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Abstract This article gives a brief overview of the modern
methods for in situ studying of oxygen non-stoichiometry
in oxides. The emphasis is on the techniques that are based
on the use of transport properties of solid electrolytes with
unipolar oxygen ion conductivity, as well as on the
experimental implementation of coulometric titration. The
possible sources of experimental errors are considered, and
methods are discussed of their accounting and minimiza-
tion. Several examples are given of the using of the data on
non-stoichiometry for the determination of thermodynamic
properties and defect structure in oxides.
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Introduction

Measurement of high-temperature thermodynamic proper-
ties is a conventional and highly informative approach to the
examination of the defect structure of oxides. The interpre-
tation of data is based on the possibility of description of
defects in terms of chemical potentials. Generally, an oxide
crystal admits both ionic and electronic defects. The ratio
between their concentrations and consequently between
respective contributions to electron and mass transport
depends on the character of impurities, statistical and energy
parameters, temperature T, and oxygen activity pO2 in the
gaseous phase. In the simplest cases, the concentration of
defects is proportional to p�1=nO2

exp �ΔH=RTð Þ, where the

baric pre-exponent depends on the nature of equilibrium
defects, while the exponent parameter is the defect
formation enthalpy [1]. If defects are formed in the oxygen
sub-lattice, this parameter is partial formation enthalpy of
the corresponding oxygen defect, and it can be determined
directly from the relationship between the equilibrium
oxygen content in oxide and parameters of the surrounding
gaseous phase. Since deviations of oxygen content in
oxides from the stoichiometric composition are usually
designated as δ, such dependences are called pO2 � T � d
diagrams. Formation of oxygen defects in the crystal lattice
often leads to a variation in the charge state of cations.
Analysis of pO2 � T � d diagrams is helpful in order to find
corresponding defect equilibrium reactions, to calculate
equilibrium constants and concentrations of cationic
defects, and to study their association with oxygen defects.
Different point-defect schemes are outlined for the descrip-
tion of oxygen non-stoichiometry data in [2]. In oxides with
wide oxygen homogeneity regions, the concentration of
ionic and electronic defects is often comparable with the
concentration of regular sites. In such cases, the parameters
and the general configuration of equilibrium pO2 � T � d
diagrams are closely connected with the energy character-
istics of the electronic subsystem [3, 4], and point-defects
models rarely result in a satisfactory understanding of the
defect architecture in these oxides.

In this work, different experimental approaches to
plotting pO2 � T � d diagrams are briefly considered.
However, the main concern is with the electrochemical
methods, which are based on transport properties of solid
oxygen electrolytes and make it possible to vary, with a
high accuracy, the amount of oxygen in a given volume and
to measure its activity. Such methods are usually termed
coulometric titration. Possible ways of implementation of
these methods are considered. Factors that influence the
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precision and reproducibility of measurements are ana-
lyzed. Certainly, it is impossible to give an exhaustive
description of all studies related to this subject within a
single publication. Therefore, we made an attempt to trace
only the basic aspects in the development of coulometric
titration methods with the use of some works as an
example. We also give examples showing how the pO2 �
T � d diagrams can be applied for obtaining information
about properties of non-stoichiometric oxides.

General techniques for in situ measurements of oxygen
stoichiometry

Variations in the equilibrium state of oxide

MOn ! MOn�d þ d
2
O2 ð1Þ

with changes in temperature and/or oxygen pressure can be
observed from variations in a sample’s mass, gaseous phase
composition, or gaseous phase pressure. An oxide is in
equilibrium with the gaseous phase if the chemical potentials
of oxygen mMOn�d

O and mO2
in the oxide and in gaseous phase,

respectively, are equal:

mMOn�d
O ¼ 1

2
mO2

ð2Þ

Modern electrochemical methods permit highly precise
measurements of the chemical potential of oxygen in the
gaseous phase. They constitute the basis of the technique for
examination of equilibrium (1), namely, the coulometric
titration method. One more method should be mentioned
also—neutron powder diffractions that are based on neutron
scattering in solids. Recent advances facilitate the wider use
of this technique for in situ determination of oxygen content
in oxides.

Regardless of the experimental approach, measurements of
oxygen non-stoichiometry as a function of temperature and
oxygen activity take much time, which is determined
by oxygen diffusion rate in oxides and by the rate of exchange
reactions on the surface. To accelerate equilibration with the
gaseous phase, samples are usually used in the form of
powders. To obtain a detailed pO2 � T � d diagram, an
experiment may last as long as several hundred hours.
Undoubtedly, with such a considerable duration, particular
attention should be paid to the computerization of measure-
ments. Note that the measured parameter (e.g., mass or
oxygen pressure) is recorded tens of times during equilibra-
tion. In this process, a relaxation curve is formed, which is a
characteristic of exchange kinetics between a sample and
gaseous-phase oxygen and oxygen diffusion rate in the
sample. Analysis of such relaxation dependences allows
estimation of the corresponding kinetic coefficients [5–9].

Thermo-gravimetric measurements

The gravimetric method for monitoring the equilibrium (1)
is the simplest and therefore the most frequently used
technique. For its realization, different commercial devices
for thermo-gravimetric analysis (TGA) are widely applied
[5–19]. Thermo-gravimetric measurements permit the esti-
mation of oxygen non-stoichiometry as

d ¼ dref þ Ms

msMO
Δm ð3Þ

where Ms and ms are the molar mass and the sample mass
of the stoichiometric oxide, respectively, MO is the atomic
mass of oxygen, and Δm is the variation in the sample mass
under equilibrium conditions relative to the state with the
known oxygen content δref. According to expression (3),
measurement accuracy is determined by the sample mass and
by balance resolution. Usually, ms is ∼0.1 g. Sometimes, in
order to improve the accuracy, especially when studying
oxides with relatively small oxygen homogeneity regions,
samples of 1 g [12, 16, 17] and even 3–4 g [19] are used.
The absolute error of the method is typically Δδ=±0.001
[10, 15]. The method is convenient because it has practically
no temperature limitations since the control mechanism of
balance is at room temperature. Generally, variations in the
sample mass may occur not only as a result of oxygen
exchange but also as a consequence of water discharge,
release of volatile oxides, or evaporation. The nature of the
respective process cannot be established directly by means of
a thermoanalyzer. Therefore, the measuring device is
completed with equipment for evolved gas analysis if
necessary. For example, the mass spectrometer is used in
[19]. Although the programmable temperature mode is an
integral function of TGA devices that facilitates measure-
ments in isobaric conditions, oxygen non-stoichiometry
measurements are more often performed in the isothermal
runs [10–14, 16, 17]. To obtain experimental data in a wide
range of partial pressures of oxygen, attested gas mixtures
O2–Ar, CO–CO2, and H2–H2O–Ar, which have required
ratios of components, are usually used. Stable gas mixture
flow in the thermoanalyzer operation zone is provided by
mass flow meters [10, 14]. The flow rate is determined by
the analyzer design features, the sample characteristics,
and the gas composition and may vary from 30 [19] to
150 ml/min [14, 16, 17]. For additional assurance that
equilibrium between the sample and the gas phase is
attained, the activity of oxygen in the gas mixture at the
analyzer outlet is monitored with yttria-stabilized zirconia
(YSZ) oxygen sensors [8, 13–17]. The most serious
problem in the application of the gravimetric method
occurs at low oxygen pressure pO2 < 10�4 atm

� �
. In these

conditions, gas exchange may lead to a considerable local
deviation in partial pressure of oxygen in the vicinity of
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the sample from the assigned value in the gas mixture. To
reduce the corresponding error, the activity of oxygen
must be monitored immediately near the sample. Though
this problem is connected with procedure difficulties, the
technique of gravimetric experiments is constantly pro-
gressing, which allows improving the quality of measure-
ment results. For example, in [10, 11], the oxygen partial
pressure was in situ measured by a YSZ sensor in close
vicinity to the sample. Good experimental arrangement was
demonstrated in [20], where oxygen non-stoichiometry of
chromites La1�xCaxCrO3�d was studied. Samples for mea-
surements were prepared as rods with a relative density 50–
65%. Thermogravimetric measurements were performed by
using an electronic microbalance connected to a reaction
tube and a gas flow system. The schematic view of the
measuring system is shown in Fig. 1. A sample rod was
suspended from the electric microbalance. The temperature
around the sample was controlled within 1 K from that
desired. The weight change due to oxygen non-stoichiometry
of La1�xCaxCrO3�d was measured in an oxygen-controlled
atmosphere by the use of O2–Ar, CO–CO2, and H2–H2O–Ar
gas mixtures at 1073–1373 K. Three YSZ oxygen sensors
were equipped for monitoring pO2 . The gas mixture was
allowed to flow through a bypass line to a zirconia oxygen
sensor to confirm the prepared pO2 . After confirmation of
stable pO2 , the gas mixture was passed through the reaction
tube to the sample. A zirconia sensor was also placed in the
reaction tube to monitor pO2 near the sample. The sample
reached the equilibrium with the gaseous phase, when both
the weight of the sample and pO2 in the reaction tube became
stable. For buoyancy corrections in different gas composi-
tions, the apparent weight change of a dense alumina was
measured in different gas mixtures between 1073 and

1373 K. Alumina is considered to have no oxygen non-
stoichiometry here. After the buoyancy compensation, the
uncertainty of the weight measurements was ±60 μg. The
accuracy of δ of La1�xCaxCrO3�d x ¼ 0:1; 0:2ð Þ and that in
La1�xCaxCrO3�d x ¼ 0:3ð Þ was considered to be within
0.0005 and 0.0009, respectively. The difference originated
from the weight of each sample [20].

