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Co-precipitation synthesis of highly pure and Mg-
doped CdO nanoparticles: from rod to sphere
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This study reports a facile approach for examining surface morphology transitions in semiconductor

nanoparticles (NPs), with a focus on pristine and magnesium-doped cadmium oxide NPs. Mg-doped

CdO NPs are synthesized via co-precipitation, and their composition, structure, and elemental

distribution are analyzed through X-ray diffraction (XRD), field emission scanning electron microscopy

(FESEM), transmission electron microscopy (TEM), Raman spectra, and X-ray photoelectron spectroscopy

(XPS), along with optical characterization and impedance analysis. Doping with Mg®* changes the

morphology from rod-like to quasi-spherical, reduces the crystallite size, and impacts their structural

and functional properties. Optical transmittance analysis revealed that Mg2+ doping resulted in

a reduction of the band gap energy. Impedance spectroscopy demonstrates improved dielectric
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constant and electrical conductivity for Mg-doped CdO NPs. The Nyquist plots show grain effects and

the equivalent circuit analysis corresponds to a R(CR)(CR) circuit. These advancements point to the

DOI: 10.1039/d4ra03525a

rsc.li/rsc-advances and functional characteristics.

1 Introduction

The evolution from elongated, rod-like shapes to spherical
geometries denotes a transformative shift in fields such as
optoelectronics, food sciences, energy storage, and biomedi-
cine. At the nanometer scale, it's understood that the dimen-
sions and shape of particles play a more decisive role in
dictating material properties than the bulk crystalline compo-
sition. This underscores the primacy of morphological charac-
teristics compared to mere particle size, illuminating how
variations in the surface architecture allow for the custom-
ization of nanomaterials in ways that could precisely align with
the need of targeted applications.' Effectively controlling the
morphology of NPs is essential to exploit their characteristics
within a wide array of growing technologies, potentially paving
the way for the creation of innovative and daring applications.
Morphology plays a pivotal role not only in determining the
stability of the entire system but also in defining the local
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potential of spherical Mg-doped CdO NPs in semiconductor applications due to their superior structural

atomic arrangements, which greatly impact the chemical reac-
tivity. Hence, morphology significantly influences the perfor-
mance of materials across various applications such that it can
be directly linked to surface structures and states which include
defects, surface atom density, surface atom arrangement, etc. In
the realm of surface property research, it is common to
encounter a fascinating yet challenging phenomenon that
captivates the attention of numerous researchers ie. the
distinct differences in surface properties across various crystal
surfaces. This phenomenon serves a central focus in various
fields such as catalysis, and the development of micro- or nano-
scale surface materials. Consequently, a comprehensive
understanding of the electronic structure of semiconductors is
crucial for further investigations such that this understanding
not only facilitates the optimization and fine-tuning of their
performance but also plays an essential role in the design of
novel materials with tailored properties.*® In this context, CdO
has tremendous potential to emerge as a fascinating oxide
material that has already gained significant attention as
a technologically important material. This fascination arises
from its outstanding transparency within the visible range of
the electromagnetic spectrum and its strong electrical conduc-
tivity, a result of moderate electron mobility and high carrier
concentration.”® CdO is characterized as an n-type semi-
conductor with a band gap of approximately 2.5 eV. Its
remarkable attributes of high conductivity, transparency, and
low band gap make it well-suited for a diverse range of
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applications, including photodiodes, phototransistors, trans-
parent electrodes, liquid crystal displays, infrared detectors,
and anti-reflection coatings.’ Driven by its unique character-
istics and potential applications, researchers have synthesized
nano-sized CdO NPs through the co-precipitation method,
renowned for its rapid and cost-effective nature. Furthermore,
remarkable attention has been directed towards doping engi-
neering in nanotechnology, aiming to alter key properties of
metal oxide semiconductors including optoelectronic, struc-
tural, and charge transfer properties. Interestingly, an array of
semiconductor materials, encompassing NiO, CuO, CdO, ZnO,
TiO,, and SnO, NPs, are synthesized to fulfil a wide variety of
roles. Notably, MgO NPs stand out with their distinctive inor-
ganic NaCl crystal structure and are implemented for various
high-end applications. These include roles as adsorbents,
catalysts, sensors, and in antimicrobial and optical coatings
owing to their exceptional surface reactivity, desirable band gap
energy and exceptional thermal and chemical resistance.
Among these applications, the strategic doping of Mg into the
CdO crystal matrix stands out, enhancing the optoelectronic
properties to a degree that surpasses the capabilities of the
individual elemental atoms."” While there exists an extensive
array of studies delving into the properties of CdO NPs doped
with various metals,"*"” a notable void persists in terms of
detailed information on the morphological and dielectric
characteristics of Mg-doped CdO NPs. This article sets out to
bridge this gap by focusing on the modulation of surface
morphology characteristics specifically, the transformation
from nano rods to nano spheres. Moreover, the research further
endeavours to provide an in-depth analysis of the frequency-
dependent dielectric properties, including both the dielectric
constant and loss and AC charge transport. The insights
uncovered, as well as the potential areas for future research and
applications related to the manipulation of surface morphology
in doped semiconductor NPs, are of considerable significance.
This thorough investigation offers a valuable understanding of
the complex relationship between surface morphology and
material characteristics in CdO NPs, paving the way for pros-
pects of progress in nanotechnology and material science.

