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Abstract Glass-ceramic materials containing Bi2Sr2Co2Ox

crystals with plate-like structures are prepared by a melting

process and a subsequent sintering step after manual

quenching. The chemical starting compositions of the

samples are Bi2Sr2Co2Ox (BSC222), Bi1.8Sr2Co2Ox (Bi1.8)

and Bi2Sr2Co1.7Ox (Co1.7). All three samples are p-type

conductors. The electric properties of Seebeck coefficient

S and electrical resistivity q show only a slight dependence

on chemical composition. The Seebeck values increase

with increasing temperature, and at T = 873 K, they reach

S = 180, 176 and 167 lV/K, respectively. The electrical

resistivity slightly decreases with temperature for two

samples and increases for the Co1.7 sample. The thermal

conductivity for all measured samples at this temperature is

around j = 0.8 W/(m K). The figure of merit ZT increases

with temperature for all samples. The materials reach a ZT

value of 0.03 at T = 873 K.

1 Introduction

The global search for a way of more sustainable usage of

natural resources is becoming the focus of attention due to

the predicted growing energy demand. By 2040, the world

energy consumption will have grown by over 56 % com-

pared to 2010. A large increase in this energy use will

come from non-OECD nations, and it is predicted that

despite the projected high world oil prices, fossil fuels will

still be the major supplier of the overall energy [1]. Ther-

moelectric generators are considered to be one of the

promising candidates to make use of the enormous

amounts of waste heat, which occur, for example, in in-

dustrial processes, by converting this excess heat into

electric power [2]. State-of-the-art materials that are used

in such generators are Bi2Te3, PbTe or SiGe [3]. Despite

being well established, those materials have different

drawbacks like low operating temperatures and environ-

mentally harmful or expensive components. These are

reasons that large-scale thermoelectric generators are not

used in a broad application range as of today [4].

When the cobalt oxide compounds were discovered as

possible high-temperature thermoelectric materials around

15 years ago, the material class of oxides was quickly

considered to be a promising ‘‘clean’’ alternative to exist-

ing and established solutions. The reason for the good

performance of the layered cobalt oxides like NaxCo2O4 [5]

and Ca3Co4O9 [6], which showed metallic electrical re-

sistivity q while maintaining a high Seebeck coefficient S,

is the quasi-two-dimensionality of the layered structure and

therefore the enhancement of the electronic density of

states, which is beneficial to the charge carrier density.

Also because the different spin states in Co3? and Co4?

lead to large carrier entropy, the Seebeck coefficient

S benefits from these systems [7]. In addition, the large unit

cell of compounds like Ca3Co4O9 results in many optical

phonon modes with low dispersion; therefore, the material

offers a low thermal conductivity j.
Since the thermoelectric performance is usually

evaluated by the figure of merit
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ZT ¼ S2

qj
T ð1Þ

with T being the absolute temperature, it is obvious from

Eq. (1) that it is beneficial to increase the numerator while

decreasing the denominator.

Bi2Sr2Co2Ox, which is another promising thermoelectric

oxide, consists of layers of SrO and BiO, which are

‘‘sandwiched’’ along the c-axis between CoO2 blocks [8].

The compound has been synthesized via a partial melting

technique [9], a hot pressing process [10] and as nano-

whiskers [8] and showed maximum ZT values of 0.19, 0.26

and 1.1, respectively. These values suggest the high po-

tential of this material to be a strong candidate as a p-type

oxide thermoelectric material. Bulk materials show lower

ZT values than single-crystalline samples. This is due to the

high values of q. For applications of power generation,

bulk devices based on polycrystalline materials are indis-

pensable, and in order to decrease j, introducing phonon

scattering sites is a promising strategy in those materials.

Synthesizing thermoelectric materials from an amor-

phous precursor is a rather new field, but it promises in-

teresting features like low thermal conductivity due to the

residual glassy phase as well as new microstructuring

possibilities. Additionally, glass annealing offers the pos-

sibility to obtain highly densified bulk materials, where the

high density is effective to suppress the electrical resis-

tivity. The exact growth mechanism of the Bi2Sr2Co2Ox

phase, especially from a melt, has not been investigated

yet. In order to complete the picture of the already estab-

lished synthesis routes, this work shows the preparation

and characterization of a sintered glass-ceramic material,

starting from a complete melt. For this, a partly amorphous

precursor material undergoes an annealing process during

which the desired Bi2Sr2Co2Ox phase is formed and

verified.

