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Abstract

:

This article presents the method of size control of cobalt-doped zinc oxide nanoparticles (Zn1−xCoxO NPs) obtained by means of the microwave solvothermal synthesis. Zinc acetate dihydrate and cobalt(II) acetate tetrahydrate dissolved in ethylene glycol were used as the precursor. It has been proved by the example of Zn0.9Co0.1O NPs (x = 10 mol %) that by controlling the water quantity in the precursor it is possible to precisely control the size of the obtained Zn1−xCoxO NPs. The following properties of the obtained Zn0.9Co0.1O NPs were tested: skeleton density (helium pycnometry), specific surface area (BET), dopant content (ICP-OES), morphology (SEM), phase purity (XRD), lattice parameter (Rietveld method), average crystallite size (FW1/5/4/5M method and Scherrer’s formula), crystallite size distribution (FW1/5/4/5M method), and average particle size (from TEM and SSA). An increase in the water content in the precursor between 1.5% and 5% resulted in the increase in Zn0.9Co0.1O NPs size between 28 nm and 53 nm. The X-ray diffraction revealed the presence of only one hexagonal phase of ZnO in all samples. Scanning electron microscope images indicated an impact of the increase in water content in the precursor on the change of size and shape of the obtained Zn0.9Co0.1O NPs. The developed method of NPs size control in the microwave solvothermal synthesis was used for the first time for controlling the size of Zn1−xCoxO NPs.
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1. Introduction


Zinc oxide (ZnO) has attracted the growing interest of numerous research groups due to its specific properties [1,2,3]. It is a II-VI semiconductor. The wide band gap of 3.37 eV and the high exciton binding energy (60 meV) make it a potential material for application in electronics, optoelectronics, and laser technologies [3,4]. The antibacterial and antifungal action as well as the UV radiation absorbability are the reasons why it is commonly used in the pharmaceutical industry as an ingredient of, e.g., tooth dressings, creams, sunscreens, ointments, and various skin powders [5,6,7]. In industry, it is used as a filler and stabiliser of plastics (e.g., vulcanised rubber, natural rubber), a pigment (zinc white), and an additive for lacquers and paints [8,9,10].



Nanotechnology enables taking advantage of the change of matter properties as a result of the matter size change in the nanoscale [11,12,13,14,15,16]. This permits making new scientific discoveries and increasing the application capabilities of the already commonly used materials, e.g., ZnO. Intensive research of ZnO nanomaterials (NMs) enabled finding new potential applications for them, e.g., in electronics, dentistry, pharmacy, biomedicine, agriculture, photovoltaics, or for the modification of liquid crystals [1,3,17,18,19,20,21,22]. It is common knowledge that the properties of NMs can be controlled by changing their size, shape, chemical composition and modifying their surface, e.g., by polymer coating or selective molecule addition. However, despite more than 10 years of development of ZnO NMs synthesis technologies, the simultaneous control over multiple properties of the synthesised ZnO NMs, e.g., size, shape, phase purity, homogeneity, and dopant content, has still been the main challenge in terms of technology.



The doping of ZnO NMs with ions of transition metals (e.g., Co, Cr, Ni, Fe, Mn, V) permits changing their forbidden band, conductivity, or magnetic properties [23,24,25,26,27,28,29]. The research on doped ZnO experienced a breakthrough in the publications by Dietl et al. [30] and Sato et al. [31], which demonstrated the existence of ferromagnetism in these materials at room temperature. Sato et al. [31] proved in their calculations that e.g., zinc oxide doped with Co2+ ions should display ferromagnetic properties. It is expected that the development of a technology of precise control of doped ZnO NMs properties is crucial for finding an application of these materials in electronics, optoelectronics, photovoltaics, and spintronics [32,33].



One of the most interesting doped NMs is Co2+-doped ZnO (Zn1−xCoxO) [34]. The search for the phrases: “doped ZnO” and “cobalt-doped ZnO” in the ScienceDirect search engine yielded 41,814 and 4955 hits, respectively (April 2018). The search results presented in Figure 1 prove the growing popularity of research on doped ZnO. Papers concerning cobalt-doped ZnO account for circa 12% of the number of the published scientific articles about doped ZnO (Figure 1).



The most often obtained forms of Zn1−xCoxO NMs are: nanoparticles (NPs), nanorods, nanowires, nanoflowers, core-shells, and thin films [34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59]. Zn1−xCoxO NMs can be obtained by such methods as, e.g., sol-gel [34,35,36,37,38], precipitation [34,39,40,41], calcination [34,42,43,44,45,46], vaporisation-condensation [47], pulsed-laser deposition [48], hydrothermal synthesis [42,43,44,49,50,51,52], solvothermal synthesis [28,34,53,54,55,56,57], combustion [58], and microemulsion [34,59]. Some of most interesting methods of Zn1−xCoxO NPs and ZnO NPs syntheses are microwave-assisted syntheses.



The dynamic development of the broadly understood microwave heating technology and the new design solutions of microwave reactors have contributed to the increased popularity of the microwave solvothermal synthesis (MSS) [60,61,62,63,64] and the microwave hydrothermal synthesis (MHS) methods [65,66,67]. The advantages of microwave heating and microwave syntheses of NMs and organic compounds are described in detail in the relevant literature [63,64,65,66,67,68,69,70,71,72,73,74]. In the case of the synthesis of doped ZnO NMs, it must be emphasised that microwave methods ensure 100% purity of reaction conditions thanks to the course of synthesis in a reaction chamber formed in a chemically inert material, e.g., Teflon®. Synthesis reaction purity is necessary for obtaining doped ZnO NMs with a repeatable chemical composition. Doped ZnO NMs obtained by microwave methods, e.g., MSS, are characterised by high purity (contactless heating method), homogeneity, narrow particle size distribution, repeatability, and a low degree of agglomeration and aggregation [28,29].



