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A B S T R A C T   

Cold sintering is a promising technology for preparing electronic materials, enabling densification at low tem
perature, but rarely employed for thermoelectrics. Herein, high-quality Ca2.7Bi0.3Co3.92O9+δ ceramics were 
synthesised by a combination of cold sintering and annealing processes. Stoichiometric mixtures of raw materials 
were calcined once or twice at 1203 K for 12 h in air, and then cold sintered at 673 K for 60 min under a pressure 
of 85 MPa, followed by annealing at 1203 K for 12 h or 24 h in air. The effects of the calcination processes and 
annealing conditions on the thermoelectric performance of cold sintered samples were investigated. By opti
mising heat-treatment, the formation of secondary phases, texture development and porosity were controlled, 
leading to enhanced electrical conductivity and reduced thermal conductivity. Consequently, at 800 K there was 
85% increase in power factor and 35% increase in ZT (value of 0.15) compared to previous studies.   

1. Introduction 

Thermoelectric (TE) materials, which enable the conversion between 
waste heat and electricity, provide opportunities to alleviate the energy 
crisis. The conversion efficiency of a TE material is characterised by the 
figure of merit ZT = σS2T/κ, where σ is the electrical conductivity, S is 
the Seebeck coefficient, T is the absolute temperature and κ is the 
thermal conductivity [1]. The most commonly adopted strategy for 
improving the conversion efficiency is either maximising the power 
factor (σS2) or minimising the thermal conductivity (κ). Calcium 
cobaltite (Ca3Co4O9) is a promising TE oxide because of its intrinsically 
low thermal conductivity arising from the misfit layered structure [2]. 
However, it is difficult to prepare dense calcium cobaltite ceramics by 
pressure-less sintering, due to the complex, layered structure as well as 
the mismatch between the decomposition temperature (about 1209 K in 
air for Ca3Co3.93O9+δ, determined by DSC) [3] and the eutectic tem
perature (about 1623 K in air, deduced from the Ca–Co–O phase dia
gram) [3]. 

Cold sintering, an emerging sintering technique, is able to densify 
ceramic bodies at low temperatures (< 700 K) and at low cost with 
simple processing, through dissolution-based transport mechanisms and 
substantial capillarity effects [4,5]. To date, inorganic materials 

densified by cold sintering have been employed in the fields of ferro
electrics [6], piezoelectrics [7], microwave dielectrics [8], fuel cell 
cathodes [9], and refractories [10]. However, only a few attempts have 
been made to fabricate cold sintered cobaltite ceramics. Funahashi et al. 
[11] prepared ZnO-Ca3Co4O9 multilayer ceramics by cold sintering but 
mainly focused on the output voltage of the thermoelectric module, 
while the ZT value of the material was not evaluated. Santos et al. [12] 
investigated the effects of fabrication routes (solid state reaction and 
cold sintering) on the thermoelectric performance of calcium cobaltite, 
but the TE performance of the cold sintered samples was heavily 
restricted by the low densification (< 80% theoretical). 

In this work, highly dense (> 90% theoretical) calcium cobaltite 
ceramics were prepared by cold sintering, using the optimal chemical 
composition (Ca2.7Bi0.3Co3.92O9+δ) reported in earlier studies [13,14]. 
The influence of calcination processes for powders and annealing con
ditions for cold sintered ceramics on the thermoelectric response was 
studied in detail. By optimising the heat-treatment process, the forma
tion of poorly conducting secondary phases was suppressed, and there 
was significant development in texture. In comparison with previous 
investigations of calcium cobaltite prepared by cold sintering there was 
85% enhancement in power factor and 35% increase in ZT values [11, 
12] as a result of the modified microstructure. 

* Corresponding author. 
E-mail address: Robert.Freer@manchester.ac.uk (R. Freer).  