2 Experimental
2.1 Materials

Cadmium acetate dihydrate ((CH3;COO),Cd-2H,0) (98%),
magnesium acetate (Mg(CH;COO),-2H,0) (98%), and NaOH
pellets (98%) were procured from Sigma-Aldrich. All chemicals
used were of analytical grade, eliminating the necessity for
further purification steps. Deionized water was the exclusive
solvent employed throughout the synthesis process.

2.2 Synthesis procedure of pure and Mg-doped CdO NPs

The synthesis of CAONPs was achieved using the co-
precipitation method. Initially, cadmium acetate dihydrate
((CH5C00),Cd 2H,0, 0.5 M) was dissolved in 50 ml of deion-
ised water and stirred continuously for one hour. In parallel, 5 g
of NaOH was dissolved in 50 ml of deionised water and stirred

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

for half an hour at a temperature of 50 °C. The NaOH solution
was then gradually added to the cadmium acetate dihydrate
solution until a pH of 8 was attained. The mixture was then
centrifuged for several times at 5000 rpm for 5 min and the
precipitate was collected. This precipitate was subsequently
dried in a hot air oven at 110 °C for 4 hours, leading to the
formation of a white powder. Post drying, the sample was
calcined at 500 °C for 3 h remove any volatile impurities,
resulting in dark red CdO NPs being obtained. To prepare Mg-
doped CdO NPs, magnesium acetate (Mg(CH;COO),-2H,0,
0.03 M) was added during the preparation of the cadmium
acetate solution and, thus resulted in a doping amount of
approximately 5.66 atomic percent (at%) of Mg. The chemical
formula for the doped compound is thus represented as
Cdp.04Mgy 050. Following the procedure illustrated in Fig. 1, the
presence of Mg initiated the formation of a yellowish-white
precipitate.

The produced CdO and Mg-doped CdO NPs were then sub-
jected to an array of characterization techniques including XRD,
FESEM, TEM, Raman spectroscopy, optical analysis, XPS, and
dielectric studies. The goal of these analyses was to thoroughly
investigate their crystallization, functional groups, structural
and morphological details, and to elucidate their dielectric
properties.

3 Results and discussion
3.1 Powder XRD analysis

The crystal structure of the synthesized NPs was analyzed using
the powder XRD analysis which was carried out using the
Bruker D2 PHASER instrument. Fig. 2(a) illustrates the XRD
patterns of both the pure and Mg-doped CdO NPs. The peaks
observed at 32.9, 38.3, 55.2, 65.9, and 69.1 degrees corre-
sponded to the (111), (200), (220), (311), and (222) crystal planes,
respectively. The observed diffraction peak positions and peak
intensity ratios are found to be well-matched with the standard
XRD pattern (JCPDS: 75-0592) of CdO such that it could be
confirmed that the synthesized CdO NPs are crystallized in the
cubic structure with Fm3m (FCC) space group® and the lattice
parameters are @ = b = ¢ = 4.77 A, respectively. The XRD
patterns of the Mg-doped CdO exhibit almost the same
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Fig.1 Schematic of co-precipitation synthesis for pure CdO and Mg-
doped CdO NPs.
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Fig. 2 XRD patterns of pure and Mg-doped CdO NPs, (a) XRD (b and c) zoomed-in portions of the (d) peak shift difference with respect to

crystallographic planes (e) normalized peak intensity ratios and FE-SEM images of the (f-h) pure and (i—

Images of the pure and Mg doped CdO NPs (inset: FFT pattern).