The literature review reveals [28,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59] that the magnetic and optical properties of the obtained Zn1−xCoxO NMs result from the employed synthesis method and sample preparation process. Despite the numerous publications, the topic of the syntheses and properties of Zn1−xCoxO NMs still remains quite controversial. The majority of papers argue that the ferromagnetic properties of the obtained Zn1−xCoxO samples result exclusively from intrusions of foreign phases, not from the presence of the Co2+ dopant itself. Skillful selection of the synthesis method and sample preparation process of Zn1−xCoxO is extremely important since it permits avoiding the formation of foreign phases, e.g., cobalt oxides (CoO, Co2O3, CoO(OH), Co3O4 [75,76]), metallic cobalt [28,35], and spinel zinc cobaltite (ZnCo2O4) [42].



The leitmotif in the majority of publications is the examination of the impact of the Zn1−xCoxO synthesis method on the properties of the obtained samples, while the issue of precise control of Zn1−xCoxO NPs size is discussed sporadically. One of the easiest and most popular methods of changing the Zn1−xCoxO NPs size is sample soaking, e.g., in a chamber furnace, where the high temperature causes particle growth [28,34,35,36,37,38,39,40,41,42,43,44,45,46]. By using this method, we managed to increase the average size of Zn1−xCoxO NPs from ≈30 nm to ≈350 nm [28]. However, the application of this method contributes to the change of Zn1−xCoxO NPs properties, not only as a result of the change of their size but also through the precipitation of foreign phases. The soaking of Zn1−xCoxO samples in an oxidising atmosphere usually causes the oxidation of Co2+ to Co3+ and the formation of various cobalt oxides [28,36,75] and spinel zinc cobaltite. The soaking in a reducing atmosphere, in turn, causes the reduction of Co2+ ions to metallic Co. Zn1−xCoxO NPs prepared by this method are characterised by a compact heterogeneous structure in which agglomerates and aggregates prevail [28].



Another method that permits controlling the Zn1−xCoxO NPs size by changing the synthesis duration and temperature [50] is the hydrothermal method. The mechanism of Zn1−xCoxO particle growth is explained by the phenomenon of recrystallisation. However, the hydrothermal synthesis of Zn1−xCoxO NPs may lead to formation of foreign phases, e.g., Co3O4 [51,75] and ZnCo2O4 [42,44], while synthesis products are usually heterogeneous [34,42,44,51,52]. One of the most interesting and promising methods of obtaining Zn1−xCoxO NPs is the solvothermal method, where the size, morphology, and magnetic properties depend on the type of the organic solvent used [28,34,49,53,54,55,56,57]. Our earlier publication [28] proves the usefulness of the MSS in obtaining homogeneous Zn1−xCoxO NPs (where   x ∈ 〈 0 ; 15 〉 ,   mol   %  ), in which no precipitated foreign phases were detected. We used zinc acetate, cobalt acetate, and ethylene glycol (EG) as reagents. The organic solvent we selected, EG, had reducing properties, thanks to which it prevented the oxidisation of Co2+ to Co3+ during the synthesis. At the same time, it is a too weak reducing agent to reduce Co2+ to metallic Co. It must be emphasised that the MSS method also has great potential for obtaining ZnO NPs. The MSS of ZnO NPs developed by us permits controlling the NPs size within the range of 15 nm to 120 nm [60,61].



It is necessary to develop a fully reproducible method enabling precise control of Zn1−xCoxO NPs size in order to examine the impact of NPs size on their properties, but the methods applied for this purpose must not cause a change of the oxidation state of the Co2+ dopant or the precipitation of foreign phases (e.g., Co, CoO, CoO(OH), Co2O3, ZnCo2O4).



The aim of this paper was to prove that the method, discovered by us, of controlling the size of ZnO NPs obtained by MSS, consisting in changing the water content in the precursor [60,61], may also be used for controlling the size of Zn1−xCoxO NPs. What should be stressed is the uniqueness of the organic solvent selected by us, namely ethylene glycol, which fulfilled the function of substrate, dopant (Co2+)-stabilising agent, and eliminated uncontrolled particle growth in the MSS of Zn1−xCoxO NPs [60,61].




2. Materials and Methods


2.1. Substrates


The following reagents were used: zinc acetate dihydrate (Zn(CH3COO)2·2H2O, Zn(Ac)2·2H2O analytically pure, Chempur, Piekary Śląskie, Poland); cobalt(II) acetate tetrahydrate (Co(CH3COO)2·4H2O, Co(Ac)2·4H2O pure, Sigma-Aldrich, Saint Louis, MO, USA); ethylene glycol (EG, ethane-1,2-diol, C2H4(OH)2, pure, Chempur, Piekary Śląskie, Poland); deionised water (H2O) (specific conductance < 0.1 μS/cm, HLP 20UV, Hydrolab, Straszyn, Poland). The reagents were not subjected to any purification processes and were used as received.




