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and zinc doped nickel oxide
nanopowders
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The present investigation seeks to customize the optical, magnetic, and structural characteristics of
nickel oxide (NiO) nanopowders through chromium, iron, cobalt, copper, and zinc doping to enhance
optoelectronic applications. In this regard, the preparation of pristine NiO and Nij o, %, ,-O (X =Cr,
Fe, Co, Cu, and Zn) powders was successfully achieved through the co-precipitation method. The X-ray
powder diffraction was employed to examine the prepared powders’ phase formation and crystal
structure characteristics. The obtained results revealed the presence of a face-centered cubic structure
in all samples. In addition, doping of Cr, Fe, Co, Cu, and Zn into the NiO system did not induce any
other secondary phase. Moreover, the estimation of the crystalline size for the pristine and doped
samples was carried out using the Debye-Scherrer formula, yielding values ranging from 16 to 28 nm
which is deemed suitable for the study of doping effects. Moreover, the morphological characteristics
of both the pristine and doped NiO powders were investigated using a field emission scanning
electron microscope coupled with energy dispersive spectroscopy to confirm the presence of dopant
elements and chemical composition. The morphological results revealed the growth of homogeneous
nanocrystallites with fine particles. Furthermore, the samples underwent Fourier Transform Infrared
Spectroscopy analysis to validate their purity, which revealed the presence of vibrational modes in the
metal oxide bonds. An optical investigation was conducted on all samples utilizing a diffuse reflectance
spectroscopy within the spectral range of 350-900 nm. Band gap values were estimated based on
diffuse reflectance spectroscopy data through Tauc plot analysis, yielding a range from 2.77 to 3.46 eV.
This analysis revealed a red shift in NiO with all dopants except for Zn doping. Additionally, numerical
calculations utilizing the Kramers—Kronig relation were performed to assess the extinction coefficient
(k) and refractive index (n) parameters from the reflectance data. The presence of room-temperature
ferromagnetism was elucidated in all samples by the findings acquired through the application of the
vibrating sample magnetometer technique. The parameters of coercivity exhibit an increase from
80.44 Oe for pristine NiO to 350.75 Oe for Zn-doped NiO, a phenomenon that is advantageous for
applications in data storage. The introduction of iron into NiO nanoparticles has profoundly affected
the magnetic properties, resulting in a transition of the material from a weak ferromagnetic state

to a ferromagnetic state. The outcomes imply promising magnetic and optical applications for such
earlier mentioned nanopowders. This observation suggests that the prepared NiO nanopowders have
significant potential in both linear and nonlinear optical devices, optoelectronics, and data storage
technologies.

Keywords Nickle oxide nanoparticles, Structural properties, Optical properties, Magnetic properties,
Kramers-Kronig

The preparation of transition metal (TM) oxide possesses distinct morphological characteristics, well-defined
composition, finite dimensions, and crystallite size smaller than approximately 100 nm, assume a significant role
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in the storage process and the conversion of the energy of the materials, thereby contributing to the sustained
progress of humanity'. Furthermore, TM oxides have garnered much attention among researchers due to their
noteworthy optical, catalytic, thermal, magnetic, and electronic properties compared to larger-scale equivalents.
Also, they are extensively examined in both their nano and macro scales due to their applicability and feasibility>.
Among the TM oxides, Nickel oxide (NiO) is subject to significant experimental and theoretical research due
to its focus on the advancement of p-type semiconductors and the study of highly correlated electron systems>.
NiO is widely acknowledged as an insulator of the charge-transfer type, an insulator of the Mott Hubbard type,
characterized by a wide energy gap of approximately 3 to 4 electron volts and a conductivity of approximately
10713 Siemens per centimeter, distinguished by its high boiling and melting points, and is renowned for its
considerable stability in both thermal and chemical environments?. The structure of NiO is cubic with a face-
centered cubic (FCC) arrangement and belongs to the space group fm3m. Furthermore, NiO stands out due to
several key features. First, it is characterized by low toxicity and can be synthesized cost-effectively. Second, NiO
exhibits intriguing electrochromic behavior, making it suitable for applications in bright windows and displays.
Third, the material demonstrates multiple valence states of nickel, including Ni** and Ni**, contributing to its
versatile behavior. Lastly, NiO possesses a high surface-to-volume ratio, enhancing its reactivity and potential
use in catalysis and sensing applications®. Especially, in its bulk state, NiO demonstrates an antiferromagnetic
behavior, which is of a great interest for fundamental studies and potential spintronic applications®. However,
when NiO is in nanostructured form, it exhibits ferromagnetic properties even at ambient temperature’.
The electrochromic, electrical, exceptional optical, magnetic, and structural characteristics of NiO render
them exceptionally appropriate for a diverse array of applications, encompassing, but not confined to, drug
delivery, battery cathodes, UV photodetectors, magnetic memory devices, nano-electronic devices, photo-
catalysts, sensors, solar cells, supercapacitors, intelligent windows, thin film transistors, magnetic bar codes, and
spintronic devices®. The optical characteristics of NiO have been examined by Newman, Powell, and Low’ 1!,
however, Kleemann and Rodionov have studied the optical absorbance spectra of NiO'%!3, These investigations
propose that NiO, a p-type semiconductor, has the potential to be employed in diverse applications like super-
paramagnetic, antimicrobial agents, heterogeneous catalytic materials, and electronic and optical devices. These
devices include p-type transparent conductor films, sensors, solid oxide fuel cells, dye-sensitized solar cells,
alkaline battery cathodes and electrochromic films!.

