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Abstract 

 

Zinc oxide (ZnO) has a very broad and versatile range of applications provided by high 

abundance, optical and electrical properties, which can be further tuned by donor substitution. 

Al-doped ZnO is probably the most thoroughly investigated material regarding thermoelectric 

properties. Fairly reasonable electrical properties of donor-doped zinc oxide are usually 

combined with a high thermal conductivity limiting potential applications. Here we report a new 

self-forming nanocomposite concept for ZnO-based thermoelectrics, where a controllable 

interplay between the presence and exsolution of the nanophases, and modification of the host 

matrix suppresses the thermal transport while imparting enhanced electrical performance. The 

thermoelectric performance of the best-obtained composite, described by the dimensionless 

figure-of-merit ZT, at 920-1200 K is almost twice of the pure matrix composition and reaches up 

to 0.11. The proposed approach invokes controlled interactions between composite components 

as a novel tool for decoupling the electrical and thermal transport parameters and shows clear 

prospects for an implementation in other thermoelectric oxide systems. The results indicate that 

the proposed concept may also constitute a promising pathway to achieve a stable electrical 

performance at high temperatures, which currently represents one of the major challenges 

towards performing ZnO-based thermoelectrics. 
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1. Introduction 

 Zinc oxide (ZnO) is a widely-used and versatile material, possessing an extraordinary 

combination of useful electrical, optoelectronic, catalytic and photochemical properties 1,2. The 

zinc atom has a relatively high electronegativity with a strong preference to sp3 hybridization, 

implying that Zn-O bonds are rather covalent; hence, high carrier mobility could be expected in 

this oxide 3. Thus, ZnO-based materials were considered for potential applications in 

thermoelectric devices capable of performing high-temperature heat-to-electricity conversion 3,4. 

Thermoelectric conversion is expected to play an important role in future energy technologies 

provided by simplicity, reliability, and self-sufficiency to enable mobile or remote applications 5–

7. In general, oxides represent a promising alternative to the “traditional” lead-, antimony-, 

bismuth-, and tellurium-containing thermoelectric materials due to thermal and chemical stability, 

high natural abundance, and less toxic composition 7–12. Still, many oxides are not attractive as 

thermoelectrics mainly due to inherently low charge carrier mobility; consequently, donor-doped 

ZnO is appealing for seeking high electrical performance. However, while being promising in 

terms of electrical properties, the high thermal conductivity of ZnO-based oxides represents a 

principal limiting factor for increasing the thermoelectric performance. The stability and 

reproducibility of the electrical properties also remain a significant challenge 13,14, contributing to 

the large dispersion of the data reported in the literature. 

In technological and engineering perspectives, nanostructuring has been proven to 

provide new opportunities for varying thermoelectric properties (σ, α, κ) quasi-independently 

and thus to improve the thermoelectric efficiency 10,15–17. Formation of low-dimensional 

structures results in an increase of the phonon interface scattering, consequently reducing the 

lattice thermal conductivity and improving the dimensionless figure-of-merit ZT. Effective 

phonon scattering may occur at the interfaces, created by nanoparticles, embedded in the matrix 

of a bulk host material. Such nanostructuring can be obtained either by introducing the 
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nanoparticles during the processing or by in situ formation of the nanoscale precipitates, induced 

by specific thermal processing conditions of a metastable host matrix 15. The morphological 

improvements in nanocomposites leading to an enhanced thermoelectric performance can be 

categorized by several parameters including dimension scale reduction (bulk, thin film, nanowire, 

atomic cluster, quantum dot), grain refinement, and reduction of the size of the second phase 10. 

Zinc oxide exhibits probably the richest family of nanostructures among all materials 18,19. 

Although direct implementation of those nanostructures for efficient thermoelectric energy 

conversion in thin films is probably possible, it is not viable today due to high associated costs 

and the complexity of such processing for mass production. A more viable solution implies the 

fast consolidation of nanostructures to produce nanograin ceramics. Since 2010 this concept 

emerged as a promising direction in research for well-performing ZnO-based thermoelectrics 20–

22. As an example, an ultra-low thermal conductivity of ~2.8 W×m-1×K-1 at room temperature 

and ~1.8 W×m-1×K-1 at 1000 K was achieved in Al-doped ZnO nanocomposites, prepared 

through consolidation of the nanocrystals 21. Application of spark plasma sintering (SPS) for 

sintering of the nanoprecursors allows to avoid significant grain growth and maintain efficient 

phonon scattering at the grain boundaries 22–25. 

