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ABSTRACT

Due to the extensive use of ammonia in a wide range of industrial sectors and the
high risk that derives from a leakage possibility, smart, cheap and flexible devices need
to be developed for ammonia monitoring. For this purpose, the scientific community
emphasizes on developing electrochemical sensors, which seem to have a promising
potential. In the present work, a review on electrochemical gas sensors is presented as
well as a proposal for a novel ammonia electrochemical sensor alongside with
experimental data.

At first, the basic theory of electrochemistry and diffusion is examined, which is
essential for the function of electrochemical sensors. An overview of the most common
commercial electrochemical devices is displayed, with emphasis on electrochemical
Sensors.

The classification and operation principles of various gas sensors is analyzed, with
a further analysis on high and intermediate operating temperature. The configuration,
the I-V curves and the applications of each sensor is presented.

In the end, a novel ammonia electrochemical sensor is proposed. This amperometric
sensor based on oxygen ion solid electrolyte for the measurement of ammonia was
fabricated and tested. The architecture and operational features of this sensor based on
0.91Zr02+0.09Y20s3 solid electrolyte for the detection of 1-5 vol. % NHsz in N2 at a
temperature range of 375-400°C is described. The values of the ammonia’s diffusion
coefficient in nitrogen, at elevated temperatures can also be obtained.



IHHEPIAHYH

Eéattiog, tng extetopévng ypnong g oppmviag oe éva peydlo  €bpog
Bropnyovikdv topémv kabmg Kol Tov VYNA0D KIVOOVOL OV EYKVHOVEL 0 TTEPINTOON
dlappong, etvar avaykaio 1 avantuén &vmvav, EONVOV Kot EDEMKTOV GLGKELOV YU
tov €éAleyy6 ™. o to okomd avtd, M emoTnUOVIK Kowdtnta divel Eueacn otnv
avATTUEN NAEKTPOYNUK®V a1oONTAPES, 01 0oi0l TOPOLGLALOVY TOAAL VTOGYOUEVES
TPOOTTIKEG. XTNV  TOPOVCO  EPYOCIN, TPUYUATOTOLEITOL ML GUVOYT  GTOUG
NAEKTPOYNUIKOVG aicOntipec aepimv, kabhg emiong kot pio mpodTaon ywo Evav
KOWVOTOUO MAEKTpOYNUIKS ooOnmpa appmviag, 1 omoio cuvodevetal ond To
TEPOUOTIKA OTOTELEGLOTOL

Apykd, egetdleton n Pacwkn Bewpio g nAekTpoynueiag Kot g didyvong, ot
omoieg elvar amopaitnteg yw T Agrtovpyios TOV MAEKTPOYNUIKOV osONTp®V.
[Topovoidletar (o avaokOTNoN TOV MO KOW®V EUTOPIKOV MAEKTPOYT UKDV
GLGKELMV L€ EULPAOT GTOVG acONTNPEC.

Avorveton n tagvounon kot 1 apyn Asttovpyiog dapdpwv achnmpov aepiov pe
po Tepattép®  ovaAvon o€ ooOnTpeg VYNNG Ko evoldpeons Beppokpaciog
Aertovpyioc. H dudtaén, ta dwypdupata I-V kol ot epappoyég tov Kabe ocOntmpa
wepLyphpovTal ETionc.

Téhog, mpoteivetar €vag  VEOC MAEKTPOYNUIKOS ocucOnmpog  appoviog.
Kotaokevbdomke kot OOKIUAGTE O GULYKEKPUYEVOS OUTEPOUETPIKOC ousONTPOC
Baciopévog oe 01EPEd NAEKTPOADTN WOVT®V 0ELYOVOL Yol T HETPNOT TG OULULOVIOG.
[Teprypdipetor 1 KATAGKELT] KO TO AELTOVPYIKA Y OPOUKTNPLOTIKA TOV 0loONTPa., O 0Toi0
Bacileton o0 oteped nhektpoivTn 0.91Z2r02+0.09Y 203 yo tv aviyvevon 1-5 vol.%
NHs oe N2 og €0pog Oeppokpaciog 375-400 °C. Eivar eniong dvvatn n edpeon tov
TIULDOV TOV GLVTEAECTN SLAYLONG TNG App®Viag o AlmTo, o€ avENUEVES Beprokpacies.
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EYXAPIXTIEX

Oo BéAape vo eKQEPAGOVUE TN HEYAAN KOl EMKPWVI HOG EVYVOUOGUVN GTOV
vrevbuvo kabnynt pog k. [Hovayidm Towakdpa yoo v agocioon, kabodrynon,
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ToVg Kabmg eniong n Ponbeta ko kaBodynon Tovg 6To Be®PNTIKO KOl TEPALOTIKO
pépog ¢ epyasiog NTav Kaboptotikn. AKOpa, oQeilove £vo LEYOAO EVYOPIOT® GTA
HEAN NG €EETAOTIKNG emTpomng, Ap Ayyelkn Mrpovlyov ko kabnynt k. Eppiko
Xroamovvtln, Yo T0 ¥pOVO TOVG Kol TIC YPTCUES GUUPBOVAES TOVG.
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Kotcapd, pe tovg omoiovg elyape ™ yopd vo SOVAEYOVLE KOl VO, GUVEPYAGTOVLLE.
Axopo Bo Béhape va ek@pdoovpe TNV EMKPIVY HOG EVYVOUOGHVI GTN YPAQicTO
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Tapovcas epyociog oAAG Kol Kotd Tn OldpKEW TOV OTOLddV Hog oto Tunua
Mnyovorloywv Mnyavikev tov [Havemommpiov O@ecoaiog.
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CHAPTER 1: INTRODUCTION

Abstract

In the present chapter, the utility of ammonia in industry and other sectors is
presented. Ammonia danger awareness is taken under consideration as well as the
necessity for developing smart and flexible ammonia monitoring devices. Moreover, the
history of electrochemical devices is briefly introduced.

1.1 Utility of ammonia in industry

Ammonia is a very important industrial chemical, and is used widely in both its pure
form and as a feedstock for a wide variety of other chemicals. Agricultural industries are
the major users of ammonia, because it is a valuable source of nitrogen that is essential
for the growth of plants. Ammonia is also used in the production of liquid fertilizer
solutions, which consist of ammonia, ammonium nitrate, urea and aqua ammonia. Apart
from the agricultural and fertilizer industry, it is valuable in industrial refrigeration
systems, rubber and petroleum industry and metal treating operations. A smaller amount
of ammonia is also used in chemical laboratories for research purposes.

Nearly 85% of the amount of ammonia that is produced, is utilized in the agricultural
industry. The fast development of this industrial sector, alongside with the general
industrial development over the last years, has led to a significant increase in the annual
generation of ammonia. It is, therefore, obvious, that ammonia is a chemical compound
of great significance in the industrial operation, and a further growth in its production is
expected over the next years.

1.2 Danger awareness and monitoring

Apart from the benefits that provides, the extensive use of large amounts of ammonia
can be dangerous. Ammonia gas is lighter than air and will rise. In the presence of
moisture, ammonia can form vapors that are heavier than air. These vapors can spread
along the ground or other low-lying areas.



Ammonia is a colorless gas that is characterized by an intense and unpleasant odor.
It can enter the human body through the respiratory system. Due to its basic nature, it
cause a burning feeling in the eyes, respiratory tract and the skin. The severity of the
damage depends on the concentration and the period of exposure. Exposure to large
amounts can even cause death. Consequently, precautionary measures and frequent
checking for leakages are crucial both in the industrial and in the laboratory sector as
well.

For achieving the desirable quality of production and/or prevention of dangerous
situations, monitoring of ammonia during various technological processes is required. It
is perceived, that due to the extensive use of ammonia, the development of smart, low-
cost and flexible monitoring devices is essential.

The deployment of electrochemical gas sensors is presented as a promising and
solution, which meet the aforementioned expectations. Their operation principle is
similar to those of all the electrochemical devices.

1.3 History of electrochemical devices

The first battery was invented by Alessandro Volta in 1800. He constructed a pile
that consisted of zinc and silver discs separated by a piece of cardboard that had been
soaked in saltwater. A wire connecting the bottom zinc disc to the top silver disc could
produce repeated sparks. Later, VVolta showed that any pair of different metals could be
used for the construction of such a pile [1].

Another battery cell that became popular during the 19" century was invented in
1836 by the English chemical John Frederick Daniell. Zinc and copper were used for
this cell; the basic principle was the same with Volta’s pile, with the difference that each
metal was surrounded by its metallic ion solution and that the solutions were kept
separated by a porous ceramic septum. Each metal with its solution constituted a half-
cell. A zinc half-cell and a copper half-cell formed a voltaic cell. This configuration
created a primary form of electrochemical cells, which presumed upon the spontaneous
reaction to produce energy [1]:

Zn(s) + Cu?*(aq) - Zn**(aq) + Cu(s) (1.1)

In 1800, the water electrolysis process was described by William Nicholson and
Anthony Carlisle. William Grove, in 1839, accomplished “water recomposition” with a
device called a “gas battery”. Its operation was based on two Pt electrodes in oxygen and
hydrogen gas. One end of each electrode was immersed in a container of sulfuric acid.
Water was held at the container as well and it was observed that the water level rose in
both tubes as current flowed. This configuration was the precursor of the Grove cell
which consisted of a platinum and a zinc electrode immersed in nitric acid and zinc
sulfate respectively; it generated 12A of current at 1.8V. This was the first known
demonstration of the fuel cell [2].



The first electrochemical sensors appeared in 1930s. However, no further
development was made until the 1950s, when some of the most important sensors was
constructed. In 1956, Clark invented an oxygen sensor based on a Pt electrode and the
first biosensors in the 1962, with Lyons. Only after the 1970s and 1980s noteworthy
progress in electrochemical sensors was achieved [3].

The electrochemical devices that have been formed since then base their working
principle on the primitive designs that were deployed in the beginning of the 20" century.



CHAPTER 2: ELECTROCHEMICAL CELL

Abstract

In the present chapter the structure, configuration and basic parts of the
electrochemical cell are presented. The function of each compartment of the cell and its
operating principle is described as well.

2.1 Configuration and principle of operation

A voltaic cell consists of two half-cells, which are electrically connected with each
other. A half-cell is the part of the electrochemical cell where a half-reaction takes place
[1].

The electrochemical cell is the heart of the electrochemical device. Its basic format
consists of two electrodes, an anode and a cathode, and an electrolyte that separates them.
Apart from that, the device also consists of interconnects, sealings and a distribution
system for the fuel. The material selection for each component is based on its operating
requirements and properties as well as its working temperature.

The anode is the electrode where the oxidation of the fuel occurs. The electrons
produced in the oxidation reaction flow through an external circuit to the cathode side.
The most important properties of the anode are good electronic conductivity, good
electro-catalytic activity to facilitate the reaction and good microstructural strength to
operate in high temperatures, depending on the type of the device [4].

The reduction reaction takes place at the cathode. The desirable properties of the
cathode are high electronic and ion conductivity, chemical stability at operating
temperatures and a better catalyst for the reduction reaction, which is the rate-limiting
step for the device’s efficiency [4].

The electrolyte is a membrane that divides the anode and the cathode. Its purpose is
to allow ions to pass from the anode to the cathode. The electrolytes are separated based
on their state into liquid and solid. Typical liquid electrolytes are alkali, molten carbonate
and phosphoric acid, while some of the solid electrolytes are solid oxide, and proton
exchange membranes (PEM). Furthermore they are categorized by the type of ion that
is transported through the electrolyte. For example, there are oxygen ion electrolytes
(Y203, Ca0, and Yb20z3) and proton conducting electrolytes. The electrolytes have to
meet several criteria such as good ionic conductivity at the operating temperatures and
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thermodynamic and chemical stability in reducing and oxidizing environments. Also,
they should be non-electron conductors, therefore they should be fully dense and leak-
tight and endure high mechanical and thermal stress [4].

Figure 2.1. Components of an electrochemical cell.

The operation principle of the electrochemical cell is common for all the
electrochemical devices. In every electrochemical cell a redox reaction takes place.
Redox reaction are divided into 2 half-reactions, an oxidation and a reduction. Oxidation
is the loss of electrons or an increase in oxidation state by a molecule, atom, or ion, while
reduction is the gain of electrons or a decrease in oxidation state. The electrons which
were gained by the oxidation are transferred through an external circuit to the other half
cell, where the reduction reaction takes place. The electric transfer is divided into an
electronic and an ionic charge transfer.

Oxidation
Reductant — Ox.Product + e~

Reduction
Oxidant + e~ = Red. Product

Redox
Reductant + Oxidant — Ox.Product + Red. Product



CHAPTER 3: BASIC ELECTROCHEMISTRY

Abstract

In this chapter, is an introduction to the electrochemistry fundamentals, which are
necessary for a deeper understanding of the operation of electrochemical cells. More
specifically, the concept of electromotive force, Nernst Equation, Butler-Volmer and
Tafel Equations, Faraday’s Law and the concept of limiting current are examined.

3.1 Electromotive Force and Nernst Equation

The work required for the movement of electric charge through a conductor depends
on the amount of the charge that is moved and the potential difference. The potential
difference is the difference in electric potential between two points and is measured in
volts (V). During the operation of the electrochemical cell, the potential difference
(voltage) between the electrodes is less than the maximum possible voltage of the cell.
The decrease in the voltage of a cell occurs due to the flow of electric current and the
energy that is required.

The voltage of the cell decreases as long as the amount of the electric current
increases and consequently reaches its maximum value only when no current flows [5].
The maximum voltage of the cell is referred to as electromotive force (EMF), Ecenand it
depends on the state of the cell, such as temperature, pressure and concentration. When
the measurement takes place under standard states - concentration 1M, temperature
25°C, pressure 1 atm — the cell voltage is referred to as the standard state cell potential
ECen. The cell potential is calculated by the sum of the half-cell potential of the reduction
and the oxidation:

Ecenl = Ereduction + Eoxidation
or

Ecenl = Ecathode + Eanode

Gibbs energy, AG, is the difference in the energy between the reactants and products
of a reaction. For an electrochemical cell, AG= -nFEce, where n is the number of the
transferred electrons during the reaction and F is the Faraday constant, which is the



amount of electric charge that is possessed by a mole of electrons. It equals 9.65x10* C.
Under standard conditions, AG°= -nFE®c.

