 
on ZrO, (CaO) Anderson and  grave^'^ f o h d  the 
diffusive mass transfer from the bulk gas to the 
reaction sites at the electrode/electrolyte interface 
to be the rate determining step. For a step change 
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in the oxygen partial pressure of the test gas the dTx -- 
cell response is found to be faster for low to high d l  

- - xK,r; + xKxPxT;- a K F r ; r ~  

partial pressure change than for the reverse. They 
used normalized functions, #,(I) and #,(I), g' wen as + a~,rirl;'+"-" . . . ( 2 5 )  

$,(O=IE(O- E(a)l/lE(O)- E(m)l . . . (21) 
-- dry-  -yK,rc+yKyP T'- bK T h r "  

Y V F Y X  
#,(O=IPo,(r)- Po,(rn)I/IPo,(O)- P,,(rn)l . . .  (22) 

r r r +  h -c . )  
and found $ , ( t )  values to be independent of the + bKRr;Tv . . . (26) 

direction of the oxygen partial pressure change. 
The similarity in #,(I) values indicate the diffusive d r z  - - ZKJ; + zKzP,r;+ c~,r;;r: 
mass transfer from the bulk gas to the electrode/ d t  
electrolyte interface as the rate determining step. 
In order to minimize the gas phase diffusion limit- 
ations, Winnubst et al." used thin porous elec- 
trodes and increased the flow rate of the gas im- 
pinging on the electrode. They found the same 
kind of asymmetry as in reference 27 on going 
from low to high and high to low oxygen partial 
pressures. In their experiments oxygen partial 
pressure change from low to high values gave 
slightly different #,(I) and $ , ( r )  values in comparis- 
on with a partial pressure change in the reverse 
direction. They concluded that the difference in 
the # , ( t )  values at a fixed temperature suggests 
that other processes at the gas-electrode-electro- 
lyte interface play a role in the response behav- 
iour. The responses of AgZh and Au2# electrodes 
were found to be faster than the response of Pt 
electrodes. 

In practical situations non-equilibrium gases are 
often encountered. Analysis of a three-component 
system containing gaseous oxygen, carbon dioxide 
and carbon monoxide that follow the reaction 

where Ti is the fractional surface coverage of the 
species i, and rv is the fractional..surface coverage 
by vacancies. Px, Py and Pz are the partial pres- 
sures of X, Y and Z adjacent to the electrode sur- 
face. Kx, K, and Kz are the adsorption rate con- 
stants for the subscript species and Kz, K, and K ,  
are the desorption rate constants; K, and KF are 
the reverse and forward rate constants for the sur- 
face reaction. The above three equations state that 
the rate of change in the fractional coverage of the 
species is a function of adsorption, desorption, 
forward and reverse reaction rates. These equ- 
ations are based on isothermal Langmuir-type kin- 
etics3('. 

The rate of transport of species from the bulk 
gas across the boundary layer to the electrode sur- 
face can be described by the following expres- 
sions. 

has been done by Anderson and  grave^'^. Their -- d Py - - K3(Py - Py ) - 
+ K,rC Y Y V  . . . (29) .  analysis has been generalised by MaskellZ5, who d l  

considered a three-component system containing 
gases X. Y and Z that interact according to the %= - K,(P,- P;)- K p r: + ~ , r i  . .  . (30) 

d t  
z z v  

reaction 

Three regions on each side of the electrolyte, (a) a 
bulk gas, (b) a gaseous boundary layer, and (c) 
electrode catalyst surface, are considered. The 
species reach the electrode surface by diffusion. 
The gases X, Y and Z may be monoatomic or 
polyatomic and can be written as X ,  Y,. and Z:, 
where x, y and z represents the number'of atoms 
of X, Y' and Z in each molecule. The-following 
three equations can be written to describe the sur- 
face reactions: 

where Px, P; and P'. refer to the partial pressures 
of the species X, Y and Z in the bulk; K,, K ,  and 
K ,  describe the mass transfer coefficients between 
the bulk gas and the boundary layer. 