2 Experimental steps

To obtain the glassy precursor, powders of SrCO3, Bi2O3

and Co3O4 were mixed in batches of 50 g with the stoi-

chiometry of Bi2Sr2Co2Ox (BSC222), Bi1.8Sr2Co2Ox

(Bi1.8) and Bi2Sr2Co1.7Ox (Co1.7). They were milled in an

automatic agate mill twice for 20 min at 300 rpm. The

three stoichiometries were chosen in this way to compen-

sate for potential inhomogeneities emerging during or after

the subsequent melting process. The powder batch was

then put in an aluminum oxide crucible and heated in a

high-temperature furnace to 1473 K. After a dwell time of

30 min, the liquefied mixture was taken out of the furnace,

casted onto a copper plate and immediately quenched from

the top with a second copper plate. In this way, a partly

amorphous precursor material was obtained (see Fig. 1),

which was checked by energy-dispersive X-ray micro-

analysis (EDX) for its cationic distribution.

Subsequently, the quenched glassy samples were cru-

shed and then pulverized in an automatic agate mortar.

After that, the powders were checked for initial crystal

phases by X-ray diffraction (XRD) measurements. The rest

of the powders was pressed into pellets of 3 g each

(; = 16 mm) using a uniaxial press with a force of 20 kN.

Then, the pressed pellets were put on a gold sheet, which

was lying on an aluminum shuttle. They were annealed in a

muffle furnace under ambient pressure and atmosphere at

1133 K for 15 h. A separate calcination step was not

considered since all organic remains were assumed to have

vanished during the melting process. After cooling down,

the annealed samples were examined via XRD (powder)

and scanning electron microscopy (SEM, bulk samples).

For the measurement of the properties, the samples were

cut into equally sized rectangular bars using a diamond saw

and the resistivity q was determined using a DC four-probe

method in air. Here, thin platinum wires were attached to

the sample surfaces using silver paste as contact, and

measurements up to 873 K were taken. Because of the lack

of applied pressure during the annealing step and therefore

during the phase formation in the material, it was not ex-

pected that there would be a distinct parallel alignment of

the layers but that they would form rather disordered within

the sample. Thus, it was also not expected that there would

be a significant difference of the electrical and thermal

Fig. 1 Picture of a quenched sample
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properties depending on whether the measurement was

taken in parallel or perpendicular to the original pressing

direction of the pellet. For reasons of simplicity, the elec-

trical measurements were taken parallel toward the press-

ing plane.

Then, the thermovoltage at a known temperature differ-

ence was measured, and by taking the absolute Seebeck

values of the thermocouples into account, the Seebeck co-

efficient S was calculated. For the contacts on the samples,

silver pastes in combination with Pt and Pt–Rh thermocou-

ples were used. These measurements were taken in air at-

mosphere from room temperature up to 873 K. According to

[11], the measurement errors of the electrical properties

originate from the inaccuracy of the thermocouples, the ge-

ometry variations of the samples and the averaging over the

several data points, which were taken for each temperature

step. This accumulates to a total error of about 5 % for the

Seebeck coefficient and the electrical resistivity.

The thermal diffusivity a and the specific heat cp were

measured with a laser flash apparatus on rectangular thin

samples. Those were each polished down to a thickness of

about 0.8 mm and coated with graphite spray for optimized

laser absorption. Using the density q, the thermal con-

ductivity could be calculated by

j ¼ aqcp ð2Þ

Due to the fact that each quantity is prone to errors, the

total error of the thermal conductivity is assumed to be

10 %.

In order to correlate the thermoelectric measurement

results with the magnetic properties of the material, the

temperature-dependent susceptibility V was measured us-

ing a SQUID magnetometer. For that, small sample spe-

cimens (*200 mg) were put in a plastic capsule and the

capsule with the sample inside was measured at a field of

1000 Oe from room temperature down to 2 K. A mea-

surement of an empty capsule was taken in order to check

for the diamagnetic influence of the capsule material on the

result. The contribution was well below 10 % of the result

with a sample inside. Because the measurements were

primarily targeted at showing the relative differences in

susceptibility between the samples, the small capsule in-

fluence was neglected during measurement and treated as a

systematic error. However, a temperature-independent pa-

rameter V0 was obtained from the fit of the Curie–Weiss

law to the measurement data later on.

3 Results

Just as expected, there was a deviation between the starting

compositions and measured cation ratio after the casting.

This was due to the fact that the melt was in contact with

the crucible material. Therefore, an unknown amount of Al

was dissolved and changed the overall composition. Sedi-

ment inside the crucible could also be observed because

when taken out of the furnace, the melt at the bottom so-

lidified too quickly to cast the complete content onto the

copper plate. By this, the homogeneity of the precursor

material was changed during the melting process as well.