Thus, the thermo-gravimetric method in its modern
implementation ensures very accurate measurements of
oxygen non-stoichiometry in oxides in a wide range of
temperature and oxygen partial pressure. The application
of commercial equipment for measurements makes this
method particularly popular.

Volumetric measurements

Research into high-temperature superconductivity raised
considerable interest in studying oxygen non-stoichiometry
in oxides since the properties of oxide superconductors
depend strongly on the content and distribution of oxygen in
the crystal lattice [21–26]. One of the most detailed pO2 �
T � d diagrams for the famous compound YBa2Cu3O6þd
was obtained in [27]. There, oxygen non-stoichiometry was
studied with the use of a computer-controlled volumetric
system shown in Fig. 2. The method was based on
monitoring the oxygen pressure in the gas phase, which
was in equilibrium with the sample. The high-vacuum
apparatus (base pressure ∼10−7 mbar) consisted of a gas
chamber and a sample chamber, both of known volumes, a
pressure transducer, a gas handling system, and a pumping
unit. The sample chamber was a quartz tube with a small
inner Pt crucible containing powdered YBa2Cu3O6þd (grain
size ∼20–70 μm). The sample side of the chamber was
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placed in the heating zone of a tubular furnace. The sample
temperature was measured by a shielded thermocouple
(NiCr–Ni) attached to the Pt container. Before starting an
absorption cycle, the powder was first subjected to a
desorption procedure to achieve an initial oxygen content
of δ≈0 as a reference state. This was accomplished by
degassing the powder in vacuum, applying a linear heating
rate of 2 °C/min up to 750 °C, and then holding at this
temperature for 1 h. This process led to the oxygen content
δ=0, verified by the fact that, in a subsequent recharging
experiment (slow cooling to room temperature at 0.75 °C/min
under an oxygen pressure of about 1300 mbar), the
maximum amount of absorbed oxygen was 1±0.013 mol
of oxygen atoms per mole of YBa2Cu3O6þd. Then, the
oxygen content at a given pressure and temperature could
be evaluated by ideal gas law calculations, as sample mass,
sample chamber and gas chamber volumes, pressure
difference due to oxygen uptake, and effective gas
temperature were known. In applying the effective temper-
ature correction, the non-uniform temperature distribution
within the connected gas and sample chambers was taken
into consideration. The effective gas temperature was
obtained experimentally by carrying out various runs
similar to the absorption measurements without a sample
inside the sample chamber. Oxygen non-stoichiometry in

YBa2Cu3O6þd was studied in the isothermal mode in the
interval 400–750 °С at oxygen pressure varying between 1
and 1500 mbar. Uncertainties in the composition, δ, were
estimated to be of the order of ±3–4% for compositions
belonging to the high pressure branches of the isotherms
(around 1000 mbar) and ±1–2% for compositions belong-
ing to the low pressure branches (around 10 mbar). These
uncertainties were due to errors in the pressure and
temperature readings during the absorption cycles and
errors in volume and effective gas temperature calibrations
[27]. The large body of experimental points, Fig. 3, made it
possible to reconstruct in detail the behavior of oxygen
partial thermodynamic functions depending on oxygen
content in the cuprate, in particular, in the region of
orthorhombic to tetragonal structure transition. The data
obtained were used in [28] to describe defect formation and
ordering processes. Although the volumetric method is used
in oxygen non-stoichiometry studies rather infrequently, the
authors succeeded in its advantageous realization. In
particular, the barometric sensor provided oxygen pressure
measurements at comparatively low temperatures, whereas
uncontrolled oxygen leaks in the system were eliminated
owing to the quartz operation chamber. As a particular
advantage, the volumetric method applies no stringent
restrictions on the sample mass. Besides, the carefully
made gas distribution system ensured high oxygen pressure
resolution. The drawback of the method is non-isothermal
operation gas space, which hampers the determination of
the quantity of oxygen in a known volume at a known
pressure. The authors of [27] solve this problem by a
preliminary calibration and determination of “effective
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temperature”. However, such an experimental approach
results in decrease of measurement precision. An essential
limitation of the method is that measurements must be
carried out in the atmosphere containing no other gases but
oxygen. Therefore, the low-pressure region pO2 < 10�5 atm,
where oxygen activity is determined by the ratio of
components in special gas mixtures, is beyond the
applicability of the volumetric method.

Neutron diffraction

A promising technique for oxygen non-stoichiometry
studies is in situ neutron powder diffraction (NPD).
Neutron scattering lengths of oxygen and, e.g., of iron
and strontium have comparable values, and the measure-
ments are almost equally sensitive to all three elements
[29]. In contrast to X-ray diffraction, this method permits
determining both the coordinates and the population of
oxygen sites. The extensive use of the method is limited
since such studies must be performed within special
facilities equipped with a high-power neutron source.
Taking into account the considerable time necessary for
deriving a large body of pO2 � T � d data, it is easy to see
that such experiments may be quite costly. The certain
benefit of the method is that the diffraction spectrum
contains information about the absolute content of oxygen.
On the other hand, interpretation of diffraction results is a
complicated multifactor problem, and its solution does not
always lead to high accuracy in oxygen content determina-
tion. A good example is research [29], in which the high-
temperature modification of strontium ferrite, Sr2Fe2O5,
was examined. It was observed that 20 oxygen ions are
randomly distributed over 24 available sites. The refinement
of the oxygen occupancy factor resulted in 19.66 oxygen
atoms per unit cell, which is suggestive of a considerable
amount (8.5%) of iron in 2+ oxidation state. On the other
hand, precise analytical measurements do not confirm even a
trace concentration of Fe2+. This disagreement is indicative of
the uncertainty no less than 0.085 per formula unit of
Sr2Fe2O5 in oxygen content calculated from NPD results
[29]. In [30], in situ neutron diffraction was employed to
study oxygen non-stoichiometry in SrCo0:8Fe0:2O3�d at
873–1173 K and oxygen partial pressure 5·10−4–1 atm.
Diffraction patterns were collected during slow heating
ramps, 1.33 K/min, between 873 and 1273 K, while
continually flushing the sample with the calibrated gas
mixture and monitoring the outlet pO2 . The measurement
time for each diffraction pattern depended on the intensity of
the incoming beam and resulted in a temperature spread
between 5 and 10 K for each measurement. The measure-
ments were made in descending pO2 starting at 1 atm. Before
measurements at pO2 < 0:1 atm, the sample was oxidized at
1173 K and cooled to 873 K in 0.1 atm of oxygen. This was

to ensure the oxidation of the sample at low temperatures. As
the authors assert, the estimated standard deviations of the
reported values for oxygen stoichiometry are typically ±0.02.
At the same time, their values for oxygen content are much
lower than those reported earlier based on TG measurements
[31, 32]. Respective data are shown in Fig. 4a for
comparison. It is seen that the data derived from TGA
measurements by different authors closely coincide, while
the values obtained from in situ neutron diffraction are
substantially smaller, the deviation increasing with temper-
ature. Greater reliability of TGA data is also confirmed by
reasonable values of oxygen content that correspond to the
average oxidation degree of B cations larger than 3+. It
agrees well with other works showing that the average
oxidation degree of cobalt in air exceeds 3+ even at 1000 °С
[3, 33], and the oxidation degree of iron greater than 3+
persists also at low oxygen activity [34, 35]. Controversially,
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neutron powder diffraction (filled square) [30]. b The temperature
dependence of oxygen non-stoichiometry in Ba0:5Sr0:5Co0:8Fe0:2O3�d
at pO2 ¼ 0:1 atm as obtained from thermogravimetric measurements
(open triangle) [38] and in situ neutron powder diffraction (filled
triangle) [36]
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NPD data [30] suggest that the average oxidation degree of
iron or cobalt is smaller than 3+. Notice also [36] where
oxygen content in Ba0:5Sr0:5Co0:8Fe0:2O3�d was studied
with in situ neutron diffraction at pO2 between 10−3 and
1 atm. Even in an oxygen atmosphere and at quite moderate
heating to 730 °С, the obtained value for 3−δ did not exceed
2.3, thus giving 40% of 2+ cations in the B sub-lattice. At
the same time, high-temperature X-ray absorption in situ
measurements in air directly demonstrate 3+ oxidation state
of B cations in Ba0:5Sr0:5Co0:8Fe0:2O3�d at temperatures
between 300 and 1233 K [37]. The NPD results at pO2 ¼
0:1 atm are shown in Fig. 4b together with TGA data [38]
for comparison. Again, one can see a far too low oxygen
content obtained from neutron diffraction.

