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EYXAPIXTIEX

Oa Beha va ekdpAow TIG EUXAPLOTIEG LOU, APXLKA, OTOV UTIOMOVETIKO KOl UTIOOTNPLKTIKO
kaBnyntn kot enoémtn pou kadnynth Navaywtn Towakdpa. H gunepia, n umootrpién, ot
oUUBOUAEC, N yvwon kot n adoociwon Tou pou £8vav KIvnTpo, WOTE vV UMOPECW Vo
OAOKANPWOW aUTN TNV MPO-TITUXLAKN eumelpia. Emiong, Ba Bela va Tov euxopLoTiow Tou
pou €6woe tnv eukalpla va pelvw kat vo SouAéPw oto epyactrplo EvaAloktikwv
Zuotnuatwyv Metatponng Evépyelag Ttou TUApATOG MnxavoAoywv Mnxavikwv Tou
MNoavemotnuiov Oscoaliag. Katd tnv mapapovr) HOU OTO €pyaoTnplo, ida mwg slval To
EPYAOLOKO TEPIBAANOV O €val TPAYUATIKO EMLOTNUOVIKO £pyooTnplo kol eupaduva otnv
Kotavonon Twv SLadlkoowy.

ErumAéov, Ba nBsla va €uxoplOTHOW TO TMPOCWTILKO TOU €PyaoTnplou, tnv Ap.
AyyeAiki Mmpoulyou, tnv Ap. Qwtewvy Tlopumatl{oyAou kal tnv Ap. Zwtnpia Kovtou. H
kaBodnynon, n umootnplén kat n Bornbela TOUG AUTOV TOV KOLPO NTOV HUEPLKA OmoO Ta
epyaleia pou mou BorBnoav otnv ekmovnon tng SUTAWUATIKAG epyaciag. O@a nbeAa eniong
Va EUXOPLOTNOW TA HEAN TNG EEETAOTIKAG ETILTPOTING YLOL TOV XPOVO TOUC KOl TIC GUMBOUAEG
TOUG.

T€Aog, Ba BeAa va euXapPLOTOW TNV OLKOYEVELA LOU, TOV TIATEPO Hou, MauAo, Kot
™V untépa pou, Katepiva yla tTnv aydmn, TNV EUMLOTOOUVN Kal TNV NOWKNA KoL OLKOVOULKA
uTrooTtnPLEN Tou Hou €6woav o€ OAn TNV SLAPKELX TwV OMOUdwWV pPou oTo MavemnioTipLo
Oeocoaliag. Asv Ba Atav duvathi n oAokAnpwon TNG SUTAWUATIKAG 1 TwV oTIoudwv XwpPLg

auToUG.



ABSTRACT

The rapid growth in science and engineering in the 21st century has provided a remarkable
rise in our living standards. Unfortunately, in parallel with this development, problems have
also arisen concerning the environment, such as the depletion of ozone in the atmosphere,
acid rain, problems in human health and the greenhouse effect. The main source of these
problems is related to the continuously increasing need for energy, 85% of which derives
from the combustion of mineral fuels, mainly hydrocarbons. From this combustion
processes, except energy, the main greenhouse gases - carbon dioxide and steam - are
produced. Moreover, due to industrialization, many hazardous gases are realized through
industrial processes. So, gas-detecting devices, such as electrochemical gas sensors, that can
analyze the composition of a targeted atmosphere in real-time are important for the future.
Such devices can help address environmental problems and warn people about the
presence of dangerous gases. Furthermore, as the non-renewable energy sources run out,
there is a need for energy saving. By analyzing the composition of combustion emissions of
automobiles or industries, the combustion processes can be optimized.

The first chapters of this thesis provide basic information about electrochemical
processes. At first, the fundamentals of solid-state electrochemistry and the basics of solid
electrolytes are examined that are important for the understanding of electrochemical
devices. Next, the most important electrochemical and physicochemical techniques for
analyzing the tested devices or used materials are presented. Last, the configuration and the
principle of operation of future electrochemical devices are discussed.

Next, sensors for the detection of important gases are reviewed. The configuration
and principle of operation of a wide variety of electrochemical sensors based on solid
electrolytes for the detection of common gases are presented. All of those sensors operate
at intermediate or high temperatures. The efficiency of every sensor is examined

throughout experimental data and /-V curves.



INEPIAHWH

H amdtoun avamtuén otnv €motipn Kot otnv texvoloyia tou 21°%Y mpwrtou awwva £xeL
MPOodEPEL onUavTK avénon otov Tpomo Iwn¢ tng mAsoPndiag Twv avBpwnwv.
Avotuxwg, mapaAAnAa pe aovtn tnv avamtuén, Snuioupyndnkav Kal TpoBARuOTa TOU
adopolV TNV atuocdalpa Tou MAAVATH, ONwG N €€AVTANGN Tou 6{OVTOC TNG ATUOOALPAC, N
o&wvn Bpoxn, mpoPAnuata otnv uyeia Twv avBpwWNwWV Kot To ¢palvopevo tou Bepuoknrmiou. H
Baoikn TNy aAUTWV TwV TIPOBANUATWY OXETIETOL PE TNV OVAYKN Yla EVEPYELA, TO 85% TNG
omolag €pXETaL Ao TNV KAUON OPUKTWV KAUOLUWVY, Kupiwg udpoyovavOpdkwv. Qotoco
£KTOC QIO eVEPYELX, ameAeuBepwvovTal Kot T facikd agpla tou Bepuoknmiov, dtoéeldiou
Tou AvBpako Kol otpog. EToL, CUOKEUEG avixveuong aepiwv OMwG oL NAEKTPOXN HLKOL
aLoOnTAPEC agpiwv MoU UMopouV va. avoAUGOUV TNV cUOTAON €VOG OEPLOU OE TIPAYHOTIKO
XPOVO UTOpOUV va pavouv oAU XPNOLUEG Yot TO HEAAOV. TETOLEC OUOKEUECG UIOPOoUV va
OUUBAA\OUV  OTNV  QVTIMETWTILON TWV  TEPLBAANOVTIKWY  TIPOPANUATWY KAl  va
TPOELSOTOLio0UV TOUuG avBpwrmoug yla Tnv mapoucia ermkivbuvwyv aegpiwv. EmutAéov,
KaOwC oL PN-OVAVEWOLUEG TINYEC EVEPYELOG eavtAouvtal Snuioupysital n avaykn yla
olkovopla otnv evepyeia. Méow NG avaAuong tng ovotaong TwV KOUoOEPLwV Twv
OUTOKLVATWYV I TWV EPYOOTACLWV UTtopel va BeAtiotonolnBet n Asttoupyia touc.

Ita mpwta Kedbalala TG SUTAWHATIKAG epyaciag Sivovtal ot Baoikég mAnpodopieg
yla TG nAeKTpoXnUKEG Olepyaocieg. Apxkd, efetdlovtal ol PAOCIKEG apXEG  TNG
NAEKTPOXNUELOG OTEPEAC KATAOTAONG KOL TA BACKA YL TOUC OTEPEOUG NAEKTPOAUTEG Ta
omolal gilval amapaitnTa ylo TNV KATAVONON TwWV NAEKTPOXNUKWY CUCKELWV. MEeTQ,
TIAPOUGCLATOVTAL OL TILO CNUAVTLKEG NAEKTPOXNHLKEG Kal GUOLKOXNULKEG Slepyaoieg avaluong
OUOKEUWV Kol ULAKwv. T€Aog, moapouotaletal n Soun KoL o TPOMOC Asltoupylog Twv
HUEANOVTIKWY NAEKTPOXNULKWY CUCKEUWV.

Itnv ouvexela, e€etalovral aoBNTNPEG yla TNV avixVeuon ONUOVIIKWY OEPLWV.
MNapouactaletal n doun Kal 0 TPOMOG Asltoupyiag evog HeyAAoU €UpPoOUC aLoONTAPWY HE
oTePEO nAektpoAUTn. OL awoOntripeg autol xpnolpomolouvtat yia meptaiiovta uPnAng
Bepuokpaociag. E€etaletal n amodotikotnTa TwV atcdntipwyv pe Baon ta dedopéva Kot Ta

Slaypappata pel LATOC-TACNC.
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Chapter I

Introduction

1.1 Utility of electrochemical sensors

The most important concepts in electrochemistry were introduced by Nernst
(thermodynamic approach), Kohlrausch (conductivity measurements), Faraday (relation
between electricity and quantity of matter) and Volta (classification of redox couples) during
the 19" century. However, the first electrochemical sensors were available at the second
part of the next century. Nowadays, the need for accurate and automatic control of
combustion emissions from automobiles or other industrial processes is increasing,
following the rapid development of several countries. The pace of this industrialization has
made clear that the industries of advanced and developed countries are expanding year to
year. Following this expansion, there is an exponential growth in environmental protection
policies, strictly regulating pollution emission standards, and prompting people to
continuously explore technologies with low pollution and low energy consumption.
Consequently, it is important, for the future, to develop reliable, robust, low-cost and
miniaturized sensors for the detection of various gases in aggressive environments. Among
other types of gas sensors, electrochemical sensors have some advantages to meet these

requirements.



Although there is a great turn of interest in that kind of sensors due to the growing
public concern for climate change and an impressive progress in science and engineering,
there is still a need for faster, more sensitive and selective electrochemical sensors in order
to successfully limit emissions from automotive and industries especially in developed
countries. Among the most common dangerous gases realized from combustion are
hydrocarbons (HCs), carbon and sulfur monoxide and dioxide (CO, and SOy), hydrogen (H,),
hydrogen sulfide (H,S), ammonia (NH3) and nitrogen oxides (NO,). As a result, there is strict

legislation related to the acceptable limits of those emissions.

Electrochemical sensors based on solid electrolytes are considered the most
promising gas sensing devices for commercial use because they offer excellent sensitivity,
simple operation and construction, direct in-situ response and scope for miniaturization.
Among the various types of electrochemical sensors, amperometric ones are the most
promising type as they offer simplicity and direct response. Moreover, the advance in solid-
state ionics and electronics further accelerates the progress in electrochemical solid-state
sensors. The most well-known and commercially used sensor mainly in automotives is the A-
sensor based on yttria-stabilized zirconia (YSZ) with platinum (Pt) working electrode (WE). A-

sensors are already employed for about 40 years on gasoline-based vehicles worldwide.

Concluding, the yttria-stabilized zirconia electrolyte has already been proven to be a
suitable and effective electrolyte for electrochemical sensors. Zirconium oxide is the first
pure oxide doped with a different oxide to form a stable structure and an effective oxygen
ion conductor. Calcium was the first tested dopant for stabilizing the pure zirconium oxide
to form a stable solid oxide electrolyte, however many more oxides were tested after
calcium as zirconium stabilizing agents, such as the favorable yttria, magnesia, scandia and
ceria. The ever-growing success of those oxygen-ion conductors based on zirconia has laid
the foundation for even more research and studies for the development of other types of

electrolytes and sensors to control industrial pollutants.



1.2 Importance of solid electrolytes

Environmental crisis and non-renewable energy sources have firmly confirmed that
there is a need for cleaner energy sources to reduce greenhouse gases emissions and
renewable energy sources to address the energy crisis. However, there isn't yet an optimal
solution. Electrochemical devices for the storage and production of energy and the control
of emissions such as lithium-ion batteries, fuel cells and electrochemical gas sensors are
considered a promising technology to eliminate greenhouse gas emissions and partially
address these problems. The efficiency of such devices mainly depends on the properties
and the characteristics of the materials, so it is important to develop innovative materials

for these systems.

Electrolytes are one of the most important components of every electrochemical
device. Electrolytes conduct electricity by the movement of ions in contrast to metals that
conduct electricity by the movement of electrons. Generally, high ion conductivity is
observed in liquid electrolytes, such as aqueous solutions of salts and molten salts.
However, during the last three decades, there have been developed several solid materials
that exhibit significant ionic conductivity and have negligible to zero electronic conductivity.
The conductivities of those solid electrolytes are comparable to the conductivities of many
liquid electrolytes and considering their physical properties, solid electrolytes are already
preferred in many electrochemical devices such as fuel cells, batteries, supercapacitors and
electrochemical gas sensors. Nowadays, the studies for the development of solids
electrolytes are transforming into an interdisciplinary field concerning chemistry, material

science, physics and engineering.

lon conductivity in solids is usually achieved at elevated temperatures but far lower
than their melting point. Generally, the activation energy and ionic conductivity of solid
electrolytes vary from 0.1 to 2eV and 10 to 1S-cm™, respectively. There are many types of
solid electrolytes, varying from ceramic and glasses to acids, hydrates, gels and polymers.
However, ceramic solid electrolytes such as YSZ are the most preferred electrolytes for

aggressive environments as they fulfill all the requirements.



Chapter 11

Theoretical background

Abstract

In the second chapter, the basic characteristics and the different types of solid electrolytes
are described. An introduction to the electrochemistry fundamentals and basic diffusion
theory is being conducted. This introduction is necessary for the understanding of the
mechanisms that take place at solid electrolytes and electrochemical devices. Last, the
principle of operation and characteristics for different types of electrochemical devices are

reported.

2.1 Solid electrolytes
2.1.1 Introduction

Electrolytes are the key to every electrochemical device. Solid electrolytes, also
known as superionic, fast or optimized ionic conductors, are the most recent type of
electrolyte. Solid electrolytes are solid materials that exhibit high conductivity of anions or
cations and low to zero electronic conductivity. The field of ion conductive solids, with or
without electronic conductivity, is referred to as solid-state ionics. High-density batteries,
high-temperature gas sensors for a wide range of different gases, supercapacitors and high-
temperature fuel cells are some of the applications of solid electrolytes, resulting in a great
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turn of research and funding for the development of new and more optimized solid

electrolytes [1].

2.1.2 History

Conductivity in solids was reported for the first time more than a century ago. Michael Faraday
first discovered an electrically conductive solid in 1883. Faraday found that the ionic
conductivity of Ag,S (silver sulfide) is proportional to the temperature, as the temperature
increases, so does the conductivity. In addition, similar behavior was reported in other solids
such as PbF, (lead fluoride). This phenomenon couldn't be explained at the time, as this
behavior was different from that of the metallic phase. Hittorf studied ion conductivity in AgS
and Cus,S (silver monosulfide and copper sulfide, respectively) and figured out that there was a
different electrolytic conduction mechanism in these materials. Warburg proved that sodium
ions could flow through the solid in 1884. This conclusion changed the conclusion of Arrhenius

that pure salt and pure water couldn't be conductors like salt dissolved in water [2].

One of the earliest applications of solid (ceramic) electrolytes was Nernst's lamp. In
1897, Nernst discovered that second-class conductors in the shape of a thin rod could
exhibit ion conduction with the help of an auxiliary heating appliance and then kept glowing
by the presence of an electric current. In the beginning, Nernst reported only lime and
magnesia as proper conductors. However, through further research, Nernst concluded that
the ionic conductivity in pure oxides increases with an increase in temperature but generally
remains considerably low, whereas mixtures based on oxides show much better
conductivity. These results come in agreement with the already studied and known behavior
of liquid electrolytes. Soon many solid oxide electrolytes with good ionic conductivity at
increased temperatures, such as the particularly favorable composition of 85mass% zirconia
and 15mass% yttria (YSZ), were identified. Yttria-stabilized zirconia has been proven an
excellent oxygen conductor considering, that even after a century, it is still considered an
effective electrolyte for high-temperature operation and employed in many electrochemical
devices. Given the technology and the knowledge at the time, Nernst couldn't prove that his
glowers were ionic conductors. However, he assumed that there are defects in the structure
of YSZ caused by yttria additions that provide the necessary charge carrier. Wagner later in
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1943 explained the conduction mechanisms in Nernst devices. Wagner proved the existence
of vacancies in the structure of YSZ. Now, it is known that platinum contacts had the role of
air electrodes and the glowers were oxide-ion conductors. That makes Nernst glower a
really important discovery because it is the first finding proving that there is ionic
conductivity in solid-state electrolytes and can be as effective as that of a liquid electrolyte

[3].

In 1957/1958, Kiukkola and Wagner performed thermodynamic investigations using
CaO-stabilized ZrO, as solid electrolyte [4], [5]. These works were the first step for many
applications around the world in the field of solid-state electrochemistry. In that field, ZrO,-
based solid electrolytes dominated over the other ceramic electrolytes. For example, in
1961, in their work, Weissbart and Ruka described a ZrO,-based galvanic cell for the

detection of oxygen in high-temperature gases named oxygen gauges [6].

After all the popularity that solid electrolytes gained, many more families of
materials were identified as ion conductors to different kinds of ions. Some of the most
important are B and B'' aluminas, glasses, polymers and mixed conductors that present both
ionic and electronic conductivity [7]. Among the newly discovered electrolytes, proton
conductors are the most promising technology for future proton conductor-based
electrochemical devices. lwahara et al. first discovered in the 1980s the proton-conducting
properties of LaYO3 and SrZrOs. Following these findings, Maiti and Vikar reported that pure
BaCeOs; and yttria-doped BaCeO; are proton conductors at po,<10®° and temperatures
between 600-1000°C. It was not until 1987 when Mitsui et al. proved the proton conduction
in BaCeqposYbo0s03.s and BaZrposYboosOss. Among these discoveries, the highest
conductivity, in the order of 107%s-cm™ at 600°C, was achieved by BaCeOs-based materials

[8].

2.1.3 Types of conductors

Electrolytes must fulfill several requirements in order to be suitable for use in electrochemical
devices. Firstly, electrolytes must be thermodynamically and chemically stable under oxidizing and

reducing environments and it is important to present low electronic conductivity. Also, Hittorf



transference number t; must be equal to unit. Hittorf number gives the fraction of the total charge

carried by an ionic species in the electrolyte [9]. This number is described by equation (2.1),

t =0,/0, (2.1)

otal

One of the main properties that a material must possess, in order to be considered a
suitable electrolyte, is the ability to provide a pathway for ions to flow while simultaneously
blocking electrons. The ability to support current flow by the motion of ions when a
potential is applied is called conductivity and it is measured in ohm™cm™ also known as
S.cm™ (S=Siemens). Generally, electrons and ions are generated or used through
electrochemical reactions at electrodes, these ions flow through the electrolyte to the
oppositely charged electrode in order to maintain charge balance while the electrons are

forced to an external circuit.

As seen in Fig. 1, solid electrolytes exhibit ionic conductivity in the range of 107 ... 1
S-cm™ at high temperatures. This range is much better than insulators but considerably
worse than metals. However, they present the same order of magnitude as semiconductors
and liquid electrolytes. lon conductivity in solid electrolytes generally occurs due to a
hopping process between an occupied and a vacant oxide site. Those vacancies occur by
doping the initial oxide with an oxide of lower valent cations than the cations of the first
oxide. Electrolytes must exhibit ion conductivity of at least 1073S-cm™ at operating

temperatures [1].
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Figure 1: Comparison of the conductivities of: semiconductors, solid electrolytes, liquid
electrolytes and metals.



2.1.4 Ionic conductivity

Conductivity in solids is the result of the movement of charged species (ions) when a voltage
is applied. An ion needs vacant sites to occupy as it moves and a potential difference to
force it to move. Therefore, ionic conductivity is linked with defects. There are many types
of defects but two are the most common and most important. The first type is those
involving vacant lattice sites (Schottky defects) where ions jump from one vacant site to the
next. The second type is those involving species placed between regular sites, in
"interstitial" positions (Frenkel defects). In Frenkel defects, ions can jump from one
interstitial site to the other or they can push other species into an interstitial position and

occupy the regular lattice site [10].

It is observed in Fig. 1 that solid electrolytes must operate at high temperatures, usually more
than 400°C, in order to compete with liquid electrolytes [10]. This means that ionic conductivity

(o) rises as the temperature rises. This can be expressed as an Arrhenius-type form:

o= ﬁexp(_AEa ) (2.2)

T k-T

Where op is a function of the ionic charge, attempt frequency, jump distance and the
concentration of mobile ions, k is Boltzmann's constant, T is the temperature of operation in

Kelvin and AE, is the activation energy ranging from 0.7 to 1.4eV [9].

Schottky Defect Frenkel Defect
(i.e. NaCl) (i.e. AgCl)
Na* + ClI- > V. + Vg Ag* — vAg+ AG" interstitial

Figure 2: Schematic representation of Schottky and Frenkel defects in NaCl and AgCl [11].

In Fig.2 is shown Schottky and Frenkel defects in two different solids, NaCl and AgCl

respectively. As equations (2.3) and (2.4) suggest, at temperatures above 0, there will



always be an equilibrium of defects. The number of defects at a crystal is calculated by the

following equations,

-AH
For Schottky defects: n,=N-exp 2 (2.3)
2-k-T
1/2 _AHF
For Frenkel defects: n,=(N-N;)""-exp R (2.4)

Where ng, N and N; are the number of defects, the number of lattice sites and the number of
interstitial sites, respectively, and AH;, AH¢ are the enthalpy of formation of one Schottky or

Frenkel defect, respectively [9].

2.14.1 Oxide ion (0%') conductivity

Oxygen conductivity in solids depends on the movement of oxide ions through the crystal
lattice. Oxygen ions are imposed to thermally-activated jumps from normal sites of the
crystal lattice to vacancies with a fixed direction depending on the applied electric field.
Consequently, ion conductivity depends strongly on temperature. The ceramic electrolytes
exhibit zero ion conductivity at room temperature, but at higher temperatures their

conductivity can be compared to that of liquid electrolytes, reaching values up to 1S-cm™.

In structures similar to yttria-stabilized zirconia (YSZ), guest cations (Y**) replace the host's
ions (Zr*") and generate oxide-ion vacancies in order to retain electrical neutrality. The oxygen ion

vacancies when ZrO; is doped with Y,0s3 are created according to the reaction,
zro ' " X
Y,0, ——=2Y,, +V, +30;] (2.5)

where YZr is yttrium ion in normal cation site, Vo is the oxygen vacancy created by the

doping process and O/ is the oxygen ion normal lattice site.

