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A differential arrangement has been used to study the equilibrium conditions between gases and electrodes
in solid-state electrochemical oxygen gauges. At relatively low temperatures, the flux of oxygen from the
reference to the analysed gas resulting from the electrolyte semipermeability is negligible as far as the
oxygen content in the analysed gas is concerned but is still sufficient to disturb the equilibrium conditions
near the electrode triple contact; noticeable errors are thereby introduced in the measurement of low
oxygen partial pressures. Two new procedures are proposed for measuring very low oxygen partial press-
ures. By these procedures the Nernst and Faraday laws were verified with accuracies of the order of a
few per cent for oxygen concentrations of less than 1 ppm in argon.

1. Introduction

According to estimates by Lindsay and Ruka [1]
and Ullmann [2], oxygen-pressure measurements
using solid electrolyte cells are accurate to within
2% when the oxygen pressures are higher than a
few Torr. The scatter is mostly due to the error in
measurement of cell temperature and knowledge
of the electrolyte electronic conductivity. Thus
neglecting an electronic transport number of about
0-5% introduces an error of 1-5% in an oxygen
pressure of 1 Torr at 700°C.

When oxygen pressures are lower, the inaccuracy
is greater. Etsell and Flengas [3] reported an in-
accuracy of more than 30% for oxygen contents
around 1 ppm in argon. According to Ulmann et al.
[4], the Nernst law is not followed for oxygen
concentrations less than 2 ppm when stabilized
zirconia is used as an electrolyte. This inaccuracy
is usually ascribed to an oxygen flow from the
reference to the analysed gas through the electro-
lyte.

In this paper, results for oxygen gauges in the
low-pressure range are analysed. Measurements
were carried out using a design of differential
gauges which is the subject of a patent [5].

2. Oxygen permeability of solid electrolytes

The permeability of ceramic, solid electrolyte is
manifested by variation of the measured E.M.F.
with flow rate of the analysed gas [3, 4, 6]. Hayes
et al. [7} have noted that oxide ceramics often
have a selective permeability to oxygen. Measure-
ments by Ovchinnikov [8], Moebius [9], Fabre
[10], and Ullman [11] have confirmed this and
shown that it is advisable to distinguish a physical
permeability and an ‘electrochemical semiper-
meability’ [12].

The physical permeability is the result of poro-
sity and can be easily measured [13-15]. It is now
possible to fabricate electrolytes for oxygen gauges
for which this permeability is negligible as com-
pared to the other, and this factor is neglected in
the discussion below.

The electrochemical semipermeability results
from the electronic conductivity of the electrolyte
[16-31]. To a first approximation, it can be des-
cribed as caused by an electronic shunt across the
cell which results in the passage of ionic current
through the electrolyte and a discharge of ionic
carriers at electrodes to form or consume oxygen.
The corresponding oxygen flux can be estimated

* Part 111 of this paper appeared in the previous issue of this journal.
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by use of the theoretical equation due to Wagner
[32,33]:

J=- §))

1
16F2Lf > Oelion dﬂo
where L is the electrolyte thickness, o, is the elec-
tronic conductivity, #;,, is the ionic transport
number and pg_ is the oxygen chemical potential;
My and u, are the values of Ho, at the electrodes.

With solid electrolytes used in oxygen gauges,
tion is close to 1 and the integral in Equation 1 can
easily be calculated:

~ 0

J = 4FeL th )]
~ e

J =~ 4FLE kE 3)

where G, is the average electronic conductivity, £
is the cell voltage, Eyy, is the theoretical E.M.F.,
and k is a function of temperature for a given cell.
Equation 3 indicates that J is proportional to .
So to minimize J it is advisable to select an electro-
lyte with a low electronic conductivity.

From this point of view, the results by Ulmann
et al. [4] seem to show that thoria might be a
better electrolyte than zirconia when used under
appropriate conditions. With thoria these authors
verified the Nernst law at an oxygen content equal
to 0-1 ppm in argon whereas with zirconia the
limit is usually reached at about 1 ppm. Unfortu-
nately, such data are very scarce and usually too
inaccurate to distinguish the best electrolyte.

