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ASSESSMENT OF Co(II), Co(II) AND Co(IV) CONTENT IN THERMOELECTRIC COBALTITES

OZNACZANIE ZAWARTOSCI Co(II), Co(III) I Co(IV) W KOBALTANACH WYKAZUJACYCH WEASNOSCI
TERMOELEKTRYCZNE

The precise content of cobalt at a given oxidation state in layered sodium or calcium cobaltites is crucial for their

thermoelectric performance and stability at elevated temperature. The paper presents results of searching for an effective
method of measuring cobalt ions concentration coexisting at various oxidation state in a solid state. Application of the specific
properties of reagents gave possibility to determine Co®* concentration in the presence of Co** by the wet chemical methods.
The accuracy and usefulness of the method was checked by comparison of the results from independent measurement of the
total cobalt content and sum of the cobalt concentration at various oxidation state. It has been found that separate concentration
of cobalt at a various valence state can be precisely measured if no Co;O4 was present in the synthesized powders.

Doktadne oznaczenie zawarto$ci kobaltu na danym stopniu utlenienia w warstwowych kobaltanach sodowych lub wap-
niowych ma zasadnicze znaczenie dla ich sprawnos$ci jako materialu termoelektrycznego oraz stabilno$ci w podwyzszonme;j
temperaturze. Artykul przedstawia wyniki badan nad znalezieniem skutecznej metody oznaczania st¢zenia jonéw kobaltu
wystepujacych obok siebie na réznym stopniu utlenienia w stanie stalym. Wykorzystanie szczegdlnych wlasciwosci reagentéw
umozliwito oznaczenie stezenia Co®* obok Co** metoda analizy w fazie cieklej. Doktadno$é i powtarzalno$é metody zostata
potwierdzona przez poréwnanie wynikéw niezaleznych pomiaréw catkowitej zawartosci kobaltu i sumowania zawartosci kobaltu
na réznych stopniach utlenienia w tych samych prébkach. Stwierdzono, ze precyzyjne oznaczenie zawarto$ci kobaltu na réznych

stopniach utlenienia jest mozliwe je§li w prébce nie wystepuje Co;04 w syntetyzowanych proszkach.

1. Introduction

Thermoelectric power generation as a promising, en-
vironment friendly technology of energy conversion has
recently attracted the renewed interest for manufacturing
thermogenerators as waste heat from automobiles, fac-
tories and similar sources offers the significant amount
of heat ready for conversion into the electrical energy.
The key factor to complete an efficient thermoelectric
thermogenerator lies in manufacturing highly effective
materials whereas their performance is evaluated by ther-
moelectric power. CoO;-based layered oxides were dis-
covered at the end of XX century as potential compounds
for thermoelectric application at high temperature range
[1-2]. The further studies by electron, X-ray and neutron
diffraction techniques showed a misfit-layered structure
of oxides with CoO, conducting layers [3-5]. The misfit
structure is assumed to be a natural superlattice, in which
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two subsystems play totally different roles. The CoO,
subsystem is responsible for creation large thermoelec-
tric power factor while the disordered rock salt-type sub-
system significantly lowers the lattice conductivity [5].
From the charge neutrality, the Co ions are either Co®*
or Co** in the CoO, sheets and their nominal ratio in
¥-Na,Co05 (x=0.70) is Co**:Co**=3:7 while the nomi-
nal valence of cobalt is close to Co*>3 [6] or to +3.5 [7]
in CazCo40O9 compound with the structural formula of
[Ca;C003]p.62C00;. In the real compound a displacive
modulation of the atomic sites occurs through the mutual
interaction between both systems and a good electron-
ic conduction takes place. The average valence state of
cobalt can be determined by measurement of the oxygen
content in the material after reduction in hydrogen at-
mosphere [8] or by wet-chemical redox analysis [9] but
such quantity can not reveal the number of cobalt ions
active in the charge transfer. Therefore, only the actual
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concentration of the cobalt ions in the resultant poly-
crystalline ceramic instead of the average valence state
will determine their thermoelectric efficiency.

The paper presents the results of the measurement
of cobalt ions concentration at various oxidation state
as elaborated for sodium and calcium cobaltite. The re-
sults from different measurements were compared and
discussed.