The Nernst equation relates the potential generated by an electrochemical cell to the
activities of the chemical species that take part in the reaction of the cell and to the
standard potential, E°[6]. It equals:

_ o _RT [Red]
E=F = In ( [Ox]) (3.1)

Where R=8.314 J/JKmol is the gas constant, T is the temperature in which the reaction
occurs, F is the Faraday constant, n is the number of the transferred electrons and [Red]
and [Ox] are the concentrations of the reductant and the oxidant that take place in the
reaction, respectively.

3.2 Butler-Volmer and Tafel Equation

A non-spontaneous cell reaction occurs when an overpotential, n (V), is applied,
N=E-Ecen, where Ecen is the EMF and E is the potential at which the redox event is
experimentally observed.

The overpotential can be related with the rate of a reaction with the Butler-VVolmer
equation:

= o [exp (S577n) - exp (Sn)] @2

The 2 terms of eq. 3 express the rate of the anodic and cathodic direction,
respectively.

=t oo (520)

e = io [exp (57| 2

The difference between these rates, i=iq-ic, gives the net rate of the reaction. The
parameter i is called the exchange current density. High exchange current density means
that the redox reaction occurs rapidly in both directions. The sign of the overpotential
determines the net direction of the redox reaction. n is the number of transferred
electrons, while the parameters a, and ac are called anodic and cathodic transfer
coefficients respectively and relate how an applied potential favors one direction of
reaction over the other [7]. They are not independent variables; in general, oq+0c=1 and
for many reactions og+0c=0.5.



Figure3.1. Butler-Volmer equation plot [8].

When overpotential, 1, receives highly negative values, cathodic current density
increases while anodic current density becomes negligible. Therefore, the term (3.3) of
the Butler-Volmer equation becomes negligible. Similarly, when the overpotential is
highly positive, the term (3.4) of the Butler-Volmer reaction becomes negligible and
anodic current density increases [9].

As it is shown in Fig. 3.1, for small values of n, the current density varies linearly.
For high values of n (over 50mV) the increase in current is exponential with
overpotential and the equation (3.4) can be also expressed as:

_ _ a-nFn
log(—1.) =logl, PP (3.5)
or in a simplified way:
- —Clan
Reduction slope = ————— (3.6)
2.303RT

where 2.303 is the conversion from natural to decimal logarithm.

Similarly, when n receives highly positive values, anodic current density increases
and cathodic current density becomes negligible and the term (3.4) as well. In this case,
equation (3.3) is also expressed as:

_ agnfkFn
logl, =logl, + S 303RT (3.7)
or
- . _aanF
Oxidation slope= ———— (3.8)
2.303RT



Equations (3.5) and (3.7) are called cathodic and anodic Tafel equations respectively.
The slope of the linear region on the Tafel plot can be used to calculate the transfer
coefficient o [9],[10].

Figure 3.2. Tafel equation plot [11].

3.3 Faraday’s Law

Faraday’s law relates the total charge Q (C) that passes through an electrochemical
cell to the amount of product N (mol):

Q=nFN (3.9)

where F is Faraday’s constant and n is the number of electrons transferred per mole
of product. Faraday’s law can be used to find the amount of substance deposited at an
electrode and even for the total amount of electricity required for complete electrolysis
of a compound. The number of electrons implicated in an electrolytic process can be also
found by the Faraday’s law. For example, in a molten salt with the following reaction:

Al + 3¢ > Al (3.10)

the amount of aluminum produced is proportional to the number of electrons
involved [12],[13].



3.4  Limiting Current

During a redox reaction, it is found that increasing the applied potential, a steep rise
of the current is observed until it reaches a “plateau”, indicating that the current value is
stabilized regardless of further applied voltage. The current will rise again only when the
potential receives much greater values.

The current plateau indicates that a particular electrode reaction proceeds at the
highest possible rate. Limiting current describes the maximum rate at 100% current
efficiency, at which this reaction can proceed in the steady state.

The occurrence of the limiting current indicates the slowness of transport of charged
or uncharged species (ions and molecules respectively) through the solution. These
species are consumed in the electrode reaction. Limiting current density is observed
when the supply of a transferred species to the electrode surface is a rate-limiting factor
[14].

100
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Figure 3.3. Linear potential sweep curves. The limiting current area is observed at ca.
1.4-1.8V [15].
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CHAPTER 4: DIFFUSION

Abstract

In the present chapter, the fundamentals of diffusion regarding electrochemical
devices are described. Molecular diffusion and Fick’s Law are introduced, followed by
Chapman-Enskog theory for binary diffusivity. The basic theory of Knudsen diffusion
in porous media is also reviewed.

4.1 Introduction

Diffusion is the net movement of molecules or atoms from a region of high
concentration (or high chemical potential) to a region of low concentration (or low
chemical potential). This is also referred to as the movement of a substance down
a concentration gradient. In electrochemical sensors, the magnitude of the current is
controlled by how much of the target gas is oxidized at the working electrode. Sensors
are usually designed so that the gas supply is limited by diffusion and thus the output
from the sensor is linearly proportional to the gas concentration.

Gas diffusion has been thoroughly studied and there are mechanisms, depending on
the characteristic of the diffusing gas species and the intrinsic microstructure of the
porous media. Molecular diffusion or continuum diffusion refers to the relative motion
of different gas species. The mean free path of gas molecules is at least one order larger
than the pore diameter of the porous media. In Knudsen diffusion, the mean free path of
gas molecules is on the same order as the tube dimensions.

Each mechanism is identified by the Knudsen number (K,), which is the ratio of the
gas mean free path to the pore size of the electrode:

K, ==+ (4.1)

where dp is the diameter of the pores and A is the gas mean free path, which is
calculated by:
kpT

/1 = W (4-2)
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where p is the gas pressure, dq is the effective diameter of a gas molecule, kg is the
Boltzmann constant and T is the temperature of the gas (K).

If Kn>>10, collisions between gas molecules and the porous electrode are more
dominant than the collisions between gas molecules. As a result, molecular diffusion is
negligible. On the other hand, if Kn\<<0.1, collisions and interactions between gas
molecules become dominant and Knudsen diffusion becomes negligible compared with
molecular and viscous diffusion. If 0.1<Kn<10, all three mechanism participate in gas
diffusion.

4.2  Molecular Diffusion

The most popular mathematical model for molecular diffusion in clear gases and
fluids is Fick’s law. Fick’s first law describes the correlation between the diffusion flux
of a gas component and the concentration gradient under steady-state conditions.

—D; ¢;0(;)
Ji=

o (i=1,2,....n) 4.3)

Where Ji is the flux of gas species i, Dj is the bulk diffusivity, R is the gas constant,
T is temperature, X is one-dimensional diffusion path, ci is molar fraction of gas species
I, and i is the chemical potential of species i at a given state. p; can be expressed by:

K = o + RTIn(c;) (4.4)

For application in porous media, Fick’s first law is modified by the introduction of
porous media factors:

peff —¢p

ij T i

(4.5)
ff Ve bi
iej is the effective binary

diffusivity of gas species 1 and 2, and ¢ and t are the porosity and tortuosity of the porous
media respectively.
The binary diffusivity Djj can be calculated from the Chapman-Enskog theory:

Where Dj; is the binary diffusivity of gas species 1 and 2. D

3 1
_ 0.001867"2( 1 1 )2

D.: = i R
Y pofi \M; M

(4.6)

Where Djjis the diffusion coefficient measured in cm?/s, T is the absolute temperature
in K, p is the pressure in atm, and M; are the molecular weights. ojj is the collision
diameter given in angstroms and is calculated by:

0, == (0, + o) 4.7)
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Q is a dimensionless quantity and its estimation depends on the integration of the
interaction between the two species.
Fick’s second law of diffusion also describes molecular diffusion, and more
specifically predicts the effects of concentration change with time on diffusion
mechanism:

¢ _ p. 2% 49)
ot ! ox2 '

Since the study of electrochemical devices concerns continuous operation, we focus
on Fick’s first law.

Figure 4.1. lllustration of pure molecular diffusion [16].

4.3 Knudsen diffusion

Due to the influence of walls, Knudsen diffusion is effected by the porous
medium. The molecular flux of gas i due to Knudsen diffusion is given by the general
diffusion equation:

Jik = _DiKa_x. (4.9)

Where Dik is the Knudsen diffusivity, which is estimated from:

d 8RT
D., =-2
K 3 TM;

(4.10)

Where M; represents the molecular weights of gas species i, and d, is the mean pore
size of the porous media [17].
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Figure 4.2. lllustration of pure Knudsen diffusion [16].

In general, the Knudsen model is important only at low pressures and small pore

diameters. However, in many cases both Knudsen diffusion and molecular diffusion (Dj)
are of significance.

~

+-— @

1 1
Df T Dijj  Dig

Figure 4.3. Hlustration of Knudsen and molecular diffusion within straight cylindrical
pores [16].

The above relationship refers to diffusion within straight and cylindrical pores, place
in a parallel array. However, the most common configuration is that pores of various

diameters are twisted and interconnected with one another. In this case, the effective
diffusion coefficient is given by:

pherl = zpf (4.12)

Figure 4.4. lllustration of Knudsen and molecular diffusion in random porous
material [16].

14



CHAPTER 5: IONIC CONDUCTIVITY

Abstract

In Chapter 5, the basic theory of ionic conductivity is presented. The concept of
conductivity is defined and the two types of point defects in the crystal lattice, Schottky
and Frenkel are mentioned. Oxygen ion and proton conductivity are explained, with an
emphasis on solid electrolytes.

5.1 Introduction

lonic conduction is defined the movement of an ion from one site to another
through defect in the crystal lattice of a solid or aqueous solution. The magnitude of the
ionic conduction in solids is referred to as ionic conductivity and is measured in Siemens.
It is calculated by:

o=nleu (5.1)

Where, n is the number of charge carriers per unit volume, Z is the atomic number,
e is the elementary charge constant (therefore Ze is the charge) and p is the ion mobility.

For the achievement of the movement of an ion through a crystal, a leap from an
occupied site to a vacant one is necessary. The ionic conductivity can only occur if
defects are present in the crystal. It is, therefore, perceived, that defects act as the charge
carriers. Usually, ionic solids do not possess a large number of defects and the ion
mobility is generally low in room temperature. An expression for the variation of ionic
conductivity as a function of temperature is given by the Arrhenius equation:

o= GT—Oexp (_%T"‘) (5.2)

Where 6, contains n and Ze as well as the attempt frequency and jump distance, E,
is the activation energy and T is the temperature.

The two simplest types of point defects are Schottky and Frenkel defects. Schottky
defects are formed when oppositely charged ions leave their lattice positions, creating
vacancies. These vacancies are formed in stoichiometric units, in order to maintain an
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overall neutral charge in the ionic solid. The vacancies are then free to move as their
own entities.

Schottky Defect
(i.e. NaCl)
Na* + Cl™ > Vyg + Vg

Figure 5.1. Schematic representation of Schottky defects.

A Frenkel defect is formed when an atom or smaller ion (usually cation) leaves its
site in the lattice, creating a vacancy, and becomes an interstitial by lodging in a nearby
location, between other atoms or ions.

Frenkel Defect
(i.e. AgCl)
Ag+ - VAg+ + Ag;tterstitial

Figure 5.2. Schematic representation of a Frenkel defect.

For solid electrolytes, the ionic conductivity ranges between 10-3S/cm and 1S/cm.
On the other hand, metals are characterized by electronic conductivity in a range between
10S/cm, and 10°S/cm.

16



Figure 5.3. Classification of solid materials based on their conductivity.

There are two basic types of solid electrolytes in electrochemical devices, oxygen
ion conductors and proton conductors.

5.2  Oxygen lon Conductivity

Oxygen ion conductivity is defined as the movement of oxide ions through the crystal
lattice (through oxygen vacancies). This movement causes the flow of current in oxygen
ion conductors. This movement is a result of thermally-activated leaps of the oxygen
ions, moving from one crystal lattice site to another.

Due to the strong temperature dependence of the ionic conductivity, solid electrolytes
can display ionic conductivity values close to 1S/cm, which is comparable to the levels
of ionic conductivity found in liquid electrolytes.

For oxygen ion conduction to occur, it is necessary that the crystal contains
unoccupied sites equivalent to those occupied by the lattice oxygen ions.

5.3  Proton conductivity

Acting as electrolytes, high-temperature protonic conductors (HTPCs) must meet a
wide range of requirements, including: high ionic (protonic) conductivity, excellent
thermodynamic stability, high ceramic and mechanical qualities and acceptable thermal
and chemical compatibility with other functional materials.

High-temperature protonic conductors are considered among the most promising
electrolytes to be used in many applied fields, such as: solid oxide fuel cells (SOFCs),
solid oxide electrolysis cells (SOECSs), sensors, pumps and membrane reactors. The most
known proton conducting materials are BaZrO3 (BZO) and BaCeO3 (BCO).
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CHAPTER 6: ELECTROCHEMICAL
DEVICES

Abstract

In the present chapter, some of the most important electrochemical devices are
reviewed. At first, a brief historical review of fuel cells is cited, alongside with their
operation, different types and application. Subsequently, the operation and utility of
electrolyzers and supercapacitors are examined. Finally, the function and different types
of electrochemical reactors are investigated.