The surface concentrations are determined by 
adsorption, desorption and chemical reaction be- 
tween unionised species. In this model only reac- 
tions between adsorbed molecules or atoms is 
considered whereas reaction between adsorbed 
and gaseous species is also possible. Further, only 
chemical reaction between X and Y is considered 
and electrochemical redox reactions are ignored. 

- 
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In spite of these simplifications the analysis gives 
an insight into the electrode/electrolyte interface 
process. Two potential determining reactions are 
considered 

where V;;', X i  and O are charged anion vacancy, 
anions in the lattice and a vacant surface site on 
the electrolyte respectively. Under steady state 

-- - conditions the anodic current of one reaction is 
equal in magnitude to the cathodic current of the 
other so that the resultant current is zero. Then 
the reaction rate theory gives 

where w and X, are the surface concentration of 
V;' and X",espectively. 

A similar analysis at the reference electrode will 
give 

Assuming that (w/Xs) is uniform across the elec- 
trolyte, we.get the sensor emf as 

Anderson and Graves2"ave solved Eqs (25)-(36) 
using a numerical technique, considering the reac- 
tion (23) to be the most important in determining 
the emf of oxygen sensors when exposed to reac- 
tive gases coming from internal combustion en- 
gines. Their analysis indicates that with non-equi- . 
librium bulk gas mixtures the cell emf  correspond^- 
to equilibrium oxygen partial pressures, when (a) 
mass transfer between bulk gas and surface boun- 
dary layers is slow relative to the rate of surface 
reactions and (b) the reactants have identical mass 
transfer coefficients. 

The response of the sensor to the reactive gases 
is dependent upon the choice of the electrode ma- 
terial. In many applications, such as combustion 
control, where the equilibrium partial pressure of 
oxygen is to be. measured, Pt is preferred because 
of its high catalytic activity. However, in situations 
where the actual oxygen content of a reactive gas 
mixture is required non-catalytic electrodes are 
preferred. Halland3' has found that silver deposit- 
ed on platinum is non-catalytic while gold is 
slightly catalytic. 

Effect of Temperature on emf 
The variation of the emf with sensor tempera- 

ture is expressed by 

In an oxygen sensor using, air as reference, tem- 
perature coefficients of approximately 0.5 and 1.0 
mV K-I are anticipated at and 10-l5 atmos- 
pheres of partial pressure of oxygen in the sample 
gas (inert gas + oxygen mixture). 

In a cell using condensed phase mixtures as the 
reference electrode, the reference oxygen potential 
is fixed by the dissociation of the oxide; 

For a cell, 

The temperature differential can be expressed as 

where AS>s the standard entropy change for the 
reaction (38). The relative magnitude of the terms 
in the bracket can be obtained from the thermo- 
chemical tables32. The value of AS>s large ( - 175 
J K- 'mol-' ) and corresponds to - 0.4 mV K- I. 
The terms (mh)  S",d - ( l / n )  YMmOln are of 
similar magnitude and they ten8 to cancel. The fi- 
nal term R InP'b2 is the same as that found in sen- 
sors with gaseous reference electrodes. Hence the 
temperature coefficient of oxygen sensors with 
condensed phase mixtures as reference is always 
higher by - 0.4 mV K-'. Hence the sensors using 
condensed phase mixtures as reference electrodes 
require more precise temperature control than 
those with gaseous reference. 
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Oxygen Probes for Liquid Metals and Alloys [ae + [o], = c o ( g )  . . . (43) 
In steel making process low oxygen contents are 

often essential for both ingot and continuously where standard states for C and 0 are infinitl~ di- 

cast steel. The k e ~  to better control of deoxidation lute s~lut ions in liquid iron where activity b equal 

of liquid steel is a sensing device which rapidly to wtO/O. 

