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Abstract

In this work, the development of nanocomposites through the introduction of
Aly0g nanoparticles into the matrix of CoSi is presented. CoSi was prepared
through solid state reaction and different concentrations of nano-AlgOg, were

introduced by mechanical grinding. The nanocomposites were fabricated via hot
pressing and studied in terms of Seebeck coefficient, electrical and thermal
conductivities at temperature range of 300-950K. Special emphasis was given to
the reduction of the lattice thermal conductivity of nanocomposites and a
comparative analysis with the effective medium theory was done to study the

effect of nano-AlyOg, as well as porosity of the CoSi matrix.

1. Introduction

Most energy resources are discharged as waste heat into the
environment without practical applications. Industrial processes,
automotive exhaust, and home heating generate waste heat that could be
converted to electricity by using thermoelectric applications. The
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successful commercial exploitation of thermoelectric devices depends on
increasing the material’s figure of merit, which comprises three key
transport parameters, i.e., the Seebeck coefficient (S), the electrical
conductivity (o), and the thermal conductivity (k) along with the

absolute temperature T given by the expression: ZT = S2GT/K. It is

noteworthy that significant advance in ZT has been made by
nanocomposite approach, but still not good enough for broad range of
applications.

CoS1 has been reported to be one promising candidate for advanced
thermoelectrics [1-3]. It has the CsCl structure [4], and shows very low

electrical resistivity (~ 1074 Qcm) but quite large Seebeck coefficient at
room temperature [5, 6], therefore, it exhibits a relatively high room-

temperature thermoelectric power factor (~ AmWEK  Zm~! ). This value is

comparable to that of state-of-the-art BigTes materials (~4mWK72m71)

[7], however, the thermal conductivity of CoSi is too high resulting low

ZT.

The reduction of the thermal conductivity can be attained by
nanostructuring of bulk materials. The nanostructures introduce
complexity by additional phonon scattering mechanisms through
materials engineering. TE nanocomposites, produced by adding nano-
inclusions or mixing nanostructured phases, have been reported [8-12] to
exhibit increased phonon scattering [13-16] making their lattice thermal
conductivity much lower compared to that of their equivalent large
crystalline bulk materials.

In previous works, we attempted to improve the thermoelectric
properties of CoSi by successfully decreasing thermal conductivity the
development of nanocomposites (with SiOs [17]). In this work, the

reduction of the thermal conductivity using a different oxide
(nano-Aly03) is attempted. The CoSi/Al;O3 nanocomposites were

studied in terms of structural and morphological characteristics, while
the thermoelectric properties are also presented. Finally, the reduction of
the lattice thermal conductivity via formation of nanocomposite materials
is discussed in the view of the effective medium theory.
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2. Materials and Methods

The aim was to develop composite materials consisting of (a) matrix
with structural features of the order of micrometers and (b) dispersed
phase with structural features of the order of nanometers. Therefore,
cobalt and silicon powders were (a) grinded inside mortar, in order to
have mixed and fine powders, (b) cold-pressed and heated, in order to get
the pure single phase cobalt silicide through solid state reaction, (c)

mixed with the nano-Al;03 by mechanical grinding, and finally (d) hot-
pressed for the formation of nanocomposites, in order to study the
modifications in the thermoelectric properties.
2.1. Reagents

Chemicals in this work were used as obtained: (i) Cobalt powder
(— 22mesh [= 622um], 99.9988% purity, Alfa Aesar); (ii) Silicon powder
(crystalline, +100mesh [=149um], 99.9% purity, Alfa Aesar), and
(iii)) Aluminum oxide (Al305) nanopowder (< 50nm, Sigma-Aldrich). All

manipulations were carried out under inert gas argon in a dry glove box.
2.2. Grinding and heating treatment

The Co and Si powders were mixed in the appropriate ratio (1:1),
cold-pressed to pellets and heated at 1000°C for 20hrs under vacuum, as

presented in more detail elsewhere [17].
The prepared CoSi powders were mixed with nano-Al;04 following:
(1 = x)CoSi + x AlyOg, (1)
with x values 0.0%, 1.0%, 2.5%, 5.0%, 7.5%, 10%, and 15% (referred in

text as CoSi/x Aly03). After CoSi/x AlyO3 mixing, the powders were

sintered in a wuni-axial hot-press system (HP20 from Thermal
Technologies Inc.) at 1000°C for 60min under 80MPa and argon flow, in