2.2. Synthesis of Zn1−xCoxO NPs


Zn0.9Co0.1O NPs were obtained by means of MSS in accordance with the procedure described in our earlier publications [28,29,62]. The precursor was prepared by dissolving a calculated quantity of Zn(Ac)2·2H2O and Co(Ac)2·4H2O powders in 450 mL of EG to obtain a solution in which CmZn(Ac)2·2H₂O = 0.3254 mol/dm3 and CmCo(Ac)2·4H₂O = 0.0362 (mol/dm3). The composition of the precursor of Zn1−xCoxO NPs was calculated based on the following Equation (1):


   x    Co   2 +     =    n    Co   2 +        n    Co   2 +       +    n    Zn   2 +        



(1)




where n is the quantity of moles of individual reagents, while x is the adopted nominal molar content of the Co2+ dopant in Zn1−xCoxO NPs.



The acetate mixture in EG was heated using a hot-plate magnetic stirrer (70 °C, 450 rpm, SLR, SI Analytics GmbH, Mainz, Germany). After the complete dissolution of the acetates, the obtained solution was distributed among five containers (100 mL, polypropylene), which were subsequently sealed. Once the containers had reached ambient temperature, the initial H2O content in the precursor was determined. Afterwards, calculated quantities of H2O were added to the obtained solutions so that the following final concentrations could be achieved: 1.5 wt %, 2 wt %, 3 wt %, 4 wt %, and 5 wt %. The results of the tests of the achieved H2O concentrations in precursor solutions are summarised in Table 1.



MSS was carried out in a microwave reactor (Model 02-02, 600 W, 2.45 GHz, ERTEC, Wrocław, Poland) [60]. The reactions of Zn0.9Co0.1O NPs synthesis are described by the following general Equation (2):


  z Zn    (  Ac  )   2  + y Co    (  Ac  )   2   →   C 2   H 4     (  OH  )   2  ,     H  2  O ,   T ,   P   m   Zn   1 − x     Co  x  O + other   products    (  esters ,   water  )   



(2)







The synthesis parameters for each sample were identical: feedstock volume 75 mL, reaction duration 25 min; temperature 190 °C; microwave power 100%, reaction chamber cooling duration 20 min. After the synthesis, the suspensions were centrifuged (MPW-350, MPW Med Instruments, Warsaw, Poland) and subjected to decantation. All sediments were rinsed three times with deionised water. In order to obtain dry powders out of moist sediments, water suspensions with the concentration of ≈2.4% were obtained and subsequently rapidly cooled down with liquid nitrogen and dried in a freeze dryer (Lyovac GT-2, SRK Systemtechnik GmbH, Riedstadt, Germany).




2.3. Water Content Analysis


Water concentration in the samples was determined with the use of the automatic titrator (Cou-Lo AquaMAX KF, GR Scientific, Bedford, UK), which applied the coulometric titration technique based on the assumptions of the Karl Fisher method [60,61]. The following coulometric reagents dedicated by the titrator manufacturer were used: Aquagent® Coulometric OIL anolyte (cat. no. AQ00250100, Scharlau, Barcelona, Spain) and catholyte (Aquagent® Coulometric CG, cat. no. AQ00230050, Scharlau, Barcelona, Spain). The tests were carried out in accordance with the internal laboratory measurement procedure and the titrator user’s manual. The samples were collected/injected using glass syringes (1 mL), which were weighed using analytical scales (WAA 100/C/1, RADWAG, Radom, Poland).




2.4. X-ray Powder Diffraction


The phase composition of the samples was analysed by the X-ray diffraction (XRD) method using an X’Pert PRO diffractometer (Panalytical, Almelo, The Netherlands) equipped with a copper lamp (CuKα). The diffraction patterns were recorded within the range of 2 theta angle from 10° to 150° with a step of 0.02° at room temperature. Based on the diffraction patterns, the size of crystallites was determined in the direction of the crystallographic axes a and c using Scherrer’s formula [9,29,60].



The parameters of the unit cell, a and c, were determined by the Rietveld method. This method of diffraction pattern analysis is based on the non-linear method of least squares and was developed by Hugo Rietveld [77].




2.5. Crystallite Size Distribution


The results of average crystallite size, deviation of the average crystallite size, and crystallite size distribution were obtained by analysing the profile of XRD peaks by the FW15/45M method [78], which also permits analysing polydispersive powders. The employed FW15/45M method uses equations dedicated to spherical crystallites and was implemented in the Nanopowder XRD Processor Demo web application [79], where results of the samples were obtained by dropping diffraction pattern files directly to the browser window [79]. Data from the obtained crystallite size distributions for individual samples were exported from the “Method FW1/4/5M of full Grain Size Distribution Determination” server [80].




2.6. Measurement of Density and Specific Surface Area


Before the tests (density, specific surface area (SSA)), NPs samples were degassed in a VacPrep 061 (Micromeritics®) degassing station for 2 h (0.05 mbar, 150 °C). The sample weight was determined using analytical scales (WAA 100/C/1, RADWAG, Radom, Poland).



The skeleton density (pycnometric density) of NPs samples was tested in accordance with ISO 12154:2014 standard using a AccuPyc II 1340 helium pycnometer (FoamPyc V1.06, Micromeritics®, Norcross, GA, USA) at room temperature (24 ± 1 °C). The specific surface area (SSA) of NPs was tested in accordance with ISO 9277:2010 standard using a Gemini 2360 surface analyser (V 2.01, Micromeritics®, Norcross, GA, USA) by the nitrogen (99.999% N2) adsorption method based on the linear form of the Brunauer-Emmett-Teller (BET) isotherm equation in the P/P0 range of 0.05–0.25. The standard deviation of the specific surface area results was calculated using MicroActive software V4.03 (Interactive Data Analysis Software, Micromeritics®, Norcross, GA, USA).



