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Abstract The development and utilization of solid electrolyte-
based coulometric techniques for the investigation of different
oxygen exchange processes of solids or liquids, oxygen or
hydrogen permeability through membranes, and generation of
gas flows with well-defined oxygen concentration is briefly
reviewed. The method based on Faraday’s law may be used
alternatively or additionally to thermogravimetry, gas chroma-
tography, chemical analysis, spectroscopy, and X-ray or neu-
tron diffractometry in a wide oxygen partial pressure region
(10−20 to 105Pa) unaffected by temperature. The detection limit
of exchanged oxygen is determined by a current- and voltage-
measuring technique and is now not lower than 50 ng for
devices operating in carrier gas mode.
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Introduction

Coulometry is a group of techniques in analytical electro-
chemistry for the quantitative determination of substances by
means of electrolysis reactions. It is based on counting the
electrons and subsequently the mass transported through the
electrochemical cell by an electrochemical reaction. At first,
this method was developed for liquid systems [1, 2]. Inorganic
and organic substances can be analyzed if any corresponding
reaction can be conducted in an electrochemical cell.

This technique is based on electrolysis, and it attempts to
completely oxidize or reduce the whole electroactive analyte
species to a new known state in a volume of sample solution.

Due to the quantitative relationship between electrical charge
and the mass transported (Faraday’s law), the method requires
no calibration. Electrolysis can be conducted at constant cur-
rent or at constant voltage.

The electrical charge Q measured in coulombs of elec-
tricity transferred during the electrolysis process can be
determined generally as:

Q ¼
Zt2
t1

IðtÞ � dt ð1Þ

where I(t) is the current and t is the electrolysis time.
If only one reaction occurs in the electrochemical cell, this

electricity can be related to the converted amount (m) of
substances in grams according to Faraday’s law as follows [3]:

m ¼ M

z
� Q
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where M is the molar mass, z is the number of electrons
transferred per molecule of analyte,F is the Faraday’s constant
(96,487 Cmol−1), and N is the electrochemical equivalent of
analyte in grams per mole of transferred electrons.

This analytical method is known as coulometry. During
coulometry at constant potential, the total amount of charge
(Q) is obtained by integration of the current I(t) curve as a
function of t or Q can be determined directly by using a
coulometer (electronic integrator).

Solid electrolyte coulometry (SEC) considers the electrol-
ysis reactions in cells using solid electrolytes. In oxygen solid
electrolyte coulometry (OSEC), solid oxide electrolytes such
as yttria-stabilized zirconia (YSZ), cerium oxide (CeO2),
perovskite-based conductors (La0.8Sr0.2Ga0.8Mg0.2O3−δ), or
others are used (Fig. 1). This article focuses only on gas
coulometry using solid electrolyte as a quantitative method
for the precise and easy determination of oxygen exchanged
between gas and solid (or liquid) phases in different processes.
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Oxygen transport in the form of O2− ions through gas-tight
oxide solid electrolyte membranes in these cells occurs with the
equivalent transport of electrons in the extrinsic circuit only if
the electronic conductivity of the solid electrolyte can be con-
sidered for most cases as negligible. The temperature of such
electrochemical cells should be sufficiently high for the efficient
transport of oxide ions and kinetics of the electrode reactions.

The electrode reactions in the electrolysis process shown in
Fig. 1 are in reality much more complex because they contain
many distinct steps, such as adsorption–desorption, decompo-
sition–formation of oxygen molecules, diffusion of oxygen
atoms to the three-phase boundaries, ionization–deionization
of oxygen atoms (ions), and incorporation–reincorporation of
oxygen ions (O2−) into and out of the bulk solid electrolyte. In
electrolysis, the precise mechanism of oxygen exchange and
transfer is not important and is, therefore, not considered here.

The mass of oxygen transported through a gas-tight solid
electrolyte membrane (mO2) at 100 % current efficiency can
be exactly determined by modifying Eq. 2:

mO2 ¼
32

96; 500� 4
�

Zt¼end

t¼start

It � dt ð3Þ

where It is the current in the cell at the time t. OSEC can be
successfully used for:

& Generation of gaseous atmospheres with defined oxygen
partial pressure from 10−20 to 106Pa (10−25 to 10 atm);

& Quantitative measurements of oxygen exchange between
solid and gas or liquid substances in scientific investiga-
tions, in the chemical and biochemical industries, in met-
allurgy, in semiconductor and ceramics production, and
with thermogravimetry, chemical analysis, spectroscopy,
and X-ray or neutron diffractometry;

& Measurements of oxygen permeability (diffusivity) in
ceramic, metal, or polymer membranes;

& Measurement of chemical oxygen diffusion coefficients;
& Determination of humidity of gases;
& Determination of small amounts of hydrogen or hydro-

carbons in gas mixtures.

As an alternative to other analytical methods such as spec-
troscopy and X-ray or neutron diffractometry, SEC does not
need calibration for the determination of oxygen content. The

oxygen concentration may be easily measured under in situ
conditions. Comparedwith thermogravimetry, SEC allows the
determination of actual oxygen exchange in materials even if
their thermal treatment is accompanied by mass changes of
other species, such as gas or water desorption, fugacity effects,
or decomposition. Oxygen exchange measurements can be
conducted in quasi-closed systems as well as in open systems.

Oxygen solid electrolyte coulometry in quasi-closed
systems

OSEC in quasi-closed systems (Fig. 2) first considers the
complete isolation of the material in a minimal chamber
with a gas-impermeable solid electrolyte wall attached out-
side and inside to electrochemically active electrodes. Thus,
oxygen can only be quantitatively admitted to the chamber
or removed from it by coulometric titration. The chamber
may consist completely or partially of solid electrolyte ma-
terial. Current or assay electrodes (Iel) and applied potential
electrodes (Uel) are insulated from each other using gas-tight
high-temperature glass (HTG) seals. The titration current
and voltage are simultaneously measurable.

The exchange of oxygen between the solid sample S and the
gaseous environment may be determined as a function of
temperature and oxygen partial pressure in the known chamber
volume. For example, if any solid oxide sample AOx is placed
and sealed at room temperature into an evacuated solid elec-
trolyte cell (Fig. 1), the following reaction should be observed
after the cell was heated to a sufficiently high temperature:

AOx ! AOx�d þ d 2O2= ð4Þ
If any equilibrium oxygen partial pressure (pO 0

2 ) in the
chamber at temperature (T) and oxygen titration current (I00)
is reached, the oxygen content (x−δ1) of the oxide may be
calculated using potentiometry as follows:

x� d1 ¼ x� V � T0 �M
11:2 � T � m � pO 0

2

¼ x� V � T0 �M
11:2 � T � m � exp � 4FU1

RT

� �
ð5Þ
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Fig. 1 Schematic presentation of the OSEC method
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Fig. 2 Schematic representation of the cells for coulometric experi-
ments: SE solid electrolyte tube, Uel potential electrodes, Iel current
electrodes, S sample, HTG high-temperature glass
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where V is the volume of the chamber, T0 is the temperature at
standard conditions,M is the molar mass of the AOx oxide, m
is the mass of the sample, pO0

