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A B S T R A C T

This work presents a comparative analysis of pure and Ag-intercalated Ca3Co4O9 multilayer thermoelectric 
materials prepared through the hot-uniaxial pressing technique. Samples were prepared by attrition milling and 
hot-pressed at 900 ◦C and 55 MPa for 1 h. They were mirror polished, and some of them were stacked with and 
without intermediate Ag foil and hot-pressed again at 900 ◦C and 52 MPa for 1 h. Out-of-plane XRD showed that 
samples are nearly single-phase, and the grains are well oriented with their ab-plane perpendicular to the 
pressure direction. Microstructural studies confirmed perfect welding in the multilayer samples accompanied by 
the formation of a very thin layer containing larger grains and notable Ag diffusion close to the Ca3Co4O9/Ag 
interface. Three-point bending stresses have been increased in Ag-containing samples, while microhardness has 
been raised in all samples hot-pressed twice. Thermoelectric measurements showed a decrease of thermal 
gradient along the Ag-containing sample, together with a drastic decrease of electrical resistivity when compared 
to the Ag-free ones. However, the Ag-layers have promoted a drastic decrease in the Seebeck coefficient, reflected 
in a notable reduction of the power factor of Ca3Co4O9/Ag multilayer composites. Nevertheless, these results 
show that it is possible to use these materials to reduce Joule heating and increasing the compatibility with the 
welding compounds when building thermoelectric modules. Moreover, they open a new research line searching 
for larger S compounds to be intercalated with Ag foils.

1. Introduction

One of the most important problems humanity is facing today is 
related to the energy sector. Nowadays, scientists and society are 
claiming to reduce fossil fuels consumption to decrease the release of 
greenhouse gases to fight against global warming. Consequently, great 
efforts are made to develop more efficient systems for producing energy 
from renewable sources. However, most renewable energy comes from 
intermittent sources (solar, wind, hydroelectric, etc.), which are 
strongly dependent on the season, daytime, etc. Due to these constraints, 
fossil fuels are still necessary to fulfill the humanity’s energy needs. 
Furthermore, the relatively low efficiency of energy conversion from 
these fossil fuels should also be considered, which results in heat losses 
of about 60 % of the initial energy. Consequently, until renewable en
ergies can fully meet human needs, recovering this waste heat and 
converting it into useable electric power is of utmost importance. By 

doing so, it will allow enhancing the fossil fuels efficiency and, reducing 
their impact on the global climate by decreasing their consumption.

Thermoelectric (TE) modules can be used to generate useful electric 
power from renewable sources (sun, geothermal, etc.) or through waste 
heat harvesting in industrial processes [1–4]. The power these modules 
can produce and their efficiency, are related to the thermoelectric 
characteristics of each type of leg that forming the thermocouples [5] 
and their thermal and electrical contact resistances [6]. Nowadays, most 
of the commercial modules are using intermetallic compounds as legs, as 
they display high thermoelectric performances [7,8], evaluated by their 
figure-of-merit, ZT, which is defined as [9]: 

ZT = TS2σ/κ                                                                                       

Where T is the absolute temperature, S is Seebeck coefficient, and σ, and 
κ are electrical and thermal conductivities, respectively.
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However, the traditional thermoelectric materials also present 
notable drawbacks including relatively low chemical stability under air 
[3], together with their scarcity, high costs, and the presence of heavy 
and toxic elements [8,10–13]. The potential to overcome those draw
backs was demonstrated by the discovery of promising TE characteris
tics in NaxCoO2 [14], with p-type conduction. This report spurred 
intense research on these CoO-based materials, leading to the discovery 
of new materials, such as Ca3Co4O9 [15], which is considered one of the 
most promising p-type materials due to its relatively large TE perfor
mance among TE oxides. Moreover, it can work at high temperatures (up 
to ~ 800 ◦C) under air without degradation. On the other hand, its ZT 
values in bulk form are still far from those obtained in intermetallic 
compounds (typically >1 at T ≤ 500 ◦C) [8,16], limiting its conversion 
efficiency. Consequently, many efforts are made to optimize their TE 
performances using different approaches [17–20].

On the other hand, recently it has been reported a new multilayer 
Bi2Te2.79Se0.21/Ag composite acting as single-leg, which leads to an 
increased power generation of about 4.2 times larger than that obtained 
in traditional single-leg TE modules using the same TE compound [21].

