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Abstract 

 

The effect of the Ti element on the incommensurately layered thermoelectric oxide material Ca3Co4O9 is investigated. This 

study compares the structural, morphological, thermoelectric, and magnetic properties of Ca3(Co3.7Ti0.3)O9 composition to the 

pristine Ca3Co4O9. No significant enhancement of the Seebeck coefficient compared to Ca3Co4O9 is observed in the Ti-doped 

sample. The magnetic properties of the pristine and Ti-doped Ca3Co4O9 are detailed, and the possible correlations between pristine 

and Ti-doped Ca3Co4O9 are established.  In M-H measurements, the effect of Ti in low temperatures revealed a magnetic phase 

transition due to two sublattices exhibiting wavy behavior. For each sample, magnetic inhomogeneity in the long-range 

ferromagnetic ordering, which is clear almost before 19 K, is observed through FC and ZFC curves. The findings on the physical 

properties of both samples are discussed, considering the previously published results. 
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1. Introduction 

 

More The reduction of natural energy sources and the high 

demand for these resources make it crucial to develop new and 

alternative energy sources. For example, converting waste heat 

directly into electricity is an economical, environmentally 

friendly, efficient alternative. Moreover, materials with 

thermoelectric properties, like double-stranded DNA, are used 

in life sciences and various biotechnological applications (Yueqi 

et al., 2016; Heussman et al., 2022; Mogheiseh et al., 2023). The 

molecular resistance has a linear relationship with length due to 

the thermoelectric effect in both the tunneling and hopping 

regimes, in which electrons or holes move sequentially along 

molecules from one end to the other through many steps in 

biology (Yuegi et al., 2016; Kun et al., 2019; Li et al., 2019; 

Chen et al., 2021; Seif et al., 2021).  

Studying the thermoelectric effect in single molecules can 

be used for various purposes, including evaluating the alignment 

of the molecular orbitals, comprehending the energy conversion 

mechanism connected to charge transport, and figuring out 

whether electrons or holes are responsible for charge transport. 

Thermoelectric (TE) devices which are low-cost, pollution and 

maintenance-free, allow for the harvest of waste energy. Various 

sources such as gasoline-fueled internal combustion engines, 

power generators (the Seebeck effect), and coolers (the Peltier 

effect) (Ohtaki et al., 1996; Zang et al., 2020; Ruan et al., 2021; 

Amaveda et al., 2022) are presently available. But to be efficient, 

TE devices need to exhibit stable high thermal and chemical 

properties at elevated temperatures in the air. For practical 

industrial purposes, thermoelectric materials' performance and 

relative utility can be evaluated by the figure of merit ZT which 

is required to be>1. So far, some oxide systems have been 

investigated, such as (Zn, Al) O (Ohtaki et al., 1996), La2CuO4 

(Liu et al., 2022), and In2O3 (Klich et al., 2021).  

Recently studies at ambient temperature for nano-

structured Bi2Te3-Bi2Se3 superlattices have yielded a promising 

high TE figure of merit ZT>2 (Ozkendir et al., 2022). However, 

the effectiveness of these systems is incomparable, even with 
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alloys and semiconductors. Even if the popularity of the ongoing 

research on TE devices has tended to quantum dots or 

nanowires, such systems are both toxic and unstable at high 

temperatures. Oxide materials such as NaCo2O4 (Perac et al., 

2022) and Ca3Co4O9 (Klie et al., 2012) have been revealed to 

possess high thermoelectric properties, which are still not well 

understood and probably related to the correlation between the 

behavior of the electrons and phonons in anisotropic phase 

environments and the low dimensionality of the crystal 

structure. However, due to the distribution of grains’ random 

orientation in the ceramics, polycrystalline Ca3Co4O9 shows a 

relatively low figure of merit (grain boundary scattering leading 

to enhanced electrical resistivity). Therefore, the homogeneity 

of composition during the ceramic sintering process controlling 

grain growth and different dopants’ effects are essential to 

improve this figure of merit.  

