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Editors’ Choice—Review—Recent Advances in Mixed Potential
Sensors
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MPA-11, Los Alamos National Laboratory, Los Alamos, 87545, United States of America

Gas sensors are widely used in environmental monitoring and provide controls especially when working with toxic gases. YSZ
based λ-sensors have been utilized in the automobile industry for exhaust gas monitoring for more than 40 years. However, recent
regulations on emissions reduction has forced further development of toxic gases monitoring in various applications. Mixed
potential sensors with YSZ electrolyte are receiving increased attention due to their higher sensitivity and durability under harsh
conditions. This review focuses on recent (past 5 years) developments made on electrode and electrolyte structure along with new
sensing electrode materials towards detecting gases such as NOx, NH3, H2, CO and hydrocarbons (HCs). The theory of mixed
potential sensors is discussed along with recent developments in detection of multi-gas mixtures using the output from an array of
sensors in a mathematical model. Future directions for mixed potential sensor research, and methodologies to improving sensing
characteristics are also outlined.
© 2020 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
1945-7111/ab67ab]

Manuscript submitted October 14, 2019; revised manuscript received December 15, 2019. Published January 21, 2020. This paper
is part of the JES Focus Issue on Sensor Reviews.

The development of sensors is necessary to provide controls to
work with harmful gases required in many industrial processes and
scientific endeavors. However, industrial growth especially in
agriculture, power generation and transportation industries has
become a major source of air pollution resulting in ozone depletion,
eutrophication, smog and global warming.1,2 As a result, the goal-
post for sensor requirements is constantly changing due to increas-
ingly tighter regulations on pollutants.3,4 For example, the low limit
values for CO, NOx and total HCs for lightweight vehicle auto-
mobile emission were set at 1.0, 0.060 and 0.10 g km−1, respectively
according to Euro 6 (2014).5 In comparison, the Euro 3 values in
year 2000 were 2.3, 0.15 and 0.2 g km−1 respectively for the three
gases CO, NOx and HCs indicating a reduction in the levels by more
than 50%.6 The regulation on emission levels are expected to
increase further in the Euro 7. Hence, the research on low-cost,
multifunctional and robust sensors is constantly striving to provide
better sensors. Despite significant advancements, the need for fast,
durable and highly selective sensors for monitoring air pollutants in
various applications is constantly increasing. The common pollutants
in air are CO, HCs, NOx, H2S, SO2 and NH3.

7 While many
amperometric, potentiometric, impedancemetric and chemiresistive
sensors have been studied for air quality monitoring applications in
various industries, mixed-potential sensors are gaining greater
momentum due to their ability to measure low concentrations of
target gases in various atmospheres over a wide range of operating
temperatures.7–11

The yttria-stabilized zirconia (YSZ) based potentiometric λ-
sensors have been used in gasoline based vehicles worldwide for
about 40 years with very good stability and reliability.4,12 The first
cases of anomalous potential signal for a zirconia based oxygen
sensor were reported in 1977 in a fuel mixture containing oxygen
and carbon monoxide.13,14 Following this, the concept of mixed-
potential was suggested by Okamoto et al. for YSZ based CO
sensors operating at 300 °C.15,16 The major advantage of mixed-
potential sensors over potentiometric sensors, which depend on the
equilibrium sensing electrode (SE) potential, is that the potential
here depends on the kinetics of various reactions at the SE–solid
electrolyte interface and heterogeneous gas-phase reactions through
the SE layer.7 Traditional mixed potential sensor designs involved
either a tubular or a planar YSZ plate where on either side the SE or

reference electrode (RE) were attached. Further, the YSZ electrolyte
had a dense morphology whereas the electrodes, both RE and SE,
had a porous structure. While this design had its advantage such as
high surface area electrode that increased the sensitivity, the
durability and signal lost due to heterogeneous reactions occurring
on the gas path towards the triple phase boundary (TPB) were
reducing their efficacy for practical applications. The triple phase
boundary plays a crucial role in determining the signal strength
irrespective of the sensor design. A high surface area catalyst with
low triple phase boundary will have a higher heterogeneous reaction
contribution than a lower surface area catalyst and therefore will
have lower sensitivity. Thus high surface area catalysts do not
necessarily transfer to higher sensitivity.17 Garzon et al. fabricated a
new sensor design where a porous YSZ encapsulates the dense SE
and RE that resulted in near complete removal of heterogeneous
reactions and increased the target gas concentration at the electrolyte
– electrode interface.18–20 Due to the increasing attention on mixed
potential sensors, advance manufacturing techniques such as addi-
tive manufacturing are recently being employed to fabricate sensors
with highly reproducible performances.21,22

Mixed-potential arises when more than one electrode reaction
occurs on the SE, and a mixed-potential can be generated when the
cathodic and anodic currents are equal. Thus, unlike potentiometric
sensors, the value of potential in a mixed-potential sensor is
controlled by kinetics of the reactions occurring on the SE and
hence theoretically can have a linear relationship between potential
and logarithm of target gas concentration through careful selection
of RE and SE. A detailed analysis of various MPS configurations
and their sensing mechanism is recently discussed by Miura et al.
and Lie et al. while historic perspectives of mixed potential sensor
development up to 2014 is discussed by Miura et al. and hence will
not be covered here. The sensing mechanism developed by Miura
et al. and Garzon et al. will be covered briefly here.7,8,23 For a
detailed analysis, the readers are directed to the article by Miura.7

Mixed Potential Sensor Theory

A typical mixed potential sensor comprises an YSZ electrolyte,
Pt-RE and a SE that is specifically designed for a particular gas
detection as shown in Fig. 1. When the base gas comprising oxygen
is supplied to both RE and SE, a potential arises depending on the
equilibrium state of reaction in Eq. 1 on both electrodes that
corresponds to the baseline response. However, when the base gas
diluted with target gas (CO for example) is supplied to the SE, more
than one reaction, a cathodic reaction as in Eq. 1 and an anodiczE-mail: kramaiyan@lanl.gov; mukundan@lanl.gov
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reaction as in Eq. 2, take place at the SE/YSZ interface.