measures the concentration of oxygen. Usually the A G ; ~ = R T ~ ~ P C O / ~ O ' ~ C  . . . (44) 
oxygen probe consists of a tube or  pellet of zirco- 
nia. Reference electrodes may be Pt-air, Mo- 
MOO, or Cr-Cr,O,. The electrical contact to 
molten steel is made with a rod o r  tube of steel or  
molybdenum. The oxygen potentials encountered 
in steel are sometimes below the electrolytic con- 
duction boundary (ti,, > 0.99) for zirconia electro- 
lytes. According to Schmalzried's analysis33, the 
emf for oxide electrolytes with a mixed ionic and 
electronic conduction at low oxygen partial pres- 
sures is 

where the parameter P, is defined as the oxygen 
partial pressure at which ionic and electronic con- 
ductivities are equal. Using the experimentally de- 
termined value for the parameter P,, the relation 
between E and chemical potential or activity of 
oxygen in stee! can be derived. Consider the reac- 
tion, 

1 / 2  o2 = [O], 

where the standard state for dissolved oxygen is 
taken as an infinitly dilute solution in iron in 
which activity is equal to wt0/0. The  partial pres- 
sure of oxygen over liquid iron is given by 

where KO is the equilibrium constant for oxygen 
dissolution in liquid iron. The  activity of oxygen 
can therefore be expressed as 

where A G O  is the standard free energy change for 
the dissolution of oxygen in iron. 

Romero et have measured low oxygen acti- 
vities in Fe-0-C melts at varying carbon contents. 
Measurements were done in Fe-0-C melts up to 4 
wt0l0 C under pure C O  gas. At controlled PC,, 
oxygen activity in molten Fe-C alloys is closely re- 
lated to carbon activity. Based on Eq. (42) for the 
cell 

one can construct a nomograph correlating the 
cell emf with oxygen activity and carbon content 
in the liquid iron at temperatures ranging from 
1573 K to 1973 K and PC, = 105Pa (ref. 35). 
Oxygen activity may be expressed as 

- logK43 . . . (45) 

The oxygen potential of a steel melt can be re- 
lated to the carbon potential when the partial 
pressure of C O  is well defined. Thus sensors for 
monitoring carbon can be designed based on ox- 
ide solid electrolytes provided a fixed partial pres- 
sure of CO is maintained over the melt through a 
capillary connection. 

Iwase and M 0 1 - i ~ ~  have developed an analytical 
instrument for the determination of carbon in iron 
and steel using a solid state cell. A metal sample 
containing carbon placed in a S ic  resistance fur- 
ance was combusted at - 1700K in a stream of 
pure oxygen. The partial pressure of oxygen in the 
gas phase was measured as a function of time 
dowr, stream from the furnace with the cell. 

air, PtlZrO;(CaO)102(C0,), Pt . . . (IV) 

The carbon content of the sample was determined 
from the change in the emf of the cell. 

where vO2 is the flow rate of pure oxygen at the 
inlet of the S i c  furnace and t is the time. 

Sensors for Zinc in copper 
At the casting temperature of molten brass, it is 

very difficult to control the zinc concentration be- 
cause of its high affinity for oxygen to form ZnO 
and its high vapour pressure. The oxygen concen- 
tration of molten brass at saturation with ZnO is 
of the order of a few ppm. Hence in commercial 
practice brass is always saturated with ZnO. 
Therefore, oxygen potential determination in brass 
with a solid state sensor can be used to calculate 
Zn activity and thereby zinc content in molten 
bress. 

Wilder and Galidh have shown that the cell- 
PtlNi + NiOllCSZllZn (in molten brass) + ZnOlTa 

and the free energy for the reaction . . . ( V )  
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can be used to determine the Zn content of Cu- of limited interest in practical applications. 
Zn alloys at 1268K. The cell emf after correction Schoonman et aLJ8 used a mixture of W and hdH, 
for the junction between Pt and Ta is as a reference electrode, but PdH, was found to 

E= - 1/2F {ACiZnO) - AG",NiO) - R T  ha,) 
. . . (47) 

where AG3ZnO) and AG",(NiO) are the standard 
molar free energies of formation of the oxides and 
a, is the activity of Zn in molten brass. 

