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We have evaluated the possible redox chemical methods for precisely determining the oxygen content in
complex cobalt oxides that are being studied increasingly for their interesting electric and magnetic properties.
For the evaluation, BaNdCo,0s s and Sry(Ca,Y)Co,0O¢ + s phases are selected as reference materials to
elucidate the capabilities of the different analysis methods. Two redox methods so far commonly applied, i.e.
thermogravimetric H, reduction and iodometric titration, are tested and two other, as yet unapplied, methods,
i.e. cerimetric titration and Cu*/Cu?" coulometric titration, are introduced for the analysis of functional cobalt
oxides. The three different titration methods are found to reveal consistent values for the oxygen content with
good reproducibility. The results of thermogravimetric H, reduction analysis agree with the titration results but

show a wider scattering. Of the four analytical methods, the Cu™/Cu®" coulometric titration method is
considered most recommendable, since it is precise and may, furthermore, be applied to e.g. Cu and Fe

substituted cobalt oxide samples.

“Non-stoichiometry” and “doping” are important concepts in
modern inorganic materials science and technology. For
transition metal (7) oxides that are increasingly being applied
as electronic and other functional materials, non-stoichiometry
in terms of the oxygen content is highly possible, and further-
more is crucially important in controlling the desired pro-
perties, e.g. electric and ionic conductivity, superconductivity,
magnetoresistivity and strong thermoelectricity. “Oxygen engi-
neering”’—which should cover techniques for both controlling
and determining the precise oxygen content—is therefore one
of the most important tools for on-demand tailoring of
functional oxides into optimized performances.' Tunability of
oxygen non-stoichiometry and thereby the transition metal
valency is especially common with perovskite-derived struc-
tures of 3d transition metal oxides. No real interpretation of
the material characteristics of these oxides can be made
without reliable knowledge of the absolute oxygen content of
the samples studied.

The most accurate methods for establishing the precise
oxygen contents of transition metal oxides are all based on
redox reactions. In these methods, the high-valent cation(s) of
the studied sample are reduced by a suitable reductant, e.g. [,
Fe?", Cu* or H,, followed by the determination of the exact
amount of reductant left over or the oxidized form of the
reductant formed, or even the weight change related to the
reduction reaction, using an appropriate analysis technique. So
far the most versatile set of analytical methods has been
developed to determine the oxygen content in copper oxides of
a perovskite-derived structure (see refs. 1-3 and references
therein). This is due to the fact that during the last fifteen years
unprecedented research efforts have been focused on these
materials as many of them exhibit high-7, superconductivity
when appropriately doped.

Recently magnetoresistivity was revealed for cobalt oxide
perovskites, (La,Sr)CoO; — 577 and BaREC0,05 , 5 (RE =
rare earth element).®® This has already sparked intensive
studies of spin, charge and orbital orderings in these
materials.!®!” Also a related Ruddlesden—Popper system,
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Sr»(Sr,Ca,Y)Co,06 + s, has been studied because of its
interesting magnetic properties.'®>! The physical properties,
including magnetoresistivity, have been found to be very
sensitive to the oxygen content of the samples. As these and
related complex cobalt oxides are anticipated to be the focus of
intensive research in the near future, it is important to search
for methods of precisely determining their oxygen contents. In
the present contribution, the suitability of two redox methods
that have so far been commonly applied to the oxygen content
analysis of complex cobalt oxides [i.e. thermogravimetric (TG)
reduction and iodometric titration], is evaluated. Further-
more, two other methods, ie. cerimetric titration and Cu*/
Cu?* coulometric titration, so far used for the oxygen content
analysis of iron and/or copper oxides, are also tested and
successfully extended to the analysis of cobalt oxides. For this
study, BaNdCo,0s5 ; s and Sr»(Ca,Y)Co,O¢ + s phases are
used as reference materials to demonstrate the capabilities of
the different analysis methods.