2.1.4.2 Proton (H*) conductivity

Protons are always covalently bonded to a negatively charged ion, such as oxygen ions in
oxides, or they are shared from two atoms, in bonds like O—H---:O. Hydrogen ions or protons

can't be found free in solids under equilibrium conditions, because they interact with the



negatively charged oxygen ions. In high-temperature proton conductors (HTPCs), there can
be realized a transport mechanism known as proton-hopping mechanism or Grotthuss
mechanism. This mechanism is a result of a thermally-activated jumping process. However,
this process requires the breaking of the O-H bonds. The proton conduction mechanism
takes place in two steps, first, the proton rotates around the oxygen ion and second the
proton hops to a neighboring oxygen ion. The second step is the rate-determining step of
the process. According to the Grotthuss-type mechanism, the activation energy of the
second step is about 0.5eV that is less compared to that of the first step which is below
0.1eV [8]. Most solid proton-conducting materials produce new structure element when

they interact with water vapor, according to the reaction,
H,O +Vc; +0] = ZOH;) (2.6)

where OHé is the proton defect responsible for the proton conductivity. For example, in

the well-known proton-conductor Y-doped BaZrOs; the oxygen vacancies are formed

according to the reaction (2.7),
Y,0, —2&% 5 2Y, +V, + 303 (2.7)

2.1.5 Classification of solid electrolytes

Good ionic conductivity in solids is not a usual phenomenon. Over the years, researchers have
discovered many solid electrolytes that show high ionic conductivity being insulators for
electrons. These solid electrolytes are also known as superionic conductors because, in terms of
jionic conductivity, they can be compared with the well-established liquid electrolytes. There are
several ways to classify solid electrolytes, for example here they are characterized based on the
transported ion. lonic species such as 0%, Ag", Na*, Li*, H" are reported to move fast in

crystalline ion conductors [7].

e Oxygen ion (0%) conductors

The ionic conductivity in those solid solutions occurs via oxide ionic vacancies (V)

generated by doping the host crystal with a lower valent oxide such as CaO, Y,03;, MgO, Sc,0s.
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Thus a cubic fluoride-type solid structure is made that is structurally stable, as shown in Fig. 3. For
instance, they can be formulated, as Zr;«CaxO,« and Zr1YxO2-/, containing x and x/2 mole of
oxide-ion vacancies per formula unit, respectively. High temperature is required to accomplish
high ionic conductivity in solid oxides. The conductivity is also related to the concentration of the
aliovalent guest cations at the first stage of doping. However, there is a maximum value for
aliovalent concentration, after this, further doping has the opposite result. This maximum differs
for every aliovalent guest and it is about 5-10% for CaO and 6-10% for Y,0s. This type of oxide ion

conductors has a fluorite structure.
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Figure 3: Cubic form of zirconia doped with 12% or more Yttria [12].

These materials have been used in electrochemical gas sensors, oxygen separators, oxygen
pumps, steam and/or carbon dioxide electrolyzers and various types of fuel cells [13]. It is
interesting that for a certain temperature the maximum ionic conductivity can be found at
the right amount of Y,0s3;. For example, in the well-known YSZ electrolyte, the Y,0;
concentration that provides the best possible ionic conductivity doesn't depend on the
temperature. However, high ionic conductivity can be found at elevated temperatures. In
Fig. 4, the conductivity of a YSZ electrolyte at different temperatures and with different Y,03

concentrations is depicted.
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Figure 4: Conductivity of yttria-stabilized zirconia plotted against the content of Y,03; for
different temperatures [14].

Even if YSZ is the best-known electrolyte, there are many reports of other materials used as a
dopant for ZrO,. Generally, ZrO, needs to be stabilized with the aid of a dopant. Those dopants are
divided into two categories, alkaline earth oxide and rare earth oxides. There are reports of

alkaline earth oxide like CaO and MgO and rare earth oxide-stabilized zirconia like Sc and Ce [14].

Expect the YSZ oxygen-ion conducting electrolytes, cerium based and lanthanum gallate-
based solid electrolytes have also been extensively investigated for operation at lower
temperatures. Cerium-based electrolytes, compared to the zirconia-based electrolytes, exhibits a
considerably higher ionic conductivity at lower temperatures. An example of such a cerium-based
oxide-ion conducting electrolytes is the solid Ce;M,0, (where M is samarium (Sm) or gadolinium
(Gd)). Similar to zirconia, ceria has a fluorite structure and ceria is doped with trivalent cations
such as Sm*>* and Gd*' for the formation of oxygen vacancies. Considering that these electrolytes
show higher ionic conductivity than zirconia-based electrolytes at lower temperatures they are
suitable for lower operating temperatures. Moreover, Ce;-,Gd,O, presents excellent chemical
stability in contact with cathode materials. However, a major drawback of ceria-based electrolytes
is that when operating in reducing environments, cerium ion changes its valence state from Ce*"

to Ce® as a result, electronic conductivity appears through the electrolyte. Due to the presence of

electronic conductivity in the electrolyte, the system's efficiency deteriorates [15].
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On the other hand, perovskite oxides are purely oxide-ion conductors and are employed
as electrolytes for application in intermediate temperatures (600-800°C). Among the materials of
the perovskite family, lanthanum gallate (LaGaOs)-based materials were the only ones that proved
suitable for application as electrolytes. Ishihara and his group in Japan [16-18] were the firsts who
developed the optimized materials of general stoichiometry La;,Sr«Gai.,Mg,03.5 (LSGM). LSGM
exhibits even higher conductivity at intermediate temperatures than the materials belonging to
the fluorite structure and is also a promising electrolyte for application in devices operating at

lower temperatures than the pre-existing YSZ-based devices.

Another family of oxide-ion conductors is the BIMEVOX family. The materials of this family
are conductors based on Bi,0s oxide. Bi,Os-based conductors doped with a transition metal (such
as Cu or Mg) and vanadium (V) exhibit ionic conductivity of the order of 0.15-cm™ at 600°C [15].
The ionic conductivities of some of the most promising oxide-ion conductors belonging to the

abovementioned families are presented in Fig. 5.
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Figure 5: The ionic conductivity of some of the most promising oxide-ion conductors as a function
of the inverse temperature [15].

e Ag' Conductors

Ag" conductors were the first solid electrolytes that showed high ionic conductivity
even at room temperatures. The most popular Ag* conductor is the a-Agl discovered in 1914

by C.Tubandt and E.Lorentz. Most Ag* conductors display high ionic conductivity at high
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temperatures. However, phases like RbAgls with a similar structure to a-Agl exhibit

considerably high Ag* conduction at low temperatures [7].

e Na' Conductors

Materials in the family of B-aluminas show exceptionally high conductivity of Na* and
the ability to exchange Na® by a wide variety of other monovalent cations. Sodium B-
alumina and sodium B"-alumina are the last members of a family of sodium aluminates
whose composition ranges from approximately Na;0-11Al,05 to Na,0-5Al,03. An important
advantage of beta aluminas is that they can exchange Na cations for a wide variety of

divalent and trivalent cations [19].

e Li* Conductors

High-density, rechargeable Li-ion batteries that are mainly used in transportable
electronics and electric vehicles were the driving force for more funding and research in Li*
conductors. A commonly used ceramic electrolyte for lithium-ion batteries is lithium metal
oxides that allow lithium-ion transport through the solid more readily due to the intrinsic

lithium. Those electrolytes can exhibit good ionic conductivity at room temperature [7].

e H" Conductors or proton conductors

Electrochemical devices such as fuel cells and sensors were the driving force for the
development and optimization of solid proton conductors. According to the temperature
range of operation, they are divided into two groups. Electrolytes for low and moderate
working temperatures are solid-state, acids and the family of pB-aluminas. In high
temperatures, oxides belonging to the perovskite family are typically used [7]. High-
temperature proton conductors or HTPCs are the most promising electrolytes for devices that
operate at elevated temperatures and aggressive environments, such as solid oxide fuel cells
and electrolysis cells or electrochemical gas sensors. As expected, there are several properties
that an electrolyte should satisfy to be considered suitable for application. Electrolytes must
exhibit acceptable proton conductivity and low electronic or oxygen-ion conductivity,
excellent chemical and thermodynamic stability at reducing, oxidizing or corrosive
environments and good mechanical and ceramic properties [8].
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Most oxide compounds that exhibit proton conductivity, usually, also exhibit electronic or
oxygen-ion conductivity. For example, two well-known proton-conducting electrolytes, BaZrOs
and BaCeOs, depending on the environment of operation, may exhibit electronic (p- or n-type),
oxygen-ion or proton conductivity. Also, SrZrOs; and CaZrOs; present similar behavior. High
electronic conductivity affects the electrical potential difference between the two sides of the
electrolytes and, as a result, reduces the response of the sensor. Considering that the proton-
conducting electrolytes for electrochemical sensors operate at high temperatures and for a long
period of time, they must exhibit significant stability in reducing, oxidizing and corrosive
atmospheres.

Oxygen ion conductors and proton conductors are the most promising electrolytes for
many electrochemical devices in the nearest future. Among the oxygen ion conductors, yttria-

stabilized zirconia (YSZ) is the most popular.
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Figure 6: lonic conductivities of different electrolytes plotted against temperature,
BaZroY0.203.5 (BZY), BaCeo7Zro.1¥0.203.5 (BCZY), Ce0.sSmMo.202.5 (SDC), CepsGdo2025 (GDC),
Lag.8Sro.2Gap.sMgp.203.5 (LSGM) and 8 mol% Y,03-doped ZrO, [20].

As far as the proton conductors, two popular electrolytes are the ceramic materials based on
BaZrosYo.,035 (BZY) and BaCeq7Zro1Y0.,035 (BCZY). Fig. 6 shows the conductivities of some

oxygen-ion conductors and some proton conductors plotted against temperature [20].

2.2 Fundamentals of electrochemistry

2.2.1 Electromotive force

The movement of electrons in a wire or the movement of ions through an electrolyte to an

electrode requires a work cost. This is similar to the pumping of water from one point to
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another. In order to pump water, work cost is required. This analogy can be further expanded.
Water flow requires a pressure difference. Water flow starts from a high-pressure point to a
low-pressure point. The needed work for the movement through a pipe is related to water
volume and the pressure difference. As in the flow of water, an electrical charge needs a
potential difference to move from one point to the other. Electrons move from high voltage to
lower voltage. The necessary work for the movement of electrons through a closed circuit is
related to the potential difference and the charge being moved. Potential difference is the
voltage between two points. Maximum potential difference is referred to as Electromotive Force
(EMF) or Egy. During the operation of the galvanic cell potential difference between the two
electrodes is less than the expected maximum potential difference of the cell. This deviation
from potential's difference maximum value is due to the movement of electrical charges
through the cell. Consequently, potential difference decreases as the electric current increases
resulting in its maximum value when no current flows through the system(open-circuit
conditions). Cell's EMF is equal to the cathode's potential minus anode's potential [21].

—E°

anode

ES, =E2

cell cathode

(2.8)
2.2.2 Nernst's equation

Gibb's energy, AG’, of a reaction is equal to the maximum useful work of this reaction. In a

voltaic cell, this work is the electric work produced.

AG’=-n-F-EJ, (2.9)

where n is the number of transferred electrons and F=96.485Cb-mol™ is the Faraday's
constant. It is also known that AG is related to AG® under standard conditions following the

equation,

AG:AG%R-T-ln% (2.10)

From the two equations above Nernst's equation is obtained which gives the EMF of the

cell,
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=E° +ﬂ|nM (2.11)

E
cell cell n-F [OX]

where E°  is EMF under standard conditions, R=8.314J/kmol is the ideal gas constant, T is

cell
the absolute temperature and [Red], [Ox] are the concentrations of the reductant and the

oxidant consumed or generated by the redox reaction, respectively [22], [21].

2.2.3 Faraday's law

Faraday’s law correlates the total charge, Q [C], passed through a cell to the amount of

product, N [mol].
Q=n-F-N (2.12)

In electrochemistry, Faraday’s law can be used in different ways considering what is known. If the
electricity that passes through the cell is known, the amount of substance produced in one of the
electrodes can be calculated (electrogravimetry) or it is possible to calculate the total electricity
that is needed for the complete electrolysis (coulometry). It can also be used for finding the

number of electrons implicated in an electrolytic process [22], [21].

2.2.4 Kinetics
Overpotential

An overpotential 7 =U — E2,, is the difference between the applied voltage and the EMF of

the system.

Butler-Volmer equation and Tafel plot

The Butler—Volmer equation or current-overpotential equation calculates the current that

results from an overpotential when mass-transfer limitations are eliminated.

L a,n-F a.-n-F
—i . _7 = e T 2.13
=i, (exp( nT z} exp( T ZD (2.13)

Where i is the total current density, i the exchange current density and a,, 0 are the anodic

and cathodic charge transfer coefficients, respectively, and z is the number of electrons
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involved in the reaction. Constants a,, Q. are not two independent coefficients, generally

0.t+0.=1, and relate how the applied potential favors cathodic reactions over anodic

reactions or the other way around [22].

From the Butler-Volmer equation it is observed that the overall current density can

be presented as the difference of two terms, namely the anodic current i, and the cathodic

current ic.
i = | . exp —a_ - : Z (2 ]_4)
a 0 R T .
i = I . exp(——C I Z (2 15)
c 0 R T .

There are two cases of the Butler-Volmer equation. The first case is called the

overpotential region and can be further divided into two subcases, the positive

overpotential and the negative overpotential region. At this region, the equation (2.14)
presents a Tafel behavior where one of the two terms of the equation becomes negligible.
The sign of the overpotential shows the favorable direction of the reaction. When n>>0 the
anodic term dominates the Butler-Volmer equation and the cathodic term becomes
negligible. On the other hand, when n<<0 the cathodic reaction dominates over the anodic.
This behavior can be seen in Fig. 7. When the voltage (n) increases, so do and the anodic

current (red line). However, the cathodic current (blue line) tends to zero. The opposite

behavior is observed when n<<0.

Overpotential n
i=i i,
(4
’I
—a,gz}:‘ v a.nzF
ip==igme S oda=1 e
~a :g’,a corr

7
T

Current density, i

EE T —
-

Figure 7: Typical i vs. n dependency based on the Butler-Volmer equation [23].
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It is observed in Fig. 7 that for high overpotentials (over 50mV) the current increases

exponentially. So the equations (2.14) and (2.15) can be expressed with the aid of logarithms

as,
. . Fn-z

Ini) =In(ip) + === forn>0 (2.16)
. i a.-F-n-z
In(i)=In(i,) + *—+>"—

(i) (o) R.T for n<0 (2.17)

These equations are known as anodic and cathodic Tafel equations, respectively. Tafel's

equation is usually presented as,

R-T

=0

. R-T ..
In(iy) + ——In(i) (2.18)
a-F
In equation (2.18), the y-axis corresponds to no overpotential condition so it can be used to
measure graphically the exchange current i,. Equation (2.18) can be written in a simplified

form as,
n=a+bln(i) (2.19)

Where in equation (2.19), a and b are constants and can be easily identified by equation
(2.18). Equations (2.16) and (2.17) show a linear behavior for high overpotential. This region
of the Butler-Volmer equation is known as the Tafel region and the log(i)-n plots are known
as Tafel plots, (Fig. 8). It can be seen in Fig. 8 that Tafel plots are composed of two branches,
one is the anodic branch for positive overpotential and the other is the cathodic branch for
negative overpotential. The oxidation and reduction slopes of the linear region on the Tafel

plot are equal to,

. a.n-F
Reduction slope=——F——— (2.20)
23-R-T
o a,-n-F
Oxidation slope= ———— (2.21)
23-R-T
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Where 2.3 results due to the conversion from natural to decimal logarithms. Tafel's plots are
useful because from the reduction and oxidation slope one can calculate the anodic and
cathodic charge transfer coefficients and the exchange current density [22]. For example,
for a reduction/oxidation slope equal to 9 and at 25°C, the charge transfer coefficient is
calculated by equation (2.20)/(2.21), respectively, and it is equal to about a=0.5. Also, the
exchange current density is graphically measured from the intercept with the y-axis and it is equal

to log|io|=-7 ori,=10"A.

loglI |

CATHODIC ANODIC
PROCESS -4+ PROCESS

Figure 8: Tafel plots for anodic and cathodic branches [22].

The second case of the Butler-Volmer equation is the low overpotential region. This
region is called the ohmic region because. for small values of n, the current density varies
linearly resulting in a similar to Ohm's law correlation between i and n. For low
overpotential, the Butler-Volmer equation changes to,

. by (o, ta)-Fon

1= 2.22
R-T (2:22)

2.3 Diffusion of gas in porous media

One of the main advantages of electrochemical sensing technologies is the linear output.
There are types of sensors designed such that the gas flow is limited by diffusion barriers
and the current generated by the sensor is controlled by the quantity of gas that reacts at

the electrodes. This way, the gas concentration is linearly proportional to the generated
20



current. Laws of diffusion describe the net flux of molecules from higher concentration to
points of lower concentration or the movement of substance due to a concentration
gradient. There are three types of diffusion, molecular, Knudsen and mixed diffusion. The
dominant mechanism depends on the characteristics of the measured gas and the
microstructure of the solid porous media. To identify which mechanism dominate each
time, it is necessary to calculate the Knudsen number (Kn). Molecular diffusion dominates at
Kn<<0.1, Knudsen diffusion at Kn>>10 and between 0.1 and 10, all mechanisms contribute
to gas diffusion. Knudsen number is the ratio of gas mean free path to the pore diameter as

shown in the equation (2.23),

K =2 (2.23)
" d

P

Concluding, in Knudsen diffusion the mean free path of gas molecules is at least one order larger
than the porous diameter, so the collisions between gas molecules and porous wall are

dominant, as shown in Fig. 9.

Figure 9: Pure Knudsen diffusion [24].

In molecular diffusion, porous diameter is much larger than the mean free path of gas
molecules, resulting in negligible Knudsen diffusion, as shown in Fig. 10. For both
mechanisms to participate in gas diffusion, A and dp must have the same order of

magnitude.

\\. 4 . . .2.

Figure 10: Pure molecular diffusion [24].
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Fick's first law is the most important mathematical model for diffusion. Fick in 1855
described in a simple mathematical model how the diffusion flux relates to the gradient of

concentration. He explained that diffusion flux starts from high to low concentration regions.
J=-D— (2.24)

Where D is the diffusivity and x is the position. The main difference in the calculations of the
three mechanisms is the term D of Fick's law. For porous solids, the porosity factor eand the

tortuosity factor T have to be considered in both mechanisms. The diffusivity is modified as,

D —£p (2.25)
T

where D is different for every type of diffusion and it is calculated as follows [24].

2.3.1 Molecular diffusion

For molecular diffusion, Fick's law is J :—Dﬁss?j—c, where Dj;is the binary diffusion
X

coefficient for mixtures of gases and is calculated from Chapman-Enskog theory,

T3. Mr, + Mr,
2-Mr, - Mr,
PO Qp

D% =0.001834- \/ (2.26)

Where T is the absolute temperature, Mr is the molecular weight, p is the pressure,o is the

average collision factor for gases A and B and Q is collision integral.

2.3.2 Knudsen diffusion

Knudsen diffusion is a selective transport mechanism that becomes important when the
mean free path of the particles is greater or even comparable to the porous diameter. The

diffusion coefficient for Knudsen's diffusion is estimated from:

D, =2 : (2.27)

22



Where dp is the porous diameter, R is the ideal gas constant and T is the absolute

temperature. Generally, Knudsen diffusion is important at low pressure and/or small pores

[24].

During the operation of most electrochemical devices, the diffusion of the gas fuel or the
analyzed gas in the porous electrodes needs to take place for the heterogeneous reaction to
occur. In solid electrodes, conditions of pressure and pore diameter are such that both

mechanisms participate (0.1<Kn<10) [24]. Both Dj; and Dy apply and the diffusion

coefficient in this case obey the following equation,

t_ 1 +i (2.28)
D D D,

*

2.4 Electrochemical devices
2.4.1 Electrochemical cells

The electrochemical cell is the heart of every electrochemical device. An electrochemical cell
is composed of two half cells, one contains the oxidation half-reaction and the other
contains the reduction half-reaction. The basic configuration involves the electrolyte, two
electrodes and the necessary sealants, electronics and fuel distribution mechanisms.
However, a third electrode known as the reference electrode is commonly used. A

commonly used experimental setup is presented in Fig. 11.

Potentiostat —»

Working electrode

Counter

Reference
electrode

electrode \.&1

[ J » Teflon cap

-—» Glass container

Analyte solution —4»

Figure 11: Experimental setup of electrochemical cells [25].
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The first electrode is the anode (also referred to as sensing or working electrode). Usually,
oxidation takes place at the anode, generating ions and electrons. The reduction reaction occurs
at the cathode using both the ions and the electrons from the anode to complete the circuit. To
reach the cathode (also referred to as the counter electrode) and complete the reaction, the as-
generated ions move through the ion conductive electrolyte and the electrons through the
external electrical circuit. The desirable properties of electrodes are good electronic conductivity,
good electrocatalytically activity and chemically and thermodynamically stability in the operating
environment.

Electrolyte separates anode and cathode. Its role is to provide a pathway for ions to
flow from anode to cathode while blocking electrons. Electrolytes are either solid (gels, dry
polymer, ceramics) or liquids (alkali, molten carbonate, phosphoric acid). It is also important
for electrolytes to be chemically stable at oxidizing and reducing environments and stable at
operating temperatures. It is important to note that material selection for every device takes
into consideration the operating requirements, conditions and optimization. Resulting in a
wide variety of materials for electrodes and electrolytes.

The principle of operation of the electrochemical cell is simple and similar for every
electrochemical device. Oxidation takes place at the anode generating electrons and ions.
Electrons flow through an external circuit and meet with ions at the cathode side where the
reduction reaction occurs. Usually, the reduction reaction is the rate-limiting step of the
process. The movement of electrons provides the desirable electrical voltage (electric

energy) [26].

Oxidation: Reductant — Ox.product +e~
Reduction: Oxidant + e~ — Red.product
Overall Reaction: Reductant + Oxidant — Ox.product + Red.product

2.4.2 Fuel cells

In 1838, C.F. Schonbein talked about the principles of a fuel cell. Later Sir W.R. Grove, based on
his work, demonstrated the first fuel cell. This fuel cell had as electrodes iron sheets and a
solution of sulphate and dilute acid as the electrolyte. Fuel cells are devices that convert the

fuel's chemical energy to electrical energy through redox reactions. A fuel cell in its simplest
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form consists of an electrolyte placed between two porous electrodes, the working (or anode)
and the counter (or cathode) electrode and an external circuit for electrons to flow. Hydrogen-
rich gases or even pure hydrogen are fed to the anode and an oxidant gas, usually, air or pure
oxygen is fed to cathode. A simple and well-known fuel cell is the proton exchange membrane
fuel cell (PEMFC) Fig. 12. In this type of fuel cell, gaseous fuel containing, e.g. H,, is fed
continuously to the anode compartment and an oxidant e.g. oxygen or air is fed continuously to
the cathode compartment. The electrons move through the external circuit providing electrical
energy and meet with the protons and oxygen at the cathode where the reduction of oxygen

takes place. Theoretically, a fuel cell can provide energy forever as long as there is fuel.

solid 1/
electrolyte /
- 4% W

H,(g) in 0,(g)In

H,0(g)
»and
heat out

excess
H,(g) out «

Eatalys( ' a yst

anode (~) cathode (+)

Figure 12: Proton exchange membrane fuel cell [26].

Fuel cells present plenty of advantages over other energy generating devices leading to
plenty of research over the years. Fuel cells are used in a wide range of applications including
portable, transportation, stationary and emergency backup power applications. Furthermore,
fuel cells present many important advantages over the already well-established combustion
technologies. First of all, in terms of efficiency, fuel cells operate with overall efficiencies up to
60%, in contrast to combustion engines that achieve efficiencies varying from 30% to 40%. Also,
there are types of fuel cells that have low to zero emissions. When pure hydrogen is used as
fuel, it emits only water and heat, so there are no greenhouse gases in its emissions.