order to perform thermoelectric measurements. The hot-pressed pellets
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had densities between 5.18 to 6.25g/cm3. The density of the pellets was

estimated from mass (m) and volume (V) measurements using the

equation
Pmeas = M /V' 2
2.3. Structural characterization and elemental analysis

Powder X-ray diffraction (PXRD) patterns were obtained on all
materials, using a Rigaku Miniflex system with Ni-filtered Cu Ka
radiations (30kV, 15mA) in order to identify the phases and evaluate
purity of the products. The morphological characterization of the powders
was carried out by scanning electron microscopy (SEM) (Tescan Vega
LSU as well as Jeol 840A). Jeol 840A scanning microscope with an
energy dispersive spectrometer attached (Oxford, model ISIS 300) was
used for energy dispersive X-ray analysis (EDX) and the elemental

distribution images on polished surfaces.
2.4. Thermoelectric properties

Thermal conductivity. A Netzsch LFA-457 system was used to
measure thermal diffusivity and heat capacity of the hot-pressed pellets.
The thermal conductivity was calculated from the experimental thermal

diffusivity (o) and a specific heat capacity data (C, ), as well as density
values (p), based on the equation k = axpxC,. The C, values were

obtained from measurements using the same laser flash system and

pyroceramic material as reference.

Seebeck coefficient and electrical conductivity. The measurements
were carried out on the hot-pressed pellets simultaneously using a
commercial ZEM-3 Seebeck coefficient and electrical resistivity
measurement system from ULVAC-RIKO. Data were recorded in the
temperature range of room temperature to 973K. The measurements
were performed under a residual pressure of helium gas to facilitate good

thermal contact.
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3. Results and Discussion

3.1. Consolidation and structural characterization

PXRD shows that CoSi is the only existing phase in the starting
powders, see Figure 1, as discussed elsewhere [19]. Interestingly, after

CoSi and AlyO3 mixing for the formation of CoSi/x AlyO4

nanocomposites and hot pressing, the PXRD patterns are identical with

that in the Figure 1 and no traces of Al;O3 were observed. This can be

attributed to both, strong fluorescence background of the matrix and low

Al503 concentration.

* » CoSi

Intensity

20 30 40 50 60 70 80
20 (deg.)

Figure 1. PXRD patterns of CoSi starting powders.

Figure 2 illustrates the density of the hot-pressed CoSi/x AlyOq
nanocomposites pellets as a function of the Al505 content. The measured

density (ppmeas) Of the hot-pressed pellets monotonously decreased from

6.25g/cm® to 5.18g/cm® with Al,O5 concentration up to 15%. It is
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noteworthy, that the density of the hot-pressed CoSi matrix corresponds
to ~ 95% of the theoretical value for the CoSi. In order to estimate the
porosity in the pellets, the theoretical density of the CoSi/Al,O5 was

calculated based on the simple rule of mixtures:
Pe = fiP1 + f2P2,

where p. is the theoretical density of the composite and f;, p; and
fo, po are the volume fraction and the density of the matrix and the
Alo0O3 phase, respectively. Then the porosity in the pellets was estimated
following the equation (p.—pmeas)/ Pe,» see Table 1. Interestingly, the
increased concentration of hard Al;03 makes compaction more difficult

and results in higher porosity. Sintering at higher temperatures was

attempted but did not improve the density of the pellets.

65 T— 771

Density (g/cm’)

45

T T —r 77T TT7T
0 2 4 6 8 10 12 14 16

Content Al,O, (%)

Figure 2. Density of the hot-pressed (1-x) CoSi/x Aly05 nanocomposites

pellets as a function of the Al,Og content.
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3.2. Scanning electron microscopy and elemental analysis

In order to study the morphology of the CoSi matrix and its
nanocomposites, the samples were examined by SEM/EDX. Figures 3(a)
and 4(a) show the surface of the CoSi/x AlyO3 pellets for x = 7.5% and

15%, where the grain boundaries as well as some porosity were clearly
observed in backscattered electron images.