However, the attributes of NiO are constrained when employed in its bulk stoichiometric state and necessitate
further advancements to augment its usability. Changing the stoichiometry of NiO can be achieved by
intrinsically incorporating dopants during the preparation under external or regulated circumstances exhibiting
novel constituents, such as alkaline earth metal and TM elements'. Chemical doping has been employed in
synthesizing to acquire enhanced magnetic, structural, and optical characteristics of NiO nanoparticles for
diverse applications?. The magnetic properties of NiO can be adjusted by substituting Ni with TM ions. Balaraju
Bayappagari et al.'® reported the optical, magnetic, and structural characteristics of NiO nanopowders doped
with iron and manganese. They found that both synthesized samples exhibited a distinct hysteresis loop and
a noticeable augmentation in saturation magnetic moment as the annealing temperature increased. Rinaldi-
Montes et al.'” have reported that NiO, conventionally known for its antiferromagnetic properties in its
bulk state, demonstrates ferromagnetic characteristics at the nano-size due to nickel vacancy defects. It has
been observed that the magnetic moment of NiO steadily amplifies as the particle size decreases. Li et al.!®
investigated the impact of doping of the copper on the nickel oxide thin films for their resistive switching. The
study revealed that copper replaces nickel with a valence of + 1 and enhances the presence of oxygen vacancies,
which govern the process of switching. Using the co-precipitation technique, Yousaf et al.!? synthesized pristine
NiO nanoparticles and Zn and Cu-doped NiO nanopowders. The resulting nanoparticles were found to be in
the size range of 10-20 nm and single phase. The doped nanoparticles were found to have a reduced band gap,
which enhanced their photocatalytic activity. Furthermore, the substitution of Cu?* ions in the nanoparticles
led to an increase in conductivity. Just recently, P. Soumya Menon et al.>° have reported the significance of
surface imperfections in the optical characteristics of pure NiO and chromium-doped NiO nanostructures.
Cu is a TM element with multiple valences, specifically+1 and +2. It is possible to incorporate Cu ions into
the crystal lattice of NiO without causing any damage to its crystal structure or microstructural properties.
This phenomenon has been observed in previous studies?!. Cu impurities and oxygen vacancy formation
energies near Cu sites are relatively low. Additionally, it has been noted that copper atoms do not exhibit a
propensity for cluster formation, and materials containing Cu are non-ferromagnetic. This characteristic of Cu-
based compounds successfully addresses the issue of magnetic precipitate formation, thereby overcoming the
associated challenge??. In addition, Cu exhibits comparable ionic radii with Ni, as indicated by the Shannon
ionic radii in octahedral arrangement (Cu*: 0.77 A, Cu*: 0.73 A, Ni>*: 0.69 A, and Ni**: 0.60 A)?. Furthermore,
Cu and Ni possess closely aligned electronegativity values of 1.9 and 1.91, respectively, by the Pauling scale*.
Zinc is a prospective TM constituent that can be employed as a fitting supplement for nickel oxide owing to
its closely aligned ionic radius parameter. Furthermore, the comprehensive understanding of the diverse
physical attributes of Zn-doped NiO nanostructures remains restricted?”. Because of the different 3d electron
configurations of Zn?* (3d'°) and Ni?* (3d®), substituting Ni?* with Zn?* is expected to affect NiO’s magnetic
and optical properties®. The introduction of Cobalt doping can augment the conductivity of Nickel Oxide, a
factor that proves advantage in enhancing electrochromic and energy density performance?”. Chromium (Cr)
is utilized across diverse domains, including catalysts, paints, inks, refractory substances, corrosion-resistant
substances, and optoelectronic devices. Research on the doping of NiO with chromium is very rare’®. Adding
Cr as a dopant results in a stable phase and an enhancement in electrical conductivity in NiO. Moreover, Cr
exhibits a range of oxidation states, and its ionic radius is nearly equivalent to that of Ni, rendering it a suitable
dopant for NiO?. The structural and magnetic characteristics undergo notable changes upon Fe doping. The
magnetic behavior of NiO could be reinforced by doping with TM ions, such as Fe*", leading to a shift towards
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an improved ferromagnetic state®. In a study conducted by Jianfei Wang et al.?!, it was observed that Fe-doped
NiO nanoparticles exhibit ferromagnetism even at ambient temperature. Manna et al.*? reported that reducing
the size of TM ions in NiO nanoparticles is crucial for the emergence of the ferromagnetic phase, primarily due
to an uncompensated spin sublattice. Mishra et al.>* discovered that a concentration of the dopant level below
3% results in a minimal phase, and magnetic changes cannot be ascertained using XRD. The synthesis of NiO
nanoparticles has been carried out through several methods, such as the thermal decomposition method??, the
sonochemical method®, the solvothermal method?®, the hydrothermal method?’, the sol-gel process®®, and the
co-precipitation approach®. Among the various techniques available, co-precipitation emerges as a prominent
method for the preparation of nanoparticles. This approach entails the reduction of the reaction temperature,
thereby facilitating the uniform precipitation of the reagents. It serves as a straightforward means of synthesizing
nanopowders made of metal oxides, which exhibit elevated reactivity levels during sintering at low temperatures.
In addition, the coprecipitation technique is recognized for its cost-effectiveness, energy efficiency, and simplicity.
Based on our knowledge, there is no comprehensive literature on the simultaneous synthesis and investigation
of the properties of all the mentioned dopants with a doping percentage of 5%. Therefore, in this research, NiO
and Nij 95X 050 powders (X=Cr, Fe, Co, Cu, and Zn) were successfully obtained through the co-precipitation
method and by optimizing the appropriate calcination temperature separately for each doping element. Given
that the main parameters of nanoparticles, including the size, shape, and structure of individual particles, as well
as their spatial distribution, affect the properties of the nanoparticle system and lead to special optical properties
that can be used, in new material applications. Therefore, the calcination temperature was optimized to convert
hydroxide to metal oxide and strengthen the properties of nanoparticles by producing larger nanoparticles.
In addition, the Kramers-Kronig (K-K) numerical relations*! can be used, to evaluate the linear properties of
nanoparticles. The K-K dispersion relation has been used to obtain the optical parameters of NPs with the
support of DRS data*?. Furthermore, there are insufficient reports on the systematic characterization of the
optical properties of pristine NiO and Ni0.95X%0.050 (X=Cr, Fe, Co, Cu, and Zn) nanopowders by the K-K
analysis. Besides, as we know, optical parameters can be affected by structural and morphological characteristics
such as shape and size.

Hence, in the present study, for the first time, a wide range of essential, crucial, and practical elements,
including chromium, iron, cobalt, copper, and zinc, have been successfully doped into NiO under similar
circumstances. Following the successful synthesis of the aforementioned nanopowders, their structural and
morphological characteristics and the evaluation of the effect of these characteristics on optical parameters
in terms of doping effect and calcination temperature have been investigated. The structural parameters of
the samples were deduced from XRD data. Also, the elemental, functional, optical, and magnetic properties
of nanoparticles were investigated based on energy dispersive X-ray spectroscopy (EDS), Fourier transform
infrared spectroscopy (FTIR), diffuse reflectance spectroscopy (DRS) using (K-K) relations, and vibrating sample
magnetometer (VSM). In addition, the monolayer adsorption volume ( V;»,), surface area, and average particle
size ( DpEr) of the prepared powders were analyzed using the Brunauer-Emmett-Teller (BET) method.

