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The electrochemical method involving solid electrolytes has been known as a selective and
an accurate way of sensing chemical species in the environment and even in liquid metal
for some time. The most successful among the electrochemical sensors are the emission
control sensor (A-sensor) for the automobile engine and the oxygen sensor used in
steelmaking, both made of stabilized zirconia. This article presents an overview of basic
principles of various types of electrochemical sensors including active (potentiometric) and
passive (amperometric) sensors. Recent advances in oxygen (O,), carbon dioxide (CO,) and
hydrogen (H,) sensors are also presented. © 2003 Kluwer Academic Publishers

1. Introduction

The solid-state electrochemical method has been
known as a selective and an accurate way of sens-
ing chemical species in the environment and even
in the liquid metal for some time. After the first
interpretation of the ion-conduction mechanism in
zirconia [1] by Carl Wagner in 1943, there have
been substantial advances in the development of solid
ionic materials that are extensively being used in
electrochemical sensors. The most successful among
these sensors is the emission control sensor made
of stabilized zirconia for the automobile engine. It
made a revolutionary change in the automobile en-
gine from the use of caburator to the electronic fuel
injection.

In this paper, we review basic principles of various
types of electrochemical sensors including active (po-
tentiometric) and passive (amperometric)) sensors. Re-
cent advances in oxygen, CO, and hydrogen sensors
are also being presented.

2. Solid electrolytes

Solid electrolytes exhibit dominant ionic conductiv-
ity resulting from the migration of ions through point
defect sites in the lattice. The defects are created ei-
ther by thermal activation with E, ranging from 0.7
to 1.4 eV, or by compensation of aliovalent dopants.
Compared to the conductivities of insulating ceram-
ics with 0 < 10719 Scm™!, the conductivities of solid
electrolytes generally are o > 107> Sem™! with an
ionic transference number (o) greater than 0.99. The
Hittorf transference number ¢ is defined as the fraction
of charge carried by species i, which, upon passage
of current, migrates toward the cathode or anode, de-
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pending on the polarity of the ions. In terms of partial
conductivities,

li=Ui/ZGk (D
k

and its sum for all the current-carrying species must be
unity in a given material.

=1 @)

The molar transference number [2], #* is defined as the
fractional moles of species, i, which migrates toward
the cathode upon passing current. If anionic species j
migrate toward the anode, #.* becomes a negative value.
Therefore, the molar transference number, £* is related
to the Hittorf transference number, #; by

£ =1/ 3)

The total conductivity ot becomes the sum of all the
contributions from the mobile species in the electrolyte
expressed as

or = Z,uié]ici “)

where w4, g; and c¢; correspond to the electrochemical
mobility, the amount of charge per carrier, and the con-
centration of mobile species i contributing to the cur-
rent flow, respectively. If the mobility is independent of
concentration, the concentration of charge carriers in
the electrolyte plays an important role in determining
the relative conductivity contribution.

In solid electrolytes comprising of a pure bi-
nary compound, MX, ionic defect species would be
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thermally produced mainly through Schottky-Wagner
(Equation 5), Frenkel (Equation 6) or anti-Frenkel
(Equation 7) equilibria written as

O=Vy+ Vg Ks=[VyllVx'] &)
O=Vj+M* Kp=[VylM"] (6)
O=Ve*+ X! Kap=[VglX!] (7

where Ks, Kr and Kap are the mass action constants
for Schottky-Wagner, Frenkel and anti-Frenkel defects,
respectively. In addition, the electronic defects would
be produced through the electron-hole recombination
reaction.

O=¢+h* K;=I[][h"] ®)
These defects would satisfy the electro-neutrality con-
dition (ENC) generally expressed as in Equation 9,
equating the total positive charge to the total negative

charge.
E Zi[EB”]:E zle] ©)
i J

For instance, the ENC for electrolytes with Frenkel de-
fects can be written as 2[M**] + [h*] = 2[ V] + [€'].
The formation or annihilation of [M?*] or [Vy] is
controlled via reversible interaction of the electrolyte
with the surrounding. In conjunction with the ENC and
Equation 6, the concentration of each defect can be ob-
tained as a function of the chemical activity of the metal
or the conjugate non-metal component in the electrolyte
(see the Kroger-Vink diagram of Fig. 1a). Knowing
the defect mobilities, the partial conductivity for each
species can also be determined using Equation 4, as
seen in Fig. 1b.

Since the mobilities of electrons and holes are much
higher (more than 1000 times) than those of ions, the
concentration of ionic defects has to exceed those of
electrons and holes by many orders of magnitude in
order to behave as a solid electrolyte. There are two
ways of satisfying the criterion for a solid electrolyte.
First, according to the Kroger-Vink diagram for Frenkel
defects in a pure compound MX shown in Fig. 1a, dom-
inant ionic conductivity can only be achieved when the
stoichiometric binary compound exhibits a relatively
high value of Ky compared to K;.

In the near-stoichiometry region where the concen-
tration of ionic defects is many orders of magnitude
higher than that of electrons or holes, the ionic conduc-
tivity becomes dominant over the electronic conductiv-
ity (tion > 0.99). This is referred to as an electrolytic
domain for solid electrolytes such as AgCl and AgBr.
For £, between 0.01 and 0.99, the mixed conduction
is considered to occur.

Secondly, when the concentrations of ionic defects
for a pure compound are insufficient for dominant ionic
conduction, the ionic conductivity can be raised by dop-
ing the compound with aliovalent impurities. As a spe-
cific example, pure ZrO, does not have large enough
oxygen ion defect concentration to exhibit dominant
ionic conduction. But the substitution of soluble dopant
ions such as Mg?*, Ca®* or Y3+ on Zr** lattice sites,
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Figure 1 (a) Kroger-Vink diagram for a pure solid electrolyte with
Frenkel-type defects, (b) the total conductivity vs. log Px,, and (c) the
ionic transference number vs. log Px, [3]. A: electrolytic conduction do-
main (tjon > 0.99) B: ionic conduction domain (tjo, > 0.5) C: mixed con-
duction domain (0.01 < tjpy < 0.99) D: electronic conduction domain
(tion <0.5).

where these dopants having lower valences than Zr host
ions, act as electron acceptors. The ENC condition for
an acceptor ion with a valence of 24 such as Ca’*
becomes

[0/1+ 2[Cay,] +[e'T=2[VS" 1+ [1*]  (10)

where [O!'] is negligibly small. For intentionally doped
crystals, [Caj.] dominates on the left-hand side of
Equation 10 and electrical neutrality is achieved either
through 2[Ca} ] = [h*] or [Ca,] = [V$°], depending
on the oxygen partial pressure in the ambient. In
the near-stoichiometry region, where doped ZrO; is
mostly used, ionic compensation is dominant whereas
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Figure 2 (a) Kroger-Vink diagram for intrinsic ZrO; (dotted line) and
CaO-doped ZrO; (solid line) (b) the total conductivity for CaO-doped
ZrO; vs. Po, (c) transference number of ions vs. log Po, [4].

electronic compensation only becomes important at
high oxygen pressure in the p-type electronic conduc-
tion domain, or else at very low oxygen pressure where
n-type electronic conduction occurs. Upon neglecting
the association of [Ca} ] and [VS°], the dependence
of the concentrations of mobile charged species on
oxygen partial pressure is shown in Fig. 2 [4].

The group IV-B refractory oxides of ZrO,, HfO,,
CeO; and ThO,; are oxygen ion conductors having the
cubic fluorite structure. While ThO, and CeO, are sta-
ble in the fluorite structure as pure compounds; the fluo-
rite structure for pure ZrO, is only stable above 2300°C.
But the addition of CaO or Y,03 to ZrO, stabilizes the
fluorite structure at a much lower temperature, leading
to the so-called “stabilized zirconia.” Generally, about
5 to 15 mol% of the dopant elements are added for sta-
bilization. The electrical properties of some of the prin-
cipal oxygen ion conductors are compared in Table I.
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TABLE 1 Electrical properties of oxide ion conducting solid
electrolytes

Activation
energy (eV)

Ionic conductivity at

Electrolyte 1000°C (2~ 'em™")

ZrO; + 12 mol% CaO 0.055 1.1
ZrOs + 9 mol% Y,03 0.12 0.8
ThO, + 8 mol% Y,03 0.0048 1.1
ThO; + 5 mol% CaO 0.00047 1.1
CeO, + 11 mol% Lay03 0.08 0.91
CeO; + 15 mol% CaO 0.025 0.75
HfO; 4+ 8 mol% Y,03 0.029 1.1
HfO; + 12 mol% CaO 0.004 14

For the solid electrolytes illustrated in Figs 1 and 2,
the ionic conductivity is virtually independent of
Po,(Px,). In contrast, their excess electron and hole
conductivities, o, and o, are found to be proportional

—1/n +1/n : fe )

to Py ' and Py ', respectively, where n is indepen-
dent of Px, and 7, and is determined by the defect
formation reaction for the solid electrolyte. However,
all three conductivity modes exhibit an Arrhenius-type
temperature dependence with apparent activation ener-
gies, Qion, On and @, which are also independent of
Px, and T. As aresult,

o Qion
Oion = Ojop exp(— RT ) (11)
on =0 P exp<—%) (12)
o pl/n Q
op =0y Py exp(—R—$> (13)

where the quantities Qion, Qo, Qa, 11, 0}, 0, and o)
are all constants independent of Px, and 7. The total

conductivity, o then becomes
OT = Ojon + On + 0p (14)

Accordingly, a three-dimensional Patterson conductiv-
ity diagram can be constructed, as in Fig. 3, for the cor-
responding log o surface of ionic, electronic and hole
conductivities as a function of log Px, and 1/T.

In Fig. 3, domains exist wherein only one conduction
behavior (ionic, electron or hole) individually domi-
nates over the others. In region A, oy, is greater than

Figure 3 Patterson plot of log o as a function of log Px, and 1/T [5].
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either ojo, or oy, so that log ot and log o}, are virtually
identical. In region B, the log o1 surface conforms to
the log o, plane whereas the log oj,, plane dominates
in region C. The projections of these regions onto the
log Px, and 1/T plane provide the map for hole, elec-
tron and electrolytic conduction domains for the solid
electrolyte [5].

