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Abstract 

The structural and thermoelectric properties of Na- and Ag-substituted CoO dense ceramics have been 

investigated. X-ray diffraction shows that pure phase and Ag/CoO composites have been obtained for 

Na-doped and Ag-doped CoO, respectively. Raman spectroscopy shows an effect of Na dopants on the 

lattice disorder of CoO. The chemical composition, element distribution, and valence states of the 

samples have been characterized by Auger electron microscopy and X-ray photoelectron spectroscopy. 

Substitution of Co by 5 at. % Na enhances the power factor to 250 µW.m-1.K-2 at 1000 K, similar to that 

of Ca3Co4O9. The corresponding thermal conductivity is also reduced to 3.55 W.m-1.K-1 at 1000 K. 

Consequently, Co0.95Na0.05O exhibits the best thermoelectric figure of merit (ZT), which is 0.07 at 1000 

K. On the other hand, the substitution of Ag into CoO leads to the formation of CoO/Ag composites and 

deteriorates ZT values. 
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Introduction 

In the last three decades, there has been a continuous interest in the search for new thermoelectric 

materials with enhanced thermoelectric properties. For a thermoelectric device, a high conversion 

efficiency requires a high figure of merit (ZT), ZT = S2σT/κ, where S is the Seebeck coefficient, σ is the 

electrical conductivity, T is the absolute temperature, and κ is the thermal conductivity. Unfortunately, 

the classical thermoelectric materials (BiTe, PbTe, SiGe, etc. [1]) show drawbacks like high toxicity, 

low abundance, high cost, and low chemical stability in air. Although thermoelectric materials with 

complex crystal structures like skutterudites and clathrates have been identified to show promising ZT 
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[2, 3], they present similar disadvantages as the classical thermoelectric materials. Therefore, oxides 

without the aforementioned shortcomings are being explored for thermoelectric application. 

Single-crystalline layered cobalt oxides present the best ZT values among the p-type thermoelectric 

oxides. A ZT value around 1 at high temperature (700 K – 1000 K) has been found in bulk single-

crystalline NaxCoO2 [4] and Ca3Co4O9 [5] as well as in single-crystalline Bi2Sr2Co2Oy whiskers [6]. 

Each of these materials exhibit similar crystal structures, with CdI2-type CoO2 layers separated by Na 

ions, triple rock-salt [Ca2CoO3] layers, and four rock-salt [Sr2Bi2O4] layers, respectively. Reduced ZT 

values have been observed in their corresponding polycrystalline samples due to the grain boundaries 

and their highly anisotropic crystal structures [4, 7, 8]. Various approaches have been adopted to 

improve the ZT of polycrystalline oxides, for example, doping [9-11] and adding a secondary phase to 

form composites [7, 12, 13]. The most pronounced enhancement is achieved in Ca2.5Tb0.5Co4O9, with a 

highest ZT ~ 0.74 at 800 K [14]. 

These layered cobalt oxides present some unique features. Their large Seebeck coefficient originates 

from the mixed valence states of low spin states of Co3+ and Co4+ in the CoO2 layers [15]. Their low 

thermal conductivity results from the disordered or misfit block layers in between the CoO2 layers. In 

addition to the layered cobalt oxides, acceptor-doped LaCoO3 perovskites show high ZT at room 

temperature [16-18]. In these cobalt oxides, the transport properties are dominated by small polaron 

hopping between the mixed-valence Co3+/Co4+, which is formed as a result of charge neutralization of 

dopants. In a recent paper, Delorme et al. [19] have shown that p-type promising thermoelectric 

performance can be found in Ba2Co9O14, a layered cobalt oxide with CdI2-type CoO2 layers containing 

a mixed valence of Co2+ and Co3+ rather than Co3+ and Co4+. Finally, NiO ceramics doped with 

monovalent cations exhibit remarkably enhanced electrical conductivity and ZT values compared with 

undoped NiO [20]. Mixed valency of Ni2+/Ni3+ is introduced by dopants to neutralize the dopants and 

influences the transport properties of NiO.  