6.1 Fuel Cells

The history of fuel cell goes back into the 19" century and is credited to Sir William
Robert Grove. In 1839, he experimented on electrolysis, which is the decomposition of
water into hydrogen and oxygen due to an electric current that passes through it. These
experiments led to a device that was later called fuel cell. Grove thought that electrolysis
could be reversed to produce electric energy from the reaction between oxygen and
hydrogen. In order to examine that theory, he inserted two platinum electrodes into two
separate sealed bottles, one containing hydrogen and the other oxygen. When these
bottles were immersed in dilute sulfuric acid, electric current started flowing between
the electrodes and water was formed in the bottles. Grove connected many of these
devices in series, creating stacks, to increase the voltage produced.

A fuel cell is an electrochemical device which converts the chemical energy of a fuel
directly into electrical energy. The basic compartments of a single cell are a porous anode
and cathode separated by an electrolyte layer. The anode is the electrode where the
oxidation of the fuel takes place, while in the cathode the oxidant, usually oxygen, is
reduced. The electrodes are thin and porous sheets coated with the catalyst, which
accelerates the electrochemical reactions. The electrodes are connected through an
external circuit via which the electrons produced by the oxidation flow.

In a typical fuel cell design, hydrogen is supplied to the anode and the oxygen to the
cathode. The electrochemical reactions take place at the electrodes to produce an electric
current.
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Anodic reaction: H, » 2H™ + 2e~ (6.1)
Cathodic reaction: 2H* + %02 +2e” - H,0 (6.2)

Overall reaction: Hy + %02 - H,0 (6.3)

Protons (H™) produced at the anode, flow through the electrolyte and react with
oxygen and electrons at the cathode. Furthermore, the electrolyte prevents electrons from
passing through it and creating a short circuit.

Figure 6.1. Typical concept of a single fuel cell [18].

There are many types of fuel cells available on the market, categorized by the type
of electrolyte, the operative temperature range, the type of fuels which can be used, the
type of catalyst used by the cell and the efficiency ratio of the energy conversion. Some
of the most important types of fuel cells are:

e Polymeric Electrolyte Membrane Fuel Cells (PEMFC):

e Direct Methanol Fuel Cells (DMFC)

e Alkaline Fuel Cells (AFC)

e Phosphoric Acid Fuel Cell (PAFC)

e Molten Carbonate Fuel Cell (MCFC)

e Solid Oxide Fuel Cell (SOFC)

The higher efficiency of fuel cells is a consequence of the direct (chemical)
production of electric energy from the fuel used. As a consequence, the technology is
not affected by the limitations derived from the Carnot thermic cycle which burdens all
the combustion based electric generation systems. The rate-determining step for the
operation of a fuel cell is the reduction reaction. Therefore, efforts are made for the
selection of the appropriate catalyst to accelerate this reaction. The more the reduction
reaction is accelerated the higher the efficiency of the fuel cell.
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Depending on the output power of the fuel cells, there are three basic fields of

applications:
e Transportation (up to 70 kW)
e Stationary power applications (up to 500 kW)
e Portable power applications (up to some kW)

However, there are two main problems in developing the fuel cell applications: the
need to provide a stable supply of pure hydrogen and to reduce the actual costs for the
production of the cells. The first difficulty, regarding the supply of hydrogen, is the
difficulty to achieve a highly efficient storage of hydrogen for long time periods. In
addition to that, the cost for the production of hydrogen is high, increasing the cost of
the fuel cell. Finally, Pt is the most effective catalyst for fuel cells. However, even if the
Pt load in the electrodes is low, it raises the cost of the fuel cell.

Over the last decades, one of the basic goals of the scientific community is the
decrease in the amount of Pt used and the increase of the utilization efficiency of the
catalyst [18].

6.2 Electrolyzers

Hydrogen is the most common element in nature and can be used in a variety of
chemical reactions, producing negligible pollutants since the only product of its
combustion is water. It is of great importance, that the world market becomes
independent of conventional energy sources and turn to renewable ones. Thus, hydrogen
could be regarded as the fuel of the future.

However, hydrogen does not exist in its free form in nature but many chemical
components consist of hydrogen atoms. For its extraction, energy is required. During the
last years, several methods of hydrogen production have been developed and one of them
is electrolysis of water.

Water electrolysis is a process in which hydrogen and oxygen are produced from
water by applying an electric current. The simplest device for achieving this process is
an electrolyzer, which consist of a number of electrolysis cells.

An electrolyzer is composed by an anode and a cathode and an electrolyte membrane
between them. Both the anode and the cathode are in contact with gas channels and are
also connected with a DC power source. Generally, both electrodes are supplied with
steam through the gas channels. At the anode, water decomposition takes place
producing hydrogen and oxygen ions:

H,0 +2e~ > H, + 0% (6.4)

At the cathode, decomposition of the water takes place according to the following
electrochemical reaction:

H,0 -0, + 2H* + 2e™ (65)
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Protons are transferred through the electrolyte to the anode and form hydrogen:
2H* + 2e~ - H, (6.6)

Hydrogen production in an electrolyzer is accomplished according to the above
reactions (Eqg. 6.4 — Eq. 6.6).

At the anode, oxygen ions that are formed in Eqg. 6.4 move to the cathode where the
form oxygen [19]:

02~ > %02 + 2e” 6.7)

- | —
DC
source

Figure 6.2. A schematic diagram of an electrolytic cell based on co-ionic electrolyte [19].

Many typed of electrolyzers have been studied and developed, based on the
electrolyte and their operation temperature:
e Solid Oxide Electrolyzer (ceramic electrolyte, 850°C)
e Polymer Electrolyzer (polymer electrolyte, 80°C)
e Acid Electrolyzer (sulfuric or phosphoric acid electrolyte, 150°C)
e Alkaline Electrolyzer (sodium or potassium hydroxide electrolyte, 80°C)

The aforementioned electrolyzers use water as reactant to produce Hz except for solid
oxide electrolyzer which can also use CO- to produce CO [20].

Electrolyzers are considered as fuel suppliers for electrochemical devices (e.g. fuel
cells) which use hydrogen to produce electric energy. They can also be used for the
production of other fuels such as CO, which —by reacting with H> or by co-electrolysis
of COz and H20- can produce syngas. This product is combustible and is often utilized
in internal combustion engines. In addition, electrolyzers are suitable for space
applications, where hydrogen production and storage is of great value [21].
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6.3  Supercapacitors

The forms of renewable energy used in generation plants are solar and wind energy.
However, generation of such energy is not constant. In order for this problem to be
solved, an energy storage system is essential thus the energy generation is continual [22].

As for energy storage and delivery, electrochemical capacitors are an efficient option.
The storage process was discovered by Helmholtz in 1879. It was based on the separation
of charged species in an electrolytic double layer [23]. It was Becker who created the
first design of an electrochemical capacitor based on high surface area carbon, in 1957.
However, capacitors were used more extensively in the 1990s, especially in hybrid
electric vehicles [24].

Conventional capacitors are composed of two conducting electrodes separated by an
insulating dielectric material. When a voltage is applied, opposite charges accumulate
on the surface of each electrode. The dielectric keeps the charges segregated, producing
an electric field; thus the capacitor stores energy. Capacitance C of the capacitor is
defined as:

C = % (6.8)

Where Q is the ratio of stored (positive) charge and V is the applied voltage.
Capacitance is proportional to the surface area A of each electrode and inversely
proportional to the distance D between the electrodes:

A
C = €0Er (6.9)
€ IS the dielectric constant of free space and & is the dielectric constant of the
insulating material between the electrodes. The energy stored in a capacitor equals:

1
E=- CV? (6.10)
For the evaluation of power P, capacitors are generally represented as a circuit in
series with an external load resistance R.

Figure 6.3. Representation of a capacitor as circuit in series with a load resistance.
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The equivalent series resistance (ESR) includes, apart from the load resistance, the
resistance originated by the internal components of the capacitor (current collectors,
electrodes and dielectric material). The voltage during discharge is determined by these
resistances. The maximum power Pmax iS:

VZ
Prax = 2SR (6.11)

Conventional capacitors have relatively high power densities, but relatively low
energy densities when compared to electrochemical batteries and fuel cells. That is,
capacitors store relatively less energy per unit mass or volume, but they are able to
discharge it rapidly to produce high power values.

Electrochemical double-layer capacitors, also known as supercapacitors or
ultracapacitors, display relatively high energy storage density simultaneously with a high
power density [23]. They are dictated by the same principles are as conventional
capacitors. However, their electrodes are characterized by much higher surface areas A
and much thinner dielectrics that decrease the distance D between the electrodes, which
leads to an increase in both capacitance C and energy E [25].

Typically, a supercapacitor is compiled by two electrodes, a separator and an
electrolyte. The electrodes are constructed by a metallic collector, which is the high
conducting part, and by an active material, which is the high surface area part. The
separator is a membrane placed between the electrodes, allowing the mobility of charged
ions and forbidding the electronic conductance. The assembly is impregnated with an
electrolyte, which may be of solid state, organic or aqueous type. The working voltage
of supercapacitor is determined by the decomposition voltage of the electrolyte and
depends on the environmental temperature, the current intensity and the required lifetime
[23].

Figure 6.4. Sketch of a supercapacitor [23].
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Among the advantages of supercapacitors are high power density, long lifecycle,
high efficiency, wide range of operating temperatures, environmental friendliness and
safety. These characteristics have made supercapacitors appropriate for applications in
electric hybrid vehicles, digital communication devices such as mobile phones, digital
cameras, electrical tools, pulse laser technique, uninterruptible power suppliers and
storage of the energy produced by solar cells. On the other hand, their main
disadvantages are high cost, high self-discharge rate and the fact that the values of energy
density are not in desirable levels [26].

6.4 Electrochemical Reactors

Electrochemistry can offer major contributions to industrial processes, characterized
by minimum waste production and low cost. Electrochemical engineering develops the
practical knowledge and expertise of constructing and operating electrochemical
reactors for the formation of chemical products such as inorganic compounds (e.g. Cl,
concentrated NaOH and NHs), organic chemicals and purified metals.

The design and operation principle of an electrochemical reactor is based on these of
a typical electrochemical cell. The basic parts are an anode, a cathode and an electrolyte
that separates them. The anode and cathode are fed with high values of direct current,
and with the effect of the catalyst and the electrolyte, the electrochemical reactions take
place. Usually, only one of the two reactions occurring in the reactor is of interest.

There is a variety of electrochemical reactor designs, depending on the requirements
of the desirable process. The basic parameters are the shape, mode of operation and
electrolyte flow, temperature control, number of electrodes, type of electrical
connections and electrode structure. The decision for the cell selection is based on
economic, engineering, technological, safety and environmental criteria [27].

There are two major reactor operation modes, based on the above characteristics:

e Batch operation, where the electrochemical cell is filled with the reactants
and is operated during a certain time. The products are then separated from
the solutions. Ideally, the entire volume is mixed without any concentration
difference due to the stirring (stirred tank reactor). The conversion and most
other conditions in the cell are changing with time [28].

<15

A NAAAAPLANNANNN A

\ J

Figure 6.5. Schematic figure of single batch [27].
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e Continuous operation (flow-through cell), where the cell is supplied with a
continuous stream, which finally exits the cell after partial conversion. Steady
state conditions are achieved after a certain period of time. Continuous
operation is valuable for long-time stability tests of cell compounds such as
electrodes and membranes. There are two limiting cases according to the
mixing behavior within the flow:

i.  Backmix reactor with ideal mixing, which is similar to batch
operation.
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Figure 6.6. Schematic figure of continuous stirred tank (Backmix reactor) [27].

Plug flow reactor, where the flow moves through the cell along the electrode
surfaces. Conversion and other operation conditions do not change with time (steady
state), but they depend on the location between input and output of the cell [28].

Figure 6.7. Schematic figure of plug flow reactor.

Although products are formed at both electrodes, the cell performance is determined
with regard to the electrode where the desired product is formed. The current efficiency
(CE) of an electrochemical reaction is the ratio of the electric charge used in generating
the desirable product to the total charge Q passed through the reactor during a reaction.
The current efficiency can be considered as the product yield based on the electrical
charge:

CE = nF(Vol)AC

g ) (6.12)
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Where Vol is the volume of reaction medium, n is the number of electrons, F is the
Faraday constant and AC; is the concentration change of the product over the course of
the reaction.

The product selectivity (Sp) is the ratio of the moles of the product of interest to the
total moles of products formed from the initial material:

__number of moles of desired product

Sp - Y moles of all products (6.13)
The electrical energy required is given by:
. [ . NFEeq1
Specific Energy Consumption = —=— (6.14)

CE-MW

In the case of volumetric energy consumption, MW is replaced by Vm, which is the
partial molar volume of the desired product. For constant current | over a time period t:

Eceplt

Specific Energy Consumption = AC, (Vo) MW

(6.15)

The space-time-yield (1) is the mass of product per unit time that can be obtained in
a certain electrochemical reactor of volume:

Ag'I'CE-MW
T=—

— (6.16)

Where As is the active electrode area per unit reactor volume.

The aforementioned quantities characterize the performance and efficiency of an
electrochemical reactor.

Electrochemical reactors offer significant advantages regarding the achievement of
industrial and electrochemical processes. Some of the most important are versatility,
energy efficiency, amenability to automation and cost effectiveness [29].
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CHAPTER 7: ELECTROCHEMICAL
SENSORS

Abstract

In Chapter 7, the electrochemical sensors are being reviewed. More specifically, a
brief review of their history and future prospects is reported. The basic compartments
and configuration are thoroughly examined. Finally, the operating principle of the
electrochemical sensor is investigated.

7.1  History and Future Prospects

Throughout human history, people have lived and worked in dangerous
environments, often exposed to toxic gases. Most of the times, the toxicity of the
atmosphere was either poorly recognized or not recognized at all, leading to serious
injuries or even deaths. Coal mines are major sources of combustible and toxic gases,
while the oxygen level is low. Some of the first detection systems were open flame
lamps. When the oxygen level was low, the flame would burn low as well. On the other
hand, high levels of combustible gases would result in a growth of the flame’s intensity.
The problem with this detection system was that high concentrations of combustible
gases would cause an explosion. An improvement on this method was the flame lamp,
which contained the flame inside a glass barrel, while allowing the hot gases to escape
through a flame-arresting wire mesh. Marks were also placed on the glass to allow a
calculation of the presence of a combustible or the absence of oxygen.