The average NPs size was calculated based on the results of skeleton density and specific surface area with the assumption that the tested samples contained only spherical and identical NPs. The equation used for calculating the average particle size and the description and comparison of that method with other methods of average particle size determination, e.g., transmission electron microscopy image analysis and X-ray methods, can be found in our earlier publications [9,29,60,81].




2.7. Morphology Characteristics and Determination of Nanoparticle Size Distribution


The morphology of Zn0.9Co0.1O NPs samples was determined using a scanning electron microscope (SEM) ULTRA PLUS (ZEISS, Oberkochen, Germany). Before performing the SEM observations, the samples were coated with a thin carbon layer (SCD 005/CEA 035, BAL-TEC AG, Balzers, Liechtenstein).



The transmission electron microscopy (TEM) (Talos F200X, Thermo Scientific™, Waltham, MA, USA) tests were used to determine the nanoparticle size distribution. The samples for the TEM observations were prepared by dropping the ethanol particle dispersion, created by an ultrasonic technique, on a carbon film supported on a 300-mesh copper grid. The compilation of the results consisted in a graphic analysis of size of individual particles recorded in six microscopic images made by two methods: the bright field (analysis of three photographs) and the dark field (analysis of three photographs). The particle size determination consisted in finding the diameter of a circle circumscribed around each particle. The diameters were determined with the use of CorelDraw17 and Excel 2016 software. The diameters were determined for at least 200 particles in each sample, and subsequently a bar chart of the quantity of particles with diameters from a given range of values was created. The average particle size was provided as an average calculated with the use of OriginPro 8.0 software, using the matching of the logarithmic distribution curve.




2.8. Chemical Composition Analysis


The quantitative microanalysis of zinc and cobalt content was performed using energy dispersive spectrometry (EDS) with the use of Quantax 400 (Bruker, Billerica, MA, USA). The analysis covered pressed Zn0.9Co0.1O NPs samples (pastilles with the diameter of 5 mm). Each result of the quantitative analysis of zinc and cobalt provided herein is an average value obtained from five analyses of different areas of the sample.



The quantitative analysis of zinc and cobalt content was carried out by inductively coupled argon plasma optical emission spectrometry (ICP-OES) (Agilent Technologies, model 5100, Palo Alto, CA, USA). Zn0.9Co0.1O NPs samples for ICP-OES analyses were dissolved in concentrated nitric acid (HNO3) at room temperature.





3. Results and Discussion


3.1. Morphology


Figure 2, Figure 3 and Figure 4 present selected representative SEM images of Zn0.9Co0.1O NPs samples. An impact of the change of H2O content in the precursor on the morphology and size of Zn0.9Co0.1O NPs was observed. Powders obtained from the precursor with the water contents of 1.5% and 2% are composed of compact structures resembling a “cauliflower” structure, which is visible in Figure 3a,b. NPs obtained from the precursor with the H2O content of 3, 4, and 5% had a homogeneous and loose structure (Figure 2). Figure 4 reflects a change in the size of Zn0.9Co0.1O NPs from homogeneous spherical (1.5%, 2%, 3%) to elliptical (4%, 5%). The growth of particle size in line with the growth of H2O content in the precursors used for the reaction can be seen (Figure 3). The average particle size increases from circa 30–35 nm to 50–80 nm with the increase in H2O content from 1.5 to 5%. Figure 4e, for the powder obtained from the precursor with 5% H2O content, shows single NPs with a size greater than 100 nm, which may suggest that apart from the increase in the average size, the NPs size distribution becomes wider. A similar impact of the change of water content on the change of size and shape was also observed for undoped ZnO NPs [60].



Similar to our earlier article [29] concerning Mn2+-doped ZnO, SEM tests revealed that every precursor composition had to be considered individually. This means that in order to eliminate the processes of agglomeration and aggregation of Zn0.9 Co0.1O NPs, the synthesis parameters must be optimised for each precursor composition. Based on the results of our earlier papers [61], we argue that an optimisation of the synthesis parameters, i.e., a change of microwave power, duration, and synthesis temperature, will not contribute to a change of the size of the obtained Zn0.9Co0.1O NPs. A modification of the precursor composition, in turn, may contribute to a change of the size, shape, and quantity of the Co2+ dopant in the obtained Zn0.9 Co0.1O NPs.