Experimental details

Preparation of NiO nanoparticles

The co-precipitation method has been used to synthesize nickel oxide and samples doped with chromium, iron,
cobalt, copper, and zinc. All the chemicals employed in this study were reagents of analytical grade and were
utilized without any additional purification. The used following precursor materials in this study were purchased
from Merck company: Nickel (II) nitrate hexahydrate (Ni(NO,),.6H,0) (CAS#:13478-00-7), Chromium (IIT)
nitrate nonahydrate (Cr(NO,),-9H,0) (CAS#:7789-02-8), Cobalt nitrate hexahydrate (Co(NO,),.6H,0)
(CAS#:10026-22-9), Zinc nitrate hexahydrate (Zn(NO,),.6H,0) (CAS#:10196-18-6), Copper nitrate trihydrate
(Cu(NO,),:3H,0) (CAS#:10031-43-3) and Iron (I1I) chloride hexahydrate (FeCl,-6H,0) (CAS#:0250-03943-1).
Supplementary Fig. 1 represents the synthesis process and the chemical reaction behind the formation of the
synthesized nanoparticles. For synthesizing 0.5 M NiO nanoparticles, 14.54 gr of nickel nitrate hexahydrate
[Ni (NO3)26H20] was added to 100 ml distilled water and stirred in a beaker at 80 degrees for 30 min. Then,
the Ammonia solution was slowly (in drops) added to form a green precipitate. Ammonia solution is used as a
reduction agent. The resultant solution was stirred at the same temperature for 2 h, followed by multiple rinses
with ethanol and water to attain a neutral pH of 7. To obtain NiO powder, the sediment of the final solution
was dried and calcined at 600 degrees for 4 h. On the other hand, for preparation of doped samples, the Co-
precipitation method was used as follows: a 100 cc amount of 0.5 M Nickel (II) nitrate hexahydrate solution is
poured into a beaker and stirred for 30 min when it becomes uniform, Fe, Cu, Zn, Co and Cr (0.05w%) solution
was added to it. After 30 min, 1 M NaOH solution was added to the final product drop by drop for 1 h. Then, it is
stirred for 2 h at a temperature of 80 degrees until a precipitate is formed. The resultant precipitate is washed and
dried in an oven for 16 h and calcined in the furnace. The calcination temperature of each dope was different: Fe:
850 ?, Cu: 550 ?, Co: 650 ?, Cr: 700 ?, and Zn: 700 74345,

Given that the treatment temperature can influence the crystal structure and size of nanoparticles during
the synthesis process, and considering that the size, shape, and crystal structure of the particles affect the optical
performance. In this study, to produce nanoparticles affected with a better optical performance and to remove
moisture and convert hydroxide to metal oxide, testing, and optimization were conducted at a temperature
of 500 to 850 ?. Within this range of temperatures, specific temperatures that exhibited appropriate optical
behavior in nanoparticles were chosen to enable comparison of the resulting samples. Moreover, by optimizing
the temperature during this process and considering the low doping percentages of the elements, the different
doping was distinguished from one another. These temperatures are the usual ones used in previous works (Fe:
850 °C, Cu: 550 ‘C, Co: 650 ‘C, Cr: 700 “C, and Zn: 700 ‘C)*6->1,
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Characterization

The investigation of the structural characteristics of pristine and (Cr, Fe, Co, Cu, and Zn) doped NiO synthesized
powders was conducted utilizing a high-resolution X-ray diffraction system (Philips PW 1730) provided with
Cu-Ka radiation at a wavelength of A=0.154056 nm, from an angle of 26 = 30°-80°. The analysis of the surface
morphology was conducted using the FE-SEM) (TeScan-Mira III, Czech Republic) and Image] analysis software
along with energy-dispersive X-ray spectrometry (EDAX) (SAMX, TeScan) for the determination of chemical
composition and BET measured by BELSORP II (BEL JAPAN Inc.). The observation of vibrational modes of
metal oxide bonds and the detection of functional groups were performed using Fourier-transform infrared
spectroscopy (FTIR) (Thermo Scientific, Nicolet, Avatar, USA) and was carried out over a wavenumber range
of 400-4000 cm™!. The magnetic characteristics were assessed using a vibrating sample magnetometer (VSM-
MDKB) in a 1.4 T field at room temperature. Finally, the optical evaluations were conducted using DRS (Sinco
$4100 Korea) data and the Kramers-Kronig method through MATLAB coding.

XRD data were collected using X’pert Highscore Plus software with the following information:

(Version: 2.2b (2.2.2), Date: 01-11-2006). To calculate the size of prepared nanoparticles, of Digimizer
software was used: (Version: 4.1.1.0, Copyright © 2005-2011 MedCalc Software). XRD, FTIR, EDX, VSM, and
DRS data were plotted using the Origin scientific plotting program with the following information: (OriginPro
2018 (64-bit) SR1, b9.5.1.195).

Results and discussion

Structural investigations

Figure 1. demonstrates the XRD pattern of pristine and (Cr, Fe, Co, Cu, and Zn)-doped NiO powders synthesized
using the co-precipitation method.

