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ffect of Gd doping on the
structural, optical, and magnetic properties of ZnO
based diluted magnetic semiconductor nanorods†

Mohammed M. Obeid, *a Hamad R. Jappor,b Kutaiba Al-Marzoki,a Imad Ali Al-
Hydary,a Shaker J. Edrees a and Majid M. Shukur a

The structural, magnetic, and optical properties of the pristine and Gd-doped ZnO nanorods (NRs),

prepared by facile thermal decomposition, have been studied using a combination of experimental and

density functional theory (DFT) with Hubbard U correction approaches. The XRD patterns demonstrate

the single-phase wurtzite structure of the pristine and doped ZnO. The rod-like shape of the

nanoparticles has been examined by FESEM and TEM techniques. Elemental compositions of the pure

and doped samples were identified by EDX measurement. Due to the Burstein–Moss shift, the optical

band gaps of the doped samples have been widened compared to pristine ZnO. The PL spectra show

the presence of complex defects. Room temperature magnetic properties have been measured using

VSM and revealed the coexistence of paramagnetic and weak ferromagnetic ordering in Gd3+ doped

ZnO-NRs. The magnetic moment was increased upon addition of more Gd ions into the ZnO host

lattice. The DFT+U calculations confirm that the presence of vacancy-complexes has a significant effect

on the structural, electronic, and magnetic properties of a pristine ZnO system.
1. Introduction

Synthesis of semiconductor materials with unique magnetic,
photocatalytic and optical properties appear to be the upcoming
candidates for the next generation of spintronics, electronic,
and optoelectronic devices.1 Owing to their technological
importance, the wide band gap semiconductors, such as ZnO,2

GaN,3 AlN,4 and InN5 have attracted more consideration among
other semiconductors. Particularly, zinc oxide (ZnO) has been
studied extensively, thanks to its large exciton binding energy
(60 meV),6 outstanding chemical and thermal stabilities,7 and
wide-direct bandgap (3.37 eV).8 Thus, many academics have
investigated its practical applications in solar cells,9 optoelec-
tronics devices,10 sensors,11 eld emission devices,12 transparent
electrodes,13 and spintronics devices.14 The electronic and
magnetic properties of the low-dimension materials with
defect-free lattice structure are exceptional, but structural
defects, either made deliberately or unintentionally, play a key
role in redecorating their properties.15,16 Hence, the existence of
various types of cation or anion vacancies and interstitials in
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ZnO nanocrystals may alter their magnetic, photocatalytic and
photoluminescence performances.17

Among the wide band gap semiconductors, ZnO possesses
the richest morphologies. Many types of one-dimensional (1D)
ZnO nanocrystals, like nanowires,18 nanotubes,19 nanorods,20

and nanobelts,21 have been grown. In general, several synthesis
methods have been established to grow 1D ZnO nanostructures,
such as electrochemical deposition,22 thermal evaporation,23

the template method,24 chemical vapor deposition (CVD),20

hydrothermal process,25 and the sol–gel method.26 However,
these approaches require a rigorous control synthesis environ-
ment, expensive equipment, and complicated procedures. Our
study reports facile synthesis route of Gd3+ doped ZnO-NRs and
the study of its essential properties. To the knowledge of the
authors, only a few scholars27–29 have reported the preparation
of rod-like shape Zn1�xGdxO (x ¼ 0.03 and 0.06).

ZnO can be diluted with a vast number of ions to meet the
demand of various applications area. The diluted magnetic
semiconductors (DMSs), wherein the spin degree of freedom is
introduced to charge, show remarkable features such as
magnetic, magneto-electronic, and magneto-optoelectronic,
caused by the mutual impact of magnetic and semi-
conducting demeanor.30,31 ZnO doped with 3d transition metals
(TMs) ions have been extensively investigated in several exper-
imental32–34 and theoretical35,36 studies. In comparison with
TMs, 4f rare earth (RE) constituents have greater magnetic
moments and expected to enhance the ferromagnetism in
DMSs.37 Especially, Gd3+ doped ZnO nanomaterials are themost
RSC Adv., 2019, 9, 33207–33221 | 33207
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debatable. Although some experimental and DFT results
conrmed the existence of room temperature ferromagnetism
(RTFM)38–40 property in Gd3+ doped wurtzite ZnO, there are
numbers of studies have established the absence of RTFM.41,42

In addition to magnetic properties, one more attractive feature
of the 4f ions doped ZnO nanocrystals is their optical response.
Several experimental and theoretical investigations have re-
ported that RE-doped ZnO can absorb ultraviolet (UV) light.43–45

Furthermore, the calculations based on DFT have delivered
extensive understanding into the properties of three-
dimensional and two-dimensional materials.46–52

In the present paper, Zn1�xGdxO (x ¼ 0, 0.03 and 0.06)
nanorods have been synthesized by thermal decomposition of
zinc acetate dehydrate and gadolinium acetate hydrate as main
precursors. The prepared powders were examined by means of
several characterization techniques, like X-ray diffraction
(XRD), transmission electron microscopy (TEM), eld-emission
scanning electron microscopy (FE-SEM), energy dispersive X-ray
spectroscopy (EDX), vibrating sample magnetometer (VSM),
photoluminescence and ultraviolet-visible (UV-vis) spectros-
copy. Furthermore, DFT+U calculations were employed to
understand the effect of the impurities on the electronic and
magnetic properties of ZnO crystal at the atomic scale.
2. Experimental procedure
2.1. Materials

Analytical grade of zinc acetate dihydrate Zn(CHOO)2$2H2O and
gadolinium acetate hydrate Gd(CHOO)2$H2O were used to
prepare pristine and doped ZnO-NRs.
2.2. Synthesis procedure

Zn(CHOO)2$2H2O was used as a precursor for synthesizing
pristine ZnO nanorods.32 A specic amount of the precursor was
ground in a mortar and pestle for 1 h and placed in a crucible.
The crucible was heated to 400 �C in an air atmosphere with
a heating rate of 80 �C per hour and held for 1 h, producing
ZnO-NRs in powder form.