diffraction pattern over the diffraction angle from 10 to 80
degrees (here it is shown only from 25 to 72 degrees for clarity)
as that of the pure CdO, indicating that the Mg-doped CdO NPs
are crystallized in the FCC crystal structure.> The XRD analysis
confirms that the crystal structure remains unchanged upon
doping. Moreover, all diffraction peaks display sharp and high
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k) Mg-doped CdO NPs (Land m) HR-TEM

intensity indicating the crystalline nature of the synthesized
NPs without any amorphous phase. Notably, Fig. 2(b) and (c)
shows a noticeable shift of the peaks towards the higher
diffraction angle side for the Mg-doped CdO NPs compared to
the pure CdO NPs which authenticates that the reduction of the
crystal unit cell volume is due to Mg doping.* The ionic radius of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the Cd*" and Mg*" are identified to be 0.95 and 0.72 A, respec-
tively. During the doping process, the Mg>" ions are successively
replaced by the Cd>" in FCC crystal packing and because of the
lower size ionic radius of the Mg>', the net crystal's unit cell
volume is slightly reduced. The alterations mentioned above,
including the shift in the diffraction peaks and the increase in
the width of the planes, slightly influence the degree of crys-
tallinity in such a way that these changes have also strongly
affected the typical morphology which in turn influenced the
morphology-related functional properties such as optical
transmittance and electrical conductivity. The average crys-
tallite size of both the pure and Mg-doped CdO was determined
using the Debye-Scherrer formula, which is expressed as D =
0.94/8 cos 6, where D represents the crystallite size, A denotes
the X-ray wavelength (0.154 nm), § signifies the Bragg diffrac-
tion angle, and @ represents the full width at half maximum
(FWHM). The crystallite sizes of the pure and doped CdO NPs
are found to be 23 and 17 nm, respectively. It is noteworthy that
the crystallite size of doped CdO is observed to be smaller than
that of pure CdO, as depicted in Table 1.

The slight reduction in crystallite size observed with Mg
doping could be attributed to the effective substitution of Mg**
ions at the lattice sites within CdO or to the creation of oxygen
vacancies during the synthesis process. Additionally, this
decrease in crystallite size may be linked to the formation of
defects. The lattice parameter, determined from the dataset,
aligns closely with the value of 4.70 A reported in the literature.'
The slight discrepancy observed in the lattice parameters of
CdO upon Mg doping could be attributed to the lower ionic
radii of the Mg”*. The observed results of the diffraction angle
shift towards higher angles, indicating the presence of
compressive strain, ultimately leading to a reduction in lattice
parameters. In addition to that, in Fig. 2(d), the values of the
diffraction peak shift difference values are provided for the pure
and Mg-doped CdO NPs concerning all crystallographic planes.
The non-linear values corresponding to the planes disclose that
the surface morphology of the Mg-doped CdO NPs is signifi-
cantly changed. Following this, in Fig. 2(e), the intensity ratio of
the pure and Mg-doped CdO NPs is presented and compared
with the standard JCPDS card database. As per the standard
pattern, the (111) plane has a highly preferred orientation
compared to all other planes. The pure CdO NPs have similar
logical preferred orientation profiles while the ratio between
(111) and (200) is 1.11 which is found to have reduced to 1.05 for
the Mg-doped CdO NPs. Based on this observation, the
morphology of the pure CdO NPs has changed from rod to
sphere shapes.

The Mg-doped CdO NPs exhibit significantly higher values of
other parameters such as dislocation density and micro-strain,

Table 1 Structural and optical parameters
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which could have been caused because of the formation of
defects within the crystal structure. The dislocation density and
micro-strain is calculated using the formula ¢ = §cos 6/4 and
0 =1/D* where is the ¢, 6, D represent dislocation density, micro-
strain and crystallite size respectively. The structural parame-
ters of diffraction position, d-spacing, grain size, full width at
half maximum (FWHM), lattice constant, micro-strain, and
dislocation density are determined using the Scherrer equation
for the respective materials and are displayed in Table 1.