On the other hand, the oxygen content determined from
neutron diffraction for the brownmillerite phase SrCo0:8Fe0:2
O3�d occurs in good agreement with the value 3−δ=2.5
characteristic of brownmillerites, and strong disagreement
between TGA and NPD data is peculiar to the cubic structure
only. Similar disagreements are observed also between X-ray
diffraction and high-resolution electron microscopy data in
studies of SrFe1�xVxO3�d and SrFe1�xNbxO3�d [39, 40].
Probably, the divergence is due to the fact that oxygen
vacancies in oxides are not always random and tend to form
small locally ordered clusters in the structure. When the size
of the clusters is smaller than the length of neutron-coherent
scattering (∼2000Å), the diffraction pattern reflects an
average occupation of oxygen sites. As is pointed out in
[29], this is the reason for the underestimation of oxygen
occupancy and of oxygen content in oxides in NPD studies.
The authors of [41] also suggested local defect clusters based
on the observation of unusually large isotropic thermal
parameters of oxygen in their analysis of oxygen-deficient
oxides at high temperatures.

An instructive application of neutron diffraction for
oxygen content measurements in a complex oxide was
demonstrated in [42], where the occupation of oxygen sites
in Sr3Fe2O6þd was examined as a function of temperature.
The crystal structure of Sr3Fe2O6þd, which is a member of
the Ruddlesden–Popper An+1BnO3n+1 series, is formed by
double perovskite layers SrFeO3 alternating along the с axis
with the SrO layers having the rock salt structure [43].
There are three non-equivalent oxygen sites in the structure
(Fig. 5). Oxygen non-stoichiometry index δ in Sr3Fe2O6þd
can vary as a function of temperature and oxygen pressure
from 0 to 1. According to [43], oxygen vacancies mostly
reside on O1 sites. Moreover, high-temperature transport
properties [44] and structure refinement [45] both suggest
vacancies on O3 sites. Results [42] in Fig. 6b, c show that
the occupation of O1 and O3 sites decreases at heating,
while O2 sites remain filled even at 900 °С. The obtained
oxygen content variations with temperature are shown in
Fig. 6a together with TGA [46] and coulometric titration

data [47]. Although in situ neutron diffraction shows
somewhat low values, the general trends and coincidence
with other data seem satisfactory.

Substituted derivatives Sr3FeMO6þd M ¼ Fe; Co; Nið Þ
were studied in [48] with the use of neutron diffraction. The
oxygen content in the samples was determined from the
data recorded in air at T=20, 300, 500, 700, and 900 °C.
The results obtained at high temperatures agree with [42,
43] and clearly locate most of the oxygen vacancies on O1
sites. For instance, the vacancy concentration on O1 sites at
900 °C achieves 55%, 48%, and 57% in Sr3Fe2O6þd,
Sr3FeCoO6þd, and Sr3FeNiO6þd, respectively. The O2 sites
in the rock salt layer were found invariably filled. The
interesting feature is the presence of an appreciable amount
of vacancies on O3 sites in (Fe/M)O2 planes of the
perovskite layers even when δ>0 as it occurs in the parent
ferrite Sr3Fe2O6þd [42].

Summarizing, it should be pointed out that, although
NPD is less widely used at present than, e.g., TG measure-
ments, the application of this technique to studies of oxides
tends to increase. This can be explained by improvement of
experimental approaches and computational methods for
data acquisition and treatment and by inherent advantages.
Unlike any other one, this method allows the determination
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Fig. 5 The unit cell of Sr3Fe2O6þd
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not only of total oxygen content but also of oxygen
distribution over non-equivalent crystallographic sites. This
feature makes neutron diffraction particularly valuable for
studies of oxides with a complicated crystal structure.

Coulometric titration

Coulometric titration is based on measurements of chemical
potential of oxygen in a gaseous phase, which is in
thermodynamic equilibrium with the oxide sample under
study. In a classical implementation of the method, a
sample is placed into a sealed measuring cell that is
equipped with one or two electrochemical elements for
oxygen sensing and pumping. In the majority of cases, YSZ
is used as a solid electrolyte for electrochemical elements.
Current I(t) passing through electrodes of electrochemical
element during the interval of time (t″−t′) leads, according

to the Faraday law, to a variation in the amount of oxygen
ΔnF in the inner volume of the cell

ΔnF ¼ 1

2F

Zt0 0
t0

IðtÞdt ð4Þ

Here, F is the Faraday constant. The passage of oxygen current
results in a respective variation in the amount of oxygen (and
accordingly pressure) in the gaseous phase in the cell

Δng ¼ V

R

ΔpO2

T
ð5Þ

and in the sample

Δns ¼ ΔnF � 2Δng ð6Þ
Assuming an applicability of the ideal gas laws, the
stoichiometry change can be expressed as

Δd ¼ Ms

ms

1

2F

Zt0 0
t0

IðtÞdt � 2
V

R

p
0 0
O2

T 00
� p

0
O2

T 0

 !0
@

1
A ð7Þ

where R is the gas constant, V is the cell free volume, and
p
0
O2
, T′ and p

0 0
O2
, T″ denote the pressure and absolute

temperature in the initial and final state of the cell,
respectively. Oxygen partial pressure inside the cell pO2 can
be determined in accordance with the Nernst equation by
measuring the potential of the cell internal electrode relative
to the reference electrode.

E ¼ RT

4F
ln

pO2

prefO2

 !
ð8Þ

In most cases, the reference electrode is in air during
measurements, i.e., prefO2

¼ 0:209 atm. The sensitivity of the
method is basically determined by the baric contribution to
Eq. 7 and can be estimated considering the measurement
accuracy ∼10−5 V of modern voltmeters. Using Eq. 8, it is
possible to calculate the corresponding variation of oxygen
pressure and then to determine the change in the amount of
oxygen in the cell internal volume. If we assume V=1 cm3

and Т=1000 K for estimation, it is readily seen that the
resolution of the method is ∼10−8 mol O2, which is two
orders of magnitude higher than the typical sensitivity of the
gravimetric method (10−5 g or ∼10−6 mol O2). The unique
feature of coulometric titration is that measurements can be
carried out at very small activities of oxygen in gaseous
phase. The additional merit is the comparatively inexpensive
experimental equipment, which requires only a voltmeter and
a current source. Since data acquisition consists in electric
measurements, the experiment can be easily computerized,
which is very important for prolonged runs. Despite the high
accuracy, coulometric titration is not used so widely as, e.g.,
thermo-gravimetric method. Apparently, this is largely due to
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operation simplicity and availability of commercial TGA
equipment.

Coulometric titration errors

The total error of the method ErCT reflects influence of a
number of factors

ErCT ¼ ErF þ ErV þ Ereq þ ErYSZ þ Erl ð9Þ

Here, ErF is the integration error due to inaccuracy in
measurements of the charge passing through the oxygen
pump during titration, ErV is the error related to determi-
nation of the cell free volume, Ereq is the error caused by
the deviation of the system from equilibrium, ErYSZ is the
error due to oxygen non-stoichiometry of the electrolyte,
and Erl is the contribution from uncontrolled leaks of
oxygen into the measuring cell due to cracks, pores, and
marginal electron conductivity. The terms in Eq. 9 are
defined as the ratio between the corresponding contribution
Δδi and the variation in the total oxygen content in the
sample Δδ, Eri=Δδi/Δδ. The contributions to ErCT versus
oxygen pressure are shown in Fig. 7.

ErF, which is due to current determination inaccuracy,
depends on the stability of the current source, metering
device errors, measurement frequency, and the inaccuracy
in determination of the integration time. The uncertainty of
the latter value may be due to the response time of current
source. Therefore, the error may be reduced by increasing
the time of titration. Generally, the current integration error

changes the slope of the isotherm while not affecting the
measurement reversibility (Fig. 7a). The typical value of
ErF during measurements is not greater than 0.1% [49].

The contribution ErV can be estimated by comparing the
amount of oxygen in the cell free volume and the amount of
oxygen taken in or released by the sample. The free volume
of a small cell (V∼1 ml) can be determined with an
accuracy of ±0.01 ml by filling the cell with alcohol.
Figure 7b shows a titration isotherm for 0.187 g of
La0:8Sr0:2FeO3�d and how it changes when an error enters
determination of the free volume. As is seen, disregarding
the free volume or an error in its determination both result
in significant deviations from correct values at pO2 >

10�2 atm. It is clear that the errors will decrease as the
oxide homogeneity region and the sample mass increase,
and the errors will become more pronounced with an
increase in free volume. Sometimes, it is difficult to
measure the free volume of the cell because of its
complicated geometry. Moreover, this information becomes
insufficient when the free volume is not kept in isothermal
conditions. In such cases, the upper pressure limit is chosen
so that the estimation of the error on the basis of Eq. 7
meets the requirements of the experimental task. For
example, in works [50–53] where a measuring cell with
non-isothermal free volume was used, measurements were
performed at pO2 < 10�4 atm neglecting the contribution
from the free volume, and the error in non-stoichiometry
determination being less than 0.1%. The effect of the free
volume is not exhausted by the contribution to the
measurement errors. According to Eq. 5, the variation in
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pressure with a change in oxygen content in the cell is
inversely proportional to the cell free volume. Since the
pressure relaxation rate is determined by the degree of
deviation from the equilibrium state, reduction in the free
volume promotes a decrease of the duration of measurements.