In the interest of simplification, the amount of Al con-

tent (2–3 mol%) coming from the dissolving alumina

crucible was neglected during the EDX scan. It has to be

kept in mind though that a certain amount of Al is inside

each sample. We assume that this has helped to form the

amorphous structure of the material.

It can be seen from Table 1 that the amount of Co in the

casted glassy samples is much higher than in the earlier

powder synthesis of said specimen. This is due to the fact

that cobalt oxide exists as a solid phase alongside a liquid

phase of Bi–Sr–O [12]. Upon casting, most of the cobalt

oxide come out, while some of the liquid phase containing

Bi–Sr–O remains on the surface of the crucible. Therefore,

the Co content of all samples is increased compared with

the starting composition.

After quenching the material, the samples were crushed,

pelletized and sintered, and XRD measurements were taken

to see the difference in phase formation before and after the

sintering process. Because all X-ray measurements were

taken on powdered sample material, there was no specific

preferred direction observed in the diffraction image as it

could be found in [9]. When comparing the diffraction data

of the sample before and after the sintering step, the for-

mation of the Bi2Sr2Co2Ox phase can be clearly observed

(see Fig. 2). Minor unknown crystal phases in the

semicrystalline material vanish during sintering in favor of

the desired phase of the sinter glass-ceramic material. This

is indicated by the Miller indices of Bi2Sr2Co2Ox in Fig. 2,

with peak positions taken from Ref. [13].

The layered structure of the material, which is discussed

and shown in Ref. [9], is less pronounced in the sintered

glass-ceramic material as expected due to the lack of

pressure during phase formation.

This is noticeable in the SEM image in Fig. 3, even

though not as aligned and evenly distributed. The grain

sizes differ between 2 and 10 lm. Among the three

Table 1 EDX results

Cationic content: starting composition/after quenching

Bi Sr Co

Sample1 BSC222 2/1.8 2/1.7 2/2.5

Sample2 Bi1.8 1.8/1.7 2/1.9 2/2.4

Sample3 Co1.7 2/2.1 2/1.8 1.7/2.1
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samples, no distinct difference in microstructure could be

observed.

The density of the samples was measured using the

Archimedes method to be around qd = 6.3 g/cm3 (*92 %

theoretical density). This value is higher than the one from

sintered samples prepared by solid-state reactions of

BSC222 powders (\90 %, [14]) and emphasizes the ad-

vantage of glass annealing. Concerning the measurement

results of the electrical resistivity, it is observable that there

are some differences between the three samples. The

temperature characteristic of sample BSC222 and Co1.7 is

rather flat. However, both samples show a small decrease

in resistivity until 600 K; above that temperature, the re-

sistivity increases again. A similar behavior was found in

[9], where the increase in resistivity started at 750 K

though. Sample Bi1.8 shows a rather metallic conductivity

with the resistivity increasing with increasing temperature

across the whole range. This can be understood as a

classical metallic conduction mechanism where the resis-

tivity increases linearly with T. An interesting observation

is the fact that the Bi1.8 sample shows the overall lowest

resistivity q of all the samples at room temperature but

changes to have the highest resistivity at maximum tem-

perature (Fig. 4).

In [8], the different slopes of the resistivity measure-

ments were attributed to the different valence states of Co

in the samples. Since in this case the cationic composition

before and after the melting process differs so much and

also the exact oxygen deficiency is unknown, it is im-

possible to calculate the Co valence to explain the results.

If, however, the resistivity and the conduction mechanism

are defined by the valence state and the carrier concen-

tration, one might assume that the BSC222 and Co1.7

samples show a similar valence in contrast to Bi1.8. Ad-

ditionally, the hole concentration in Co1.7 should be

higher than in BSC222 because of its lower resistivity.

We can observe that the Bi/Sr ratio is[1 at those samples,

while it is\1 in the Bi1.8 sample. We see no clear pos-

sibility though how this can explain the metallic con-

ductivity. It might be connected with the oxygen content

in the final melt.

In Fig. 5, the Seebeck coefficient of the three samples is

shown. All measured Seebeck coefficients are positive,

which indicates a hole conduction mechanism as expected.