In 1925, Dr. Jiro Tsuji used light-wave interference for the detection of combustible
gases. In 1927, Dr. Oliver Johnson developed a method of detecting combustible gases
using a platinum catalyst in a Wheatstone bridge electronic circuit [30]. If the platinum
wire is maintained at a temperature of several hundred degrees then via catalysis it will
detect any combustible gas which may be present in the atmosphere. The rise in
temperature in the platinum wire leads to a resistance increase which may be measured.
This is done via the resistance bridge circuit which typically provides an output signal.

In 1962, Seiyama et al. investigated thin film zinc oxide gas sensors based on the
semiconductor catalysis mechanism. This was the first device which utilized the
resistance change in a metallic oxide semiconductor which results from gas adsorption.
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Taguchi introduced the stannic oxide ceramic gas sensor which led to the mass
production of the world’s first commercial devices. This production was further
increased by the discovery of the sensitivity-improving properties of noble metal
inclusions and the improvement of sintering procedures. Investigation on metal oxide
sensors has been extended to other materials and the range of detectable gases has
widened from combustible species to oxygen, oxides of nitrogen, hydrogen sulphide etc.

In the past, sensors were used for the detection of general combustible gases such as
methane and carbon, but more recent studies focus on the development of sensors for
specific purposes such as the detection of low concentration gases such as hydrogen
sulphide, nitrogen oxides, mercaptans and general air pollutants [31].

Nowadays, the number of different gases that can be monitored by gas sensors has
increased dramatically. Toxic or bad-smelling gases such as H.S and NHs and hazardous
gases such as AsHz and PH3 are some of the main targets for contemporary gas sensors.
The serious environmental crisis over the last years and the global issues of energy has
also led to the development of sensors for the detection of air pollutants such as NOx,
SOx and COg. Furthermore, gas sensors are applied for the control systems of
combustion exhausts from stationary facilities and automobiles. In addition, the
scientific community focuses developing biosensors technology in order to be applied
to the human body [32].

7.2 Configuration

An electrochemical sensor is compiled by two or three electrodes in contact with an
electrolyte. The electrodes are manufactured by placing a high surface area precious
metal onto a porous hydrophobic membrane. The working (sensing) electrode is in
contact with both the electrolyte and the gas of interest via the porous membrane.

i.  The gas permeable membrane (hydrophobic membrane) covers the working
electrode. It controls the amount of gas molecules reaching the electrode
surface. It is usually made of thin, low-porosity Teflon. Such sensors are
called membrane clad sensors. Alternatively, the membrane is made of high-
porosity Teflon and the amount of gas molecules reaching the electrode is
controlled by a capillary. Such sensors are referred to as capillary-type
sensors. The membrane offers mechanical protection to the sensor and filters
out unwanted particulates as well. The appropriate pore size of the membrane
and capillary is important for the transfer of the desired amount of gas
molecules. The pore size should be such as to allow a sufficient number of
gas molecules to reach the sensing electrode and also prevent liquid
electrolyte from leaking out or drying out the sensor.

ii.  The selection of the electrode material is of great importance. It should be a
catalyzed material which performs the electrochemical reaction over a long
period of time. Noble metals, such as platinum or gold, are usually used for

28



an effective reaction with gas molecules. All three electrodes can be made of
different materials to complete the cell reaction.

iii.  The electrolyte facilitates the cell reaction and transfers the ionic charge
across the electrodes. It should provide a stable reference potential with the
reference electrode and show compatibility with materials used within the
sensor.

iv. A scrubber filter can also be installed in front of the sensor to filter out
unwanted gases. The most common is activated charcoal, which filters out
most chemicals except for CO and hydrogen gases. The appropriate selection
of the filter medium affects the sensor’s selectivity to its target gases [33].

7.3 Operating principle

The operation of an electrochemical sensor is based on the reaction of the gas of
interest, which generates electrical signal proportional to the gas concentration. It is
compiled by a working (sensing), a counter electrode and a thin layer of electrolyte
which separates them. The gas of interest passes through a small capillary, as it can be
seen by Figure 7.1, and then is diffused through a hydrophobic membrane until it
eventually reaches the sensing electrode’s surface, where is either oxidized or reduced.
The electrochemical reactions are catalyzed by the electrode materials, which are
specifically selected for the gas of interest.

When the proper amount of gas reacts at the sensing electrode, a sufficient electrical
signal is generated. The hydrophobic barrier also prevents the electrolyte from leaking
out of the sensor. With the connection of a resistor across the electrodes, an external
circuit is created and a current proportional to the gas concentration flows between the
anode and the cathode.

The gas concentration is estimated by the measurement of the current. A stable and
constant potential at the sensing electrode is essential for a sensor requiring an external
driving voltage. This is accomplished by the introduction of a reference electrode within
the electrolyte and in close proximity to the sensing electrode. A fixed stable constant
potential is applied to the working electrode.

The reference electrode maintains the value of this fixed voltage at the sensing
electrode. No current passes through the reference electrode. The current produced by
the electrochemical reaction at the sensing electrode flows between the sensing and the
counter electrode, is measured and is typically related to the gas concentration, according
to Nernst equation. The value of the voltage applied to the sensing electrode makes the
sensor specific to the analyzed gas [33].
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Figure 7.1. Typical electrochemical sensor setup.

A gas sensor is characterized by two basic functions. The first one is to recognize a
particular gas species (receptor function) and the second one to transduce the gas
recognition into a sensing signal (transducer function). The gas recognition is carried out
through gas-solid interactions such as adsorption, chemical reactions and
electrochemical reactions. The transducer function depends on the materials used for the
gas detection. Gas recognition by semiconducting oxides is transduced into a sensing
signal through the electrical resistance changes of the sensor elements, while capacitance
can be used for the elements using dielectric materials. Other types of sensor material
can use as sensing signals the electromotive force, resonant frequency, optical absorption
or emission etc. Improving each function separately is the base for designing gas sensors.
The promotion of the receptor function is important for increasing the enhancing the
selectivity to particular species, while improving transducer function is important for
augmenting the sensitivity [32].

The receptor system interacts with the analyte in selective chemical reactions and
transforms the chemical information into a form of energy which may be measured by
the transducer [34].
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CHAPTER 8: CATEGORIES OF GAS
SENSORS

Abstract

In the present chapter, the basic types and categories of electrochemical sensors are
reported. The three categories of electrochemical sensors are i) solid electrolyte gas
sensors, ii) resistive gas sensors and iii) impedancemetric gas sensors. At first, emphasis
on solid electrolyte gas sensors and their further classification into potentiometric and
amperometric is given. Subsequently, resistive and impedancemetric gas sensors are
reviewed.

8.1 Solid electrolyte gas sensors

Especially solid-electrolyte sensors can successfully compete with other types of
sensors and day by day they are finding wider practical applications [35]. They possess
a number of advantages and often allow solving practical problems, which otherwise
really cannot be solved. One of the advantages of such sensors is their stability. Among
sensors, potentiometric and amperometric, solid-electrolyte sensors are most widely
used [36]. Dependence of electrodes’ potentials difference on concentration of the
definite component in the analyzed gas is the basis for operation of potentiometric
sensors. The sensing signal is an electromotive force (EMF) given by the Nernst
equation. Potentiometric solid-electrolyte sensors for the gas composition control in
various heat units [35-37] and measurements of oxygen in metal melts are widely used
[38]. Non-equilibrium potentiometric sensors approach may be employed as an
alternative one, when the gases at the interface between the electrode and the solid
electrolyte are not in thermodynamic equilibrium [39-41]. Dependence of the limiting
current on concentration of the defined component in the analyzed gas is the basis of the
operation of an amperometric sensor. Solid state electrolyte gas sensors are further
divided into potentiometric and amperometric sensors based on their operation.
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8.1.1 Potentiometric gas sensors

The basic operation principle of potentiometric gas sensors are open-circuit
conditions. Under these conditions, no ionic current flows through the electrolyte[42].

A potentiometric sensor consists of two electrodes separated by an electrolyte. The
sensing electrode is immersed in the analyte and an equilibrium potential is established
in the interface between the electrode and the electrolyte. The reference electrode, which
is not in contact with the analyte, establishes a standard potential with regard to the
electrolyte allowing the measurement of the potential of the sensing electrode by an
external voltmeter. The voltage output of the potentiometric gas sensor is calculated by
the Nernst equation, like any other electrochemical device:

E=FE°-— %ln(C) ©8.1)

where C is the concentration of the analyte and for gases, C is the partial pressure of
the gas [43].
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Figure 8.1 Simplest form of a potentiometric gas sensor [43].

Potentiometric gas sensors are used ideally for liquid solutions. For the
measurement of various components in gas mixtures, such as Oz, NOy, CO and other
combustible components, amperometric gas sensors are used.

8.1.2 Amperometric gas sensors

The basic operation principle of the amperometric gas sensors is the linear variation
of the limiting current of the electrochemical cell with the diffusion barrier of the
analyzed component’s partial pressure in the gas mixture [44].

The sensor is placed in the analyzed gas and its internal space is filled by the gas
atmosphere. When voltage is applied between the sensor’s electrodes, the gas
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component’s permeation from the internal to the external space is observed. In this way,
the amount of the gas component pumped out from the sensor’s interior is compensated
with the amount permeating through the diffusion barrier. The gas component’s flux is
correlated with the sensor’s electrical current, according to Faraday’s law:

J(gas component) = # (8.2)

where | is the current, n the number of electrons and F the Faraday’s constant.
The flow of the gas component increases by increasing the voltage, until it
reaches a certain value, when the concentration of analyzed gas inside the sensor
becomes negligible. Then a limiting current (liim) is observed:

__ 2F:D(gas component)-S-P
Lim = RTL " Pgas component (8.3)

This equation can be used for low partial pressures, where, S is the capillary’s inner
diameter, P is the absolute pressure of the analyzed gas, R is the universal gas constant,
T is the absolute temperature, L is the length of the capillary, p (gas component) IS the partial
pressure of the gas component and D(gas component) is the diffusion coefficient of the
gas component, depending on temperature and pressure:

T\™ P,
D(gas component) = D,(gas component) - ( ) -

T_o b (8.4)

Where Do(gas component) is the diffusion coefficient at standard conditions (To,Po)
m is the coefficient which ranges from 1.5 to 1.9 for real gases [45].

Figure 8.2. The working principle of amperometric sensor.
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8.2  Resistive gas sensors

Another commonly used type of sensor is the resistive gas sensor. It is used for
detecting hazardous or explosive gases in the air. This is due to the high sensitivity that
characterizes the thin films (mostly tin oxide) towards reducing and oxidizing gases.
Some of the many advantages of resistive gas sensors are simple configuration, easy
fabrication and reasonable production cost.

The sensing electrode is a semiconducting metal oxide. It is supported by an inert
substrate, which is connected to two metallic electrodes. Their operation is based on the
measurement of electrical resistance changes between the semiconducting electrode and
the analyte gas, when they come in contact. Ideally, the reaction between the sensor
surface and the analyte gas is completely reversible. This procedure involves electron
transfer.

Semiconducting resistive gas sensors can be divided into three categories: i) bulk
conduction-based sensors, ii) surface conduction-based sensors and iii) metal/oxide
junction-based sensors. Bulk conduction-based sensors are used as oxygen detectors at
high temperatures (>500°C). Surface conduction-based sensors, display satisfying
sensitivity towards reducing gases such as CO, Hz and HCs at low and medium
temperatures. (200-500°C). Metal/oxide junction-based sensors are used for monitoring
O at high temperatures operating like bulk conduction-based sensors. At low and
medium temperatures they detecting exhaust gases such as CO, NOyx, SOx and HCs
working according to surface conduction mechanism [42], [46].

The main disadvantages of resistive gas sensors are low reproducibility and long-
time stability due to aging. These drawbacks are enough to limit the field of applications
of this type of sensors. Instabilities are caused by microstructural and morphological
changes of the sensing elements and irreversible reactions with chemical species in the
atmosphere. Furthermore, they are described by lack of selectivity. This happens because
metal oxide-based gas sensors show cross-sensitivities, being sensitive to more than one
species in the ambient [47].

8.3  Impedancemetric gas sensors

Impedancemetric sensors are the least developed of the above sensor types, showing,
nevertheless, significant advantages. These advantages include capability to measure
total NOx concentration, high gas selectivity and precise detection on the single ppm
level.

This type of sensor engages AC measurements at specified frequencies. This method
is associated with solid-state impedance spectroscopy, a technique which measures cell
response over a range of frequencies. This impedancemetric approach can be used by
solid electrolyte-based or semiconductor-based sensors.
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A sinusoidal voltage is applied at the solid electrolyte-based sensors and the
occurring current is measured. The impedance is defined as the ratio of voltage to current
in the frequency domain.

Impedance spectroscopy is applied for the detection of individual electrochemical
components based on their frequency-dependent behavior. Sensors of this type are used
for monitoring water vapor, HCs, NOx and CO [42].
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CHAPTER 9: HIGH TEMPERATURE
ELECTROCHEMICAL SENSORS

Abstract

In this chapter, a detailed examination of electrochemical sensors with high operating
temperature (up to 1000°C) is being conducted. At first, the most important applications
of such electrochemical sensors are reported. Furthermore, the properties of high-
temperature proton-conducting materials, which are essential for the fabrication of high
temperature sensors are presented. Subsequently, the most common types and
applications of high temperature sensors, such as oxygen, combustible gas, nitrogen
oxide and hydrogen sensors are thoroughly examined.