 This work demonstrates a new nanocomposite concept for ZnO-based materials, based on 

both intentional incorporation of the external nanoparticles and in situ formation of the new 

nanophase, provided by controlled chemical interactions between the components. Aluminum-

doped zinc oxide was selected as a model system, owing to relatively well-known interrelations 

between the phase composition and thermoelectric properties in these materials. A conventional 

solid-state processing route was involved to emphasize the role of interactions and phase 

transformations induced by external nanoparticles, while minimizing the effects provided by the 

differences in the matrix microstructure.  
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2. Experimental 

 To gain a better understanding of the relevant effects provided by the nanocomposite 

structure, a series of Zn0.993Al0.007O-ZrO2 composites based on different ZrO2 precursors and 

several reference compositions were prepared. For the preparation of the nanocomposite series 

further denoted as ZN (zirconia nano), one used ZrO2 nanopowder provided by Sigma-Aldrich 

with a particles size below 100 nm. The series denoted as TZ (Tosoh zirconia) were prepared 

based on Tosoh grade TZ-0 zirconia with a particle size of 25-50 nm. The matrix Zn0.993Al0.007O 

composition, as well as the reference Zn0.993Zr0.007O and Zn0.994Al0.003Zr0.003O samples, were pre-

synthesized by mixing the corresponding amounts of ZnO (Alfa-Aesar, 99.99%), Al2O3 (Sigma-

Aldrich, 99.7%), and Tosoh grade ZrO2 TZ-0 precursors. Multiple annealing steps at 1173-1373 

K for 5-15 h, with intermediate regrindings were conducted. After subsequent ball-milling with 

ethanol, drying, and uniaxial compacting, the corresponding ceramics with the density of 87-

96% from theoretical was sintered at 1773 K for 5 h in air.  

The nanocomposite formulations contained 5, 10, and 20% wt. of ZrO2 and are denoted 

as ZN-5, ZN-10, and ZN-20 in the case of Sigma-Aldrich ZrO2 nanopowder, and TZ-5, TZ-10, 

and TZ-20 when using Tosoh grade zirconia as a nanophase precursor. It should be noticed that, 

due to similar theoretical densities of ZnO and ZrO2, the zirconia weight content is nearly equal 

to its volume fraction (e.g., 20% wt. correspond to 19.5% vol.). To improve homogenization, the 

pre-synthesized Zn0.993Al0.007O matrix powder was dispersed in alcohol and subjected to 

ultrasonication, with simultaneous gradual addition of corresponding ZrO2 powder. The final 

mixture was dried by delicate heating under ultrasound; disk-shaped samples were isostatically 

compacted and sintered at 1773 K for 5 h in air. The densities of sintered nanocomposite samples 

were within 94-99% of the theoretical density, calculated based on actual volume fractions of the 

phases and their densities (5.67 g/cm3 for ZnO-based phase and 5.836 g/cm3 for monoclinic 

zirconia 26).  
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The sintered ceramic samples were ground to produce fine powders for X-Ray diffraction 

(XRD) analysis and differential scanning calorimetry (DSC). Both polished and thermally-etched, 

and freshly-fractured ceramics were characterized by scanning electron microscopy combined 

with energy dispersive spectroscopy (SEM/EDS). Extra-fine polishing was performed for the 

samples assessed by scanning thermal microscopy (SThM) and electrostatic force microscopy 

(EFM). Freshly-cut ceramic rectangular bars were used for the total conductivity and Seebeck 

coefficient measurements. For the thermal diffusivity studies, ~1.00 mm thick disc-shaped 

ceramic samples were prepared.  

Room-temperature XRD patterns were obtained using a Rigaku D/Max-B diffractometer 

(Cu Kα) and scanning in the range 2Θ=10º-80º, with a step of 0.02º and an exposition time of 3 s. 

The microstructural studies were performed by SEM (Hitachi SU-70 instrument) and EDS 

(Bruker Quantax 400 detector) analysis of the fractured and polished ceramics.  