As shown in Fig. 1 (a), all the synthesized samples have a polycrystalline cubic structure. For both pristine
and doped NiO samples, the diffraction peaks located at 37.37°, 43.41°, 62.98°, 75.51°, and 79.50° equal to the
(111), (200), (220), (311), and (222) planes of the face-centered-cubic structure of nickel oxide, respectively. The
obtained pattern aligns with the established pattern of NiO (JCPDS card No. 01-075-0197)>>%3. The patterns
derived from XRD did not display any secondary peaks indicative of the existence of impure or secondary
phases such as Ni in metallic form, Ni,O,, Zn (metal or oxide), Fe oxides like Fe,0,, Fe,0 4, OF spinel phases
like NiFe,O,, chromium or chromium compound, CoO, Con3 or C03O, and Cu,0, elemental segregations
at boundaries of the grains or clusters. This confirms the incorporation of all dopants into the NiO lattice.
Furthermore, the position of the peaks, such as the most intense peaks, in the XRD pattern shifts towards lower
and higher angles as doping into the NiO structure confirms the successful incorporation of dopants into the
NiO lattice (Fig. 1 (b)). Due to the comparable ionic radius of Ni*2 (0.69 A), Ni** (0.60 A), Cr** (0.615 A), Fe*2
(0.74 A), Fe*? (0.64 A), Co (0.74 A), Cu* (0.77 A), Cu®* (0.73 A), Zn>* (0.74 A), Since the disparity in ionic radii
among Ni*2, Ni** and aforementioned dopants is small and negligible, it is feasible for dopants to substitute
Ni*2, Ni** ions without infringing upon the lattice structure?*>*, The dislocation density, crystallite size, lattice
parameter, lattice micro-strain, and interplanar spacing value of the synthesized samples as important structural
parameters are evaluated based on the most intense XRD peak and tabulated in Table 1. The lattice parameters
are obtained using Eq. (1)%.

apkt = dptvVh? + k2 + 12 (1)

Here, d represents the value of the interplanar spacing, which is calculated using the given equation:
nA = 2dsin? (2)
anki denotes the parameter of the lattice (for cubic, c=b=a), and h, k, and I represent the Miller indices.

The crystallite size of the synthesized powders (D) is determined using the most intense peak in the X-ray
diffraction (XRD) patterns, applying the Debye-Scherrer equation. This relation is defined as follows®*>:

D = kX
B 1 ) cosf (3)

where A represents the wavelength of copper (A =0.15406 nm), K is a constant value of 0.9, 0 is the diffraction
angle, and f3 is the width of the peak.

In addition, dislocation density (denoted by ) and lattice micro-strain (denoted by ¢) are calculated through

Egs. 4 and 5, respectively®®.
0 =pr @)
71
_ /2 (5)
€ = Tiano

The parameter §, which characterizes the presence of imperfections, exhibits an inverse proportionality to
the square of the size of the crystallites. Expressly, it signifies the proportion of the dislocation lines” extent
encompassed within a unit cell of a nanoscale material to the volume of the crystalline structure.
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Fig. 1. a XRD patterns of pristine and (Cr, Fe, Co, Cu, and Zn)-doped NiO powders, b enlarged version of
corresponding samples at miller indices (200)

The data in Table 1 demonstrates that the doping of (Cr, Co, Cu, and Zn) results in an increase in dislocation
density and a decrease in Fe-doped NiO. The replacement of (Cr, Co, Cu, and Zn) in the NiO lattice leads to an
increase in vacancies and defects, as evidenced by the increase in dislocation density. The significantly higher
€ and 6 values observed in the chromium-doped NiO sample (as outlined in Table 1) confirm the presence of
more substantial crystal imperfections or structural disorder. This disorder leads to smaller dimensions of the
crystallites and a reduction in crystallinity. Table 1 reveals that the crystallite dimensions of the pristine nickel
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Samples/parameters |26 (°) | (a=b=c) (A) |d(A) |[FWHM | D (nm) | & ( X 10'line/m?)
NiO 43.41 4.17 2.083 | 0.4399 0.0048 | 20.29 24.29
Nig 95Cry.050 4345 | 4.16 2081 [0.5482 | 0.0060 | 1629 |37.68
Ni, ysFe, 0:0 4345 | 416 2081 03212 | 0.0035 |27.80 | 12.94
Ni, ;.Co, ;0 4339|417 2084 | 05274 | 0.0058 | 1693 | 3489
Nij 5:Ctly 0 4340 | 417 2.083 [ 0.4675 | 0.0051 | 19.09 | 27.44
Ni 521, 0 4336 | 417 2.085 | 0.4694 | 0.0052 | 19.02 | 27.64

Table 1. Structural parameters of the prepared powders from (200) diffraction

oxide increase with Fe doping. The slight changes in lattice parameters are attributed to the variations in ionic
radii. The density of dislocations pertains to the number of lattice imperfections in the material. The occupation
of interstitial sites may cause an expansion in lattice parameters. On the other hand, in the doped samples, the
oxidation of Ni?* to Ni** or the oxygen vacancies may lead to a change in the lattice constant. This is due to
the smaller radius occupied by oxygen vacancies relative to lattice oxygen and the smaller ionic radius of Ni**
compared to Ni**. Reduced dimensions of crystallites exhibit enhanced lattice defects and increased influences
of grain boundaries, as evidenced by the calculated 8 through Eq. 4 presented in Table 1°*6!. Furthermore, the
broadening of the peaks is exacerbated by various doping elements, which suggests a reduction in the size of
the crystallites, except for iron doping, which was estimated using the Scherrer formula. The values of the lattice
parameters (a) are significantly influenced by doping®>%.

Morphological studies
Morphological studies, including surface morphology and grain size of pristine and doped NiO powders, were
conducted using FE-SEM, as depicted in Fig. 2 (a-f). In all synthesized samples, observations reveal minimal
agglomeration, a random and homogeneous distribution, and roughly spherical grains, along with the absence of
defects and superior crystal quality®. This agglomeration results from the nano-scale dimensions of the crystal
size, whereby nanocrystals possess a significant amount of surface energy®. Furthermore, the aggregation of
metal oxide nanoparticles is a compensation mechanism for the surface energy resulting from the high surface-
to-volume proportion. Additionally, this random distribution results from the site selection of dopant ions on
the surface of host materials. On the other hand, doped NiO powders exhibit well-distributed and uniform
grains. The growth and nucleation process of NiO is impacted by the presence of dopants, which subsequently
affects the morphology and size of the samples. The dissymmetry in crystallite size may be attributed to the
fusion of different crystallites, resulting in the formation of polycrystalline grains®®. The incorporation of Cr,
Cu, Zn, and Co ions into NiO leads to a reduction in grain size, indicating an increase in strain within the
lattice and a restriction in its growth. Additionally, Fig. 3 (a-f) displays the size distribution histograms of the
prepared powders computed and plotted with the help of Digimizer software®”. All synthesized samples exist in
the nanoscale with a mean size range of (63-109 nm). This observation aligns with the crystallite dimensions
revealed through XRD. As seen in Table 1, the reduction of the interplanar distance (d) in nanoparticles leads
to a decrease in the crystal dimensions (a=b=c) and an increase in the size of the crystallites®®. On the other
hand, with the increase in the size of the crystallites, the diameter of the nanoparticles (which are the result of
the joining of several crystallites) observed in the FE-SEM shapes also increases®. As a result, the agreement
between XRD and FE-SEM results is confirmed for the samples under study.