The dominant domain can be found by equating the
appropriate conductivity equations and then rearrang-
ing terms. For example, the o}, to oy, transition boundary
can be calculated as the locus of log Px, and 1/ T points
where o}, = oy,. This leads to

n Qe—Q@ 1 n O‘r?
log Px,(0p = on) = — (2828 )~ | Moo O
0g Px,(0p = o) 2( 2303R >T+2 %8 oo

(15)

This locus of log Px, and 1/T points plots as a
straight line with slope —n/2[(Qo — Qg)/2.303R] and
intercept n/2log(o, /oy). Similarly, the ionic domain
boundaries can be deduced by equating individually o},
and o, to i, Which gives

log Px,(0p = Gion)
Qion - QEB 1 o
—_pl = =9 ) - log —on 16
”( 2303 )T "5 (16)

10g PXZ(O'n = Ojon)

o 1 o
e L)
2303R )T s

Fig. 4 shows the relationships among the various
domain boundaries corresponding to cationic and an-
ionic conducting electrolytes. Ionic conduction pre-
vails at lower temperature over a given range of Py,
whereas electronic conduction occurs at high tempera-
ture, where the thermal generation of electronic defects
becomes more important.
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Figure 4 Map for domain boundaries of ionic, electronic, and hole con-

duction in log Px, (am) and 1/ T [5, 6]. CSZ: Calcia-Stabilized Zirconia,
YDT: Yttria Doped Thoria, NBA: Na-S-Alumina.
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3. Electrodes

The electrode in a solid-state cell, which is an electronic
conductor, converts the thermodynamic Galvanic po-
tential developed in the electrolyte or at the interface
into an electrical potential which is measurable experi-
mentally. For a local electrochemical reaction (18) oc-
curring at an electrode in contact with a solid electrolyte
where M is the mobile species,

M+ =M (18)

the changes in the chemical potential of M are realized
as changes in the electrochemical potential of electrons
in the electrode, i.e., changes in the Galvanic potential
of the electrode, because the electrochemical potential
of M ions in the electrolyte is practically constant due
toits high concentration and mobility. Depending on the
reversibility of reaction (18), electrodes can be clas-
sified as polarizable and non-polarizable. Wagner [7]
has discussed various types of electrodes and their pos-
sible combinations to form solid electrolyte galvanic
cells.

3.1. Ideally non-polarizable electrodes

At non-polarizable electrodes, the electrochemical re-
action (18) occurs reversibly so that the equilibrium
state is maintained among mobile ions, electrons and
neutral species for the passage of small currents im-
posed on the cell. Therefore, these are referred to as
reversible electrodes. They are generally characterized
as completely leaky or non-blocking, where the charged
species arriving (or leaving) at the electrode/electrolyte
interface can easily cross the interface. In an electrical
analogy, this corresponds to a pure resistor with zero
resistance. Since the local equilibrium is maintained, re-
versible electrodes have a uniform electrochemical po-
tential for each species across the electrode/electrolyte
interface, which can be interpreted to provide thermo-
dynamic information.

In practice, non-polarizable electrodes, depending on
whether the electrode materials are involved in the elec-
trochemical reactions or not, can be considered as active
or inert. For example, in the cell (19) where both Ag*
and Br™ ions contribute to the conductivity of AgBr,
the Ag electrode is an active reversible electrode with
respect to the Ag™ ion, while the graphite electrode is
an inert reversible electrode with respect to the Br~ ion
and Br; gas in the ambient [7].

Ag |AgBr| Graphite, Br; (19)

3.2. ldeally polarizable (blocking) electrodes
The electrochemical reaction (18) occurring at a polar-
izable electrode cannot be held in an equilibrium state,
nor is the electrode reaction reversible. The informa-
tion obtained from the electrode does not correspond
to any well defined thermodynamic state. For such a
non-reversible electrode, upon passage of a small cur-
rent through the cell, the charged species in the elec-
trolyte cannot reversibly cross the interface with this



blocking electrode. Then an interfacial over-potential
is generated, resulting from a discontinuity or gradi-
ent in activity for the mobile species across the elec-
trode/electrolyte interface. In electrical analogy, this
response is the same as that of a pure capacitor. For
example, for the passage of the current in the cell (19),
the Ag electrode is non-reversible with respect to sup-
plying the Br™ ion and the graphite electrode is blocking
to the reduction of the Ag™ ion.

3.3. Electrodes for electrochemical sensors
Any real electrode usually shows an intermediate prop-
erty between an ideally non-polarizable and an ideally
polarizable electrode whereby a fraction of the mobile
species can cross the interface. In equivalent circuit
analogy, this corresponds to a capacitor connected in
parallel with a resistor. The ideally non-polarizable and
ideally polarizable electrodes simply correspond to the
extreme cases of zero resistance and infinite resistance,
respectively, as illustrated in Fig. 5.

In an electrochemical sensor comprising of a
reference electrode and a working electrode, non-
polarizable reference electrodes are preferred because
of their well defined thermodynamic state. The re-
versible reference electrode must have a fixed and
known potential independent of the ambient, while the
sensing electrode must quickly equilibrate with the am-
bient to form a reversible electrode. The polarizability
of the electrode can be tested from the current-voltage
response as shown schematically in Fig. 6. The polariz-
able electrode in Fig. 6a produces a large over-potential
for a small amount of current passage, whereas the non-
polarizable electrode in Fig. 6b can accommodate high
current with little change in potential.

—
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Figure 5 Equivalent circuits of (a) ideally polarizable electrode and
(b) ideally non-polarizable electrode.

Potential, —

Current, { Current, {

—\\ Potential, —

Figure 6 Current-Voltage responses of (a) highly polarizable and
(b) highly non-polarizable electrodes.

CHEMICAL AND BIO-CERAMICS

4. Electromotive force of a Galvanic cell

The voltage of the Galvanic cell in Fig. 7, measured
between electronic conducting electrodes A (negative)
and B (positive), which are reversible with respect
to mobile M7 ions, is proportional to the electro-
chemical potential difference of electrons measured by
the two Cu lead wires in a voltage-measuring instru-
ment. For example, the electrical balancing voltage im-
posed by an external potentiometer prevents the mo-
bile ions from moving through the internal Galvanic
cell. Thus the voltage, E (often called emf) can be
expressed as

E= (- F/F 0
where fi. = p. — F®, the molar electrochemical po-
tential of electrons fi., is the sum of molar chemical
potential of the electrons p., and the Galvanic potential
energy of a mole of electrons, — F ®. The Galvanic po-
tential is defined as the work done on the system when
unit positive charge is moved from infinity to the loca-
tion of interest. Here it is implicitly assumed that the
solid electrolyte is homogeneous in composition i.e.,
no chemical work occurs in the movement of positive
ions. Since wires of the same metal are generally used
for the measurement of the voltage as electron probes,
the chemical potential of electrons, . is equal for the
lead wires Cul and Cu2. Thus, Equation 20 simply be-
comes

E — CI)CLIZ _ d)Cul (21)

Therefore, the voltage measured between probe Cul
and Cu2 becomes the Galvanic potential difference that
exists across the ionic conductor. In the case of an elec-
tron conductor such as a p/n diode, a Galvanic poten-
tial difference of about 0.7 V arises at the junction due
to a large change in electron and hole concentrations
across the interface. However, the measured voltage is
always zero because the electrochemical potentials of
electrons are equal for both p-type and n-type Si.

The total Galvanic potential difference in Equa-
tion 21 can be divided into two parts for the Galvanic
cell in Fig. 7: (D a potential profile (junction potential)
built in the electrolyte due to any inhomogeneous dis-
tribution of mobile ions, and ) two interface potentials
at the electrode/electrolyte interfaces.

& _ EMF 4

_'.:;*n-u*'.‘.%iﬂ;‘ e

Figure 7 Galvanic cell comprising of electrodes A and B with a solid
electrolyte in between.
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The junction potential is a general phenomenon that
occurs because of a spatial distribution in the concen-
trations of charged species having different mobilities.
It can be easily evaluated from the general phenomeno-
logical transport equations for a multi-component con-
duction process where the charged species in the elec-
trolyte are driven by gradients in the electrochemical
potentials of the corresponding ions [8]. The ionic cur-
rent density can be expressed as

Jix) =

_oi(0) (dﬁi(X)> 22)

ziF dx

where the electrochemical potential of the ion i is again
defined as

Ri(x) = pi(x) + zi FP(x) (23)
and o; corresponds to the conductivity of ion i in the

electrolyte. Combining Equations 22 and 23, the Gal-
vanic potential gradient can be expressed as

dui(x)
(#49) oo

ddD(x)__Ji(x)_ 1
dx  ox) zF

Since the partial current, Ji(x) at a given location in the
electrolyte cannot be measured, the total current that
maintains a constant value throughout the electrolyte
has to be taken into account in Equation 24. This can be
achieved by multiplying o; on both sides of Equation 24
and summing over all the charge carriers, which gives

dd(x) o (du;
dx Z:m:_{J+Z:aF(m)} 25)

where ) . oj corresponds to the total conductivity of
the electrolyte at location x, o(x). Integration of Equa-
tion 25 from x = 0 (electrode A) to x = L (electrode
B) gives the Galvanic potential difference of the cell (7)
expressed as

E = (L) - o(0)

L J t d/,Li
=— — dx 26
/(; <O’T + Z ZiF dx ( )

i

Equation 26 is the general current-voltage relationship
for a multi-component conduction system. The first
term in the integral does not result from the thermo-
dynamic properties of the cell, but accounts for the IR
drop in the electrolyte. However, when the open-circuit
voltage of the cell is measured, the current imposed to
the circuit by an electrometer or other high-impedance
voltage-measuring device is negligible. In this case,
Equation 26 becomes the open-circuit potential, which
was derived by Wagner [9] and others [8, 10, 11] and
is expressed as

1 L
oy -o0=-23 [ Law e
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or simply using the molar transference number
1 L
P(L) — P(0) = 7 E,» /0 1du; (28)

The interface potentials can be derived from the con-
dition of local equilibrium at the interface for which the
electrochemical potential of each component must be
equal in the neighboring phases. Thus, for equilibrium
for the species i at an electrode A and an electrolyte S,

pul + 7 FoA = pd + 7 F oS (29)
and the Galvanic potential difference at the interface is
% — " = —(uf — ui')/ziF (30)

As an example, if cation M and electrons carry
the current in the electrolyte of the cell in Fig. 7, cor-
responding to the mixed conduction region close to the
electronic domain, the voltage measured between elec-
trode A and electrode B can be calculated by adding the
two interface potentials (dependent on the reversibili-
ties of electrodes A and B with respect to the M+
ion) and the junction potential of Equation 27 in the
electrolyte.