Scanning probe microscopy (SPM) modes (EFM and SThM) were done using a 

commercial scanning probe microscope Ntegra Aura (NT-MDT, Russia). A SThM controller 

was used to pass 700 µA current through the SThM tip to heat up to 433 K. Balancing of the 

current by a Wheatstone bridge allowed to visualize the thermal conductivity distribution across 

the sample. The commercial NT-MDT SThM_P tips with the curvature less than 100 nm and a 

spring constant of 0.45 N/m were used. EFM was realized using the internal electronics of the 

microscope with Budget Sensors ElectriTap300-G tips with curvature less than 25 nm, a 

resonance frequency of about 300 kHz, and 20 N/m force constant. During conventional two-

pass EFM a bias of 2 V DC was applied to the SPM at the second pass at a lift distance of 50 nm. 

The electrical properties (total conductivity (σ) and Seebeck coefficient (α)) were 

measured simultaneously in flowing air on stepwise cooling from 1173 K to 573 K, followed by 

up to 0.5 hours thermal equilibration at each temperature, as described in 27, or isothermally at 

973 and 1173 K. As a rule, the reproducibility error did not exceed 5-9%, as follows from 
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representative examples of the reproducibility measurements shown in Fig. S1 of the 

Supplementary Information. In the case of ZnO-based materials, good ohmic contacts for 

performing electrical measurements represent a certain problem 28, especially at low 

temperatures. Therefore, the electrical conductivity data was extrapolated down to 380 K, in 

order to obtain estimates for the lattice thermal conductivity, as described below. Thermal 

diffusivity (D) and specific heat capacity (Cp) studies were performed in air on stepwise cooling 

from 1173 K to 373 K with a similar thermal equilibration procedure as for the electrical 

measurements, using a Netzsch LFA 457 Microflash and a Netzsch DSC 404F1, correspondingly. 

The thermal conductivity (κ) was calculated as κ = Dρcp, where ρ is the sample density, 

calculated from the geometrical dimensions and weight of the disk-shaped sample. The lattice 

thermal conductivity (κph) was calculated from the Wiedemann-Franz´ law as: 

κph = κ − σLT   (1) 

where L (2.45⋅10-8 W×Ω×K-2) is the Sommerfeld value of the Lorenz number. In order to 

account for porosity effects, the experimental data on electrical and thermal conductivities were 

normalised to 100% density using the Maxwell correction for homogeneously-distributed 

spherical pores 11,29. 
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3. Results and discussion 

 The X-ray diffraction profiles of reference compositions and representative composite 

materials are shown in Fig. 1.  
In

te
n

si
ty

 (
a.

u
.)

 

Fig. 1. Room-temperature powder XRD patterns of the representative samples. 

 

All reflections corresponding to the ZnO-based phase can be indexed to a hexagonal wurtzite 

structure, as expected for the selected doping approach and the processing conditions. The 

variation in the unit cell volume of the ZnO-based phases (47.62-47.67 Å3), estimated by the 

profile matching method in Fullprof software 30, is close to the experimental error and do not 

yield any conclusive guidelines on structural effects exerted by doping and/or interaction 
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between composite phases. This limitation is presumably imposed by relatively low content and 

solubility of the dopants, along with exsolution and co-doping effects in composites, as discussed 

below. Monoclinic baddeleyite ZrO2 is detected as unique zirconia phase in all composite 

samples, in accordance with the phase diagrams (31 and references therein). Minor reflections of 

a ZrO2 impurity phase are also identified for the reference composition Zn0.993Zr0.007O (Fig. 1), 

indicating a very limited solubility of zirconium in the zinc oxide lattice, based on the significant 

size and charge mismatch. Matrix Zn0.993Al0.007O and reference Zn0.994Al0.003Zr0.003O samples are 

apparently single-phase from XRD studies, while detailed SEM/EDS inspection of 

corresponding fractured ceramics indicated the presence of vestigial amounts of ZnAl2O4 and 

ZrO2 impurities (not shown). Yet, a large discrepancy on the solubility limits of aluminium in 

ZnO exists within the available literature data 3,4,21,32–36, mostly due to associated difficulties in 

controlling the solubility of a small dopant content, which is very sensitive to the ceramics 

processing conditions and the thermal/chemical prehistory of the sample.  

