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[bookmark: _Hlk39066596]Abstract: We have shown that mainly due to the differences in microstructure and possibly the varying amount of crystalline defects in the samples, the thermoelectric performance of bulk ZnO samples obtained through wet chemistry methods is 4 times higher compared to the sample obtained from commercially available ZnO powder. By utilizing the developed chemical precipitation technique, we successfully synthesized a series of Al-doped samples with a nominal composition of Zn1–xAlxO (x = 0.02, 0.04, 0.06). The incorporation of Al into ZnO results in two significant effects: (1) partial substitution of Zn by Al, leading to an increase in the power factor, and (2) the formation of ZnAl2O4 spinel phase, which has negligible influence on electronic transport but acts as a scattering center for phonons in addition to the mass and strain fluctuations induced by the partial substitution of Zn with Al. Consequently, the thermoelectric performance was further improved by a factor of 3 through Al doping, achieving a zT value of approximately 0.12 at 1100 K for the sample with a nominal composition of Zn0.94Al0.06O.
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Introduction
ZnO, a wide bandgap semiconductor with non-toxic, environmentally friendly, abundant, and highly stable elements, has found applications in optoelectronic devices, solar cells, gas sensors, and other innovative technologies [1,2]. Its high electron mobility (μ), attributed to a large Seebeck coefficient (α) and low density of states effective mass (md*), has led to investigations into its potential for thermoelectric applications [3]. Besides the Seebeck coefficient, the thermoelectric figure of merit (zT) is influenced by both electrical conductivity (σ) and total thermal conductivity (κtot) as zT = α2σT/κtot, where T represents the absolute temperature, and κtot is the sum of electronic (κel) and lattice (κlat) components of thermal conductivity [4]. However, the small electronegativity difference between Zn and O limits the charge carrier concentration (n) and results in very poor electrical conductivity thus limiting the power factor (α2σ) of ZnO. Moreover, the simple wurtzite crystal structure of ZnO, strong ionic bonds, and light atomic mass of constituents lead to high lattice thermal conductivity, resulting in a total thermal conductivity of around 50 W m–1 K–1 at room temperature [5,6]. All of the abovementioned have limited the performance of ZnO as thermoelectric material. To overcome these limitations, a high power factor in ZnO can be achieved along with reduced thermal conductivity via doping, incorporation of nanostructures, point defects, interfaces, and grain boundaries [7]. Moreover, the transport properties of ZnO are strongly affected by the microstructure, which, in turn, is largely determined by the sintering technique and the type and size of the powder particles used for the bulk sample preparation [8–16]. Depending on the fabrication method, various types of defects can form in the material, including oxygen vacancies and zinc/oxygen interstitials, leading to an increase in the charge carrier concentration [1,10,17–19].
Another equally important way to push ZnO towards practical applications is the development of new energy-efficient and scalable methods for its synthesis. In this context, oxide materials, including ZnO, have a significant advantage since they can be relatively easily obtained through wet chemical methods that are usually considered to be suitable for industrial-scale production of the materials. From this point of view, we have systematically investigated of the microstructure and the thermoelectric properties of bulk ZnO sintered from ZnO powders fabricated by ultrasonic spray pyrolysis or chemical precipitation. We also prepared a series of Al-doped samples with nominal composition Zn1–xAlxO (x = 0.02, 0.04, 0.06) using the chemical precipitation. The introduction of Al into ZnO leads to (1) partial substitution of Zn with Al, resulting in an increase in the power factor, and (2) the formation of ZnAl2O4 spinel phase, which has a minimal impact on electronic transport but acts as a scattering center for phonons in addition to the mass and strain fluctuations caused by the partial substitution of Zn with Al. Consequently, for the sample with the highest nominal Al content, we were able to achieve a zT value of ~0.12 at 1100 K, which is in good agreement with previously published results for Al-doped ZnO [10,16,20].
[bookmark: _Hlk95495039][bookmark: _Hlk39491417]Experimental details
[bookmark: _Hlk87271053][bookmark: _Hlk37686195]Chemical precipitation. A 10% cationic solution was prepared by dissolving Zn(NO3)2·6H2O (≥98%, Vekton, Russia) in deionized water (Milli-Q Water, Millipore, Germany). The precipitation process involved the dropwise addition of the prepared cationic solution and a 10% water solution of NaOH (≥98.5%, Vekton, Russia) into a reactor containing stirring deionized water [21]. The synthesis was carried out at room temperature in an air atmosphere, and the pH was kept around 13 using a pH-meter (Expert-pH 001, Econics Expert, Russia) with an uncertainty of ±0.03. The resulting gel-like precipitate was subjected to centrifugation at 4000 rpm for 30 minutes using a Rotanta 460 centrifuge (Hettich, Germany). This centrifugation step was repeated three times. The product was then separated from the mixed solution by filtering and decantation, followed by rinsing with deionized water multiple times. Finally, the powder was air-dried at room temperature for 48 hours. Subsequently, the obtained powder was calcined in an air atmosphere at 700 °C for 1 hour. This sample was labeled as CP throughout the text.
