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Preface
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Magnetic, Dielectric, Electrical, Optical and Thermal Properties
of Crystalline Materials

Mohamed Khitouni 1,* and Joan-Josep Suñol 2,*

1 Department of Chemistry, College of Science, Qassim University, Buraidah 51452, Saudi Arabia
2 Department of Physics, University of Girona, Campus Montilivi s/n, 17003 Girona, Spain
* Correspondence: kh.mohamed@qu.edu.sa (M.K.); joanjosep.sunyol@udg.edu (J.-J.S.)

This Special Issue entitled “Magnetic, Dielectric, Electrical, Optical and Thermal
Properties of Crystalline Materials” is devoted to a general overview of the subject of
crystalline materials and may extend to the nanocrystalline field. The articles published
within it relate to the composition selection, the optimization of processing conditions
and the structural and functional response. Thus, this Special Issue includes synthesis,
characterization and applications studies. The properties, the structure and the mechanical,
magnetic, dielectric, optical and thermal properties of these crystalline materials are the
focus of interest [1–4].

As remarked in the Special Issue information, the keywords of the fifteen manuscripts
published are a good indicator of the main fields of interest. The production techniques
employed include rapid solidification, sol-gel, mechanical alloying, co-precipitation, liquid-
phase epitaxy, click chemistry, and deposition techniques. The materials used are Heusler
alloys, tungsten-based materials, copper–tin alloys, manganese–nickel alloys, gallium-
based magnetic semiconductors, ferrimagnetic iron garnet films, cadmium base spinel,
aluminum base alloys, oxychalcogenide compounds, porphyrin complexes, Janus bidi-
mensional monolayers or cross-linked sodium alginate and polyacrylic acid biopolymers,
and ferrite oxides. The structural information provided, based on the specific crystalline
structures, includes crystallographic defects and solid-state structural transformations, such
as the martensitic transformation and magnetic transformations, as well as ferromagnetic
to paramagnetic transition. The mechanical properties analyzed include the elasticity, the
strain, the creep mechanism, and the strengthening behavior. The studies of the electrical
and dielectric properties are based in electrical conductivity or resistivity analysis, the
electronic structure of the materials with ab initio theoretical studies, the study of the
transport coefficients, orbital coupling, the semiconductor or piezoelectric behavior, and
the study of the mechanisms of conduction. Magnetic analysis permits the determination of
the ferromagnetic, ferrimagnetic, paramagnetic, or superparamagnetic behavior. Thermal
analysis (characteristic temperatures, thermal treatments) is sometimes related to thermo-
dynamics or kinetics, with parameters such as the activation energy. Optical analysis is
linked to UV absorption, photoelectronic and photovoltaic analysis. Specific applications
include dye degradation and antimicrobial, antioxidant, and anticancer activity.

Two articles are devoted to applications of Heusler alloys. Rekik et al. produce and an-
alyze the structure and the thermal and kinetic behavior of the martensitic transformation of
a Mn rich Mn–Ni–Sn compound. The Heusler alloys of the Mn–Ni–Sn family are candidates
for implementation in magnetic refrigeration devices due to their magnetocaloric effect.
Thus, the transition temperature control and the activation energy of the transformation
are of interest. Hzzazi et al. produce quaternary Co–M–Rh–Si (M = Cr, Mn) Heusler alloys.
These materials are candidates for spintronic and thermoelectric applications due to their
high transport coefficients (electrical conductivity, Seebek coefficient) and can provoke
highly spin-polarized currents. The density functional theory (DFT) determines the to-
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tal energy, phonon, and elastic behavior and complements the magnetic and functional
response analysis.

One of the main fields of interest of crystalline materials is their environmental appli-
cations [5]. Two articles introduce an environmental application, namely the degradation
of dyes. Nasri et al. synthesize porphyrin complexes. In this case, the degradation mecha-
nism is a catalytic effect. The current–voltage response and the impedance spectroscopy
measurements confirm that these complexes are candidates for optoelectronic applications
such as in photovoltaic devices. Ben Mbarek et al. produce a binary alloy Mn–Al pro-
duced by mechanical alloying which provokes the degradation of azo dyes by means of a
redox mechanism. UV absorption and infrared spectroscopy measurements confirm the
discoloration of the dissolutions.

There are some studies based on the density functional theory [6]. This is an optimal
approach for theoretical calculations of the electron density and energy distribution, the
spin bad structures, the spin channels, and the spin-polarized density. It permits us to un-
derstand the interactions between electrons and ions. Zhang et al. apply DFT (considering
the first-principles plane-wave pseudopotential method) to understand the effect of tin
content in the structure, the elastic response, and the electronic properties of binary Cu–Sn
alloys. The best content regarding structural stability is 3.125 at. % of Sn, whereas the best
content for plasticity and elastic anisotropy is 6.25 at. % Sn. Tian et al. apply the DFT
generalized gradient approximation and the Perdew–Nurke–Erzerhof formalism in diluted
magnetic semiconductors (Ga–N-based ferromagnetic monolayers) to calculate the elec-
tronic and magnetic properties. Mallah et al. also produce, characterize, and analyze DFT
monolayers. In this study, there are bidimensional Janus (two faces with two different local
environments) monolayers. These monolayers consist of A2XX’, Si2XX’ and A2PAs. These
materials are candidates for application in piezoelectric nanodevices. The best results are
observed for the materials containing chalcogenide atoms. In a second work, the same re-
search team use the same methods to calculate the band structures and the density of states
for several oxychalcogenides, including A2O2B2Se3 (A = Sr, Ba; B = Bi, Sb) compounds, and
the optical and thermodynamic properties are analyzed. The reflectivity spectra confirm
that these oxychalcogenides are optimal candidates for optical applications. Regarding
mechanical behavior, some compounds are ductile, whereas Ba2O2Sb2Se3 is brittle.

Some articles characterize metallic alloys and compounds [7]. Chen et al. produce
a cast heat-resistant aluminum alloy (Al–Si–Cu–Ni–Mg) by annealing the master alloy
produced in an electric-smelling furnace. It is well known that the thermal treatment
conditions (temperature, time, pressure, atmosphere) influence the microstructure and the
mechanical response (tensile strength, elongation, creep). The authors analyze the main
creep mechanism at low temperatures and low stress and detect that is a grain-boundary
creep. Ferromagnetic rare-earth (gallium and gadolinium) iron garnet films were prepared
via liquid-phase epitaxy. The authors analyze the structure and the magnetization near the
compensation temperature, discovering the suppression effect of the non-colinear phase.
The compensation temperature definition is as follows: the temperature at which the
magnetizations of oppositely directed magnetic sub-lattices fully compensate one other.
The authors used a magneto-optic approach to build the temperature–magnetic field (T-H)
diagrams of the magnetic states in two- and three sub-lattice ferromagnetic structures.

Regarding properties, one article demonstrates the applicability of several cross-
linked sodium alginate and polyacrylic acid biopolymers based on nanoscale natural
polysacaccharides. This is a complex procedure, and nano-sized metallic polymers are
prepared from the biopolymers. There are environmental and health applications due to
the antimicrobial and anticancer activity (drug delivery) and the antioxidant and non-toxic
(biocompatibility, biodegradability) behavior.

A large number of articles are devoted to oxides [8]. Mahmood et al. synthesized
ZnO nanotube-based magnetic semiconductors and analyzed the effect of the addition of
cobalt and gadolinium on the structure and the dielectric and magnetic properties. Both
additions improve the electrical conductivity and the ferromagnetic behavior (exception
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Gd doping >3 at. %) due to the magnetic impurities replaced in the ZnO oxide. These
materials are candidates for spintronic electronic charge, quantum Hall effect, or resistive
switching devices. Alharbi et al. synthetize complex ferrites with spinel structures as
nanoparticles. The compositions are Cd0.5Zn0.5Fe2−xCrxO4 (0 ≤ x ≤ 2). The vibrations of
the metal–oxygen bonds in the spinel structure provoke the detection of two absorption
bands in infrared spectroscopy analysis. The nanocrystalline size decreases as the content of
Cr increases. These materials are potential candidates for electronics (power transformers)
and telecommunications applications. Krimi et al. produce lithium–sodium–tungsten-
based oxides and analyze the optical, dielectric, and electric properties. The influence of
the partial substitution of lithium by sodium is checked. The addition of sodium favors
the formation of an orthorhombic crystallographic structure. Likewise, the increase in the
disorder and the charge number provokes an increase in the conductivity. The last referred
article in this Special Issue corresponds to nickel–zinc ferrites produced by means of the
sol-gel method by Mallah and coworkers. Complex hyperfine structures are detected due
to the different atomic neighbors having different magnetic moments. Concerning the
magnetic behavior, the ferromagnetism is influenced by the presence or absence of Ni2+ or
Zn2+ ions in tetrahedral locations.

Finally, we express our thanks to all of the contributors to this Special Issue, all of the
reviewers for their help in improving the quality and soundness of the manuscripts, and
especially the MDPI staff. The editors hope that the articles presented in this Special Issue
are of interest to researchers producing crystalline alloys and compounds with magnetic,
dielectric, electrical, optical, and thermal properties.

Author Contributions: Conceptualization, M.K. and J.-J.S.; writing—original draft preparation, M.K.
and J.-J.S.; writing—review and editing, M.K. and J.-J.S. All authors have read and agreed to the
published version of the manuscript.
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Abstract: In this work, scanning electron microscopy, X-ray diffraction, and differential scanning
calorimetry were used to investigate the solidification structure, thermal behavior, and kinetics of
the martensitic transformations of the (Mn,Ni)Sn as-spun and annealed ribbons synthesized by
melt-spinning. At room temperature, the as-spun and annealed (Mn,Ni)Sn ribbons exhibited a cubic
single-phase Heusler L21 structure. The kinetics of the martensitic transformation (MT) was studied,
together with their microstructure evolution and cooling rate dependence. The mechanism was also
investigated. Additionally, a high dependence between the cooling rates and energy activation (Ea)
was detected. A more detailed characterization of MT and account of thermodynamic parameters
were examined after annealing.

Keywords: Heusler alloys; rapid solidification; martensitic transition; thermal analysis; energy
activation; kinetics

1. Introduction

The reversible first-order martensitic transition (MT) in Heusler Ni–Mn–X (X = Ga,
Sn, In, and Sb) materials has garnered a lot of interest [1–4]. In these systems, MT oc-
curs between a martensite phase with both a clearly reduced magnetic susceptibility and
diversity of structural configurations and the ferromagnetic austenite phase, which has
the cubic L21 structure. This latter structure, which can be 10M, 14M, 4O, or L10 struc-
tures, varies in composition and fabrication techniques [5]. Recent research demonstrated
the efficiency of the melt-spinning process in producing highly textured, homogeneous,
polycrystalline ribbons [6,7] with significantly improved magnetic characteristics [8]. As
compared to those obtained through conventional casting, the rapid solidification of al-
loys via the melt-spinning technique can result in improved mechanical properties [9].
A nonequilibrium position of the atoms may also be caused by rapid solidification from
the liquid phase. This makes it possible to change the atomic order, making research
into melt-spun ribbon materials very important. Recently, some intriguing findings on
the Ni–Mn–X alloy ribbons’ physical characteristics were published. According to Her-
nando et al. [10], the martensite phase that forms in Ni–Mn–X ribbons has a different
crystal structure than materials that are arc-melted in bulk. In comparison to the bulk
alloy, the Heusler Ni–Mn–X ribbons’ MT always starts at a lower temperature. For in-
stance, Krenke et al. [11] reported that the martensitic transformation of Ni50Mn37Sn13
ribbons occurred in the range of 300 K, but Santos et al. [12] observed that the change
took place at around 212 K. The reduced degree of atomic order and internal tension
introduced during rapid solidification, according to Feng et al. [13], explained why the
transition temperature of the Ni50Mn28 + xGa22 − x (x = 0, 1, 2, 3) ribbons is approximately
10 K lower than that of the corresponding bulk alloys. The alloy composition, preparation
conditions, and external parameters can be used to control the MT temperatures in ternary
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Ni–Mn–X (X = In, Sn, and Sb) alloys (magnetic field and hydrostatic pressure [14]). It has
been suggested that a multitude of factors can affect the value of MT temperatures. By
varying the composition or substituting 3d transition metals such as Cr, Fe, Co, and Cu,
the valence electron concentration (e/a) and MT temperatures can be changed [15–18].
The variation in electron concentration and the Mn–Mn interatomic distance are also re-
sponsible for the compositional dependence of the phase-transition temperature [19,20].
However, superior physical properties with potential applications originating from first-
order magnetic-induced martensite transformation, e.g., inverse magnetocaloric effect [21]
and large magnetoresistance [22], have been reported to be comparable to bulk alloys.
Additionally, it has been found that annealing for a short time [21] can significantly im-
prove the physical properties of ribbons. Moreover, many fundamental aspects associated
with the melt-spun rapid solidification process remain unclear, and research on Mn–Ni–X
ribbons is still in its early stages; aspects under investigation include rapidly solidified
phase competition and selection, microstructures, nonequilibrium thermodynamics, and
kinetics of solid-phase transition. It is necessary to perform more studies to promote the
potential applications of these materials.

At present, no studies on the effect of annealing on the MT of Mn51Ni39Sn10 (at.%) alloy
have been performed. Thus, the purpose of this study is to investigate the impact of an-
nealing on the modification of the microstructure and the behavior of phase transformation
temperatures of Heusler Mn51Ni39Sn10 alloy.

2. Experimental Procedure

High-purity (99.99%) constituent metals were used to produce the as-cast ingots with
the nominal composition Mn51Ni39Sn10 utilizing the Bühler MAM-1 compact arc melting
process. To ensure good initial homogeneity, these alloys experienced four melting cycles.
With a circular nozzle of 0.5 mm and an argon overpressure, the samples were induction-
melted in quartz crucibles before being ejected onto the polished surface of a copper wheel
rotating at a linear speed of 48 ms−1 (Figure 1). The obtained as-quenched ribbons were
flakes having dimensions of 1.2–2.0 mm in width and 4–12 mm in length. The ribbons were
fixed in a quartz tube filled with argon gas, followed by annealing at 1273 K for 1 h, and
then quenched in ice water. Following that, obtained samples were named as-spun and
annealed. Scanning electron microscopy (SEM) was used on a ZEISS DSM-960A microscope
fitted with an X-ray energy dispersive spectroscopy (EDS) microanalysis system to analyze
the microstructure and elemental compositions. At room temperature (RT), the materials’
structural characteristics were determined using X-ray diffractograms (XRD) on a Siemens
D500 X-ray powder diffractometer with Cu–Kα radiation (λ = 1.5418 Å). Using the Maud
Program, the sample structures were determined [23]. Calorimetry was used to verify the
structural transformation of austenite to martensite. Under a nitrogen atmosphere, the
cyclic tests (cooling–heating) were recorded at various rates of 10, 15, 20, 30, and 40 K/min.
The Mettler-Toledo DSC30 device was used to perform DSC scans below RT while using a
liquid nitrogen cooling system. The phase-transition activation energy was determined
based on the DSC measurements after these measurements were used to analyze the typical
temperatures of MT.
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(a) (b) 

Figure 1. (a) Melt-spun chamber and (b) the obtained as-quenched ribbons.

3. Results and Discussion

3.1. SEM Analysis

The typical SEM images of the wheel surface of (Mn,Ni)Sn alloy are presented in
Figure 2a. The austenite structure’s granular microstructure is clearly visible on the wheel
surface. This ribbon easily cleaves along this usual direction because it is mechanically weak
and brittle. In Figure 2b, the alloy’s free surface is also shown. These samples, which were
obtained at high quenching rates, had a microstructure that was granular and completely
crystalline. Around 1–2 μm was the value for the typical grain size. Furthermore, these
typical grain size values are considerably lower than those seen in bulk alloys with coarse-
grained microstructures and grain sizes ranging from 10 to 100 μm [1].

Figure 2. SEM images of wheel surface (a), free surface (b), and the cross-section microstructure (c) of
the as-spun and annealed ribbons and the associated EDS analysis (d).

Figure 2c displays the cross-sections perpendicular to ribbon planes. The SEM images
show that the samples were entirely crystalline. Additionally, a collinear granular columnar
microstructure was visible. The ribbon was about 8 μm thick. With the longest axis aligned
perpendicular to the ribbon plane, the thin layer of tiny equiaxed grains crystallized along
the whole ribbon thickness. Figure 2d displays the results of the EDX analysis of the as-spun
ribbon, confirming that mixed metallic elements were present. The nominal composition of
the as-spun ribbon (51.2 at.% Ni; 39.3 at.% Mn; 9.5 at.% Sn) and the composition analysis
results were in good accordance.
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3.2. Structural Analysis

When choosing the parameters for a thermal study, it is frequently crucial to under-
stand the crystal structure at RT [24]. The martensite–austenite transition must occur below
RT in order to detect a cubic phase. On the other hand, if the phase is orthorhombic,
monoclinic, or tetragonal, heating the alloy at normal temperature could produce the same
transition. The XRD patterns of (Mn,Ni)Sn ribbons examined at RT are shown in Figure 3.
Utilizing the Maud software program, miller indexes were assigned. After fitting, one
can observe an austenite phase of the cubic L21 structure in both alloys. A crystalline
structure cubic Heusler L21 structure, with lattice parameters of as-spun and annealed
ribbons 5.995(1) and 5.990(1) Å, respectively, was confirmed by the reflections indexed
as (311) and (331). On the basis of this XRD result, the martensite–austenite transition
might be found using a DSC scan of the ribbon alloy that was cooled from RT. Recently,
some interesting results on the physical characteristics of the Heusler Mn–Ni–Sn alloy
were published. Coll et al. [24] reported that Mn–Ni–Sn alloys are completely single-phase
at RT, with the cubic austenite phase thermally evolving into the structurally modulated
orthorhombic martensite phase. However, the alloy’s composition has a significant impact
on the martensitic transition (MT). A single-phase L21 cubic austenite structure was seen at
RT in a recent study using the as-spun Ni50Mn37Sn6.5In6.5 alloy [25], whereas the current
phase in Ni50Mn42.5Sn7.5 alloys is of the 14M monoclinic type [26].

 
Figure 3. X-ray diffraction patterns for as-spun and annealed ribbons measured at RT.

3.3. Thermal Analysis

Figure 4 presents the thermal analysis curve of the as-spun and annealed ribbons
using the DSC method. In the cooling and heating curves, it is observed that there are
distinct exothermic and endothermic peaks that correlate to the martensitic transition. The
temperatures for martensite start and finish and austenite start and finish are determined
to be Ms = 300 K, Mf = 275 K, As = 293 K, and Af = 310 K and Ms = K, Mf = K, As = K,
and Af = K. Sharmaa and Suresh [27] recently reported the characteristic martensitic
transformation temperatures for ternary Mn50Ni40Sn10 ribbons, which they determined to
be Ms = 223 K, Mf = 182 K, As = 190 K, and Af = 227 K. On the other hand, the transition
temperatures for ternary Mn50Ni41Sn9 ribbons were similarly established by Zhida Han
et al. [28] as Ms = 300 K, Mf = 280 K, As = 290 K, and Af = 320 K.
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Figure 4. DSC cyclic scan for the as-spun and annealed ribbons obtained at a heating/cooling rate of
10 K min−1. Arrows indicate cooling and heating.

The rise in elastic and surface energy during the development of martensite may be
the cause of the measured hysteresis. Thus, supercooling is implied by the martensite’s
nucleation. The difference in temperatures at the peak sites, ΔT (ΔT = As−Mf), is used to
calculate the width of the hysteresis. For this ribbon, a value of about 14 K was obtained
after cooling and heating. The intersection of a baseline and the tangents to each peak
were used to identify the beginning and ending temperatures of the change. This made
it very evident that the structural transition from the austenite to the martensite phase
upon cooling and the opposite transition upon heating were both first-order processes. The
martensite transformation temperature T0 (the temperature at which the Gibbs energies of
the martensitic and parent phases are related to the Ms and Af parameters by the equation
T0 = 1/2(Ms + Af) [29]) can also be used to describe the transformation area. In Table 1, the
calculated value of T0 is displayed. As seen, the value of T0 decreases as cooling rates rise.
In general, the evolution of the electron to the atomic ratio (e/a), the Mn–Mn interatomic
distance, and grain size can be linked to variations in transition temperatures. The electron
concentration has a significant influence on the characteristic temperatures, including
martensitic structural and transition temperatures. The number of 3d and 4s electrons in
Mn, Ni, and Sn, as well as the sum of the 5s and 5p electrons in Mn, gives rise to the valence
electron numbers of 7, 10, and 4, respectively. Additionally, it should be emphasized that an
MT for Ni–Mn–Sn systems can only occur in the electron concentration range of 8.0–8.2 [30].
However, it should be highlighted that an MT can only happen for Mn–Ni–Sn in the
electron concentration range of 7.9–8.2 [24]. The average valence electrons per atom (e/a)
parameter was added to further define this alloy. For the alloy Mn51Ni39Sn10, the calculated
value of (e/a) is equal to 7.87. Other Ni–Mn–(In,Sn) Heusler alloys showed comparable
results [8,11]. Indeed, Heusler alloys’ structural transition temperatures can be changed by
doping or modifying the composition [31]. According to Sanchez-Alorcos et al. [32], the
valence electron concentration (e/a ratio) affects the martensitic transition temperature.

Table 1. Structural transition temperatures and the calculated values of T0 recorded at different
cooling rates.

Rates (K/min)
Ms (±1)

(K)
Mf (±1)

(K)
As (±1)

(K)
Af (±1)

(K)
T0 (±1)

(K)

10 300 275 293 310 305
15 298.13 273.98 290.3 310 304
20 296.89 269.24 290.3 311 303.9
30 295.9 267.1 293.84 311 303.45
40 295.54 266.2 296.4 311 303.27
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3.4. Kinetics

The dependence of the MT temperature interval was determined using calorimetric
experiments with cooling rates ranging from 10 to 40 K min−1 (Figure 5). Prior to the
measurements, careful calibrations with various rates were carried out. It is obvious that
when cooling rates rise, the MT peak changes to lower temperatures. This effect is slightly
more pronounced for greater cooling rates. It is clear that Ms and Mf both diminish as the
cooling rate rises, but Ms exhibits a considerably larger reliance that may also result from
the DSC sample’s slow thermal conduction. Similar results were reported most recently by
Zheng et al. and Bachaga et al. [33,34].

 
Figure 5. DSC charts of (Mn,Ni)Sn annealed ribbons recorded at different cooling rates of 10, 15, 20,
25, 30, and 40 K min−1.

Based on the current result that the austenite phase’s crystal structure is cubic L21, it
is crucial to investigate the transformation’s kinetics, specifically the activation energy, in
order to gain a thorough understanding of the theoretical basis of MT. By investigating
this, heat-treatment parameters may be adjusted. It is evident that when the cooling rate
increases, the corresponding MT temperature decreases and the transition temperature
range tends to widen. The Kissinger relation [35–37] can be used to obtain a transition
parameter, as shown below:

ln
(

B
T2

)
=

−Ea
RT

+ cte

where R is the gas constant, B is the cooling rate, T is the transition peak temperature, and c
is the constant coefficient. In heating experiments, Ea is considered the average activation
energy of the process. Nevertheless, in cooling experiments, this interpretation is doubtful.
Tranchida et al. [38] consider Ea/R as a phenomenological parameter to obtain information
about transformation tendencies. In this work, we applied Ea as a phenomenological
parameter to check the cooling trend as well as to compare its values with the scientific
literature. The slope of the plots of Ln (B/T2) vs. 1/T shown in Figure 6 is used to calculate
the value of Ea for annealed ribbons processed at various cooling rates using the approach
described above. The relationship between Ln (B/T2) and 1/T can be plotted linearly, and
the calculated value of Ea is approximately 331.46 (0.02) kJ mol−1. This value is comparable
to that determined for the Ni49Mn39Sn12 ribbons by Zheng et al. [33].
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Figure 6. The Ln (B/T2) vs. 1/T plot at different cooling rates of annealed ribbons.

Numerous studies have used Kissinger or Kissinger-like methods [39] to determine the
MT and precipitation kinetics of various compositions with first-order transformation, such
as Ti–Al–V [40], Cu–Ni–Al [41,42], and Fe–C(N) [43–45], as well as the ordering transition
kinetics in Ni–Mn–Ga [36]. These studies were based on calorimetric results. The slope of
linear curves of Ln (B/T2) vs. 1/T appears to have a critical point, as reported by Fernandez
et al. [46], who attributed this phenomenon to estimated error. For 50.8 at.% Ni–Ti SMA,
Hsu et al. [46] discovered that martensitic substructure could change from coarse twins
to fine twins or stacking faults with variations in cooling speeds varying from 0.5 to
25 K min−1. Additionally, stacking faults in the plane (001) surface with a low cooling rate
have an atomic displacement that is twice as large as stacking faults with a higher cooling
rate. Due to the fact that twinning and atomic displacements in the MT process significantly
increase at relatively low cooling rates, an increase in activation energy is required for the
transition results, which is likely the cause of the rate dependency of activation energy
in our work. The only factor affecting the phase interface velocity is supercooling, which
causes the temperature rate to drop to extremely low levels [47]. Because slow cooling
is responsible for a stronger chemical driving force and, thus, a lower activation energy,
rapid cooling of the alloy would enable more supercooling in a shorter amount of time.
The varied crystal structures related to varying cooling rates around the critical rate may
also be a contributing factor, which leads to different activation energies being induced.
It is likely that cooling the sample at a rate lower than the critical rate will make it easier
for local or even long-term atomic diffusion, which could result in the appearance of a
different variety of martensitic structure from that produced by cooling at a high rate or
a non-martensite structure. However, it is not yet clear what exactly causes the rate of
dependence. Researchers are still working to update some of these secrets, which demands
more investigation.

4. Conclusions

In summary, the effect of annealing on the microstructure, structural, and MT of
Mn51Ni39Sn10 (at.%) shape memory alloy was studied. On the basis of the experimental
results obtained, some conclusions can be cited.

• A cubic L21 structure was detected, at RT, for both alloys.
• The phase transformation temperatures increased remarkably after annealing.
• A high dependence between the cooling rates and the Ea was detected.
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Abstract: The structural, mechanical, electronic, and optical characteristics of Alkali chalcogenide and
oxychalcogenides, i.e., A2O2B2Se3 (A = Sr, Ba; B = Bi, Sb), were investigated using density functional
theory (DFT). After full relaxation, the obtained structural parameters are in good agreement with
the experimental parameters. Furthermore, the calculated elastic stiffness Cij shows that all of the
studied compounds followed the mechanical stability criteria. Ductility for these compounds was
analyzed by calculating Pugh’s ratio; we classified the Sr2O2Bi2Se3, Sr2O2Sb2Se3, and Ba2O2Bi2Se3 as
ductile, and the Ba2O2Sb2Se3 as brittle. The Debye temperature and acoustic velocity were estimated.
In addition, electronic and chemical bonding properties were studied from the analysis of the band
structure and density of state. The main features of the valence and conduction bands were analyzed
from the partial density of states. Electronic band structures are mainly contributed to by Se-4p
and Bi-6p/Sb-5p states. Direct band gaps are 0.90, 0.47, and 0.73 eV for Sr2O2Bi2Se3, Sr2O2Sb2Se3,
and Ba2O2Sb2Se3, respectively. The Ba2O2Bi2Se3 compound has an indirect band gap of 1.12 eV.
Furthermore, we interpreted and quantified the optical properties, including the dielectric function,
absorption coefficient, optical reflectivity, and refractive index. From the reflectivity spectra, we can
state that these compounds will be useful for optical applications.

Keywords: DFT; alkali chalcogenide; mechanical property; ab initio calculations; oxychalcogenide

1. Introduction

Materials based on transition metal ions have attracted a lot of attention due to
their unusual electrical, magnetic, and structural features [1,2]. Mixed-anion compounds
containing oxide and chalcogenide anions have been extensively studied since the discovery
of superconductivity in F-doped LaOFeAs at critical temperatures T∼26 K [3]. This result
has accelerated studies on new layered materials. One of the most important compounds,
layered oxychalcogenides, are mixed-anion compounds; chalcogenide and oxide anions
are indirectly bounded via one or more cations, creating a stack of alternating oxide and
chalcogenide layers [4,5].

The oxychalcogenides have attracted much interest owing to their rich and diverse
chemistry, and are characterized by the coexistence of ionic oxide anions and more cova-
lent chalcogenide anions. For example, oxide chalcogenides with the chemical formula
A2MO2X2Ch2 (where A = Sr, Ba; X = Cu, Ag; Ch = S, Se and M = first-row transition metal)
were first reported by Zhu et al. [6,7] and are isostructural with Sr2Mn3Sb2O2 structure. It
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was also found that it is possible to synthesize compounds with different thicknesses of the
oxides and chalcogenide layers by varying the element ratios and heating conditions [8].

Currently, the most explored of such materials are bismuth chalcogenide compounds,
particularly BiCh2 (Ch = S, Se)-based compounds; many of them possess layered or tun-
neled structures. Bi2O2Ch (Ch = S, Se) have been exploited for their photocatalytic activities
and thermoelectric properties [9,10]. The quaternary oxychalcogenides with 1111 stoichiom-
etry BiMOCh (Ch = S, Se; M = Cu, Ag), due to their outstanding mechanical, chemical,
electrical, and optical properties, have gained extensive attention as ionic and transparent
conductors. The BiS2-based superconductive compounds YO1−xFxBiS2 (Y = La, Nd, Pr, and
Ce), with the highest Tc of 10 K, have then been discovered and NdO1−xFxBiS2 (x = 0.1–0.7)
was found to have a maximum Tc of less than 5.6 K [11].

One such development is the discovery of new superconductivity compounds that
exhibit zero resistance below a critical temperature (Tc). This progress requires the synthesis
of new products with novel and fascinating properties. Recently, alkali chalcogenide and
oxychalcogenides, i.e., A2O2B2Se3 (A = Sr, Ba; B = Bi, Sb) materials were synthesized by
direct combination of SrO or BaO with Bi2Se3 or Sb2Se3 [12]. Insulating behavior has
been revealed for all compounds. The crystal structure and chemical composition of these
compounds were determined by X-ray powder diffraction (XRPD). Their structures consist
of electronically active quasi-one-dimensional Sb-Se or Bi-Se ribbons isolated from one
another by SrO units. Moreover, the structures of A2O2B2Se3 compounds share structural
features with numerous bismuth and antimony chalcogenides, such as the ternary AB2X4
(A = Sr, Ba; B = Bi, Sb; X = S, Se). Since their structural and electronic similarity with
the LnOBiX2 (X = S, Se and Ln = La, Nd, Ce, Pr, Yb) superconductors [11,12], this new
family provides a one-of-a-kind opportunity to consider the impacts of dimensionality
on superconductivity.

The modeling of physical properties (by means of DFT techniques) has become a
very useful tool for understanding the structural, electronic, mechanical, optical, and
thermodynamic properties of various materials. In the present work, we would make a
theoretical study of the electronic structure, elastic and optical properties of A2O2B2Se3
(A = Sr, Ba and B = Bi, Sb) materials using first-principle calculations. In Section 2, we
provide the computational details of the calculations. Our results are presented in Section 3.
A summary of the results is provided in Section 4.

2. Computational Methodology

The first-principles calculations were performed with the Quantum espresso code [13]
using the generalized gradient approximation (GGA) in the form of Perdew–Burke–Ernzerhof
(PBE) [14] to describe the exchange–correlation functional (XC). The plane waves of the
electronic wave functions were expanded on the basis of a plane wave set with an energy
cut-off of 40 Ry. the irreducible Brillouin zone was integrated with Monkhorst–Pack [15]
4 × 4 × 4 k-point mesh. For the density of state (DOS) calculations, we used a mesh of
12 × 12 × 12 with the tetrahedron method integration in order to obtain the high-quality
charge density. An ultrasoft pseudo-potential [16] was adopted to describe the ionic
cores and the valance electron interactions. In order to improve the convergence of the
solution of the self-consistent Kohn–Sham equations, the energy levels were broadened
by the Methfessel–Paxton [17] smearing with a Gaussian spreading σ = 0.01 Ry. The total
energy convergence in the iterative solution of the Kohn–Sham equations [18] was set
at 1.0 × 10−7 Ry to obtain well-converged ground state energy. All structures were fully
relaxed by using the BFGS algorithm [19] with a threshold force of 10−3 Ry/Bohr.

3. Results and Discussion

3.1. Crystal Structure

A2O2B2Se3 (A = Sr, Ba; B = Bi, Sb) materials crystallized in monoclinic structures with
the P21C (No. 14) space group as displayed in Figure 1. The structures of these materials are
described in detail by Jessica et al. [12], consisting of double-chain–quasi-one-dimensional
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ribbons of edge-linked BSe4O square pyramids, connected to SrO fragments by the apical
B-O bond.

Figure 1. Crystal structure of the A2O2B2Se3 (A = Sr, Ba, and B = Bi, Sb) compounds, space group
P21/c (No. 14). Green, violet, red, and blue represent A, B, O, and Se atoms.

Table 1 summarizes our calculated structural parameters (a, b, c, and angle β) and the
formation energies for all compounds compared with the available experimental data. It ap-
pears from our results that optimized equilibrium parameters for Sr2O2Bi2Se3, Sr2O2Sb2Se3,
and Ba2O2Bi2Se3 agree well with the experimental values reported in Reference [12]. For
Ba2O2Sb2Se3, there are no corresponding experimental data for the lattice parameters.
Moreover, by examining the structural parameters, the substitution of Sr by Ba and Sb
by Bi tends to increase the lattice parameters, which may be interpreted in terms of the
larger ionic radii of Ba2+(0.134 Å) and Bi3+(0.96 Å) compared to that of Sr2+(1.12 Å) and
Sb3+(0.76 Å).

The relative stability of the A2O2B2Se3 (A = Sr, Ba; B = Bi, Sb) materials was examined
by calculating their formation energies, E f orm, defined as:

Ef orm =
E(A2O2B2Se3)− 2E(A)− 2 × 1

2 E(O2)− 2E(B)− 3E(Se)
9

(1)

where E(A2O2B2Se3) is the total energy of one unit cell of the A2O2B2Se3 compound. E(A),
E(B), and E(Se) are the energies of each atom for A, B, and Se in their stable bulk phases,
respectively. E(O2) is the total energy per O2 molecule.

The calculated formation energies of the different compounds are regrouped in Table 1. As
seen, the calculated values are all negatives, confirming the relative stability of all compounds.

Table 1. Calculated lattice parameters a, b, c (Å), β (◦), formation energy, E f orm (eV) of the studied
A2O2B2Se3 (A = Sr, Ba and B = Bi, Sb) materials compared with the available experimental data from
Reference [12]. α = γ = 90◦.

Sr2O2Bi2Se3 Sr2O2Sb2Se3 Ba2O2Bi2Se3 Ba2O2Sb2Se3

acalc. 9.200 9.199 9.463 9.729
aexp. 9.499 9.424 9.820 -
bcalc. 4.005 3.957 4.095 4.122
bexp. 4.084 4.057 4.190 -
ccalc. 13.111 12.987 13.535 13.723
cexp. 13.437 13.341 13.904 -
βcalc. 122.828 123.000 123.298 124.040
βexp. 122.861 121.955 123.692 -
E f orm −2.145 −2.173 −2.139 −2.147
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3.2. Mechanical Properties

The mechanical properties of these compounds are important for their potential
technological and industrial applications. Elastic constants, needed to determine the
mechanical stability of these compounds, were calculated. They give an overview of
the mechanical and dynamical characteristics, especially the stability and stiffness of the
present materials.

For monoclinic crystal [20,21], 13 independent elastic constants, i.e., C11, C12 = C21,
C22, C13 = C31, C23 = C32, C33, C44, C15 = C51, C25 = C52, C35 = C53, C55, C46 = C64, and
C66 remained with the explicit form of the tensor reduced to:⎛

⎜⎜⎜⎜⎜⎜⎝

C11 C12 C13 0 C15 0
C12 C22 C23 0 C25 0
C13 C23 C33 0 C35 0
0 0 0 C44 0 C46

C15 C25 C35 0 C55 0
0 0 0 C46 0 C66

⎞
⎟⎟⎟⎟⎟⎟⎠

In Table 2, we present the calculated thirteen independent elastic constants Cij for the
monoclinic lattice structures.

Table 2. The calculated elastic constants of the A2O2B2Se3 (A = Sr, Ba and B = Bi, Sb) compounds in
the units of GPa.

Sr2O2Bi2Se3 Sr2O2Sb2Se3 Ba2O2Bi2Se3 Ba2O2Sb2Se3

C11 106.86 107.04 102.65 54.30
C22 133.74 137.47 125.26 108.80
C33 122.92 126.51 118.39 109.62
C44 39.56 35.86 51.37 43.83
C55 32.48 34.53 31.00 29.42
C66 26.02 28.87 26.00 28.07
C12 31.42 31.87 32.16 22.79
C13 35.93 36.20 35.23 26.23
C23 56.48 55.99 57.86 46.94
C15 5.37 4.85 6.93 4.14
C25 2.10 1.05 5.57 11.66
C35 10.66 12.69 6.35 9.04
C46 0.48 2.40 2.10 3.14

It is known that, for the monoclinic structure, mechanical stability requires elastic
constants satisfying the following Born’s criteria [22]:

Cii > 0 (i = 1, 6), (C11 + C22 + C33 + 2(C12 + C13 + C23)) > 0, (C33C55 − C2
35) > 0,

(C44C66 − C2
46) > 0,

(C22 + C33 − 2C23) > 0, [C22(C33C55 − C2
35) + 2C23C25C35 − C2

23C55 − C2
25C33] > 0,

and

{2[C15C25(C33C12 − C13C23) + C15C35(C22C13 + C12C23) + C25C35(C11C23 − C12C13)]

−[C2
15(C22C33 − C2

23) + C2
25(C11C33 − C2

13) + C2
35(C11C22 − C2

12)] + gC55} > 0,

where g = C11C22C33 − C11C2
23 − C22C2

13 − C33C2
12 + 2C12C13C23. Therefore, these four

compounds are structurally and mechanically stable.
The macroscopic mechanical properties of the different crystals, namely Young’s

modulus, bulk modulus, Poisson’s ratio, and shear modulus, can be determined by the
obtained elastic constants using the equations presented in Reference [23].

The bulk modulus (B) expresses the response of a material to a volume change of the
hydrostatic pressure, whereas the shear modulus (G) reflects the resistance of a material to a
shape change, and is deduced from elastic and compliance constants. Voigt [24] proposed to
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express the polycrystalline bulk modulus BV and shear modulus GV via the combinations
of elastic constants Cij. Similarly, Reuss and Angew [25] determined the bulk modulus
BR and shear modulus GR expressions in terms of compliance constants Sij. Moreover,
Hill [26] calculated B and G from the average of the Voigt and Reuss bounds as:

B =
BV + BR

2
, G =

GV + GR
2

.

The polycrystalline Young’s modulus (E) and Poisson’s ratio (ν) are calculated using
the relationships [26]

E =
9BG

3B + G
, ν =

3B − 2G
6B + 2G

.

The values of these polycrystalline elastic constants are listed in Table 3. We can see
from this table that all compounds exhibit good mechanical properties. The Sr2O2Sb2Se3
compound has larger bulk and shear modulus, indicating that it presents better mechanical
properties compared to the others, which mainly attributes to the more stable Sr-O-Sb bond
than Sr-O-Bi, Ba-O-Bi, and Ba-O-Sb. As also seen, the bulk modulus B is larger than the
shear modulus G for all compounds, implying that G limits their stabilities.

Accordingly, we calculate “Pugh’s criterion” (D = B/G), which is proposed to judge
a metal’s ductility and brittleness; the critical value that separates brittle and ductile
materials is around 1.75 [27]. As shown in Table 3, Pugh’s ratio is D > 1.75 for Sr2O2Bi2Se3,
Sr2O2Sb2Se3, and Ba2O2Bi2Se3; thus, they behave in a ductile manner. The calculated D
ratio for Ba2O2Sb2Se3 is less than 1.75, so it exhibits brittle behavior.

Table 3. The calculated polycrystalline elastic constants (B (GPa), G (GPa), and E (GPa)), and Poisson’s
ratio ν and Pugh’s ratio (D) for A2O2B2Se3 (A = Sr, Ba and B = Bi, Sb) materials.

B G E ν D Type

Sr2O2Bi2Se3 66.523 34.755 88.801 0.277 1.914 ductile
Sr2O2Sb2Se3 67.333 35.566 90.723 0.275 1.893 ductile
Ba2O2Bi2Se3 64.817 35.201 89.417 0.270 1.841 ductile
Ba2O2Sb2Se3 46.913 30.764 75.737 0.230 1.525 brittle

3.3. Electronic Structure

Band structure calculations are required to provide more information for the fabrica-
tion and development of electronic and optoelectronic devices. To explore the electronic
properties of the A2O2B2Se3 compounds, the energy band structures and the partial density
of states (PDOS) of the four compounds are illustrated in Figure 2.

One can notice that band structures show similar shapes but with different gap values.
It can be clearly seen that Sr2O2Bi2Se3, Sr2O2Sb2Se3, and Ba2O2Sb2Se3 show direct band
gaps of 0.90, 0.47, and 0.73 eV, respectively, with the valence band maximum (VBM) and
the conduction band minimum (CBM) lying at the Γ point. However, Ba2O2Bi2Se3 has an
indirect band gap of 1.12 eV where the VBM is at the Γ point and the CBM is at the Y point.
The difference between the experimental value and the theoretical one can be attributed
to some aspects, such as the experimental environment and the exchange–correlation
description considered in the present study.