3.2 Microscopic analysis

The FE-SEM images distinctly show that the pure CdO exhibits
interwoven rod-like nanocrystallites dispersed across a wide
range of particle sizes (Fig. 2(f)-(h) first row). Upon Mg doping,
the morphology of the grains undergoes a significant alteration,
characterized by a complete absence of dense rod-shaped CdO
particles. Consequently, a majority of the rods are transformed
into quasi-spherical nanostructures (Fig. 2(i)-(k) second row).
According to the literature, the external chemical energies (like
dopants and surfactants) and physical energies (temperature,
pressure, shock waves, and gamma rays) are highly capable of
inducing significant changes in the surface morphology of the
nanocrystalline materials which is based on the static and
dynamic recrystallization processes.'>*” In the present case, the
Mg doping facilitates the external and different chemical
potential environmental conditions during the synthesis
process which can significantly affect the nature of the surface
morphology of the nanocrystals at a particular temperature
point. In addition to that, as in the case of the XRD results, the
(111) peak preferred orientation is found to have reduced while
doping Mg into the CdO lattice. If the preferred orientation is
changed, most probably it will lead to a new surface
morphology. Generally, the outcome of crystal shape is the
consequence of the sum of factors such as relative surface
energy of crystal faces, twin planes, dislocations, type of solvent,
impurities, kinetic, etc. The first two factors are just enough to
originate a wide scope of crystal habits. Sivakumar et al. re-
ported the morphological transformation from irregular to rod-
shape for the L-tyrosine polycrystalline samples and also found
the enhancement of the (111) plane while similar kind of results
have been observed in silver bromide.” Moreover, the absorp-
tion and replacement ability of the Mg”* ions to the Cd*" ions in
the CdO lattice is not the same for all the crystallographic
planes since different planes have different growth speeds and
surface energies. In the presence case, the Mg>" ions have
marginally affected the (111) intensity (refer to the intensity
ratio plot in Fig. 2(e)) which influenced the rod-shaped growth
into the sphere-shaped (Fig. 2(f)-(h)). FE-SEM image supports

Crystallite size Lattice constant Micro strain Dislocation density Stacking fault Band gap
Sample (nm) A () (x1073) (x10%) (x107) (eV)
CdO NPs 23 4.7075 0.20 1.86 4.1 2.32
Mg-doped CdO 17 4.7003 0.26 3.19 5.3 2.24

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the TEM results of pure CdO and Mg-doped CdO NPs, where it
shows a rod morphology while Mg-doped CdO NPs have
spherical morphology due to the impact of incorporation of Mg
concentration of 0.003 M with the calcinations temperature of
500 °C. Fig. 2(1) and (m) shows the TEM images of pure and Mg
doped CdO NPs fabricated by the coprecipitation method. It is
apparent from the TEM images that pure CdO shows a inter
wovened rod-like nanocrystallites were observed with the area
of ~290 nm and a length of 53 nm. Traces of few empty sites are
also evident from the TEM image of the undoped sample
(Fig. 2(1)). with Mg doping, the grains starts to modify with
traces of dense rod shaped into converted into quasi spherical
shaped nano-structures as observed with the diameter of
~45 nm.

3.3 Raman studies

Raman scattering stands out as a sensitive and valuable tech-
nique for probing and characterizing nanostructures. In
Fig. 3(a) and (b), the Raman spectra of both the pure and Mg-
doped CdO NPs are presented over the spectral range of 200-
1500 cm ', The pure CdO NPs' Raman spectrum displays
a broad feature extending across the wavenumber range of 250
to 450 cm ™!, and a weak wide band at 920 cm ™ such that these
bands belong to 2(TA) and (LO) Raman bands. The origin of this
peak is ascribed to phonon dispersion in CdO which is specif-
ically identified as a 2TA(L) mode." Conversely, the emergence
of the second weak peak at 925 cm™' corresponds to the
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overtone of a 2LO mode occurring at the L- or C-point of the
Brillouin zone, serving as strong evidence indicating the
formation of nanostructures. According to the selection rules
for the NaCl structure, both the transverse optical (TO) and
longitudinal optical (LO) modes are dipole-free. Therefore, all
observed features in the spectrum can be ascribed to 2nd order
Raman scattering processes in CdO. The 2nd order Raman
peaks observed arise from overtones and combination modes.
All the Raman peaks visible for CdO in Fig. 3(a) and (b) can be
linked to its 2nd order Raman spectral phenomena.* In the
case of Mg-doped CdO NPs, the initial broad features covering
Raman bands of 2(TA) experience a significant Raman shift
which are located at 267 and 395 cm™ ", respectively (Fig. 3(c)).
The 2(LO) overtones of Raman mode undergo a significant shift
towards the higher wavenumber and to be located at 920 cm ™"
which may be because of the particle size reduction, particle
shape modification as well as unit cell volume reduction.>** In
addition to that, in the case of Mg-doped CdO NPs, the 2(LO)
overtones of Raman mode intensity are significantly reduced
whereby the intensity ratio between 2(TA) and (LO) is found to
have reduced such that the values are 2 and 2.8 for the pure and
Mg-doped CdO NPs. Mg-CdO NPs have a significantly lower
particle size compared to the pure CdO NPs which suppresses
the Raman scattering signals whereby the second-order peak
has much lower intensity which is quite common in Raman
scattering phenomena for nanosize materials.”
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3.4 Optical studies