3.2. Chemical Composition


The actual content of Co2+ dopant in Zn0.9Co0.1O NPs samples is summarised in Table 2. The chemical composition analysis was carried out by two methods: ICP-OES and EDS. The obtained results of the analyses are inconsistent, which is the consequence of the limitations and accuracy of these methods in the quantitative determination of zinc and cobalt, which applies in particular to the EDS method. The visible differences in the dopant content ranging from 9.06 to 9.90% are not statistically significant for the EDS method. In accordance with ISO 22309:2011 standard, in order to achieve a negligible measurement error resulting from the preparation process, the surface of the analysed sample must be flat and smooth and the analysed area must be homogeneous in the whole analysed sample region. The visible differences in the results of quantitative analyses of Zn2+ and Co2+ may result primarily from the difference in the porosity of Zn0.9Co0.1O NPs pastilles rather than the actual differences of Co2+ dopant quantities in the obtained samples. The ICP-OES analysis is considered as one of the most accurate and precise methods of chemical composition determination. The results of the Co2+ content obtained by the ICP-OES method for samples obtained from precursors with H2O contents of 2%, 3%, and 4% are ≈7.70%, while for samples with 1.5% H2O and 5% H2O the results are 7.97% and 8.09%, respectively. There is no trend in the changes in Co2+ content in the samples which were obtained for the increase in H2O content in the precursors. However, after taking into account the standard deviation of the results of Zn2+ and Co2+ analyses, it can be stated that there are no significant changes in the dopant contents in the obtained samples. In order to compare the repeatability of the MSS of Zn0.9Co0.1O NPs, Table 2 contains the result of the analysis of composition of the Zn0.9Co0.1O NPs reference sample obtained by the ICP-OES method [28]. The results of ICP-OES analyses of the Co2+ content in Zn0.9Co0.1O NPs samples are smaller by circa 1.3% than the reference sample result, which may be an effect of several factors, such as the lack of repeatability of syntheses, the impact of quality of the new batch of reagents on the doping degree, and the impact of the application of a different preparation process of samples in ICP-OES analyses, among others. The average efficiency of doping with Co2+ ions calculated based on ICP-OES results in the obtained Zn0.9Co0.1O NPs samples was circa 78%. The high doping efficiency can be explained by the negligible difference between the ionic radius values of Zn2+ and Co2+ ions [28].




3.3. Phase Composition and Lattice Parameters


The results of XRD tests for all obtained Zn0.9Co0.1O NPs samples indicated the presence of only one crystalline phase, which was attributed to the hexagonal phase of ZnO (Figure 5). The most stable crystalline structure of ZnO is the hexagonal wurtzite structure (JCPDS No. 36-1451, space group: P63mc) with two lattice parameters: a = 3.2498 Å and c = 5.2066 Å. The c/a ratio of ZnO lattice parameters is equal to 1.6021 and is similar to the c/a ratio value of 1.6330 for the close-packed hexagonal structure (hcp) [82]. Cobalt(II) oxide CoO crystallises in two stable phases: cubic rocksalt CoO (c-CoO, space group: Fm3m) and hexagonal wurtzite CoO (h-CoO, space group: P63mc). Given the fact that the ionic radius of Zn2+ is 0.74 Å while that of Co2+ is 0.745 Å and that CoO may also crystallise in the hexagonal structure, it may be presumed that doping, i.e., the substitution of Zn2+ for Co2+ in ZnO, and the change of NPs size should not greatly contribute to the change of the lattice parameters.



The calculated lattice parameters for Zn0.9Co0.1O NPs samples are summarised in Table 3 and Figure 6. Based on changes of lattice parameters of the Zn0.9Co0.1O NPs (1.5% H2O) sample in relation to the undoped ZnO NPs (1.5% H2O) sample and XRD results, we believe that Co2+ ions were integrated into the crystalline lattice of ZnO as a substitution for some Zn2+ ions. The value of the a lattice parameter of Zn0.9Co0.1O NPs samples did not change to a considerable degree with the increase in H2O content (Table 3, Figure 6). The c parameter indicated a decreasing trend within the water content range of 1.5 to 3%, and adopted a constant value within the range of 3 to 5%. The ICP-OES test did not reveal any significant impact of the change of H2O content in the precursor upon the change of the Co2+ dopant content, and therefore we believe that the change of lattice parameters of Zn0.9Co0.1O NPs is caused mainly by the change of the unit cell dimension caused by the change of NPs size. The change of the c lattice parameter can be explained by the results of the examination of the course of the microwave solvothermal synthesis of ZnO NPs [61], which distinguishes the stage of the formation of crystalline nuclei of ZnO sized 14–16 nm and the stage of their growth. We presume that in this case the developing nuclei (core) of Zn0.9Co0.1O have different crystalline lattice parameters than the part of the crystalline structure (shell) of Zn0.9Co0.1O NPs that forms on the nuclei as a result of their growth. Another cause of the change of lattice parameter values as a result of the impact of H2O content may be also the change of the quantity and distribution of clusters of Co2+ dopant in the crystalline lattice of Zn0.9Co0.1O NPs. Further research is required to confirm the causes of the changes of lattice parameters.



The value of the c/a lattice parameter ratio in the close-packed hexagonal structure ZnO is calculated based on the theoretical closest packing of identical spheres in the three-dimensional spatial lattice of the hexagonal structure [82]. The differences visible in Table 3 between the values of c/a lattice parameter ratios for actual samples and hcp ZnO result from several simultaneous factors:




	-

	
differences in the ionic radii of O2−, Zn2+, and Co2+




	-

	
attractive and repulsive electrostatic interactions between the ions in the crystalline lattice (these interactions affect the optimum distances between the ions in ZnO and doped ZnO)




	-

	
existing defects in the actual crystalline lattice




	-

	
changes in the quantity of defects in the crystalline lattice depending on the NPs size and the dopant quantity.









The results of the c/a lattice parameter ratio indicate that the change of Zn0.9Co0.1O NPs sizes leads to a less close packing in the crystalline structure (Table 3).