Gadolinium-doped zinc oxide (Zn1�xGdxO) nanorods, where
x ¼ 3.0 and 6.0 atomic percent, were prepared by the same
procedure described above from zinc and gadolinium acetates.
Note that the atomic weight ratios of Zn(CHOO)2$2H2O and
Gd(CHOO)2$H2O were maintained to obtain stoichiometric
amounts of zinc-gadolinium oxide (Zn1�xGdxO).
3. Theoretical modelling

The theoretical results have been achieved utilizing the pseu-
dopotential method based on density functional theory as
implemented in CASTEP code.53 Ultraso pseudopotential
method54 along with energy cut-off of 500 eV was used for
geometry optimization. A supercell contains 16 atoms of Zn and
16 atoms of O has been created to model the effect of impurities
on the electronic properties of ZnO crystal. In order to model
Gd3+ impurities in ZnO, one atom of Zn2+ was substituted by
Gd3+ atom which represents the chemical formula Zn15GdO16.
33208 | RSC Adv., 2019, 9, 33207–33221
This gives a Gd3+ concentration of 6.25 percent. Further, the
effect of cation vacancy (Zn15GdO16 + VZn) and anion vacancy
(Zn15GdO16 + VO) complexes has also been studied. Spin-
polarized generalized gradient approximation (GGA+U), where
U is the Hubbard parameter due to the Coulomb repulsion, was
used to understand the precise behavior of electronic band
structure and magnetic properties of the pristine and doped
systems. The on-site Coulomb interaction U equals to (UZn-d)
10 eV,55 (UO-p) 7 eV (ref. 35) and (UGd-f) 6 eV (ref. 56) was
employed to dene the correlation inuence in the localized of
d, p and f orbitals of Zn, O and Gd, respectively. Our main goal
is to widen the calculated band gap of ZnO to experimental
value by introducing UO-p parameter.57 The Brillouin zone
integration was performed in the Monkhorst–Pack scheme
utilizing 5� 5� 4 k-points. The benchmarks of convergence for
atomic force and energy were set to be 0.001 Å and 10�5 eV,
respectively. We achieved self-consistency with the convergence
tolerance set to 10�6 eV per atom. The valence states for Zn, Gd,
and O atoms were selected to be 3d104s2, 4f75s25p65d16s2, and
2s22p4, respectively.

4. Results and discussion
4.1. Structural and microstructure analysis

The XRD patterns of the pristine and Gd3+ doped ZnO nano-
structures are depicted in Fig. 1. All the diffraction peaks were
characteristic for the hexagonal wurtzite structure of ZnO (ICDD
#01-074-0534, ICSD #26170) and have space group P63mc with
lattice parameters a ¼ 3.245 Å and c ¼ 5.207 Å, see ESI Fig.-
S1(a).† No impurity peaks were observed, such as Gd cluster or
Gd2O3, indicating that the gadolinium quantity is less than the
solubility limits.58 However, we cannot exclude the probability
of the development of clusters or precipitates of secondary
amorphous phase small enough not to be identied by the XRD
measurements. The intensity of the XRD lines was augmented
as the doping concentration increased and the FWHM became
broader than that of the pristine ZnO-NRs. This can point out
that the doped specimens possessed higher crystallinity with
small coherent domain size and large strain triggered by crystal
defects compared to the pristine ZnO-NRs. The diffraction peak
of 6% Gd-doped ZnO (2q ¼ 34.305�) has shied towards lower
angles compared to the pristine ZnO-NRs (2q ¼ 34.355�) as
shown in the inset of Fig. 1. This is due to the fact the ionic radii
of Gd3+ (0. 93 Å) is larger than that of Zn (0.74 Å).59 This trend is
consistent with the previous experimental reports.59,60 Peak
shiing may indicate that the crystallographic positions of Zn2+

ions have been successfully occupied by Gd3+ ions in the ZnO
host lattice and strain developed in the lattice61 (see-Fig. S1(b)).†

To better understand the impact of Gd3+ ions on the struc-
tural parameters of pristine ZnO-NRs, Rietveld renement has
been used. Rietveld-rened XRD patterns of the pristine and
doped ZnO-NRs are given in Fig. 2(a). The pseudo-Voigt func-
tion was utilized to describe the XRD line proles. Firstly, we
check the quality parameters of the rened patterns, such as
goodness of t (GOF), weighted residual parameter (Rwp), Bragg
factor (RB), and expected residual parameter (Rexp). The values
of these parameters listed in Table S1† indicate that derived
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 X-ray diffraction patterns of pristine and Gd-doped ZnO-NRs annealed at 400 �C for 1 h. The X-ray diffractograms show that the prepared
samples are polycrystalline with hexagonal wurtzite phase. The inset shows the shift of the diffraction peak along (002) plane at varying doping
concentrations.
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samples are of high quality and renements are effective.
Observed and calculated values were good matching as can be
recognized from gures and are consistent with previous
studies.62,63 Then, the lattice constants (a, c), c/a ratio, degree of
distortion (R), unit cell volume (V), and bond length (along c-
axis) have been calculated systematically using Rietveld rene-
ment implemented in X'pert highscore plus soware. The ob-
tained data are plotted in Fig. 3 and tabulated in Table S2.† One
may suppose the expansion of lattice parameters (a, c) as
a result of peak shiing in the direction of lower 2q angles�
c ¼ l

sin q
; a ¼ l

3 sin q

�
:64 In our rened XRD patterns, the

lattice parameters (a, c and V) show a reverse trend where both
a and c lattice constants were decreased upon Gd addition
(Fig. 3(a) and (b)). This may be attributed to several factors, such
as the concentration of dopant, defects (vacancies, interstitial,
dislocation), external strains developed due to temperature, and
the difference between the ionic radii of Gd and Zn ions.65,66 A
similar trend has been found for RE-doped ZnO nano-
particles.64,65,67,68 The a, c lattice parameters and the unit cell
volumes (V) progressively decrease as Gd doping concentration
increases to 0.03 and, then, a becomes constant while c and V
values slightly increase with the increment of the doping
concentration. The probable clarication of the perceived trend
is that for low concentration of Gd3+, the lattice contraction
occurs up to a critical concentration caused by the hydrostatic
pressure produced by the rare earth dopants located on the
surface of the ZnO-NRs. Upon additional increase in dopant
concentration, the crystal lattice expands owing to the substi-
tution of Zn atoms in the core due to relatively large ionic radii
of Gd3+ ion. The contraction trends of c parameter upon Gd
This journal is © The Royal Society of Chemistry 2019
doping has also been reported by Flemban et al.56 and e Silva
et al.69 The substitution of Zn2+ in the tetrahedral site of the ZnO
host lattice by Gd3+ ions will cause lattice distortion. The perfect
wurtzite structure has a hexagonal unit cell with two lattice
constants, a and c, with a ratio of c/a ¼ 1.633.70 Deviation of the
crystal from the perfect arrangement can be measured in