The optical analysis of the synthesized material was conducted
through UV-DRS which serves as an effective technique for
assessing the light-harvesting capabilities of synthesized semi-
conductor materials. Fig. 3(d) illustrates the DRS spectra of the
fabricated pure and Mg-doped CdO NPs. A prominent absorp-
tion peak at 472 nm observed for the pure CdO in the UV region
is likely attributable to band-to-band transitions which are well
corroborated with the literature reports of the pure FCC struc-
ture of CdO NPs.® The linear optical transmittance profiles of
the pure and Mg-doped CdO NPs are portrayed in Fig. 3(d).>*
The optical transmittance percentage has linearly increased
from the absorption edge region (472 nm) to NIR which is one of
the characteristics of CdO's electronic structure.”® The absorp-
tion edge occurs because of the interaction between the shallow
cores of d states of 4d for Cd and valence band O 2p states.”®
There is inversion symmetry at the zone center (0) in the FCC
structure where the point group is OH which means that there
can be no mixing between O 2p and Cd 4d states at this point
because they have different parity.*”

The Mg-doped CdO NPs exhibit a wide absorption peak
around 465 nm within the visible spectrum. Based on the
observed absorption peak positions, the Mg-doped CdO NPs
undergoes the blue shift which may be due to the particle
reshaping as well as particle size reduction. Following the
typical peak shift, a significant modification in the optical
transmittance percentage could be witnessed in the Mg-doped
CdO NPs. The optical transmittance is found to have
increased in the region of 200 to 550 nm, and in other regions, it
is found a reduction in the optical transmittance and the cor-
responding zoomed-in profiles are showcased in Fig. 3(e) and
(f). The observed changes are quite unique compared to the
previously reported results involving transition metal-doped
CdO NPs. In semiconductor nanomaterials, the bandgap
energy stands as a crucial parameter, which can be determined
using the Kubelka-Munk function. This function utilizes the
absolute reflectance denoted as R(hv), and its corresponding
Kubelka-Munk transformation F[R(hv)]. The values of bandgap
energy can be directly derived from FR(Av)] through the
following equation F(R) = (1 — R)*/2R. In this context, the value
of “n” is contingent upon the nature of the transition in
a semiconductor: n = 1/2 for direct transitions and n = 2 for
indirect electron transitions. For CdO, characterized by direct
transitions, the value of n is 2. Additionally, “A” represents the
proportionality constant. Subsequently, plots were generated
between [F(R(hv)) x hv]'* and (Av) to assess the band gap.
Despite variations in morphology, the synthesized samples
exhibit only minimal differences in the values of band gap
between 2.32 and 2.24 eV falling within the visible region of the
electromagnetic spectrum (Fig. 3(g)). The values of band gap
energy decrease upon the incorporation of Mg content, indi-
cating the compatibility of the prepared samples for absorbing
visible light. Upon doping, the band gap energy decreases from
2.32 eV to 2.24 eV, a phenomenon likely to be attributed to the
defects introduced by Mg doping or the presence of substitu-
tional impurities within the lattice structure of CdO. A higher

© 2024 The Author(s). Published by the Royal Society of Chemistry
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defect makes the electronic transitions from the filled valence
band to the energy level of the defect and it is more probable
than the transitions to the conduction band.?® Upon doping Mg
into CdO nanopowder samples, a red shift in the energy band
gap is observed. This shift can be attributed to the larger atomic
radius of Mg compared to Cd, as well as the higher electro-
negativity of Mg relative to Cd>". These findings align in line
with structural properties, indicating that the inclusion of Mg
doping within the Cd structure leads to a reduction in the band
gap energy.”>*°