Consequently, a similar stack produced by alternating four hot- 
pressed Ca0.93Sr0.07Co4O9 ceramics, and three Ag-layers, has been 
studied in this work. This composition has been selected due to the high 
TE performances determined in hot-pressed compounds (ZT ~ 0.29) 
[22] Moreover, 1-layer and 4-layer hot-pressed samples without Ag, 
were also prepared in order to study the complete evolution of the TE 
properties. The structural and microstructural characteristics of 1-layer, 
4-layer and 4-layer with Ag samples were compared and related to their 
TE performances. It should be highlighted that the material selection has 
not only been based in previous results obtained in this system [22–24], 
but also on its properties at temperatures relatively close to the Ag 
melting point to assure a good adhesion between Ag and the ceramic 
layers.

2. Experimental

The Ca0.93Sr0.07Co4O9 ceramic samples were prepared using appro
priate amounts of CaCO3 (≥99 %, Aldrich), SrCO3 (≥98 %, Aldrich), and 
CoO (99.99 %, Aldrich) powders. They were mixed and attrition milled 
at 600 rpm for 1 h, in distilled water media, using zirconia balls. The 
water-based suspension was totally dried under IR radiation to obtain a 
very fine and soft light brown powder, which was subsequently calcined 
at 850 ◦C for 1 h. The resulting black powder was cold uniaxially pressed 
in the form of disks (25 mm Ø) under 250 MPa, followed by a hot- 
uniaxial-pressing process at 900 ◦C and 55 MPa for 1 h. In this pro
cess, two types of samples were processed: some were formed from 10 g 
of Ca0.93Sr0.07Co4O9 with 3.6 mm thickness, which was used as a 
reference, and others (4 g, and 1.5 mm thickness), which were processed 
into 4-layers stack. All these samples were cut into square shape (20 ×
20 mm2) and mirror polished. The square samples obtained from the 4 g 
ones, were stacked into a 4-layer structure with and without silver sheet 
(0.1 mm thickness, 99.95 %, Aldrich) and hot-pressed at 900 ◦C and 52 
MPa for 1 h, producing samples with ~3.7 mm thickness in all cases. The 

structure of the stack with Ag, after the hot-pressing and cutting pro
cedures, is shown in Fig. 1 for clarity. Finally, all samples were cut in the 
appropriate dimensions for their characterization.

Out-of-plane XRD analysis was performed on the surfaces perpen
dicular to the applied pressure direction for all samples in a PHILIPS 
X’PERT system with CuKα radiation between 7 and 50◦ to determine the 
phase composition of the samples. Moreover, grain orientation has been 
estimated using Lotgering factor [25], taking the data for the randomly 
oriented grains from Ref. [26]. Microstructure has been studied in a 
Field Emission Scanning Electron Microscope (FESEM, Zeiss Merlin) on 
transversal polished and fractured sections of samples. Elemental anal
ysis has been performed by an EDS device attached to the FESEM. Me
chanical properties have been determined through the three-point 
bending test in an Instron 5565 machine with a 10 mm loading span 
fixture and a punch displacement speed of 30 μm/min, and Vickers 
microhardness using a Vickers indentation system (Matsuzawa MXT70) 
with 4.9 N applied load and 15 s dwell time. Electrical resistivity and 
Seebeck coefficient were measured simultaneously, using the standard 
DC four-probe technique and the steady state mode, in an LSR-3 system 
(Linseis GmbH) at 50–800 ◦C under He atmosphere. The measurements 
were performed using the surfaces perpendicular to the pressing direc
tion. Taking the electrical resistivity and Seebeck coefficient data, the 
power factor (PF = S2/ρ, where ρ is the electrical resistivity) has been 
calculated for all samples. Finally, charge carrier concentration and 
mobility at room temperature have been determined in all samples 
through Hall measurements in a L79/HCS system (Linseis GmbH) under 
air atmosphere.

3. Results and discussion

Fig. 2 presents the out-of-plane XRD patterns for all samples, be
tween 5 and 50◦ for clarity. As can be observed in the plot, all samples 
show very similar patterns, and all the peaks correspond to the 
Ca3Co4O9 phase, in agreement with previously published data [26,27]. 
Moreover, most of the peaks have been produced by (00l) reflections, 
indicating a high degree of grain orientation, with their c-axis 
quasi-perpendicular to the surface of the samples. In order to evaluate 
the grain orientation in the samples, the Lotgering factor has been 

Fig. 1. Draw of the structure of the Ca3Co4O9/Ag layered composite after the 
hot uniaxial pressing and cutting processes.