There are many types of fuel cells categorized based on the electrolyte, the fuel, the
working temperatures and the applications. Basic information about the main available

technologies are listed in Table. 1.
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Table 1: Types of fuel cells [27].

| i Rel
TEMPERATURE °C |  Electrolyte onsin Applications eleased
electrolyte power
AFC (alkaline) <100 KOH OH"- 5-150kW
PEMFC (polymer 20-80 Proton
electrolyte exchange H* vehicles, portable, 5-250kW
membrane) membrane energy storage,
DMFC (direct 60-120 Nafion . Space <SkW
methanol) membrane H
immobilized
i 160-22 i
PAFC (ph.osphorlc 60-220 liquid e stationary power S0KW-11MW
acid) L systems
phosphoric acid
immobilized
MCFC It 600-800 Lo _ i
(molten liquid molten co? stationary syste-ms 100kW-2MW
carbonate) carbonate and transportation
SOFC (solid oxide) 800-1000 sz 0+ (train, boats,... 100-250kW

Besides the fact that they show significant advantages, fuel cells aren't yet commercially
used as most technologies are still under development and burdened by many problems.
Those problems make them less competitive against technologies that are already in use.
The rate-determining step of fuel cell's efficiency is the reduction that takes place at the
cathode. Therefore, catalysts are employed in order to accelerate both oxidation and
reduction reactions. The most effective catalysts for fuel cells are platinum and other noble
metals of the same family, such as Ru, Ir, or Pd. The necessary noble metal load for fast
reaction increases the cost of the fuel cell [27]. Furthermore, hydrogen, which is the main
fuel for most fuel cell technologies, is expensive as there isn't still a network for its
distribution and an easy and efficient method for mass production. Also, it needs great
pressure to confine the desirable quantity of hydrogen in fuel containers making its
distribution even more expensive. Lastly, hydrogen is an invisible, odorless, flammable and

potentially explosive gas making it, alongside the great pressures, a dangerous fuel [28].

2.4.3 Batteries

Batteries are devices able to store electric energy in the form of chemical species. When there is a
need for this stored energy, chemical reaction takes place inside the battery generating electrical
energy. The first step for solid-state ionics was the discovery of solid electrolytes Ag,S and PbF, by
Michael Faraday around 1834. Solid-state batteries were developed in the 1950s for the first time
using Ag" conductors. These batteries had a very high internal resistance and limited current
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densities. As most of those batteries were based on Ag* conducting electrolytes it was necessary
to use silver as the anode. Resulting in low cell voltage and low energy densities. However, the
batteries did exhibit a long shelf life and good mechanical stability [29].

A battery consists of two electrodes, anode and cathode, separated by the electrolyte.
When connected to the external circuit redox reactions take place inside the cell, generating
electrons and ions. lons move through the electrolyte and electrons through the external circuit
providing electric energy. The electron flow stops when one of the two reactions stop. Batteries
are usually classified, based on their reactions, in primary and secondary batteries. In primary
batteries, the reactions are irreversible, while the opposite applies to secondary batteries.
Reversible reactions indicate that the battery can be recharged, after the use, back to its pre-
discharged condition [30].

The lithium-ion batteries are well-known and promising rechargeable batteries,
employed in many portable devices and electric vehicles. A typical lithium-ion battery uses
lithium metal oxide (e.g. LiCoO,) and graphite electrodes and polymer gel as the electrolyte.

Reactions during charge and discharge inside a typical lithium-ion rechargeable battery are,

Cathode: LiCoO, — Li, ,CoO, +xLi" +xe~ (2.29)
Anode: XLi" +xe” +xC,; — xLiC; (2.30)
Overall reaction: LiCoO, + xC, — Li,_,Co0, + XLiC, (2.31)

where x=0.5 and it represents the transferred moles during the reaction. When an external
source is connected, electrons and ions are detached, according to the reaction (2.29), from the
metal oxide and move through the electrolyte and the external circuit, respectively, to the
anode. Reaction (2.30) takes place at the anode. However, when the source disconnects, both
ions and electrons stay trapped in an unstable condition. When a load is connected, the charged
species and the reactions follow the opposite direction. The charge and discharge of a typical

lithium-ion battery are presented in Fig. 13.

27



SEI SEl SEI

Electrolyte

Figure 13: Charge and discharge of a typical Li-ion battery using LiCoO, and graphite
electrodes [31].

In Fig. 13, the positive electrode (or cathode) is lithium metal oxide LiCoO, and the negative
electrode (or anode) is grapheme. In contrast to more conventional batteries with liquid or
polymer electrolytes, solid-state batteries employ solid electrolytes and solid electrodes. Solid-
state batteries offer many advantages over conventional batteries making them a potential
alternative in near future. Among these advantages, they exhibit higher stability and energy
density with a low risk of flammability or other failure conditions. Concluding, solid-state
batteries exhibit higher performance and safety at a lower cost compared to batteries based on

liquid or polymer electrolytes [32].
2.4.4 Capacitors-Supercapacitors

In their simplest form, capacitors consist of the dielectric placed between two parallel plates.
The dielectric needs to present zero electronic conductivity (e.g. air) and it is utilized as an
insulator between the electrodes. In their neutral phase, both plates have an equal amount of
electrons and are neutral. When voltage is applied, electrons are forced to move from one plate
to the other. Due to the charge difference between the two plates, an electric field is created.
Electrons can't move through the dielectric so when the voltage source disconnects, the
electrons remain at the plates and the capacitor remains charged. Thus, capacitors are devices
able to store electrical energy in the form of an electric field established by the opposite charge
of the two plates. The amount of stored energy known as capacitance is proportional to the
surface area of the plates and inversely proportional to the dielectric thickness between these
two conductive plates [33]. Capacitance is measured according to equation (2.32),
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(2.32)
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Where €, and g, are dielectric constants about the free space and insulating material
between the electrodes, A is the electrodes surface area and D is the distance between the

electrodes. Also, the stored energy E in a capacitor is calculated from equation (2.33),

1
E==-C.V? (2.33)
2
Where V is the applied voltage required to charge the capacitor. Usually, capacitors are

represented as a circuit with a resistance R. A conventional charged capacitor is presented in

Fig. 14.
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Figure 14: Scheme of a charged conventional capacitor [34].

Considering that no electrochemical reaction takes place during the discharge/charge,
capacitors provide high power densities. However, their energy density is considerably lower
than that of other energy storage devices such as batteries and supercapacitors. Larger
capacitance or more energy density can be accomplished by increasing the electrode's surface
area or using a thinner dielectric. Supercapacitors or ultra-capacitors or electric double-layer
capacitors are high-capacity electrochemical devices able to compete with most pre-existing
energy storage devices. Typically, supercapacitors consist of two porous electrodes that
provide high surface area, an electrolyte and a very thin separator. Depending on the
requirements and the application, used electrolytes are either solid-state or organic
aqueous-type. In supercapacitors there is no dielectric. Between the two plate there is an

electrolyte that contains a mixture of positive and negative charge carriers. When a voltage
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source connects, an opposite polarity charge layer is formed on both sides creating an
electric double-layer as shown in Fig. 15, thus the name double layer capacitor [35].
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Figure 15: Schematic representation of the basic double layer principle in a charged
capacitor [35].

Commercially used supercapacitors typically use liquid organic electrolytes. Liquid
electrolytes are already well-established and it is well-known that they provide high ionic
conductivity and fast discharge/charge kinetics. However, liquid electrolyte based-
supercapacitors are vulnerable devices with a high risk of electrolyte leakage or evaporation,
unable to operate in harsh environments. So rigid packaging is required to protect and retain
the liquid electrolyte. Many of the problems associated with liquid electrolytes are solved by
replacing them with solid-state electrolytes. Solid electrolytes are more stable even in harsh
environments, providing design freedom. Concluding, efforts to increase the performance and
the energy density of solid-state supercapacitors involve the development of progressively
higher ion-conducting and electrochemically reactive materials for both electrodes and
electrolytes [36].

Energy production from renewable energy sources such as wind or sun is becoming
more and more important. The main problem with such energy sources is their irregular
nature. Because of this problem, there is a need for energy storage devices that are safe,
cost-effective, environmentally friendly and able to store energy when in excess and provide
it when there is a need. Concluding, the optimization of electrochemical energy storage
devices such as fuel cells, batteries and supercapacitors, plays an important role in the

future of environmentally friendly energy production.
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Chapter III

Experimental techniques for materials and sensors

characterization

Abstract

In the present chapter, a general background of the experimental techniques for the
characterization of the materials and the devices is provided. Techniques for the
electrochemical analysis of the materials are reviewed. The three-electrode configuration is
presented as it is the basic configuration for most of the electrochemical experiments and
then common techniques such as CV, LSV, EIS, chronoamperometry and RDE are discussed.
Physicochemical techniques for the analysis of the chemical and physical composition of the

material's surface are also discussed. The most common techniques are reviewed, such as

TEM, SEM, XPS and RS.
3.1 Electrochemical techniques

An electrochemical analysis is an efficient way to understand the electron and ion transfer
reactions underpinning electrochemical devices. More and more researchers are interested in

further understanding electrochemistry to optimize and advance their research [37].
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3.1.1 Conventional three-electrode cell

Most electrochemical characterization techniques are accomplished through voltammetry
experiments. These experiments study current as a response to an applied potential. In
these methods, with the help of a potentiostat connected to the electrodes, an electric
potential is applied to the working electrode in order to drive the transfer of electrons from
and to the electrolyte. A second electrode is needed to maintain a stable reference
potential to monitor the sensing electrode's potential and to complete the redox reactions.
However, a three-electrode setup is employed as it is difficult to maintain a stable potential
when current passes through the second electrode. Consequently, the most common
experimental configuration is the three-electrode cell. This setup consists of three
electrodes, the anode or working/sensing electrode, the reference and the cathode or
counter electrode. All three electrodes are immersed in the liquid electrolyte. A scheme of a

two-electrode and a three-electrode experimental setup is presented in Fig. 16.

WE RE

20000

Figure 16: Two and three-electrode setups, WE is the working electrode, CE is the counter
electrode and RE is the reference electrode [22].

In this method, the potential difference is measured between the sensing and the reference
electrode and the current passes between the sensing and the counter electrode. In order
to provide a stable reference potential, there must be no or low current through the
reference electrode. This is accomplished with a high input resistance to the potentiostat.
Ohmic resistance has a negligible impact on this potential because the reference electrode
is placed as close as possible to the sensing electrode, thus reducing the solution resistance.

Note that the reference tip should not block the mass transfer of the electrolyte [22].
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3.1.2 Cyclic voltammetry (CV)

Cyclic voltammetry is a simple method used in many electrochemical studies. This method is
being applied to obtain analytical (concentration of the mixture), kinetic (rate of the
reactions), thermodynamic (equilibrium constants and potentials) and mechanistic
information about electrochemical processes affected by redox reactions. When performing
cyclic voltammetry, the working/sensing electrode is scanned from an initial potential E; to
a potential E, at a fixed rate. The scan rate depends on the conditions and the reactions of
interest, and it usually varies between 1 and 100mV-s™. During cyclic voltammetry, the
potential scan starts from E; until the set potential E; is reached, and then it changes in the
other direction back to E;. The voltage changes are measured between the sensing-
reference electrodes and the current response between sensing-counter electrodes. The
applied voltage results in the measurement of a current response (A) at the working
electrode. Plotting the applied voltage at the x-axis and the measured current at the y-axis
results in a plot known as a cyclic voltammogram, Fig. 17(left). The two set points are
selected in such a way to contain the redox reactions of interest [38].

For example, when a solution of ferrocenium [Fe(CsHs),]", abbreviated as Fc’, is
swept from zero to negative potentials, it is reduced to Fc locally according to the reaction

(3.1),
Fc"+e > Fc (3.1)

Due to this reaction, a current response and a decrease of Fc' close to the electrode are
observed. The potential is scanned gradually from E; to E, (A to D). The concentration of Fc*
decreases close to the electrode as it is reduced to Fc. However, there is a point where the
volume of Fc continues to grow to the point that it slows down the mass transport of Fc' to
the electrode's surface. At this point, the peak cathodic current (i) is observed, and it is
also observed that the current decreases as the potential increases. When the set potential
E, (at point D) is reached, the scan direction is reversed and the Fc reduced at the

electrode's surface is oxidized back to Fc* according to the reaction (3.2),

Fc—> Fc' +e (3.2)
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this way a similar peak is observed. The cyclic voltammogram is presented in Fig. 17(left). In

Fig. 17(right), the potential steps during the process are presented.
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Figure 17: (left) Cyclic voltammogram of the reversible reaction from Fc" to Fc, at a scan rate
of 100mV-s™? and (right) Applied potential steps as a function of time for a cyclic
voltammetry experiment [38].

The important parameters from a cyclic voltammogram are the two potential peaks Ep, and
Epc and the two current peaks iy, and iy, where a stands for anode and c for cathode. It is
important to note that, for a reversible reaction, the position of the peak current isn't
affected by the potential scan rate. Consequently, it is possible to calculate the value of the

current peak through equation (3.3),
i, =2.69-10°-n%*- A- D% .v2.C, (3.3)

where i, is the peak current, n is the number of electrons transferred due to the redox
reaction, A is the area of the electrode's surface, D, is the diffusion coefficient, v is the scan
rate and C, is the concentrations of the reactant in the bulk solution. From these values,

important information about the electrochemical processes is obtained [39].

3.1.3 Linear sweep voltammetry (LSV)

A similar method to cyclic voltammetry is linear sweep voltammetry. In LSV the scan begins
from low values of voltage where there is no current response. As the voltage increases, a
current response is observed and eventually reaches a peak before dropping, just like in

cyclic voltammetry. In LSV current response is also plotted against applied voltage. When
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the peak is observed, the concentration flux of the reactant around the electrode is not fast
enough compared to the reaction rate, so the current starts to drop. This analysis ends
when the set value E; is reached. The characteristics of the linear sweep voltammogram
depend on the reaction rate, the reactivity of the components and the scan rate. CV and LSV

can be used to identify unknown species and measure the concentration of a solution [38].

3.1.4 Chronoamperometry

A simple but one of the most employed voltammetric methods is chronoamperometry. In its
simplest form, a chronoamperometry analysis includes applying a voltage step to the working
electrode and measuring the current response. This simplicity is what makes
chronoamperometry ideal for basic electrochemical measurements. For example, consider a
basic electrochemical cell that is composed of two electrodes, working and reference, and an
electrolyte solution. The electrolyte solution contains only the oxidized form of the analyte, O,
at a concentration of Co. During chronoamperometry measurements, at time to, a high voltage
(E4) is applied between the two electrodes such that almost all the O around the electrode is
instantly reduced to R. Due to the high voltage all the O that reaches, through diffusion, the
electrode is instantly reduced, resulting in a great depletion of the O content close to the

electrode. The transferred charge (Q) during the reaction is calculated from Faraday's law,
Q=n-F-N-A (3.4)

By differentiating the equation (3.4) and with the aid of Fick's first diffusion law, equation (2.24),
the equation for the faradic current is obtained. Equation (3.5) is also known as the Cottrell
equation. Cottrell equation is important because it describes the current response, of a

reversible redox reaction, at any time after the potential step.

. n-F-A-C ,,/D
i (t)= ﬂ.to ° (3.5)

=

where n is the number of the electrons participating in the reaction, F is the Faraday's
constant, Cg is the concentration of the reactant, A is the area of the electrode and t is the
time after the potential step. The plot of the current response against time can be seen in

Fig. 18(right). At to=0, when the potential step is applied, the current response from
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equation (3.5) is technically infinite, but in real systems, the faradaic current also depends
on the electron transfer and the current supply from the electronic equipment. As observed
in Fig. 18(right), the current instantly drops and gradually tends to zero [40]. Fig. 18(left)

shows the potential-time plot.
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Figure 18: (a) Potential step from E; to E, at time to and (b) ideal chronoamperometric
current response to step E, [40].

3.1.5 Electrochemical impedance spectroscopy (EIS)

1

Electrical resistance is the tendency of a circuit to resist the movement of electrons. It's
measured by Ohm's law R=E/I. However, Ohm's law only applies to the ideal resistor. This is
because the perfect resistor has many simplifying properties. First, it follows Ohm's law at
every value of current and voltage. Second, its resistance doesn't depend on the frequency,
and last, AC voltage and current through a resistor are in phase. However, those simplifying
properties can't be applied to every system, so impedance is used for more complex
systems. Impedance, similarly to resistance, is the tendency of a system to resist the flow of
electrons but it requires no simplifying properties. When an AC potential is applied to an
electrochemical device, an electrochemical impedance is measured. It is called impedance

spectroscopy as it is carried out at a wide range of frequencies. From the relation between

impedance and frequency, information about the electrochemical processes is obtained.

The main concept of EIS is that it's possible to imitate every electrochemical process
by an equivalent electric circuit. Different chemical or physical characteristics of the cell are

represented as an electric circuit that consists of a resistor, a capacitor or a pinion. For
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example, the equivalent electric circuit for a simple electron transfer is shown in Fig. 19. The
electrolyte, between the two electrodes, exhibits an ionic conductivity with a resistance
equal to Rq, so Rq corresponds to the electrolyte's ohmic solution resistance. During the
operation of the cell, redox species react at the surface of the electrode. Through these
reactions, the faradaic current (if) is observed. Faradaic current describes the rate of
electron and mass transfer. The electron transfer is described through the charge transfer
resistance (or Ry), and the mass transfer is described by the Warburg resistance (or Z,,).
Note that the faradaic resistance is equal to the sum of R and Z,. Last, Cq4 describes the

double layer capacitance, and it depends on the electrolyte and the electrode's surface.
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Figure 19: Equivalent electric circuit for a simple electron transfer [41].

To perform EIS at a cell, a small AC is applied, resulting in a measurement of impedance
response. EIS is a popular analytic technique as it offers much in-situ information about the
kinetics of processes, capacitance, surface areas and resistance. Also the small imposed AC
results in a pseudo-linear behavior. At first electrochemical impedance spectroscopy or AC
impedance was applied for the calculation of double layer capacitance. Now EIS has many
more applications. From processes at the surface of the electrodes and electrolyte, such as
reduction and oxidation reactions, adsorption, electrosorption and kinetics of
heterogeneous/homogenous reactions, to geometric effects, such as type of mass transfer
and the determination of solution resistance and applications in electrochemical devices
(batteries, fuel cells) for electrocatalytic reactions and corrosion studies. Information from

EIS is presented in complex plots such as Nyquist or Bode plots. Nyquist plots are more
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popular in electrochemical studies as they are easily related to electrical models and offers
an accurate prediction of cell's elements [42], [43]. The impedance can be described as a

complex number,

2oy =Zp+1-2Z,, (3.6)

cell

In equation (3.6), Zre and Z;, are functions of Rq, Ret, w and Cyq. If the real part is plotted on
the x-axis and the imaginary part on the y-axis, the resulting plot is known as a Nyquist plot,
Fig. 20. Note that in the Nyquist plot, the y-axis is reversed, and each point describes the
impedance for a certain frequency. The frequency starts from zero at the right side of the
diagram and increases when moving towards the left side. A typical Nyquist plot with all the

important information is presented in Fig. 20.
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Figure 20: Key information of a Nyquist diagram [41].

From the characteristics of the plotted circle in the Nyquist plot, information about
the solution resistance, charge transfer resistance and double layer capacitance are
obtained. For example, at the region of high frequencies (left), the intercept on the real axis
indicates the value of the solution resistance (Rq), and the intercept at the region of low
frequencies (right) indicates the value of the sum of solution resistance and charge transfer
resistance (Rq+R.). The frequency at the top of the circle provides information for the

double layer capacitance (Cq) [41].
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3.1.6 Rotating disk electrode (RDE)

The current response measured during a voltammetry experiment is disturbed due to the bulk
movement of the solution. In order to provide accurate measurements, researchers need to
take into consideration any disturbance due to the convection. Thus, it is important to control
convection. Generally, there are two approaches to address this problem, either the
experiment is conducted in a non-stirred solution with zero impact from convection, or the
experiment is conducted in a solution stirred in a well-defined and controlled manner. In long-
duration experiments, either due to distinctive vibrations or thermal differences, there is
always convection. Consequently, on longer timescales, well-defined forced convection is a
better approach. Rotating disk electrode (RDE) is the most popular and used hydrodynamic
method. In this method, a disk electrode is embedded in an insulator and rotates at a fixed
rate, dragging the liquid electrolyte around it [44]. In Fig. 21a is presented a typical RDE set
up, with the working electrode embedded in an insulator and connected with a rotating

mechanism. Fig. 21b shows the velocity profile and the mass transfer around the RDE.
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Figure 21: (a) Rotating disk electrode configuration and (b) representation of fluid velocity
near the RDE and mass transfer streamlines around the RDE [44].

The steady-state laminar flow conditions are exploited to provide information about
the reaction kinetics at the electrode's surface. The rotating disk electrode drags material
from the solution towards its surface. When steady-state conditions are established, the

solution close to the electrode is considered stationary, because it rotates with the same
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angular velocity as the electrode. While the solution away from the electrode is well-stirred.
The movement of material from the bulk solution to the electrode surface is described by
convection and diffusion concepts. First, the reactant enters the stationary area due to the
convection. Then, when the material is inside the stagnant area, the movement is
dominated by diffusion as the convection has a negligible impact. In order, the molecule, to
reach the electrode's surface it needs to diffuse through a very thin layer, known as the

diffusion layer. The thickness of this layer is calculated as follows,
5,=1.61-D° -v'*. 0 "? (3.7)

where D¢ is the diffusion coefficient, v is the viscosity of the liquid electrolyte and w is the
angular velocity of the disk electrode. Diffusion layer thickness is inversely proportional to
the angular velocity, thus when the angular velocity increases the thickness decreases.
However, in experiments, the angular velocity should remain relatively low to maintain a
laminar flow for the solution and the RDE theory continues to apply. Generally, its values
range from 100 to 1000rpm.

A Levich study is a linear sweep voltammetry technique where an initial low
potential is applied to the working electrode without triggering electrochemical reactions
and it gradually increases. When the applied potential is high enough and steady-state
conditions have been established, the concentration of the reactant at the electrode's
surface is decreasing. When there is no reactant close to the electrode's surface, the rate of
the reaction depends on the diffusion rate of the reactant through the diffusion layer. Under
these conditions, the current response is limited by the diffusion rate of the species and is

calculated by Levich's equation,

i, =0.62-n-F-D**.Av"*.0"*.C (3.8)

where i is the limiting current, n is the number of electrons transferred, F is the Faraday
constant and C is the concentration of the reactant. In a Levich study, different
voltammograms are acquired over different angular velocities. Current responses measured

during the experiments are plotted against the square root of angular velocity. As observed
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in equation (3.5), limiting current is proportional to the square root of angular velocity, so

perfect squares of angular velocity are usually imposed on the electrode [22].
3.2 Physicochemical techniques

Electrochemical techniques help researchers to understand various processes that take
place during operation. To further optimize efficiency and overcome problems, researchers
need to understand the physical and chemical composition of the material's surface. The
surface is where the interaction with the outer environment takes place. Physicochemical
techniques are non-destructive methods able to provide the abovementioned information

[37].
3.2.1 Scanning electron microscopy (SEM)

Scanning electron microscopy is a common and simple technique employed for identifying
the microstructure's morphology and chemical composition. The images of the surface,
from scanning electron microscopy, are produced by hitting the sample with a focused
beam of electrons. The generated signals from these interactions give data about the
surface structure and composition. The basic composition and principle of operation is
simple and is presented in Fig. 22. At first, the electrons are generated by the electron
source. Then, they are accelerated by the positively charged anode, and with the help of

electromagnetic lenses (condenser and objective lenses), are focused on the sample.
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Figure 22: Schematic diagram and basic components of SEM [45].
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There is a need, for the entire system, to be under vacuum. It needs to be protected
from contamination, vibrations, noises and other atoms. External disturbances affect the
electron beam and as a result, the image quality deteriorates. After the impact, many
electrons, photons and irradiations are generated. For SEM images, only backscattered and
secondary electrons are used. The detection of backscattered is accomplished with solid-
state detectors located above the sample. On the other hand, the detection of secondary
electrons is mainly accomplished with the Everhart-Thornley detector. Some SEMs achieve

resolution close to 1nm [46].

