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Abstract: The aim of this study is to explore the size and structural behavior of ZnO 

nanoparticles obtained by aqueous synthesis under varied conditions. Three aqueous 

synthesis routes were employed to obtain ZnO nanoparticles (ZnO NPs): a standard 

method with mechanical stirring (ZnO‑std), a polyvinyl alcohol–assisted route 

(ZnO‑PVA), and a high‑speed stirring variant (ZnO‑UT). ZnO‑std produced particles 

with an average grain size of 87 nm. ZnO‑PVA yielded the smallest particles (~73 nm) 

with reduced lattice constants and tensile strain, effects attributed to the surfactant action 

of PVA during nucleation. In contrast, ZnO‑UT generated the largest particles (~92 nm) 

with compressive strain and the lowest lattice constant, consistent with Ostwald ripening 

driven by strong stirring. These findings highlight how surfactant mediation and stirring 

dynamics govern ZnO nanostructure evolution, providing a basis for tailoring particle 

size and strain in functional applications. 

 

 

1. Introduction 

In recent decades, nanodimensioned materials have gained significant relevance and become 

the focus of extensive research (Malik et al. 2023, Kolahalam et al. 2019). Nanomaterials are generally 

defined as materials with dimensions of approximately 100 nm or less in at least one geometric 

direction. They exhibit remarkable and unique physical and chemical properties, which depend on 

factors such as shape, size, charge distribution, and structural order (Zafar et al. 2022). Consequently, 

numerous studies have sought to modify and control these characteristics. Among these, nanoparticle 

shape and size are particularly influential in determining material properties (Roduner 2026), leading 

to the development of multiple synthesis methods for nanomaterials (Baig et al. 2021). 

Nanomaterials can be classified into several categories, including carbon-based, metals, metal 

oxides, semiconductors, ceramics, and other nanoparticles and nanostructures (Hassan, 2015; Tabaght 

et al., 2021; Salem et al., 2022; Hossain et al., 2023; El Garrab & Zekriti, 2025; Mohamed et al., 2025). 

Within this broad spectrum, inorganic oxides—especially those of transition metals—stand out due to 
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their exceptional properties and wide-ranging applications in sensors, optoelectronics, photovoltaics, 

electrochemistry, photocatalysis, energy storage, and biomedicine (Saidi et al., 2022; Xiong et al., 

2022; El Garrab & Zekriti, 2024; Abouri et al., 2025; Husaini, 2026). Among transition-metal oxides, 

zinc oxide (ZnO) occupies a prominent position. 

ZnO continues to attract research interest due to its well-established, enhanced, and emerging 

applications across diverse scientific and technological fields (Clarke and Ghandi 2023, Islam et al. 

2025; Alshahateet et al., 2024; Dey et al. 2025, Ragu Prasath et al. 2026). It is an n-type semiconductor 

with high conductivity, a band gap energy of 3.37 eV (rendering it transparent to visible light), and an 

exciton binding energy of 60 meV—significantly higher than the thermal energy at room temperature 

(Ong et al. 2018, Morkoç and Özgür 2009, Wang 2009, Ghamarpoor et al. 2024). 

A wide variety of synthesis methods have been employed to obtain ZnO, each producing 

distinct morphologies with specific properties (Garner et al. 2023, Leung et al. 2004, Abd Alsaheba et 

al. 2025). Among these, nanosized morphologies (Saeed et al. 2023), particularly nanoparticles (NPs) 

(Jiang et al. 2023, Shaba et al. 2021, Droepenu et al. 2022), have been extensively studied. Techniques 

such as aqueous synthesis, hydrothermal growth, and chemical decomposition are commonly used 

(Iribarren et al. 2019, Iribarren et al. 2014, Dem’Yanets et al. 2006). The characteristics of ZnO NPs 

depend strongly on the synthesis method, even when methods appear similar. Therefore, it is crucial to 

elucidate the properties of samples obtained by related approaches. Previous studies have also explored 

the use of complexing agents to modify the physical properties of ZnO NPs (Bezerra et al. 2019, Soli 

et al. 2021). 