Experimental
Synthesis of reference samples

An air-synthesized BaNdCo,0s ; s sample was obtained
through solid-state reaction from BaCO;, Nd,O3 and Co30,.
Before synthesis Nd,O5; was decarbonated at 900 °C overnight.
Stoichiometric amounts of the powders were ground thor-
oughly and calcined at 1000 °C in air for 24 hours. After
cooling and regrinding the sample was reheated at 1100 °C in
air for 24 hours and slowly cooled down to room temperature.
The Sry(Ca; - ,Y,)C0,0¢ + s sample was synthesized with a
stoichiometry of x = 0.7 from SrCO;, CaCO;, Y03 and
Co030,. The heat treatments were carried out in air at 800, 1000
and 1100 °C, and twice at 1200 °C, each for 20 hours. After
each heat treatment the sample was cooled down to room
temperature and reground.

The oxygen non-stoichiometry of the BaNdCo,Os . 5
and Sry(Cap3Y07)C0,0¢ + s samples was modified by
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thermogravimetric oxygenation and deoxygenation treatments
performed for small portions of the as-air-synthesized powders
in flowing oxygen and argon atmospheres, respectively, using a
thermobalance of high sensitivity (Perkin Elmer TGA System 7
or MAC Science TG-DTA 2000S). In these TG annealings a
powder sample of ca. 100 mg was heated at a slow enough rate
(2 °C min™ ") to the desired temperature to guarantee an
essentially equilibrium situation during the annealing. At the
final annealing temperature, a one-hour isothermal heating
period was applied after which the sample was cooled down
to room temperature, slowly in the case of O, annealing
(0.5 °C min~ ') and fast in the case of Ar annealing
(20 °C min~'). All the samples prepared were checked for
phase purity by X-ray diffraction using a MAC Science
MI18XHF?* or Philips PW 1830 diffractometer operating with
Cu-Ka radiation.

Oxygen content analyses

The oxygen contents of the BaNdCo,Os ;. s samples were
determined by iodometric, cerimetric and Cu*/Cu®* coulo-
metric titrations as well as by the thermogravimetric hydrogen
(TG/H,) reduction method, while for the Sry(Cag3Y¢.7)C0,0s¢ + 5
samples only cerimetric and coulometric titrations were
applied. For each analysis, three to five parallel experiments
were carried out. All the titration methods are based on
dissolution of the sample in acidic solution and subsequent
reduction of the high-valent cobalt species, Co™ and Co",
with an appropriate reductant. To prevent oxidation of the
reductant by oxygen, the acidic solution used as a solvent and
titration medium was freed from dissolved oxygen before each
experiment by Ar bubbling. Also, it was important to perform
the titrations in an air-tight cell under an Ar atmosphere.

In iodometric titrations®? ca. 50 mg of the sample studied
were dissolved in 1 M HCI solution (ca. 100 ml) containing an
excess of KI (ca. 2 g), resulting in reduction of tri- and tetra-
valent cobalt species of the sample to Co>" ions and formation
of a stoichiometric amount of iodine in the solution. Iodine was
titrated with Na,S,03 solution using starch as the indicator.
Starch (1 ml; 0.2 w%) was added just before the end-point to
avoid the end-point from being diffuse. For the same reason,
KSCN (ca. 2 g) was added near the end-point. The end-point
was detected visually as the blue colour of the starch complex
disappeared and the solution turned white due to the formation
of solid Cul. The concentration of the Na,S,03 solution
(ca. 0.015 M) was standardized against both KIO; and CuO.

In cerimetric titrations®> a ca. 50 mg portion of the studied
sample was dissolved in 1 M HCI solution (ca. 100 ml)
containing an excess of FeCl,-4 H,O (ca. 100 mg). Cobalt with
high oxidation states in the sample was reduced by divalent
iron and the remaining excess of Fe’" ions was titrated with
Ce(SOy), solution using ferroin (one drop) as the indicator. The
end-point was detected visually as the orange colour turned to
green. The concentration of the cerium sulfate solution (ca.
0.015 M) was determined using Mohr’s salt [(NH4)>SOy4-
FeSO4-6 H,0] as a reference and additionally standardized
against As;Os.