Finally, static volumetric adsorption studies, including s specific surface area and pore parameters of pristine
and doped NiO powders, were depicted in Fig. 4 (a-f). The specific surface area of pure and (Cr, Fe, Co, Cu, and

Zn) doped NiO nanopowders calculated using the multipoint BET-equation’® are 22.841, 37.331, 16.404, 42,197,

2
32.466 and 29.940 " / g respectively. Table 2 presents the BET experimental results of pure and (Cr,

Cu, and Zn) doped NiO.

It is important to note that the effect of agglomeration (SEM analysis) on both crystallites (XRD analysis)
and surface area (BET analysis) values can vary depending on the material, the agglomeration process, and the
specific measurement technique that crystallites constitute the diffraction domain”!.

Fe, Co,

Elemental evaluations

The compositional analysis of pristine and doped NiO nanoparticles was conducted through EDS, and
the obtained spectra are depicted in Fig. 5 (a-f). As can be seen, the pristine NiO nanoparticles confirm the
presence of elementary species such as nickel and oxygen. In addition to nickel and oxygen, doped elements
such as zinc, cobalt, chromium, copper, and iron can also be observed in the doped samples. The absence of
additional materials indicates the preservation of the phase integrity in the nano-sized structures. The EDS
analysis demonstrated distinct peaks solely for the Ni, O, and related doping elements, with no detection of
any supplementary peaks. This indicates that the powder prepared in its original state is free from impurities,
confirming the appropriate incorporation of dopants within the NiO matrix.

Functional investigations
The Fourier Transform Infrared (FTIR) spectra provide valuable insights into various aspects of bonds, including
modes of vibrations (stretching and bending) and vibrational frequencies. Furthermore, it offers valuable
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Fig. 2. FESEM images of the prepared powders: a NiO; b Ni  ,.Cr
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information about the molecular interactions within the synthesized nanoparticles. Figure 6 presents the FTIR
spectra of the synthesized pristine and doped NiO nanopowders, spanning the spectral area of 400-4000 cm™!.
The distinct peaks of metal hydroxide (M-OH) framework bonds and metal-oxygen (M-O) are prominently
displayed in the lower wavenumber region (400-700 cm~!)*. The broad spectral range in all synthesized
samples, with its focal point at approximately 416-528 cm™!, is concrete evidence supporting the creation of
the crystalline NiO nanoparticles and not the bulk NiO72. This specific spectral range can be attributed to the
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vibration from the Ni-O stretching’>. It has been noted that the peaks of Ni-O stretching vibrations undergo a
slight displacement in the presence of various doping”. Unit cell volume, nanoparticles’ geometry, quantum size
effect, and Non-stoichiometry have been documented as factors contributing to peak shifting®>”°. Furthermore,
the confirmation of the existence of C-O in the initial substance is validated by the occurrence of a peak at
approximately 786 cm™! and 1035 cm™!. The detected vibration modes resulted from alternative chemical
bonding, precisely the stretching vibrations of C-O at 1035 cm™! due to air’®. The peak at 1384 cm™! indicates
the symmetrical stretching bond and is attributed to the bending vibration of the ionic carbonate species. This
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particular peak signifies the absorption of carbon dioxide from the surrounding atmosphere onto the surface of
nickel oxide”” and shows the vibrations of NO~%73, The spectral peak at 1628 cm™! is attributed to the bending
vibrational mode of the physisorption of H,0 on the surface of the prepared nanopowders. This phenomenon
occurs due to water adsorbed in the air during the preparation process in an open atmosphere. Additionally, the
stretching vibrations of the hydroxide are responsible for the widely observed absorption peak at approximately
3447 cm™17°. These peaks at 1628 cm™! and 3447 cm™! are ascribed to the bending of O-H bonds and the
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Constant | Monolayer adsorption | BET surface area | Average particle

Sample C volume V ,, SBET Size DpET

NiO 14538 | 5.2478 O / p 284 ™ / g |630m

Nipy:Cr,o:O | 61746 |85770 €™ /g 3731 ™ /g [47nm

Ni,Fe,, O | 77.693 | 37690 ™’ /4 16404 ™’ /g [420m

Niy:Co,,:0 | 71932 | 9.6950 €™ /s 42197 ™ /g |36nm

Ni sCu, O | 84660 | 7.4501 € /4 32466 ™" /g |52nm

Ni,oiZn, O | 71932 | 6.8790 €™ /4 29.940 ™’ /g [490m

Table 2. BET experimental results of the prepared powders: (a) NiO; (b) Ni, ,.Cr, ,-O; (c) Ni, .Fe, ,,O; (d)

Ni, 4sCo, (sO; (€) Nij osCu, <O (f) Ni, 3.Zn, O

0.05 0.95 0.05

stretching of hydroxyl (O-H) bonds, respectively®®. Also, the weak band 2923 cm™! is attributed to the C-H
stretch. Table 3 represents the FT-IR spectral bands of the synthesized samples. No additional notable peaks are
detected for any contaminants or secondary phases in the spectra, thereby corroborating the elevated purity of the
prepared nanopowders. This observation indicates that dopants are uniformly distributed within the supporting
matrix. It is crucial to acknowledge that the positions and intensities of the FTIR bands may fluctuate based on
several variables, such as crystallite size, the type of dopants, and the methodology of fabrication. Nevertheless,
the FTIR bands identified yield significant insights into the functional groups and chemical bonding in the
pristine and doped NiO nanopowders®"#2. These findings illustrate that the samples that were prepared exhibit
no indications of contamination, a phenomenon that aligns with the XRD findings.

