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Abstract: Herein, we describe the synthesis and characterization of La2ZrZnO6 (LZZO) nanoparticles 

using the sol-gel method. The structure and morphology of as-prepared nanoparticles were 

characterized using powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), UV-

visible spectroscopy, and impedance spectral analyses. The XRD pattern reveals that the average 

crystallite size of the as-prepared LZZO nanoparticles is 169 nm. The as-prepared nanoparticles show 

an orthorhombic crystal perovskite system with two distinct types of small and large pores distributed 

uniformly across the surface area. On the other hand, the Ramna spectral investigations revealed the 

stretching and bending vibrations within the as-prepared nanomaterial. Furthermore, AC electrical 

studies and impedance analysis of LZZO nanoparticles were examined using dielectric studies. As-

prepared LZZO nanoparticles exhibited a superior dielectric function, thus indicating its potential for 

use in energy harvesting applications. The photocatalytic degradation studies of LZZO nanoparticles 

against methylene blue (MB) dye were assessed under light, demonstrating the potential property 

exposure to determine its photocatalytic activity.   
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1. Introduction 

The escalating energy demands coupled with rapid climate changes have spurred 

scientists to devise eco-friendly solutions for clean energy applications [1, 2]. Various 

approaches have been proposed to develop multifunctional materials capable of exhibiting 

optical, electrical, and electrochemical properties [3]. This trend stems from the demand to 

curtail power consumption while enhancing the functionality of next-generation electronic 

devices [4]. Semiconductor materials that catalyze chemical reactions to light exposure hold 

significant promise for environmental remediation, including water and air purification and 

energy conversion applications such as solar cells and hydrogen production [5]. 

Perovskite materials, renowned for their magnetic, electronic, and structural properties, 

have gained widespread attention. Single perovskites, denoted by ABO3, are filled with alkali 

or rare earth metals in the A-site and transition metals in the B-site [6, 7]. Perovskite solar cells 

are emerging as affordable and efficient solutions for solar energy conversion [8]. Their 

optoelectronic properties make them suitable for LEDs, lasers, and photodetectors. 

Additionally, perovskite-based catalysts show high activity in various catalytic and 

photocatalytic reactions, which are essential for energy conversion and environmental 
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applications [9]. Transitioning single perovskite into double perovskites (A2BB’O6) enhances 

thermal stability, carrier mobility, and safety [3, 10]. Double perovskite solar cells have seen 

a dramatic increase in efficiency, now exceeding 25%. Double perovskites like Sr2FeMoO6 

and Ba2NaOsO6 exhibit high magnetoresistance and are promising for spintronics with 

narrower band gaps [11]. 

Lanthanum oxide (La2O3) is appreciated for its high refractive index, making it valuable 

in optical materials [12]. With their high dielectric constant and excellent thermal stability, 

Lanthanum oxide nanoparticles find applications in diverse industries because of their unique 

chemical, catalytic, magnetic, and electronic properties. Zinc oxide (ZnO) is another crucial 

material in the UV-Vis region used as a sensor [13]. As a wide bandgap semiconductor, zinc 

oxide is utilized in various optoelectronic devices such as LEDs, photodetectors, and solar cells. 

The double perovskites with zirconium are rarely available [14]. Its thermal expansion 

properties benefit refractory materials, while its chemical inertness and ability to conduct 

oxygen ions at high temperatures make it a preferred electrolyte for SOFCs [15]. 

We synthesized the Zr-based La2ZrZnO6 double perovskite using the cost-effective 

sol-gel method in this study. Subsequently, we investigated the synthesized material's optical 

and electrochemical properties per the literature report [16]. 

2. Materials and Methods  

2.1. Materials and methods. 

Lanthanum nitrate (Avra chemicals, India), zirconium nitrate (Kemphasol, USA), and 

zinc nitrate (Avra, India) are procured from commercial sources. The PXRD measurements 

were conducted on an X-Pert Pro diffractometer at ambient temperature utilizing a Cu–Kα 

radiation source, and the results were gathered throughout the 2θ range of 10° to 80°. The 

absorption studies were performed on a UV-1800 spectrophotometer (Shimadzu, Japan). 

2.2. Synthesis of double perovskites. 

The double perovskites La2ZrZnO6 nanoparticles were synthesized through a simple 

sol-gel method. Lanthanum nitrate (4.14 g), zirconium nitrate (6.17 g), and zinc nitrate (2.41 

g) are dissolved in 50 mL of water and stirred together for 30 mins. To this, 100 mL of 1 M 

citric acid was added and continuously stirred for 6 h. The resulting solution turned white, which 

was then stirred continuously at 80°C until it became a sticky gel. Thus, the obtained gel was 

dried and calcinated at 700°C for 12 h to get a fine, homogenous, dense powder. 