expressions of the degree of distortion R ¼ ð2a ffiffiffiffiffiffiffiffiffiffiffiffið2=3Þp Þ=c (thus,
R ¼ 1 represents no distortion).71 As shown in Fig. 3(c), the c/
a ratio and R values were deviated from the ideal value as
doping concentration increase, indicating the presence of
lattice distortion (anion or cation vacancies).72 Variations of
bond lengths with Gd-concentration are illustrated in Fig. 3(d).
The variation of bond lengths develops the lattice strain.34 The
substitution of Gd atoms in Zn sites attracts oxygen atoms
closer, causing elongation of Zn–O bond lengths along c-axis
whereas Zn–Zn bond length decreases signicantly and then
becomes constant at higher doping concentration. Although
Zn–O bond length expands along c-axis, it contracts along the a–
b axis upon doping (not shown here). We also perceived that the
interplanar spacing (d) slightly increased from 2.6028 to 2.6119

Å with an increase of Gd3+ content. This can be attributed to the
higher electronegativity of Zn2+ (1.65) compared to that of Gd3+

(1.2), which leads to decrease the attraction force between Gd3+

and O2� than the force between Zn2+ and O2�. Moreover, we
have also performed possible non-stoichiometry of anion and
cation in the ZnO of both the pristine ZnO-NRs and possible
dopant (Gd) concentration at the Zn sites of ZnO host lattice.73

This can be understood from the “Site Occupancy Factor (SOF)”
column of Table S1, Fig. S2(a) and (b).† The related discussion
of the SOF renement for prepared products was described in
the ESI.†
RSC Adv., 2019, 9, 33207–33221 | 33209
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Fig. 2 (a) Rietveld refinement analysis and (b) Williamson–Hall plot of pure and doped ZnO nanoparticles. The CIF file contained the necessary
parameters of the crystal structure of ZnO (ICSD #26170) was achieved from ICSD database implemented in findit software to simulate the
observed XRD patterns using Rietveld refinement.
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The average coherent domain size was estimated from the
full width at half maximum (FWHM) of the strongest three
diffraction peaks (100), (002), and (101) using the Scherrer
equation.31

D ¼ kl

b cos q
(1)

Along with the coherent domain size, lattice strain also
donates to the broadening of the XRD peaks and has been
assessed utilizing the Williamson–Hall (W–H) plot based on the
following formula.64
33210 | RSC Adv., 2019, 9, 33207–33221
b cos q ¼ kl

D
þ 43 sin q (2)

where q is the diffraction angle, b is the FWHM of the diffraction
peak, k is the geometric parameter (0.9), l is the wavelength of
X-ray used (l ¼ 1.5406 Å), D is the domain size, and 3 is the
effective strain. The strain was predicted from the slope, and the
domain size (D) was estimated from the intercept of a plot of
b cos q against sin q as shown in Fig. 2(b). For a precise exam-
ination of the size and strain effects, the instrumental peak
prole must be considered. The diffraction pattern from the
line broadening of a standard material viz., high crystalline
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Variation of (a) lattice parameters a and c, (b) unit cell volume, (c) c/a ratio and distortion degree, and (d) bond lengths Zn–O and Zn–Zn
with Gd content.
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silicon powder was measured to deconvolute the aforemen-
tioned inuences and to determine the instrumental prole
using the following expressions.

bsize ¼ bobs � bstd (3)

bstrain ¼ [bobs
2 � bstd

2]1/2 (4)

where bstd, bobs, and b describe the silicon, ZnO, and corrected
structural broadening, respectively. By using the Scherrer
formula, the average domain size of pristine ZnO-NRs was
estimated to be 23.23 nm. The incorporation of 6% Gd into the
ZnO-NRs causes a decrease in the average coherent domain size
down to 19.7 nm as shown in Table S2.† Fig. 2(b) shows the plot
of b cos q versus sin q for pristine ZnO-NRs (applying eqn (2))
and the slope value is +0.0009. The positive slope value indi-
cates the tensile strain. It is evident from the scattered data in
Fig. 2(b) that the data do not entirely obey the W–H formulation
for different samples where they show a non-monotonous
increase of b cos q versus sin q. This indicates that the broad-
ening of Bragg peaks with respect to different Bragg reections
are anisotropic and caused by anisotropic microstrain. The
microstrain anisotropy observed in these nanorods is ascribed
to the presence of point defects.74,75 Similar behavior has been
found for ZnO nanorods by Khanchandani et al.76 The obtained
coherent domain size is 29.8 nm for pristine ZnO-NRs, while it
equals to 28.9 for 6% Gd-doped sample. For all samples, one
may perceive that the coherent domain sizes measured by W–H
plot are greater than those calculated by Scherrer routine since
the latter does not reect the impact of lattice defects on the
XRD peaks broadening. For 6% Gd-doped sample, the strain
This journal is © The Royal Society of Chemistry 2019
has been increased to +0.001, indicating the presence of higher
lattice defects compared to the pristine structure. The obtained
results are in line with previous experimental reports.58,60,65,77

The reduction in the coherent domain size is mainly attributed
to the distortion in the ZnO structure by the incorporation Gd3+

ions which decrease the nucleation and subsequent growth rate
of ZnO-NRs. Besides, the dislocation density (d) was estimated
employing the formula below,78 where D is the coherent domain
size. This provides more understanding of the concentration of
defects in the nanostructures.

d ¼ 1

D2
(5)

The calculated values of the dislocation density are given in
Table S2.† It is obvious that the dislocation density increased
with increasing Gd content in the ZnO host lattice and the
results are consistent with the previous calculations.60,79
4.2. Morphological and EDX characterization