 The microstructural features and effects caused by the grain boundaries are believed to 

contribute significantly to both heat and charge transport processes in ZnO-based materials, 

especially in nanostructured ceramics 37. SEM observations at relatively low resolution reveal 

similar morphology and grain size of the ZnO-based phase for all prepared materials, including 

the reference samples and composites; typical micrographs for the composites are presented in 

Fig. 2 (A,B). These results, however, suggest that the applied preparation conditions are still not 

optimal for processing of such nanocomposites. In particular, the SEM micrographs of the ZrO2 

precursor powders shown in Fig. 2 (C,D) confirm the nanodimensions of the particles, with 

somewhat higher agglomeration for the powder from Sigma-Aldrich. In sintered composite 

ceramics the agglomeration of primary ZrO2 crystallites into secondary particle assemblies 

occurs together with the formation of the desired nanocomposite structure, where initial ZrO2 
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particles almost retain their initial size and show a fairly uniform spatial distribution. Fig. 2 

(A,B) micrographs feature those distinct microstructural regions.  
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Fig. 2. SEM micrographs of the polished ZN-10 ceramics (A,B), ZrO2 nanopowder precursors 

provided by Sigma-Aldrich (C) and Tosoh (D), fractured surface of TZ-20 ceramics (E), and 

corresponding EDS mapping results for the fractured TZ-20 sample (F). 
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Thus, one expects that the electrical and thermal transport properties will be rather affected by 

the presence and morphology of nano- and submicron inclusions and thereby produced effects 

than by minor differences in the microstructure of the matrix phase. Fig. 2 (E,F) images also 

confirm a good thermomechanical compatibility between submicron- and nanosized ZrO2 

inclusions and the Zn0.993Al0.007O matrix. No cracks were observed at the interfaces between the 

two phases. The latter is likely realised by the fact that zinc oxide is a relatively soft material 

38,39, thus being capable to accommodate ~20-40% difference in the notably anisotropic thermal 

expansion of ZnO and monoclinic ZrO2 40–42.  

Further insights into the nanostructural features of the composites are provided by 

scanning thermal microscopy (SThM), combined with electrostatic force microscopy (EFM). 

Simultaneous topography and thermal mapping data obtained for the TZ-20 sample are shown in 

Fig. 3 (A,B). Although the correlation between the topography and thermal signal represent a 

well-known problem in SThM 43, a simple comparison of those images indicates that the thermal 

conductivity contrast provides a reliable information on the relevant contributions of the 

composite phases. It is clearly seen that the places at the sample possessing negligible 

topography difference with ZrO2 nanoparticles particles demonstrate a visible SThM contrast 

(blue marks at Fig. 3 (A,B)). Small (30-100 nm) darker particles correspond to ZrO2, possessing 

notably lower thermal conductivity 44 as compared to the matrix (lighter area). Secondly, the 

EFM mapping clearly shows a difference in electrostatic forces over the inclusions and matrix 

(Fig. 3D) that is not linked to the topography (Fig. 3C), thus, featuring fine ZrO2 inclusions. 

Kelvin probe force microscopy measurements showed a small difference between the work 

functions of Zn0.993Al0.007O matrix and ZrO2 inclusions (about 10-20 mV). Therefore, the 

difference in the electrostatic forces is mostly due to a difference of capacitance derivative, 
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d2C/dz2 45, appeared as result of a several orders conductivity difference between the matrix and 

inclusions. 

 

 

 

Fig. 3. Topography (A,C) and corresponding thermal conductivity contrast (B) and EFM-phase 

image (D) for the TZ-20 nanocomposite sample. 

 

The capacitance second derivative difference increases with material conductivity due to 

better screening of the charges generated by the DC voltage applied to the tip. This leads to the 

appearance of a negative EFM phase shift. Apparently, the EFM phase is inhomogeneous within 

the inclusions suggesting that their composition is non-uniform and may be more complex. Yet, 

the spatial resolution of the used techniques is insufficient to resolve those differences. 
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 The expected tendency for decreasing the thermal conductivity in nanocomposites is 

clearly visible at temperatures below 700-800 K (Fig. 4A).  

 

 

Fig. 4. Total (A) and lattice (B) thermal conductivities of nanocomposites and reference 

materials. The dashed orange line shows the effective thermal conductivity calculated using a 

Maxwell approach for composites with spherical inclusions at a ZrO2 content of 10% wt. The 

thermal conductivity data for monoclinic ZrO2 are taken from 44. The solid lines are for visual 

guidance only. 

