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Abstract: A zirconia-based potentiometric solid electrolyte gas sensor with internal solid state
reference was used to study the response behavior of platinum cermet and indium tin oxide sensing
electrodes. Target gases included both oxygen and carbon monoxide in nitrogen-based sample
gas mixtures. It was found that with the indium tin oxide sensing electrode, the low-temperature
behavior is mainly a result of incomplete equilibration due to contaminations of the electrode surface.
On the other hand, some of these contaminant species have been identified as being pivotal for
the higher carbon monoxide sensitivity of the indium tin oxide sensing electrode as compared to
platinum cermet electrodes.

Keywords: potentiometric solid electrolyte sensor; mixed potential; indium tin oxide; internal
reference gas sensor

1. Introduction and Theoretical Background

For more than four decades, potentiometric gas sensors based on zirconia solid elec-
trolytes have been widely employed for the determination of oxygen content and air-to-fuel
ratio in automotive applications and industrial processes. This type of sensor usually
features two electrodes, deposited on and electrochemically coupled by the oxygen ion
conducting solid electrolyte. Historically, yet still state-of-the-art in many applications,
platinum (Pt) or Pt-based cermets are used as electrodes while zirconia serves as solid
electrolyte. Typically, the ionic conductivity of zirconia is enhanced by adding metal ox-
ides, like yttria (Y203) or scandia (S5c203) and ceria (CeO,). Prominent examples of these
so-called stabilized zirconia (SZ) are 8YSZ and 10Sc1CeSZ, where the numbers represent
the mole fractions of the dopant oxides, respectively.

1.1. Sensor Principle and Response to Oxygen

Schematically, this type of potentiometric solid electrolyte gas sensor can be described
by the concentration cell

(po,) PtISZ | Pt (po,), (1)

where p’oz und pgz represent the oxygen partial pressures at the platinum electrodes.
Depending on the sensor design, the electrodes can be exposed to either the same or
dissimilar gas environments.

In the simplest case of exposure to a mixture of an inert gas like nitrogen and oxygen,
adsorption leads to an oxygen partial pressure dependent coverage of chemisorbed oxy-
gen species on the electrode surface. When the sensor is operated at a sufficiently high
temperature of 350-950 °C, a thermodynamic equilibrium is established between oxygen,
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electrons and mobile oxygen ions at the so-called triple phase boundary (TPB) between gas
phase, electrode and solid electrolyte, respectively [1,2]:

02 (g) +4e (Pt) == 20% (SZ). 2)

In this case, the oxygen chemical potentials yloz and ;462 at the electrodes are given by
! ! /
Ho, = 1o, + RTInpo,, ©
where R is the universal gas constant, T the absolute temperature, and ygz and ygoz are
the standard chemical potentials, respectively [3]. If the oxygen partial pressures and thus

the chemical potentials differ on either side of the solid electrolyte, an electric potential
difference (also termed electromotive force, emf),

1 [Ho

AV = 7/, : tion'dﬂoz/ 5)
4F 1o,
2

is generated between the electrodes [4]. Here, F is the Faraday constant and tion, = jo5, / Otot
is the ionic transference number of the solid electrolyte, which describes the ratio between
ionic (0j,,) and total conductivity (o). To simplify Equation (5), the electronic con-
tribution to the solid electrolyte’s total conductivity is assumed to be negligible so that
tion = 1. In the case of YSZ and 10Sc1CeSZ, this usually holds for operation in non-reducing
gas mixtures. For example, Shimonosono et al. have found an electronic conductivity
of 2x 1077-5 x 107® Sem ™! for 10Sc1CeSZ at 900 °C in a wide range of oxygen partial
pressures of 1 x 10715~1 x 102 bar [5]. Under this assumption, Equation (5) yields the
open circuit voltage

UNernst = AV = % In P/OZ ’ (6)

Po,

that can be measured between the electrodes. This so-called Nernst voltage is a measure of
the oxygen partial pressure difference between both electrodes [2,4,6,7].

1.2. Reference Electrode

For reproducible determination of the oxygen partial pressure in a sample gas, one
electrode is required to provide a sufficiently stable reference potential; hence, the elec-
trodes are commonly referred to as sensing (SE) and reference electrode (RE). Various
concepts are available to facilitate such reference potential, some of which are explained
elsewhere [8]. For the work described in the present article, a so-called solid state reference
electrode has been used. This type of reference features a mixture of a metal and its oxide
which establishes a temperature-dependent oxygen partial pressure. The function of such
reference is based on the Gibbs phase rule, according to which the oxygen partial pres-
sure in a three-phase mixture of a metal (M), its oxide, and oxygen is constant at a given
temperature. For a reaction represented by

M+ yOp, = MxOQy, (7)
the enthalpy of formation under standard conditions, AGY, is given by

AG® = yRT - In po, 8)
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according to refs. [2,9] . Here, x and y are stoichiometric coefficients, and it is assumed

f

that the activity of solid reactants is unity. Consequently, the oxygen partial pressure pgz

defined by such metal-metal oxide reference can be calculated:

0

Po) = exp sRGT : 9)
In literature, various reference systems based on different metal-metal oxide couples
have been described [2,10,11]. Although the implementation of such reference requires gas-
tight sealing to prevent unwanted oxidation of the metal component, it will be quite resilient
towards small oxygen leakages in the sensor. Long-term stability of this kind of reference
depends on a multitude of factors, like materials used, initial phase composition, operating

conditions, and possible leakages, and may range from a few minutes to several years.