Contents lists available at ScienceDirect 

Journal of the European Ceramic Society 

journal homepage: www.elsevier.com/locate/jeurceramsoc 

https://doi.org/10.1016/j.jeurceramsoc.2022.03.017 
Received 18 January 2022; Received in revised form 8 March 2022; Accepted 11 March 2022   

mailto:Robert.Freer@manchester.ac.uk
www.sciencedirect.com/science/journal/09552219
https://www.elsevier.com/locate/jeurceramsoc
https://doi.org/10.1016/j.jeurceramsoc.2022.03.017
https://doi.org/10.1016/j.jeurceramsoc.2022.03.017
https://doi.org/10.1016/j.jeurceramsoc.2022.03.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2022.03.017&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of the European Ceramic Society 42 (2022) 3920–3928

3921

2. Materials and methods 

Raw materials of CaCO3 (Sigma-Aldrich, 99.8%), Bi2O3 (Sigma- 
Aldrich, 99.9%) and Co3O4 (Alfa Aesar, 99.7%) were mixed according to 
the ratios required for the optimal composition: Ca2.7Bi0.3Co3.92O9+δ. 
After wet-milling and drying, the powders were divided into two batches 
and calcined in air at 1203 K for 12 h, either once or twice. Subse
quently, in the cold sintering step, performed as in our earlier work 
(with molybdate and ferrite materials) [15], 3.6 g of single-fired or 
double fired powder was mixed individually with 0.40 g of 1 M acetic 
acid. The mixtures were transferred into a 20 mm diameter steel die for 
compaction; 100 µm thick stainless steel plates were used to protect the 
sample from the pistons. The die was then pressed under 390 MPa for 60 
min at room temperature, after which the pressure was gradually low
ered to 85 MPa. When the pressure was stable, the press plates were 
heated to 673 K for 60 min, followed by cooling to 373 K before 
releasing the pressure. All samples were removed from the die at room 
temperature and subsequently annealed at 1203 K for either 12 or 24 h 
in air. With one set of as-fired samples (zero time anneal) we have three 
samples for each set of calcine conditions (Table 1). 

The bulk density (ρ) and porosity were determined by the Archi
medes’ method. X-ray diffraction patterns (XRD) were collected from 
the solid sample surface perpendicular to the pressing direction by a 
PANaytical X′Pert Pro diffractometer (Cu Kα). Lotgering factors 
(reflecting the degree of grain orientation) for the annealed cold sintered 
calcium cobaltite ceramics were determined via Eq. 1 [16], based on the 
collected XRD data and details from the standard PDF card (JCPDS: # 
05–001–0461) [17]:  

LF = (p – p0) / (1 – p0)                                                                    (1) 

where LF is the Lotgering factor, p = ΣI (00 l) / ΣI (hkl) (ΣI is the total X- 
ray counts associated with the indexed peaks for the obtained samples) 

and p0 = ΣI0 (00 l) / ΣI0 (hkl) (ΣI0 is the total X-ray counts associated 
with the peaks for randomly oriented samples calculated from the 
standard PDF card). 

The microstructure and chemical compositions were examined using 
a Tescan MIRA3 field emission gun – scanning electron microscope 
(FEG-SEM) equipped with an energy dispersive X-ray spectroscopy 
(EDX) detector. In order to estimate the volume fractions of different 
phases in the cold sintered samples, phase quantification was performed 
through phase contrast [18] based on backscattered electron (BSE) SEM 
images, using different threshold intensities [19] identified using Image 
J software. The crystal structure was characterised by transmission 
electron microscopy (TEM) using a FEI Tecnai G2 20 and a Talos F200X 
(both operated at 200 kV). Scanning transmission electron microscopy 
(STEM) and STEM-EDX were performed using a Talos F200X equipped 
with a Super-X 4 silicon drift detector EDX system (collection solid angle 
0.9 srad). X-ray photoelectron spectroscopy (XPS) was undertaken using 
a Kratos Axis Ultra Hybrid XPS (Al Kα). The XPS data were fitted by the 
CASA XPS software via a mix of Lorentzian and Gaussian characters. 
Electrical conductivity and Seebeck coefficient measurements were 
carried out using an ULVAC ZEM-3 in low-pressure He. The specific heat 
capacity (Cp) was measured by a Netzsch STA-449 C in N2. The thermal 
diffusivity (α) was determined by a Netzch LFA-427 in Ar. The thermal 
conductivity (κ) was calculated from: κ = ραCp. Both the electronic 
transport and thermal properties were measured perpendicular to the 
pressing direction. 