Fig. 2. Out-of-plane XRD patterns of all samples. The diffraction planes indi
cate the peaks associated to the Ca3Co4O9 phase.
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determined for all samples and the results are presented in Table 1. As it 
can be deduced from these data, the texture is drastically increasing 
from the samples with one hot-pressing process to those with two pro
cesses. This difference can be associated with the fact that the 4-layer 
samples should be welded with a second hot-pressing procedure, 
which induces a higher grain orientation. Moreover, when Ag-layers are 
intercalated between the Ca0.93Sr0.07Co4O9 ones, the texture is further 
enhanced, probably due to the Ag smoothness which can allow a better 
arrangement of the layers.

SEM micrographs taken on polished transversal surfaces of the 4- 
layer samples, without and with Ag-layers, are displayed in Fig. 3. The 
4-layer samples without Ag show a very homogeneous microstructure 
and no evidence of the welding surfaces can be observed (Fig. 3a). The 
same situation is evidenced in Fig. 3b, where the Ag-layers are perfectly 
integrated in the samples microstructure. These features confirm that 
the hot-pressing procedure is adequate to produce very good welding 
between the different layers of the samples. Moreover, detailed analysis 
has shown that Ag-layer thickness has been decreased down to about 8 
μm. This reduction can be associated not only with the Ag diffusion 
demonstrated in the next paragraph, but also with the plastic defor
mation of the whole composite under the hot-pressing conditions 
(900 ◦C and 52 MPa), which decreases its thickness and enhances its 
dimensions along the plane perpendicular to the applied pressure.

Fig. 4 displays a closer view of the Ca0.93Sr0.07Co4O9/Ag interface 
region. Linear EDS scanning performed perpendicularly to this region 
(indicated by the one-end arrow) has shown that Ag diffuses into the 
Ca0.93Sr0.07Co4O9 layer up to a distance of around 2 μm, as illustrated in 
the graph in Fig. 4. Silver also promotes the formation of a well-textured 
large-grained surface with around 8 μm, as shown by the vertical two- 
ends arrow in Fig. 4. This effect along the Ag surface has already been 
reported in similar systems, increasing the electrical conductivity [28]. 
On the other hand, the very small dimensions of these two zones (Ag 
diffusion, and textured zone) are only due to the very short time used in 
the hot-pressing process.

Fig. 5 presents the results of the three-point bending, and Vickers 
microhardness (HV) tests for all samples. From these data, it is clear that 
there is nearly no variation in the σmax values between the Ag-free 
samples, while Ag is responsible for a significant increase in these 
values. This difference is due to the fact that Ag provides a plastic-flow 
region, and may resist crack propagation by deflecting them, as 
observed in similar systems [29]. On the other hand, the improvement is 
much lower than might be expected from these works, and this can be 
due to the presence of microcracks along the ab-planes, which can 
decrease mechanical properties without any significant effect on the 
transport ones. Moreover, these cracks tend to appear along the 
well-oriented and long grains, as previously reported for similar com
pounds [30]. As a consequence, these cracks appear close to the 
Ca3Co4O9/Ag interface partially counterbalancing the improvements 
induced by Ag. In any case, the highest values obtained in 
Ag-intercalated samples (192 MPa) are about 15 % higher than those 
determined in Ag-free samples in this work. Moreover, they are much 
higher than those reported for sintered materials (20–125 MPa) [31,32], 
but lower than those obtained in textured materials produced through 
Spark Plasma Sintering (SPS) or by long hot-pressing processes 
(240–320 MPa) [31,33].

When observing the HV evolution in these samples, it is clear that the 
second hot-pressing process leads to a drastic increase, from 2.05 GPa 
for the 1-layer samples, to around 2.52 GPa for the 4-layer ones without 

Ag. This effect is associated with the larger grain sizes and better 
alignment obtained in samples subjected to two hot-pressing processes. 
These values are much higher than the reported in sintered (0.12–0.41 
GPa) [31,32], or textured materials (1.30–1.55 GPa) [31,33].

The microstructural modifications observed in the SEM micrographs 
lead to significant changes of the thermal gradients along the samples 
observed during the thermoelectric characterization of samples, per
formed between 50 and 800 ◦C, and setting 30 ◦C constant thermal 
gradient between the two ends of the samples. The data have been 
recorded using two thermocouples in the central zone of the sample, 
with a span of 6 mm, and the results are presented in Fig. 6. As it can be 
easily observed in the graph, the thermal gradient is reduced for samples 
with two hot-pressing processes, when compared to those subjected to 
only one, due to their better grain orientation previously determined 
through their Lotgering factor. However, the presence of Ag clearly 
decreases the thermal gradient provided by the higher thermal 

Table 1 
Lotgering factor of the different samples.