EDX mapping was used to evaluate the distribution of all elements
and was carried out for the different elements, i.e., Co, Si, and Al
Figures 3(b)-(d) and 4(b)-(d) show the distribution of Co, Si, and Al on
CoS1/7.5% Al;03 and CoSi/15.0% AlgsOs5 pellets, respectively. Based on
these results, the distribution of Co and Si was found to be more or less
uniform while higher quantity of aluminum was observed on the grain
boundaries. This could be attributed to the agglomeration at micro-scale

of small amounts of Al;,O3 on the grain boundaries while they become

more evident on the samples with higher nano- AlyO3 concentration.
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Figure 3. Backscattered electron (BSE) image (a) and the EDX
elemental distribution maps (b)-(d) of Co, Si, and Al, respectively, of the
CoSi/7.5% Aly05 nanocomposites. The coloring scheme follows a rainbow
scale, from blue (minimum concentration) to red (maximum concentration)

and does not correspond to quantitative results.
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Figure 4. Backscattered electron (BSE) image (a) and the EDX
elemental distribution maps (b)-(d) of Co, Si, and Al, respectively, of the
CoSi/15.0% Al;03 nanocomposites. The coloring scheme follows a rainbow
scale, from blue (minimum concentration) to red (maximum concentration)

and does not correspond to quantitative results.
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3.3. Thermoelectric properties

Table 1 lists the results of the measurements (Seebeck coefficient,

electrical and thermal conductivity) at 300K for CoSi/x Al;O3 materials.
The sign of the Seebeck coefficient of the CoSi matrix and

nanocomposites was negative, indicating that the conductivity is mainly
due to electrons, as expected. The Seebeck coefficient was found to be

similar for all samples, in the range of — 80 to —88uV/K, suggesting
similar carrier concentration. In addition, when different Al;03

concentration is introduced, the electrical conductivity significantly drops
and this is attributed to lower mobility. The significant effect of the
second phase on the reduction of the electrical conductivity can be

understood by the contribution of Al;05 aggregates that are formed on

the grain boundaries of the materials.



Table 1. Volume fraction of pores and thermoelectric properties of (1 —x) CoSi/x AlyOq

nanocomposites (0 < x < 15%) at 300K

Composition x Porosity
(%) (vol.%)

100.0 CoSi : 0.0 Al,03 0.0 5.0
99.0 CoSi : 1.0 Al,03 1.0 7.6
97.5CoSi : 2.5 Al;03 2.5 5.2
95.0 CoSi : 5.0 Al;03 5.0 9.5
92.5CoSi : 7.5 Al;03 7.5 10.9
90.0 CoSi : 10.0 Al,05  10.0 17.8

85.0 CoSi : 15.0 Al,03 15.0 16.2

Electrical
conductivity

(S/ecm)

6178

3726

3473

3321

3015

2686

2093

Seebeck
coefficient

(wV/K)

- 80.7

- 83.6

- 87.7

- 87.9

—-83.0

- 85.7

- 84.1

Thermal
conductivity

(W/m K)

17.0

10.8

10.5

10.8

9.6

10.4

8.6

Lattice
thermal
conductivity
(W/m K)

12.4
8.0
7.9
8.3
7.4
8.4

7.1
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Figure 5 shows the temperature dependence of (a) electrical
conductivity, (b) the Seebeck coefficient, (¢) thermal conductivity, and
(d) lattice thermal conductivity of the CoSi/x AlgO5 (0 < x < 15%)

hot-pressed pellets. The electrical properties of CoSi indicate semi-
metallic behaviour [18-20]. The temperature dependence of the Seebeck
coefficient corresponds to the typical behaviour for the CoSi matrix [18-
20]. The slope of the electrical conductivity with temperature seems to

decrease with Al,O3 concentration and this could be attributed to the

contribution of Al;0Og5-phase in mobility.

Figure 5(c) presents the thermal conductivity of CoSi/x AlyOg
nanocomposites (0 < x <15%) as a function of temperature. The room
temperature thermal conductivities of CoSi/x Al,O3 nanocomposites
decrease from 17W/m-K to 8.6W/m-K when 0.0% and 15.0% Al;03
participates, see Table 1. In order to study the effect of the Al;04
introduction, the lattice thermal conductivity (Figure 5(d)) was estimated
based on the Wiedemann-Franz relation x; = k — x,, where x, = L-c-T
with L = 2.45x10"8V2K ™2, using the measured values for thermal (k)
and electrical conductivity (o). The lattice thermal conductivity of all
samples showed a significant decrease when Al;05 was introduced in

the material and this can be attributed to the contribution of nano-

Al50g3 as well as the formation of micro- AloO3 on the grain boundaries
(observed by SEM). Interestingly, when the concentration of Al;05

increases, there is no further reduction in lattice thermal conductivity.
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Figure 5. Temperature dependence of electrical conductivity (a); Seebeck
coefficient (b); thermal conductivity (c); and lattice thermal conductivity