2 is the oxygen partial pressure,
U1 is the voltage in the cell, F is the Faraday’s constant, and R
is the gas constant. By coulometric titration of oxygen at
constant temperature inside or outside the chamber using the
current electrodes, the new oxygen partial pressure in the
chamber may be established and determined by the potential
difference (U2) measured on the potential electrodes (Uel). The
change in oxygen content of the solid oxide material (Δδs)
then may be calculated at constant temperature as follows:

Δds ¼ Δd �Δdg ¼

Rt¼end

t¼start
It � dt

z � F � V

RT
�ΔpO2

¼

Rt¼end

t¼start
It � dt

z � F � V

RT
� exp �4F �ΔU

RT

� �
ð6Þ

where Δδ is the total change of oxygen content in the chamber,
Δδg is the change in oxygen content of the gas phase at the new
oxygen partial pressurepO00

2, andΔpO2 is the changed oxygen
partial pressure in the chamber corresponding to the change in
voltage at the potential electrodes Uel (ΔU0U2−U1).

The p–T–x diagrams may be constructed for some simple
and mixed oxides using this coulometry method. Closed
systems allow correct investigations of oxygen nonstoichi-
ometry if all construction elements in the cell are stable and
gas-tight. Sealing by HTGs is normally the restrictive ele-
ment in such cells. Utilization of these systems is typically
possible at temperatures 600–800 °C because of the low
oxygen conductivity of solid electrolytes below 600 °C and
the high oxygen permeation and reactivity of glasses above
800 °C. The range of possible oxygen partial pressures is
also restricted by oxygen pressures over 10 Pa.

One of the first attempts to use this technique was de-
scribed by Tretyakov and Rapp [4] for the determination of
nonstoichiometry ranges of NiO1+γ and LiFe5O8−δ. It was
shown that the principal defects in NiO1+γ are the negative
double-ionized nickel vacancies and positive lithium and
iron interstitial cations in LiFe5O8−δ. The γ and δ values
as functions of temperature and oxygen partial pressure
were determined, and partial molar enthalpies of oxygen in
these compounds were calculated and interpreted in terms of
the enthalpy of defect formation in these crystals.

A similar solid electrolyte cell was used by Ahn et al. [5]
for the investigation of superconducting oxides in the Y–
Ba–Cu–O system (Fig. 3). A closed quartz reactor with two
incorporated compartments was constructed. Each compart-
ment had its own furnace for independent temperature con-
trol. The Y–Ba–Cu–O sample was placed in one
compartment, and a YSZ solid electrolyte tube, closed at
one end, was placed in the other compartment. The YSZ

tube with porous platinum electrodes was periodically used
as an oxygen sensor for monitoring oxygen concentration in
the reactor or as an oxygen pump to quantitatively titrate
oxygen into the reactor or out of it. The solid electrolyte part
of the device was heated to a fixed temperature of 850 °C
(T2) separately from that of a sample which could be inves-
tigated at much lower temperature (T10500 °C). It was
found that a YBa2Cu3Ox material with an oxygen content
below x06.5 could be prepared at low temperature by the
removal of oxygen from YBa2Cu3O7. This technique
allowed the preparation of Y1Ba2Cu3Ox samples with pre-
cisely controlled oxygen content in Y1Ba2Cu3Ox (x06.14–
6.61) and the determination of the Y–Ba–Cu–O quaternary
phase diagram in the vicinity of this composition. The
temperature and oxygen partial pressure were restricted only
by the properties of quartz, the sealing material, and the
mixed oxide investigated.

A very similar technique (Fig. 4) was used by Li et al. [6]
for the investigation of Ba-ferrite (BaFe12019). In contrast to
[5], the temperatures of the sample and the solid electrolyte
sensor (pump) were the same, and the oxygen partial pres-
sure of the sample was directly measurable in the tempera-
ture range 700–1,000 °C. The YSZ tube was housed in a
quartz jacket using back-to-back stainless steel high vacuum
flanges. At 1,000 °C, the lower stability limit for BaFe12O19

was found to be 3.2×10−6atm oxygen. This decreased to
3.4×10−17atm at 700 °C. The experimental low temperature
limit was restricted by the small electrochemical activity of
electrodes under 700 °C.

Fig. 3 Schematic view of the apparatus [5]

Fig. 4 Schematic of the electrochemical cell configuration used in the
oxygen coulometric titration experiments [6]
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p–T–x diagrams were drawn and oxygen permeability
was determined for high-temperature superconducting
PrBa2Cu3O6+δ ceramic by Patrakeev et al. [7] using the
cells shown in Fig. 5. In contrast to earlier cells [4, 6], two
pairs of deposited platinum layers served as the oxygen
sensor and pump electrodes at these measurements. The
zirconia crucible was closed with a zirconia cap and sealed
with an HTG for the measurement of oxygen exchange
(Fig. 5a). For oxygen permeability measurements, the zir-
conia crucible was closed with a gas-dense PrBa2Cu3O6+δ

ceramic membrane and sealed with the same HTG (Fig. 5b).
During measurements, the cells were placed in ambient air.
The amounts of oxygen transported into the cell or out of it
by the oxygen pumps were calculated according to Fara-
day’s law, assuming that the oxygen transference number in
zirconia is equal to unity [8].

The oxygen content isotherms for PrBa2Cu3O6+δ were
measured by coulometric titration in the temperature range
550–825 °C at oxygen partial pressures of 10−3 to 1 atm.
The oxygen ion conductivity of the PrBa2Cu3O6+δ com-
pound was calculated using oxygen permeation values de-
termined in the temperature range 600–850 °C at
oxygen pressures 0.08–1.00 atm. The data were also
used for the calculation of oxygen chemical diffusion
coefficients. The activation energy of the oxygen con-
ductivity and oxygen diffusivity was found to be depen-
dent linearly on the oxygen content. The experimental
temperatures (550–850 °C) and oxygen partial pressures
were restricted by the properties of zirconia as a solid
electrolyte, the electrode activities, and the high-
temperature sealing glasses used.

A similar electrochemical cell was used by Lankhorst et
al. for measurements of oxygen content in La0.8Sr0.2CoO3−δ

as a function of temperature and of oxygen concentration in
the gas phase [9] (Fig. 6).