 

This effect is essentially resulting from both the lower thermal conductivity of monoclinic ZrO2 

44 in comparison to the Zn0.993Al0.007O matrix and the enhanced phonon scattering at the 

introduced interfaces. The contribution provided by the difference in the thermal conductivities 

of the composite phases can be roughly estimated using a Maxwell relation 46: 
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where  κc, κm are the thermal conductivities of the composite and the matrix material, β is the 

ratio of the thermal conductivities of the spherical particles and the surrounding matrix phase, 

and ϕ is the volume concentration of the spherical particles. The results shown in Fig. 4A 

suggest that the nanocomposite concept is particularly effective at temperatures below 500 K, 

where the phonon mean path is relatively large. Still, a noticeable agglomeration of the ZrO2 

nanoparticles (Fig. 2 A,B) remains the problem that limits an efficient suppressing of the thermal 

transport and might be responsible for the observed differences in the thermal conductivity 

behaviour of the ZN and TZ series. At the same time, a comparison of the experimentally 

observed and calculated thermal conductivity (dashed orange line in Fig. 4A) of the composite 

containing 10% wt. of ZrO2 suggests the presence of additional mechanisms behind the 

reduction of the thermal conductivity in nanocomposites, especially in the case of TZ-series. 

 The results of combined electrical studies surprisingly revealed an enhanced electronic 

transport in both ZN- and TZ-series nanocomposites (Fig. 5) at low and moderate ZrO2 content. 

The observed difference seems counterintuitive, taking into account that the electrical 

conductivity of monoclinic ZrO2 is 5-7 orders of magnitude lower 47 than that of Zn0.993Al0.007O 

(Fig. 5A). The observed variations in the Seebeck coefficient are rather moderate (Fig. 5B) and 

do not consequently follow the usual opposite trend with the electrical conductivity. As an 

example, the electrical conductivity of the ZN-5 nanocomposite is almost two times higher than 

for pure Zn0.993Al0.007O matrix, while corresponding variations in Seebeck coefficient do not 

exceed 5%. This decoupling between the electrical properties significantly boosts the power 

factor, as shown in Fig. 5C, reaching up to a ~1.8 times enhancement in the ZN-5 

nanocomposite. 
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Fig. 5. Electrical properties of nanocomposites and reference ZnO-based materials: electrical 

conductivity (A), Seebeck coefficient (B) and power factor (C). The solid lines are for visual 

guidance only. 

 

The obtained results on electrical properties can neither be explained by considering 

simple mixing rule for composite materials nor by effective medium theory like the Bergman-

Fel´s theorem 48. As the electrical conductivity of several nanocomposites significantly exceeds 

the boundaries defined by the best- (Zn0.993Al0.007O) and worst-conducting (ZrO2) components, 

the latter suggests the presence of additional mechanisms behind the observed enhancement in 

the electronic transport. More guidelines can be obtained from the combined SEM/EDS studies 

at high resolution, as shown in Fig. 6 and 7. The EDS mapping results confirm the presence of 

fine ZrO2 nanoparticles (red), distributed in the matrix, shown as darker background (Fig. 6). 

The microstructures are quite similar in the case of ZN- (Fig. 6A) and TZ- series (Fig. 6B) 

nanocomposites. A striking observation is an appearance of additional nanophase, enriched in 

aluminium, at the interfaces between the zirconia particles and the matrix phase. 
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Fig. 6. EDS mapping results showing microstructural evolution in ZN-20 (A) and TZ-20 (B) 

nanocomposites.  

 

In accordance with the phase diagrams 34,49, only three phases exist along ZnO-Al2O3 tie-line, 

namely, wurtzite ZnO, ZnAl2O4 spinel and α-alumina, whereas no significant interaction 

between ZrO2 and Al2O3 is expected under the applied processing conditions 50. The EDS line 

scanning profiles (Fig. 7) suggest that the Al-rich nanophase also contains a significant fraction 

of zinc, as shown by a clear contrast between relative zinc concentrations in ZrO2 (brighter 

particles), Al-rich nanophase and Zn0.993Al0.007O matrix, highlighted by a dashed line. Taking 

also into account the typical reactions occurring in aluminium-doped zinc oxide 4,21,24, one can 

identify the new nanophase as ZnAl2O4 spinel. It is noteworthy that this phase was not detected 

by the XRD studies (Fig. 1), most likely due to its relatively low content set by the nominal 

Zn0.993Al0.007O matrix composition. Similar inconsistency between the XRD results and 

microstructural observations was revealed in the work 21; the phase identification by XRD is also 

complicated by the fact that the main ZnAl2O4 peak (~36.7-36.8º) is partially overlapped with 

one of those corresponding to the wurtzite phase.  
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Fig. 7. EDS line scanning profiles showing the cation distribution in nanophases present in ZN-

20 (A) and TZ-20 (B) nanocomposites. The dashed line highlights the evolution of zinc content 

in the matrix and nanoparticles. 