(d) for hot-pressed (1-x) CoSi/x Aly05 nanocomposites pellets.
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3.4. Analysis of thermal conductivity

For the analysis of the lattice thermal conductivity, effective medium
theory (EMT) was applied to better understand this behaviour using the
expression [21, 22]:

.Ki—K: -
Zfl —" 0 and Zfl 1, 3)

where «; is the thermal conductivity of the i-th phase with volume

fraction f;. In the first case (CoSi/Al503), the Equation (3) was written
in

KI—K o Ky —K
K1 + 2K 2 Ko + 2K

h

=0and f; +fy =1, 4)

where f; and f; are the fractions of the CoSi matrix phase and the
second phase of nano- Al;O3, respectively, and k; and kg are the lattice

thermal conductivities of the same phases. Taking into consideration the
known volume fractions, the thermal conductivity of the matrix

(k7 =13.38W/m-K as estimated based on the measured porosity of the
pellet) and the thermal conductivity of the AlyO5 (kg9 = 16W/m-K [23]),

Equation (4) is solved numerically for “k”. The results of calculation were
shown in the graph with the line labelled “EMT (CoSi/Al;03)”, in Figure 6.

According to the calculations the lattice thermal conductivity was
predicted to increase from 13.4W/m-K to about 13.8W/m-K when

15% Al,;0O5 is incorporated. However, it is clear that the experimental

lattice thermal conductivity of the composite materials is significantly
lower than the predicted from EMT, reaching the value of 7.1W/m-K.

Therefore, the higher predicted values from “EMT (CoSi/Al;05)”

compare to the experimental data suggest the contribution of an

additional phase.
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Moreover, the effect of the porosity on the reduction of the lattice
thermal conductivity in these materials cannot be excluded. Thus, in this
case (CoSi/Aly03/Pores), the Equation (4) was written as

Ky — K Ko — K Kg — K
+fo 3
K] + 2k K9 + 2K Kg + 2K

fi =0and +fo+f3=1 ()

where fi, fo, and f3 are the fractions of the matrix phase, the nano-phase
and the porosity, respectively, and «q, kg, and k3 are the lattice thermal
conductivities of the same phases. The fractions f; and f; were known while
f3 is taken from Table 1. Then, by taking into consideration the known volume
fractions, the thermal conductivity of the matrix (i = 13.38W/mK),
the thermal conductivity of the Aly03 (k9 = 16W/m-K), as well as the
thermal conductivity of the air (x5 = 0.0256W/m-K), Equation (5) is
solved numerically for “k”. The results of such calculations are shown in
Figure 6 labelled “EMT(CoSi/Al,O5 /Pores)’. According to the
calculations the lattice thermal conductivity was predicted to reduce from

12.3W/m-K to about 10.1W/m-K when 15% Al;05 is incorporated.

However, it is clear that the experimental lattice thermal conductivity of
the composite materials is still significantly lower than the predicted
from EMT reaching the value of 7.1W/m-K, which is a significant

difference. Such difference can be attributed to the existence of Al;O5 at

nanoscale while EMT concerns composites with constituent phases at

macro- or micro-scale.
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Figure 6. Room temperature lattice thermal conductivity by “effective
medium theory (EMT)” of the hot-pressed (1-x) CoSi/x Aly04

nanocomposites pellets as a function of the Al;05 content.

4. Conclusion

In conclusion, CoSi/x AlyO3 nanocomposites materials have been
synthesized by using CoSi as matrix and nano- Al,05 via solid state

reaction, mechanical mixing, and hot pressing. Seebeck coefficient was
found to be similar for all samples suggesting similar doping level as
expected. On the other hand, the electrical conductivity was significantly

decreased and this is attributed to the existence of AlyOs on the grain
boundaries of the pellets. The thermal conductivity was initially found to
decrease and then remained constant with increasing Al;O3

concentration. The reduction of lattice thermal conductivity via the
formation of nanocomposite materials was discussed in the view of

effective medium theory based on two different cases considering
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CoSi/Aly,03 and CoSi/Aly03/Pores contributions. The experimental
data were closer to the CoSi/AlyO5/Pores model, although still lower

than predicted. This difference can be attributed to the nano-effect of

Al503 while such process is useful for the optimization of thermoelectric

materials. More work can be done on the development of nanocomposites
with less aggregates where more nano-phase contributes in the

thermoelectric properties.
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