Ultrasonic spray pyrolysis. The same 10% water solution of zinc nitrate was used as the precursor solution. The solution was placed in a container with an ultrasonic generator (DK, Mist Maker). When the ultrasonic generator was activated, it generated aerosol fog at a frequency of 1.7 MHz. The aerosol passed through a silica reactor at a constant speed, which was maintained using two mini diaphragm pumps (D-7911, KNF Neuberger AB, Sweden). The silicon reactor was heated to a temperature of 700 °C using a tube furnace (20-250/13, Nabertherm, Germany). The resulting hollow microspheres of ZnO powder were collected using a mechanical stainless-steel filter in the pyrolysis collection chamber. The powder was further annealed in the air for 1 hour at 700 °C. This sample was labeled as USP throughout the text. For more details on the powder sample preparation, refer to previously published works [22,23]. 
Al-doped samples. As mentioned in the Introduction, one way to improve the thermoelectric performance of zinc oxide is through doping. Aluminum (Al) has been widely recognized as one of the most effective dopants for this purpose. Therefore, to prepare Al-doped samples, we carried out chemical precipitation of Al(NO3)3∙9H2O (≥98%, Vekton, Russia) employing the same parameters utilized for the fabrication of pure ZnO, except for the pH value, which was maintained to be 12 for the whole precipitation process. Following the successful synthesis of both Al2O3 and ZnO, the powders were mixed by means of ball milling (400 rpm for 15 min in the air) in a desired ratio to obtain Al-doped samples with a nominal composition of Zn1–xAlxO (x = 0.02, 0.04, 0.06). 
Spark plasma sintering. All the powders were densified by the spark plasma sintering (Labox 650, SinterLand, Japan) under the uniaxial pressure of 50 MPa in a vacuum at 1273 K for 8 min, resulting in a disk-shaped specimen with dimensions of Ø12.7 × 10 mm. For comparison, one more ZnO bulk sample was obtained by SPS with the same parameters from the commercially available nanopowder (99.99%, Sigma-Aldrich, USA) without any prior processing (labelled as CS).
Characterization. X-ray diffraction (XRD) patterns were collected using an X-ray diffractometer (DRON-4, IC Bourevestnik, Russia) using CoKα radiation (λ = 1.7902 Å). The Rietveld refinements were performed using the self-developed software package [24]. Raman spectra were recorded using DXR 3 Raman microscope (Thermo Scientific, USA) with a 532 nm excitation laser. The laser power was set to 2 mW. All spectra were collected using 16 exposures when every exposure length was 2 s. Scanning electron microscopy (SEM; Vega 3 SB, Tescan, Czech Republic) in conjunction with energy-dispersive X-ray spectroscopy (EDS; x-act, Oxford Instruments, UK) was employed to observe the morphology of fabricated powders, the microstructure, and the chemical composition of as-synthesized bulk specimens. The effective average particle size of all the powders was calculated in the assumption of identical size and spherical shape for all particles as Deff =6dth–1A–1, where dth = 5.61 g cm–3 is the theoretical density of ZnO, A is the specific surface area calculated using Brunauere-Emmette-Teller (BET) method from the N2 gas low-temperature (77 K) adsorption/desorption isotherms measurements performed by using a Nova 1200e analyzer (Quantachrome Instruments, USA) [25]. Data processing was carried out utilizing the "Rouquerol criteria" to evaluate whether isothermal adsorption data meet the assumptions of BET analysis [26,27]. The average pore size and pore volume distributions were determined using Barrett-Joyner-Halenda (BJH) method [28]. Particle size distribution analysis was conducted using photon correlation spectroscopy (also known as dynamic light scattering, DLS) with the Zetasizer Nano ZS instrument (Malvern Instruments Ltd, UK). The mean particle size was determined by fitting the particle size distribution curve with a unimodal lognormal distribution function. The SPS-processed pellets were cut into disk-shaped samples with diameter of 12.7 mm and 2 mm thickness for