Cells of this type may also be used to determine 
the nickel content in cupro-nickels, chromium in 
stainless steels and other alloy systems which are 
expected to be saturated with respect to a stable 
oxide in normal processing operations. 

Sensors for Hydrogen 
Hydrogen is used in a variety of industrial situ- 

ations such as synthesis of ammonia, methanol 
and other chemicals, petroleum refining, chemical 
reduction of oxides and as a fuel. Many solid me- 
tals like Zr and Ti readily absorb hydrogen lead- 
ing to the precipitation of brittle hydrides. Hy- 
drogen evolved during the corrosion of metals 
may cause damage by embrittling the corroding 
metal leading to blisters in mild steel and catastro- 
phic failure in high alloy steels. The detection and 
monitoring of hydrogen in ambient atmosphere 
and as a dissolved species in metals is essential for 
safe handling of hydrogen fuel and for controlling 
environmental degradation of materials. 

Solid state electrochemical room-temperature 
hydrogen sensors have been d e ~ e l o p e d ~ ? - ~ ~ .  There 
are a variety of proton conducting electrolytes, 
like hydrogen uranyl phosphate tetrahydrate 
(HUP), potassium dihydrogen orthophosphate, 
and zirconium oxide hydroxide for use in the tem- 
perature range 282-323 K. At elevated tempera- 
tures anhydrous potassium hydroxide and hydro- 
nium substituted palumina may be used. Out of 
these HUP has the highest protonic conductivity 
in the range 282-323 K and excellent formability. 

Sensors for hydrogen using HLTP have been re- 
p ~ r t e d ~ ' - ~ ~  based on the Nernst equation. The cell 
configuration is 
(Water 
vapour) IPd or Pt + KUP1IHUqlPd or Pt + HUPl 
H;+Ar'  (Water 

vapour ) 
y",'4rm 

. . . (VI) 

decompose gradually. Hydrogen tungsten bronze 
(H,W03) reference electrode has been developed 
by Lyon and Fray39 and the sensor is found to ex- 
hibit Nernstian response. The cell can be repre- 
sented as 

The electrode reactions can be written as 

It has been found recently that the hydrogen 
tungsten bronze reference potential varies slightly 
for each probe and also changes with time. Such 
variations are found to be.random and hence the 
sensor requires repeated calibration. The compo- 
site electrodes, y - Mn02/KUP/acetylene black 
and (a and B) PbO,/HUP/acetylene black have 
been found to be reversible to hydrogen insertion 
into the lattice of the oxides40. Hydrogen sensors 
are developed using these reference electrodes. 
The cell can be represented as4' 

Metalltest gas, Pt blackllH~IyMn0,lHUq 

acetylene black . . . (VLII) 

Use of Auxiliary Electrodes 

Sensors for gaseous species 

Sensors with auxiliary electrodes can be used to 
detect those gaseous species which do not have a 
high mobility in a solid electrolyte. Auxiliary elec- 
trodes convert the activity of 'the species to be de- 
tected into an equivalent chemical potential of the 
mobile species in the solid electrolyte. 

Auxiliary phases should be idealy dispersed in 
the electrolyte to give intimate contact between 
phases. This helps in fast equilibration. Other 
methods like sputtering and electrochemical depo- 
sition of auxiliary phases as thin layers on to the 
electrolytes are also employed. When an impervi- 
ous coating of auxiliary electrode which is not a 
predominantly ionic conductor is applied, the 
thickness should be minimized to keep the chemi- 
cal potential gradient across the coating to a negli- 
gible value. 

