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Simple route synthesis of (Al, Ni) co-doped ZnO nanoparticles and their
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The codoped nanoparticles by Aluminium and Nickel were prepared by sol-gel method
and theirs different physical properties were studied. The obtained nanoparticles were
undergoes a heat treatment in air at different temperatures ranging from 500 °C to 1000 °C
in 2 hours. The structural results revealed that the structure is wurtzite with an average
crystallite around 30nm, and the appearance of NiO second phase. The optical
spectroscopy (UV-Vis) shows a red shift in band gap values with increasing of heat
treatment temperature. Photoluminescence (PL) results indicate the effects of oxygen
vacancies on emission spectra and confirms the shift of band gap energies. Magnetic
measurements at 300K showed a superparamagnetic behaviors.
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1. Introduction

Nanotechnology has been an important focus for researchers, specifically after
advancements of research and technology, in the semiconductor field. The doping of
semiconductors is a proven technique to empower the use and control their physical properties
[1,2]. Due to their particular physical and chemical properties, nanoparticles (NP) of zinc oxide
(Zn0O) have been able to play a very important role in various domains, such as sensors, light-
emitting diodes, photocatalysis and solar cells [3-5]. The doping of ZnO with different transition
metals (TM) has been well studied, as a dilute magnetic semiconductor (DMS). This makes him an
essential candidate in magneto-electronics and magneto-optics. By doping with various elements,
including TM (e.g., Co, Fe, Ni), rare earths (RE) (e.g., Gd, Eu, Th) and non-magnetic element
(e.g., Li, Al, C), room temperature ferromagnetism (RT-FM) of ZnO can be achieved [6-13]. Yi et
al. [14] suggested that the improvement of ZnO FM properties is related to doping with
appropriate elements due to cation vacancies stabilization and hole formation [15-19]. It has been
reported that the Ni and Al co-doped ZnO nanostructure and nanoparticles can be prepared by
several chemical and physical techniques [20-25]. According to some research groups, the room
temperature ferromagnetism of ZnO films co-doped Ni and Al prepared on glass substrates by
magnetron co-sputtering depends on the deposition temperature and the Ni concentration [26, 27].
On the other hand, doping with a metal ion improves the electronic properties of ZnO due to the
increase in the number of free electrons in the crystal lattice structure. It was previously suggested
that the conductivity of ZnO doped with metal ions AI**, In* and Ga®* is due to oxygen vacancies
and interstitial zinc defects [28]. Hence, a correlation is evident between the doping of
semiconductors with MT and the electronic structure of metals in d orbitals [29].
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In the present work, the nanoparticles of (Al, Ni) codoped ZnO have been prepared by sol-
gel method. The effects of heat treatment on the structural, optical and magnetic properties were
studied.

2. Experimental details

2. 1. Nanoparticles preparation

Al and Ni co-doped ZnO aerogel nanopowders were prepared using zinc acetate dihydrate
(Zn(CH3CO0),-2H,0), aluminum nitrate-9-hydrate (AI(NOz); 9H,0) and nickel chloride
hexahydrate (NiCl,-6H,0), as precursors purchased from sigma Aldrich. After 15 min of magnetic
stirring in methanol, the mixture was dried under supercritical conditions of ethyl alcohol (EtOH)
as described in our previous papers [1,5 ,11]. The obtained powders were heated at different
temperatures ranging from 500 °C to 1000 °C in air for two hours.

2.2. Characterization techniques

The Bruker D8 Discover diffractometer (0-20) with Cu-Ka radiation (A=1.5406 A) was
used for XRD study. A JEM-2200 scanning electron microscopy (SEM) and JEM-200CX
transmission electron microscope (TEM) were used to the morphology studies. We used a UV-
Vis-IR spectrophotometer (Shimadzu UV-3101 PC) attached to an integrating sphere, desired for
the powder samples, for absorbance measurement. Quantum Design MPMS-5S SQUID
magnetometer was used for the magnetization (M—H) analysis.

3. Results and discussion

3.1. Structural analysis

XRD patterns of nanoparticles heated at different temperatures are illustrated in Fig.1
showing presence of strong and narrow reflected peaks of ZnO. The hexagonal ZnO with
polycrystalline wurtzite structure is the most dominant crystalline phase (marked ) [1, 10].