3.2.2 Transmission electron spectroscopy (TEM)

A similar method to SEM is the transmission electron microscopy, abbreviated as (TEM). The
transmission electron microscope configuration is similar to that of the scanning electron
microscope. It consists of three main parts. The electron gun and the image-producing and
recording systems. The electron gun produces the electron beam, and with the aid of the
condenser lenses, the electron beam is focused on the sample. The image-producing
systems refocus the electrons that pass through the specimen to produce a high-quality
image. The image-recording systems transform the image in order to be perceptible from
humans. During the operation of the TEM, a high-energy (some keV or even 1MeV) electron
beam is transmitted through the sample. The targeted sample is usually a thin layer, even
less than 100 nm. As the beam penetrates the sample, a 2D image is formed depending on
the interactions between electrons and the sample's material. Usually, the material
employed for the image-recording is a fluorescent screen.

Even though SEM and TEM are similar methods, there are some major differences.
The image produced in TEM is based on the electrons that pass through the specimen while
in SEM the image is produced from scattered electrons. TEM provides information about the
internal components, while SEM is used only for surface analysis. Furthermore, images in
SEM are three-dimensional in contrast to the two-dimensional images generated from TEM.

Last, the images from TEM, usually, have higher resolution compared to SEM's images [40].
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3.2.3 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is a method used to determine the chemistry of the
sample's surface. XPS provides information about chemical surface of the sample. It is an
analytical technique mainly based on the photoelectric effect. The photoelectric effect is the
emission of electrons when electromagnetic radiation, such as light, interacts with a
material. This phenomenon was described in detail by Albert Einstein in 1905. XPS belongs
to the family of photoemission spectroscopies in which electrons are generated by
irradiating a material with the help of X-rays. Sample properties are obtained from the
measurement of the number and the kinetic energy of the generated electrons, with the

help of a detector, Fig. 23.
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Figure 23: X-ray photoelectron spectroscopy [47].

Material properties are calculated from the measurement of the kinetic energy and the
number of the generated electrons. XPS also needs high vacuum conditions. The popularity
of XPS stems from its ability to identify all elements except H,(hydrogen) and He(hellion) in
the outer surface of the solid sample and the ability to reveal the chemical environment

where the element exists [47].

3.2.4 Raman spectroscopy (RS)

Raman spectroscopy is a scattering technique that provides information about the chemical
structure of a sample. It is based on the interaction of photons from a high-intensity light

source with the surface of the analyzed material. When the light beam is focused on the
43



surface, most of the reflected light is at the same wavelength as before, but a small
percentage is reflected at different wavelengths. This shift in photon's energy is related to

the chemical composition of the surface, thus it provides useful information about it [48].
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Chapter IV

Electrochemical gas sensors

Abstract

In chapter IV, an analytical description of the configuration, materials, components and the
principle of operation of gas sensors is conducted. The importance of the abovementioned
characteristics is described. Also, the different types of gas sensors are reported. The principle of
operation and the configuration of potentiometric, amperometric, combined (amperometric-

potentiometric), resistor-type and impedancemetric gas sensors is discussed.

4.1 Introduction

Apart from energy storage and production, electrochemical devices have a lot more to offer.
Electrochemical sensing technologies are utilized to analyze the composition of various
environments in real-time without the need for samples. Electrochemical sensors provide
information about the concentration of a wide range of gases through oxidizing and reductive
reactions. Electrochemical sensing technologies dominate over other technologies as they
provide information in real-time with considerably good selectivity, accuracy, simple design and
low cost. Ideally, the response from the electrochemical sensor is directly related to the quantity

of a specific chemical species [49].
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4.2 History

Coal miners during the 19th century used the first gas detection methods for harmful gases. They
moved a torch across the mine, and if there were combustible gases such as methane, the torch
would ignite. Another method involved canaries. Workers would bring birds into the tunnel with
them and as long as the bird was alive and vivid they knew the atmosphere was safe, otherwise,
the mine had to be evacuated. Such methods couldn't provide any information about the type of
gas or its concentration and had many flaws resulting in many accidents.

After many years and a lot of research, electrochemical sensors have dominated over
other sensing technologies. First electrochemical sensors were mainly used for the detection of
oxygen and date back to 1950. Later, in 1980, the first effective electrochemical sensors for a wide
range of toxic gases were ready for commercial use. Now, they are employed nearly everywhere
from factories and vehicles for better combustion efficiency and monitoring of exhaust gases to
medical applications for monitoring biological processes and control of metabolism. Depending on
the electrolyte and electrodes, electrochemical sensors can operate in many environments and

withstand temperatures from -30 up to 1600°C [50].
4.3 Composition and principle of operation

An electrochemical gas sensor generally consists of the working or sensing electrode, the
counter electrode and an electrolyte separating them, all of which are contained within a
housing with a gas-permeable membrane. When needed, there is a third electrode, known

as the reference electrode. This configuration is presented in Fig. 24.

Capillary
Diffusion
Barrier \,\ ~—————— Hydrophorbic
AN ,.-I Membrane
4 Jf
— — Sensing
Electrode
— 000000 = .Reference
Electrode
[ J4=—— Counter
- Electrode
=g Electrolyte

Figure 24: Basic structure of an electrochemical sensor [51].
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The housing membrane allows gas, but not liquid or dust molecules, to pass into the
sensor. When the gas of interest reaches the sensing electrode, either a reduction or
oxidation reaction occurs depending on the reactant. These reactions are catalyzed by the
coating material that is specifically chosen for the targeted gas. An oxidation reaction
generates electrons that move from the working to the counter electrode, while a reduction
reaction causes electrons to move the other way round, from counter to sensing electrode.
With an external circuit connected across the electrodes, an electrical current proportional to
the gas concentration flows between the working and counter electrodes, thus
electrochemical gas sensors are often referred to as amperometric/potentiometric gas
sensors or micro fuel cells. From this current, information about the gas concentration is
obtained. Some sensors use external electrical energy to force certain reaction at the working
electrode. These sensors require a stable and constant potential at the sensing electrode. Due
to the electrochemical reaction, the potential at the sensing electrode is disturbed, resulting
in a deterioration of the sensor's performance. To eliminate this problem, a reference
electrode is placed within the electrolyte, as close as possible to the sensing electrode in order

to maintain the value of the applied potential [50].
4.4 Importance of major components individually

e Gas permeable membrane or hydrophobic membrane

Its role is to protect the working electrode and in some cases to control the amount
of gas that passes into the sensor. These barriers are either low porosity or high porosity
Teflon membranes and the sensors are called membrane clad sensors. There are also
sensors with a capillary that controls the amount of gas that reaches the electrode's surface,
referred to as capillary type sensors. The pore size and the capillary have to be carefully
selected in order to allow the proper amount of gas molecules. Sometimes a filter is
installed to block unwanted gases. Activated charcoal is the most effective filter as it
efficiently filters out many species, except hydrogen and carbon monoxide. By properly

selecting the filter, the sensor's efficiency and selectivity are increased.
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e Electrolyte
The role of the electrolyte is to provide a pathway for the generated ions to move
across the electrodes efficiently. Depending on the application, the electrolyte is specifically
synthesized to exhibit conductivity for a unique ion. Common electrolytes are oxide-ion and
proton-conductors. Also, electrolytes need to present zero electronic conductivity and to be
compatible with the materials used in the sensor. Electrolytes must be dense and have
excellent tightness to properly separate the gases at each side. Last, they must exhibit

excellent thermodynamic and chemical stability for a long period of time.

e Electrodes

The reactions take place at the surface of the electrodes. In order to accelerate the
reaction and improve the selectivity, the selection of the electrode's material is important.
Typically, the electrodes are coated with a noble metal, such as platinum, that is used as a
catalyst for the redox reactions. Also, electrodes have porous surface to provide more surface
for the interaction of the catalyst with the gas. The selection of the materials takes into

consideration the design of the sensor, the targeted gas and the desired life span [50].

4.5 Types of electrochemical sensors

Based on their principle of operation and the employed electrolyte, electrochemical sensors are

classified as potentiometric, amperometric, resistor-type and impedance-based sensors [52].

4.5.1 Equilibrium potentiometric gas sensors

During the operation of a potentiometric sensor, an equilibrium potential is established at the
interface between the electrolyte and the sensing electrode. This potential depends on the
concentration of the gas of interest. Also, with the help of a reference electrode, a standard and
known potential is established. The sensing electrode's potential is measured by this standard
potential. Electrodes are coated with a catalyst, usually a noble metal like platinum, to increase
reaction speed and thus to improve the sensor's performance [20]. Typically, potentiometric
sensors are made of two electrodes, the sensing or working and the reference electrode, on
each side of the electrolyte. However, Type-Ill potentiometric sensors use an auxiliary phase as

a sensing electrode [52].
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The principle of operation of potentiometric sensors is based on open-circuit voltage (OCV)
measurements where no electrical current flows through the sensor. The sensor operates as a
concentration cell with different chemical potentials of ionic species on each side. The open-

circuit voltage can be calculated by equation (4.1),
ot
E= _I — du (4.1)
o nF '

where | is the chemical potential, t; is the ionic transport number, F is Faraday's constant

and n is the number of electrons. Chemical potential can be calculated by equation (4.2),
,ui:,ui°+R-T-|n(pi) (4.2)

By combining equation (4.1) and (4.2) and integrating, equation (4.3) is obtained,
R-T
E=-t —In(&j (4.3)

where R is the ideal gas constant, T is the absolute temperature and p,, p: are the partial
pressures of the gases on each side of the sensor. If operating conditions, characteristics of
reference atmosphere and experimental OCV are known the composition of the targeted
atmosphere can be analyzed. Most equilibrium potentiometric sensors follow this principle [50].

For example, for an oxygen sensor with an oxygen ion conductor, equation (4.3) is,

. sensing
E=-t, R-T In P f ©, (4.4)
4 . F pre erenceoz

where t, is equal to unity, as already discussed in chapter II, for solid oxide electrolytes with
no electronic conductivity, n is equal to 4 and po; is the partial pressure. A well-known
potentiometric oxygen sensor with a solid oxide electrolyte (YSZ) is the lambda sensor

usually employed for the detection of oxygen in exhaust gases Fig. 25 [53].
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Figure 25: A typical potentiometric sensor for the detection of oxygen in exhaust gases [54].

Based on the mobile ions within the electrolyte and the working principle,
potentiometric gas sensors are categorized in Type-|, Type-ll and Type-IlI [52].
When the transferred ions inside the electrolyte are related to the reactant gas, the sensor
is classified as Type-l. A popular Type-l potentiometric sensor is the lambda sensor that is
utilized for the analysis of oxygen in the exhaust gases of vehicles. Lambda sensors are
composed of Yttria-stabilized Zirconia (YSZ) solid electrolyte (conductor of oxygen anions)
between two Pt coated electrodes and air as the reference gas. Fig. 26a presents the
principle of operation of a typical Type-I potentiometric sensor. This sensor can be described
as an electrochemical cell with different partial pressures on each side of the solid oxide
electrolyte. The partial pressure at the reference side is kept constant. During the sensor's

operation, oxygen gas reduces on one side and oxidizes at the other side [52].

Reduction: O, +4e - 20% (4.5)

Oxidation: 20% - O, +4e” (4.6)
The partial pressure on each side indicates which reaction will take place on that side. The
measured EMF of the potentiometric sensor determines the partial pressure at the sensing side.
The principle of operation and configuration of Type-Il potentiometric sensors is similar to
Type-l. However, in this type, the gas doesn't equilibrate with mobile ions in the electrolyte
but it equilibrates with, non-related to it, immobile ions in the electrolyte. CO, sensors, for
example, function as Type-Il sensors where the concentration of CO, is determined by

equilibrating with K* ions in the K,CO3 electrolyte. Fig. 26b shows the principle of operation
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of a carbon dioxide sensor. Here, the carbon dioxide concentration is determined with the

help of a K" ion conductor [52]. The overall reaction that take place hereiis,

Overall reaction: 2K* +CO, +%O2 +2e” - K,CO, (4.7)

The equation (4.8) for this sensor is modified to,

B R.T (Pcs(e):sing . (Poszensing)ﬂz)

E= n
reference reference \1/2
n-F (Pco2 '(Po2 ) )

(4.8)

Equation (4.8) is simplified to equation (4.9) because the partial pressure of oxygen is kept

equal to both sides.

R, [(RE)

E= n-F (Preference)

(4.9)
co,

Concluding, if the partial pressure of CO, at the reference side is known the partial pressure
at the sensing side can be determined.

Lastly, Type-Ill sensors function differently. In this Type, an auxiliary phase is attached to the
electrolyte and functions as the sensing electrode. This auxiliary phase contains the same ionic
species as the gas of interest. Thus, the auxiliary phase provides an equilibrium reaction between
the gas of interest and the mobile ions in the electrolyte, resulting in a measured EMF related to
the concentration of the target gas. Fig. 26¢ presents a type-lll potentiometric CO, sensor with Au
electrodes separated by NASICON (Na* conductor) electrolyte and Na,CO, auxiliary phase. Type-

Il sensors are considered more effective for SO, and NO, emissions [52, 55].
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Figure 26: (a) Type-l potentiometric oxygen (O;) sensor, (b) Type-Il carbon dioxide (CO,)
potentiometric sensor, (c) Type-Ill carbon dioxide (CO,) potentiometric sensor [56].

Besides the fact that potentiometric sensors are effective tools for gas detection, there are
several weak points that limit their usage. Firstly, potentiometric sensors require the supply
of a reference gas to operate properly. In industrial conditions, the stable and continuous
supply of a reference gas might be problematic. Also, due to the logarithmic dependence of
the sensor's EMF, most potentiometric sensors provide low sensitivity in atmospheres with

high concentrations [57].

4.5.2 Non-equilibrium potentiometric gas sensors

Mixed sensors' design and principle of operation is similar to that of potentiometric gas
sensors. In an equilibrium potentiometric sensor, oxidation and reduction reactions occur
between the electrodes and the gas until a steady potential is established. However, in non-
equilibrium sensors, the targeted gas participates in more than one reactions. As a result, no
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equilibrium is established in the interface between the electrode and the electrolyte, and a
mixed potential is observed. This behavior is known as non-Nernstian. As in equilibrium
sensors, this mixed potential provides information about the gas of interest. These sensors
are employed for the detection of H,, CO, hydrocarbons or NO, in non-equilibrium gas

mixtures [50, 55].

4.5.3 Amperometric gas sensors

Potentiometric gas sensors' operation is based on open-circuit conditions where no external
voltage is applied. However, for the operation of amperometric sensors, an external voltage
is required. This applied voltage drives certain reactions at the electrodes. Amperometric
sensors are designed such that the gas supply at the sensing electrode is limited by
diffusion, resulting in a linear output proportional to the targeted gas's concentration.
Amperometric sensors have an inner cavity and inside this cavity is the sensing electrode. In
order for the gas to reach the anode, it must diffuse through the diffusion or capillary

barrier [52]. Fig. 27 shows a typical amperometric sensor.
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Figure 27: Principle of operation of an amperometric sensor: (1) the diffusion barrier, (2) the
solid electrolyte, (3) sensing and counter electrode, (4) surrounding gas [58].

When the sensor is placed in the tested atmosphere, the empty cavity fills with the
gas. Then, an external voltage is applied to the working electrode and the oxidation of the
targeted gas at the anode's surface begins. This way, a balance is established between the
amount of gas pumped out from the cavity and the ambient gas that diffuses through the
diffusion barrier. According to Faraday's law, the electrical current generated relates to gas

diffusion as follows,

J(gas) = (4.10)

I
n-F
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where I is the observed current, F is Faraday's constant and n is the number of electrons
involved in the reaction. As the applied voltage increases, so does the reaction rate until a
certain value, where the concentration of the targeted gas inside the sensor is negligible. At
this point, the applied voltage is so high that when the molecules reach the electrode's
surface, they immediately react, so diffusion through the capillary barrier is the rate-limiting
step. The reactant's concentration inside the sensor is negligible because the reaction rate is
higher than the diffusion rate. Under this condition, a further increase in the applied voltage
doesn't affect the current response. This condition is referred to as limiting current [58].

Limiting current is measured from equation (4.11),

__n-F-D(gas)-A-P

" R-T-L

P(gas) (4.11)

where lim is the limiting current. Dg,s is the diffusion coefficient, A is the area of the
diffusion barrier and L the length of the diffusion barrier. P, R, T are the absolute pressure,
ideal gas constant and absolute operating temperature, respectively and pg,s is the partial
pressure of the targeted gas. Note that the diffusion coefficient depends on operating
conditions according to the equation (4.12),
m
D =D, LI (4.12)
T,) P

where Do, To, Po are the diffusion coefficient, temperature and pressure at standard
conditions (25°C and 1 atm) while P and T are the pressure and temperature at operating
conditions and m is a coefficient that ranges from 1.5 to 1.9 [58].

The linear relationship between the gas's concentration and the current response
makes amperometric sensors a more suitable tool for detecting high gas concentration in
contrast to potentiometric sensors. With many different employed materials and
geometries, amperometric sensors are capable of identifying many different gases, such as
0,, H,, CO, NO,, SO,, H,S [52]. Amperometric sensors also present several weaknesses
during their operation. In amperometric sensors, the limiting current depends on the
diffusion barrier. Particles from the analyzed atmosphere can block the diffusion barrier and

change its characteristics, resulting in wrong limiting current measurements. Furthermore, if
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additional gas reaches the electrode's surface from cracks in the sealant or the electrolyte,

there will be an increase in the limiting current [57].

4.5.4 Combined gas sensors (Amperometric-Potentiometric)

Combined sensors consist of two electrochemical cells. The first one, the amperometric cell,
works as an electrochemical pump, transferring ions in or out of the sensor's chamber, while
the second one, the potentiometric cell, measures the EMF. The joints between the
potentiometric/amperometric cells or the cells and the capillary barrier are sealed with
high-temperature glass sealant. The principle of operation of these devices is more complex
than a single potentiometric or amperometric cell. During their operation, one cell operates
as an amperometric sensor, pumping gas in or out of the sensor's chamber and measuring
the limiting current. While, the second cell operates as a potentiometric cell, measuring the
EMF and giving information about the analyzed gas concentration or the proper operation

of the amperometric cell.

One of the problems of potentiometric oxygen sensors is the stable and continuous
supply of reference gas. The first combined oxygen sensor was designed by Haaland to
eliminate the need for a reference atmosphere [59]. In this sensor, the amperometric cell
operates as an oxygen pump. Depending on the applied voltage, the oxygen is
electrochemically pumped in or out of the chamber. At first, the voltage is applied such that
the oxygen inside the chamber is electrochemically pumped out. When there is no oxygen,
the pumping is reversed in order to create inside the sensor the same oxygen's partial
pressure as outside. Under these conditions, the observed EMF tends to zero. The
measurements of the oxygen's partial pressure in the analyzed gas is accomplished with the

aid of the ideal gas law and Faraday's law [50].

Another use of the double cell configuration is to control the output of the amperometric
sensor and the overall performance of the system. In the combined oxygen sensor in Fig. 28,
the amperometric cell serves for electrochemically pumping oxygen out of the sensor's
chamber while the potentiometric cell measures the concentration of the oxygen inside the

chamber and controls the operation of the system according to the calibration curves.
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Figure 28: Scheme of operation of a combined oxygen sensor [57].

During the operation, an external potential is applied at the electrochemical pump, driving
the oxygen reduction reaction inside the sensor's chamber, generating oxygen ions. These

ions move through the electrolyte (YSZ) to the anode, to be oxidized back to oxygen.

Cathode reaction: O,+4e - 20% (4.13)

Anode reaction: 204 > O, +4e” (4.14)

So, the cell pumps oxygen to the outer gas. The measured current is known as limiting
current and it is related to the geometry parameters of the capillary and the oxygen

concentration in the chamber, as shown in equation (4.15).

| _4FD,-PA
"™ RT-L

Po, (4.15)

where 4 is the number of transferred electrons (O, +4e” —»20%") and po; is the partial

pressure of the oxygen. In the sensor's chamber, the gas mixture contains traces of oxygen.
The second cell, the potentiometric cell, measures oxygen concentration inside the chamber
using the gas outside of the sensor as a reference atmosphere. The potentiometric cell's

EMF is calculated by equation (4.16).

out
e_RT [ Po
4-F ' po,

(4.16)

The sensor's ability to measure, simultaneously, the limiting current and the cell's EMF
increases its reliability and efficiency [50], [57]. From the measurements of the EMF and the
limiting current, the proper operation of the sensor is verified. For example, when the
limiting current is observed, the EMF should be equal to the set value, otherwise the sensor
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is malfunctioning. Higher EMF than the set value indicates that the diameter of the capillary

barrier has decreased, while lower indicates the existence of additional leakage [57].

4.5.5 Resistive gas sensors

Resistor-type gas sensors based on metal oxide electrolyte such as SnO,, TiO,, In,03, WOs3,
NiO are another common type of sensor. These sensors measure changes in electrical
resistance of the semiconducting oxide caused by the interactions between the sensing
electrode and the gas which generally involve electrons generation and transfer. Due to
these surface interactions, an important change in electrical resistance is observed, related
to the concentration of chemical species in the gas. Based on these surface phenomena,
resistor sensors can be divided into two major types, one that shows changes in the surface
conductance and changes in the bulk conductance [56]. As far as for the latter, the main
bulk deflects are the oxygen vacancies, so changes in the bulk conductance are due to
oxygen's partial pressure at operating temperatures up to 600-1000°C that the oxygen
vacancies can quickly diffuse from the interior of the grains to the surface. The main
application of this type is to detect oxygen at high temperatures. On the other hand, the
second principal type is based only on changes in surface conductivity at lower
temperatures <600°C. These sensors are used to detect other reactive gases such as CO,
NO,, SO, or HCs [52].

However, resistor-type gas sensors show disadvantages that limit the field of
applications, such as poor reproducibility and long-time instability. In addition, these
sensors aren't linear devices so most of the time more than one sensor or operation mode

of the same sensor is required to determine the gas concentration [52].