Among the layered oxides, increasing attention has been 

given to Ca3Co4O9 as one of the most promising thermoelectric 

materials (Shi et al., 2021). The crystal structure of Ca3Co4O9 

can be viewed as rocksalt-type Ca2CoO3 layers with a CdI2-like 

CoO2 layer stacked (Amaveda et al., 2022). Many dopants have 

been utilized by choosing different kinds of ions at various ratios 

to improve and optimize thermoelectric performance (Li et al., 

2022). Other atomic substitutions for the Ca-site in the rock-salt 

type Ca2CoO3 layers of Ca3Co4O9 revealed a practical 

enhancement in the Seebeck coefficient and texture (Shi et al., 

2021). This improvement should be the reason for an increase in 

carrier mobility due to the effect of the different sizes of atoms 

in the Ca3Co4O9 system. Pristine and elemental substituted Ca-

Co-O systems are expected to exhibit a high Seebeck coefficient 

by optimizing texture, the control of carrier density, and 

mobility.  

In this study, Ti substituted Ca3Co4O9 sample, synthesized 

by solid-state reaction method to figure out the structural and 

magnetic effects of Ti atom in the Ca3Co4O9 system, was 

investigated. The enhancement of TE performance, which is 

related to the induced Co spin-entropy via the Ti doping effect 

in [Ca2CoO3] and [CoO2] sublayers, was exhibited by revealing 

the Seebeck coefficients of both Ca3Co4O9 and 

Ca3(Co3.7Ti0.3)O9. The magnetic effect of Ti ions on the 

Ca3Co4O9 system was demonstrated, and the results were 

compared by Ca3Co4O9 composition. 

 

2. Materials and methods  

 

In this study, the powders were synthesized using a solid-

state reaction technique with sub-micrometer particle size and 

the same (99.9% Stream Chemicals) purity. All samples were 

prepared from CaCO3, Co3O4, and TiO2 from reagent-grade 

powders. These powders in specific proportions were weighed 

to obtain the nominal composition of Ca3(Co3.7Ti0.3)O9 and 

Ca3Co4O9 separately. In an agate mortar, the stoichiometric 

mixtures of oxides were homogenized and mixed by a stirrer in 

an isopropyl alcohol medium (C3H8O) for five h at 230 rpm. The 

compound was calcinated at (950ºC) for 12-24 h in the air to 

activate phase transition and form.  

The samples were cooled to room temperature and ground 

to obtain high-quality homogenized mixtures and recalcinated at 

(950ºC) for 24 h in air. The weight difference in all cases was 

negligible. 1000 Mpa uniaxial pressure was applied to the 

pellets, and after that, the pellets were sintered at 950ºC for 24h 

in an air furnace. The crystalline phase and the oxides were 

analyzed by θ-2θ two-circle XRD setup (Bruker AXS D8 

Advance) using a Cu Kα source. The size of the grains and the 

elemental compositions of the obtained samples were 

determined by SEM and an in-situ attachment of EDX with the 

model of JOEL 7000 FE and INCA (Oxford Instrument) 

software. As a function of magnetic field and temperature, the 

static magnetization measurements were conducted by a 

vibrating Sample Magnetometer. Quantum Design PPMS was 

equipped with a thermal transport option for the in-plane 

Seebeck coefficient measurements.  

 

3. Results 

 

3.1. Structural and morphological analysis 

 

Crystal properties were investigated by XRD. Fig. 1 shows 

the XRD patterns of pure Ca3Co4O9 and Co-site Ti-doped 

Ca3Co4O9 powder samples produced under the same conditions. 

A wide range of sintering temperatures (800-950 °C) was used 

to test the convenient sintering temperature of Ca3Co4O9. The 

decomposition phase of Ca3Co4O9 is Ca3Co2O6, of which peaks 

were marked with the # symbol in Fig. 1. At 950°C sintering 

temperature, the decomposition reaction rarely occurs. It is 

known in the literature that at over 1200°C, the decomposition 

reaction of Ca3Co4O9 more extensively yields Ca3Co2O6 and 

CoO peaks (Woermann et al., 1970). When lowering the 

calcinating and sintering temperatures below 750°C, the 

intensity deteriorates due to the insufficient crystallization phase 

(Tongfang et al., 2010).  