The morphology of the synthesized products has been studied
by means of eld emission electron microscopy scanning
(FESEM) and transmission electronmicroscopy (TEM) as shown
in Fig. 4 and 5, respectively. The overall reaction and grain
growth mechanism of ZnO nanoparticles throughout the
thermal decomposition of zinc acetate have been described in
details elsewhere.32,80 FESEM images show that the pristine and
doped ZnO has a rod-like shape morphology. It is evidently
noticeable from Fig. 4 (b) and (c) that Gd3+ doping decreases the
size of ZnO nanostructures, in case of pristine ZnO (Fig. 4(a))
there is rod-like morphology with amean diameter of�45 nm�
RSC Adv., 2019, 9, 33207–33221 | 33211
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Fig. 4 FESEM images of (a) pristine ZnO, (b) 3% Gd-doped ZnO, (c) 6% Gd-doped ZnO along with their particle size distribution histogram and (d)
EDX elemental mapping of 3% Gd-doped ZnO. The inset table shows the quantitutive results of doped samples.
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6 nm, and with 3% and 6% Gd3+ doping the diameters change
to �43 nm � 5 nm, and�42 nm � 5 nm, respectively (see-Fig. 4
particle size distribution). Note that the coherent domain size
from XRD line proles was smaller than the particle size ach-
ieved from FESEM analysis. This may be as a result of the
agglomeration of lots of small domains to form a particle. The
mean length of pure and doped rods was found to be �161 nm
� 4 nm, �248 nm � 6 nm, and �297 nm � 7 nm, respectively.
The calculated average aspect ratios of the pure and doped ZnO-
NRs are close to the value of the standard aspect ratio of
Fig. 5 TEM images of (a and b) 3% Gd-doped ZnO and its hexagonal sh

33212 | RSC Adv., 2019, 9, 33207–33221
nanorods (3–5). It is evident that Gd doping enhances the aspect
ratio of ZnO nanorods. So as to ratify the purity of the prepared
ZnO-NRs and incorporation of Gd ions in ZnO-NRs, the EDX
spectrum was recorded from the pure and doped sample, see
Fig. S3† and 4(e), respectively. The absence of any extra emis-
sion demonstrates the quality and purity of the prepared
product, see Fig. S3.† In general, ZnO is an n-type semi-
conductor where most defects are zinc interstitials (Zni) and
VO.81 In contrast, we achieve deciency of zinc and excess of
oxygen atoms in the prepared ZnO nanorods. Consequently, the
ape and (c and d) 6% Gd-doped ZnO with its hexagonal shape.

This journal is © The Royal Society of Chemistry 2019
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excess of oxygen, may be ascribed to the presence VZn or Oi in
ZnO nanoparticles.82 The excessive oxygen may give rise to less
observed experimental p-type semiconducting behavior in the
prepared ZnO-NRs as shown Fig. S3.† Furthermore, the EDX
mapping of 3% Gd-doped ZnO-NRs was collected from the
selected area of the typical electron image as shown in Fig. 4(e).
Panels in Fig. 4(e) demonstrate the elemental mapping of Zn,
Gd, and O respectively, which show the existence of Gd in ZnO-
NRs. The actual doping of 3% Gd in the ZnO-NRs was assessed
from EDX in terms of atomic and weight percentage (see-the
table inset in Fig. 4(e)). The EDX results demonstrate that the
chemical composition varies slightly with rich oxygen content,
and almost close to the nominal composition. TEM images of
3% and 6% Gd3+ doped ZnO sample conrm that the ZnO
particles are grown in the shape of a rod as presented in Fig. 5.
Fig. 5(a–c) represents the preferential growth of ZnO-NRs along
c-axis, whereas Fig. 5(b–d) illustrates the rod-like shape of the
doped samples.
4.3. Optical properties

The UV-vis spectra of pristine and Gd-doped ZnO-NRs are
demonstrated in Fig. 6. The prepared nanorods were dispersed
in ethanol prior to measuring the optical absorption spectra in
the wavelength ranging from 300 to 800 nm at a step of 1 nm.
The spectra were rectied to the solvent absorption contribu-
tion. The optical absorption spectra of all three samples display
a robust absorption around 370–480 eV, and the peaks have
been slightly shied toward shorter wavelength values (blue
shi) upon Gd doping in ZnO-NRs as shown in Fig. 6(a). Note
that 6% Gd doping enhances the absorbance intensity of pris-
tine ZnO-NRs in the UV region, which is ascribed to the doping
induced increase in the electron concentration.83 The absorp-
tion peak centered at 378 nm is the characteristic peak for
hexagonal wurtzite ZnO nanoparticles.84 The pristine ZnO-NRs
show blue-shied absorption peak with regard to their bulk
counterpart having the absorption peak at 386 nm.85 Several
methods have been suggested to determine the band gap energy
Fig. 6 (a) UV-visible spectra of the ZnO and Gd-doped ZnO nanorods a

This journal is © The Royal Society of Chemistry 2019
(E) from optical absorption measurements.86 In this study, the
direct band gaps of pristine and doped ZnO-NRS were calcu-
lated using the Tauc's plot as given below:

(ahn) ¼ C(hn � Eg)
n (6)

where a is the absorption coefficient, C is constant, h is Planck's
constant, n is the photon frequency, and Eg is the optical band
gap. For a direct transition, n ¼ 1/2. An extrapolation of the
linear region of a plot of (ahn)2 on the Y-axis versus the photon
energy hn on the X-axis gives the value of the Eg, see Fig. 6(b). It
was observed that the calculated band gap of pristine ZnO, 3%
Gd-doped ZnO, and 6% Gd-doped ZnO are 2.71, 2.74, and
2.98 eV, respectively. The band gap of pristine zinc oxide
decreases compared to the defect-free ZnO (3.37 eV)8 due to the
increase in point defects (cation or anion vacancies) that are
generated during the thermal decomposition process. On the
other hand, the band gap of pristine ZnO-NRs increases upon
doping. A similar kind of phenomenon has been reported by
Mithal et al.67 and Mazhdi et al.87

It has been reported that particle size reduction leads to
widening the bandgap of metal oxides due to quantum
connement effect.88 In this letter, the particle size reduction
has been conrmed by XRD and FESEM analysis. Since the
dimensions of the prepared nanostructures are larger than the
exciton Bohr radius of ZnO (2.38 nm), the size effect is
implausible to cause the perceived blue shi. Furthermore, this
blue shi in bandgap can be ascribed to the Burstein–Moss
phenomena89 where the change in bandgap is directly propor-
tional to the carrier concentration. Therefore, the augment in
the carrier concentration with Gd ions in ZnO will cause Fermi
level to move into the conduction band. In this case, the optical
transition of electrons takes place from the valance band to the
energy levels in the conduction band, which is positioned above
the Fermi level. This effect the shiing of self-absorption peak
at higher energy, and consequently the optical gap will be
equivalent to E (actual band-gap) + dE (Moss–Burstein effect).
These results support our assumption that the Gd cations have
nd (b) Tauc's plot of the ZnO and Gd-doped ZnO nanorods.
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successfully decorated the wurtzite structure of ZnO and
substituted the Zn cations sites.