4.5.6 Impedancemetric gas sensors

Lastly, the impedancemetric gas sensors employ a different approach for detecting the gas
of interest. The design of impedance-based sensors is similar to that of mixed-potential
sensors. For their operation, a sinusoidal voltage is applied to the sensors and the current
response is measured. Knowing the applied voltage and the current response, the
impedance is calculated. As already discussed in electrochemical methods, impedance

spectroscopy is used to analyze every component individually due to their frequency-based
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behavior. Impedance-based techniques are applied to both semiconductor-based sensors
and solid oxide-based sensors. There are reports of YSZ-based impedancemetric sensors for

detecting steam (H,0), NO, and CO [52].
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Chapter V

Electrochemical gas sensors based on solid oxide electrolytes

Abstract

In this chapter, the description of different electrochemical sensors based on solid electrolytes
for the detection of common gases is presented. The materials, design and principle of
operation of the sensors employed for the detection of combustible gases, such as carbon
oxides, hydrocarbons and hydrogen are thoroughly discussed. Sensors for the detection of
nitrogen oxides and ammonia are also presented. Oxygen and humidity sensors are also
described. Different sensors are reported, operating in a wide range of temperature from 300°C

to 1000°C, based on different materials for electrolytes and electrodes.
5.1 Introduction

Electrochemical sensors based on solid oxide electrolytes are progressively employed in
more and more applications, such as environmental control (combustion, air, industrial
wastes monitoring, etc.), chemical processing, laboratory analysis, etc. These sensors, among
other gas sensing technologies, seems the most promising technology, offering simple design

and operation, high sensitivity, real-time response and scope for miniaturization even in really
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harsh environments. Moreover, the output of these sensors is an electrical signal that provides
information directly about the measured chemical quantities. These advantages make these
sensors an attractive and promising technology to address emission-related problems. Despite
the targeted gas or the design, most of the electrochemical sensors have the same principles of
operation. These sensors are classified based on their operation into two categories. First, the
active sensors, where the sensing signal is the voltage between the two electrodes and no
external applied voltage is needed. In this category belong the equilibrium potentiometric (EPSs)
and mixed potential sensors (MPSs). Second, the passive sensors where an externally applied
voltage is required and the output current is the sensing signal. Here belong the amperometric
sensors. In this chapter, the description is limited to solid oxide-based sensors. Among the solid
oxides that present ionic conductivity, the oxygen-ion conductors and proton-conductors are
emphasized.

Solid-state gas sensors are the most common type for gas detection at high
temperatures and harsh environments. Generally, oxygen sensors are the primary tool to
optimize combustion processes, however, nitrogen oxides (NO,), sulfide oxides (SOy), carbon
oxides (CO,), hydrogen sulfides (H,S) and hydrocarbons (HCs) sensors are also important for

emission control and the combustion monitoring.

5.2 Combustible gas sensors

5.2.1 Electrochemical sensors for the detection of COx (CO, CO;) and C,H2zn:2

hydrocarbons

Nowadays, concerns about flammable and toxic gases are increasing. Toxic gases appear in
both industrial and domestic environments, causing several life-threatening issues to
humans and being harmful to the environment. Solid-state oxygen sensors is a well-known
technology for the regulation of internal combustion engines emissions. However, the
control of more stringent pollutant emissions requires the development of electrochemical
sensors capable of detecting carbon monoxide (CO) and unburned hydrocarbons (HCs).
Future emission control strategies and on-board diagnostic (OBD) systems, need sensors to
detect such gases in low concentrations, usually a few ppm, at temperatures between 800-

1000°C. During internal combustion, CO is generated when carbon in the fuel isn't fully
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burned. Its control is important because it is harmful to the environment and humans, and
also its concentration provides information about combustion's efficiency. Unburned
hydrocarbons appear in rich combustion conditions. For direct OBD strategies, solid-state
electrochemical sensors capable of operating at high temperatures and detecting those
combustible gases are employed downstream of a three-way catalytic converter (TWC).

These sensors are reported to be more effective than dual oxygen sensors [52].

5.2.1.1 Mixed combustible sensors

Usually, solid-state electrochemical gas sensors employed for detecting hydrocarbons and
CO, operate under the potentiometric regime. The sensor's signal in these sensors is the
electromotive force between the two electrodes. The most popular solid electrolyte is the
YSZ, and Pt is the most widely used noble metal for the electrodes. Many reports suggest
Ceo.3Gap2019 (CGO) or B-aluminas as electrolytes. The main requirement that solid
electrolytes should fulfill to be suitable for a mixed potential sensor is the reaction kinetics
at the three-phase boundary and not the conductivity. These sensors are suitable for a
temperature range between 500-600°C as they operate in non-equilibrium conditions. At
higher temperatures, the system will approach equilibrium resulting in a decrease in the
response signal.

Researches on mixed potential sensors for combustible gases mainly focus on finding
new material for the electrodes. WO3, Nb,Os and Nb,0s5-Ta,0s are some of the most popular
materials for electrodes for CO and HCs electrochemical sensors at operating temperature
in the range of 500-700°C. Furthermore, doped-oxides and perovskites have also been
investigated as materials for sensing electrodes. Mixed potential sensors suffer from poor
selectivity because of their detection mechanism. Also, mixed potential sensors exhibit high

cross-sensitivity as both HCs and CO react with oxygen [52].

5.2.1.2 Resistor-type combustible sensors

The most widely used electrochemical sensors for the detection of CO and hydrocarbons at
the temperature range of 300-500°C are the resistor-type sensors. These sensors detect the
gas of interest through the desorption and the adsorption of the gas species on the metal

oxide. During the operation of resistor-type sensors at high temperatures, the targeted
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gases react with the lattice oxygen to form oxygen vacancies in the metal oxide. Because of
this, it is really difficult for the sensor to exhibit good reproducibility, recoverability and
stability in such environments. Considering that, only a few metal oxides can effectively
detect reducing gases in high-temperature environments, above 500°C.

Three different mechanisms take place depending on the operating temperature and
the carrier mobility of oxides, as shown in Fig. 29. First, at low temperatures, direct
chemisorption of the reducing gas on the surface of the metal oxide, resulting in the
transfer of electrons into the metal oxide. At intermediate temperatures, reactions at the
surface lead to oxygen defects at the surface. At temperatures close to 1000°C, the
reactions with lattice oxygen change the equilibrium of crystal defects. This mechanism
requires high temperatures to gain high defect mobility. Due to the reaction between the
gas and the surface or the bulk of the metal oxide, the sensor's response changes. The
advantage of these types of sensors is the considerably improved reproducibility compared
to mixed potential sensors. One of the materials that exhibited promising results as far as
the detection of HCs and CO at high temperatures is Ga,0s. Generally, Ga,03 is a common
material for resistor-type oxygen sensors that operate at temperatures above 900°C based

on the bulk-volume-defect equilibrium (third mechanism).
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Figure 29: Interaction between the gas phase and the metal oxide for different temperatures
[52].
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At the operating temperature of resistor-type combustible sensors, the dominant
mechanism is the second one (surface defects). However, investigations on the ability of
Sn0, doped Ga;0s; and pure Ga,03 to detect CO and HCs at an operating temperature
between 600-1000°C showed promising results. The sensors based on those materials
exhibited sensitive, stable and recoverable responses for both targeted gases. Similar
behavior is observed from TiO, with additions of CuO and La;0s. Yet, mainly because of the

sensing mechanisms, resistor-type sensors suffer from high cross-sensitivity [52].

5.2.1.3 Amperometric combustible sensors

The most common and well-established sensor for the control of exhaust emissions is the
lambda sensor. This sensor is based on yttria-stabilized zirconia and operates under the
potentiometric regime. It's the most reliable technology among sensing technologies, as it is
employed in gasoline-based vehicles for about 40 years now. Considering that, YSZ has been
proven to be a suitable material for sensing devices. Among the advantages of YSZ is its
great mechanical and chemical stability over a long period of time and its excellent oxygen
anion conductivity. Consequently, there is a potential for different YSZ-based sensors for the
detection of different gases at high temperatures. Apart from YSZ-based electrochemical
potentiometric sensors, amperometric sensors have also been proposed. Amperometric
sensors present several advantages, including the operation without the need for a
reference gas and the establishment of an equilibrium potential.

Even if amperometric sensors have many advantages over potentiometric sensors,
there aren't many reports about the design of amperometric sensors for the detection of
combustible gases in harsh environments. Additionally, the detection of combustible gases
in mixtures of combustible gas+N, is interesting from a practical point of view, because most
thermal catalytic analyzers can't effectively detect combustible gases in oxygen-free
atmospheres. Recently, an amperometric sensor for the detection of H,, CO and CHj4 in
nitrogen atmospheres was fabricated by E.Gorbova et al. for intermediate temperatures
(450°C). The abovementioned sensor consists of two cells based on 9YSZ solid electrolyte
(0.91Zr+0.09Y,03). The cells are sealed with glass sealant such that an inner chamber is

formed between them. This chamber connects through a metal capillary with the
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environment. At the opposite sides of one of the cells are deposited Pt electrodes with wire

current leads. The sensor's configuration is presented in Fig. 30.

9YSZ
combustible gas | l : Cama XX XCU N XU < | Glass sealant

Glass sealant [~ " rF R0 &9 024 XX (V)
9Ysz Platinum electrode (A

Figure 30: Schematic representation of the amperometric sensor [60].

The principle of operation of amperometric sensors has already been discussed. A positive
potential is applied to the electrode inside the sensor forcing certain reactions. Due to the
applied voltage, steam and carbon dioxide react at the outer electrode according to the

reactions,
H,0+2e —H,+0* (5.1)
CO, +2¢- —»CO+0* (5.2)

Decomposition of steam is possible because there is some residual humidity (10 ppm) in
nitrogen and so at the analyzed gas, while carbon dioxides in mixtures of CHs and CO+N,
appear due to the oxidation of CO and CH,4 due to the oxygen in nitrogen. Generated oxygen
anions from reactions (5.1) and (5.2) move through YSZ to the inner electrode and react

with the H,, CO and CH4 at the chamber according to the reactions,

H,+0> ->H,0+2" (5.3)
CO+0% —>CO, +2¢” (5.4)
CH, +40* —»CO,+2H,0+8e" (5.5)

As the applied voltage increases, the rate of oxygen pumping also increases. Due to the
reactions, the concentration of the combustible component inside the chamber decreases
and a concentration gradient at the opposite spaces of the capillary is created. The diffusion
flux of the combustible gas, through the capillary, reaches its maximum value when its

concentration inside the chamber is zero. Under these conditions, the current response is
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stable and it isn't affected by the voltage. These conditions corresponds to the limiting

current which is calculated for every gas from equation (5.6).

P-F-S

| - -
“L-R-T

=z,-D - X (5.6)

k,lim

where k represents the gas of interest (k=H,, CO or CH,) and X, is the concentration of the
targeted gas. If equation (5.6) is expressed for the diffusion coefficient, the following equation is
obtained,

leim L-T-R

D, = 5.7
“ X, z,-P-S-F 57)

As far as the experimental part, the tests were carried out in different gas mixtures
of combustible gas+nitrogen at an operating temperature of 450°C. In Fig. 31 the relation
between the applied voltage and the current response of the sensor is shown. In the three
figures, the plateau region is observed when the limiting current is observed. From these
curves, information about the tested system is obtained. More specifically, for different
gases and different concentrations, the slope at the start varies. At first, the slope provides
information about the characteristics of the total internal resistance. While the latter part
provides information about the polarization resistance of the electrodes and the Ohmic

resistance of the electrolyte.

Fig. 31a shows the ampere vs. volt curves for the mixture of N,+H, for different
hydrogen concentrations, starting from 0.5 to 2,4 and 6 vol.% H,. All curves reach the
plateau region between 0.2 and 0.25 V. From these curves, the sensor's total resistance can
be calculated. For example, from Fig. 31a for the mixture of N,+6%H, at 450°C the total
sensor's resistance is about 4 kQ. From the total resistance, about 12.5% is the electrolyte's
resistance (about 0.5 kQ) and the rest is the electrode's polarization resistance. Fig. 31b
depicts the curves for the N,+CH,4 mixture for different CH4 concentrations. Similar behavior
to the H,+N; mixture is observed with the curves reaching the plateau region between 0.2
and 0.25V and at slightly higher current values. The total sensor's resistance, for the

N,+6%CH4 mixture, here is about 5 kQ), close to the value obtained for the N,+H, mixture.
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Figure 31: (a) Ampere-volts characteristic curves of the tested sensor at 450°C, (a) for the
mixture N,+H, for different H, concentrations (0.5, 2, 4, 6 vol.% H,), (b) for the mixture N,+CH4
for different CH4 concentrations (2, 4, 6 vol.% CHg4) and (c) for the mixture N,+CO for different
CO concentrations (1, 2, 4, 6 vol.% CO). (d) the relation between the limiting current and
different concentrations of the three tested combustible gases (H,, CH4 and CO) [60].

In Fig. 31c, the ampere vs volt curve of the N,+CO mixture for different CO concentrations is
presented. It is observed that the current response is considerably lower than that of the
two previous components. As the author suggests, the main reason is the considerably
lower diffusion rate of CO in N, compared to that of CH4 and H,. Furthermore, due to the
higher electrode's polarization resistance for the reaction (5.4), the sensor's total resistance
is much higher compared to the previously tested gases. For the mixture of N,+6%CO, the
sensor's resistance is about 16 kQ. In all the tested combustible gas components, the
limiting current is linearly proportional to the concentration, so the condition is satisfied.
This linear behavior can be seen in Fig. 31d [60].

Last, from equation (5.7) and from Fig. 31d, the diffusion coefficient for the tested

gases is calculated. In equation (5.7) L, S are characteristics of the system, zy is the number
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of electrons of the reaction and F is Faraday's constant. T, P and X, are parameters given to
the system and the Ixim is obtained from the experiment, so Dy can be measured. The
calculated diffusion coefficient for H,, CHs and CO is equal to 3.601, 0.952, 1.053cm?/s,
respectively. The diffusion coefficient values from this experiment are in good agreement

with the data from the literature.

5.2.2 Hydrogen (H:) sensors

Over the years, apart from solid electrolytes that exhibit oxygen-ion conductivity, there have
been developed other types of electrolytes that exhibit proton conductivity. These materials
have attracted the attention of electrochemical devices researchers as they can operate
under a wide range of temperatures, from medium to high, and can be implemented in
many electrochemical devices, such as electrolysis cells, fuel cells and sensors. In many
industrial fields such as metallurgy, nuclear or thermal power plants and the petrochemical
industry, the processes that take place require high temperatures. By measuring the
concentration and analyze the emissions, it is possible to reduce the released hazardous
gases and also to optimize the combustion. These measurements require sensors capable of
withstanding the operating conditions and effectively operating under them. A well-known
electrolyte for these sensors is the well-established yttria-stabilized zirconia. YSZ is a stable
and effective electrolyte with good ion conductivity at elevated temperatures. Considering
that, there are many investigations for sensors based on oxygen-conducting electrolytes for
the detection of hydrogen using a mixed potential method. However, such sensors aren't
yet suitable for measuring hydrogen. Consequently, for the development of electrochemical
hydrogen sensors, researchers report the use of solid oxide proton conductors. There have
been reported many proton-conducting solid electrolytes, but materials belonging to the
perovskites family are considered the most promising and effective so far. Well-known
hydrogen conductors that exhibit both stability and acceptable conduction are electrolytes

based on barium cerate (BaCeO3) and strontium cerate (SrCeOs).

5.2.2.1 Amperometric Hz sensors

Amperometric sensors seem to provide more advantages over potentiometric ones as they

can operate without a reference atmosphere. The establishment of a reference
67



atmosphere, for the proper operation of a hydrogen potentiometric sensor, can be really
problematic due to the environment of operation of these sensors. The working
temperature is usually above 600°C. Some major advantages of amperometric sensors
include the linear dependence of limiting current to the gas concentration and the absence
of a reference gas. This way, amperometric sensors are more precise at medium and high
concentrations and are considered more reliable. Consequently, amperometric sensors have
attracted more attention for the detection of hydrogen.

The most fully investigated materials, as far as their proton-conducting properties,
are the oxides based on BaCeOs and BaZrOs. In addition to those materials, other protonic
conductors such as LaNbO4, Ba,In,Os and LaYO; are used in solid oxide electrochemical
hydrogen sensors even if they exhibit lower proton conductivity. Among them, LaYO; was
the first oxide material that lIwahara and Takahashi observed proton-conducting properties.
Kalyakin et al. synthesized a Sr-doped LaYOs; proton conductor for its application in
hydrogen amperometric sensors. This sensor is composed of two different cells, the first
one is based on a solid proton-conducting electrolyte, Lag sSro.1YOs.s5, while the other one is
based on an oxygen ion-conducting electrolyte, YSZ. Both electrolytes have Pt electrodes on
the opposite sides. The two cells form a chamber between them that connects with the
ambient gas through a ceramic capillary barrier. Figs. 32 depicts the scheme of operation

principle and the experimental cell of the hydrogen amperometric sensor, respectively.
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Figure 32: Schematic representation of the hydrogen amperometric sensor (left): (1) the ambient
gas, (2) the ceramic capillary, (3) the Pt electrodes and (4) the glass sealants. (right) the
experimental cell [61].

For the testing part, the as-fabricated sensor is placed inside an oven and is fed with a fixed

mixture of N,+H,, to imitate the operating conditions. When the sensor is placed in the N,+H;
68



mixture and the analyzed gas fills the sensor, a DC voltage is applied to the electrodes of the
protonic conductor. Consequently, hydrogen molecules are electrochemically pumped-out of
the sensor through the LagsSrg1YOs.s electrolyte. The hydrogen that is pumped out from the
sensor is compensated with hydrogen permeating through the ceramic capillary. However, as
the applied voltage increases, the pumping out of the sensor dominates over the diffusion
through the capillary, resulting in a decrease in hydrogen's concentration. When the
concentration of hydrogen inside the sensor is negligible, a further increase in the voltage
doesn't affect the current response. This condition corresponds to the limiting current. From

equation (5.8), the limiting current of the sensor for hydrogen is calculated,

_2:F-D,,-S-P

Ilim_
R-T-L

Py, (5.8)

So the purpose of the first cell is to calculate the current response to the applied voltage.
The second cell operates as an oxygen gauge. Due to the decomposition of humidity inside

the chamber, oxygen is produced in the sensor, according to the reaction (5.9).
K 1
HZO—>H2+EO2 (5.9)

The cell with the YSZ electrolyte continuously monitors the content of oxygen inside the sensor, as

the hydrogen pumping continues. Oxygen partial pressure is calculated from equation (5.10).

2

K- szo
Py,

p02 = (5.10)
In equation (5.10), K is the equilibrium constant of the reaction, py.0 and py, are the water
and hydrogen partial pressures. Note that due to the electrochemical pumping of the
hydrogen, hydrogen's partial pressure inside the sensor decreases during the operation. This
change is monitored with the aid of the Nernst equation (5.11) based on the open-circuit
voltage of the second electrochemical cell.

R-T, [ po,

AVye =——1In
4-F | pp,

(5.11)
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The -V characteristics curves of the tested sensor for different H, concentrations in
mixtures of N,+H, at different operating temperatures are shown in Fig. 33a,b. The current-
voltage curves are distinguished in three regions for every H, concentrations. At the first
region, the current is proportional to the applied voltage until a certain point where the
limiting current is observed and a plateau is formed. At this point the current is constant and
it isn't affected by the voltage. The current starts to increase again at really high values of
the applied voltage. It is important to note that the limiting current value greatly increases
as the H, content in the mixture increases. Also, in Fig. 33c, the linear relation between the
limiting current and the H, concentration is depicted. This is an important condition for

amperometric sensors to be considered suitable for the detection of the targeted gas [61].
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Figure 33: (a, b) Dependence of current on the applied voltage for x vol.% H, in N,+H,
mixture at 550°C, (c) Dependence of limiting current to hydrogen content and (d) | and AV,
plotted against U for the 0.7 vol.% H,+N, mixture at 550°C [61].

Fig. 33d shows the dependence of the limiting current and open circuit electric potential
(AVoc) on the applied voltage. This diagram is obtained at 550°C for 0.7 vol.% hydrogen in
the mixture of H,+N,. As it is observed, the limiting current increases with the applied
voltage until a certain point, where a plateau is observed. For this concentration, the

plateau is observed at 0.7 applied voltage. This current is referred to as limiting current and
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it remains constant until voltage's value reaches about 1.5 V. This rise is due to either the
partial decomposition of the used materials or the presence of electronic conductivity in the
solid electrolyte. At the same time, the AV, value measured with the aid of the YSZ-based
cell increases smoothly with the increase of the applied voltage. However, when the
concentration of hydrogen inside the sensor tends to zero, there is a sharp increase at the
AV, value. As the author suggests, as far as the conditions in Fig. 33d, at the limiting current

region, the hydrogen's concentration is less than 8 parts per million (ppm).

Hydrogen amperometric sensors were also fabricated based on LaggsSroosYOs,
CaZrg.90Sco.103 and CaTig955¢0.0s03 proton-conducting solid electrolytes. These electrolytes
were synthesized and tested by Kalyakin et al. for application in amperometric hydrogen
sensors. Three hydrogen amperometric sensors were fabricated based on the
abovementioned electrolytes and they were tested in a H,+N,+H,0 gas atmosphere in an
operating temperature of 800°C. Each of the abovementioned electrolytes was employed in
one of the fabricated cells.

The configuration of the three cells is similar. Two parts of the solid electrolyte were
sealed together with the aid of a glass sealant such that an empty chamber is formed
between the two plates. Two Pt electrodes were placed at the opposite sides of one of the
plates. The sensor's configuration is presented in Fig. 34. In these sensors, the leakage
between the sealed parts and through the porous solid electrolyte has the role of the
diffusion barrier. For the experimental study of the three sensors, they were placed into a
furnace in order to reach the needed temperature, around 800°C. Then the N,+H,+H,0 gas

mixture was fed to the sensor.

1 2
5
2
1 No+H0 +
3 4 5
No+H+H0

Figure 34: Schematic representation of the amperometric sensor, (1) proton-conducting
electrolyte, (2) glass sealant, (3-4) Pt electrodes, (5) platinum lead [62].
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When the chamber inside the sensor is filled with N,+H,+H,0, at the beginning of the
experiment, a DC voltage is applied to the electrodes to electrochemically pump-out the
hydrogen from the chamber. As already discussed, hydrogen's concentration inside the
chamber decreases and eventually reaches zero. It is known that at this stage the limiting
current is observed.

On the basis of the electrochemical study, the voltage-current curves of the
electrochemical cell were obtained. The ohmic resistance of the solid electrolyte and the
electrode polarization resistance affect the slope of the /-V curve. While the limiting current

value depends on the characteristics of the diffusion barrier and the composition of the fed gas.
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Figure 35: Voltage current curves for (a) LaggsSroosYOs electrolyte-based cell, (b)
CaZrg.90Sco.103 electrolyte-based cell, (c) CaTig.955¢0.0503 electrolyte-based cell, for different
H, concentrations in mixtures of N,+2%H,0+H, at operating temperature of 800°C and (d)
dependence of limiting current on hydrogen content for cell-1 [62].