The δ–pO2 curves were measured at various temperatures
by numerical integration of the current decay after a step-
wise change in the cell voltage. Voltage steps of typically
25 mV were applied between 0 and 200 mV. These measure-
ments were performed at 700, 750, 800, 850, 900, 950, and
1,000 °C. The relative positions of the resulting δ–pO2 lines

Fig. 5 Schematic representation of the electrochemical cells used for
oxygen content (a) and oxygen permeation (b) coulometric measure-
ments [7]: a 1 zirconia crucible, 2 corundum liner, 3 powder specimen,
4 zirconia lid, 5 HTG, 6 oxygen sensor electrodes, 7 oxygen pump
electrodes, 8 voltage wires; b 1 zirconia crucible, 2 ceramic membrane

of the specimen under experiment, 3 HTG, 4 oxygen sensor electrodes,
5 oxygen pump electrodes, 6 voltage wires, Iin oxygen flux into the
internal space of the zirconia cell owing to the oxygen permeability of
membrane 2, Iout oxygen flux due to voltage applied to the electrodes
of pump 5

Fig. 6 Electrochemical cell used for oxygen titration experiments [9]
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were determined by measuring the open-circuit electromotive
force (EMF) while changing the temperature. To measure the
energy and entropy of oxygen incorporation, the open-circuit
EMF was monitored as a function of temperature at constant
oxygen nonstoichiometry. These temperature step measure-
ments were performed in the range 0.01>δ>0.085. Between
two temperature steps, the oxygen stoichiometry of the sample
was adjusted by electrochemical pumping of oxygen into the
cell or out of it.

Lankhorst and Bouwmeester [10] have investigated the
same compound using the two different cells shown in Fig. 7.

The electrochemical cells used (Figs. 6 and 7) were
constructed according to the cell previously described by
Lade and Jacobsen [11] for the determination of chemical
diffusion and oxygen exchange coefficients in mixed ionic–
electronic conducting oxides. These measurements were
performed after stepwise change of oxygen partial pressure
in the container (Fig. 8) and showed similar results. The
gold gasket in the cell [11] was then changed to a high-
temperature Pyrex glass ring [9, 10]. To take into account
the pO2-dependent polarization losses at the internal YSZ/
Pt/O2 interface, the authors [9, 10] applied a reference
electrode. The cell used by Lade and Jacobsen contained a
reference electrode to account for the pO2-independent po-
larization losses at the external YSZ/Pt/O2 interface.

Another solid electrolyte coulometric cell was developed
by Patrakeev et al. [12] for high-precision coulometric

measurements of the equilibrium oxygen content in the
YBa2Cu3−xCoxO6+δ solid solution. The authors wrote that
the main uncertainty of the method in the case of the standard
single cell [7, 13] was related to an uncontrollable leak of
oxygen into the experimental cell resulting from the small
electronic conductivity of the solid electrolyte. To minimize
this bypass flux, the measuring cell was placed inside an
auxiliary electrochemical cell so that it is possible to maintain
a nearly zero oxygen pressure gradient across the wall of the
measuring cell during experimental runs (Fig. 9). The oxygen

Cell2Cell1

Fig. 7 Schematic diagrams of
two of the electrochemical cells
used for La0.8Sr0.2CoO3−δ
investigation [10]

Fig. 9 Schematic drawing of the double cell for the coulometric
titration (not to scale): 1 measuring cell of the ZrO2(Y2O3) oxygen
solid electrolyte, 2 covering cell of the zirconia electrolyte, 3 and 4
oxygen pump, 5 and 6 oxygen sensor, 7 thermocouple, 8 material
under study (about 200 mg), 9 zirconia lid, 10 HTG [12]

Fig. 8 Electrochemical cell: RE reference electrode, WE working
electrode, CE solid electrolyte [11]
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pressure pO2 in the measuring cell was calculated from the
relation:

log pO2 ¼ 21:159

T
� Em þ Eið Þ � 0:69 ð7Þ

where Em and Ei stand for voltage at the oxygen sensor of the
measuring and isolating cell, respectively. The titration was
carried out by changing the oxygen partial pressure in the
measuring cell using the electrochemical pump. The oxygen
pump of the isolating cell worked simultaneously to maintain
a minimal voltage at the sensor of the measuring cell. The
absolute value of (Ei) during experiments did not exceed
2 mV. As a result, the error in the determination of (δ) relative
to the reference point did not exceed 0.002.

A four-probe arrangement was used for simultaneous mea-
surement of the high-temperature conductivity and the ther-
mal EMF in ceramic specimens. The measurements were
carried out in the cell analogous to that depicted in Fig. 9,

which enabled change and control of the oxygen pressure over
the sample. The oxygen content in the specimen at a given
temperature and oxygen pressure was calculated from the
coulometric titration data. However, the above-mentioned
restrictions of closed coulometric cells remained unavoidable
in these experiments.

Oxygen solid electrolyte coulometry in open systems

According to Fouletier et al. [14], the idea of free gaseous
oxygen pumping was initially suggested in the mid-1960s
by Weissbart et al. [15] and Antonsen et al. [16]. The first
quantitative study of this idea was performed by Bulliere
[17]. In 1969, Besson et al. patented [18] the electrochem-
ical method for separating O2 from a gas, generating elec-
tricity and measuring the oxygen partial pressure. The
proposed device provides oxygen-inert gas mixtures of

Oxygen
Sensor

Inert Gas

Insulating Ceramics 

Controlled System (tO, vO)

Oxygen
Dosing

Current
Controller

Electrometer

Setpoint
I 

Integral 
Controller

Setpoint
E 

Hand-Automatic Switch

Fig. 10 Diagram of a pump–
gauge measurement device [25]

Fig. 11 Diagram of a pump–
gauge cell [14]
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well-defined compositions. Beekmans and Heyne [19] de-
veloped in 1971 the electronic regulation of the pumping
process, generating a constant oxygen pressure in a flowing
gas carrier. Rapp [20] patented and described in detail an
adequate device for oxygen pumping.

Hartung and Möbius [21] pointed out the oxygen semi-
permeability of the solid electrolyte tubes used, which may be
considered to be a serious drawback of the proposed method,
but following investigations by Beekmans et al. [19], Besson
et al. [22], and Fouletier et al. [14, 23, 24], they described a
pump and a gauge device, which obviate the main disadvan-
tages of the initial designs. Physical oxygen permeability due
to porosity, “electrochemical oxygen permeability” of solid
electrolytes due to electronic conductivity, and temperature
gradient between the working and reference electrodes could
be eliminated or compensated by electronic devices.

The first practically useful oxygen pump–gauge devices
for the preparation of oxygen-inert gas mixtures with well-
determined compositions were developed and submitted for
publication almost simultaneously in March 1975 (Figs. 10
and 11, following [25] and [14], respectively). The manu-
script [25] was submitted 3 weeks earlier.

The conventional pump–gauge devices were simply metal
coatings deposited on solid electrolyte tubes. YSZ or calcium-
stabilized zirconia was utilized as solid electrolyte material, and

Pt was utilized as electrodes. The operating temperature was
between 600 and 800 °C. The analyzed gas flowed in the tubes
and ambient air was in contact with the external electrodes.

A known current was passed through the electrolyte in the
pump zone by applying a suitable voltage between the electro-
des. If the electrolysis obeys Faraday’s law, the flow of oxygen
being pumped from the outside to the inside of the tubes can
be easily calculated (Eqs. 1 and 2). A new apparatus using a
microgauge [14] was capable of producing oxygen-inert gas
mixtures with oxygen concentrations ranging down to some
10−2ppm within an accuracy of a few percent.