 

The spinel phase is being likely formed by one of the following reactions or their 

combination: 

 

2)1/(2)1/()2007.0()1/()993.0(422007.0993.0 O2/OZrAlZn)1(OZnAlZrO2OAlZn γ+γ−+γ→γ+ γ−γγ−γ−γ−γ−  (3) 

OAlZn)31(OZnAlO2/OAlZn )31/()2007.0()31/()993.0(422007.0993.0 δ−δ−δ−δ−δ−+δ→δ+  (4) 

 

where γ and δ are the fractions of reacted ZrO2 and decomposed matrix composition, 

respectively. The reaction (Eq. 3) involves a partial replacement of Al3+ by Zr4+ cations as a 

driving force for the spinel formation, while the scheme (Eq. 4) represents a known 

decomposition reaction, often responsible for affecting the thermal transport and electronic 

conduction in ZnO-based thermoelectrics 3,21,24,25,35. One may also account for the partial 
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substitution of zirconium in ZrO2 by zinc 51, accompanied by the segregation of ZnAl2O4 to 

compensate for the cation stoichiometry change in the matrix phase: 

 

OAlZn)41(

OZnZrOZnAlO2/ZrO)1(OAlZn

)41/()2007.0()41/()2993.0(

214222007.0993.0

ϕ−ϕ−ϕ−ϕ−

ϕ−ϕϕ−

ϕ−+

++ϕ→ϕ+ϕ−+
 (5) 

 

where ϕ represents the fraction of reacted zirconia.  

 Typical effects imposed by the formation of ZnAl2O4 nanophase include more efficient 

phonon scattering by numerous additional interfaces and partial blocking of the electronic 

transport. The reactions Eq. 3 and Eq. 5 yield insulating spinel, while also resulting in a decrease 

of the donor-doping level and, correspondingly, the concentration of the charge carriers. Any 

noticeable contribution provided by the onset of ionic conduction in zirconia due to substitution 

by zinc can be neglected, based both on typical conductivity values fairly below 0.1 S/cm 52 in 

such materials under discussed conditions and absence of percolation in the dispersed phase. 

Thus, the reactions (Eqs. 4-5) are not expected to promote higher electrical performance in 

nanocomposites (Fig. 5A). The electrical conductivity data for the reference samples with a 

nominal composition of Zn0.994Al0.003Zr0.003O and Zn0.993Zr0.007O (Fig. 5A), however, suggests 

that the matrix interaction with the dispersed ZrO2 phase yielding mixed doping (Eq. 3) may be 

responsible for the observed conductivity increase. It should be noticed that a similar 

improvement of the electrical conductivity in the mixed-doped materials was previously 

observed for Al- and Ni- co-doped ZnO 23,53,54. This behaviour was attributed to the favourable 

microstructural evolution, promoting the charge transport 23, and to an increase in the charge 

carrier concentration 53,54. In particular, the presence of nickel cations was found to enhance the 

aluminium solubility through various mutual effects including lattice expansion due to nickel 

incorporation into the interstitial positions, which, in turn, favours aluminium substitution for 
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zinc and generation of extra charge carriers 53. Similar effects in Al- and Zr- co-doped ZnO may 

lead to the significant boosting of the electrical conductivity observed for Zn0.994Al0.003Zr0.003O as 

compared to Zn0.993Al0.007O and Zn0.993Zr0.007O (Fig. 5A). Still, the solubility of zirconium in the 

ZnO lattice is very limited, as confirmed by the XRD results (Fig. 1) and the relatively low 

electrical conductivity of Zn0.993Zr0.007O. The lattice thermal conductivity of Zn0.993Zr0.007O is 

also the highest among all studied materials (Fig. 4B), which might be considered as a 

fingerprint of the lowest concentration of the point defects, promoted by doping. A large 

difference in the electronegativity between ••
ZnZr  point defects and host lattice cations may also 

facilitate scattering of the charge carriers and cause a significant reduction in the mobility, thus 

decreasing the electrical conductivity 55.  