Magnetic measurements

The examination of the magnetic characteristics of the synthesized samples was conducted under atmosphere
conditions. The magnetization’s intensity was enhanced due to the external magnetic field being applied,
reaching a maximum of +15 kOe. These findings are depicted in Fig. 7. Furthermore, the coercivity (Hc),
remanence (Mr), and saturation magnetization (Ms) values for the samples are exhibited in Table 4. NiO displays
antiferromagnetism (AFM) characteristics in its bulk state. In contrast, when it is scaled down to the nanometer
level, it can demonstrate remarkable magnetic characteristics owing to the existence of a surface magnetization
and ferromagnetic nickel phase it hence can exhibit different magnetic properties such as superparamagnetism
(SPM), ferromagnetism (FM), and spin glass behavior can be observed®. It has been noted that at the nanoscale,
broken symmetry, exchange restrictions, and broken bonds contribute to unique magnetic characteristics.
Furthermore, oscillations in the lattice affect the superexchange interactions, including the bond length and angles
that could result in weak FM®!. The mechanism responsible for the emergence of FM at ambient temperature
in antiferromagnetism nickel oxide is still a subject of controversy. The vacancy-induced ferromagnetism for
antiferromagnetism nickel oxide nanopowders is the commonly used mechanism, and the ferromagnetism
interaction was correlated with the presence of both Ni?* vacancies and uncompensated surface O?%. Besides,
FM is a result of the degradation of long-range AFM exchange. The findings indicate that the saturation
magnetization (Ms) of the synthesized nickel oxide nanoparticles is significantly lower than bulk nickel. The
obtained coercivity (Hc) values in this study are consistent with the literature®®. Conversely, the Hc values exhibit
higher values than the bulk coercivity. The coercivity value at room temperature has been determined to exceed
the analogous value for bulk nickel, with Hc=100 Oe¥”%. These values also confirm the superior magnetic
properties of the NiO nanoparticles compared to nickel microstructures. This augmentation in coercivity can be
attributed to the reduced particle size®. It has come to light that the coercivity can be modified due to dipolar
interactions and exchange resulting from an increase in the energy barrier®’. As can be seen from Fig. 7 (a-c),
all the synthesized samples demonstrated an FM nature. Importantly, the FM nature of NiO nanoparticles arises
from the existence of Ni (IIT) ions or SPM metallic Ni (0) as traces in the NiO sample. The pristine NiO exhibits
a weak FM signal, with a Ms equal to 0.276 emu/g, which can primarily be attributed to the cationic vacancies of
Ni?* in the octahedral site®!. This disturbance affects the superexchange interaction between Ni*~0? -Ni?*. The
magnetic and physical characteristics significantly rely on the preparation conditions. Numerous intrinsic and
extrinsic factors alter the magnetic states, such as the interaction between the magnetic moments, the presence
of induced surface vacancy defects, site occupation, concentration, crystal morphology, and structure, the finite
size effect, the existence of secondary phases, and the method of synthesis®*2. Moreover, the introduction of
doping leads to a change in particle size, which can potentially result in the creation of metal vacancies®>. The
substitution of zinc (Zn), copper (Cu), cobalt (Co), iron (Fe), or chromium (Cr) in the NiO matrix gives rise
to three possibilities: (i) substitution at both the core and surface of NiO, (ii) substitution only at the surface of
NiO, and (iii) substitution solely in the core of NiO. If dopants are substituted at the surface of NiO, the magnetic
moment decreases because of the nonmagnetic characteristics of the dopants. Consequently, weak FM emerges
alongside the AFM nickel oxide, resulting in a higher magnetization than pure NiO. If dopants are incorporated
in the core, the antiferromagnetism superexchange interaction could be disrupted. In our study, since both the
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remanent magnetization (Mr) and coercivity (Hc) values decrease with doping, we infer that agglomeration
leads to an increase in effective particle size. Conversely, when both the Mr and Hc parameters increase with
doping, a certain amount of dopants substitute at the Ni sites in the core along with the surface substitution,
thereby improving its magnetic properties®’. Moreover, Ms lower amounts for (Cu, Cr, and Zn)-doped NiO
samples, compared to pristine NiO, can be associated with a reduced contribution of oxygen vacancy. In all
samples room-temperature ferromagnetism (RTFM) could be attributed to the double exchange interactions
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Assignments
Samples Ni-O stretching | C-O O-H bending | O-H stretching
NiO 424 cm™! 10347! | 1630 cm™! 3454 cm™!
Nij 45Cry 050 | 423 cm™! 980! | 1627 cm™! 3443 cm™!
Ni, g5Fe; 50 | 489 cm™! 10317 | 1629 cm™! 3438 cm™!
Ni; 45C0 (50 | 416 cm™! 10287! | 1629 cm™! 3444 cm™!
Ni; 45Cu1; sO | 528 cm™! 103271 | 1629 cm™! 3442 cm™!
Nij 45Zn, (O | 421 cm™! 10357! | 1630 cm™! 3440 cm™!

Table 3. FT-IR spectral bands (cm™)

among the defects and induced magnetic Cr, Fe, Co, Cu, and Zn ions. The presence of RTFM in Cu-doped NiO
suggests that, there is a relation between the superexchange coupling and F-centre exchange coupling®®. The
FM condition observed in copper-doped nanoparticles can be attributed to the substitution of Cu?* for Ni**
and the substantial oxygen vacancies®®. Substitution of Fe in the NiO engenders charge carriers, thereby leading
to an increased exchange interaction and resulting in a higher Ms. The observed hysteresis in the Fe-doped
sample aligns with previous findings because of the uncompensated spins; the curve gradually narrows®>?. The
magnetic characteristics of the nanopowders are highly linked to their crystallinity, magnetic direction, shape,
and particle size. In addition, Fe-doped NiO nanoparticles displayed an enhanced saturation magnetization
value and demonstrated evident FM properties at room temperature due to the substitution of Fe in the NiO
lattices. Based on our findings, we can rule out the segregation of iron as the source of FM in the prepared Fe-
doped NiO, indicating intrinsic FM properties®”. Thus, double exchange interactions are enhanced through iron
doping, resulting in a higher magnetic moment®. As a result, Fe-doping disrupts the magnetic ordering of NiO
and gives rise to FM through a double exchange system®. The substitution of Zn?* ions for Ni?** ions within
the NiO matrix can occur both at the surface and the core of the material. Consequently, a localized weak FM
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Fig. 7. Comparing M —H curves of the prepared samples: a NiO, Nij ,.Cr
Nig 95Cuy 0O, and Niy oZ

ordering is generated within the background of the NiO sample?. The magnetization in NiO is caused by the
substitution of the Co with unpaired electrons in its d shell for the cation site of Ni. The Co-doped nanopowder
exhibits an enhancement in magnetic characteristics, which can be associated with the cobalt’s high magnetic
moment and its FM properties!?’. Overall, the magnetic properties of NiO were significantly enhanced through
Co?* doping. The Ms improvement in the Co-doped NiO sample can be attributed to the higher magnetism
exhibited by Co** compared to Ni