A coulometric procedure for the determination of hydro-
gen in inert gases has been given [25]. Hydrogen was
titrated with oxygen introduced electrochemically into the
gas stream. The determination of the equivalence point fol-
lowed gas potentiometrically. This procedure was used for the
determination of hydrogen permeation through the walls of a
nickel membrane in the temperature range 180–350 °C. The
other species (CO, CH4, and others) can also be determined
with similar accuracy. In addition to its analytical use, the
device is able to measure oxygen partial pressure and to
prepare gas mixtures with constant oxygen concentration,
which can be lower or higher than that in the input gas.

The first industrial measurement system was OXYLYT™
(SensoTech, Magdeburg, Germany) developed in the early

cell 1 cell 2reactor

I1 Ir I2

Ur

U2U1

pO2
/

pO2
// pO2

/// pO2
////

Fig. 12 Schematic of the
OXYLYT™ device for
simultaneous in situ OSEC and
electrical conductivity
measurements [26]

Fig. 13 Oxygen content of U0.7Ce0.3O2−δ (a) and U0.7Pr0.3O2+δ (b) as functions of oxygen partial pressure at 1,223 K [32, 33]
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1990s. It used both SEC and potentiometry methods [26].
This system operates in a carrier gas mode and has no restric-
tions on the measurement conditions for the samples, such as
temperature or oxygen concentration. Therefore, it is more
flexible in comparison with closed systems normally using the
same temperature for both the solid electrolyte cell and the
sample under investigation. By OSEC in open systems, mate-
rials and processes can be investigated at every temperature
and atmospheres, except those combustible and aggressive to
electrodes and solid electrolyte gases. Gas mixtures with small
concentrations of burning gases equilibrated with oxygen
under the experimental conditions (H2O, H2, O2, CO2, CO,
and O2) can also be successfully investigated by this method.
Other material properties, such as electrical conductivity, mag-
netization, and crystal structure could be easily determined on-
line simultaneously with oxygen exchange.

Figure 12 illustrates the operating principle of the
OXYLYT™ open solid electrolyte coulometric and potenti-
ometric system.

Two identical solid electrolyte cells are utilized in this
measurement system. Each cell has a pair of oxygen pump-
ing (I) and potential measurement (U) electrodes. The cells
allow the preparation of steady-state gas flows with a given
oxygen concentration by presetting the electrode voltage
(U) at a known temperature. The voltage is controlled by
feedback adjustment of the coulometric titration current (I)
between the oxygen-pumping electrodes. If an experimental
reactor with a sample is placed between two such cells, the
oxygen partial pressure in the sample can vary in the range
10−15 to 105Pa. The temperature of the reactor can be selected
independently of the temperature of the pump and analyzing
cells and is restricted only by the construction materials, fur-
nace, and sample properties because the cells operate at opti-
mum electrode and solid electrolyte conditions. Inert gases such
as Ar, N2 mixed with O2, or gas mixtures with H2O, H2, O2,
CO2, CO, and O2, for example, may be used as carriers.

A stable oxygen partial pressure pO2′ in the inflowing gas
can bemodified in cell 1 by coulometric dosingwith oxygen to

Fig. 14 OSEC measurement of oxygen exchange in YBa2Cu306.7 powder in Ar–O2 at pO2024 Pa (a) and change of oxygen stoichiometry of
YBaCuO core in an AgPd tape (b) [38]

Fig. 15 Oxygen content (a) and resistivity (b) in SrCoO3−x versus oxygen partial pressure at different temperatures [45]
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give the required pO2″ values. No change of oxygen concen-
tration in the reactor is observed if no oxygen exchange pro-
cesses take place in the reactor (pO2″0pO2‴). A constant basic
oxygen dosing current (I2,base) may occur inside cell 2 if the
given constant voltage (U2) is lower than (U1) (pO2″<pO2″″).
After a sufficiently long sweep time, all controlled electro-
chemical parameters (I1, I2, U1, and U2) reach constant values
if the gas separators are dense, the carrier gas flow is constant,
and no oxygen exchange processes take place in the reactor.
All oxygen exchange in the reactor should then be accompa-
nied by a deviation of the coulometric titration current (I2) from
the (I2,base) value, if (U2) is kept constant. The mass of oxygen
exchanged (ΔmO2 ) may be calculated from Faraday’s law:

ΔmO2 ¼
MO2

F � z
�

Zt¼end

t¼start

I2;base � It
� �

dt

¼ 32

96; 500� 4
�

Zt¼end

t¼start

I2;base � It
� �

dt ð8Þ

Knowing the mass and chemical composition of the
sample investigated, the so-called oxide p–T–x and p–T–σ
diagrams are readily constructed by stepwise changing of
the oxygen partial pressure and temperature in the reactor.

Some applications of OXYLYT™ and ZIROX™ devices

Many investigations were performed during the development
of the OXYLYT™ prototype. Using uranium oxides as exam-
ples, Teske et al. [27] described the qualification and limita-
tions of the SECmethod. The OSEC open system method has
shown higher accuracy in comparison with solid electrolyte
potentiometry and does not require calibration. Standard devi-
ations for oxygen/metal ratios down to ±0.0007 have been
attained. The method showed good agreement with thermog-
ravimetric determination of oxygen content in uranium oxides
and was recommended for the preparation of nuclear fuel
oxides with predetermined oxygen content. The accuracy
attained in the OSEC method was confirmed by investigation

Fig. 16 Specific electrical conductivity of Ce0.8Pr0.2Oγ−δ (a) and Sr0.9Ce0.1FeO3−δ (b) as a function of oxygen partial pressure [46, 47]

Fig. 17 Temperature dependency of oxygen deficiency (x) in Sr0.85Ce0.15CoO3−δ at different oxygen pressures (a) and electrical conductivity of
Sr0.88Ce0.12CoO3−δ at 800 °C as a function of oxygen pressure (b) [48]
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of interactions between nonstoichiometric oxides, such as
CeO2 − x , PrO1.5 + δ , U0.7Ce0.3O2 ± δ , U0.7Pr0 .3O2 ± δ ,

U0.8Gd0.2O2−δ, and U1−zPuzO2+δ, in (Ar+O2+H2+H2O) gas
mixtures at 1,050–1,350 K [28, 29].

800°C 800°C 

Fig. 18 Oxygen stoichiometry (above) and electrical conductivity of some perovskite structure compositions in the system Sr–Ce–Fe–Co–O
versus oxygen partial pressure [49]
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The applicability of solid electrolyte coulometric cells as
gas chromatography detectors (GCD) has been successfully
demonstrated [30]. The concept was to use the coulometri-
cally generated oxygen in a feedback fashion, thereby gen-
erating a detector signal corresponding to oxygen
consumption. A solid electrolyte tube with a pair of oxygen
sensors at the pumping input and output was used as a GCD
in the output gas line from the gas chromatography column.
Testing of this detector showed that oxygen, hydrogen,
nitrogen oxides, and hydrocarbons such as methane, ethane,
propane, and butane can be detected into the parts per billion
region (10−9) in gas mixtures with inert gases.

Since the end of the 1980s, over 50 papers describing
measurements using OXYLYT™ and its successors produced
by ZIROX™ (Greifswald, Germany) have been published.