1.3. Sensor Response in the Presence of a Reducing Gas

If, in a sample gas consisting of nitrogen and oxygen, an additional reducing gas like
carbon monoxide (CO) is present at the sensing electrode, the relevant half cell can be
described by

(po,,pco) SE | SZ, (10)

where pco is the CO partial pressure in the gas mixture. In this case, various processes,
which are dependent on electrode material and morphology, operating conditions and the
ratio of oxygen and carbon monoxide partial pressures, contribute to the potential and
thus, the sensor voltage. Usually, two main reactions of carbon monoxide are relevant
for sensor response: the oxidation of CO with oxygen adsorbed at the electrode surface
described by the simplified equation

CcO (g) + Oads (Pt) — C02 (11)

and the electrochemical interaction with lattice oxygen of the solid electrolyte at the triple
phase boundary

CO,ds(TPB) + OF(SZ) == COx(g) + V& (SZ) +2¢ (SZ) . (12)

In these equations, the subscript ads refers to an adsorbed species, while O denotes
the host oxygen ion, V&' a doubly positive charged oxygen vacancy and ¢’ an electron.
The chemical reaction according to Equation (11) results in CO being oxidized to carbon
dioxide (COy), which effectively leads to a decrease in pco and a reduced oxygen coverage
at the electrode surface. As a result, less oxygen is available for potential generation at
the triple phase boundary according to Equation (6). If an electrode material with high
catalytic activity towards CO oxidation is used in conjunction with sufficient oxygen,
carbon monoxide may almost entirely be converted to CO; before reaching the triple phase
boundary. If the operating temperature is high enough, the result is an equilibrated gas
mixture and the measured sensor voltage corresponds to the resulting equilibrium oxygen
partial pressure.

If the gas is not equilibrated, for example, due to an electrode with low catalytic
activity or insufficient thermal activation, a fraction of the CO reaches the triple phase
boundary and is oxidized electrochemically via the reaction given in Equation (12). Un-
der these conditions, a steady state develops, where the electrochemical oxygen reduction
(Equation (2)) and the electrochemical CO oxidation (Equation (12)) proceed at the same
rate, leading to the generation of a so-called mixed potential [12-16]. In most scenarios,
a certain amount of chemical CO conversion at the electrode surface cannot be ruled out
and the resulting mixed potential is a function of the reduced effective partial pressures
of O; and CO. Mixed potential generation is therefore mainly controlled by the partial
pressures of the incident gases and the electrode kinetics, which in turn are influenced by
the operating temperature, electrode materials, and morphology [15].
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1.4. Electrode Materials and Aim of the Present Studies

The mechanisms described in the previous section have been understood quite well
for standard platinum-based sensing electrodes. Due to the high catalytic activity of
the material, platinum electrodes serve well to determine the equilibrium oxygen partial
pressure. If the aim of the measurement is the detection of an oxidizable gas like CO in
gas mixtures containing oxygen, avoiding equilibration is paramount. To achieve this,
additional electrode coatings that restrict oxygen adsorption or electrodes composed of
catalytically less active materials, like gold, silver, and selected metal oxides, may be used.
Although the gas sensing properties of such materials have been investigated by several
researchers in the past as well, particularly for metal oxide electrodes, no comprehensive
picture for the fundamental interaction of gas species with the electrodes is available
yet [17-20]. A prominent material which has seen significant research for application in gas
sensing during the past decades is indium tin oxide (ITO). ITO is an n-type semiconducting
metal oxide composed of indium(III) oxide (In,O3) and tin (IV) oxide (SnO;) with a typical
mass ratio of 90:10. In gas sensing, ITO has mostly been investigated as chemoresistive thin
film to detect a wide range of gases, like CO, CO,, CHy, Hy, NOy, NH3, benzene, various
alcohols, and further hydrocarbons [21-36]. At the same time, the use as screen printed
thick film has only been described by very few authors [24,32,37]. Studies of ITO-based
sensing electrodes in electrochemical solid electrolyte gas sensors have so far only been
reported by two research collaborations [38,39].

In a previous article, the results of combined adsorption/desorption and electrical
conductivity studies on the interaction of ITO powders and films with various gas species
have been described [40]. In the present paper, these results are used to explain the
gas sensing behavior of a potentiometric zirconia-based solid electrolyte gas sensor with
ITO sensing electrode exposed to CO in oxygen rich gas environment. The findings are
compared to results obtained with the same type of sensor equipped with a standard
platinum-based sensing electrode. Results of additional adsorption/desorption studies
on Pt which are used to explain the experimental data have been reported in a previous
publication [8].

2. Materials and Methods

To allow facile characterization of sensing electrode materials, a potentiometric zir-
conia solid electrolyte sensor with internal reference has been developed. The sensor
comprises of two main components: a disk shaped metal base of Crofer 22 APU high
temperature steel (ThyssenKrupp VDM GmbH, Werdohl, Germany) with a thickness of
2.5mm and a diameter of 10 mm and an electrochemical sensing cell (Figure 1). The sensing
cell is an asymmetric cell based on a 10Sc1CeSZ solid electrolyte disk with a thickness
of 165 pum and a diameter of 10mm. Every cell is equipped on one face with a circular
reference electrode of 5mm diameter deposited from a NiO/8YSZ cermet paste and which
was fired in a box-type furnace at 1225 °C in air. On the other face, a sensing electrode of
the same size was deposited from either a Pt/10Sc1CeSZ cermet paste or an ITO paste.
Details of pastes, as well as metal and metal oxide powders, are described in a previous
article [40]. While the Pt cermet electrodes were also fired at 1225 °C in air, ITO electrodes
have been deposited and fired in a separate step after joining of the sensor, to avoid ITO
exposure to high temperature vacuum conditions.
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(a) Sensor design, schematically
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Figure 1. Potentiometric zirconia solid electrolyte sensor with internal reference.

For sensor joining, a ring made of aluminium borosilicate glass green tape with
inner and outer diameters of 6 and 10 mm, respectively, was deposited on one face of the
Crofer base. The glass had previously been developed for joining YSZ and Crofer 22 APU
in high temperature solid oxide fuel cells and was tested to be suitable for the present
application [41]. The glass was pre-treated in a box-type furnace at 800 °C in air. For sensor
assembly, the sensing cell is placed on the pre-treated Crofer base so that the NiO reference
electrode faces the Crofer base. Joining of both components has been performed in a
vacuum furnace (LHTM 200-300/16-1G, Carbolite Gero GmbH & Co. KG, Neuhausen,
Germany) at an absolute pressure of 1 x 10> mbar and a temperature of 1000 °C. Due to
the shrinkage of the glass during the high temperature joining process, the sensing cell
settles onto the Crofer base, facilitating mechanical and electrical contact between reference
electrode and the base. At the same time, vacuum conditions allow the reduction of the
NiO reference electrode and help to establish a low oxygen partial pressure inside the
sealed gas tight sensor volume. After joining, the ITO thick film paste was deposited
by either mask or screen printing on those sensors without previously applied sensing
electrode. The resulting ITO thick films have then been fired for 1h at 700 °C in air. This
temperature had been obtained from previous studies, where it lead to a good compromise
between film adhesion on the solid electrolyte, a sufficiently porous structure and a high
electrical conductivity.