3. Results and discussion 

3.1. Physical properties 

All the as-sintered samples were dark grey in colour and crack-free. 
Before annealing, highly dense, cold sintered Ca2.7Bi0.3Co3.92O9+δ ce
ramics, exhibit densities of ~ 90% theoretical (S1A0: 4.42 g/cm3, S2A0: 
4.29 g/cm3; Fig. S1 in Supporting Information (SI)). As the annealing 
time increased, the bulk density decreased slightly, whilst the porosity 
increased; the highest porosity was 13.1% for S2A24 (Fig. S1b). 

3.2. XRD analysis 

Fig. 1 shows XRD patterns for calcined Ca2.7Bi0.3Co3.92O9+δ powders 
and cold sintered Ca2.7Bi0.3Co3.92O9+δ ceramics annealed in different 
ways. The main phase in all patterns is indexed as monoclinic 
Ca3Co3.744O9.176 (JCPDS: # 05-001-0461). Traces of three minor phases 
including Bi2Ca3Co2O9 (JCPDS: # 52-0125), Ca3Co2O6 (JCPDS: # 51- 

Table 1 
Heat-treatment conditions and sample codes.  

Calcination conditions Annealing conditions Sample Code Sample 

1203 K for 12 h (once) – S1P Powder 
1203 K for 0 h S1A0 Ceramic 
1203 K for 12 h S1A12 Ceramic 
1203 K for 24 h S1A24 Ceramic 

1203 K for 12 h (twice) – S2P Powder 
1203 K for 0 h S2A0 Ceramic 
1203 K for 12 h S2A12 Ceramic 
1203 K for 24 h S2A24 Ceramic  

Fig. 1. XRD patterns for calcined Ca2.7Bi0.3Co3.92O9+δ powders and cold sintered Ca2.7Bi0.3Co3.92O9+δ ceramics annealed in different ways (a: samples prepared from 
single-calcined powders; b: samples prepared from double-calcined powders). 
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0311) and Co3O4 (JCPDS: # 42-0461) were detected in the single-fired 
powders (Fig. 1a) with the fraction of secondary phases being signifi
cantly reduced at longer annealing times. By contrast, X-ray pure cal
cium cobaltite powders were synthesised by the double calcination 
process (Fig. 1b). Furthermore, the increased intensity for peaks 
belonging to the {00 l} family in the annealed samples suggest preferred 
grain growth along the c axis. 

The calculated Lotgering factors (LF) derived from the data in Fig. 1 
are shown in Table 2. It is evident that the LF values increase with 
increasing annealing time and the number of calcination processes, 
indicating that the strongest texture was developed in the S2A24 sample. 
Optimising the heat-treatment can also help to eliminate secondary 
phases that hinder primary grain connectivity [14]. 

3.3. SEM-EDS analysis 

Fig. S2 presents backscattered electron (BSE) SEM images of calcined 
Ca2.7Bi0.3Co3.92O9+δ powders before milling. The single-fired powders 
(S1P in Fig. S2a) exhibit more aggregation than the double-fired 

powders (S2P in Fig. S2b). Compared to the S1P sample, the S2P sam
ple shows an obvious reduction in the amount of bright secondary 
phases, suggesting that double calcination promotes the complete re
action to form calcium cobaltite. BSE SEM images for the polished sur
faces of Ca2.7Bi0.3Co3.92O9+δ ceramics are presented in Fig. 2. The 
chemical composition and distribution of phases in the cold sintered 
ceramics processed under different heat-treatment conditions were 
determined by EDS and SEM image analysis (Table S1 and S2; Fig. S2 
and S3 in SI). In addition to the plate-like grey grains of the primary 
calcium cobaltite phase in S1A0, there are three minor phases (Fig. 2a): 
the irregular bright grains (Bi-rich compared to the primary phase); 
irregular dark grains (Ca2Co2O5) and granular grey grains (Co3O4). By 
annealing at 1203 K the secondary phases were efficiently reduced 
(Figs. 2b and 2c) with the Ca2Co2O5 (dark phase) being almost elimi
nated (Fig. S4a in SI). Compared to S1A0, the twice calcined S2A0 
contains a smaller volume fraction of minor phases (Fig. 2d). Interest
ingly, in S2A0, the newly formed Ca-Co-O compound (dark phase) 
shows calcium deficiency compared to Ca2Co2O5, and the chemical 
composition of the granular grey phase approaches CoO, indicating that 
the phase composition can be modified by optimising heat-treatment. 
Although there is a similar reduction of secondary phases with 
increasing annealing time for S2A12 and S2A24 (Figs. 2e and 2f; Fig. S4b 
in SI), there is an obvious increase in grain size and porosity with the 
increase in annealing time up to 24 h (Fig. 2f). The increase in porosity is 
probably due to volatilisation of Bi-rich phases [20] and enhanced 
liquid-solid mass transfer [21] during the prolonged annealing. 