Several authors [8, 9, 22, 25] have shown that
0. and J increase exponentially with temperature.
For temperatures higher than 1000°C, J may be
very important and could well have been the cause
of the discrepancies observed in the use of gaseous
references H,-H,0 and CO-CO, [34]. Obviously
J can be minimized by lowering the cell tempera-
ture. As the cell impedance also increases exponen-
tially as the temperature decreases, the compromise
temperature is generally around 700—800°C.

Equation 3 also points to the proportionality of
J'to E. To minimize the flux J, a reference atmos-
phere may be selected such that the cell voltage is
small, and Wilson [35] proposed to adjust the
pressure of a pure oxygen reference until the volt-
age is zero and then measure this pressure mano-
metrically. Selecting various metal-metal oxide

electrodes could also be used. However, a new dif-
ficulty is then created in the accurate measurement
of the oxygen pressure in the reference atmosphere.
Another solution to this difficulty can be
achieved by separating the reference atmosphere
from the analysed gas so that no semipermeability
flow of oxygen reaches the analysed gas, as pro-
posed by Besson et al. [5] and by Sato [36]. We
have carried out measurements on this type of
cell. An alternative arrangement, involving two
electrolytes in series, was studied for other pur-
poses by Tretyakov and Muan [37], but the
advantages of this cell have been questioned [38].

3. Basic diagram of the differential gauge

The differential gauge is composed of two regular
gauges connected in series by an electrical contact
as shown in Fig. 1. The gas spaces are denoted by

Solid Electrolyte

Pt, 02 ,Pt Pt, 0,
Py

E

0,,Pt
Pref

Fig. 1. Schematic diagram of the differential gauges.

‘outer” where the oxygen pressure is P, ‘inter-
mediate’ (Pg) and ‘inner’ (P;). Let Eg and Ejg be
the actual voltages of the two cells:

E} = Eg + Eyg. “
If Eg and E}g obey the Nernst law:
RT RT
EI = ZEIHPG/Pref-'-ElnPI/PG (5)
RT
EI = ‘4711'1 PI/Pref (6)

In these circumstances £ is a straightforward
measurement of the oxygen pressure, Py, and is not
dependent on the oxygen partial pressure Pg in the
intermediate space. Then the cell-voltage does not
depend on a change of Pg resulting from an oxy-
gen flow from the reference to the guard atmos-
phere. Moreover, if Pg is close enough to Py the
oxygen flux between the corresponding atmos-
pheres is negligible. Thus, by choosing an
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intermediate oxygen pressure, Pg close to that
measured, Py, it is possible to eliminate any flow
of oxygen to the analysed gas, while preserving
the simplicity of the simple gauge arrangement.
For these conclusions to be valid there must be
equilibrium between each gas phase and the corres-
ponding electrode. However, because mass trans-
port between electrodes of a cell is not always neg-
ligible, complete local electrode gas equilibrium
cannot be expected. The measure and interpretation
of the deviations from the Nernst law for differen-
tial gauges is the purpose of the present study.

4. Experimental set-up
4.1. Differential gauge (Fig. 2)

The differential gauge is an assemblage of two co-
axial electrolyte tubes* (/D = 21-5 mm, OD = 25
mm and ID = 9 mm, OD = 12-6 mm) of yttria-
stabilized zirconia (9 mol % yttria). According to
the supplier, the main impurities are in wt.%; 0-12
Si0;, 0-10 Fe,03, 0-16 Al,053, 0-11 TiO,. The
tubes were impervious to a helium leak test.

The electrochemical cell consists of the flat
bases of the tubes whose inner and outer surfaces
are metallized. Metallic paints of silver or plati-
num? form the electrodes from which the organic
binder was eliminated by firing at 850°C in air.
Silver electrodes were used only in a few experi-
ments. The remaining results presented were ob-
tained with platinum electrodes. The electrical con-
tact between the two cells was either silver or plati-
num powder, matching the electrodes. The various
compartments were sealed by Viton O-ring joints.
With the inner space at about 1072 Torr, the press-
ure does not change noticeably over half an hour.

The gas for analysis is introduced into the inner
tube, near the inner electrode, via an alumina ca-
pillary. A guard gas circulates continuously in the
intermediate space. The outermost electrode is in
_contact with air which serves as a reference.