3.5 XPS analysis

To ensure the authenticity of the elemental composition within
CdO and Mg-doped CdO NPs, the respective XPS spectra were
recorded (Fig. 4). The survey XPS spectra of the pure and Mg-
doped CdO NPs (Fig. 4(a)) authenticate the exclusive presence
of the ingredients of these compounds. Fig. 4. XPS spectra of the
pure and Mg-doped CdO NPs (a) survey spectra, (b and c¢) Cd 3d
spectra and (d and e) O 1s spectra. The comparison of the core
XPS spectra of Cd and O for the doped and un-doped NPs is
shown in Fig. 4(b)-(e) corresponding to the Cd 3d and O 1s
peaks and Mg** peaks. In pure CdO (Fig. 4(a)), Cd primarily
exists as Cd*", as evidenced by the spin-orbit split peaks of 3ds,
and 3d;,, with binding energies at 404.48 and 411.13 eV. The
deconvoluted components at higher binding energies at 406.00
and 412.71 eV are identified as surface hydroxyl Cd terminals
such as Cd(OH), and similar results have been reported.* For
the FCC crystal structure of CdO, the binding energy difference
between 3ds, and 3d;/, orbital is found to be around 6.5 to
7 eV.*>* In the present case, the binding energy difference value
is found to be 6.65 eV which is identified to be well-matched
with the previous reports.>** In the Mg-doped sample, Cd
displays similar peaks as in the pure CdO sample, albeit with
comparatively lower intensity and minor shift of (0.2 eV)
towards the higher binding energy side, signifying the presence
of Mg in the CdO sample.*” The Mg 2p spectrum, depicted in
Fig. 4(d), illustrates the presence of both the Mg®" in Mg (Mg?**
at 51.5 eV). In Fig. 4(d) and (e), the XPS spectra of the O 1s region
are identified to decipher information regarding absorbed
oxygen, lattice oxygen, oxygen vacancies, and surface hydroxyl
groups (OH™).*** The O 1s spectra display asymmetric peaks,
where the lower binding energy peak, approximately at
528.76 €V, could signify lattice O>~ ions within the cubic
structure, associated with the intrinsic binding energy of oxygen
ions in CdO. Conversely, the peak at a higher binding energy,
around 531.74 eV is due to the surface hydroxyl components
and oxygen deficiency originating from oxygen vacancies. Based
on the overall observation, upon Mg doping, the crystal packing
and coordination numbers of Cd and O atoms have not
changed. For the FCC crystal structure, the Cd and O atoms
have six-fold coordination. If the coordination number changes
from 6 to higher numbers (7 or 8), the binding energy shift
could be observed around 2 eV in the 3ds,, and 3d;,, orbital.
However, such a large and significant shift is not observed in
the present case, and hence it is authenticated that the coro-
nation numbers of Cd and O atoms have not changed by the
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process of Mg doping. To further validate the previous state-
ment, the binding energy differences have been calculated for
the pure and Mg-doped CdO NPs and correlated with the
previously reported articles based on the metal ions-doped CdO
NPs. Based on the literature, it is obvious that the presence of
Mg>*, Ce** and Zr"" ions in the host crystal lattice do not lead
any changes in the binding energy difference of 3ds/, and 3d;,
orbital whereas, slight changes only be observed in the AI**
ions.>*** Using Casa XPS software, atomic percentages were
determined. Specifically, for pure CdO, the percentages ob-
tained were 82.63% for Cd and 17.37% for O. In the case of Mg-
doped CdO, the atomic percentages for Mg, Cd, and O were
found to be 0.5%, 82.05%, and 17.90%, respectively.

3.6 Impedance analysis

Dielectric constant and dielectric loss. Doped semi-
conducting nanoparticles attract applications in barrier layer
capacitors (BLC), where conducting grains are separated with
less conducting grain boundaries, acting as a dielectric medium
between them. The quantity and type of dopant employed play
a significant role in determining the electrical and optical
properties of the NPs. In this study, we conducted frequency-
dependent dielectric measurements on the pure and Mg-
doped CdO NPs using a computer-controlled impedance
analyzer (N4L, PSM 1735) across the frequency range of 1 Hz to 1
MHz at room temperature. The materials under investigation
were prepared into pellets with a diameter of 11.54 mm and
a thickness of 0.89 mm by positioning them between copper
electrodes.

To ensure improved electrical contact, silver paint was
carefully applied to the faces of the pellet. Subsequently,

22696 | RSC Adv, 2024, 14, 22690-22700

a parallel plate capacitor was constructed, with the sample
acting as the dielectric medium. The response of the dielectric
medium was then examined at room temperature. The data
collected from these experiments yielded valuable insights into
the electric field distribution within the prepared samples.*®
Fig. 5(a) depicts the changes in the values of the dielectric
constant of the pure and Mg-doped CdO samples as the
frequency increases. The dielectric constant is primarily influ-
enced by the chemical structure, composition, and level of
polarization within the material. In this context, the observed
variation in the dielectric constant with increasing applied
frequency indicates that it is higher in the low-frequency range
and diminishes as the frequency rises. Additionally, in the
higher frequency range, the value remains relatively constant.
The phenomenon can be elucidated through the dielectric
polarization mechanism inherent in the material. Dielectric
polarization manifests in various forms such as electronic,
ionic, interfacial, or dipolar polarization. Electronic and ionic
polarizations predominantly occur at high frequencies, whereas
the other two mechanisms dominate at low frequencies. The
high dielectric constant values observed at lower frequencies
are attributed to interfacial polarization, wherein space charges
formed within the material induce similar charges on the
electrodes. Under the influence of an effective electrical field,
these migrating space charges become trapped by defects,
leading to the localized accumulation of charge at the interface
between the electrode and the sample.*” Additionally, moving
charged particles like electrons traverse through these grain
boundaries from one interstitial site to another, establishing
a barrier through the application of a hopping conduction
mechanism. Within these grain boundaries, the resistance
encountered by electrons exceeds that of the induced