3000 F
1000 °C
2000 |
1000 |- J
0 I Al l A_JA
3000 L 1 L 1 " 1 4 1 4
i 850 °C
2000 |
'5‘ L
., 1000 |
L
2 0
g 3000 . L . L . 1 . 1
,g 2000 [ 700 °C
1000 __J_M
of R_J_L.__A_L.JA
3000 - 0 Zr-‘o ° 500 °C
2000 [- @ NiO
1000 | 00 0 0
R o
N 71 S W RV
20 30 40 50 60 70

20 (Degree)

Fig.1. X-ray patterns of Zngg75Nig 1Alg 0250 heated at different temperatures.
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No secondary phase linked to Al element appeared in XRD results showing the good
insertion of Al ions in the ZnO matrix. On the other hand, another secondary phase attributed to
NiO (ICDD396-432-0500) was detected [30]. An increase in the intensity of the first three peaks is
noted when the annealing temperature increases. This is accompanied by the decrease of full-width
half maximum (FWHM) values. After fitting the all reflected peaks, we deduce the FWHM for
each peak and the crystallites size for all samples are estimated using the known Debye—Scherer
relation [32]:

D = 0.9/B Cos® (1)

The average crystallites sizes evaluated from this equation were between 30 and 70 nm,
indicating a growth in size with temperature which is explained by agglomeration of the
nanoparticles.

3.2. TEM analysis

Figure 2 show the TEM images for all samples. This images indicated that, the dominant
structure is hexagonal shape and the average size increase with temperature, which confirms the
XRD result. From EDX analysis, presented in Figure 3, the appearance of all elements present in
the sample is confirmed with where amount showing the good preparation of sample.
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Fig. 2. TEM images Zng g75Nig1Alg 0250 nanoparticles heated at (a):500 °C, (b):700 °C, (c):850 °C
and (d):1000 °C.
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Fig. 3. EDX analysis of Zng g7sNig 1Alg050 nanoparticles heated at 500 C.

3.3. Optical properties
Fig.4 shows the absorbance spectra revealing a high absorption in the UV spectral range
indicating the good optical properties of the prepared nanoparticles.
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Fig. 4. Absorbance spectra of all samples.

The equation linking the absorption coefficient o to the optical energy Eg is given by [33]:

a(hv):C(hv—Eg)% ?

where C is the constant of direct transition, and hv is the intensity of incident energy. The band
gap Eg is deduce by extrapolating the straight portion, revealing the direct transition type of our
semiconductors, of the plot (ahv)?® vs. (hv) to the x-axis. The spectra shown in Fig. 5 present a
decrease of bandgap (Eg) values with increasing heat temperature. This red shift can be linked to
the quantum confinement effects [34, 35].
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Fig. 5. Plot of (ehv)? vs. hv.

3.4. Magnetic studies

Generally the small grain size or the presence of defects in the structure are the main
causes of paramagnetic and weak ferromagnetic character of nano-ZnO at room temperature [36-
38]. The doping of ZnO by a non-magnetic element and the grains boundaries may be responsible
to improvement of ferromagnetic characteristics [39, 40].

Figure 6 shows the magnetization (M—H) of our samples at 300 K, revealing a decrease in
magnetization as a function of the heat treatment with low coercivity and the absence of saturation.
The observed decrease in magnetization may be due to the incorporation of Zn ions into the
octahedral sublattice or to the formation of a spin glass structure or the existence of surface spins
[41]. 1t’s known that NiO is superparamagnetic material at room temperature, while, it is
antiferromagnetic with a Neel temperature of 520 K [42]. The existence of NiO as a secondary
phase is confirmed by XRD study in our case. The characteristic of super-
antiferromagnetic/superparamagnetic behaviour appeared in our samples suggests this hypothesis.
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Fig. 6. Room temperature magnetization (M-H) spectra of all samples.