2. Experimental

Sodium and calcium cobaltites were prepared by the
solid state reaction. Starting materials for preparation are
shown in Table 1. All reagents were of chemical grade
purity delivered by Merck. The mixtures of reagents

were weighed out according to the following reactions:
TABLE 1
Starting materials for sodium and calcium cobaltite preparation

Kind of synthesis
process

Regents for calcium
cobalitites synthesis

Regents for sodium
cobaltite synthesis

solid state reaction

- C0304

= CO3 04

— CaCO;
— acetone

— Na,CO3
— acetone

6CaCO3 + 2C0304 + 0.50, — 3CayCo0,05 + 6C02
ey
9CaCO;3 + 4Co0304 + O — 3CazCo409 + 9CO,  (2)
x/2Na>CO5+1/3C030,H4-3x)/30, — Na,CoO»+x/2CO,
3)

Cobalt (ILIII) oxide and sodium or calcium carbonates

in a molar ratio corresponding to the nominal composi-

tion of Nag 75C00,, Ca;Co,05 or CazCo409 were mixed
in an agate mortar for 1 hour with addition of acetone.

The batches were then calcined at 800 °C or 850 °C for

sodium and calcium cobaltites respectively. The resultant

compounds were milled again with acetone for 1 hour
in the agate mortar. The powders were then recalcined
at 850 °C or 900 °C for sodium and calcium cobaltites
respectively. DTA/TG (STA 409 NETZSCH, specimen
of 100 mg, heating rate of 10k/min) and XRD studies

(EXPERT-Pro Philips, CuK, monochromatic radiation,

A=1.5406 A) were applied for characterization of the re-

sultant powders.

Measurement of the total cobalt content and mea-
surement of the cobalt ions fraction at various valence
state was performed by the chemical analysis and was
developed for the purpose of this paper. The list of chem-
ical reagents (Merck) is shown in Table 2. The procedure
consisted of the following steps:

— measurement of the total cobalt content by the two
independent spectrophotometric methods with cobalt
thiocyanate complexes or cobalt complexes with ED-
TA

— measurement of Co>* content by spectrophotometric
measurement of cobalt complexes with EDTA

— indirect determination of Co** content

— determination of Co?* in free CoO

TABLE 2

Reagents for Co?*, Co** and Co** measurement

Analysis Reagents

total cobalt content | — 50% solution of NH;SCN
— 0,25M solution of EDTA
- KIO,

- 2M H,SOq4

— Co standard solution*

Co**in CoO

— Co standard solution*

— Franky‘s reagent (prepared by mixing ethyl acetylacetat in presence
of isobutyl alcohol and ethyl ether in the volume ratio 3:20:5)

Co* — 0,25M solution of EDTA
— 2M H,S0q,

— Co standard solution*

Co** - 10% KI
— HCI conc.

— 0,1M sodium thiosulphate

— 2M H,S0,
— Co standard solution*

— chromium and potassium sulphate solution with concentration of Cr** equal to Img/ml

* Cobalt standard solution with Co?* concentration 1mg/ml (MERCK); working solutions of required concentrations
were obtained by diluting of standard solution just before determination



All measurements were performed on the three different
cobaltite samples. The procedures are described below:
a) total cobalt content

— Spectrophotometric determination of cobalt thio-
cyanate complexes

It is assumed that during this process all cobalt from
higher oxidation states converts to +2 oxidation state af-
ter the reaction with sulphuric acid. 10mg of the cobaltite
powder was put into the beaker, then 2ml of water and
2ml of concentrated sulphuric acid were added. The mix-
ture was heated till complete dissolution of the sample.
The solution was transferred to the 10ml volumetric flask
and fill with water to the mark. 0,5ml of the sample
solution were transferred to the 25ml volumetric flask,
then Sml of the NH4SCN solution and 12,5ml of acetone
were added. Absorbance of blue complex solution was
measured at A 620nm against water and the content of
cobalt was calculated. Molar absorptivity € = 1.91 - 10*
[10].

— Spectrophotometric determination of cobalt complexes
with EDTA

This determination is based on the complex formation
of Co(Il) and Co(Ill) present in cobaltite samples with
EDTA and subsequent oxidation of Co(Il) complexes to
Co(III) complexes with KIOy4, followed by spectropho-
tometric determination of the total cobalt content. Ob-
tained results suggest that Co(IV) which could be present
in the samples converts to Co(Il) in this process.

10mg of the cobaltite powder was put into the beaker,
then 10ml of 0,25M EDTA and 0,3ml of 2M H,;SOq4
solutions were added. The mixture was heated till com-
plete dissolution. Next, 0,5g KIO, was added for oxida-
tion of cobalt and the samples were heated till complete
dissolution of KIO4. The solutions were transferred to
the 50ml volumetric flasks. Absorbance was measured
at A 534nm against water and cobalt content calculated.
Molar absorptivity at A 534nm e=2.94 - 10

b) measurement of Co>* content

This measurement is based on assumption that only
Co(IIl) forms the stable complexes with EDTA. If the
solution is not oxidised than Co(II) ions form only less
stable complexes with EDTA and do not influence the
absorbance at 4 534nm.