The effects of Ti doping into the Ca3Co4O9 depict no clear 

evidence about the positional shifts of the peaks. However, as 

shown in Fig. 1, some extra ignorable peaks reveal due to Ti 

doping. Cohen's method was used to determine the lattice 

parameters of both Ca3Co4O9 and its Ti-doped form (Sari et al., 

2023). One such promising material, Ca3Co4O9, is 

incommensurately composed of rocksalt-type Ca2CoO3 layers 

sandwiched between two hexagonal CdI2-like CoO2 layers. The 

lattice parameters shared by both substems are a = 4.8339 Å, c 

= 10.8436 Å, and b1/b2 = 1.618 with β = 98.14◦. The 

Ca3(Co3.7Ti0.3)O9 composition has the same structural system 

with the lattice parameters of a = 4.8332 Å, c = 10.8438 Å, and 

b1/b2 = 1.617.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1. XRD pattern of Ca3Co4O9 at varying annealing temperatures and 

Ti-doped Ca3Co4O9 sample annealed at 950°C are summarized. 
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Fig. 2. The SEM images of Ca3Co4O9 in (a), (c), and Ti-doped Ca3Co4O9 in (b) and (d) both annealed at 950°C are summarized. In (e) and (f), 

the EDX measurement results are depicted for Ca3Co4O9 and Ti-doped Ca3Co4O9 samples, respectively. 

 

The SEM photos of Ca3Co4O9 [in (a) and (c)] 

and Ca3(Co3.7Ti0.3)O9 [in (b) and (d)] sintered at 950°C for 2 and 

5 μm magnifications are shown in Fig. 2. Due to the optimum 

950°C (24 h) sintering temperature, porous pellets were 

minimally formed. This reveals that sintering temperatures 

below 950°C are insufficient to produce dense Ca3Co4O9 

and Ca3(Co3.7Ti0.3)O9 ceramics. A scanning electron microscope 

study indicated that at high sintering temperature regimes (970-

1000°C), also many pores were present, and a larger grain size 

of about 2 mm forms. Over 1000°C sintering temperature, the 

surface of the grains became even smoother, and grains 

coarsened (Dos Santos et al., 2020). The observed physical view 

of the grains should be an indicator of partially melted surface 

grains (Koshibae et al., 2000; Yang et al., 2009; Dos Santos et 

al., 2020). The EDX measurement was performed to quantify 

the elemental composition of the pellet samples. Quantitative 

texture analysis of the bulk ceramic materials showed only the 

composition material peaks of Ca3Co4O9 and Ca3(Ti0.3Co3.7)O9. 

As seen in Table 1 and Table 2, a convenient compositional 

quantify with the stochiometry in the EDX analysis was 

exhibited for Ca3Co4O9 and Ca3(Co3.7Ti0.3)O9 samples. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Table 1 

The EDX measurement results of the Ca3Co4O9 sample in K shell 

energies are depicted. 

Element Weight % Atomic % Net Int. 
Net Int. 

Error 

O K 30.63 54.44 1081.11 0.01 

Ca K 23.22 18.57 4376.83 0.01 

Co K 46.15 26.99 1690.21 0.01 

 

Table 2 

The EDX measurement results of the Ti-doped Ca3Co4O9 sample in K 

shell energy levels are summarized. 

Element Weight % Atomic % Net Int. 
Net Int. 

Error 

O K 24.78 50.08 566.3 0.01 

Ca K 26.47 21.35 1808.31 0.01 

Ti K 10.48 5.77 730.04 0.01 

Co K 38.27 22.8 630.9 0.01 

 

The Heikes formula (Eq. 1) is useful for determining the 

Seebeck coefficient in strongly correlated oxide materials (Shi 

et al., 2021). 
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Fig. 3. The magnetic field-dependent magnetization of CTCO in (a), (b), and (c) and CCO in (d) at the given temperatures were exhibited. 

 

3.2. Thermoelectric analysis 

 

𝑆 = −
𝑘𝐵

𝑒
𝑙𝑛 (

𝑔3

𝑔4

1−𝑥

𝑥
)           Eq. 1 

        

In Eq. 1, Co4+ concentration is shown by x, 𝑘𝐵   is the 

Boltzmann constant, e is the electronic charge, and the orbital 

degeneracies of Co3+ and Co4+ in the CoO2 layer are given by g3 

and g4, respectively. In the literature, x=0.5 has been found as a 

critical concentration value of Co4+ in the CoO2 layers, which 

results in a Co-valence state of + 3.5 (Li et al., 2022). A 

possibility of this mixed-valence state in the CoO2 layer is 

assumed for the large S. At room temperature, the Seebeck 

coefficients of pristine bulk Ca3Co4O9 and Ti-doped Ca3Co4O9 

were measured to be S = 130 𝜇𝑉 𝐾⁄  and S = 136 𝜇𝑉 𝐾⁄ , 

respectively. Thus, a slight increment in the Seebeck coefficient 

of Ti-doped Ca3Co4O9 was observed within the experimental 

uncertainty of the transport measurement setup (Hu et al., 2016). 