Phase purity is the inevitable topic when discussing the properties of doped ZnO NMs. While verifying the phase purity of doped NMs, the limitations of the methods employed for this purpose must be remembered at all times. For example, the foreign phase detectability limit in the XRD method may be even 5–6 at%. Moreover, the XRD method is unable to detect foreign amorphous phases. The purity of the obtained doped NMs should be confirmed by multiple characterisation methods [67]. In our earlier publication [28], we additionally proved the purity of Zn0.9Co0.1O NPs obtained using MSS by means of a test of the ability of the extended X-ray absorption fine structure (EXAFS) to determine structural information and by testing the magnetic properties using superconducting quantum interference device (SQUID) magnetometry. We argue that the results of EXAFS and SQUID analyses included in the publication [28] are representative for the present Zn0.9Co0.1O NPs samples because they were obtained in an identical manner (using the same method, procedure, and reagents). It must be emphasised that the change of H2O content in the precursor did not cause the precipitation of foreign phases in Zn0.9Co0.1O samples, which confirms that the used solvent, EG, stabilised the Co2+ dopant ions and prevented the formation of byproducts, e.g., CoO [28].




3.4. Density, Specific Surface Area, Average Size, and Size Distribution of Zn0.9Co0.1O NPs


The obtained results are summarised in Table 4. The theoretical density of ZnO with the hexagonal structure is 5.61 g/cm3. The increase in the water content in the precursor caused an increase in the skeleton density of the obtained Zn0.9Co0.1O NPs samples from 5.05 g/cm3 to 5.35 g/cm3, as well as the decrease of SSA from 42.6 m2/g to 21.2 m2/g. When comparing the results of density of Zn0.9Co0.1O NPs with undoped ZnO NPs with similar SSA values [60], the density value of Zn0.9Co0.1O NPs sample is always lower. This is caused by the lower atomic weight of Co2+ (≈58.69 u) in comparison with the substituted Zn2+ ions (≈65.38 u) and the presence of defects in the crystalline lattice as a result of the presence of dopant ions. The observed correlation between the density and size of NPs is well-known and described in the literature, e.g., for ZnO [60,61], HAp [65,83], and ZrO2 [84].



The average size of Zn0.9Co0.1 O NPs determined from TEM changed from 23 nm to 52 nm with the increase in the H2O content in the precursor from 1.5 to 5% (Table 4, Figure 7). The average size of Zn0.9Co0.1O NPs calculated based on the specific surface area and skeleton density results ranged from 28 nm to 53 nm (Table 4). Based on the existing convergence of the results of the average size of NPs, obtained by the aforementioned methods, it can be stated that the NPs where spherical or close to spherical and were characterised by a relative homogeneity of sizes. Figure 7 shows the increasing trend of the average size of Zn0.9Co0.1O NPs and the distribution of Zn0.9Co0.1O NPs size resulting from the increase in the H2O content in the precursor. Similar correlations between the results of NPs size and the change of H2O content in the precursor were obtained during the microwave solvothermal synthesis of undoped ZnO NPs with a controlled size [60,61].



The XRD results served as a basis for determining the crystallite size and size distribution of Zn0.9Co0.1O (Table 4, Figure 8). The obtained results of crystallite size da and dc indicate that the increase in H2O content in the precursor led to the increase in size and the changes in proportions (asymmetry) of crystallites. In the case of increase in NPs size, a correlation of the increase in the da and dc crystallite dimension is visible, which may imply a change of the shape and an increase in the size distribution. The averaged crystallite size calculated in Nanopowder XRD Processor Demo [79] ranges from 25 ± 7 to 41 ± 13 nm. The obtained results confirm the increase in the standard deviation and in the crystallite size distribution depending on H2O content in the precursor (Table 4, Figure 7 and Figure 8).



The results of crystallite size obtained by two methods, Scherrer’s formula and Nanopowder XRD Processor Demo, yielded coinciding results falling within the standard deviation of these methods. When comparing the results of average particle size and average crystallite size, it can be stated that the NPs are built of single crystals. The small differences observed between particle sizes and crystallite sizes result from the general assumptions of these methods, which ultimately calculate the NPs size as the diameter of a sphere, without taking into account any changes of shapes of the obtained Zn0.9Co0.1O NPs.




3.5. Zn1−xCoxO NPs Size Control Mechanism


The method, discovered by us, of size control of undoped ZnO NPs obtained in the microwave solvothermal synthesis [60], which enables a precise control of the size of undoped ZnO NPs within the range of circa 15 nm to 120 nm by changing the H2O content in the precursor, was explained and verified by us [61]. The presented results of Zn0.9Co0.1O NPs samples confirmed that by changing the H2O content in the precursor it was also possible to control the size of Zn1−xCoxO NPs obtained by the microwave solvothermal synthesis. We believe that the mechanism of Zn1−xCoxO NPs size control is identical with the mechanism of ZnO NPs size control [61], but it must take into account an additional substrate: cobalt acetate. Generally, the mechanism of Zn1−xCoxO NPs size control can be described with the following equations:


  Zn    (  Ac  )   2  · 2  H 2  O +   Co    (  Ac  )   2  · 4  H 2  O  →  70   ° C ,   EG    (  dissolution  )    Zn    (  Ac  )   2  · 2  H 2  O + Co    (  Ac  )   2  · 4  H 2  O  



(3)






  Zn    (  Ac  )   2  + Co   ( Ac )  2   ↔      H  2  O ,   EG      (  ZnAc  )   +  +    (  CoAc  )   +  +   AcH +   Ac  −  +   OH  −   



(4)