The -V curves of the cell 1,2,3 based on LaggsSroosYOs, CaZrpgoSce 103 and CaTigosSCo0503,
respectively, is presented in Fig. 35a,b,c. In the first sensors, based on LaggsSrpesYOs and

CaZro.90Sco 103 the three regions can be distinguished. Cell-1 was tested in high hydrogen
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concentration between 10-98% while cell-2 was tested in significantly lower hydrogen
concentrations. However, at cell-3 based on CaTig955¢0.0503 electrolyte, the current-voltage
curves never reach a plateau. As the author suggests, this is attributed to the presence of
significant electronic conductivity in the solid electrolyte. Consequently, this electrolyte isn't
suitable for hydrogen sensors. As far as the relation between the limiting current and H,
content, it is observed in Fig. 35d for cell-1 that it is strictly linear. Therefore, Lag.gsSroo5YO3
electrolyte can be used for the detection of high hydrogen concentration in mixtures with N at
elevated temperatures. From Fig. 35b is observed that the dependence of limiting current and
H, content is also linear. Cell-2 based on CaZrg405¢.103, can be implemented for applications in
hydrogen sensors for the detection of low H, concentration (below 5%) in mixtures of N, at

elevated temperatures [62].

5.2.2.2 Combined (Amperometric-Potentiometric) H; sensors

Apart from devices based on a single cell, more complex devices combining two or more cells
have been designed. These devices exhibit increased accuracy and can perform several
functions. Usually, one cell is operated under potentiometric regime as a gauge while the other
under amperometric regime as an electrochemical pump. Many researchers are showing
increasing interest in Zr-substitute BaCeOs-based systems. Materials such as BaCeg 7Zro1Y0203s
(BZCY) oxide are the main electrolytes for high-temperature gas detection. These materials
exhibit great proton conductivity at high temperatures and acceptable stability in the, usually,
aggressive environment of operation. BaCeq 7Zro1Y0.203.5 (BZCY) was employed in a combined
amperometric/potentiometric sensor for detecting hydrogen in mixtures of nitrogen at
intermediate temperatures between 450-550°C fabricated by Kalyakin et al. This sensor is made
of two Pt|BaCeq7Zro1Y0.203.5 | Pt electrochemical cells with an empty chamber between them.
The chamber connects with the environment through a capillary barrier. The joints between the
cells and the cell and capillary were sealed with a high-temperature glass sealant. The
configuration of the sensor is presented in Fig. 36. Cell-1 operates under amperometric regime
as an electrochemical pump, while cell-2 operates as a hydrogen potentiometric sensor.
Depending on the applied voltage, the sensor operates either in amperometric mode, Fig. 36b

or potentiometric mode, Fig. 36a.
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Figure 36: Combined potentiometric (a) amperometric (b) hydrogen sensor, (1) BZCY proton
conductor, (2) chamber inside the sensor, (3) capillary barrier, (4) Pt electrodes, (5) glass
sealant [63].

During potentiometric mode, a DC voltage is applied to the cell-1 driving hydrogen reaction at
the external electrode and generating protons and electrons. Protons move through the proton
conductor (BZCY) to the inner electrode and meet with the electrons to form hydrogen

molecules again. The electrochemical pumping of hydrogen is described by the following

equations,
External electrode: H, >2H" +2¢e (5.12)
Internal electrode: 2H"+2e" —>H, (5.13)

The two reactions take place at the opposite electrodes of cell-1. Resulting in the pumping
of pure hydrogen inside the sensor. Hydrogen gradually replaces nitrogen inside the
chamber and a pure hydrogen atmosphere is created. The second electrochemical cell (cell-
2) measures the electric potential difference generated between its internal and external
electrodes due to the difference in hydrogen concentration. According to Nernst's equation,
this potential is described as,

R-T, [Py,

E=—-In — (5.14)
2-F pH2
where p,qz is the hydrogen partial pressure in the ambient gas and pﬂzis the hydrogen

partial pressure inside the sensor. Note that inside the sensor there is a pure hydrogen

atmosphere, therefore pﬁz =1 atm. From the measured EMF, hydrogen's concentration in

the surrounding gas is calculated. The generated high potential difference at the electrodes

enables the tested potentiometric cell to effectively measure low hydrogen concentrations
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in N,+H, gas mixtures. Consequently, the potentiometric mode is suitable to detect
hydrogen at the operating conditions. Fig. 37a presents typical EMF-V curves for the cell-2.
As the applied voltage at cell-1 increases, the rate of the hydrogen-pumping inside the
chamber also increases. As observed, EMF grows initially with the applied voltage and then
tends to a constant value when AU reaches 2-2.5V. The first stage is explained by the partial
displacement of nitrogen and steam due to the pumped hydrogen and, as a result, the
hydrogen's partial pressure difference growth between the opposite sides. Whereas, at the
second stage, there is a pure hydrogen atmosphere inside the sensor, so the pressure
difference between the opposite sides has reached its maximum value. The E-AU curves

obtained in this experiment for different hydrogen concentrations are presented in Fig. 37a.
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Figure 37: (a) EMF-V curves for different hydrogen content in x%H,+N,+2%H,0 gas mixtures
at 500°C, (b) The limiting current as a function of hydrogen content in N,+H, mixture at
500°C, (c) I-V curves for different temperatures of operation and (d) for different H,
concentrations at 500°C [63].

During the amperometric mode, a DC voltage is applied again between the electrodes of cell-1,
Fig. 37b. However, this time, the reverse process takes place and hydrogen in the form of protons
flow from the chamber to the outside of the sensor. As the hydrogen is pumped out, a

concentration gradient is created between the chamber and the environment resulting in a
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hydrogen diffusion flux through the capillary. Faraday's law describes the correlation between the

diffusion flux and the current response of the sensor.

I

As the applied voltage at cell-1 increases, so does the rate of hydrogen pumped-out of the
sensor. At a certain applied voltage, the concentration of hydrogen inside the sensor is close
to zero. This condition is known as the limiting current. The limiting current for a hydrogen

sensor with a solid protonic conductor is calculated through equation (5.16).

~_2:F-Dy,S-P
" R-T-L
Fig. 37c displays the [-V curves for the mixture of N;+2%H,0+4%H, for different

Py, (5.16)

temperatures. As it is observed, the highest limiting current is observed at the highest
temperature of operation. Fig. 37d shows the /-V curves for different H, content at an
operating temperature of 500°C. The plateau region is observed between 0.2 and 0.3
applied voltage. The ability of this sensor to operate in either potentiometric or
amperometric mode enables the sensor to effectively detect hydrogen in either low or high
hydrogen concentrations in mixtures of N,+H,0+H,. The dependence of the limiting current
to the hydrogen concentration is presented in Fig. 37b. From the analysis, a linear behavior
between limiting current and H, content is obtained. Concluding, apart from the potentiometric
mode, this sensor is suitable for the detection of hydrogen when operating at the amperometric

mode [63].

5.2.3 Sulfur dioxide (SO2) and carbon dioxide (COz) sensors

Other gases that need to be monitored for the optimization of energy production processes and
due to limitations regarding the greenhouse gases are sulfur dioxide (SO,) and carbon dioxide
(CO,). CO, is one of the main pollutants of every combustion process, while SO, is emitted when
low-grade sulfur-containing coal is burned. To monitor these gases in real-time, there is a need for
a sensor able to operate at high temperatures. Even if electrochemical high-temperature sensors
for the detection of such pollutants have been reported, there are still challenges that limit their

application in industrial processes. Consequently, usually in industrial fields, the analysis of a
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sample at lower temperatures is preferred. Similar to every solid-state electrochemical sensor the
main challenge is to find suitable materials for the electrolyte and electrodes that optimize the

operation of the sensor.

5.2.3.1 Carbon dioxide (CO2) sensors

Carbon dioxide sensors operate as Type-ll or Type-lll potentiometric sensors. Usually, a
carbonate electrolyte is employed, where the voltage difference is measured by the
difference, at the opposite electrodes, between the carbonate ion concentrations (CO?,Z* ).

According to Nernst's equation cell voltage (E) is,

R 2—1qsensing
_R.T, ([CO]

- n-F [COZ—]reference (5.17)
3
Carbonate ions equilibrate with CO;, and O, according to the following reaction,
1 _ _
CO,+=0, +2e" — CO? (5.18)
2T 5 3
According to the reaction (5.18), the equation (5.17) is modified to equation (5.19),
R T (( p )1/2)sensing . ( p )sensing
E= I O €O, (5.19)

B F n 1/2 y reference reference
n- ((poz) ) '(pcoz)

For the proper operation of such sensors, it is required to establish a stable reference
potential. Usually, as a reference gas, a mixture of CO,+0; is used, with fixed concentrations
for both gases. However, as already discussed, reference atmospheres may be problematic
in many applications, so reference gases have been replaced from solid-state reference
electrodes. Considering that oxygen partial pressure is equal on both sides, equation (5.19)
is simplified. Mainly, simple carbonates such as K,COs, carbonated with oxide additions such
as Li,CO3-MgO and mixed carbonates such as Na,COs3-BaCOsz are employed for detecting
CO,. Nevertheless, other systems based on a solid reference are reported. One example is
the LiMn;04 reference electrode with Li,CO3-MgO electrolyte. The equilibrium between
lithium ions and CO in Li,COs; makes it an effective material for auxiliary electrodes. Li,CO3
has been used with a variety of lithium-ion conductors such as LISICON, LisPO, and LIPON.

The activity in Li,COs is low and constant, but as long as it is constant, the reference
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potential will also be constant. Also, mixed carbonates can be used for auxiliary electrodes,
such as the Li;CO3-BaCOs, to improve efficiency. The output of different sensors based on

the abovementioned electrolytes and sensing electrodes is presented in Fig. 38a.
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Figure 38: E(mV)-log(CO;) (ppm) plot of CO, sensors based on (a) lithium ion-conducting
electrolytes and LiCO3 based auxiliary electrodes and (b) sodium ion-conducting electrolytes
and different Na,COs based auxiliary electrodes [64].

Also, Na-B-alumina, NASCICON and sodium aluminosilicate glass with Na,COs as an auxiliary
electrode have been reported. As with lithium-ion conductors, mixed carbonates have been
used with Na,COs3 to form a more effective auxiliary electrode. The results from the sensors with

Na,COs, Na,C0O3-BaCOs; and Na,CO3-SrCOs auxiliary electrodes are displayed in Fig. 38b [64].

Recently, an amperometric solid-state electrochemical sensor based on a proton-
conducting electrolyte was fabricated by Kalyakin et al. for the detection of CO, at elevated
temperatures and in N>+2%H,0+CO, gas mixtures. This sensor consists of two LaggSrg1YOs.s
electrolyte plates sealed together with the aid of high-temperature glass sealant such that a
chamber is formed between them. Pt electrodes were deposited at each side of one of the
plates. The inner chamber connects with the surrounding environment through a capillary
barrier. The sensor's configuration is presented in Fig. 39. For the testing part, a N,+CO,+2%H,0
gas mixture is fed to the sensor and the sensor is heated to the desired temperature. A DC
voltage is applied to the Pt electrodes in order to force the water decomposition reaction at the
external electrode. Due to the reaction, H" are generated and move through the proton-
conducting material to the internal electrode, where CO, reduction takes place. The two

reactions are as follows,
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HZO—>%OZ+2H*+2e (5.20)

2H*+CO, - H,0+CO—2e" (5.21)
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Figure 39: Configuration and operation of the amperometric CO, sensor, (1) LagoSro1YOs.s
proton-conducting electrolytes, (2) capillary barrier, (3-4) Pt electrodes, (5) glass sealant, (6) DC
source and (7) amperometer [65].

As a result, current, in the form of H, flow is generated and the concentration of CO, inside the
chamber decreases. Reaction (5.20) can technically go on forever, as long as there is steam in
the atmosphere but reaction (5.21) is limited by the CO, concentration in the sensor. As the CO,
is reduced, more CO, flows through the capillary inside the sensor. However, at a certain
applied voltage, the reduction rate is much higher than the CO, diffusion rate, so the
concentration of CO; tends to zero. Under this condition, the limiting current is observed. The

limiting current is theoretically calculated as follows,

n'F'S'P'DCOZ'pco2

. =
" R-T-L

(5.22)

The diffusion coefficient of CO, can be theoretically measured with the aid of equation (5.23).

For equation (5.23), it is required to know only the temperature and pressure of operation.
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co, — o,cozF T
0

As far as the experiment results, the most important diagrams are presented in Fig. 40. The /-V
curves of the sensor are presented in Fig. 40a,c. Fig. 40a displays /-V curves for different CO,
concentrations from 2.3 to 13.7% at 550°C. As observed, the current increases as the applied
voltage increases until a plateau region is formed. That means that after a certain voltage, the
current response remains constant. However, by applying a much higher voltage the current
starts to rise again. As it is suggested, this is due to the electrolytic decomposition or the
presence of electronic conductivity in the electrolyte. In all curves, a plateau region is formed.
The plateau is formed between 0.2-0.3V and the current ranges from 1 to 10mA, depending on
the CO, content in the initial mixture. As expected, as the CO, concentration increases the

plateau region is formed at higher applied voltages, it narrows and the limiting current value

increases.
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Figure 40: (a) current-voltage curves for N,+2%H,0+x%CO, (x=2.3 to 13.7) gas mixtures, (b)
relation between limiting current and CO, concentration, (c) current-voltage curves for
N,+2%H,0+13.7%CO, for 500, 550 and 600°C and (d) experimental Dco; values for different
temperatures compared to the values from literature [65].
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Also, as presented in Fig. 40b, the limiting current dependence on the CO; content shows a
linear behavior. This dependence can be utilized as a calibration curve that helps to identify the
CO, concentration in real gas mixtures. Fig. 40c depicts the dependence of the -V curve on the
temperature of operation. These curves are obtained for the mixture of N,+2%H,0+13.7%CO,
at 500, 550 and 600°C temperature of operation. As the temperature increases, the observed
current increases and the plateau region is obtained at lower applied voltages. Also, the width
of the plateau is larger at 600°C. Considering that the limiting current region corresponds to
stationary conditions, it is highly beneficial to operate at higher temperatures. Last, from this
experiment, it is possible to measure the CO, diffusion coefficient at any CO, concentration and
temperature.

The dependence on the temperature of the carbon dioxide's diffusion coefficient in the
mixture of N,+H,0+13.7% CO, is presented in Fig. 40d. It is observed that the experimental
results are in good agreement with the results obtained from the literature. This suggests that
this electrochemical method is suitable and reliable. It is also possible to measure the diffusion
coefficient at any given CO, concentration. Generally, Dcoy slightly increases as the Cco

increases [65].

5.2.3.2 Sulfur dioxide (SO:) sensors

Sulfur oxide electrochemical sensors, also, operate under the potentiometric regime as
Type-ll or Type-lll potentiometric sensors. Sulfate electrolytes are usually employed for

electrochemical SO, sensors. The following reaction takes place at the electrolyte,
1 _ ”
803+502+Ze — SO, (5.24)

In conditions of excess oxygen, the determination of SO; partial pressure is achieved

through equation (5.26) and the reaction (5.25), between SO, and O,.

1
S0, +-0, - SO, (5.25)
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Pso, = Pso, (5.26)

S
K '(poz)ll2

1+

Thus, the cell voltage can be calculated according to Nernst's equation, equation (5.27),

c_RT. (pS™)" - Peoy

- ref \1/2 ref
n-F 1 (Py, )" Py,

(5.27)

Li,SO4-Ag,S0O4 and NayS04-BaS0O4-Ag,SO4 based electrolytes are implemented in
electrochemical SO, sensors. The addition of Ag,SO4 helps for the use of silver metal as the
reference electrode. Silver metal, compared to lithium and sodium reference electrodes, is
more stable in the operating temperature and better at establishing a reference potential.
The potential, due to the Ag,S0,, is established through reaction (5.28), or if AgSO, is used
with a silver ion conductor the potential is established according to reaction (5.29). In both

cases, Ag,S04 can be used as the reference electrode.

2Ag +S0O; +2e” — Ag,SO, (5.28)
2Ag" + S0, +%O2 +2e" — Ag,SO, (5.29)

The output of a SO, sensor based on Ag-B-alumina electrolyte for different operating
temperatures ranging from 475 to 700°C is presented in Fig. 41a. Also, NASCICON and Na-f3-
alumina with Na,SO4 and Na,S04-BaSO, auxiliary electrodes have been used for SO, sensors.
Usually, to increase the potential reference electrodes, electrolyte chains are used. Dual
electrolytes such as NASCICON with Sr-B-alumina electrolyte are used with Na,SO,4 auxiliary
electrode. Outputs of SO, sensors based on sodium ion-conducting electrolytes and Na,;SO4

auxiliary electrodes is presented in Fig. 41b.
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Figure 41: E(mV)-log(S0,) (ppm) plot for SO, sensors based on (a) Ag-B-alumina electrolyte
for different temperatures and (b) sodium ion-conducting electrolytes and NaSO4 auxiliary
electrode, (c) E(mV)-log(SOx) (ppm) plot for zirconia-based SO, sensors at operating
temperature of 650°C [64].

Zirconia based electrolytes have been reported for SO, sensors. Stabilized zirconia is
preferred due to its high stability in aggressive environments. For SO, sensors, usually, a
sulfate is employed as an auxiliary electrode. Common sulfates are the LiSO4 and LiSO,4-
BaSO, that are combined with magnesium-stabilized zirconia, MSZ, electrolyte or K;SO4 with
the yttria-stabilized zirconia, YSZ, electrolyte. Also, an oxide is necessary to relate the
oxygen anions in zirconia with the cations in sulfate. SiO, and MgO are two common oxides
that have been reported to improve the sensor's response. The output of zirconia-based SO,

sensor at 650°C is displayed in Fig. 41c [64].

5.2.4 Hydrogen sulfide (H2S) sensors

The first electrochemical gas sensing technologies were designed in early 1950 for the

monitoring of oxygen. Until now, these devices are considered the most suitable for
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controlling and detecting hazardous emissions, such as hydrogen sulfide (H,S). H,S
(hydrogen sulfide) is a colorless gas with a characteristic odor of rotten eggs that is
corrosive, poisonous and flammable. H,S is released through natural sources or industrial
activities. As far as the natural sources, it is produced during the decomposition of organic
matter. Thus, low concentrations of H,S can be found in sewer and septic systems.
Regarding the human activities, high quantities of H,S are released through refilling and
drilling processes of petroleum and natural gas. Apart from environmental pollution,
hydrogen sulfide is also dangerous to humans. Exposure or inhaling of H,S can cause several
damages. Even for a short period of time, H,S can lead to unconsciousness or damage the
eyes, nervous system and respiratory system at low concentration, or it can be fatal at high
concentrations. Consequently, it is important to design sensing technologies capable of
detecting hydrogen sulfide in real-time. Every sensing technology should fulfill several
requirements, including low cost, fast response, miniaturization and the ability to operate at
elevated temperatures, to be suitable for commercial use and competitive against the pre-

existing technologies.

Today, researches and studies are focused on the development of fast, low-cost,
miniaturized and efficient H,S electrochemical sensors based on various materials such as
organic materials, semiconductors or solid electrolytes. Among the abovementioned
materials, the latter seems to be the most promising for the development of
electrochemical sensing devices to detect low concentrations of H,S. There are many
examples of electrochemical H,S sensors based on solid electrolytes operating at a wide
range of temperatures. An amperometric H,S sensor based on proton exchange membrane
(Nafion) electrolyte and Pt-Rh/C sensing electrode was fabricated by Yang et al. for the
detection of low concentration of H,S (0.1-200 ppm) at room temperature. This sensor
showed a linear current response at the concentration range of 0.1 to 200ppm, long term
stability and great selectivity. Zhang et al. fabricated a mixed potential electrochemical
sensor for operation at low temperatures based on CoCr,,Mn,O4 sensing electrode and a
sodium-ion conductor (NASCICON) for the detection of sub-ppm concentration levels of H,S
at temperatures around 250°C. Even though these sensors are fulfilling all the above-

mentioned requirements the low temperature of operation is a major issue. Considering
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that H,S sensors are employed for the control of H,S released from industrial processes,
usually, these sensors need to operate at much higher temperatures. A material suitable to
address this problem is the well-known vyttria-stabilized zirconia (YSZ). There are many
reports about electrochemical H,S sensors based on YSZ electrolyte and a great variety of
metal oxides as sensing electrodes that show great potential because of the chemical and
thermodynamic stability of YSZ at high temperatures and in the presence of oxidizing or
reducing gases. A mixed potential electrochemical H,S sensor based on YSZ electrolyte and
WO3; working electrode was fabricated by Miura et al. This sensor was responding well to
0.25-25 ppm H,S at temperatures around 400°C. Another similar H,S sensor was fabricated
by Lu et al. based on YSZ electrolytes combined with NiMn,0, sensing electrode that
exhibited great sensitivity and response to 50 part per billion (ppb) H,S at the operating
temperature of 500 °C. Furthermore, La;NiO4; was employed as a sensing electrode in a
mixed potential H,S sensor with a low detection limit of 0.02 ppm H,S at 500°C. Last, Lu et
al. fabricated a mixed potential YSZ-based electrochemical H,S sensor with a ZnMoQ,
sensing electrode for the detection of ppb-level concentrations of H,S. This sensor exhibited
its highest response to 1ppm of H,S and also showed an acceptable response to 5ppm and

500ppb at 500°C. As it is stated, its lower limit is about 5ppb.

In Table. 2, the basic information about the abovementioned solid-state electrochemical
H,S sensors are listed. Even if there already are solid electrolytes-based sensors that exhibit
great sensitivity/ selectivity and fast response, there is still potential for optimized sensors

by designing more and more efficient materials [66].

Table 2: Solid-state electrochemical H,S sensors.

Source Date Electrolyte Type SE Temperature °C
[67] 2018 Nafion Amperometric Pt-Rh/C 20-30
[68] 2014 NASCICON Mixed CoCr,.xMn,O4 250
[69] 1996 YSZ Mixed WO, 400
[70] 2014 YSZ Mixed NiMn,04 500
[71] 2018 YSZ Mixed La;NiOg4 500
[66] 2020 YSZ Mixed ZnMo0Oy4 500
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5.3 Electrochemical sensors for the detection of nitrogen oxides
(NOx) and ammonia (NH3) gas

5.3.1 Nitrogen oxides sensors

On 1940s, A.J. Haagen-Smit et al., discovered that a certain type of smog is generated by
reactions involving nitrogen oxides and reactive hydrocarbons in the atmosphere. Nowadays,
this certain type is known as photochemical smog and is generated when the ultraviolent part
of the sunlight interacts with the existed nitrogen oxides in the atmosphere. Following this
revelation, most of the initial efforts to address this problem were aimed at reducing
hydrocarbons emissions, as it was an easier problem at the time to solve. However, during the
years, research has also focused on reducing nitrogen oxide emissions. Over the last two
decades, the better understanding of nitrogen oxides has led to the development of efficient
NO, control technologies. Furthermore, due to the photochemical smog and acid rain in many
urban areas, it is clear that there is a need for a NO, emission control devices. The seven most
common nitrogen oxides are NO, NO,, NOs, N,O, N,Os3, N,O4 and N,0s. Among these seven
pollutants, the first two, NO and NO,, are the most important because they are emitted in
larger quantities. In combustion exhaust emissions, NO is the main pollutant as it makes 7-
80% of the total NO, content. Apart from environmental issues, NOy also causes damage to
the human respiratory system and nerve. Consequently, it is necessary to develop sensors to
detect NO, emissions in harsh environments and high temperatures. Many devices use NOy
sensors aiming to reduce or eliminate NO, emissions from combustion processes, resulting in
a great need for reliable NO4 sensors able to provide the needed information. NO, sensors
must fulfill some requirements to be considered suitable and used in commercial combustion
applications. The most important requirements are the ability to operate at elevated
temperatures (600-900°C) for a long period of time and to provide a stable and accurate
response in the absence of oxygen or environments with high moisture concentration [72],

[52].