In this work, ZnO nanoparticles (ZnO NPs) were synthesized through modified aqueous routes 

to probe the influence of surfactant mediation and stirring dynamics. Specifically, polyvinyl alcohol 

(PVA), which is is a water-soluble polymer (Agrawal et al. 2023), was incorporated into the precursor 

solution and high velocity stirring was applied as a process variation to a previously reported method 

(Iribarren et al. 2019). The resulting ZnO NPs were systematically compared formorphological and 

structural characteristics, revealing distinct size and strain profiles attributable to surfactant effects and 

energy transfer during nucleation. These insights establish a framework for tailoring ZnO 

nanostructures via synthesis parameters, enabling informed selection for optoelectronic and energy-

related applications. 
 

2. Methodology  

2.1 Experiments 

For two of the synthesis a MC-8 Bunsen Magnetic Stirrer with Heating was used. The third 

synthesis was carried out with a Homogenizer IKA T 25 digital ULTRA-TURRAX. The annealing of 

the obtained nanoparticles was made in a Mufla Furnance SX2-12TP. 

A scanning electron microscopy (SEM) Tescan, Type Vega 3 SBH instrument with a previous 1.3 

nm Au coating of the samples was used to obtain the nanoparticle morphologies. Structural analysis 

was carried out with a Bruker D-8 Advance x-ray diffractometer and CuKα radiation (λ=0.15406 nm) 

and incidence geometry of grazing and a beam incidence angle of 1° and recorded in steps of 0.02 for 

3 s. 



González-Hurtado et al., J. Mater. Environ. Sci., 2026, 17(6), pp. 1036-1046 1038 

 

2.2 Synthesis methods 

For the obtaining of ZnO NPs three methods with specific changes were used. One of them was 

considered as reference and it is name “standard” synthesis method (ZnO-std) using a hot plate with 

stirring of the precursor dissolution. A second method was similar to the ZnO-std method, but with 

addition of polyvinyl alcohol (ZnO-PVA). The third method was using a Ultra-TURRAX homogenizer 

for stirring the precursor dissolution (ZnO-UT). Following, a detailed description of the methods is 

presented. After obtaining the ZnO NPs, they were put under thermal treatment in air at 400°C for 3 

hours. 

2.2.1 “Standard” synthesis method (ZnO-std) 

 This method has been usual in previous works (Iribarren et al. 2019). The standard synthesis method 

(ZnO-std) has been described elsewhere (Iribarren et al. 2019). A dissolution was prepared with an 

amount of 5 g of Zn acetate (Zn(CH3CO2)2•2H2O, ZnAc2), which was dissolved in 20 mL of bidistilled 

H2O under magnetic stirring at 60°C. Dissolution of 1 g NaOH in 20 mL of bidistilled water was 

prepared and added by slow dropping to the ZnAc2 dissolution under stirring at 60°C, which was kept 

for 2 more hours. A white precipitation was observed. The resulting dissolution with the precipitation 

was kept at rest for 72 hours and then was centrifuged at 9000 rpm for 30 min alternating twice with 

successive washes in 20 mL of ethanol and in 20 mL of distilled water. After decanting, the obtained 

powder remained drying at room environment for 48 hours.  

2.2.2 PVA-added synthesis method (ZnO-PVA) 

Dissolution of 1 g of PVA (average m. w. 155 000) in 20 mL of bidistilled water under stirring at 

around 85°C up to total dissolution was prepared. The ZnO synthesis procedure was similar to that of 

ZnO-std, but 1 mL of the 1PVA:20H2O dissolution was added to the ZnAc2+H2O dissolution. The 

same steps of NaOH dissolution dropping, washing, centrifugation and drying were followed up to 

obtaining a white powder. 