Here, we propose to study the thermoelectric properties of monovalent-cation-doped CoO, in which the 

presence of a mixed Co2+/Co3+ is expected. Indeed, CoO and NiO show similar crystal structures and 

electronic structures. CoO has a cubic rock salt crystal structure (Fm-3m) in paramagnetic state and is 

electrically insulating. Over the past few decades, CoO has been widely studied in terms of nanoparticle 

synthesis [21-24], electrical and magnetic properties [25-34], defect structure [35-38], etc. Numerous 

studies on the electrical conduction mechanism in CoO reveal contradictory results, suggesting that the 

behavior is dominated by either small polaron hopping [25-29, 31] or by band-like conduction [32-34]. 

A major defect in CoO is cation deficiency on the Co lattice site, which is dependent on the temperature 

and oxygen partial pressure [30, 35, 38]. The presence of Co3+ is possible as cobalt vacancies can be 

either uncharged or charged. Moreover, the concentration of Co3+ can also be tuned by doping 

monovalent cations into Co2+ sites due to charge neutralization. In this work, the proposed compositions 

are Co1-xNaxO with 0 ≤ x ≤ 0.07 and Co1-xAgxO with 0 ≤ x ≤ 0.05. 
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Experiment 

Co1-xNaxO (x = 0, 0.01, 0.03, 0.05, and 0.07) powders were prepared by heat treatment. Prior to the heat 

treatment, stoichiometric amounts of Co3O4 (Sigma Aldrich, no specified purity) and Na2CO3 (Chempur, 

≥ 99.9%) were mixed at 250 rpm for 5 min in a tungsten carbide ball mill (Retsch PM 100). The powders 

were then treated at 1223 K for 2 h under a N2 atmosphere in an alumina crucible. After heat treatment, 

the synthesized powders were ball milled again. 

The Co1-xAgxO (x = 0.01 and 0.05) powders used Co3O4 (Sigma Aldrich, no specified purity) and Ag2O 

(Sigma Aldrich, ≥ 99.99%) as precursor powders. For the composition with x = 0.01, the precursor 

powders were mixed by ball milling followed by heat treatment with the same parameters as those used 

for the preparation for the Na-doped CoO. The synthesized powder was then ball milled again. For the 

composition with x = 0.05, only Co3O4 was heated at 1223 K for 2 h in N2. Then the obtained CoO was 

mixed with Ag2O by subsequent ball milling. 

Sintering was performed by spark plasma sintering (SPS, Syntex 515 S). The synthesized powder was 

placed in a 15-mm-diameter graphite die and SPS was carried out in an Ar atmosphere. Different SPS 

temperatures and dwell times were employed to sinter the undoped CoO in order to achieve a high 

relative density. Finally, dense CoO was obtained with a sintering temperature of 1273 K, while the Na-

and Ag-doped CoO were sintered at 1223 K. The samples were raised to the sintering temperature at a 

rate of 100 K.min-1, dwelled for 10 min under a pressure of 100 MPa, and finally cooled to room 

temperature at 100 K.min-1. Bulk density was determined from the dry mass and the geometric 

dimensions of the pellets. 

X-ray diffraction (XRD) was performed both on the powders after heat treatment and the pellets after 

SPS. Room temperature XRD patterns were collected using a BRUKER D8 Advance θ/2θ 

diffractometer equipped with a Linxeye energy-dispersive one-dimensional detector, with Cu-Kα 

radiation and operating at 40 kV and 40 mA. The patterns were recorded from 20° to 85° (2θ) with a 

step of 0.02° and a counting time of 1 s per step. The results were analysed by the Rietveld refinement 

method, using the FullProf Suite program [39]. 

The sodium content in Co1-xNaxO ceramics was determined by flame atomic absorption spectroscopy 

(PerkinElmer AAnalyst 400). Micro-Raman measurements were carried out at both 80 K and room 

temperature using a Renishaw Invia spectrometer and temperature controller (Linkam THMS 600). A 

He-Ne laser with a wavelength of 633 nm and a power of 3 mW was used as the excitation light source. 