4. Conclusion

In this work, ZnO nanoparticles co-doped with nickel and aluminium are synthesized
using the sol-gel method. The wurtzite structure of ZnO with hexagonal phase of the samples is
demonstrated by structural and morphological studies. XRD results reveal the existence of small
extent of NiO as a secondary phase. TEM images revealed the good purity of the synthesized co-
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doped ZnO nanoparticles, which is a very advantage of sol gel technique. The optical absorbance
shows a decrease of band gap energies with increase of heat treatment. The magnetic analysis
shown a superparamagnetic behaviors.

Acknowledgments

The authors express their gratitude to Princess Nourah bint Abdulrahman University
Researchers Supporting Project (Grant No. PNURSP2022R55), Princess Nourah bint
Abdulrahman University, Riyadh, Saudi Arabia.

References

[1] J. El Ghoul, C. Barthou, L. EI Mir, Physica E 44 (2012) 1910;
https://doi.org/10.1016/j.physe.2012.05.020

[2] J. Liu, M.D. Rojas-Andrade, G. Chata, Y. Peng, G. Roseman, J.-E. Lu, G.L. Millhauser, C.
Saltikov, S. Chen, Nanoscale 10, (2018) 158; https://doi.org/10.1039/C7NR07367D

[3] Alkuam E, Mohammed M, Chen TP Sol Energy 150 (2017) 317;
https://doi.org/10.1016/j.solener.2017.04.056

[4] Zhou H, Fang G, Yuan L, Wang C, Yang X, Huang H, Zhou C, Zhao X, Appl. Phys. Lett 94
(2009) 013503; https://doi.org/10.1063/1.3064161

[5] J. El Ghoul, F.F. Al-Harbi, Solid State Communications 314-315 (2020) 113916;
https://doi.org/10.1016/j.55¢.2020.113916

[6] Shatnawi M, Alsmadi AM, Bsoul I, Salameh B, Alna'washi GA, Al-Dweri F, Akkad FE, J.
Alloy.Compd. 655 (2016) 244; https://doi.org/10.1016/j.jallcom.2015.09.166

[7] Abdel-Baset TA, Fang YW, Anis B, Duan CG, Abdel-Hafiez M Nanoscale Res Lett 11 (2016)
115; https://doi.org/10.1186/s11671-016-1332-x

[8] J. El Ghoul, C. Barthou, L. EI Mir, J. Superlattices Microstruct. 51 (2012) 942;
https://doi.org/10.1016/j.5pmi.2012.03.013

[9] Lotey GS, Singh J, Verma NK,J. Mater Sci. Elec. 24 (2013)3611;
https://doi.org/10.1007/s10854-013-1292-1

[10] Jadhav J, Biswas S, J. Alloy. Compd. 664 (2016) 71;
https://doi.org/10.1016/j.jallcom.2015.12.191

[11] Huang GJ, Wang JB, Zhong XL, Zhou GC, Yan HL, J. Mater Sci. 42 (2007) 6464;
https://doi.org/10.1007/s10853-006-1256-4

[12] Chawla S, Jayanthi K, Kotnala RK, Phys Rev B 79 (2009) 125204;
https://doi.org/10.1103/PhysRevB.79.125204

[13] Alo DQ, Zhang J, Yang GJ, Zhang JL, Shi ZH, Qi J, Zhang ZH, Xue DS, J. Phys. Chem. C
114 (2010) 13477; https://doi.org/10.1021/jp103458s

[14] YiJB, Lim CC, Xing GZ, Fan HM, Van LH, Huang SL, Yang KS, Huang XL, Qin XB,
Wang BY, Wu T, Wang L, Zhang HT, Gao XY, Liu T, Wee ATS, Feng YP, Ding J, Phys Rev Lett
104 (2010) 137201, https://doi.org/10.1103/PhysRevL ett.104.137201

[15] A.J. Behan, A. Mokhtari, H.J. Blythe, D. Score, X.H. Xu, J.R. Neal, A.M. Fox, D.A. Gehring,
Phys. Rev. Lett. 100 (2008) 047206; https://doi.org/10.1103/PhysRevL ett.100.047206

[16] M. Venkatesan, P. Stamenov, L.S. Dorneles, R.D. Gunning, B. Bernoux, J.M.D. Coey, Appl.
Phys. Lett. 90 (2007) 242508; https://doi.org/10.1063/1.2748343