From the partial density of states (PDOS), it can be observed that the VBMs of all
compounds mainly consist of Se-4p states, while the CBM is composed of Bi-6p/Sb-5p
states. We can see the contribution of the A states at the lowest-lying states. A strong
hybridization between Sb and Se states was observed in the conduction band for the
Ba2O2Sb2Se3 compound.
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Figure 2. (color online) Calculated band structures and partial density of states for (a) Sr2O2Bi2Se3,
(b) Sr2O2Sb2Se3, (c) Ba2O2Bi2Se3, and (d) Ba2O2Sb2Se3. A refers to Sr or Ba and B replaces Bi or Sb.

3.4. Optical Properties

Optical response functions of the materials are described by the complex dielectric
function (ε(ω) = ε1(ω) + iε2(ω)). It gives the optical response of the medium at all photon
energies E = h̄ω and it is closely related to the electronic structure of the material. The
imaginary part of the dielectric function ε2(ω) is calculated using the matrix elements of
occupied and unoccupied wave functions; it is given as follows [28]:

ε2(ω) =
Ve2

2πm2h̄2ω2

∫
d3k ∑

n,n′
| < kn|p|kn′ > |2 f (kn)× (1 − f (kn′))δ(Ekn − Ekn′ − h̄ω),

where n and n′ are the initial and final states, respectively, p is the momentum operator
(h̄/i)∂/∂x, |kn > is a crystal wave function, f (kn) is the Fermi function for the nth state, and
h̄ω is the energy of the incident photon. The real part ε1(ω) of the dielectric function can
be obtained from the imaginary part ε2(ω) through the Kramers–Kroning relations [29,30],

ε1(ω) = 1 +
2
π

P
∫ ∞

0

ω′ε2(ω
′)

ω′2 − ω2 dω′.

P implies the principal value of the integral.
The optical reflectivity spectra R(ω), the refractive index n(ω), and the absorption

coefficient α(ω) are derived from the dielectric function as follows [30–32]:

R(ω) =

∣∣∣∣∣
√

ε(ω)− 1√
ε(ω) + 1

∣∣∣∣∣
2

,

n(ω) =

[
ε1
(
ω) + (ε2

1(ω) + ε2
2(ω)

)1/2

2

]1/2

and

α(ω) =

[
2ω2

(√
ε2

1(ω) + ε2
2(ω)− ε2(ω)

)]1/2
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We note that this part of the Brillouin zone integration was performed using the
tetrahedron method with denser k-points in the irreducible part of the Brillouin zone
without broadening. Moreover, all the calculations are along parallel and perpendicular
directions to the directions of propagation.

Since the dielectric function and the absorption coefficient play crucial roles in the
characterization and optical applications of materials, we discuss the optical properties of
the A2O2B2Se3 (A = Sr, Ba; B = Bi, Sb) in this section.

The calculated imaginary part shows three different components of dielectrics, which
predict the anisotropic nature of the materials. In Figure 3a, we present only imaginary
part of the dielectric function for E‖a. The peaks were caused by transitions from the
upper valence band to the lower conduction band. These correspond to transitions from
Se-4p valence states to Bi-6p/Sb-5p conduction band. It is noted that the ε2 of all studied
materials have similar shapes but different amplitudes because of the similar band struc-
tures. Moreover, the ε2 of Sr2O2Bi2Se3 and Ba2O2Bi2Se3 were much higher than that of the
Sr2O2Sb2Se3 and Ba2O2Sb2Se3, showing remarkably enhanced absorption of the photons.
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Figure 3. Optical spectrum of A2O2B2Se3 (A = Sr, Ba; B = Bi, Sb) compounds for E‖a. (a) Imaginary
part of the dielectric function, (b) absorption coefficient, (c) reflection spectra, and (d) refractive index.

The absorption coefficient defines the region where a material absorbs energy. The
energy dependence of the absorption spectrum of the present compounds for E‖a is given
in Figure 3b. The absorption edge is away from 0 eV, which corresponds to the energy
gaps. The absorption coefficient exhibits two prominent peaks indicating that they could
absorb visible light. The first peaks of Sr2O2Bi2Se3 and Ba2O2Bi2Se3 are present in the
same region at around 3 eV and extend to 12 eV, the second peaks are located at 16 eV and
24 eV for Ba2O2Bi2Se3 and Sr2O2Bi2Se3, respectively. For Sr2O2Sb2Se3 and Ba2O2Sb2Se3,
the same trend is found but in a different region of adsorption. Notably, they exhibited two
prominent peaks.

The reflection spectra of the studied compounds are presented in Figure 3c. We can see
that the spectra are mainly in the areas between 5 eV and 25 eV, after that, the reflectivity
falls sharply to low values (high transparency) for higher energy ranges. The peaks of the
reflectivity correspond to the dielectric peaks, which is the macroscopic expression of the
inter-band transition behavior. Several obvious peaks are identified, which correspond to
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the transition from the valence bands to the conduction bands located at 7, 10, 11, 14, 15, 18,
21, and 24 eV.

The calculated refractive index of the studied materials is shown in Figure 3d. The
refractive index spectra of all studied materials show similar features, first reaching a
maximum value of around 3.3 at around 4 eV, falling at intermediate energies, and then
the curve vanishes at higher energies. Indeed, beyond certain energy, the considered
material absorbs high-energy photons and cannot behave as transparent material. The
extracted static refractive indices are 2.51, 2.48, 2.50, and 2.47 for Sr2O2Bi2Se3, Ba2O2Bi2Se3,
Sr2O2Sb2Se3, and Ba2O2Sb2Se3, respectively.

3.5. Thermodynamic Properties

Thermodynamic properties of materials, such as specific heat, melting temperature,
and thermal conductivity [33] are most suitably described in terms of the Debye temper-
ature (θD). It is a fundamental and very important parameter that helps to obtain the
thermodynamic properties and stability of crystals and, thus, design and develop new ma-
terials. At a low temperature, the average sound velocities (vm) and the Debye temperature
(θ) can be calculated from elastic constants taking into account the fact that the vibrational
excitations arise solely from acoustic vibrations. We calculated the θD from the average
sound velocity through the following equation vm [34]:

θD =
h

kB

[
3n

4πVa

]1/3

,

where h is Planck’s constant, kB is Boltzmann’s constant, Va is the atomic volume, n is the
number of atoms per formula unit, and vm can be obtained from [34]:

vm =

[
1
3
(

2
v3

t
+

1
v3

l
)

]−1/3

,

where vt is transverse velocity, vl is longitudinal velocity. vt and vl are calculated from
Navier’s equation [35]:

vt =

[
4G + 3B

3ρ

]1/2

and vl =

[
G
ρ

]1/2

.

The calculated results of Debye temperatures, transverse, longitudinal, and average
sound velocities are given in Table 4. Sr2O2Sb2Se3 has a higher Debye temperature; thus,
it has a greater micro-hardness. According to References [36–38], a larger θ suggests a
higher normal vibration, which is associated with better thermal conductivity. Meanwhile,
the Debye temperature can characterize the strength of the covalent bond for the solid.
Unfortunately, to the best of our knowledge, there are no other theoretical or measured
data available in the literature to compare with our results. Nevertheless, we hope that our
results can support further experiments.

Table 4. Calculated Debye temperature θD (K), average elastic wave velocities vm (ms−1), longitudinal
vl (ms−1), and transverse vt (ms−1) for A2O2B2Se3 (A = Sr, Ba, and B = Bi, Sb) compounds.

θD vl vt vm

Sr2O2Bi2Se3 260.55 4000.36 2219.89 2472.64
Sr2O2Sb2Se3 293.61 4463.99 2482.98 2765.16
Ba2O2Bi2Se3 250.38 3918.86 2189.84 2437.81
Ba2O2Sb2Se3 255.84 3833.41 2245.95 2490.15
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4. Conclusions

In summary, first-principles calculations were performed on the A2O2B2Se3 (A = Sr,
Ba; B = Bi, Sb) compounds, including structural parameters, band structure, the density of
state, elastic constants, and optical parameters. Our study shows that all studied materials
are mechanically stable. By analyzing the band structures and the DOS, we show that
the Sr2O2Bi2Se3, Sr2O2Sb2Se3, and Ba2O2Sb2Se3 compounds have direct band gaps while
Ba2O2Bi2Se3 possesses an indirect band gap. In addition, this paper also shows that
the Sr2O2Bi2Se3, Sr2O2Sb2Se3, and Ba2O2Bi2Se3 are ductile while Ba2O2Sb2Se3 is brittle.
Moreover, the calculated refractive indices n(0) for all compounds are in the range of
2.47–2.51, making them good candidates for use as waveguides. Finally, this new family
offers a unique chance to research the impact of dimensionality on superconductivity due
to the structural and electronic similarities between them and the LnOBiX2 (X = S, Se, and
Ln = La, Nd, Ce, Pr, Yb) superconductors.
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Abstract: In the present work, the noncentrosymmetric 2D ternary Janus monolayers Al2XX’(X/X’ = S,
Se, Te and O), Si2XX’(X/X’ = P, As, Sb and Bi), and A2PAs(A = Ge, Sn and Pb) have been studied based
on first-principles calculations. We find that all the monolayers exhibit in-plane d12, and out-of-plane
d13 piezoelectric coefficients due to the lack of reflection symmetry with respect to the central A atoms.
Moreover, our calculations show that Al2OX(T = S, Se, Te) chalcogenide monolayers have higher
absolute in-plane piezoelectric coefficients. However, the highest out-of-plane values are achieved in
the Si2PBi monolayer, larger than those of some advanced piezoelectric materials, making them very
promising transducer materials for lightweight and high-performance piezoelectric nanodevices.

Keywords: first-principles; elastic; piezoelectric; 2D material, Janus monolayer

1. Introduction

During the last 10 years, the study of two-dimensional (2D) materials has received
a lot of attention as a result of the successful exfoliation of a graphene monolayer and
the revealing of its special properties [1–3]. This class of materials can have significantly
different, and sometimes unexpected properties compared to their bulk counterparts [4,5].

Among these, the Janus materials, which are characterized by two faces with two
different local environment, have received rapidly increasing attention in recent years [6–9].
This new type of 2D material is successfully predicted by using first-principles calculations
and is exfoliated mechanically from its bulk. The Janus-type two-dimensional (2D) mono-
layers have been studied extensively both experimentally and theoretically. They have
many new physical properties that are not present in bulk structures or other conventional
2D materials. They also possess many exceptional physical properties, making them good
candidates for many fields like electronics, optoelectronics, and catalysis. For instance, the
potential of these stable 2D In2X2X’ (X and X’ = S, Se, and Te) for photocatalytic and piezo-
electric applications have been predicted by first-principles calculations [10]. Tuan et al.
have predicted by first-principles calculations a novel stable Janus group III chalcogenide
monolayers Al2XY2 (X/Y = S, Se, Te) suitable for applications in high-performance elec-
tronic nanodevices [8]. It has also been demonstrated by using first-principles calculations
that the Janus Si2XY (X,Y = P, As, Sb, Bi) monolayers have the potential for applications in
spintronic devices [11]. Very recently, Yungang et al. [9] demonstrated that Nb3SBr7 and
Ta3SBr7 bilayers are promising photocatalysts for water splitting due to their experimental
feasibility and their distinct characteristic such as robust coexistence of intrinsic charge
separations, ultrahigh solar-to-hydrogen (STH) efficiencies, and strong absorptions.

Piezoelectricity is a particularly interesting and useful property that has attracted
tremendous interest because it allows for energy conversion between electrical and me-
chanical energy or vice versa. The growing demands for nanoscale and diverse functional
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piezoelectric devices have oriented researchers to explore low-dimensional piezoelectric
materials. However, the piezoelectric effect is an electromechanical interaction between
stresses and strains, and polarizations and electric fields in noncentrosymmetric semicon-
ductors and insulators [12–14]. It has been revealed that the lack of mirror symmetry in
Janus structures has resulted in many new physical effects that are not present in symmetric
structures such as the piezoelectric effect. This class of piezoelectric materials has numer-
ous promising applications in sensors, transducers, actuators, active flexible electronics,
and energy conversion devices [15,16]. As shown by Yonghu et al. [17] the coupling of
topology and piezoelectricity in Janus MTeS (M = Ga and In) monolayers may offer a
new platform for novel spintronic and piezotronic device applications. Additionally, the
monolayer Fe2IX (X = Cl and Br) becomes a viable platform for multifunctional spintronic
applications with a large gap and high Curie temperature, due to the combination of piezo-
electricity, topology, and the ferromagnetic ordering [18]. Furthermore, the coexistence
of piezoelectricity and magnetism and their interaction in 2D materials can be utilized for
making piezoelectric-based multifunctional nanodevices [19,20]. Despite the existence of
many works about piezoelectricity properties based on binary 2D materials, few works are
down for 2D ternary. However, the search for new materials with large piezoelectric coef-
ficients remains a challenge for nanogenerators, ultrasensitive mechanical detectors, and
consumer touch-sensor applications. Here, by using the density-functional perturbation
theory, we have predicted the piezoelectric coefficients of some stable Janus monolayers,
including Al2XX’(X/X’=S, Se, Te and O), Si2XX’(X/X’=P, As, Sb and Bi) and A2PAs(A=Ge,
Sn and Pb). These Janus monolayers are distinguished by the lack of mirror symmetry.
We find that all the monolayers exhibit an in-plane d12 and out-of plane d13 piezoelec-
tric coefficients. Our first-principles calculations show Al2OX(T = S, Se, Te) chalcogenide
monolayers have larger absolute in-plane piezoelectric coefficients. However, the highest
out-of-plane value is achieved in the Si2PBi monolayer, higher than those of some advanced
piezoelectric materials.

2. Computational Details and Methods

Our DFT calculations are performed by using the Vienna ab initio simulation package
(VASP) [21] and the projector-augmented wave method (PAW) with a cutoff energy of
600 eV. For the exchange-correlation potential, the generalized gradient approximation
(GGA) within the Perdew–Burke–Ernzerhof (PBE) formalism is employed [22]. The Bril-
louin zone integration is sampled by using a Γ-centered 16 × 16 × 1 k-point grid. For the all
Janus A2XX’ monolayers, a vacuum spacing higher than 20 Å along the the direction per-
pendicular to the plane is included to avoid interactions between two neighboring images.

Elastic stiffness was calculated, including ionic relaxations by using the finite dif-
ferences method [23]. However, the piezoelectric stress coefficients were calculated by
employing the density functional perturbation theory (DFPT) method [23]. For more
accurate results, a dense k-point mesh 25 × 25 × 1 is used. All the structures are fully
relaxed by using 10−6 eV and 10−3 eV/Å as convergence criteria for total energy and
Hellmann–Feynman force, respectively. The localization of electrons in one unit cell with
one monolayer is estimated by using the electron localization function (ELF) analysis, which
was introduced in quantum chemistry to identify regions of space that can be associated
with electron pairs [24].

3. Results and Discussion

3.1. Crystal Structures and Symmetry

In this paper, 15 possible models of A2XX’ monolayer, including Al2XX’(X/X’ = S, Se,
Te and O), Si2XX’(X/X’ = P, As, Sb and Bi) and A2PAs(A = Ge, Sn and Pb) are modeled.
Figure 1 shows the top and side views of the optimized lattice structure of the Janus A2XX’
monolayers. The unit cell has a hexagonal symmetry with a C3v space group, and are made
up of one X atom, one X’ atom, and two A atoms layers sandwiched between X and X’
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atomic layers in the sequence X-A-A-X’. The absence of inversion symmetry distinguishes
these monolayers from their parent binary structure.

dA-X'

dA-A

dA-X

A

X

X'

Figure 1. Top and side views of the prototype structure of the A2XX’ monolayers.

It was proven by previous theoretical works [11,25–28] based on static energy, phonon
spectrum, and ab initio molecular dynamics simulations that all the Al2XX’ monolay-
ers have thermal and kinetic stability. Meanwhile, DFT calculations that use different
exchange-correlation functionals, such as PBE and HSE06, have been used to report the
band structures of these monolayers. The calculated structural parameters of Al2XX’ mono-
layers are listed in Table 1. The obtained results are in good agreement with the available
data [11,25–27].
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Table 1. The lattice constant (a), A-A (dA−A), A-X (dA−X), A-X’dA−X′ bond lengths and the work
function difference ΔΦ of 15 different structures of A2XX’ monolayers.

Monolayer a dA−A dA−X dA−X ′ ΔΦ

(Å) (Å) (Å) (Å) (eV)

Al2SO 3.36 2.60 2.26 2.00 0.30
Al2SeO 3.42 2.59 2.38 2.03 0.42
Al2TeO 3.49 2.63 2.61 2.06 0.24
Al2TeS 3.85 2.58 2.41 2.63 0.16
Al2TeSe 3.96 2.57 2.53 2.65 0.59
Al2SeS 3.67 2.60 2.44 2.35 0.06
Si2PAs 3.62 2.37 2.37 2.31 0.47
Si2PSb 3.76 2.36 2.54 2.36 0.57
Si2PBi 3.81 2.34 2.63 2.38 0.39

Si2AsSb 3.84 2.34 2.57 2.45 0.26
Si2AsBi 3.92 2.34 2.65 2.49 0.79
Si2SbBi 4.08 2.35 2.69 2.64 0.26
Ge2PAs 3.73 2.50 2.45 2.39 0.29
Sn2PAs 4.03 2.90 2.59 2.65 0.087
Pb2PAs 4.18 3.04 2.68 2.74 0.270

3.2. Elastic Theory and Properties

According to the symmetry group of our 2D compounds, only four elastic constants
are nonzero, C11, C22, C12, and C66. Due to the symmetry of structures, we have C11 = C22
et C66 = 1

2 (C11-C12). The calculated elastic constants Cij are listed in Table 2. By checking
the Born–Huang stability criteria [25]: C11 > C12, C22 > 0, C66 > 0, and C2

11 - C2
21 > 0, we

show that all the monolayers satisfy the stability condition.

Table 2. The 2D elastic constants Cij(N/m), Young modulus Y2D (N/m), Poisson ratio ν2D, Shear
modulus G2D (N/m), and layer modulus γ2D (N/m) of the Janus monolayers A2XX’.

Monolayer C11 C12 C66 Y2D ν2D G2D γ2D

Al2SO 96.54 24.68 35.92 90.23 0.25 35.92 60.61
Al2SeO 84.45 26.80 28.82 75.94 0.31 28.82 55.62
Al2TeO 47.24 15.85 15.69 41.92 0.33 15.69 31.55
Al2TeS 65.77 13.01 26.37 63.19 0.19 26.37 39.39
Al2TeSe 62.20 13.23 24.48 59.38 0.21 24.48 37.72
Al2SeS 75.50 15.58 29.96 72.29 0.20 29.96 45.54
Si2PAs 112.95 16.96 47.99 110.40 0.15 47.99 64.95
Si2PSb 94.02 13.96 40.03 91.95 0.14 40.03 53.99
Si2PBi 52.36 24.72 13.82 40.69 0.47 13.82 38.54

Si2AsSb 88.94 16.01 36.46 86.05 0.18 36.46 52.48
Si2AsBi 80.65 18.74 30.95 76.30 0.23 30.95 49.70
Si2SbBi 70.54 15.95 27.29 66.93 0.22 27.29 43.24
Ge2PAs 98.80 20.54 39.12 94.52 0.20 39.12 59.67
Sn2PAs 73.34 17.80 27.77 69.02 0.24 27.77 45.57
Pb2PAs 44.19 6.57 18.80 43.21 0.14 18.80 25.38

The elastic properties of the A2XX’ monolayers are examined in terms of the in-plane
Young modulus and the Poisson ratios. Due to hexagonal symmetry, A2XX’ monolayers
are mechanically isotropic.

In terms of these elastic constants, the layer modulus is

γ2D =
1
2
(C11 + C12). (1)
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The angular dependence of the in-plane Poisson’s ratio (ν2D(θ)) and Young’s modulus
(Y2D(θ)) are obtained from the following formulas [1]:

ν2D(θ) =
C12S4 − BS2C2 + C12C4

C11S4 + AS2C2 + C22C4 (2)

Y2D(θ) =
C11C22 − C2

12
C11S4 + AS2C2 + C22C4 (3)

where S = sin(θ), C = cos(θ), A =
C11C22 − C2

12
C66

− 2C12 and B = C11 +C12 −
C11C22 − C2

12
C66

.

The orientation-dependent values for the all monolayers reveal strong isotropy of
Young’s modulus as well as Poisson’s ratio. As an example, we show in Figure 2 the
angular dependence of the Poisson’s ratio (a) and Young’s modulus of Al2SSe monolayer.
We find that ν2D and Y2D plots are perfect circulars, implying that these monolayers have
highly isotropic elasticity due to their 2D isotropic atomic structures. The corresponding
computed values are listed in Table 2. For the all monolayers, our calculated values of
the elastic stiffness are in concordance with the available data [11,25,26]. The Young’s
moduli values are obviously smaller than those of other well-known 2D materials, such as
graphene, hexagonal boron nitrite layer and MoS2 [29–31], demonstrating their mechanical
flexibility and can resist significantly to the mechanical strain. The calculated ν2D values of
all the monolayers except Si2PBi are less than 0.33, which implies that these monolayers
are brittle based on the Frantsevich rule [32,33].

0 0.05 0.1 0.15 0.2 0.25

Poissons Ratio

0 10 20 30 40 50 60 70 80

Young Modulus (N/m)

Figure 2. Orientation dependence on the in-plane Poisson’s ratio (ν2D) and Young’s modulus (Y2D)
of Al2SSe monolayer.

3.3. Piezoelectric Properties

In A2XX’, the difference in atom size and electronegativity, as well as the different bond
types between Al-X (dA−X) and Al-X’(dA−X′ ) all contribute to unequal charge distributions
in the systems as shown in the inset of the Figure 3, resulting in noncentrosymmetric
materials. As an example, the planar average of the electrostatic potential energy of Al2SSe
is shown in Figure 3. As can clearly be seen, a significant potential difference between
the two sides of the monolayer, reflecting the formation of an internal electric field and
surface work function difference (ΔΦ). For the other compounds, the planar average of
the electrostatic potential energy is calculated and the extracted work function difference
is regrouped in Table 1, which is proportional to the magnitude of the dipole moment
according to the Helmholtz equation [34].
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S Se

Te

Te

Figure 3. Planar average of the electrostatic potential energy for the Al2SSe. In the inset, the electron
localization function (ELF) of the Al2SSe. The arrow indicates the direction of the local electric field.

The aforementioned properties, such as the lack of inversion symmetry and the
intrinsic polar electric field, are two possible causes for the emergence of piezoelectricity in
the materials. The relaxed-ion third-rank piezoelectric tensors eijk and dijk, which are the
sum of ionic and electronic contributions, can be evaluated by

eijk = eion
ijk + eelc

ijk =
∂Pi
∂εij

(4)

and
dijk = dion

ijk + delc
ijk =

∂Pi
∂σij

, (5)

where εij, σij and Pi represent the strain, stress, and polarization tensors, respectively. For
2D materials, εij = σij = 0 for i = 3 [16].

By using the Voigt notation, (1 = xx, 2 = yy, 3 = zz, 4 = yz, 5 = zx, and 6 = xy) [35]. The
second-rank piezoelectric tensors eij and djk are related via the elastic stiffness tensor by

eij = dikCjk. (6)

For our Janus monolayers the point-group symmetry belongs to 3m, and the nonzero
piezoelectric stress tensors, eij are given as

eij =

⎛
⎝ . . . . e15 e12

e12 −e12 . e15 . .
e31 e31 e31 . .

⎞
⎠.
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For 2D materials e2D
ij =d2D

ik Cjk, where M2D
ij = M/lz, (M = e or d), and lz is the length of the

unit cell along the z direction.
Based on Equation (6), the unique in-plane and out-of-plane piezoelectric coefficients

e2D
12 , d2D

12 and e2D
31 , d2D

31 , respectively, are nonzero. The corresponding piezoelectric tensors
matrix can be written as⎛

⎝ 0 0 e2D
12

e2D
12 −e2D

12 0
e2D

31 e2D
31 0

⎞
⎠ =

⎛
⎝ 0 0 2d2D

12
d2D

12 −d2D
12 0

d2D
31 d2D

31 0

⎞
⎠×

⎛
⎝C11 C12 0

C12 C11 0
0 0 C66

⎞
⎠.

The d22 and d31 can be calculated by

d2D
12 =

e2D
12

C11 − C22
(7)

and

d2D
31 =

e2D
31

C11 + C22
. (8)

In the following, we use eij and dij instead of the e2D
ij and d2D

ij symbol, respectively. In this
work, we adapted the relaxed-ion method, which is the sum of electronic and ionic parts to
calculate the piezoelectric coefficients, which is the more reliable method compared to that
of the clamped-ion one [36]. To verify the reliability of the applied method, we have first
computed piezoelectric stress coefficient e11 for 1H-MoS2 monolayer and found a predicted
value as higher as ∼2.27 × 10−10C/m, in excellent agreement with the experimental value
and the reported theoretical studies [12,37]. By using the above procedures, we derive the
piezoelectric coefficients eij of the all monolayers. The results are shown in Figure 4. More
significantly, these Janus monolayers with broken mirror symmetry possess, in addition to
in-plane e12/d12 nonzero out-of-plane piezoelectric coefficients e13/d13. The minus sign in
calculated values indicates the direction of polarization.
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Figure 4. Piezoelectric coefficients (a) e12 and (b) e13 of 15 different structures of A2XX’ monolayers.
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As shown in Figures 4a and 5a for a given metal element A, the monolayers containing
heavier chalcogenide atoms (Te, Se and S) have the higher in-plane piezoelectric coefficient
| e12 |/| d12 | values. Compared with other 2D piezoelectric materials such as MoX2 (X = S,
Se, Te) and MoTO (T = S, Se, Te) with a value of 3.64-5.43 pm/V [30,38], the Janus Al2OX(T
= S, Se, Te) chalcogenide monolayers have larger absolute in-plane piezoelectric coefficients
by several folds. More noticeably, | d12 | attains 18.20 and 17.42 pm/V for Al2TeO and
Al2SeO monolayers, respectively, in same order of magnitude as the Janus M2SeX (M = Ge,
Sn; X = S, Te) monolayers [13], which makes them appropriate for 2D piezoelectric sensors
and nanogenerators. Some materials, such as the monolayers Al2TeSe and Si2PBi, have
large d12 values but small e12 values because their Young’s moduli are small, limiting the
amount of force applied in electric field-induced deformations.
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Figure 5. Piezoelectric coefficients (a) d12 and (b) d13 of 15 different structures of A2XX’ monolayers.

The noncentrosymmetric crystal structure of the A2XX’ monolayers in the out-of-plane
direction gives rise to the finite out-of-plane piezoelectric constant. For all the monolayers
presented in this work, the value of the out-of-plane strain piezoelectric coefficient d31
(Figure 5b) is about two orders of magnitude lower than the in-plane coefficient d12. This
means that vertical piezoelectric polarization due to vertical strain is much stronger than
that of the in-plane strain. But these values are still comparable to other 2D materials
such as Te2Se, MoSTe, In2SSe, TiNX0.5Y0.5(X, Y = Cl, Br, F) and 1T-MX2 (M = Zr and Hf;
X = S, Se, and Te) [16,39,40]. The highest d31 value (2.95 pm/V) is achieved in the Si2PBi
and Si2PSb monolayers, higher to those of some advanced piezoelectric materials such
as MoSTe, GaN wirtzite, M2XX’(M = Ga, In; X, X’ = S, Se, Te and X 	=X’) and MM’X2 (M,
M’ = Ga, In and M’ 	=M; X = S, Se, Te) [16,36]. This value is also comparable to that of the
Janus Te2Se multilayers with antiparallel orientations, CrF1.5I1.5, Sb2Te2Se, Sb2Se2Te, TePtS
and TePtSe [14,16,41,42]. This significant out-of-plane piezoelectric effect would give these
Janus monolayers a variety of functions in piezoelectric applications.

By comparing the d31 of the six 2D Janus Si2XX’ monolayers, we conclude that the
absolute value of the out-of-plane piezoelectric coefficient d31 increases with the elec-
tronegativity difference between the atoms on both sides of the monolayer, X and X’. This
finding is also valid for the Al2XX’ monolayers. This is understandable given that the
difference in atomic sizes of X and X’ breaks the reflection symmetry along the vertical
direction, resulting in vertical piezoelectric polarization, which becomes stronger when the
electronegativity difference between atoms increases.
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4. Conclusions

On the basis of first-principles calculations, we have systematically studied the
piezoelectric properties of some Janus 2D monolayers, Al2XX’(X/X’ = S, Se, Te and O),
Si2XX’(X/X’ = P, As, Sb and Bi) and A2PAs(A = Ge, Sn and Pb). The absence of inversion
symmetry in these Janus structures gives rise to in-plane and out-of-plane piezoelectric
coefficients. Our calculations, by using the DFPT method, reveal that the monolayers
containing heavier chalcogenide atoms (Te, Se and S) have a higher in-plane piezoelectric
coefficient larger than those of the widely studied 1H-MoX2(X = S, Se, Te) monolayers.
Moreover, all the monolayers are characterized by out-of-plane piezoelectric coefficients
e31/d31, due to the lack of reflection symmetry with respect to the central A atoms. The
highest values of d31 (∼2.9 pm/V) are achieved for the Si2PBi and S2PSb monolayers due
to their mechanical flexibility.
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Abstract: The microstructure morphology and evolution of mechanical properties are investigated
in this study. The results show that the phases displayed no clear change after thermal exposure
at 250 ◦C for 200 h. The tensile strength of the as-cast alloy showed a downward trend in different
degrees with the increase in the tensile temperature, while the influence of elongation was opposite
to the tensile strength. In addition, the tensile strength tended to be stable after thermal exposure at
250 ◦C for 100 h. The main creep mechanism of the as-cast alloy at a low temperature and low stress
(T ≤ 250 ◦C; σ ≤ 40 MPa) is grain-boundary creep. The Monkman–Grant empirical formula was
used to fit the relationship between the creep life and the minimum creep rate, and the fitting results
are: tr· .

ε
0.95
min = 0.207.

Keywords: thermal exposure; casting alloys; mechanical properties; creep mechanism

1. Introduction

Because of its good specific strength and excellent mechanical properties, heat-resistant
aluminum alloys have been widely used in aerospace engineering, vehicle engineering,
and marine engineering. Al-Si-Cu-Ni-Mg alloy is a typical cast heat-resistant aluminum
alloy, which is used to produce engine pistons. Therefore, the alloy usually works at a
high temperature and alternating load. The service life of the piston is determined by the
high-temperature endurance performance of the alloy [1–5].

With the increase in engine power, new challenges are presented to the high-temperature
stability and endurance strength of piston materials. The development of a heat-resistant
aluminum alloy with better high-temperature performance is imminent [6,7]. Thermal
exposure experiments have been widely used by domestic and foreign scholars to verify
the high-temperature stability of heat-resistant aluminum alloys. For instance, the eutectic
silicon and Al3Ni phases of Al3Zr/Al-8Si-2Ni composites were spheroidized after being
exposed at 450 ◦C for 150 h. The elongation of the Al3Zr/Al-8Si-2Ni composites was
positively correlated with the heat exposure time, and the tensile strength tended to stabilize
after decreasing [8]. A study reported that the average number of fatigue cycles before
failure of the alloy was 2.24 × 107 after thermal exposure at 425 ◦C/100 h, which was 3 times
higher than the 8.21 × 106 fatigue life of T6 heat treatment. The δ-Al3CuNi phase and
γ-Al7Cu4Ni were thermally stable intermetallic compounds, which significantly improved
the high-temperature fatigue life of Al-Si piston alloys [9]. Zhang et al. [10] observed
that the steady-state creep rate of the studied alloy decreased threefold when the loading
changed from 70 MPa to 90 MPa with a constant temperature of 90 ◦C. Under a constant
stress of 90 MPa, the steady creep rate of the studied alloy increased from 1.94 × 10−7 to
1.48 × 10−6 with the temperature rising from 90 ◦C to 150 ◦C. The grain size was basically
unchanged under different compressive creep stresses. Zhao et al. [11] reported that the
increase in YS was attributed to the precipitation of β”, Q′, and θ′ nanophases in an α-
Al matrix after aging at 175 ◦C for 4 h. After thermal exposure at 350 ◦C for 100 h, the
nanophases were mainly dissolved in the α-Al matrix, and the ultra-fine eutectic silicon
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network was fractured and coarsened, resulting in the hardness of the alloy decreasing from
110 HV to 61 HV and the YS dropping to 117 MPa. The current literature reports that the
high-temperature mechanical properties after thermal exposure are positively correlated
with Ti and Cu content, which is attributed to the increase in the number of precipitated
particles. The high strength value of the alloy after thermal exposure at 350 ◦C for 0.5 h
is attributed to the number of nano sizes. The high heat resistance of T(Al20Cu2Mn3) and
Fe(Al15(FeMn)3Si2) makes the strength stable after 100 h thermal exposure [12].

At present, the research on the high-temperature endurance strength of heat-resistant
aluminum alloys mainly focuses on fatigue failure, and high-temperature creep perfor-
mance is another key factor in the high-temperature service life of alloys [13–17]. Therefore,
the aim of this study is to find out the thermal stability of the high-temperature endurance
strength of Al-Si-Cu-Ni-Mg piston alloys, including the change law of the creep properties
of the alloys when exposed to high temperature, and then guide subsequent study of
heat-resistant aluminum alloy.

In this work, the microstructures of the cast alloy before and after thermal exposure
were characterized using optical microscopy and scanning electron microscopy. The dif-
ferent temperature tensile properties of the cast alloy were investigated. The evolution
law of the tensile strength during thermal exposure, as well as the creep mechanism of
the alloy before and after thermal exposure, were investigated in this study. This study
provides a basis for subsequent study on the influence of the high-temperature properties
of Al-Si-Cu-Ni-Mg alloy.

2. Experimental Procedures

The chemical composition of the designed alloys is shown in Table 1. The alloys were
prepared by melting pure Mg, Al, and Al-20Si (wt. %), Al-50Cu (wt. %), and Al-10Ni (wt.
%) master alloys in an electric smelting furnace. Before melting the alloy, the crucible and
mold were kept at 200 ◦C for 2 h. The Al-50Cu and Al-10Ni were kept at 150 ◦C for 2 h
to remove moisture in the raw materials. First, pure Al and master alloys were added to
the crucible and melted at 740 ◦C. Then pure Mg wrapped in aluminum foil was added to
the melt at approximately 720 ◦C. The melt was refined using the refining agent C2Cl6 at
740 ◦C. During the process of refining, the melt was stirred to ensure the refining effect and
homogeneous chemical composition.

Table 1. Composition of cast Al-Si-Cu-Ni-Mg alloy.

Elements Si Cu Ni Mg Mn Zn Ti Fe Ce Al

wt. % 12.34 3.81 1.97 0.79 0.53 0.26 0.23 0.18 0.23 Bal

The metallographic samples were ground with different levels of sandpapers, polished
with a PG-2B metallographic polishing machine for final polishing, and then etched with
Keller’s reagent (a mixed solution of 2.5%HNO3, 1.5%HCl, 1%HF, and 95% H2O) for
10 s. The fracture surface of the tensile specimen was observed with NOVA NanoSEM
230 scanning electron microscopy (Hong Kong, China). The tensile test was carried out on a
WDW-10S (Jinan, China) universal tensile testing machine with a tensile rate of 0.4 mm/min
at room temperature or 250 ◦C. The thermal exposure experiment was carried out in a
tubular furnace with a temperature error of ± 2 ◦C. The thermal exposure temperature
was set at 250 ◦C, and the time was 0~200 h. Each sample was measured after holding
for 15 min at the set temperature, and the results are the average value of three parallel
samples. The creep test was carried out on a CSS-3902 creep testing machine (Nanjing,
China). The test temperature was 200–300 ◦C, and the stress was 20 MPa and 28 MPa.
The sample was kept at the preset temperature for 1 h before loading. Two creep samples
were tested for each condition, and no repeatability test was carried out if there was no
abnormality. The geometric sizes of the tensile creep sample and the creep testing device
are shown in Figures 1 and 2, respectively.
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Figure 1. The geometric dimensions of tensile creep samples [18].

 

Figure 2. The tension creep testing setup.

3. Results and Discussion

3.1. Microstructure and Morphology of Alloys in Different States

Figure 3 depicts the microstructure morphology of Al-Si-Cu-Ni-Mg alloy under dif-
ferent characterization methods. Figure 3a shows that the α-Al was in the form of coarse
dendrites, and most of the eutectic silicon was in the shape of short rods. Uniformly dis-
tributed black needle-like strengthening phases and some fishbone-like AlSiFeNiCu phases
were detected. The characteristics of the fishbone-like phases were consistent with those
reported in the related literature [19]. Figure 3b presents that primary silicon and eutectic
silicon were randomly distributed on the Al matrix. The fishbone-like phase is observable
in Figure 3a, and the network-like precipitation phase can be found in Figure 3b.

(a) (b) 

Figure 3. Microstructure of Al-Si-Cu-Ni-Mg alloy under (a) metallography and (b) scanning elec-
tron microscopy.

Compared with the as-cast alloy in Figure 4, the elements in the thermal exposed
alloy occurred with different degrees of segregation and aggregation as shown in Figure 5.
With the temperature increase, the solute atoms of the precipitation phase diffused, which
promoted the nucleation and growth of Q-Al5Cu2Mg8Si6, displayed with the Mg element
obviously aggregated. The distribution of Cu and Ni elements was more uniform, whereas
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there was an increase in the distribution of slightly roughened rod-shaped eutectic Si. In
conclusion, after 200 h thermal exposure at 250 ◦C, the microstructures at the micro scale
demonstrated no significant changes.

 

 

 

Figure 4. SEM morphology of as-cast Al-Si-Cu-Ni-Mg alloy and distribution of alloy constituent elements.
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Figure 5. SEM morphology of thermally exposed Al-Si-Cu-Ni-Mg alloy and the distribution of alloy
constituent element.

3.2. Evolution of Tensile Properties during Thermal Exposure

Figure 6 shows the typical stress–strain curves of the Al-Si-Cu-Ni-Mg alloy under
different conditions tested at 250 ◦C. The ultimate tensile strength (UTS) of the alloy
measured at 250 ◦C decreased from 202.8 MPa to 120.2 MPa after thermal exposure at
250 ◦C for 200 h, which is a 40.7% decrease. The elongation of the alloy measured at 250 ◦C
increased from 0.33% to 0.95% after thermal exposure.
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Figure 6. The typical stress–strain curves of Al-Si-Cu-Ni-Mg alloy under different conditions mea-
sured at 250 ◦C (TE represents thermal exposure at 250 ◦C for 200 h).

The tensile properties of the alloy with different states measured at different temper-
atures are displayed in Figure 7. The UTS of the as-cast alloy decreased from 266.8 MPa
to 202.8 MPa when the temperature was increased from 25 ◦C to 250 ◦C, which is a drop
of about 24%. The UTS of the TE alloy decreased from 266.8 MPa to 170.2 MPa at room
temperature, with a decrease of about 36.2%. The elongation of the as-cast alloy increased
slightly when the temperature was increased from 25 ◦C to 250 ◦C.

 
Figure 7. Tensile properties of the Al-Si-Cu-Ni-Mg alloy measured at different states (TE represents
thermal exposure at 250 ◦C for 200 h).

The UTS of the TE alloy dropped from 170.2 MPa to 120.2 MPa when the temperature
was increased from 25 ◦C to 250 ◦C, which is a significant drop of 29.4%. The elongation of
the TE alloy increased greatly from 0.39% to 0.92% when the temperature was increased from
25 ◦C to 250 ◦C. With a test temperature of 250 ◦C, dislocations can climb to a certain extent
under the action of stress, which provides more possibilities for alloy cross-slip and reduces
the resistance of the cross-slip process. The climbing of a dislocation leads to a decrease in
mechanical properties, as can be seen in the tensile strength decreasing accordingly.

As illustrated in Figure 8, the UTS of the alloy was tested at room temperature after
thermal exposure at 250 ◦C for different times. The UTS of the studied alloys decreased
greatly in the initial stage and then basically tended to be stable when the exposure
temperature reached 32 h [12]. The UTS of the alloy was 173 MPa after thermal exposure at
250 ◦C for 200 h. Compared with the as-cast alloy, the UTS decreased by about 35%. The
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relation between the UTS (σ) at room temperature and the thermal exposure time (t) at
250 ◦C fitted using ExpAssoc is shown as follows:

σ250
t = σ250

0 − 38(1 − Exp
(
− t

0.84

)
)− 56.8(1 − Exp

(
− t

45.2

)
), R2 = 0.98 (1)

Figure 8. The ultimate tensile strength of the Al-Si-Cu-Ni-Mg alloy at room temperature fitted with
exposure time at 250 ◦C for different times.

3.3. Creep Behavior before and after Thermal Exposure

The typical creep curve and creep-rate curve of the alloy are displayed in Figure 9. The
creep rate decreased sharply in the first stage as a result of the work-hardening phenomenon.
The creep stage where work hardening and dynamic recovery were in equilibrium was
called the second stage of creep. The main feature of this stage was that the creep rate was
constant and minimum. The creep rate of the material increased rapidly until fracturing,
called the accelerated creep stage.