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Z", (e) Nyquist plot and (f) Jonscher's power law.

polarization arising from the high dielectric constants. This
observed phenomenon aligns with the principles outlined in
the Maxwell-Wagner two-layer model. Under high-frequency
conditions, the mobility of electrons within these grain
boundaries decreases, leading to a reduction in the dielectric
constant value in the high-frequency range. The impact of Mg
doping is evidenced by an increase in the dielectric constant
value, particularly noticeable in the low-frequency range. This
increment alters the intrinsic dielectric properties and induces
structural modifications as a consequence of Mg doping.*® The
dissipation of electrical energy within a material, known as
dielectric and tangent loss, occurs as a result of electrical
conduction, dielectric relaxation, dielectric resonance, and non-
linear loss phenomena. Dielectric loss can generally be cate-
gorized into two main types: intrinsic loss and extrinsic loss.
Intrinsic loss can be attributed to factors like the symmetry of
the crystals, the frequency of the alternating current (AC) field,
and the temperature of the experimental setup. Conversely,
extrinsic loss is often influenced by various parameters such as
impurities within crystals, disordered crystal structures, and
arbitrary orientations within crystalline materials. Dielectric
and tangent loss for the pure and Mg-doped CdO NPs as
a function of frequency is illustrated in Fig. 5(b). It is evident
from Fig. 5(b) that the dielectric loss follows the analogous
trends as the dielectric constant. Specifically, its value is higher
in the low-frequency range and decreases as the frequency
increases. The decline in dielectric loss with frequency can be
attributed to several factors, including the inhibition of domain

wall movement and space charge polarization. These

© 2024 The Author(s). Published by the Royal Society of Chemistry

alterations lead to a decrease in dielectric loss in the high-
frequency region. The fluctuation in dielectric loss concerning
the Mg dopant content suggests a considerably higher dielectric
loss in the doped material compared to the undoped material.
The increase in dielectric loss associated with the dopant
content may be elucidated by the presence of notable oxygen
vacancies, the mechanism of hopping conduction, increased
resistance introduced by the electrode, and the presence of
grain boundaries. Materials characterized by high dielectric
constants and lower loss exhibit minimal leakage current,
rendering them promising candidates for various applications

Table 2 The fitting parameters of the conductivity as a function of
frequency using the Jonscher's power law

Room temperature CdO NPs Mg-doped CdO NPs
Gae (Sem™) 1.40 x 10°° 2.90 x 10°°
A 4.04 x 107 8.09 x 10"
n 0.7 0.7
Gac (Sem ™) 50 Hz 2.26 x 10°° 4.53 x 10°°
100 Hz 3.67 x 107° 7.35 x 107°
1 kHz 1.84 x 10 ® 3.69 x 10°®
10 kHz 9.22 x 107® 1.85 x 10~
1 MHz 2.32 x 10°° 4.64 x 10°°
Ototal 50 Hz 3.66 x 10°° 7.43 x 107°
100 Hz 5.07 x 10~° 1.03 x 1078
1 kHz 1.98 x 107 3.98 x 107®
10 kHz 9.36 x 10~ # 1.88 x 1077
1 MHz 2.32 x 10°° 4.64 x 10°°
R? 0.9996 0.9997
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including microwave technology, energy storage, communica-
tion systems, microstrip antennas, and high-frequency devices.

3.7 Complex impedance and electrical conductivity analysis

Fig. 5(c) and (d) depicts z' and 2" of the complex impedance
plotted against frequencies. The graphs show a gradual
decrease in the magnitude of 2’ values for both Mg-doped and
undoped CdO NPs samples as frequency and Mg content
increase in the material, indicating an increase in AC conduc-
tivity. Besides, the decrease in 2z’ values is ascribed to the
increased mobility of charged carriers within the material. The
frequency-independent behavior of z' observed in the high-
frequency region can be explained by the release of space
charge resulting from the diminished barrier properties of the
materials (Fig. 5(c)). Analogous to the variation observed in 2/,
the behavior change of 2” for the title material is evident.