5.3.1.1 Amperometric NOx sensors

Among the NO, sensors, the most commonly used and successful type is the amperometric
sensors. There are many types of amperometric sensors and many configurations that have

86



shown good results. Most NO, amperometric sensors consist of two chambers. The first
chamber usually operates as an oxygen pump extracting oxygen by exhaust emissions. While in
the second chamber, the decomposition of NO to N, and O, takes place and the total
concentration of O, is measured. Another NO, sensor was fabricated by Kalyakin et al. for
detecting nitrous oxide (N,O) and operating as an oxygen amperometric sensor. The sensor's
configuration is presented in Fig. 42. This sensor consists of two solid electrolyte plates sealed
such that an inner cavity is created inside them. Both plates are made of YSZ and there are

Pt electrodes on opposite sides of one of the plates.
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Figure 42: A scheme of an amperometric NO, sensor. (1) Pt electrodes, (2) capillary, (3) glass
sealants [73].

The operation of every amperometric sensor is based on an externally imposed voltage.
When the voltage is applied to the sensor's electrodes, oxygen in the form of oxygen ions is
electrochemically pumped out of the chamber to the ambient gas resulting in a decrease of
the oxygen's concentration inside the chamber. Due to the created concentration gradient,
oxygen from the surrounding gas moves into the cavity by diffusing through the capillary
barrier. Furthermore, the decomposition of N,O takes place inside the cavity, forming N,
and 0,. As the applied voltage increases, more oxygen is pumped out of the chamber until
its concentration is close to zero, then the flow through the cavity is at its maximum and the
limiting current is observed. By the values of the limiting current and the equation (5.30),

the concentration of oxygen is calculated,

_4-F-D, -P-A

Ilim_
R-T-L

(1- on) (5.30)
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Knowing the kind of the initial gas mixture, the concentration of oxygen and using the
calibration curve in N,+0O, mixtures, the concentration of N,O can be measured by the

equation (5.31),

o 1705 X

= 531
% 1+0,5- X, 531

or expressed for the concentration of N,O as,

1-X

=L = 5.32
MO T+ X, (532

This equation slightly differs based on the initial mixture that surrounds the sensor. For

example, equation (5.31) for a mixture of N,O+N; is,

2. X~
X, = % 5.33
0= 1% (5.33)

2

or for a ternary mixture of N,O+air (N,+N,0+0,) is,

ng -0,209
XNZO = *
0.209-0,5- on

(5.34)

In the operating environments, there are more oxygen-containing gases, such as steam (H,0)
and carbon dioxide (CO,), that are stable at these temperatures. The value of the applied
voltage shouldn't be high enough to trigger the electrochemical decomposition of these gases

(lower than 1V at 700°C) [73].

For the experimental part, the sensor was tested in different environments of N,O+N,, O, or air.
The current-voltage curves for all the different mixtures at an operating temperature of 700°C
are presented in Fig. 43. It is observed in Fig. 43a,b that the limiting current for the N,O+N,
mixture is reached at 0.2V applied voltage for low concentrations, between 0.67 and 4.7%, and
0.4V for higher concentrations, between 7.4 and 100%. Also, even though the concentration of

N,O increases, the value of the limiting current doesn't exhibit a significant rise.
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Figure 43: Current-voltage curves at 700°C for different N,O concentrations in mixtures of,
(a, b) N20+N2 ) (C) N20+02, (d) N20+air [73]

In Fig. 43¢, the ampere-volt curves for the mixture x%N,0+0,, where x is ranging from 7 to
100%, are presented. Here, the limiting current is observed at 0.6V. Similar to the previously
tested mixture, there isn't a significant increase at the limiting current's value as the
concentration increases. Note that in the x%N,0+0, mixture, by increasing the initial amount of
N,O, a reduction in the limiting current value is observed. This can be explained by the decrease
in oxygen concentration in the initial hot mixture due to the substitution of oxygen by nitrous
oxide. Last, the curves for the ternary mixture of N,O+air are presented in Fig. 43d. The
concentration of N,O ranges from 4.7 to 100% and the limiting current is reached at about 0.4V.
Concluding, this sensor is capable of detecting N,O in various mixtures for a wide range of N,O
concentration. However, although these types of NO, sensors provide a fast and accurate
response with minimum degradation over long operation time, their complex design and
high cost have limited their application. Therefore, investigations are still required on

electrode and electrolyte materials.
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5.3.1.2 Mixed NOy sensors

There are also reports employing potentiometric sensors for the detection of NO, in high-
temperature emissions. Equilibrium potentiometric sensors present several problems during
the detection of NO, emissions in the operating environment. The fundamental problem is
that there aren't yet electrode or electrolyte materials that present the desired
characteristics at the working conditions. Consequently, non-equilibrium potentiometric or
mixed sensors are employed to overcome these problems. These sensors use electrode
materials that present different catalytic activities. NO, sensors require an electrode that
exhibits considerable good thermal stability for high-temperature operation. Mixed sensors
have been intensively investigated and many metal oxides have been tested.

In earlier years, ZnFe;04, ZnCr;04, ZnO, NiCr,04 and WOz were tested for NO,
detection at 600-700°C. Among the tested metal oxides, Ni-family oxides showed the most
promising results for operation at temperatures above 800°C. Mixed NO, sensors based on
Ni oxides as electrode material showed great sensitivity in wet or dry environments and the
highest sensing temperatures. Furthermore, NiO electrode's characteristics can be further
improved by the addition of a noble metal. Noble metals such as Pt, Ir, Pd, Ru and Rh have
been tested, among them, Rh provides a significant improvement in electrode

characteristics [52].

5.3.1.3 Impedancemetric NOx sensors

Impedancemetric sensors are the least developed technology for the detection of NO,.
These sensors are detecting even lower concentrations of NO, in exhaust emissions and in
contrast to the abovementioned types, they can measure the total amount of NO, because
the output response for NO and NO, is the same in impedancemetric sensors. The
complexity of electronics and signal processing equipment limits the application of these
sensors. In addition, impedancemetric sensors can't operate properly in the presence of
oxygen in the analyzed gas, so there is a need for materials with better selectivity for
impedancemetric sensors to be commercially used and competitive for high-temperature

gas detection [52].
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5.3.2 Ammonia (NH3) sensors

Most of the ammonia gas in the atmosphere is produced through human activities.
Nowadays, 20% of ammonia (NHs) is produced for application in cleaning products,
pharmaceuticals, refrigeration and explosives, while the other 80% for nitrogen-based
fertilizers. Those activities are estimated to emit around 2.1 to 8.1Tg of ammonia annually.
Today, in the atmosphere, ammonia is at a low ppb-level (1-5ppb). However, ammonia is a
toxic and corrosive gas, so even in low concentrations, it causes several life-threatening
problems to humans, affecting the skin, eyes and lungs. As the use of ammonia grows and
the industry fields employing ammonia expand, so does the need for reliable and effective
ammonia sensors. As a rule, in order, for gas sensors, to be suitable for the detection of ammonia
over a long period, they must exhibit some major aspects. Among the sensing technologies,
electrochemical gas sensors seem to be more suitable for quantifying and detecting NHs or other
hazardous gases. Electrochemical gas sensors exhibit great sensitivity for individual gas even in
ppm or ppb levels in real-time. From the group of perilous gases, more attention has been given
to NHj3 gas detection because ammonia is a common manufactured chemical and it is applied in a

wide variety of applications around the world.

5.3.2.1 Amperometric NH3 sensors

Most of the technological processes in metallurgical, chemical and energetic fields need to
detect ammonia content in harsh environments and at high temperatures. Consequently, solid-
state electrochemical sensors are the most suitable type for operating effectively under these
conditions. These sensors normally operate under potentiometric or amperometric regimes. An
amperometric ammonia sensor was fabricated by Kalyakin et al. This sensor is based on two
electrochemical cells forming an inner chamber and a capillary that connects the surrounding
environment with the chamber. Each cell is based on yttria-stabilized zirconia (YSZ) electrolyte
and Pt electrodes are deposited at each side of the two cells. The cells are glued together with

the aid of a glass sealant. The configuration of this sensor is depicted in Fig. 44.
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Figure 44: Schematic representation of a NH3 amperometric sensor [74].

During the experiment, the sensor is placed in the NH3+N, gas mixture. In this experiment,
the content of impurities (H,0 steam) in the mixture does not exceed 0.1 vol.%. When the
chamber fills with N,+NH3 gas mixture, a DC voltage is applied to the electrodes. Due to the
applied voltage, the decomposition of H,O occurs at the outer electrodes according to the

reaction,

H,O0+2e —H,+0* (5.35)

Oxygen anions generated by the reaction (5.35) move through the solid electrolyte to the
internal electrodes. At the internal electrode, the oxidation of ammonia takes place. The
catalytic oxidation of ammonia occurs through three different reactions generating N,

(molecular nitrogen), NO (nitrogen oxide) and N,O (nitrous oxide).

NH, +1,50%" —0,5N,, +1,5H,0+3¢" (5.36)
NH, +20? —0,5N,0+1,5H,0+4e" (5.37)
NH, +2,50%" —0,5NO+1,5H,0+5¢" (5.38)

As the applied voltage further increases, the rate of the reactions also increases.
Consequently, the sensor's current response increases and the ammonia concentration in the
chamber gradually decreases. As the difference in NH3 concentration inside and outside of the
sensor grows, the ammonia diffusion flux grows as well. When ammonia's concentration in
the chamber is zero, the diffusion flux has reached its maximum value. The current observed
in this condition is known as limiting current and it indicates that the diffusion is the rate-

limiting step of the reactions at the electrodes. Limiting current is calculated through equation
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(5.39). According to this equation, the limiting current in a function of the capillary's
characteristics, environmental parameters, the electrochemical reactions that take place and
the concentration of the targeted gas. From equation (5.39), it is observed that the limiting

current is directly proportional to the gas concentration.

_z-F-D-S-P

|, =
™ R.T-L

NH, (5.39)

In amperometric electrochemical sensors, the quantity of interest is the limiting current. In
this experiment, the sensor was tested in different ammonia concentrations starting from
0.1 to 5 vol.% at temperatures between 375 and 430°C. For these concentrations, the
limiting current is reached for temperatures up to 400°C and it is linearly proportional to the
ammonia concentration. So, a calibration curve (limiting current vs NH3 concentration) is
obtained for the determination of ammonia in N,+NHs gas mixtures.

Fig. 45a shows the sensor's current response for a wide range of N,+NH3z mixtures plotted
against the applied voltage. In these curves, three different regions are distinguished. In the first
region, when the DC voltage is applied, the current increases as the voltage increases. In the
second region, the concentration of ammonia inside the chamber is zero and the limiting current
appears. The limiting current is depicted at the curves as a plateau region. In the third region, the
current starts growing again with the applied voltage due to the presence of oxygen inside the
chamber. As expected, the limiting current value increases as the content of ammonia in the
N,+NH3 mixture increases. As already discussed, one of the main advantages of the amperometric
sensors is the linear relation between the limiting current and targeted gas concentration. As
presented in Fig. 45b, this condition is satisfied for the tested sensor, so it is suitable for the

detection of ammonia in the temperature range of 375-400°C.
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Figure 45: (a) Current response on the applied voltage for different ammonia concentrations
at 400°C. x is the NH3 concentration in vol.%, (b) The relation between the limiting current
and different NH3 concentrations and (c) current-voltage curves for different temperatures
for 5 vol.% ammonia [74].

Another important observation from Fig. 45c is the effect of temperature on the sensor's
operation. From Fig. 45c is observed that at low temperatures, between 375-400°C, there is a
clear plateau region formed at 1 to 1.2V, while at temperatures up to 430°C, there is no limiting
current region. This increase in current is connected with an increase in the cell's internal
resistance. At these temperatures, the catalytic decomposition of NH; takes place at the chromo-

nickel electrode according to the reaction (5.40),

NH, —>0,5N, +1.5H, (5.40)

Through reaction (5.40), H, is generated at the capillary and then it diffuses inside the
sensor. This hydrogen, then, reacts with the oxygen ions that flow through the YSZ

electrolyte, according to equation (5.41),

H,+0> —>H,0+2¢e" (5.41)
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The number of electrons required for the oxidation of NH3, reaction (5.36), are the same as
for the oxidation of H,, reaction (5.41). Concluding, the observed current is higher because
hydrogen's diffusion flowrate is higher. From this experiment, it is also possible to identify
which reaction, among the reactions (5.36), (5.37), (5.38), dominate inside the sensor and
thus which are the main byproducts produced in the chamber. This is accomplished by
comparing the measured diffusion coefficients in the gas mixture with the data from the
literature. The experimental values were measured with the aid of equation (5.39)

expressed for the D,

D= RT-L-liw (5.42)
2-F-S-P- Xy

Using equation (5.42) and changing z for every reaction (5.36-38) without changing the other
parameters, the diffusion coefficient can be measured. The results are presented in Table. 3. On

the other hand, the theoretical diffusion coefficient Dy, is calculated according to equation (5.43),

D,, = (5.43)

P.-c?- Q. \|M M

N, NH,

0.01858-T*° \/ 1 . 1

In equation (5.43), Qpr is the collision integral for diffusion, o is the characteristic distance
for nitrogen/ammonia mixture. P, T is the absolute pressure and temperature, respectively,
and M is the molecular mass. In Table. 3 the results for the experimental and theoretical
values for diffusion coefficient are reported.

Table 3: Experimental and theoretical diffusion coefficients for ammonia in nitrogen at
different temperatures [74].

T, °C Equation Dex-10* m?/s | Dth-10*m?%/s | AD/Dth % Byproduct

400 (5.36) 1.11 1.12 0.9 N,
(5.37) 0.83 26 N,O
(5.38) 0.67 40 NO

375 (5.36) 1.01 1.05 3.8 N,
(5.37) 0.76 28 N,0
(5.38) 0.60 43 NO
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The diffusion coefficient for the reaction (5.36) is the closest to the theoretical one,
concluding that the main byproduct from the electrochemical oxidation of ammonia is N,

and not N,O or NO [74].

5.4 Electrochemical sensors for the detection of oxygen (0:) and
humidity (Hz0 vapor)

5.4.1 Oxygen sensors

Today, there are several concerns about health issues and environmental pollution from
gases released by burned hydrocarbons. These concerns have driven legislation and great
development and research to reduce worldwide emissions of harmful gases. The most
promising technology to address or reduce this issue are the gas sensing devices, resulting in
a great turn of interest and research in this field. In particular, the emission control and the
optimization of internal combustion engines and boilers used in automobiles and various
industries, respectively, have been achieved with the help of solid electrolyte-based oxygen
sensors. Based on the number of sensors employed, oxygen sensors are mainly used for the
control of the air-fuel ratio in the combustion engine and are an integral part of the on-

board diagnostic (OBD) of the exhaust emission control system.

5.4.1.1 Potentiometric Type-I oxygen sensors

Equilibrium potentiometric oxygen sensors are well-known devices usually employed for the
control of exhaust emissions. These sensors are one of the most successful applications of solid
electrolytes. It is a simple design with a ceramic electrolyte, usually yttria-stabilized zirconia
because it is structurally and chemically stable for temperatures up to 1500°C, between two Pt
electrodes and air as the reference gas electrode. As already discussed in previous chapters, the
operation of these sensors is based on the open-circuit conditions where no current is applied
to the sensor. The oxygen concentration in the targeted atmosphere is measured according to
Nernst's equation (5.44). By measuring the EMF of the cell, generated by the difference

between the partial pressure of oxygen at the sensing and the reference side.

) P sensing
E= _tO i -II:- In P?ezzference (5.44)
. 0,
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sensin reference . . .
Where F’O2 9 F’o2 are the partial pressures at the sensing and reference side,

respectively, T is the absolute temperature, R is the ideal gas constant, t, is equal to one for
solid oxide electrolytes and F is Faraday's constant.

Potentiometric sensors need a reference electrode to operate. Conventional YSZ-
based oxygen sensors use Pt/air as the reference electrode resulting in some architecture
limitations. Considering that they use air as reference gas, these sensors must be in contact
with the environment during their operation, so the oxygen concentration can only be
measured near the wall of the combustion chamber. Concluding, to achieve miniaturization
and simpler configuration of the sensors and more precise measurements of the
concentration by placing the sensor in any location inside the chamber, there is a need to
change the reference electrode. An alternative that has been proposed is the metal/metal
oxide as the reference electrode. There have been investigated many different oxides that
can provide stable equilibrium oxygen partial pressure at a fixed temperature, such as
Sn/Sn0,, Pd/PdO, Ru/Ru0,, In/In,03 and Ni/NiO. Most of the abovementioned metal/metal
oxides operate at temperatures below 500°C. The latter, however, Ni/NiO is the most

promising reference alternative for the environment of the combustion chamber [52].

5.4.1.2 Amperometric oxygen sensors

In potentiometric oxygen sensors, as it can be seen in equation (5.44), the output potential
depends logarithmically on the oxygen concentration. As a result, when the oxygen
concentration is high enough as in the lean combustion gas, potentiometric sensors can't
effectively measure oxygen concentration. Consequently, an amperometric sensor is
preferable for detecting high concentrations as it gives a linear output that depends on
oxygen concentration. The principle of operation of amperometric sensors is discussed in
previous chapters. Amperometric sensors' operation is based on limiting current
measurements. For a diffusion channel with length L and cross-section A, the limiting

current I, is given by,

, _4FD,-PA
™ R.T-L

Po, (5.45)
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In equation (5.45), F is Faraday's constant, R is the ideal gas constant, T and P is the absolute
temperature and pressure, Do; is oxygen diffusion coefficient and po; is the partial pressure
of oxygen in the sensing electrode.

When the sensor is operating properly, the current response increases linearly with
the oxygen concentration, exhibiting great accuracy in measurements and high sensitivity
(ppm to ppb). However, the limiting current is related to diffusion barrier characteristics, so
there is a need for flawlessly designed diffusion barriers. Also, amperometric sensors show
poor long term and thermal stability. For high-temperature amperometric oxygen sensors,
yttria-stabilized zirconia (YSZ) is the most effective solid electrolyte. However, Gd and Sm
doped CeO, has been proposed as a possible alternative. For example, CeqgSmg201.9 (CSO)
has been reported to present higher ionic conductivity than YSZ at temperatures ranging
between 500-700°C. Besides the solid electrolyte, diffusion barriers play an important role
in the proper operation of the sensor. Diffusion barriers are expected to perform good
thermal stability and electronic conductivity in the working environment. Lanthanum
strontium manganate (LSM) is an ionic-electronic conductor for oxygen membranes that
shows good diffusion control. High oxygen-ion and electronic conductivity and great
electrochemical catalytic activity have also been reported in cobalt-containing perovskites

(LCO).

5.4.1.3 Combined oxygen sensors

Apart from purely potentiometric or amperometric cells, there are more sophisticated devices
that combine both cells. In these devices, one cell operates under the amperometric regime and
works as an oxygen pump, while the other operates under potentiometric regime as an oxygen
gauge. The ability of the sensor to measure simultaneously the limiting current in the oxygen
pump and the electromotive force (EMF) in the potentiometric cell increases the sensor's
reliability [52]. A sensor capable of operating simultaneously under both amperometric and
potentiometric regimes was fabricated and tested by Kalyakin et al. The sensor consists of two
electrochemical cells based on YSZ electrolyte. The exact composition of the solid electrolyte is
0.917r0,+0.09Y,03. The two cells are fixed together with a heat-resistant glass such that an

inner chamber is formed. The Pt porous electrodes are deposited at each side of both plates
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and a metal capillary is used to connect the internal chamber with the surrounding
environment. The scheme of the described sensor is presented in Fig. 46.

Analyzed gas Np+09
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Figure 46: Scheme of a combined potentiometric/amperometric oxygen sensor [57].

The principle of operation of these sensors has already been discussed. This sensor can
operate as both a potentiometric and amperometric sensor. As far as the amperometric
mode, a DC voltage is applied to the electrodes of one of the cells to force the reduction of
oxygen in the internal electrode. This way, oxygen is electrochemically pumped out of the
sensor to the ambient gas. As the voltage increases, the concentration of oxygen inside the
sensors decreases. At a certain voltage, the limiting current is observed. When the limiting
current is observed, the concentration of oxygen inside the sensor is negligible. With the
help of the potentiometric cell, it is possible to control the oxygen content inside the sensor.
Summarizing, in this case, the potentiometric cell has the role of a control cell and uses as a

reference the analyzed gas.

For the experimental part, the EMF-V and the limiting current-V dependence for
different oxygen concentrations are measured simultaneously. In Fig. 47c, the
measurements of EMF and current plotted against the applied voltage are displayed. Note
that the concentration of oxygen, for the EMF-V and I-V plots in Fig. 47c, is 7.5%. It is
observed that the limiting current region starts at about 400 mV of applied voltage (blue
line). At this condition, the concentration of oxygen inside the sensor tends to zero.
However, after about 1000mV the current gradually grows again, mainly because of the
electrolytic decomposition of steam. At about 1300 mV, a sharp growth is observed. The
latter is a result of the appearance of electronic conductivity in the YSZ electrolyte.
Furthermore, it is observed that the EMF-V plot (green line) also presents a plateau region.

The plateau here testifies that for a wide range of applied voltages (600-900mV), the
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concentration of oxygen inside the sensor is constant. However, due to the decomposition
of steam, there is a sharp rise in the EMF as well. At this point, the impact of molecular
oxygen on EMF is negligible, so the observed EMF is mainly defined by the hydrogen and
humidity in the N,+H,0+H, mixture.
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Figure 47: Current-voltage curves of the sensor at (a) low and (b) high oxygen's
concentration at 500°C, (c) typical EMF-V and /-V characteristics at 500°C and oxygen's
concentration of 7.5%, (d) current-voltage curves at different temperatures [57].

The current-voltage curves of the amperometric cell for different oxygen concentrations,
between 2.8% and 80%, are presented in Fig. 47a,b at 500°C. As it can be seen in Fig. 473,
the limiting current region is reached at an applied voltage ranging between 400 and 600mV
for low oxygen concentrations (2.8-20.5%). While, for higher oxygen concentrations (20.5-
80%) it is reached at 600-800mV. Concluding, as the oxygen concentration inside the
analyzed gas increases so does the applied voltage at which the limiting current is observed.

Also, a significant growth in limiting current's value is observed as the oxygen's content
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increases. Another important result is the dependence of the /-V curves with the
temperature of operation.

In Fig. 47d, the I-V curves for different temperatures are plotted. The first two curves
at 400 and 500°C have an S-shaped behavior due to the low activity of the Pt electrodes at
these temperatures. As the temperature of operation increases, the electrode's activity
increases as the polarization of the electrodes doesn't affect the /-V curves. Also, the
measured limiting current is much higher and is reached at lower applied voltages at high
temperatures (700°C) compared to low temperatures (400°C).