Sample Lotgering factor

1-layer 0.849
4-layer 0.934
4-layer + Ag 0.986

Fig. 3. SEM micrographs of transversal polished sections of: a) 4-layer sample; 
b) Ca0.93Sr0.07Co4O9/Ag sample, after the two hot-pressing processes.

Fig. 4. Close view SEM micrograph of a transversal polished section of 
Ca0.93Sr0.07Co4O9/Ag sample, after the two hot-pressing processes, centered on 
the Ag/Ca0.93Sr0.07Co4O9 interface. The two-end arrow shows the thickness of 
the well-oriented-large grains region. The one-end arrow indicates the EDS 
measured line for Ag content, displayed in the insert.
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conductivity of Ag, and that of the very well oriented and large grains 
region formed at the Ca0.93Sr0.07Co4O9/Ag interface. Consequently, it 
should be deduced that thermal conductivity should increase when the 
thermal gradient is decreasing.

Fig. 7a shows the electrical resistivity variation with temperature for 
all samples, together with relevant values extracted from the literature. 
In the graph, it is clear that the samples with the intercalated Ag-layers 
present much lower values than the other samples in the whole 
measured temperature range, which can be associated with the high 
electrical conductivity of Ag, and the well-aligned large grains in the 
region close to the Ca0.93Sr0.07Co4O9/Ag interface previously discussed. 
Moreover, it can also be affected by the very thin region close to the Ag- 
layers where Ag has diffused into the ceramic layer. On the other hand, 
electrical resistivity is only modified in the Ag-free samples at low 
temperatures, converging to the same values at high temperatures. This 

evolution clearly correlates with the different grain orientation between 
these samples previously discussed, and the possibility of lower grain 
orientation than the calculated in the inner part of these last samples. 
The minimum values determined in Ag-intercalated samples at 800 ◦C 
are around 1.8 mΩ cm, which is about 70 % lower than the values 
determined in Ag-free samples. Moreover, they are much lower than the 
best reported in the literature for textured compounds 6–25 mΩ cm [19,
22,34–36], or sintered materials 9.5–14 mΩ cm [37–39].

This variation of electrical resistivity at room temperature for the 
different samples clearly agrees with the charge carrier concentration 
and mobility evolution displayed in Fig. 7b. As it can be observed in the 
graph, the mobility and carrier concentration are slightly decreased 
from 1-layer samples to the Ag-free 4-layer ones, and drastically raised 
for the Ag-intercalated ones. These variations in charge carrier con
centration and mobility can be due to a possible lower grain orientation 
in the inner part of the samples, and the presence of the Ag-layers, 
respectively.

In Fig. 7c, the evolution of Seebeck coefficient (S) with temperature 
for all samples, together with relevant values extracted from the liter
ature, is displayed. As it can be seen, S is positive at all temperatures, 
indicating a p-type conduction mechanism. Moreover, S increases with 
temperature in all Ag-free samples, which is the typical behavior in 
metals and degenerate semiconductors, when the charge carrier con
centration, effective mass, and Fermi levels are constant with tempera
ture [40]. However, the presence of Ag clearly modifies this tendency at 
temperatures below 300 ◦C. Furthermore, the plot clearly shows a 
drastic decrease in Seebeck coefficient values for the samples with 
Ag-layers in the whole measured temperature range, when compared to 
the other ones. This effect can be due to the same factors mentioned for 
the electrical resistivity section, which can increase the contribution of 
Ag to the Seebeck coefficient, making it lower than that of 
Ca0.93Sr0.07Co4O9. On the other hand, there is nearly no variation in S for 
the Ag-free samples due to their very similar microstructures, and much 
closer values of n and μ, when compared to the samples with Ag-layers. 
The highest S values for the Ag-intercalated samples at 800 ◦C are 
around 60 μV/K, which are about 70 % lower than the measured for 
Ag-free ones. Moreover, they are much lower than the best reported in 
the literature for textured materials 165–275 μV/K [19,22,34–36], or 
sintered specimens 182–200 μV/K [37–39].