2.2.3 UltraTurrax-assisted synthesis method (ZnO-UT) 

Similar procedure to that of the ZnO-std method was used, but the stirring was carried out with a Utra-

Turrax homogenizer at 5700 rpm and 60°C. After dropping of the NaOH dissolution the stirring was 

increased up to 9800 rpm. The rest of steps, i. e., centrifugation and drying, were followed up to 

obtaining a white powder, were followed as in the ZnO-std method. 

2.2.4 Annealing 

All the samples were annealed at the same time, according to a procedure previously established 

(Iribarren et al. 2019), in a furnace at 400°C for 3 h, in order to eliminate undesirable organic residuals. 

3. Results and Discussion 

3.1 Morphological analysis 

The analysis of SEM images of Figure 1 indicates that all the nanoparticles are spheroidal forming 

agglomerations, although the NPs of Figure 1b obtained with the ZnO-PVA method are seen smaller 

and in Figure 1c the NPs obtained with the ZnO-UT method are observed larger. The measurement of 

the grain sizes DSEM and the average volume of the grains VSEM, which was estimated with the sphere 

volume equation, are presented in Table 1.  
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Figure 1. SEM images of the ZnO NPs obtained with the ZnO-std (a), the ZnO-PVA (b) and ZnO-UT (c) 
methods 

Table 1. Sizes and volumes of the grains for each method. 

Method SEMD 

(nm) 
SEMV 

)
3

nm( 

ZnO-std 87±5 344791 (±17%) 

ZnO-PVA 73±6 203689 (±25%) 

ZnO-UT 92±5 407720 (±16%) 

3.2 Structural analysis 

From Figure 2 that displays the diffractograms of ZnO NPs obtained with each synthesis method, 

it is possible to observe that in all the samples only peak corresponding to single-phase wurtzite 

hexagonal are present as observed in comparison with the ZnO pattern (JCPDS 2003). The angle of 

the main peaks increases according the synthesis method as observed in Table 2.  

 

Figure 2. Diffractograms of the ZnO NPs obtained with the three synthesis methods 

It means that the lattice of the NPs obtained with the ZnO-std method is the most tensed, those 

NPs obtained with ZnO-PVA one is less tense and those obtained with ZnO-UT is the less tense. 

Correspondingly, using the expression (Cullity 1956): 

𝑠𝑖𝑛2𝜃 =
𝜆2

4
[

4

3
×

(ℎ2+ℎ𝑘+𝑘2)

𝑎2 +
𝑙2

𝑐2
]  Eqn. 1 
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where  is the peak angle, =0.15405 nm x-ray wavelength, and h, k and l are the Miller indexes, 

the lattice constants a=b and c were calculated using the peaks (100) and (002) as tabulate in the Table 

1 and plotted in Figure 3. The macrostrains over the directions a and c were calculated in comparison 

with the pattern (JCPDS 2003) with the expressions: 

𝛿𝑎 =
𝑎−𝑎0

𝑎0
 and  𝛿𝑐 =

𝑐−𝑐0

𝑐0
.  Eqn. 2 

where a0 and c0 are the pattern lattice parameter. The volume of the unit cell Vc in an hexagonal 

lattice, as obtained with the expression (Cullity 1956): 

𝑉𝑐 =
√3𝑎2𝑐

2
= 0.866𝑎2𝑐 Eqn. 3 

The average number of unit cells (nc) in the grains was calculated from the relationship between 

Vc and  VSEM and it is also presented in Table 2 and it is plotted in Figure 4. 

  

Figure 3. Behavior of the lattice parameters a and c and macrostrain  for the crystallographic directions with 

each synthesis method. 

Table 2. 2 angles, lattice parameters a and c, macrostrains  over the crystallographic planes, volume of the 

obtained with the three synthesis c and average number of unit cells in the grains n cunit cell of ZnO NPs V

methods. 