 The described behaviour actually suggests a concept of self-forming nanocomposite as a 

tool to tailor the thermoelectric performance of ZnO-based materials, where, by introducing a 

nano-dispersed phase with limited reactivity and processing at high temperatures, the controlled 

interaction with the matrix is promoted, resulting in an appearance of an additional nanophase. 

This process is well-illustrated by EDS line scanning profile (Fig. 7), showing the formation of a 

ZnAl2O4 spinel nanophase next to the ZrO2 nanoparticles. The interactions boost the electrical 

transport through the matrix phase due to synergistic co-doping effects, whose mechanisms are 

yet not well understood, while also contributing to the phonon scattering and consequently 

decreasing the lattice thermal conductivity as compared to the reference compositions (Fig. 4B). 

As a result, at 920-1200 K the dimensionless figure-of-merit ZT of the ZN-5 nanocomposite is 

almost twice of the pure matrix composition (Fig. 8).  
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Fig. 8. Temperature dependence of the ZT values for the pure matrix-phase and nanocomposite 

samples. The solid lines are for visual guidance only. 

 

It is noteworthy that a certain enhancement was attained for all nanocomposite series, except the 

ZN-20 formulation. The performance of the TZ-series composites is quite similar to each other, 

thus showing a distinctly different behaviour compared to ZN series. Following the results 

shown in the Figs. 4A and 5C, both power factor and thermal conductivity of TZ-5, TZ-10 and 

TZ-20 do not vary significantly with ZrO2 content, in opposite to the clear changes observed in 

ZN series. This behaviour might be related to the differences in chemical reactivity of Sigma-

Aldrich and Tosoh zirconia powders, and, possibly, to their inherent tolerance to agglomeration; 

this requires additional studies to be addressed. In particular, the extent of reaction between 

zirconia powder and the matrix is expected to affect both modification of the host matrix and 

exsolution of the nanophases. Thus, on altering ZrO2 concentration various mutual effects might 

be observed, including self-compensation of the increase in electrical conductivity on mixed-

doping by concomitant decrease of the Seebeck coefficient in TZ series (Fig. 5), and a balance 

between the thermal conductivity decrease due to exsolution of the nanophases and presence of 
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ZrO2, and possible increase in thermal transport in mixed-doped compositions, as observed for 

Zn0.994Al0.003Zr0.003O (Fig. 4). Still, all TZ-nanocomposites show favourable decoupling of the 

electrical and thermal transport properties towards enhanced thermoelectric performance, as 

compared to the pure matrix composition. 

One should notice that a ZT increase in the nanocomposites is mainly originated by 

boosting the electrical contribution, while the thermal conductivity still remains excessively 

high. The estimated phonon mean path at room temperature in ZnO-based materials corresponds 

to ~30 nm 56, requesting a similar particle size to provide an efficient phonon scattering. It might 

be anticipated that a corresponding decrease in the spinel particle size is achievable through 

further optimization of the processing conditions (e.g., 21,22,24). This possibility for optimization 

is also supported by the observed lower thermal conductivity of TZ-10 nanocomposite at T < 500 

K, as compared to that calculated using Maxwell relation (Eq. 2, Fig. 4A), while the 

corresponding difference with ZN-10 composition was rather minor.  

Another important issue is the long-term stability of ZnO-based thermoelectrics under 

elevated temperatures, known as one of the major concerns limiting the potential applications 

13,14. The effect of ageing in these materials is mostly linked to the deterioration of the electrical 

properties rather than the thermal conductivity, which may be even suppressed by the exsolution 

of the dopant cations from wurtzite lattice at the nanoscale level. The results of stability tests, 

performed for electrical conductivity and Seebeck coefficient are presented in Fig. 9.  
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Fig. 9. Time dependence of the electrical conductivity (A,D), Seebeck coefficient (B,E) and 

power factor (C,F) at 973 K (A, B, C) and 1173 K (D, E, F) for the matrix Zn0.993Al0.007O and 

reference Zn0.994Al0.003Zr0.003O compositions, and two representative ZN-10 and TZ-10 

nanocomposites. The extent of evolution of the thermoelectric properties at 1173 K is shown in 

% for each composition. 