[ ]+ - -O e O4 2 12
2

[ ]+  +- -CO O CO e2 22
2

When the currents for these reactions are equal, it induces a
mixed potential. At the same time, the RE/YSZ interface, that was
exposed to the base gas, is at the equilibrium potential of reaction 1
controlled by the concentration of oxygen and independent of the
concentration of the target gas. Thus, a sensor signal arises due to the
potential difference between the SE and RE. Evidently, the overall
signal intensity depends on the kinetics of Eqs. 1 and 2 on the SE
and hence, the choice of SE and its morphology will be crucial for
achieving selective and sensitive performance. According to the
Butler-Volmer equation, the current density for reactions 1 and 2 are
expressed as Eqs. 3 and 4

{ ( ) } [ ]/a= - -i i F E E RTexp 4 3O O O
0

1
0

2 2 2

{ ( ) } [ ]/a= -i i F E E RTexp 2 4CO CO CO
0

2
0

Where E is the electrode potential, F is the Faraday Constant, R is
the molar gas constant, T is the temperature, E0 is the equilibrium
electrode potential, i0 is the exchange current density, and α is the
transfer coefficient. The exchange current densities in Eqs. 3 and 4
are assumed to obey the kinetic relationships in Eqs. 5 and 623,24
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12 2

[ ]= -i B C 6CO CO
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2

Where CO2 and CCO indicate the concentration of oxygen and CO
respectively and B1, B2, m and n are constants. Mixed potential, by
definition, arises when the absolute values of current densities in
Eqs. 3 and 4 are equal. Thus from Eqs. 3–6, mixed potential Em can
be expressed as,

[ ]= + -E E nA C mA Cln ln 7m O CO0 2

Where E0 and A are described below.
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In case of diffusion limited process, the current for anodic
reaction can be expressed as Eq. 10 where A is the electrode area,
D is the diffusion coefficient, and δ is the diffusion layer
thickness.
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Thus, from Eqs. 3–6 and 10, Em can be expressed as Eq. 11.
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From Eq. 11, it is clear that a linear relationship exists between
the mixed potential and logarithm of target gas concentration under a
fixed concentration of oxygen. The first derivation of this relation-
ship reported by Miura et al., considered a separate supply of gases
to SE and RE where RE is always supplied with the base gas.7 The
analysis by Garzon et al., takes into consideration the case where
both RE and SE are supplied with the same mixture of base gas
diluted with target gas.23 Nevertheless, since the RE normally has a
high catalytic activity towards both anodic and cathodic reactions,
both methods conclude with the same logarithmic relationship
between Em and target gas concentration. However, heterogeneous
reaction happening on the electrode surface away from the triple
phase boundary can restrict the transport of target gases toward TPB
and in-turn result in lower observed potentials than that predicted by
Eq. 11. Ritter et al. studied the effect of heterogeneous catalytic
activity of electrodes on mixed potential sensors by sintering Pt
electrodes at different temperatures where a reduction in porosity
from about 20% to less than 10% increased the sensitivity of a
propane sensor operating at 500 °C from −8mV decade−1 to
−16mV decade−1.25 To address this, the Materials Synthesis and
Integrated Devices group (MPA-11) at Los Alamos National
Laboratory (LANL) has developed a sensor design where dense
electrodes are covered in porous electrolyte resulting in significantly
reduced heterogeneous reaction contribution.18–20 Detailed informa-
tion of the theory with different target gases has been reported
previously.7,23,24,26–29 Information about a different approach to
explain the appearance of mixed potential as an oxygen concentra-
tion cell is provided in reference7 by Miura et al. Further, a recent
report by Ritter et al. analyses a finite element model approach to
calculate mixed potentials accurately under certain conditions of low
analyte gas concentrations in a set-up where both RE and SE are
kept under separate gas environments.30 Recent reviews cover the
developments on amperometric gas sensors, resistive sensors using
conducting polymers and room temperature ionic liquids, and
potentiometric sensors.31–38 Hence, in this review, we cover only
recent reports regarding important improvements in sensing cap-
abilities of mixed-potential type YSZ-based gas sensors achieved by
replacing the noble metal based SEs with inexpensive oxide-SEs. In
addition, we cover multi-electrode arrays that have been developed
in the past five years to solve the selectivity problem that commonly
plagues all sensor development.

Figure 1. Schematic representation of a typical mixed potential sensor with dense YSZ electrolyte and porous sensing electrode and reference electrode.
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NOx Sensor

The redox reactions involving NO2 and NO are given in
Eqs. 12–15.

NO2

( ) [ ] +- -O O eAnodic 2 4 122
2

( ) [ ]+  +- -NO e NO OCathodic 2 4 2 2 132
2

NO

( ) [ ]+  +- -NO O NO eAnodic 2 2 2 4 142
2

( ) [ ]+ - -O e OCathodic 4 2 152
2

The redox reactions involving NO and NO2 are opposite in nature
and hence the resulting signal of mixed potential is also opposite;
positive for NO2 and negative for NO.39 Due to this, when the gas
composition between NO/NO2/O2 is close to the equilibrium value
for the reaction 2NO2 = 2NO + O2, almost no mixed potential is
generated. NOx sensors developed for vehicle exhaust applications
are required to operate in the temperature range of 550 °C–900 °C
although for many of the reported mixed-potential sensors, the
sensitivity was shown to decrease above 600 °C.7,40 Nevertheless,
many NiO based sensing electrodes have demonstrated maximum
sensitivity above 600 °C.41–45 For example, a NiO SE based NOx

sensor fabricated on an YSZ electrolyte with well-ordered pore array
structure showed a maximum sensitivity of ∼85 mV for 50 ppm of
NO2 operating at 850 °C (Fig. 2a).43 In general, NiO based SEs have
been reported to perform best for NOx sensing applications among
the variety of materials studied.46,47 Further modification of the
composition of NiO SE by incorporating precious metals such as
Au48 or transition metals such as Cr,49 Co50 along with the
fabrication of a NiO-YSZ cermet51 were also studied with varying
success.7