9.1 Introduction

One of the most crucial use of electrochemical gas sensors is the detection of exhaust
gases produced during combustion processes, especially in automotive engines. The
composition of exhaust gases for most engine types contains three basic pollutants:
unburned or partially burned hydrocarbons (HCs), carbon monoxide (CO) and nitrogen
oxides (NOx), mostly as NO. For the optimization of a combustion process, information
about the oxygen amount is necessary. The emission control is completed by monitoring
the CO, HCs, and NOx content. The exhaust gases, which can reach temperatures of up
to 1000 °C, is essential to be detected directly right after the combustion. This is a
challenge for many sensing technologies.

Sensing methods such as calorimetry, chromatography and spectroscopic techniques
are too expensive and unwieldy for in situ measurements in a wide temperature range
and chemically contaminated environments. The most reliable gas sensing technology
for this type of environment is solid-state electrochemical sensors. Compared to other
methods, they have high thermal stability, low cost, simple structure and fabrication, and
compatibility with electronic systems. Over the last decades, a significant number of
solid-state gas sensors have been investigated for high temperature processes (600-
1000°C) [42]. Recently, investigation is being conducted regarding the low and mid-
temperature applications of electrochemical sensors. This type of sensors can be used in
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combustion processes as well, in food industry, environment monitoring and medical
diagnosis (biosensors).

9.2  Properties of high-temperature proton-conducting materials

The function of electrochemical sensors is based on a solid oxide proton-conducting
material. Its selection should be such, so that it meets a set of properties such as ceramic,
transport, thermomechanical characteristics as well as long-term stability and chemical
stability.

The material selected as an electrolyte, should be characterized by proton-
conductivity but negligibly low electronic and oxygen-ionic conductivity. The majority
of oxide compounds showing proton transport are not pure proton conducting
electrolytes. The response characteristics of potentiometric sensors are influenced by
high electronic conductivity of a material, leading to a decrease of the electromotive
force (EMF). For this type of sensors, high proton conductivity does not strongly affect
the function of the sensor, because the ohmic resistance of the electrolyte does not affect
the response of the sensor and the values of this characteristic.

Since the configuration of potentiometric sensors is composed of separated gas
chambers, certain conditions are required: high relative density of the electrolyte,
absence of porosity and tightness between the sensor components. The violation of any
of these conditions is associated with the partial mixing of gases and results in a lower
electrical potential difference value in comparison with the expected one.

In addition, all the sensor components must display fine stability in oxidizing,
reducing atmospheres and corrosive environments at high temperatures. The
measurements of the sensor must be reproduced for a long period of time.

Sensors based on proton-conducting electrolytes can operate at high temperatures,
up to 1000°C. Consequently, the functional materials should be thermally compatible,
considering both the similar behavior of the materials expansion/shrinkage and close
thermal expansion coefficients (TECs). The maintenance of sensor’s integrity under
operating condition is favored by the selection of thermally compatible materials.
Specifically for potentiometric sensors, TEC affects the device’s integrity and high
porosity leads to the presence of gas-leakages. Furthermore, the sensors must possess
high sensitivity to hydrogen and low cross sensitivity to other fuel gases (hydrocarbons,
H>S, CO), high stability of signal with low noise, appropriate reliability (signal
uncertainty <10%), fast response and recovery time, indication of hydrogen in a required
concentration range, small sensor size, simple orientation and maintenance with long
service interval, simple system integration and interface, low power consumption under
operation, and low cost [48].
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9.3 Oxygen sensors

One of the most notable applications of solid-state gas sensors are oxygen sensors,
which are used in automotive exhaust emission control systems. Particularly, the air/fuel
(A/F) ratio, which is supplied into the engine, is monitored. That, in association with
three-way catalysts, has reduced the gas pollutants emitted by automobiles. Moreover, a
second oxygen sensor downstream is necessary for on-board diagnosis (OBD). This
sensor monitors the O storage capacity of the catalyst, which determines its working
efficiency. The catalyst’s efficient operation is indicated by oxygen storage while the
reduction of NOx occurs during the lean cycle and oxygen release during the oxidation
of HCs in the rich cycle.

Potentiometric oxygen sensors are often used for the automotive exhaust emission
control systems. For this type of oxygen sensor, usually air is employed as the reference
gas electrode. The oxygen concentration can be estimated by the Nernst equation (9.1),
where the open circuit potential (E°) is given by:

RT Psensing
o
= (toz-) (5) In <W> (9.1)

rejerence
pref

0 and ij”smg are the oxygen partial pressure at the reference and the

sensing electrode respectively, and t,2- is the transport number for oxide ions, which
equals one for a solid electrolyte [42].

The most common solid electrolyte for high temperature gas sensor is yttrium
partially stabilized zirconia (YSZ) or its derivatives. YSZ is structurally and chemically
stable up to 1600°C. The main disadvantage of YSZ-based oxygen is the use of external
Pt/air as the reference gas electrode, because it prevents the miniaturization of the
sensors. With the external air reference, the sensor can only measure the oxygen
concentration near the wall of the combustion chamber. By removing this reference
electrode, then oxygen sensors of smaller size and simpler configuration can be
manufactured and placed inside the combustion environment. This way, more precise
measurements are acquired. Instead of external air reference electrode, an internal
metal/metal oxide electrode can be used. The internal electrode can provide a stable
equilibrium oxygen partial pressure for the gas mixture at a specific temperature. Among
the metal/metal oxide systems investigated, such as In/In.O3, Sn/SnO,, Pd/PdO,
Ru/RuO;z and Ni/NiO, only the latter can work properly under high temperatures.

The Ni/NiO-based oxygen sensor was investigated by Chowdhury et al. and found
to have an accurate and fast response with good recovery characteristics in a temperature
range of 600-1400°C. In order to prevent alloy formation among Ni and Pt, an Al,O3
isolation layer was also employed in the design of the sensor. Hence, improvement in
the performance and stability of the sensor was accomplished. Nevertheless, extensive
use of the sensor over a long period of time demeaned its performance. This was caused
by grain growth and sintering of the internal electrode at high temperatures.
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Rajabbeigi et al. studied solid CeO, (with 25mol% ZrO,) and CeO2-ZrO-TiO: as
reference electrodes, which at high temperatures store oxygen and acts as the reference
oxygen source as well. Although these sensors responded to oxygen concentration
changes, they exhibited a limited voltage (EMF) range around the stoichiometric A/F
ratio, in comparison with the external Pt/air reference electrode.

More investigation and research efforts are required to develop air reference free
oxygen sensors at high temperatures of up to 1000°C.

Although the stoichiometric point in the combustion process can be measured with a
potentiometric oxygen sensor, potentiometric measurements are difficult in lean
combustion gas with a high concentration of oxygen. Thus, for the detection of a wide
range of oxygen concentrations, a limiting-current measurement that depends linearly
on oxygen concentration is desirable. The limiting current is given by:

4FDg,PtotA
Lim = Tl (1- xoz) (9.2)

Where L and A are the length and the cross section of the diffusion channel
respectively, Dy, is the oxygen diffusion coefficient, Ptot is the total gas pressure
and x,,is the molar fraction of oxygen in the gas.

For oxygen concentrations below 10%, the limiting current is approximately

estimated by:
4FA
Lim = T RTL ~——Do, Py, (9.3)

Amperometric oxygen sensors can accurately accomplish measurements with high
sensitivity (ppm to ppb). On the other hand, they display poor thermal and long-term
stability alongside with the difficulty in designing the diffusion barrier.

Apart from YSZ, Gd or Sm doped CeO. materials have been studied and found to be
suitable as solid electrolytes for high temperature applications. One of the materials that
exhibited promising results, is CeogSmo.2019. In comparison with YSZ, it has shown
higher ionic conductivity and can be used as a solid electrolyte for amperometric oxygen
sensors at 500-700°C. Regarding the materials of the diffusion barrier, certain conditions
such as high electronic conductivity and good thermal stability need to be fulfilled.
Cobalt containing perovskites, such as LCO, have exhibited good diffusion control, high
electronic and oxygen ion conductivity and high electrochemical catalytic activity as
well.

Due to limited literature reports of high temperature oxygen gas sensors, innovative
devices combining several cells are being developed. Some cells can work in
amperometric mode as oxygen pumps, while the rest in potentiometric mode as oxygen
gauges. With this design, the accuracy of measurements is increased [42].

Another type of oxygen sensor appropriate for high temperature applications is the
resistor-type oxygen sensor. This type of sensor is based on the bulk conduction
mechanism at temperatures above 800 °C. The conductivity of semiconducting metal
oxides changes along with with the concentration of charge carriers (electrons for n-type
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and holes for p-type semiconductors). The bulk defect species have high mobility at the
temperature range of 700-1100 °C. Therefore, the non-stoichiometric oxide reaches
equilibrium by reacting with the gas species in the surrounding environment, alterating
the charge carrier concentration. Thus, the bulk conductivity of the metal oxide is
determined by the ambient gas species composition, which defines the concentration of
the analyte gas.

For the oxygen sensing mechanism of n-type semiconductors, oxygen vacancies (V)
in the bulk oxide react with the oxygen molecules (O2), incorporating two electrons to
form a lattice oxygen (05). Depending on the oxygen partial pressure, the reverse
reaction can also take place:

05 & Vi +2e” +-0, (9.4)

According to the reaction above, when the oxygen partial pressure is increased, the
concentration of electrons in n-type metal oxides is decreased, leading to a decrease in
the bulk conductivity. The electrical conductivity is given by:

o = Aexp (— %) Pi (9.5)

Where Ea is the activation energy and P, is the oxygen partial pressure. The
absolute value of m depends on the dominant defects involved in the reaction between
oxygen gas and the sensing material, typically varying between 4 and 6. The lower the
value of m, the greater sensitivity to changes in the oxygen partial pressure the sensor
exhibits. Consequently, the semiconducting metal oxide which is used should have small
m and Ea values to obtain high oxygen sensitivity and low interference from temperature
fluctuations.

Over the last years, some of the metal oxides which have been thoroughly
investigated as resistive oxygen sensing materials are titanium dioxide (TiO2), niobium
pentoxide (Nb20s), gallium oxide (Ga203), cerium oxide (CeO2) and perovskite
strontium titanate (SrTiOs3). Although all of these materials display promising results
regarding resistor-type oxygen sensors at high temperature, the high temperature
dependency of their conductivity hinders their practical application. Two approaches
have been proposed to design temperature independent resistive oxygen sensors. The
first one is the use of a supplementary temperature compensating material. It must be
insensitive to the oxygen partial pressure and exhibit similar temperature dependence to
the oxygen partial pressure measurement materials. The second one is the use of a
material, which has an intrinsic temperature independent conductivity.

More investigation and experiment efforts are required to further improve the
reliability and long-term stability of resistive oxygen sensors for high temperature
applications [42].
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9.4 Combustible gas (CO and HCs) sensors

In order to monitor more gas pollutants in combustion processes, CO and HCs
sensors are used. The fact that the concentrations to be detected are as low as a few ppm
and the operating temperatures are between 800-1000 °C, makes the development of
such sensors more difficult. In situ monitoring of CO can evaluate the fuel combustion
efficiency, since CO is produced when the carbon of the fuel is not fully burned, and can
provide feedback to control systems as well. On the other hand, in rich combustion
conditions, unburned hydrocarbons may appear. High temperature HCs sensors are
employed downstream of a three-way catalytic converter (TWC), to measure the limited
components directly. This provides on-board diagnosis and more precise results than
dual oxygen sensors.

There are two operation modes for CO and HCs sensors, resistor-type and mixed
potential-type. Both of them usually work under low or mid temperatures (up to 600 °C).

It is extremely difficult for resistor-type sensors to detect CO and HCs with good
recoverability, reproducibility and stability at high temperatures. This is due to the fact
that CO and HCs react with lattice oxygens in oxides to form oxygen vacancies.
Consequently, there are very few metal oxides which can be used to detect reducing
gases (CO and HCs) in high temperatures. Fleischer et al. studied pure Ga,O3 and SnO>
doped Ga20s in the temperature range of 600-1000 °C. They exhibited stable, sensitive
and recoverable responses towards both CO and HCs, but suffered from high cross
sensitivity. Adding a gold dispersion, can lead to an improved Ga»0Os sensitivity to CO.
It was also found that increasing the operating temperature the sensitivity of the resistor-
type sensors decreases. Hence, the sensitivity of the sensor at high temperature is
important to evaluate its efficiency. Apart from that, the selectivity of the sensor at high
temperature is the most challenging factor, due to the nature of the sensing mechanism.

Most of the CO and HCs sensors use the mixed potential principle. The EMF between
two different electrodes provides the sensor signal. One electrode is usually made of a
catalytically active conductor such as platinum. The other electrode (counter) is made of
a catalytically inactive material such as gold. YSZ is the most common solid electrolyte
and there are also a few studies on B-alumina and CeosGap 201.9. Some oxides such as
WOs3, Nb20Os and Nb2Os-Ta>0s were found to work properly as sensing electrodes at
500-700 °C, by Di Bartolomeo’s research group. Apart from simple oxides, doped-
oxides and perovskites have also been studied. Brosha et al. experiment with LaCoOs
and LaosSro2C003-5 as sensing electrodes, YSZ as the electrolyte and LaMnOs as the
counter electrode for CO and HC detection at 700 °C. This configuration displayed good
stability. Due to reaction mechanisms that occur in mixed potential sensors, most of them
have poor selectivity. Furthermore, they have also high cross sensitivity, because both
CO and HCs are oxidized to produce electrons for the reduction of the oxygen [42].
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9.5 Nitrogen oxide sensors

Detecting NOx in various areal spaces is important for health and environment. NOy
is one of the main causes of acid rain and in urban areas concentrations can go up to
dangerous levels for health, especially around the sites of heavy traffic. Specifically,
exposition to NO can cause serious effects to human nerve and respiratory system [49].
In combustion exhaust 7-80% of the total NOx content is NO, because of its stability at
high temperatures (>500°C). Therefore, the detection of NO and NO2 emission are of
crucial importance.