E =[Pa — Py ]+ [P(0) — Pl + [P(L) — 2(0)]
+ [P — @(L)] + [Pcw — Ps] (3D

Substituting Equations 27 and 30 into Equation 31 and
rearranging terms gives

1

E=——
wmF

[(Mﬁzw + z2unl) — (Hyas + 2MKy)
[.
SX s ()| @
i 1

where 2+ is the chemical potential of M“* jon and
puS2? = uS! has been used. However, Equation 32
cannot be directly evaluated since the chemical poten-
tials of electrically charged components are not mea-
surable. Therefore, Equation 32 has to be rewritten in
terms of the chemical potentials of electrically neutral
components. Wagner [8] in 1933, derived the voltage
of a Galvanic cell as a function of the chemical po-
tential of neutral components. He used the concept of
the chemical potential of the neutral metal species per
equivalent, iy, which is defined as ppv/zm. This is
related to the chemical potential of the metal ion, M,
and the electron, e, by

1 1
AM] = —UM] = —— UMzt T He (33)
M M



or simply
AM] = vzt + e (34)

where fim = (1/zm)um. Substituting Equation 34
in Equation 32 and rearranging terms, the voltage
becomes

1]/ g _A _S -
E = “F |:<M[M] - M[M]) - (NMZM - MMZM>

- Z / —dul} (35)

Since Zi t; = tm + t. = 1 holds, the second term in
Equation 35 is evaluated as

L
e (L) = [y (0) = / (M + te)d vz (36)
0

Upon substituting Equation 36 into Equation 35 and
using Equation 34, one obtains

11/ g _A Lo
E = “F <M[M] - M[M]) _/0 fedfipm (37)

or simply

1 L
E=—1 / id g (38)
F Jo

When the electrolyte has an electronic transference
number equal to zero, i.e., it is a perfect ionic conduc-
tor over the range of uy spanned by the two electrodes,
Equation 38 simply becomes the Nernst equation.

1/ 5  _a RT _ af
E= _F[<M[M] - M[M]>j| = _zM—Flnﬁ (39

where the activities of M in A and B must be referred
to a common standard state.

5. Classification of electrochemical sensors
5.1. Potentiometric sensors

5.1.1. Type | sensor

The potentiometric sensor is one of the simplest chem-
ical sensors based on the ion conducting properties
of solid electrolytes. Consider the well known oxy-
gen probe in cell (40) with an oxygen ion conductor,
measuring in the high oxygen pressure regime where
only oxygen ions and holes contribute to the conduction
process.

(—)P5,. 02, PLHO> ™, h*|Pt, Oy, P (+)  (40)

In this case, the interface potential can be obtained
from the local equilibrium reaction (41) occurring at
the electrode/electrolyte/gas three-phase boundary in-
volving the mobile 02~ jonsin the electrolyte, electrons

CHEMICAL AND BIO-CERAMICS

at the electrode and the O, gas component, in the
ambient.

1
502 +2e = 0>~ (41)

At equilibrium, the sum of the electrochemical poten-
tials on the right-hand side of Equation 41 must be equal
to those of the left-hand side

1 o
Mo, +2fie = flo>- (42)
Therefore, substituting Equation 23 into Equation 42

and rearranging terms provides the interface potential
difference

1 1
®F— oM = — (uoz — 5Ho; 2@) 43)

where S and Pt stand for the electrolyte and Pt electrode,
respectively. Then the cell voltage is given by the dif-
ference of the two interface potentials (each expressed
as in Equation 43 at the Pt electrode/electrolyte phase
boundaries) and the junction potential in the electrolyte,
expressed as

E = (q)s/ q)Pt

Z / —~dui + (0" — %)

(44
where the superscripts’ and ” identify the left-hand and
the right-hand boundaries of the electrolyte. Substitut-
ing Equation 43 in Equation 44, one obtains the voltage
of the cell

1 1 "4
E = » — o, —2ut) =2 /—‘di
2F{<"0 2 Ho: “e) Z,zi“

4+ l /,+2 Pt __ 7 (45)
SHos + 21" = -

Because oxygen ions and holes are the only mobile
species in the electrolyte, Equation 45 simplifies as

1 1 " /
=55 [2 (roy = o) = (o — o)

=+ / l‘oz—dlu,oZ— — 2/ thdllhi| (46)
, ’

Since “027 — M/o% = f/// (tox- + th) duoe- and poe- +
2un = 5 Moz, Equation 46 becomes

] "
E = iF [(MO” po,) — / thdM02:| 47)

In view of the relation, fg>- = 1 — #,, this is the same

as

1 "
E=— to:-d 48
4F[ o>-duo, (48)
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When #, = 0 (i.e., to>- = 1), Equation 48 becomes the
familiar Nernst equation for a concentration cell,

RT . Po
E = — 11‘1 = (49)
4F Po/2

The chemical work, AG, in moving a mole of oxygen
gas from the reference electrode to the sensing (work-
ing) electrode must be supplied by an electrical energy
given as —q E, where g corresponds to the electron
charge required by the electrochemical reaction. Hence
AG = —qE holds, where AG = RT In P§ /P, and
q = —4F . Thus, the Nernst equation simply describes
a reversible conversion from chemical to electrical
energy.

Type I sensors are restricted to the detection of the
species which correspond to the mobile ion species in
the electrolyte. Though this restriction requires the use
of an appropriate electrolyte, it makes the sensor inher-
ently selective. Table II lists some known solid elec-
trolytes for various ions.

5.1.2. Type Il potentiometric sensor

Further flexibility in designing electrochemical sensors
can be gained if an electrolyte exhibits a known equi-
librium relationship between the chemical species to
be detected and the component involving the mobile
species in the electrolyte. In this case, the chemical po-
tential of the conjugate (immobile) component in the
electrolyte can be measured using an interpretation sim-
ilar to a type I sensor.

For example, the Galvanic cell of type I arrangement
in Fig. 8 can measure the SO3 gas concentration, which
is the immobile conjugate species in the silver-ion con-
ducting Ag,SOy electrolyte [32].

The acid-base equilibrium reaction (50) takes place
in AgrSO4 where Ag,O and SO;3 are the basic and

TABLE II List of known ion-conducting electrolytes

Predominant

conducting ion Compounds References
Fluorine (F7) CaF, [12, 13]
MgF, [14]
PbF, [15]
NaF [16]
SrF, [14,17]
Silver (Ag™) A- and B-Agl [16, 18]
AgCl [16]
AgBr [16, 19, 20]
Oxygen (0%7) Zr_yM2t0,_, [21-23]
Zr1 MOy [21-23]
Thy_M?T0p_, [21,22]
Thi_ M3t 02_(x)2) [21-23]
Sodium (Nat) B-Na0-11A1,0; [24, 25]
NASICON [26]
Lithium (Li*) LIPON [27]
Li 14x Al x Ti o (PO4)3 [28]
Proton (H') SrCej_, Yb, O3 [29]
BaCe;_,Gd, 03 [30]
StZr; Y, 03 [29]
CaZr|_,In, O3 [29]
BaZr;_,Y,O3 [31]
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Figure 8 Schematic representation of an example type II arrangement.
(—) Ag, Oz, |Ag2S04]| Pt, SO3, Oz (+).

acidic components of the electrolyte, respectively.
Agr0 4 SO3 = AgySO4 (50)

At the Pt working electrode, the equilibrium reaction
(51) occurs

1
2Ag" +2¢7 + 50y = Ag,0 1)

to give

1
Pp; — Pg = ﬁ[ Hagr + 2he- + ]/2M02 - MAgZO]
(52)
from the relation:

2fiagt + 2fe + 1/2100, = 1ag,0 (33)

Atthe reference electrode of pure silver, the equilibrium
reaction (54) occurs

Ag=Agt +e” (54)

to give

1
Ds — q>Ag = f[MZg — Magt — Me] (55)

Since the chemical potential of the Ag™ ion must be
uniform in the electrolyte due to its high mobility and
Ue- 1s the same for both electrodes, the emf can be
obtained by adding Equations 52 and 55 to give

1
Opy — Ppg = ﬁ[zlﬁxg + l/21/“02 o MAgZO] (56)

Upon substituting the relation uag,0 = tag,50, — 50,
into Equation 56, the emf of the cell is given as

AGYy RT
2,504 1/2
TZ + o5 In [ Pso, Po.”] (57)

E =—

where AG?\gZSO4 is the standard Gibbs free energy of
formation and the activities of Ag and Ag,SO4 equal
unity. Therefore, the cell emf has a logarithmic depen-
dence on the concentration (partial pressure) of SO3 in
the ambient for a known oxygen partial pressure.
Likewise, the emf times the charge involved equals
the work done on the system when a Ag* ion moves



spontaneously from the anode (Ag) to the cathode (Pt),

1

E = Ly~ 1) 69)

where pag and pj,, correspond to the chemical poten-
tial of silver in the silver sulfate in equilibrium with SO3
and O; in the ambient and that of the pure silver refer-
ence electrode, respectively. The chemical potential of
silver is determined by the reaction

1
Ag + 502 = Ag,0 (59)

for a constant oxygen pressure in the air, and subse-
quently the chemical potential of Ag,O becomes fixed
by the acid-base equilibrium reaction (50). The same
Equation 57 can be obtained by substituting Equa-
tions 50 and 59 into Equation 58.

5.1.3. Type lll potentiometric sensor

The activity of the mobile component e.g., O, in YSZ,
is measured with a type [ arrangement. The type Il elec-
trochemical sensor enables one to measure the activi-
ties of immobile conjugate components in electrolytes
such as Na,CO3, Na;SO4 and AgNO3. However, type
II sensors are still restricted by the limited number of
suitable solid ionic conductors where a known equi-
librium reaction exists with the species to be detected.
When the electrolyte does not have a suitable immo-
bile component, its activity cannot be detected in this
way. To overcome this limitation, a type III sensor
involves an electrode with an electronically conduct-
ing auxiliary phase and the same mobile ion as the
electrolyte [9]. The electronic conductivity allows the
chemical activity of the neutral component correspond-
ing to the mobile ion to be uniform throughout the aux-
iliary phase. In the best case, the auxiliary phase should
possess a high diffusivity or be porous. For the surface-
modified type III electrochemical sensor in Fig. 9, the
activities of Cl,, NO,, S, and CO, gases can be mea-
sured, using a Agt conducting or a Nat conducting
electrolyte with a corresponding gas-sensitive auxiliary
layer of AgCl, AgNO3; and NaNO3, Ag;S or Na,COs,
respectively [33].