Fabricating a better triple phase boundary is crucial for achieving
higher sensitivity in mixed potential sensors and many efforts have
been made to improve the TPB. For example, a double-layer YSZ
electrolyte with a porous second layer, made porous by including
starch in the tape-casting process, and MnCr2O4-SE was studied by
Yin et al. The cell with 15% starch in the porous layer was observed
to show sensitivity of ∼27 mV@10 ppm whereas the secondary
layer with no pore-formers had a sensitivity of ∼14mV@10 ppm of
NO2, close to doubling the sensitivity.58 Similarly, a femtosecond
laser writing system was used to create grooves with a spacing of
130 μm on YSZ facilitating higher TPB formation and a sensor was
fabricated with NiCr2O4-SE. The sensor provided a response of ∼45
mV@10 ppm NO2 and an overall sensitivity of 55 mV decade−1 in
the concentration range of 5–500 ppm that is 20 mV decade−1 higher
than the smooth YSZ based sensor at 800 °C.59 Corroding the YSZ
surface with hydrofluoric (HF) acid was also found to improve the
TPB and enhance sensor response by Lu et al. although a conclusive
remark on which technique is best suited to improve the performance
among corrosion, porous secondary layer formation and laser
writing is not available and is further complicated by the use of
different SEs.60 A sand-blasting technique was employed to generate
a porous YSZ surface to enhance TPB and resulted in a higher
sensitivity of 58 mV decade−1, more than the 43.3 mV decade−1

obtained for the smoother surface.41 However, the corrosion by HF
with a similar NiO SE provided a sensitivity of almost 76
mV decade−1 indicating a clear advantage of chemical corrosion
over physical techniques.61

The choice of SE is essential for fabricating a reliable sensor as
the gas phase reactions occurring at the SE/electrolyte interface
control the sensitivity directly. Liu et al. fabricated a composite
oxide Co3V2O8 and formed the SE by systematically mixing it with
various amounts of YSZ (10%–40%) to enhance the TPB. The
Co3V2O8 SE with 40% YSZ gave a maximum sensitivity of 85
mV decade−1 in the 10–400 ppm range with excellent selectivity

where the response to NO2 is not significantly affected by interfering
gases.53 The addition of a zeolite layer as a mask to cover one of the
electrodes, Pt, was shown to reduce the interference from CO, C3H8

and ammonia while equilibrating NO and NO2 that resulted in both
gases providing similar signals.62 Similarly, a 5% MoO3 doped
In2O3 as SE showed a sensitivity of 59 mV decade−1 in the
concentration range of 10–200 ppm at 500 °C. On the other hand,
In2O3 sintered at different temperatures (800, 1000, and 1200°C)
showed a maximum sensitivity of 69 mV decade−1 at 700 °C in the
concentration range of 5–300 ppm along with very good
selectivity.52 The high sensitivity was attributed to better micro-
structure coupled with high surface area (Figs. 2b and 2c). Further,
the In2O3 sintered at 1000 °C showed very good selectivity in
presence of various interfering gases as shown in Fig. 2d. The
perovskite-type oxides LaMO3 with four different transition metal

Figure 2. (a) Schematic of the fabrication of well-ordered porous YSZ
based electrolyte to improve the TPB between the NiO sensing electrode and
YSZ (Reprinted with permission from Wang et al., ACS Applied Materials &
Interfaces 2016, 8, 16752, Copyright (2016) American Chemical Society).43

SEM images of In2O3 morphology sintered at (b) 1000 °C (c) 1200 °C.52 (d)
Response of In2O3-SE towards NO2 in presence of interfering gases
(Reprinted with permission from Liu et al., Sensors and Actuators B:
Chemical 2016, 222, 698, Copyright 2016, Elsevier).52 (e) Sensitivity
comparison of recently reported electrode materials such as NiO,43

Co3V2O8,
53 In2O3,

52 activated carbon,54 CoTa2O6,
55 and Mesoporous

WO3.
56 Comparison of responses to NO2, NO, CO, C3H8 and CH4 at T =

450 °C–650 °C for sensors sintered at (f) 700 °C and (g) 1300 °C (Reprinted
with permission from Tho et al., Sensors and Actuators B: Chemical 2016,
224, 747, Copyright 2016, Elsevier).57
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ions (Mn, Fe, Co and Ni) were tested for gas sensing application
where LaFeO3 showed reasonable sensitivity towards NO2.
However, all the tested SEs suffered from significant cross sensi-
tivity to common interfering gases.63 Surprisingly, some of the
tested sensors showed positive shift in potential for both NO2 and
NO contrary to the regular expectation where the signal for NO and
NO2 are expected to be of opposite sign. The authors further
evaluated the role of sintering temperature in the range of 700 °C
– 1300 °C on LaFeO3-SE’s NO2 sensitivity and selectivity.57 A
specific catalytic activity towards a particular gas helps improve the
selectivity of the resulting sensor. NO2 was shown to react with the
adsorbed oxygen on LnFeO3 (Ln = La, Nd, Sm, Gd) and this
property was successfully exploited previously to form a semicon-
ductor sensor for NO2.

64 Here, this ability was further reflected in
Pt-LaFeO3-SE sintered at 700 °C, which showed a significant
selectivity towards NO2 while showing virtually no sensitivity
towards NO, CO, CH4, and C3H8. However, LaFeO3 sintered at
higher temperatures showed some sensitivity, indicating a balance
between the surface morphology, crystallinity and catalytic activity
(Figs. 2f and 2g).57 A ceria based binary nanocomposite of
CeO2-Cr2O3 has also demonstrated a very high sensitivity of
74mV decade−1 in the concentration range of 5–200 ppm at 450
°C.65 In an attempt to study the conventional low temperature
catalyst supports, different types of carbon materials such as
graphite, activated carbon, and glassy carbon were tested by Miura
et al. as SE with YSZ electrolyte. The working temperature was kept
low at 300 °C, dictated due to carbon use, and activated carbon
showed one of the highest reported sensitivity of ∼163mV decade−1

in the concentration range of 2.5–300 ppm (Fig. 2e).54 A list of
different SEs studied from 2014 is available in Table I.