Generally, NOy sensors should meet certain conditions such as: i) endurance at high
temperatures (600-900°C) for long periods of time and ii) insensitivity to moisture and
ability to provide a stable signal, even in the absence of oxygen. NOx sensors are divided,
according to their operation mode, into amperometric, mixed potential and
impedancemetric NOx sensors.

The most successful and commercially available type of NOx sensor is the
amperometric. It is compiled by two chambers; the first one works as an oxygen pump
to extract the oxygen that comes from the automobile exhaust. In the second chamber,
decomposition of NO into N2 and O2 occurs and the O level is monitored by an
amperometric zirconia-based sensor. Amperometric NOx sensors exhibit high durability
and accuracy in the measurements, with only moderate degradation in signal after long
periods of time. Nevertheless, their high cost and complex design are an obstacle for
their extensive use. This is why efforts and investigations for the proper electrode and
electrolyte materials are being conducted. The ability of maintaining good response and
selectivity above 700°C, are significant for high temperature automotive applications of
NOx sensors. Recent experiments have led to the design and development of an
amperometric sensor using YSZ as an electrolyte and nano-structured perovskite-type
oxide Gdo.2SrogFe0s.5 impregnated on porous YSZ as a sensing electrode.

Resistor-type sensors based on WOs3 have been used as well for the measurement of
NOx at high temperatures, but have not displayed the desired selectivity and stability. As
for potentiometric NOy sensors, the suitable materials do not have the required properties
under high temperatures. Mixed potential sensors have been developed to eliminate these
drawbacks by using galvanic cells composed of electrode materials with different
catalytic activities.

Mixed potential NOx sensors should have a sensing material with excellent thermal
stability to meet the requirements for high temperature sensing. NiO and other Ni oxides
are found to be the most suitable materials for high temperature sensing electrodes
(>800°C). The sensors that possess NiO sensing electrodes have given satisfying results
in NO2 detection. These electrodes have showed good sensitivity in wet and dry
atmospheres. NiO is the oxide which gives the highest NO sensitivity and also operates
at the highest sensing temperature. The addition of a noble metal (Pt, Rh, Ir, Pd and Ru)
have led to enhancement in the sensing properties of NiO-based NOx sensors. Rh gives
the most significant improvement in NO2 sensitivity.
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One of the biggest difficulties for NOx sensors is the detection of the total amount of
NOx (NO+NO3). The opposite dependence of the sensor on NO and NO> can result in
response compensation in the real exhaust emitted by vehicles. This could be solved by
converting NOx into NO> before the measurement takes place by using an oxidation
catalyst electrode.

Impedancemetric NOx sensors are the least developed type. They have shown
prospect in monitoring NOy at lower ppm levels. Compared to mixed potential NOx
sensors, the responses of impedancemetric sensors to NO and NO; are of the same sign
and similar magnitude; this indicates that they can measure the total amount of NOx.
Miura et al. reported an impedancemetric YSZ-based NOx sensor with a ZnCr,04
sensing electrode. The sensor showed almost the same sensitivity towards NO and NO>
at 700 °C.

The above sensor is an example of the many that have been investigated. To this
point, studies and experiments focus on eliminating the interference from O
concentration variations in the gas sample, which incommodes the sensing performance
of the sensor. Furthermore, impedancemetric sensors require more complicated signal
processing equipment and electronics [42].

9.6 Hydrogen sensors

Recently, solid electrolytes with proton conductivity have attracted increasing
attention of researchers. These materials can be applied to electrochemical devices that
operate under medium and high temperatures, such as hydrogen sensors.

A number of studies have focused on the development of potentiometric sensors for
the detection of hydrogen. The biggest challenge in creating potentiometric hydrogen
sensors is the selection of the reference electrode, which should provide a constant
potential at the operating temperature of the sensor (>600 °C). For these reasons, a large
number of investigations are devoted to the development of proton conducting solid
electrolyte materials [44]. Specifically, high-temperature proton-conducting (HTPC)
ceramic materials have been studied because of their potential applications, including
hydrogen sensors, fuel cells, electrolysis cells, reactors for hydrogen production and
ammonia synthesis as well. The wide range of applications is linked to the appearance
of proton transport properties in solid oxides under hydrogen-containing environments.

The sensors based on HTPC ceramic electrolytes can be used effectively in
combustion processes control systems, monitoring various chemical pollutants and
determining the concentration of hydrogen-containing compounds in the exhaust gases.

Most studies focus on hydrogen sensors based on the potentiometric mode of
operation. Amperometric, resistive and impedancemetric gas sensors are also
investigated but attracted less attention.

Iwahara et al. designed a hydrogen sensor based on proton-conducting ceramic
materials for the first time. They used a material with BaCeo9Ndo1035 (BCN)
composition in a concentration cell of HyPt|SCY|Pt,H2+Ar type, which imitated the
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operation of the hydrogen sensor. The BCN material was selected because it displays
higher conductivity than SCY and its conductivity can be considered as predominantly
ionic in wet reducing atmospheres. Good accuracy of the sensor and high-speed response
show the effectiveness of such sensor design.

Kalyakin et al. fabricated a hydrogen sensor based on two electrochemical
PtBCZY]|Pt cells, where BCZY is BaCeo.7Zr0.1Y0203-5. This sensor is able of operating
in both potentiometric and amperometric mode. Its operation is based on the presence of
a diffusion barrier in the cell and the different polarity of the voltage applied to one of
the electrochemical cells. In the case of potentiometric mode, hydrogen permeates
through the electrolyte from the analyzed gas to the interior of the sensor. This way, the
internal space of the sensor has an atmosphere close to pure H.. The second
electrochemical cell provides the electrical potential difference value (E). Thus,
according to the Nernst equation:

__RT p'H;
Ey = e In (p"Hz) (9.5)

the partial pressure of hydrogen in the analyzed gas (p’H,) in relation to the reference
atmosphere (p’H, ~ latm). When the polarity of the applied voltage (U) is changed, the
inverse hydrogen-ion flow initiates through the electrolyte, resulting in hydrogen
depletion in the atmosphere inside the sensor under high values of U. Considering the
current level (1), it can be found that this parameter increases at first and then does not
change with further increase of U. This condition corresponds to the limiting current
(him), which is a linear function of p"'H, [48].

Figure 9.1. The scheme and working principle of the sensor in potentiometric (a) and
amperometric (b) modes [48].

44



Regarding the amperometric operation mode, perovskites have the highest
conductivity among the high temperature proton-conducting solid electrolytes;
especially those based on barium cerate (BaCeOs) and strontium cerate (SrCeQO3).
However, due to their low chemical stability in CO2-containing atmospheres, more
perovskite materials, such as LaYOs, CaTiOz and CaZrOsz have been investigated.
Tsiakaras et al. have recently reported LaogsSroosYOs, CaTio95SCo.0503 and
CaZro.9Sco.103 as proton conducting solid electrolytes for high temperature hydrogen
sensors, at operating temperature of 800°C.

In the studied sensors, both the porous solid electrolyte and the leakage between the
two linked solid electrolyte discs can be a diffusion barrier. The atmosphere inside the
chamber is different at different stages of the cell operation. At the first stage, a nitrogen-
hydrogen-steam mixture is contained in the interior of the sensor. At the inner platinum
electrode, the reaction that takes place is:

H, > 2H" +2e~  (9.6)

As the cell voltage increases, the hydrogen content within the cell decreases because
of the higher rate of hydrogen pumping out. At the second stage, when the gas mixture
inside the cell is depleted with oxygen, the cell resistance sharply increases, as well as
the current and the voltage. This current is the limiting current. The slight increase of the
current from this point on, can be connected with the presence of electronic conductivity
in the electrolytes, which is considerably lower than the ionic conductivity. The lower
limit of the electronic transport number can be estimated as the ratio of the slope of the
plateau to the slope of the V-I curve at V=0. In the third stage, the reaction that occurs
at the inner electrode is:

H,0 - 2H* 4+ 0.50, + 2e~ (9.7)

Hence, oxygen appears inside the cell and a mixture of nitrogen-steam-oxygen is
formed in the interior of the sensor. The current at the third stage could be attributed to
the ion transport. It was concluded that a sensor based on Lao.95Sro0.05 Y O3 with the porous
diffusion barrier can be suitable for the monitoring of gas mixtures with medium and
high (up to 100%) hydrogen content. In addition, a sensor based on CaZro.9Sco.103 is
appropriate for the monitoring of gas mixtures with low hydrogen content.
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Figure 9.2. Voltage-current curves of LaggsSro.esY O3 —based sensor on hydrogen
content at different high hydrogen content in theN>+ 2% H,O + H, mixture, T = 800-C.
Line 1 gives the slope of the V-I curves tangent at zero point. Line 2 gives the “plateau”

slope. Line 3 is the horizontal one [44].
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Figure 9.3. Voltage-current curves of CaZr,¢Sco.103—based sensor at different low
hydrogen content in theN,+ 2% H,O + H; gas mixture, T = 800-C. Line 1 gives the slope
of the tangent to V-I curves at zero point. Line 2 gives the “plateau” slope. Line 3 is the

horizontal one [44].

46



CHAPTER 10: INTERMEDIATE
TEMPERATURE
ELECTROCHEMICAL SENSORS

Abstract

In the present chapter, a more detailed review on electrochemical sensors with
intermediate operating temperature is conducted. More specifically, hydrogen sensors —
amperometric and combined amperometric and potentiometric- are reported.
Afterwards, hydrogen, carbon monoxide and methane sensors, as well as oxygen and
humidity electrochemical sensors are reviewed.

10.1 Hydrogen sensors
10.1.1 Amperometric sensor

LaYOs was studied at first by lwahara and Takahashi and it was observed that it
displays proton conductivity. Recently, the scientific community has turned again into
the investigation of LaY Os for possible mid and low-temperature applications. Tsiakaras
et al. composed a Sr-doped LaY Osto examine the performance of the proton conducting
electrolyte at intermediate temperatures. After the synthesis of the material, it was
transformed in highly dense ceramic samples to examine the thermal and electrical
properties. Then, a hydrogen sensor cell, made by the as prepared Sr-doped LaY Oz dense
ceramic samples, was used for the electrochemical characterization and hydrogen
content measurements in N2 + Hz mixtures.

As it can be seen by Figure 10.1 the sensor is compiled by two electrolytes, which
are shaped in the form of discs with cut segments. The first one is oxygen-ionic YSZ
and the second is proton-conducting Lao.oSro.1Y Oz-5. Each disc has the recess on the one
side. Platinum electrodes were coated and sintered at 1150°C for 1 hour, on each
electrolyte’s opposite side. Thus, good adhesion between the electrodes and the
electrolytes is achieved. The ceramic capillary (20mm length and 0.26mm inner
diameter) was placed between the discs, which are pressed together and glued by high
temperature sealant. Afterwards, the sensor was inserted in the oven, through which the
N2 and Hz mixture (purity 99.9%) passed.
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Figure 10.1. The principal scheme of the examined sensor. 1—the analyzed gas, 2—
the diffusion barrier (capillary), 3—the electrodes and 4—the glass sealants.

Figure 10.2. The experimental cell of the examined sensor.

Voltage is applied between the electrodes of the LaooeSro1YOs.s electrolyte. Thus
hydrogen is pumped out from the interior of the cell and a current is measured. At the
YSZ cell the changes in oxygen partial pressure are measured in the internal side of the
sensor, while hydrogen is being pumped out. The oxygen partial pressure can be found

by:

p0, = (K'pHZO)Z (10.1)

The hydrogen partial pressure decreases while hydrogen is pumping out from the
interior of the sensor. The change that is measured is the difference between the
hydrogen partial pressure in the open circuit, and the pressure during hydrogen pumping
out:
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RT
AVpe = —In (;’l'loozz) (10.2)

where, p/O2 and p//O2 represent the oxygen partial pressures on the opposite sides of
YSZ electrolyte.

As it can be seen in Fig. 10.3, the current of the Lao.eSro.1Y O35 cell initially increases
and then a plateau is observed as the applied voltage value increases (U). At U>0.7V the
limiting current is observed. At U>1.5V the current becomes dependent again on the
applied voltage, mainly because of the electrolyte’s partial decomposition. At the YSZ
cell, AVoc increases at a low rate at first and then increases at a higher rate because of
the decrease of hydrogen content in the interior of the sensor.
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Figure 10.3. Current and open circuit electric potential difference of the sensor as
functions of applied voltage for 0.7 vol. % H. + N2 gas mixture at 550 C [45].

In Fig. 10.4, it is shown that by increasing hydrogen content the voltage values at
which the plateau is observed significantly grow. When 3% vol.H: is inserted into the
sensor, the plateau begins to appear at the highest voltage value giving the optimal
performance of the sensor.

Figure 10.4 The dependences of current as a function of applied voltage at 550
»C for x vol.% H2 + N2 gas mixture at low (a) and relatively high (b) hydrogen
concentration [45].
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The strict linear function of the current response on the H» content indicates that the
sensor is appropriate for the detection of low hydrogen concentration as well (Fig. 10.5).

Figure 10.5. The limiting current dependence as a function of hydrogen content in x
vol.% Hy+N; gas mixture at 550-C [45].

The developed sensor displayed good detection capability even of small amounts of
hydrogen (0.1-3.3 vol.%) in N at 500-600°C .

10.1.2 Combined amperometric and potentiometric sensor

Another type of intermediate-temperature sensor that has been investigated are
combined amperometric and potentiometric hydrogen sensors based on
BaCeo.7Zro1Y02035 proton-conducting ceramic, studied by Tsiakaras et al.
BaCeo.7Zro1Y02035 (also known as BZCY), is a proton-conducting material which
exhibits high ionic conductivity and acceptable stability in aggressive atmospheres
(containing H2O, CO2 and H.S in high temperatures. Investigations of proton-
conducting materials applications for hydrogen detection are limited by the work of few
scientific groups, even if they are regarded as perspective materials for sensory
equipment. Ceramic materials allow expanding the temperature range of application
such as the estimation of hydrogen partial pressure value in different gas mixtures and
the determination of hydrogen concentration in steels and melts.