10mg of the cobaltite sample was put into the beaker;
10ml of 0,25M EDTA and 0,3ml of 2M H,SO4 were
added. Solution was heated till complete dissolving of
the sample. Next, the solution was transferred to the
50ml volumetric flask. The absorbance of the solution
was measured at A 534nm against water and cobalt con-
tent calculated. Molar absorptivity at 4 534nm =2.94 -
102,

¢) Indirect determination of Co** content

In the first step the “oxidation factor” was calculated
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basing on the assumption that only Co(IIl) is present in
the sample and only 1 electron is involved in reduction of
Co** to Co?*. However, the observed “oxidation factor”
was always higher than determined Co(III) amount and
usually greater than the total cobalt content. It indicates
that the observed excess corresponds to Co(IV) pres-
ence. Taking into consideration the fact that reduction of
Co(IV) to Co(Il) involves 2 electrons instead of 1 elec-
tron as in the case of Co>*, then the amount of Co(IV)
can be found substracting the Co(III) content determined
according to the procedure described earlier from the
value of oxidation factor and dividing the result by two.
Determination of the “oxidation factor” for cobaltite
samples was carried out by two independent methods:
— Oxidation of Cr** to Cr,03~ by both Co(II) and
Co(IV) ions present in cobaltite samples, followed by
spectrophotometric determination of dichromate ions
content at 4 350nm.

10mg of the cobaltite sample were put into the beaker,
20ml of chromium and potassium sulphate solution
(Cr’* concentration equal to 1mg/ml) were added. The
mixture was then heated and stirred till the sample was
completely dissolved. The solution was transferred to
25ml volumetric flask. Absorbance of the solutions was
measured at £ 350nm against water and oxidation factor
was calculated. Molar absorptivity € = 7,5-10[10].

— Oxidation of I" to I; by both Co(Ill) and Co(IV) fol-
lowed by titration with Na;S,03

50mg of the cobaltite sample were put into the beaker,
10 ml of KI and 5ml of concentrated HCI solution were
added. The mixture was left in the dark place to complete
dissolution and then it was titrated with 0,1M sodium
thiosulphate in the presence of starch as an indicator.
d) Determination of the content of Co?* only in the form
of free CoO

100 mg of the cobaltite sample was put into the beaker,
30 ml of Franky‘s reagent was added. The mixture was
stirred at the boiling temperature for 1h, then it was fil-
tered, next 20ml of 25M EDTA and 0,5g of KIO4 were
added. The mixture was heated for 10min to achieve
colour development and then it was transferred to the
50ml volumetric flask. The absorbance of the solution
was measured at < 534nm against water and cobalt con-
tent calculated as described earlier.

3. Results and discussion

XRD studies showed perfect monophase powders con-
taining only one compound, the relevant cobaltite.
DTA/TG study shows stability of the compounds up to
600 °C, below temperature of powder re-calcinations.
Small mass losses were observed above 600 °C and they
can be attributed to the oxygen loss because of cobalt
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reduction. Besides, several endothermic peaks (Fig. 1-2)
were found above temperature of specimens calcinations
(850 °C for sodium and 900 °C for calcium cobaltite).
Those reactions are connected with decomposition of
cobaltite, its reduction and oxygen evolution according
to the equlibrium diagram [11] . Besides, there is one
peak at 914°C in both calcium cobaltite specimen (Fig.

1) and it was not found in sodium cobaltite (Fig.2).That
peak could be ascribed to decomposition of free Co30y4
to CoO as this transition is reversible and takes place
at about 900 °C. It could be assumed that both calci-
um cobaltite specimens contain free, non-reacted Co3QOy,
while sodium cobaltite specimen seems to be free of that
oxide.
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Fig. 1. DTA/TG of the sample with nominal composition of Ca,Co,0s after calcination at 850 °C and recalcination at 900 °C

TG, % Nag,75C002 DTA, v
1F 180
Ot 70
1F 60
2F 50
3t 40
4t 30
5F 20
6F 10
N4 T . . . . . — .10

0 200 400 600 800 1000 1200

Temperature, °C
Fig. 2. DTA/TG of the sample with nominal composition of Naj;5C00, after calcination at 800 °C and recalcination at 850 °C

Both, sodium and calcium cobaltites dissolve easi-
ly in EDTA solution. Cobalt (IIT) forms a red coloured
complex of high stability with EDTA in a weak acid
solution. pK value given in the literature [10] equals

to 40,6. It is the most stable complex which EDTA as a
ligand forms with metal ions. Resulting red colour of the
solution indicates that Co®* present in materials under
investigation forms complex with this ligand, which can



be used for Co®* quantification. Co®* forms less stable
complex of much lower sensitivity and do not contribute
to the absorbance value at the maximum wavelength of
Co’* complex (1 = 534nm).