 
(a) (b) 

Figure 9. Typical creep curve (a) and creep-rate curve (b) of Al-Si-Cu-Ni-Mg alloy.

The minimum creep rates of the alloys at different states are presented in Table 2. As
shown in Table 2, the minimum creep rates of the as-cast and thermally exposed alloys
were similar at 250 ◦C. However, the minimum creep rate increased by almost an order of
magnitude when the creep stress increased from 20 MPa to 28 MPa at the same temperature.
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Table 2. Part of the minimum creep rate of Al-Si-Cu-Ni-Mg alloy before and after heat exposure
under different creep conditions.

Alloy State Temperature
Creep Rate (s−1)

20 MPa 28 MPa

As-cast alloy 250 ◦C 6.69 × 10−9 1.02 × 10−8

Thermal exposed alloy 250 ◦C 3.78 × 10−9 1.10 × 10−8

Table 2 also displays the minimum creep rate of the alloy after thermal exposure at
250 ◦C for 200 h. At 20 MPa/250 ◦C, the minimum creep rate of the alloy was around
10−9·s−1. However, the minimum creep rate of the alloy under the same conditions was
lower than the minimum creep rate of the as-cast state, indicating that the creep resis-
tance of the alloy at a low temperature was slightly improved after the thermal exposure.
Compared with the minimum creep rate of the as-cast alloy, the minimum creep rate of
the thermal exposed alloy was increased by an order of magnitude, in which the creep
stress increased from 20 MPa to 28 MPa. Therefore, the creep resistance of the alloy
significantly deteriorated.

The creep fracture morphology of the alloy at 20 MPa and 28 MPa is displayed in
Figure 10. In contrast with Figure 10a, the quantity of dimples in Figure 10b significantly
decreases. Apparently, Figure 10b has almost no dimples and a large area of cleavage planes.

Owing to the interactions of dislocation creating long-range stress fields in the alloy,
the dislocations relied on shear stress to overcome these stress fields and move. Hence,
the alloy with the higher applied stress load had a faster creep rate and worse creep
resistance. The applied load condition of 28 MPa offered a larger shear stress, which
provided more possibilities for the dislocation of the alloy. The larger applied load made
the high-strength, hard and brittle phase more prone to brittle fracture, and the α-Al was
less stressed. The large-scale precipitates had already initiated cracks and led to cracking
when plastic deformation occurred, so a mass of dimples formed after plastic deformation,
which is observable in Figure 10a but not in Figure 10b. Under the interaction of the stress
field and high temperature, the strengthening phases shown in Figure 10b became globular
more rapidly than those shown in Figure 10a, and the ability to deform was also decreased,
which is explained by the phenomenon of a large-area cleavage surface occurring and no
dimples forming after fracturing.

  
(a) (b) 

Figure 10. The creep fracture morphology of Al-Si-Cu-Ni-Mg alloy at (a) 20 MPa/250 ◦C and
(b) 28 MPa/250 ◦C.
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With 20 MPa of applied stress loaded, dislocation was hindered as a result of less shear
stress distribution, and the tendency of stress concentration was less. The forces distributed
in the α-Al and strengthening phase were relatively balanced. Compared with 28 MPa,
the coarsening rate of the strengthening phase was lower with the combined action of the
small stress field and temperature. The deformation performance declined slowly, and
the strengthening phase reached the stress limit only after the plastic deformation of the
α-Al produced cracks, manifesting as plenty of dimples and the cleavage surface being
small. This could explain why the creep resistance deteriorated signally with the creep
stress increasing from 20 MPa to 28 MPa at the same creep temperature.

The minimum creep rate and creep stress of materials are closely related to the creep
temperature, and their corresponding relationship is expressed by the classical power law
Equation (2) [16]:

.
ε = A · σn · exp

(
− Q

RT

)
(2)

where
.
ε is the minimum creep rate, A is the materials constant, σ is the creep stress, R is the

gas constant (R = 8.31 J/mol), T is the absolute temperature, n is the creep stress exponent, and
Q is the creep activation energy. Stress exponent n and activation energy Q are often used to
infer the creep mechanism of alloys. The creep mechanism corresponding to stress exponent n
and activation energy Q are summarized simply as follows: When the grain-boundary creep
n ≤ 2, which is divided into grain-boundary diffusion and grain-boundary slip, the creep
activation energy Q corresponding to this creep mechanism is 82 kJ/mol. When N ≈ 3, this
indicates the dislocation slip mechanism. When n is 4–6, this indicates a dislocation climbing
mechanism, and the minimum creep rate is related to the diffusion of vacancy.

Using Equation (2), the creep stress exponent of the alloy at different temperatures was
obtained. Figure 11 displays that the creep stress exponent of the as-cast alloy was about 1–2,
and it is speculated that the creep mechanism of the material under this creep condition was
grain-boundary creep. After thermal exposure at 250 ◦C for 200 h, the creep stress exponent
of the alloy at 250 ◦C was 1.54, so the creep mechanism was grain-boundary creep.

y p

  
(a) (b) 

Figure 11. Al-Si-Cu-Ni-Mg alloy (a) creep stress exponent and (b) creep activation energy (TE
represents thermal exposure at 250 ◦C for 200 h).

With the condition of invariable stress, the creep activation energy of the material at a
temperature of 250 ◦C was obtained by changing the creep temperature; the result is shown
in Figure 11b. Figure 11b displays that the creep activation energy of the alloy at 250 ◦C
is 83.1 kJ/mol, which is very close to the theoretical grain-boundary diffusion activation
energy of 82 kJ/mol. It also illustrates that the creep mechanism of the Al-Si-Cu-Ni-Mg
alloy at 250 ◦C is grain-boundary creep.
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After the steady-state creep, the accelerated creep stage occurred until the final failure
of the material. The Monkman–Grant model is the most widely used among many material
creep failure prediction models, which are summarized as the following Equation (3):

tr · .
ε

m
min = C (3)

where tr is the creep life,
.
εmin is the minimum creep rate, and m and C are both material

constants. In order to further understand the influence of material constants m and C on the
creep life of the material, let the minimum creep rate = 1.10 × 10−8 s−1, and the results of
the influence of the material constants m and C on the creep life are presented in Figure 12.

Figure 12. The influence of C and m constants in the Monkman–Grant model on the fracture life
under the condition of constant minimum creep rate.

As shown in Figure 12, under the condition of constant m, creep life and material
constant C increase linearly, and the increase is inconspicuous, while under the condition
of constant C, creep life and material constant m increase exponentially, and the closer the
m value is to 1, the more obvious its effect on creep life is.

The fitting results are displayed in Figure 13, showing that the data fitting degree is as
high as 99.12%, and the material constant m is also close to 1, indicating the good creep
resistance of the material to a certain extent. The Monkman–Grant Equation (4) is written
as follows:

tr · .
ε

0.95
min = 0.207 (4)

Figure 13. Monkman–Grant fitting of creep life of Al-Si-Cu-Ni-Mg alloy.
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From Equation (4), it was calculated that for the creep life to reach 1000 h, the minimum
creep rate should be lower than 2.4 × 10−8 s−1. The relationship between the specific creep
life and the corresponding minimum creep rate limit value are shown in Table 3.

Table 3. Correspondence table of creep life and minimum creep rate.

tr (h) 10 100 1000
.
ε (s−1) 3.0 × 10−6 2.7 × 10−7 2.4 × 10−8

4. Conclusions

The effect of thermal exposure on the mechanical properties of Al-Si-Cu-Ni-Mg alu-
minum alloy has been investigated in the present work. The main conclusions of this work
are summarized as follows:

1. The main phases at the micro scale of the Al-Si-Cu-Ni-Mg alloy were stable during
thermal exposure at 250 ◦C.

2. The UTS of the studied alloys decreased greatly in the initial stage and then basically
tended to be stable after thermal exposure at 250 ◦C for about 100 h.

3. The creep resistance deteriorated signally when the creep stress was increased from
20 MPa to 28 MPa at the same creep temperature.

4. The main creep mechanism of the as-cast Al-Si-Cu-Ni-Mg alloy at a low temperature
and low stress (T ≤ 250 ◦C; σ ≤ 40 MPa) was grain-boundary creep. The Monkman–
Grant empirical formula was used to fit the relationship between the creep life and
the minimum creep rate of the cast Al-Si-Cu-Ni-Mg alloy, and the fitting results were:
tr· .

ε
0.95
min = 0.207.
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Abstract: This work describes the synthesis of a novel zinc(II) porphyrin complex, namely [Meso-
4α-tetra-(1,2,3-triazolyl)phenylporphyrinato]zinc(II) symbolized by 4α-[Zn(TAzPP)] (4), using the
click chemistry approach in the presence of copper iodide. All of the synthetic porphyrin species
reported herein were fully characterized by elemental analysis, infrared spectroscopy, proton nuclear
magnetic resonance, UV-visible spectroscopy, and fluorescence. To synthesize the 4α-[Zn(TAzPP)]
complex (4), we produced 4α-Meso-tetra-o-nitrophenylporphyrin (H2TNO2PP) and 4α-meso-tetra-
o-aminophenylporphyrin (4α-H2TNH2PP) (1) using known classic literature methods. This 4α
atropisomer was converted to 4α-meso-tetra-o-azidophenylporphyrin (4α-H2TN3PP) (3) by reaction
with sodium nitrite and sodium azide, and then it was metalated by Zn(II), leading to [4α-meso-tetra(2-
azidophenyl)porphyrinate]zinc(II) (4α-[Zn(TN3PP)]) (3). The click chemistry synthetic method was
finally used to prepare 4α-[Zn(TAzPP)] (4). This new tetracoordinated zinc(II) porphyrin complex
was prepared and characterized in order to: (i) produce a receptor for anion recognition and sensing
application for Cl− and Br−; (ii) study the catalytic decomposition of rhodamine B (RhB) and methyl
orange (MO) dyes; and (iii) determine the electronic characteristics as a photovoltaic device. Complex
(4) formed 1:1 complex stoichiometric species with chloride and bromide halides and the average
association constants of the 1:1 addicts were ~ 103. The photodecomposition of RhB and MO dyes in
the presence of complex (4) as a catalyst and molecular oxygen showed that complex (4) presented a
photodegradation yield of approximately 70% and could be reused for five successive cycles without
any obvious change in its catalytic activity. The current-voltage characteristics and impedance
spectroscopy measurements of complex (4) confirmed that our zinc(II) metalloporphyrin could be
used as a photovoltaic device.

Keywords: zinc(II) porphyrins; click chemistry; optical anion sensing; UV-visible titration; photoelec-
tronic degradation; photovoltaic devices

1. Introduction

Porphyrins are aromatic tetrapyrrolic macrocycles that are widely represented in living
systems. They participate, in a metalated form, in many biological processes. This is the case
of hemoglobin and myoglobin, which are built on the basis of the iron protoporphyrin IX
complex (heme) and ensure the transport and storage of molecular oxygen [1]. Such natural
macromolecules are also involved in the oxidation of substrates by cytochromes (especially
cytochromes P450) [2] or in photosynthesis in plants and photosynthetic bacteria.

Unlike iron, cobalt, magnesium, and nickel metals present in natural metallopor-
phyrins, zinc(II) is not present in biological systems. Nevertheless, synthetic zinc(II) por-
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phyrin complexes are actually widely used in a large number of fields, e.g., the manufacture
of liquid crystals used in display devices for watches, computer screens, etc. [3,4]. These
porphyrinic derivatives are also used in the design of biosensors [5] as well as in photolu-
minescent [6] and optoelectronic systems [7].

In is worth noting that anion sensing is a rapidly expanding area of research in
supramolecular chemistry [8–14]. This stems from many fundamental roles that the anion
plays in nature, with biological, chemical, biomedical, and environmental applications.

During the last two decades, many investigations have been devoted to the prepara-
tion, characterization, and study of new compounds to be used in the detection of ionic
species. Studying the recognition and sensing of such ionic inorganic species is important
for several reasons: (i) cationic and anionic inorganic compounds, such as cations of heavy
metals (e.g., Cd2+, Hg2+, Pb2+, Sb5+) and many anions (e.g., CN−, Cr2O7

2−, AsO43−), are
very toxic and must be removed from the environment; (ii) anions such as NO3

− and
PO4

2− are present in agricultural fertilizers; and (iii) many ions, such as K+, Na+, and
F−, have very important roles in the functioning of biological systems [15,16]. Among
compounds used for the detection and sensing of inorganic ions, metal-organic frameworks
(MOFs) should be mentioned in the first place [17,18]. The other important species used
as receptors and sensors of anionic and cationic inorganic compounds are the calixarenes,
especially the calix [6], homooxacalix [3], and homoazacalix [3] arenes [19,20].

On the other hand, porphyrins and metalloporphyrins are very attractive hosts to use
for anion recognition studies, as they are spectrophoto-electroactive, which enables the com-
plexation of anions via several physical methods. It has been shown that the well-known
meso-tetraphenylporphyrin (H2TPP) does not have anion binding power alone [21,22]. This
is due to the small size of the cavity of this porphyrin, which does not complex anions via
hydrogen bonding interactions between the ion anion and the porphyrin N . . . H bonds.

In addition, the rigidity of the porphyrin backbone and the cavity also weaken the
formation of anionic bonds. This gave rise to the expansion of the porphyrinic cavity.
This is the case for urea porphyrins, also known as “picket fence porphyrins” [23], and
metalloporphyrin-cage systems [24].

The sensing of anions by hosts that are zinc(II) porphyrin complexes can be monitored
by UV-visible spectral titration studies, e.g., the detection of Cl− and Br− ions by the zinc(II)
porphyrin complex [24]. On the other hand, recent developments with porphyrin-based
solar cells exhibit a promising advance because they use low production cost materials,
are easy to synthesize, have low toxicity, rigid geometry, and efficient electron transfer,
etc. [25–33]. Moreover, porphyrin-based solar cells possess high molar absorption coeffi-
cients and exceptional light harvesting properties, which make them excellent sensitizers
for dye-sensitized solar cells (DSSCs) [34–42].

In this work, a new meso-porphyrin, namely [4α-meso-tetra-(1,2,3-triazolyl)-
phenylporphyrinato]zinc(II) symbolized by 4α-[Zn(TAzPP)] (4), was synthesized using
the click chemistry method [43–45], and the ability of this new zinc(II) porphyrin complex
to capture Cl− and Br− ions was studied. UV-visible, fluorescence, IR, and 1H NMR
spectroscopic characterization of (4) is described. The bonding of Cl− and Br− ions by
complex (4), investigated by UV-visible titration, is also reported. Furthermore, the effi-
ciency of the catalytic oxidative degradation and photocatalysis of rhodamine B (RhB) and
methyl orange (MO) dyes using the triazole meso-arylporphyrin zinc complex were also
investigated. Additionally, the current-voltage characteristics and impedance spectroscopy
measurements of 4α-[Zn(TAzPP)] (4) were studied to determine their electronic properties.

2. Method and Materials

All commercially available reagents were used without further purification. All anions
that were used for selectivity testing were in the form of tetrabutylammonium salt.

UV-visible absorption spectra and titration were recorded on a WinASPECT PLUS
(SPECORD PLUS version 4.2 validation) scanning spectrophotometer. 1H NMR spec-
troscopy was performed on a Bruker DPX 400 spectrometer and chemical shifts are reported
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in ppm below the internal tetramethylsilane (TMS) field. IR spectra with Fourier transfor-
mation were obtained using a PerkinElmer Spectrum Two FT-IR spectrometer. Emission
spectra were recorded in dichloromethane at room temperature on a Horiba Scientific
FluoroMax-4 spectrofluorometer. Samples were placed in 1 cm path length quartz cuvettes.
Luminescence lifetime measurements were performed after irradiation at = 430 nm ob-
tained by the second harmonic of a titanium: sapphire laser (Tsunami Spectra Physics
3950-M1BB picosecond laser + 39868-03 pulse doubler) at a repetition rate of 800 kHz. The
luminescence decays were studied with FLUOFIT software (Picoquant). The emission
quantum yields were calculated at room temperature in dichloromethane solutions using
the optical dilution method. [Zn(TPP)] in air-equilibrated dichloromethane solution was
chosen as the quantum yield standard (φf = 0.031) [46].

The oxidative degradation and photodegradation of MO and RhB dye experiments
were performed at room temperature using 10 mg of the catalyst compound and 10 mL
of an aqueous solution of the MO and RhB dyes (at pH = 6). Stirring was kept at 250 rpm.
The resulting mixture was filtered, and the concentration was then recorded by measuring
the absorption at 555 and 418 nm for MO and RhB dyes, respectively. The decolorization
yields (R%) are given by the following relationship (Equation 1):

R% = (Ao − At)/Ao.100 (1)

where Ao and At are the absorption at t = 0 and at the t instant, respectively.

3. Results and Discussion

3.1. Synthesis

4α-meso-tetra-o-nitrophenylporphyrin(H2TNO2PP) was synthesized using the method de-
scribed in the literature [47]. 4α-meso-tetra-o-aminophenylporphyrin (1) (4α-H2TNH2PP) was
then prepared by the reduction of the nitro group of 4α-meso-tetra-o-nitrophenylporphyrin
to the amine group, following the literature method [47] (Scheme 1). Separation was
carried out using a one-column procedure that enriched the desired cis isomer (desig-
nated by α atropisomer), as described in the literature [48], leading to 4α-meso-tetra-o-
aminophenylporphyrin (4α-H2TNH2PP) (1). 4α-meso-tetra-o-azidophenylporphyrin (2)
(4α-H2TN3PP) was produced using sodium nitrite (NaNO2) and sodium azide (NaN3).
Compound (2) was then metalated using Zn(OAc)2·2H2O, leading to [4α-meso-tetra(2-
azidophenyl)porphyrinate]zinc(II) (3) (4α-[Zn(TN3PP)]). Finally, using the click chemistry
reaction [49], [4α-meso-tetra-(1,2,3-triazolyl)phenylporphyrinato]zinc(II) (4) (4α-[Zn(TAzPP)])
was synthesized.

3.2. Spectroscopic 1H NMR and IR Data

For the 4α-H2TNH2PP (1) and 4α-H2TN3PP (2) free-base porphyrins, the characteristic
types of protons were observed. Thus, the NH-pyrrolic protons, which are exchangeable
and strongly shielded, appeared between −2.5 and −2.7 ppm. The eight β-pyrrolic protons
of the porphyrin macrocycle resonated around 8.8 ppm. The phenyl protons of these
two meso-porphyrins resonated in the range of 8.88 to 7.49 ppm. For the 4α-H2TNH2PP
porphyrin, a singlet was shown around 3.56 ppm, which corresponded to the amine protons
(Figures S5 and S6).

The disappearance of the signal at −2.68 ppm, corresponding to NH-pyrrolic protons
of compound (2), was an indication of the insertion of the Zn(II) ion into the porphyrin ring
(Figure S6). The positions of the peaks of the Hβ-pyrrolic protons, as well as those of the
phenyl protons of the 4α-[Zn(TN3PP)] and 4α-[Zn(TAzPP)] complexes (3)–(4), underwent a
slight shift compared to those of the 4α-H2TNH2PP and 4α- H2TN3PP free-base porphyrins
(Figures S5–S8) [49].

The azide stretching vibration ν(N3) was easily identified from the IR spectra of
compounds (2) and (3), which appeared in the 2130–2068 and 2133–2098 cm−1 domains,
respectively. The IR spectrum of 4α-[Zn(TAzPP)] (4) confirmed the formation of the triazole
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meso-arylporphyrin which showed a strong absorption band at 1731 cm−1 attributed to the
ν(N==N) and ν(C==N) stretching vibrations of the triazole group (Figures S1–S4) [50].

Scheme 1. General scheme for the synthesis of compounds (1–4): (a): (1) HCl, H2O; (2) NaNO2, HCl,
H2O; (3) NaN3, HCl, H2O, (b): Zn(OAc)·2H2O, CHCl3/C2H5O, (c): CuI, Et3N, Phenylacetylene, in
THF/Acetonitrile.

3.3. Optical Absorption

Figure 1 depicts the electronic absorption spectra of compounds (1)–(4), while the
UV-visible data of these porphyrinic species are given in Table 1. 4α-H2TNH2PP and 4α-
H2TN3PP free-base meso-porphyrins (1)–(2) presented similar UV-visible spectra in solution,
with λmax values of the Soret band at ca. 424 nm and four Q bands at ca. 515, 550, 590,
and 660 nm. The UV-visible spectra of the 4α-[Zn(TN3PP)] (3) and 4α-[Zn(TAzPP)] (4)
Zn(II) porphyrin complexes were slightly shifted compared to those of the corresponding
free-base porphyrins, and the number of Q bands was reduced from four to two, which
was indicative of the metalation of a porphyrin [51].

The optical gap (Eg-op) values of compounds (1)–(4) were 1.83, 1.92, 2.02, and 2.03 eV,
respectively. In particular, the Eg-op values of Zn(II)-metalloporphyrins were close to
2.00 eV. It is worth mentioning that the optical gap values of the two zinc(II) metallo-
porphyrins indicated that these complexes could be used for the development of new
optoelectronic organic semiconductor materials [52].
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Figure 1. UV–visible spectra of compounds (1)–(4) recorded in dichloromethane at concentrations
~10−6 M. The inset shows the enlarged view of the Q bands region.

Table 1. UV-visible data of the free-base porphyrins and the meso-arylporphyrin zinc(II) tetracoordi-
nated complexes. The spectra were recorded in dichloromethane.

λmax (nm) (ε × 10−3M−1.cm−1) Egap-opt (eV) Ref

Compound Soret band Q bands

Free-base meso-arylporphyrins

H2(TPP) a 416(419) 513(20) 550(20) 590(6) 646(6) 1.89 [53]

H2(TEBOP) b 422(295) 517(9) 554(8) 593(5) 651(7) 1.85 [54]

H2(TAzP-IVP) c 424(576) 520(46) 555(29) 595(24) 652(18) 1.86 [55]

H2TNH2PP 424(545) 514(39) 552(41) 592(40) 677(35) 1.83 this work

H2TN3PP 424(519) 516(39) 550(37) 594(38) 642(36) 1.92 this work

Zinc(II) meso-arylporphyrin complexes

[Zn(TPP)] 421(524) 550(21) 591(25) 1.91 [43]

[Zn(TAzP-IVP)] 424(530) 551(26) 592(10) 2.04 [50]

4α-[Zn(TN3PP)] 430(535) 560(410) 598(361) 2.02 this work

4α-[ZnTAzPP] 430(544) 561(394) 601(321) 2.03 this work
a: TTP = meso-tetratolylporphyrinato, b: TEBOP = meso-tetrakis(ethyl-4(4- butyryl)oxyphenyl)porphyrinato, c:
TAzP-IVP = 4-((1-(4-iodinephenyl)-1H-1,2,3-triazol-4-yl)methoxy)-3-methoxyphenyl.

3.4. Photoluminescence Studies

Porphyrins and metalloporphyrins are known to exhibit two types of emissions. The
first emission type, which is between the second excited state S2 and the ground state So
(S2→So), corresponds to the Q bands [Q (0,0) and Q(0,1)]. The second emission type is
between the first exited state S1 and the ground state So (S1→So), corresponding to the
Soret band. The S2→So emission is very weak and negligeable; only the S1→So emission is
considered for porphyrins and metalloporphyrins.

As shown in Figure 2, we noticed a major hypochromic shift of approximately 50 nm
of the Q(0,0) and Q(0.1) bands between free-base porphyrins (1) and (2) and their corre-
sponding zinc porphyrins. The Q(0,0) and Q(0,1) emission bands of compounds (3) and
(4) had wavelengths of about 600 and 665 nm, respectively. The quantum yield values
of compounds (1)–(4) were 0.085, 0.078, 0.054, and 0.033, respectively. The decrease in
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the fluorescence quantum yield values (Φf) was due to the insertion of zinc(II) on the
free-base porphyrins. The fluorescent lifetime values of compounds (1)–(4) were 8.61,
8.78, 3.1, and 1.91, respectively. The photophysical property values of the synthesized
compounds showed that they could be used for various optoelectronic applications, a
priori DSSC systems.

Figure 2. Emission spectra of compounds (1)–(4). The spectra were recorded in dichloromethane at
concentrations ~10−6 M. The excitation wavelength value was 430 nm.

3.5. Anion Binding Studies

[4α-meso-tetra-(1,2,3-triazolyl)phenylporphyrinato]zinc(II) complex (4) (4α-[Zn(TAzPP)])
was tested as a detector of Cl− and Br− anions by UV-visible titration in dichloromethane.
Anions were added as their salts of the non-complexing cation tetrabutylammonium (TBA).

The UV-visible titration spectra of complex (4) showed a clear change of the Soret
and Q bands as the concentration of the Cl− and Br- anions increased (Figure 3a,b). The
titrations for Cl− and Br− ions on [Zn(TTP)] (TTP = meso-tolylporphyrin) used as a reference
are shown in Figure 3c,d. Table 2 summarizes the values of the association constants Kas for
[Zn(Porph)Cl] (Porph = TTP and TAzPP) and [Zn(Porph)Br] complexes. The Kas values
obtained from the titration of the [Zn(PC)X] complex with the cage porphyrin (PC = 4α-
meso-(tetrakis(2-azidoacetamidophenyl)porphyrinate [23] with Cl− and Br− ions are also
shown in Table 2.

Upon successive addition of Cl− to complex (4), the UV-visible titration study showed
a bathochromic shift of the Soret band from 430 to 439 nm (Δλmax = 9 nm), with one distinct
isosbestic point at 434 nm, thus proving the formation of a 1:1 coordination complex type
[Zn(Porph)(L)] (L = axial ligand). A red shift was also observed for the Q(0,0) and Q(0,1)
bands. Similar changes were also noted upon Br− addition to a solution of 4α-[Zn(TAzPP)]
(4), using the same concentrations, showing a red shift of the Soret and Q bands. As the
titration progressed, an isosbestic point was also observed at 436 nm for the Soret band.

A UV-visible titration with zinc(II)-meso-tetratolylphenylporphyrin ([Zn(TTP)]) was
also performed to compare the Cl− and Br− detecting properties of zinc complex (5) with
those of the [Zn(TTP)] complex.

The association constants for the 1:1 complex, calculated using the so-called “strong
interactions” method [56] (see the supplementary information for details), are summarized
in Table 2. From this table, it can be seen that in the case of Cl-, the average Kas value of
4α-[Zn(TAzPP)] (4) was 0.301 × 103, which was higher than that of [Zn(TTP)] porphyrin
with a Kas value equal to 0.063 × 103. On the other hand, these two values were far lower
than that obtained with the cage porphyrin PC [23], with a value is equal to 1.220 × 104.
For the bromide ion, the Kas values were 0.441 × 103 for porphyrin derivative (4) and 0.168
× 103 for the [Zn(TTP)] complex, while the association constant Kas value for [Zn(PC)Br]
was equal to 0.005 [23]. These results showed that our synthetic zinc(II) porphyrin 4α-
[Zn(TAzPP)] (4) was selective for Br− over Cl− anions and that complex (4) presented a
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better binding affinity for Br− than the cage porphyrin (PC). This could be explained by
the fact that the cage porphyrin has a cavity which is not large enough to accommodate the
large size of the bromide ion.

Figure 3. Evolution of the Q and Soret bands: (a) complex (4) as a function of the addition of the Cl−

anion, (b) [Zn(TTP)] as a function of the addition of the Cl− anion, (c) complex (4) as a function of the
addition of the Br− anion, and (d) [Zn(TTP)] as a function of the addition of the Br− anion.

Table 2. Values of association constants (Kas) and log(Kas) for our zinc(II) metalloporphyrins and
other related complexes.

Complexes log(Kas) (Kas) Ref.

[Zn(TAzPP)Cl] 2.407 0.301 × 103 this work

[Zn(TTP)Cl] 1.791 0.063 × 103 this work

[Zn(PC)Cl] - 1.220 × 104 [23]

[Zn(TAzPP)Br] 1.299 0.441 × 103 this work

[Zn(TTP)Br] 1.789 0.168 × 103 this work

[Zn(PC)Br] - 0.005 [23]

3.6. Degradation of Rhodamine B (RhB) and Methyl Orange (MO) Dyes

The ability of complex (4) to catalyze the degradation of RhB and MO dyes was tested
using an aqueous hydrogen peroxide solution at room temperature. The optimal condition
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of this degradation was found to be as follows: mass of complex (4) was m = 10 mg, the
H2O2 aqueous solution concentration was Co = 20 mg.L−1.

The oxidation of organic compounds by hydrogen peroxide catalyzed per metallic
species is known to involve the radical •OH, leading to a formation of intermediate species.
In our case, the disappearance rate of the RhB and MO dyes could be obtained through the
following equation (Equation (2)):

dC
dt

= −k.C.[OH.] (2)

where C is the concentration of the MO and RhB dyes at time t and k is defined as the second
order rate constant of the MO and Rh B dyes reacting with •OH. The equation can be further
simplified if one considers that the concentration of •OH is constant, assuming the steady
state situation for the net formation rate of these intermediates. Thus, the degradation rate
of the MO and RhB dyes due to the combination of hydrogen peroxide is finally given by
Equation (3):

dC
dt

= −ko.C (3)

where ko (in min−1) is the pseudo-first order rate constant, and Ct and Co are the concentra-
tions at time t and the initial concentration, respectively. Figure 4 shows the curves Ct/Co
versus time. The degradation yield (R%) is given by the following relation (Equation (4)):

R(%) =

(
Co − Ct

Co

)
.100 (4)

Figure 4. (Left) Changes in Ct/Co versus time for the following conditions: H2O2 + MO + complex
(4) and H2O2 + Rh B + complex (4). (Right) Kinetics of complex (4)-catalyzed degradation of MO and
Rh B in aqueous solution.

As shown in Figure 4, when we used only MO and Rh B dyes with the H2O2 aqueous
solution, there was no degradation of the organic dyes. The use of an aqueous solution
of H2O2 (Co = 10 mg.L−1) led to degradation yields of 45.5% and 42.3% for the MO and
RhB dyes, respectively, after 60 min of reaction. The ko values of the pseudo-first order
rate constant of the degradation concerning the MO or RhB dye-H2O2-complex (4) systems
were 0.01 × 10−2 min−1 (R2 = 0.9017) and 0.011 × 10−2 min−1 (R2 = 0.9776), respectively.

3.7. Photodegradation of MO and RhB Dyes

First, complex (4) was utilized to degrade MO and RhB dyes under visible light il-
lumination (λ > 400 nm) for the sake of exploring further photocatalytic transformations.
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In a typical trial, an aqueous suspension (50 mL) containing MO or RhB dye (20 mg/L)
and 10 mg of complex (4) was placed in the reactor under visible light irradiation. The
suspension was stirred in the dark for 30 min before illumination to ensure the adsorp-
tion/desorption balance was established.

At defined time intervals, an appropriate amount of suspension was centrifuged and
filtered through a filter membrane to remove solid particles and collect the filtrate for
further analysis. The maximum absorption wavelength of the MO and RhB dyes (λmax)
were 418 and 555 nm, respectively.

As shown in Figure 5, complex (4) showed effective degradation of MO dye. More
than 75% of the RhB dye was degraded after irradiation for 60 min, while the percentage of
degradation of the MO dye was 63%.

Figure 5. (Left) Changes in Ct/Co versus time for the following conditions: MO + complex (4) and
RhB + complex (4). (Right) Kinetics of complex (4)-catalyzed photo degradation of MO and Rh B
dyes in aqueous solution.

The kinetics of the degradation reaction can be described using a first-order model
for low concentrations of the MO and RhB dye solutions. The pseudo first-order kinetics
equation is expressed as follows (Equation (5)):

ln(Co/Ct) = kot (5)

where Ct is the MO or Rh B dye concentration in aqueous solution at time t (mg/L), Co is
the initial MO or RhB dye concentration (mg/L), and ko is the apparent pseudo-first-order
kinetic constant (min−1). The plots ln(Ct/Co) as a function of time are shown in Figure 5.
The calculated values of ko were 1.6 × 10−2 min−1 (R2 = 0.9344) and 2.3 × 10−2 min−1

(R2 = 0.9856) for the MO and RhB dyes, respectively. The excellent fitting indicated that the
photoreaction followed first-order reaction kinetics.

The principle of heterogeneous photocatalysis (Figure 6) is based on the activation
of complex (4) by a supply of light energy hν ≥ Eg (Eg = band gap energy). During this
activation step, an electron (e−)/hole (h+) pair is created, which results from the passage of
an electron from the valence band to the conduction band. The electron will react with the
oxygen adsorbed on the surface of our porphyrinic compounds, while the hole h+, reacts
with the surface of the OH ions to form highly oxidizing hydroxyl radicals (OH.), which is
responsible for the degradation of pollutants.

55



Crystals 2023, 13, 238

Figure 6. Pictorial representation of indirect dye degradation process.

Complex (4), repeatedly used, exhibited properties identical to those of the initial
complex, with no obvious drop in photocatalytic efficacy even after five cycles, achieving
photodegradation efficiency of 60% and 73% for the MO and RhB dyes, respectively
(Figure 7).

Figure 7. Redegradation efficiency of complex (4) for the MO and RhB dyes.

4. Electronic Study on Complex (4)

To prepare the thin film containing complex (4), ITO glass slides were washed in an
ultrasonic bath containing acetone, then in an isopropyl alcohol bath. Subsequently, the
clean substrates were dried with a nitrogen gas flow. A 15 mg sample of complex (4) was
dissolved in 10 mL of dichloromethane. Afterwards, the solution containing the zin(II)
coordination compound was deposited on an indium tin oxide (ITO) glass slides by spin
coating at 2000 rpm for 25 s. The aluminum (Al) electrodes were deposited by thermal
evaporation. To obtain the best quality images of the film surface, AFM (atomic force
microscopy) was employed, which showed the homogeneity of the film with a coherent
structure (1.86 nm).

Owing to the interesting value of the gap energy of complex (4), which was in the
range of semiconductor materials, we carried out electrical and dielectric tests on this new
zinc(II) porphyrin compound in order to study its electronic properties.

56



Crystals 2023, 13, 238

The I-V measurements were obtained using a Keithley 236 instrument and the spectro-
scopic impedance measurement was performed using an impedance analyzer (Solartron
1260). The electronic properties of the ITO/complex (4)/Al system can provide information
about the transmission properties in organic materials. The current-voltage curve measured
at room temperature of the ITO/Complex (4)/Al system is shown in Figure 8. The curve
shown in this figure presents a similar behavior to that of electronic devices, such as diodes,
indicating complex (4) could be used as a photosensitizer in DSSCs (dye-sensitized solar
cells) [57–60]. The threshold voltage was approximately 0.64 V.

Figure 8. Current–voltage curves of ITO/complex (4).

Indeed, we observed an asymmetric curve for high voltage, which was related to the
difference in the injection of electrons and holes of the anode (ITO) and cathode (Al). At
low voltage, the I-V curve indicated symmetric behavior. This behavior is explained by the
theory that the localized state with defects provides the localized gap states.

Notably, recent work [61] has shown a useful current hysteresis behavior for some
porphyrin species. By introducing a triazole group, the hysteresis behavior was eliminated
and consequently, we completely changed the electronic properties of our tested molecule.

The semi-logarithmic scale of the I-V curve of complex (4) indicated that the value of
the barrier height of this species was approximately 1.3083 V and the saturation current
value was 5.97 × 10−6 A.

In addition, we studied the mechanism of electrical conduction through the junction
by presenting the I-V characteristics in double logarithmic plot (Figure 9). The I-V plot
of the ITO/complex (4)/Al system showed the presence of different parts in which the
current depended mainly on the applied voltage. At low voltage, the first part of the curve
corresponded to a value of the slope in the order of 1.2, indicating prevention of the charge
injection due to the presence of a small amount of interface barrier. For this part of the
curve, which defines the ohmic region, the amount of the heat-activated charge carriers
was too small and the trap levels were vacant. The current density equation is as follows
(Equation (6)):

JΩ = q.p0.μ.
V
d

(6)

where μ represent the charge mobility, q defines the electronic charge, d refers to the film
thickness, and p0 is the free carrier density.
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Figure 9. Log-log curve of complex (4) structure.

In the second part of the curve, where the voltage was moderate, the value of the
slope was close to 2.2. This can be explained by the dependence of the voltage according to
the power law (I-V), which is associated with the space charge limited current mechanism
(SCLC) [62]. In addition, the applied voltage increased and passed through the transition
voltage, which reflected the increase in the density of charges injected by the electrodes.
The charge density injected will govern the transport ability of the layer of complex (4).
The current density varies following equation (Equation (7)):

JSCLC =
9
8

ε.μe f f .
V2

d3 (7)

where d is the film thickness, V is the applied voltage, ε is the material permittivity, and
μeff is the effective carrier mobility.

Based on the SCLC model (Equation (7)), the μeff in the film of complex (4) had a
value of 0.45 (10−5 cm2/Vs). In the third part of the curve, where the voltage is high, the
value of the slope was approximately 3.4. This represented the trapped charge limit current
(TCLC) area where the distribution of traps changed exponentially. However, the transition
between SCLC and TCLC mechanisms is affected by the trapping levels. This transition
occurs when the quantity of injected carriers surpasses the density of free carriers [63].

4.1. Impedance Spectroscopy

To investigate the dielectric characteristics of complex (4) and determine the participa-
tion associated with the volume and interface, we carried out an impedance spectroscopy
study [64–66]. Equation (8) describes the impedance Z(ω) of complex (4) as a function of
frequency:

Z(ω) = Re (Z) + jIm (Z) = Z’(ω) + jZ”(ω) (8)

This equation shows that the complex impedance Z(ω) is composed of two parts: the
first part is the real part (Re (Z) = Z’) and the second part is the imaginary part (Im (Z) = Z”).
The semicircular spectrum present in the impedance spectrum (Nyquist plot) of the complex
(4) structure suggested the homogeneity of the electrode-organic interface (Figure 10).
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Figure 10. Impedance plot spectrum of complex (4).

4.2. Conductance

Figure 11 shows two regimes of conductance of complex (4), which depended essen-
tially on the frequency applied. The first regime was observed at low frequency, where the
conductance increased with increasing frequency until reaching a maximum at a frequency
of approximately 1.4 Hz, which indicated a disordered system. However, the second regime
observed at high frequency indicated that the conductance tended toward zero, where the
dipoles neglected the frequency. This phenomenon was associated with the jump transport
mechanism, where the dipoles will be guided by the applied field, which will lead to an
increase in the charge hopping process (Figure 11) [67].

Figure 11. Conductance characteristics of complex (4).
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5. Conclusions

We successfully synthesized a new zinc(II) meso-arylporphyrin coordination com-
pound: [meso-4α-tetra-(1,2,3-triazolyl)phenylporphyrinato]zinc(II) (4) with the formula
4α-[Zn(TAzPP)]. This new Zn(II) metalloporphyrin was characterized by 1H NMR and
infrared, UV-visible, and fluorescence spectroscopies. This coordination compound was
able to make 1:1 stoichiometric complexes with Cl− and Br− ions, with average association
constant values of 0.30 × 103 and 0.44 × 103, respectively, which were higher than those of
the related [Zn(TPP)] (TPP = meso-tetraphenylporphyrinate) complex. In addition, complex
(4) was tested as a catalyst in the degradation reaction of rhodamine B (RhB) and methyl
orange (MO) dyes, using both photodegradation and degradation by aqueous hydrogen
peroxide solution. The photodegradation yield values of the MO and RhB dyes using
complex (4) were close to 63% and 75%, respectively, while the degradation yield values
using aqueous dye solutions, H2O2, and complex (4) were 45.5% and 42.3% for MO and
RhB, respectively. Notably, the use of this complex several times without variation in
the degradation yield of the MO and RhB dyes indicated that complex (4) was a good
catalyst for such reactions. Furthermore, our new Zn(II)-porphyrin species was used in
the ITO/complex (4)/Al system for current-voltage and impedance spectroscopy mea-
surements. The I-V curve of this system exhibited a similar behavior to that of diodes,
with a threshold voltage of approximately 0.64 V. The impedance spectrum (Nyquist plot)
of complex (4) presented a semicircular spectrum that suggested the homogeneity of the
electrode-organic interface. Finally, the conductance properties of complex (4) were investi-
gated, indicating the presence of two regimes of conductance depending essentially on the
frequency applied.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13020238/s1, Figure S1: IR spectrum of the free base porphyrin
(4α-H2TNH2PP) (1); Figure S2: IR spectra of the free base porphyrin 4α-H2TN3PP (2); Figure S3:
IR spectra of the complex 4α-[Zn(TN3PP)]) (3); Figure S4: IR spectra of complex 4α-[Zn(TAzPP)]
(4); Figure S5: 1H NMR spectrum of the free base porphyrin 4α-H2TNH2PP (1) (400 MHz, CDCl3);
Figure S6: 1H NMR spectrum of free base porphyrin 4α-H2TN3PP (2) (400 MHz, CDCl3); Figure S7:
1H NMR spectrum of 4α-[Zn(TN3PP)] (3) (400 MHz, CDCl3); Figure S8: 1H NMR spectrum of
α4-[Zn(TAZPP)] compound (4) (400 MHz, CDCl3).