The general reaction UyMe1−yO2+x+δH20UyMe1−yO2+x−δ+
δH2O (Me0Pu, rare earths) has been investigated using a solid
electrolyte-based coulometric technique in a carrier gas mode.
The changes in the hydrogen and the oxygen concentrations in
the gas phase during the reaction were registered continuously
by coulometric titration and potentiometric measurements.
Figure 13 illustrates the pO2 dependencies of oxygen stoichi-
ometry indexes of U0.7Ce0.3O2−δ (a) and U0.7Pr0.3O2+δ (b)
determined by SEC at 1,223 K as an example [31]. Lines 1
and 3 in Fig. 13a present the data [32] for comparison. Pure
UO1.98 was prepared by the coulometry method in the

temperature range 500–1,200 K, its composition being then
fixed by quenching to room temperature [33]

A correlation between the oxide ion conductivity and the
grain boundary area of Ce1−nLanO2−0.5n ceramics was
found by utilization of an OXYLYT™ device [34]. The
grain boundaries seem to be able to participate in oxygen
exchange between the polycrystalline mixed oxide and the
gas phase. Their electrical conductivity was considered as
predominant because the volume fraction of the grain
boundaries amounts to 6 % at a grain size of 1 mm and a
grain boundary thickness of approximately 30 nm.

Low oxygen deficiency was detected by coulometry in
ZnO1−δ [35]. At 1,373 K, solid solution exists up to x00.002.

OSEC may be used for measuring oxygen concentrations
in the few parts per million to several percent range if a
diffusion barrier on the cathode side of a ZrO2-based solid
electrolyte cell is provided. If a voltage U is applied to such
a diffusion-controlled sensor device, the current in this
circuit is proportional to the oxygen concentration. The
necessary components of the pumping voltage control have
been developed and described [36].

Oxygen exchange betweenmixed oxides of the Y–Ba–Cu–
O system and the gas phase was investigated under reduced
oxygen pressure by a solid electrolyte-based coulometric
technique in a carrier gas mode [37–41] As an example,
Fig. 14 shows some data for heat-treated YBa2Cu3O6.7

Table 1 Oxygen nonstoichiom-
etry, δ, of MnFe2O4+δ samples
[51]

Point Atmosphere Log pO2 (atm) Temperature in °C δ in MnFe2O4+δ

1 Ar/H2O/H2 −19.2 600 δ10−0.013

2 Ar/H2O/H2 −16.2 700 δ10−0.026

3 Ar −4.6 700 δ100.014

4 Ar −4.6 800 δ100.007

5 Ar/O2 −3.8 550 δ100.180

6 Air −0.68 400 δ100.420

Fig. 19 pO2 dependencies of conductivity (a) and amount of desorbed oxygen from air-oxidized La0.9Sr0.1(Ga1−yMy)0.8Mg0.2O3−x samples (b) at
800 °C [57]
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powder and high-temperature superconductor cores in AgPd-
sheathed tapes [38]. Oxygen release from YBaCuO core tape
during heating to 1,000 °C in an oxygen-poor atmosphere was
characterized by the decreasing oxygen atomic stoichiometry
index of YBa2Cu3O6.7 of up to 4.7.

Heating of the Nd2−xCexCuOψ single crystal, with a con-
stant Ar flow rate at pO20100 Pa, is accompanied by two
oxygen desorption rate maxima at 923–1,173 K [42, 43].
These are probably connected with desorption of oxygen from
different crystallographic positions in the compounds. Distor-
tions of the crystal lattice are likely caused not only by varia-
tion of its oxygen content, which may be reduced from 4.00 to
as small as 3.94, but also by oxygen redistribution between

crystallographic positions 02 and 01. Using the SEC tech-
nique, a three-step reduction process of thick superconducting
Nd2−xCexCuOψ (0<x<0.17) single crystals of perfect quality
with a critical temperature Tc019 K was developed [42, 43].

For analytical control, the Ti3+ content of the Li1−xMgxTi
III
1+x

TiIV1−xO4 samples prepared was determined by solid-state
coulometric titration using an OXYLYT™ apparatus [44].

Strontium cobaltite SrCoO3−δ was investigated using
SEC and resistivity measurements in the temperature range
20–1,050 °C under oxygen partial pressures of 0.5–400 Pa
[45]. It was found that two observed oxygen desorption/
sorption maxima within the temperature range 500–950 °C
correlated with phase transitions, as had been previously

Fig. 20 Oxygen
nonstoichiometry as a function
of pO2 for LSCF 6428 (a)
LSCF 8228 (b), and LSCF
2882 (c) at different
temperatures and for various
La0.6Sr0.4Co1−yFeyO3−δ (d) at
800 °C ([62, 63], 4 denotes
[101])

Fig. 21 log(k) at various
temperatures (a) and log(D) at
900 °C (b) as functions of log
(pO2) for powdered
La0.6Sr0.4Co0.2Fe0.8O3−δ [60]
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reported in the literature. An additional oxygen desorption/
sorption maximum was found at temperatures of 965–
1,000 °C, which was explained as an order–disorder transi-
tion of the cubic high-temperature phase. The dependencies
of the equilibrium values of oxygen content as well as
specific resistivity on temperature and oxygen partial pres-
sure were determined for the cubic phase (Fig. 15).

The OSECwas directly coupled with electrical conductivity
measurements [46]. It was found that the oxidation state of Pr
in the fluorite-type phases increases from PrO2− δ to
Ce0.8Pr0.2Oψ−δ and to Ce0.8Sr0.08Pr0.12Oψ−δ and that the con-
ductivities of these oxides increase with the Pr oxidation state.
Changing from n-type to p-type conductivity was observed
with increasing oxygen concentration in the gas phase for both
Ce0.8Pr0.2Oψ−δ (Fig. 16a) and Ce0.8Sr0.08Pr0.12Oψ−δ at pO20
10−10 to 1 Pa at temperatures of 700–800 °C. A similar
conductivity behavior (Fig. 16b) was also observed in
Sr0.9Ce0.1FeO3−δ at pO2010

−7 and 10−5Pa at 800 and 900 °
C, respectively [46, 47]. In temperature-programmed plots for
Sr1−yCeyFeO3−δ solid solutions, the oxygen release maxima

were found, which pointed to possible phase transitions in
these perovskite-type compounds.

The p–T–x and p–T–σ diagrams were established for
some cobaltites in the Sr1−yCeyCoO3−δ system [48], analo-
gous to the above-mentioned Sr1−yCeyFeO3−δ. Oxygen de-
ficiency x of Sr0.85Ce0.15CoO3−δ was found to change
between 0.37 and 0.55, depending on temperature (400–
1,000 °C) and oxygen partial pressure varying from 6 to
20 Pa (Fig. 17a). The Sr0.88Ce0.12CoO3−δ composition
showed p-type semiconductivity at 800 °C with pO2 in the
range 0.1–105Pa (Fig. 17b). In air, the maximum conduc-
tivity of 500 S/cm was found at 400 °C for y00.15.