  5 Zn    (  Ac  )   2  + 5  (  1 − x  )  Co    (  Ac  )   2  + 8  C 2   H 4     (  OH  )   2  +   yH  2  O    →  MSS ,   T ,   P       Zn   5  (  1 − x  )      Co   5 x      (  OH  )   8     (  Ac  )   2  ·   yH  2  O + 8   AcC  2   H 4  OH  



(5)






   C 2   H 4    (  OH  )  2  + AcH  ↔  T ,   P     AcC  2   H 4  OH +  H 2  O  



(6)






    Zn   5  (  1 − x  )      Co   5 x      (  OH  )   8     (  Ac  )   2  ·   yH  2  O + 2  C 2   H 4     (  OH  )   2     →  MSS ,   T ,   P       5   Zn   1 − x     Co  x  O + 2   AcC  2   H 4  OH + 5  H 2  O +   yH  2  O  



(7)






    Zn   1 − x     Co  x  O +  (  1 − x  )  Zn    (  Ac  )   2  + xCo    (  Ac  )   2  + 2  C 2   H 4     (  OH  )   2   →  MSS ,   T ,   P      (  1 + 1  )    Zn   1 − x     Co  x   O   (  particle   growth  )    +  H 2  O + 2   AcC  2   H 4  OH  



(8)







The precursor of Zn0.9Co0.1O NPs synthesis is the strictly defined quantity of the mixture of zinc acetate and cobalt acetate dissolved in ethylene glycol (2). Zinc acetates and cobalt acetates in the glycol solution are subject to dissociation and hydrolysis (3), as a result of which acetic acid is formed (AcH).



We believe [61] that the intermediate in the MSS of Zn1−xCoxO NPs is Zn5(1−x)Co5x(OH)8(Ac)2·xH2O (cobalt-doped lamellar hydroxy zinc acetate–Co-doped LHZA) (5). The reaction of synthesis and growth of the intermediate is possible exclusively thanks to the co-existence of the esterification reaction (5), since only the water created in the esterification reaction participates in the formation/growth of the intermediate (6), which was already explained by us in detail [61]. Once the esterification equilibrium constant (5) has been reached, the intermediate decomposes rapidly under the influence of temperature into homogeneous Zn1−xCoxO NPs, which grow until the unreacted quantities of reagents (the remaining quantity of zinc acetate, cobalt acetate) are used up (7).



The control of Zn1−xCoxO NPs size is possible because the change of the water content in the precursor causes an inversely proportional change of the quantity of substrates, from which the intermediate is formed, as well as a directly proportional change of the quantity of substrates, from which Zn1−xCoxO NPs grow (8). In other words, an increase in the water quantity results in a shift of the esterification reaction equilibrium (6) towards the substrates, which means:




	-

	
the quantity of reagents from which the intermediate is formed is decreased,




	-

	
a smaller quantity of identical nuclei of Zn1−xCoxO crystallisation (7) forms as a result of the decomposition of the intermediate (Co-doped LHZA),




	-

	
the quantity of reagents from which only the existing Zn1−xCoxO NPs grow is increased (8).









We argue that the method reported in this paper permits controlling Zn1−xCoxO NPs size within the range of circa 15 nm to 120 nm, i.e., the same as that for undoped ZnO NPs. In order to obtain Zn0.90Co0.10O NPs with a size below 28 nm, a precursor with an H2O content lower than 1.5% must be used; it can be prepared from dehydrated zinc acetate and dehydrated cobalt(II) acetate. Conversely, in order to obtain Zn0.90Co0.10O NPs with a size greater than 53 nm, a precursor with an H2O content greater than 5% must be used for the synthesis. The correlation between the Zn1−xCoxO NPs size and the H2O content in the precursor (NPs size = f(H2O)) may be different for various reagents [60], which results from differing contents of trace impurities, which may contribute to a shift of the esterification reaction equilibrium [61].





4. Conclusions


Zn0.9Co0.1O NPs were obtained by microwave solvothermal synthesis from a mixture of zinc acetate and cobalt acetate dissolved in ethylene glycol.



It was proved by the example of Zn0.9Co0.1O NPs (x = 10 mol %) that it was possible to precisely control the size of Zn1−xCoxO NPs in the microwave solvothermal synthesis process at least within the range of 28 nm to 53 nm by controlling the water quantity in the precursor.



The mechanism of Zn1−xCoxO NPs size control was explained and discussed based on our earlier results of tests concerning the microwave solvothermal synthesis of undoped ZnO NPs with a controlled size.



Our paper shows the high potential of the microwave solvothermal synthesis method to obtain homogeneous Zn1−xCoxO NPs as well as control their size.



We presume that the method of Zn1−xCoxO NPs size control presented here may be used also to optimise the properties of Mn2+ and Fe2+-doped ZnO NPs.
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Figure 1. The number of scientific publications referring to the search of “doped ZnO” and “cobalt-doped ZnO” phrases published in the period of 2009–2018. Source: ScienceDirect (accessed on 9 April 2018). 
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Figure 2. SEM images of Zn0.9Co0.1O NPs obtained from precursors with varied H2O content: (a) 1.5%; (b) 2%; (c) 3%; (d) 4%; (e) 5%. Mag = 50 kx. 
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Figure 3. SEM images of Zn0.9Co0.1O NPs obtained from precursors with varied H2O content: (a) 1.5%; (b) 2%; (c) 3%; (d) 4%; (e) 5%. Mag = 100 kx. 
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Figure 4. SEM images of Zn0.9Co0.1O NPs obtained from precursors with varied H2O content: (a) 1.5%; (b) 2%; (c) 3%; (d) 4%; (e) 5%. Mag = 250 kx. 
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Figure 5. X-ray diffraction patterns of Zn0.9Co0.1O NPs. 
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Figure 6. Impact of H2O content in the precursor on the change of lattice parameters of Zn0.9Co0.1O NPs. 
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Figure 7. The histogram of the particle size distribution of Zn0.9Co0.1O NPs (TEM method): (a) 1.5% H2O, (b) 2% H2O, (c) 3% H2O, (d) 4% H2O, (e) 5% H2O. 
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Figure 8. Crystallite size distributions of Zn0.9Co0.1O NPs obtained using Nanopowder XRD Processor Demo, pre α ver.0.0.8, © Pielaszek Research [78]. 
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Table 1. Results of analysis of H2O content in precursors of Zn0.9Co0.1O nanoparticles (NPs).
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	Sample
	Actual H2O Concentration, CpH2O (wt %)