Fig. 3 shows secondary electron SEM images of fracture surfaces for 
cold sintered Ca2.7Bi0.3Co3.92O9+δ ceramics. Compared to as-sintered 
calcium cobaltite ceramics (S1A0 and S2A0) where the grain 

Table 2 
Calculated Lotgering factors for cold sintered Ca2.7Bi0.3Co3.92O9+δ ceramics.  

Sample ID p p0 Lotgering factor 

S1A0  0.778  0.305  0.68 
S1A12  0.812  0.305  0.73 
S1A24  0.832  0.305  0.76 
S2A0  0.800  0.305  0.71 
S2A12  0.858  0.305  0.79 
S2A24  0.881  0.305  0.83  

Fig. 2. Backscattered electron SEM images for polished surfaces of cold sintered Ca2.7Bi0.3Co3.92O9+δ ceramics processed under different cold sintering and annealing 
heat-treatment conditions (sample codes are given in Table 1). 
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arrangement is more disordered, there was clear development of texture 
with increasing annealing time and doubling of the calcination process; 
the plate-like grains are better aligned in the S2A24 sample, consistent 
with the trend in Lotgering factors (Table 2). 

3.4. TEM and STEM analysis 

In order to verify the crystal structure, STEM and TEM data were 
collected from S2A24 as a representative sample (Fig. 4). In the STEM- 

Fig. 3. Secondary electron SEM images of fracture surfaces for cold sintered Ca2.7Bi0.3Co3.92O9+δ ceramics (the grain alignment in the annealed samples is high
lighted by the red lines). 

Fig. 4. STEM and TEM data for S2A24 sample: (a) High angle annular dark field (HAADF) STEM image; (b-e) STEM-EDS elemental maps for the region shown in (a); 
(f) low magnification TEM image; (g) SAED pattern from the yellow circular region in (f); (h) HRTEM image of the red circular region in (f); (i) FFT image for the 
region shown in (h); (j) Fourier filtered HRTEM image of the yellow circular region in (f); (k) FFT image corresponding to (j). 
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EDS elemental maps, the uniform elemental distribution of Ca, Co and O 
with slight contrast for Bi, confirms the successful doping of bismuth in 
the calcium cobaltite grains (Fig. 4a–e). The typical plate-like features 
are highlighted in a grain with dark and bright contrast in Fig. 4f, and 
the [001] oriented selected area electron diffraction (SAED) pattern 
(from the yellow circular region in Fig. 4f) confirms a misfit layered 
structure (Fig. 4g). The two sets of diffraction spots belong to the rock 
salt layer (red arrows) and CoO2 layer (yellow arrow); they share a 
common a lattice parameter but have different b lattice parameters. The 
noise-filtered high resolution transmission electron microscopy 
(HRTEM) image for this region of the sample demonstrates the atomic 
arrangements of the crystal when viewed along the [001] zone axis, 
where a d-spacing of 0.23 nm corresponds to the (020) crystal plane 
(Fig. 4j); its corresponding fast Fourier transform (FFT) image shows the 
same pattern as the SAED in Fig. 4g. The HRTEM and FFT image of the 
crystal viewed along the [100] zone-axis (Figs. 4h and i) yields an (001) 
d-spacing of 1.07 nm, consistent with that expected for the (001) crystal 
plane of calcium cobaltite. These results match well with TEM data re
ported by Seo et al. [22] and Yubuta et al. [23] and confirm the crystal 
structure determined by XRD. 