One of the major problems associated with the Gas sensors witb rurili elertrodes for S,, SO, pod COX 
development of a hydiogen sensor is the fabrica- Sensors for SOx (x=  2.3)46-48 and 
tion of stable and reversible solid reference elec- COX (x= 1, 2)49 have been developed. Solid elec- 
trodes. Gaseous hydrogen as reference electrode is trolytes Cab, /%alumina, Nasicon and CSZ have 
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been used in sensors to measure sulphur potential with Na2C0, as the auxiliary electrode has been 
with sulphide auxiliary  electrode^^^‘^^. The cells designed by Maruyarna et ~ 1 . 4 ~  for sensing CO,. 
can be represented as r One of the major advantages of the use of aux- 

iliary electrodes is the large variety of solid elec- 
Pt, S ;, CaSICaF,ICaS, S ';, Pt . . (IX) trolytes that may be used for a given application. 

Pt, S ;, Na,SI/%alurninalNa,S, S ';, Pt . . . (X) The use of auxiliary electrodes expands the  list of 
species that can be detected by any given solid 

Pt, S ;ICaS + (CaO)ZrO,lS ';, Pt . . . ( )  electrolyte. 

Sensors for SO, using electrolytes CaF,, & Sensors for alloying elements using auxiliary electrodes 

alumina or Nasicon were developed by Jacob and Silicon in hot metal-Hot metal produced by 

The cells may be represented as the iron blast furnace contains appreciable 
amounts of silicon ranging from about 0.3 to 1.5 

PtlO; +SO; + SO ;ICaF, + CaS0411CaF211 wt%. The production of low silicon hot metal re- 
sults in appreciable cost savings in integrated steel 

CaFz + CaS041S0 '; + S O  '; + O1;/Pt . . . (MI)  plants. A sensor for silicon in hot metal will be a 

PtlO ;+SO ; + SO ;INa2S0,11&alumina 1 1  
o r  Nasicon 

Na,SO,ISO'; + SO'; + O'iIPt . . . (XIII) 

A schematic diagram of an SO, sensor based on 
/?-alumina solid electrolyte is shown in Fig. 4. The 
sensors based on CaF, solid electrolyte have been 
found to give a sluggish response, whereas those 
based on &alumina and Nasicon give rapid re- 
sponse. The  response curves of the sensor based 
on &alumina solid electrolyte are shown in Fig. 5. 
The cell 

Au,C02 + 021Na2C0311Na+ ion conductorl/Oz, Au 
. . . (XIV) 

Silica lubes 

- Plol~num lead 

Test gas (SO,+Oz+Ar) 

-Platinurn catalyst 

Platinum loil 

Gold O-ring 

No2 SO4 pellet 

p-alumina pellels 

Na2 50, pellet 

Relaining ring (Si02) 

Arpon gas 

Platinum lead 

Fig. 5-Schematic representation of an SO, sensor based on 
Falumina4' 

baluable aid to external desiliconisation. 
~ ince 'no  solid electrolyte is known at the pres- 

ent time in which silicon is the mobile species, a 
zirconia-based solid electrolyte may be used with 
an auxiliary electrode that will convert the activity 
of silicon into an equivalent chemical potential of 
oxygen. An electrochemical technique has been 
developed by Iwases" for in situ determination of 
the concentrations or activity of silicon in hot me- 
tal incorporating magnesia-stabilised zirconia as 
the solid electrolyte and a mixture of 
ZrO, + ZrSiO, as the auxiliary electrode. The 
electrochemical cell can be represented as 

MolMo + MoO,lIZrO2(Mg0)11Zr0, +ZrSiO,( 
Si (in Fe)lFe . . . (XV) 

t x lo3, 
Fig. 6-Variation of open-circuit voltage with time following a 
step change in gas composition at 7 5 0 K  ((a) Pressure increase; 