Method )100(2 

(°) 
)002(2 

(°) 

a 

(nm) 
a 

(%) 

c 

(nm) 
c 

(%) 

cV 

)
3

nm( 
cn 

)
6

10(× 

Pattern 31.7790 34.430 0.3248 - 0.5205 - 0.04755 - 

ZnO-std 31.7660 34.421 0.3250 0.0616 0.5206 0.0192 0.04762 7.24 

ZnO-PVA 31.7745 34.432 0.3249 0.0307 0.5205 ~0 0.04758 4.28 

ZnO-UT 31.7834 34.440 0.3248 ~0 0.5204 -0.0192 0.04754 8.58 

 

As observed from the angular position of the (100) and (002) peaks the ZnO NPs obtained with 

the ZnO-std method is tensed in comparison to the pattern, but the tension decreases for NPs obtained 

from the ZnO-PVA method and becomes compressive for those with the ZnO-UT one, as can be also 

observed from the macrostrain tabulated in Table 2 and plotted in Figure 3c. Those behaviors 

correspond with the decreasing of the lattice constants as in Figures 3a and 3b. On the other hand, the 

number of unit cells decreases for the NPs with the ZnO-PVA method respect to those of ZnO-std one 

and increases for those with the ZnO-UT one, which was plotted in Figure 4. 
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Figure 4. Average number of unit cells in the grains. 

The crystallite sizes and effective microstrain distribution of the NPs from diffractograms were 

calculated by pseudoVoig fitting of the peaks and using the Williamson-Hall expression (Williamson 

and Hall 1953), given by: 

𝑤 𝑐𝑜𝑠𝜃 =
𝜆

𝐷
+ 4𝜀𝑐𝑠𝑖𝑛𝜃  Eqn 4 

where w is the full width at half maximum, D is the crystallite size (volume average), and c is 

the effective microstrain distribution. Six peaks were used for using the Willimason-Hall expression. 

On the ther hand, for determining the crystallite size and strain distribution in a specific plane a 

Voigt fitting, that gives Lorentzian and Gaussian components. Crystallite size was estimate with the 

parameters of the Lorentzian component using the Scherrer expression (Mittemeijer and Welzel 2013): 

𝑑𝑆𝑐ℎ =
0.9 𝜆

𝑤𝐿 cos 𝜃
  Eqn 5 

where wL is the Lorentzian full width at half maximum,  is the wavelength of x-ray radiation, 

and  the angle of the corresponding peak (hkl) of the Bragg reflection. The microstrain distribution 

was estimate from the parameters of the Gaussian component and using the Stokes-Wilson expression 

(Stokes and Wilson 1944): 

𝜇𝜀 =
𝑤𝐺

2𝑡𝑎𝑛𝜃
 Eqn 6 

where wG is the Gaussian full width at half maximum in the Voigt fitting of the diffraction peak (hkl). 

For all these analysis we used the main peaks of the diffractograms, i. e., (100), (002) and (101). Table 

3 tabulates the crystallite sizes DWH and effective microstrains distribution WH from Williamson-Halls 

expressions, crystallite sizes DSch of the main peaks using Scherrer expression, and microstrain 

distributions by crystallographic planes  from Stokes-Wilson expression of the ZnO NPs obtained 

with each synthesis method. 
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Halls expressions, -from Williamson WHand effective microstrain distribution  WH. Crystallite sizes DTable 3

of the main peaks using Scherrer expression, and microstrain distributions for  Schcrystallite sizes D

.Wilson expression of the ZnO NPs-from Stokes aphic direction crystallogr 

 

Sample (nm) WHD  WH

(%) 

Peak (100) Peak (002) Peak (101) 

 SchD 

(nm) 
 

(%) 

 SchD 

(nm) 
 

(%) 

 SchD 

(nm) 
 

(%) 

ZnO-std 91.6±0.5 0.75 71.0 0.22 79.2 0.21 73.5 0.21 

ZnO-PVA 78.5±0.3 0.64 73.2 0.21 84.7 0.21 74.1 0.21 

ZnO-UT 87.4±0.3 0.62 87.2 0.21 106.1 0.23 89.9 0.20 

 