For sensor characterization, samples were placed onto an alumina sample holder
which was then inserted into a quartz glass tube reactor housed inside a tube furnace.
The reactor inlet was connected to a gas supply line providing dry N>, O», and CO as
required, while the outlet was connected to an exhaust line. Two methods have been
used to adjust composition of the feed gas: mass flow controllers (Bronkhorst High-Tech
B.V,, Ruurlo, The Netherlands) served to dose N>, O, concentrations larger than 1000 ppm
and all CO concentration levels. In addition, in the gas line immediately upstream and
downstream of the reactor inlet and outlet, respectively, an electrochemical electrolysis
device (SGM5-EL, Zirox Sensoren und Elektronik GmbH, Greifswald, Germany) was
placed, hereinafter referred to as Cell 1 and Cell 2. Both Cell 1 and Cell 2 served to measure
oxygen partial pressure in the feed and exhaust gas; in addition, Cell 1 was used to dose
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oxygen concentrations of up to 1000 ppm into the feed stream. To avoid unwanted CO
conversion in the feed gas before reaching the sample sensor, Cell 1 was disabled in all
measurements where CO was involved. Electrical connections to the sensor were made
using four Au wires routed through the sample holder. To ensure reliable electrical contact,
the wire pairs were fixed at sensor base and sensing electrode using a small amount of
Au conductor paste, which was then fired at 700 °C in synthetic air. A type 2400 source
meter (Keithley Instruments/Tektronix, Inc., Beaverton, OR, USA) was used to measure
sensor voltage via 4-terminal sensing. In addition, a type-S thermocouple was placed on
the sample holder in close proximity of the sensor and read out using an Almemo 2390-3
data logger unit to obtain precise temperature information during measurement (Ahlborn
Mess- und Regelungstechnik, Holzkirchen, Germany). Sensor operating temperature
was provided by the tube furnace, which was connected to a control unit equipped with
temperature controller (HTM Reetz GmbH, Berlin, Germany; ET-2416, Schneider Electric
Systems/Eurotherm, Limburg an der Lahn, Germany).

3. Results and Discussion

The complete characterization procedure described in this section has been performed
with one sensor of each sensing electrode type. Every type of measurement was repeated
several times over the course of 2—4 weeks. Due to the minuscule deviations between
individual runs, no error bars have been included in the data. Additional sensors have
been used to supplement measurement results, the data were in good agreement. Unless
stated otherwise, reported sensor voltages are versus the Ni/NiO reference electrode.

3.1. Sensor with Pt Cermet Sensing Electrode
3.1.1. Response Time, Drift, Reproducibility

For a typical sensor with Pt cermet sensing electrode, basic sensor characteristics,
like response time, signal noise, drift and reproducibility, have been determined. In the
temperature range 400-650 °C, the sensor responds to changes in oxygen concentration
quickly. After a step change from 10 to 1000 ppm O, in N», Cell 1 shows a stable voltage
reading after 7s, while the sensor reaches 90 % of the corresponding maximum signal
amplitude after an additional 3-6s. A different picture is observed at 350 °C, where even
after 30 min the sensor voltage is still approaching a stable value. Voltage signal noise was
determined under constant experimental conditions for periods of several days, yielding
an average noise amplitude of 0.01-0.05 mV at 450-650 °C, which increased to a maximum
of 0.54mV at 350 °C. Over a period of 155h at a constant temperature of 600 °C in N,
the sensor voltage drifted towards lower values by 0.12mV. During a testing period of
approximately 500 h, the sensor signal under equivalent conditions varied by no more
than 1 mV without any discernible tendency. It should be noted that for both signal noise
and drift, not only the sensor itself but also fluctuations of temperature, absolute and
oxygen partial pressure and flow rate as well as signal acquisition, must be accounted for.
Reproducibility was evaluated by comparing sensor voltages before and after an eight day
measuring cycle, comprising multiple temperature changes in the range 350-650 °C, as
well as varying oxygen concentration between 21 vol% and 13 ppm in Nj. At the same
temperature and oxygen concentration settings, voltages differed by 0.07 mV.

3.1.2. Sensor Response in N, and O»

In Figure 2, the voltage of a sensor with Pt cermet sensing electrode is plotted as
function of oxygen partial pressure for different sensor operating temperatures. For most
of the temperature range, the data exhibits a logarithmic dependence on the oxygen partial
pressure, indicating Nernstian behavior. However, at 350 °C, the plot shows a markedly
lower slope of the data, causing them to intersect with the graphs for 400 and 450 °C.
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Figure 2. Sensor with Pt cermet sensing electrode, sensor voltage as function of oxygen partial
pressure for different temperatures.

One way to verify the proper function of the internal solid state reference electrode is
by extracting the actual temperature from the measured sensor voltages. Applying linear
fits, T was calculated from the slopes of the data using Equation (9),

ref 0
_RT, Po, _ AGnio _
4F  po, 2F

RT
u oy (13)

where indices ref and s indicate reference and sample gas. In Table 1, the calculated
values are included as Tnernst and compared to the temperature Tr¢c measured with the
thermocouple in close proximity of the sensor. |ATnermst| is the standard deviation of the
linear fit, while AT is the difference between Tyjnst und Tpc.

Table 1. Comparison of temperatures obtained from thermocouple measurement in close proximity
to the sensor with values derived from sensor voltage.