(b) pressure decrease4'] 
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At any given temperature,,the activity of SiOt at 
the electrode/hot metal interface is fixed by the 
auxiliary electrode, ZrO, + ZrSiO,: 

Z r 0 2  + SiO, = ZrSiO, . . . (50) 

The oxygen potential at the three-phase interface 
of zirconia electrolyte + auxiliary electrode. + li- 
quid iron is established by the reaction 

Si (in iron) + O,(g) = SiOz (in zircon) . . . (51) 

or alternatively by 

Zr02(s)  + Si (in iron) + O,(g) = ZrSiO, . . . (52) 

Therefore, 

log K,, = - log hsi - log Po2 . . . (53) 

where K5* is the equilibrium constant for reaction 
(52) and hsi is the Henrian activity of silicon in li- 
quid iron. From Eq. (53) it is clear that hsi corre- 
lates directly with Po2. 

If n-type electronic conduction in the 
ZrO,(MgO) used were negligible then the open 
circuit emf of the cell can be represented as 

where E is the cell emf and E, is the thermal emf 
between Fe and Mo. If n-type conduction is not 
negligible open circuit emf is given by Eq. (41). 
The performance of the cell was tested in molten 
Fe + C + Si alloys at 1723K. The measured cell 
potentials showed satisfactory sensitivity to the 
variation of silicon activity in the hot metal. 

Non-isothermal Cells 
Non-isothermal galvanic sensors are being in- 

troduced for continuous monitoring of the chemi- 
cal potential of species in corrosive melts at high 
temperatures. The corrosive nature of the melt of- 
ten destroys the ionic conducting properties of the 
solid electrolyte and thus degrades sensor re- 
sponse. A design solution to th i s -pb lem consists 
in continuously introducing a new'volume element 
of solid electrolyte into the melt at a rate com- 
mensurate with the rate of chemical reaction. Thus 
a functioning solid electrolyte is always in contact 
with the melt and the sensor can be used in a con- 
tinuous mode. In this proposed 'feeder design' the 
end of the solid electrolyte rod away from the 
melt is at a lower temperature. The reference elec- 
trode is usually placed at the colder end (7 ; ) .  This 
minimizes the reaction between the reference elec- 

trode and the solid electrolyte. In this design the 
sensor is non-isothermal and the temperature of 
the reference electrode varies with time: the tem- 
perature increasing as the reference electrode 
moves towards the corrosive melt in the furnace at 
temperature (T,). This difference in temperature 
between the two electrodes makes an additional 
contribution to the emf. Because of the larger dis- 
tance between the sample electrode and the refer- 
ence electrode and the lower temperature on the 
reierence side, the resistence of the cell is much. 
greater than in isothermal cells. Consequently oxy- 
gen semipermeability through the electrolyte is 
minimized. A theoretical equation for the emf of a 
non-isothermal cell has been derived recently from 
the phenomenological expressions of irreversible 
thermodynamics51. The results of the fundamental 
analysis can be visualised in terms of a simple ad- 
ditive model. The  emf of a non-isothermal cell 

can be written as the sum df two contributions, 
one for an isothermal cell with the same difference 
in oxygen partial pressures, 

(XVII) 

and the other for a thermocell with the same par- 
tial pressure of oxygen at both the electrodes but 
with a difference in temperature, 

The Seebeck coefficient ( E )  of a thermocell incor- 
porating an oxygen ion conducting solid electro- 
lyte is given bys' 

where $0'-) and S(e, Pt) are the entropies of 
transport of 02- ions in the solid electrolytes and 
electrons in platinum and S(0,) is the partial mo- 
lar entropy of oxygen in the atmosphere at the 
electrodes. In pure oxygen S(0,)  is zero. Combin- 
ing the two contributions, one obtains 