the thermal diffusivity measurements. Thermal diffusivity χ was obtained by a laser flash diffusivity method (LFA 457 MicroFlash, Netzsch, Germany). The specimens were coated with a ~100 nm thick layer of platinum to avoid the reaction between zinc oxide and graphite, which is also used as coating during LFA measurements in order to increase accuracy and minimize errors attributed to transparency of the ZnO to infrared radiation. The thermal diffusivity data were analyzed using a Cape-Lehman model [29] with pulse correction. The thermal conductivity κtot was estimated from LFA measurements as κtot = χ∙Cp∙d, where the Cp is the heat capacity calculated by the Debye model [30], and d is the volume density measured by the Archimedes method. For the electrical transport properties measurements, the pellets were cut along the radial direction of the disk-shaped samples into bars with dimensions of about 12 mm × 2.5 mm × 1.5 mm. The electrical conductivity σ and the Seebeck coefficient α were measured using a commercial instrument (ZEM-2, ULVAC, Inc., Japan) with a standard four-probe configuration under a He atmosphere. To verify the reproducibility of the data, the electrical transport properties were also measured by the four-probe and differential methods using a laboratory-made setup (Cryotel Ltd., Russia) in a He atmosphere with a temperature step of ~1 K.[bookmark: _Hlk68778822][bookmark: _Hlk68778823]Table 1. Code, actual composition calculated from EDS, effective average particle size Deff calculated from the specific area, mean particle DSEM estimated from SEM images, and weighted mean size DDLS calculated from DLS measurements for ZnO powders obtained by different methods; the average grain size Dg,SEM, the volume density d, lattice parameters a, b, c and crystalline size DXRD of obtained bulk ZnO samples.
Code
EDS composition
Deff (nm)
DSEM (nm)
DDLS (nm)
Dg,SEM (µm)
d (g cm–3)
a, b (Å)
c (Å)
DXRD (nm)
CS
Zn1.05O0.95
100± 10
160 ± 40
360 ± 50
4.0 – 6.4
5.51
3.2495(2)
5.2044(3)
76 ± 7
USP
Zn1.08O0.92
290 ± 30
200 ± 40
1140 ± 150
1.5 – 2.3
5.43
3.2500(2)
5.2028(3)
67 ± 6
CP
Zn1.07O0.93
550 ± 60
250 ± 90
750 ± 80
1.2 – 2.2
5.48
3.2500(2)
5.2029(3)
77 ± 7
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Figure 2. Particle size distribution of different ZnO powders prior to spark plasma sintering (SPS), including the commercial one (CS), and those synthesized through ultrasonic spray pyrolysis (USP) and chemical precipitation (CP) methods. The symbol µ denotes the mean particle size, which is calculated using the lognormal distribution density function.
[image: ]
Figure 1. Scanning electron micrographs of (a – c) ZnO powders before SPS: (a) commercial one, and obtained by (b) ultrasonic spray pyrolysis, (c) chemical precipitation; (d – f) fractured surfaces of ZnO bulks sintered from these powders, respectively.

It is worth noting that the powders' size characteristics were analyzed using different methods, as mentioned in the previous section (Table 1). Each method allows one to determine a specific characteristic size; however, it is important to understand that the three obtained size characteristics (DLS, SEM, and BET, respectively) represent different average sizes in reality. Nonetheless, our main focus was to conduct a comparative analysis of the powders, and all three methods clearly demonstrated that the particle size increases from CS to CP powder. Moreover, all the powders exhibited distinct morphology. The particles of the CS powder displayed an elongated shape without a propensity for aggregation, exhibiting an average size ranging between 100 and 400 nm (Fig. 1a, Fig. 2, and Table 1). In contrast, the USP powder particles exhibited isometric shapes with sizes around 200 – 300 nm and were arranged in hollow aggregates with a spherical shape and dimensions in the micron scale (Fig. 1b, Fig. 2, and Table 1). The CP powder particles, in turn, appeared as shapeless polyhedrons with sizes ranging from 250 to 750 nm and a tendency to aggregate, resulting in aggregate sizes also reaching the micron scale (Fig. 1c, Fig. 2, and Table 1). 