Oxygen stoichiometry and total and ionic conductivities of
some compositions in the Sr1−xCexFe1−yCoyO3−δ (x00–0.2,
y00–1.0) system have been investigated (Fig. 18) [49]. The
oxygen deficiencies increase with decreasing pO2, increasing
cobalt content, and decreasing ceria content at pO2010

−14 to
102Pa at 700–800 °C. In compositions with high Co content,
additional phases resulting from decomposition such as SrO,
CeO2, Fe2O3, and CoO or metallic cobalt occur below 10−10Pa.

Fig. 22 Oxygen stoichiometry as a function of temperature at various
oxygen partial pressures (a) and chemical diffusion coefficient D of
La0.4Sr0.6CoO3−δ as a function of the oxygen stoichiometry at 725 °C

from oxygen exchange experiments (ox oxidation, red reduction) and
at 775 °C from galvanostatic polarization measurements (pol polariza-
tion, depol depolarization) (b) [66]

Fig. 23 Log–log plots of the surface exchange coefficient of
La0.4Sr0.6FeO3−δ at 700 and 900 °C (a) and of the chemical diffusion
and surface exchange coefficients versus oxygen partial pressure (b)
determined by different methods at 700–725 °C [68]: carrier gas

coulometry: inverted open triangles and plus sign reduction, open
circles and open diamonds oxidation; conductivity relaxation: open
triangles and multiplication sign reduction, open squares and filled
diamonds oxidation
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The O/Mn ratio of MnO1+δ crystals prepared by the chem-
ical transport reaction with HCl was determined by the SEC
using anOXYLYT™ device [50]. It was found that y values in
MnO1+δ change with deposition temperature from 0.0025 at
1,091 K to 0.0128 at 1,292 K.

The phase stability and oxygen stoichiometry of manga-
nese ferrite MnFe2O4+δ were investigated at 400–900 °C as a
function of oxygen partial pressure [51]. Oxygen nonstoichi-
ometry, δ, determined by a solid electrolyte-based coulometric
technique in differently prepared samples is given in Table 1.

SEC, together with thermogravimetric analysis and X-ray
diffraction (XRD), was used to examine the stable phases in
the Li–Mn–O system [52]. It was found that, between 400 and
880 °C, only a spinel with the composition Li1+xMn2−xO4+δ

(δ≈0) is stable. The lithium nonstoichiometry, x, is a function
of temperature and oxygen partial pressure. The value of x

increases with decreasing temperature and increasing pO2.
The possible lithium stoichiometry range Δx at a given tem-
perature and oxygen partial pressure is much smaller than
previously accepted. It was found that 0.05<Δx<0.13. The
spinel Li1+xMn2−xO4+δ has a negligible oxygen nonstoichio-
metric range, δ<0.02. Below 400 °C, it appears to be stable
only as Li4Mn5O12 and LiMn1.75O4.

Künstler et al. [53] had investigated the oxygen exchange
of BaCe0.8In0.2O3−α−y as a potential solid electrolyte. For the
determination of the amount of exchanged oxygen, the pul-
verized material was annealed between 100 and 900 °C in a
gas stream with a pH2O/pH2015 and quenched afterwards.
The amount of oxygen exchanged with the sample was deter-
mined by the oxygen partial pressure change in a nitrogen
carrier gas at pO200.2 Pa by means of coulometric titration. It
was found that the exchanged oxygen increased with the

Fig. 24 Temperature
dependences of titration current
in a coulometric cell (a),
oxygen content and resistance
(b), resistance (c), and oxygen
content (d) in some La2−x
SrxNiO4±δ ceramics in Ar/O2

gas flows at different oxygen
concentrations [70, 73]

Fig. 25 Oxygen
nonstoichiometry (a) and
specific resistance (b) versus
oxygen pressure at different
temperatures for La2NiO4±δ

[71]
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temperature following the equation logy0−(4.09±0.09)−
(1,170±60)/T, where y is the amount of exchanged oxygen
in moles per gram of sample. The minimum temperature for
the absorption of oxygen into the crystal lattice was about
200 °C.

Reduction stability of Ln2Ni0.8Cu0.2O4 (Ln0La, Pr, Nd)
compositions with K2NiF4-type structure in nitrogen as well

as in a reducing atmosphere and their oxygen permeability
under an air–nitrogen/oxygen partial pressure gradient has
been investigated [54]. It was found that the compositions with
Ln0La and Pr were stable in nitrogen (T0950 °C), whereas
the composition with Ln0Nd showed partial decomposition.
The assumption that the decrease of stability to reduction
depends on the increasing atomic number of the rare earth

Fig. 26 The pO2 dependencies
of oxygen content (left) and
electrical conductivity (right) of
the Pr2−xSrxNiO4±δ series with
x00–1.0 determined by SEC at
500 °C (a), 700 °C (b), and
900 °C (c) [76]

Fig. 27 Dependence of
pumping current on both time
(a) and temperature (b) in the
coulometry cell during the
sintering of a sample with
0.5 mol% La and 1 mol%
excess TiO2. Ambient
atmosphere, pO202.4 Pa
[78, 79]
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cation was further confirmed by SEC measurements. The
measured oxygen permeabilities of Ln2Ni0.8Cu0.2O4 changed
with Ln cation in the order La<Pr<Nd (La0La, Pr, Nd, etc.).

Trofimenko and Ullmann [55, 56] and later Khorkounov
[57] investigated solid solutions of lanthanum gallate, LaGaO3,
partially substituted by transition metals. Figure 19a illustrates
that Co-substituted La0.9Sr0.1(Ga1−yMy)0.8Mg0.2O3-δ composi-
tions show the highest conductivity, and their oxygen ex-
change increased with Co content in the pO2 range 10−10 to
100 Pa at 400–900 °C (Fig. 19b). The oxygen permeation
measurements carried out with an OXYLYT™ device show
an increasing hole conductivity of La1−xSrxGa1−y−zMgyCozO3

±δ with increasing Co content which provides no possibility of
using these solid solutions as solid electrolytes [57].

The conductivity in two orthogonal directions of the
single crystals La0.95Sr0.05Ga0.9Mg0.1O2.92 and La0.9Sr0.1-
Ga0.8Mg0.2O2.85 has been studied [58]. Both the conductiv-
ity and the structural data indicated three-phase transitions
in La0.95Sr0.05Ga0.9Mg0.1O2.92 at 520–570 K (Imma–I2/a),
at 770 K (I2/a–R3c), and at 870 K (R3c–R-3c), respectively.
Two transitions at 770 K (I2/a–R3c) and in the range 870–
970 K (R3c–R-3c) occur in La0.9Sr0.1Ga0.8Mg0.2O2.85.

Many investigations of oxygen nonstoichiometry, oxygen
diffusion mobility, oxygen surface exchange, and electrical
conductivity in the La1−xSrxCo1−yFeyO3−δ system have been
carried out using OSEC [59–68]. Figure 20 illustrates the
oxygen nonstoichiometry index (δ) found for some composi-
tions in this series versus oxygen concentration at different

temperatures. The degree of oxygen nonstoichiometry (δ)
increased with increasing temperature, decreasing oxygen
partial pressure, and increasing Sr or Co content.