Cobalt (III) and cobalt (IV) can undergo redox re-
actions. Standard redox potential of Co**/Co** couple is
very high and equals 1.84V [10] what indicates that the
reactions with Cr’* and I~ can go towards oxidation to
Cr,03™ and I, respectively (E° [Cr,03/Cr**] = 1.33V[6];
E° [I,/I7] = 0.536V[10]).

Sodium and calcium cobaltites dissolve in acid solutions
of I” with liberation of free iodine in amount equivalent
to Co(IIl) and Co(IV) present in the samples, what is
frequently used in analysis of various materials [10]. In
materials containing Co(Ill) and Co(IV) the following
reactions can be expected:

Reactions of Co(IIl) with I":

Co’t + le — Co?*
20 -2e -1, 4)
2C0%* + 21" = I, + 2Co?*

Reactions of Co(IV) with I™:

Co** +2e — Co**
2T -2e > 1, 5)
2Co* + 41" > 21, + 2Co**

Titration reactions:

I, +28,03 — S,07 +2I (6)

The mole ratio of C03+/SZO§‘ = 1:1

21, + 48,02 — 28,0% +4I° )

The mole ratio of C04+/SZO§‘ =1:2

Results obtained from titration analysis cannot differen-
tiate between Co®* and Co** content. However, they can
be used for the determination of the “oxidation factor”.
In this case the assumption is made that in the sample
exists only Co®* which consumes 1 electron per 1 ion.
Calculation based on the volume of standard thiosulphate
solution used for the determination of educed iodine in
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the redox reaction will give the content of cobalt on
higher oxidation states recalculated as Co’*.

In order to asses the Co** content it is necessary
to subtract the Co3+ amount determined separately as
Co3.-EDTA complex from the oxidation factor. The re-
sultant difference must be divided by 2 (number of con-
sumed electrons by Co4+) and finally it will give the
content of Co** in the examined sample.

Other possibility was found because the difference
in standard redox potential indicates that Co** and Co**
ions can oxidize Cr** ions according to the possible re-
actions:

Reactions of Co’* with Cr3*:

Co** + le » Co** 8)

2Cr** - 6e + TH,0 — Cr,03 + 14H* )

6Co>" +2Cr** + TH,0 — Cry,0%~ + 6Co** + 14H*

(10)
The ratio of Co**/Cr,03™ = 6: 1
Reactions of Co** with Cr’*:
Co* +2e — Co** (11)
2Cr** - 6e + TH,0 — Cr,03 + 14HY  (12)

3Co™ +2Cr** + 7TH,0 — Cry03 +3Co*" + 14H*
(13)
The ratio of C03+/Cr20%‘ =3:1
In Fig.3 absorption spectra of K,Cr,O (Cr) (curve 1)
and Cr** 1mg/ml (curve 2) in UV-Vis range are present-
ed. At A=350nm the absorbance maximum of dichromate
meets the minimum in Cr** spectrum. This wavelength
can be applied for the determination of dichromate form-
ing in the reaction of Co®* and Co*" ions with Cr**.
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Fig. 3. Curve 1 — absorption spectra of dichromate standard sample; Curve 2 — absorption spectra of Cr** standard sample

In Fig. 4 the absorption spectra of calcium cobaltite sam-
ple after reaction with Cr**(curvel), and standard sample
of chromium (III) of concentration 1mg/ml (curve 2) are
presented. The well shaped Cr20%‘ absorption band is

seen. The absorbance value can be applied for the de-
termination of “oxidation factor” recalculated as Co**
content similarly to the aforementioned iodometry.
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Fig. 4. Curve 1 — absorption spectra of calcium cobaltite sample after reaction with Cr’*; Curve 2 — absorption spectra of Cr** standard

sample

Samples of cobaltites can contain free CoO phase
for several reasons: nonreacted starting cobalt oxide or
precipitation of CoO from the cobaltite structure during
cooling. Our investigations revealed that it reacts simi-

O——CH,CH

HyC—C—c~
\

L O

+ CoO
OH

0

HsC—C—C

O ——CH2CH3

larly to CaO with Franky’s reagent (ethyl acetylacetate
in the presence of isobutyl alcohol and ethyl ether mixed
in the volume ratio 3:20:5). The possible reaction goes
according to the equation:

O——CH32CH3
H307C :C
‘ AN
o\ ©
-H,0 o (14)
/
(0]
o
H3C—C—C
O —— CH,CHs



The content of Co”** in analysed materials was deter-
mined in filtrates obtained as a result of the extrac-
tion. EDTA was added to form a complex with Co(II)
which was subsequently oxidized with KIO4 to red
Co(IID-EDTA complex and measured spectrophotomet-
rically. However, it must be mentioned that the applied
procedure with Franky’s reagent do not give possibili-
ty for measurement of Co(Il) if it is present in Co30y4
because the latter does not react with Franky’s reagent.
Results of all analyses are shown in table 3. The values in
the 2" and 3™ column show mass percentage of Co(II)
and Co(III) respectively while the values in column 5%
and 7" show mass percentage of Co(IV) as measured
by two different methods (redox reaction with Cr** or
I7). The total cobalt content as measured by complexes
with SCN and EDTA in shown in columns 8" and 9™
respectively. Finally, the 10" column contains calculated
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values of the total cobalt content as a result of adding
Co(II), Co(III) and Co(IV) as measured by the reaction
with Cr3* or I". The latter values are in brackets in col-
umn 10th. Comparison of the results of the total cobalt
content as measured and summed the separated valence
state (columns 8-10) gives accuracy and reliability of the
elaborated method. Values presented in Table 3 (8 and
9™ columns) show that the total cobalt content determi-
nation carried out by two independent methods gives the
same reliable results. Small discrepancies result from the
measurement errors. Presented results show that the total
content of cobalt in all measured samples is lower than
the “oxidation factor” determined by two independent
redox methods. The existence of the excess value proves
occurrence of Co** form in the as-synthesized materials.
The discrepancy between iodometry and chromatometry
is in most cases within the measurement error.

TABLE 3
Results of chemical analysis

Co** in Co** oxidatio Co** oxidatio Co* > Co ¥ Co Zlfrom

sample CoO EDTA n factor Cr n factor J SCN EDTA cg +u3111151s

[Wt%] [Wt%] Cr** [Wt%] J [Wt%] [wt%)] [Wt%] (243+7)

1 2 3 4 5 6 7 8 9 10

N CoO 3,4 41,28 63,4 11,1 66,5 12,5 55,3 56,5 55,8
d15T0021 403 +0,5 +06 | £06 | +05 +0,5 +06 | +05 | (57.0)
50,2 14,1 49,2 42,0 42,8 36,0

Ca,C0,0; - 2092050 o6 | s06 | wos | BEEOS Los | sos | 357
Ca-CoO. 0,8 24,6 56,6 16 56,1 15,7 43,8 43,7 41,4
I 102 +£0,5 +0,5 +£0,5 +0,5 +£0,5 £05 | +04 411

Total cobalt content calculated by summarising results
obtained from independent determination of Co(Il),
Co(III) and Co(IV) (10™ column) is in a good accor-
dance with value of determined total cobalt amount in
the case of sodium cobaltite. In samples of lower cal-
culated value than measured total value the presence of
unreacted Co3z04 (DTA/TG) can cause the difference. It
is assumed the that the Co?* present in this oxide phase is
not analysed by described procedures as Franky’s reagent
can react only with free CoO phase. On the other hand,
both Co(Il) and Co(IIl) in Co3z0O4 were analysed if the
total cobalt content was measured by dissolution of the
cobaltite powder and reduction of the all cobalt form to
Co(II). Thus the measured total cobalt content (column
8 or 9) must be always higher than the value in column
10" (summing).

The results of chemical analysis allow calculation of the
cobalt valence state in the resultant cobaltite: +3,21 for
sodium and +3,39 for both calcium cobaltite. The values
are in the range of the reported results measured by wet

chemical redox analysis [9] but they are more precise as
precipitated CoO/Co30, are excluded from calculation.
Application of the elaborated method can be useful in
determination of the stability of the crystal lattice with
the given cobalt vacancies and cobalt valence state.

4. Conclusions

Obtained results indicate that spectrophotometric
method with Co®>*-EDTA complex formation combined
with one of the described redox method can be suc-
cessfully applied for the simultaneous determination of
cobalt (III) and cobalt (IV) in sodium and calcium
thermoelectric cobalt oxides. The combined method of
chemical analysis and DTA/TG are more accurate than
XRD in detection of free cobalt oxides (CoO and/or
Co0,03) non-active in the thermoelectric effect. More-
over, the precise cobalt valence state in the semicon-
ducting cobaltite can be calculated.
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