Coulometric Cu*/Cu*" titrations®® were carried out using
Cu,0 as the reductant for Co™ and Co'. About 50 mg of the
sample were dissolved in 1 M HCI solution (ca. 200 ml)
containing an excess of Cu™ ions (ca. 20 mg of Cu,0) and the
remaining excess of them was determined by means of
electrochemical oxidation, ie. coulometric titration. The
anodic oxidation of Cu" to Cu®>" was performed with a dc
current of 5 mA. Platinum plates were used as electrodes and
the cathode was separated from the cell solution with a salt
bridge. The potential was measured against an Ag/AgCl
reference electrode (Horiba pH Meter F-22). The end-point of
the titration was determined at 930 mV. Before each titration, a
pre-titration with a small amount of Cu,O (2-3 mg) was done
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to standardize the starting potential of the cell solution. Several
blank titrations were carried out with the Cu,O powder to
standardize the titration.

Thermogravimetric hydrogen reduction® was performed in
a Perkin Elmer TGA System 7 thermobalance. A sample of ca.
20-50 mg was heated at a rate of 2 °C min ™! to 700 °C in a 5%
H,-95% Ar atmosphere. The oxygen content of the sample was
calculated from the weight loss resulting from the complete
reduction of the complex oxide.

Results and discussion

Among the redox analysis methods used for the determination
of the oxygen content of functional transition metal oxides,
thermogravimetric reduction of the complex oxide to a mixture
of metals and binary metal oxides is probably the most
straightforward approach and has previously been applied
to mixed cobalt oxides.>>?® Hydrogen (H,—Ar) is the most
commonly used reductant. Following the reduction reaction by
means of a thermobalance of high sensitivity and determina-
tion of the weight loss in situ at the temperature corresponding
to the complete reduction are indispensable since many of the
reduction products, e.g. BaO, react with moisture and/or CO»,
such that during cooling the mass of the decomposed sample
gradually increases. In the present study the TG/H, reduction
method was first applied to the oxygen content determination
of the air-synthesized BaNdCo,Os ; s sample. Five parallel
experiments were carried out. A typical TG/H, reduction
curve is shown in Fig. 1. The complex oxide is reduced and
decomposed in a stepwise reaction to a mixture of BaO, Nd,O3
and Co according to the overall reaction equation below

BaNdCo,0s 4 5(s) + (2.5 + 8) Hy(g) — BaO(s)
+ 0.5 Nd»Os(s) + 2 Co(s) + (2.5 + 0) H,O(g). (1)

From Fig. 1, it can be seen that the reaction is complete around
550 °C. From the overall weight loss the amount of excess
oxygen, 9, in the air-synthesized BaNdCo,0s . s sample was
calculated to be 0.64 with a reproducibility of +0.05. The other
BaNdCo,0Os5 ; s samples obtained through different post-
annealing treatments from the air-synthesized material were
also analyzed by the TG/H, reduction method. The results are
given in Table 1.

Of the redox titrations, iodometric titration, i.e. titration
using I~ as a reductant, is probably the most widely used
method to determine the high oxidation states of transition
metals and thereby the oxygen contents of their oxides.!”
Todometry is also frequently applied to the oxygen content
analysis of perovskite-related cobalt oxides.>*2"* In the
present study, iodometric titration analysis was carried out
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Fig.1 A typical TG curve for the reduction of BaNdCo,0s 75
measured in a 5% H,-95% Ar atmosphere at a heating rate of
2°Cmin "



Table 1 Results of oxygen content analyses for the BaNdCo,05 4
samples”

Table 2 Results of oxygen content analyses for the Sry(Cag3Yq7)-
C0,054 + 5 samples”