The concentration of NO, can be measured with a
cell (60) involving a type III electrode, adopting NASI-
CON or B/B"-alumina as a Nat-ion conducting elec-
trolyte, NaNOj as an auxiliary phase and the mixture

RE Adiniliary Fhase

B
. . =
|

electralyie

- =

{EMF)

Figure 9 The schematic structure of type III arrangement.
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of Na,ZrO; and ZrO, for a reference electrode [34].

(—)Au(Pt), NaNO; [Nat| Na,ZrO; + ZrO», Au(Pt)(+)
(60)

The emf measured between the sensing (working) elec-
trode and the reference electrode becomes

1 RT  aRE
E = ——(MEE — u?\IVE) =——In—20 (61)
F a a F al\\yaE

for tno+ = 1. The chemical activity of sodium at the
sensing electrode in contact with the sodium nitrate
auxiliary phase is fixed by the equilibrium

Na + NO; + %Oz = NaNO3 (62)

for a given NO, and O, partial pressure, such that
ana(WE) = Pyo, Py exp (AGlsy, /RT)  (63)
where AG ,, corresponds to the standard Gibbs free

energy of reaction (62). In the reference electrode, the
following equilibrium is maintained

1
2Na + 502 + ZrO, = NayZrO; (64)

to provide a fixed chemical activity of Na for a given
oxygen pressure so that

ana(RE) = P,/ exp (AG{g) [2RT) (65

where AG ) 1s the standard Gibbs free energy of reac-
tion (64). Upon substituting Equations 63 and 65 into
61, one obtains the emf of the cell as

AGS ,, — 2AG? RT RT
(64) (62)
= — —1In Pno, — — P,
2F FoING: T Y0

(66)

E

Therefore the emf of the cell (60) becomes logarith-
mically proportional to the NO, concentration (par-
tial pressure) in the ambient for a given O, pressure
(although the solid electrolyte itself does not involve
NO,).

5.1.4. Mixed potential potentiometric
sensor

When more than one electrochemical reaction occurs at
an electrode, the resulting electrode potential becomes a
mixed potential which is generated from a competition
of the various reactions occurring at the electrode. For
example, when Au and Pt electrodes deposited on an
yttria-stabilized zirconia electrolyte are exposed to an
environment containing CO, CO, and oxygen as shown
in Fig. 10, the oxygen reduction reaction,

0, +4e~ — 20* (67)
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Figure 10 Schematic representation of a mixed potential sensor with polarization plots for the cathodic and anodic reactions [35].

occurs at arate according to the Butler-Volmer equation
io, = ig, exp [—4a F(E — EQ ) /RT] (68)

and the corresponding carbon monoxide oxidation re-
action,

CO+ 0> = COy +2¢” (69)
occurs simultaneously at a rate
ico = i¢oexpl2aa F(E — E¢) /RT] (70)

to give a mixed potential where the condition ip, = ico
is met. Therefore, assuming i3 = ki Py, and icqg =
ky PZ,, the equilibrium mixed potential becomes

Enmix = E°+[RT/(4ay +2a3)F1[mIn Po, —nIn Pco |
(1)
o RT k 2a1E°2+a2Ei
where E° = s In g2 + — 22— For a con-
stant oxygen partial pressure, the logarithmic depen-
dence on Pcg is expressed as
Emix = E(/) + ,3 In PCO (72)
where E(, and 8 are constants.

However, if E,x is close to the equilibrium oxygen
potential [36] so that the oxygen reduction reaction oc-
curs at a low over-potential and the carbon monoxide
oxidation reactions at high over-potential, the oxygen
reduction kinetics may be represented by a Tafel-type
equation, the low over-potential approximation of the
Butler-Volmer equation:

io, = id 4 F(E — E§ ) /RT (73)
The mass-transport-limited CO oxidation kinetics due
to a high over-potential is described by:

P
ico = —2FADco——

RTS 74)

where A and & correspond to the electrode area and
the width of the stagnant boundary layer, respectively.
Combining Equation 73 with Equation 74 forip, = ico
yields

ADco

Enix = E(%z - 2l870115 (75)
2

Pco
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Figure 11 Voltage from differing electrode mixed potentials obtained
from the cell Pt |Cep.gGdp201.9| Au exposed to various reducing gases
at 600°C [36].

which provides a linear relationship between CO con-
centration and the mixed potential, Eix. Garzon et al.
[36] observed a linear dependence of the mixed poten-
tial on the concentration of reducing gases for the cell
Pt |Cep §Gdp 201 9|Au in Fig. 11.

5.2. Amperometric sensor

The basic configuration of the amperometric electro-
chemical sensor, sometimes called limiting-current-
type sensor, is shown in Fig. 12a. The working electrode
of the zirconia cell has a pumping electrode inside an
enclosure containing a small aperture or diffusion hole.
When the electrode inside the enclosure is negatively
biased, oxygen molecules are reduced at the cathode to
form oxygen ions, which are then pumped to the anode
outside the cell.

Depending on the ratio of pumping rate to the diffu-
sion flux of oxygen through the aperture, three regions
of I-V characteristics arise, as shown in Fig. 12b. Ac-
cording to Equation 26, the biasing voltage V obeys a
relation

V = iR+ (RT/4F)In Po,[(ambient) / Po,(cathode)]
(76)

At low voltage (region I) where the pumping rate
is less than the diffusion flux, i.e., Po,(ambient) =
Po,(cathode), the current increases linearly with the
biasing voltage as V =iR. As the pumping rate
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(k)

Figure 12 Schematic structure of an amperometric sensor and its typical response.

increases to exceed the diffusion flux of oxygen
through the aperture, the current reaches a steady state
(region II), which is determined by the rate of arrival
of oxygen from the ambient through the hole to the
electrode given as

Jo, = i/4F = Do, [c0,(8) — c0,(0)]/8
~ [ Do, Po,]/IRT$] (77

where § corresponds to the effective diffusion distance
for oxygen and co, = Po,/RT has been used. If the bi-
asing voltage is large enough (normally 0.5-1.5 V), the
oxygen partial pressure at the cathode will decrease to
nearly zero, co, ~ 0, which gives the last term in Equa-
tion 77. Hence, the pumping current at steady state de-
pends linearly on the oxygen partial pressure in the am-
bient. Sometimes this sensor is called “a proportional
oxygen gauge,” adopted to monitor lean-burn automo-
bile engines. However, from Equation 76, the increase
in voltage is compensated by a decrease in oxygen pres-
sure at the cathode for a constant value of the limiting
current. As the biasing voltage increases to the region
IIT where the oxygen partial pressure becomes lower
than about 10~33 atm [37], electronic conduction rises
to give a further increase in current by the decomposi-
tion reaction, O§ — V3$* + 1/20; + 2¢'. In practice,
the limiting current type sensor is operated in region II
where the steady state current can be obtained.

Depending on the size of the aperture, the diffusion of
gas can be characterized as () a bulk diffusion process
or (2) a Knudsen diffusion process [38]. Bulk diffusion
occurs when the aperture diameter d is much greater
than the mean free path A of the gas molecules, such
that the frequency of molecule-wall collisions is neg-
ligible compared with intermolecular collisions in the
free space. At atmospheric pressure, this corresponds
to the hole diameter greater than about 10° A. Accord-
ing to the simple gas kinetic model for rigid spherical
molecules [39], the bulk diffusion coefficient (cm/s?)
of gas 1 in gas 2 is given as

D} =2.6 x 107°[T*(M, + M>)/2M, M>1'*/(Pro12)
(78)
which is inversely proportional to the total pressure and

directly proportional to 73/2. In the presence of inter-
molecular interaction, the value of the power factor in

T is between 1.5 and 2. Experimentally, 7' has been
obtained [40].

In a very small channel (less than ~100 A) where
d/A < 1, gas diffuses by Knudsen diffusion whose
coefficient Dy is one to two orders of magnitude smaller
than the bulk diffusivity D?. The Knudsen diffusion
coefficient has been derived for a cylindrical channel
of radius a from the kinetic theory of gases as [41]

D — 2 1/2
K = ga[SRT/er] 79)
which is independent of total pressure within the free
molecular flow regime and proportional to the square
root of T'.

For an intermediate pore radius (10*-10° A), in
which both intermolecular collisions in the gas and wall
collisions impede the gaseous diffusion, a mixed diffu-
sion behavior is expected, with the resulting diffusivity
of I/D = 1/D? + 1/ Dx.

The bulk diffusion flux of oxygen through the aper-
ture at steady state can be written, in terms of Fick’s 1st
law, as [42]

dCo2
dx

Jo2 = —Do2 + on JO2 (80)

where Do,, co, and Xo, are the bulk diffusivity, the
molar concentration (mole/cm?) and the mole fraction
of oxygen molecules, respectively. The second term in
Equation 80 corresponds to the convection flux result-
ing from the pressure gradient along the diffusion path.
For the total convection flux Jo, in the cavity, includ-
ing other gases to balance out the pumping current, it
is assumed that X, is the oxygen mole fraction. This
can be solved for the boundary conditions

x =0 co, = X0, (ambient)

x =10 co, =X0,(0) € X0, (ambient)

to give the limiting current density arising from bulk
diffusion through the aperture

4FDo, Py

iim = 4F Jo, = — RTI

In(1-Xo,) (8D

where [, F, and Pr are the length of the diffusion
hole, the Faraday constant, and the total pressure in the
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Figure 13 (a) Limiting currents for bulk diffusion (Pt = 1 atm, T = 500°C, O,—N; gas) [43]. (b) Limiting currents for the Knudsen diffusion process

in a sol-gel diffusion barrier [44].

ambient; again, the relation co, = Xo, Pr/RT has been
used. When the rate-limiting step is the bulk diffusion
of oxygen through the aperture, the limiting current
density becomes proportional to —In(1 — Xo,), inde-
pendent of the total pressure and proportional to 7%
because of the relation, D o< T'1 / Pr.

Similarly, the Knudsen diffusion flux can be written
as

dCQ2
dx

Jo, = —Do, (82)

where the convection flux due to the pressure gradient in
Equation 80 has been omitted because, in the Knudsen
regime, the wall resistance to the convection flow is
so large that the convection flux becomes negligible.
From Equation 82 for the same boundary conditions,
the limiting current density becomes

4FDo, Pr

lim = 4FJo, = — RT1

Xo, (83)

As Do, o« T'/? from Equation 79, the limiting current
density in the Knudsen regime becomes proportional
to the total pressure and 7%, The dependences of the
limiting currents on —In(1 — Xo,) and X, for bulk
diffusion and for Knudsen diffusion, respectively, are
shown in Fig. 13.

