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ABSTRACT 
The present study focuses on the structural changes in ZnO powder induced by doping of a rare earth metal of Y. 

For this aim, we synthesized four ZnO samples with different Y-content using the combustion reaction method. 

X-ray powder diffraction (XRPD) technique and scanning electron microscopy (SEM) results confirm that the as-

investigated structural parameters and morphology of the ZnO structure were affected directly by the concentration 

of Y dopant. For each Y-doped sample, randomly-oriented pyramidal morphology and the formation of a minority 

phase of Y2O3 were observed. A gradual increase in both lattice parameters and unit cell volume was detected with 

increasing Y content. All samples were found to be thermally stable in the temperature interval of 25-950 °C. 
 

Keywords: Morphology, Crystal structure, Zinc oxide (ZnO) 
 

 

Y Katkılı Piramit ZnO Tozlarının Sentez ve Karakterizasyonu 
 

ÖZET 
Mevcut çalışma, nadir toprak metali Y’un ZnO tozuna katkılanmasının meydana getirdiği yapısal değişikliklere 

odaklanmaktadır. Bu amaçla, farklı Y içeriğine sahip dört ZnO numunesi, yakma reaksiyon metodu kullanarak 

sentezledik. X-ışını toz kırınımı (XRPD) ve taramalı elektron mikroskopisi (SEM) sonuçları, ZnO’un araştırılan 

yapısal özellikleri ve morfolojisinin doğrudan Y katkısından etkilendiğini doğrulamaktadır. Her Y katkılı numune 

için, rasgele-yönelimli piramit şeklinde morfoloji ve Y2O3 azınlık fazının oluşumu gözlendi. Y içeriğinin 

artmasıyla hem örgü parametrelerinde hem de birim hücre hacminde kademeli bir düşüş tespit edildi. Tüm 

numunelerin 25–950 °C sıcaklık aralığında termal olarak kararlı olduğu bulundu. 
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I. INTRODUCTION 
 

There are several metal oxides (e.g., CuO, NiO, ZnO, and MgO) manufactured for different applications. 

They have many implementation areas in physics, chemistry and material science. Among these metal 

oxides, ZnO is one of the most promising materials for various technological applications.  

 

ZnO is a well-known n-type II-VI semiconducting compound having piezoelectric, dielectric properties 

with a wide band gap of 3.37 eV and a large exciton binding energy of 0.06 eV [1-4]. A wide band gap 

means ZnO has high optical transparency and luminescence in the visible and near-ultraviolet range of 

the spectrum. Therefore, it is usually used in optoelectronic devices including light-emitting diodes, 

photodetectors, solar cells, and p-n homojunctions [5-8]. A large exciton binding energy means the 

excitonic transition in case of ZnO nanoparticles is possible at room temperature [9-11]. 

 

ZnO nanoparticles are useful as antibacterial and antifungal when added into materials, including 

textiles, paints, and plastics [12 ,13]. Due to its bacteriostatic and fungistatic behavior, ZnO has been 

utilized in personal-care products and cosmetics [14, 15]. Because of its non-toxicity and suitability with 

skin, it is a convenient additive for textiles and other surfaces that meet the human body [16]. Other 

application areas of ZnO are gas sensors [17], chemical sensors [18-19], biosensors [20-21], 

superconductors [22] and, photocatalyst [23].  

 

ZnO is one of the first semiconductors to prepare in pure form after Si and Ge and has the high heat 

capacity and heat conductivity, low thermal expansion and high melting temperature [24]. Many 

techniques have been used to produce ZnO nanoparticles for various applications such as chemical vapor 

deposition [25], pulsed laser deposition [26], molecular beam epitaxy [27], sputtering [28], 

hydrothermal synthesis [29], and oxidation of metallic zinc powder [30, 31], precipitation [32], sol-gel 

[33] and wet chemical synthesis [34]. Moreover, ZnO is environmentally friendly and easy to synthesize 

[35].  

 

ZnO, as well as being produced without additives, has been prepared by many researchers by adding 

various elements such as Ru, Eu, Ce, Mg, Al, Ni, Sb and Mn [36-42]. Yttrium (Y) is another dopant for 

ZnO and some of the studies on Y-doped ZnO samples are given as follows. Kaya et al. [43] studied the 

mechanical properties of Y-doped ZnO samples prepared by a sol-gel method and they reported that Y-

content increases the fracture toughness of ZnO. It was reported that the addition of Y into ZnO affects 

its optical properties, especially the optical band gap [44]. The photocatalytic activity in methylene blue 

degradation of Y-doped ZnO by microwave irradiation was investigated by Sanoop et al. [45]. Li et al. 