3.5. XPS analysis 

As there are considerable amounts of Co-containing secondary pha
ses in the unannealed cold sintered samples, the contributions from 
different phases to the concentrations of different cobalt ions are com
plex and difficult to distinguish unambiguously. XPS characterisation 
was therefore performed on the annealed cold sintered samples; the 
volume fractions of the primary calcium cobaltite phase reach about 
90% and it is believed to dominate the generation of hole carriers for the 
material. Fig. 5 presents high-resolution XPS Co2p 3/2 spectra for 
annealed cold sintered Ca2.7Bi0.3Co3.92O9+δ ceramics. Three peaks from 
different cobalt ions are revealed in the spectra; the peaks at 
781.9–782.0 eV (green colour) are assigned to Co4+, the peaks at 
780.1–780.2 eV (pink colour) are ascribed to Co2+ and the peaks at 
779.1–779.2 eV (blue colour) are attributed to Co3+. These results are 
consistent with the Co XPS data in earlier studies and confirm the 
presence of three kinds of cobalt ions in the crystal lattice of calcium 
cobaltite [24–26]. 

The concentrations of the different cobalt ions in the annealed 
samples, determined from the XPS data in Fig. 5, are summarised in  

Table 3. For all the annealed cold sintered samples, the ratio of [Co4+/ 
(Co3++Co4+)] varies only slightly, from 51% to 55%, averaging 52.6%. 
As the presence of Co4+ among Co3+ ions is believed to regulate the 
concentration of holes in calcium cobaltite [27], this data does not 
suggest any significant variation in carrier concentration. 

3.6. Electrical transport 

Fig. 6 shows the electrical transport properties of cold sintered 
Ca2.7Bi0.3Co3.92O9+δ ceramics as a function of temperature. The elec
trical conductivity (σ) for all samples increases with increasing tem
perature (Fig. 6a), indicating semiconducting behaviour; the σ varies 
from 5.2 to 99.9 S/cm at 323 K and from 88.6 to 120.1 S/cm at 800 K. 
The positive Seebeck coefficients (S) in Fig. 6b confirm a hole conduc
tion mechanism; the coefficients vary from 133.5 to 159.0 µV/K at 
323 K, and from 150.1 to 183.0 µV/K at 800 K. Compared to the cold 
sintered calcium cobaltite ceramics reported in earlier studies [11,12] 
(exhibiting σ of 60–70 S/cm at 800 K; Seebeck coefficients of 
120–150 µV/K at 800 K) the electrical conductivity (σ) in this work 
(120.1 S/cm at 800 K) represents at least 70% enhancement while the 
corresponding Seebeck coefficients (150.1 µV/K at 800 K) are similar. 

For the samples prepared from the single-fired powders, the lowest σ 
is recorded for S1A0, whilst σ values for S1A12 and S1A24 are nearly 
triple that for S1A0. This can be ascribed to the increased fractions of the 
primary phase (calcium cobaltite) and the reduction of poorly con
ducting phases (Fig. S4). Only slight changes in S are observed between 
S1A12 and S1A24, whereas the values are significantly lower than for 
S1A0. On the basis of the first term in Eq. 2 (Drude model) [28]:  

S = Ce/n + π2k2T/3e([∂lnµ(ε)/∂ε]ε = Ef)                                              (2) 

where Ce is the electronic specific heat capacity, n is the carrier 

Fig. 5. High-resolution XPS Co2p 3/2 spectra for annealed cold sintered Ca2.7Bi0.3Co3.92O9+δ ceramics.  

Table 3 
Concentrations of cobalt ions in annealed cold sintered Ca2.7Bi0.3Co3.92O9+δ 

ceramics determined by XPS.  

Sample Code Co3+ (%) Co2+ (%) Co4+ (%) Co4+/ (Co3++Co4+) (%) 

S1A12  24.5  49.9  25.6  51.1 
S1A24  25.0  44.8  30.2  54.7 
S2A12  25.9  46.3  27.8  51.8 
S2A24  23.6  49.9  26.5  52.9  
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concentration, k is the Boltzmann constant, T is absolute temperature, 
µ(ε) is the energy correlated carrier mobility and Ef is the Fermi level, it 
is inferred (from the Seebeck coefficients) that the carrier concentration 
(n) is similar for S1A12 and S1A24, and much higher than that for S1A0. 
Similar variations in σ and S are found for the samples prepared from 
double-fired powders (Fig. 6a and b). 