4.4. Photoluminescence analysis

Photoluminescence (PL) measurement is a sensitive non-
destructive method to study the extrinsic and intrinsic defects
in semiconductors. It offers important information on the
energy levels of these defects, even at low densities, which is
useful for understanding the structural defects in semi-
conductors.90 The room temperature PL spectra of pure and
doped ZnO-NRs using 325 nm wavelength light source are
illustrated in Fig. 7. It is noticeable that the pristine ZnO has
three distinct emission bands, (i) low intense peak at 387 nm
corresponding to UV emission, (ii) low intense peak centered at
412 nm corresponding to violet emission, (iii) high intense and
sharp peaks centered at 650 nm signies the orange-red
emission.

The UV emission band can be described by a near band-edge
(NBE) transition that is responsible for the recombination of
free ZnO excitons.87 The intensity of UV emission has been
enhanced as the concentration of Gd ions increase. This is
because Gd doping increases the crystalline quality of ZnO-NRs,
hence augments the density of free exciton. The obtained
results are in good agreement with previous experimental
report.28 Substitution of divalent Zn2+ ions with trivalent Gd3+

ions results in crystalline defects in ZnO, such as zinc intersti-
tials (Zni), zinc vacancies (VZn), oxygen interstitials (Oi) and
oxygen vacancies (VO). The violet emission at 412 nm is
accredited to the transition from conductive band to zinc
vacancy (VZn),91 which has been increased upon Gd doping. The
orange-red PL band was earlier attributed either to oxygen
interstitial atoms (Oi) due to excess oxygen on the ZnO surface
or to the hydroxyl group (OH).92 The orange emission is caused
by transition from the Zn interstitial (Zni) to the oxygen inter-
stitial (Oi) states. Such phenomena are generally observed in
oxygen rich systems, see the results of EDX. Other reports show
Fig. 7 Photoluminescence spectra of pure ZnO and ZnO : Gd (3% and
6%).

33214 | RSC Adv., 2019, 9, 33207–33221
that VZn-related acceptor defects were assumed to be respon-
sible for the deep-level emission near 650 nm.93 This type of
emission is still controversial. Based on the obtained results,
complex defects can be existed in the prepared nanoparticles,
especially Gd–VZn defects.
4.5. Magnetic properties

To study the magnetic behaviors of Gd3+ doped ZnO-NRs,
magnetization hysteresis loops were conducted using VSM at
room temperature. Fig. 8 shows the magnetizations versus
applied magnetic eld (M–H) loops for pure and doped ZnO-
NRs. The data show the existence of two components, one is
weak ferromagnetism and the other is a dominant para-
magnetic ordering at room temperature. The presence of weak
ferromagnetic ordering in pure ZnO can be ascribed to VZn.94

Furthermore, a similar co-existence of ferromagnetic and
paramagnetic orderings has been observed in ZnO doped with
other RE metal ions such as Er95 and Tb.96 The narrow opening
and S-shape hysteresis loops with a saturation eld in order of
500 Oe are due to the weak ferromagnetism of the doped
samples, see inset of Fig. 8. Coercive eld (HC) and remanent
magnetization (Mr) values of the M versus H curve have trivial
magnitudes. The coercive eld (HC), measured by means of HC

¼ (HC+ � HC�/2), where HC+ and HC� are the values on the
positive and negativeH eld sides whenM¼ 0, respectively, and
remanent magnetization (Mr) values, at 300 K are 56 Oe and 0.7
memu g�1 in the 3% Gd-doped ZnO-NRs, and 26 Oe and 1
memu g�1 in the 6% Gd-doped ZnO-NRs. This observation is
consistent with the previous experimental reports.58,60,77 Inter-
estingly, we have also observed that the magnetic moment of
the 6% Gd-doped ZnO-NRs (0.26 emu g�1) is twice larger than
that of the 3% Gd-doped sample (0.13 emu g�1) which indicates
more dopant (Gd) incorporation in 6% doped sample. This is
consistent with our expectation since more Gd ions substitu-
tions should result in more magnetic moment. Therefore, the
magnetization rises with increasing Gd-concentration and
room temperature ferromagnetism augments progressively.
Thus, Gd basically plays a signicant role in the perceived FM.
Similar kind of behavior has been observed in Gd-doped ZnO
nanoparticles.1,77 These Gd-doped ZnO specimens exhibit
higher magnetization and coercive eld when compared with
the data reported in literature,1,58,97 but lower values compared
to previous experimental reports.77,98 This variation in magne-
tization values may due to the difference in the preparation
process, morphology, the various doping concentration, and
the particle size. Thus, according to the achieved values of
magnetic moment, Mr, and HC, one can say that the elaborated
nanostructure products exhibit a dominant paramagnetism
and so ferromagnetic nature at room temperature.

RTFM with high magnetization was expected in Gd-doped
ZnO system. The idea behind this anticipation is the ferro-
magnetic nature of Gd up to�289 K.60 However, the mechanism
responsible for the detected ferromagnetism at room tempera-
ture in DMSs is still controversial. The presence of Gd-clusters
or secondary phase of Gd2O3, which is quite oen found in
DMSs and not being detectable by XRD measurement, should
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Magnetic hysteresis (M–H) curves for pure, 3% and 6% Gd-doped ZnO. The inset figure shows their magnified loop.
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yield either a large paramagnetic or very so-FM hysteresis loop.
It has also been reported that the presence of point defects may
be responsible for the weak ferromagnetic ordering in the
Zn1�xGdxO.77 Bantounas et al.41 utilized density functional
theory within the GGA+U formalism to investigate the magnetic
ordering and spatial arrangement of Gd impurities in ZnO host
lattice. The authors showed that the results were predominantly
paramagnetic for Gd-doped ZnO. In a few cases, e.g. magnetic
impurities occupying in-plane nearest-neighbor zinc sites with
n-type carrier doping, weak ferromagnetic coupling was
perceived and can be diminished by thermal uctuations. On
the other hand, Aravindh et al.,40 suggested that the RTFM and
high TC in ZnGdO nanowires can be achieved with the presence
of O vacancy that leads to stronger s–f coupling. A key charac-
teristic of Gd differentiating it from other rare earth atoms is the
partially lled 4f and 5d orbitals, which could activate inter- and
intra-ion exchange interactions.99 Thus, there are several
magnetic coupling mechanisms responsible for the RTFM in
Gd-doped ZnO.100 In addition to the s–f exchange, as the Gd 5d
electrons contribute to the conduction band minima (CB), s–
d exchange between Gd ions can be mediated by defect band
positioned near to the CB edge.101 This defect band has been
stated to have spin-split caused by the s–d coupling.102 There-
fore, in our case, the s–d coupling between the Gd ions and the
This journal is © The Royal Society of Chemistry 2019
ZnO host lattice in the presence of anion or cation vacancies
may attribute to the observed weak RTFM. This observation has
been conrmed by our DFT+U calculations below.