As seen above, the role of YSZ addition in the NiO based
electrodes was evaluated with pore-formers, plasma etching, sand-
blasting, and laser techniques with considerable success due to an
increase in TPB. However, a similar strategy with a non-NiO electrode
such as La5/3Sr1/3NiO4-YSZ did not yield similar success due to the

reaction between the electrode and electrolyte at high sintering
temperatures.66 Also the cermet forming technique to enhance sensing
characteristics remains largely unexplored for non-NiO based elec-
trodes. The role of electrode morphology along with particle size was
studied by Cheng et al. where nano-structured NiO was coated on
porous YSZ resulting in improved sensitivity.42 Due to restrictions on
NOx emission levels, the interested detection range of NOx has also
narrowed historically. For example, initial studies of NOx sensors in
1996 investigated a wide concentration range of 5–4000 ppm whereas
studies after 2010 have been largely restricted to an upper limit of 700
ppm.7,26 However, due to applications in environmental air quality
monitoring where sub ppm level monitoring is required and as a result,
mixed potential sensors with sub ppm level detection capability are
being developed. For example, CoNb2O6 based SE with YSZ
electrolyte was found to reliably detect NO2 in the concentration
range of 0.1–2 ppm with a sensitivity of 10 mV decade−1.68 A
CoTa2O6 SE operating at 650 °C detected NO2 in the concentration
range of 0.5–5 ppm with a sensitivity of 12mV decade−1.55 More
recently, a mesoporous WO3-SE was reported to detect concentrations
as low as 0.06 ppm and showed a sensitivity of 51.76 in the
concentration range of 0.06–10 ppm indicating its suitability for
environmental air quality monitoring.56 Further research on sensing
electrodes coupled with reducing the operating temperature may help
improve the sensitivity at sub-ppm level concentrations and make
mixed potential sensors a mainstay for environmental monitoring
applications. Nevertheless, current commercial NOx sensors are mostly
of amperometric type utilizing YSZ electrolyte are available from
companies like Continetal/NGK,78 Bosch sensors,79 while recently
Emisense Technologies LLC has introduced an impedancemetric
based NOx sensor.

80,81

Ammonia Sensors

The use of urea in the selective catalyst reduction (SCR) system
of automobile exhausts while helping to reduce NOx emissions poses

Table I. Recent reports on mixed-potential NOx sensors.

Sensor Temp (°C) Sensitivity (mV/dec) Detection range (ppm) Year References

MnCr2O4∣YSZ∣Pt (porous YSZ) 800 ∼32 10–500 2013 58
NiCr2O4∣YSZ∣Pt (laser writing) 800 55 5–500 2014 59
La5/3Sr1/3NiO4-YSZ∣YSZ∣Pt 400 ∼28 100–700 2014 66
Activated carbon∣YSZ∣Pt 300 ∼163 2.5–300 2014 54
NiO∣YSZ∣Pt (sand blasting) 850 58 10–200 2015 41
NanoNiO∣YSZ∣Pt TPB coat technique 800 60 10–500 2015 42
Co3V2O8(+40%YSZ)∣YSZ∣Pt 700 85 10–400 2015 53
Au-10%YSZ∣YSZ∣Pt 450 ∼52 20–100 2015 67
NiO∣YSZ∣Pt 850 53.9 10–400 2016 43
In2O3∣YSZ∣Pt 700 68 5–300 2016 52
CoNb2O6∣YSZ∣Pt 750 52 2–300 2016 68
CoNb2O6∣YSZ∣Pt 750 10 0.1–2 2016 68
NiO∣YSZ∣Pt 600 NA 20–80 2016 69
MoO3-In2O3∣YSZ∣Pt 500 59 10–200 2016 70
LaFeO3∣YSZ∣Pt 550 ∼38 15–60 2016 63
CoTa2O6∣YSZ∣Pt 650 12 0.5–5 2017 55
CoTa2O6∣YSZ∣Pt 650 80 5–500 2017 55
Nb2O5∣YSZ∣Pt 800 20 10–400 2017 71
NiO-YSZ∣YSZ∣Pt 400 ∼46 3–100 2018 72
CeO2-Cr2O3∣YSZ∣Pt 450 74 5–200 2018 65
NiO∣YSZ∣Pt – ion beam etched TPB 850 40.7 2–100 2018 44
NiO∣YSZ∣Pt 600 ∼22 2–100 2019 73
WO3∣YSZ∣Pt 500 51.76 0.06–10 2019 56
α-Fe2O3-SnO2∣YSZ∣Pt 650 43.5 20–100 2019 74
Fe2O3-SnO2∣YSZ∣Pt 650 44 10–100 2019 75
LaFeO3∣YSZ∣Pt 250 40 10–200 2019 76
SnO2-NiO∣YSZ∣Pt 700 23.34 5 − 20 2019 77
SnO2-NiO∣YSZ∣Pt 700 38.67 20 − 100 2019 77
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a potential environmental hazard due to inadvertent escape of
ammonia. Further, ammonia is also increasingly observed in the
environment due to its excessive use in automobile, fertilizer and oil
refining industries.82 Hence, in recent years a variety of materials are
being evaluated as SEs for ammonia sensing, with the major
challenge being cross sensitivity towards NO and NO2 (See
Table II). For example, Lee et al. studied a variety of metal oxides
for ammonia sensing application at 700 °C where In2O3 showed a
maximum response of −228 mV for 100 ppm while CeO2 showed
the least response of −2 mV. However, cross interference from NO2,
a potential candidate at the outlet of SCRs in automobiles, reduced
the ammonia signal by more than 50%. A LaCoO3 electrode was
used as reference electrode instead of the Pt and the interference
reduced from 50% to 10% although with a drop in overall
sensitivity.83 A new type of sensing electrode Ni3V2O8 was studied
for NH3 sensing by Liu et al., which showed a logarithmic, linear
response from 50–500 ppm at 650 °C.84 However, sensor response
drift along with cross interference were observed with this material.
To increase the sensitivity, ammonia has to reach the triple phase
boundary without being consumed by heterogeneous catalytic
reactions considering the high adsorption coefficient of ammonia.
For this purpose, (i) thin electrodes and (ii) dopants with affinity
towards ammonia in the electrode were evaluated. For example, the
role of Cu in Mg2CuxFe1O3.5+x as a functional phase in bringing
ammonia to the triple phase boundary to enhance the sensitivity was
studied by Li et al. where Cu at x = 0.25 was shown to have the best
sensitivity.85 However increasing Cu beyond an optimum level has
the opposite effect on ammonia sensitivity. A study on the role of Au
decoration on CeVO4 particles revealed a significant enhancement in
sensitivity from −55.2 mV decade−1 to −78.9 mV decade−1.86 The
enhancement is attributed to Au’s ability to promote the electro-
chemical oxidation reaction of ammonia at TPB which is in line with
previous studies where Au is shown to be a good SE for ammonia
sensors.7 CeVO4 sintered at three different temperatures, 850 °C,
1000 °C and 1150 °C with varying particle sizes showed a higher
sensitivity of −80.3 mV decade−1 for the 1000 °C sintered sample.87