[46] reported that Y-doping into ZnO improves its gas sensing property. The gigantic piezoelectric 

response of Y-doped ZnO nanosheets prepared by wet chemical co-precipitation method was reported 

by Sinha et al. [47]. 

 

To the best of our knowledge, an available study related to the more detailed XRPD analysis on Y-

containing ZnO samples synthesized via the combustion method has not been reported in the literature. 

For this reason, as well as their structural and thermal properties, we focused to determine the effects of 

Y-content on the crystal structure-related parameters of ZnO samples. 

 

 

II. MATERIALS AND METHOD 
 

All chemicals used in the combustion reaction of ZnO samples doped with Y at various amounts (e.g., 

0, 1, 3 and 5 at. %) were purchased from Sigma-Aldrich. Urea and distilled water were used as a fuel 

source and solvent, respectively. 100 mL solution of (40-x) mmol of zinc nitrate hexahydrate and x 

mmol of yttrium (III) nitrate hexahydrate was prepared in a beaker, where x is 0, 0.4, 1.2 and 2.0. 

According to the Y content, these samples were labelled as ZnO, 1YZnO, 3YZnO and 5YZnO, 

respectively. 10 mL of 0.2 M of urea was poured into each sample and these solutions were continuously 

stirred in a magnetic stirrer at room temperature. This was then followed by heating in a muffle furnace 
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at 500 °C for 30 mins to dry the solutions in the beakers. An ignition and dense smoke were observed 

after the boiling of each solution during this time. Dried powders were calcined in an electric furnace at 

975 °C for 2 h, and the un-doped and Y-doped ZnO powders were obtained. 

 

X-ray powder diffraction (XRPD) data at ambient temperature were collected by a Rigaku RadB-

DMAX II model diffractometer. Fourier transform infrared (FTIR) spectra were recorded by a Perkin 

Elmer Spectrum One spectrophotometer in order to determine the functional groups in the samples using 

the KBr pellet method. The differential thermal analysis (Shimadzu DTA 50) and thermogravimetric 

analysis (Shimadzu TGA 50) were used to investigate the thermal behaviors of the as-synthesized ZnO 

samples under nitrogen atmosphere in the temperature range of 25-950 °C. The morphological 

investigations and elemental analyses of samples were carried out by using a LEO EVO 40xVP model 

scanning electron microscope (SEM) equipped with an energy dispersive X–ray (EDX, Röntech xflash) 

detector. 

 

 

III. RESULTS AND DISCUSSION 
 

A. XRPD ANALYSIS 
 

XRPD profiles of pure and Y-containing ZnO samples in the 2θ range of 20 - 80° are shown in Fig.1. 

ZnO is known to adopt a wurtzite hexagonal crystal structure with a space group of P63mc (JCPDS PDF 

No: 36-1451). Our XRPD data confirms that the synthetic method we employed leads to the formation 

of polycrystalline single-phase ZnO powder with wurtzite hexagonal structure symbolized with the  

on the XRD patterns as reported in the literature. However, Y-containing ZnO samples were found to 

contain a small fraction of cubic yttrium oxide (Y2O3, JCPDS PDF No: 79-1716) shown with the 

⚫ symbol, impurity phase, clearly evident in the diffraction profiles shown in Fig. 1. Qualitative 

inspection of the XRPD profiles confirms that there is an increase in the impurity phase with increasing 

Y-content. This trend was previously reported by Ivanova et al. [48]. 

 

The sets of the Miller indices (hkl) belonging to (100), (002), (101), (102), (110), (103), (200), (112), 

(201), (004) and (202) planes were observed for each sample. The observed and calculated values of the 

distance for two adjacent plane (d) and 2θ angles are tabulated in Table 1. The calculated and observed 

d and 2θ values were found to be close to each other. This confirms the successful formation of 

polycrystalline hexagonal structure with a space group of P63mc. 

  

We have calculated the crystallinity percent (XC %) to quantitatively compare the effect of Y-content on 

crystallinity using the following equation [49] 

 

𝑋𝐶% =
∑𝐴𝐶

∑𝐴𝐶+∑𝐴𝐴
× 100               (1) 

 

here ΣAC and ΣAA are the total areas under crystal peaks and amorphous peaks, respectively. The 

crystallinity percent values of Y-doped ZnO samples are higher than that of pure ZnO (Table 2).  Y-

doping into ZnO improves its crystallinity and this result is in very good harmony with the reported one 

by Kumar et al. [50]. 