For voltage measurements, the electrodes were
connected to a high-impedance input millivolt-
meter ¥ by insulated platinum leads. The tempera-
ture at the electrode surfaces was measured using

% .
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Fig. 2. Differential gauge. 1 — External electrolyte tube;

2 — inner electrolyte tube; 3 — alumina capillary; 4 —
metallic powder (Pt or Ag); 5 — electrodes (Pt or Ag);

6 — alumina tube; 7 — electric furnace; 8 — platinum leads;
9 — Pt — Pt/10% Rh thermocouples.

thermocouples Pt—Pt 10% Rh derived from the
same length of wire.

The cell was enclosed in a furnace having a high
test capacity; the changes in cell-temperature were
less than 1°C as were temperature differences be-
tween the electrodes. The cell was shielded against
induced currents by a grounded platinum coating
on an external alumina tube.

4.2. Gas circuits

This is shown in Fig. 3. The carrier gas was a nom-
inally pure argon®, the oxygen content of which
was regulated by an electrochemical pump [5, 39].
This gas circulated successively in the inner spaces
of two identical differential gauges (DEG 1 and

* Argon Air Liquide.
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Fig. 3. Gas circuit. DEG 1 and DEG 2 are differential
gauges; EP1, EP2 and EP3 are electrochemical pumps;
V — valves; F — flowmeters.

DEG 2). Two similar gas circuits supplied oxygen-
argon mixtures to the intermediate spaces of the
gauges.

The flow rates were fixed by needle-valves and
measured by rotameters. Accurate measurements
were made to within 1% accuracy using a liquid-
displacement flowmeter.

All the connecting tubes were of stainless steel
and all joints of Viton.

5. Procedure

The initial experiments were designed to verify the
properties described in Section 4. The total voltage
Ey was measured with different oxygen pressures
in the intermediate space of the first gauge DEG 1,
with all other parameters being kept constant.

The temperature and flux of both the analysed
and guard gases of the second gauge DEG 2 were
kept constant during the measurements.

Any variations of the total voltage £y, of the
second gauge should detect any change in oxygen
content in the analysed gas resulting from oper-
ations performed on the first. Prior to the experi-
ments the random variations of Ey, were smaller
than 0-5 mV. Under these conditions DEG 2,
whose working temperature was around 700°C,
permitted the detection and measurement of vari-
ations in oxygen-content greater than 1% of the
initial content for the whole range of oxygen
pressure examined.

5.1. Results

Typical results are shown in Fig. 4. The oxygen
pressures shown were deduced using the Nernst
relationship:

_ 4FE;

PI - Pref exp RT (7)
4FE

Pg = P ;exp ( RTG)' )

Lower than 800°C no change of the oxygen con-
tent of the analysed gas was detected by the second
gauge upon changes in Pg in the first. At tempera-
tures higher than 800°C a noticeable change was
observed. It increased approximately exponentially
with temperature as can be expected in the case of
semi-permeability. However, accurate measure-
ments of the change in oxygen-content were not
made because of the temperature gradient along
the tube through which the oxygen was passing
which would preclude any interpretation. The quali-
tative results obtained indicate a significant oxygen
permeability across the stabilized zirconia tubes
above 900°C. For example, the oxygen flux from
air to a nominally pure argon circulating at 11 1h™?
increased the oxygen content in the argon to 50
ppm when the flat base of the electrolyte tube was
at 935°C.

In the temperature range where no oxygen
permeability was observed, the oxygen pressure
deduced by application of the Nernst law still
depended noticeably on the oxygen pressure Pg,
especially with low values of Pg. This is in contra-
diction with the theoretical predictions expressed
by Equations 5 and 6.

In Fig. 4, results corresponding to the value
Pg = 0-2 atm are shown. In this case, the inner
electrolyte tube functions as a simple gauge with
air as reference. Under such conditions, the oxygen
pressure deduced from E; by application of the
Nernst law depends on the cell temperature even
below 800°C where no changes in oxygen content
were detected by the controlling gauge.

5.2. Interpretation

Below 800°C the results shown in Fig. 4 can be
split into two domains: Range I, or high Pg, corres-
ponding to pressures Pg higher than about 107
atm and Range I, of low Pg. Within Range I, log
Py is approximately linear with respect to log Pg
and within Range II the dependence is approximately
exponential.
An explanation for this behaviour can be found
in the work of Fabry et al. [34], who stressed the
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Fig. 4. Measured oxygen pressures deduced from the total
voltage ET using the Nernst law [7] as a function of the
oxygen pressure in the intermediate space (with

platinum electrodes).

need to consider the potential of an electrode as a
measurement of the oxygen-chemical potential in
a microsystem located around the electrode triple
contact. Under certain conditions, especially low
oxygen pressures, the oxygen exchange between
this microsystem and the surrounding atmosphere
may be very slow. The chemical potential of oxygen
in the microsystem then becomes very sensitive to
any disturbance and is generally different from the
corresponding value in the surrounding atmosphere.