Trc TINernst |ATNemst | | AT|
°C °C °C °C
350.8 249.6 72 101.1
400.2 379.2 37 21.0
450.1 447.8 2.1 23
500.4 501.4 1.8 1.0
549.8 550.6 1.7 0.8
599.0 599.4 1.9 0.5
648.9 649.6 22 0.8

Assuming that the measurement uncertainty of a type-S thermocouples is approxi-
mately 2-3 K, measured and calculated temperatures agree well in the range 450-650 °C.
At 350 °C, neither the ionic conductivity of the 10Sc1CeSZ solid electrolyte nor the kinetics
of the Pt cermet electrodes are limiting factors which could explain the large deviation
between measured and calculated temperature. Both the long time needed to obtain a
stable sensor voltage and the large AT suggest that the equilibrium reaction of the Ni/NiO
solid state reference electrode is too slow to provide a sufficiently stable reference potential
at this temperature.
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For sensor operation, the reference oxygen partial pressure inside the sensor and pos-
sible deviations of the sensor voltage from theoretical values must be determined. For the
couple Ni/NiO, various empirical formulae for AG? can be found in the literature [9,42,43].
For the standard enthalpy of formation of NiO, Comert et al. have given a formula for the
temperature range 760-1250 K (487-977 °C) [42]:

AGY(NiO) = A+ B-T. (14)

Here, T is the absolute temperature in K, while A and B are parameters obtained from
experiment, yielding

AG(NiO) = —232,450 4 83.435-T -] - mol . (15)

Thus, for a given temperature, the reference oxygen partial pressure inside the cell
can be determined both theoretically via Equation (9), as well as based on the measured
sensor voltage U, via the Nernst equation

4F - U
pgf = po, " exp =T (16)

In Figure 3, relative deviations between theoretical reference oxygen partial pressures
and values derived from experiment are plotted versus oxygen partial pressure in the
sample gas for different temperatures. The data agree well for 550-650 °C but exhibit
significant deviations for temperatures lower than 500 °C.

100_— R R - LR B
80 |
60 | o ®
X
Z ° °
[ ]
s 401 o oo ® B 350°C @ 400°C| |
= A 450°C v 500 °C
2 550 °C 600 °C| 1
8 > 650 °C
A
© 20} s
= A A
© v A —A 4, A—
O
o A\ 4
v v
V—y v
10 vV . 4
8 L
6 " 1 1 1 " 1 " 1 1 1
-12 -10 -8 -6 -4 -2

In(po,)

Figure 3. Relative deviation between theoretical reference oxygen partial pressures and values
derived from experiment.

An obvious dependence of the deviations on oxygen partial pressure can be observed
for all temperatures. It is important to note that experimental po, values are obtained by
Cell 1, which is located in the feed gas line approximately 50 cm upstream of the sensor.
Small deviations of the pp, at the sensor location from the oxygen partial pressure at Cell 1
are expected due to dilution effects and minor leakages at low oxygen concentrations and
the measurement uncertainty of the electrochemical electrolysis devices at high po,. This is
in good agreement with the fact that the highest deviations in Figure 3 are observed at both
low and high oxygen partial pressures. However, the main reason for the deviations lies in
the error caused by the temperature measurement. Based on a linearized error analysis for
Equation (9), relative errors for calculated reference oxygen partial pressures have been
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determined for different temperatures and temperature errors. The values are summarized
in Table 2.

ref,theo

Table 2. Theoretical reference oxygen partial pressure values p, calculated for different tem-
peratures and resulting relative errors due to an assumed uncertainty in temperature measurement,
given by AT.

T AT g{ oHheo Rel. Error

°C K bar %

350 1 559 x 10731 14

350 5 5.59 x 10731 72

500 1 2.03 x 1072 9

500 5 2.03 x 1072 47

650 1 258 x 10718 7

650 5 2.58 x 10718 33

They confirm the increase in deviation with decreasing temperature and show that
even an error of 1K during temperature measurement can result in the deviations ob-
served in Figure 3. Furthermore, it should be stressed that the empirical formulae for
AGP(NiO) reported in literature are only based on experimental data for temperatures
higher than 490 °C.

3.1.3. Response Behavior in the Presence of CO

In Figure 4, the response behavior of the sensor with Pt cerment sensing electrode
to various CO concentrations in both N; and Ny with 12.5vol% O; is plotted. Baseline
voltages Uy are included for easier comparison. It should be noted that in the case of N,
the carrier gas contains 13 ppm of O, due to gas line leakages. For Ny, the plots show
a decrease of the CO sensitivity with increasing CO concentration and an increase with
increasing temperature. While the first observation also holds for N> with 12.5vol% O,
the CO sensitivity strongly decreases with increasing temperature in the presence of O;.
This behavior can be explained based on the following theoretical considerations: Under the
present measurement conditions, it is reasonable to assume that relevant solid-sample
gas interactions are restricted to sensing electrode and solid electrolyte. Furthermore,
additional measurements confirmed that gas phase CO oxidation in the quartz glass reactor
is negligible at temperatures of up to 700 °C. Hence, CO interaction with the sensor is gov-
erned by two reactions: the catalytical oxidation at the Pt cermet electrode (Equation (11))
and the electrochemical oxidation at the triple phase boundary (Equation (12)). In the
hypothetical case of complete chemical equilibration of CO and O, the sensor voltage
should correspond to the equilibrium oxygen partial pressure peoqz.

To evaluate to what extent the oxygen partial pressure at the sensing electrode deviates
from pfgz, sensor voltages for peoq2 were calculated based on Equation (11). The equilibrium

constant K of the reaction represented by Equation (11) is 10'1~10'? in the relevant temper-
ature range. Therefore, pgz will be very low for excess CO and p, will be low for excess
oxygen. Assuming a carrier gas consisting of N> with an initial oxygen concentration of
13 ppm due to line leakages, peoq2 has been estimated according to an approximation used
by Brailsford et al. [44]. In the case of Ny with 12.5vol% O3, complete CO conversion is
assumed. While this is an extreme case, the influence on calculated sensor voltage in this
concentration range is low.
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Figure 4. Sensor with Pt cermet sensing electrode, response behavior to CO in two different sample gas mixtures. Baseline

sensor voltages in the absence of CO are given by Uj.

In Figure 5a,b the calculated sensor voltages are compared to measured values for
three different temperatures. Theoretical sensor voltages in N are negative because the
peoqz are lower than the reference oxygen partial pressures at the corresponding temperature.
At all temperatures, the difference between theoretical and measured values is approxi-
mately 400-500mV. In N2 with 12.5vol% O, the differences are much smaller, with values
of 15-78 mV at 400 °C and only 0.03-1.36 mV at 650 °C. In both gas environments, CO
conversion increases with an increase in temperature, yet there appears to be no complete
equilibration. However, in Ny with 12.5vol% O, the discrepancy between measured and
equilibrium voltage is very small at 650 °C; therefore, it is assumed that the oxygen partial
pressure in the sample gas, pg, , deviates only slightly from pgl. Furthermore, at 500 and
650 °C, the sensor voltage exhibits an almost linear dependence on CO concentration. This
behavior has been described by several authors with respect to the CO sensitivity of poten-
tiometric solid electrolyte gas sensors under excess oxygen [45-47]. Garzon et al. argue
that based on theoretical models, this dependency can be expected for mixed potentials
close to equilibrium with an additional diffusion limitation of CO transport towards the
triple phase boundary [47].