Using the Miller indices (hkl) and d values, the lattice parameters (a and c) and unit cell volume (V) 

were estimated using the following relations, respectively [51]: 

 
1

𝑑2
=

4

3
(
ℎ2+ℎ𝑘+𝑘2

𝑎2
) +

𝑙2

𝑐2
                (2) 

 

𝑉 = 0.866𝑎2𝑐                 (3) 
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A gradual increase in both lattice parameters is observed with increasing Y-content. This is due to the 

difference between ionic radii of Zn2+ (0.074 nm) and Y3+ (0.092 nm) resulting in an increase in the 

lattice parameter(s), as well as the ionic imbalance, and is in good agreement with the literature [52-55]. 

 

To calculate the crystallite size for each ZnO sample, the following Scherrer (DS) and Williamson-Hall 

(DWH) equations were used, respectively [51, 56] 

 

𝐷𝑆 =
0.9𝜆

𝛽 cos𝜃
                 (4) 

 

𝛽 cos𝜃 =
0.9𝜆

𝐷𝑊𝐻
+ 4𝜀 sin 𝜃               (5) 

 

where β is the full width at half maximum, θ is the Bragg angle, λ is the X-ray wavelength and ε is the 

lattice strain. The DWH and ε values were computed from the cosθ vs. 4sinθ plots for each sample (Fig. 

2). For the purpose of estimating the stress (σ) in the surface, the relation of the σ/Y was written in Eq. 

(5) instead of ε [56].  
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Figure 1. XRPD patterns of the un-doped and Y-doped ZnO samples 
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Table 1. The observed and calculated values of the d and 2θ values for each sample 

 

 

 

 

 

 

 

 

 

Sample h k l dobs (nm) dcal (nm) Δd (nm) 2θobs (°) 2θcal (°) Δθ (°) 