4.6. Theoretical results

Fig. 9 represents the most stable structure of Gd and complex
defects doped ZnO crystal structure. We have conducted spin
and non-spin polarization GGA to nd the most suitable
geometrical optimization technique. According to the total
energy optimizations, we found that the systems with Gd and
complex defects doped ZnO prefer the spin-polarized state,
which is in good agreement with earlier calculations.41 The
observed decrease of the c lattice constant value with Gd content
measured by XRD, even with the replacement of Gd on Zn sites,
can only be described by the development of Gd-defect
complexes. The simulations demonstrate that a- and c-lattice
constants expand in Gd-doped ZnO (a ¼ 3.295 Å and c ¼ 5.274
Å) with respect to those of pristine ZnO. For GdZn–VO complex,
lattice parameters shrink (a¼ 3.284 Å and c¼ 5.261 Å) while the
expansion induced by the development of GdZn–VZn complex.

To validate the thermodynamic stability of the examined
defect complexes, we have assessed the formation energy of the
crystal system under the coexistence of Gd doping and O
vacancy or Zn vacancy using the following expressions.35,103
RSC Adv., 2019, 9, 33207–33221 | 33215
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Fig. 9 Crystal structures of pristine, Gd-doped ZnO and Gd-complex defects ZnO.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 6

/1
1/

20
26

 9
:2

3:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DEGd ¼ EZnO:Gd � EZnO � mGd + mZn + q(EF) (7)

DEGd+VO
¼ EZnO:Gd+VO

� EZnO � mGd + mO + mZn + q(EF) (8)

DEGd+VZn
¼ EZnO:Gd+VZn

� EZnO � mGd + 2mZn + q(EF) (9)

where the rst and second terms represent the total energy of
defect-bearing supercell and pristine structure respectively,
whereas m signies the chemical potential of Zn, Gd and O
atoms. The chemical potential relies on experimental growth
conditions and can be estimated from the total energies of
hexagonal bulks Gd E (Gdmetal), Zn E (Znmetal) and gas O2 E (O2).
Here q denotes the electron charge, while EF represents the
Fermi energy. Since we are only considering the neutral state in
these calculations (q ¼ 0), the last term is excluded from these
equations. Recently, Rosa and Frauenheim104 have considered
the complexes in various charge states, namely �1 and +1 and
33216 | RSC Adv., 2019, 9, 33207–33221
+2, and they found that these defects are not energetically
favorable under O-rich or Zn-rich environments. The formation
energies of the neutral Gd and complex defects doped ZnO were
calculated under O-rich and Zn-rich conditions. Under O-rich

limit, mO ¼ 1
2
EO2 and mZn ¼ EZnO � EO. Under the Zn-rich

limit, mZn ¼ E(Znmetal), and mO ¼ EZnO � EZn. The calculated

values of the formation energy of the doped systems under both

conditions are tabulated in Table S3.† The latter shows that all

doped systems have negative formation energy, that is, it is

experimentally achievable to synthesize the defect-bearing

crystal structures.31 It can be perceived that the formation

energy (DEO) is �3.17 eV for Gd incorporation in wurtzite ZnO

under O-rich limit which is lower than the value under the Zn-

rich environment (DEZn). Therefore, it is easier for Gd replacing
This journal is © The Royal Society of Chemistry 2019
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Zn atoms under O-rich condition. The estimated values are in

line with the previous theoretical reports.40,103 Under the Zn-rich

limit, the DEZn increases either by introducing Zn vacancy or O

vacancy. Moreover, the complex system with Zn vacancy has the

lowest formation energy under Zn-poor limit. This may suggest

that the occurrence of vacancy-dopant complexes is preferred

energetically.95 Thus, Gd doping easily induced VZn on the ZnO

host lattice. This behavior is consistent with previous theoret-

ical investigation.105

Finally, we discuss the electronic structure of the above
mentioned neutral defect-bearing structures. Fig. 10 exhibits
the electronic band structures, the total density of states
(TDOS), and the partial density of states (PDOS) of pristine and
doped ZnO using GGA+U formalism. As presented in Fig. 10(a),
the defect-free ZnO structure is a nonmagnetic semiconductor
with a direct band gap of 3.38 eV positioned at G–G0 points,
which agrees well with the previous experimental and theoret-
ical values.8,106 The calculated value conrms the presence of
point defects as compared to our observed band gap (2.66 eV)
using UV-vis spectrometer. One may also observe that the spin-
up and spin-down channels are well overlapped, indicating the
nonmagnetic behavior of the pristine structure. The PDOS
reveals that the conduction band minima (CB) of ZnO is
composed essentially of Zn-4s states and some overlapping
between Zn-3d and O-2p, and the valence band maxima (VB) is
dominated by the O-2p states with a minor contribution of Zn-
3d states. However, the contribution of Zn-d states becomes
prominent in the �6 to �8 eV range. The band gap of doped
ZnO becomes slightly narrower (3.26 eV) due to the incorpora-
tion of Gd ions into the host last, see Fig. 10(b). This conrms
that the experimental increasing of the band gap is due to the
Fig. 10 The electronic band structures, TDOS and PDOS of (a) pristin
complex.