The developed sensor consists of two electrochemical cells, separated by a chamber
and a capillary. The platinum electrodes are located on both sides of each cell, achieving
good contact between the functional materials. The capillary and joints between the cells
were sealed by high-temperature glass. The first cell (Cell 1) was used as an
electrochemical hydrogen pump and the other one (Cell 2) worked in potentiometric
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regime. The sensor operates in both amperometric and potentiometric modes based on
the polarity of the applied voltage.

Figure 10.6. The scheme and the working principle of the developed sensor in
potentiometric mode: 1—BaCeo.7Zro1Y 0203~ electrolyte, 2—sensor’s chamber, 3—
diffusion channel (capillary), 4—platinum electrodes, 5—high-temperature glass sealant
[50].

In the case of potentiometric regime (Fig. 10.6), a DC voltage (AU) is applied on the
Cell 1 to provide the electrochemical pumping of hydrogen from the analyzed gas
towards the internal chamber. The electrochemical reaction that takes place on the
external electrode is:

H, - 2H" + 2e~ (10.3)

The counter reaction of Eq. 10.3 is realized on the internal electrode of Cell 1. Thus,
hydrogen permeates through the electrolyte in its ionic form. Hydrogen gradually
replaces nitrogen in the chamber of the sensor, until a pure hydrogen atmosphere is
created. An electric potential difference (E) is generated in Cell 2, due to the difference
in hydrogen partial pressures between internal (//) and external (/) chambers of the
sensor. The value of E is estimated according to the Nernst equation:

_RT pllH,
E = 7 In (—leZ) (10.4)
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Figure 10.7. The scheme and the working principle of the developed sensor in
amperometric mode: 1—BaCeg7Zr01Y 0203~ electrolyte, 2—sensor’s chamber, 3—
diffusion channel (capillary), 4—platinum electrodes, 5—high-temperature glass sealant
[50].

In the case of amperometric mode, a voltage between the electrodes of Cell 1 is
applied. This causes a hydrogen transfer from the interior space of the sensor to the
external space, which is compensated by hydrogen flow permeating through the
diffusion barrier from gas mixture. This way, an electrical current is produced to
Faraday’s law:

J(Hy) == (105)

The flow of hydrogen pumped out increases with increasing the voltage applied to
the electrodes of Cell 1, until limiting current is observed. Thus, obtaining the lim=f(pH2)
calibration curve, the amperometric mode of operation of the sensor can be used for
hydrogen content detection.

The potentiometric mode of operation was suitable for analysis of gas mixtures with
low-level hydrogen concentration due to the high hydrogen partial pressure difference,
according to Eq. 10.4. The electrochemical characteristics were obtained depending on
the change of T and pH>. According to Fig. 10.8, the increasing AU causes an increase
in pumping current.

Figure 10.8. The pumping current and electric potential difference values depending
on applied voltage and temperature for the sensor working in potentiometric mode in
N2+2%H,0+0.4%H; atmosphere [50].
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As it can be seen by Fig. 10.9, high hydrogen partial pressure difference created by
Cell 1, leads to high values of E on Cell 2.

Figure 10.9. The electric potential difference values as a function of applied voltage
for N2+2%H,0+x%H; gas mixture at 500-C [50].

The amperometric mode of operation is suitable for the detection of relatively high
concentrations of hydrogen. The current dependences on the applied voltage for the
sensor during the amperometric operation is shown by Fig. 10.10 and Fig 10.11.

Figure 10.10. The current dependence on applied voltage at different temperatures in
N2+2%H,0+x%H, gas mixture for the sensor working in amperometric mode [50].
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Figure 10.11. The current dependence on applied voltage at different hydrogen
concentrations in N+2%H,0+x%H- gas mixture for the sensor working in
amperometric mode [50].

Applied voltage independence of the current is described by the limiting current
determines the highest pumping-out rate of hydrogen under steady state conditions. As
it is depicted by Fig. 10.10 and Fig. 10.11 the limiting current grows alongside with the
rise of temperature and hydrogen concentration respectively.

According to the linear curve of Fig. 10.12, which obtained by the concentration
dependence of the limiting current (Fig. 10.11), the measurement of hydrogen
concentration is also possible by the amperometric mode of the developed sensor.

Figure 10.12. The limiting current as a function of hydrogen content in
N2+2%H;0+x% H, gas mixture at 500-C [50].
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10.2 H,, CO and CH4 amperometric sensors

The most common and one of the most reliable and stable sensors for automotive
industries is potentiometric A-sensor, based on yttria-stabilized zirconia (YSZ). YSZ is
characterized by both chemical and mechanical stability, relatively high oxygen ion
conductivity and good adhesive behavior over a long period of time. However, the major
disadvantages of potentiometric YSZ sensors are difficulties that they display regarding
the establishment of a reference atmosphere and where the Nernst potential for an
analyzed gas component does not exist. For this reason, amperometric sensors have been
designed as well. They appear as a possible solution to the above drawbacks of
potentiometric sensors. Some of the most widely investigated amperometric sensors are
used for the detection of medium and high oxygen concentration and YSZ sensors for
the detection of NOx in automotive exhausts [51].

Thus far, amperometric sensors based on oxygen-conducting solid electrolytes for
monitoring combustible gases in inert gas media, have not been widely studied. The
measurement of combustible gases in their mixtures with nitrogen is appealing, because
most common thermal catalytic analyzers cannot be used for the analysis of combustible
gases in oxygen-free media. Tsiakaras et al. have recently investigated an amperometric
sensor based on 9YSZ solid electrolyte (0.91 ZrO; + 0.09Y203), with a metal capillary
for the detection of hydrogen, carbon monoxide and methane in nitrogen atmospheres
[51] .

The sensor is composed of a chamber connected by a diffusion barrier with an outer
space. The diffusion barrier was made of metallic capillary. Electrodes are located on
the interior and outer surface of the chamber wall. The scheme of the sensor can be seen
in Fig. 10.13 [51].

Figure 10.13. Schematic representation of an amperometric sensor.
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DC voltage is applied to the electrodes so that the concentration of the analyzed
component inside the chamber decreases; therefore, a positive potential is applied to the
inner electrode. Thus, decomposition of steam or carbon dioxide occurs at the outer
electrode [51]:

H,0 + 2e™ -» H, + 0%~ (10.6)

CO, +2e~ - CO + 0%~ (10.7)

The first reaction occurs because steam exists in the analyzed gas due to residual
humidity (~10ppm) in nitrogen and due to oxidation of hydrogen by traces of oxygen
(~10ppm) in nitrogen. For the second reaction, carbon dioxide exists in the mixture
N2+CO and N2+CHj because of oxidation of combustible gases by traces of oxygen in
nitrogen. Oxygen ions pass through the YSZ electrolyte into the chamber. They oxidize
hydrogen at the internal electrode [51]:

H, + 0>~ > H,0 + 2e~ (10.8)

The operation of the sensor is similar in the case of other combustible gases such as
CO and CHg in nitrogen. The respective reaction at the internal electrode are [51]:

CO+ 0% - CO, + 2e~ (10.9)

CH, + 40%~ - C0O, + 2H,0 + 8e~  (10.10)

The lower concentration of the combustible component inside the sensors chamber
under the applied voltage secures the constant diffusion of flux of combustible gas. The
equation for the limiting diffusion flux of the “k”-component (k=H2, CO and CHa),
which occurs under the limiting current, Jxim, in the capillary is [51]:

__ CyDgS

Jiepim = — , (10.11)

where S is the cross section area and L the length of the capillary. The corresponding
limiting current is estimated by:

PFS
licjim = ZiDieXie — (10.12)

where P is the total pressure of the analyzed gas.

The dependence of the applied voltage and the sensor current for various gas
mixtures of the aforementioned combustible gases and nitrogen at 450°C is shown in
Figs 10.14-10.17 [51].
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Figure 10.14. Volt-ampere characteristic curves of the sensor fed with N+H,
mixtures [51].

Figure 10.15. Volt-ampere characteristic curves of the sensor fed with N.+CO
mixtures [51].
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Figure 10.16. Volt-ampere characteristic curves of the sensor fed with N>+ CH,4
mixtures [51].

Figure 10.17. Volt-ampere characteristic curve of the sensor fed with N,+CH4
mixture in a wide range of CH, concentration [51].

It is observed that for all mixtures the I-V curve slope decreases with the decrease in
the concentration of the component. The initial part of the I-V curves exhibit different
slopes, which represent the characteristics of total internal resistance of each sensor. The
latter part includes Ohmic resistance of the electrolyte and polarization resistances of the
external and internal electrodes. The main impact of the electrolyte’s resistance to the
total resistance gives the electrode’s polarization resistance. The lower the total
resistance the easier it is for the electrochemical reactions 10.8-10.10 to take place.
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Furthermore, the diffusion rate of each combustible in N2 affects the I-V behavior and
more specifically the limiting current [51].

It is shown by Fig. 10.18, that for all examined combustible gases, the dependence
of the limiting current on the gas content in N2 display approximately linear behavior
[51].

Figure 10.18. Dependence of sensor limiting current on combustible gas concentration
[51].

In addition, by the aid of Eq. 10.12 and Fig. 10.18, the following expression for the
diffusion coefficient can be obtained [51]:

Ik i LTR
D, == (10.13)
Xk  zZkPSF

10.3 Oxygen and humidity sensors

As it has been mentioned above, electrochemical sensors based on YSZ have been
proved to be robust and highly reliable. However, bulk YSZ oxygen sensors have limited
applications because of their demand of large amounts of energy, since they require to
be heated to 400°C to function properly. Also, handling objects at such temperatures is
an obstacle. For these reasons, micro-electrical-mechanical-system (MEMS)-processed
microheaters have been used in order to decrease the energy requirements and size of
the sensor. It has been applied on methane, hydrogen sulfide and carbon oxide sensors
[52].

Nevertheless, no electrochemical oxygen sensors based on YSZ have been widely
investigated. The main reason are difficulties in the fabrication of thin film YSZ-based
sensor on a silicon substrate. This type of sensors require a porous Pt anode and cathode,
an YSZ electrolyte and a gas diffusion layer. All parts of the sensor should be made of
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thin films on silicon substrates, for the incorporation of the sensor onto a microheater.
Akasaka has proposed a thin film YSZ amperometric oxygen and humidity sensor,
installed onto a microheater [52].

anode (Pt)

cathode (Pt)

¥ thermal oxide

AN Si substrate
Porous Pt electric wiring

Figure 10.19. Structure of limiting current-type sensor, fabricated on a silicon
substrate [52].

The porous Pt cathode and wiring as a catalyst and a gas diffusion layer as well. The
determination of limiting current depends on the gas diffusion through this layer. The
size of the pathway affects the diffusion of gas to the sensor; therefore, the cross-
sectional area of the porous Pt wiring that connects the Pt cathode Pt pad electrode is
important [52].

Fig. 10.20 demonstrates the current-voltage dependence between 400-550°C. It is
observed that two plateau stages are formed in this temperature range [52].
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Figure 10.20. Voltage-current characteristics between 400°C and 550°C in air [52].
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Fig. 10.21 shows the oxygen concentration dependence of the current-voltage
characteristics at 500°C, in a range of different concentrations.
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Figure 10.21. Oxygen concentration dependence of voltage-current characteristics at
a temperature of 500°C, under a mixture of dry air and N2 [52].

The oxygen concentration in air is 21%. It is observed that the curve for this
concentration at 500°C in Fig. 10.21 is the same with the curve of Fig. 10.20 for 500°C,
until the end of the first plateau. Consequently, it is conducted that the current plateaus
at the lower and higher voltage regions correspond to the reduction of oxygen and water
vapor, respectively. The reduction of PtOy, which is formed at the interface between the
Pt cathode and YSZ film is the reason that current peaks appear in Fig. 10.21 [52].

As it can be seen by Fig. 10.22, there is a linear relationship between the oxygen
concentration and the limiting current. This indicated that the porous Pt is sufficiently

efficient as a gas diffusion layer [52].
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Figure 10.22. Relationship between oxygen concentration and limiting current at a
temperature of 500°C, under a mixture of dry air and N [52].
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Fig 10.23 shows the water vapor pressure dependence of the current-voltage

characteristics at 500°C. The control of water vapor pressure was achieved by alternating
the flux rate of dry and wet air [52].
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Figure 10.23. Water vapor pressure dependence of voltage-current characteristics at
a temperature of 500°C, under a mixture of dry air and wet air [52].

The limiting current at the lower and higher applied voltage regions are affected by
the oxygen concentration and the water vapor pressure. A linear relationship between
water vapor pressure and the limiting current was observed at 1.8V. However, no distinct
correlation was observed at 1.1V, as show in Fig. 10.24 [52].
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Figure 10.24. Relationship between water vapor pressure and limiting current at 1.1
V/(open circles) and 1.8 V (closed circles) at a temperature of 500°C, under a mixture of
dry air and wet air [52].
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The above results indicate that both the oxygen concentration and the water vapor
pressure can be calculated by the as proposed sensor. It is expected that the use of a
microheater will reduce the energy consumption of amperometric oxygen and humidity
electrochemical sensors [52].
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CHAPTER 11: NH3 ELECTROCHEMICAL
SENSOR

Abstract

In the present chapter, the fabrication and characterization of an ammonia
electrochemical sensor, based on oxygen ion solid electrolyte, is presented. The results
that are reported allows one to conclude that this simple amperometric sensor can be
considered as a useful tool for gas analysis and measuring the gas diffusion coefficients
as well.

11.1 Introduction

Solid electrolytes based on zirconium oxide have a wide range of applications in
many scientific and technologic sectors. Oxygen and hydrogen amperometric sensors
for the detection of high, average and low concentrations of the analyzed component are
widespread and some of them are reported above [53-57]

Solid electrolyte amperometric sensors, for the detection of Hz, CoHsOH, N2O in
inert gas environment, based on 0.91Zr0,+0.09Y>03 are well known [58-63]. Recently,
solid electrolytes with proton conductivity are regarded as prospect materials for
applications in both amperometric and potentiometric solid electrolyte gas sensors [44,
45, 50].