Magnetization (emu/g)

Magnetization (emu/g)

Magnetization (emu/g)

0.3 ®
0.24
0.14
0.0
-0.1 4 —NiO
Nig 95Crg,050
0.2 ——Ni 45C0p 50
03
T T ' T
-15 -10 -5 0 5 10 15
Applied field (kOe)
0.3
(b)
0.2+
0.1+
0.0
2014 —NiO
Ni 9sCuyg 450
ou — Ni95Zn 450
-0.3 T T T T
-15 10 -5 0 5 10 15
Applied field (kOe)
()
24
14
0
-1 4 —NiO
— NigsFeqs0
24
T T i T
-15 -10 -5 0 5 10 15

Applied field (kOe)

.05

:2+101

O; ¢ NiO, and Ni ;. Fe o

(0]

O, and Ni, 4.Co

0.05

Scientific Reports |

(2025) 15:1088

| https://doi.org/10.1038/s41598-025-85239-0

nature portfolio

O; b NiO,


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Sample M, (emu/g) | M, (emu/g) | H_(Oe) | Loop Area (Oe X emu/g) | SQR
NiO 0.010 0.276 80.4390 | 131.489 0.036
Niy 5Cry O | 0.001 0239 246.836 | 111255 0.004
Nig gsFe; 0,0 | 0.605 2331 174.775 | 1509.69 0.260
Nig4sC0y 45O | 0.004 0.305 182329 | 176.112 0.013
X .05
Nio_sscuo_oso 0.001 0.177 249.517 | 110.541 0.006
Nio,95znovu5o 0.040 0.260 350.746 | 241.295 0.154

Table 4. The magnetic parameters for the synthesized samples

To determine the nature of domains and the squareness of the hysteresis loop, the squareness ratio (SQR)
derived from the M-H curve was computed and recorded in Table 4. SQR is the ratio of Mr to Ms, SQR =Mr/Ms
(6)'2, All obtained SQR values are below 0.5, confirming the multidomain structure of the nanostructures and
indicating that the magnetic interactions are associated with grains or particles within the nanoparticles®>1%,
The SQR value for Fe-doped NiO is 0.260, which makes it suitable for applications in data storage as well as a
magnetic soft material for battery cathodes and transformers®. Coercivity and remanence are supplemented by
metrics that characterize the geometric shape of the hysteresis loop and the corresponding area encompassed
within loop!%%. The cumulative area of the hysteresis loop derived from the M(H) data constitutes a significant
parameter that influences the dissipation of magnetic energy attributable to irreversible movements of domain
walls and the rotation of domains within the material'%®. The area of the hysteresis loop represents the necessary
energy for completing a cycle involving both demagnetization and magnetization while simultaneously
indicating the energy losses incurred throughout this process!®. In other words, the area of the hysteresis
loop acts as an indicator of magnetostatic energy dissipation resulting from the dynamics of domain wall
displacement and rotation'””. The XRD analysis supports the rationale behind the ferromagnetism of NiO
nanoparticles. The observed RTFM, characterized by a face-centered cubic structure, plays a crucial role in
integrated microelectronic devices and spintronics!%.

Optical properties
Reflectance and band gap
The reflectance spectra of the prepared nanopowders are presented in Fig. 8 (a). This Figure shows the reflectance
(%R) measured at ambient temperature as a function of wavelength for the synthesized nanopowders via the
co-precipitation route. In general, the reflectance spectra of all synthesized samples increase as the wavelength
increases. Compared to other synthesized samples, the reflectance spectrum of Fe-doped NiO is superior at
the beginning of the near-infrared and end of the visible region. In contrast, the Zn-doped NiO exhibits higher
reflectance spectra in the visible area. In most instances, a decrease in the mean coordination leads to smaller
crystallite sizes and lower reflectance amounts. The decrease in reflectance is correlated with an increment in
microstrain, dislocation density, crystal imperfections, and disorders®®. The following statement about the band
gap and the value of (n) is discussed and highlighted in the revised manuscript as follows:

In order to calculate the band gap (E,) of semiconductor nanoparticles, the Kubelka-Munk function
( F' (R)) is used by absorption spectra from DRS data that is defined as the following relation!%:

F(R) = “;?2 =% xa (6)

where K and S are known as Kubelka-Munk absorption and scattering coefficients. Which F'(R) is the
Kubelka — Munk function; R = (Rsam”e / ; ) is the diffuse reflectance ratio between the reference

and sample. The band gap energy can be assessed by the following relationship between the Tauc relation and
F(R) (Kubelka-Munk function)°:

1
F(R)hv = A(hv — Ey) /n 7)

In which A is the proportionality constant that describes the degree of disorder in the sample, kv is the incident
photon energy, and Ej is the band gap energy of the semiconductor. The value of n is related to the nature
of electronic transition; it can take the values of 2, 1/2, 3 and 3/2 for direct allowed, indirect allowed, direct
forbidden and indirect forbidden transitions, respectively!!!. Also, the F can be estimated with the Tauc plot
method by plotting (F(R) hv)? in terms of the photon energy (hv) and extrapolating the liner part of the plot.

Figure 8 (b) illustrates the determination of the Energy band gap. The obtained results are summarized in
Table 5. Zn doping leads to a blue shift, while other samples demonstrate a red shift. The band gaps for pristine
and Cr, Fe, Co, Cu, and Zn-doped NiO are determined to be 3.41 eV, 3.07 €V, 3.17 eV, 3.33 eV, 2.77 eV, 3.46 eV,
respectively, which is consistent with previous studies!®-2%-30->579108,112-114 " The variations in band gap values
observed in different works could be attributed to differences in nanoparticle size. The addition of dopants in
the NiO nanopowder enables the band gap engineering without causing any structural distortion. Therefore, the
doped NiO samples exhibit great potential as a material for developing optoelectronic devices. As a result, the
calculated bandgap energies are influenced by various factors, including impurity defects, lattice strain, oxygen
vacancies, and crystallite size.
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Fig. 8. a Reflectance spectra of the prepared nanopowders; b determination of the Energy band gap for the
nanopowders.