where E ~ ,  is the Seebeck coefficient in pure oxy- 
gen. In principle, Seebeck coefficient is only a 
f~inction of compositio,l and temperature of the 
solid electrolyte. However. careful anA.precise 
measurements show that the Seeheck coefficient is 
mildly sensitive to microstructure of the solid elec- 
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trolyte. The measurement of two temperatures in 
a non-isothermal cell is inconvenient. It is there- 
fore useful to design temperature compensated 
reference electrodes for non-isothermal galvanic 
sensors. Theory and design of temperature comp- 
ensated reference electrodes and experimental ver- 
ification of the theory using fully stabilized 
ZrO,(CaO) as the solid electrolytes are discussed 
by Jacob and RamaseshaS2. The criterion for tem- 
perature conpensation for a non-isothermal cell 
using a solid oxygen ion conductor as the electro- 
lyte is that the Seebeck coeficient of the non- 
isothermal cell should be equal to the relative par- 
tial molar entropy of oxygen in the reference elec- 
trode divided by 4F (ref. 52) ,  i.e. 

It has been found that Ni + NiO mixture pro- 
vides approximate temperature compensation 
when used as a reference electrode. The emf of 
the thermocell with Ni+NiO at each electrode is 
close to zero. For exact temperature compensation 
NiO should be taken as a solid solution ,in MgOS2. 
The principles of non-isothermal cells and temper- 
ature compensated reference electrodes outlined 
above are applicable to solid state cells incorpo- 
rating a wide variety of solid electrolytes. 

Errors and Calibration 
Temperature gradient-If there is a temperature 

gradient across the solid electrolyte a part of the 
emf developed by the cell will be due to the ther- 
moelectric effect. The magnitude of this varies 
with the partial entropy of oxygen at the elec- 
trodes. 

Mass transport through the gas phase-If the- 
two electrode compartments are not well separat- 
ed the transport of the active species from the 
electrode with higher potential to the electrode 
with lower potential through the gas phase may 
occur giving rise to lower emf. 

Permeability of the solid electrolyte-If the 
chemical potentials of the active species at the 
electrodes are significantly different, effects of the 
mass transfer through the solid electrolyte become 
important. The flux of the active species through 
the electrolyte will induce polarisation of the elec- 
trodes thereby lowering the sensor emf. This can 
be avoided by using reference electrodes having a 
chemical potential close to  that of the working 
electrode. Point electrodes can be used to deflect 
the semipermeability flux from the measuring elec- 
' trode. 

Induced emf-The furnace windings can induce 
emf in the leads. This can be avoided by using a 

noninductively wound furnace or by shielding the. 
cell with earthed metallic sheet. Filters for a.c. rip- 
ple across the cell leads can also be employed in 
industrial applications when errors of a few mV 
can be tolerated. 

Tests for Correct Functioning 
A number of tests can be performed to ensure 

that an isothermal solid state galvanic cell is func- 
tioning properly. 

(1) The whole cell assembly should be gas tight. 
This can be ensured by evacuating it at high tem- 
perature and checking for any gas leakage between 
the electrode compartments or between the cell 
and the ambient atmosphere. 

(2)  The open circuit emf should be zero if the 
chemical potential of the active species is the same 
at the both electrodes. Non-zero values with ident- 
ical electrodes usually suggests the presence of 
thermal gradients across the cell. 

(3) For a fixed gas composition at the elec- 
trodes, the emf plotted as a function of absolute 
temperature should be a straight line with a slope 
equal lo the theoretical value defined by the 
Nernst equation. The line should pass through the 
origin. 

(4) Cell reversibility can be checked by coulom- 
etric titration. The sensor emf should return to its 
original value before titration after a small quant- 
ity of current is passed through the sensor in eith- 
er direction. 

(5) The emf should be reproducible on temper- 
ature cycling. 

(6)  The small variations in the flow rate of the 
gases through the cell should not affect the emf. 
Flow rate dependence is indicative of gas phase 
polarisation or interference by residual oxygen in 
the inert gas. 