Currently, there is no information in literature for the use of amperometric sensors,
based on oxygen ion or proton-conducting electrolyte, for monitoring of ammonia. In
practical cases, measurement of the ammonia concentration in mixture with nitrogen is
important. Such sensors can find applications in technology of production of ammonia,
nitrogen fertilizers, explosives, polymers, nitric acid, soda (by an ammoniac method)
and other products of chemical industry.

An amperometric sensor based on oxygen ion solid electrolyte for the measurement
of ammonia was fabricated and tested in the present work. The sensor was composed of
two electrochemical cells separated by a gas chamber and a capillary connecting the
sensor chamber to the analyzed atmosphere. The development procedure and
experimental results are presented below.
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11.2 Operation principle

As it can be seen in Fig. 11.1, the amperometric sensor is composed of two
electrochemical cells and a capillary. Each cell is made of a square plate from 9YSZ
electrolyte with a recess from one side. Platinum electrodes are located on both sides of
the square plate. Also, the plates are piled in such way so that an internal cavity is formed
and are glued perimetrically by a sealant.

Figure 11.1. Scheme of an amperometric sensor.

After its fabrication, the sensor is put in the NH3z-N2 mixture. The content of
impurities in this mixture (mainly H>O) is lower than 0.1 vol. %. After that, a DC voltage
is applied to the external electrodes. There, the decomposition of steam occurs:

H,0 + 2e~ - H, + 0%~ (11.1)

Oxygen ions are transferred through the electrolyte to the internal chamber of the
cell. Electrochemical oxidation of ammonia takes places at the internal electrodes.
Catalytic oxidation of ammonia can lead to formation of molecular nitrogen and nitrogen
oxides [64].

NH; + 0.750, - 0.5N, + 1.5H,0 (11.2)
NH; + 0, > 0.5N,0 + 1.5H,0 (11.3)
NH; + 1.250, > NO + 1.5H,0 (11.4)

The corresponding electrochemical reactions are:

NH; + 1.50%" - 0.5N, + 1.5H,0 + 3e~ (11.2a)
NH; + 20%~ - 0.5N,0 + 1.5H,0 + 4e~ (11.3a)
NH; + 2.50% - 0.5NO + 1.5H,0 + 5e~ (11.4a)

As the applied voltage gradually rises, there is a gradual increase in the current too.
The ammonia content in the sensor decreases and the ammonia diffusion flux into the
sensor cavity increases; after that, a certain constant value is reached. This value is the

65



limiting current (lLim). It meets the conditions of zero content of ammonia in the interior
of the sensor, which diffuses from the external environment to the internal chamber
through the capillary. lim is related to environmental parameters, the capillary’s
dimensional parameters and the analyzed component concentration:

zFDSP
Lim = = X (11.5)

Where F is the Faraday’s constant, R is the universal gas constant, D is the diffusion
coefficient of ammonia in nitrogen, P is the total pressure, T is absolute temperature, S
and L are the capillary’s cross section area and length, X is the mole fraction of ammonia
and z is the number of electrons participating in the electrochemical reaction: z=3, 4, 5
for electrochemical reactions 11.2a-11.4a respectively.

According to Eg. 11.5, the limiting current in the mixture ammonia+nitrogen is
directly proportional to a molar fraction of ammonia. It is also affected by temperature
and type of electrochemical reaction.

When the applied voltage reaches high values, the sensor current exceeds the limiting
current. Then, oxygen is formed in the sensor chamber, according to the following
reaction which occurs at the internal electrode:

0%~ - 0.50, + 2e~ (11.6)

The voltage applied to the sensor when the sensor current begins to grow has to
exceed the voltage corresponding to the beginning of the limiting current plateau by the
EMF of an electrochemical chain:

02(P02)|02_|H20(PH20) (11.7)

At the sensor operating temperatures, the EMF value equals several hundreds of
millivolts. As voltage further increases, the sensor current rises because of the reaction
11.6 and is not related to the diffusion limitation.

11.3 Experimental

The dimensions of the electrochemical cells which are demonstrated in Fig. 11.1 are
11 x 11mm and the thickness is 1mm. The depth of the recess is 0.5mm with an area of
60mm?2. The platinum electrodes were placed on the opposite sides of each electrolyte
plate. The platinum wires were connected to the electrodes and painted by a platinum
paste so that a sufficient conjunction is reached between wires and electrodes after a
treatment at 1100°C for 1h. The interior space of the electrochemical cell is formed by
the aid of the prepared plates. This is achieved with a high-temperature gluing, using a
high-temperature sealant. A thin-walled chromo-nickel steel capillary with an internal
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diameter of 160um and a length of 22mm was sealed between the plates allowing
connection between the interior and outer gas spaces of the sensor.

The amperometric sensor was placed in the tubular furnace and heated up to standard
temperatures in a range of 375-430°C. The temperature was held at a constant value with
an accuracy of £1°C. The calibrated N>+NH3s gas mixture with a content of 1-5 vol. %
NH3z and a flow rate of 50ml/min was supplied to the tubular furnace. Mass flow
controllers of F-201C-33-V type were utilized for required gas mixtures preparation. The
V-1 measurements were achieved after reaching the equilibrium between the internal and
external spaces of the sensor; under open circuit voltage condition, potential difference
was close to zero. GPS-18500 direct current source was used for applying the voltage to
the sensor. The values of current and voltage were measured by the aid of MNIPI V-7-
77 multimeters.

11.4 Results and Discussion

Fig. 11.2 shows the volt-ampere relationship of the sensor’s current operating in
different N>+NHz environments. Each curve is related to a certain ammonia content and
consists of three well-distinguished areas. At the first area, the current increases
alongside with the applied voltage growth. The second area is related to the emergence
of limiting current, which is indicated by the formation of a plateau on V-I curve. The
last area, shows that the current increases with the increase of the applied voltage, which
is explained by free oxygen appearance in the interior space of the sensor. It is observed
that by altering the ammonia concentration, the shape of curves changes shifting the
limiting current regions to the higher applied voltage values. The plateau area appears
when the voltage reaches a value of 0.9-1.1V. It is also shown, that the extent of the
plateau is of about 0.4-0.5V for each NHz concentration curve.

Figure 11.2. Dependences of a sensor current on voltage at different NH;
concentration, temperature 400°C.
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The most important concentration obtained from a number of the volt-ampere curves
is the concentration dependence of the limiting current (uA) under isothermal conditions.

This function, according to Eq. 11.5, should exhibit a linear behavior, which is confirmed
by Fig. 11.3:

30 H

25

20

y = 5,4273x - 0,4846
R#*=0,99877
15 A

Current, uA

10 A

0 1 2 3 4 5
Concentration of NH;, vol%

Figure 11.3. Dependence of a sensor limiting current on NHs concentration,
temperature 400°C.

The effect of temperature on the volt-ampere behavior for the as developed sensor is
observed in Fig. 11.4:

120 1
é 0| (375C)
100 1 \wive
' | (400C)
80 -ty (430C)

Current, pA

04 06 08 1 12 14 1.6
Voltage, V

Figure 11.4. Dependences of a sensor current on voltage at various temperatures,
concentration of NH3 is 5%.
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At relatively low temperatures, the appearance of a plateau can be clearly observed,
whereas no limiting current region appears at higher temperature values. The slope of
these dependences increases as the temperature increases as well. This growth is partially
due to the decrease of the internal resistance of the electrochemical cells. Nevertheless,
such a considerable increase cannot be explained by just the aforementioned reason. It
is possible that at such high temperature as 430°C, the partial catalytic ammonia
decomposition takes place on the internal surface of the chromo-nickel steel capillary:

NH; — 0.5N, + 1.5H, (11.7)

According to the above reaction, hydrogen is formed, which diffuses through the
capillary to the interior of the sensor and then reacts with the oxygen ion:

H, + 0>~ -» H,0 + 2e~ (11.8)

The diffusion coefficient of hydrogen in N2 is approximately three times higher than
that of ammonia. The number of electrons required for the electrochemical oxidation of
the hydrogen which is formed according to reaction 11.7, is the same as for the
electrochemical oxidation of NHs, according to reaction 11.2a. Consequently, the
hydrogen diffusion flow is higher compared to the ammonia diffusion flow and therefore
the current should also be higher.

It is possible that only a part of ammonia decomposes according to reaction 11.7 and
two diffusion flows —of ammonia and hydrogen- appear in the channel. Absence of the
limiting current can occur by increasing the partial hydrogen diffusion flow alongside
with a growth in the applied voltage; however, the nature of such behavior is unclear.

In addition, it is possible to specify the chemical essence of the electrochemical
procedure and to define the type of the ammonia oxidation reaction. This is achieved by
comparing the experimental and theoretical values of the mutual diffusion coefficients
of N2>+NH3 gas mixture. The experimental diffusion coefficients were defined by the aid
of Eqg. 11.5 by fitting the z parameter, while other ones are considered to be constant.
The theoretical values of diffusion coefficients were estimated taking into consideration
the molecular gas diffusion theory [65]:

+— (11.9)

0.001858T1> 1
Dy =
My,  MyH,

PO'Z.QDT

Where Du is the theoretical diffusion coefficient (cm?s), T is the absolute
temperature, P is the total pressure (bars), o is the characteristic distance for
ammonia+nitrogen mixture (A), My, and My, is the molecular mass of ammonia and
nitrogen respectively, Qprt is the collision integral for diffusion. It depends on
temperature according to the following equation:

ODpr = + Cex p( ) + Eexp( ) + Gexp( T) (11.10)
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where A=1.06036, B=0.1561, C=0.193, D=0.47635, E=1.03587, F=1.52996,
G=1.76474, H=3.89411 and

_ ENH3-Np _ (eNH3EN,)"® _ (SNH3 ) SNZ)O_S

=—1 - P (11.11)

Where ey y,_y, IS the characteristic energy for ammonia+nitrogen mixture, ey .and
ey, are the characteristic energies for ammonia and nitrogen respectively, while k is the
i ENH3 €N, .
Boltzmann’s constant. According to [66]: % =558.3K and = =71.4K. Using Eq.
11.9, the theoretical diffusion coefficient at temperature T can be calculated, if the
diffusion coefficient at the standard conditions (To,,Po) is known:

15
T 0
) Lo (11.12)

Denr = Do (3

.QDT

Where Do is the diffusion coefficient at the standard conditions. Eq. 11.12 can be
simplified to:

Denr = Do (Tlo)” (11.13)

Where n is the coefficient which can be found by calculation from theoretical model
and from experimental data by using the following equation:

D
log(D—7Ow

- T
log(7-)

(11.14)

The n coefficient depends on the nature of gas mixture and it varies between 1.5 and
2 [44].

The experimental and theoretical data are presented in Table 11.1. These data are the
diffusion coefficients (D), standard deviation (s) and n parameter values of the possible
reactions for the electrochemical ammonia oxidation. (Eq. 11.2a-11.4a). As it is shown
by the comparative analysis of D and n parameters, the product of electrochemical
ammonia oxidations is N2 rather than N2O or NO, under the sensor operating conditions.
The obtained results display good agreement with the literature data [64].
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Table 11.1. Experimental and theoretical parameters of ammonia diffusion in
nitrogen. AD/Dw and An/ny represent the relative differences between determined and
calculated values. Do=0.214m?s.

T,°C | equation | Der10%,M?/C | s-10% M?/C | Dwn-10%, AD/Dw % Nex Nth An/nin,
M?/c %
(10.2a) 111 0.025 0.9 1.83 05
400 ™ 10.3a) 0.83 0.02 1.12 26 15 18
(10.4a) 0.67 0.015 40 1.26 31
1.84
(10.2a) 1.01 0.034 38 1.79 3
375 ™ (1023a) 0.76 0.026 1.05 28 1.46 21

Therefore, use of the developed sensor allows to define the diffusion coefficient of
ammonia-nitrogen at temperatures up to 400°C.

Finally, the response time of the considered sensor was calculated, by analyzing time
dependence (potentiostatic transient) of the limiting current value of the sensor. As it can
be observed in Fig. 10.5, this parameter accedes to 3-5min at 400°C, when ammonia
content in nitrogen alternates by ~1.5-4 times. Such long period of time from the initial
change of a parameter to the final stabilization of a reading is due to slow change of the
gas composition in the rather big internal volume of the tubular furnace.

Current, pA

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time, s

Figure 11.5. Potentiostatic transient: effect of NH3 concentration on sensor’s current
by applying a constant voltage of 1.2V at 400°C.
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11.5 Conclusions

In the present work a new amperometric sensor was developed, fabricated and
investigated. It is used for the measurement of ammonia content in ammonia+nitrogen
mixtures. The sensor is based on oxygen ion solid electrolyte and equipped with a
diffusion barrier made from chromo-nickel steel. The following conclusions are drawn
from the experimental results:

The sensor displayed good operating capacity in detecting ammonia in the
range of 1-5 vol. % at a temperature range of 375-400°C. It was found that
chromo-nickel steel capillary is not applicable as a diffusive barrier for the
analysis of the above mixtures at temperatures higher than 400°C due to
catalyzing the ammonia decomposition reaction.

The sensor can be used for the estimation of the ammonia’s diffusion
coefficient in nitrogen, at elevated temperature. The obtained experimental
results, on the diffusion coefficients at a temperature of 375-400°C, are in
good agreement with the theoretically calculated values. It is possible that the
use of materials for the diffusion channel restraining ammonia decomposition
will allow acquiring the experimental diffusion coefficient values even at
higher temperatures.

The electrochemical oxidation of ammonia on platinum electrodes at 375 and
400°C advances with the formation of molecular nitrogen.

The results presented in this work lead to the conclusion that the as fabricated sensor
can be regarded as a useful asset not only for gas analysis but also for estimating the gas
diffusion coefficients and occasionally for defining the electrochemical reaction type.
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