Author Contributions: Conceptualization, S.N., M.G., J.B., Y.O.A.-G. and H.N.; Methodology, J.B. and
F.L.; Software, Y.O.A.-G. and F.L.; Validation, J.B. and H.N.; Formal analysis, F.L.; Investigation, M.G.
and F.L.; Writing–original draft, S.N., M.G. and J.B.; Writing–review & editing, H.N.; Visualization,
H.N.; Project administration, S.N., J.B and Y.O.A.-G. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors extend their appreciation to the deputyship for Research & Innovation, Min-
istry of Education in Saudi Arabia for funding this research work through the project number
(IFP-2020-05).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Perutz, M. Regulation of Oxygen Affinity of Hemoglobin: Influence of Structure of the Globin on the Heme Iron. Ann. Rev.
Biochem. 1979, 48, 327. [CrossRef] [PubMed]

2. Milgrom, L.R. The Colors of Life: An Introduction to the Chemistry of Porphyrins and Related Compounds; Oxford University Press:
New York, NY, USA, 1997; p. 249.

3. Campbell, W.M.; Jolley, K.W.; Wagner, P.; Wagner, K.; Walsh, P.J.; Gordon, K.C.; Schmidt-Mende, L.; Nazeeruddin, M.K.; Wang, Q.;
Grätzel, M.; et al. Highly Efficient Porphyrin Sensitizers for Dye-Sensitized Solar Cells. J. Phys. Chem. C. Lett. 2007, 111, 11760.
[CrossRef]

4. Gregg, B.A.; Fox, M.A.; Bard, A.J. Functionalized Porphyrin Discotic Liquid Crystals. J. Am. Chem. Soc. 1989, 111, 3024. [CrossRef]
5. Garg, K.; Singh, A.; Majumder, C.; Nayak, S.K.; Aswal, D.K.; Gupta, S.K.; Chattopadhyay, S. Room temperature ammonia sensor

based on jaw like bis-porphyrin molecules. Org. Electron. 2013, 14, 14189. [CrossRef]

60



Crystals 2023, 13, 238

6. Kadish, K.M.; Smith, K.M.; Guilard, R.; Harvey, P.D. The Porphyrin Handbook; Academic Press: San Diego, CA, USA, 2003; Volume
18, p. 63.

7. Lammi, R.K.; Ambroise, A.; Balasubramanian, T.; Wagner, R.W.; Bocian, D.F.; Holten, D.; Lindsey, J.S. One-step synthesis and
characterization of difunctionalized N-confused tetraphenylporphyrins. J. Am. Chem. Soc. 2000, 122, 7579. [CrossRef]

8. Izatt, R.M.; Pawlak, K.; Bradshaw, J.S. Thermodynamic and kinetic data for macrocycle interaction with cations, anions, and
neutral molecules. Chem. Rev. 1995, 95, 2529. [CrossRef]

9. Dietrich, B. Design of anion receptors: Applications. Pure Appl. Chem. 1993, 65, 1457. [CrossRef]
10. Kavallieratos, K.; de Gala, S.R.; Austin, D.J.; Crabtree, R. A readily available non-preorganized neutral acyclic halide receptor

with an unusual nonplanar binding conformation. J. Am. Chem. Soc. 1997, 119, 2325. [CrossRef]
11. Davis, A.P.; Perry, J.J.; Williams, R.P. Anion recognition by tripodal receptors derived from cholic acid. J. Am. Chem. Soc. 1997, 119,

1793. [CrossRef]
12. Berger, M.; Schmidtchen, F. Electroneutral artificial hosts for oxoanions active in strong donor solvents. J. Am. Chem. Soc. 1996,

118, 8947. [CrossRef]
13. Kral, V.; Furuta, H.; Shreder, K.; Lynch, V.; Sessler, J.L. Protonated sapphyrins. Highly effective phosphate receptors. J. Am. Chem.

Soc. 1996, 118, 1595. [CrossRef]
14. Gale, P.A.; Sessler, J.L.; Kral, V.; Lynch, V. Calix [4] pyrroles: Old yet new anion-binding agents. J. Am. Chem. Soc. 1996, 118, 5140.

[CrossRef]
15. Andrews, P.A.; Mann, S.C.; Huynh, H.H.; Albright, K.D. Role of the Na+,K+-Adenosine Triphosphatase in the Accumulation of

cis-Diamminedichloroplatinum(II) in Human Ovarian Carcinoma Cells. Cancer Res. 1991, 51, 3677.
16. Zhou, Y.; Dong, X.; Zhang, Y.; Tong, P.; Qu, J. Highly selective fluorescence sensors for the fluoride anion based on carboxylate-

bridged diiron complexes. Dalton Trans. 2016, 45, 6839. [CrossRef] [PubMed]
17. Mandal, T.N.; Karmakar, A.; Sharma, S.; Ghosh, S.K. Metal-Organic Frameworks (MOFs) as Functional Supramolecular Architec-

tures for Anion Recognition and Sensing. Chem. Rec. 2018, 18, 154. [CrossRef] [PubMed]
18. Rozveh, Z.S.; Kazemi, S.; Karimi, M.; Ali, G.A.; Safarifard, V. Photocatalytic aerobic oxidative functionalization (PAOF) reaction of

benzyl alcohols by GO-MIL-100(Fe) composite in glycerol/K2CO3 deep eutectic solvent. Polyhedron 2020, 183, 113514.
19. Dieleman, C.B.; Matt, D.; Neda, I.; Schmutzler, R.; Harriman, A.; Yaftian, R. Hexahomotrioxacalix [3] arene: A scaffold for a C

3-symmetric phosphine ligand that traps a hydrido-rhodium fragment inside a molecular funnel. Chem. Commun. 1999, 1911.
[CrossRef]

20. Kumar, R.; Sharma, A.; Singh, H.; Suating, P.; Kim, H.S.; Sunwoo, K.; Shim, I.; Gibb, B.C.; Kim, J.S. Hexahomotrioxacalix [3] arene:
A scaffold for a C 3-symmetric phosphine ligand that traps a hydrido-rhodium fragment inside a molecular funnel. Chem. Rev.
2019, 119, 9657. [CrossRef] [PubMed]

21. Sessler, J.L.; Cyr, M.; Furuta, H.; Kral, V.; Mody, T.; Morishima, T.; Shionoya, M.; Weghorn, S. Anion binding: A new direction in
porphyrin-related research. Pure. Appl. Chem. 1993, 65, 393. [CrossRef]

22. Sessler, J.L.; Burrell, A.K. Sapphyrins and heterosapphyrins. Top. Curr. Chem. 1992, 161, 177. [CrossRef]
23. Shionoya, M.; Furuta, H.; Harriman, A.; Sessler, J.L. Diprotonated sapphyrin: A fluoride selective halide anion receptor. J. Am.

Chem. Soc. 1992, 114, 5714. [CrossRef]
24. Gilday, L.C.; White, N.G.; Beer, D. Halogen-and hydrogen-bonding triazole-functionalised porphyrin-based receptors for anion

recognition. Dalton Trans. 2013, 42, 15766. [CrossRef] [PubMed]
25. Imahori, H.; Umeyama, T.; Ito, S. Large π-aromatic molecules as potential sensitizers for highly efficient dye-sensitized solar cells.

Acc. Chem. Res. 2009, 42, 1809. [CrossRef] [PubMed]
26. Radivojevic, I.; Varotto, A.; Farley, C.; Drain, C.M. Commercially viable porphyrinoid dyes for solar cells. Energy. Environ. Sci.

2010, 3, 1897. [CrossRef]
27. Martinez-Diaz, M.V.; Torre, G.; Torres, T. Lighting porphyrins and phthalocyanines for molecular photovoltaics. Chem. Commun.

2010, 46, 7090. [CrossRef]
28. Walter, M.G.; Rudine, A.B.; Wamser, C.C. Porphyrins and phthalocyanines in solar photovoltaic cells. J. Porph. Phthalocyanines

2010, 14, 759. [CrossRef]
29. Griffith, M.J.; Sunahara, K.; Wagner, P.; Wagner, K.; Wallace, G.G.; Officer, D.L.; Furube, A.; Katoh, R.; Mori, S.; Mozer, A.J.

Porphyrins for dye-sensitised solar cells: New insights into efficiency-determining electron transfer steps. Chem. Commun. 2012,
48, 4145. [CrossRef] [PubMed]

30. Imahori, H.; Umeyama, T.; Kurotobi, K.; Takano, Y. Self-assembling porphyrins and phthalocyanines for photoinduced charge
separation and charge transport. Chem. Commun. 2012, 48, 4032. [CrossRef]

31. MPanda, K.; Ladomenou, K.; Coutsolelos, A.G. Porphyrins in bio-inspired transformations: Light-harvesting to solar cell. Coord.
Chem. Rev. 2012, 256, 2601.

32. Hasobe, T.; Imahori, H.; Kamat, P.V.; Ahn, T.K.; Kim, S.K.; Kim, D.; Fujimoto, A.; Hirakawa, T.; Fukuzumi, S. Photovoltaic cells
using composite nanoclusters of porphyrins and fullerenes with gold nanoparticles. J. Am. Chem. Soc. 2005, 127, 1216. [CrossRef]

33. Yella, A.; Lee, H.W.; Tsao, H.N.; Yi, C.; Chandiran, A.K.; Nazeeruddin, M.K.; Diau, E.W.; Yeh, C.Y.; Zakeeruddin, S.M.; Grätzel, M.
Porphyrin-sensitized solar cells with cobalt (II/III)–based redox electrolyte exceed 12 percent efficiency. Science 2011, 334, 629.
[CrossRef] [PubMed]

61



Crystals 2023, 13, 238

34. Kay, A.; Grätzel, M. Artificial photosynthesis. 1. Photosensitization of titania solar cells with chlorophyll derivatives and related
natural porphyrins. J. Phys. Chem. 1993, 97, 6272. [CrossRef]

35. Cherian, S.; Wamser, C.C. Adsorption and Photoactivity of Tetra(4-carboxyphenyl)porphyrin (TCPP) on Nanoparticulate TiO2. J.
Phys. Chem. B. 2000, 104, 3624. [CrossRef]

36. Nazeeruddin, M.K.; Humphry-Baker, R.; Officer, D.L.; Campbell, W.M.; Burrell, A.K.; Grätzel, M. Conformation and π-conjugation
of olefin-bridged acceptor on the pyrrole β-carbon of nickel tetraphenylporphyrins: Implicit evidence from linear and nonlinear
optical properties. Langmuir 2004, 20, 6514. [CrossRef]

37. Wang, Q.; Campbell, W.M.; Bonfantani, E.E.; Jolley, K.W.; Officer, D.L.; Walsh, P.J.; Gordon, K.; Humphry-Baker, R.; Nazeeruddin,
M.K.; Grätzel, M. Efficient Light Harvesting by Using Green Zn-Porphyrin-Sensitized Nanocrystalline TiO2 Films. J. Phys. Chem.
B. 2005, 109, 15397. [CrossRef]

38. Park, J.K.; Lee, H.R.; Chen, J.; Shinokubo, H.; Osuka, A.; Kim, D. Photoelectrochemical Properties of Doubly β-Functionalized
Porphyrin Sensitizers for Dye-Sensitized Nanocrystalline-TiO2 Solar Cells. J. Phys. Chem. C 2008, 112, 16691. [CrossRef]

39. Bessho, T.; Zakeeruddin, S.M.; Yeh, C.Y.; Diau, E.W.G.; Grätzel, M. Highly efficient mesoscopic dye-sensitized solar cells based on
donor–acceptor-substituted porphyrins. Angew.Chem. Int. Ed. 2010, 49, 6646. [CrossRef]

40. Campbell, W.M.; Burrell, A.K.; Officer, D.L.; Jolley, K.W. Efficient Light Harvesting by Using Green Zn-Porphyrin-Sensitized
Nanocrystalline TiO2 Films. Coord. Chem. Rev. 2004, 248, 1363. [CrossRef]

41. He, H.; Gurung, A.; Si, L. 8-Hydroxylquinoline as a strong alternative anchoring group for porphyrin-sensitized solar cells. Chem.
Commun. 2012, 48, 5910. [CrossRef]

42. Kolb, H.C.; Finn, M.G.; Sharpless, K.B. Click chemistry connections for functional discovery. Angew. Chem. Int. Ed. 2001, 40, 2004.
[CrossRef]

43. Rostovtsev, V.V.; Green, L.G.; Fokin, V.V.; Sharpless, K.B. A Stepwise Huisgen Cycloaddition Process: Copper(I)-Catalyzed
Regioselective “Ligation” of Azides and Terminal Alkynes. Angew. Chem. Int. Ed. 2002, 41, 2596. [CrossRef]

44. Shetti, V.S.; Ravikanth, M. Synthesis and studies of Thiacorroles. Eur. J. Org. Chem. 2010, 75, 4172–4182. [CrossRef] [PubMed]
45. Chatterjee, S.; Sengupta, K.; Bhattacharyya, S.; Nandi, A.; Samanta, S.; Mittra, K.; Dey, A. Photophysical and ligand binding

studies of metalloporphyrins bearing hydrophilic distal superstructure. J. Porph. Phthalocyanines 2013, 17, 210. [CrossRef]
46. Samanta, S.; Mittra, K.; Sengupta, K.; Chatterjee, S.; Dey, A. Second Sphere Control of Redox Catalysis: Selective Reduction of O2

to O2– or H2O by an Iron Porphyrin Catalyst. Inorg. Chem. 2013, 52, 1443. [CrossRef] [PubMed]
47. Mittra, K.; Chatterjee, S.; Samanta, S.; Sengupta, K.; Bhattacharjee, H.; Dey, A. A hydrogen bond scaffold supported synthetic

heme Fe III–O 2− adduct. Chem. Comm. 2012, 48, 10535. [CrossRef] [PubMed]
48. Samanta, S.; Sengupta, K.; Mittra, K.; Bandyopadhyay, S.; Dey, A. Selective four electron reduction of O 2 by an iron porphyrin

electrocatalyst under fast and slow electron fluxes. Chem. Comm. 2012, 48, 7631. [CrossRef]
49. Mandal, A.K.; Taniguchi, M.; Diers, J.R.; Niedzwiedzki, D.M.; Kirmaier, C.; Lindsey, J.S.; Bocian, D.F.; Holten, D. Photophysical

Properties and Electronic Structure of Porphyrins Bearing Zero to Four meso-Phenyl Substituents: New Insights into Seemingly
Well Understood Tetrapyrroles. J. Phys. Chem. A 2016, 120, 9719. [CrossRef]

50. Collman, J.P.; Gagne, R.R.; Halbert, T.R.; Marchon, J.C.; Reed, C.A. Reversible oxygen adduct formation in ferrous complexes
derived from a picket fence porphyrin. Model for oxymyoglobin. J. Am. Chem. Soc. 1973, 95, 7868. [CrossRef]

51. Hartle, M.D.; Prell, J.S.; Plut, M.D. Spectroscopic investigations into the binding of hydrogen sulfide to synthetic picket-fence
porphyrins. Dalton Trans. 2016, 45, 4843. [CrossRef]

52. Lindsey, J. Increased yield of a desired isomer by equilibriums displacement on binding to silica gel, applied to meso-tetrakis
(o-aminophenyl) porphyrin. J. Org. Chem. 1980, 45, 5215. [CrossRef]

53. Gorlitzer, K.; Huth, S.; Jones, P.G. Color reaction of chlorhexidine and proguanil with hypobromite. Pharmazie 2005, 60, 269.
54. Guergueb, M.; Brahmi, J.; Nasri, S.; Loiseau, F.; Aouadi, K.; Guerineau, V.; Nasri, H. Zinc (II) triazole meso-arylsubstituted

porphyrins for UV-visible chloride and bromide detection. Adsorption and catalytic degradation of malachite green dye. RSC
Adv. 2020, 10, 22712. [CrossRef] [PubMed]

55. Chen, H.B.; Zeng, J.B.; Deng, X.; Chen, L.; Wang, Y.Z. Block phosphorus-containing poly (trimethylene terephthalate) copolyester
via solid-state polymerization: Retarded crystallization and melting behaviour. CrystEngComm. 2013, 15, 2688–2698. [CrossRef]

56. Polster, J.; Lachmann, H. Spectrometric Titrations. Analysis of Chemical Equilibria. Verlag Chemie 1989, 12, 292.
57. Dumoulin, F.; Ahsen, V. Design and conception of photosensitisers. J. Porph. Phthalocyanines 2011, 15, 481. [CrossRef]
58. Brahmi, J.; Nasri, S.; Saidi, H.; Nasri, H.; Aouadi, K. Synthesis of new porphyrin complexes: Evaluations on optical, electrochemi-

cal, electronic properties and application as an optical sensor. Chem. Select 2019, 14, 1350. [CrossRef]
59. Ceyhan, T.; Altindal, A.; Erbil, M.; Bekaroglu, O. Synthesis, characterization, conduction and gas sensing properties of novel

multinuclear metallo phthalocyanines (Zn, Co) with alkylthio substituents. Polyhedron 2006, 25, 7. [CrossRef]
60. Xue, X.; Tan, G. Effect of bivalent Co ion doping on electric properties of Bi0. 85Nd0. 15FeO3 thin film. J. Alloys Compd. 2013, 575,

90. [CrossRef]
61. Ghataka, S.; Ghosh, A. Observation of trap-assisted space charge limited conductivity in short channel MoS2 transistor. App.

Phys. Lett. 2013, 103, 122103. [CrossRef]
62. Brahmi, J.; Nasri, S.; Saidi, H.; Aouadi, K.; Sanderson, M.R.; Winter, M.; Cruickshank, D.; Najmudin, S.; Nasri, H. Optical and

photoelectronic properties of a new material: Optoelectronic application. Comptes. Rendus. Chimie. 2020, 23, 403. [CrossRef]

62



Crystals 2023, 13, 238

63. Al Mogren, M.M.; Ahmed, M.N.; Hasanein, A.A. Molecular modeling and photovoltaic applications of porphyrin-based dyes: A
review. J. Saudi. Chem. Soc. 2020, 24, 303. [CrossRef]

64. Aloui, W.; Ltaief, A.; Bouazizi, A. Dielectrical properties of PET-MWCNT/P3HT: PC70BM/Al device: Impedance spectroscopy
analysis. Microelectron. Eng. 2014, 129, 96–99. [CrossRef]

65. Mahmood, A.; Hu, J.Y.; Xiao, B.; Tang, A.; Wang, X.; Zhou, E. Recent progress in porphyrin-based materials for organic solar cells.
J. Mater. Chem. A. 2018, 6, 16769. [CrossRef]

66. Opeyemi, O.; Louis, H.; Opara, C.; Funmilayo, O.; Magu, T. Porphyrin and Phthalocyanines-Based Solar Cells: Fundamental
Mechanisms and Recent Advances. Adv. J. Chem. Sect. A 2019, 2, 21.

67. Fishchuk, I.I.; Kadashchuk, A.; Ullah, M.; Sitter, H.; Pivrikas, A.; Genoe, J.; Bassler, H. Electric field dependence of charge carrier
hopping transport within the random energy landscape in an organic field effect transistor. Phys. Rev. B. 2012, 86, 045207.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

63



Citation: Tian, S.; Zhang, L.; Liang, Y.;

Xie, R.; Han, L.; Lan, S.; Lu, A.;

Huang, Y.; Xing, H.; Chen, X. Room

Temperature Ferromagnetic

Properties of Ga14N16−nGd2Cn

Monolayers: A First Principle Study.

Crystals 2023, 13, 531. https://

doi.org/10.3390/cryst13030531

Academic Editor: Ikai Lo

Received: 24 February 2023

Revised: 14 March 2023

Accepted: 16 March 2023

Published: 20 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Room Temperature Ferromagnetic Properties of
Ga14N16−nGd2Cn Monolayers: A First Principle Study

Shijian Tian 1, Libo Zhang 2,*, Yuan Liang 1,*, Ruikuan Xie 3, Li Han 2, Shiqi Lan 1, Aijiang Lu 1, Yan Huang 4,*,

Huaizhong Xing 1,* and Xiaoshuang Chen 4

1 Department of Optoelectronic Science and Engineering, Donghua University, Shanghai 201620, China
2 College of Physics and Optoelectronic Engineering, Hangzhou Institute for Advanced Study,

University of Chinese Academy of Sciences, No. 1, Sub-Lane Xiangshan, Xihu District,
Hangzhou 310024, China

3 State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the Structure of Matter,
Chinese Academy of Sciences (CAS), Fuzhou 350002, China

4 State Key Laboratory of Infrared Physics, Shanghai Institute of Technical Physics, Chinese Academy of
Sciences, Shanghai 200083, China

* Correspondence: zhanglibo@ucas.ac.cn (L.Z.); yliang@dhu.edu.cn (Y.L.); yhuang@mail.sitp.ac.cn (Y.H.);
xinghz@dhu.edu.cn (H.X.)

Abstract: Electronic and magnetic properties of Ga14N16−nGd2Cn monolayers are investigated by
means of the first principle calculation. The generalized gradient approximation (GGA) of the density
functional theory with the on-site Coulomb energy U was considered (GGA + U). It is found that
the total magnetic moment of a Ga14N16Gd2 monolayer is 14 μB with an antiferromagnetic (AFM)
phase. C atom substitutional impurity can effectively change the magnetic state of Ga14N16−nGd2Cn

monolayers to ferromagnetic phases (FM), and the magnetic moment increases by 1μB/1C. The stable
FM phase is due to the p-d coupling orbitals between the C-2p and Gd-5d states. Moreover, Curie
temperature (TC) close to room temperature (TR, 300 K) is observed in the Ga14N16Gd2C2 monolayer,
and the highest value can reach 261.46 K. In addition, the strain effect has a significant positive effect
on the TC of the Ga14N16−nGd2Cn monolayer, which is much higher than the TR, and the highest
value is 525.50 K. This provides an opportunity to further explore the application of two-dimensional
magnetic materials in spintronic devices.

Keywords: density functional theory; GaN:Gd monolayer; ferromagnetic property; strain effect;
p-d coupling

1. Introduction

Diluted magnetic semiconductors (DMSs), as an important part of spintronics, have
attracted much attention in terms of harnessing the spin and charge of electrons [1–3]. Sci-
entists modulate the ferromagnetism and TC by controlling the doping atoms to investigate
the potential applications of DMSs. It opens a new gateway for extending future classes
of materials. A magnetic dopant was used to substitute cations in the host compound
semiconductors and observed distinct properties [4–6]. The room-temperature FM (TR-FM)
phase has been observed in Cr, Mn, Fe, Co-doped TiO2, ZnO and GaN [7–9].

The metal nitrides (MNs), including group IIIA nitrides and nitride MXene, exhibit
unique electronic and magnetic characteristics [10–12]. In recent decades, scientists have
paid much attention to the magnetic properties and TC of GaN materials doped with
transition metal (TM) [13–15], alkali metal, alkaline earth metal, etc. [16–18]. The low
solubility of TM atoms in GaN materials restrains their potential application in TR-FM
spintronic devices. In addition, rare-earth elements such as Sm, Dy and Gd with large
magnetic moments have attracted a lot of attention [19–21]. Nobuaki found that the TC of
GaN:Gd materials achieves a TC of 400 K, far above TR [22]. The TR-FM coupling of the
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GaN:Gd system was also detected by Asahi [23]. Dhar’s group found a colossal magnetic
moment and TR-FM phase at a low concentration of Gd atoms [24,25]. It is well known that
defects are one of the important reasons for FM and AFM coupling in GaN-based systems.
The spintronic properties of GaN-based materials can be modulated not only by n-type
(interstitial O, N and C dopants) but also by p-type defects (Ga vacancies and transition
metal doping) [26–29]. Dalpian found that the FM phase in n-type GaN is mainly derived
from s-f orbital hybridization [30]. It was found that the 4f orbitals of Gd are usually far
from the Fermi energy [31]. Therefore, the s-f coupling effect near the Fermi energy level
will be weak. Xie found TR-FM in the GaN:Gd nanowires doped with C atoms, which are
strongly influenced by hybridized p-d coupling [32]. Therefore, it is necessary to select
a suitable material doped with GaN:Gd and to explore the origin of the ferromagnetic
mechanism in-depth and definitively.

Until now, there has been a lot of research, but the research on GaN:Gd monolayers
doped with C atoms is sparse. In the presented paper, the electronic and magnetic properties
of Gd-pair-doped GaN (Ga14N16Gd2) monolayers with and without C atoms are studied
by employing the first principle calculation. This paper is organized as follows. In Section 2,
we present the details of computational methods. In Section 3A, the geometric structure,
band structure, partial density of states (PDOS), magnetic properties and TC of Ga14N16Gd2
monolayers doped with and without C atoms are determined. In Section 3 B, the biaxial
strain effect in Ga14N16−nGd2Cn monolayers are investigated. In Section 4, the results are
briefly concluded.

2. Computational Method

All calculations are based on the density function theory (DFT) of the exchange-
correlation potential. The computational work is conducted by using Vienna ab initio
simulation packages (VASP) [33]. The Perdew–Burke–Ernzerhof (PBE) formalism of the
generalized gradient approximation (GGA) is used to deal with electron exchange and cor-
relation energies by using projection-enhanced waves (PAW) to understand the interactions
between electrons and ions [34]. The cutoff energy of the plane wave basis set is kept at
500 eV [16]. When the structure is optimized, the atomic force and the energy convergence
are kept at 0.01 eV/Å and 10−5 eV [13], respectively. A vacuum space above 12 Å is created
to eliminate the effects of interactions between neighboring layers along the z-direction. The
sample of k points in the Brillouin zone is set as 5 × 5 × 1 [3]. The valence electron configura-
tions of Ga, N, Gd and C atoms are described as: 3d104s24p1, 2s22p3, 4f75d16s2 and 2s22p2,
respectively. A self-consistent formulation of on-site Coulomb interaction for the Gd-4f
orbitals is computed. The Coulomb repulsion energy U and the exchange parameter J are
set to 6.7 eV and 0.7 eV, respectively [30,31].

The structural stability is studied by the binding energy (Eb), which is expressed
as [35]:

Eb =
ETotal − 14EGa − (16 − n)EN − 2EGd − nEC

32
(1)

where Etotal represents the total energy of Ga14N16−nGd2Cn, EGa, EN, EGd and EC corre-
sponding to the energy of isolated Ga, N, Gd and C atoms, respectively.

We performed calculations of critical temperature to fully characterize the magnetic
properties of Ga14N16−nGd2Cn monolayers. The Heisenberg model based on the mean-
field approximation theory is used to estimate the TMFA

C [16]:

3
2

KBTMFA
C =

ΔEAFM − FM

n
(2)

where KB and n are the Boltzmann constant and the number of Gd atoms, respectively. This
temperature is often overestimated by the mean field approximation, thus an empirical
relationship is used [36]:

TC

TMFA
C

= 0.61 (3)
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3. Results and Discussion

The top and side views of atomic structures of free-standing GaN monolayers (Ga16N16)
are relaxed to a flat honeycomb structure which is stripped from the (0001) plane of wurtzite
GaN structure. The band structure and PDOS of the pure GaN monolayer in Figure S1a,e
(shown in Supplementary Materials) indicate that the spin-up and spin-down channels
are degenerated, indicating a non-magnetic semiconductor material. It possesses a wide
band gap of 2.32 eV with a Ga-N bond length of about 1.84 Å, which agrees with previous
studies [35,37,38]. Figure 1a,b shows the top and side views of optimized Ga14N16Gd2
monolayers. The bulges in the doping position show that the Gd atom have tendency to
break away from the monolayer. It is also shown in Figure S1 and Table S1 that different
concentrations of Gd have a weak effect on the electronic structure and magnetic properties
of the GaN:Gd monolayer. Thus, Ga14N16Gd2 monolayers are used as the main research
subject. The substitution sites have a great influence on the monolayer, so we explored
the effects of different doping sites on the electronic properties, magnetic properties and
TC (the details are placed in Table S1, Figures S2 and S3). The topic of this article revolves
around the optimal structures, with doping sites (M), (M, 8) and (M, 5, 7), respectively.

Figure 1. (a) Top and (b) side views of the optimized structures of Ga14N16Gd2 monolayers.

3.1. The Structural, Magnetic Properties and TC

The charge density differences of Ga14N16−nGd2Cn monolayers are depicted in Figure 2,
which is used to effectively investigate the accumulation and depletion of electrons. It is
defined as: Δρ =ρtotal − ρA − ρB, where ρtotal, ρA and ρB represent the total charge density
of the Ga14N16−nGd2Cn monolayer, the pure Ga16N16 monolayer and the free standing
Gd and C atoms, respectively. The yellow region represents the accumulation of electrons,
whereas the cyan region represents the depletion of electrons. The yellow region is mainly
located in N and C atoms, whereas the cyan region is mainly shown in Gd atoms. The
above phenomenon is noticeable in the doped atoms and adjacent atomic positions. It
is suggested that electrons in Gd and Ga atoms are depleted and transferred to N and
C atoms.

Figure 2. The charge density difference of (a) Ga14N16Gd2, (b) Ga14N15Gd2C1, (c) Ga14N14Gd2C2

and (d) Ga14N13Gd2C3 monolayers. The isosurface level is 0.009 e·−3. The yellow and cyan areas
indicate the positive and negative electrons, respectively.

To clearly and quantitatively describe the electron transfer characters, the Bader
analysis is established in Table 1. As in the above analysis, electrons depleted on Ga and Gd
atoms and accumulated on N and C atoms. In Ga14N16Gd2 monolayers, it is found that the
Ga atoms lose about 1.35|e|, the N atoms bonded without Gd atoms gain about 1.37|e|
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and the N atoms bonded with Gd atoms gain 1.47|e|, which is 7.30% more than the former.
Each Gd atom loses about 1.85|e| and the introduction of C atoms has a negligible effect
on this. The M site is special and is located between the two Gd atoms. The electron of
N atoms at this position is 1.58|e|, 15.33% more than that of other N atoms. When the C
atom replaces this position, the obtained electron is 1.35|e|, which becomes the same as
the N atom bonded without Gd atoms, and no longer maintains specificity. The Ga atom
bonded with C loses 1.24|e|, which is reduced 7.46%.

Table 1. Calculated Bader analysis for Ga, N, Gd and C (except for M site) atoms, respectively. The
M site is located between the two Gd atoms. Ga1 and Ga2 represent the Ga atom bonded with and
without C, respectively, whereas N1 and N2 display the N atoms bonded with and without Gd atoms,
respectively. The accumulation and depletion of electrons are indicated by + and −, respectively. The
unit of all data is |e|.

Ga1 Ga2 N1 N2 Gd M C

Ga14N16Gd2 - −1.34 1.47 1.37 −1.85 +1.58 -
Ga14N15Gd2C1 −1.24 −1.34 1.46 1.37 −1.79 +1.36 -
Ga14N14Gd2C2 −1.25 −1.35 1.46 1.37 −1.80 +1.35 1.06
Ga14N13Gd2C3 −1.23 −1.34 1.46 1.35 −1.79 +1.35 1.09

Figure 3a–f depicts the energy band structures of Ga14N16−nGd2Cn monolayers
without considering spin–orbital coupling (SOC). In Ga14N16Gd2 monolayers (shown
in Figure S1b), the conduction band minimum (CBM) is located at the Γ point along the
high symmetry in the first Brillouin zone (BZ), whereas the valence band maximum (VBM)
is located at K points. It can be seen from the energy band diagram, where the CBM
maintains its original state, whereas the VBM rises slightly due to the orange energy level
contributed by the C atom. The band gaps of the spin-up channels are 1.99 eV, 1.83 eV,
1.93 eV and 1.93 eV, respectively, whereas the spin-down channels are 2.05 eV, 0.56 eV,
0.74 eV and 0.46 eV, respectively. The band gap sharply decreased in the spin-down chan-
nel. This phenomenon is a consequence of the introduction of impurity energy levels near
the Fermi energy level, which originates from the C atom. It can be seen that the C atom can
transform the GaN:Gd monolayer into a spin-polarized semi-metal-like unique property
with the spin-up channel maintaining a wide band gap and the spin-down channel having
a small band gap.

The total magnetic moments of Ga14N16Gd2, Ga14N15Gd2C1, Ga14N14Gd2C2,
Ga14N13Gd2C3 are 14.00 μB, 15.00 μB, 16.00 μB and 17.00 μB, respectively. In Table 2,
the spin details are depicted. For the Ga14N16Gd2 monolayer, the magnetic moment is
entirely contributed to by the Gd atoms. With an increasing number of C atoms, the ratios
are reduced to 94.53%, 89.50% and 84.24%, respectively. Each C atom substitutes an N
atom resulting in a hole, which is the reason for the increase in the magnetic moment by 1
μB. It is also shown that the TFMA

C increases significantly under the influence of C atoms,
with values of 58.22 K, 428.63 K and 319.32 K, respectively. A stable FM phase with a high
magnetic moment and the highest TFMA

C is obtained in the Ga14N13Gd2C3 monolayer. It is
amended as 35.51 K, 264.46 K and 194.78 K, respectively. By comparing previous studies
(shown in Table S2), Gd atoms in Ga14N16Gd2 monolayers can introduce large magnetic
moments, and the introduction of C atoms can further increase the magnetic moments.
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Figure 3. The spin-up band structures of (a) Ga14N15Gd2C1, (b) Ga14N14Gd2C2 and
(c) Ga14N13Gd2C3 monolayers. The spin-down channels of (d) Ga14N15Gd2C1, (e) Ga14N14Gd2C2

and (f) Ga14N13Gd2C3 monolayers. The green and orange dotted lines represent the energy levels of
Gd and C atoms, respectively. The dashed lines represent the Fermi level, which is taken to be 0.

Table 2. Magnetic moments (μB), energy difference (ΔE = EAFM − EFM, meV), nearest-
neighboring exchange coupling (J/eV) and estimated Curie temperature (TC/K) of
Ga14N16Gd2, Ga14N15Gd2C1, Ga14N14Gd2C2, Ga14N13Gd2C3, Ga14N12Gd2C4 monolayers, respectively.

Mtotal

(μB)
MGd

(μB)
ΔE

(meV)
J

(eV)
TFMA

C
(K)

TC

(K)

Ga14N16Gd2 14.00 7.05 −4.08 −0.08 - -
Ga14N15Gd2C1 15.00 7.09 15.05 0.31 58.22 35.51
Ga14N14Gd2C2 16.00 7.16 110.81 2.26 428.63 261.46
Ga14N13Gd2C3 17.00 7.16 82.55 1.68 319.32 194.78

To further investigate the magnetic mechanism, the PDOSs of Ga14N16−nGd2Cn mono-
layers are plotted in Figure 4. It is further identified that the large magnetic moment stems
mainly from the large exchange splitting of the Gd-4f state. The spin-up Gd-4f orbitals
(below the VBM) are fully occupied while the spin-down orbitals (above the CBM) are fully
unoccupied. The CBM is pushed to the Γ-point (shown in Figure 3) in the spin-down chan-
nel and decreases the electron effective mass which agrees with the previous report [39].
The Gd-4f orbitals are separated from the VBM (in the spin-up channel) and the CBM (in
the spin-down channel) by about 4 and 7 eV, respectively. As a result, the coupling between
Gd-4f and p-type orbitals should be weak [31]. In the spin-down channel, in agreement
with the energy band analysis above, the C atom impurity energy level appears near the
Fermi energy level and the CBM is reduced, leading to a small band gap. The Gd-5d
orbitals and C-2p orbitals overlap near the Fermi energy level, forming p-d hybrid orbitals,
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and the C-2p near the Fermi energy level is significantly enhanced as the concentration
of C atoms increases. Thus, we suggest that the stable FM phase originates from p-d
hybridized orbitals.

Figure 4. Spin-polarized partial density of states (PDOS) of (a) Ga14N16Gd2, (b) Ga14N15Gd2C1,
(c) Ga14N14Gd2C2 and (d) Ga14N13Gd2C3 monolayers, respectively. The dashed lines represent the
Fermi level which is taken to be 0.

3.2. The Modulation by Strain Effect

The biaxial strains (ε = a0− a
a0

× 100) ranging from −6% to 15% are performed on
Ga14N16−nGd2Cn monolayers. The total energy (Etotal) and Eb of FM states are shown in
Figure 5a,b, which is used to review the stability. The negative Eb indicates an exothermic
reaction, and the larger |Eb| means a more stable structure. The structural stability
decreases as the curve decreases, whereas a rising one means that it is more stable. It can
be clearly seen that structural stability decreases with increasing compressive strain. As the
tensile strain increases, the stability of the system first increases, reaching a maximum at
ε = 2, and then exhibits a significant decrease. Figure 5c shows the impact of strain effects
on the band gap of the system. It can be seen that the compression strain has a nominal
impact on the spin-up channel indicated by the solid line. For the spin-up band gap, similar
trends exist for the total energy and Eb. Although the spin-down band gap shows slight
fluctuations at −4 ≤ ε ≤ 12, the value decreases significantly when ε ≤ −5 or ε ≥ 13.

Figure 5. (a) Etotal of FM phase, (b) Eb and (c) band gap of Ga14N16−nGd2Cn monolayers. The
dark blue (triangle), light blue (pentagram) and brown (circle) lines in the diagram represent
Ga14N15Gd2C1, Ga14N14Gd2C2 and Ga14N13Gd2C3 monolayers, respectively.

ΔE and J are shown in Figure 6a,b and are used as criteria for the magnetic characters
and predicting the evolution of the TC. Positive and increasing values represent a stronger
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stable FM state. At −4 < ε < 15, the strain effect does not change the magnetic ground state
of Ga14N16Gd2, and the ground states of all structures are the FM states. When ε ≤ −5,
Ga14N13Gd2C3 possesses negative values, implying that the ground state is AFM. Addition-
ally, the maximum values of ΔE for Ga14N15Gd2C1, Ga14N14Gd2C2 and Ga14N13Gd2C3 are
obtained as 125.4 eV (ε = −4), 242.87 eV (ε = 7) and 125.91 eV (ε = −3), respectively. The
TC can be predicted to reach a maximum. Figure 6c,d demonstrates the TFMA

C and TC
whose value increased to above TR with strain effects. The highest TC (TFMA

C ) is found for
Ga14N15Gd2C1, Ga14N14Gd2C2 and Ga14N13Gd2C3 as 295.89 K (485.07 K, ε = −4), 564.57 K
(925.53 K, ε = 7) and 297.09 K (487.04 K, ε = −3), respectively. It is clearly noticeable from
the graph that the curve is most stable when n = 2, with TC fluctuating around 300 K under
strain effects.

Figure 6. (a) Energy difference (�E), (b) the magnetic coupling parameter (J), (c) TFMA
C and (d) TC.

The dark blue (triangle), light blue (pentagram) and brown (circle) lines in the diagram represent the
Ga14N15Gd2C1, Ga14N14Gd2C2 and Ga14N13Gd2C3 monolayers, respectively. The red dashed lines
in the last two graphs indicate TR. The black circles in the last two figures indicate this position as an
AFM state without TC.

The strains acting in the Ga14N14Gd2C2 monolayer of ε = −6, 7 and 15 are used as an
example to understand the mechanism of orbital hybridization that causes the TC change,
whose PDOS is plotted in Figure 7. As can be seen in Figure 7b, the Gd-5d states and C-2p
states overlap a lot near the Fermi energy, which indicates the coupling between them
and the formatting of p-d orbitals. This is consistent with the results discussed above. A
weakening of this coupling is found in Figure 7a,c, which is due to a reduction in the Gd-5d
electronic state near the Fermi energy level, resulting in a reduction in TC. In addition, the
results obtained from the above analysis are further verified by the SOC method (shown in
Figure S4). In conclusion, the replacement of N atoms with C atoms effectively transforms
the GaN:Gd monolayer into a stable FM phase, which is further processed by biaxial strain
to obtain GaN-based materials close to or even well above TR.
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Figure 7. The PDOS of Ga14N14Gd2C2 monolayers at ε = (a) 6, (b) 7 and (c) 15, respectively.