 

The evolution of electrical properties was monitored during 20 h in air at 973 and 1173 K. 

Essentially stable performance was observed at 973 K (Fig. 9A-C), with some indications of the 

presence of relaxation processes affecting the Seebeck coefficient, mostly pronounced for 

Zn0.994Al0.003Zr0.003O composition. Thus, this temperature may be still acceptable for the hot side 

of thermoelectric modules based on the studied compositions. Higher temperatures promote the 

simultaneous reduction in the electrical conductivity and an increase in Seebeck coefficient, a 

fingerprint of diminution of the charge carrier concentration, except for TZ-10 nanocomposite. 
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Corresponding decrease/increase in %, indicated in Fig. 9D-F, allow to compare the evolution in 

performance for various compositions. Although the relative decrease in electrical conductivity 

observed for the mixed Zn0.994Al0.003Zr0.003O sample is comparable to that of the Zn0.993Al0.007O 

matrix and ZN-10 nanocomposite, it is accompanied with only a moderate increase in the 

Seebeck coefficient. On the contrary, an increase in Seebeck coefficient observed for the ZN-10 

partially compensates the conductivity decrease to maintain a relatively high power factor. 

Whatever is the exact mechanism of such behaviour for both ZN- and TZ-series, the results 

suggest that more stable electrical performance may be achieved in such nanocomposites. In 

particular, although the overall performance of mixed-doped Zn0.994Al0.003Zr0.003O is comparable 

to the ZN-5, the composite formulations may be more advantageous for high-temperature 

applications when considering the degradation issues. One may anticipate that such stabilization 

behaviour can be related to the buffer effects at the interfaces between ZrO2 and matrix phase, 

which may precondition the donor-doping level at the grain boundaries and restrict continuous 

exsolution of the dopant cations. Still, this hypothesis requires additional electrical and 

microstructural studies, supported by monitoring of the structural evolution with time. 

Although the highest observed performance is still lower than attained for some ZnO-

based thermoelectrics (e.g., those sintered from nanopowders using SPS technique 22,24,25), the 

results provide a clear insight on how electrical and thermal transport can be simultaneously 

improved in these materials. Thus, the concept of a self-forming composite with controlled 

interactions between the components may open new pathways for decoupling the electrical and 

thermal transport parameters in oxide thermoelectrics. Namely, the possibilities for moderate 

improvement of the power factor in composites, predicted by effective medium theories, can be 

further enhanced by the interplay between exsolution of nanophases and modification of the host 

lattice, which proceed in a controllable manner and impart low thermal conductivity along with 

better electrical performance. At the same time, the donor-doping level at the grain boundaries is 
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to a certain extent preconditioned by the presence of a dispersed phase, inasmuch as the 

constituting cations are slightly soluble in the matrix host lattice and the thermal history of the 

sample. Hence, foreseen flexibility constitutes another advantage of the proposed approach, with 

clear prospects for implementation in other thermoelectric oxide systems. 

 

 

4. Conclusions 

ZnO-based nanocomposites were prepared by ultrasonic dispersion of ZrO2 nanoparticles 

in Zn0.993Al0.007O powder, followed by sintering to obtain dense ceramic samples. Combined 

electrical and thermal conductivity studies have demonstrated that the addition of ZrO2 

nanoparticles results in suppressing the thermal transport due to both a lower intrinsic thermal 

conductivity of monoclinic zirconia and introducing new phonon scattering interfaces, while the 

power factor was up to ~1.8 times enhanced at high temperatures. The observed behaviour was 

attributed to the formation of an additional spinel ZnAl2O4 nanophase next to the dispersed ZrO2 

particles, promoted by the interaction of the initial composite components, and corresponding 

changes in the chemical composition of the Zn0.993Al0.007O matrix. The observed enhancement of 

the thermoelectric performance in nanocomposites was mainly provided by boosting the 

electrical contribution, while the thermal conductivity still remains excessively high. 

Comparative isothermal studies of the electrical performance in nanocomposites and reference 

materials revealed faster degradation of the power factor in mixed-doped composition, indicating 

that the composite formulations may be more advantageous for high-temperature applications 

provided by the stability issues. The concept of a self-forming composite with controlled 

interaction between the components may open new pathways for an independent tuning of the 

electrical and thermal transport properties in oxide thermoelectrics. 
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