As frequency increases 2’ rises to a maximum value before
gradually decreasing (Fig. 5(c). Notably, the frequency (fiax) at
which each sample reaches its maximum 2z’ value differs, with
this frequency value shifting towards the high-frequency region,
indicating relaxation within the test material. Concurrently, the
intensity of the peaks decreases, while their width increases
with the addition of Mg content in CdO NPs. The presence of
electrons or stable materials accounts for the intense and
narrow peaks observed in CdO NPs, while the lower intensity
and broader peaks in Mg-doped CdO NPs can be attributed to
the presence of impurities and defects. Additionally, the
decrease in the amplitude of 2 and eventual merging of peaks
at high frequencies, may be attributed to the release of spatial
charges within the material.®*® The Nyquist plot provides
insights into both intrinsic and extrinsic contributions,
including the effects of grains, grain boundaries, and electrode
interfaces on the material's conductivity (Fig. 5(d)). As observed
in the Nyquist plot, the horizontal and vertical values of the
graphs vary, indicating that the samples with different doping
ions may exhibit semicircular patterns with unique horizontal
and vertical values. In Fig. 5(d)), the arc observed for the pure
CdO NPs has a larger diameter compared to that of the doped
NPs, indicating a lower efficiency in charge transfer for the pure
NPs. It is evident that impedance decreases with increasing
frequency, likely due to the dielectric properties of the material.
The addition of Mg dopant reduces the electrical resistance of
the material, leading to a decrease in electrical resistance with
higher dopant content. It could be because of the increased
hopping conduction mechanism in the Mg-doped CdO NPs
sample. The substitution of Mg contents with Cd contents
induces structural defects and tunes the bandgap. In short, the
material with less electrical resistance has good potential to be
applied in different electronic devices.*® Moreover, the R-C
equivalent circuit, simulated through ZSimpWin software
(version 3.20), accurately represents the semicircular arcs as
observed. Despite only one depressed semicircular arc being
present in the material under investigation, the impedance
primarily reflects the contribution of grains rather than other
factors. Analysis of the impedance data for the material reveals
that the R(CR)(CR) circuit provided the most optimal fit among
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various circuit models, as depicted in Fig. 5(d). Fig. 5(d)
confirms the appropriateness of selecting this equivalent
circuit, as it demonstrates a close match between experimental
observations and the fitted values. The AC conductivity char-
acteristics of both the title materials are illustrated in Fig. 5(e).
It is noted that the AC conductivity increases proportionally
with frequency (ranging from 1 Hz to 1 MHz) and with the
presence of Mg dopant in the material. The Mg-doped sample
exhibits enhanced electronic conductivity, facilitating easier
electron transfer, thereby resulting in higher polarization
compared to the undoped sample. The unique characteristics
exhibited by the doped sample are attributed to dispersion,
relaxation, and reorientation phenomena, as outlined in the
hoping relaxation model. Additionally, the conductivity can be
accurately described by the equation ¢, = 04, + Aw", known as
Jonscher's power law. Here, o4, denotes the frequency-
independent conductivity, while the term Aw" represents the
frequency-dependent AC conductivity. Moreover, in the equa-
tion, the constant “A” is temperature-dependent and provides
insights into polarization, while “w” represents frequency, and
“n” is a frequency-dependent exponent factor ranging between
0 and 1. When “n” is =1, it indicates that mobile charge carriers
undergo translational motion, albeit with a pronounced hoping
effect, leading to direct current (dc) conduction. Conversely,
when “n” exceeds 1, alternating current (ac) conduction governs
the behavior of localized mobile charge carriers.*®*® It is note-
worthy that Table 2 displays the computed values of o4, 4, 7,
and R?, acquired through data fitting using the aforementioned
relationship. In this dataset, the exponent ‘n’ consistently
maintains a value of 0.70, while the o4, value exhibits an
increase from 1.40 x 10~ t0 2.90 x 107"

4 Conclusions

In conclusion, both pristine and Mg-doped CdO NPs were
effectively synthesized through the co-precipitation method.
The incorporation of Mg has been validated to induce
a decrease in crystallite size as evidenced by XRD analysis.
Morphologically, FE-SEM and TEM has vividly captured the
transition from elongated rods to quasi-spherical forms a direct
consequence of Mg dopant. This morphological reinvention is
mirrored in the optical domain where transmittance spectrum
shifts and a decrement in optical band gap energy are observed.
Furthermore, Raman and XPS corroborate the integration of
Mg, adding to the lattice with discernible peak shifts. Dielectric
spectroscopy unveils an increased dielectric constant and elec-
trical conductivity in Mg-doped CdO NPs. The collective
insights derived from this study not only enrich the founda-
tional knowledge of doping mechanisms but also position Mg-
doped CdO NPs as a viable and innovative candidate for semi-
conductor applications.
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