Interestingly, despite using two different synthesis procedures, sol-
gel vs hydrothermal, CeVO4 sintered around 800 °C (Figs. 3a–3d)
showed similar sensitivity, indicating the unique ammonia sensing
property of this material that is characterized by minimal cross

interference from NO2 and NO (Figs. 3e and 3f).87 A multi-metal
mixed oxide, V2O5-WO3-TiO2 sintered at various temperatures from
650 °C to 900 °C was tested for ammonia sensing where sintering
temperatures above 750 °C was found to be detrimental to the
performance of the sensor.88 Au supported on porous YSZ was used
in an effort to increase the TPB, showing a sensitivity of −56.9
mV decade−1 at 650 °C. However, covering the Au with a SnO2

layer reduced the sensitivity to −46.8 mV decade−1 while SnO2

alone gave a maximum sensitivity of −19.2 mV decade−1 indicating
the important role of Au in ammonia sensing applications.89

Mixed potential sensors for ammonia have also been developed
with a variety of electrolytes other than YSZ to explore the role of
electrolyte conductivity. For example, a mixed potential sensor with
a WO3 sensing electrode and a gadolinia doped ceria (GDC)
electrolyte that shows about 3 times higher oxide ion conductivity
than YSZ below 650 °C was tested for ammonia.94 A maximum
sensitivity of −140.44 mV decade−1 was achieved at 550°C for the
GDC based sensor whereas the YSZ based sensor showed a
sensitivity of only −52.92 mV decade−1. However, at higher
temperatures, the difference decreases and at 650 °C, YSZ
performed slightly better than GDC despite having three times
lower conductivity (5.95 mScm−1 vs 16.7 mScm−1) as shown in
Fig. 4.94 A TiO2 based electrode was evaluated for ammonia
detection by Meng et al. using La10Si5.5Al0.5O27 (LSAO) as
electrolyte, where the anatase phase TiO2 (a-TiO2) was observed
to be better at ammonia sensing than the rutile phase TiO2 (r-TiO2).
The phase transformation occurs upon sintering at temperatures
above 1000 °C while promotors such as V2O5, added for improving
ammonia-sensing characteristics, were found to facilitate this phase
transition at even lower sintering temperatures rendering V2O5

addition detrimental.97 The effect of improving TPB was also
studied by fabricating a porous LSAO layer on top of dense
LSAO, which helped improve the sensitivity from −89.1
mV decade−1 to −169.7 mV decade−1. A similar trend with porous
La10Si5MgO26 electrolyte and CoWO4-SE was observed by Dai
et al.93 Nevertheless, almost all of the materials studied showed
significant interference from NO2 although better tolerance towards
other gases such as NO, CO and HCs were observed. Use of
reference electrodes other than Pt has helped reduce the extent of
NO2 cross-sensitivity although it invariably reduced the overall

Table II. Recent reports on mixed-potential ammonia sensors.

Sensor
Temp.
(°C)

Sensitivity
(mV dec−1)

Detection range
(ppm) Year References

In2O3∣YSZ∣Pt 700 ∼−106 0–300 2013 83
Au, V2O5-WO3-TiO2∣YSZ∣Au 550 −70 10−300 2014 90
Ni3V2O8∣YSZ∣Pt 650 −96 50−500 2015 84
Mg2CuxFe1O3.5+x∣YSZ∣Pt 350 220 50–1000 2016 85
In2O3∣ La10Si5MgO26∣Pt 550 −58.94 25–500 2016 91
In2O3∣ La10Si5MgO26∣CuO 550 −35.88 25–500 2016 91
TiO2@WO3∣ La10Si5.5Al0.5O27∣Pt 450 74.8 0–500 2016 92
CoWO4∣ La10Si5MgO26∣Pt 400 −72.18 30–300 2016 93
V2O5-WO3-TiO2∣YSZ∣Pt 550 −76.5 0–300 2017 88
Au-SnO2∣YSZ∣Pt 650 −56.9 10−400 2017 89
WO3∣YSZ∣Pt 550 −52.92 30–250 2017 94
AuPd∣YSZ∣Pt 525 45 10 − 1000 2017 95
CoFe2O4∣5%YSZ∣Pt 450 55 20–320 2017 96
WO3∣GDC∣Pt 550 −140.44 30–250 2017 94
TiO2∣La10Si5.5Al0.5O27∣Pt 500 −169.7 50–400 2017 97
CeVO4/Au∣YSZ∣Pt 500 −78.9 0–400 2018 86
CeVO4∣YSZ∣Pt 500 −55.2 0−400 2018 86
In2O3∣(Al0.2Zr0.8)4/3.8NbP3O11F0.6∣Pt 250 99.71 100 − 400 2018 98
Ag/Bi0.95Ni0.05VO3.975∣La10Si5.5Al0.5O27∣Pt 550 −74.2 50–400 2018 99
CeVO4∣YSZ∣Pt 550 −80.3 10–320 2019 87
Cd2V2O7∣YSZ∣Pt 650 −66 1−100 2019 100
AgNbO3∣La10Si5.5Al0.5O27∣Pt 450 38.1 100−400 2019 101
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sensitivity of the sensor.83,91 We have demonstrated a NH3 sensor
using a AuPd-SE operated at 525°C and 625°C, that showed no
noticeable interference for a variety of interfering gases including
CO2, NO, NO2, CO, C3H8 and able to detect NH3 in an environment
where all these gases were present simultaneously.95

H2 Sensors

Hydrogen safety sensors are expected to be an integral part of the
hydrogen economy, for both hydrogen filling stations and vehicle
monitoring as supported by the findings of the U.S. Department of
Energy (DOE) workshop that identified performance targets for a
variety of applications.102 The general technical targets for sensor
operation described at the DOE workshop include sensitivity in the
range of 0.1 to 10 vol% hydrogen by volume in air, less than 5%
error in the full-scale reading, along with a response time less than
one minute at 1% hydrogen by volume in air and less than one
second at 4% as per the “Standard for Gas and Vapor Detectors and
Sensors”.103–105 While a variety of electrochemical sensors have

been reported over the years, a dearth of commercially available
hydrogen sensors for meeting these specific needs at a suitable cost
for wide-scale deployment has resulted in significant interest in
recent years.7,8,106–108 A variety of sensors has been tested among
which ITO∣YSZ∣Pt based sensors tend to give a high sensitivity,
wide detection range, and durable performance.7,109,110 ABO4 type
ternary oxides as SE for H2 have been evaluated recently although
they suffer from very slow response times despite high operating
temperatures (Table III).111–113 Addition of 10% Au in ZrSiO4

induced selective hydrogen sensitivity in comparison to many
interfering gases although the study did not include a wide range of
H2 concentrations.