Despite noticeable differences in powder morphology and porosity (see Fig. S1) before sintering, all samples exhibited a dense microstructure with micron-sized isotropic grains after sintering (Fig. 1d – f). One can notice that the grain size for the samples obtained from the USP and CP powders is obviously smaller (Fig. 1, Table 1) [8,31]. Nevertheless, there are no discernible differences in the XRD patterns obtained for all samples at room temperature (Fig. 3a). The main Bragg reflections match with the wurtzite structure, confirming the presence of a pure ZnO phase with the P63mc space group. Moreover, the lattice parameter and the average crystalline size are found to be similar across all samples, as determined from the Rietveld refinements, estimating approximately 3.250 Å, 5.203 Å, and 73 nm, respectively (Table 1). These values are in excellent agreement with the literature [32,33]. In turn, the elemental composition of the samples corresponds to the nominal composition (Table 1) and, in fact, does not differ regardless of the method used to obtain bulk samples. The Raman spectra (Fig. 3b) further confirm the similarity of the samples in terms of crystal structure. The spectra exhibit various phonon modes at the Γ point of the Brillouin zone, which for wurtzite ZnO are represented as Γopt = A1 + E1 + 2E2 + 2B1 [34]. The A1 and E1 modes are Raman active polar modes, which split into TO (transverse optic) and LO (longitudinal optical) phonons. The E2 mode represents a nonpolar Raman active mode consisting of E2high and E2low modes. The characteristic band of ZnO associated with the vibration of oxygen atoms is represented by the E2high mode at ~429 cm–1. The E2low mode depicts the vibrations of the Zn sublattice. The E2-TO mode at 332 cm–1 represents the difference between E2high and E2low modes. The A1-TO and E1-TO modes have wavenumbers of ~381 and ~409 cm–1, respectively. 
As mentioned before, the electrical conductivity and Seebeck coefficient of pristine ZnO are strongly influenced by the processing conditions, primarily due to variations in the charge carrier concentration originating from the presence of different types of defects (such as vacancies, interstitials, or antisites in the Zn and O sublattices) [35]. Consequently, the electrical conductivity of bulk ZnO sintered from commercially available (CS) powder was significantly lower compared to samples fabricated from CP and USP powders at room temperature (Figure 4a). Furthermore, the temperature dependencies of electrical conductivity exhibited distinct behaviour among the three samples. Although defects are speculated to play a role, determining the specific reason for this difference in σ(T) requires further extensive investigations, e.g., first-principle native defects calculations, etc. Nevertheless, as discussed above, the temperature dependence of ZnO electrical conductivity can exhibit either degenerate or non-degenerate behavior, depending on the synthesis method and the type of powder/sintering utilized [10,11].[image: ]
Figure 3. (a) XRD patterns and (b) Raman spectra of the CP, CS, and USP ZnO samples after SPS. Bragg’s reflections for the ZnO phase are indicated by gray ticks on the top part of the figure.

The temperature dependencies of the Seebeck coefficient for all samples appeared similar; however, the absolute values obtained for the CS sample were approximately 35% higher at room temperature and almost the same as those for the CP and USP samples at 1173 K (Fig. 4b). Clearly, the power factor (α2σ) of the CP and USP samples was significantly higher compared to the CS sample, with a value of around 1.7 µW cm–1 K–2 for both of them at 1173 K (Fig. S2). Considering the changes in the electrical conductivity, Seebeck coefficient, and the weighted mobility of charge carriers (Fig. S3) at room temperature, it can be carefully speculated that the increase in the power factor of the USP and CP samples is most likely attributed to a rise in carrier concentration, which is in line with the previous discussion. 
Similarly, the thermal conductivity of the obtained samples also depends on the synthesis method, especially at low temperatures (Fig. 4с). The thermal conductivity of the CS sample at room temperature was found to be approximately 50 W m–1 K–1, which is in good agreement with previously reported values [2,5]. In contrast, the CP and USP samples demonstrated noticeably lower thermal conductivities, exhibiting 43 and 38 W m–1 K–1, respectively. However, at low temperatures, phonon scattering at grain boundaries and point defects predominates, while at high temperatures, the dominant scattering mechanism is the Umklapp process [36]. Consequently, at 1173 K, the thermal conductivities of the samples decreased to 5.9, 5.6, and 5.3 W m–1 K–1 for CS, CP, and USP samples, respectively (Fig. 4c).
The CP sample exhibited zT values below 0.01 across the entire temperature range, consistent with previous findings [10,11]. However, the CP and USP samples demonstrate significantly higher zT values, reaching approximately 0.04 at 1173 K. This enhancement can be attributed to the increase in the quality factor, β ∝ μwT5/2/κlat, where μw represents the weighted mobility related to drift mobility as μw ≈ μ(md*/me)3/2 (with me representing the electron mass). The quality factor determines the maximum achievable zT value for a given material at a given temperature [37]. In the case of both CP and USP samples, the μw/κlat ratio (for pure ZnO, κtot ≈ κlat) was significantly increased, leading to the observed enhancement of zT (Fig. 4d). 