This journal is © The Royal Society of Chemistry 2019
Burstein–Moss shi. One may observe a trivial spin split of the
conduction band edge which indicates themagnetic behavior of
the doped host lattice. As demonstrated in Fig. 10(b), the TDOS
and PDOS of the doped ZnO show that the spin-up and spin-
down channels are asymmetric, reveal the Zn15GdO16 is
a magnetic semiconductor with a total magnetic moment of �7
mB. The PDOS demonstrates that bottom of conduction band
mainly composed of 5d and 4s states, while the 4f states are
about 15 eV above the Fermi level (not shown here). On the
other hand, the top of the VB is similar to that of the pristine
structure except for the presence of 4f states at �7 eV. This
observation is in good agreement with the previous theoretical
report.101 Ferromagnetic ordering takes place when the Fermi
level is positioned close to the band edge and overlaps with the
impurity level. Consequently, it can be partially occupied by the
donor/acceptor electrons and magnetic exchange coupling be
able to occur.107 For GdZn–VO complex, the band gap value was
signicantly decreased compared to that of pristine and Gd-
doped ZnO, see Fig. 10(c). The presence of O-vacancy
(donors), which induces two electrons to the system, has an
effect on the location of valance band maxima and the bottom
of the conduction band to give an indirect band gap of 1.36 eV
located at K–A0 points. This type of complex defect induced
a new defect band levels (Zn-3p and 4s states) in the vicinity of
the Fermi level. The strong hybridization between the Gd-5d
and Zn-4s can shi some of the energy bands downward into
the state of low energy. For the GdZn–VZn (Fig. 10(d)), band
structures display robust spin splitting between the majority-
and minority-spin states close the Fermi level, which suggests
that this type of complex defect can induce ferromagnetism in
the ZnO hosts. Two impurity levels, one at the top of the valence
band and the other one equals to 1.4 eV above Fermi level, are
formed in the band gap. The introduction of Zn vacancy
(acceptors), which induces two holes to the system, causes the
e ZnO, (b) Gd-doped ZnO, (c) GdZn–VO complex and (d) GdZn–VZn

RSC Adv., 2019, 9, 33207–33221 | 33217
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energy band gap to decrease down to 0.93 eV in the spin-down
state whereas it displays wide gap semiconductor character
(3.70 eV) in the spin-up direction. The difference in the energy
gaps between the spin-up and spin-down states indicates that
GdZn–VZn complex doped ZnO is spin-lter semiconductors.
Furthermore, TDOS and PDOS of the doped ZnO reveal robust
asymmetric between the spin-up and spin-down channels,
resulting in magnetism in the Zn14GdO16 structure. The
magnetic moment of the doped crystal structure has been
increased. This indicates that the GdZn–VZn complex can effec-
tively mediate the ferromagnetic ordering of the doped system.
This observation is in good agreement with the conclusion
suggested by Bantounas et al.108 The increase of acceptor level
(VZn) upon Gd3+ doping has been experimentally reported by
Reddy et al.109 and Vijayaprasath et al.60 As a result, the prospect
of having Gd-p-type as well as Gd-n-type ferromagnetic semi-
conductors could uncover a wide range of new potential mate-
rials and new possible applications of DMSs.
5. Conclusions

In summary, pristine and Gd-doped ZnO-NRs have been
successfully prepared via thermal decomposition method. The
incorporation of the gadolinium in the ZnO nanostructure was
veried by X-ray diffraction. The morphologies and the
elemental composition of the synthesized products were
revealed by TEM and FSEM plus EDX techniques. The optical
absorption spectrum of pure ZnO was enhanced at 6% Gd
amount. The magnetic features were found to change with
varying dopant concentration. The photoluminescence at room
temperature demonstrates the existence of defects which
further increases with increase in Gd doping. To perform an in-
depth analysis of the electronic structures and the physical
mechanism of these materials at the atomic scale, DFT+U
calculations have been employed. Hole carries signicantly
affect the magnetic behavior of the doped system. This diluted
magnetic semiconducting nanoparticles can be suitable for
magneto-optoelectronic applications.
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U. Schwingenschlögl, Structural and magnetic properties
of Gd-doped ZnO, J. Mater. Chem. C, 2014, 2, 10331–10336.

42 S. Sambasivam, et al, Intense violet–blue emission and
paramagnetism of nanocrystalline Gd3+ doped ZnO
ceramics, J. Adv. Ceram., 2015, 4, 300–306.

43 A. Manikandan, et al, Rare earth element (REE) lanthanum
doped zinc oxide (La: ZnO) nanomaterials: synthesis
structural optical and antibacterial studies, J. Alloys
Compd., 2017, 723, 1155–1161.

44 Y. Zhang, G. Zhang and Y. Wang, First-principles study of
the electronic structure and optical properties of Ce-
doped ZnO, J. Appl. Phys., 2011, 109, 063510.

45 A. Chakraborty, C. S. Jong, N. Ganguli and I. Dasgupta, A
comparative study of magnetic and optical properties of
Mn-, Gd-, and Nd-doped ZnO nanowires, Int. J. Mod. Phys.
B, 2017, 31, 1650241.

46 M. M. Obeid, et al, Electronic Band Structure,
Thermodynamics and Optical Characteristics of BeO1�xAx

(A ¼ S, Se, Te) Alloys: Insights from Ab Initio Study,
Chem. Phys., 2019, 526, 110414.

47 H. R. Jappor, et al, Engineering the optical and electronic
properties of Janus monolayer Ga2SSe by biaxial strain,
Superlattices Microstruct., 2019, 130, 545–553.

48 D. Hoat, T. V. Vu, M. M. Obeid and H. R. Jappor, Assessing
optoelectronic properties of PbI2 monolayer under uniaxial
strain from rst principles calculations, Superlattices
Microstruct., 2019, 130, 354–360.

49 S. J. Edrees, M. M. Shukur and M. M. Obeid, First-principle
analysis of the structural, mechanical, optical and
electronic properties of wollastonite monoclinic
polymorph, Computational Condensed Matter, 2018, 14,
20–26.

50 M. M. Obeid, et al, Electronic and magnetic properties of
single-layer boron phosphide associated with materials
processing defects, Comput. Mater. Sci., 2019, 170, 109201.

51 D. Hoat, T. V. Vu, M. M. Obeid and H. R. Jappor, Tuning the
Electronic Structure of 2D Materials by Strain and External
Electric Field: Case of GeI2 Monolayer, Chem. Phys., 2019,
527, 110499.