Before annealing, sample S1A0 exhibited lower σ than S2A0, mainly 
due to the lower fraction of the primary phase (Fig. S4). The corre
sponding Seebeck coefficients (S) for S1A0 are larger than those for 
S2A0, fitting well with the Drude model. After annealing at 1203 K for 
12 h, sample S2A12 also exhibits enhanced σ compared to S1A12. As 
there is negligible variation in the value of [Co4+/(Co3++Co4+)] for 
S1A12 and S2A12 (Table 3), n should be similar for both. This is also 
supported by the similar Seebeck coefficients (S) for S1A12 and S2A12 
(Fig. 6b). Therefore, the increased σ should result from enhanced carrier 
mobility (µ) according to Eq. 3:  

σ = neµ                                                                                         (3) 

where n is the carrier concentration, e is the electronic charge and µ is 
the carrier mobility. It was reported that texture development and larger 
grain size lead to decreased in-plane grain boundary density, thereby 
lowering energy barriers at grain boundaries and hence a larger µ [29, 
30]. Here, both the Lotgering factors (Table 2) and SEM images of 
fracture surfaces (Fig. 3) show that greater texture is achieved in S2A12 
compared to S1A12, thereby encouraging enhanced mobility. Similarly, 
S2A24 exhibits higher σ than S1A24 when the annealing time is 
extended to 24 h. 

Fig. 6c shows that the highest power factor of 0.28 mWm− 1K− 2 was 

obtained for S2A24 at 800 K; this value represents at least 85% 
enhancement compared to the power factors reported in earlier in
vestigations for cold sintered calcium cobaltite ceramics (0.08–0.15 
mWm− 1K− 2 at 800 K) [11,12] (Fig. 6d). 

In order to provide insight into the relationship between the elec
tronic transport properties and the correlative factors, the values for σ 
and S at 800 K are plotted as a function of annealing time, Lotgering 
factor and porosity (Fig. 7). It is noted that σ increases for all the samples 
(Fig. 7a), whilst the corresponding S values decrease with increasing 
annealing time (Fig. 7b). In addition, S2 samples show significantly 
higher σ but slightly lower S values than S1 samples. These results 
indicate that the power factor can be enhanced by the double calcination 
process and prolonging the annealing time. It was found that the change 
in σ is positively correlated with Lotgering factor (Fig. 7c), whereas the 
Seebeck coefficients show a negative correlation (Fig. 7d). Stronger 
texture can lead to reduced in-plane grain boundary density and hence 
decreased energy barrier at grain boundaries, thereby increasing the 
carrier mobility and lowering the thermopower [31,32]. Interestingly, 
the σ and S values show an opposite trend with increasing porosity, 
increasing and decreasing respectively (Figs. 7e and 7f). Generally, 
poorer densification is associated with an increase in the energy barrier 
at grain boundaries, thereby leading to reduced carrier mobility and 
higher thermopower. This contradictory behaviour is ascribed to the 
dominating effects of texture development compared to that of porosity. 

3.7. Thermal transport 

The samples prepared from double-fired powders (S2P) were 

Fig. 6. Electrical conductivity (a), Seebeck coefficient (b) and power factor (c) for cold sintered Ca2.7Bi0.3Co3.92O9+δ ceramics as a function of temperature, and (d) 
power factor compared with previous work [11,12]. 
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selected for detailed thermal conductivity analysis, because they showed 
significantly enhanced electrical transport behaviour. The total thermal 
conductivity and the corresponding electronic and lattice components 
for cold sintered Ca2.7Bi0.3Co3.92O9+δ ceramics are presented in Fig. 8. It 
can be seen that there is an increase in total thermal conductivity (κ), 
after a 12 h anneal (S2A12), compared to the as-fired ceramics S2A0 
(Fig. 8a), but a significant reduction to 1.5 Wm− 1K− 1 at 800 K when the 
annealing time is extended to 24 h (S2A24). Fig. 8b presents the elec
tronic (κelectronic) and lattice (κlattice) thermal conductivities determined 
from the Wiedemann-Franz law, using Eqs. 4 and 5 [33]:  

κelectronic = LσT                                                                               (4)  