6. Designing an electrochemical sensor

6.1. Electrolyte selection

In potentiometric electrochemical sensors, the maxi-
mum range of detection is often decided by the width
of the electrolytic domain for the electrolyte. When
the electrolyte exhibits electronic as well as ionic con-
ductivity, the emf obtained deviates from the theoret-
ical value. Schmalzried [45, 46] first treated theoret-
ically the measured emf of a galvanic cell involving
reversible electrodes and mixed conducting electrolyte.
For a mixed conducting oxide electrolyte, he assumed
Po,-independent 0,2 and constant carrier mobilities for
the hole and electron. These quantities obey relations of
0p = 0 (Po,/Pg)"/" and 0y, = 02~ (Po,/ Pg)™'/", re-
spectively. Hence 72~ in the mixed conducting oxygen

4650

electrolyte can be written as

o = oo /[00> + 0p + 0on]

PO') 1/n PO —1/nq—-1
=1+ 2 + 2 84
() (3) ] e
where Pg and Pg are oxygen pressures for og:- =
op(tor- = 0.5) and og>- = oy(to- = 0.5), respec-
tively, and n is a constant. Substituting Equation 84 into

Equation 48 and integrating, Schmalzried obtained the
general relation for the cell emf:

p_ _MRT Py/" + Po,(WE)'/
AF | Py + Po,(RE)/"

+1In

PY™ 1 Py (RE)!/™
1M 4 Po,(RE) } 55)

PY" 4 Po,(WE)!/n

for the condition of a wide electrolytic domain with
Ps/Pg < 1/4, where Po,(RE) corresponds to Po,
at the reference electrode and Po,(WE) at the sensing
electrode.

Consider a case where the oxygen partial pres-
sure at the reference electrode is fixed so low that
an electronic conduction becomes dominant, i.e.,
Po,(RE) < Pg. The Nernst relation says that the the-
oretical (or ideal) emf values have to be written as
E = % In(Po,(WE)/ Po,(RE)). However, according to
Equation 85, three different forms of emf values arise
depending on the oxygen partial pressure at the sensing
electrode:

@O when Po,(WE) is in the electronic conduction
domain, i.e., Po,(WE) < Pg, the emf becomes, E = 0
from Equation 85

@ when Po,(WE) s in the ionic conduction domain,
ie., Pg > Po,(WE) > Pg, the emf becomes, E =
—4F In(Pg/ Po,(WE))

® when Po,(WE) is in the domain of hole con-
duction, i.e., Po,(WE) > Pg, the emf becomes,
E, = —% In P5/ Pg, which is constant for a given
electrolyte.

A graphical representation for the case of Po,(RE) <
Pg is shown in Fig. 14 where Curve (D) and @
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Figure 14 Cell emf as a function of log Po,(WE) for a fixed value of
log Po, (RE) where Po, (RE) is in the electronic conduction domain, i.e.,
Po,(RE) < Pg : E = RT /4F In[Po,(WE)/ Po,(RE)], : measured
emf AE = RT /4F In[P5/ Po,(RE)], Eooc = RT /4F In[Pg/Pg] [45].

correspond to the Nernstian and the measured emf, re-
spectively. When Po,(WE) < Pg, the measured emf
is close to zero volt. The cell emf becomes a constant
value of Eo = XL In Pg / P for Po,(WE) > Pg.From

Fig. 14 an error signal of AE = % In(Ps/ Po,(RE))
occurs for the measurement of oxygen pressure at
the measuring electrode in the regime of the elec-
trolytic domain even though it gives Nernstian slope.
The measured emf becomes coincident with the Nern-
stian value only when both electrodes reside within
the electrolytic conduction-domain boundaries, i.e.,
Py < Po,(WE), Po,(RE) < Pg. The theory assumes
that the electrodes remain reversible despite the inher-
ent internal passage of oxide ions resulting from mixed
conduction.

6.2. Cross-sensitivity

Selective detection is an important advantage of an
electrochemical sensor, but sometimes their responses
are affected by the presence of other gases. Cross-
sensitivity is often observed when type II or type III
potentiometric sensors are exposed to gas species that
form thermodynamically more stable compounds, or
kinetically more favorable compounds in spite of lower
thermodynamic stability [47].

For instance, the application of AgCl as a surface
modifying layer in type III sensor is very advantageous
from the point of view of the high stability of AgCl.
However, Ag;SOy is thermodynamically more stable
such that even a trace of SO, should result in the for-
mation of Ag,SO,. As shown in Fig. 15, at partial pres-
sures of Cl, and SO, above the equilibrium lines for var-
ious temperatures, Ag,SO,4 should be formed, whereas
AgCl is stable below these lines. Fortunately, the for-
mation of Ag,SQOy is kinetically unfavorable such that
AgCl will persist in spite of its lower stability, unless
SO, is sufficiently abundant in the ambient.

On the contrary, the formation of Ag,S is kinetically
favorable because a large number of silver defects with
high mobility which allow the fast formation of this
compound. A major cross-sensitivity for the chlorine
sensor occurs as shown in Fig. 16, because Ag,S forms
upon exposure of a AgCl surface modifying layer to
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Figure 15 Thermodynamic stabilities of AgySO4 and AgCl at various
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Figure 16 Cross-sensitivity of a Cl, sensor to HaS [48].

H,S gas, in spite of the lower Ag;S stability compared
to AgCl. A decrease in the cell voltage is observed when
the H, S partial pressure approaches the Cl, partial pres-
sure, in fact, at a H»S concentration of about 10% of
the Cl, pressure [48]. In this case, the cell voltage is
established by the formation of Ag;S, and any further
reaction toward the more stable AgCl does not occur
anymore. The influence of H;S is critical to the inter-
pretations because the voltage drop simulates a lower
chlorine concentration than really exists.

6.3. Reference electrode

The reference electrode material should be chemically
stable and reversible at the operating temperature and in
the measurement atmosphere. For example, the mixed
reference material of Na,TigO;3 and TiO, usually used
for the carbon dioxide sensor to fix the activity of Na,O
does not form sodium carbonate when it is exposed to
an environment containing carbon dioxide gas because
the Gibbs free energy of the reaction

Na,;CO3 + 6TiO; = Na,TigO13 + CO, (86)
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Figure 17 The variation of EMF with changing CO, concentration for
the cell Na,TigOg3, TiO2, Pt INBA| Pt, NayZrO3, ZrO;.

is negative in the detection range of CO, whereas the
reaction, NayCO3 + ZrO; = Na,ZrO3 + CO; has pos-
itive energy change. Formation of sodium carbonate on
Na,ZrO3/ZrO, mixture makes the sensor eventually re-
spond to the change of CO, concentration as shown in
Fig. 17.

7. Applications
7.1. Oxygen sensor
7.1.1. Potentiometric sensor
One of the most successful applications of an elec-
trochemical sensor is found in the exhaust emission
control system for the automobile engine. Since the
strict regulation of air pollution in California in 1965,
all gasoline-burning cars are equipped with a catalytic
converter comprising of finely dispersed noble metal
catalyst (Pt, Pd, Rh) dispersed on a ceramic support.
The three regulated exhaust toxic pollutants NOy, HC,
and CO are eliminated by more than 90% by the cat-
alytic converter and, hence, is referred to as a three-way
catalyst (TWC). The best performance of the TWC is
obtained for an equivalent air/fuel ratio (A = A/F)
equal to one (weight ratio of air to fuel = 14.6), which
can be monitored by the detection of the oxygen content
in the exhaust gas upstream from the catalytic converter.
The oxygen sensor, sometimes called EGO (Exhaust
Gas Oxygen) or lambda sensor, is a potentiometric (type
I) sensor generally comprising an yttria-stabilized zir-
conia electrolyte with air reference (Po, = 0.21 atm)
as shown in Fig. 18a. The oxygen partial pressure in
the exhaust gas changes by several orders of magnitude
in the vicinity of stoichiometric combustion, which, in
turn, gives an abrupt decrease in emf (more than 0.5 V)
when it crosses from fuel rich to fuel lean, as shown in
Fig. 18b. In practice, engines are operated at 0.45 V.

7.1.2. Anomalous behavior
In principle, the oxygen sensor measures the oxygen
partial pressure for the equilibrium electrochemical re-
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Figure 18 Cross-sectional view of an EGO sensor with its output char-
acteristics [49]. (a) the sensor geometry and (b) emf response.

action occurring at the sensing electrode,
1 .
502 +2e=0 87)

where the lattice oxygen ions in the zirconia electrolyte
are in equiibrium with adsorbed oxygen species at the
three phase boundaries of zirconia, electrode and gas.
However, when the concentration of oxygen in an ex-
haust gas containing various reducing species is mea-
sured, the response is often affected by various com-
peting chemical reactions [50]:

2NO =Ny + 0O, (88)
NO + 1/20, = NO, (89)
CO + 1/20, = CO, (90)

(HO), + (51/4)0; = (n/2)H,0 + nCO,  (91)

or by electrochemical reactions occurring at the elec-
trode:

2NO +4e~ =N, +20*~ (92)
NO + 0*” = NO, + 2¢~ (93)
CO+ 0> =COy +2¢” (94)
(HC)n + (51n/2)0* = (n/2)H,0 + nCO; + 5ne”
95)



The kinetics of these reactions depend on tempera-
ture and the electrode materials. For example, at high
temperature (>600°C), reaction (87) is generally far
faster than the electrochemical reactions (92)—(95).
However, the kinetics of the chemical reactions (88)—
(91) are relatively fast on the highly catalytic electrodes
of Pd, Rh and Pt. But these reactions are rather slow on
a low-catalytic electrode such as Au and Ag. Hence,
when Pt is used as a sensing electrode for the zirconia
oxygen sensor, it does not measure the oxygen content
existing in the non-equilibrium exhaust gas, but rather
the oxygen concentration that the exhaust gas would
have if it were in internal thermodynamic equilibrium.
For this reason, the EGO is sometimes called “an equi-
librium electrode.”

On the other hand, when low-catalytic sensing
electrodes are used, they measure the actual oxy-
gen content in the non-equilibrium exhaust gas, i.e.,
P(‘_lefcm’de = Pg?s due to the negligible extent of chem-
ical reaction at the electrode surface. Therefore this is
called “an oxygen electrode” instead.