4. Conclusions

In conclusion, the electronic and magnetic properties of Ga14N16−nGd2Cn monolayers
are studied by means of the DFT method. The total magnetic moment of the Ga14N16Gd2
monolayer is 14 μB with a weak AFM phase. The magnetic moment stems mainly from
the large exchange splitting of the Gd-4f state. It is suggested that the magnetic moment
of the Ga14N16Gd2 monolayer, in which the N atom has been substituted with a C atom,
is increased with a stable FM phase. The main contributing factor is the hybridized p-d
orbital between the Gd-5d and C-2p orbitals. A relatively high TC of 261.46 K is observed
in the Ga14N14Gd2C2 monolayers. In addition, the FM coupling and TC can be further
enhanced by suitable strain effects. The TC of the monolayer can be significantly increased
to 564.57 K, well above TR.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst13030531/s1, Figure S1: Band structures of (a) Ga16N16
(b) Ga14N16Gd2, (c) Ga23N25Gd2 and (d) Ga34N36Gd2 monolayers. The blue and pink solid lines in
the band structure represent spin up and spin down channels, respectively. PDOS of (e) Ga16N16
(f) Ga14N16Gd2, (g) Ga23N25Gd2 and (h) Ga34N36Gd2 monolayers. The dash lines present the fermi-
level which is taken to be 0.; Table S1: The Eb of FM phase, total magnetic moments (Mtotal),
ΔE (EAFM − EFM), nearest-neighboring exchange (J), estimated TFMA

C and TC of Ga14N16Gd2,
Ga14N15Gd2C1, Ga14N14Gd2C2, Ga14N13Gd2C3, Ga14N12Gd2C4, respectively. Figure S2: PDOS

with FM states of different substitution site: [1], [4], [M, 2], [5, 7], [2, M, 5] and [1, M, 2]. Figure S3:
PDOS with AFM states of different substitution site: [1], [4], [M, 2], [5, 7], [2, M, 5] and [1, M, 2].
Figure S4: (a) Etotal of FM phase, (b) Eb, (c) �E (d) J, (e) TFMA

C and (f) TC of Ga14N16−nGd2Cn mono-
layers computed by the PBE method with SOC. The dark blue (triangle), light blue (pentagram) and
brown (circle) lines in the diagram represent Ga14N15Gd2C1, Ga14N14Gd2C2 and Ga14N13Gd2C3
monolayers, respectively. The black circles in the last two figures indicate this position as an AFM
state without TC. Table S2: A brief summary of the magnetic properties for doped GaN materials.
References [40–44] are cited in Supplementary Materials.
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Abstract: In this study, the degradation efficiency of Mn-20at%Ni and Mn-30at%Ni particle powders
made by melt-spinning and high-energy ball-milling techniques is investigated in relation to the
degradation of the azo dye Reactive Black 5. SEM, EDS, and XRD were used to analyze the powders’
morphology, surface elemental composition, and phase structure. An ultraviolet-visible absorption
spectrophotometer was used to measure the ball-milled powder’s capacity to degrade, and the
collected powders were examined using the FTIR spectroscopy method to identify the substituents
in the extract. The impact of MnNi alloy on the azo dye Reactive Black 5′s degradation and its
effectiveness as a decolorizing agent were examined as functions of different parameters such as
chemical composition, specific surface, and temperature. In comparison to the Mn-30at%Ni alloy,
the powdered Mn-20at%Ni particles show better degrading efficiency and a faster rate of reaction.
This remarkable efficiency is explained by the configuration of the valence electrons, which promotes
more responding sites in the d-band when the Ni content is reduced. Therefore, increased electron
transport and a hastened decolorization process are achieved by reducing the Ni concentration of RB5
solution with Mn80 particle powder. Additionally, this difference in their decolorization efficiency is
explained by the fact that Mn-20at%Ni has the highest specific surface area of 0.45 m2 g−1. As the
main result, the functional uses of nanostructured metallic powder particles as organic pollution
decolorizers in the textile industry are greatly expanded by our study.

Keywords: nanomaterials; ball-milling; melt-spinning; decolorization; RB 5; XRD; UV-visible

1. Introduction

Due to their high toxicity and slow biodegradation rate, colored effluents have at-
tracted a lot of attention [1–4]. Significant sources of contamination come from the textile
industries’ dye effluents [5]. Additionally, the textile industry consumes a significant
amount of water and generates a lot of wastewater that contains dyes. Because it poses
a major problem for sewage treatment stations, the appropriate regeneration of wastew-
ater containing dyes in high quantities is necessary and critical work. Researchers have
suggested a number of physicochemical and biological procedures and materials for the
treatment of wastewater, including adsorption methods, biodegradation, the coagulation–
flocculation method, advanced oxidation, and hypochlorite treatment, ozonation, and
hypochlorite treatment [6–9]. The bulk of these processes, however, have limitations. For
instance, Fenton, photocatalysts, and other oxidation procedures are highly expensive;
biological processes require a long time; and occultation and adsorption may not be suc-
cessful. Furthermore, it is beneficial to proceed with the cheapest, most accessible, most
efficient techniques and materials when degrading azo dyes. One such practical method
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is reduction with zero-valent metals (ZVM) such as Mg, Ni, Fe, Zn, Co, or Al, and alloys,
which have been investigated as attractive and advantageous routes due to their inexpen-
sive cost merits, rapid degradation performance, and easy operation in the removal of azo
dyes [10–18]. Specifically, the degradation reaction was determined by a redox reaction,
wherein the surface metal loses electrons to break the active bonds (–N = N–) of the reactive
dyes. In contrast to the bulk material, the fine powder form of metals and alloys offers more
active surface sites for the reactive degradation of organic compounds. In particular, nano-
materials made up of inorganic components such as semiconductors, metal oxides, and
nanocatalysts have attracted a lot of interest as wastewater treatment materials. A range of
nanocatalysts are utilized in wastewater treatment, including photocatalysts [19,20], electro-
catalysts [19], heterojunction photocatalytic materials [21], and Fenton-based catalysts [22]
for analysis of their oxidation of organic contaminants [23] and of their antimicrobial ef-
fects [24]. The importance of nanoparticle photocatalytic processes, which are based on the
interaction of light energy with metallic nanoparticles, may be seen in their extensive and
effective photocatalytic activity on a variety of pollutants. These photocatalysts, which are
often composed of semiconductor metals, can break down a range of persistent organic
pollutants found in wastewater, such as dyes, detergents, pesticides, and volatile organic
compounds [25]. Furthermore, halogenated and non-halogenated organic molecules, as
well as many pharmaceuticals, personal care products, and heavy metals, can all be broken
down very effectively by semiconductor nanocatalysts [26]. Semiconductor nanomaterials
operate under reasonably benign conditions, and perform well even at low concentrations.
The photoexcitation of an electron inside the catalyst is the fundamental idea behind how
photocatalysis works. When TiO2 is exposed to light (in this case, UV), holes (h+) and
ejected electrons (e–) are generated in the conduction band. Water molecules (H2O) absorb
holes (h+) in an aqueous solution to create hydroxyl radicals (OH) [27]. The radicals have
a potent and indiscriminate oxidizing effect. These hydroxyl radicals convert the organic
pollutants into water and gaseous breakdown products [28]. On the other hand, it was
discovered that the size, appropriate surface area, shapes, and roughness of nanocrystalline
powders had a significant impact on their catalytic activity [29–33]. The use of mechanical
alloying in high-energy ball mills is a simple and less complicated technique for producing
fine metallic powder particles for decolorizing applications [29,30,34–37]. This is because
these ball-milled particles frequently exhibit fine particles with rough surfaces and highly
metastable nanocrystalline or amorphous morphologies. Indeed, milled powders undergo
severe plastic deformation during this procedure to cause fracture and cold welding, which
allows the grains to be refined to a steady state size (50 nm) for the majority of metals
and alloys [38–40]. Repetitive fractures and cold welding of the powder particles cause
interactions between the initial mixture’s solid constituents. As a result of internal strains
driven by a high density of dislocations and an important proportion of grain boundaries,
mechanically stored enthalpy can act as a catalyst for the creation of nanocrystalline and/or
amorphous structures [34,41], helping to enhance the material’s mechanical, physical, and
magnetic properties [42]. Recently, our research [29,30,35–37] reported on the remarkable
effectiveness of mechanically alloyed Mn(Al), Ca(Al), Mn(Al,Co), and Mn(Al,Fe) powder
particles in the degradation of azo dyes. In this study, new findings examining various
Mn–Ni particle properties will be presented and evaluated against current studies, in-
cluding the impact of composition and structure on the decomposition rate of RB5. To
achieve this, we employ the method of melt spinning succeeded by ball-milling to produce
Mn–Ni powder particles with a high surface area, which will increase the efficiency of dye
molecule degradation.

2. Materials and Methods

The alloy ingots were made by arc melting a combination of Mn (99.9 wt%) and Ni
(99.99 wt%) in a Ti-gettered argon environment to yield alloys with nominal compositions of
Mn-30at%Ni and Mn-20at%Ni (at%) alloys. This bulk was heated by induction, melted, and
then loaded into a spinning copper wheel through a nozzle that is 0.8 mm wide, producing
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40 mm thick, rapidly quenched ribbons. Then, under an Ar atmosphere, the ribbon samples
were placed in a ball-milling jar. The samples were milled in an inverse rotational direction,
and the ball-milling speed for the jar was 500 rpm. In order to prevent the heat of the
sample, powder agglomeration, and adhering to the jar walls and balls, a time of 5 min
waiting period was used after each 10 min of milling. There were 15 h spent milling in
total. The shape of the ball-milled (BM) powder was examined using scanning electron
microscopy (SEM) in a DSM960A ZEISS microscope in secondary electron mode at a voltage
of 15 kV. The SEM is equipped with a Vega Tescan energy dispersive X-ray spectrometry
(EDS) analyzer. EDX was used to examine the semi-quantitative elemental composition.

Using Micromeritics ASAP 2020 M equipment, the Brunauer, Emmett, and Teller (BET)
theory-based gas multilayer adsorption process was employed to determine the specific
surface area of the MnNi powder. The observations were made in a nitrogen atmosphere
after the powder had been degassed for 24 h at 300 ◦C.

By employing CuKα radiation with a Siemens D500 powder diffractometer at room
temperature, the structural alterations of the milled powders were identified. A full pattern
XRD Rietveld fitting approach was used to extract the microstructural properties.

A solution of RB5 with a concentration of 40 mg L−1 was employed to assess the col-
orant degradation process. 100 mL of solution was mixed with 0.25 g of ball-milled powder
for each degradation experiment. On a Rotanta 460 r centrifuge, the solution samples were
taken at periodic intervals and centrifuged for 15 min at 3000 rpm. An ultraviolet-visible
absorption spectrophotometer (UV-Vis) was used to separate the supernatants and measure
the color at the RB5 dye’s maximum absorption wavelength (Shimadzu 2600 UV-visible).
To identify the presence of the substituents in the extract, the powder was examined using
a Fourier transform infrared spectroscopy (FTIR) spectrum. The same amount of ground
sample was used to make the pellets in each example, and the spectra were calibrated to
enable comparisons across various samples.

3. Results

The surface appearance of the BM Mn-30at%Ni (Figure 1(a1,a2)) and Mn-20at%Ni
(Figure 1(b1,b2)) powder particles is shown in Figure 1, before they are used to degrade
Reactive Black 5. As demonstrated, the severe plastic deformation imparted to the ribbons
during the ball-milling process caused the nanostructured powder particles to be discovered
to be irregular and/or spherical in shape, with corrugated surfaces. The average particle
sizes of Mn-30at%Ni and Mn-20at%Ni alloys, respectively, are determined to be around 14
and 22 μm, showing a very uniform distribution (Figure 2(a2,b2)). The Mn-30at%Ni alloy
was revealed to have an average particle size of 14 μm, which is somewhat smaller than the
industry average. This small discrepancy can be attributed to the manual selection method
of particle powder used for the SEM examination, and the standard error is 8 μm.

The EDS microanalysis shown in Figure 2(a1,b1) demonstrates that the BM powder
is mostly made up of the basic elements Mn and Ni, and that there is no contamination
from the milling tools or the oxygen in the air. The sputtering procedure that was utilized
to prepare the samples for SEM observation is what caused the carbon that was discovered.
Mn and Ni, respectively, have contents of 69.68:30.32 and 81.08:18.92 for Mn-30at%Ni
and Mn-20at%Ni. These ratios, 70:30 and 80:20, are extremely similar to the nominal
composition (Figure 2(a1,b1)).
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Figure 1. Particle morphologies of the mechanical alloying (MA) Mn-30at%Ni (a1,a2) and Mn-
20at%Ni (b1,b2) powders (Before degradation).

 
Figure 2. Nominal compositions as examined by EDX and the distribution of particle sizes of the me-
chanical alloying (MA) Mn-30at%Ni (a1,a2) and Mn-20at%Ni (b1,b2) powders (before degradation).

The two binary BM powders, Mn-30at%Ni and Mn-20at%Ni, were used to treat RB5
solutions, and Figure 3a shows representative photographs of these treatments. As shown
on the test tubes, the supernatants of both aqueous solutions were separated at 0, 2, 5,
10, 13, 16, 17, and 18 h, as well as 0, 2, 5, and 15 h. It is obvious that both of the RB5
aqueous solutions have undergone decolorization. Figure 3b,c show the matching UV-Vis
spectrum variations for both alloy compositions as a function of specified reaction time.
The “–N = N–” azo produces the maximum absorbance at max = 597 nm in the visible
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area for the time t = 0 h (before treatment by BM powders) [29,35,36,43]. According to
previous studies, the relationship between the intensity of this peak and the solution’s
azo dye content is linear [43,44]. The dye’s benzene and naphthalene rings, respectively,
are associated with the other two bands in the UV area, which are located at 310 and
230 nm [45,46]. The degradation and evolution of the RB5 chromophores are indicated
by the decrease in intensity at 597 nm. In other words, this reduction provides details
regarding the azo band cleavage, the creation of (–NH2) groups, and consequently, the
breakdown of RB5 in solution. The intensification of the absorbance peak at 267 nm served
as additional evidence of the azo band cleavage. The same outcomes have been reported in
our most recent research [29,36] when Black 5 dye solutions were reductively degraded by
Ca-35at%Al and Mn-15at%Al nanostructured powders. Three hours before the binary Mn-
30at%Ni effect on RB5 discoloration, the binary Mn-20at%Ni causes the solution to become
completely discolored in 15 h (Figure 3d). However, it appears that when employing the
two Mn–Ni powder compositions, the efficiencies of the RB5 decolorization at the same
dosage and temperature are different. However, when the Ni content rises and the Mn
content falls in the alloy’s composition, the question of why there is a 3 h delay in the
kinetics of decolorization arises. As was discovered in this work, the same dye solution
and Reactive Black 5 dye were decolored using Mn–Ni particle powders with various Mn
and Ni contents under the same conditions (milling time, temperature, etc.). The mass
transfer effects on the degradation method can be removed as a result. Mn and Ni are both
transition metals that make up the alloy’s component and have nearly full or partially filled
3d bands. Therefore, it is reasonable to assume that the relative contents of Mn and Ni are
responsible for the variances in their decolorization capabilities. In other words, the varied
decolorization qualities of Mn–Ni with varying Ni levels depend on the variable Mn and Ni
characteristics. The adsorbate in the solution during the decolorization process is the same
for both types of nanostructured powders; therefore, the Mn-Ni alloy’s electronic structure
mostly affects the adsorption of dyes. The van der Waals forces, charge density effect, and
transfer forces between the alloys and dye molecules are comparable due to the identical
physical characteristics of these nanostructured powders. Therefore, the primary topic of
our discussion is covalent or localized bonding. All atoms share the valence electrons of
metallic atoms to create an electron cloud with a significantly distributed status, based on
the energy band theory [47,48]. The valence electron configurations of Mn and Ni are 4s23d5

and 4s23d8, respectively. According to magnetic measurements, each atom of Mn and Ni
had an average of 1.22 and 0.6 holes in the d band, respectively [48,49]. More unpaired
electrons are present when there are more holes. More unpaired electrons correlate to a
higher adsorption capacity because the latter can establish a localized adsorption bond
with the adsorbate molecules [50,51]. Because Mn80 particle powders have more d band
holes per unit of an atom than Mn70 ribbons, they exhibit the highest adsorption efficiency
during the first 15 h of the decolorization procedure. However, it is important to keep in
mind that these variations could be explained by the varied reduction potentials of Mn and
Ni, as well as the various solubilities of respective hydroxides. Given that Mn and Ni are
the same components in both alloys, it appears that these differences are related to their
elemental composition. The standard oxidation potential of Mn/Mn2+ (1.18 V) is more
negative than that of Ni/Ni2+ (0.23 V), yet it is less negative than that of H+/H2 (0.00 V).
As a result, the transfer of electrons from Ni to H+ takes longer than it does from Mn to
H+. According to these hypotheses, decreasing the Ni concentration of RB5 solution with
Mn80 particles powder results in improved electron transport and a faster decolorization
process. Similar results were found in our most recent work [29], where it was shown that
the Mn–Al–Fe powder decolorization reaction occurred more rapidly than the MnAlCo
mixture. The different oxidation potentials of Fe/Fe2+ (0.44 V) and Co/Co2+ (0.34 V) were
used to explain this result. Additionally, the rapid decolorization of acid orange II solution
is primarily dependent on the amount of Fe present in the Fe–Co–Si–B ribbons [50]. Due to
the fact that Fe has a lower oxidation potential than Co, there is a greater electron transfer
between Fe and H+ compared to Co and H+.

78



Crystals 2023, 13, 879

 

Figure 3. Image of Black 5 solutions processed by MA powders before and after degradation (a),
UV absorption spectra at different times for Mn-30at%Ni (b) and Mn-20at%Ni (c) alloys, and the
decolorization % from UV absorption intensity at 597 nm versus reaction time for both alloys (d).

Four experiments were conducted at temperatures of 25, 30, 40, and 50 ◦C to track the
influence of temperature on the efficiency of the decolorization effect on the degradation of
RB5. The exponential function fits the degradation behavior, as seen in Equation (1) [49]:

I = I0 + I1e−t/t0 (1)

where I is the standardized intensity of the absorption peak, I0 and I1 are fitting constants,
t is the decolorization time, and t0 is the moment when the intensity drops to e−1 of the
original condition; this was calculated by fitting the data points.

The Arrhenius-type Equation (2) can be used to determine the thermal activation
energy limit ΔE if we assume that the process is thermally activated:

t0 = τ0 − e−E/RT (2)

where R is the gas constant and τ0 is a time pre-factor. Using BM Mn80Ni20 powder and a
temperature range of 25–50 ◦C, Figure 4b shows the Arrhenius curve of ln(t0) as a function
of 1/T for the decomposition processes of azo dye.
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Figure 4. The plot of the decay time (t0) against temperature and the standardized UV-vis absorption
intensity at 597 nm for the MA Mn-20at%Al powder at various temperatures. The fitting of the
Arrhenius-type equation to generate the activation energy is represented by the solid lines.

As a result, 24 ± 5 kJ mol−1 is the expected ΔE value. The complete degrading reaction
took place in 7.5 h, maintaining the extremely high efficiency observed at a temperature of
50 ◦C. It has previously been noted that activation energy values range between 30 and
80 kJ mol−1 for the decolorizing processes of several azo-colorants using metallic parti-
cles [31,32,51]. The activation energy for binary Mn85Al15 was determined to be 14 kJ mol−1

in our recent work on the degradation of RB5 [35]. According to Aboli-Ghasemabadi et al.,
the activation energy for the MnAl-based degradation of Orange II was 49 ± 5 kJ mol−1.
For the heterogeneous decomposition of Orange II with peroxymonosulfate accelerated
by mesoporous MnFe2O4, Deng et al. obtained a value of ΔE = 27.7 kJ mol−1 [52]. The
activation energy for typical thermal processes is commonly between 60 and 250 kJ mol−1,
according to Cheng et al. [53]. In practice, it is impossible to compare the reaction rate to
those reported using other materials because of the various utilized conditions, particle
weight/solution volume fractions, and type forms of dyes or starting concentrations. The
specific surface area of powdered particle components is another concept that can affect
the effectiveness of a reaction. The small specific surface area of the powder particles can
be used to explain the low reaction efficiency of the ball-milled Mn80Ni20 (15 h/30 ◦C and
7.5 h/50 ◦C) powder in the current investigation. It is well known that all catalysts preserve
a significant amount of surface area [54,55]. The BET method yielded specific surface areas
of 0.32 and 0.45 m2 g−1 for Mn-30at%Ni (b) and Mn-20at%Ni, respectively. During the
experiment process, the pH values of the solution vary from acid (pH~6 at the beginning of
the reaction) to alkaline (pH~9 at the end of the reaction) character. The initial acid behavior
around a pH of 6 is due to the solution of the dye. When the reduction reaction takes place,
aromatic amines are generated with an increase in pH of around 9. This indicates that the
process generates bases that increase the pH. These findings lead us to the conclusion that
the redox processes in acidic and alkaline solutions may be related to the phenomenon of
degradation. One possible explanation is that as a consequence of the redox process, the
protons of the aqueous medium together with the hydrogen atoms cause the generation of
hydrogen gas adhered to the metallic surface, and it is the latter that reacts with the azo
group, generating aromatic amines. The proposed mechanisms in basic and acidic media,
however, were recapped in Table 1. For acid or neutral conditions, the presence of H3O+

on the metal surface can facilitate the reduction process, acting as an intermediary in the
overall process. The active H2 will reduce the adsorbed azo dye molecules, thereby increas-
ing the decomposition efficiency [35]. Using metallic compositions or ZVM as oxidants,
several authors have investigated the effects of an acid medium on the reduction of “–N =
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N–” bonds [31,56,57]. They claimed that in an acid media, 100% of the azo dye solution
was degraded (an expected result, because in acidic conditions, insoluble hydroxides that
prevent the closure of the circuit generated for the electron mobility are not formed).

Table 1. The proposed mechanisms of the degradation process of RB5 in acid or neutral mediums.

The Mechanism in Acid or Neutral Medium Micropile

Mn→Mn2+ + 2e−
H2O→H3O+ + OH−

2H3O+ + 2e−→H2 + 2H2O
Mn2+ + 2OH−→Mn(OH)2↓

R–N = N–R’ + H2→R–NH–NH–R’
R –NH–NH–R’ + H2→R–NH2 + R’–NH2

SEM analysis is utilized to describe the powder particle surfaces that were produced
after the degradation process. In Figure 5(a1,a2), micrographs of ball-milled Mn70Al30
particles show that some reaction products, such as flowered and nanobristles forms, are
uniformly adsorbed over the entire surface of the particles. In contrast, in Figure 5(b1,b2),
micrographs of Mn80Ni20 particles show that nanorods are uniformly distributed on all of
the particles’ surfaces. Mn2NiO4 oxide makes up the majority of these nanorods. Numerous
corrosion pits were seen on the surface of the alloy for both particle powders, proving
that pitting corrosion on the alloy particles occurred throughout the RB5 degradation pro-
cess [9,35,58,59]. The related EDS studies shown in Figure 5(a3,b3) reveal the approximate
elemental compositions as follows: Mn: 56.63/Ni: 10.58/O: 33.06 for the Mn80Ni20 alloy,
and Mn: 40.51/Ni: 30.08/O: 29.41 for the Mn80Ni20 alloy.

On the other hand, XRD was used to analyze changes in the microstructure of the
Mn70Ni30 and Mn80Ni20 alloys that were noticed after the degradation of RB5. Figure 6
displays the results that were attained. A closer look at the XRD diffractograms of the BM
Mn70Ni30 and Mn80Ni20 powders, which were obtained before the degradation of RB5,
reveals that the MnNi phase is primarily present. Ball-milled Mn70Ni30 and Mn80Ni20
powders have average crystallite diameters of 18 ± 5 nm and 12 ± 5 nm, respectively. By
increasing the number of atoms in the boundary regions, this nanocrystalline structure
may also contribute to an increase in the reactivity of the powdered Mn80Ni20 particles
within the aqueous-colored solutions. After degradation, for both powders, we note the
appearance of newly identified Mn2Ni1O4 oxide (JCPD 98-017-4001), and the Mn(OH)2
(JCPD 00-008-0171), and Ni(OH)2 (JCPD 00-014-0117) hydroxides beside the Mn(Ni) phase
(JCPD 98-010-4918) (Figure 6a,b). The new products resemble micro-precipitates covering
the surface of the particle powders.
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Figure 5. Surface morphologies of the Mn-30at%Ni (a1,a2) and Mn-20at%Ni (b1,b2) particle pow-
ders, respectively, collected after RB5 decomposition, and their nominal contents as determined by
EDX (a3,b3).

 
Figure 6. XRD diffraction patterns of MA Mn-30at%Ni (a) and Mn-20at%Ni (b) powders before and
after degradation, respectively.
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The FTIR spectrums of Mn70Ni30 and Mn80Ni20 powders obtained after the degra-
dation reaction of RB5 compared to the initial RB5 powder are given in Figure 7. The
FTIR spectrum of RB5 dye before degradation (Figure 7a) showed bands at 3411 cm−1:
O-H stretching; 2961 cm−1: skeletal vibration of the benzene ring; 2354 cm−1: aldehyde
C-H vibration; 1745 cm−1: C = C stretching vibration; 1635 cm−1: azo bond (–N = N–);
1492 cm−1: C = C aromatic skeletal vibrations; 1186 cm−1: C-OH stretching vibration;
1045 cm−1: C–OH stretching vibration; 1025 cm−1: benzene mode coupling with stretching
vibration of –SO3; 805 cm−1: –CH3 skeletal vibration; 616 cm−1: Sulfonic group. All bands
are identified on the basis of pieces of information from previous works that studied the
degradation of RB5 molecule [60–63] given in Table 2. The availability of active functional
groups and the surface characteristics of the biosorbents after interaction with the dye are
changes that are evident in the FTIR spectra of both powders after degradation. Some
classic RB5 bonds degrade during the degradation, while new bonds arise. Bonds of the
naphthalene ring’s C = C aromatic skeletal vibration at 1400–1600 cm−1 and the azo bond’s
–N = N– peak at 1635 cm−1 are both clearly diminished. All FTIR spectra still contain the
2961 cm−1 peak, which is a small peak attributed to the skeletal vibration of the benzene
ring. After degradation, a few additional peaks at 1750, 1520, and 1480 cm−1 that rep-
resent the stretching vibrations of the C = C, N–H, and C–N bonds, respectively, appear
(Figure 7a,b). This proves that the existence of amines is promoted by the reductive dissoci-
ation of the –N = N bond [29,35,64]. Since amines are recognized to be water pollutants,
using Mn-Ni powders in industrial processes must be carried out in combination with
an additional amine adsorption procedure. In their recent work, Ben Mbarek and al. [65]
were able to effectively remove unwanted intermediate chemicals from reduction processes,
mainly aromatic amines. A variety of adsorbents were used, including wood, graphene
oxide, activated carbon, and fine particles. These new results indicated that graphene oxide
and activated carbon are the best secondary product adsorbents. Indeed, the regeneration
of metal powders, synthesized by high-energy mechanosynthesis, and wastewater from
discoloration, can serve as a reference for environmental applications in the purification of
industrial effluents. On the other hand, the surface of the metals is covered by remnants
of adhered dye and by the layer of oxides and/or hydroxides preventing the reaction
between the active metal element of the alloy and the H+ of the aqueous solution. The
hydrogen produced would be responsible for the attack of the azo group and its reduction
in accordance with the mechanism proposed in the work. However, the reduction of the
azo group could occur through the direct reaction of the attached dye and Mn, which is
the active reducing agent. The oxide layers of both Mn and Ni are more soluble in acidic
conditions. A system for removing these oxides would be washing with an acid solution
and subsequent removal by rinsing with water. Then, the dry product is rubbed and the
action is repeated. Once finished, the powders are dried at room temperature, or ventilation
is used to remove the water from the washing. Therefore, maximum regeneration and use
of metal powder particles may be implemented to reduce the costs associated with their
use, or as possible solutions to minimize material modifications.

The effectiveness of materials used in the removal of organic pollutants depends
on the chemical composition in addition to other factors. The first influences both the
adsorption and reduction mechanism as well as the kinetics of the reaction. It is difficult to
compare bimetallic reducing agents given that having the same composition but a different
morphology or structure can produce different efficiencies. Another factor is the pH; the
pH directly influences the redox process and the formation of precipitates. Table 3 gives
an approximate comparison of the efficiency of the present Mn-Ni powders used in the
removal of RB5 organic pollutants to some nanoreductives applied and reported in the
previous literature.
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Figure 7. FTIR spectrum of (a) RB5 powder before decomposition, and (b,c) powders Mn-30at%Ni
and Mn-20at%Ni, respectively, after decomposition.

Table 2. FTIR bonds identification for RB5 [45–48].

Reactive Black 5 Molecule (M.W.: 991)

Peak/Band Identification

3411 cm−1 O–H stretching vibration
2936 cm−1 Benzene ring skeletal vibration
2354 cm−1 C–H aldehyde vibration
1745 cm−1 C = C stretching vibration
1635 cm−1 azo bond (–N = N–)
1528 cm−1 N–H stretching vibration
1492 cm−1 C = C aromatic skeletal vibrations
1260 cm−1 C–N stretching vibration
1186 cm−1 C–OH stretching vibration
1045 cm−1 C–OH stretching vibration
1028 cm−1 Benzene mode coupling with stretching vibration of –SO3
804 cm−1 –CH3 skeletal vibration
616 cm−1 Sulfonic group
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Table 3. List of some nanoreductives used in the removal of RB5 organic pollutants compared with
the Mn–Ni powders used in the present work.

Alloy Name
Route of

Synthesis
RB5

Concentration
Alloy Dose Time Removal Ref.

Zero-valent iron powder Commercial 100 mg/L 0.5g/L 120 min 100% [56]
Mn–Al Ball-milled 40 mg/L 2.5 g/L 20 min 100% [35]
Ca–Al Ball-milled 40 mg/L 1g/L 1 min 100% [36]
FeSiB Ball-milled 40mg/L 2.5 g/L 3 min 100% [65]

MnAlFe Ball-milled 40mg/L 2.5 g/L 5 min 100% [29]
MnAlCo Ball-milled 40mg/L 2.5 g/L 3 min 100% [29]

Mn-30%Ni Ball-milled 40mg/L 2.5 g/L 17 h 100% [Present work]
Mn-20%Ni Ball-milled 40mg/L 2.5 g/L 15 h 100% [Present work]

4. Conclusions

In the current work, melt-spinning followed by high-energy ball-milling was suc-
cessfully used to synthesize Mn-30at%Ni and Mn-20at%Ni powders. Through the use of
several analysis techniques, including XRD, SEM-EDX, UV-visible, and FTIR, the efficiency
and kinetics of the degrading response of these two alloys in the decolorization reaction of
an aqueous solution of Reactive Black 5 were studied. Both particles displayed exceptional
performance as decolorizing powders of Reactive Black 5 azo dye aqueous solution, despite
the differences in chemical composition and crystalline size. The powdered Mn-20at%Ni
particles exhibit good degrading efficiency and demonstrate a faster rate of reaction than the
Mn-30at%Ni alloy. The valence electron arrangement explains this remarkable efficiency.
When reducing Ni content, it promotes a higher number of reacting sites in the d-band.
Later, this enhances electron transport between Mn and H+, hastening the decolorization
of RB5 solution containing powdered Mn-20at%Ni particles. Additionally, Mn-20at%Ni
has the highest specific surface area (0.45 m2 g−1), which helps to account for the disparity
in their decolorization effectiveness. The FTIR spectrum investigation shows an oxidative
dissociation of the –N = N– bond, which promotes the presence of amines. The usage of
Mn-Ni particle powders in industrial operations must be supplemented with an additional
amine adsorption procedure, because these amines are also water pollutants. Chemical
processes of decolorization in acidic and basic media are effectively proposed on the basis
of all experimental findings linking the degradation process to redox reactions in acidic
and alkaline solutions.
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Abstract: The sol-gel process was used to produce ferrite Ni0.3Zn0.7Cr2−xFexO4 compounds with
x = 0, 0.4, and 1.6, which were then subsequently calcined at several temperatures up to 1448 K for 48 h
in an air atmosphere. X-ray diffraction (XRD), scanning electron microscopy (SEM), vibrating sample
magnetometer (VSM), and 57Fe Mössbauer spectrometry were used to examine the structure and
magnetic characteristics of the produced nanoparticles. A single-phase pure Ni0.3Zn0.7Cr2−xFexO4

nanoparticle had formed. The cubic Fd3m spinel structure contained indexes for all diffraction peaks.
The crystallite size is a perfect fit for a value of 165 ± 8 nm. Based on the Rietveld analysis and the
VSM measurements, the low magnetization Ms of Ni0.3Zn0.7Cr2−xFexO4 samples was explained by
the absence of ferromagnetic Ni2+ ions and the occupancy of Zn2+ ions with no magnetic moments
in all tetrahedral locations. Moreover, because of the weak interactions between Fe3+ ions in the
octahedral locations, the magnetization of the current nanocrystals is low or nonexistent. According
to Mössbauer analyses, the complicated hyperfine structures are consistent with a number of different
chemical atomic neighbors, such as Ni2+, Zn2+, Cr3+, and Fe3+ species that have various magnetic
moments. A Fe-rich neighbor is known to have the highest values of the hyperfine field at Fe sites,
while Ni- and Cr-rich neighbors are responsible for the intermediate values and Zn-rich neighbors
are responsible for the quadrupolar component.

Keywords: sol-gel method; ferrite oxides; superparamagnetic

1. Introduction

Due to a remarkable combination of their outstanding physical, chemical, and struc-
tural features, as well as a variety of promising applications, mixed ferrite systems have
attracted increasing attention in recent years. Due to their significant magnetic properties,
particularly in the radio frequency region, physical flexibility, high electrical resistivity,
mechanical hardness, and chemical stability, spinel ferrites are among an important class of
magnetic materials [1–8]. The majority of mixed oxides, except the lithium-nickel oxide
and the lithium-cobalt oxide systems, possess a spinel structure of the general formula
MxM’3−xO4 (M, M’ = Ni, Co, Fe, Mn, Cr. . . ). Thirty-two oxygen atoms are arranged be-
tween tetrahedral (A) and octahedral (B) sites in a cubic closed-packed arrangement that
makes up the unit cell of spinel ferrites.
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The compositions and synthesis methods of spinel ferrite nanostructures have an im-
pact on their chemical and structural characteristics, and the cation substitutions determine
the corresponding electric and magnetic properties. In ferrites, whose crystal chemical
formula is (M2+

1−xFe3+
x) tetra (M2+

x Fe3+
2−x) octa O4 [9], a specific cationic distribution is

allowed. The “degree of inversion”, denoted by the letter “x”, corresponds to the fraction
of sites (A) that are occupied by Fe3+ cations. Two extreme examples associated with the
change of the cation configuration can be distinguished. One is the standard spinel (x = 0),
which has all Fe3+ cations in the (B) locations and all M2+ cations in the (A) locations. The
other is an inverse spinel (x = 1), where the M3+ cations are distributed equally in the A and
B sites and all M2+ ions occupy the (B) regions. It is also quite common to find spinels that
have a somewhat inverse cation distribution, which falls in between normal and inverse
spinels (0 < x < 1).

The features of spinel ferrites are greatly influenced by the cation distribution, which
is connected to the process of elaboration [10]. Furthermore, when the particle size is in the
nanometer range, it has a noticeable impact on the physical and chemical characteristics
of ferrite and other magnetic materials. High surface-to-volume ratio nanoparticles show
noticeable magnetic properties in comparison to their massive counterparts [11–13]. With
the reduction in grain size, ferrite nanoparticles exhibit characteristics such as high field
irreversibility [14], change in Neel temperature [15], higher coercivity values [16], lower sat-
uration magnetization values, modified lowered, or increased magnetic moments [17–19],
etc. Among the ferrites that are an important component of magnetic ceramic materials,
nanosized nickel ferrite, NiFe2O4, has desirable characteristics for use as soft magnets due
to its high electrical resistivity, low coercivity, and low saturation magnetization values.
These qualities make it a suitable material for magnetic and magneto-optical applications.
Nanostructured NiFe2O4 is a great core material for power transformers in electronics
and communication systems, since it has nearly no hysteresis losses [20,21]. In addition,
NiFe2O4 nanoparticles are well known for their use in electrical, electronic, and catalytic
applications, as well as for their ability to sense gases and humidity [22]. It has been noted
that the magnetic properties of NiFe2O4 are significantly influenced by the size of the
crystallite. For bulk systems, the impact of the structure on the magnetic characteristics of
NiFe2O4 has been demonstrated [23,24].

According to Brook and Kingery [25], depending on their structure, NiFe2O4 samples
display ferrimagnetism, superparamagnetism, or paramagnetism. In actuality, superparam-
agnetism is associated with materials with grains smaller than 10 nm, and ferrimagnetism
is associated with samples with grains larger than 15 nm, while paramagnetism is related
to the non-crystalline (or amorphous) materials that might resemble a totally disordered
state. In contrast to their bulk counterpart, NiFe2O4 nanoparticles exhibit higher coercivity
and lower saturation magnetization values [26–29]. The magnetic properties of NiFe2O4
result in the super-exchange interactions between the tetrahedral and octahedral sublattices
as the metallic ions are surrounded by oxygen atoms. In addition, the magnetic properties
are also influenced by the magnetocrystalline anisotropy, the canting effect resulting from
the presence of triangular cationic platelets and antiferromagnetic interactions, and the
dipolar interactions between projected moments on the nanoparticle surface. To improve
some of their electric or magnetic properties, ferrite nanocrystals can be doped with several
metallic species, including chromium, copper, manganese, and zinc [30–32]. For instance,
they noted that the Cu replacement in NiZn-ferrite increases permeability, saturation mag-
netization, and magnetic losses; tan δ (dielectric losses) at 1.3 GHz is <0.01 in NiCuZn,
but it is substantially lower (6 × 10−3) in NiZn [33,34]. On the other hand, cations such
as Cr3+, in particular, show a significant predilection for substituting into the B-site and
a tendency for anti-ferromagnetic coupling with Fe. This causes magnetic fluctuations
in the system, resulting in interesting magnetic characteristics when one of the cations is
partially or completely substituted with Cr3+. As a result, it is interesting to investigate
its magnetic properties with Cr in place of Fe, which is expected to change the frustration
in the system [35–37]. Sijo et al. [38] investigated the impact of the Cr substitution on the
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structural, magnetic, and dielectric properties in NiCrFeO4 nanoparticles prepared by the
solution combustion method. Because of the distribution of cations between the tetrahedral
A and octahedral B-sites, NiCrFeO4 exhibited significant changes in its atomic arrangement
depending critically on preparation temperature. B-sites are where chromium ions chose to
concentrate. Ni2+ and Fe3+ were distributed differently between octahedral and tetrahedral
sites as a result of temperature, which had an impact on their characteristics and material
properties. They noticed that substituting one Cr cation for one Fe cation in NiFe2O4
decreased the transition temperature. Furthermore, their Mössbauer investigations at room
temperature showed the presence of small superparamagnetic particles and larger-sized
ferrimagnetic particles. On the other hand, while spinel ferrites can be made using a variety
of processes, the sol-gel method produces high-purity, nanocrystalline, and homogeneous
ferrites, which have an important influence on the structural and magnetic properties.

In this work, we have studied the impact of Cr substitutions on nickel, zinc, and ferrite
nanocrystalline structures produced by the sol-gel method. At ambient temperature, we
specifically describe the structural and magnetic characteristics of these doped materials.
In addition, we have examined in detail the Mössbauer spectra of the doped samples.

2. Materials and Methods

2.1. Preparation Method

Due to its rapid reaction rate, low preparation temperature, and generation of tiny
particles, the sol-gel method is frequently utilized in the synthesis of ferrite nanocrystals.
Mixed oxides were prepared by this method based on the Pechini procedure utilizing stoi-
chiometric proportions of the precursors’ Ni(NO3)26H2O, Zn(NO3)26H2O, Fe(NO3)39H2O,
and Cr(NO3)39H2O. Thus, in our experiment, nanocrystalline Ni0.3Zn0.7Cr2−xFexO4 with
x = 0, 0.4, and 1.6 were synthesized by this method. To create a mixed solution, stoichio-
metric proportions of metal nitrates were first fully dissolved in distilled water. Then, as a
chelating agent, measured quantities of citric acid were added and dissolved while stirring.
The molar ratio of nitrates to citric acid was set to 1:1, and a little amount of ammonia
solution was added to the mixture to change the pH to 7. Ethylene glycol was then added
as a polymerization agent after the solution had been heated to 373 K while being stirred.
Until the gel was obtained, the heating was continued. The produced wet gel was dried to
obtain a dry foam, which was then milled in a mortar; then each sample was heated in air
atmosphere at 473 K for 24 h, 773 K for 24 h, 973 K for 24 h, 1173 K for 24 h and finally at
1448 K for 48 h to achieve the desired crystalline phase. All samples were milled after each
heat process.

2.2. Measurements and Characterizations

Using a Philips® PW1800 X-ray diffractometer with CuKα radiation (λ = 1.54056 Å) op-
erating at 40 kV and 30 mA, X-ray diffraction patterns (XRD) of the produced nanocrystals
were obtained. The Rietveld refinement method was applied with Fullprof software [39].
A Hitachi® S4160 Field Emission Scanning Electron Microscope (FE-SEM) was used to
examine the samples’ morphology and average particle size. Meghnatis Daghigh Kavir
Co.® Vibrating Sample Magnetometer (VSM) was used to assess the samples’ magnetic
characteristics while they were at room temperature. A maximum magnetic field of 9 kOe
was applied during these tests, it should be noted.

Following the synthesis of these nanocrystals from the precursors at the atomic level,
a 57Co source diffused into a rhodium matrix was used for conventional 57Fe Mössbauer
transmission spectrometry at 300 and 77 K. In order to describe the broadened quadrupolar
and/or magnetic components, the Mössbauer spectra were fitted using the Mosfit pro-
gram [40], which involved quadrupolar components and magnetic sextets with Lorentzian
lines or discontinuous distribution of quadrupolar and/or magnetic sextets. The propor-
tions of Fe species are obtained from the relative absorption area of the relevant component,
assuming the same value of recoilless f-factor, while the values of isomer shift refer to that
of α-Fe at room temperature.
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3. Results

3.1. Structural Analyses

Figure 1 depicts the XRD diffractograms for the produced Ni0.3Zn0.7Cr2−xFexO4 (x = 0;
0.4; 1.6) ferrites. In accordance with well-crystallized samples, all the XRD patterns show
well-defined and relatively thin Bragg peaks. XRD patterns of all the ferrite particles present
the spinel structure and are well indexed to (111), (220), (311), (222), (400), (422), (511),
(440), (620), (533), (622), and (642) crystal planes of cubic spinel phase. The cubic Fd3m
spinel structure had indexes for all diffraction peaks. Knowing the distribution of cations
between the tetrahedral (A) and octahedral (B) sites is important to refine the structure of
Ni0.3Zn0.7Cr2−xFexO4 samples using the Rietveld method. Using X-ray powder diffraction
data, the Rietveld structural refinement was done using the FULLPROF-suite software; this
is a well-established technique for extracting structural details from powder diffraction
data. Measurements using the (in-field) Mössbauer spectroscopy method have been used to
determine the cations distributions for ferrites with the general formula AB2O4. In earlier
research, Mössbauer characterization of some Ni-Zn ferrites [41] and Cr-substituted fer-
rites [42,43] revealed that Zn2+ ions prefer to occupy the tetrahedral (A) regions, while Ni2+

ions are distributed on the octahedral (B) regions, and Fe3+ and Cr3+ ions are distributed
on both sites. These cations’ distribution has been verified in various investigations [44–47].
As a result, the cation distribution for the Ni0.3Zn0.7Cr2−xFexO4 samples can be written

as
(

Zn2+
0.7 Cr3+

0.3

)
A

[
Ni2+0.3 Cr

3+
1.7

]
B

O
2−
4

(for x = 0),
(

Zn2+
0.7 Fe3+

0.3

)
A

[
Ni2+0.3 Cr

3+
1.6 Fe3+

0.1

]
B

O
2−
4

(for

x = 0.4), and
(

Zn2+
0.7 Fe3+

0.3

)
A

[
Ni2+0.3 Cr

3+
0.4 Fe3+

1.3

]
B

O
2−
4

(for x = 1.6). The Rietveld refinement

was carried out using this created formula. The atomic locations for (A) cations, (B) cations,
and O were taken at positions 8a (1/8, 1/8, 1/8), 16d (1/2, 1/2, 1/2), and 32e (x, y, z).