A scanning electron microscope (SEM, Tescan MIRA3) equipped with a backscattered electron detector 

(BSD) and an Energy-dispersive X-ray spectroscopy (EDS, Oxford INCA X-act) system was used to 

image the fracture surfaces of the samples without prior coating. 

The Auger Electron Spectroscopy (AES) analyses were carried out with a JEOL JAMP 9500F Auger 

spectrometer (JEOL Ltd, Tokyo, Japan) working under UHV conditions (pressure < 2.10 Pa - 7 Pa). The 
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UHV equipment was a Schottky field emission Auger electron spectrometer (FE-AES) dedicated to very 

high spatial resolution (~ 10 nm probe diameter) analysis and high brightness. The hemi-spherical 

electron analyzer coupled with a multichannel detector (7 channeltrons) offered ideal settings for 

energy-resolved Auger analysis.  For the high-resolution SEM images for the AES analyses, the same 

equipment working in SEM mode (30 keV, 2 nA, working distance = 23 mm) was used. Before X-ray 

photoelectron spectroscopy (XPS) and AES analyses, the samples were cross-cut with a JEOL Cross-

Polisher (JEOL Ltd.) by the ion-milling polishing method. One-half of a sample was protected by a 

stainless steel shield plate and the non-protected area was etched with an Ar+-ion beam (6 keV). A very 

clean polished surface was obtained due to the grazing angle (∼ 2° to the surface), leading to limited 

implantation of Ar+ ions in the etched sample. After cutting and etching, the samples were mounted on 

a sample holder for Auger analyses. 

XPS studies were performed using an ESCALAB 250 Xi spectrometer with a monochromatic Al-Kα X-

ray source (hυ = 1486.6 eV). The analysis of a 650 µm × 650 µm area of the sample was completed 

using a pass energy of 20 eV and a 0.1 eV energy step for the core peaks. An electron flood gun was 

used for charge compensation. The quantifications were carried out, after Shirley-type background 

subtraction, by utilizing the Thermo Fisher Scientific Advantage cross-section database. Valence spectra 

were recorded from -5 eV to 40 eV with a 40 eV pass energy and a 0.2 eV energy step. 

The electrical conductivity and Seebeck coefficient were measured simultaneously by ULVAC ZEM-3 

in a low-pressure He atmosphere with temperatures varying from a high of 1000 K to a low of 373 K. 

Thermal diffusivity was measured from 373 K to 1000 K in a vacuum (Netzsch LFA457). The thermal 

diffusivity measurements at each temperature resulted from averaging three repeated measurements. 

The specific heat capacity was measured from room temperature up to 1000 K, with a heating rate of 20 

K.min-1 in platinum crucibles in a nitrogen atmosphere (NETZSCH STA449 F3 Jupiter). 

Results and discussion 

The undoped CoO was sintered using different sintering temperatures and dwell times in order to obtain 

a high relative density. For a dwell time of 5 min, relative densities of 85% and 88% were obtained at 

sintering temperatures of 1223 K and 1273 K, respectively. By extending the dwell time to 10 min at 

1273 K, a relative density of 97% was obtained. Co1-xNaxO (x = 0, 0.01, 0.03, 0.05, and 0.07) pellets 

were sintered at a lower temperature of 1223 K for 10 min and possessed relative densities of 97%, 96%, 

91%, 95%, and 89% respectively. A white powder was observed on the dies and spacers after SPS of 

Na doped CoO samples. According to the EDS analysis, this white powder is rich in Na. It was also 

notable that Co1-xNaxO with x = 0.07 was cracked during SPS, possibly due to the increased amount of 

evaporation of Na in Co1-xNaxO with high Na content. Thus, the composition with x = 0.07 exhibited 

lower relative density than the other samples. 
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Fig. 1 shows the XRD patterns of Co1-xNaxO (0 ≤ x ≤ 0.07) pellets. All diffraction peaks can be assigned 

to CoO with a cubic crystal structure and a space group Fm-3m (PDF 01-071-1178). Moreover, pure 