At moderate temperature (500-600°C), where the
rates of electrochemical reactions (92)—(95) are com-
parable to that of reaction (87), the steady cell volt-
age responds to the mixed potential established by
the competition between reactions (92)—(95) and re-
action (87). In this case, the oxygen partial pres-
sure and the electrochemical potential of the 0%~ ion
in reaction (87) are decided jointly by the chemi-
cal equilibria of reactions (88)—(91) and the electro-
chemical reactions (92)—(95), respectively. These emfs
generally deviate from the theoretical value of the
Nernst law.

Many zirconia oxygen sensors do not exhibit ideal
performance in the presence of other gases such as Hy,
CO, NO and hydrocarbons. For instance, the shift in
the voltage step shown in Fig. 19a toward the lean
region was observed for non-equilibrium combustion
gases containing hydrogen [51] and CO [52]. In this
case, the Hy and CO reactant species in the exhaust
gas mixture diffuse through the porous protective layer
faster than oxygen without reaching chemical equi-
librium before the catalytic reaction occurs at the Pt
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Figure 20 Non-ideal “washed-out” performance of oxygen sensor [53].

electrode, as shown in Fig. 19b. Therefore the oxy-
gen concentration near the electrode becomes much
lower than the equilibrium Pp, (for the bulk ambi-
ent), which results in a sensor output shifted to the lean
region.

Sometimes, an oxygen sensor signal provides a
“washed-out” curve, especially, in the presence of CO
as shown in Fig. 20. Fleming [53] considered the com-
petitive adsorption of CO and O, at the active triple
points of the Pt anode with site fractions of fco and
fo,, respectively. It was assumed that CO adsorp-
tion follows the Langmuir isotherm, and the remain-
ing sites are occupied by oxygen such that fco =
Kcopco/(1+ Kcopco+ Ko, po,) and fo, = 1 — fco.
The simultaneous presence of adsorbed CO and O; cre-
ates an effect of two independent galvanic cells in the
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Figure 19 The shift in stoichiometric combustion to a leaner composition in the presence of hydrogen [51]: (a) lean shift (b) concentration profiles

of oxygen and hydrogen in the protective layer.
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total sensor output voltage, with the respective emf
given as

Po, (air)

E E3 + RT 1 (96)
= _— n e
0, 0 Po,(anode)

4F

for the oxygen cell where Eg, arises from the inhomo-
geneity of electrodes, and

12, .
RT Py’ “(air) Pco(anode)
Eco = E¢o + ——1 ( Q: ) 97)

4F 1 Pco,(anode)

from Equation 90 for CO the cell, where Ely =
# [1¢o(anode) — ,u.%oz(anode) + % ,u%z (cathode)]. The
resulting voltage can be expressed as
E = fo,Eo, + fcoEco (98)
Substituting equilibrium pg,. pco and pco, corre-
sponding to the A/F ratio in Equations 96, 97 and 98, a

rich and lean voltage tail to the output curve similar to
Fig. 20 was obtained.

7.1.3. Ameprometric/limiting current sensor
The stoichiometric point in the combustion process can
be successfully measured with a potentiometric type
oxygen sensor, as shown in Fig. 18. However, when one
must measure a high concentration of oxygen such as
in the lean combustion gas (far from the stoichiometric
composition), the potentiometric measurement is diffi-
cult because, according to Equation 96, the voltage de-
pends linearly on the temperature but only logarithmi-
cally on the oxygen pressure, which ordinarily requires
a precise temperature control for sensing. Therefore,
a limiting current measurement that gives a linear de-
pendence on oxygen concentration is preferable for the
detection of wide range of high oxygen concentrations.

One of limiting-current oxygen sensors is a wide
range ait/fuel ratio sensor (sometimes called the UEGO
sensor). There are many variations of structural design
[54-56], but it generally consists of a sensing cell and
a pumping cell as shown in Fig. 21. The emf of the
sensing cell is normally fixed at 300—450 mV with re-
spect to the air reference, which gives an oxygen pres-
sure of about 1077—10~'% atm in the cavity at 800°C.
The current that must pass through the pumping cell to
maintain a constant oxygen pressure (10~7-107'% atm)

in the sensing cell is used as an output of the sensor
[57-60]. In the oxidizing atmosphere of a lean com-
bustion gas, oxygen has to be pumped out to reduce the
oxygen pressure in the cavity as shown in Fig. 21a. On
the contrary, in the fuel-rich region, where abundant re-
ducing species such as CO and hydrocarbon exist, the
pumping direction has to be reversed to raise the oxy-
gen pressure in the cavity as in Fig. 21b. In this case,
CO in the exhaust gas plays an important role in the
limiting current [57-60]. The pumped oxygen is con-
sumed in the cavity according to Equation 95 such that
the rate of arrival of CO determines the limiting current.
The constant value of limiting current in Equation 76
is obtained by decreasing the biasing voltage to com-
pensate for the increase in oxygen pressure within the
cavity. The value of the response current shows a grad-
ual increase as the fuel changes from rich to lean, as
shown in Fig. 21c, contrasting to the step response of
the lamda sensor. The slope in the fuel-rich region is
higher than that in the lean region because the reducing
species such as hydrogen and CO present in the fuel-
rich gas must be oxidized at the pumping electrode to
maintain a given oxygen pressure in the cavity.

7.2. Carbon dioxide sensor

Carbon dioxide sensing has become important in many
applications. Carbon dioxide gas emitted from auto-
mobiles and factories burning coal and hydrocarbons
is recognized as a major cause of the global warm-
ing of the earth. Hence monitoring CO, in the atmo-
sphere is important to track the status of the environ-
ment. Monitoring CO, plays an important role in the
storage of fresh agricultural products such as fruits and
meats (e.g., Modified Atmosphere Packaging (MAP)).
MAP system prevents the drip loss problem and im-
proves the color stability of meat. Moreover, decreased
oxygen and increased CO, concentrations reduce the
respiration rate of fruit. Furthermore, CO; plays im-
portant role in controlling corrosion rate in chemical
processing and carbonation of concrete.

Optical absorption of infrared has been used to mea-
sure the concentration of CO5. It can successfully mea-
sure CO, from a few % to more than 70%, but the
sensitivity of the photodiode makes it practically im-
possible to detect CO, concentrations lower than a few
hundred ppm. Moreover, the optical system is gener-
ally vulnerable to a hostile environment, which limits
its use to indoor and remote sensing applications. In

Frusginy, o1l . ' !_‘i' i
lerwst Larerd 3 » 1 ! I :
by ol -
[ d |
[ wir |_. Al L — k

{a)

(k) {c) & ‘AT

Figure 21 The schematic illustration of the wide range oxygen sensor (a, b) and its pumping current response with A/F ratio (c). (a): Lean exhaust

gas (b): Rich exhaust gas (c): Pumping current response with A/ F ratio.
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contrast, electrochemical detection of CO; enjoys the
advantages of low cost and in-situ monitoring capabil-
ity. Potentiometric sensors adopting type I1 [61-63] and
type III [64—68] cells have been widely studied.

The first potentiometric CO, sensor was proposed
by Gauthier [58] using a type II cell with a K,COj3
electrolyte.

Pt, O3, CO; |[K,COs| CO3, OF, Pt (99)
Later, Maruyama et al. [66] adopted a type I1I cell (109)

with sodium conducting electrolytes such as NASICON
and Na-fB-alumina (NBA).

(—)Au, Oy, INASICON| Na,CO3, CO,, Oz, Au(+)
(100)

In this galvanic cell, the anode and cathode reactions
are:

Na,CO3 = 2Nat + CO, + 1/20, +2¢~  (101)

and

2Na* + CO; + 1/20; + 2¢~ = Na,O(NASICON)

(102)
Hence, the total cell reaction becomes
Na,CO3 = Nay0 4 CO,(g) (103)
and the emf of the cell (100) can be written as
RT
E=E ———n [Pco,aneo "] (104)

where E° = —AG()y;)/2F. Apparently, Equation 104
has a logarithmic dependence on both the CO, con-
centration in the ambient as well as of the chemical
activity of Na,O in the NASICON, which depends on
the amount of Na added in the compound.

This cell has been further improved through mod-
ification of the cathode to provide a fixed ana,0 us-
ing solid reference mixtures such as Na;SnO3/SnO,,
Na,;TigO;3/TiO, and Na,ZrO3/ZrO; [65], e.g.

Au, Oy, NayTigOq3, TiOz|Na+c0nduct0r|Na2CO3,
COQ,Oz,Au (105)

CHEMICAL AND BIO-CERAMICS

These sensors can be fabricated either in bulk struc-
ture or planar structure using thick film technology, as
shown in Fig. 22.

In the Galvanic cell (105), the Na,O activity in the
reference electrode is fixed by the equilibrium relation
between the pure phase of TiO, and Na;TigO13

6TiO, + Na;O = Na,TigOq3 (106)
which gives the Na,O activity as
aNa,0 = exp(AG{ips /RT) (107)

Substituting Equation 107 into Equation 104, the volt-
age measured from the cell (105) becomes a function
of only the partial pressure of carbon dioxide expressed
as

RT
E=E°— —lnpco2

°F (108)

where E° = —(AG°(103) + AG°(106))/2F. Note
that ana,0 in Equation 104 is not involved. Further-
more, AG°(103) + AG°(106) corresponds to AGflog),
the change in the standard Gibbs free energy for the
reaction:
Na,COs3 + 6TiO; = Na,TigO13 + CO, (109)
Fig. 23 shows the typical emf response of the cell
(105) upon changing CO; concentration from 200 ppm
to 20,000 ppm and back to 200 ppm, and its concen-

tration dependence that obeys the theoretical slope of
—RT/2F as in Equation 108.

7.2.1. Selection of electrolyte

The Na™ ion conducting electrolytes such as NayCOs
[63], NASICON [66, 68, 69] and Na-B-alumina [64, 65]
and Li* ion conducting electrolytes such as lithium
phosphorous oxynitride (Lip ggPO373Ng.14) [27, 70]
and LiTi;(PO4)s + 0.2Li3PO4 [71] are widely used
in CO; sensors. NASICON is a silico-phosphate of
composition Naj;,Zr;Si,P3_,012(0 < x < 3), which
shows a maximum conductivity at x ~2. The B-
alumina has a structure of (Na;O);, e 11Al,O3, where
the maximum conductivity occurs at x = 0.2-0.3
[72].

(b

Figure 22 Potentiometric CO; sensors of (a) bulk type and (b) thick film type (2.5 mm x 2.5 mm).
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(]

Figure 23 (a) The time response of the emf of the cell (114) and (b) emf vs.