The grain and crystallite sizes obtained from SEM images and Williamson-Hall expression are 

near for the three synthesis methods respectively as observed in Figure 5a. That indicates that in 

average each grain is practically formed by one crystallite. However, it is possible to observe that there 

is preferential distortion on the (002) plane in the ZnO NPs obtained with the ZnO-PVA method and it 

is more accented in those with the ZnO-UT method. In SEM image of Figure 1c it is possible to 

observe the ellipsoidal form of the grains, which is related to that preferential crystallite size in the 

(002) direction. The effective microstrain distribution WH decreases with the ZnO-PVA and ZnO-UT 

methods as displayed in Figure 5b. The microstrain distributions for all the methods and planes are 

near and can be considered with an average   0.21%. 

 

Figure 5. Grain (DSEM) and crystallite sizes (a) and effective microstrain distribution (b) as functions of 

the synthesis method. 

In other analysis of the diffractograms, the crystallographic texture or intensity correlation of 

each hkl peak Iphkl can be found with the expression: 

𝐼𝑝ℎ𝑘𝑙 =
𝐼ℎ𝑘𝑙

∑ 𝐼ℎ𝑘𝑙𝑛
  Eqn 7 

where Ihkl is the intensity of each (hkl) peak and n is the number of peaks used. We used the three most 

intense peaks, which are those of the planes (100), (002) and (101), i. e., n=3.  

Figure 6 shows a comparison of the texture for the three choose peaks in the three obtaining methods 

and the texture values of the pattern are also shown. It is possible observe that each method influences 

differently on the texture. That is related to changes in the preferential growth of each plane. The texture 

given by the (100) peak is around that of the pattern for all the obtaining methods. The texture of the 
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(002) peak is higher than that of the pattern for the ZnO-std and ZnO-PVA synthesis, but it is near that 

of the pattern for the ZnO-UT synthesis. 

 

Figure 6. Behavior of the relative intensities Ip of the main peaks for each method. The solid symbols 

correspond to the relative intensities of the ZnO pattern. 

The results indicate that the incorporation of PVA reduces grain size, suggesting its potential for 

grain‑size control in ZnO nanoparticle synthesis. This reduction is attributed to the tensoactive effect 

of PVA (Cortes et al. 2021)] during nucleation and growth. In contrast, the ZnO‑UT method produced 

a slight increase in average grain size. Although high‑speed stirring is often associated with grain 

refinement, in this case Ostwald ripening (Hachem et al. 2022) and the additional energy supplied by 

strong stirring appear to dominate over shear effects, leading to grain growth and improved structural 

organization. The lattice constants (a and c) decreased for ZnO‑PVA relative to ZnO‑std, with the 

lowest values observed in ZnO‑UT. Similarly, microstrain was reduced in ZnO‑PVA and reached its 

lowest level in ZnO‑UT compared to ZnO‑std. Furthermore, ZnO‑UT nanoparticles exhibited textures 

of the three main diffraction peaks approaching those of the reference pattern, whereas ZnO‑std and 

ZnO‑PVA showed deviations. These findings highlight the distinct roles of surfactant mediation and 

stirring dynamics in controlling grain size, strain, and crystalline texture in ZnO nanostructures. 

Conclusion 

ZnO nanoparticles (ZnO NPs) were synthesized through three aqueous routes: a standard method with 

mechanical stirring (ZnO‑std), a polyvinyl alcohol–assisted method (ZnO‑PVA), and a high‑speed 

homogenizer variant (ZnO‑UT). Comparative analysis revealed that PVA addition produced smaller 

grains and crystallites with reduced strain and lower lattice constants, effects attributed to the surfactant 

action of PVA during nucleation. In contrast, the ZnO‑UT method yielded larger grains with crystallites 

comparable to ZnO‑std but exhibiting the lowest strain and disorder, consistent with energy transfer 

and Ostwald ripening under strong stirring. These findings demonstrate that surfactant mediation and 

stirring dynamics critically govern ZnO nanostructure evolution, providing a basis for tailoring particle 

size, strain, and structural order to optimize performance in functional applications. 
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