Method
TG/H, Iodometric Cerimetric Coulometric
Sample reduction titration titration titration
O,-annealed 0.78 0.80 — —
(250 °C)
Air-synthesized 0.64 0.75 0.74 0.76
Ar-annealed 0.52 0.54 — —
(350 °C)
Ar-annealed 0.11 0.20 — —
(830 °C)

“The numbers given are values for the excess oxygen, d, based on
five parallel experiments with a reproducibility of ca. +0.005 for the
titration methods and ca. 4+0.05 for the TG/H, reduction method.
Note that the Co valence varied from +2.7 to +3.3 in the samples
studied.

for all the BaNdCo,0s . 5 samples and was found to reveal the
oxygen content values with a reproducibility of about +0.005.
The results are summarized in Table 1. Although the oxygen
contents for the various BaNdCo,Os . 5 samples as established
by means of TG/H, reductions and iodometric titrations are
quite consistent, the absolute values differ by +0.1 (Table 1).

Cerimetric titration utilizing the reduction power of divalent
iron against high-valent transition metal species and a sub-
sequent determination of the remaining amount of Fe*>" jons by
tetravalent cerium has been widely applied to the determination
of oxygen content in complex iron oxides.>’? In the present
study, we successfully applied the method to the oxygen content
analysis of cobalt oxides. Five parallel cerimetric titration
experiments carried out for the air-synthesized BaNdCo,0s . 5
sample gave an oxygen content value of 6 = 0.74 with a
reproducibility of about +0.005. As shown in Table 1, the
values obtained for the air-synthesized BaNdCo,0s . s sample
by the cerimetric and iodometric titration methods agree within
the error limits of the two methods.

For the oxygen content analysis of copper oxides a redox
method utilizing the reduction capability of monovalent copper
in acidic solution has been successfully applied. As a final
analysis step the remaining excess of the reducing agent is
determined by means of electrochemical oxidation, i.e. coulo-
metric titration®>** or constant-potential electrolysis®3>3¢ of
Cu" to Cu?". The method is applicable to iron oxides as
well.1-3+37-38 [ the present study, we applied Cu*/Cu®" coulo-
metric titrations to the analysis of complex cobalt oxides for the
first time. The method turned out to be completely quantitative
for Co™ and Co". The result obtained for the air-synthesized
BaNdCo,Os ; ;s sample was exactly the same as those revealed
by iodometric and cerimetric titrations within the error limits
of the three methods (Table 1). In terms of accuracy, the Cu*/
Cu?* coulometric titration method was found to be on the
same level as the other two titration methods, i.e. five parallel

Table 3 Summary of the different titration methods applied/developed

Method
Sample Cerimetric titration ~ Coulometric titration
O,-annealed (360 °C)  0.48 0.47
Air-synthesized 0.27 0.29

“The numbers given are values for the excess oxygen, J, based on
three or more parallel experiments with a reproducibility of ca.
4+0.005. Note that the Co valence varied from +2.9 to +3.1 in the
samples studied.

experiments revealed the value of § with a reproducibility of ca.
+0.005. To further demonstrate the applicability of the Cu™/
Cu?* coulometric titration method to the analysis of high-
valent cobalt oxides, the oxygen contents of two Sr>(Cag3Y 7)-
C0,0; + 5 samples were determined three times by Cu™/Cu**
coulometric and cerimetric titrations. As with the BaNdCo,-
Os ; s samples, both titration methods revealed essentially
same values for the oxygen content. The results of the oxygen
content analysis of the Sry(Cay3Y(7)C0,O¢ + s samples are
presented in Table 2.

Of the three different titration methods that were all found to
reveal consistent oxygen content values with good reproduci-
bility, the Cu™/Cu®" coulometric titration method has the
advantage of being applicable to the widest range of 3d
transition metals. It may thus be applied to the oxygen content
analysis of cobalt oxides substituted with e.g. Fe and/or Cu.
These kinds of samples with multiple transition metals are
believed to possess potential as both scientifically and techno-
logically interesting functional oxide materials. In Table 3, a
short summary is given of the three different titration methods
applied/developed in the present study for the accurate oxygen
content analysis of complex cobalt oxides.