Co1-xNaxO has been obtained both after heat treatment and after SPS, indicating the absence of phase 

change during SPS despite the evaporation of Na. The Rietveld refinement analysis shows that the lattice 

parameter of undoped CoO is a = 4.262 (3) Å. It remains unchanged with increasing Na content despite 

the large difference in the ionic radius between Na+ and Co2+. This could be explained by two aspects: 

(1) the actual Na dopant concentrations are less than the nominal values and (2) it is possible that Co3+ 

ions were generated as a result of charge compensation. The substitution of Co2+ with Na+ introduces 

extra charges (holes), and, as a result, Co3+ ions are likely to form to maintain the charge neutrality. 

Indeed, the ionic radius of Na+ (1.02 Å) is larger than Co2+ (high spin: 0.745 Å) in the 6-coordination 

[40]. However, the ionic radius of Co3+ (low spin: 0.545 Å and high spin: 0.61 Å in the 6-coordination 

[40]) is smaller than that of both Na+ and Co2+. Thus, Na substitution results in an unchanged lattice 

parameter. 

Fig. 1 XRD patterns of Co1-xNaxO (x = 0, 0.01, 0.03, 0.05 and 0.07) pellets after SPS. 

Fig. 2a and b show the Raman spectra of Co1-xNaxO ceramics at room temperature and 80 K, 

respectively. At room temperature, the undoped CoO shows broad bands centred at about 530 cm-1 and 

1060 cm-1. The weak sharp peak around 200 cm-1 is associated with spinel Co3O4, probably due to 

incomplete reduction of Co3O4 during synthesis. The broad bands near 530 cm-1 and 1060 cm-1 are 

attributed to the first-order and second-order Raman scattering, respectively. As mentioned above, CoO 

adopts a NaCl-type structure in which the first-order Raman scattering is forbidden, while the second-

order Raman scattering is allowed [41]. Indeed, Co and O ions in the structures are located at a centre 

of inversion symmetry, and the optic Raman modes at zone centre do not give rise to a first-order change 

in the electronic polarizability. The observation of the first-order Raman scattering corresponds to the 

infrared modes of CoO activated by disorders related to cobalt vacancies and/or other structural defects 
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in CoO [42-44]. With the addition of Na, the broad band near 530 cm-1 splits into sharper peaks at 390, 

450, 516 and 560 cm-1, which could indicate an increased degree of lattice disorder. At 80 K, in addition 

to the bands observed at room temperature, three peaks are visible below 400 cm-1 (at 133, 221 and 294 

cm-1) for the samples with x = 0 and 0.01. These peaks are associated with the magnetic excitations 

corresponding to the scattering from magnons. The magnons are related to the antiferromagnetic order 

in CoO occurring below the Néel temperature (TN = 292 K) [45]. With increasing Na content, these 

peaks become weaker and finally disappear, indicating the loss of magnetic ordering and the successful 

substitution of Na into the crystal lattice of CoO. 

Fig. 2 Raman spectra of Co1-xNaxO (0 ≤ x ≤ 0.05) ceramics at (a) room temperature and (b) 80 K. 

The Na content in the ceramics was measured by flame atomic absorption spectroscopy. With increasing 

nominal Na content in Co1-xNaxO (x = 0.01, 0.03, 0.05, and 0.07), the measured Na content was 0, 0.018, 

0.036, and 0.054, respectively. Each composition shows a lower Na content than the nominal value, 

indicating a loss of Na during the heat treatment and SPS processes. This agrees well with the 

observation of the white powder on the graphite spacers after SPS.  

Fig. 3 shows a typical SEM micrograph of Co1-xNaxO with x = 0.05. AES was undertaken to analyse the 

chemical composition and element distribution of the sample with x = 0.05. The element distribution 

maps exhibit a uniform distribution of Co and O on the cross-section of Co1-xNaxO ceramics. However, 

rich Na regions located in close vicinity of pores have been detected due to the volatilization observed 

during SPS. Therefore, the actual amount of Na dopants in the CoO ceramics is lower than the nominal 

value and the value measured by the bulk chemistry method. 
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Fig. 3 SEM image and AES mapping images for Co, Na, and O of Co1-xNaxO with x = 0.05. 