 

θ θ

θ

Figure 1. XRD patterns with Rietveld refinement for Ni0.3Zn0.7Cr2−xFexO4 ferrites: the bottom line
(green) represents the difference between the XRD data (red) and calculated fit (black), and the blue
lines represent the Bragg positions.
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In the structural refinement procedure of our samples, we have followed the standard
steps of the Rietveld method, which consists of following the sequence: (i) refinement of
overall Scale factor + background coefficients (all other parameters are kept fixed); (ii) the
same + refinement of detector zero offset (or sample displacement in Bragg-Brentano ge-
ometry) + refinement of lattice parameters; (iii) the same + refinement of shape parameters
+ refinement of asymmetry parameters; (iv) the same + refinement of atomic positions
+ refinement of global Debye-Waller parameter or thermal agitation factors; and (v) the
same + refinement of site occupancy rate. In our refinements, we have taken care to respect
this sequence of steps to release the different parameters. This ensures a stability of the
refinement with all the parameters released. Table 1 provides the refined values for the
structural parameters. Small residual values in the goodness of fit (χ2) confirm the good
agreement between the computed and observed XRD data, as seen in Figure 1. The pa-
rameters presented in Table 1 with uncertainty in brackets (such as lattice constant, cell
volume, isotropic thermal agitation parameter, bond length, and bond angle) are those
which are refined. The parameters presented without uncertainty (such as atomic position
and occupancy factor) are those fixed.

Table 1. Structural characteristics for Ni0.3Zn0.7Cr2−xFexO4 ferrites obtained following the structural
refinement by the Rietveld method. Biso: isotropic thermal agitation parameter. Definitions of
structural parameters are given in the text. R factors: RP = profile factor, RB = Bragg factor, and
RF = crystallographic factor). χ2: The goodness of fit. The numbers in parentheses are estimated
standard deviations to the last significant digit.

Fe Content x = 0 x = 0.4 x = 1.6

Space group Fd − 3m

Cell
parameters

Lattice constant a (Å) 8.3242 (5) 8.3329 (5) 8.3906 (5)
Cell volume V (Å3) 476.80 (6) 578.62 (6) 590.71 (6)

Atoms

Zn/Cr/Fe

Wyckoff positions 4c 4c 4c
Site symmetry −43 m −43 m −43 m
Atomic positions x = y = z 1/8 1/8 1/8
Occupancy factors

(
Zn2+

0.7 Cr3+
0.3

)
A

(
Zn2+

0.7 Fe3+
0.3

)
A

(
Zn2+

0.7 Fe3+
0.3

)
A

Biso (Å2) 2.2 (4) 1.9 (5) 1.98 (4)

Ni/Fe/Cr

Wyckoff positions 16d 16d 16d
Site symmetry −3 m −3 m −3 m

Atomic positions x = y = z 1/2 1/2 1/2

Occupancy factors
[
Ni2+0.3 Cr

3+
1.7

]
B

[
Ni2+0.3 Cr

3+
1.6 Fe3+

0.1

]
B

[
Ni2+0.3 Cr

3+
0.4 Fe3+

1.3

]
B

Biso (Å2) 2.4 (4) 1.5 (5) 1.8 (3)

O

Wyckoff positions 32e 32e 32e
Site symmetry 3 m 3 m 3 m
Atomic positions x = y= z 0.2582 (1) 0.2572 (2) 0.2558(2)
Occupancy factors O2−

4 O2−
4 O2−

4
Biso (Å2) 2.1 (5) 1.2 (8) 2.8 (7)

Structural
parameters

RA (Å) 1.920 (1) 1.905 (2) 1.904 (2)
RB (Å) 2.015 (1) 2.027 (2) 2.049 (2)

θA-O-B (◦) 122.5 (4) 122.9 (7) 123.3 (7)
θB-O-B (◦) 93.8 (4) 93.2 (7) 92.8 (7)

Dc (nm) 156 163 172

Agreement
factors

Rp (%) 6.29 6.73 7.45
Rwp (%) 8.32 9.15 9.59
RF (%) 4.26 5.01 8.06
χ2 (%) 1.20 1.43 1.51
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The lattice parameters rise linearly with Fe substitution, as seen in Table 1. This is
explained by the Fe3+ ion’s larger radius r3+

Fe = 0.67 Å compared to the Cr3+ ion’s smaller
radius r3+

Cr = 0.63 Å [48]. Additionally, the oxygen atomic locations that were determined
are indicative of the spinel structure [49,50]. The computed and provided crystallite size
(Dc) values in Table 1 rise from 156 nm for x = 0 to 173 nm for x = 1.6, respectively.

Additionally, as Fe3+ content increases in Ni0.3Zn0.7Cr2−xFexO4 (x = 0; 0.4; 1.6) samples,
the cation-oxygen bond length at the tetrahedral sites (RA) decreases; however, the cation-
oxygen bond length at the octahedral sites (RB) increases. The values of the bond angles
(θA-O-B and θB-O-B) were also presented in Table 1 for Ni0.3Zn0.7Cr2−xFexO4 samples. The
θA-O-B bond angle is concerned with the A-O-B interactions, while the θB-O-B bond angle is
related to the B-O-B interactions. From the data presented in Table 1, the increase in bond
angle (θA-O-B) with Fe3+ substitution indicates an increase in the strength of A-B exchange
interactions, and the decrease in the bond angle (θB-O-B) indicates a decrease in the strength
of B-B exchange interactions [51,52].

On the other hand, it is well known that due to the crystalline size effect and intrinsic
strain effect, the X-ray diffraction peak broadens in nanocrystals, and this peak broadening
typically consists of two parts: instrumental broadening and physical broadening [53,54].
The following connection can be used to fix this instrumental broadening:

βD =
[
(β 2

m − β2
i

)1/2 × (βm − βi)]
1/2 (1)

where βm is the measured broadening, βi is the instrumental broadening, and βD is the
corrected broadening. Here, crystalline silicon has been used as a standard reference
material for position calibration and instrumental broadening calculation. To estimate
the crystallite size using XRD profiles, a number of models have been created, including
the Halder-Wagner approach, the Williamson-Hall plot, and the Scherrer equation [55].
Using the Williamson-Hall (W-H) plot model [56,57], the average crystallite size for each
studied oxide sample was determined in the current study. This model contains a dis-
tinct component for predicting peak broadening related to crystallite microstrain and uses
diffraction peak broadening from at least four diffraction peaks as a foundation for calcu-
lating crystallite size. The interpretation of crystallite size from diffraction data was based
on spherical particles with cubic symmetry. The Williamson-Hall plot was effective in
determining the size of the crystallites and the inherent microstrain in the nanoparticle of
the microcrystalline structure [58–60]. This approach assumes that the Scherrer equation is
followed by the corrected line broadening (βD) of a Bragg reflection (hkl) arising from the
small crystallite size <D>:

< D > =
kλ

βDcos θ
(2)

where <D> is the effective crystallite size normal to the reflecting planes, k is the shape
factor (~0.9), λ is the X-ray wavelength, and θhhkl is the Bragg angle.

Additionally, the Williamsom-Hall model takes into account uniform lattice micros-
train caused by crystal flaws in the nanocrystals along the crystallographic direction. In
other words, it takes into account the isotropic lattice microstrain [61]. The physical broaden-
ing of the XRD profile is really impacted by this intrinsic microstrain, and this later-induced
peak broadening is stated as:

βs = 4ε tan θ (3)

Therefore, it is possible to express the overall broadening caused by crystallite size
and lattice strain in a specific peak with the (hkl) value as:

βhkl = βD + βs (4)
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where βhkl is the full width at half of the maximum intensity (FWHM) for the chosen
diffraction planes.

βhkl =
kλ
D

1
cos θ

+ 4ε tan θ (5)

When this Equation (5) is re-arranged, we get:

βhkl ·cos θ =
kλ
D

+ 4ε sin θ (6)

Equation (6) is a straight-line equation that takes the crystals’ isotropic nature into
account. One may determine the lattice microstrain (ε) from the slope straight line of
the plot created with 4sin θ along the x-axis and βhkl. cos θ along the y-axis for the three
samples’ oxides and the inverse of average crystallite size (D) from the intercept. For
samples of oxides with x = 0, x = 0.4, and x = 1.6, the average particle sizes were determined
to be roughly 110, 122, and 131 nm, respectively. The size of a coherently diffracting
domain is considered to be the size of a crystallite, which is not always the same as particle
size. Meanwhile, the estimated lattice strain values for the samples with x = 0, 0.4, and
1.6 are roughly 0.022, 0.015, and 0.01%, respectively. The atomic arrangement within
the crystal lattice is primarily responsible for the lattice contraction or expansion in the
crystallites, which is where the lattice microstrain originates. On the other hand, due to
size refinement and internal-external stresses that cause lattice strain, numerous defects
(point defects such vacancies, stacking faults, grains boundaries, dislocations, etc.) also get
generated at the lattice structure. The estimated average crystallite size for the tree samples
was approximately 20% less than the theoretical estimates of crystallite size (see Table 1)
calculated from the Rietveld refinement.

3.2. Mössbauer Spectrometry

The Mössbauer spectra obtained at 300 and 77 K on the two samples containing Fe
are shown in Figure 2. The 300 K spectrum of Ni0.3Zn0.7Cr1.6Fe0.4O4 shows clearly a pure
quadrupolar feature, while that of Ni0.3Zn0.7Cr0.4Fe1.6O4 results from a complex hyperfine
structure which consists of a quadrupolar component with narrow lines superimposed on
a broadened single line feature. The first spectrum can be described by the summation of
quadrupolar components, while the second spectrum at 300 K must be described by at least
2 or 3 components: a central quadrupolar doublet, a broadened single line, and possibly a
magnetic sextet. At 77 K, the Mössbauer spectra are composed of a magnetic component
with broadened lines and a quadrupolar component or a broadened single line. The mean
values of isomer shift suggest the presence of exclusively Fe3+ species (0.30 and 0.35 for
Ni0.3Zn0.7Cr1.6Fe0.4O4 and Ni0.3Zn0.7Cr0.4Fe1.6O4 at 300 K and 0.42 and 0.45, respectively,
at 77 K). However, the lack of resolution of the hyperfine structures prevents estimating
accurately the proportions of Fe located in the octahedral and tetrahedral sites: it should be
necessary to use in-field Mössbauer spectrometry to get such proportions.

These complex hyperfine structures are consistent with a variety of different chemical
atomic neighbors, including Ni2+, Zn2+, Cr3+, and Fe3+ species which possess different
magnetic moments. The highest values of the hyperfine field at Fe sites are a priori the
result of a Fe-rich neighboring, the intermediate values of a Ni and Cr-rich neighboring,
while the quadrupolar component is assigned to Zn-rich neighboring.
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Figure 2. Mössbauer spectra obtained on Ni0.3Zn0.7Cr1.6Fe0.4O4 (left) and Ni0.3Zn0.7Cr0.4Fe1.6O4

(right) at 300 (top) and 77 K (bottom): the red, dark blue, cyan and green components correspond to
the Zn-rich, Fe-rich, Ni-rich, and Cr-rich neighboring, respectively (see text).

3.3. Morphological Study

Figure 3a–c display the SEM images of Ni0.3Zn0.7Cr2−xFexO4 (x = 0; 0.4; 1.6) ferrite sam-
ples at two different magnifications (a–c). As shown, the ferrite samples of Ni0.3Zn0.7Cr2O4,
Ni0.3Zn0.7Cr1.6Fe0.4O4, and Ni0.3Zn0.7Cr0.4Fe1.6O4 have typical particle sizes between 0.5
and 2 μm. These microscopic particles were also dispersed in the material and were dense.
It is clear that each particle results from the aggregation of many crystals because the
particle sizes determined from SEM images are larger than those estimated using the XRD
data. In addition, when the iron proportion increases from 0 to 1.6 at %, the shape of the
particles changes from multifaceted to spherical and homogeneous. In addition, magnetic
attraction can be the cause of particle adhesion.

3.4. Magnetic Characteristics

A magnetometer (VSM) is used to examine the synthesized materials’ magnetic charac-
teristics while they are at room temperature. The M-H curves of the Ni0.3Zn0.7Cr2−xFexO4
(x = 0; 0.4; 1.6) ferrite samples are shown in Figure 4. Table 2 provides the matching
saturation magnetization (Ms) and coercivity (Hc) values for various percentages of x. As
shown, the maximum value of Ms is found around 0.46 emu/g in the Ni0.3Zn0.7Cr2O4
sample. While the ferrite samples Ni0.3Zn0.7Cr1.6Fe0.4O4 and Ni0.3Zn0.7Cr0.4Fe1.6O4 exhibit
nearly unmeasurable remanence and coercivity with no discernible hysteresis. The magne-
tization of the samples has been shown to be related to various factors, such as sublattice
interactions, spin tilt, the magnitude of the individual moment of the cations, grain size,
etc. A strong A-O-B interaction also causes a ferrimagnetic order to form in the spinels.
Meanwhile, the presence of chromium in the site (B) reduces the strength of the A-O-B in-
teraction, which can eventually be destroyed [62]. On the other hand, superparamagnetism
has this special characteristic [63]. The small value of Ms corresponds to spin canting in
the surface layer of nanoparticles. In contrast to local symmetry for those atoms close
to the surface layer, which resulted in a decreased Ms in these nanocrystals, the canting
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and disorder of the surface layer spins may be caused by broken super-exchange bonds.
Additionally, because of the relatively low Zn content (around 0.7), the Zn2+ cations in
the tetrahedral sites occupy fewer spins in the A sites, decreasing the A-B super-exchange
interactions, and the spines of the octahedral sites are unable to maintain collinearity with
the tiny tetrahedral spins. Consequently, the Ms looks to be relatively low for x = 0 or null
for x = 0.4 and 1.6.

 

a1 a2 

b1 b2 

c1 c2 

Figure 3. SEM images of the Ni0.3Zn0.7Cr2−xFexO4 (x = 0 (a); 0.4 (b); 1.6(c)) ferrite samples (left scale
bars: 5 μm, right scale bars: 2 μm).

97



Crystals 2023, 13, 894

 

Figure 4. Hysteresis loops of Ni0.3Zn0.7Cr2−xFexO4 (x = 0, 0.4 and 1.6) samples at room temperature.

Table 2. Cation distribution, crystalline size, lattice parameter, saturation magnetization, and coerciv-
ity of Ni0.3Zn0.7Cr2−xFexO4 compounds.

xFe Composition Cation Distribution
D (nm)
±2

a (Å)
±0.0005

Ms (emu/g)
Hc (Oe)

±5

0 Ni0.3Zn0.7Cr2O4
(

Zn2+
0.7 Cr3+

0.3

)
A

[
Ni2+0.3 Cr

3+
1.7

]
B

O
2−
4

156 8.3242 0.46 316

0.4 Ni0.3Zn0.7Cr1.6Fe0.4O4
(

Zn2+
0.7 Fe3+

0.3

)
A

[
Ni2+0.3 Cr

3+
1.6 Fe3+

0.1

]
B

O
2−
4

163 8.3329 - - . . .

1.6 Ni0.3Zn0.7Cr0.4Fe1.6O4
(

Zn2+
0.7 Fe3+

0.3

)
A

[
Ni2+0.3 Cr

3+
0.4 Fe3+

1.3

]
B

O
2−
4

172 8.3906 - - - - - . . .

The low coercivity value of 316 Oe (Table 2) implies that the Ni0.3Zn0.7Cr2O4 sample
is soft magnetic. This is due to the presence of grain boundaries in the sample, which need
less energy to align along the external magnetic field in comparison to domain movement.
Previous studies have shown that the presence of the paramagnetic ion Cr3+ introduced
magnetic dilution into ferrites similar to that produced by non-magnetic substitution,
which can induce interesting properties in ferrites. Metal cations can be used to adjust the
magnetic characteristics of a system for a specific application.

Based on the Rietveld analysis (Table 1) and the VSM measurements (Figure 3), the
absence of the Ni2+ ions as ferromagnetic ions and the occupancy of Zn2+ ions with
zero magnetic moments in all tetrahedral sites—i.e., replacing the entire Fe3+ ions in
the octahedral sites—are responsible for the small Ms of Ni0.3Zn0.7Cr2−xFexO4. Due to
the weakened B-B connection in ferrites and the weak interactions between Fe3+ ions in
the octahedral sites, the magnetization of the current nanocrystals is low or nonexistent.
Additionally, Kodama [64] and Priyadharsini et al. [65] reported that the core-shell model,
which explains how the finite size effects of the nanoparticles lead to a canting of spins on
their surface and subsequently reduce their magnetizability, can be used to understand the
low value of Ms (compared to that of bulk Ni-ferrite (56 emu/g) [66]).

4. Conclusions

In the current study, the sol-gel synthesis process was used to create Ni0.3Zn0.7Cr2−xFexO4
ferrite samples with x = 0, 0.4, and 1.6. The dry gel samples were subsequently heated
at temperatures 473 (for 24 h), 773 (for 24 h), 1173 K (for 24 h), and 1448 K (for 48 h)
in an air atmosphere. The structure, microstructure, and magnetic characteristics of the
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prepared ferrites particles were studied by the use of X-ray diffraction (XRD), scanning
electron microscopy (SEM), vibrating sample magnetometer (VSM), and 57Fe Mössbauer
spectrometry. All diffraction peaks, as determined by the XRD investigation, were indexed
in the cubic Fd3m spinel structure with a crystallite size fitted for 140–160 nm.

The proposed cation distributions revealed that Fe3+ and Cr3+ ions are distributed
on both sites, whereas Ni2+ ions are distributed on the octahedral B-sites, and Zn2+ ions
prefer to reside on the tetrahedral A-sites. Based on this distribution the detailed formu-

las are described as
(

Zn2+
0.7 Cr3+

0.3

)
A

[
Ni2+0.3 Cr

3+
1.7

]
B

O
2−
4

,
(

Zn2+
0.7 Fe3+

0.3

)
A

[
Ni2+0.3 Cr

3+
1.6 Fe3+

0.1

]
B

O
2−
4

,

and
(

Zn2+
0.7 Fe3+

0.3

)
A

[
Ni2+0.3 Cr

3+
0.4 Fe3+

1.3

]
B

O
2−
4

for x = 0, 0.4, and 1.6, respectively.

The VSM analyses demonstrate that ferrite samples Ni0.3Zn0.7Cr1.6Fe0.4O4 and
Ni0.3Zn0.7Cr0.4Fe1.6O4 possess superparamagnetic properties (with almost immeasurable
remanence and coercivity). The phenomenon was justified by the fact that all tetrahedral
positions were occupied by Zn2+ ions without magnetic moments and were devoid of fer-
romagnetic Ni2+ cations. Further, because of the weak interactions between Fe3+ ions in the
octahedral locations, the magnetization of the current nanocrystals is low or nonexistent.

The complex hyperfine structures were consistent with a variety of different chemical
atomic neighbors, including Ni2+, Zn2+, Cr3+, and Fe3+ species, which possess different
magnetic moments. At Fe sites, the quadrupolar component was attributed to the Zn-rich
neighboring region, while the highest values of the hyperfine field are a priori the result of
a Fe-rich neighboring. To overcome the lack of resolution of the hyperfine structures that
prevent accurately estimating the proportions of Fe located in the octahedral and tetrahedral
sites, it will be necessary to use in-field Mössbauer spectrometry in our future work.
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Abstract: The Impact of Co and Gd on the structural, magnetic and dielectric properties of ZnO
nanotubes synthesized by co-precipitation is reported. The results demonstrate that incorporating Co
and Gd into ZnO diminished crystallinity while retaining the optimum orientation. The outcomes
of transmission electron microscopy and scanning electron microscopy examined that the Co and
Gd dopants had no effect on the morphology of the produced nanotubes. It was also discovered
that as the frequency and concentration of Gd co-dopant decreased, the dielectric constant and loss
values increased. When doping was present, the dielectric constant and ac electrical conductivity
response was found to be inversely related. Ultimately, at 300K, Co and Gd co-doped ZnO nanotubes
exhibited ferromagnetic properties. When Gd doping was increased to 3%, the ferromagnetic response
increased. Since then, increasing the Gd co-doping, the ferromagnetic response decreased. For the
same sample (Zn0.96−xCo0.04Gd0.03O nanotubes), the electrical conductivity exhibited also superior
to pure and low Gd doped ZnO. Its high ferromagnetism is usually caused by magnetic impurities
replaced on the ZnO side. Therefore, considering the behaviour of these nanotubes, it can be sued
spin-based electronics.

Keywords: diluted magnetic semiconductor; ferromagnetism; dielectric properties; oxygen vacancies;
spintronic devices

1. Introduction

Diluted magnetic semiconductor (DMS) obtained by doping a dilute amount of transi-
tion metals [1–8] with semiconductors, has fascinated enormous interest among researchers
and is being intensively studied for spintronics-related applications. Significant improve-
ments in DMS for spintronic electrical devices, including the single electronic charge,
quantum hall effect, semiconductor laser, and resistive switching, have been made as a
result of the discovery of Ga1−xMnxAs ferromagnet (FM) material [9,10]. These devices
are intriguing due to the potential for obtaining DMS Curie temperatures (TC) above room
temperature ferromagnetism (RTFM). A number of earlier studies [11–14] showed that
by doping of TMs doped to host II–VI and III–V semiconductors created an FM. Many
practical applications favor this characteristic, however, it raised some debate regarding
FM origin. A recent study for spin-based electronics has the potential to learn more about
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the RTFM of these structures because many materials containing nonmagnetic ions have
displayed unexpected FM behavior. [14–20].

The insertion of 3d electron TMs into the lattice of II–VI semiconductor materials
results in the creation of the DMS [12]. Zinc oxide (ZnO) is a typical substance used as a host
for the introduction of TM ions. It has a wurtzite lattice, a huge direct band gap, and a high
exciton binding energy, and it is an optically transparent II–VI semiconductor. Furthermore,
room temperature ferromagnetism (RTFM) is observed in doped ZnO as a result of the free
charge carriers produced by the doping of specific transition metal ions [21]. Fe, Mn, Ni
and Co doping elements are discovered to be of considerable attention among the transition
metal ions due to the capacity to introduce ferromagnetic behavior by replacing out the non-
magnetic element Zn ion within the ZnO crystal lattice with a 3d transition metal ion. The
choice of co-dopant ions depends on their valence states, coordination number, ionic radius
and distinctive magnetic contribution. When contrasted with other three-dimensional
metals, Co is preferred specifically because of its similar ionic radius (0.58 ) to that of Zn
(0.60 ), as well as its large magnetic moment (μCo = 1.8 μB) (d7 low spin configuration).
Recently, Hao et al. published their findings on the discovery of the fundamental RTFM in
Mn-doped ZnO nanoparticles. [22]. Later, using this material, Oshio et al. [23] investigated
the ZnO epitaxial film’s leakage current. The performance of Co-ZnO nanoparticles RTFM
and semiconductor quantum dots was recently examined in order to demonstrate that Co
doping produced defects and oxygen vacancies [24]. These results indicate that samples of
(Co, Zn) co-doped SnO2 have tunable RTFM and that O2 annealing vacancies may be major
method to improve the RTFM. Optoelectronic and electronic devices, ceramic industries,
optical components, sensors, catalysis, biomedical, lighting, etc. are only a few of the
technological applications that the ZnO material demonstrates due to its many defect-
related features. According to Liu, Changzhen, et al., the optical band gap of Fe-doped
ZnO nanoparticles increased with increasing Fe concentration, and they concluded that the
observed RTFM is not caused by secondary phase ZnFe2O4 or the metallic Fe clusters. [25].
According to Saleh et al., A ferromagnetic secondary phase known as γ-Fe2O3 is responsible
for RTFM in Fe-doped nanocrystalline ZnO particles, and the energy gap reduced with
boosting Fe concentration [26]. The cause of ferromagnetism in ZnO-based DMSs is still
up for debate despite several experimental and theoretical publications on ZnO. High-
frequency electronic devices also require the superior dielectric, magnetic, and electrical
conductivity of TMs-ZnO. [27–29].

The co-precipitation method was used in this study to synthesis ZnO, Zn0.96Co0.04O
and Zn0.96−xCo0.04GdxO (x = 0, 0.01, 0.03, 0.04) nanotubes (NTs) with varying Gd contents
while keeping a fixed Co content. The results suggest that the crystallinity was affected by
the changing Co concentration, and this revealed a decrease in the rate at which photoin-
duced electron-hole pairs in ZnO recombined. Zinc NTs’ magnetic and dielectric responses
were improved as a result of this phenomena. The outcomes were evaluated in relation to
magnetic and optical properties in respect to structure and microstructure.

2. Materials and Methods

2.1. Synthesis

The compound, Cobalt chloride [CoCl2.4H2O], Zinc chloride [ZnCl2.6H2O] and
Gadolinium cloride [GdCl3.6H2O], were collected from Alfa-Aesar. The ZnO, Zn0.96Co0.04O
and Zn0.96−xCo0.04GdxO (x = 0, 0.01, 0.03, 0.04) nanotubes (NTs) were created by adopting
the co-precipitation method. The process involved dissolving zinc chloride (ZnCl2.6H2O)
in 50 milliliter of pure water (aqua), adding 20 milliliter of aqueous ammonia solution
(1.5 M) dropwise, and stirring vigorously while the pH was maintained between 1.0 and
10.2 [30,31]. After the reaction, washing and centrifugation were used to get brownish-type
powder. Afterwards, they were dried at 60 ◦C for 24 h before being annealed in a furnace
for 5 h at 400 ◦C. Before annealing, the powder was washed 6 times to remove the chlorine
from the samples. Zinc, Co, and Gd acetate were gently added while stirring, then the
precipitates were separated for the Co and Gd co-doped specimens, as shown in Figure 1.
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Figure 1. Co-precipitation method used in this work.

2.2. Instruments

Cu Kα radiation (λ = 1.5406 Å) was utilized from XRD in order to perform structural
characterization. The sample’s lattice parameters and volumes were calculated via Rietveld
refinements using the High Score Plus application. A field emission scanning electron
microscope, also known as a FE-SEM, was utilized so that the particle shapes could be
analyzed. The particles’ nature was determined using transmission electron microscopy. An
impedance analyzer was used to determine the dielectric properties as well as the electrical
conductivity from a frequency range of 40 Hz to 7 MHz and a frequency range of 50 Hz to
7 MHz. For the purpose of calculating the parameters of diluted magnetic semiconductors,
a Quantum Design superconducting Quantum interface Device was utilized.

3. Results and Discussions

3.1. Structural Properties

Figure 2 shows the XRD results for ZnO, Zn0.96Co0.04O and Zn0.96−xCo0.04GdxO
(x = 0, 0.01, 0.03, 0.04) nanotubes (NTs). All of the specimens crystallized with the hexagonal
structure (wurtzite-type P63mc space group) and exhibited no evidence of impurities. All
the Lattice constants of a = 3.244 Å, c = 5.186 for pure ZnO, Å, a = 3.243 Å, c = 5.190 Å for
only Co doped ZnO sample, a = 3.241 Å, c = 5.189 for 1% Gd doped sample, a = 3.237 Å,
c = 5.187 for 3% Gd doped sample and a = 3.235 Å, c = 5.178 Rietveld refinement software
was used to obtain a weighted profile factor RWP= 9.34% for a 4% Gd doped sample,
9.27 and the goodness-of-fit χ2 = 2.571, 2.581) for the all as shown in Figure 2a,d. The
unit cell volume (V) for pure ZnO is 47.19 Å3 and it is increased to V = 47.35 Å3 for
Zn0.96Co0.04Gd0.04O specimen. For Zn0.93Co0.04Gd0.03O, the unit cell volume raised to
V = 47.35Å3, which is more significant than pure and Zn0.96Gd0.04O. It is predicted since
the ionic radius of Co2+ (0.65Å) and Gd3+ (94Å) are larger than that of Zn2+ (0.60 Å). The
replacement of Zn2+ ions by Co2+ and Gd3+ ions in the structure of wurtzite explains this
phenomenon. This is due to the fact that zinc ions are less electronegative and have smaller
ionic radii than Co and Gd ions [1,24,26]. Also, the XRD findings are consistent with the
theory that Co2+ and Gd3+ ions were added to the wurtzite structure, most likely in place
of Zn ions. The geometry of the wurtzite unit cell changed as a result. According to the
XRD patterns, Co (fixed) and Gd co-dopants in ZnO enhances in concentration, causing the
peaks to shift at a smaller angle, as shown in schematic 2(b). Due to Gd and Co doping, it
is advised that samples be changed to a disordered state.
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Figure 2. (a–d) The ZnO Rietveld refinement and Zn0.96Co0.04O and Zn0.96−xCo0.04GdxO (Gd = 0,
0.01, 0.03). (e) XRD for all the samples, (f) Lattice parameters versus Gd doping determined from
single doped XRDs & Zn0.96−xCo0.04GdxO (Co = 0, 0.01, 0.03, 0.04) specimens.

For the purpose of using the Scherrer formula to evaluate the crystalline size of the
samples, the XRD peaks broadening was used [29,32], and it was discovered that as the
Co content rose from 0% to 4%, size shrank. This decline is explained by the limitation of
grain expansion brought on by the appearance of Co and Gd in ZnO. This demonstrates
that the high levels of Co both prevent grain formation and do not generate O2 vacancies
to enable densification. Particle size is reduced in strongly doped specimens due to grain
boundary segregation, though. The smaller ionic radius of Co (70 pm) ions contrasted to Zn
(74 pm) ions is the source of the drop in lattice parameter with a greater Co concentration.
The lattice parameters, X-ray density, unit cell volume and grain size calculations are
summarized in Table 1.
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Table 1. The fluctuation of structural values was estimated using ZnO, Zn0.96Co0.04O and
Zn0.96−xCo0.04GdxO (x = 0, 0.01, 0.03, 0.04) nanotubes (NTs).

Sample hkl
2θ
(◦)

d-Spacing
(Å)

Grain Size
(nm)

Lattice Constant Unite Cell
Volume (Å3)a (Å) c (Å)

ZnO
100 31.522 2.7773 18.34 3.244 5.186 47.19
002 34.442 2.5972 16.11 - - -
101 36.352 2.4704 17.45 - - -

Gd (0%)
100 31.847 2.8079 16.54 3.243 5.190 47.20
002 34.645 2.5973 15.61 - - -
101 36.465 2.4715 19.34 - - -

Gd (1%)
100 31.902 2.8082 19.32 3.241 5.189 47.27
002 34.670 2.5976 15.35 - - -
101 36.490 2.4719 19.01 - - -

Gd (3%)
100 36.498 2.8085 19.75 3.237 5.187 47.30
002 34.689 2.5980 19.54 - - -
101 36.512 2.4721 19.4 - - -

Gd (4%)
100 36.459 2.8088 20.25 3.235 5.178 47.35
002 34.692 2.5984 19.54
101 36.534 2.4727 20.46

The obtained compositions of Zn, O, Co, and Gd (in weight percent) are shown by the
EDX spectra in Figure 3a–c. As was to be expected, the majority of the chemical elements in
pure ZnO are composed of zinc and oxygen, however, specimens that have been co-doped
with Co and Gd also show Co and Gd peaks. As illustrated in the Figure 3a–c, the amount
required to produce the sample was found to be very near to the percent by weight of the
doped TMs. Figure 3a–c exhibits the morphological and elemental examination of pure, 3
and 4 weight percent Gd and Co co-doped ZnO that was subjected to scanning electron
microscopy examination. These findings suggest that the hexagonal wurtzite structure of
the NTs has the same morphology [33]. The samples have a tube-like structure and become
more aggregated as the Co and Gd concentration rises.

The transmission electron microscopy (TEM) images of ZnO, Zn0.93Co0.04Gd0.03O,
and Zn0.92Co0.04Gd0.04O Nanotubes are demonstrated in Figure 4a–c. The transmission
electron microscopy pictures of ZnO, Zn0.93Co0.04Gd0.03O, and Zn0.92Co0.04Gd0.04O Nan-
otubes showed a tube-like structure with a homogeneous dissemination. According to
the transmission electron microscopy investigation, the mean tube size for pure ZnO is
approximately 15 nm, 17 nm for Zn0.93Co0.04Gd0.03O, and 19 nm for Zn0.92Co0.04Gd0.04O.
Co and Gd co-doping increases tube size, which is reliable with the X-rays Diffraction
observations. The middle panels of Figure 3a–c show selected area electron diffraction
(SEAD) pictures of the generated Nanotubes. The selected area electron diffraction image
of the ZnO sample’s fringes reveals that ZnO formed into its polycrystalline tetragonal
structure. Furthermore, it is significant to observe that the broad X-rays Diffraction peak of
Co and Gd-doped ZnO indicates microscopic crystallite size and, thus, a substantial surface
area. The transmission electron microscopy micrograph makes it clear that Co-Gd co-doped
ZnO has a larger size than pure ZnO, which suggests that it has a larger surface area. For
improved photo degradation efficiency, the sample needs to have a bigger surface area.

3.2. Dielectric Properties
3.2.1. Dielectric Constant

For all of the samples that were annealed at 400 ◦C, Figure 5a displays the frequency
(f ) dependency of the dielectric constant (εr). The samples were created by using a presser
to form them into round pellets with an 8mm diameter, and then their dielectric loss,
capacitance and a.c conductivity was calculated. The capacitance was calculated using
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gold glue electrodes in accordance with the methodology described in Refs. [3,34]. The
following relationship (1) was utilized to evaluate the εr

εr = Cd/ε0 A (1)

where C denotes capacitance, d denotes cylinder height, and A denotes pellet cross-
sectional area. At frequencies over 1.5 × 104 Hz, all samples εr values decline equally
with rising f and remain constant. Large values of reported dielectric constants are often
induced by either space charge polarization (SCP) or rotation dielectric polarization. These
two types of polarization can be distinguished by their respective abbreviations: SCP
and RDP. The interfacial area contains oxygen vacancies (OVS), which can be ionized to
generate single or double ionized vacancies, vacancy clusters, dangling bonds, and other
defects [31,32].

Figure 3. EDX pictures of (a) ZnO, (b) Zn0.93Co0.04Gd0.03O, (c) Zn0.92Co0.04Gd0.04O along with the
associated SEM pictures.
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Figure 4. TEM images of (a) ZnO, (b) Zn0.93Co0.04Gd0.03O, (c) Zn0.92Co0.04Gd0.04O, their correspond-
ing SEAD images (med panels) and HRTEM micrographs.

Because of the existence of positive and negative vacancies, a significant quantity of
dipole moments (which are randomly oriented) will be produced, and only polarization
may be caused by an external magnetic field in these dipole moments to cause RDP.
Furthermore, space charge moving in the alternative direction of the electric fields will
be entangled by interfacial defects in these nanocrystalline materials [35,36] As a result,
SCP and dielectric constant are increased. As a result, grain boundaries become electrically
active. The observed decrease in εr as (f ) increases can be attributed to the fact that any
species that helps to increase polarizability will always be behind the applied field. When
particles get smaller, the interfacial area increases, which rises RDP and SCP, but Co co-
doping improves the OVS, which raises RDP and SCP. As a result, both crystalline size and
doping concentration have an effect on dielectric properties. As the concentration of Gd
co-doping increases, the εr increases, as illustrated in Figure 5a,d, due to lattice distortion
caused by small-sized Co2+ ions replacing Zn2+ ions, as originally observed [28].

3.2.2. Dielectric Loss

The variations in dielectric loss (ε′′) with the (f ) of doped and co-doped ZnO nanopar-
ticles are shown in schematic 5(b). It is shown here that increasing the frequency causes ε′′
to drop. All of the specimens behaved similarly, with dispersal at low(f ) and independent
at high (f ). Ionic migration is responsible for the drop in ε′′ noticed at higher frequencies.
Ionic hopping and charge transfer conduction losses also contribute to the (ε′′) at low and
intermediate frequencies (fs). Ionic polarization losses can play a part to these phenomena.
Ion vibrations, however, might be the only cause at high (fs).
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Figure 5. (a) Variation of εr versus (f ) (b) the f dependence of ε′′ curves, (c) the variation of αa.c. with
f curves and (d) Phase diagram of dielectric constant and conductivity of pure and Gd doped ZnO
and (Co (fixed), Gd)-ZnO co-doped with 4% Gd and Co = 1, 3 and 4%.

3.2.3. Electrical Conductivity

Figure 5c illustrates the (f ) AC conductivity (αa.c), AC, of (Co, Gd) co-doped ZnO
samples. The σac rises with (f ) for each voltage, and these results are consistent from earlier
observations [37]. Hence, at low frequencies, σac grows gradually as f increases, whereas
conductivity rises dramatically at higher frequencies. The hopping idea is responsible for
this behavior; for f-dependent σac, charge carriers must hop while being transported, yet at
low frequency, the σac remains constant despite traveling over infinite paths. σac follows
the relationship shown below for all specimens.

αac = ε0ε′′ ω (2)

where αa.c is the alternating current electrical conductivity, ε′′ is the imaginary, εr is the
dielectric constant of free space, which is a component of the dielectric constant, and
ω = 2πf is the frequency. f is the frequency. Equation (2) shows that αa.c is only affected by
the ε′′. As a result, as f increases, the ε′′ lowers but αa.c increases. This conclusion is reliable
with prior discoveries, It demonstrated that αa.c increases as (f ) increases because of the
series resistance effect [38]. To explain this phenomenon, two theories have been proposed:
(1) electric energy associated to the high (f ) area encouraging charge carrier hopping, and
(2) higher dielectric relaxation of ZnO Nanotubes polarization in the high (f ) zone. Co-
doped ZnO nanopowder is thus an excellent material for high-energy storage devices.
Furthermore, the enhanced σac discovered may be beneficial for industrial gas sensing
applications because to higher electron transmission [39,40]. The phase diagram of the
dielectric constant and conductivity vs doping was shown in Figure 5d. It demonstrated that
doping promotes dielectric behavior and conductivity (as seen in Figure 4c,d) because the
inclusion of impurity ions increases the quantity of free electrons, which aids in conduction.
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3.3. Magnetic Properties

Figure 6a displays the magnetic hysteresis (M-H) loops of (Co, Gd) co-doped ZnO
NTs observed at ambient temperature (a). At 300 K, the M-H loop in pure ZnO exhibits
diamagnetism, whereas samples of Zn0.96Co0.04O and Zn0.96−xCo0.04GdxO (Co = 0, 0.01,
0.03, 0.04) show a ferromagnetic (FM) reaction that is clearly visible. Remanent magne-
tization (Mr) values are 0.0093 emu/g, 0.014 emu/g, 0.0165 emu/g, and 0.0163 emu/g
for Zn0.96−xCo0.04GdxO (Co = 0, 0.01, 0.03, and 0.04) samples, respectively, according to
Figure 6a,b. Table 2 contains the saturation magnetization values, which are 1.02, 1.23, 2.47,
and 1.64 (10−2 emu/g). The Table displays that the Zn0.92Co0.04Gd0.04O sample’s Mr value
is higher than that of the literature [24]. Figure 6a shows the change from the paramagnetic
to the FM states. Ms readings for specimens of Zn0.96−xCo0.04GdxO (Co = 0.03) are higher
than those for pure ZnO. When O2 annealing raises the quantity of Co and Gd ions doped
into the host lattice, the number of defects increases. The room temperature ferromagnetism
in the specimen with 1% Co co-doped might be attributed to both intrinsic and external
magnetic sources. In contrast to extrinsic sources, intrinsic sources require the creation of
groups of transition elements or secondary phases.

 
Figure 6. (a) The (Gd, Co) co-doped ZnO NTs’ magnetic hysteresis (M-H) loops and (b) The related
temperature-dependent magnetization.
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Table 2. The (Gd, Co) co-doped ZnO magnetic NPs’ magnetic parameters.