Finally, we demonstrate that once the exact oxygen content
of an as-synthesized sample has been precisely determined by
any of the redox titration methods, considerably good estima-
ions for the oxygen contents of the post-annealed samples can
be obtained from in-situ detection of the corresponding weight
changes if the post-annealings are carried out in a thermo-
balance of high sensitivity."** In Fig. 2 are presented repre-
sentative TG curves for post-annealings performed for the
as-air-synthesized BaNdCo,0s . 5 (0 determined to be 0.75 by
iodometric titrations) sample in O, and Ar atmospheres. The
results calculated for the changes in the oxygen content upon
post-annealings, i.e. A0 = dynn — Jas-syn, from the thermograms
agree reasonably well with those obtained by means of
iodometric titration analysis of the post-annealed samples
(Table 4). The sample annealed in Ar at 830 °C seemed to have
a tendency to absorb some oxygen as soon as it was taken into
open air, explaining the slightly higher value obtained by
iodometry for the oxygen content than that calculated from the
TG curve.

Todometric titration

Cerimetric titration

Coulometric Cu**/Cu™ titration

2CoM + 617 —»2Col, + 1,
Co"V +41 - Col, + I,

L + 280" =21 + S,08
Visually” using starch as

Reduction reactions

Titration reaction
End-point detection

Co™ + Fe*™ — Co*" + Fe**
Co"™ + 2 Fe** — Co®* + 2 Fe**
Fet + Ce*t — Fed* + Ceit
Visually” using ferroin as

Co™ + Cu* — Co*" + Cu**
Co"™ + 2 Cu* — Co** + 2 Cu?t
Cu' - Cu®t +e”

Measuring voltage against an

Reproducibility for o
in parallel experiments
Comments

an indicator
+0.005

Applicable to Co and Cu oxides,
not Fe oxides

an indicator
+0.005

Applicable to Co and Fe oxides,
not Cu oxides

Ag/AgCl reference electrode
+0.005

Applicable to Co, Cu
and Fe oxides

“It should be noted that instead of visual end-point detection, it is also possible to follow cerimetric and iodometric titrations potentiometri-

cally.
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Fig. 2 TG curves for the oxygenation (at 250 °C) and deoxygenation
(at 350 and 830 °C) of the air-synthesized BaNdCo,0Os ;5 material
measured in an O, flow at a heating rate of 0.5 °C min~' and in an Ar
flow at a heating rate of 2 °C min_ ', respectively.

Table 4 Change in the oxygen content, A0 = Junn — Jas-syn, detected
for the air-synthesized BaNdCo,0s 75 material upon annealing in Ar
and O, atmospheres by means of in-situ TG detection and iodometric
titration

Annealing
Method 0, (250 °C) Ar (350 °C) Ar (830 °C)
TG detection 0.03 -0.23 —0.64
Todometric titration 0.05 -0.21 —0.55

Conclusions

In the present study, four different methods of chemical
analysis were evaluated in terms of their applicability for
precise determination of the oxygen content in complex cobalt
oxides. For the evaluation, two different perovskite-derived
phases, i.e. BaNdCo0,05 ;. s and Sry(Ca,Y)Co,0g - 5, were used
as reference materials. In the samples studied, the valence of
cobalt varied between +2.7 and +3.3. The three redox titration
methods applied/developed, i.e. iodometric, cerimetric and
Cu™/Cu?" coulometric titrations, were found to yield con-
sistent values for the oxygen content with excellent accuracy,
while the results of thermogravimetric H, reduction analysis
showed considerably more scattering, even though being on
average parallel to the titration results. Of the titration
methods, the Cu'/Cu®* coulometric titration provides the
widest possibilities, since it is applicable to a large number of
3d transition metals thereby enabling for instance analysis of
Cu and/or Fe substituted cobalt oxide samples.
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