Temperature change and current passage through an
oxygen pump both disturb the equilibrium of the sample
with the gaseous phase. As a result of oxygen exchange
between the sample and the gaseous phase, the relaxation of
the cell to a new equilibrium state begins. This process may
last from several minutes to tens of hours, and its
completion is judged from the fulfillment of a pre-chosen
equilibrium criterion. For example, in [54], a change of the
sensor e.m.f. less than 0.2±0.3 mV/min was taken as
equilibrium criterion. In [55], the equilibrium criterion was
the change in oxygen sensor potential at less than 0.1%/min.
The equilibrium criterion must be chosen in such a manner
that the error Ereq caused by a deviation from the equilibrium
state is minimal. Relevant control is provided by successive
measurements in the mode when the oxygen pressure or
temperature decreases and then increases backward to initial
values. A characteristic feature showing that equilibrium was
not achieved during measurements is hysteresis (Fig. 7c).
Since diffusion and surface exchange become sluggish with
temperature decrease, the error due to deviation from
equilibrium may be higher at low temperatures. However,
when the deviation from equilibrium is due to a phase
transition, the value of hysteresis may even decrease with
temperature [56].

The error due to electrochemical leak caused by oxygen
non-stoichiometry of electrolyte ErYSZ may distort mea-
surement results if the oxide under studies has a small
oxygen homogeneity region, which is comparable with that
in YSZ. Thus, it is shown that oxygen non-stoichiometry
variations in BaTiO3�d, SrTiO3�d, and YSZ are comparable
[57, 58]. In order to reduce ErYSZ, the authors used a large
mass of the sample (about 16 g) and decreased the mass of
the electrolyte to 0.7 g. This measure allowed them to
decrease the error caused by YSZ non-stoichiometry to 3%.

The error due to uncontrolled oxygen leaks Erl manifests
itself in irreversibility of measurement results (Fig. 7d).
Since in most cases leaks have the greatest impact upon
results of titration, they should be considered in more detail.

The problem of electrochemical oxygen leaks

Under oxygen pressure gradient, uncontrolled oxygen leaks
into the measuring cell may be a consequence of pores and
microcracks in the cell walls and in the sealing material.
However, the most significant contribution is made by
oxygen leaks that result from the small electronic conduc-
tivity of the electrolyte. The ionic σi and electronic, n-type
σn and p-type σp, components of conductivity for the most

extensively used 8 mol.% YSZ electrolyte are represented
[59] as

s i ¼ 1:63 102 exp � 0:79 eV

kT

� �
ð10Þ

sn ¼ 1:31 107 exp � 3:88 eV

kT

� �
pO2
�1=4 ð11Þ

sp ¼ 2:35 102 exp � 1:67 eV

kT

� �
pO2
þ1=4 ð12Þ

Using these data, it is possible to calculate ambipolar
conductivity

sam ¼
s i sn þ sp

� �
s i þ sn þ sp

ð13Þ

which determines oxygen ion current through the electro-
lyte because of the inner short circuit when oxygen pressure
gradient is applied. The corresponding data are presented in
Fig. 8a. It is seen that the ambipolar conductivity of
electrolyte at 600 °С does not exceed 10−7 S cm-1 in the
widest range of oxygen partial pressure, and therefore the
respective error in most cases may be neglected. However,
ambipolar conductivity increases significantly with temper-
ature. In order to estimate the emerging error, one can
consider a measuring cell with a wall thickness of l=0.1 cm
and surface area of s=5 cm2 as an example. The amount of
oxygen permeating the cell can be calculated using the
known relationship [60]

jO2 ¼
RT

16F2

s

l

ZpO2
prefO2

samb pO2ð Þd ln pO2 ð14Þ

Figure 8b displays the calculation results. It is seen that
the 10−2 μmol resolution can be achieved only at temper-
atures below 700 °С. At higher temperatures, the error will
be larger. Better accuracy is attained by special arrangement
of measurements and by correction of the obtained results
with allowance for leaks rate.

Minimization of electrochemical leak rate

The basic methods for leaks rate minimization follow
from Eq. 14, and they include:

Reduction of electrolyte area Generally, the minimal area
of an electrolyte is determined by the required yield of the
oxygen pump at the minimal temperature of the experiment.
It is easy to estimate from Eq. 10 that an YSZ pump with
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the area of 1 cm2 and wall thickness of 1 mm provides a
current of ∼45 mA at 600 °С and voltage 1 V. Since typical
titration currents vary within 5–500 μA [57], 0.5–0.8 mA
[61], and 5–15 mA [54], this area is sufficient for the
electrochemical element. In most cases, the measuring cell
is made completely of electrolyte to circumvent the
difficulties associated with the incompatibility of thermal
expansion coefficients when heterogeneous materials are
used [49, 62, 63]. If an extremely high accuracy is required,
the cell is made of alumina, which is impermeable for
oxygen, while the electrochemical element is used as a cell
cover [55–58].

Optimization of measurement duration In order to reach
equilibrium between the sample and the gaseous phase in
the cell, it is required that oxygen transport in the sample
takes place more quickly than when the oxygen content in
the cell changes because of the leaks. This requirement is a
fundamental restriction in the choice of materials to be
studied with coulometric titration. Since equilibration of the

sample and the gaseous phase may take a considerable time
and oxygen exchange and diffusion slow down as the cell
approaches equilibrium, it is desirable to use a finely
powdered sample. Besides, the equilibrium criterion should
be chosen such that the error occurring as a result of leaks
or deviations from equilibrium is minimal. In some cases, it
is possible to accelerate the equilibration by a direct supply of
oxygen from electrolyte to the oxide as was done in [50–53],
because at such arrangement oxygen ions are transferred
directly to the specimen, bypassing the gas phase.

Increase in sample mass It is clear that, if the sample mass
is increased with the leaks rate value being constant, the
error will decrease as much. Depending on a specific
experimental implementation, the differences in the sample
mass may reach three orders of magnitude from 0.08 to
16 g [53, 54, 57, 61].

Decrease in oxygen partial pressure gradient The use of air
at the outer side of the measuring cell as the atmosphere for
the reference electrode is most widely utilized because it
provides reliable prefO2

values for the determination of
oxygen partial pressure inside the measuring cell and
simplifies the design. However, a large oxygen gradient
over electrolyte during measurements results in consider-
able leaks. Leak rate may be decreased if a special gaseous
mixture is used at the outer side of the measuring cell so
that the motive force for the leaks is reduced over the
whole experimental pressure interval. Thus, oxygen non-
stoichiometry in iron–-magnesium spinel was examined
in the range 10�8 < pO2=atm < 10�2 in [64] where the
outer side of the cell was in nitrogen atmosphere
prefO2
� 10�4 atm

� �
. The oxygen non-stoichiometry in

barium titanate was studied in the range 10�12 < pO2=

atm < 10�2 in [57] where mixtures CO2/CO with gas ratio
from 30:1 to 15:1 were used. Developing this approach, the
authors of [65] suggested a measuring system where oxygen
activity at the outer side of the measuring cell was
maintained with the help of vacuum equipment (pumps,
manometers, stopcocks) and an electrochemical sensor,
which permitted the smooth change of the total gas pressure
and oxygen activity. The system made it possible to maintain
the minimal oxygen gradient across the cell over a wide
pressure range and thereby to substantially reduce the leak
rate. Later, [66] used an electrochemical pump in place of a
mechanical one to maintain the minimal oxygen gradient and
make the measuring system compact and easy in operation.

Evaluation of leak rate

The methods described in “Minimization of electrochemical
leak rate” allow only the reduction of the leak rate but do
not completely prevent the process. Therefore, an valuation
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of the magnitude of leaks is an important task. The authors
of [49, 67] used measuring cells of very small volume
(0.15–0.25 ml), and before performing the measurements
they tested the blank cells in order to determine the leak
rate. It can be seen from Fig. 9 that the leak current does not
exceed 250 nA as defined by the authors from the plot
log pO2=atmð Þ vs. time. Therefore, the leaks cannot have a
noticeable effect on the titration results and can be
neglected. It should be noted that the measuring cells in
this study were tested at 933 and 978 K, while the

measurements are usually performed at temperatures up to
1223 K. The higher temperatures lead to the increase in
leak rate to about two orders of magnitude (Fig. 8b).

In order to avoid significant errors, the measured results
are to be corrected with allowance for electrochemical
leaks. For this purpose, it is necessary to calculate the
ambipolar conductivity according to Eqs. 10–13 (Fig. 8a).
In order to obtain an analytical expression, [55, 56]
neglected the ionic contribution and corrected their results
by making use of a simplified equation

JO ¼ RT

Fl
� sp prefO2

� �
� pO2

prefO2

 !0:25

� 1

8<
:

9=
;þ sn prefO2

� �
� 1� pO2

prefO2

 !�0:258<
:

9=
;

2
4

3
5 ð15Þ

The data for σp and σn were taken from [59]. This
approximation is quite justified for rather wide temperature
and oxygen pressure limits; the more so since it is exactly
on the basis of this expression that [59] determined the
electronic contribution to conductivity in YSZ. Note,
however, that with this approach it is impossible to control
leaks through cracks, pores, and defects in the cell and
seals.