Sample
Remanent

Magnetization (Mr)
(emu/g)

Coercive Field
(Oe)

Saturation
Magnetization (Ms)

(emu/g)

Zn0.96Co0.04O 0.93 × 10−2 88 1.02 × 10−2

Zn0.95Co0.04Gd0.01O 1.41 × 10−2 50 1.23 × 10−2

Zn0.93Co0.04Gd0.03O 1.65 × 10−2 83 2.47 × 10−2

Zn0.92Co0.04Gd0.04O 1.63 × 10−2 80 1.64 × 10−2

The schematic 6(b) shows magnetization vs temperature charts in a 103 Oe magnetic
field to further clarify the magnetic behavior. According to these findings, FM behavior is
enhanced in samples of Zn0.96−xCo0.04GdxO (Co = 0.03) compared to pure Gd or specimens
with higher Co co-doping. It was discovered [39,40] that the earliest stages of FM in TM-
ZnO were generated by the interaction of TM ions and bound polarons, which resulted
in the creation of bound magnetic polarons. Experiments on defect-bound transporters
for point defect hybridization are helpful in the process of developing RTFM in doped
ZnO through the use of TM-doping. We demonstrate how O2 annealing can make the
process of replacing Gd and Co in the ZnO lattice more successful. The production of O2
vacancies during annealing to maintain charge balance is what causes room temperature
ferromagnetism in Zn0.96−xCo0.04GdxO Nanotubes. This is accomplished by doping Gd3+

and Co2+ for Zn2+ and O2. The method of preparing the specimens introduced these
intriguing new phenomena.

The lower 350 K Tc is discernible in the χ(T) Co = 0.03 as shown in Figure 6c. It is
possible that the structural features of the Co co-doped ZnO samples are attributable to
the observed reduction in the magnetic moment for Co with higher dependency on the
ZnO sample. The alterations in cell characteristics demonstrate that as cobalt content rises,
lattice constants rise as well, leading to an increase in unit cell volume. Because of the
increased volume of the unit cell, the cobalt ions that are closest to one another in the ZnO
matrix are now further apart. This causes antiferromagnetic super-exchange interactions
between the neighboring Co ions, which raises the magnetic moment. Between 2 and 300 K,
temperature has an impact on the inverse magnetic susceptibility of nanoparticles. The
inverse susceptibility is found to decrease linearly until 380 K, at which point it deviates
from the Curie-Weiss line. As shown in Equation (3) below, the modified Curie-Weiss
equation provides a close approximation of the susceptibility of the nanoparticles that were
utilized in the course of our research.

χ(T) = χ0 + (1/8)μ2
e f f x/T − θc (3)

where χ0 demonstrates the temperature-independent susceptibility, C the Curie constant
and θC is the Curie–Weiss temperature, x is the concentration of Co ions and μeff is the
effective moment. The calculated Curie–Weiss law parameters i.e., effective moment
μeff = 2.45 μB and θ = −25 K. The effective moment values, which range from 2.46 to
2.49 μB., provide insight into the substitute integral j, an evaluation of the degree to
which the magnetic ions interact with one another, but the results for the substituted
Zn0.96−xCo0.04GdxO samples (x = 0.0, 0.1, 0.3, and 0.4) drop as the concentration of Co
co-doped increases in the sample. The fact that has negative values suggests that the
magnetic dopants only have a weak antiferromagnetic interaction with one another [41,42].
The values for most other oxide compounds range from 24 to 27 K, which is nearly as low
as the value for Co-doped ZnO. Magnetic characteristics discovered at low temperatures
may be the outcome of manufacturing defects or the presence of impurity phases. Further
research is needed to clarify this point.
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4. Conclusions

This work effectively produced ZnO and ferromagnetic (Co, Gd) co-doped ZnO
NTs. All of the (Co, Gd) co-doped samples had a tetragonal structure, according to XRD
observations. The dielectric loss, dielectric constant and electrical conductivity rise when
the concentration of either (f ) or Gd dopant increases. Electrical conductivity was noticed
to be increased in annealed Co and Gd-doped ZnO samples. This happened when Zn ions
were substituted for Co and Gd ions, which boosted the number of charge carriers available.
When ZnO was co-doped with (Co, Gd), the switch from diamagnetic to ferromagnetic
caused a significant modification in the hysteresis loop. The increased O2 vacancies and
zinc interstitials are substantially related to the improved magnetic and dielectric responses
of the samples. According to our research, ferromagnetism in ZnO Nanotubes can be
generated via adding Co fixed and limiting Gd and annealing the material at 400 ◦C. The
magnetic analysis has showed that the magnetic behavior of the as prepared ZnO:Co, Gd
samples is dominated by a paramagnetic component over ferromagnetic component, which
is an indicative of dominant uncoupled Co spins. As a result, it is thought that raising the
ion concentrations to improve direct ion coupling may destabilise the polarons structure,
weakening the irreversible magnetic behaviour.
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Abstract: This study presents the synthesis of Cd0.5Zn0.5Fe2−xCrxO4 nanoparticles via the sol–
gel method, along with a comprehensive characterization of their morphological, structural, in-
frared, and magnetic properties. The X-ray diffraction pattern confirms the formation of the spinel
structure, and the cation distribution is estimated using X-ray analysis and confirmed by magne-
tization measurements. The crystalline size, ranging from 152 to 189 nm, and lattice parameter,
varying from 8.51134 Å to 8.42067 Å, decrease with increasing Cr content. The saturation mag-
netization decreases from 55 emu/g to 10.8 emu/g, while the remanent magnetization increases
(3.5 emu/g ≤ Mr ≤ 6.27 emu/g), and the coercivity increases (82 Oe ≤ HC ≤ 422.15 Oe) with the
addition of Cr ions. Fourier transform infrared (FTIR) spectroscopy reveals two absorption bands
at ν1 and ν2, located near 600 and 400 cm−1, respectively, which correspond to the vibrations of the
metal–oxygen bonds in the spinel structure.

Keywords: spinels; sol–gel method; XRD; FTIR; SEM; magnetic properties

1. Introduction

Ferrites with spinel structures of MFe2O4 (M = Cd, Zn, Ni, and Co) are among the
most extensively investigated oxides in recent years. Physico-chemical investigations of
these materials have drawn upon various disciplines, including magnetism, optics, elec-
tronics, and mechanics. These materials, which can exist as nanoparticles, aggregates,
and nanostructured powders consisting of grains separated by grain boundaries, offer
distinct advantages for manipulation and utilization in various applications, such as record-
ing heads, antenna rods, loading coils, microwave devices, and core materials for power
transformers in electronics and telecommunication applications [1–3].

Numerous synthesis techniques, such as electrochemical [4], hydrothermal [5], co-
precipitation [6], sol–gel [7], plasma synthesis [8], citrate precursor [9], and reverse mi-
celle [10] techniques, have been developed to produce ferrite materials. Among these
methods, the sol–gel route is an efficient technique due to its simplicity and ability to
regulate the properties of the final product, leading to a homogeneous material with a
stoichiometric composition and nanoscale grain size [11–14]. The sol–gel method enables
the adjustment of various parameters to enhance the physical and chemical characteristics
of spinel ferrites, including pH, citric acid content, calcination temperature, and grain
size [11,12].

Scientists can change ferrite materials by adding different ions or using different
processes to make them better for specific uses. For example, the substitution of Cr3+

can improve magnetic properties like remanence magnetization and coercivity, which are
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essential for technology [15]. When natural chromite materials form in an environment
with oxygen, they can mix Fe2+ and Fe3+ in different places, affecting their properties [16].
Lee and other researchers have studied how magnetic properties change when Cr3+ is
substituted and found that magnetic moment and Curie temperature decrease with this
substitution [17]. Other researchers have also looked at what happens when Fe3+ is replaced
by Cr3+ [18,19]. The effect of Al3+ and Cr3+ substitution in cobalt ferrite has also been
reported [20,21]. It was observed that substituting Al3+ and Cr3+ ions in the cobalt ferrite
lattice leads to a decrease in the saturation magnetization values due to the lower magnetic
moment of Al3+ and Cr3+ compared to Fe3+ ions.

Due to their potential applications, the Cd-Zn ferrites have gained significant atten-
tion in nanoscience and nanotechnology [22]. Various compositions of Cd-Zn ferrites
have been extensively investigated and characterized in the literature [23–27], showing
intriguing electrical, magnetic, and optical properties. Enhancing their properties is of
great interest given the numerous applications of Cd-Zn ferrites. To this end, mixed Cd-
Zn (Cd0.5Zn0.5Fe2−xCrxO4 with x ranging from 0 to 2) ferrites substituted with Cr were
examined in this work. Equal concentrations of Cd and Zn were maintained. Cr3+ ions
preferentially occupy the octahedral B-sites in Cd0.5Zn0.5Fe2−xCrxO4 ferrites, leading to
their selection. The substitution of Fe3+ ions by Cr3+ ions with a different ionic radius alters
the crystal geometry and modifies the materials’ magnetic and dielectric characteristics.
In this study, we report the synthesis of Cd0.5Zn0.5Fe2−xCrxO4 (0 ≤ x ≤ 2) samples using
the sol–gel method and their morphological and structural characterization. In addition,
the infrared and magnetic properties at room temperature were investigated. Our results
showed that the prepared Cd0.5Zn0.5Fe2−xCrxO4 materials maintained a regular spinel
cubic structure. These samples present several advantages, such as their good infrared and
magnetic properties, low cost, and, above all, their easy synthesis. These features make the
Cd0.5Zn0.5Fe2−xCrxO4 spinels a good candidate for magnetic devices and can be studied in
perspective for other potential applications.

2. Experimental Section

2.1. Materials Synthesis

Cadmium, zinc, iron, and chromium nitrates were precursors to synthesize
Cd0.5Zn0.5Fe2−xCrxO4 (0 ≤ x ≤ 2) nanoparticles. Stoichiometric amounts of the nitrates
were weighed and dissolved in distilled water, which was heated to 90 ◦C. The metal
cations were complexed with citric acid, which was added to each solution. Next, the pH
was adjusted to around seven by adding ammonia to the solutions. Ethylene glycol, a
polymerization agent, was added at this stage. After approximately 4 h, a viscous liquid
(gel) began to form. To create a soft powder, the magnetic stirring temperature gradually
increased to 250 ◦C. After grinding and annealing in the air for 12 h, the powders were
subjected to an annealing temperature range of 700 ◦C to 1200 ◦C. All characterizations of
Cd0.5Zn0.5Fe2−xCrxO4 spinels annealed at 1200 ◦C are presented in this study.

2.2. Materials Characterization Technics

The samples’ X-ray diffraction (XRD) patterns were collected using the “Panalytical
X’Pert Pro System” diffractometer, operating at a copper wavelength of 1.5406 Å. The
measurements ranged from 10◦ to 80◦ with a step size of 0.02◦ and a counting period of 18 s
per step. The morphology of the materials in the form of pellets was studied using Philips
XL 30 scanning electron microscopy (SEM) equipped with an electron gun and a 15 kV
accelerating voltage. The FTIR spectra in a wavenumber range of 400–1000 cm−1 were
recorded using a Shimadzu Fourier Transform Infrared Spectrophotometer (FTIR-8400S).

3. Results and Discussions

3.1. SEM Micrographs

The samples were characterized using scanning electron microscopy (SEM). The
resulting images and their corresponding grain size distributions are shown in Figure 1a–e.
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The microscopic structure and morphology of Cd0.5Zn0.5Fe2−xCrxO4 with Cr substitution
were also investigated. The SEM images revealed that the synthesized materials comprised
an irregularly shaped group of tailed grains with a non-uniform grain size distribution.
The particles exhibited a prismatic and pyramidal morphology.

  

Figure 1. SEM micrographs and particle size distributions of Cd0.5Zn0.5Fe2−xCrxO4 spinels, elabo-
rated by sol–gel method. Images labeled (a–e) correspond to x = 0, 0.5, 1, 1.5, and 2 Cr compositions,
respectively. The inset images are the higher magnifications of micrographs.

Moreover, they were non-uniformly distributed, agglomerated, and inhomogeneous.
Some massive particles were observed, along with smaller particles and increased agglom-
eration. All samples’ average grain size values varied from 152 nm to 189 nm and were
found to be random with a high Cr content [28,29].
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3.2. Structural Properties and Cation Distributions

The XRD patterns of Cd0.5Zn0.5Fe2−xCrxO4 ferrites in Figure 2 reveal that a cubic
spinel structure occurs in one phase. All diffraction lines are indexed in the cubic spinel
structure, indicating the well-crystalline nature of the compounds. In addition, the absence
of any reflection peak related to secondary phases confirms the purity of the samples.
The cation distribution in the system was determined based on previous studies [30].
Mössbauer spectroscopic investigations have determined the cation distribution in ferrites
with the general formula AB2O4. An investigation of Cd-Zn ferrites [24] and Cr-substituted
ferrites [25] revealed that the tetrahedral A-sites were preferably occupied by Cd2+ and
Zn2+ ions. In contrast, Cr3+ ions are distributed over the octahedral B-sites, and Fe3+

ions are distributed over both sites. This cation distribution has been confirmed in other
studies [31,32]. Hence, the Rietveld refinement for Cd0.5Zn0.5Fe2−xCrxO4 samples was

performed using the
(

Cd2+
0.5 Zn2+

0.5

)
A
[Fe 3+

2−xCr3+
x

]
B

O
2−
4

cation distribution model. In this

cation distribution, the A-sites are completely occupied by both Cd2+ and Zn2+ cations
with equal concentrations (50 atom%). Hence, in the case of our samples, the Fe3+ and Cr3+

ions are distributed only over the octahedral B-sites. Furthermore, this cation distribution
model confirms the absence of the inversion phenomenon and the non-occupation of the
A-site by Fe3+ cations [33]. Figure 3 shows a typical example of the Rietveld refinement of
Cd0.5Zn0.5Fe2−xCrxO4 spinel (x = 2). Table 1 outlines the various properties of the prepared
compositions. The reliability factors (Bragg RBragg, profile Rp, experimental Rexp, and
weighted profile Rwp) are all less than 10% in all cases. Rietveld fittings tend to be good,
as shown by the χ2 = Rwp/Rexp (goodness of fit) tendency towards unity. As a result, the
refined occupancy factors for (Cd/Zn) and (Fe/Cr) at the A- and B-sites corresponded with
the nominal values, supporting the suggested hypothesis. According to Table 1 and Figure 4,
the decrease in lattice constant (a) and volume (V) appears to be caused by the replacement
of a smaller radius of the Cr3+ (r3+

Cr = 0.63Å) ion for the Fe3+ ion radius (r3+
Fe = 0.67Å) [34].

Moreover, other Cr-doped ferrites have shown similar reductions in lattice parameters [35].
Furthermore, the atomic positions of oxygen exhibit the characteristic features of the spinel
structure [13]. Alternatively, the cation–oxygen bond at the octahedral sites (dB-O) is shorter
with Cr substitution because of the decrease in the average ionic radius of the B-site <rB>.
Since the ionic radius of the A-site (<rA>) remains the same, the length of the cation–oxygen
bonds (dA-O) remains almost constant. Table 1 also shows the bond angle values (ϕA-O-B)
associated with A-O-B interactions in the produced samples. The bond angle for A-O-B
is greater than that of B-O-B, according to Table 1. Thus, A-B exchange interactions are
more potent than B-B exchange interactions [36,37]. Furthermore, the observed decrease
in the bond angle (ϕA-O-B) indicates that A-B exchange interactions become less intense
when Cr replacement is conducted. The XRD density was calculated using the following
formula [14]:

dx =
8M
Na3 (1)

where M is the molar mass, a is the cell parameter, and N is the Avogadro number
(6.022 × 1023). Table 1 (also Figure 4) shows that the XRD density increases with Cr
substitution. This finding is consistent with previous reports in the literature [38]. The in-
crease in XRD density may be due to the reduction in oxygen vacancies, which significantly
impact densification kinetics [29]. It can also be attributed to the dominant effect of the
reduction in the lattice parameter compared to the relatively small variation in molar mass
resulting from the lower molar mass of Cr3+ ions (51.996 g/mol) compared to Fe3+ ions
(55.847 g/mol).
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Figure 2. XRD patterns of Cd0.5Zn0.5Fe2−xCrxO4 spinels with (0 ≤ x ≤ 2).
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Figure 3. Typical example for the structural refinement of the XRD patterns using the Rietveld
method for Cd0.5Zn0.5 Fe2−xCrxO4 spinels with (x = 2).
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Table 1. Structural parameters for Cd0.5Zn0.5Fe2−xCrxO4 spinels with (0 ≤ x ≤ 2) obtained following
the structural refinement by the Rietveld method. a: cell parameter; V: cell volume; Biso: isotropic
thermal agitation parameter. Definitions of structural parameters are given in the text.

Cr Content 0 0.5 1 1.5 2

Space
group Fd3m

Cell
parameters

a (Å) 8.5113 (4) 8.4745 (4) 8.4586 (4) 8.4395 (4) 8.4207 (4)
V (Å3) 616.59 (4) 608.61 (5) 605.20 (4) 601.10 (4) 597.09 (4)

Atoms

Tetrahedral
A-site (Cd/Zn)

Wyckoff
positions 4c 4c 4c 4c 4c

Site
symmetry −43m −43m −43m −43m −43m

Atomic positions x = y = z 1/8 1/8 1/8 1/8 1/8
Occupancy
factors

0.50 (1)/
0.49 (1)

0.51 (1)/
0.50 (1)

0.50 (1)/
0.50 (1)

0.49 (1)/
0.50 (1)

0.50 (1)/
0.50 (1)

Biso (Å2) 1.19 1.22 1.35 1.18 1.27

Octahedral
B-site

[Fe/Cr]

Wyckoff
positions 16d 16d 16d 16d 16d

Site
symmetry −3m −3m −3m −3m −3m

Atomic positions x = y = z 1/2 1/2 1/2 1/2 1/2

Occupancy
factors

2.01 (2)/
0

1.51
(2)/0.49

(2)

1.01
(2)/1.02

(2)

0.50
(2)/1.48

(2)
0/2.02(2)

Biso (Å2) 1.46 1.14 1.22 0.94 1.34

O

Wyckoff
positions 32e 32e 32e 32e 32e

Site
symmetry 3m 3m 32e 32e 32e

Atomic positions x = y = z 0.2553 (1) 0.2551 (8) 0.2548 (8) 0.2545 (8) 0.2541 (8)
Occupancy
factors 4 4 4 4 4

Biso (Å2) 1.42 1.54 1.42 1.65 1.58

Structural
parameters

dA-O (Å) 1.905 (8) 1.903 (7) 1.901 (9) 1.898 (7) 1.896 (8)
dB-O (Å) 2.058 (9) 2.053 (7) 2.045 (8) 2.041 (7) 2.036 (7)
ϕA-O-B (◦) 124.8 (5) 124.5 (3) 123.7 (4) 123.4 (3) 123.1 (3)
ϕB-O-B (◦) 92.4 (5) 91.2 (3) 91.0 (4) 90.8 (3) 90.3 (3)

dx (g. cm−3) 5.7004 5.7331 5.7443 5.7622 5.7795

Agreement
factors

Rp (%) 6.41 5.47 5.44 5.63 5.48
Rwp (%) 8.25 7.52 7.35 7.42 7.25
Rexp (%) 7.14 7.33 7.47 7.12 7.04

RBragg (%) 3.83 3.34 3.83 2.94 2.72
χ2 (%) 1.13 1.19 1.23 1.32 1.18

The values of the crystallite size (DXRD) and the lattice strain (ε) were determined
by the Williamson–Hall method as a function of Cr content. This method, developed by
G.K. Williamson and his student W.H. Hall [39], utilizes the full width at half maximum
(FWHM) of Bragg peaks (Δθ, in radians) and the angle of peak position (θ), as well as the
X-ray wavelength (λ = 1.5406 Å), to calculate the average crystallite size (D) and lattice
strain (ε). The relationship is given by Δθcosθ = k

D + 4εsinθ, where k is a constant value
(0.94) obtained by assuming the spherical nature of the powders. By plotting Δθ × cosθ
versus 4sinθ, the strain component (ε) can be determined from the slope, and the size
component can be determined from the intercept ( k

D ). This plot is known as a Williamson–
Hall plot. Figure 5a–e depicts the variations in ((Δθhkl)cosθhkl) as a function of (4sinθhkl)
for Cd0.5Zn0.5Fe2−xCrxO4 spinels (x = 0; x = 0.5; x = 1; x = 1.5; x = 2). The estimated values
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of DXRD and ε are (150 nm, 1.93 × 10−4), (120 nm, 1.12 × 10−3), (103 nm, 1.32 × 10−4),
(108 nm, 3.10 × 10−3), and (95 nm, 3.4 × 10−3) for Cd0.5Zn0.5Fe2−xCrxO4 spinels (x = 0;
x = 0.5; x = 1; x = 1.5; x = 2), respectively. These results suggest a small variation in crystallite
size due to Cr substitution, consistent with the values obtained from SEM analysis. The
lattice strain increases while the crystallite size decreases approximately with an increasing
Cr content.
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Figure 4. Lattice parameter and XRD density of Cd0.5Zn0.5Fe2−xCrxO4 (0 ≤ x ≤ 2) spinels as a
function of Cr content.
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Figure 5. (a–e) Williamson–Hall plots of (Δθcosθ) vs. (4sinθ) of Cd0.5Zn0.5Fe2−xCrxO4 spinels (x = 0;
x = 0.5; x = 1; x = 1.5; x = 2). (f) Values of the crystallite’s size (DXRD) and the lattice strain (ε)
calculated using the Williamson–Hall methods.

3.3. FTIR Spectra

The infrared (IR) spectra provide valuable information about the crystal lattice’s
valence state and vibrational modes. Table 2 presents the band positions obtained from the
IR spectra of the Cd0.5Zn0.5CrxFe2−xO4 series. Figure 6 shows the IR spectra of this series,
with the high-frequency band υ1 observed in the 524–586 cm−1 range and a small band in
the low-frequency band υ2 in the 420–424 cm−1 range. These absorption bands indicate the
formation of a single-phase spinel structure. The two major absorption bands at υ1 and
υ2 are due to vibrations of the oxygen bonds with positive ions at A- and B-sites [40]. The
small band at low-frequency band υ2 is constant for all samples except for x = 2, where
it disappears. The vibrational bands υ1 and υ2 are assigned to intrinsic vibrations of the
tetrahedral and octahedral sites, respectively [41].

Table 2. Band positions (υ1 and υ2) and force constants (KO and KT) of Cd0.5Zn0.5Fe2−xCrxO4.

x ν1 ν2 KT × 105 (dyne cm−1) KO × 105 (dyne cm−1)

0 524 423 1.86 1.06
0.5 569 424 2.19 1.05
1 584 421 2.31 1.02

1.5 586 420 2.33 1.01
2 586 420 2.33 1.00
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Figure 6. FTIR spectra at room temperature of Cd0.5Zn0.5Fe2−xCrxO4 spinel ferrites. Spectra is
vertically translated for more clarity details. The inset figure is the higher magnification of the region
between 400 and 600 cm−1 represented in semi-log scale.

The infrared spectra of the Cr-substituted ferrite system prepared through the ce-
ramic route exhibit similar features, as reported in the literature [42]. The intensity of
the absorption band corresponding to the tetrahedral complex (υ1) increases and shifts
towards a higher frequency with an increased Cr content, while the octahedral complex (υ2)
exhibits weaker absorption bands. This behavior can be attributed to the first selection rule,
which states that transitions between d orbitals in a complex with a center of symmetry are
forbidden. As the tetrahedral complex possesses a center of symmetry, its absorption bands
are more intense than those of the octahedral complex, which lacks a center of symmetry
and thus allows more transitions to occur between d orbitals [43].

The observed shift in the band position in the IR spectra is attributed to the change in
the Fe3+-O2

2− distance for the tetrahedral and octahedral complexes. The slight frequency
change in band υ2 and the significant shift of band υ1 towards a higher frequency are due to
the substitution of Cr3+ ions, which replace Fe3+ ions only at the octahedral B-site, leading
to no significant change in the size of the octahedral site. As the FeB

3+-O2
2− complex

numbers decrease, metal–oxygen vibrational energies increase, prompting a decrease in the
FeB

3+-O2
2− intermolecular distance. This phenomenon is observed due to the increased

number of Cr3+-O2
2− complexes [38] and the creation of Me3+O2

2− complexes at A-sites.
As Cd2+-O2− and Zn2+-O2− bonds are stretched at the A-sites and Fe3+-O2− and Cr3+-O2−
bonds are stretched at the B-sites, these bands are produced. The two bands may exhibit
different positions for various reasons, including differences in ionic radius, the average
distance between metal and oxygen, and electronegativity. It has been found that similar
results have been obtained for other ferrite systems [44–46]. Assuming that the other
independent parameters are constant, the force constant would be the second derivative
of the potential energy based on the site radius. Based on Waldron’s method [41], we
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calculated force constants for tetrahedral and octahedral sites. For each site, Waldron gives
the force constants KT and KO as follows:

KT = 7.62M1ν
2
110−3

(
dyne
cm

)
(2)

KO = 10.62
(

M2

2

)
ν2

210−3
(

dyne
cm

)
(3)

Assuming that M1 and M2 refer to the molecular weight of the cations at sites A and B,
respectively. Based on the cation distribution for the prepared samples, tetrahedral M1 and
octahedral M2 molecular weights have been calculated. Table 2 contains the force constants
KT and KO. With an increasing Cr content, force constants KT and KO increase. According
to IR studies, bond length and the force constant inversely relate [47].

3.4. Magnetic Properties

To obtain the magnetic hysteresis curves, a magnetic field (±50 kOe) is applied to the
prepared samples at room temperature (see Figure 7). Samples at low magnetic fields exhibit
nonlinear magnetization and become saturated at high magnetic fields, revealing ferromag-
netism. Table 3 summarizes saturation magnetization (Ms), remanent magnetization (Mr),
and coercivity (Hc) results. The synthesized samples have low Hc values. Therefore, the
samples could be classified as soft magnetic spinels. As a result, the Cd0.5Zn0.5CrxFe2−xO4
spinels have the potential to be applied in some magnetic applications such as recording
heads, spintronic devices, microwave devices, transformers, induction cores, telecommuni-
cation systems, electromagnetic devices, and magnetic recording field sensors [48–50]. As
the Cr content increases, the Hc also increases, indicating an increase in the resistive nature
against spin inversion. The anisotropy constant increases with an increasing Cr content
but decreases when the Cr content is more significant than 0.5. The anisotropy constant
K depends on the substituted ion concentration [51], which can be evaluated using the
corresponding relation.

Hc = 0.98
K

MS
(4)

Furthermore, saturation magnetization is related to Hc through Brown’s relation [52],
and Hc = 2K

μ0MS
, states that Hc is inversely proportional to Ms. This is consistent with our

experimental results.

Table 3. Values of the spontaneous magnetization (Ms), remanent magnetization (Mr), coercivity
(Hc), Hc magnetic field, and anisotropy constant K.

x. Mr (emu/g) Ms (emu/g) Hc (Oe) Hs K (erg/cm3)

0 3.5 55 82 4950 4602
0.5 8.2 37.8 237 4500 9141
1 9 27.45 311.35 4478 8536

1.5 10.8 17 402 4423 6973
2 6.27 10.8 422.15 4387 4652

Table 3 illustrates the decrease in the Ms value with Cr replacement, consistent with
other spinel systems [53,54]. There is a correlation between the increase in Ms values and
Neel’s theory [55] and the cations distribution between A- and B-sites. According to Neel’s
model, ferrimagnet materials interact in three ways: A-A, B-B, and A-B sublattices. A-A
and B-B interactions within the sublattice are dominated by the super-exchange interaction
between A- and B-sites. Consequently, the net magnetic moment consists of the vector sum
of magnetic moments on sublattices A and B [56]:

ncal
B = |MB − MA| (5)
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MB and MA represent B and A sublattice magnetic moments in Bohr magneton (μB),
respectively. When Cr3+ replaces Fe3+ at the octahedral site, saturation magnetization
decreases since the Cr3+ ion (3 μB) has a smaller magnetic moment than Fe3+(5 μB) [57].
Accordingly, the magnetic properties of the prepared samples are closely related to their
predicted cation distribution.

Figure 7. Magnetization loop M-H of Cd0.5Zn0.5Fe2−xCrxO4 spinels recorded at 300 K The values
Mr, Ms, Hc, and Hs were extracted from M-H curves and plotted as a function of Cr content.

The inset of Figure 8 shows variations in the anisotropy constant “K” and static
susceptibility ‘’χS” with Cr. The ratio Ms/Hs, named static susceptibility χS, increases
linearly with the Cr content. In contrast, the anisotropic coefficient increases with the Cr
content. It reaches a maximum when the Cr composition is equal to that of Fe and regains
the same value as the beginning ferrite when the material becomes chromite.
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Figure 8. Variation in anisotropy constant “K” and static susceptibility ‘’χS” with Cr content.

4. Conclusions

Cd0.5Zn0.5Fe2−xCrxO4 (0 ≤ x ≤ 2) ferrites synthesized via the sol–gel method exhibit a
cubic Fd3m spinel structure. Substituting Cr for Fe reduces cell parameters, average grain
size, spontaneous magnetization, and conductivity compared to the parent compound
Cd0.5Zn0.5Fe2O4. The FTIR spectra reveal two principal absorption bands that increase
with Cr substitution. These materials show potential for use in various magnetic and
electronic applications. The significant findings of this work show that the examined
materials have regular spinel cubic structures and low coercive fields, allowing them to be
used in magnetic devices.
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Abstract: Four of the crosslinked sodium alginate and polyacrylic acid biopolymers based nanoscale
metal natural polysaccharides, [M(AG-PAA)Cl(H2O)3], where M = Co(II), Cu(II), Mn(II) and Ni(II),
AG = sodium alginate and PAA = polyacrylic acid, have been synthesized and structurally char-
acterized. Because of their numerous biological and pharmacological activities of polysaccharides,
including antimicrobial, immunomodulatory, antitumor, antidiabetic, antiviral, antioxidant, hypo-
glycemic and anticoagulant activities, polysaccharides are one of the near-promising candidates in
the biomedical and pharmaceutical fields. The complexity of the polymeric compounds has been
verified by carbon and nitrogen analysis, magnetic and conductance measurements, FT-IR spectra,
electronic spectral analysis and thermal analysis (DTA, TG). All the synthesized complexes were
non-electrolytes with magnetic moments ranging from 1.74 to 5.94 BM. The polymeric complexes
were found to be of octahedral geometry. The developed coordination polymeric was found to be
crystalline using X-ray powder diffraction examinations, which is confirmed by the SEM analysis.
As a result, the crystallite size of all polymeric nanocrystals was in the range of 14 - 69 nm. The test
of four compounds exhibits a broad spectrum of antimicrobial activity against both Gram-positive
and Gram-negative bacteria and fungal Candida albicans. Using DPPH as a substrate, studies on
radical scavenging tests are carried out. The findings demonstrated the antioxidant activities of each
complex. In addition, results showed that the two chosen polymeric complexes had a good ability to
kill cancer cells in a dose-dependent way. The copper(II) polymeric complex showed to its superior
functionality as evidenced by microbial activity. After 72 h of interaction with the normal human
breast epithelial cells (MCF10A), the synthesized polymeric compounds of Cu(II) and Co(II) showed
exceptional cytocompatibility with the different applied doses. Compared to poly-AG/PAA/Co(II),
poly-AG/PAA/Cu(II) exhibits a greater anticancer potential at various polymeric dosages.

Keywords: crosslinked sodium alginate and polyacrylic acid biopolymers; XRD; scanning electron
microscopy; antimicrobial activity; antioxidants and anticancer

1. Introduction

As biopolymers (BPs) are composed of living organisms such as microbes and plants,
they are a renewable materials resource, unlike most polymers which are petroleum-based
coordination polymers. Generally, biopolymeric complexes are degradable. They find use
in different industries from food industries to packaging, manufacturing and biomedical
engineering [1–3]. BPs are heartening materials owing to their properties such as biocom-
patibility, unique properties and abundance such as non-toxicity, etc. With some nano-sized
reinforcements to promote their characteristics and experimental applications, BPs are
being researched for their use in more and more methods possible. Biopolymer compounds
are divided into four main categories: those made from microorganisms, biomass products
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(agro-biopolymers), biotechnological products and petrochemical products [4]. Numerous
different substances, including polysaccharides (starches, celluloses, alginates, pectin’s,
gums and chitosan), are found in biopolymers made from biomass products [5–8]. Other
applications of biopolymers are used in the production of nanomaterials. Nanotechnology,
also known as 1 nm to 100 nm scale manipulation, is the process of changing the size and
shape of structures, systems and electronics [9–11]. Due to their small size, they have higher
reactivity than the corresponding bulk forms, more significant surface areas and a variety
of properties that can be tuned [12–14]. These unique characteristics have accelerated
the development of nanoscience and the use of nanoparticles in a diversity of industries,
including cosmetics, electronics, food analysis, the environment, biomedicine and other
applications [15–19]. Important characteristics of biopolymers include their biodegradabil-
ity, biocompatibility, stability, sustainability, bioresorbability, flexibility, renewability and
antibacterial and antifungal activity [20–24]. They are also less toxic, non-immunogenic,
easier to extract, carbon-neutral, non-carcinogenic and non-thrombogenic [25–27]. Because
of the numerous biological and pharmacological activities of polysaccharides, including
antitumor, antioxidant, anticoagulant, immunomodulatory, antimicrobial, hypoglycemia
activities, antidiabetic and antiviral activities, polysaccharides are one of the maximally
promising candidates in pharmaceutical and biomedical applications. Polysaccharides
(PSD) are fundamental macromolecules that nearly exist in all living forms and have signifi-
cant biological functions. There are numerous sources of polysaccharides, including plants,
microorganisms, algae and animals [28,29]. Alginates are a type of polysaccharide that is
primarily derived from brown algae and bacteria found in seaweed. This bio-material is a
naturally occurring polysaccharide that also occurs as capsular (PSD) in some bacteria, for
example, Azotobacter and Pseudomonas, and as structural elements in the cell walls of ma-
rine brown algae such as Phaeophyceae. Alginates (AGs) constitute a strain of linear binary
unbranched co-polymers consisting of α-L-guluronic acid (monomer G) and 1,4-linked
β-D-mannuronic acid (monomer M) residues. Sodium alginate (Na-AG) is the sodium
salt composed of alginic acid and gum mainly extracted by the cell walls of brown algae,
with chelating activity (Figure 1) [30,31]. AGs, natural multifunctional polymers, have
gained prominence as desirable compounds in pharmaceutical industries and biomedicine
over the past few decades as a result of their distinctive physicochemical characteristics
and diverse biological activities [32,33]. They are non-antigenic, biocompatible, non-toxic
and biodegradable [34,35]. Additionally, alginates are used in food manufacturing as a
gelling, thickening, stabilizing or emulsifying agent, as a by-product of microbial and viral
protection and to coat fruits and vegetables, whereas alginate substantially contributes to
the sustained release of drug-delivery products [36].

Figure 1. Chemical structure of sodium alginate (Na-AG).

Polyacrylic acid (PAA) is the most basic acrylate polymer [37]. The structure of
(PAA), which has a carbon backbone and an ionizable COOH group as a side chain in each
reiterates unit, is depicted in (Figure 2). In water with a pH of 7, (PAA) is an anionic polymer,
meaning that many of its COOH groups will lose their H+ and develop a negative charge.
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As a polyelectrolyte, PAA can therefore absorb and hold onto water, expanding to many
times its initial volume [38]. In recent years, interest in PAA, a non-toxic, biodegradable and
biocompatible polymer, has increased significantly. By chemically altering carboxyl groups,
it is possible to create PAA nano-derivatives, which have better chemical properties than
unaltered PAA [39]. An acrylic acid (AA), polymer with a (-COOH) on each of monomer
unit end is known as PAA, also referred to as a carbomer. PAA, a thermoplastic polymer,
has a high bioavailability due to its numerous carboxyl groups, thus serving as a surface
variation for biological nano-materials [40]. Cross-linked PAA has also been used in the
processing of household products, inclusively floor cleaners. The neutralized (PAA) gels are
appropriate to obtain biocompatible matrices used for medical applications, for example,
gels for skin disease treatment products or skin care [41].

Figure 2. Chemical structure of polyacrylic acid (PAA).

Previously, Ni(II) and Co(II) alginate biopolymer complexes and polyacrylic acid
nanoplatforms were reported to show antimicrobial, anticancer and biosensing [42,43].
Therefore, we meditate that polymeric compounds of nano-sized Co(II), Cu(II), Mn(II) and
Ni(II)-PAA/alginate biopolymers will show more antioxidant, antibacterial and anticancer
activity. In light of these results, we created a work on metal-PAA/alginate biopolymers
compounds, which included a review of their NPs and testing for antifungal, antibacterial,
antioxidative and anticancer properties. The primary goal of this paper is to synthesize
and analyze the physicochemical properties of nanoscale polymeric complexes of cobalt(II),
copper(II), manganese(II) and nickel(II) that have been synthesized in both the solid and
solution states. CHN, UV–vis, FT-IR, spectra, molar conductance, magnetic, TG, DTA, XRD
and scanning electron microscopy are used to depict the framework of the examined com-
pounds. Further, the metal polymeric coordination compounds’ antibacterial, antifungal
and antioxidant characteristics as well as their anticancer research are presented.

2. Materials and Methods

The chemicals listed below were analytical-grade substances that were used directly
after delivery without further purification. Sodium Alginate, poly-(acrylic acid), methanol,
dimethyl sulfoxide (DMSO), Co(II) chloride hexahydrate, Cu(II) chloride dehydrate, Mn(II)
chloride tetrahydrate and Ni(II) chloride hexahydrate were all purchased from Sigma-
Aldrich company.

2.1. Preparation of the Crosslinked Polymeric Ligand (Poly-PAA/AG)

First, we vigorously stirred 100 mL of distilled water with 3 g of sodium alginate
(AG) for an hour at 80 ◦C in a round bottom flask. Then, we added dropwise a polyacrylic
acid (PAA) solution that had been previously made by combining 3 g of PAA with 100 mL
of H2O, stirring continuously and heating at 70 ◦C. Under N2 pressure, the mixture was
stirred at 120 ◦C for two hours. The reaction solution was then preserved at 90 ◦C overnight
while being stirred. The resultant suspension was then brought to 25 ◦C before being
concentrated at a lower pressure. The final step was to dry the obtained product at 65 ◦C
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while maintaining a high vacuum, producing a white color stable powder (90%). Anal.
Calc. for C9H10O7: C, 46.97; H, 4.38. Found: C, 46.93; H, 4.98. IR data: ν(OH) 3222, ν(C-H)
2922, ν(C=O) 1725, ν(COO) 1413, ν(CO) 1263, ν(C-O-C) 1025.

2.2. Synthesis of Metal Polymeric Complexes Nanoparticles
2.2.1. [Co(AG-PAA)Cl(H2O)3]

This compound was made by dissolving 1 g (0.2 mmol) of the (AG/PAA) ligand in
20 mL of methanol, boiling it for 5 min and then stirring while adding 20 mL of pure water
until the ligand dispersed. We allowed the mixture to cool somewhat before adding 0.82
g (0.2 mmol) of the metal (CoCl2.6H2O), which had been dissolved in 10 mL of distilled
water. Stirring continuously until the purple precipitate forms, it is then dried over CaCl2
in a desiccator. Anal. Calc. for C9H15CoClO10: C, 28.62; H, 4.00. Found: C, 29.06; H, 4.28.
IR data: ν(OH) 3225, ν(C-H) 2930, ν(COO)sym 1715, ν(C=O) 1715, ν(COO)asym 1415, ν(CO) 1157,
ν(C-O-C) 1022, ν(M-O) 519 cm−1, m.p. 230 ◦C and molar conductance 18.63 S cm2 mol−1.

2.2.2. [Cu(AG-PAA)Cl(H2O)3]

This complex was prepared by dissolving 0.5 g (0.1 mmol) of the (AG/PAA) ligand
in 20 mL of methanol and heating it for 5 min before adding 20 mL of distilled water and
heating and stirring until the ligand was dissolved. We allowed it to cool somewhat before
adding 0.37 g (0.1 mmol) of the metal salt (CuCl2.2H2O) that was dissolved in 10 mL of
distilled water. The resultant mixture was stirred, and then the mixture solution containing
copper(II) complex was sonicated for 30 min; then, the green polycrystalline powder was
obtained, filtered and then cooled to room temperature. The green precipitate was washed
with distilled water and ethanol and then dried over CaCl2 in a desiccator. Anal. Calc. for
C9H15CuClO10: C, 28.28; H, 3.95. Found: C, 28.61; H, 3.98. IR data: ν(OH) 3199, ν(C-H) 2932,
ν(COO)sym 1703, ν(C=O) 1703, ν(COO)asym 1421, ν(CO) 1273, ν(C-O-C) 1026, ν(M-O) 582 cm−1,
m.p. 190 ◦C and molar conductance 17.85 S cm2 mol−1.

2.2.3. [Mn(AG-PAA)Cl(H2O)3]

This compound was synthesized in 2 steps:

Step 1: In a beaker, 0.8 g (0.2 mmol) of AG-PAA was dissolved in 20 mL of methanol, and
the mixture was heated for five minutes. Next, 20 mL of distilled water was added, and the
mixture was stirred and heated for another 20 min.
Step 2: We added the metal solution (0.68 g, 0.2 mmol) of tetra-hydrated manganese
chloride, which was dissolved in 10 mL of distilled water. After allowing it to cool down
a bit, we stirred it until the light brown precipitate formed and then dried it in calcium
chloride anhydrous. Anal. Calc. for C9H15MnClO10: C, 28.93; H, 4.04. Found: C, 29.10;
H, 4.47. IR data: ν(OH) 3444, ν(C-H) 2931, ν(COO)sym 1696, ν(C=O) 1696, ν(COO)asym 1419, ν(CO)

1103, ν(C-O-C) 1027, ν(M-O) 523 cm−1, m.p. 210 ◦C and molar conductance 14.18 S cm2 mol−1.