Our results show that oxygen passes through
the electrolyte tubes above 800°C. At lower tem-
peratures these flows do not induce any observable
change in the gas composition but can be sufficient
to disturb. the microsystems of the electrode.

In this case the differential gauge can be sche-
matically represented as shown in Fig. 5. This sche-
me incorporates the formalism proposed in refer-
ences [41, 34]. Generally, when the pressures P,
Pg and P; are different, oxygen passes through the
electrolyte walls as shown and no microsystem is
in equilibrium with the corresponding surrounding
atmosphere. Limiting cases result when Pg is close
t0 Pyes o1 Py.

f Vv,
N2
ANy . <L
-y .'/ @ \r:—, @ "//
] ()}
Pret I Pg ! Py
electrolyte electrolyte

Fig. 5. Schematic diagram of the differential gauges follow-
ing Fabry et al.[34].

The results of Kleitz ez al. [40] showed that
under high oxygen pressure there is a rapid exchange
of oxygen between the electrode triple contact and
the surrounding gas. It is therefore reasonable to
assume that the microsystems 1, 2 and 3 are approxi-
mately in equilibrium with the corresponding gas
when Pg is close to Py In this case, departure
from the Nernst law can be ascribed to a disturbance
of the equilibrium conditions at electrode 4 which
is the only electrode receiving a semipermeability
flow of oxygen in contact with a low oxygen press-
ure.

When Py is close to Py, the semipermeability
flow of oxygen between 3 and 4 is small and the
induced disturbances of these microsystems can be
neglected. Electrode 1 also is approximately in
equilibrium with the reference atmosphere. Hence
the departure from the Nemnst law is mostly a con-
sequence of the disturbance of microsystem 2.

An estimate of these deviations can be obtained
by recourse to the simple model proposed by Kleitz
[41]. According to this the oxygen-desorption tlux
from the microsystem is proportional to its atomic-
oxygen concentration and the oxygen adsorption
flux from the surrounding gas is proportional to
the square root of its oxygen partial pressure.

At steady-state, the local oxygen flux resulting
from the electrochemical semipermeability is equal
to the net oxygen-rate exchange between the micro-
system and the surrounding gas:

fz Jdes*Jads- (9)
From Equation 3 and the proposed model, this
relation can be written:

kE = nC—m~/P (10)

where n and m are supposedly independent of
OXygen pressure.

The theoretical concentration Cy;, of atomic
oxygen in the microsystem in absence of any dis-
turbance is given by:
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0 = nCy, —m+/P. (1D

If it is assumed that, in the investigated range of
variation, the oxygen activity in the microsystem

is proportional to its concentration C, the deviation
& of the electrode potential is given by:

RT C
6 = —In— 12
Fie. (12)
or, according to the preceding equations:
RT kE
§ =—=In l+——=]
2 ( m\/P> (13)

The value of § is small and can be approximated
by the first term of the equivalent series expansion:

(14)

Application of this general formula to the first case
(Pg close to Pyey) yields a departure, §,4:
_RT &k

b4 _“"'(EI'"EG)-

Here E; can be regarded as approximately constant
and Pj is a constant. Hence 8, is a linear function
of £ only.

In the second case (Pg close to Pyp) the depart-
ure is:
_RT k

8, = ———Fg.
2 T oF myPg ¢

(16)
Py is approximately related to Eg by the Nernst
law [8]. Therefore 6, can be expressed as a sole
function of the parameter £ by the equation:

RT kEg (—2FEg)
= —— ex .
2F mA/Pyet RT
Equation 15 is applicable to the linear part of the

plot observed in Range I and Equation 17 to the
other part in Range IL

b2 17

5.3. Experimental verification of the model

The arguments just developed allow us to neglect
the deviations &8, and & 3 associated with electrodes
1 and 3 in all cases (cf. Fig. 5). The measured volt-
age E} can be expressed as:

EI = Eth +82 +84 (18)

where Eyy, is a constant given by the Nernst law of

Equation 6. This can be simplified by writing:

ey = Eth +64 (19)

When Pg is close to P, 8, is negligible and e; is
then equal to £7. We have verified experimentally
that £} is a linear function of Eg in agreement
with Equation 15 and that 6, given by:

6, = Er—ep (20)

follows Equation 17.