In [68], three independent methods for leak determina-
tion [(dΔδ)dt]leak were used in order to characterize the
YSZ cell.

a. The dpO2ð Þ=dt½ �empty of an empty titration cell (no
sample) was measured at various pO2 values and
temperatures over an extended period of time. The
pressure was transformed to the number of moles nO2ð Þ
using the ideal gas law, dnO2ð Þ=dt½ �empty, and finally
expressed as [(dΔδ)/dt]leak, assuming that the change in
oxygen content originates from a change in δ of an
equal amount of sample as in the filled cup. The leak
rate estimated in this way was of the order of 10−32,
10−19, and 10−9 s-1 at 600, 700, and 800 °C,
respectively, indicative of a very good seal.

b. The difference in pumped charge over an isothermal
titration cycle was determined, and a mean leak rate
was obtained from

dΔd
dt

� �
leak

¼ Qout � Qin

2Fnt
ð16Þ

where Qout is the total charge needed to be pumped to
reach the lowest pO2 value of the titration cycle, Qin is
the total charge that has to be pumped to return to the
starting point in pO2 , n is the amount of powder in the
titration cell expressed in moles, and t is the duration of
the titration cycle. Leak rates determined by this
method were of the order of 10−10–10−8 s−1 between

600 and 900 °C [68]. The advantage of this method is
that the leak rate is determined during regular measure-
ments, i.e., it does not require extra time. The drawback
is the leak rate value averaged over oxygen pressure
interval, whereas at the limiting points of the examined
pO2 range the leaks may differ not only in rate but even
in direction.

c. The dpO2ð Þ=dt½ �filled of the loaded titration cell was
measured at steady state, and the leak rate was
estimated from

dΔd
dt

� �
leak

¼ dpO2

dt

� �
filled

dΔd
dpO2

� �
filled

ð17Þ
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This approach allowed the estimation of the variation in
the leak rate over time. The estimations of the leak rate in
this manner were practically identical to the mean leak rate
obtained by method B without a significant variation over
time [68]. This method permits a very accurate determina-
tion of leak rate but requires a considerable time.

It was shown [69] that under isothermal conditions the
leak rate may be considered by an approximation of
experimental values with the relationship

Ileak ¼ a prefO2

� �1
4 � pO2ð Þ14

� 	
ð18Þ

where α is a constant determined experimentally by
choosing such a titration current that the pO2 value remains
constant with time. This method is convenient because it is
sufficient to determine experimentally the α value for each
operation temperature before measurements. The limita-
tion of the method is that Eq. 18 allows consideration of
only the electrochemical leak rate, as is the case with
Eq. 15.

Measurement techniques

In general, oxygen coulometric titration measurements can
be performed either by monitoring the e.m.f. response to a
d.c. current pulse of known duration (galvanostatic method)
or by monitoring the current decay after a stepwise change
in the e.m.f. (potentiostatic method). In view of Eq. 8, a
potentiostatic step involves a change in oxygen partial
pressure inside the cell. Chemical diffusion allows the
sample to adapt its stoichiometry to the newly adjusted
pO2 . The rate of equilibration is monitored by measuring
the current, which decays over time toward a minimum
value. The latter is due to the unavoidable leak current,
Ileak, and is determined by the quality of the glass sealing
and the nonvanishing electronic conductivity of the
zirconia electrolyte [70]. When oxygen content changes
in the gas phase over the sample can be ignored, Δδ is
determined as

Δd ¼ Ms

ms

1

2F

Zt¼1
t¼0

IðtÞ � Ileakð Þdt ð19Þ

For non-stoichiometric oxides, application of the potentio-
static step mode has some advantages over the galvano-
static method, which include: (1) easy determination of the
leak current and (2) at the end of the current decay, the cell
is in a steady state because pO2 is fixed by the imposed
e.m.f. On the contrary, at the end of a galvanostatic pulse,
the oxygen partial pressure drifts back to that of the
ambient value by leaks of oxygen [70]. The titration

method in the potentiostatic mode is particularly effective
for measurements at high temperatures and high oxygen
pressure gradients, when Ileak is big enough to be
measured with high accuracy. The drawback of the method
is the insufficiently rigorous consideration of the leak rate
since it changes in the process of pressure relaxation and
has a complicated time-dependent profile.

Along with the abovementioned methods, the temperature
step method is often used which allows an accurate determi-
nation of the thermodynamic quantities. As the gas inside the
cell contains only a very small amount of oxygen, δ is constant
during such a temperature cycle. This has the advantages that
partial molar entropy SO ¼ � @mO=@Tð Þd and partial molar
enthalpy of oxidation HO ¼ @ mO=Tð Þ=@ 1=Tð Þð Þd can be
easily evaluated and also that only minute amounts of
oxygen are needed to be exchanged to obtain equilibrium
between the gas and the powder, thus resulting in fast
equilibration [71, 72]

Determination of oxygen stoichiometry in starting materials

The considered methods allow only measurements of
changes Δd pO2 ; Tð Þ in the oxygen content in the sample
when ambient gas thermodynamic parameters change. To
determine the absolute content of oxygen, additional
methods should be applied, which permit establishing the
correspondence between the obtained data array and the
absolute values of Δd pO2 ; Tð Þ. The simplest technique for
oxygen content determination in oxides is synthesis from
well-defined starting reagents with a control of the mass of
the reaction product. However, the obtainment of a single
phase final product usually involves several intermediate
grindings, which lead to the accumulation of weighing
errors. Sometimes, the stable state of oxide under certain
conditions is used as the reference composition. For
example, the authors of [73] report that δ value in air at
room temperature is zero in La1�xCaxCrO3�d with x up to
0.7. Iodometric titration is also often used for the
determination of oxygen content in oxides [21, 25, 53,
74]. Since many cations in oxides can be reduced to
metallic state during heating in hydrogen, the absolute
content of oxygen in these oxides can be determined by
reduction with continuous mass monitoring in hydrogen-
containing gaseous mixtures. Knowing the mass loss, it is
possible to calculate the absolute content of oxygen in the
oxide before reduction [49, 53, 67].

If an oxide has a wide forbidden gap and the disproportion-
ation reactions have no noticeable effects, the absolute content
of oxygen can be determined from analysis of isothermal
dependencesΔd ¼ f pO2ð Þ. The isotherm has an inflection
point corresponding to the integral charge of a certain cation
in the structure [75, 76]. Determination of the absolute oxygen
content in La0:2Sr0:8Fe0:55Ti0:45O3�d is shown as an example
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in Fig. 10(a) [77]. For La3þ0:2Sr
2þ
0:8Fe

3þ
0:55Ti

4þ
0:45O3�d, an inflec-

tion in the titration data is indicative of δ=0.175. The solid
line in this plot is @d=@pO2 . The state in which iron atoms
have an average oxidation degree 3+ corresponds to the
minimum concentration of electrons (Fe2+) and holes
(Fe4+). Conductivity in this state exhibits a minimum if
mobility values for electrons and holes are equal. The
behavior of the conduction curve may be indicative of a
certain oxidation degree and therefore it may be used for
the determination of the absolute oxygen content.
Figure 10b shows the isotherms of oxygen content and
conductivity in SrFe0:9Al0:1O3�d as an example of the
absolute oxygen content determination [78].

In [57], the absolute oxygen content in barium titanate
was determined on the basis of defect structure analysis and
approximation of the experimental data. Since the oxygen
homogeneity range in BaTiO3�d is very narrow (δ∼10−4),
even a small amount of acceptor impurity may have a
considerable effect on the position of the stoichiometry
point. The authors of [57] derived an expression from their
defect model, which enabled the description of experimen-
tal data (Fig. 11) and determination of the ionization
constant Ki, oxygen pressure p0O2

for stoichiometric state,

and a correction for deviations of titration results from the
stoichiometric state δ*

Δd ¼ d � d» ¼ � Vm

NA

ffiffiffiffiffi
Ki

p 1

4
ln
pO2

p0O2

" #
� d» ð20Þ

Here, NA and Vm denote the Avogadro’s number and molar
volume of BaTiO3�d, respectively.

Experimental features

Coulometric titration was first used in the 1960s. Over this
period, the method has undergone considerable improve-
ments. In recent works, the measuring cells of a small
internal volume are most often used, which equipped with
one or two pairs of platinum electrodes and are made either
entirely of YSZ or of YSZ and alumina. A considerable
restriction in the application of such cells is that measure-
ments cannot be performed at temperatures below 600 °С
because of the poor conductivity of the electrolyte.
Therefore, the important temperature range 350-400 °С
occurs out of reach where intensive oxygen exchange with
the gas phase develops in many oxides.