Fig. 48a shows the relation between the oxygen's concentration and the diffusion
limiting current at the temperature of 500°C. As observed, it seems to present a non-linear
behavior. However, this is because of the wide range of oxygen concentration (2.8-80%). It
is suggested that the sensor can properly measure oxygen. For smaller ranges, such as (2.8-

20%), the behavior is linear.
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Figure 48: (a) Relation between limiting current and oxygen concentration at 500°C, (b)

calibration curves at 500°C for the determination of oxygen's concentration through limiting
current (green line) and dependence of the EMF on the limiting current (blue line) [57].
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By measuring, simultaneously, the EMF and the limiting current for different oxygen
concentrations and then plotting the oxygen concentration and the EMF against the limiting
current, the diagram in Fig. 48b is obtained. Note that, if at a certain limiting current, the
measured EMF value is different to that from the EMF-I;,, curve then the measured oxygen
concentration is considered incorrect. However, considering the deviation from the correct

value, two cases can be distinguished:

e First, the EMF value is lower compared to that of the calibration curve. This condition
testifies that more than the expected oxygen reaches the electrode, either due to cracks
in the electrolytes or the sealant. As a result, the measured oxygen concentration is
higher than that in the analyzed gas.

e Second, the EMF value is higher compared to that of the calibration curve. This condition
testifies that the characteristics of the metal capillary have changed. Corrosion or deposition
of particles inside the capillary can change its inner diameter. As a result, the measured

oxygen concentration is lower than that in the analyzed gas [57].
5.4.1.4 Resistive oxygen sensors

Resistor-type oxygen sensors are another type employed for the detection of oxygen in
harsh environments. The resistor-type oxygen sensors are based on a semiconducting metal
oxide electrolyte and are commonly used because they provide several advantages. The
main advantages are the simple design and principle of operation of the sensor, the low cost
and the miniaturization capability. At temperatures above 800 °C, the dominant conduction
mechanism of restive oxygen sensors is the bulk conduction based on bulk defects.
Generally, in metal oxides, bulk defects are associated with metal ion interstitial and
vacancies, oxygen vacancies, holes and electrons. Semiconducting metals are divided into
two categories based on the charge carriers, n-type conductors with electrons as charge
carriers and p-type conductors with holes as charge carriers.

When exposed at high temperatures, the bulk defects species in metal oxide have high
mobility, allowing the interface between the oxide and the targeted gas to reach equilibrium
conditions. Due to the reactions between the gas species and the oxide, a change in the

concentration of the charge carriers is observed. Therefore, the bulk conductivity of the metal
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oxide depends on the concentration of the surrounding gas, and by measuring the changes, the

concentration of the analyte gas is determined. During the operation of the resistor-type oxygen

sensor, a lattice oxygen is generated (O, ) by the reaction of an oxygen vacancy (Von) in the n-type
semiconductor with two electrons and an oxygen molecule from the surrounding gas (O, ). The

direction of this reaction depends on the oxygen's partial pressure.
« . 1
O, -V, +2¢ +§O2 (5.46)

The electron conductivity in n-type semiconductor metal oxides is inversely proportional to
the partial pressure of the oxygen. The relation between conductivity and partial pressure is

expressed in equation (5.47).

E
= A-exp| —2&- |- PY" 5.47
o p( k-Tj %, (5.47)

In equation (5.47), o is the electrical conductivity, Ea is the activation energy, A is a constant
and m is a parameter that depends on the defects and the charge carriers. Depending on
the conductor, its sign is either positive for p-type or negative for n-type conductors. Also,
regarding its value, depending on the involved defects, it varies between 1/4 and 1/6.
Generally, the sensitivity is inversely proportional to m and E,, so it is desired for the
selected semiconducting metal oxide to exhibit low values of Ex, and m. Over the past
decades, many different metal oxides have been studied, such as niobium pentoxide
(Nb,0s), titanium dioxide (TiO;), cerium oxide (CeO,), gallium oxide (Ga,03) and perovskite
strontium titanate (SrTiO3). However, only TiO, exhibit acceptable sensitivity for a wide

range of oxygen partial pressure [52].

5.4.2 Humidity (Hz20 steam) sensors

The first humidity sensor was developed by Iwahara et al. based on a SrCeg.95Ybo.0503.5 (SCY)
electrolyte. lwahara designed a Pt|SCY|Pt type galvanic cell that operates as a
potentiometric humidity sensor. For the experimental part, this cell was tested in a wet air
atmosphere at operating temperatures between 300-400°C. At one side of the sensor,
humidity's partial pressure was swept from 0.008 to 0.135 atm, while on the opposite side,

103



humidity's partial pressure was kept constant. The dependence of the electrical potential
difference was linear to humidity content at the sensing side.
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Figure 49: (a) Scheme of the humidity sensor fabricated by Iwahara et al., (b) theoretical and
experimental E(mV)-log(pn2o) plot at 400°C [20].

In Fig. 49a,b, the configuration of the sensor is presented, and in Fig. 49b, the measured
EMF values plotted against the logarithmic value of humidity's partial pressure are shown.
As observed, there is a deviation (up to 10%) from the theoretical values obtained from
equation (5.48),

E=——In

(5.48)
2-F Pl

R-T, ( P,

There are several reasons involved in this inaccuracy. At first, a common problem is leakage
through the cell or the SCY electrolyte. Additional leakage results in the mixing between the
gases at each side of the electrolyte, therefore the signal generated from the potential
difference is deteriorating. Furthermore, the presence of electronic conductivity in the solid
electrolyte. The electronic conductivity in the SCY electrolyte, in the operating conditions,
takes about 10% of the total conductivity. Last, equation (5.48) is the simplified form of

equation (5.49),

12

e RT. p:'“ p?z
2-F Pr, | Po,

(5.49)
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To obtain equation (5,48) from (5.49), it is assumed that the oxygen's partial pressure at

each side of the electrolyte is the same, pgz = p(')z. However, for high H,O partial pressure,

this equality isn't satisfied, resulting in an error in the measured EMF value. Another
humidity sensor was developed by Katahira et al. This sensor is based on two similar
Pt|SCY|Pt type (pumping-sensing) cells glued together, with a high-temperature glass
sealant, such that a chamber and a special channel are formed. The chamber inside the
sensor and the outside of the sensor are connected through this special channel. The

sensor's configuration is described in Fig. 50.

——

protonic electrolyte
=
Pumping cell @ glass scalant
- - - @ Pteclectrodes
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=) et air gas flow
——_ H*-ion flow

— hydrogen gas flow
Figure 50: Configuration of the humidity sensor designed by Katahira et al [20].
When the sensor is placed in the wet air atmosphere, a voltage is applied to the pumping
cell such that hydrogen in the form of ions flows from the wet air inside the sensor. This

hydrogen is generated by the decomposition of the water vapor at the external electrode.

The decomposition of water occurs according to the following reaction,

out: HZO—>2H++%OZ+2e (5.50)

in: 2H"+2e” > H, (5.51)
The produced hydrogen is pumped inside the sensor, displacing nitrogen molecules and
eventually forming a pure hydrogen atmosphere. Practically, this atmosphere inside the sensor
can be utilized as a reference gas because the partial pressure of hydrogen inside is known and
equal to p,qz =1 atm. Consequently, by measuring the voltage difference between the
electrodes of the sensing cell, it is possible to calculate the hydrogen's partial pressure of the
surrounding gas from equation (5.52). Knowing the hydrogen's partial pressures inside and

outside of the sensor, one can measure humidity's content, according to equation (5.54).
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E=R Ty P (5.52)
2-F | pi,
K 1
HO— 20, +H, (5.53)
. K
E=R T Pro (5.54)

r 12

S 2:F | pp, o,
In equation (5.54), K is the equilibrium constant of the decomposition of water, reaction
(5.53), and péz is the oxygen's partial pressure in the wet air atmosphere. Note that oxygen
partial pressure in the atmosphere is 0.21 atm for low humidity values and 0.21:(1- p,’ho)

atm for high humidity values.

The dependence of the potential difference (E) on the applied voltage and humidity content

inthe wet air atmosphere is presented in Fig. 51a,b [20].
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Figure 51: Electric potential as a function of applied voltage (a) and H,0 (b) vapor content at
700 °C, (c) E(mV)-t(sec) for cyclical changes in p'420 [20].
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The red line in Fig. 51a indicates that steady-state conditions have been established inside

the chamber and p,qz =1 atm. As seen in Fig. 51b, the experimental values are close to the

theoretical ones. Another important result presented in Fig. 51c is that the tgg parameter of
the sensor is equal to 30 seconds at 700°C. This parameter refers to the time that the sensor
needs to reach 90% of the final value after a change in one of the system's parameters. This

makes the sensor suitable for operation when a fast response is needed.

Another amperometric humidity sensor was fabricated by Gorbova et al. This sensor
combines a proton-conducting Lag.oSro.1YOs-5 (LSY) electrolyte and an oxygen ion-conducting
YSZ electrolyte. The two ceramic electrolytes are sealed together, with a high-temperature
glass sealant, as shown in Fig. 52¢, and an empty chamber is formed between them. Pt
electrodes are deposited at each side of both electrolytes and a capillary is employed that
connects the inner chamber with the surrounding environment. It is important to note that,
for this sensor, the inner electrodes are connected, forming a common electrical circuit. For
the experimental part, the sensor is heated in an oven and is fed with a mixture of H,O+N,
to imitate the operating conditions. For the operation of the sensor, a DC voltage is applied
to the sensor in such a way that the minus sign corresponds to the external electrode of the
LSY electrolyte and the plus sign at the external electrode of the YSZ electrolyte. This way,
the decomposition of water takes place at the inner electrodes according to the reactions
(5.55-5.58) until a pure nitrogen atmosphere is formed in the inner chamber, as presented

in Fig. 52a,b. Reactions (5.55) and (5.56) occur at the YSZ's inner electrode,

H,O0+2e —20% +H, (5.55)

or the as formed O, can react according to the reaction,
1 _ a
EOZ +2¢ >0 (5.56)
Reactions (5.57) and (5.58) occur at the LSY's inner electrode,
N 1
H,O0—>2H" +2e +§O2 (5.57)
or the as generated H; can react according to the reaction,

H, >2H"+2¢ (5.58)
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Figure 52: (a) reactions at the inner electrodes and (b) the formation of pure nitrogen
atmosphere as the applied voltage increases, (c) (1) YSZ electrolyte, (2) LSY electrolyte, (3)
capillary barrier, (4) Pt electrodes, (5) high-temperature glass sealant, (6) amperemeter, (7)
DC source and (8) voltammeter [75].

As the water is pumped out of the sensor, due to the reaction (5.55-5.58), the water's
diffusion flux through the capillary barrier increases. However, there is a point where the
applied voltage is so high that the rate of the reaction is much higher than the diffusion flux
and as a result the water's concentration inside the chamber is negligible. Under this
condition, an unchanged current response is observed, known as limiting current. The

limiting current is theoretically calculated according to the equation (5.59),

 2-F Dy S-P

| =
" R-T-L

Pro (5.59)

As far as the experimental part, Fig. 53a presents the current-voltage curves for different initial
H,0 partial pressures. As equation (5.59) suggests, the more the water's partial pressure at the
surrounding gas the more will be the limiting current value. However, it is also observed that the
current response follows the applied voltage until a certain voltage value. This value differs
depending on the water partial pressure. For example, the plateau region is observed at 0.9 V
when the py20=0.078 atm and at 0.4 when py2=0.004 atm. These curves refer to the 650°C
temperature of operation. Furthermore, from equation (5.59) is expected that the relation

between the limiting current and the water's partial pressure is linear.
108



{a) pH,O. atim {b}
01 —o—(1 (7% 0.1 o expenmental data
——() (68 =——theoretical data
- I e ] (o]
008 —o—(1 056 — 0,08
- ——(1,040 - a
006 | —-0023 E 0.06
= —=—(1.004 —r—t——e—e—e | £
0.04 o 0.04
0.02 et T 0.02
—
-“'—- —
() et 0
{ 0 08 12 1] (.02 0 O (.06 08
uv pH, 0. atm
(c) (d)
-
& 0.72 1 ~

.__,..-ov—— ———

» —a ;___,-"

- 4 4 .K _J"/
= * r -
- -

—e=530°C 0.7 1 T

. g
# == {00 " -~
'.-"'
—— 5500

[A] T T T T (GE T T T T T

0 0.2 0.4 0.6 0.8 291 292 293 294 295 29 297

uv logT. [K]

loglyy. [nA]

(3]

Figure 53: (a) current-voltage curves for different H,O concentrations, (b) relation between
the limiting current value and the H,O concentration and comparison between the theoretical
and experimental values, (c) volt-ampere curved at different temperature for the mixture of
N,+H,0 for py20=0.0004 atm and (d) temperature dependence of limiting current [75].

As it is observed from Fig. 53b, this condition is satisfied. Also, Fig. 53b shows the
comparison of the theoretical data (blue dots) obtained from the equation (5.59) and the
experimental data (red line). The diffusion coefficient of water is calculated by equation
(5.60) if the pressure and temperature of operation are known. D, is the diffusion
coefficient of H,O measured at pressure P,=1 atm and temperature T,=0°C and n is

considered equal to n=2 for real gases or n=3/2 for ideal gases.

n

T P
Do =D — || = 5.60
(H,0) o(H0) | T ( P ) (5.60)

0

By combining equation (5.59) with the equation of water's diffusion coefficient (5.60), the

equation (5.61) is obtained,

L _2F Do SR L
lim R-L- (To)n H,0

(5.61)
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This equation is important because it suggests that Do(n20) and n can be estimated from the
experiment by the dependence of the limiting current on temperature, as shown in Fig. 53c.
Modifying equation (5.61) with the aid of logarithms and by plotting log(liim) against log(T),
those parameters can be extracted from the graph, as shown in Fig. 53d. Equation (5.61) is

modified to equation (5.62),

2-F-S-P, Dy

Iog(lnm)=(n—1)-log(T)+log[ R.L."(T)n szoj (5.62)

Concluding, this sensor is suitable for the monitoring of humidity in a mixture of N,+H,0 and
temperature range of operation from 400 to 700°C. As the author suggests, the
temperature's lower limit depends on the activity of the Pt electrodes and the upper limit is
based on the increased oxygen conductivity of the YSZ electrolyte. The sensor can properly
operate for puyao between the range of 0.001-0.1 atm. In this range, the limiting current

dependence of the H,0 concentration is linear [75].
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Chapter VI

Concluding remarks

Nowadays, electrochemical gas sensors are important for the control of pollutants from
human activities. Carbon oxides, nitrogen oxides, sulfur oxides and hydrocarbons are some
of the species that are harmful to the environment and humans. These pollutants are
responsible for dangerous phenomena such as acid rain and smog or the poisoning of the
soil and water and also dangerous to human health. The main types of electrochemical
sensors classified based on their operation are potentiometric (equilibrium or non-
equilibrium), amperometric, resistor-type and impedance-based sensors. Potentiometric gas
sensors exhibit great selectivity and sensitivity and acceptable stability for a long time. The
main and most important of their disadvantages is the need for a reference gas electrode.
Reference-free sensors will be able for more precise measurements as their design will offer
better placement flexibility. Researchers have reported that it is possible to replace the
reference gas electrode with an internal reference, such as the metal/metal oxide systems.
So far, these systems can't operate properly at temperatures above 600°C. Considering that
operating temperatures can reach temperatures between 800-1000°C, future research is
directed to a reference-free potentiometric sensor capable of withstanding the operating
environment. Non-equilibrium or mixed potential potentiometric sensors are extensively

used for the detection of reducing gases. These sensors malfunctioning in high
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temperatures because, at temperatures above 600°C, the operating conditions tend to an
equilibrium and the reaction rate increases. A future trend for these sensors is the
fabrication of more suitable materials for such conditions. Resistive gas sensors offer low
cost, simple design and scope for miniaturization. The main reason that limits their
commercial application is the poor selectivity and long-term stability. Resulting in a need for
materials suitable for use for a long period of time and capable of detecting the gases of
interest in harsh environments. Another promising technology is amperometric gas sensors.
Amperometric sensors can detect a wide variety of gases and due to the linear dependence
between the current response and the gas concentration, they exhibit great precision even
at high concentrations. However, the complex architecture of the sensor's cell and the
diffusion barrier results in difficulties concerning the design of the sensor. Last, a new and
less investigated technology are the impedancemetric sensors. They show promising results
for the detection at low concentrations, but there is a need for complex signal processing
equipment and auxiliary electronics.

In this work, several solid electrolytes for electrochemical gas sensors are reviewed.
However, even if many materials with different ionic conductivities are presented, proton-
conducting and oxide ion-conducting materials attracted the most attention. Many works
are discussed where proton and oxide ion-conducting materials are employed, as solid
electrolytes, in electrochemical gas sensors for dangerous gases. All of these sensors were
designed for operation at intermediate or high temperatures. These sensors were fabricated
with the help of the laboratory of alternative energy conversion systems at the University of
Thessaly. The as-fabricated ceramic electrolytes are divided into two categories, based on
oxide ion-conducting electrolytes and based on proton-conducting electrolytes.

Yttrium-stabilized Zirconia (YSZ) is the most effective electrolyte employed in many
electrochemical sensors for the detection of combustible gasses (such as H,, CH4 and CO),
nitrogen oxides (NO,), ammonia (NHs) and oxygen (O,). As far as the reported sensors based
on oxygen-anion conducting materials an electrochemical amperometric sensor based on
YSZ electrolyte with Pt electrodes and a metal capillary was tested, in operation-like
conditions (high temperature and nitrogen atmosphere), for its potential to detect

combustible gases such as H,, CH; and CO. According to the results, it is stated that for a
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concentration range from 0 to 6% of combustible gas in the abovementioned atmosphere,
the limiting current present a linear dependence on the H,, CO, CH4 content. Another
amperometric sensor based on YSZ electrolyte, Pt electrodes and metallic capillary proved
suitable for the detection of nitrous oxide (N,O) in mixtures of nitrogen/oxygen/air + nitrous
oxide. The limiting current response was linear for a wide range of N,O concentration in the
mixtures and at temperatures of operation close to 700°C. Moreover, an NHz amperometric
sensor based on YSZ electrolytes, Pt electrodes and a chromo-nickel diffusion barrier was
tested for the detection of NH3 in nitrogen atmospheres at 375-430°C. This device is suitable
for the detection of ammonia concentration between 0.1 and 5vol.% at 375-430°C and it is
capable of providing information about the diffusion coefficients and the electrochemical
reaction that occurs at the inner electrodes. Last, as far as the YSZ based sensors, a
combined oxygen sensor was reviewed. This sensor is able to operate at potentiometric and
amperometric modes simultaneously, allowing the control of the sensor's stability and
efficiency through the calibration curves [0;]-Iyy and EMF-I;. Also, the sensor
demonstrated great efficiency for an oxygen concentration range from 0.8 to 88% at 400-
700°C. Table. 4 presents the abovementioned sensors based on ceramic oxide-ion
conducting electrolyte.

Table 4: Electrochemical gas sensors based on oxygen anion-conducting materials.

Source | Date Type Tempoecrature Ta r;ggae:ed Electrolyte
[60] 2015 amperometric 450 H,, CH4, CO 9YSzZ
[73] 2019 amperometric 700 N,O YSZ
[74] 2018 amperometric 375-430 NH3 8YSzZ
[57] 2020 | Amperometric/potentiometric 400-700 0, 9YSzZ

On the other hand, regarding the proton-conducting materials, BaCeg 9Zro.1Y0.203.s,
CaTig.955C0.0503, CaZrg.9Sc.103, LapoSro.1Y0s.s and LaggsSroosYOs were synthesized for their
potential application in electrochemical gas sensors for the detection of H,, CO, and H,0 in
a high-temperature nitrogen atmosphere. Concerning the proton-conducting materials,
BaCeo.oZro.1Y0203.5 is tested regarding its suitability for an electrochemical H, sensor

operating under either potentiometric or amperometric mode. As it is stated, the combined
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potentiometric-amperometric H, sensor is capable of detecting hydrogen (0.1-10 vol.%) at
450-550°C. Furthermore, LagqSro1YOss is reported as a proton conductor and it is
employed, in contact with YSZ electrolyte, in an amperometric hydrogen sensor. The sensor
successfully detected even lower concentrations of hydrogen (0.1-3.3%) in a mixture of
nitrogen at operating temperatures between 500-600°C. Also, a similar cell, based on
Lag.oSrg.1Y03 5+YSZ electrolyte for the analysis of moisture in nitrogen atmospheres, is
reviewed. This sensor is capable of detecting humidity at 400-700°C. LagoSro.1YOs.5 is also
employed in an amperometric CO, sensor. This sensor proved suitable for the detection of
low CO, concentrations, ranging from 2 to 14 vol.% of CO,, in a nitrogen atmosphere at 500-
600°C. Moreover, LaggsSro.osYOs, CaTioosSCo.0503 and CaZrysSco103 were tested for their
proton-conducting properties. As it is stated Lag.gsSro.0sYOs-5 is suitable for amperometric H;
sensors able to detect high concentration (10-98%) of hydrogen and CaZrg4Scq103 proved
suitable for lower H, concentration (0.5-5%). However, as it is stated, CaTig.955C0.0503 isn't
suitable for application in hydrogen amperometric sensors, as it exhibits high electronic
conductivity. Table. 5 presents the above mentioned sensors based on ceramic proton-
conducting electrolyte.

Table 5: Electrochemical gas sensors based on proton-conducting materials.

Source | Date Type Temperature °C Targeted gas Electrolyte

[61] 2016 amperometric 500-600 H, LagsSro1YOs.s

. Lap.055r0.0sYO3
[62] 2014 amperometric 850 H, CaZrys5Ce 10,5

Amperometric/

[63] 2016 potentiometric 450-550 H, BaCepoZro.1Y020.5
[75] 2017 amperometric 650 H,0 LaggSro1YOs.5+YSZ
[65] 2021 amperometric 500-600 Cco, LagoSro1YOs.s

Electrochemical gas sensors generate a signal from redox reactions between the gas
and the sensor. During the sensor's operation, the targeted gas reacts at the surface
between the sensing electrode and the electrolyte. Often, these reactions affect even the
bulk phase of the materials. Due to these interactions the structure of the sensing material
changes and through these changes a measurable electric signal is generated.

Electrochemical sensors are already employed in many fields from industry to domestic
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applications because they are reliable, fast, low cost and small devices. Especially, the
development of high-temperature gas sensors based on solid electrolytes is expected to
grow in the next years despite the various challenges. Summarizing, as far as the future
research trends on solid electrolytes, two categories can be distinguished, studies about the
mechanisms and sensor characteristics. Firstly, it is important to deeply understand the
mechanisms that govern the sensing technologies and the relation between the sensing
element and sensing properties of the materials. Until now, most of the materials have been
developed empirically or following a trial and error-type method. That makes it obvious that
there is a need to analyze the structure and the sensing properties of the so far effective
materials in order to develop models and establish guidelines for predicting the most
suitable materials for every sensor and gas. Secondly, the optimization of the synthesis of
the employed materials, the architecture design of the sensor and the combination of

sensing technologies can improve the effectiveness of future solid-state sensors.
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