114 Our group at LANL previously demonstrated a
Pt/Ce0.8Gd0.2O1.9/Au mixed-potential sensor using GDC as electro-
lyte and Pt, Au as sensing electrodes which showed selective higher
sensitivity towards H2 while negligible sensitivity towards methane
and propane although it showed significant sensitivity towards
CO.115 La0.8Sr0.2Cr0.5Fe0.5O3-δ perovskite based sensing electrode
showed very good hydrogen sensing characteristics in the range of
20 ppm to 1000 ppm albeit with two different slopes for 20–100 and

Figure 3. SEM image of (a) hydrothermally prepared CeVO4-SE calcined at 800 °C (Reprinted with permission from Wang et al., Sensors and Actuators B:
Chemical 2018, 272, 219, Copyright 2018, Elsevier).86 ESEM images of CeVO4-SE prepared by sol-gel method and sintered at (b) 850 °C, (c) 1000 °C, and (d)
1200 °C.87 (e) influence of sintering temperature on the response transients and (f) response values of different temperature sintered sensors to 160 ppm of NH3,
NO2 and NO (Reprinted with permission from Wang et al., Sensors and Actuators B: Chemical 2019, 299, 126863 Copyright 2019, Elsevier).87
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100–1000 ppm ranges.116 An ITO (In2O3:SnO2, 90:10) based mixed
potential hydrogen sensor prototype was developed at LANL and
installed at a refueling station in Chino, CA and performed with no
measurable drift for 206 days of uninterrupted operation with a
detection range of 100–2700 ppm.104,117 This successful demonstra-
tion of hydrogen safety sensor lead to our team at LANL winning the
2017 R&D 100 awards.118 Unlike many target gases that involve
oxygen redox kinetics for the generation of mixed potential,
hydrogen sensors can use proton conductors which in theory could
produce mixed potentials. To this end, phosphoric acid doped
polybenzimidazole membranes and In3+ doped SnP2O7 based proton
conductors were previously demonstrated to show mixed potential
type sensing properties towards hydrogen.119–122 Recently, a mixed
potential sensor using Pt-RE, Au-SE and proton conducting
ZnO:P2O5/benzimidazole composite electrolyte was reported to
detect hydrogen in the concentration range of 250 ppm – 25000
ppm operating at 130 °C. The authors targeted this device for
monitoring hydrogen concentration in expired air for diagnosing
human health as H2 is produced by intestinal bacteria.123

CO Sensors

A variety of SEs have been tested for CO sensing (See Table IV).
The initial research was dominated by noble metals while selective
and cheap SEs have started to appear recently. Selectivity is the
major challenge associated with CO detection although designs
where Al2O3 layer or other oxide layers were used to selectively
remove the interfering gases from reaching the SE have shown
promise. An Au layer covering of Pt-SE away from the triple
boundary has also been reported to improve the CO sensitivity of the

electrode by reducing the contribution from heterogeneous CO
oxidation reaction due to Au’s inferior catalytic activity to
Pt.124,125 Durability is another challenge, for which, Brosha et al.’s
work on Y0.16Tb0.30Zr0.54O2-x∣YSZ∣LaMnO3 showed durable per-
formance for about 58 days of continuous operation.126 Recently a
number of different sensing materials and electrolytes have been
used for CO applications.127,128 For example, Hyodo et al., studied
three different catalyst systems where precious metals like Au or Pt
are loaded on SnO2 or In2O3 and used as both SE and RE, while an
anion conducting polymer (ACP – A201 procured from Tokuyama
Corp, Japan)) was used as electrolyte and the sensors operated at 30°
C. A maximum sensitivity of 121 mV decade−1 was observed for
Pt-SnO2 catalyst system while all the three studied catalysts showed
significant hydrogen sensitivity as well.129–131 The Pt-SnO2 sensor
with 121 mV decade−1 sensitivity toward CO also showed an 86.9
mV decade−1 sensitivity towards Hydrogen in the same concentra-
tion range restricting their utility under co-existing conditions.
Finding absolute selectivity towards CO remains a challenge for a
PdO-SE operating at 550°C as it showed significant cross sensitivity
towards hydrocarbons.132 Nevertheless, mixed potential sensors are
increasingly finding use in many applications. For example, the use
of a mixed potential sensor with Pt/SnO2-SE in the operation of
firewood combustion has helped to reduce the CO emissions by
about 80% in comparison to hand-driven operation.133

Hydrocarbons and Other Target Gas Sensors

Significant amount of research was carried out in the develop-
ment of mixed potential sensors for HCs and Hibino et al. was one of
the first to indicate that the addition of metal oxides such as Ta2O5,
MnO2, In2O3, SrCe0.95Yb0.05O3-α to Au or Pt based SEs increased
their electrocatalytic activity towards HC resulting in increased
sensitivity.137–139 The enhancement in sensitivity is associated with
a preference towards the anodic reaction of propene in comparison to
the cathodic reaction of oxygen.138 A similar observation with In2O3