Relaxation experiments, following small increments in
temperature or oxygen pressure, were carried out to inves-
tigate oxygen transport and surface absorption kinetics [60].
Using a suitable diffusion model and nonlinear parameter
optimization, the surface exchange coefficient (k) and chem-
ical diffusion coefficients (D) of oxygen were obtained from
the experiments. The results were found to be consistent
with those of other relaxation techniques.

The surface exchange and chemical diffusion coefficients
were found for powdered La0.6Sr0.4Co0.2Fe0.8O3−δ oxide
materials at 700–900 °C and reduced oxygen pressures in
the range 1×10−3 to 6.3×10−5atm (Fig. 21). The results
obtained in this study were found to be consistent with those
obtained by means of other relaxation techniques.

Sitte et al. [65–68] have investigated oxygen nonstoichi-
ometry, oxygen diffusion mobility, oxygen exchange kinet-
ics, and oxygen ionic and total conductivity of two
La0.6Sr0.4CoO3−δ and La0.4Sr0.6CoO3−δ compounds. Oxy-
gen stoichiometry (3−δ) of La0.4Sr0.6CoO3−δ varied be-
tween 3.0 and 2.65 at 20–950 °C in the pO2 range of 1×
10−4 to 1.9×10−9Pa (Fig. 22a). Chemical diffusion coeffi-
cients were found to increase with oxygen content (3−δ)
from 3×10−7 to 1.6×10−6cm2s−1 at 725–775 °C (Fig. 22b).

Figure 23 presents the pO2 dependencies of oxygen ex-
change and oxygen chemical diffusion coefficients of

Fig. 28 Electrical conductivity
as a function of oxygen partial
pressure for some ceramics in
the (La1−xCax)1−αCr1−yTiyO3

(a) and La0.6−γ
Ca0.4Cr0.2Ti0.8O3 (b) systems at
900 °C [85]

Fig. 29 Oxygen exchange of
the powder samples La1−x
CaxCrO3−δ during treatment
under Ar/H2/H2O gas flow and
pO2 dependence of conductivity
for some ceramics in the system
La1−xCaxCr1−yTiyO3−δ at 900 °C
[87]
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La0.4Sr0.6FeO3−δ determined by different methods including
OSEC in the temperature range 700–900 °C at oxygen
concentration varying from 1×10−4 to 2×10−3bar [69].

The oxygen nonstoichiometry and electrical conductivity
of the series of lanthanum–strontium nickelates [69–72] have
been investigated using OXYLYT™ devices. Some of the
results obtained in the La2−xSrxNiO4±δ system are presented
in Fig. 24. The pO2 dependence of oxygen nonstoichiometry
and electrical conductivity for La2NiO4±δ are given in Fig. 25.
A very stable composition in the La2−xSrxNiO4±δ system at
x00.4 was discovered. The nickelates studied are p-type con-
ductors whose conductivity decreases with temperature, as in
metals. The oxygen permeability of nickelates with x00–0.4
measured with a pO2 gradient between 0.21×105 and 200 Pa
increases in accordance with increasing range of oxygen non-
stoichiometry. The highest permeation of about 8×10−7mol
cm−2s−1 at 1,000 °C was found for La2NiO4±δ.

Oxygen nonstoichiometry and electrical conductivity of
the Pr2−xSrxNiO4±δ series with x00–1.0 have been investi-
gated in Ar/O2 (pO202.5 to 21,000 Pa) in the temperature
range 20–1,000 °C [73–75]. The equilibrium values of
oxygen nonstoichiometry and electrical conductivity of
these nickelates were determined as functions of tempera-
ture and oxygen partial pressure. In the investigated temper-
ature and pO2 ranges, the nickelates appear to be p-type
semiconductors (Fig. 26). The conductivity of the Pr2−
xSrxNiO4±δ samples correlates to the middle oxidation state
of nickel cations. The samples with x00.9 show the highest
conductivities of 170–700 S/cm at 500–900 °C and pO20

2.5–21,000 Pa. In these samples, the middle oxidation state
of nickel is closest to 3.0+. The nickelates with x00.3–0.5
show insignificant pO2 conductivity dependencies. The
Pr1.8Sr0.2NiO4±δ and Pr1.7Sr0.3NiO4±δ nickelates show
anomalies in conductivity versus oxygen partial pressure,

Fig. 30 Conductivity of gas-dense La0.47Ca0.4Cr0.2Ti0.8O3−δ ceramic
sample after corresponding gas flow switch [88]

Fig. 31 Electrical conductivity some La0.567±γCa4Cr0.5Ti0.5O3 ceram-
ic samples at 900 °C [88]

Fig. 32 Oxygen content (1), electrical conductivity (2), and tempera-
ture (3) of the ceramic sample during treatment in gas flows at different
oxygen partial pressures [92]

Fig. 33 Conductivity (1–4) and oxygen content (5–7) of the ceramic
sample during cooling in gas flows at different oxygen partial pressures
[92]
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which can be related to transformations between orthorhom-
bic and tetragonal crystal structure.

A series of La2−xSrxCoO4±δ (x00.5–1.5) compounds as
powders and ceramic shapes showed reversible oxygen desorp-
tion–sorption behavior in argon during heating and cooling
between 300 and 1,050 °C [76]. The amount of exchanged
oxygen δ was found to be a function of Sr content, x. In the
range 0.5<x<0.8, the amount of exchanged oxygen decreased
to 0, and from 0.9<x<1.5, it increased to a maximum value. At
850 °C, the LaSrCoO4±δ compound (x01) showed a maximum
conductivity of 160 Scm−1.

Hagenhammer et al. have investigated the reoxidation pro-
cess of donor-doped [77–79] and acceptor-doped [79] BaTiO3

ceramics at temperatures of up to 1,500 °C in flowing gas at
pO202.4–260 Pa. During an investigation of the sintering
process of Ba1−xLaxTiO3 ceramics (0<x<0.05), three differ-
ent oxygen release phenomena were observed: the first due to
the formation of Schottky-type oxygen vacancies, the second
caused by the incorporation of the donor impurity during grain
growth, and finally, an irreversible release with an onset
temperature between 1,000 and 1,150 °C. The reason for this
was not clear (Fig. 27) [78, 79].

Oxygen stoichiometry, total electrical conductivity, and ox-
ygen diffusion mobility were measured for certain composi-
tions for the cation stoichiometric Ca1−xLaxCr1−yTiyO3−δ and
A-site-deficient La(2+y−2x)/3CaxCryTi1−yO3−δ systems at tem-
peratures of 20–1,000 °C and at oxygen pressures of 1×10−14

to 0.21×105Pa [80–88]; Figs. 28, 29, 30, and 31 illustrate
something of this SEC.