With increasing temperature, the values of all three sam-

ples increase, which confirms the resistivity data at least

from 600 K because for metals an increase in the Seebeck

coefficient with increasing temperature is expected (S–

T) [15]. Despite the assumed identical Co valence, the

Co1.7 sample has a lower S value at 873 K than the

BSC222 sample. As in [9], the difference can be explained

by the different carrier concentrations over the spin states

of Co.
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Fig. 2 XRD patterns of BSC222 sample, red curve after quenching

and before sintering, black curve after sintering

Fig. 3 SEM micrograph of BSC222 bulk material
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Figure 6 shows the power factor PF = S2/q. For all

samples, PF increases with temperature. Because of the

increase in resistivity, the power factor of Bi1.8 is below

that of BSC222 and Co1.7 at 873 K. A maximum value of

PF = 0.3 9 10-4 W/m K2 is reached for the BSC222 and

Co1.7 samples.

Figure 7 shows the thermal conductivity for the three

samples. The temperature dependence is almost linear and

increases slightly until 673 K, where a decline of j can be

observed. Again, BSC222 and Co1.7 show a very similar

behavior, and their values differ only slightly. As with the

electrical conductivity, Bi1.8 shows a different behavior

concerning the thermal conductivity. Here, the thermal

conductivity increases incrementally with no change in its

slope throughout the measured temperature range. Since

the electrical resistivity is rather high for all samples, it is

assumed that the electronic contribution to the thermal

conductivity je is small and that j consists mostly of the

lattice thermal conductivity jl. However, the expected

decrease in conductivity with increasing temperatures due

to enhanced phonon scattering cannot be observed. The

value of j is low despite the high density of the sample,

which might be due to residual amorphous parts or minor

secondary crystal phases in the samples.

The magnetic measurement of the susceptibility is exem-

plarily shown for Bi1.8 in Fig. 8. For all samples, the data from

100 K\T\300 K were fitted using the Curie–Weiss law

X ¼ X0 þ
C

T �H
ð3Þ

with X0; C and H being the temperature-independent sus-

ceptibility, the Curie constant and the Curie temperature,

respectively. The linear Curie–Weiss behavior can be ob-

served for T[ 100 K. For all samples, the Curie tem-

perature is negative suggesting an antiferromagnetic

interaction. Co3? is expected to be in a low spin (LS) state

and to have a completely filled t2g band therefore not

Fig. 5 Temperature dependence of Seebeck coefficient

Fig. 6 Temperature dependence of the power factor of the different

samples

Fig. 7 Temperature dependence of thermal conductivity of the

different samples
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contributing to the overall magnetization. Co4? in the LS

state has an unfilled band and contributes with S = 1/2 plus

an electronic degeneracy of gCo4þ = 6 [7].

Figure 9 shows the inverse susceptibility of the samples as

well as linear fits to the high-temperature data to extrapolate to

the Curie temperature. As expected from their compositions,

BSC222 and Bi1.8 show a similar susceptibility and Curie

temperature. OnlyCo1.7 that contains a smaller amount ofCo

compared to the other samples shows a smaller Curie tem-

perature and a higher inverse susceptibility.

In order to estimate the amount ofCo4? in the samples, the

number of Bohr magnetons per formula unit was compared

to a theoretical value that was obtained by using the Brillouin

function. For this, the mole number of each sample was

calculated from its weight. The number of Bohr magnetons

per formula unit was calculated subsequently

Nfu ¼ Nmol � NA ð4Þ

NlBexp
¼ m

lB

�
Nfu

� �
ð5Þ

with Nmol being the mole number, NA the Avogadro

number, m the magnetic moment and lB the Bohr mag-

neton. For the calculation, a value of x = 9 has been as-

sumed in Bi2Sr2Co2Ox, since oxygen-rich compounds like

Co3O4 have been used in the composition and the melt was

carried out in air atmosphere.

The theoretical value for the sample containing hypo-

thetically 100 % Co4? with J = S (pure spin magnetism)

was calculated using

NlBth
¼ NCo � g� J � fB ð6Þ

fB ¼ 1þ 1

2J

� �
coth 1þ 1

2J

� �
x

� �
� 1

2J

� �
coth

1

2J
x

� �

ð7Þ

x ¼ g� lB � J � B

kBT
ð8Þ

where NCo stands for the cationic content of Co per formula

unit (obtained from EDX measurements, see Table 1). The

Landé factor g = 2 and spin S = � are used as well as the

Brillouin function fB, which takes the orientation of the

moments into account.

Technically, the Brillouin function is used to describe a

paramagnetic substance in an external magnetic field. To

account for that, the temperature offset obtained from the

Curie–Weiss fits (see Fig. 8) was used.