SE was observed by Wama et al. where addition of nanosized Pt
improved the selectivity towards propene while addition of YSZ to
the SE improved the durability of the devise.140 Recently, a sol-gel
derived NiO nanosphere SE was shown to detect propene at
concentrations as low as 10 ppm at 700 °C along with showing
higher selectivity in an air environment.141 The utility of mixed
potential sensors to monitor the “conversion of a catalyst” was
evaluated by Ritter et al. and Hagen et al. with two compartments
mimicking the up and downstream of a diesel oxidation
catalyst.142–144 While most of the SEs reported do not distinguish
significantly between hydrocarbons such as propane and propene,
Fujio et al. found that an addition of 1 wt% Pd nanoparticles on rod-
shaped TiO2-SE resulted in selective detection of propane (C3H8)
while TiO2-SE alone detects both HCs.145 A sensor comprising a
reduced Graphene Oxide - Cu nanocomposite modified lanthanum
strontium chromite as SE was demonstrated to detect ethane in the
concentration range of 25–100 ppb applicable for food storage
applications.146 In an effort to reduce the operating temperature of
mixed potential sensors, Ce0.8Gd0.202-δ (GDC) and scandium-stabi-
lized zirconia (ScSZ) electrolytes were studied for ethylene detection

Figure 4. Performance comparison of two NH3 sensors with YSZ and GDC
electrolytes operating at different temperatures from 500 °C to 650 °C
(Reprinted with permission from Zhang et al., Sensors and Actuators B:
Chemical 2017, 249, 76 Copyright 2017, Elsevier).94

Table III. Recent reports on mixed-potential hydrogen sensors.

Sensor
Response time

(s)
Temp. (°

C)
Sensitivity (mV/

dec)
Detection range (Vol

%) Year References

ZnWO4∣YSZ∣Pt 60 600 ∼ −220 0.5–3.0 2014 111
MnWO4∣YSZ∣Pt 95 500 78.07 0.008–0.096 2015 112
CdWO4∣YSZ∣Pt 35 500 ∼ −182 0.5–3.0 2016 113
Au-ZrSiO4∣YSZ∣Pt 11 500 ∼ −175 0.002–0.04 2015 114
La0.8Sr0.2Cr0.5Fe0.5O3-δ ∣YSZ∣Pt 4 500 −101.2 0.002–0.1 2017 116
ITO∣YSZ∣Pt <10 s 550 ∼427 0.001 − 4 2017 104
Au∣ZnO-P2O5/benzimidazole∣Pt NA 140 −4.7 0.0025–2.5 2017 123
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operating at 450 °C provided higher response but longer response
time and saturation of sensor response created new challenges.147 In
contrast, a combination of hetero-structures (YSZ and SrTiO3) as
electrolyte was studied for hydrocarbon sensing at a temperature of
200 °C which showed a highly selective response of 20 mV to 25
ppm of C3H6 in the presence of NO, CO and NH3.

148 A further
reduction in operating temperature was achieved by Hibino et al.,
where a Sn0.9In0.1P2O7/PTFE composite membrane was used as an
electrolyte and PtC - Sn0.9In0.1P2O7 as SE and PtC as RE to detect
various hydrocarbons at room temperature. A sensitivity of ∼ −77
mVdecade-1 was obtained for the RT sensing of propene.149 A tape
cast mixed potential sensor with ITO SE was demonstrated to detect
methane with a sensitivity of 20 mV/dec operating at 550 °C.150

Further, after 500 h of testing, the tape cast sensor showed only a 5%
decrease in methane sensitivity. The utility of mixed potential
sensors to detect BTEX gases (Benzene, Toluene, Ethylbenzine
and Xylene) and explosives such as Trinitrotoluene (TNT) has also
been demonstrated.151–153 Sekhar et al. detected BTEX concentra-
tion as low as 0.5 ppm using a mixed potential sensor comprising
La0.8Sr0.2CrO3 as SE and Pt as RE.151 Similarly, A
La0.8Sr0.2CrO3-SE was successfully demonstrated to detect explo-
sive RDX at concentrations as low as 1 microgram although this
sensitivity was influenced by the gas flow rate.154 A list of mixed
potential sensors developed in the past five years towards sensing
other important gases such as SO2 and H2S is given in Table V
indicating the suitability of this type of sensors to detect a wide
variety of gases.

Sensor Arrays and Multi-Gas Detection

Many of the challenges associated with traditional electroche-
mical sensors such as accuracy, temperature-dependent sensitivity,
response time, baseline drift, signal ageing, and thermal cycling
durability have been addressed to varying levels of success in the
case of mixed potential sensors as discussed earlier. For example, the
formation of array structures with mixed-potential sensors was first
demonstrated by Yang et al. to increase the sensitivity. An array of
three sensors comprising Pt∣YSZ∣WO3 structure were connected in
series for detecting NO2 and the observed results indicated an
increase in sensitivity almost three times from 13 mV decade−1 to
40 mV decade−1 (Fig. 5).159 Nevertheless, cross-sensitivity to

non-target chemical species within a given environment remains
an area of concern. Application of a bias current on certain sensors
seem to introduce selectivity to a particular type of gas in
comparison to unbiased conditions. For example, in a
La0.8Sr0.2CrO∣YSZ∣Pt sensor, a positive bias current seem to induce
selectivity towards NOx while its response towards NH3, C3H6 and
C3H8 are significantly diminished although absolute selectivity was
not attained.160,161 Recently sensor arrays coupled with modeling
have been evaluated for addressing this issue. Tsitron et al. subjected
an Au∣YSZ∣Pt sensor to varying bias currents of 0, −1.5, −3.5 and
−6 μA and exposed the sensor to different target gases such as NH3,
NO, NO2, and C3H6, and analyzed the results through a Bayesian
model to decode the actual concentration of the mixtures.162 To start
with, upon introduction of bias current the Au∣YSZ∣Pt sensor
became less sensitive towards NO and NO2 and showed very good
selectivity towards NH3 in the presence of NO and NO2. However,
the cross-interference from propene (C3H6) could not be suppressed
sufficiently. The authors introduced a series of gas mixtures with
NH3 as the target gas and C3H6 as interfering gas with α values
defined as the ratio of NH3:C3H6. The α values were varied from 0
(defined as C3H6 = 0) to 3 followed by α′ = 0 (defined as NH3 = 0).
The gas mixtures were trained under all four bias conditions (0,
−1.5, −3.5 and −6.0 μA) to represent a virtual four sensor array.
Bayesian algorithm based analysis of the results indicated a
successful decoding of the α values and actual gas concentrations
for the two gas mixture scenario.162 However, there is a similarity in
trends for sensor operation under bias conditions that could account
for the small discrepancies observed in predicted and actual sensor
response. To this effect, Unab et al., tested a total of four mixed
potential sensors connected in series where the four SEs, one AuPd,
two La0.8Sr0.2CrO3 and another In doped SnO2, all had varying
selectivity and sensitivity towards target gases such as NO, NO2,
NH3 and C3H8 under biased as well as open circuit conditions
(Figs. 6a–6c).163,164 Further, the authors also tested gas mixtures
containing two and three target gases simultaneously and observed
less than 2% error in predicting the relative concentrations (α
values) and less than 3% error in predicting absolute concentration
values indicating the advantage of multi-sensor arrays in analyzing
multi-gas mixtures.163 Tsui et al. fabricated a three-electrode array in
a single sensor platform (Fig. 6d) where a combination of biased
and unbiased conditions produced a virtual set of six sensors