The chemical activity of Na,O in NASICON [73]
has been established as
log ana,0 = —12050/T —2.15 (110)
and the activity of Na,O in S-alumina has been mea-
sured [66] using the following cell
All, COz, 02, Na2C03|,3 — A1203|02, Au (11 l)

The overall reaction is Na,CO3; = Na,O + CO, and
the emf of the cell can be expressed as

E = —(AGR,0+ AGgy, — AGRyco,) [2F
—(RT/2F)In [ana,0 Pco, | (112)

Hence, the activity of Na,O can be obtained by mea-
suring the cell emf for a given CO, partial pressure.
Fig. 24 plots the activity of Na, O for NASICON and 8-
alumina superimposed on the Na—C—O phase stability
diagram.

According to Fig. 24, when B-alumina with a given
activity of Na,O is exposed to the CO,-containing am-
bient, Na,COs3 can form and short-circuit the cell. Be-
cause NASICON has a lower NayO activity than B-
alumina, it is more stable and subsequently has a wider
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Figure 24 The stabilities of NASICON and S-alumina upon exposure
to CO;, gas at 800 K [66].
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detection range than 8-alumina. In addition, NASICON
shows good conductivity at a temperature as low as
600 K, whereas B-alumina cannot be used at lower than
700 K.

Unfortunately, NASICON and B-alumina can eas-
ily react with H,S or SO, in the ambient to form
sodium sulfate. Greater than 50 ppb SO, in the ambient
could result in an irreversible breakdown of NASICON
[67].

7.2.2. Sensing electrode

Sodium carbonate is generally used as the auxiliary
phase with Au or Pt probes as the sensing electrode
for a type III sensor involving a Na® ion conduct-
ing electrolyte. Many interference effects (or cross-
sensitivity) can result from this auxiliary phase. For
example, sodium sulfate is usually formed when car-
bonate is exposed to an ambient containing SO, or H,S
because of the negative standard Gibbs free energies
for the reactions (113) and (114) [31, 64]:

Na,COs3 + SO, + 1/20, = NaySO4 4 CO,
AG® = —262.0KJ(500°C) (113)
Na;CO3 + 2H,S + 3/20, = NapSO4 4+ CHy 4- SO,
AG° = —378.0KJ(500°C) (114)

The presence of water vapor in the ambient is also
reported to cause a strong interference with CO, de-
tection; the response time increases and the emf val-
ues become far larger than those for dry CO,. This
degradation is believed to result from the reaction of
the carbonate with water, producing hydrated com-
pounds such as NaHCO3; and NaOH. Miura [74] iden-
tified auxiliary phases with good water-resistance by
mixing carbonates with low water solubility, such as
BaCOj3, CaCO3 and SrCO;3; with Na,COs3. Especially
good performances were obtained for the hypereutec-
tic composition of BaCO3 and Na,COj3 (molar ratio of
1.7:1.0).

Though Li-electrolyte-based type III sensors show
suppressed interference from humidity, the response



tends to deviate from the Nernstian behavior. Two pos-
sible reasons can cause this deviation: mixed (ionic and
electronic) conduction in the electrolyte and the effect
of a non-reversible electrode. The effect of mixed con-
duction on the CO, sensor was discussed in a recent
publication [70]. A reversible electrode is necessary for
maintaining thermodynamic equilibrium in an electro-
chemical sensor. A non-reversible electrode can induce
polarization at the interface between the electrolyte and
the electrode causing the potential to deviate from the
equilibrium value.

7.3. Hydrogen sensor

In certain crystalline compounds, the proton moves by
either a free proton mechanism (via H*) or by a vehicle
mechanism via species such as OH™, H;0" and NHI.
The former is mostly found in solids whereas the latter
occurs in aqueous solutions. However, materials with
wide open or layered structures such as SiO, and -
Al O3, respectively, exhibit the vehicle mechanism to
allow the passage of large molecular ions, such as H;O™
transport in 8-Al,Os.

When oxides, especially perovskite-type oxides are
exposed to environments containing water vapor or hy-
drogen gas, hydrogen dissolves into the oxides up to a
few mol% or more to form proton defects as shown in
Table III. These are stable protons at high temperature
and their mobilities are higher than those of the oxygen
ion and holes, which enables protonic conduction to oc-
cur. For example, the activation energy for the proton
conduction, Qon; ~ 0.74 eV while Qp. ~ 1.21 eV
and Qv ~ 2.5¢eV [75].

Typical perovskite oxides having the ABOj3 structure
of Fig. 25 are cerates, titanates and zirconates, where
aliovalent cation solutes such as Y13, Yb+3, InT3, Gd13
or Nd*3 are doped at the B site to increase the conduc-
tivity. In general, cerates show higher conductivities
than zirconates as shown in Fig. 26. However, their low

TABLE III The amount of hydrogen dissolved in various perovskite
oxides per unit cell structure of ABO3 [76]

Hydrogen equivalent

Materials per unit cell
BazCay.1sNb;.82035.73 (BCN18) 0.13
Ba;YSnOs 5 0.5
BayInSnOs 5 0.5

BayIn; 05 1

@ 9

Figure 25 Unit cell of the perovskite structure.
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TABLE IV Impurities doped in various zirconates [77, 78].

Zirconate oxides Dopants

CaZrO3 Al, Ga, In, Sc
SrZrO3 Al, Ga,In, Y, Yb
BaZrO3 Ga, In, Nd, Y, Dy

chemical stability and mechanical strength make them
unfavorable for practical applications. The zirconates
with Ca, Ba and Sr in the A site are most widely used as
proton conductors. When the dopants listed in Table IV
are substituted on the Zr site, these materials exhibit
proton conduction in H,/O, ambient at temperatures
from 600°C to 1000°C.

The proton-conducting properties of perovskite-type
oxides were systematically investigated by Takahashi
and Iwahara [79] in 1980. Their low proton conductiv-
ity makes them unsuitable for the use in fuel cells or
amperometric devices. However, In-doped CaZrO3 has
been successfully developed as a commercial hydrogen
probe for the detection of hydrogen dissolved in molten
Al

Since protons have a small ionic radius close to a
bare nucleus, they cannot occupy a lattice or normal
interstitial site in oxides but are always embedded in
the electron cloud of an oxygen ion, forming a hydrox-
ide defect, OHy. In the presence of water vapor, the
dissolution of protons occurs through the reaction

H,0(g) + V3* + O = 20Hy, (115)
which, in terms of gas phase dissociation reaction HO
= H;, 4 1/20,, can be divided into two separate partial
reactions: the formation of (I) the oxide and ) two
hydroxide defects written as

1
502+ V3'+ = 05 + 24° (116)

and

Hy(g) 4+ 207 + 2h* = 20Hg (117)
where electron and hole concentrations are connected
via the intrinsic equilibrium for electronic defects.
e+h*=0 (118)
The formation of proton defects in oxides is affected
by the Gibbs free energies of reactions (116) and (117),
ie., AGyis = AGji6 + AGqy7. The reaction (116)
would be favored for the oxides with a large negative
value of Gibbs formation energy for oxygen vacancies
(stable oxide) and with a large concentration of oxy-
gen ion vacancies. Reaction (117) is favored for an
oxide with higher basicity. The reaction entropies for
reactions (116) and (117) are expected to have nega-
tive values due to the annihilation of gas molecules,
which from the relation AG = AH — TAS, indi-
cates that the reactions shift to the left with increasing
temperature. Therefore, one can expect a shift in the
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concentration of positively charged defects in the order
of OHy — h* — VS3* as the temperature increases
[81].

When aliovalent acceptor impurities are doped into

the B site, the charge neutrality condition becomes

[Mg] + [¢'] = [OH] + [1°] 4 2[V5*] (119)
Therefore, the concentration of the proton solute in-
creases in the oxides, in competition with other pos-
itively charged defects such as oxygen vacancies and
holes.

From the known thermodynamic properties of Equa-
tions 116-118 and relation (119), the concentrations of
four defects (OHg), V3*, h*, €’) can be calculated as a
function of py, and Po, for a constant concentration of
acceptor dopant. For example, the map for the conduc-
tion domain in Fig. 27 can be drawn at a given tem-
perature for In-doped CaZrOs where the equilibrium
constants

Kiis = [0 1P/1VS 1pg) (120)
K117 = [OHY*/[h°) pu, (121)
K13 = [h*][€] (122)
and the electro-neutrality condition
2[VS®] + [OH®] + [A°] = [In, ] + [¢] (123)

have been used.

Proton conduction becomes dominant over oxygen
ion conduction for a wide range of oxygen and hydro-
gen activities at temperatures between 600°C to 800°C,
where the monitoring of dissolved hydrogen content in
an Al melt is performed.

The hydrogen dissolved in Al melt is measured by a
potentiometric Galvanic cell with a proton-conducting
electrolyte

(P, piy, |H | piy,, PID) (124)

8 o0 18 or 14 1 T b I3 24 A4 18 B

Tl @ g
Figure 26 Proton-conductivities of various perovskite oxides [80].
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Figure 27 Conduction domains of various defects in Inp,O3-doped
CaZrO3 [75].

The voltage of the cell (124) can be written as

RT 4
E= 20 g 2 (125)
2F Ph,

where p{jl2 corresponds to the reference gas containing
a known concentration of hydrogen gas, commercially
1% H,—Ar. In practice, dissolution of hydrogen occurs
by the reaction of water molecules in the gas phase,

3H,0 + 2Al — 6H(inAl) 4+ Al,O3 (126)

where Sieverts’ law, S = kpll{/2 2 is obeyed. Hence, the
solubility of hydrogen in pure liquid Al is given by
[82, 83]
log S(ml, STP/100gAl)
= 1/2log py,(atm) — 2,760/ T + 2.796 (127)

or, in weight percent,

log(%H)a; = 1/21log pp,(atm) — 2,760/T — 1.25
(128)

Combining Equations 125 and 127 gives the amount of
dissolved hydrogen in liquid Al as a function of voltage
measured from the cell (124) at a given temperature.

log S = 1/21og py, + 5,039.798E /T

—2,760/T +2.796 (129)
A solid mixture such as TiH,/Ti can be used to fix the
hydrogen partial pressure in the reference electrode. In
this case, the hydrogen activity is determined by the
equilibrium

Ti(s) + Hy(g) = TiHa(s) (130)
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Figure 28 The voltage measured for H-containing pure Al meltat 750°C
[84].

to

give a fixed hydrogen pressure for p;’b

pu,(atm) = exp(—17,734.68/T 4+ 16.94)  (131)

Combining Equation 125, 128 and 131 gives the weight
percent of dissolved hydrogen in Al as a function of the
voltage

log(%H)a = —6,610.5/T —5,037E/T +2.43 (132)

Fi

g. 28 shows the measurement results obtained from a

pure Al melt at 750°C, during which the gas atmosphere
over the melt was cycled between pure hydrogen and

fo

rming gas (N2 4+ Hp).