(7) Keeping the reference gas composition at a 
constant value the test gas composition is altered 
by a known amount using an electrochemical 
pump. The resulting gas composition determined 
by a sensor should match the new value calculated 
from the pumping current. 

Directions for Future Development 
Future research is likely to concelitrate on three 

principal aspects: (1) lower cost devices, (2) mini- 
aturization, and (3) lower temperature of opera- 
tion. 

In order to achieve these, improvements in the 
solid electrolytes, electrodes and cell designs are 
essential. At low temperatures the electrode/elec- 
trolyte interfacial impedance makes a significant 
contribution to the total cell re~istance'~. It has 
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been found that the total resistance of an oxygen 
sensor based on zirconia electrolyte can be low- 
ered using urania-50% scandia as the electrode 
material instead of platinums4. A combination of 
the above electrode with 30% platinum is found 
to be a better choice bringing down the operating 
temperature to 598KSS. A film of RuO, when 
used as an electrode for low temperature measure- 
ments in oxygen sensors based on zirconia electro- 
lyte has been found to give theoretical emf down 
to 498K compared to 923K with platinum elec- 
trodes5! The decomposition of RuO, sets the low 
oxygen potential limit for the use of this electrode. 

In most of the practical cases sensors are oper- 
ated above 773K. There are a number of advan- 
tages in' finding materials that give reliable results 
at lower temperatures. The major advantages are 
low power requirement to maintain the device at 
its operating temperature and greater portability 
because a low power requirement cap be satisfied 
with an electrochemical power source. In some ap- 
plications involving hot gases the device might not 
require an additional heat source. A limiting factor 
in reducing the operating temperature is the in- 
creased cell resistance at low temperatures. Solid 
electrolyes having higher ionic conductivity such 
as PbSnhS7 have been developed for the measure- 
ment of oxygen partial pressure in the temperature 
range 423-473 K. The response time of the cell 

Pt, Sn + SnF,IPbSnF41Ru02(powder), 02, Pt 
. . . (rn) 

is found to be of the order of 60s in the tempera- 
ture range 423-473K for an oxygen partial pres- 
sure change from lo2 to lo5 Pa. It has been found 
that cells based on LaF3 single crystal electrolyte 

. . . 
(Single crystal) 

can respond to an oxygen partial change at 298K 
in 120 ~ ' ~ 0 ~ ~ .  The proposed sensing. mechanism60 
involves the reduction of oxygen molecule- to per- 
oxide ion at the sensing electrode: 

The 0- ions exchange with the lattice F- ions of 
La& at the sensing electrode/electrolyte interface 

The overall reaction at the sensing electrode can 
be described as 

where Fjx and OFx stand for the F- and 0- ions 
sitting at F- sites of La&, respectively. At the ref- 
erence electrode the reaction 

takes place. The electrochemical equilibria at the 
k o  interfaces can be written as 

where p is the chemical potential, TI is the electro- 
chemical potential and the superscripts S and R 
represents the sensing electrode/electrolyte infer- 
face and Sn/SnF, interface at the reference elec- 
trode, respectively.. Since F- ions are the mobile 
species, the equilbirium between the two interfaces 
can be represented as 

and the sensor emf is given by 

From Eqs (611464) we get 

A plot of E against In P02 will be linear if both 
p,, and p OF are constant at the interface (S). It 
has been found that oxygen sensor based on sput- 
tered La& instead of La& single crystal has a fas- 
ter response60. The La& film was deposited on a 
metallic tin plate by means of RF sputtering. SnF, 
layer at the interface between the Sn plate and 
La& film was produced by electrolysis at 1 pA for 
5 min in air at room temperature. The use of the 
sputtered film of electrolyte will reduce the cost of 
fabrication and opens the way to rniniaturisation 
and sensor integration. 

Miniaturization of devices using microelectronic 
techniques are progressing. Thin deposited films 
of solid electrolytes have low resistance because of 
their small thickness. The heater can also be print- 
ed on to the substrate. 
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