Based on the above results and additional adsorption/desorption studies on Pt pow-
ders previously reported in Reference [8], the following model for the sensor response
is proposed:

a. No

At 400 °C, the oxygen coverage of the sensing electrode surface is high as shown in
Reference [8]; hence, a large fraction of incident CO is oxidized chemically. A small amount
of CO, however, reaches the triple phase boundary and, along with the oxygen-reduction
reaction (Equation (2)), contributes to the mixed potential. At 500 and 650 °C, electrode
oxygen coverage is decreased significantly and catalytical CO oxidation only plays a minor
role. Most of the CO reaches the triple phase boundary, where its electrochemical oxidation
dominates the mixed potential due to the low oxygen concentration in the sample gas.
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Figure 5. Sensor with Pt cermet sensing electrode under CO exposure in two different sample gas mixtures. Comparison
of measured sensor voltages (U_meas) with theoretical values (U_theo) calculated under the assumption of complete
equilibration of CO with available O;. All voltages are versus Ni/NiO reference electrode.

b. Nz with 12.5vol% O3

When comparing to the measurements in N», the CO sensitivity in N> with 12.5vol%
O; is considerably lower. This is attributed to two mechanisms: the higher oxygen coverage
of the electrode surface, leading to an increased chemical conversion of CO, and the higher
oxygen partial pressure at the triple phase boundary. Particularly at high temperatures, in
the present studies at 650 °C, a large fraction of CO is oxidized on the electrode surface,
therefore not contributing to the mixed potential. At this temperature, the gas mixture
at the electrode is close to equilibrium. However, at 400 °C, the large deviation between
measured and theoretical values suggests that despite excess oxygen, a significant share
of CO passes the electrode surface without being oxidized and contributes to the mixed
potential. The almost linear dependence of sensor voltage on CO concentration could be a
sign of diffusion limited CO transport towards the sensing electrode.

3.2. Sensor with ITO Sensing Electrode
3.2.1. Basic Sensor Characteristics in Ny and O

In Figure 6, the voltage response of the sensor with ITO sensing electrode is plotted as
a function of oxygen partial pressure in Ny for different temperatures.

Only at 650 °C the data show a logarithmic dependence on oxygen partial pressure
over the whole concentration range and thus, a Nernstian behavior. At 500 °C, the mea-
sured sensor voltage is lower than the equilibrium voltage only at low ng, at 400 °C over
the whole range. This behavior is attributed to incomplete equilibration between oxygen
molecules in the sample gas, oxygen vacancies in the solid electrolyte and electrons in the
ITO electrode at the triple phase boundary. The temperature range where this effect is
pronounced agrees well with the results of adsorption/desorption and electrical conduc-
tivity studies presented in Reference [40], indicating that oxygen adsorption is impaired
by other surface species, like hydroxyl groups (OH™), carboxylate (CO, ™) and carbonate
groups (CO327) and other carbonaceous adsorbates here as well. As described in detail
in Reference [40], some of these species are readily adsorbed or formed during ambient
air exposure before measurements or from contaminations of the sample gas. In addi-
tion, the oxygen coverage of semiconducting metal oxide surfaces is also be restricted by
electrostatic effects as pointed out by Kohl [48]. As oxygen adsorption and diffusion on
the electrode surface close to the triple phase boundary play a crucial role in establishing
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electrochemical equilibrium, a limitation of these processes by other adsorbates will have a
significant influence on potential generation.
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Figure 6. Sensor with indium tin oxide (ITO) sensing electrode, sensor voltage as function of oxygen
partial pressure for different temperatures.

3.2.2. Response Behavior in the Presence of CO

As the ITO sensing electrodes have been prepared in air, the investigation of the
response behavior towards CO was limited to a base gas mixture of N with 12.5vol% O,
to avoid the risk of excessive reduction of the electrode material and subsequent structural
alteration. In Figure 7, the voltage response of a sensor with ITO sensing electrode is
plotted as a function of CO concentration for different temperatures. Baseline voltages U
in N with 12.5vo0l% O, have been included for easier comparison. CO sensitivity at 650 °C
is low but increases significantly with decreasing temperature. The observed behavior can
be explained as follows: at low temperatures, the electrode surface is covered with various
non-oxygen adsorbates as described in Section 3.2.1. This impairs oxygen adsorption,
resulting in a decreased catalytic activity towards chemical CO oxidation. Part of the
incident CO does in fact react with adsorbed oxygen to form carboxylates and carbonates.
However, only a small fraction of these species decompose and desorb, leaving less active
electrode area for subsequent O, and CO interaction [40]. Meanwhile, a significant amount
of CO reaches the triple phase boundary, where it is oxidized electrochemically, directly
contributing to the mixed potential. At high temperatures, the kinetics of carboxylate and
carbonate formation, decomposition and desorption as CO; on the electrode surface is
enhanced, leading to an increased chemical conversion of CO. As a consequence, less CO
reaches the triple phase boundary so that the voltage measured corresponds closely to the
equilibrium oxygen partial pressure.
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Figure 7. Sensor with ITO sensing electrode, sensor voltage as function of CO concentration for
different temperatures in Np with 12.5vol% O,. Baseline sensor voltages in the absence of CO are
given by Uj.