[17] M. Sharma, R.M. Mehra, Appl. Surf. Sci. 255 (2008) 2527,
https://doi.org/10.1016/j.apsusc.2008.07.153

[18] K. Samanta, P. Bhattacharya, J.G.S. Duque, W. Iwamoto, C. Rettori, P.G. Pagliuso, R.S.
Katiyar, Solid State Commun. 147 (2008) 305; https://doi.org/10.1016/j.ssc.2008.05.031

[19] S.K. Neogi, R. Ghosh, G.K. Paul, S.K. Bera, S. Bandyopadhyay, J. Alloys Compd. 487



https://doi.org/10.1016/j.physe.2012.05.020
https://doi.org/10.1039/C7NR07367D
https://doi.org/10.1016/j.solener.2017.04.056
https://doi.org/10.1063/1.3064161
https://doi.org/10.1016/j.ssc.2020.113916
https://doi.org/10.1016/j.jallcom.2015.09.166
https://doi.org/10.1186/s11671-016-1332-x
https://doi.org/10.1016/j.spmi.2012.03.013
https://doi.org/10.1007/s10854-013-1292-1
https://doi.org/10.1016/j.jallcom.2015.12.191
https://doi.org/10.1007/s10853-006-1256-4
https://doi.org/10.1103/PhysRevB.79.125204
https://doi.org/10.1021/jp103458s
https://doi.org/10.1103/PhysRevLett.104.137201
https://doi.org/10.1103/PhysRevLett.100.047206
https://doi.org/10.1063/1.2748343
https://doi.org/10.1016/j.apsusc.2008.07.153
https://doi.org/10.1016/j.ssc.2008.05.031

555

(2009) 269; https://doi.org/10.1016/j.jallcom.2009.07.118

[20] R. Siddheswaran, M. Netrvalova, J. Savkova, P. Novak, J. O"cenasek, P. Sutta, J. Kovac, R.
Jayavel. J. Alloy. Compd. 636 (2015) 85; https://doi.org/10.1016/j.jallcom.2015.02.142

[21] N.T. Son, J. Noh, S. Park. Appl. Surf. Sci. 379 (2016) 440;
https://doi.org/10.1016/j.apsusc.2016.04.107

[22] H.S. Hsu, J.C.A. Huang, Y.H. Huang, Y.F. Liao, M.Z. Lin, C.H. Lee, J.F. Lee, S.F. Chen,
L.Y. Lai, C.P. Liu, Appl. Phys. Lett. 88 (2006) 242507, https://doi.org/10.1063/1.2212277

[23] B. Huang, D.L. Zhu, X.C. Ma, Appl. Surf. Sci. 253 (2007) 6892;
https://doi.org/10.1016/j.apsusc.2007.02.014

[24] N. Khare, M.J. Kappers, M. Wei, M.G. Blamire, J.L. MacManus-Driscoll, Adv. Mater. 18
(2006) 14491 https://doi.org/10.1002/adma.200502200

[25] E. Liu, P. Xiao, J.S. Chen, B.C. Lim, L. Li, Curr. Appl. Phys. 8 (2008) 408;
https://doi.org/10.1016/j.cap.2007.10.025

[26] M.P. Yu, H. Qiu, X.B. Chen, H.X. Liu, M.W. Wang, Physica B 404 (2009) 1829;
https://doi.org/10.1016/j.physb.2009.02.033

[27] T.F. Li, H. Qiu, P. Wu, M.W. Wang, R.X. Ma, Thin Solid Films 515 (2007) 3905;
https://doi.org/10.1016/j.tsf.2006.11.019

[28] S. Rajeh, A. Mhamdi, K. Khirouni, M. Amlouk, S. Guermazi, Opt. Laser Technol. 69 (2014)
113; https://doi.org/10.1016/j.optlastec.2014.12.020

[29] U. Ozgiir, Y.I. Alivov, C. Liu, A. Teke, M.A. Reshchikov, S. Dogan, V. Avrutin, S.J. Cho, H.
Morkog. J. Appl. Phys. 98 (2005) 103; https://doi.org/10.1063/1.1992666

[30] Andreas Leineweber, Herbert Jacobs, Steve Hull, Inorganic Chemistry 40 (2001) 5818-5822;
https://doi.org/10.1021/ic0104860

[31] J. El Ghoul, F.F. Al-Harbi, J. Inorg. Organomet. Polym. (2020) 1-7.