Acknowledgements
Technical comments by Mr. Chong-hoon Lee are
greatly appreciated.

References

1
2

3.

N o s

10.
11.

12.
13.
14.
15.

16.

17.
18.

. C. WAGNER, Naturwissenschaften 31 (1943) 265.

. G. SCATCHARD, J. Amer. Chem. Soc. 75 (1953) 2883.

R. A. RAPP and D. A. SHORES, “Techniques of Metal Re-
search,” Vol IV, part 2 (Interscience Publisher, 1970) p. 123.

F. A. KROGER, J. Amer. Ceram. Soc. 49(4) (1966) 215.

J. W. PATTERSON, J. Electrochem. Soc. 118 (1971) 1033.

H. NAFE, Soid State Ionics 113-115 (1998) 205.

C. WAGNER, in Proc. Intern. Comm. Electrochem. Therm. Ki-
netics (CITCE), 7th Meeting Lindau (1955) (Butterworth Scientific
Publ., London, 1957).

. 0. TILLEMENT, Solid State Ionics 68 (1994) 9.

. C. WAGNER, Z. Phys. Chem. B 21 (1933) 25.

F. O. KOENIG, J. Phys. Chem. 44 (1940) 101.

C. WAGNER, in “Advances in Electrochemistry and Electrochem-
ical Engineering,” edited by Paul Delahay (Interscience Publishers,
New York, 1966) Vol. 4, p. 1.

R. W. URE,J. Chem. Phys. 26 (1957) 1363.

J. SHORT andR. ROY, J. Phys. Chem. 67 (1963) 1860.

R. TAYLOR and H. SCHMALZRIED, ibid. 68 (1964) 2444.
E. ZINTL and U. CROATTO, Z Anorg. Aligem. Chem. 242
(1939) 79.

C. TUBANT, H. REINHOLD and G. LIEBOLD, ibid. 197
(1931) 225.

E. BARSIS and A. TAYOR, J. Chem. Phys. 45 (1966) 1154.
L. W. STROCK, Z. Phys. Chem. B 25 (1934) 441; B 31 (1936)
132.

CHEMICAL AND BIO-CERAMICS

19. C. WAGNER, Z Electrochem. 60 (1956) 4; 63 (1959) 1027.
20. D. RALEIGH, J. Phys. Chem. Solids. 26 (1965) 329.
21. R. A. RAPP, “Thermodynamics of Nuclear Materials” (IAEA,

22.

23.

Vienna, 1968) p. 559.

C. B. ALCOCK, “Electromotive Force Measurements in High
Temperature Systems” (Inst. of Mining and Metallurgy Publications,
London, 1968).

J. W. PATTERSON, E. C. BOGREN and R. A. RAPP,
J. Electrochem. Soc. 114 (1967) 752.

24. K. O. HEVER, ibid. 115 (1968) 830.

25. Y. Y. YAO andJ. T. KUMMER, J. Inorg. Nucl. Chem. 29
(1967) 2453.

26. J. B. GOODENOUGH, H. Y. P. HONG and J. A.

27.

28.

29.

KAFALAS, Mater. Res. Bull. 11 (1976) 203.

C. LEE, S. A. AKBAR andC. O. PARK, Sensors and Actu-
ators B 80 (2001) 234.

H. AONO, E. SUGIMOTO, Y. SADAOKA, N.
IMANAKA andG. Y. ADACHI, Solid State Ionics 40/41 (1990)
38.

T. HIBIO, K. MIZUTANI, T.
IWAHARA, ibid. 57 (1992) 303.

YAMAJIMA and H.

30. D. A. STEVENSON, N. JIANG, R. M BUCHANAN and
F. E. G. HENN, ibid. 62 (1993) 279.

31. H. IWAHARA, T. YAMAJIMA, HIBINO, K. OZAKI and
H. SUZUKI, ibid. 61 (1993) 65.

32. W. L. WORRELL and Q. G. LIU, J. Electr. Chem. Interf.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58

Electrochem. 168 (1984) 355.

G. HOTZEL and W. WEPPNER, in Proc. 6th Riso-Intern.
Sympo. On Transport-Structure Relations in Fast Ion and Mixed
Conductor (Riso Natl. Lab., Roskilde, 1985) p. 401.

N. MIURA, S. YAO, Y. SHIMIZU and N. YAMAZOE,
Sensors and Actuators B 13/14 (1993) 387.

P. T. MOSELY, Meas. Sci. Technol. 8 (1997) 223.

F. H. GARZON, R. MUKUNDAN and E. L. BROSKA,
Solid State Ionics 136/137 (2000) 633.

T. H. ESTELL and S. N. FLENGAS, J. Electrochem. Soc.
118(12) (1989) 1890.

C. N. SATTERFIELD, “Mass Transfer in Heterogeneous Catal-
ysis” (MIT Press, Cambridge, 1970) p. 30.

J. O. HIRSCHFIELDER, C. F. CURTISS andR. B. BIRD,
“Molecular Theory of Gases and Liquids” (Wiley Publ., New York,
1967) p. 14.

H. DIETZ, Solid State Ionics 6 (1982) 175.

R. JACKSON, “Transport in Porous Catalysts” (Elsevier,
Amsterdam, 1977) p. 9.

T. USUI, Y. KURUMIYA, K. NURIandM. NAKAZAWA,
Sensors and Actuators 16 (1989) 345.

T. USUI, A. ASADA, M. NAKAZAWA andH. OSANAI,
J. Electrochem. Soc. 136(2) (1989) 534.

Z. PENG, M. L1U, ED. BALKO, Sensors and Actuators B 72
(2001) 35.

H. SCHMALZRIED, Z. Phys. Chem. (Frankfurt) 38 (1963) 87.
Idem., Z. Electrochem. 66 (1962) 572.

W. WEPPNER,“Solid State Ionics,” edited by M. Balkanski, T.
Takahashi and H. L. Tuller (Elsevier Science Pub., 1992) p. 29.

A. MENNE and W. WEPPNER, in Proc. Third Int. Meeting on
Chemical Sensors (Cleveland Ohio, 1990) p. 225.

K. NISHIO, “The Fundamentals of Automotive Engine Control
Sensors” (Fontis Media, SA, 2001) p. 91.

F. MENIL, V. COILLARD and C. LUCAT, Sensors and
Actuators B 67 (2000) 1.

K. SAJI, H. KONDO, T. TAKEUCHI andI. IGARASHI,
J. Electrochem. Soc. 135(7) (1988) 1686.

J. E. ANDERSON and Y. B. GRAVES, ibid. 128(2) (1981)
294.

W. J. FLEMING, ibid. 124(1) (1977) 21.

S. OH, Sensors and Actuators B 20 (1994) 33.

H. TANAKA, S. NISHIMURA, S. SUZUKI, M. MIKI,
T. HARADA, M. KANAMARU, S. UENO and N.
ICHIKAWA, SAE No. 890299 (1989).

B. K. KIM, J. H. LEE and H. KIM, Solid State Ionics 86-88
(1996) 1079.

W. C. VASSELL, E. M. LOGOTHESIS and R. E.
HETRICK, SAE Paper No. 841250 (1984).

. S. SOEJIMA and S. MASE, SAE Paper No. 850378 (1985).

4659




CHEMICAL AND BIO-CERAMICS

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.
69.

70.

T. SASAYAMA, T. YAMAUCHI, R. BYERS, S.
SUZUKI and S. UENO, SAE Paper No. 910501 (1991).

A. D. COLVIN, J. S. RANKIN and K. R. CARDUNER,
Sensors and Actuators B 12 (1993) 83.

M. GAUTHIER andA. CHAMBERLAND,J. Electrochem. Soc.
124 (1977) 1579.

R. COTE andC. W. BALE, ibid. 131 (1984) 63.

K. SINGH, P. AMBEKAR andS. S. BHOGA, Solid State
Ionics 122 (1999) 191.

J. LIU and W. WEPPNER, in “Solid State Ionics,” edited by
M. Balkanski, T. Takahashi and H. L. Tuller (Elsevier Science
Publishers B. V., 1992) p. 61.

M. HOLZINGER, J. MAIER andW. SITTE, Solid State lonics
86-88 (1996) 1055.

T. MARUYAMA, S. SASAKIandY. SAITO, ibid. 23 (1987)
107.

T. LANG, H.-D. WIEMHOFER and W. GéPEL,SenS(JrS
and Actuators B 34 (1996) 383.

M. A-PORTA andR. V. KUMAR, ibid. 71 (2000) 173.

N. MIURA, S. YAO, Y. SHIMIZU and N. YAMAZOE,
ibid. 9 (1992) 165.

C. O. PARK, C. LEE, S. A. AKBAR andJ. HWANG,
ibid. 88 (2003) 53.

4660

71

72.

73.
74.

75.
76.
71.
78.
79.
80.
81.
82.

83.
84.

. G. ADACHI and N. IMANAKA, in Proc. Symp’on Chemical
Sensors II, edited by M. Butler, N. Yamazoe and A. Ricco, J. Elec-
trochem. Soc., Vol. 93, p. 182.

R. STEVENS andJ. G. P. BINNER, J. Mater. Sci. 19 (1984)
695.

G. M. KALE andK. T. JACOB, J. Mater. Res. 4(2) (1989) 417.
N. MIURA, S. YAO, Y. SHIMIZU and N. YAMAZOE,
Sensors and Actuators B 9 (1992) 165.

N. KURITA, J. Electrochem. Soc. 142(5) (1995) 1552.

T. NORBY, Solid State Ionics 125 (1999) 1.

H. IWAHARA, T. YAJIMA, T. HIBINO, K. OZAKI and
H. SUZUKI, ibid. 61 (1993) 65.

R. SLADE, S. D. FLINT and N. SINGH, ibid. 82 (1995)
135.

T. TAKAHASHI and H.
(1980) 243.

N. FUKATSU, J. Alloys Comp. 231 (1995) 706.

K. D. KREUER, Solid State Ionics 97 (1997) 1.

C. E. RANSLEY and H. NEUFELD, J. Inst. Metals 74 (1948)
599.

R. GEE andD. J. FRAY, Metall. Trans. B 9 (1978) 427.

Y. ZHANG and R. A. RAPP, The Ohio State University,
Personal Communications.

IWAHARA, Rev. Chim. Miner. 17