The chemical composition and oxidation state of cations in Co1-xNaxO ceramic with x = 0 and 0.05 were 

investigated by XPS. The Co 2p core peaks are shown in Fig. 4a. The spectra consist of two main 

components, Co 2p3/2 and Co 2p1/2, located at 780.2 eV and 796.5 eV, respectively. There is also a strong 

satellite at about 6 eV higher than each binding energy (B. E.). This is a character of cobalt in the divalent 

state [46, 47]. The presence of a main line together with a satellite peak (shake-up) results from a ligand-

to-metal charge transfer during the photoemission process. The O 1s core peaks in Fig. 4b can be 

decomposed into two components at 529.9 eV and 531.4 eV. These components correspond to Co-O 

and to carbonates and adsorbed species environments, respectively. The C 1s signal is dominated by the 

carbon contamination always observed in XPS [48]. As shown in Fig. 4a, the overall shape of the Co 2p 

core peak is retained for the Na-doped sample. This indicates that the Na insertion does not affect the 

local electronic structure of Co. Indeed, neither the Co 2p binding energy nor the area ratio between the 

satellite and the main peak indicate an evolution of the oxidation state. Van Elp et al. [46] have reported 

that even for CoO doped with 20% of Li, the Co 2p remained identical. On the other hand, the main 

component of the Na 1s core peak at 1072 eV (Fig. 4c) can be assigned to Na in carbonate environment, 

which is consistent with the intensity increase in the O 1s component at 531.5 eV [49]. The smallest 

component (B. E. (Na 1s) = 1069.8 eV) could be correlated to the substitution of Na into the CoO 

structure. Thus, only an extremely weak part of sodium is doped into CoO. Fig. 4d shows the valence 

band of the two samples. Na substitution does not impact the broad range of the valence band region 

relative to the Co 3d contribution [46]. For the doped sample, we can identify the Na 2p core peak at 

31.1 eV. Table 1 shows that the compositions obtained from XPS analyses are CoO0.79 for the non-doped 

and Na0.01Co0.99O0.73 for the 5% Na-doped sample.  

2 µm

Co Na OSEM
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Fig. 4 XPS spectra of Co1-xNaxO (x = 0 and 0.05) ceramics. (a) Co 2p core peaks, (b) O 1s core peaks, 

(c) Na 1s core peaks, and (d) valence bands. 

Table 1 Atomic percentages (%) of the Co, O, C, and Na elements in Co1-xNaxO (x = 0 and 0.05) ceramics 

obtained from XPS. 

x = 0 x = 0.05 

at. % at. % 

Co 2p3/2 35.1 37.1 

O 1s (oxide) 27.7 26.9 

O 1s (other species) 11.1 14.9 

O 1s total 38.9 41.8 

C 1s 26.0 18.1 

Na 1s (substitution) 0.4 

Na 1s (carbonate) 2.3 

Na 1s total 2.7 

Fig. 5 shows the thermoelectric properties of Co1-xNaxO. Some samples show incomplete measurement 

over the full range of temperature due to the limitations of the instrument. The electrical conductivity 

(Fig. 5a) of Co1-xNaxO increases with increasing temperature, showing semiconducting behaviour. The 

highly resistive undoped CoO exhibits an insulating nature and a low concentration of charged Co 
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vacancies. The electrical conductivity increases abruptly with increasing Na content until x = 0.05, even 

though the actual concentrations of Na dopant are far less than the nominal values according to XPS. At 

1000 K, the electrical conductivity is remarkably increased from 33 S.m-1 to 4096 S.m-1 as Na content 

increases from 0 to 0.05. A similar observation has also been reported in In2O3 doped with extremely 

small amounts of Ti [51]. The decrease in electrical conductivity for the sample with x = 0.07 is probably 

due to the presence of cracks.  