[32]. J. El Ghoul, N. Bouguila, S.A. Gomez-Lopera, L. EI Mir, Superlattices and Microstructures,
64 (2013) 451; https://doi.org/10.1016/j.5pmi.2013.10.018

[33] J. El Ghoul, L. EI Mir, J Mater Sci: Mater Electron, 28 (2017) 9066;
https://doi.org/10.1007/s10854-017-6639-6

[34] B. Pal, D. Sarkar, P.K. Giri. Appl. Surf. Sci. 356) 2015( 804);
https://doi.org/10.1016/j.apsusc.2015.08.163

[35] N. Wang, Y. Yang, G. Yang. Nanoscale Res. Lett. 6 (2011) 338;
https://doi.org/10.1186/1556-276X-6-338

[36] S. Zhou, Q. Xu, K. Potzger, G. Talut, R. Greotzschel, J. Fassbender, M. Vinnichenko, J.
Grenzer, M. Helm, H. Hochmuth, M. Lorenz, M. Grundmann, H. Schmidt, Appl. Phys. Lett. 93
(2008) 232507; https://doi.org/10.1063/1.3048076

[37] J. El Ghoul, M. Kraini, O.M. Lemine, L El Mir. J Mater Sci: Mater Electron. 26 (2015) 2614;
https://doi.org/10.1007/s10854-015-2732-x

[38] Teng-Tsai Lin, San-Lin Young, Chung-Yuan Kung, Hone-Zern Chen, Ming-Cheng Kao,
Neng-Fu Shih, Jen-Bin Shi, Jia-He You, Jpn. J. Appl. Phys. 52 (2013) 11NJ12.

[39] Z. Li, W. Zhong, X. Li, H. Zeng, G. Wang, W. Wang, Z. Yang, Y. Zhang, J. Mater. Chem. C
2013 (2013) 6807; https://doi.org/10.1039/c3tc31387¢

[40] Boris B. Straumal, Andrei A. Mazilkin, Svetlana G. Protasova, Petr B. Straumal, Ata A.
Myatiev, Gisela Schiitz, Eberhard J. Goering, Thomas Tietze, Brigitte Baretzky, Phil. Mag. 93
(2013) 1371; https://doi.org/10.1080/14786435.2012.736693

[41] M. Zheng, X.C. Wu, B.S. Zou, Y.J. Wang, Magnetic properties of nanosized MnFe204
particles, J. Magn. Magn. Mater. 183 (1998) 152;
https://doi.org/10.1016/S0304-8853(97)01057-3

[42] D. Guruvammal, S. Selvaraj, S. Meenakshi Sundar, Journal of Alloys and Compounds 682
(2016) 850; https://doi.org/10.1016/j.jallcom.2016.05.038



https://doi.org/10.1016/j.jallcom.2009.07.118
https://doi.org/10.1016/j.jallcom.2015.02.142
https://doi.org/10.1016/j.apsusc.2016.04.107
https://doi.org/10.1063/1.2212277
https://doi.org/10.1016/j.apsusc.2007.02.014
https://doi.org/10.1002/adma.200502200
https://doi.org/10.1016/j.cap.2007.10.025
https://doi.org/10.1016/j.physb.2009.02.033
https://doi.org/10.1016/j.tsf.2006.11.019
https://doi.org/10.1016/j.optlastec.2014.12.020
https://doi.org/10.1063/1.1992666
https://doi.org/10.1021/ic0104860
https://doi.org/10.1016/j.spmi.2013.10.018
https://doi.org/10.1007/s10854-017-6639-6
https://doi.org/10.1016/j.apsusc.2015.08.163
https://doi.org/10.1186/1556-276X-6-338
https://doi.org/10.1063/1.3048076
https://doi.org/10.1007/s10854-015-2732-x
https://doi.org/10.1039/c3tc31387e
https://doi.org/10.1080/14786435.2012.736693
https://doi.org/10.1016/S0304-8853(97)01057-3
https://doi.org/10.1016/j.jallcom.2016.05.038