Z
n

O
 

1 0 0 0.281863 0.281730 0.000133 31.720 31.735 -0.015 

0 0 2 0.260786 0.260527 0.000259 34.360 34.395 -0.035 

1 0 1 0.247809 0.247824 -0.000015 36.220 36.218 0.002 

1 0 2 0.191337 0.191278 0.000059 47.480 47.496 -0.016 

1 1 0 0.162691 0.162657 0.000034 56.520 56.533 -0.013 

1 0 3 0.147847 0.147847 0.000000 62.800 62.800 -0.000 

2 0 0 0.140865 0.140865 0.000000 66.300 66.300 -0.000 

1 1 2 0.137966 0.137974 -0.000008 67.880 67.876 0.004 

2 0 1 0.135963 0.135983 -0.000020 69.020 69.008 0.012 

0 0 4 0.130239 0.130264 -0.000025 72.520 72.504 0.016 

2 0 2 0.123903 0.123912 -0.000009 76.880 76.873 0.007 

1
Y

Z
n

O
 

1 0 0 0.281172 0.281320 -0.000148 31.800 31.783 0.017 

0 0 2 0.259906 0.260134 -0.000228 34.480 34.449 0.031 

1 0 1 0.247413 0.247460 -0.000047 36.280 36.273 0.007 

1 0 2 0.190958 0.190993 -0.000035 47.580 47.571 0.009 

1 1 0 0.162374 0.162420 -0.000046 56.640 56.623 0.017 

1 0 3 0.147636 0.147626 0.000010 62.900 62.905 -0.005 

2 0 0 0.140715 0.140660 0.000055 66.380 66.409 -0.029 

1 1 2 0.137787 0.137771 0.000016 67.980 67.989 -0.009 

2 0 1 0.135756 0.135785 -0.000029 69.140 69.123 0.017 

0 0 4 0.130084 0.130067 0.000017 72.620 72.631 -0.011 

2 0 2 0.123739 0.123730 0.000009 77.000 77.007 -0.007 

3
Y

Z
n

O
 

1 0 0 0.281517 0.281470 0.000047 31.760 31.765 -0.005 

0 0 2 0.260199 0.260321 -0.000122 34.440 34.423 0.017 

1 0 1 0.247545 0.247603 -0.000058 36.260 36.251 0.009 

1 0 2 0.191109 0.191115 -0.000006 47.540 47.539 0.001 

1 1 0 0.162480 0.162507 -0.000027 56.600 56.590 0.010 

1 0 3 0.147720 0.147725 -0.000005 62.860 62.858 0.002 

2 0 0 0.140752 0.140735 0.000017 66.360 66.369 -0.009 

1 1 2 0.137823 0.137852 -0.000029 67.960 67.944 0.016 

2 0 1 0.135859 0.135859 0.000000 69.080 69.080 -0.000 

0 0 4 0.130177 0.130161 0.000016 72.560 72.570 -0.010 

2 0 2 0.123821 0.123801 0.000020 76.940 76.954 -0.014 

5
Y

Z
n

O
 

1 0 0 0.282036 0.281656 0.000380 31.700 31.744 -0.044 

0 0 2 0.260639 0.260496 0.000143 34.380 34.400 -0.020 

1 0 1 0.247942 0.247767 0.000175 36.200 36.226 -0.026 

1 0 2 0.191337 0.191242 0.000095 47.480 47.505 -0.025 

1 1 0 0.162638 0.162614 0.000024 56.540 56.549 -0.009 

1 0 3 0.147805 0.147823 -0.000018 62.820 62.811 0.009 

2 0 0 0.140790 0.140828 -0.000038 66.340 66.320 0.020 

1 1 2 0.137930 0.137943 -0.000013 67.900 67.893 0.007 

2 0 1 0.135963 0.135949 0.000014 69.020 69.028 -0.008 

0 0 4 0.130239 0.130248 -0.000009 72.520 72.514 0.006 

2 0 2 0.123848 0.123883 -0.000035 76.920 76.894 0.026 
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Figure 2. The βcosθ vs. 4sinθ plots for each sample. 

 

𝛽 cos𝜃 =
0.9𝜆

𝐷𝑊𝐻
+

4𝜎 sin𝜃

𝑌
               (6) 

 

where Y is Young's modulus and calculated using the following relation.  

 

𝑌 =
[ℎ2+

(ℎ+2𝑘)2

3
+(

𝑎𝑙

𝑐
)
2
]
2

𝑠11(ℎ
2+

(ℎ+2𝑘)2

3
)
2

+𝑠33(
𝑎𝑙

𝑐
)
4
+(2𝑠13+𝑠44)(ℎ

2+
(ℎ+2𝑘)2

3
)(

𝑎𝑙

𝑐
)
2
            (7) 

 

here the values of s11=7.858×10−12 m2N−1, s13=−2.206×10−12 m2N−1, s33=6.940×10−12 m2N−1 and 

s44=23.57×10−12 m2N−1 are known as the elastic compliances [56]. The slope of the βcosθ vs. 4sinθ/Y 

graphs plotted in Fig. 3 corresponds to the σ value.  

 

Eq. (5) can be modified by using the relation of  ( ) 2/1
/2 Yu= to calculate the energy density (u) values 

for all the samples. 

 

𝛽 cos𝜃 =
0.9𝜆

𝐷𝑊𝐻
+ 4 sin𝜃 (

2𝑢

𝑌
)
1
2⁄
              (8) 

 

With the aid of the βcosθ vs. 25/2sinθ Y-1/2 plot shown in Fig. 4, the u values for each sample were 

calculated.  
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Figure 3. The βcosθ vs. 4sinθ/Y graphs of the as-synthesized ZnO samples 
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Figure 4. The βcosθ vs. 25/2sinθ Y-1/2 plots for the un-doped and Y-doped ZnO samples 
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The bond length (L) between Zn and O was estimated from the following relation [57] 

 

𝐿 = √𝑎2

3
+ 𝑐2 (0.25 −

𝑎2

3𝑐2
)
2

               (9) 

 

The L value gradually increases with increasing Y content as can be seen from Table 2. The trend of the 

increase in the L value with the increasing amount of Y is a very good agreement with Anandan and 

Muthukumaran [58]. 

 

Atomic packing factor (APF) was estimated by using the following relation [59] 

 

𝐴𝑃𝐹% =
2𝜋𝑎

3√3𝑐
× 100              (10) 

 

All the APF % values tabulated in Table 2 are higher than that of the standard one belonging to the 

hexagonal structure (74%). Additionally, the doping of Y causes very small decreases, which can be 

neglected, in the APF % in comparison to the un-doped ZnO. 

 
Table 2. The detailed XRPD analysis report of the un-doped and Y-doped ZnO samples. 