The A-site-deficient samples show a higher sintering ability
in comparison with the cation stoichiometric compositions, and
in contrast to the latter, they can be prepared in a dense state in
air at temperatures of 1,200–1,300 °C. The oxygen mobility of
these can be characterized by chemical diffusion coefficients
equal to (1–9)×10−9cm2s−1 at 900 °C and pO201,000–
21,000 Pa. It seems that the low oxygen mobility of the A-
site-deficient chromites–titanates turns out to be the only dis-
advantage of these compositions with respect to their applica-
tion as anode material for solid oxide fuel cells (SOFCs) [88].

It has been found that the high electrical conductivity of
La1−xCaxTiO3−δ under reducing conditions and the high
catalytic activity of La0.1Ca0.9Ti1−xRuxO3−δ for the oxida-
tion of hydrocarbons might possibly be combined to form an
efficient multilayer SOFC anode [89].

The high thermal and chemical stability of the compounds
in the La1−xCaxCr1−yTiyO3 system at high temperature in a
broad oxygen partial pressure range, coupled with their suffi-
ciently high electrical conductivity under reducing conditions,
give some hope for increasing their catalytic activity by dop-
ing with small amounts of other catalytic active cations on B-
sites and for possibilities of using these compounds as SOFC
anode materials.

Double B perovskite compounds in the system La0.6Ca0.4
Mn1−xMexO3−δ with Me0Fe, Co, Ni and x00–0.6 were

Fig. 34 Co-content
dependence of conductivity for
the La0.6Ca0.4Mn1−xCoxO3−δ
samples measured in air (a) and
in Ar/O2 flow at pO206 Pa (b)
at different temperatures [92]

Fig. 35 A typical measurement
of conductivity relaxation
during stepwise change in
temperature (a) and fitting
result for experimental and
theoretical data (b) [94]
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synthesized and their conductivity, oxygen stoichiometry, and
defect structure were investigated as a function of temperature
and oxygen concentration in the gas phase [89–91]. Some
results are presented in Figs. 32, 33, and 34 for Me0Co.
Replacement of Mn by Me cations is accompanied by a
considerable decrease of electrical conductivity. Lower con-
ductivities of Me-containing compositions compared with
those of La0.6Ca0.4MnO3−δ are explained by stronger polari-
zation of the –Mn(α+γ)+–Oα−–Me(α−γ)+–Oα−– fragments of
the –Oα−–Mnα+–Oα−–Mnα+–Oα−–Mn(α+γ)+Oα−–Me(α−γ)+–
Oα−– chains in comparison with the –Oα−–Mnα+–Oα−–
Mnα+–Oα−– chains without Me cations because of different
electronegativities of Me and Mn. The type and magnitude of
the electrical conductivity of the La0.6Ca0.4Mn1−xMexO3−δ

series were found to be functions of the [Mn4+]/[Mn3+] and
[Me3+]/[Me2+] ratios. Mn4+ and Me2+ cations are possible
point defects which determine the p-type and n-type conduc-
tivity of the compounds, respectively.

Thermal stability, thermal expansion, oxygen nonstoichi-
ometry, electrical conductivity, and diffusion characteristics
of LaNi0.4Fe0.6O3−δ [92] and PrNi0.6Fe0.4O3−δ [93] ceramic
samples have been investigated as functions of temperature
(20–1,000 °C) and oxygen partial pressure (0.5–21,000 Pa).
The measurements show that the compositions were phase
stable at pO2>1 Pa up to 1,000 °C and show p-type semi-
conductivity with a low conductivity versus pO2 depen-
dence. The perovskites have been found to have
comparable thermal expansion coefficients to those of com-
monly used solid electrolytes such as CeO2- and ZrO2-based
oxides. In the chemical diffusion experiments with PrNi0.6-
Fe0.4O3−δ ceramics, a higher oxygen diffusion mobility was
observed during reduction processes compared with those
during oxidation. This was explained by the previously
known formation of neutral defect clusters. Some results
of relaxation experiments on gas-dense PrNi0.6Fe0.4O3−δ

ceramics samples are shown in Figs. 35 and 36.

Fig. 36 Oxygen partial
pressures dependence of
chemical diffusion coefficients
(a) and oxygen exchange rate
constants (b) measured at
different temperatures [94]

Fig. 37 Coulometric titration
of CaTi1−xFexO3−δ: a x00.05, b
x00.20, c x00.40, and d x0
0.60. 1 coulometric current, 2
temperature, 3 coulometric
current base line, 4 insets for
qualitative indication of peak
location [95]
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Ordered and disordered phases of the systemCa(Ti,Fe)O3−δ

were prepared and characterized by XRD, Mössbauer spec-
troscopy, oxygen coulometric titration, and oxygen permeation
measurements [94]. The number of oxygen vacancies per
formula unit obtained from the Mössbauer spectra, assuming
fully ionized oxygen vacancies, was confirmed by oxygen
stoichiometry changes determined using an OXYLYT™ de-
vice. The combination of Mössbauer spectroscopy and coulo-
metric titration was found to provide useful information on the
defect chemistry of iron- (or tin)-containing materials. Fig-
ure 37 illustrates some coulometric experiments. Some other
perovskite-type mixed oxides investigated by means of SEC
are described elsewhere [95–97].

Investigations of the oxygen stoichiometry and conduc-
tivity of Nb2O5 and In2O3 have been carried out using an
OXYLYT™ device [98]. The results show that the oxygen
stoichiometry of Nb2O5 remains nearly constant even at
very low oxygen partial pressures (pO2<10

−7Pa). The oxy-
gen loss from In2O3 was much higher at low oxygen partial
pressures where no equilibrium was found. This oxide is not
stable at low pO2. Another significant property of Nb2O5 is
the fast response of conductivity to changing oxygen partial
pressures.

Oxygen permeation measurements were carried out using
an OXYLYT™ device on a Gd0.85Ca0.15AlO3−δ specimen
in the temperature range 400–900 °C as a function of oxy-
gen partial pressure from 18 to 105Pa [99]. The investiga-
tions suggest that Gd0.85Ca0.15AlO3−δ is predominantly an
oxygen ion conductor with an ionic conductivity slightly
below that of YSZ.

Novitskaya et al. [100] have investigated the new black
quaternary oxide Sr5BiNi2O9.6. Thermogravimetry and
high-temperature oxygen coulometry showed that this com-
pound has variable oxygen content as a function of temper-
ature and oxygen pressure and ultimately decomposes when
heated at low oxygen pressure above 800 °C.

Conclusions

As an alternative to thermogravimetry, chemical analysis,
spectroscopy, and X-ray or neutron diffractometry, OSEC is
universally useful for the quantitative investigation of dif-
ferent oxygen exchange processes for scientific measure-
ments in the chemical and biochemical industries, in
metallurgy, in the production of semiconductors and special
ceramics, and for other processes. It can be used for the
creation of gas atmospheres and gas flows with well-
determined oxygen partial pressure from 10−20 to 106Pa,
for the determination of oxygen permeability through ce-
ramic, metallic, or polymer membranes, and for the mea-
surement of small amounts of humidity and of hydrogen,
hydrocarbons, or other gases in mixed gaseous media.
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