3. Results and Discussion 

3.1. X-ray diffraction studies. 

The identification of the phases and average crystallite sizes of the LZZO nanoparticles 

were obtained using PXRD investigation [21]. The measurements were conducted at ambient 

temperature utilizing a Cu–Kα radiation source, and the results were gathered throughout the 

2θ range of 10° to 80° [22]. The PXRD was indexed to the orthorhombic crystal perovskite 

system [10]. The experimentally observed and refined simulated XRD patterns are displayed 

in Figure 1, and the average size of FWHM is given in Table 1. Most significant peaks from the 

experimentally observed pattern match the simulated pattern [23-25].  
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Figure 1. The X-ray diffraction pattern of the LZZO was compared with that simulated pattern. 

Table 1. Crystallite sizes of LZZO nanoparticles. 

Position [2θ] FWHM Size 

7.3395 1.2595 66.13 

15.9038 0.9446 88.85 

22.4880 1.2595 67.29 

26.1798 0.4723 180.70 

28.5148 0.5510 155.66 

30.1062 0.3149 273.35 

32.9485 0.4723 183.54 

36.3584 0.4723 185.25 

44.6132 0.4723 190.25 

47.4393 0.6298 144.17 

72.2031 0.3936 261.43 

73.5408 0.4723 219.75 

75.6259 0.5510 191.00 

Average Crystallite Sizes = 169.00 

3.2. Surface morphology studies. 

The sample's surface morphology and quantitative elemental composition were 

analyzed using scanning electron microscopy (SEM) images and energy-dispersive X-ray 

spectroscopy (EDS) analysis. Figure 2 represents SEM images showcasing the surface 

morphology of the LZZO sample at varying magnifications (2 µm, 200 nm, and 100 nm) at 

different randomly selected locations. The SEM images reveal that the LZZO sample exhibits 

two distinct types of small and large pores distributed uniformly across the surface area. The 

presence of large pores can be attributed to the significant release of gas molecules during the 

heat treatment process. These large pores are homogenously interspersed with smaller pores 

located within the outer boundaries of the larger one. The morphology observed resembles 

small island-like structures comprising slightly agglomerated nanoparticles because of the 

intense heat treatment experienced by the sample. The dispersion of the grain around 150 nm 

conforms to the material's polycrystalline behavior. The randomly selected particles' EDX 

profile confirms that the samples are pure and all the constituent elements are present. The 

elemental quantities analysis (inset Table) confirms that the constituent elements are present in 

the expected quantities. 
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Figure 2. SEM images, EDX- profile, and quantitative analysis (inset Table) of LZZO nanoparticles. 

3.3. Raman spectra. 

Raman spectra of the as-synthesized LZZO nanoparticles were recorded at room 

temperature. From Figure 3, it can be seen nine Raman active modes in the range between 80 

cm⁻¹ to 1090 cm⁻¹. In the lower frequency region, the peaks at 82 cm⁻¹ and 106 cm⁻¹ are 

attributed to the bending vibrations of La-O bonds [32]. The peak at 140 cm⁻¹ could also be the 

bending vibrations of La-O and Zn-O bonds [33].  

 
Figure 3. Raman spectrum of the as-synthesized LZZO nanoparticles. 

The peak that appeared at 203 cm⁻¹ is due to the combination of stretching vibrations of 

La-O and Zr-O bonds. The peaks at 286 cm⁻¹ and 855 cm⁻¹ within this range (300-700 cm⁻¹) 

are attributed to the stretching modes of Zr-O bonds. The peak that appeared at 203 cm⁻¹ is due 

to the combination of stretching vibrations of La-O and Zr-O bonds. The peaks at 286 cm⁻¹ and 
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855 cm⁻¹ are attributed to the stretching modes of Zr-O bonds [34]. The peaks noticed at 366 

cm⁻¹ and 409 cm⁻¹ are ascribed to the pure O-O stretching modes, which are a bit lower than 

their actual position, which is around 450-550 cm⁻¹ appearing positions. These O-O vibrations 

possibly defects in the LZZO system [34]. This peak is significantly higher than the usual 

Raman active modes observed in LZZO. It might be due to overtone or combination modes of 

other vibrations or possibly due to background noise or contamination in the measurement [34]. 

3.4. Impedance spectral analysis. 

Impedance spectroscopy is a very effective technology used to analyze the electrical 

properties of materials [34]. Figure 4 displays the frequency-dependent real component of the 

impedance Z' versus frequency plot at room temperature. The real component of the impedance 

exhibits distinct behavior depending on the frequency range [35]. At low frequencies until 

7.7×103, the real part of the impedance decreases rapidly from 6.5×106 to 2.5×106 as the 

frequency increases. After that frequency, it gradually decreases. This can be explained by the 

increase in AC conductivity due to the higher mobility of charge carriers and the decrease in 

the concentration of trapped charges [36]. At higher frequencies, the Z' curves are almost 

reduced to reach flat, suggesting the potential release of space charge polarization and 

subsequent reduction in barrier features inside the material, which increases conductivity [37]. 