Fig. 6 shows an example of the variation of £
as a function of Eg. Within Range I, E is a linear
function of Eg.

—
s
E
o FeRe -
1 _,__.ia—“;——;‘-—"
240t
T=627°C '
[02]=0,76ppm i
|
!
235+ !
I
1
| 3
!
straight line E;=E, [
230F 1
, *
P
- 1 'y

100 200 300

~Eg (mV)

Fig. 6. Determination of Ey, and definition of §, and 6,
(see text),

Fig. 7 gives an example in which Equation 17 is
verified. The e; values used for the calculation of
8, (cf. Equation 20) are deduced by extrapolation
from the straight line, ¢; = Ey = f(Eg), drawn
within Range I (cf. Fig. 6). Curves as shown in Figs.
6 and 7 were plotted at different temperatures and
under different oxygen pressures P;. The fact that
Equations 15 and 17 were always verified substan-
tiates the simple proposed model. Further experi-
mental verifications are presented below.

The influence of the flow rate of the guard gas
and the nature of the electrodes when all other
parameters are kept constant have also been ex-
amined. The guard-gas flow rate has practically no
influence on the total voltage Ey. Thus, with a
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Fig. 7. Variation of 6, as a function of Eg.

pressure Pg of 15 x 10~ atm and P; of 0-5 x 1078
atm, changes in the flow rate from 2 to 151h™" do
not induce variations of E} greater than 0-5 mV al-
though departure from the theoretical value is
equal to about 11 mV under these circumstances.
This shows that guard-gas turbulence has practically
no influence and that this gas therefore has a
homogeneous composition. Under these conditions,
deviation from equilibrium concentrations shown
by the observed departures from the ideal
Equations 5 and 6 are necessarily located near the
electrode triple contact.

With silver instead of platinum as the electrode
metal, these phenomena are much more clearly
marked and the steady-state conditions reached
more slowly. These results can be understood by
taking into account the high solubility of oxygen
in silver. Because of this, the oxygen exchange re-
actions between the electrode triple contact and
the surrounding atmosphere involve a diffusion of
oxygen within the metal in addition to the absorp-
tion process which seems to be the only stage of
importance with platinum.

This diffusion process is likely to cause an ad-
ditional oxygen concentration gradient in series
between the gas phase and the electrode triple con-
tact.

6. Accurate measurement of low oxygen partial
pressures by means of a differential gauge.

The first set of data presented in Section 4 empha-
sizes the requirement that the gauge operates with-
in a temperature range where there is no change of
oxygen content resulting from the electrochemical

semipermeability. It is sufficient to operate the
gauge at an adequately low temperature, i.e. lower
than 800°C with the electrolytes used.

6.1. Measurement procedures

Considering the plots shown in Fig. 5 and their
interpretation, two procedures can be employed
within the low-temperature range. An approximate
procedure consists in choosing the maximum Eyy,, 5
of the plot shown in Fig. 4 as the closest estimate
of Eiy. Experimentally, only one measurement is
needed with a pressure Pg around 200 ppm be-
cause the maxima of such plots are always found
close to this pressure. All measurements performed
using this procedure have given oxygen pressures
within 5% of the value determined by the alter-
native procedure. This is based on Equations 15
and 19. These show that e; is equal to £y, when
E1g is zero. Experimentally, this point can be satis-
fied as follows (see Fig. 8). The straight line ey =
f(Eg) is determined by two points corresponding
to air in the intermediate space and with argon

T 4 T
s
£ !
[ P L. oEnmz2872mV L
! !
_/' ° l
295} ° 1 _
Pg= 0,2 atm. ~Eimax=2962mV_ |
i
I
]
T =657°C i
290p [02]= 0,08 ppm 1
straight line Eq=E, :
)
n . .
[¢] 100 200

~Eg(mV)

Fig. 8. Measurements of a low oxygen pressure according
to the two proposed procedures.

containing 1000 ppm of oxygen. Under these con-
ditions ey is equal to the measured voltage ;.