The obtained value for NlBth (100 % Co4?) was ad-

justed with a linear-scale factor y to match the ex-

perimental data of NlBexp in order to find an approximation

for the actual amount of Co4? in the investigated sample.

For the three samples, the amount y of Co4? and the

average Co valence is shown in Table 2.

From this, it is obvious that only a fraction of the Co

ions contributes to the overall signal of the magnetization.

For Bi1.8, the metallic behavior in electrical conductivity

may be explained by the highest average Co valence and

therefore the highest hole concentration. The electrical

conductivity of the other samples cannot be explained by

this because even though the hole concentration in BSC222

is higher than in Co1.7, its resistivity is higher.

Plotting the Co valence versus q, S and the power factor

yield the following picture.

Here, the electrical resistivity increases proportionally

with the Co valence, while the Seebeck coefficient reaches

a maximum value around Co3.45?. Finally, the maximum

value of the power factor can be obtained between Co3.3?

and Co3.45?. It can be concluded that among the available

samples, lower valences of Co seem to be favorable for

obtaining a high power factor. This result agrees with the

findings in [9], where a similar conclusion can be drawn

when comparing the samples’ properties and their average

Co valence.

In order to make more use of the obtained valence

values, the modified Heikes formula [16] in the high-

temperature limit can be applied to calculate the Seebeck

coefficient from

S ¼ � kB

ej j ln
1

gCo4þ

y

1� y

� �
ð9Þ
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Fig. 9 Susceptibility of all prepared samples

Table 2 Co4? content of the samples

Sample Co4? fraction Av. Co valence

BSC222 0.44 3.44

Bi1.8 0.52 3.52

Co1.7 0.30 3.30
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with a degeneracy of gCo4þ ¼ 6: The Co4?/Co3? ratios

found in Table 2 lead to Seebeck values of 148 lV/K
(Bi1.8), 175 lV/K (BSC222) and 227 lV/K (Co1.7).

Disregarding the latter, the first two seem to match the

experimental findings quite well at high temperatures (see

Fig. 5).

Because the thermoelectric performance is characterized

by the dimensionless figure of merit ZT, the characteriza-

tion of the material can be done via ZT ¼ S2= q� jð Þ � T:

The result is shown in Fig. 10. A ZT value of more than

0.03 is reached which is about five times lower than in Ref.

[9] (Fig. 11).

4 Conclusions

Sintered glass-ceramic samples with three different ca-

tionic compositions have been prepared and measured

concerning their thermoelectric and magnetic properties.

While comparing the different samples, a linear correlation

between the thermoelectric properties q and S and the Co

valence could be observed. The worse thermoelectric

properties compared with pure ceramic Bi2Sr2Co2Ox are

mainly due to the lack of homogeneity which comes from

the production process of simple casting from an alumina

crucible as well as the lack of pressure during the annealing

treatment.

However, it could be shown that the annealing of a

glassy BSC222 powder showed high densities of the sin-

tered body compared to a sintering process of crystalline

material. This is favorable for obtaining low resistivities

even if those could not be reached due to said sample

inhomogeneity. The glass annealing method should be a

promising way to decrease q and j if the composition can

be optimized. Techniques like melt spinning and the ap-

plication of pressure during the phase formation process

could be helpful in increasing the homogeneity and den-

sity/layer structure, which subsequently would improve the

thermoelectric properties. In this way, it should also be

possible to establish a more precise correlation between the

compositional details and their impact on the microstruc-

ture. In order to correlate the magnetic properties to the

thermoelectric parameters, it would be beneficial to mea-

sure the oxygen content in the samples as the uncertainty

concerning the number of vacancies complexifies the in-

terpretation of the data.
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12. O. Jankovský, D. Sedmidubský, Z. Sofer, Phase diagram of the

pseudobinary system Bi–Co–O. J. Eur. Ceram. Soc. 33(13–14),
2699–2704 (2013)

13. A. Sotelo, M.A. Torres, G. Constantinescu, S. Rasekh, J.C. Diez,

M.A. Madrea, Effect of Ag addition on the mechanical and

thermoelectric performances of annealed Bi2Sr2Co1.8Ox textured

ceramics. J. Eur. Ceram. Soc. 32(14), 3745–3751 (2012)

14. R. Funahashi, Unpublished data (2014)

15. N. Cusack, P. Kendrall, The absolute scale of thermoelectric

power at high temperature. Proc. Phys. Soc. Lond. 72(5),
898–901 (1958)

16. Y. Klein, D. Pelloquin, S. Hébert, A. Maignan, J. Hejtmanek,
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