This is inversely proportional to the frequency dependence impedance spectral response, which 

indicates that the study materials belong to the capacitive materials [38]. At the lower range, 

the sudden decrease is also associated with the relaxation processes being more accurate at the 

lower frequencies for this material, as seen by the behavior of the following imaginary 

component of the impedance Z″. 

 
Figure 4. Frequency-dependent dielectric constant of the LZZO nanoparticles. 

3.5. optical studies. 

Figure 5(a) depicts the UV–Vis–NIR diffuse reflectance spectra (DRS) of LZZO 

material obtained in the 200–800 nm range. In DRS, a strong band was seen in the 200–800 

nm range, with a peak around 450–500 nm. This band relates to the charge transfer band (CTB), 

which is a band that moves from the O2–ligand to the La3+ ions in the host lattice [39]. The 

optical bandgap energy is generally determined from measured diffuse reflectance spectra, 

which can be transformed into the corresponding absorption spectra by applying the Tauc plot 

(equation 1) and Kubelka-Munk equation (equation 2) [41]. Although the K-M plot and the 
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Tauc plot both evaluate the interaction between light and materials, the K-M plot is superior 

when it comes to materials that are opaque or scatter light and homogenous samples. Compared 

to Tauc plots, K-M plots are less susceptible to the effects of scattering and provide a more 

comprehensive picture since they consider both absorption and scattering effects [42]. Because 

of this, K-M is a more suitable option for comprehending the entire light interaction in 

samples of this kind. The optical bandgap of the LZZO can be calculated using the Kubelka-

Munk equation. 

(𝛼ℎ𝑢)1/𝛾 = 𝐵 (ℎ𝖯 − 𝐸𝑔)               (1) 

(F (R) × ℎγ)1/𝛾 = 𝐵 (ℎ𝖯 − 𝐸𝑔)       (2) 

where h denotes the Planck constant, ν represents the frequency of the photon, Eg 

signifies the band gap energy, and B is a constant. The γ factor has a different value for the 

direct and indirect transition band gaps is 1/2 or 2, correspondingly, and is contingent upon the 

characteristics of the electron transition. In most cases, the band gap energy is calculated using 

diffuse reflectance spectra that have been measured and converted to absorption spectra via the 

Kubelka-Munk equation [43]. The calculated direct and indirect bandgaps of LZZO materials 

are found to be 2.7eV and 3.2eV, respectively. This optical bandgap value suggests that the 

LZZO materials could be a potential candidate for photovoltaics and photocatalytic 

applications [44]. 

 
Figure 5 . (a) DRS spectrum at room temperature; (b) Kubelka-Munk direct bandgap; (c) indirect bandgap of 

the LZZO materials. 

3.6. Photocatalysis investigation. 

The photocatalytic absorption results of LZZO nanoparticles with methylene blue dye 

degradation are depicted in Figure 6. The photocatalytic absorption spectra confirm that the 

maximum absorption of the initial methylene blue dye is gradually degraded over time. The 

synthesized LZZO sample shows 35% degradation in 60 minutes, revealing that the 

degradation rate is significantly enhanced as time increases.  
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Figure 6. Photocatalytic efficiency of the LZZO nanoparticles. 

4. Conclusions 

In summary, the extensive examination carried out on LZZO nanoparticles through the 

utilization of diverse analytical methodologies has yielded significant observations related to 

their structural, morphological, electrical, and optical characteristics. The refined crystal 

structure parameters of the orthorhombic crystal perovskite system, as determined by X-ray 

diffraction (XRD), indicate a stable configuration. The examination of surface morphology via 

scanning electron microscopy (SEM) revealed the existence of well-defined nanoparticles and 

morphology resembling islands, which provided evidence of the synthesis procedure. The 

LZZO materials' vibrational modes were additionally clarified through the utilization of Raman 

spectroscopy, which provided insights into their chemical bonding and possible imperfections. 

The electrical behavior was revealed by impedance spectroscopy, which revealed conductivity 

and frequency-dependent impedance characteristics that are crucial for energy storage and 

electronic device applications. Further, identifying a significant charge transfer band through 

optical investigations, specifically UV-Vis-NIR diffuse reflectance spectroscopy indicates 

possible uses in photovoltaics and photocatalysis. In addition to providing further support for 

these applications, the calculated bandgap energies for direct and indirect bandgaps indicate 

that the material is suitable for energy conversion and light absorption. Considering these 

findings, LZZO materials hold promise for various applications. LZZO materials exhibit 

potential for a multifunctional application, encompassing capacitors, photovoltaic cells, energy 

storage devices, and photocatalysts for environmental remediation. 
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