X-ray diffraction analysis for Al-doped samples revealed that the majority of observed XRD peaks (Fig. S4) correspond to those of the pure ZnO phase. Notably, the peaks at 2θ = 36.56° and 43.16° can be attributed to the most intense peaks of the ZnAl2O4 spinel phase. It is important to note that the solubility limit of Al in ZnO is exceedingly low, approximately 0.3 mol% [38]. Thus, the formation of ZnAl2O4 cannot be avoided during the preparation process of Al-doped ZnO [16], and even in the sample with a nominal Al concentration of x = 0.02, a discernible quantity (~0.2 vol%) of the spinel phase is already present. Furthermore, the amount of ZnAl2O4 increases proportionally with an increase in the nominal Al concentration (Fig. S4).
All Al-doped samples showed semiconducting behavior across the entire measured temperature range (Fig. 5a). The temperature dependence of the electrical conductivity in Al-doped samples exhibited an activation behavior. At low temperatures, characterized by activation energy Ea in the range of tens of meV, the conductivity values did not significantly deviate from those observed for the pure ZnO. However, a substantial increase in conductivity was observed at temperatures higher than 700 K, with Ea reaching the range of hundreds of meV. This finding is consistent with previously reported literature [16,20]. Moreover, it appears that the change of σ is consistent with the increase in the nominal Al content (Fig. S5a), which could be attributed to the partial substitution of Zn2+ ions by Al3+ and thus to the increase in the charge carrier concentration according to the following equation:[image: ]
Figure 4. Temperature dependence of (a) the electrical conductivity σ, (b) the Seebeck coefficient α, (c) the total thermal conductivity κtot, and (d) the figure of merit zT for the ZnO obtained by different methods. Literature data reported for ZnO are also presented for comparison [9,10].



	
The Seebeck coefficient values of all the Al-doped samples exhibit negative values across the entire temperature range investigated, indicating n-type conduction behavior (Fig. 5b). The absolute values of the Seebeck coefficient slightly decrease with increasing in the nominal Al concentration (Fig. S5b) as expected from the Pisarenko relation considering the increase in charge carrier concentration discussed earlier [37].
The total thermal conductivity of the Al-doped samples follows a similar trend to that of pure ZnO, decreasing rapidly with rising temperature (Fig. 5c). The introduction of Al in ZnO affects κtot through different mechanisms. On the one hand, the partial substitution of Zn by Al introduces mass and strain fluctuations, thereby increasing the point defects scattering of phonons. On the other hand, the formation of spinel inclusions contributes to additional phonon scattering at the interface between the matrix and the inclusions. The combined effect of these two factors is most pronounced at low temperatures (Fig. 5c). However, at high temperatures where phonon-phonon scattering predominates and the contribution of the electronic thermal conductivity is more significant, the difference in total thermal conductivity values between doped samples becomes negligible, although still lower than that of the undoped sample, 6.3 W m–1 K–1 and 5.4 W m–1 K–1 at 1100 K, respectively (Fig. S5c). 
Based on the obtained values of σ, α, and κtot, the temperature-dependent values of the zT were estimated and presented in Figure 5d. At 1100 K, the Al-doped sample with a nominal composition of Zn0.94Al0.06O achieves a zT value of ~0.12, which is 3 times higher compared to those obtained for pure ZnO. This significant enhancement in zT clearly demonstrates the substantial improvement in the electrical properties of ZnO through Al doping. The observed trend and values of zT achieved in this study are in good agreement with those reported in previous studies [10,16,20].
Conclusions [image: ]
Figure 5. Temperature dependence of (a) the electrical conductivity σ, (b) the Seebeck coefficient α, (c) the total thermal conductivity κtot, and (d) the figure of merit zT for the Al-doped ZnO obtained by chemical precipitation with nominal composition Zn1–xAlxO (x = 0, 0.02, 0.04, 0.06).


The thermoelectric properties of the pure ZnO samples prepared by ultrasonic spray pyrolysis and chemical precipitation have been studied. Both methods proved to be sufficient for obtaining pure ZnO. Due to the peculiarities of the wet chemistry methods, the thermoelectric figure of merit of ZnO obtained through these methods is noticeably superior to that of the sample fabricated from commercially available ZnO powder. Furthermore, both methods presented in this study enable the production of ZnO nanopowder in large quantities from inexpensive starting materials, with the possibility of precisely controlling the size characteristics of the powder by manipulating processing parameters. In the context of preparation and investigation of Al-doped ZnO, we have also demonstrated that wet chemistry methods, particularly the chemical precipitation method, can be utilized to obtain Al-doped samples with comparable thermoelectric performance. Moreover, this approach offers advantages in terms of purity compared to methods such as mechanical alloying, where contamination from milling media is unavoidable. Therefore, the approaches presented in this study can be highly valuable in the field of oxide-based thermoelectrics.
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