Power factor evolution with temperature has been calculated for all 
samples, using the Seebeck coefficient and electrical resistivity values 
previously determined, and the results are illustrated in Fig. 7d, together 
with relevant values extracted from the literature. As it can be observed 
in the graph, the highest values have been obtained in the 4-layer Ag- 
free samples, with very similar PF values as the 1-layer ones, with a 
slight decrease at T > 550 ◦C due to their slightly lower S. On the con
trary, the samples with intercalated Ag layers show a drastic decrease of 
PF in the whole measured temperature range provided by their 
extremely low S already discussed. The maximum PF values determined 
in Ag-intercalated samples at 800 ◦C (~0.2 mW/K2m) are about 70 % 
lower than the obtained in Ag-free compounds. Moreover, they are 
much lower than the reported for textured materials 0.4–1.16 mW/K2m 
[19,22,34–36], and close to the reported for sintered compounds 
0.26–0.4 mW/K2m [37–39].

These unexpected results, when considering the effect of the Ag- 
layers described in Ref. [21], can be associated with the thermal treat
ments performed on the samples, which are necessary to ensure good 
electrical connectivity between the different layers. Moreover, these 
thermal treatments have been performed at high temperatures (900 ◦C), 
with the consequent Ag diffusion inside the ceramic material, which was 
not the case in the results presented in Ref. [21]. However, these data 
point out to the possibility to produce large 349 samples by perfectly 
welding them through the hot-uniaxial pressing technique under suit
able conditions. Furthermore, the presence of Ag leads to better me
chanical properties and to the possibility to decrease the contact thermal 
and electrical resistances when integrating into thermoelectric modules. 

Fig. 5. Mechanical properties of the different samples determined through 
three-point bending tests, and Vickers microhardness, together with their 
respective measurement errors.

Fig. 6. Variation of the thermal gradient with temperature in all the samples in 
their central area with a distance between thermocouples of 6 mm, establishing 
a temperature difference of 30 ◦C between the ends of the samples.
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Additionally, the low resistivity would also decrease Joule heating, 
raising the module’s performance.

4. Conclusions

In this work, pure and Ag-intercalated Ca3Co4O9 multilayer ther
moelectric materials have been successfully processed through the hot- 
uniaxial pressing technique. Samples were prepared from attrition mil
led precursors, which were cold pressed under 250 MPa, and hot- 
uniaxially pressed at 900 ◦C and 55 MPa for 1 h. The samples were 
mirror polished, and some of them were stacked as pure compounds 
while others were alternatively stacked with Ag foil, followed by hot- 
pressing at 900 ◦C and 52 MPa for 1 h. Out-of-plane XRD showed that 
samples were nearly single-phase, with well-oriented thermoelectric 
grains presenting their ab-plane perpendicular to the pressure direction, 
and a much higher Lotgering factor for samples hot-pressed twice, when 
compared to those pressed only once. Microstructural studies showed no 
significant differences between the 1-layer and 4-layer samples after the 
hot-pressing procedure. However, intercalated Ag-layers induced 
important microstructural modifications in the regions close to the 
Ca3Co4O9/Ag interfaces. These modifications have been reflected in a 
decrease of the thermal gradient along these samples, when compared to 

the Ag-free ones. Three-point bending stress has been increased for 4- 
layer samples with Ag, while microhardness was raised for all 4-layer 
samples. Moreover, the electrical resistivity has been drastically 
decreased for Ag-containing samples, reaching 1.8 mΩ cm, which is 
around 70 % lower than the measured in Ag-free ones. On the other 
hand, S was reduced to 60 μV/K at 800 ◦C, about 70 % lower than the 
obtained in Ag-free samples. As a consequence, PF at 800 ◦C only rea
ches 0.2 mW/K2m in Ag-containing samples, being about 70 % lower 
than those determined for Ag-free compounds, and fairly below the best 
reported values in the literature. However, these results show that it is 
possible to produce large Ca3Co4O9 samples by perfectly welding them 
through the hot-uniaxial pressing technique under suitable conditions. 
The presence of Ag provides the decrease of the contact thermal and 
electrical resistances when integrating into thermoelectric modules. 
Additionally, the low resistivity would also decrease Joule heating, 
raising the module’s performance. Finally, the results presented in this 
work open a new research direction, searching for an adequate dopant 
for the Ca3Co4O9 compound which enhances its Seebeck coefficient 
without losing the high electrical conductivity of Ag-intercalated 
samples.

Fig. 7. Variation of several properties with temperature for all samples, together with relevant values presented in the literature. a) Electrical resistivity; b) room 
temperature charge carrier concentration and mobility; c) Seebeck coefficient; and d) power factor.
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