Kramers-Kronig calculations

In the current study, we have calculated the optical constants of the nanopowders via MATLAB coding by
employing reflectance values on the Kramers-Kronig technique!'®. The complex refractive index is represented
as follows:

n'(w)=n(w)+ik(w) (8)
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Sample R (%) E (V) [n |k
NiO 21 (400 nm) 3.41 26 | 1.1
Nij 45Cr;osO | 18 (860 nm) 3.07 2.0 08
Ni; gsFe ;O | 52 (890 nm) 3.17 25013
Ni45C0,,0sO | 24 (860 nm), 23 (607 nm) | 3.33 27 |12
Nij 45Cuy 45O | 12 (616 nm) 2.77 19 0.8
Nij gsZn;, (<O | 42 (890 nm, 540 nm) 3.46 44 22

Table 5. The obtained maximum reflectance (R%), band gap energies Eg (eV), maximum extinction coefficient
(k), and refractive index (n) values for the nanopowders

k denotes the extinction coefficient, and n denotes the refractive index and can be given by:

Fo) = (il met) ) 9)

- 1+ R(w )—2\/R(w )eosp (w)

nw)= ( 1-Rw) ) (10)

1+ R(w )—2\/1?,(0.; Ycose (w)

¢(w) is the phase angle and can be calculated via Kramers-Kronig dispersion as follows*2:

lnR(w ! )—lnR(w )

w’2_?2

dw’ (11)

-
©
Il
—~
:\E
N—
o—3

gb(wi):(‘*“i)waxZihzim (12)
4

1.... or odd j
1.... for evenjj (13)
k depending on the absorption oflight and represents the imaginary component that is an indispensable parameter
in optical devices. On the other hand, n represents the ability to stop the flow of electrons and signifies the actual
component. Also, it is a vital parameter in optical applications such as switches, and optical modulation. The
values of k and n at various wavelengths are depicted in Fig. 9. It can be observed that n exhibits higher amounts
in the 460 nm <A <550 nm, after which it undergoes a sharp decline in the 290 nm <\ <400 nm. The n for Zn-
doped NiO varies widely from 1 to 4.5. Furthermore, a decrease in the amounts of n was caused by primary band
gap absorption. The more minor n amounts are employed as an efficient medium in optical applications, such as
those involving modifications in desired conductivity and mobility.

Moreover, it was noted that the values of k display abrupt rises and attain zero in the wavelength span of
450-560 nm, thus allowing the incident light to pass with minimal loss. The top amounts of k and n are listed
in Table 5.

Conclusions

In conclusion, for both pure and doped nickel oxide (NiO) samples, the diffraction peaks identified at 37.37°,
43.41°, 62.98°, 75.51°, and 79.50° correspond to the (111), (200), (220), (311), and (222) planes of the face-
centered cubic structure characteristic of nickel oxide, respectively. The patterns of the synthesized nanopowders
verify the JCPDS card No. 01-075-0197 for all samples. The crystallite sizes were determined to be 20.29 nm,
16.29 nm, 27.80 nm, 16.93 nm, 19.09 nm, and 19.02 nm for NiO, chromium-doped, iron-doped, cobalt-
doped, copper-doped, and zinc-doped NiO, respectively. The markedly elevated & and & values recorded in
the chromium-doped nickel oxide sample substantiate the presence of enhanced crystal defects or structural
disarray, which consequently results in diminished crystallite dimensions and reduced crystallinity. The FESEM
examination revealed a homogeneous fine morphology, and the EDS spectra provided further substantiation
of the existence of dopants within the NiO. All synthesized samples were found to be within the nanoscale,
exhibiting a mean size range of 63 nm to 109 nm. This finding is consistent with the crystallite dimensions
revealed through XRD analysis. The introduction of chromium, copper, zinc and cobalt ions into nickel oxide
decreases grain size, signifying an increase in strain within the lattice and a limitation on its growth. On the other
hand, the unmodified nickel oxide nanoparticles affirm the existence of fundamental constituents such as nickel
and oxygen. Also, in doped samples, in addition to nickel and oxygen, the impurity elements such as zinc, cobalt,
chromium, copper, and iron can be detected. Also, the specific surface area of the samples is 22.841, 37.331,

2
16.404, 42.197, 32.466, and 29.940 "™ / g calculated from the BET adsorption equation. Moreover, FTIR

analyses confirmed the stretching and bending modes of the nanopowders. The distinct peaks associated with
metal hydroxide (M-OH) framework bonds and metal-oxygen (M-O) interactions are prominently observed
in the lower wavenumber region, specifically between 400 and 700 cm™!. DRS investigations showed higher
reflectance for Zn-doped and Fe-doped NiO samples and a decrease in bandgap for Co, Cr, Cu, or Fe-doped NiO,
and a blue shift was detected in Zn-NiO compared to pristine NiO. The band gaps for pristine nickel oxide and
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Fig. 9. a The real and a the imaginary portion of the complex refractive index versus hv

nickel oxide doped with chromium, iron, cobalt, copper, and zinc are determined to be 3.41 eV, 3.07 eV, 3.17 €V,
3.33 eV, 2.77 eV, and 3.46 eV, respectively. These results indicate that the prepared pristine and doped NiO
nanopowders have significant potential for utilization in optoelectronics and both linear and nonlinear optical
device fields. Magnetic characteristics analyzed through VSM studies showed that the saturation magnetization
exhibited values of 0.276 emu/g, 0.239 emu/g, 2.331 emu/g, 0.305 emu/g, 0.177 emu/g, and 0.260 emu/g for
NiO, chromium-doped, iron-doped, cobalt-doped, copper-doped, and zinc-doped NiO, respectively. The
magnetic properties of the nanopowders are intricately associated with their crystallinity, magnetic orientation,
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morphology, and particle dimensions. Furthermore, iron-doped nickel oxide nanoparticles exhibited a
superior saturation magnetization value. They manifested pronounced ferromagnetic characteristics at ambient
temperature due to iron substitution within the nickel oxide lattice. Therefore, the notable improvements in the
magnetic and optical characteristics of the prepared nanopowders at atmosphere temperature, have proven to be
potentially, confidently and highly beneficial for applications in data storage, magnetic, spintronic devices and
optoelectronic devices.
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