The technique employed in [79] allowed coulometric
titration of Bi2V0:9Cu0:1O5:5�d at 400 °С. Along with the
usual small-sized titration cell (cell 1), an additional
electrochemical cell of increased length (Cell 2) was used,
which was in non-isothermal conditions during measure-
ments (Fig. 12). The free internal volume of cell 1 was
about 0.8 ml. The width of porous metal Pt electrodes was
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5–7 mm. In the case of cell 2, three thermocouples were
used for temperature monitoring, Tc1, Tc2, and Tc3
(respective temperature values are T1, T2 and T3). The
measuring cells were placed in a two-zone furnace; the
temperature of electrodes (T1) varied in the range 820–
1050 K. The sample temperature was measured with
thermocouples Tc1 and Tc3. The difference in T1 and T2
was up to 150 K. Although the difference between T2 and
T3 was less than 5 K, the sample temperature was taken
average between these two thermocouples [79]. The results
of measurements in non-isothermal conditions were pro-
cessed assuming that the temperature change along the cell
length was linear. The fact that the results obtained with
using cell 1 and cell 2 closely coincide confirms the validity
of this approach for non-isothermal measurements.

The authors of [50–53] used thermogravimetry and
coulometric titration in the range pO2 � 10�5 atm and
10�4 atm � pO2 , respectively. Thermogravimetry was not
used at the lower pressures because of the slow rate of
reaction between the gas phase and specimen, which
resulted in exceedingly long time necessary for the
equilibrium to be attained. Coulometric titration was not
used at high pressures since analysis of the data was not
simple in that range [51]. Note that this problem emerged
solely due to the design characteristics of the electrochem-
ical cell, Fig. 13. A slightly sintered sample of about 0.7 g
was weighted and placed in at the closed end of YSZ tube
having 5 mm inner diameter and 300 mm length. The
sample was compressed to the end of the tube by means of
a tubular silica pusher and spring. Pt mesh and Pt wire were
used for the current collector from sample. Pt paste was
applied to the outer wall of the tube as an air electrode. The
cell was sealed with argon of about 0.1 atm at room
temperature [50]. The utility of the cell is that it is sealed at

room temperatures. The special feature of the measure-
ments is a rather large free volume of the cell in a
complicated temperature field. Such a configuration makes
it difficult to monitor oxygen content in the gas phase, but
at the same time it provides direct passage of oxygen ions
from electrolyte to the examined oxide bypassing interme-
diate transition to the gas phase and thus accelerating the
measurements [53]. Coulometric titration was also used to
determine the stability of oxides. When the extracted
oxygen from the sample exceeded a certain amount, the
equilibrium e.m.f. did not change with further extraction of
oxygen. This indicated that the sample began to decom-
pose. For the e.m.f., under this condition the decomposition
pO2 was determined [50]. The results of oxygen non-
stoichiometry studies by the coulometric titration and the
high temperature gravimetry in Fig. 14 demonstrate an
excellent agreement [53].

To reduce the error due to electrochemical leaks, the
authors of [57, 58, 64, 80, 81] developed a special design of
the measuring cell. The small values of oxygen non-
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stoichiometry in the studied oxides (TiO2, Ba, and Sr
titanates) impose particularly strict requirements to the
experimental technique (Fig. 15). A small disk of YSZ was
employed as a solid oxide electrolyte. Both planar surfaces
of the disk were polished with diamond pastes of grit sizes
down to 1 μm. A gas electrode was formed upon each side of
the YSZ disk by attaching a round piece of platinum gauze
with the aid of platinum paste and firing overnight at 1100 °C
in air atmosphere. A platinum lead wire of 0.2-mm diameter
was then attached to each of the gauze electrodes by firing
similarly. An alumina cup was taken, and a hole of 5-mm
diameter was drilled at the center of its closed bottom. The
hole was hermetically sealed by the electrolyte with the aid of
a gold ring as a sealing flange. The marginal space between
the electrolyte and the cup bottom was filled with borosilicate
glass powder. This glass-powder fill-up ensured a gastight seal
by melting during titration operation at elevated temperatures.
Specimen pellets were placed upon an alumina disk and
covered by the alumina cup. In order to avoid any possible
reaction between the specimen and bottom disk, a Pt foil was
inserted in between. The inner lead wire was made by piercing
through a shallow groove on the open-end rim of the cup. The
authors of [57] employed an unusually large, 14–16 g,
amount of BaTiO3�d. It was because the non-stoichiometry
changes in YSZ itself [82] are by no means negligible
compared to that in BaTiO3�d. The amount of BaTiO3�d
was thus chosen in such a way that overall change in oxygen
content of the sample itself would be at least an order of
magnitude larger than in the YSZ-electrolyte (∼0.7 g). The

as-assembled titration cell was put into an alumina crucible.
The space between the cell and the crucible was completely
filled with the glass powder, which would provide a perfect
gas-tight seal at titration temperatures. The entire assembly
was placed in a vertical furnace and fired up to a temperature
of interest with a light spring pressure applied axially from
above. Sample temperature was monitored with an S-type
thermocouple, and the temperature of the electrolyte was
corrected on the basis of the measured temperature profile of
the furnace employed. The free cell volume was 0.3–
2.2 cm3, depending on the cells. At pressures above
10-2.5 atm, the change in oxygen content in the cell of such
volume occurring with a pressure change by characteristic
titration step 10-0.3atm is comparable with that in a sample,
and therefore the effect of free volume must be taken into
consideration. With an analogous pressure step at about
10-3.6 atm, the change in the oxygen content in the free
volume is two orders of magnitude smaller than that in the
sample, and therefore the effect of free volume may be
disregarded. The gas mixture CO/CO2 was employed as prefO2

in order to suppress the electrochemical permeation through
the YSZ electrolyte itself as much as possible. The
experimental setup provided measurements of oxygen non-
stoichiometry in BaTiO3�d with resolution Δδ ∼10−6–10−5

(Fig. 11). The work is interesting because the authors
calculated the absolute oxygen content in BaTiO3�d on the
basis of obtained experimental data, estimated the concen-
tration of acceptor impurities in the material, and made an
evaluation of measurement errors related to oxygen non-
stoichiometry of the electrolyte.

The authors of [81] demonstrate a comparison of
thermogravimetry and coulometric titration in their latest
implementation. Oxygen non-stoichiometry in TiO2�d was
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studied with the use of a TGA system based on a Cahn D-
200 microbalance with a sensitivity of 1 µg. For reduction of
vibration effects, independent bearings for the −furnace and
balance were used. The whole measuring system was fit with
a vibration-suppressing unit and placed in a room where
temperature and humidity were maintained to within ±0.1 °С
and ±2%, respectively. This system allowed measurements
with accuracy to 1–2 μg at temperatures from 800 to 1200 °С.
The oxygen partial pressure within 10-18–10−1 atm was
monitored by the YSZ sensor located immediately near a
sample. For coulometric titration at temperatures from 800 to
1000 °С, the system described in [57] was used (Fig. 15). As
seen from Fig. 16, the results obtained by different methods
are in good agreement. Although the certain advantage of
thermogravimetry is a wider temperature range of measure-
ments, coulometric titration provides greater resolution. In
[58], which is a good example of exclusive accuracy of the
method, isotherms with two inflection points were obtained
in the titration of alumina-doped SrTiO3�d. Assuming that
these inflections reflect variations in the oxidation degree of
impurity manganese cations, the authors described the
experimental data and determined the concentration of
impurities, which was as small as 80 ppm.

High standards of measurements were demonstrated in
works [55, 56, 77, 83]. As seen in Fig. 17, the main features
of the measuring arrangement included a double-wall
alumina cell and a small-area electrochemical element,
and they aimed at minimization of oxygen leaks similar to
[57, 58, 64, 80, 81]. Measurements were carried out in

isothermal mode at temperatures 750–1040 °C. The sensor
potential variations less than 0.1%/minute were a criterion
of equilibrium. For correction of possible errors related to
oxygen leaks through microcracks, measurements at each
temperature were performed in pO2 increase and decrease
modes. Electrochemical leaks for each experimental point
were determined from Eq. 15 taking into account temper-
ature, pO2 gradient, and equilibration time. Upon respective
corrections, the data were normalized to absolute values
assuming that the stoichiometric state was achieved at
minimum of the derivative @d=pO2 (Fig. 10a). Then, the
isotherms obtained in pressure increase and decrease modes
were averaged. The authors of [55, 56, 77, 83] studied
perovskite-like iron-containing oxides where the oxygen
homogeneous range is much wider than in titanites [57, 58,
80, 81]. This enabled obtaining of ample and precise data
(Fig. 18).