Table IV. Recent reports on mixed potential sensors for CO sensing applications.

Sensor Temp (°C) Sensitivity (mV/dec) Detection range (ppm) Year References

Pt∣YSZ∣PdO 450 −33.4 20–200 2015 132
Au-In2O3∣ACP∣Au- In2O3 30 ∼35 10–3000 2015 129
Au-SnO2∣ACP∣Au-SnO2 30 49.6 10–3000 2016 130
Pt∣YSZ∣ CoCrFeO4 + CuCrFeO4 450 ∼ −24 20–700 2017 134
Pt∣YSZ∣Au/Pt-YSZ (Layered) 550 ∼56 250–1000 2017 124
Pt-SnO2∣ACP∣Pt-SnO2 30 121 10–3000 2019 131
Pt∣YSZ∣ZnO 700 −8 50–400 2019 135
Pt∣YSZ∣NiFe2O4 700 −47.57 20–320 2019 136

Table V. Recent reports on mixed potential sensors developed towards SO2, and H2S sensing applications.

Sensor Target Gas
Temp (°

C)
Sensitivity (mV/

dec)
Detection range

(ppm) Year References

Pt∣YSZ∣MnNb2O6 SO2 700 −13 0.05–5 2017 155
Au∣NASICON∣La0.5Sm0.5FeO3 SO2 275 −86 0.2–5 2018 156
Au∣NASICON∣La0.5Sm0.5FeO3 SO2 275 −8 0.005–0.2 2018 156
Pt∣YSZ∣La2NiO4 H2S 500 −69 0.1–2 2018 157
Pt∣YSZ∣La2NiO4 H2S 500 −10 0.02–0.1 2018 157
Pt∣YSZ∣NiMoO4 Triethylamine 600 −37 1–100 2018 158
Pt∣YSZ∣NiMoO4 Triethylamine 600 −4 0.1–1 2018 158
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(Fig. 6e).165–168 An artificial neural network analysis of the data
collected for single and binary gas mixtures provide an accuracy
>98% (Fig. 6f) when data collected in both biased and unbiased
modes were utilized. However, when data from either biased or
unbiased modes alone were used, the accuracy in predicting single
and binary mixtures reduces significantly indicating the need for
sensors with vastly varying response characteristics. Nevertheless,
the sensor arrays coupled with modelling provides a viable way to
decode the concentrations of multi-gas mixtures.

Conclusions

Mixed potential sensors have garnered increasing attention over
the past five years owing to their simple construction and high
sensitivity towards a variety of gases. The sensor performance
significantly relies on the triple phase boundary formation, although
only NiO based SEs have been extensively tested in a cermet (SE-
electrolyte) configuration. The perovskites and other metal oxide

SEs have been only sporadically tested for improving TPB by cermet
formation, possibly due to reaction between the two phases at high
sintering temperatures. Nevertheless, improvements in SE choice,
tuning the TPB through morphology control, and lowering the
operating temperature by using alternate electrolytes have increased
the sensitivity of mixed potential sensors to detect even sub ppm
level concentrations. Further, developments in array formation
coupled with modeling has helped address the selectivity issue and
decode the concentrations of multi-gas mixtures using mixed
potentials sensors. Numerous sensors outlined in this review paper
have sufficient sensitivity to detect NO, NO2, NH3, CO, and C3H8

concentration well below their Occupational Safety and Health
Administration (OSHA) Permissible exposure limits (PELs) of
25ppm, 5 ppm, 50ppm, 50ppm, and 1000ppm respectively.36

Although there are stricter standards including California/OSHA,
National Institute for Occupational Safety and Health (NIOSH) and
American Conference of Governmental Industrial Hygienists
(ACGIH), these are not significantly lower than the OSHA standards

Figure 5. Mixed-potential sensors composed of YSZ electrolyte, WO3 sensing electrodes and PtY/Pt reference electrodes: (a) single sensor, (b) 3-sensor array
(Reprinted with permission from Yang et al., Sensors and Actuators B: Chemical 2007, 125, 30, Copyright 2007, Elsevier).159

Figure 6. la0.8Sr0.2CrO3-SE response towards several common target gases at various temperatures under (a) no bias (b) −0.2V bias (Reproduced with
permission from ECS Transactions 75, 107 (2016) Copyright 2016, The Electrochemical Society).164 (c) Au-SE response under biased and unbiased conditions
(Reproduced with permission from J. Electrochem. Soc., 164, B448 (2017) Copyright 2017, The Electrochemical Society),95 (d) schematic of a three-electrode
sensor with top, bottom and cross sectional views, (e) architecture of artificial neural networks for the three electrode array with six possible input neurons, and
(f) confusion matrix analysis for single and binary test gas combinations where data from both biased and unbiased conditions were utilized (Reprinted with
permission from Tsui et al., Sensors and Actuators B: Chemical 2017, 249, 673 Copyright 2017, Elsevier).167
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and can be satisfied by these sensors. Further improvements in
sensor to sensor reproducibility and long-term (> 1000 h) durability
(limited drift in both baseline and calibration) are critical to facilitate
the deployment of mixed potential sensors in these markets that are
currently served by resistive-semiconductor and electrochemical-
amperometric devices. The recent critical developments outlined in
this paper have the potential to open a whole world of environmental
monitoring (especially in cities) applications to these sensors where
stricter EPA and European Commission standards in the < 100 ppb
range need to be met.
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