Similar results for the thin-film form of the Ti-doped 

Ca3Co4O9 were found in the literature (Hu et al., 2016). Some 

nanoparticle systems also exhibit similar thermoelectric 

behavior, and those are used in life science (Aksu et al., 2022; 

Boyraz et al., 2022; Chein et al., 2022;  Hinterdinget al.,  2022;  

Boyraz et al., 2023). 

 

3.3. Magnetic analysis 

 

Magnetic field-dependent magnetization measurements  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

conducted for CCO and CTCO samples in a wide temperature 

were range of (T=5, 10, 20, 25, 30, and 300 K) and (T=10, 15, 

20, 25, 30, and 300 K) in Fig. 3 respectively. As seen in (a) and 

(b), the Ca3(Co3.7Ti0.3)O9 sample exhibits ferromagnetic 

behavior at 10 and 15 K.  

It is known that the crystal structure of Ca3Co4O9 can be 

viewed as rocksalt-type Ca2CoO3 layers with CdI2-like stacked 

CoO2 layer. The wavy behavior in (b) should be the reason for 

the magnetic phase transition due to two sublattices (Klie et al., 

2012). Hence, these two layers provide two sub-lattices with 

different Curie temperatures (Tc). Similar wavy behavior was 

observed for CCO at 20 K in Fig. 3 (d). The wavy behavior in 

low temperatures should not be attributed to the change in the 

domain structure. Fig. 3 (c) illustrates that Ca3(Co3.7Ti0.3)O9 and 

Ca3Co4O9 structures show an apparent paramagnetic behavior 

above 15 K and 20 K, respectively.  

Temperature evaluation of magnetization (M) in a field of 

50 Oe (FC) and after cooling the sample in ZFC conditions was 

depicted in Fig. 4 (a) and (b) for the samples Ca3Co4O9 and 

Ca3(Co3.7Ti0.3)O9 respectively. As seen in Fig. 4 (a) and (b), there 

is a magnetic phase transition in both Ca3Co4O9 (at 20 K) and 

Ca3(Co3.7Ti0.3)O9 (at 18.9 K). These magnetic phase transitions 

have been attributed to the ferr-to-ferromagnetic transitions 

below Neel temperature. In pristine and Ti-doped CCO, the 

existence of magnetic inhomogeneity in the long-range 

ferromagnetic ordering is clear almost before 19 K for each 

sample due to the separation of each ZFC and FC curve (Hira et 

al., 2019). 
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Fig. 4. The temperature-dependent zero-field-cooled (ZFC) and field-cooled (FC) magnetizations for Ca3Co4O9 and Ca3(Co3.7Ti0.3)O9 in (a) and 

(b) respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Conclusion 

 

The pristine and Ti-doped CCO samples were fabricated 

by the solid-state reaction method. The structural and magnetic 

characteristics of pure and Ti-doped CCO were compared. The 

structural effect of Ti in pristine CCO was revealed by 

calculating lattice parameters indicating a very small variation 

in the Ti-doped sample. In the literature, the Seebeck coefficient 

of Ca3Co3.8Ti0.2O9 was measured as S = 135 𝜇𝑉 𝐾⁄  which is 

very close to our measurement result S = 136 𝜇𝑉 𝐾⁄  for 

Ca3(Co3.7Ti0.3)O9 (Hu et al., 2016).  

In M-H measurements, theeffect of Ti in low temperatures 

revealed itself as a magnetic phase transition due to two 

sublattices exhibiting wavy behavior.  

The separation of each ZFC and FC curve indicates magnetic 

inhomogeneity in the long-range ferromagnetic ordering, which 

is clear almost before 19 K for each sample. An increment in the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Seebeck coefficient was observed due to Ti substitution, which 

also brought inhomogeneity to the pristine CCO. Especially in 

powder form, the thermoelectric effect provides a new field of 

study in transport properties in DNA studies. Thus, CCO may 

be a suitable candidate for molecular studies in life science.  
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