  

 ZnO 1YZnO 3YZnO 5YZnO 

ZnO phase (%) 100 99.1 96.2 93.3 

Y2O3 phase (%) - 0.9 3.8 6.7 

XC% 93.9 95.8 95.7 94.9 

DS (nm) 36.41 37.96 40.63 38.13 

DWH (nm) 46.81 46.90 49.08 48.53 

a (nm) 0.32477 0.32484 0.32501 0.32523 

c (nm) 0.52010 0.52027 0.52064 0.52099 

c / a 1.60144 1.60162 1.60192 1.60191 

V  (nm3) 0.04751 0.04754 0.04763 0.04772 

L (nm) 0.19762 0.19767 0.19779 0.19792 

ε ×10-3 1.08 0.92 0.79 1.18 

σ (MPa) 84.12 81.33 75.56 84.66 

u (kJ m-3) 47.46 35.60 31.74 52.22 

APF% 75.47 75.46 75.45 75.45 

 

 

B. FTIR RESULTS 
 

FTIR spectra of samples are shown in Fig. 5. The observed bands and their assignments are as follows: 

the bands detected at 421 and 1055 cm-1 are associated with Zn-O bonds belonging to the ZnO structure 

[60, 61]. The weak bands for each sample detected at about 2000-2400 cm-1 are related to the stretching 

mode of C-O bond of CO2 group, and another one observed at 2921 cm-1 is attributed to the stretching 

vibration modes of C-H bond, most probably arising from trace content of urea which was used a fuel 

for the combustion reaction [62, 63]. 
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Figure 5. FTIR spectra of the as-prepared ZnO samples 

 

C. THERMAL CHARACTERIZATION 
 

DTA and TGA results are plotted in Fig. 6 and Fig. 7, respectively. As can be seen from the DTA 

thermograms in Fig. 6, each sample is thermally stable in the temperature range of 25 - 950 °C. The 

TGA results shown in Fig. 7 present the mass change with increasing temperature for each sample. For 

the un-doped ZnO, the mass loss starts at a temperature of 418 °C and reaches the maximum value of 

1.48% at 577 °C. The mass gain of 0.25% is observed from 577 to 950 °C. The total mass loss for the 

un-doped ZnO is 1.23% from room temperature to 950 °C. For the 1YZnO sample, the mass loss starts 

at 538 °C and its maximum value (1.12%) is detected at 693 °C. Like the un-doped ZnO, the mass gain 

begins and continues after this temperature. Compared to the starting mass, the value of 0.18% mass 

gain is observed. For the ZnO and 1YZnO samples, the as-observed mass losses are associated with the 
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elimination of the adsorbed substances on the oxide surface [64]. For both 3YZnO and 5YZnO samples, 

no mass loss is observed. A continued mass gain is detected until 950 °C for both samples. The total 

mass gain is found to be 1.77% and 2.24% for 3YZnO and 5YZnO, respectively. The increase in the 

mass can be related to the introduction of oxygen from the atmosphere into the samples [65]. 
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Figure 6. DTA thermograms of the un-doped and Y-doped ZnO samples 

 

 
 

Figure 7. TGA graphs of the samples 
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D. MORPHOLOGICAL AND ELEMENTAL ANALYSIS 
 

The morphologies of the samples are shown in Fig. 8. A randomly-oriented pyramidal crystal growth is 

observed from the SEM images. The formation of ZnO pyramids is associated with the anisotropic 

growth of various crystal facets belonging to ZnO [66]. Remarkable effects of the influence of Y can be 

seen from the SEM observations. The dimensions of the pyramidal grains of the rest samples are smaller 

than that of the un-doped ZnO, and the as-observed decrease in the grain size of ZnO is in a very good 

agreement with Kaya et al. [43]. EDX results confirm the introduction of Y without any impurity in the 

samples. 

 

 
 

Figure 8. SEM images and EDX reports for each sample 
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IV. CONCLUSIONS 
 

The un-doped and Y-doped ZnO samples, having a low production cost, were easily and successfully 

prepared using the combustion synthesis. The formation of the Y2O3 phase by adding Y into the ZnO 

structure was observed. The percent of the secondary phase of Y2O3 increases gradually with the 

increasing amount of Y. The amount of Y affects significantly the crystal structure related parameters. 

As well as the bond length and unit cell volume of Zn-O, a gradual increase in both lattice parameters 

is observed with increasing Y-content. The crystallinity values of the Y-doped ZnO samples are higher 

than that of the un-doped ZnO. The atomic packing factor is affected by the adding of Y. All samples 

are found to be thermally stable in the temperature range interval of 25-950 °C. The mass change 

mechanism of ZnO can be controlled by Y-content because an increasing amount of Y causes a gradual 

increase in the mass gain percent. The synthetic technique we employed for this study leads to the 

emergence of randomly-oriented pyramidal morphology in ZnO/Y-doped ZnO powders. No other 

impurities were detected besides the secondary impurity phase of Y2O3. 
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