An original modification of the method is proposed in
[84, 85] and developed further by the authors of [86–88].
The experimental arrangement also enables the simulta-
neous measuring of oxygen chemical diffusion and surface
exchange coefficients (Fig. 19). The cell includes a
specimen pellet blocked electronically by the oxygen
electrolyte slab at one surface. The opposite surface was
made impermeable for oxygen ions by application of
platinum foil. The cylindrical surface of the pellet was
coated with gold and further sealed with glass [84, 89] to
prevent direct oxygen ingress from ambient air. The gold
layer prevented direct contact between the sample and the
glass seal. An YSZ slab was used as the electrolyte. A thin
layer of porous platinum was added between the pellet and
the YSZ as a spacer to avoid undesired reaction between the
components of the pellet and the zirconia [89]. The platinum
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was also presumed to act as a catalyst for the interfacial
transport of oxygen. The opposite face of the electrolyte was
coated with a thin layer of porous platinum in two separate
patches to act as the air counter electrode and the reference
electrode, as shown in Fig. 19. Figure 19b shows a variation
of the design. Instead of having the electrolyte in direct
contact with the specimen, a gold ring (50-mm thick) was
added as a spacer. The upper surface of the electrolyte inside
the gas spacer was again coated with a thin layer of porous
Pt, such that the electrolyte acted as an oxygen pump.
Because of the thermal expansion mismatch between the
constituents of the cell, thermocycling had to be avoided in
order to prevent cracking of the sample. Thus, the cells were
heated up to the temperature of measurement (800–975 °C)
only once. The cells, once cooled back to room temperature,
were not used again. This implies that special care was
required in the assembly of the cell to reach a satisfactory
seal quality once the cell was heated [86]. Measurements
with the use of such cells are carried out at constant
temperature in the potential step mode, typically 20 mV
[85]. Oxygen non-stoichiometry change at each step is
determined from Eq. 19, while the chemical diffusion
coefficient is determined by processing relaxation depen-
dences on the basis of the second Fick law. Electrical
impedance spectroscopy measurements with the use of the
same cells allowed the determination of surface exchange
coefficients of oxygen.

Oxygen non-stoichiometry was measured in the slow
scan cycling voltammetry mode [87, 88], in which the
response of the sample to a slow voltage sweep (3 μV/s)

was recorded. It was suggested that the chosen rate of
potential change ensures the experimental conditions, at
which a sample is close to equilibrium. The cell current was
corrected for the contribution of leaks following [90]. The
leak current was assumed to be a function of the reversible
cell potential only, and in this way its contribution to the
total cell current was suppressed by considering the
difference between the oxidation and reduction currents
I ¼ Iox � Iredð Þ=2. The reversible potential difference (ΔE)
across the oxygen pump, which is needed to evaluate the
pO2 in the gas space, can be estimated from the applied
potential by correcting for the ohmic drop in the electrolyte
and the polarization overpotential of the Pt electrodes in the
presence of a current, both of which can be estimated from
impedance measurements [87]. The change in oxygen non-
stoichiometry for a given potential difference is then
obtained by integrating the corrected cell current [87]:

Δd ΔEð Þ ¼ Ms

ms

1

2F

ZE0þΔE

E0

dE

dt

� 	�1
I ΔEð ÞdE ð21Þ

where dE/dt is the scan rate. The corresponding non-
stoichiometry data are shown in Fig. 20 along with the data
obtained from potentiostatic measurements. Although the
agreement between the two approaches is good at voltages
larger than −100 mV, the difference reaches 10% at
−150 mV. This indicates that the voltammetry deviates
from the “close to equilibrium” condition at low pO2. This is
probably due to the slowing of the reduction kinetics as the
pO2 decreases [88].

Oxygen adsorption of the surface of platinum was
examined in [66]. The study required a high resolution,
which can be achieved only by extremely careful minimi-
zation of all possible errors and, first of all, the error due to
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Fig. 19 Cell designs for potential step measurements: a blocked cell,
b blocked cell with a gold ring spacer [86]
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electrochemical leaks. A specially designed cell with a
compensation mode of operation was used (Fig. 21). In
external and operating chambers of the cell, equal pressures
were maintained with the aid of independent oxygen pumps.
Although this cell certainly improves the quality of measure-
ments, this design cannot be used extensively because
running the system is not simple. Serious difficulties in
sealing were noted even by the authors. The method was
modified in [6] so that the external chamber is gasket-sealed
in a cold zone (Fig. 22). The oxygen activity gradient
between the external chamber and the internal cell was
maintained within 1 mV during measurements, which
decreased the leak rate by at least 100 times in a wide range
of oxygen activity and ensured high measurement accuracy
in the examination of small (0.1–0.3 g) oxide samples. The
free volume of the measuring cell of ∼0.3–0.5 ml was
determined before the experiment with an accuracy ±0.01 ml
by filling it with alcohol. The volume occupied by a sample
was determined from the oxide density and mass. After the
sample, whose mass was determined with an accuracy
of ±0.0001 g, was placed in the measuring cell of the
chamber, a high-temperature sealing paste was applied on
the end face of the cell and a YSZ cover was attached. The
assembly was placed into a tubular furnace, vacuumed, and
filled with the gas mixture 90% О2–10% СО2, which enables
relieving kinetic difficulties in the gas phase when measure-
ments are performed under low oxygen activity. The
assembly was heated to a temperature at which the sealing
paste softens, and then it was cooled to operation tempera-
ture (950 °С). A cell is considered to be sealed if the change
in the sensor reference potential (−20 mV) is not greater than
1 mV/h, which corresponds to the voltage drift due to
electrochemical oxygen leaks through the cell walls when
the pump of the isolating cell does not run. Coulometric

titration was performed in the isothermal mode. The
oxygen pressure step was chosen to be Δ log pO2=atmð Þ
� 0:15 and Δ log pO2=atmð Þ � 0:3 at �4 < log pO2=atmð Þ <
0:2 and �16 < log pO2=atmð Þ < �4, respectively. The data
were registered after the equilibrium between the sample
and the gas phase inside the measuring cell was attained.
The change in the oxygen content in the sample was
calculated from Eq. 7. The equilibrium criterion was taken
as d log pO2=atmð Þð Þ=dt < 0:01 hour�1. Such experimental
conditions usually ensure the reversibility of measure-
ments at oxygen partial pressure cycling.

The main drawback of coulometric titration that hinders
its application is the complexity of the preparatory work.
Manufacturing of measuring cells requires much time and
high accuracy of surface treatment. In some cases, before
the beginning of important experiments, the cell is
calibrated to determine the oxygen leak rate. Most often,
the cell is used only in one experiment since its design does
not ensure a non-destructive disassembly (e.g., Figs. 15 and
17). The authors of [74] attempted to construct a device for
multiple coulometric measurements (Fig. 23). The device
has a water-cooled sealing unit separating the tight alumina
tube where a measured sample in an alumina crucible is
placed. The measuring assembly with two electrochemical
YSZ elements is located immediately above the sample.
One element is used as an oxygen pump, the other as an
activity sensor. To eliminate uncertainties in free volume
determination, the authors used a strict dependence relating
pressure and oxygen amount in the cell with geometric and
temperature profiles along the cell. Oxygen leaks were
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monitored in isothermal conditions by an approximation of
experimental values with Eq. 18. As is seen from Fig. 24,
this gives a rather rough description of the experimental
data. The deviations are likely to be due to a considerable
temperature gradient in the cell. In order to reduce the error,
it makes sense to describe very precisely the experimental
dependence of leak current on the oxygen activity gradient
with the use of a polynomial or another function, which
must not necessarily have a physical meaning. Another
possibility for error reduction is to use the cell in the
potentiostatic step titration mode, when leak current is
accounted for at each step. In any case, the idea of creating
a device for regular coulometric measurements should be
supported and developed further.

Along with the application of small-sized measuring
cells, sometimes the method is used where the cell with a
sample is spatially separated from the system for electro-
chemical control of gas phase. There are works in which a
commercial potentiometric–coulometric device OXYLYT
(SensoTech Magdeburg, Germany) is used [91–93]
(Fig. 25). The OXYLYT comprises two independent
zirconia oxygen pump and gauge cells, designated as CELL
1 and CELL 2, respectively, and a temperature-programmed
furnace in between the two cells, containing the sample.
The two cells and the furnace are connected by stainless
steel capillary tubes through which the carrier gas with

controlled oxygen partial pressure flows. The pO2 before the
sample is measured by the potentiometric zirconia sensor in
CELL 1, while CELL 2, placed after the sample, is used as
a pump/gauge system that sets a constant pO2 by simulta-
neous oxygen electrochemical pumping and pO2 measure-
ment. In a steady state, the sample equilibrates with the
surrounding atmosphere and the pumping current ICELL 2

through CELL 2 is constant. When oxygen is released from
the sample, the pO2 in the carrier gas changes and ICELL 2

decreases in order to maintain the previously adjusted pO2 set
point. After a new equilibrium between the sample and the
carrier gas is attained, ICELL 2 increases to the initial current
level. The overall amount of oxygen released by the sample
can be determined from the integral over the ICELL 2 vs. time
curve [94]. This method is advantageous to that employing
the classical compact cell since it has no temperature
limitations. At the same time, a rather complicated interpre-
tation of measurement results may lead to greater errors. In
addition, the necessity of using a gas carrier narrows the
oxygen partial pressure range, in which measurements can be
performed. In particular, oxygen non-stoichiometry in
La1�xSrxCo1�yFeyO3�d was measured in [95] with the
OXYLYT at temperatures 300–1000 °С and oxygen partial
pressures 10−4.2–10−2.9 atm. The oxygen non-stoichiometry
in La1�xSrxCoO3�d was examined in [96] with a similar
device in the pressure range 10−4–10−2 atm.
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Simple applications of pO2 � T � d diagrams

Thermodynamic data characterizing the equilibrium with
the gas phase are known for a great number of oxides.
Probably, the most comprehensive studies of pO2 � T � d
diagrams were performed for perovskite-like cuprates, in
particular, the famous superconductor YBa2Cu3O6þd, in
which δ varies from 0 to 1 [21–24, 27, 97, 98]. There is
ample information in the literature about the equilibrium
oxygen content in cobaltites [3, 33, 73, 99, 100], ferrites
[35, 45, 76, 77, 83, 101–103], and manganites [52, 74, 104,
105]. An analysis of the defect structure in oxides at
elevated temperatures on the basis of pO2 � T � d diagrams
makes it possible to obtain equilibrium constants of
reactions and processes with participation of defects, as

well as chemical potentials and thermodynamic functions of
oxygen in the oxide.