κ = κelectronic + κlattice                                                                      (5) 

where L is the Lorenz constant (2.45 ×10− 8 WΩK− 2 for free electrons) 
and T is absolute temperature. The phonon contribution at 323 K rep
resents ~ 95% of the total, but decreases to ~ 85% of the total at 800 K. 
Sample S2A12 exhibits similar κlattice but a higher κelectronic compared to 
S2A0; the slight enhancement in κ is attributed to the higher σ (longer 
annealing time). By contrast, the significant reduction in κ for S2A24 
results mainly from the lower κlattice, which indicates enhanced phonon 
scattering. It is acknowledged that point defect scattering is dominated 
by the solute atoms, through variations in atomic mass and size 
(described by the Debye–Callaway model using Equations S1-S4 in SI) 
[34,35]. As bismuth solubility in S2A12 and S2A24 is very similar 
(Bi/(Bi+Ca) ≈ 0.1; Table S2), the point defect scattering is expected to 

Fig. 7. Electrical conductivity and Seebeck coefficients at 800 K for cold sintered Ca2.7Bi0.3Co3.92O9+δ ceramics as a function of annealing time (a, b), Lotgering 
factor (c, d) and porosity (e, f). 
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be similar in these two materials. Although stronger texture develop
ment, by increasing annealing time from 12 h to 24 h (Table 2), can lead 
to weaker in-plane grain boundary scattering, there is also a significant 
increase in porosity from 4% to 13% (Fig. S1b). The pores can also act as 
scattering centres to enhance phonon scattering, and their effects on 
total thermal conductivity can be evaluated using Eq. 6 [36]:  

κ = κ0(1 – ν)/(1 + βν)                                                                      (6) 

where κ0 is the thermal conductivity of an ideal material with zero 
porosity, ν is the volume fractions of pores and β is the pore shape factor 
(β = 1.0–3.0 for spherical pores). Therefore, S2A24 exhibits lower κlattice 
than S2A12 mainly because of the higher fraction of pores (Fig. 2f). 

3.8. Thermoelectric figure of merit 

Fig. 9a shows the temperature dependence of ZT values for cold 
sintered Ca2.7Bi0.3Co3.92O9+δ ceramics. The maximum ZT of 0.15 is 
achieved in S2A24 at 800 K, because of the enhanced power factor and 
reduced thermal conductivity (Figs. 6c and 8a). In comparison to pre
vious work on cold sintered calcium cobaltite [12], the S2A24 data 
presented here for ZT value (0.15 at 800 K) represents 35% enhance
ment. Indeed, this ZT value is superior to that for the solid state syn
thesised sample [37] and is also comparable to data reported for spark 
plasma sintered (SPS)-processed and rolling-processed samples [13,38], 

demonstrating the considerable potential for cold sintering technology 
in fabricating thermoelectric devices. 

4. Conclusions 

This investigation demonstrates a simple approach to enhancing the 
thermoelectric performance of Ca2.7Bi0.3Co3.92O9+δ ceramics by cold 
sintering in combination with heat-treatment. Through double calcina
tion of powders at 1203 K for 12 h and post-sinter annealing of ceramics 
at 1203 K for 24 h, the presence of secondary phases was efficiently 
reduced, thereby enhancing the texture, and increasing the volume 
fraction of the main phase (calcium cobaltite). The electrical conduc
tivity was enhanced by the increased concentration and mobility of 
carriers. The Lotgering factors, reflecting the degree of grain orientation, 
are positively correlated with the electrical conductivity but negatively 
correlated with the Seebeck coefficients, due to the reduction of in-plane 
grain boundary density and energy barriers. In addition, the pores 
generated during annealing can act as scattering centres, enhancing 
phonon scattering, thereby reducing thermal conductivity. As a result, a 
maximum power factor of 0.28 mWm− 1K− 2 and ZT value of 0.15 were 
achieved at 800 K for the double sintered sample with the longest (24 h) 
annealing time (S2A24). These values represents enhancements of 
approximately 85% and 35% respectively, compared to published data 
for cold sintered calcium cobaltite. 

Fig. 8. Temperature dependence of: (a) total thermal conductivity and (b) electronic and lattice thermal conductivity for cold sintered Ca2.7Bi0.3Co3.92O9+δ ceramics.  

Fig. 9. (a) Temperature dependence of ZT values for cold sintered Ca2.7Bi0.3Co3.92O9+δ ceramics and (b) comparison of ZT values with calcium cobaltite prepared by 
different fabrication routes in earlier studies [12,13,37,38]. 
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