The point e; = Eyy, is at the intersection of the
straight line previously determined and the locus
corresponding to the condition Eyg = 0. In an
E1—E diagram, this locus is the first bisectrix,
the equation of which is £y = E .

6.2. Experimental verification

To confirm the merits of the proposed procedures
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and consequently the models from which they de-
rive, it has been shown that the Nernst and the
Faraday laws are followed even when the oxygen
contents are lower than 1 ppm if measurements of
the oxygen pressures are made according to these
procedures.

In the case of the Nernst law, an experimental
set-up similar to the one described in Section 4.2
was used. The controlling gauge established that
the oxygen content in the analysed gas was kept
strictly constant during all the temperature cycles
undergone by the investigated gauge DEG 1.
Measurements were performed using the approxi-
mate procedure (with Pg close to 200 ppm). With
an oxygen content of 0-68 ppm (Fig. 9) the Nernst.

Nernst law is followed only between 550 and
700°C (Fig. 10). The change in oxygen content
resulting from the electrochemical semiperme-
ability appears at 800 instead of 850°C.

The validity of Faraday laws was studied in a
temperature range (500—700°C) where the Nernst
law is well obeyed. A differential pump-gauge [5],
based on the same principles as the differential
gauges was used. This consists of two coaxial tubes
of electrolyte whose composition is (ZrO,) 091
(Y,03) 0-09. The analysed gas was circulated in-
side the inner tube and a guard gas between the
two tubes. The oxygen content of the latter was
around 200 ppm. Surrounding air was used as refer-
ence. The analysed gas circulated successively in
the differential pump-gauge, in the studied gauge
DEG 1 and then in a flow meter whose accuracy
is 1% (measured by displacement of liquid).

According to the Faraday law and previous cal-
culation [42] the oxygen partial pressure P; in the
analysed gas is a function of the total current /
which passes through the pump.

IP
P = PP+349x% 1073 >

@1

> T T T T .
E
ul Ar -0y //////-
i
300 [02]=0,68 ppm /' "
»
o
~
250F ./ J
,/\ theoretical
/¥/
-
200t 7
/
v
. N . L L
400 500 600 700 800 200
T°C

Fig. 9. Verification of the Nernst law with argon containing
068 ppm of oxygen.

Ar -0,

-E;(mv)

[02]= 0,17ppm

~_theoretical

200

1
400

500

600

700

800

900

where P7 is the initial oxygen partial pressure

(I = 0); P is the total pressure;/ is the current in
mA and D is the flow-rate in cm®*min™" at 0°C
and 1 atm.

0251

Ar - 02
Flow rate = 387c¢m®mn.

020} T:=661°C “/
/S
7 )
¥/\ exp. slope:8,7ppm/mA

/

ToC

Fig. 10. Verification of the Nernst law with argon contain-
ing 0-17 ppm of oxygen.

law is closely followed within a broad range of tem-
perature (450—850°C). Above 850°C, a divergence
from the Nernst law is observed; in this case the
controlling gauge indicates a change in the oxygen
content. With an oxygen content of 0-17 ppm, the

O10F

005k

/4‘ calc. slope:8,8ppm/mA

i

® ua)

Fig. 11. Verification of the Faraday law.
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Measurements of Py were made using the ap-
proximate procedure. Fig. 11 shows an experi-
mental result at 661°C with oxygen levels lower
than 0-3 ppm. The linear variation of P; versus / is
well verified. The agreement between the experi-
mental and the theoretical slopes deduced from the
measured flow-rate by using Equation 21 is also
very good if we take into account the inaccuracy
of the flow-rate measurement.

7. Conclusion

The data presented have shown that the differential
arrangement permits the use of solid-state oxygen
gauges at very low partial pressures and greatly in-
creases the accuracy of measurement in the low
pressure range. The data support the model pro-
posed by Fabry et al. [34] which emphasizes the
easy disturbance of equilibrium electrode con-
ditions at low pressures and the fact that variations
of the chemical potential of oxygen can appear
elsewhere than in the gas phase near the electrode
triple contact. This last point clearly demonstrates
that the absence of a voltage variation with change
in the gas flow-rate in normal gauges is insufficient
to ensure a correct measurement.
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