52 H. T. Nguyen, et al, Strain-tunable electronic and optical
properties of monolayer GeSe: promising for
photocatalytic water splitting applications, Chem. Phys.,
2019, 529, 110543.

53 S. J. Clark, et al, First principles methods using CASTEP, Z.
Kristallogr. - Cryst. Mater., 2005, 220, 567–570, DOI: 10.1524/
zkri.220.5.567.65075.

54 G. Kresse and D. Joubert, From ultraso pseudopotentials
to the projector augmented-wave method, Phys. Rev. B:
Condens. Matter Mater. Phys., 1999, 59, 1758, DOI:
10.1103/physrevB.59.1758.

55 A. Stashans and K. Rivera, Electronic and Magnetic
Properties of Co-and Mn-codoped ZnO by Density
Functional Theory, Chin. Phys. Lett., 2016, 33, 097102.
RSC Adv., 2019, 9, 33207–33221 | 33219

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04750f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 6

/1
1/

20
26

 9
:2

3:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
56 T. H. Flemban, et al, Identifying the inuence of the
intrinsic defects in Gd-doped ZnO thin-lms, J. Appl.
Phys., 2016, 119, 065301.

57 E. Goh, J. Mah and T. Yoon, Effects of Hubbard term
correction on the structural parameters and electronic
properties of wurtzite ZnO, Comput. Mater. Sci., 2017, 138,
111–116.

58 A. Dakhel and M. El-Hilo, Ferromagnetic nanocrystalline
Gd-doped ZnO powder synthesized by coprecipitation, J.
Appl. Phys., 2010, 107, 123905.

59 A. Khataee, R. D. C. Soltani, A. Karimi and S. W. Joo,
Sonocatalytic degradation of a textile dye over Gd-doped
ZnO nanoparticles synthesized through sonochemical
process, Ultrason. Sonochem., 2015, 23, 219–230.

60 G. Vijayaprasath, R. Murugan, Y. Hayakawa and G. Ravi,
Optical and magnetic studies on Gd doped ZnO
nanoparticles synthesized by co-precipitation method, J.
Lumin., 2016, 178, 375–383.

61 S. Kumar, et al, Investigations on structural and optical
properties of ZnO and ZnO: Co nanoparticles under dense
electronic excitations, RSC Adv., 2014, 4, 62123–62131.

62 S. Goel, et al, Ferroelectric Gd-doped ZnO nanostructures:
enhanced dielectric, ferroelectric and piezoelectric
properties, Mater. Chem. Phys., 2017, 202, 56–64.

63 S. Goel, N. Sinha, H. Yadav, A. J. Joseph and B. Kumar,
Experimental investigation on the structural, dielectric,
ferroelectric and piezoelectric properties of La doped ZnO
nanoparticles and their application in dye-sensitized solar
cells, Phys. E, 2017, 91, 72–81.

64 A. S. H. Hameed, et al, Impact of alkaline metal ions Mg2+,
Ca2+, Sr2+ and Ba2+ on the structural, optical, thermal and
antibacterial properties of ZnO nanoparticles prepared by
the co-precipitation method, J. Mater. Chem. B, 2013, 1,
5950–5962.

65 D. Arora, K. Asokan, A. Mahajan, H. Kaur and D. Singh,
Structural, optical and magnetic properties of Sm doped
ZnO at dilute concentrations, RSC Adv., 2016, 6, 78122–
78131.

66 S. Kumar and R. Thangavel, Gd doping effect on structural,
electrical and magnetic properties of ZnO thin lms
synthesized by sol-gel spin coating technique, Electron.
Mater. Lett., 2017, 13, 129–135.

67 D. Mithal and T. Kundu, Effect of Gd3+ doping on structural
and optical properties of ZnO nanocrystals, Solid State Sci.,
2017, 68, 47–54.

68 M. Faraz, F. K. Naqvi, M. Shakir and N. Khare, Synthesis of
samarium-doped zinc oxide nanoparticles with improved
photocatalytic performance and recyclability under visible
light irradiation, New J. Chem., 2018, 42, 2295–2305.

69 R. L. d. S. e Silva, P. Banerjee and A. F. Júnior, Functional
properties of donor-and acceptor-co-doped high dielectric
constant zinc oxide ceramics, Phys. Chem. Chem. Phys.,
2019, 21, 9456–9464.

70 D. K. Dubey, et al, Local structure and photocatalytic
properties of sol–gel derived Mn–Li co-doped ZnO diluted
magnetic semiconductor nanocrystals, RSC Adv., 2016, 6,
22852–22867.
33220 | RSC Adv., 2019, 9, 33207–33221
71 M. Gaudon, O. Toulemonde and A. Demourgues, Green
coloration of Co-doped ZnO explained from structural
renement and bond considerations, Inorg. Chem., 2007,
46, 10996–11002.

72 J. Beltrán, C. Barrero and A. Punnoose, Understanding the
role of iron in the magnetism of Fe doped ZnO
nanoparticles, Phys. Chem. Chem. Phys., 2015, 17, 15284–
15296.

73 G. Dillip, A. Banerjee and S. Joo, Conductivity inversion of
ZnO nanoparticles in ZnO-carbon nanober hybrid thin
lm devices by surfactant-assisted C-doping and non-
rectifying, non-linear electrical properties via interfacial
trap-induced tunneling for stress-grading applications, J.
Appl. Phys., 2019, 125, 175106.

74 Y. Chen, et al, Defects in carbon-rich ferrite of cold-drawn
pearlitic steel wires, Metall. Mater. Trans. A, 2013, 44,
3882–3889.

75 S. Murugesan, R. Thirumurugesan, E. Mohandas and
P. Parameswaran, X-ray diffraction Rietveld analysis and
Bond Valence analysis of nano titania containing oxygen
vacancies synthesized via sol-gel route, Mater. Chem.
Phys., 2019, 225, 320–330.

76 S. Khanchandani, S. Kundu, A. Patra and A. K. Ganguli,
Shell thickness dependent photocatalytic properties of
ZnO/CdS core–shell nanorods, J. Phys. Chem. C, 2012, 116,
23653–23662.

77 P. Kaur, et al, Investigations on structural, magnetic and
electronic structure of Gd-doped ZnO nanostructures
synthesized using sol–gel technique, Appl. Phys. A: Mater.
Sci. Process., 2016, 122, 161.

78 A. Hassanien, A. A. Akl and A. Sáaedi, Synthesis,
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