3.3. Comparison of Sensor with Pt Cermet vs. ITO Sensing Electrode
3.3.1. Sensor Voltage as a Function of Oxygen Partial Pressure

In Figure 8, sensor voltages as a function of oxygen partial pressure are compared for
Pt cermet and ITO sensing electrodes at selected temperatures. While the sensor with Pt
cermet SE exhibits a logarithmic dependence on oxygen partial pressure at all temperatures,
the response of the ITO SE significantly deviates at 400 and 500 °C, with an offset of 35 mV
at 21 vol% O, and 400 °C. The reason for this behavior has been explained in the previous
section. Although the behavior of the sensor with ITO SE at low temperatures is sub-
Nernstian, its sensitivity to changes of the oxygen partial pressure is significantly higher
than with a Pt cermet SE.
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Figure 8. Comparison of sensor voltages for a sensor with Pt cermet versus ITO sensing electrode as
function of oxygen partial pressure in N> for different temperatures.
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3.3.2. Sensor Response to CO

In Figure 9, sensor response to CO in N with 12.5vo0l% O; is compared for Pt cermet
versus ITO sensing electrode. While the CO sensitivity of both electrodes differs only
slightly at 650 °C, at 400 °C the CO sensitivity of the ITO SE is higher than the Pt cermet
SE by a factor of 2-3. This is in very good agreement with the lower catalytic activity
towards CO oxidation observed for ITO in CO chemisorption studies reported in a previous
article [40]. The very similar behavior at 650 °C is an indication, that the kinetics at the
ITO/10Sc1CeSZ interface is not significantly limited in comparison to Pt/10Sc1CeSZ.
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Figure 9. Comparison of sensor voltages for a sensor with Pt cermet versus ITO sensing electrode as
a function of CO concentration in N with 12.5vol% O for different temperatures. Baseline sensor
voltages in the absence of CO are given by Up.

4. Conclusions

When deployed in zirconia-based potentiometric solid electrolyte gas sensors,
indium tin oxide sensing electrodes may show Nernstian behavior towards oxygen in
inert gas at high temperatures. At 650 °C, for example, significant deviations from the
voltage response of platinum cermet electrodes are only observed at very low oxygen
partial pressures. At low temperatures, particularly below 500 °C, equilibration at the
triple phase boundary is constricted, leading to a considerably higher sensitivity towards
oxygen as compared to platinum cermet electrodes. This behavior can be explained by
the presence of contaminations on the electrode surface, leading to a reduced oxygen
adsorption and diffusion. These species are readily adsorbed or formed during ambient
air exposure and from contaminations of the sample gas. Among these are various car-
bonaceous species, which are also formed on the electrode surface during exposure to
carbon monoxide. The incident reducing gas reacts with oxygen adsorbed at the surface,
forming carboxylates and carbonates. At high temperatures, these product species quickly
decompose and desorb, thus enhancing chemical carbon monoxide conversion. As a result,
only a small fraction of carbon monoxide reaches the triple phase boundary and contributes
to the mixed potential. Carbon monoxide sensitivity is low and measured voltages deviate
only slightly from those obtained with platinum cermet electrodes. At low temperatures,
decomposition and desorption of carboxylate and carbonate species on the ITO surface
proceed very slowly, effectively limiting the electrode surface available for further oxygen
and carbon monoxide interaction. The result is a reduced chemical conversion, allowing
more carbon monoxide to reach the triple phase boundary. Its contribution to the mixed
potential is enhanced, leading to a significantly higher sensitivity as compared to platinum
cermet electrodes.
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Abbreviations

The following abbreviations are used in this manuscript:

8YSZ Zirconia, doped with 8 mole % Y703

10Sc1CeSZ  Zirconia, doped with 10 mole % ScoO3 and 1 mole % CeO»
ITO Indium tin oxide

M Metal

RE Reference electrode

SE Sensing electrode

SZ Stabilized zirconia

TC Thermocouple

References

1. Weissbart, J.; Ruka, R. Oxygen Gauge. Rev. Sci. Instrum. 1961, 32, 593-595. [CrossRef]

2. Maskell, W.C,; Steele, B.C.H. Solid State Potentiometric Oxygen Gas Sensors. . Appl. Electrochem. 1986, 16, 475-489. [CrossRef]

3. Wiemhoefer, H.D.; Goepel, W. Fundamentals and principles of potentiometric gas sensors based upon solid electrolytes. Sens.
Actuators B Chem. 1991, 4, 365-372. [CrossRef]

4. Erdoes, E.; Altorfer, H. Untersuchungen an Referenz- und Indikatorelektroden fiir sulfatische Salzschmelzen bei 900 °C.
Electrochim. Acta 1975, 20, 937-944. [CrossRef]

5. Shimonosono, T.; Kishimoto, H.; Yamaji, K.; Nishi, M.; Brito, M.E.; Horita, T.; Yokokawa, H. Electronic Conductivity of
Scandia-Stabilized Zirconia Doped with 1 Mol% CeO,. ECS Trans. 2012, 45, 193-199. [CrossRef]

6.  Wagner, C. Beitrag Zur Theorie Des Anlaufvorgangs. Z. Phys. Chem. 1933, 21B, 25—41. [CrossRef]

7. Weppner, W. Electronic Transport Properties and Electrically Induced P-n Junction in ZrO; + 10 m/o0 Y,0Os3. J. Solid State Chem.
1977, 20, 305-314. [CrossRef]

8.  Dietrich, S. Funktionale Schichten fiir Gassensorische Anwendungen. Ph.D. Thesis, Technische Universitit Dresden, Department
of Materials Science and Engineering, Dresden, Germany, 2018.

9. Holmes, R.; O'Neill, H.S.C.; Arculus, RJ. Standard Gibbs Free Energy of Formation for CuyO, NiO, CoO, and FeO: High
Resolution Electrochemical Measurements Using Zirconia Solid Electrolytes from 900-1400 K. Geochim. Cosmochim. Acta
1986, 50, 2439-2452. [CrossRef]

10. Steiner, R. Festelektrolytzellen auf ZrO,-Basis und deren Anwendungen. Chem. Ing. Tech. CIT 1972, 44, 152-154. [CrossRef]

11. Spirig, ].V.; Ramamoorthy, R.; Akbar, S.A.; Routbort, J.L.; Singh, D.; Dutta, PK. High Temperature Zirconia Oxygen Sensor with
Sealed Metal /Metal Oxide Internal Reference. Sens. Actuators B Chem. 2007, 124, 192-201. [CrossRef]

12.  Etsell, TH.; Flengas, S.N. Overpotential Behavior of Stabilized Zirconia Solid Electrolyte Fuel Cells. ]. Electrochem. Soc.
1971, 118, 1890. [CrossRef]