Partial thermodynamic functions of oxygen in MOn�d
oxide can be calculated from oxygen chemical potential vs.
temperature dependences at fixed δ values. The change in
chemical potential ΔμО of oxygen when it is transferred
from the gas phase to the oxide is determined as

ΔmO d; Tð Þ 	 mMOn�d
O � 1

2
m0
O2
¼ RT 
 ln pO2ð Þ ð22Þ

where m0
O2

is the chemical potential of gaseous oxygen in
standard state. Therefore, the equilibrium oxygen pressure
values taken from the pO2 � T � d diagram permit the
direct calculations of the ΔμО(δ, T) dependences. On the
other hand, the change in the oxygen chemical potential is
related to the change in the partial enthalpy and entropy of
oxygen in the oxide as

ΔmO d; Tð Þ ¼ ΔHO dð Þ � TΔSO dð Þ ð23Þ
If ΔHO and ΔSO do not depend on temperature, which
occurs most often, they are determined as

ΔHO dð Þ ¼ @ ΔmOð Þ
@ 1=Tð Þ

����
d

and ΔSO dð Þ ¼ @ ΔmOð Þ
@ðTÞ

����
d

;

ð24Þ
The concentration dependences ΔHO dð Þ and ΔSO dð Þ allow
the calculation of the equilibrium oxygen content for
arbitrary temperature and pO2 values within the entire
thermodynamic stability range of a non-stoichiometric
oxide. Also, these thermodynamic functions contain infor-
mation on defect equilibria and interactions. Their analysis
and comparison of calculated and experimental δ is most
often carried out on the basis of point defect models [52,
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77, 83, 101, 104, 105]. It is instructive to briefly consider
the defect structure studies [101] of solid solutions
La1�xSrxFeO3�d as an example. Figure 26 shows ΔHO dð Þ
and ΔSO dð Þ dependences obtained from experimental
results. It is seen that the oxidation of ferrites takes place
in two stages. The smallest ΔHO dð Þ values correspond to
the oxidation of Fe2þ Fe

0
Fe

� �
to Fe3þ Fe�Fe

� �
.

1

2
O2 þ V��O þ 2Fe

0
Fe
! O�O þ 2Fe�Fe ð25Þ

When the composition with δ=х/2 is achieved, cations
Fe3þ Fe�Fe

� �
begin to oxidize to Fe4þ Fe�Fe

� �
1

2
O2 þ V��O þ 2Fe�Fe! O�O þ 2Fe�Fe ð26Þ

Almost invariable ΔHO dð Þ values in the corresponding δ
intervals are equal to enthalpies of oxidation reactions (25)
and (26), ΔH0

Ox1 and ΔH0
Ox2, respectively. Note that the

difference ΔH0
Ox2 �ΔH0

Ox1

� �
equals the doubled enthalpy

ΔH0
Disp of the disproportionation reaction

2Fe�Fe ¼ Fe
0
Fe þ Fe�Fe ð27Þ

Calculations [101] give the configuration entropy of
oxygen in the ferrite as

sO confð Þ ¼ R ln
d Fe�Fe
� 
2

3� dð Þ Fe�Fe
� 
2 þ @ Fe

0
Fe

� 

@d

lnKDisp

 !
;

ð28Þ
where

@ Fe
0
Fe

� 

@d

¼ 1þ 2d � x

4KDisp Fe�Fe
� 
þ Fe

0
Fe

� 
þ Fe�Fe
� 
 ð29Þ

and relations of partial molar functions with standard enthalpies
ΔH0

Ox2; ΔH0
Disp

� �
and entropies ΔS0Ox2; ΔS0Disp

� �
for

reactions (26) and (27)

ΔHO dð Þ ¼ ΔH0
Ox2 �

@ Fe
0
Fe

� 

@d

ΔH0
Disp ð30Þ

ΔSO dð Þ ¼ ΔS0Ox2 �
@ Fe

0
Fe

� 

@d

ΔS0Disp þ sO confð Þ ð31Þ

The equilibrium constants for reactions (26) and (27) can be
represented as

KOx2 ¼
O�O
� 


Fe�Fe
� 
2

p1=2O2
V��O
� 


Fe�Fe
� 
2 and KDisp ¼

Fe
0
Fe

� 

Fe�Fe
� 


Fe�Fe
� 
2 ;

ð32Þ
or

KOx2 ¼ 3� dð Þ x� 2dð Þ2
p1=2O2

1� xþ 2dð Þ2
and KDisp ¼

dp1=2O2

3� d
KOx2 ð33Þ

in terms of measurable parameters δ and х. Further,
Arrhenius plots for KОх2 and KDisp can be utilized in order
to find ΔH0

Ox2; ΔH0
Disp

� �
and ΔS0Ox2; ΔS0Disp

� �
. The use

of these parameters in Eqs. 30 and 31 enables obtaining of
oxygen partial enthalpy and entropy in La1�xSrxFeO3�d. A
comparison of the calculated and measured ΔHO dð Þ and
ΔSO dð Þ values shows a quite satisfactory coincidence, thus
demonstrating a correct understanding of the defect
structure in La1�xSrxFeO3�d at least within experimentally
studied limits of oxygen partial pressure, temperature, and
strontium concentration [101].

The authors of [105] were among the first ones to observe
that the pO2 � T � d diagram is a straightforward tool to
reveal defect clustering. It was noticed that the appearance of
even the simplest defect clusters < M0 � V��O �M0 >

MOn ¼ M�n�2d < M0 � V��O �M0>dOn�d þ d
2
O2 ð34Þ
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may result in oxygen deficiency proportional to p�1=2O2
as it

follows from the equilibrium constant

K ¼ dp1=2O2

n� dð Þ 1� 2dð Þ2 ; ð35Þ

at a small concentration of oxygen vacancies, while the
formation of isolated point defects, B′ and V��O , should better
correspond to d � p�1=6O2

. It is clearly seen in Fig. 27 that the
model of associated defects provides a rather accurate fitting
of pO2 � d isotherms in LaMnO3�d [106] and LaCoO3�d
[107], whereas the random defect model fails to give any
satisfactory agreement with the experiment.

A deeper insight into the equilibrium diagrams, inter-
ionic interactions, and the rough features of the electronic
spectrum in the oxide can be obtained beyond the bounds
of the equilibrium constant formalism. For instance, the
authors of [4, 28] suggested the use of the equilibrium
condition for oxygen exchange reaction

1

2
mO2
¼ mi þ amhþ ð36Þ in the form

ln pO2 ¼
1

RT

� �mo
O2
ðTÞ þ 2mi T ; d; Pif gð Þ þ 2mh T ; d; Phf gð Þ

h i
ð37Þ

where {Pi} and {Ph} are model parameters for ionic and
electronic subsystems. Chemical potentials μi and μh in the
right-hand part of Eq. 37 can be calculated at different δ and
Т for assumed electronic structure and ion interaction
models. The fitting of the calculated ln pO2 values to
experimental data enables one to calculate parameters
{Pi} and {Ph} that describe ion and electron subsystems.
This procedure was applied to YBa2Cu3O6þd. It is shown
that a fairly satisfactory approximation of the experimental
pO2 � T � d diagram (Fig. 28) can be achieved when a
simple model of the Bethe–Kikuchi type is used for the
description of oxygen ion interactions while the electronic
structure is approximated by a two-dimensional parabolic
valence band with delocalized states above it.

Conclusion

Oxygen non-stoichiometry is one of the most important
characteristics of oxide materials. The oxygen changes in
composition with temperature, oxygen activity in the
ambient atmosphere, concentration of impurities and
dopants reflect the formation of ionic and electronic defects
and their interaction in oxides. The respective pO2 � T � d
diagrams can be obtained by a variety of techniques. The
coulometric titration is distinguished by high precision,
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which is difficult to achieve with the use of other methods,
and it is particularly advantageous for the application at
small activities of oxygen, pO2 < 10�5 atm. Additional
merit includes the availability of experimental apparatus.
However, an implementation of the method requires
substantial manual work, particularly thorough the prepa-
ration of experimental cells and careful accounting of the
errors that may enter the experimental data. The serious
drawback of coulometric titration is the limited, often one-
time, use of the titration cells though attempts are known of
inventions nearing commercial standards for scientific
equipment. Another issue is due to the small oxygen
conductivity of modern zirconia-based electrolytes that
hampers the measurements at temperatures below 650 °C.
Though different approaches are known to overcome this
limitation, it is quite possible that the development of novel
electrolytes with better-conducting properties will add
substantially to the method.
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