	Zn0.9Co0.1O (1.5% H2O)
	1.48 ± 0.03



	Zn0.9Co0.1O (2% H2O)
	2.00 ± 0.02



	Zn0.9Co0.1O (3% H2O)
	3.05 ± 0.04



	Zn0.9Co0.1O (4% H2O)
	3.95 ± 0.03



	Zn0.9Co0.1O (5% H2O)
	5.07 ± 0.04
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Table 2. Results of analysis of chemical composition of Zn0.9Co0.1O NPs.






Table 2. Results of analysis of chemical composition of Zn0.9Co0.1O NPs.





	
Sample

	
Actual Content of Dopant, mol %




	
EDS

	
ICP-OES




	
Zinc

	
Cobalt

	
Zinc

	
Cobalt






	
Zn0.9Co0.1O (1.5%H2O)

	
90.94 ± 0.52

	
9.06 ± 0.52

	
92.03 ± 0.91

	
7.97 ± 0.05




	
Zn0.9Co0.1O (2%H2O)

	
90.46 ± 0.39

	
9.54 ± 0.39

	
92.29 ± 0.27

	
7.71 ± 0.02




	
Zn0.9Co0.1O (3%H2O)

	
90.77 ± 0.45

	
9.23 ± 0.45

	
92.28 ± 0.12

	
7.72 ± 0.02




	
Zn0.9Co0.1O (4%H2O)

	
90.10 ± 0.57

	
9.90 ± 0.57

	
92.30 ± 0.38

	
7.70 ± 0.03




	
Zn0.9Co0.1O (5%H2O)

	
90.28 ± 0.64

	
9.72 ± 0.64

	
91.91 ± 0.25

	
8.09 ± 0.02




	
Zn0.9Co0.1O, reference sample [28]

	
-

	
-

	
90.86

	
9.14
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Table 3. Lattice parameters and ratio of lattice parameters of Zn0.9Co0.1O NPs.
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Sample.

	
Lattice Parameters

	
Lattice Parameter Ratio c/a

	
Lattice Parameter Ratio c/a in hcp ZnO




	
a ± σ, (Å)

	
c ± σ, (Å)






	
ZnO (JCPDS No. 36-1451)

	
3.2498

	
5.2066

	
1.6021

	
1.6330




	
ZnO (1.5%H2O) reference sample, MSS, [60]

	
3.2502 ± 0.0003

	
5.2061± 0.0003

	
1.6018




	
Zn0.9Co0.1O (1.5%H2O)

	
3.2525 ± 0.0004

	
5.2082 ± 0.0004

	
1.6013




	
Zn0.9Co0.1O (2%H2O)

	
3.2522 ± 0.0004

	
5.2070 ± 0.0004

	
1.6011




	
Zn0.9Co0.1O (3%H2O)

	
3.2521 ± 0.0004

	
5.2057 ± 0.0004

	
1.6007




	
Zn0.9Co0.1O (4%H2O)

	
3.2522 ± 0.0004

	
5.2061 ± 0.0004

	
1.6008




	
Zn0.9Co0.1O (5%H2O)

	
3.2520 ± 0.0004

	
5.2057 ± 0.0004

	
1.6008
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Table 4. Characteristics of Zn0.9Co0.1O NPs.
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	Sample
	SSA, as ± σ (m2/g)
	Skeleton Density, ρs ± σ (g/cm3)
	Average Particle Size from SSA, d (nm)
	Average Crystallite Size, Scherrer’s Formula, da, dc (nm)
	Average Crystallite Size, Nanopowder XRD Processor Demo, D ± σ (nm)
	Average Particles Size from TEM, d ± SE * (nm)





	Zn0.9Co0.1O (1.5%H2O)
	42.6 ± 0.1
	5.05 ± 0.04
	28
	23a; 26c
	25 ± 7
	23 ± 1



	Zn0.9Co0.1O (2%H2O)
	37.3 ± 0.1
	5.13 ± 0.03
	31
	27a; 27c
	28 ± 8
	31 ± 1



	Zn0.9Co0.1O (3%H2O)
	31.7 ± 0.1
	5.26 ± 0.03
	36
	28a; 33c
	30 ± 8
	34 ± 1



	Zn0.9Co0.1O (4%H2O)
	28.8 ± 0.1
	5.30 ± 0.03
	39
	30a; 37c
	32 ± 9
	38 ± 1



	Zn0.9Co0.1O (5%H2O)
	21.2 ± 0.1
	5.35 ± 0.02
	53
	36a; 50c
	41 ± 13
	52 ± 3







*—Standard Error.
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