Fig. 5 Thermoelectric properties of Co1-xNaxO (x = 0, 0.01, 0.03, 0.05, and 0.07) ceramics as a function 

of temperature. (a) Electrical conductivity, (b) Seebeck coefficient, (c) thermal conductivity, and (d) 

figure of merit, ZT. The insert in (c) shows the solid thermal conductivity (κs) at zero porosity calculated 

from the measured thermal conductivity κ (κs = κ / relative density [50]). 

The positive Seebeck coefficient (Fig. 5b) indicates that all compositions are p-type semiconductors. 

The Seebeck coefficient decreases with increasing temperature. Above 650 K, the Seebeck coefficient 

of Co1-xNaxO decreases with increasing Na content up to x = 0.05 and remains unchanged with a further 

increase in x. With the addition of Na, the carrier concentration is increased, leading to an increase in 

the electrical conductivity and a decrease in the Seebeck coefficient. No obvious change is observed in 

the Seebeck coefficient in Co1-xNaxO with x ≥ 0.05, indicating a saturation of Na content in CoO around 

0.05. The power factor (S2σ) can be calculated from the Seebeck coefficient and electrical conductivity. 
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Co1-xNaxO with x = 0.05 exhibits the highest power factor of 250 μW.m-1.K-2 at 1000 K. This high value 

is similar to the power factor of Ca3Co4O9 [10, 52] and, thus, indicates that the material could be a 

promising thermoelectric oxide. 

The thermal conductivity (Fig. 5c) of Co1-xNaxO decreases with increasing temperature. Due to the 

different relative densities between the samples, the solid thermal conductivity is calculated and shown 

in the insert of Fig. 5c. The solid thermal conductivity decreases with increasing Na content until x = 

0.05, possibly due to increased lattice disorder, which has been confirmed by Raman scattering. Fig. 5d 

shows that ZT increases with increasing temperature for all samples and it is considerably enhanced by 

substituting Co2+ with Na+, reaching 0.07 at 1000 K for x = 0.05. This ZT value is comparable to that of 

the Li and Na co-doped NiO with a similar temperature, which exhibits a value of ZT ~ 0.06 at 1060 K 

[20].  

The addition of Ag rather than Na to CoO leads to very different behaviour. Ag forms particles within 

the CoO matrix, indicating the limited incorporation of Ag+ into Co2+ sites. For Co1-xAgxO with x = 0.01, 

the thermoelectric properties are unchanged compared to the undoped CoO, exhibiting a ZT ~ 0.003 at 

1000 K. The composition with x = 0.05 exhibits lower electrical conductivity and Seebeck coefficient 

and higher thermal conductivity than the undoped CoO. Thus, its highest ZT is only 0.001 at 1000 K. 

With such negative impact on the thermoelectric properties, characterizations are not further presented. 

Conclusions 

Co1-xNaxO (0 ≤ x ≤ 0.07) and Co1-xAgxO (0 ≤ x ≤ 0.05) ceramics have been prepared by heat treatment 

and spark plasma sintering. While a pure-phase material with a rock-salt structure has been obtained for 

Na-doped CoO, a CoO/Ag-composite material was obtained for Ag-doped CoO. An evaporation of Na 

during the synthesis of Na-doped CoO has also been confirmed. XPS of the Na-doped CoO shows no 

change in the local electronic structure of Co 2p and confirms that the amount of effective Na dopants 

is much smaller than the nominal value. The carrier concentration is increased with increasing Na 

content, leading to a remarkable enhancement in the electrical conductivity and a decrease in the 

Seebeck coefficient. The highest power factor of Co1-xNaxO was ~ 250 μW.m-1.K-2 at 1000 K for the 

composition with x = 0.05, indicating that it could serve as promising p-type thermoelectric oxide in the 

future. The degree of lattice disorder in CoO was found to increase as a result of Na doping, resulting in 

a reduction in the thermal conductivity of the material. Thus, a ZT of ~ 0.07 at 1000 K has been achieved 

in Co0.95Na0.05O. However, the ZT was found to decrease when Ag was added into CoO. The 

thermoelectric properties of CoO could be further optimized by co-doping other monovalent cations, 

nanostructuring, and improving synthesis methods. 
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