13. Fleming, W.J. Physical Principles Governing Nonideal Behavior of the Zirconia Oxygen Sensor. ]. Electrochem. Soc. 1977, 124, 21.
[CrossRef]

14. Anderson, J.E. Steady-State Characteristics of Oxygen Concentration Cell Sensors Subjected to Nonequilibrium Gas Mixtures. J.
Electrochem. Soc. 1981, 128, 294. [CrossRef]

15. Lu, G. Mixed Potential Hydrogen Sensor Combining Oxide Ion Conductor with Oxide Electrode. ]. Electrochem. Soc.
1996, 143, L154. [CrossRef]

16. Miura, N.; Yan, Y; Lu, G.; Yamazoe, N. Sensing Characteristics and Mechanism of Hydrogen Sulfide Sensor Using Stabilized
Zirconia and Oxide Sensing Electrode. Sens. Actuators B Chem. 1996, 34, 367-372. [CrossRef]

17.  Haaland, D.M. Noncatalytic Electrodes for Solid-Electrolyte Oxygen Sensors. ]. Electrochem. Soc. 1980, 127, 796. [CrossRef]


http://doi.org/10.1063/1.1717447
http://dx.doi.org/10.1007/BF01006843
http://dx.doi.org/10.1016/0925-4005(91)80137-9
http://dx.doi.org/10.1016/0013-4686(75)85055-9
http://dx.doi.org/10.1149/1.3701309
http://dx.doi.org/10.1515/zpch-1933-2105
http://dx.doi.org/10.1016/0022-4596(77)90167-0
http://dx.doi.org/10.1016/0016-7037(86)90027-X
http://dx.doi.org/10.1002/cite.330440404
http://dx.doi.org/10.1016/j.snb.2006.12.022
http://dx.doi.org/10.1149/1.2407862
http://dx.doi.org/10.1149/1.2133235
http://dx.doi.org/10.1149/1.2127406
http://dx.doi.org/10.1149/1.1836959
http://dx.doi.org/10.1016/S0925-4005(96)01828-X
http://dx.doi.org/10.1149/1.2129760

Sensors 2021, 21, 2345 16 of 17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.
44.

45.

46.

Guth, U.; Zosel, ]. Electrochemical Solid Electrolyte Gas Sensors—Hydrocarbon and NOx Analysis in Exhaust Gases. Ionics 2004,
10, 366-377. [CrossRef]

Zosel, ].; Schiffel, G.; Gerlach, F.; Ahlborn, K.; Sasum, U.; Vashook, V.; Guth, U. Electrode Materials for Potentiometric Hydrogen
Sensors. Solid State Ion. 2006, 177, 2301-2304. [CrossRef]

Chevallier, L.; Di Bartolomeo, E.; Grilli, M.L.; Mainas, M.; White, B.M.; Wachsman, E.D.; Traversa, E. Non-Nernstian Planar
Sensors Based on YSZ with a Nb,Os Electrode. ECS Trans. 2006, 1, 163-171. [CrossRef]

Jiao, Z.; Wu, M,; Gu, J.; Sun, X. The Gas Sensing Characteristics of ITO Thin Film Prepared by Sol-Gel Method. Sens. Actuators B
Chem. 2003, 94, 216-221. [CrossRef]

Vaishnav, V.; Patel, S.; Panchal, J. Development of ITO Thin Film Sensor for Detection of Benzene. Sens. Actuators B Chem.
2015, 206, 381-388. [CrossRef]

Sberveglieri, G.; Benussi, P.; Coccoli, G.; Groppelli, S.; Nelli, P. Reactively Sputtered Indium Tin Oxide Polycrystalline Thin Films
as NO and NO; Gas Sensors. Thin Solid Films 1990, 186, 349-360. [CrossRef]

Neri, G.; Bonavita, A.; Micali, G.; Rizzo, G.; Pinna, N.; Niederberger, M.; Ba, J. A Study on the Microstructure and Gas Sensing
Properties of ITO Nanocrystals. Thin Solid Films 2007, 515, 8637-8640. [CrossRef]

Salehi, A. Preparation and Characterization of Proton Implanted Indium Tin Oxide Selective Gas Sensors. Sens. Actuators B Chem.
2003, 94, 184-188. [CrossRef]

Yadav, B.C.; Agrahari, K.; Singh, S.; Yadav, T.P. Fabrication and Characterization of Nanostructured Indium Tin Oxide Film and
Its Application as Humidity and Gas Sensors. ]. Mater. Sci. Mater. Electron. 2016, 27, 4172-4179. [CrossRef]

Patel, N.; Makhija, K.; Panchal, C. Fabrication of Carbon Dioxide Gas Sensor and Its Alarm System Using Indium Tin Oxide (ITO)
Thin Films. Sens. Actuators B Chem. 1994, 21, 193-197. [CrossRef]

Kim, B. Effects of Crystal Structures on Gas Sensing Properties of Nanocrystalline ITO Thick Films. Sens. Actuators B Chem.
2003, 89, 180-186. [CrossRef]

Vaishnav, V.; Patel, P.; Patel, N. Indium Tin Oxide Thin Film Gas Sensors for Detection of Ethanol Vapours. Thin Solid Films
2005, 490, 94-100. [CrossRef]

Lee, S.M.; Lee, Y.S.; Shim, C.H.; Choi, N.J.; Joo, B.S.; Song, K.D.; Huh, ].S.; Lee, D.D. Three Electrodes Gas Sensor Based on ITO
Thin Film. Sens. Actuators B Chem. 2003, 93, 31-35. [CrossRef]

Patel, N.; Patel, P.; Vaishnav, V. Indium Tin Oxide (ITO) Thin Film Gas Sensor for Detection of Methanol at Room Temperature.
Sens. Actuators B Chem. 2003, 96, 180-189. [CrossRef]

Mbarek, H.; Saadoun, M.; Bessais, B. Screen-Printed Tin-Doped Indium Oxide (ITO) Films for NH3 Gas Sensing. Mater. Sci. Eng.
C 2006, 26, 500-504. [CrossRef]

Sako, T.; Ohmi, A.; Yumoto, H.; Nishiyama, K. ITO-Film Gas Sensor for Measuring Photodecomposition of NO, Gas. Surf. Coat.
Technol. 2001, 142-144,781-785. [CrossRef]

Forleo, A.; Francioso, L.; Epifani, M.; Capone, S.; Taurino, A.; Siciliano, P. NO,-Gas-Sensing Properties of Mixed In;O3-SnO,
Thin Films. Thin Solid Films 2005, 490, 68-73. [CrossRef]

Sberveglieri, G.; Groppelli, S.; Coccoli, G. Radio Frequency Magnetron Sputtering Growth and Characterization of Indium-Tin
Oxide (ITO) Thin Films for NO, Gas Sensors. Sens. Actuators 1988, 15, 235-242. [CrossRef]

Vaishnav, V.; Patel, S.; Panchal, ]. Development of Indium Tin Oxide Thin Film Toluene Sensor. Sens. Actuators B Chem. 2015,
210, 165-172. [CrossRef]

Wiegleb, G.; Heitbaum, ]. Halbleiter-Gassensor Auf Der Basis von Indiumzinnoxid. Exp. Tech. Phys. 1991, 39, 227-237.

Li, X.; Kale, G.M. Influence of Thickness of ITO Sensing Electrode Film on Sensing Performance of Planar Mixed Potential CO
Sensor. Sens. Actuators B Chem. 2006, 120, 150-155. [CrossRef]

Martin, L.; Glass, R.S. Hydrogen Sensor Based on YSZ Electrolyte and Tin-Doped Indium Oxide Electrode. ]. Electrochem. Soc.
2005, 152, H43-H47. [CrossRef]

Dietrich, S.; Kusnezoff, M.; Petasch, U.; Michaelis, A. Evaluation of Indium Tin Oxide for Gas Sensing Applications: Ad-
sorption/Desorption and Electrical Conductivity Studies on Powders and Thick Films. Sensors 2021, 21, 497. [CrossRef]
[PubMed]

Rost, A. Degradation of Sealing Glasses for SOFC under Electrical Load and Dual Atmosphere. J. Ceram. Sci. Technol. 2012, 3,
69-79. [CrossRef]

Comert, H.; Pratt, ]. The Standard Molar Gibbs Free Energy of Formation of NiO from High-Temperature e.m.f. Measurements.
J. Chem. Thermodyn. 1984, 16, 1145-1148. [CrossRef]

O'Neill, H.S.C. Free Energies of Formation of NiO, CoO, NiySiOy, and Co,Si04. Am. Mineral. 1987, 72, 280-291.

Brailsford, A.; Yussouff, M.; Logothetis, E.; Wang, T.; Soltis, R. Experimental and Theoretical Study of the Response of ZrO, Oxygen
Sensors to Simple One-Reducing-Gas Mixtures. Sens. Actuators B Chem. 1997, 42, 15-26. [CrossRef]

Baier, G.; Schuele, V.; Vogel, A. Non-Nernstian Zirconia Sensors for Combustion Control. Appl. Phys. A Solids Surf. 1993, 57, 51-56.
[CrossRef]

Brailsford, A.; Yussouff, M.; Logothetis, E. A First Principles Model of Metal Oxide Gas Sensors for Measuring Combustibles.
Sens. Actuators B Chem. 1998, 49, 93-100. [CrossRef]


http://dx.doi.org/10.1007/BF02377996
http://dx.doi.org/10.1016/j.ssi.2006.01.004
http://dx.doi.org/10.1149/1.2215552
http://dx.doi.org/10.1016/S0925-4005(03)00343-5
http://dx.doi.org/10.1016/j.snb.2014.07.037
http://dx.doi.org/10.1016/0040-6090(90)90150-C
http://dx.doi.org/10.1016/j.tsf.2007.03.166
http://dx.doi.org/10.1016/S0925-4005(03)00364-2
http://dx.doi.org/10.1007/s10854-016-4279-x
http://dx.doi.org/10.1016/0925-4005(94)01247-4
http://dx.doi.org/10.1016/S0925-4005(02)00461-6
http://dx.doi.org/10.1016/j.tsf.2005.04.006
http://dx.doi.org/10.1016/S0925-4005(03)00335-6
http://dx.doi.org/10.1016/S0925-4005(03)00524-0
http://dx.doi.org/10.1016/j.msec.2005.10.037
http://dx.doi.org/10.1016/S0257-8972(01)01107-0
http://dx.doi.org/10.1016/j.tsf.2005.04.022
http://dx.doi.org/10.1016/0250-6874(88)87013-6
http://dx.doi.org/10.1016/j.snb.2014.11.075
http://dx.doi.org/10.1016/j.snb.2006.02.009
http://dx.doi.org/10.1149/1.1861177
http://dx.doi.org/10.3390/s21020497
http://www.ncbi.nlm.nih.gov/pubmed/33445598
http://dx.doi.org/10.4416/JCST2012-00002
http://dx.doi.org/10.1016/0021-9614(84)90186-1
http://dx.doi.org/10.1016/S0925-4005(97)80307-3
http://dx.doi.org/10.1007/BF00331216
http://dx.doi.org/10.1016/S0925-4005(98)00093-8

Sensors 2021, 21, 2345 17 of 17

47. Garzon, F. Solid-State Mixed Potential Gas Sensors: Theory, Experiments and Challenges. Solid State Ion. 2000, 136137, 633—638.
[CrossRef]

48. Kohl, D. Surface Processes in the Detection of Reducing Gases with SnO;-Based Devices. Sens. Actuators 1989, 18, 71-113.
[CrossRef]


http://dx.doi.org/10.1016/S0167-2738(00)00348-9
http://dx.doi.org/10.1016/0250-6874(89)87026-X

	Introduction and Theoretical Background
	Sensor Principle and Response to Oxygen
	Reference Electrode
	Sensor Response in the Presence of a Reducing Gas
	Electrode Materials and Aim of the Present Studies

	Materials and Methods
	Results and Discussion
	Sensor with Pt Cermet Sensing Electrode
	Response Time, Drift, Reproducibility
	Sensor Response in N2 and O2
	Response Behavior in the Presence of CO

	Sensor with ITO Sensing Electrode
	Basic Sensor Characteristics in N2 and O2
	Response Behavior in the Presence of CO

	Comparison of Sensor with Pt Cermet vs. ITO Sensing Electrode
	Sensor Voltage as a Function of Oxygen Partial Pressure
	Sensor Response to CO


	Conclusions
	References