2.2.4. [Ni(AG-PAA)Cl(H2O)3]

The 0.8 g of the (AG/PAA) ligand was dissolved in 20 mL of methanol, heated for
5 min, and stirred until the ligand was dissolved. Next, 20 mL of distilled H2O was added,
and the mixture was heated and stirred for an additional minute. We allowed it to cool
slightly before adding 0.65 g of the metal (NiCl2·6H2O), which was dissolved in 10 mL of
distilled H2O. We continued stirring until the light green precipitate forms, after which
it is dried in the calcium chloride anhydrous. Anal. Calc. for C9H15NiClO10: C, 28.64;
H, 4.00. Found: C, 28.92; H, 4.33. IR data: ν(OH) 3216, ν(C-H) 2925, ν(COO)sym 1700, ν(C=O)

1700, ν(COO)asym 1414, ν(CO) 1164, ν(C-O-C) 1018, ν(M-O) 515 cm−1, m.p. 196 ◦C and molar
conductance 19.15 S cm2 mol−1.
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2.3. Physical Measurements

A Gmbh Vario El analyzer was used to determine the elemental analyzers. A Thermo
Nicolet (6700), Fourier-transform infrared (FT-IR) spectrophotometer with a wavenumber
range of (400–4000 cm−1) was used to collect structural data from FT-IR spectra. Using
a Shimadzu (UV-2101) PC spectrophotometer, the UV–Vis spectra were collected. The
sonication experiments were performed on sonicator type Q 700, 20 KHz, output 700 W.
On a magnetic susceptibility balance of the kind (MSB-Auto), measurements of magnetic
susceptibility were made. Using a conductivity meter made by JENWAY, model 4310, the
complexes’ conductance was measured. On a Shimadzu (DTG 60-H) thermal analyzer
heated to a rate of 10 ◦C per minute, thermal analysis of the polymeric complexes was
performed in dynamic air. On an XRD diffractometer Model (PW 1720 Philips, Eindhoven,
The Netherlands), measurements of the X-ray diffraction (XRD) were collected at room
temperature with Cu-Kα radiation (λCu = 0.154059 Å). In the structural refinement proce-
dure of our samples, we have followed the standard steps of the Rietveld method which
consists of following the sequence:

(i) Refinement of overall Scale factor + background coefficients (all other parameters are
kept fixed);

(ii) The same + refinement of detector zero offsets (or sample displacement in Bragg-
Brentano geometry) + refinement of lattice parameters;

(iii) The same + refinement of shape parameters + refinement of asymmetry parameters;
(iv) The same + refinement of atomic positions + refinement of global DebyeWaller pa-

rameter or thermal agitation factors;
(v) The same + refinement of site occupancy rate. In our refinements, we have taken care

to respect this sequence of steps to release the different parameters. This ensures the
stability of the refinement with all the parameters released.

By computing indicators such as the goodness of fit “χ2” and the R factors (Rwp = weighted
profile R-factor, RB = Bragg factor and Rexp = expected R factor), the fitting quality of the
experimental data is evaluated.

Using a scanning electron microscope, the morphology and structure of the prepared
materials were examined.

2.4. Microbial Species and Culture Media

In this article, various metal polymeric complexes, such as Co(II), Cu(II), Mn(II) and
Ni(II), were tested against Gram-positive (+) and Gram-negative (−) bacterial strains to
gain insight into their broad-spectrum effect. Two Gram-positive strains, Micrococcus luteus
NCIMB 8166 (S4) and Staphylococcus aureus ATCC 25923 (S1), and two Gram-negative
strains, Salmonella thyphimurium ATCC 14028(S10) and Escherichia coli ATCC 35218 (S5),
were the pathogenic strains that were used. A pathogenic reference strain of the yeast
Candida albicans ATCC 90028 (9C) was used to test the antifungal activity. The strains were
cultured on nutrient agar (Oxoid) for 24 h at 37 ◦C as well as in nutrient broth (Oxoid) for
24 h at 37 ◦C. For 24 h, the yeast strain was grown at 25 ◦C in Sabouraud Chloramphenicol
broth (Oxoid) and grown for 24 h at 37 ◦C on Sabouraud Chloramphenicol agar (Oxoid).
The different species are listed in Table 1.

Table 1. The used microbial strains.

Microbe Type Strain Reference

Gram-positive bacteria
S1 Staphylococcus aureus ATCC 25923
S4 Micrococcus luteus NCIMB 8166

Gram-negative bacteria
S5 Escherichia coli ATCC 35218
S10 Salmonella thyphimurium ATCC 14028

Yeast 9C Candida albicans ATCC 90028
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2.5. Antimicrobial Activity

All complexes were tested for antimicrobial activity using the agar disk diffusion
method. A total of 50 mg of each extract was dissolved in 1 mL of a 5% solution of dimethyl
sulfoxide, or “DMSO,” prior to testing. The strains were cultured in Mueller–Hinton
(MH) broth (Oxoid) at 37 ◦C for 24 h, and suspensions were calibrated to 0.5 McFarland
standard turbidity. Afterward, 100 μL of each precultured suspension was spread onto
plates containing MH agar. Sterile filter paper discs (6 mm in diameter) were impregnated
with 20 μL of the different extracts and placed on agar. The treated plates were put for 1 h
at 4 ◦C and then incubated for 24 h at 37 ◦C. After incubation, the diameter of the inhibition
zone (clear halo) about the discs was measured. Each sample was tested in duplicate.

2.6. Antioxidant Assays
DPPH Radical Scavenging Assay

According to the method proposed by Mahdhi et al. [44], the free radical scavenging
influence of the extracts was assessed using the next criteria: 1 mL of sample (5 mg/mL)
was combined with 3 mL of DPPH (2,2-diphenyl-1-picrylhydrazyl) (300 μM) methanolic
solution. The reaction mixture was vortexed and left to sit at 25 ◦C for 30 min. The solution’s
absorbance was determined at 517 nm. The standard was ascorbic acid. The following
Equation (1) was used to determine the inhibitory % of DPPH:

DPPH Scavenging effect (%) = [1 − (Abs sample/Abs control)] × 100 (1)

2.7. Cell Viability and Anticancer Assays

For the cell culture, human breast cancer cells (MCF-7) and human normal breast
epithelial cells (MCF-10A) were obtained from American Type Culture Collection (Man-
assas, WV, USA). The cells were grown in Dulbecco Modified Eagle’s Medium with the
addition of a synthesized solution of fetal bovine serum (10%) and a mixture of penicillin
(100 IU/mL) and streptomycin (100 g/mL) as antibiotics. The medium was then incubated
in a 5% CO2 atmosphere, 100% relative humidity at 37 ◦C. The anticancer activity and the
cell viability assays were performed via the MTT tetrazolium standardized test with some
modifications. This test is based on the ability of live cells to proliferate and thus metabolize
and reduce the yellow MTT tetrazolium salt into purple formazan structured by a typical
absorbance at 570 nm. The cultivated cells were seeded into 96-well plates at a density of
2104 cells/well. After 24 h of incubation, samples with different concentrations were added
to each cell culture medium. After incubation for 72 h, we proceed with the MTT assay.
Cell viability was assessed as the average % of relative formazan crystals formed taking
into account the control culture. Tests were carried out in triplicate for each test.

3. Results and Discussion

The biopolymers were synthesized by the reaction of AG-PAA with Co(II), Cu(II),
Mn(II) and Ni(II) chlorides (dissolved in MeOH and distilled water). The prepared com-
pounds were found to react in the molar ratio of 1: 1: metal: AG-PAA. The polymeric
complexes are air-stable and partially soluble in dimethyl sulphoxide. The electrical con-
ductivity of the polymeric compounds adequately confirmed their non-electrolytic nature.

3.1. Elemental Analyses

The results of elemental analyses (carbon and hydrogen) of the ligand and its polymeric
complexes along with the proposed molecular formula and physical characteristics were
shown in the experimental section.

3.2. Molar Conductance

The molar conductivity of the polymeric complexes was measured in dimethylsulphox-
ide at 25 ◦C using 10−3 M solutions of polymeric compounds. All complexes had low
conductivity readings, proving that they were nonionic, according to the results in Table 2.

134



Crystals 2023, 13, 1148

Table 2. FTIR spectral bands and their assignments of the ligand and its metal complexes.

Compound ν(O-H) ν(C-H) ν(COO)sym ν(COO)asym υΔ ν(C=C) ν(CO) ν(C-O-C) ν(M-O) ν(M-Cl)

AG-PAA 3222 2922 1725 1413 312 1600 1263 1025 - -
Co(II) complex 3225 2930 1715 1415 300 1599 1157 1022 519 417
Cu(II) complex 3199 2932 1703 1421 282 1592 1273 1026 582 471
Mn(II) complex 3444 2931 1696 1419 277 1595 1103 1027 523 409
Ni(II) complex 3216 2925 1700 1414 286 1604 1164 1018 515 422

ν(C=O) represents the frequencies of the ester carbonyl obtained after condensation of the AG and the PAA.

3.3. Fourier Transform Infrared Spectra

In order to pinpoint the functional groups of the components and comprehend the
binding process, FT-IR spectrophotometric analysis was carried out. In this case, IR analysis
was conducted to evaluate the preparation of the polymeric ligand (poly-PAA/AG) via the
crosslinking process. However, this method would be crucial in establishing the existence
of the various compounds between the created coordination polymer and the several metals
examined in our study. Figure 3 displays the various spectra that were obtained. In relation
to the synthesis of the polymeric ligand, we observe the appearance of a new band at about
1413 cm−1 indicating the fashioning of the ester group when comparing the spectra of the
ligand and the alginate or polyacrylic acid biopolymer. This ester fashioning was between
the COOH groups of the PAA polycarboxylic acid and the OH groups of the glycosidic
moiety of the (AG) biopolymer. Therefore, we conclude that the polymeric ligand (poly-
PAA/AG) was obtained throw a poly-esterification reaction between the alginate(AG) and
the PAA crosslinking agent. The FT-IR spectrum of the (poly-PAA/AG) ligand showed
several characteristic bands also existent in the spectra of the initial coordination poly-
mers. Here, we notice the presence of a large band thereabout at 3222 cm−1 which is
referred to as the hydroxyl group stretching (O-H). The (C-O-C) stretching vibration of
the glycosidic structure was visible in a strong band near 1025 cm−1 [45]. The pyranose’s
C-O-C glycosidic bonds are attributed to absorption bands with a wavelength between 1000
and 1100 cm−1. We observe some apparent shifts in the spectra of the compounds when
compared to the polymeric ligand (poly-PAA/AG) alone, particularly at 3222 cm−1 (O-H),
which suggests that the hydroxyl groups of the AG and the various metals have a coordi-
nating binding (Table 2). Furthermore, for ν(COO)sym at about 1413 cm−1 and ν(COO)asym

at around 1600 cm−1, we notice clear varied shifts with the used metal revealing the exis-
tence of interaction bounds between the different carboxylates of the AG and the various
transition elements. In addition, at these wavenumber frequencies, the IR spectra of the
complexes showed separation values Δυ (representing the difference between ν(COO)asym

and ν(COO)sym) which are around 277–312 cm−1, pointing to a monodentate mode of coor-
dination for the carboxylate group in a network of hydrogen bonds [46]. The IR spectra of
the polymeric complexes show a band at 409–471 cm−1 allocated to (M-Cl) [47]. The weak
bands at 409–471 cm−1 in the far IR regions were observed for complexes and are attributed
to chloride anions coordinated in a trans-octahedral geometry. The existence of coordinated
M-O is assured by the band at 515–582 cm−1 that appears with the four complexes [48]. We
can deduce that the various functional groups of the prepared crosslinked coordination
polymer, the poly-PAA/AG, which is mainly hydroxyl (OH), carboxylic (COOH) and ester
groups, are able to coordinate with the different transition element ions and especially in a
bidentate type.
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Figure 3. FT-IR spectra of the alginate (AG), polymeric ligand (poly-PAA/AG) and the different
synthesized Co(II), Cu(II), Mn(II) and Ni(II) polymeric compounds.

3.4. Electronic Spectra

The electronic spectra of transition metal polymeric and their free ligands (poly-PAA/AG)
are measured in the presence of DMSO (10−3 M). The outcomes show up in Table 3. The
UV–Vis spectrum of (AG) peaks at 254 nm are appropriated to (π→ π*) [49]. PAA displayed
bands of absorbance at 270 nm appropriated to n → π* [50]. As for the electronic spectra of
polymeric compounds for cobalt(II), copper(II), manganese(II) and nickel(II), it has special
bands, in the visible zone of spectra assigned to d-d transition scopes at 492–580 nm. As for
the bands identical to π→ π* and n → π*, transitions were shown in the scopes of 258–277 nm
and 273–298 nm, respectively, which indicates a bonding between the ligand (poly-PAA/AG)
and the transition metals. The electronic spectrum of the Mn(II) compound in DMSO solution
exhibited a peak around 510 nm assignable to the 6A1g → 4Eg, 4A1g transition. These data
along with magnetic data are compatible with an octahedral structure around the transition
metal ion [51]. The cobalt(II) polymeric complex displayed a weaker broad absorption band
at 560 nm appointed to 4T1g (F) → 4T1g (P) transition of octahedral geometry [52]. The
nickel(II) polymeric complex showed two bands located at 512 and 580 nm, which may be
referred to as 3A2g(F) → 3T1g(P)(υ3) and 3A2g(F) → 3T1g(F)(υ2), which are characteristic
of the nickel(II) ion, in an octahedral geometry [53]. The electronic spectrum of copper(II)
showed a low-intensity broad band at 690 nm corresponding to the 2Eg → 2T2g transition,
suggesting a distorted octahedral structure around Cu(II) [54].
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Table 3. Electronic spectral data of free ligand and its polymeric compounds and magnetic moments.

Ligands and the
Complexes

λmax.
(nm) (cm−1)

Assignment
μeff

(B.M.)
Geometry

PAA 270 37,037 n→π* - -
AG 254 39,370 π→π* - -

Co(II) complex
560 17,857 4T1g (F)→4T1g (P)

4.82 Octahedral273 36,630 n→π*
258 38,759 π→π*

Cu(II) complex
690 14,490 2Eg →2T2g

1.74 Octahedral277 36,101 n→π*
263 38,022 π→π*

Mn(II) complex
510 19,607 6A1g →4Eg, 4A1g

5.94 Octahedral278 35,971 n→π*
263 38,022 π→π*

Ni(II) complex

512 19,531 3A2g(F)→3T1g(P)(υ3)

2.88 Octahedral
580 17,241 3A2g(F)→3T1g(F)(υ2)
286 34,965 n→π*
251 39,840 π→π*

3.5. Magnetic Moment Analysis

The determination of magnetic susceptibilities (μeff) of the polymeric compounds was
carried out at 25 ◦C. The data of the effective magnetic moment (μeff) were specified by the
data of diamagnetic corrections and Pascal’s constants according to Equation (2):

μeff = 2828(χMT)1/2 (in B.M.) (2)

where μeff is the effective magnetic moment (in Bohr Magneton, B.M.), T is the temperature
(K) and M is the molar magnetic susceptibility after correction. The value of μeff for the
Mn(II) complex was 5.94 μB, which suggested an octahedral geometry, whereas, in the case
of the Co(II) complex, the magnetic measurements illustrated a 4.82 μB value, which is
sufficient for octahedral geometry [55,56]. As for the Ni(II) compound, magnetic measure-
ments revealed that the compound has a μeff value of 2.88 μB, which is compatible with
the range of the expected octahedral geometry of the nickel(II) compound [57]. Moreover,
it has been found that the Cu(II) compound stabilizes in an octahedral geometry with a
value of 1.74 μB [58].

The suggested structures for nano-sized Co(II), Cu(II), Mn(II) and Ni(II) coordination
PAA/alginate biopolymers are shown in Figure 4.

Figure 4. Suggested structure of metallic coordination polymers.
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Where M = Cobalt(II), copper(II), manganese(II) or nickel(II).

3.6. Thermal Analysis

Thermal analyses of the manufactured compounds were performed up to 500 ◦C.
Using this method, complex composition, temperature stability and the presence or absence
of water molecules (if any) inside or outside the compounds inner coordination sphere
can all be determined. TGA thermograms of the synthesized ligand and transition metal
polymeric complexes showed a gradual weight reduction, indicating disintegration by
fragmentation as the temperature increased. The findings revealed a good agreement
between the calculated data, and the suggested formulae for weight loss (Table 4).

Table 4. Thermal analysis of polymeric complexes.

Compounds Stage
Temp. Range

(◦C)
TGA (Wt. Loss) (%)

Found Calcd.
Assignment

Co(II)
complex

1st
2nd
3rd
4th

65–150
152–220

13.94
9.05
59.83

14.32
9.38
60.94

Loss of three water molecules
Loss of chloride atom

Decomposition rest of the organic ligand AG-PAA with
the formation of cobalt oxide

222–350
352–500

Cu(II)
complex

1st
2nd
3rd
4th

60–118
120–205

13.98
9.18
59.32

14.15
9.27

60.20

Loss of three water molecules
Loss of chloride atom

Decomposition rest of the organic ligand AG-PAA with
the formation of copper oxide

207–326
328–500

Mn(II)
complex

1st
2nd
3rd
4th

70–142
144–202

13.90
9.12
59.88

14.46
9.48
61.59

Loss of three water molecules
Loss of chloride atom

Decomposition rest of the organic ligand AG-PAA with
the formation of manganese oxide

204–295
297–500

Ni(II)
complex

1st
2nd
3rd
4th

64–138
13.65
9.08
59.72

14.31
9.39
60.98

Loss of three water molecules
Loss of chloride atom

Decomposition rest of the organic ligand AG-PAA with
the formation of nickel oxide

140–230
232–368
370–500

3.6.1. [Co(AG-PAA)Cl(H2O)3] Complex

Four decomposition stages were observed for the thermolysis curve of the Co(II)
polymeric complex. These occur in the temperature ranges 65–150, 152–220, 222–350 and
352–500 ◦C. The first mass loss correlates well with the release of three H2O molecules. This
may be referred to as an ion-dipole interaction between cobalt and water. The corresponding
mass loss was found to 13.94% (calc. 14.32%). For this step, a DTG midpoint appears at
92 ◦C with an endothermic peak in the DTA curve, at 94 ◦C. In the subsequent steps, the
decomposition of the complex proceeds. The ultimate product was characterized as cobalt
oxide (calc. 19.84%, found 17.18%). Scheme 1 depicts these decompositions.

Scheme 1. Steps for decomposition of Co(II) polymeric complex.
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3.6.2. [Cu(AG-PAA)Cl(H2O)3] Complex

The TG thermogram of [Cu(AG-PAA)Cl(H2O)3] exhibits four inflection points cor-
responding to four decomposition steps. Three water molecules are released in the first
step, (calc. 14.15%, found 13.98%). For this step (thermal gravimetric analysis) (peak at
96 ◦C), an endothermic effect is observed at 98 ◦C in the differential thermal analysis trace.
The observed mass loss in the 2nd step (120–205 ◦C) agrees well with the expected loss of
chloride atoms (calc. 9.27%, found 9.18%) (DTG peak at 180 ◦C). This step is marked on
the differential thermal analysis (DTA) curve as an exothermic peak at 182 ◦C. Then, the
decomposition products are produced in the rest of the steps. The 3rd and 4th steps are
consistent with the decomposition of rest products (calc. 60.20%, found 59.32%) (thermal
gravimetric analysis) (peaks at 290 and 386 ◦C), for which exothermic peaks at 292 and
388 ◦C are recorded in the DTA trace. The residue was suggested to be CuO on the basis of
mass loss consideration (calc. 20.80%, found 17.52%).

3.6.3. [Mn(AG-PAA)Cl(H2O)3] Complex

There were four distinct stages of decomposition visible in the Mn(II) complex ther-
mograms. The first stage of decomposition occurs between 70 ◦C and 142 ◦C, where the
loss of three H2O molecules results in a rated mass loss of 13.90% (calculated to be 14.46%)
(thermal gravimetric analysis TG) (peak at 98 ◦C), for which a broad, endothermic peak
manifests in the DTA curve at 100 ◦C. In the second stage, chloride atoms are lost with a
mass loss of 9.12% percent (calculated as 9.48 percent) between 144 and 202 ◦C. At this stage,
a DTG peak manifests at 182 ◦C, and a broad endothermic effect is listed in the differential
thermal analysis trace at 184 ◦C. The third and fourth stages of decomposition took place
at 204–295 ◦C and 297–500 ◦C, respectively, as a result of the remain of the organic ligand
AG-PAA decomposing and forming the final product (MnO), which experienced mass
losses of 59.88% (calculated at 61.59%) and 17.10% (calculated at 18.98%). These stages are
manifested in the DTG curve as peaks at 244 and 384 ◦C, and the DTA trace furnishes a
broad exothermic effect at 246 and 386 ◦C. (Figure 5).

Figure 5. Thermal gravimetric analysis and differential thermal analysis thermograms of Mn(II)
compound.
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3.6.4. [Ni(AG-PAA)Cl(H2O)3] Complex

The decomposition of [Ni(AG-PAA)Cl(H2O)3] proceeds in four distinct steps in the
temperature ranges 64–138, 140–230, 232–368 and 370–500 ◦C. The 1st mass loss correlates
well with the relief of three H2O molecules (calc. 14.31%, found 13.65%) (thermal gravi-
metric analysis) (peak at 98 ◦C) with an endothermic broad peak in the differential thermal
analysis trace at 100 ◦C. The second mass loss is compatible with the expulsion of the
chloride atom (calc. 9.39%, found 9.08%), A thermal gravimetric analysis peak at 202 ◦C
and an exothermic effect at 204 ◦C in the differential thermal analysis trace are noticed. The
third and fourth mass loss represents the release of the rest of organic (AG-PAA) ligands
(calc. 60.98%, found 59.72%). The final product is consistent with NiO (calc. 19.79%, found
17.55%).

3.7. X-ray Powder Diffraction

This XRD study is another piece of proof for the emergence of metal–ligand complexes.
The compounds’ XRD patterns were documented. Table 5 lists the crystal structures of
various compounds. The comparison of the diffraction patterns of the ligands with the
obtained complexes.

Table 5. X-ray powder diffraction data of the different polymeric compounds (Cu-Kα radiation
(λCu = 0.154059 Å)).

Parameters
Crosslinked Polymeric
Ligand (Poly-PAA/AG)

Co(II)
Complex

Cu(II)
Complex

Mn(II) Complex Ni(II) Complex

Empirical formula C9H10O7 C9H15CoClO10 C9H15CuClO10 C9H15MnClO10 C9H15NiClO10
Formula Weight 230.12 377.60 382.21 373.60 377.36

a (Å) 20.22 7.967 7.8447 7.4014 5.673
b (Å) 11.58 7.967 7.8447 8.7901 5.655
c (Å) 20.74 7.967 26.358 3.6889 8.004

Alfa (◦) 90.00 90.00 90.00 90.00 90.35
Beta (◦) 110.64 90.00 90.00 98.165 90.72

gamma (◦) 90.00 90.00 120.00 90.00 89.99
Crystal system Monoclinic Cubic Hexagonal Monoclinic Triclinic

Space group C12/m1 Fm-3m R-3m C2/m I-1
Volume of unit

cell (Å3)
4498 505.8 1404.7 237.57 256.7

Particle size (nm) 171 14 38 33 68

The XRD diffractogram of the ligand film indicates the presence of an amorphous
structure, while the prepared Co(II), Cu(II), Mn(II) and Ni(II) compounds were crystalline.
All polymeric complexes have sharp peaks in Figure 6. On the other hand, the Mn(II)
compound has a monoclinic crystal system while the Co(II) compound has a cubic crystal
system. The Ni(II) and Cu(II) compounds have a triclinic, and a hexagonal crystal system,
respectively. The significant broadening of the peaks illustrates that the particles are of nm
dimensions. Scherrer’s Equation (3) was used to estimate the particle size of the polymeric
complexes.

D = Kλ/βcosθ (3)

where K is the shape factor, λ is the X-ray wavelength typically 1.54 Å, β is the line
broadening at half the maximum intensity in radians and θ is Bragg angle. D is the mean
size of the ordered (crystalline) domains, which may be smaller or equal to the grain size.
Scherrer’s equation is limited to nanoscale particles. The average size of the particles lies
in the range of 14–68 nm which is in agreement with that noticed by scanning electron
microscopy.
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Figure 6. X-ray diffraction patterns of the different synthesized polymeric complexes (Cu-Kα radia-
tion (λCu= 0.154059 Å)).

3.8. SEM Morphological Analysis

Electron microscopy (EM) has played a vital function in polymeric complexes proper-
ties and analysis. In addition to extremely more magnification levels, it can provide us with
significant information containing composition and novel materials’ morphology. It can
also show distinguishing contaminant materials that are only existent in polymers in trace
amounts. Figure 7 displays as a general note an evident difference in surface morphology
which is diverse depending on the type of transition element used in prepared polymeric
complexes. The crosslinked polymeric ligand (poly-PAA/AG) revealed a porous and irreg-
ular surface reflecting its considerable hydrophilic property. This surface property could
be efficient in the fashioning of ligand (poly-PAA/AG-metal coordination) polymers, and
given that polymeric complexes are readily available in solution, continuous crosslinking
into nanostructures is expected. While such particles have been used in the biomedical
industry [59], their presence does support the aim to synthesize homogenous Co(II), Cu(II),
Mn(II) and Ni(II) coordination PAA/alginate biopolymer NPs. A microscopic image of
Mn(II) and Co(II) polymeric compounds illustrates small particles with a diameter between
20 and 29 nm. The surface morphology of the Ni(II) compound appears as uniform spheri-
cal particles with a diameter between 60 and 65 nm. In the Cu(II) complex, the SEM shows
different shapes with diameters between 34 and 40 nm.
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Figure 7. SEM of the different prepared polymeric complexes, (a) Co(II) complex, (b) Cu(II) complex,
(c) Mn(II) complex and (d) Ni(II) complex.

3.9. Antimicrobial and Antioxidant Assays

The test polymeric complex NPs exhibit a broad spectrum of antimicrobial activity
because they are active against both Gram-positive and Gram-negative bacteria, but espe-
cially against Gram-positive strains, according to the antimicrobial results summarized in
Table 6 and Figure 8a–d. The inhibitory zone diameter of the other extracts reached 5 cm,
demonstrating their strong antimicrobial activity. The strongest are copper(II) and cobalt(II)
compounds, which have a strain-dependent antimicrobial effect. The antioxidant effect of
the different polymeric complexes is displayed in Figure 9.

Table 6. Antimicrobial and antioxidant effect (Inhibitory zone expressed in cm ± SD).

Compound
Antimicrobial

Antioxidant
S1 S4 S5 S10 9C

Co(II) complex 2.1 1.3 2.2 1.4 3.1 71 ± 1.4
Cu(II) complex 5.4 1.4 1.7 2.9 4.1 82 ± 1.4
Mn(II) complex 1 1.65 1.4 1.4 1.3 61 ± 0.6
Ni(II) complex 1.9 1.3 1.9 1.2 1.35 70.5 ± 0.7

SD: Standard Deviation.
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Figure 8. Microbiological activity against (a) Staphylococcus aureus, (b) Escherichia coli, (c) Salmonella
typhimurium and (d) Candida albicans.

Figure 9. Antioxidant effect of the different polymeric complexes.

3.10. In Vitro Anticancer Assay

In vitro, cell assays proceeded to investigate both the biocompatibility and anticancer
activity of the prepared polymeric compounds. Human breast cancer cells (MCF-7) were
used to assess the anticancer potential of the crosslinked polysaccharide ligand (poly-
AG/PAA) and its two metal coordination polymers, the poly-AG/PAA/copper(II) and
the poly-AG/PAA/cobalt(II). The assessment of the anticancer activity was carried out
via the treatment of the cancer cells using the MTT assay by varying the concentration
of the different polymeric vectors. The outcomes in Figure 10 displayed no cytotoxicity
of the polymeric ligand in the approach with normal epithelial cells. This was reported
previously by various research investigations that showed the excellent biocompatibility
of the naturally extracted polysaccharides [60,61]. Therefore, the crosslinked polymeric
ligand based on alginate biopolymer can be considered as a safe drug delivery carrier and
other pharmaceutical applications. In addition, the synthesized polymeric compounds of
Cu(II) and Co(II) revealed excellent cytocompatibility after 72 h in contact with the normal
human breast epithelial cells(MCF10A), with the various applied concentrations. This was
an important stage; meanwhile, the potential of anticancer drugs significantly concentrated
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on their biocompatibility with the normal counterparts of the analyzed cancer cells. The
anticancer valuation in Figure 11 exhibited that the polymeric ligand without metals has the
ability to kill cancer cells, and this is from a dose of 50 g/mL. The anticancer performance
increases by sample concentration, to reach 51% at a concentration of 200 g/mL, which is
in concordance with some previous studies [62].
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Figure 10. Cell viability assessments in human normal beast cells of the ligand and the polymeric
compounds via cell growth inhibition rates by varying the concentration after 72 h incubation on
MCF-10A and MCF-7 cell lines.
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Figure 11. Anticancer activity in human breast cancer cells of the ligand and the polymeric com-
pounds via cell growth inhibition rates by varying the concentrate ion after 72 h incubation on
MCF-10A and MCF-7 cell lines.

Concerning the two selected polymeric complexes, results showed a good ability to
kill the cancer cells in a dose-dependent method. The copper(II) polymeric compound
confirms its excellent performance shown in microbial activity and demonstrates a higher
anticancer potential compared to the Co(II) complex with the different polymeric doses.
After a period of incubation fixed at 72 h and at a dose of 200 g/mL, the transition metal
complexation significantly lowered the viability of the MCF-7 cancer cells up to 17.1 ± 1.21%
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and 13.2 ± 1.52% for the copper(II) and the cobalt(II) polymeric compounds, respectively. In
summary, both the polymeric ligand (poly-AG/PAA) and the Cu(II) and Co(II) compounds
exhibited good cytocompatibility with normal human epithelial cells. Furthermore, the
in vitro anticancer evaluation showed the high anticancer performance of the Cu(II) and
Co(II) polymeric compounds with a potential rising with the used polymeric concentration.

4. Conclusions

Polymeric complex NPs were prepared from polyacrylic acid (PAA) and sodium algi-
nate (AG) with cobalt(II), copper(II), manganese(II) and nickel(II) chlorides. The various
physico-chemical analyses included elemental analysis (C and H), FT-IR, UV–Vis spec-
tra, TG, DTA, XRD and SEM. The magnetic studies suggested the octahedral geometrical
structure for all produced polymeric complexes. Alginate and polyacrylic acid were used
because they are biocompatible materials. As it is known, (PAA) gels are suitable biocom-
patible matrices for medical applications, such as gels for skin care products. PAA films can
be deposited on orthopedic implants to protect them from corrosion. Crosslinked hydrogels
of PAA and gelatin have also been used as in medical glue. In addition, Alginate (AG),
which is rich in sources, is non-toxic and has excellent biocompatibility, biodegradability
and safety, has been widely used in medical wound dressings, drug delivery carriers and
delivery of bioactive substances in tissue engineering and skeleton materials. Therefore,
nano-sized metallic polymers were prepared from these biopolymers, which really gave ex-
cellent results with the microbes that were tested, whether Gram-positive or Gram-negative
bacteria or fungi. In summary, both the polymeric ligand (poly-AG/PAA) and the two
metal complexes exhibited good cytocompatibility with normal human epithelial cells.
Furthermore, the in vitro anticancer evaluation showed the high anticancer performance of
the poly-AG/PAA/Cu(II) and poly-AG/PAA/Co(II) compounds with a potential rise with
the used polymeric concentration.
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Abstract: The experimental discovery of the suppression effect of the non-collinear phase in strong
magnetic fields near the compensation point in ferrimagnetic structures was made. The observations
were carried out using the magneto-optical method by creating a lateral temperature gradient in
the plane of the epitaxial films of iron garnets. The non-collinear phase is absent in weak magnetic
fields. If an external magnetic field exceeds the first critical value, the non-collinear phase arises
near the compensation point. The temperature range of the non-collinear phase expands due to
the field increase up to the second critical value. Further field increases conversely reduce the
temperature range of the non-collinear phase so that the field above the second critical value causes
the disappearance of the non-collinear phase. The effect of the occurrence and suppression of the
non-collinear phase is demonstrated on samples of two types of iron garnet films with two and three
magnetic sublattices. Phase diagrams of the magnetic states in the vicinity of the critical point are
constructed, and it is shown that the region of existence of the non-collinear phase in a two-sublattice
magnet is smaller than in a three-sublattice one.

Keywords: magneto-optical method; compensation point; magnetic phases; ferrimagnetic materials

1. Introduction

Currently, ferrimagnetic materials with a compensation temperature are well known [1].
The magnetic compensation temperature Tm is a special point on the temperature depen-
dence of the magnetization of a ferrimagnet at which the magnetizations of oppositely
directed magnetic sublattices fully compensate one other and the total spontaneous mag-
netization of the material becomes zero. The theoretical analysis of the behavior of a
multi-sublattice ferrimagnet in an external magnetic field allows the prediction of the
existence of three magnetic phases that exist in certain temperature ranges [2]. At low tem-
peratures, the magnetizations of non-equivalent sublattices are antiparallel to each other
and collinear with the magnetic field; the resulting magnetization decreases with increasing
temperature. At temperatures above Tm, a collinear magnetic structure is realized, with
magnetization directions of the sublattices inverted with respect to the low-temperature
interval.

In the vicinity of the compensation point, the occurrence of a non-collinear (canted)
phase is predicted. In this case, the sublattice magnetizations are non-collinear to each
other as well as to the external magnetic field.

Thin films of compensated ferrimagnets based on the combination of rare-earth and
transition metals having alloy or multilayer forms are currently considered key materials
for spintronics and other modern technology [3]. Thin films of Mn4N also demonstrate
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non-collinear ferrimagnetism and are interesting materials for spintronics applications [4].
Modern investigations of great interest for fundamental physics and applications relate
to ultrafast magnetism and optical switching. The prospective materials to explore these
phenomena in the non-collinear phase near the magnetization compensation point are thin
ferrimagnetic films based on a combination of rare-earth and transition metals [5], such as
on cation-substituted iron garnets [6–8].

According to molecular field theory, the temperature range of the existence of the non-
collinear magnetic structure expands with increasing magnetic field up to the disappearance
of collinear magnetic structures [2,9,10]. However, as far as the authors are aware, this
finding has not been experimentally confirmed.

The aim of this work was to experimentally detect and investigate various magnetic
phases near the spin-reorientation transition caused by temperature. We studied thin mag-
netic films of cation-substituted iron garnet using by two types of samples. The samples
of the first type had three magnetic sublattices related to iron ions in octahedral garnet
positions, iron in tetrahedral positions, and rare-earth gadolinium ions in dodecahedral po-
sitions. The second type of samples had two magnetic sublattices represented by octahedral
and tetrahedral iron, while all other cations, including rare-earth metals in dodecahedral
positions, were non-magnetic ones. To visualize the magnetic phases, we applied the
magneto-optical Faraday effect, following the approach proposed in [11]. In order to
enhance the Faraday rotation, we selected samples of bismuth-containing garnets. To
produce different magnetic phases, we applied the lateral temperature gradient in the film
plane. The controlled temperature gradient provides the possibility of observing different
magnetic phases in the same sample at the same external magnetic field values.

2. Samples

Two series of 5 μm thick and 10 × 10 mm bismuth iron garnet films were prepared
for experiments using liquid-phase epitaxy [12]. The first type of film, (BiGd)3(FeGa)5O12,
contained magnetic Gd3+ (spin I = 5/2) ions in the dodecahedral garnets’ positions and
magnetic ions Fe3+ (spin I = 3/2) in both the tetrahedral and octahedral positions. As a
result, there were three magnetic sublattices. The second type film, (BiYLu)3(FeGa)5O12,
had only two magnetic sublattices caused by iron ions.

In both compositions, a small amount of the diamagnetic Ga3+ ions substituted the
magnetic iron ions. Gallium ions have a preference to occupy tetrahedral positions and
dilute the largest iron sublattice. Such diamagnetic dilutions play a primary role in precise
tuning the compensation temperature in the second type of samples where the dodecahe-
dral sublattice remained completely non-magnetic. The content of magnetic Gd3+ ions in
dodecahedral positions was the main contributor to the compensation temperature for the
first type of sample. Bismuth, in both compositions, enhances the Faraday rotation, which
has achieved record values in ferrites based on it [12–14].

A monocrystalline plate of (GdCa)3(GaMgZr)5O12 garnet was used as the substrate
for the epitaxial synthesis of the bismuth gadolinium iron garnet (first type sample). For
the second-type film, a plate of Gd3Ga5O12 garnet crystal was used as the substrate. Both
substrates were plates oriented in the (111) crystal plane.

The magnetic state of the epitaxial films of iron garnet significantly depends on the
mismatch between film and substrate lattice parameters. The parameters of the crystal
structure of the film, aF, and of the substrate, aS, give the mismatch parameter Δa = aF − aS.
Large values of the mismatch parameter Δa lead to the appearance of large magnetoelastic
stresses and a change in the magnetic anisotropy. We minimized this parameter by choosing
the type of substrate and the concentration of ions with the required values of ionic radii.
Thus, to synthesize the films of the first type of garnet having elements of a large ionic ra-
dius, we used a (GdCa)3(GaMgZr)5O12 substrate with a large cell parameter a = 1.2495 nm.
Gadolinium gallium garnet Gd3Ga5O12 with a smaller cell parameter, a = 1.2373 nm, was
the substrate for the second type of film having the minimum number of big ions.
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To measure the mismatch parameter Δa for the studied samples, we applied the X-ray
diffraction method, which resulted in Δa1 = 0.0006 nm for the first type of sample and
Δa2 = 0.0003 nm for the second type of sample. To estimate crystalline quality, we utilized
X-ray rocking curves, which broaden the diffraction peaks. The half-width of the rocking
curves did not exceed 15.0′′–15.5′′ for the used films. Some synthesis condition details
and the XRD crystal quality assessment are provided in the Supplementary Materials
(Tables S1 and S2, Figure S1).

The ferromagnetic resonance measurements show that both magnetic films demon-
strated magnetic anisotropy of the “easy–axis” type at room temperature so that the direc-
tion of the easy axis was perpendicular to the film plane. This result is in good agreement
with the shape of the domain structure observed by means of the Faraday effect at room
temperature too.

The chemical composition of the magnetic films (Tables 1 and 2) was determined via
electron probe microanalysis using a Jeol JSM-6480LV (Tokyo, Japan) scanning electron
microscope with an INCA X-Maxn energy-dispersive spectrometer. The analysis was
carried out at an accelerating voltage of 10 kV and electric current of 1.4 nA. Standardization
of the emission lines was carried out using the standards of GdPO4, ScPO4, Fe, YPO4, Pt,
and BiTe2 for the elements O and Gd, Sc, Fe, Y, Pt, and Bi, respectively. Standard deviations
for the elements with concentrations larger than 10% in mass did not exceed 2%. Averaging
over six points on each sample was applied.

Table 1. Chemical composition of the sample (BiGd)3(FeGa)5O12. Metal atoms content recalculated
per 12 oxygen atoms (according formula unit).

Al Cr Fe Cu Ga Gd Pt Bi O

1 0.03 0.02 4.22 0.02 0.56 2.40 0.11 0.62 12.00
2 0.04 0.02 4.20 0.02 0.57 2.40 0.11 0.60 12.00
3 0.04 0.02 4.21 0.02 0.58 2.41 0.11 0.59 12.00
4 0.04 0.02 4.23 0.02 0.59 2.39 0.10 0.58 12.00
5 0.03 0.02 4.22 0.02 0.58 2.40 0.11 0.60 12.00
6 0.05 0.02 4.22 0.01 0.58 2.40 0.11 0.58 12.00

Table 2. Chemical composition of the sample (BiYLu)3(FeGa)5O12. Metal atoms’ content recalculated
per 12 oxygen atoms (per formula unit).

Ca Fe Ga Y Gd Lu Pt Bi O

1 0.02 3.52 1.45 0.88 0.01 1.30 0.04 0.78 12.00
2 0.02 3.51 1.45 0.87 0.02 1.32 0.02 0.78 12.00
3 0.02 3.51 1.47 0.84 0.01 1.32 0.03 0.78 12.00
4 0.03 3.50 1.45 0.86 0.01 1.32 0.03 0.79 12.00
5 0.03 3.49 1.47 0.87 0.02 1.31 0.03 0.78 12.00
6 0.03 3.51 1.45 0.86 0.02 1.31 0.03 0.79 12.00

As a first approach, we assumed that the chemical composition of the studied iron
garnets contained 12 oxygen ions per formula unit. Using this assumption, we obtained the
cation content per formula unit too (Tables 1 and 2). By combining these data together with
known molecular field coefficients [15], we estimated the temperature of magnetic compen-
sation and found a good agreement between molecular field theory and the experimental
results.

To define the temperature of magnetic compensation, we used the temperature de-
pendence of magnetization measured using vibrating magnetometry. Figure 1 gives the
dependences obtained by using a Versa Lab setup (Quantum Design, Sao Paolo, Brazil) for
both samples in a weak magnetic field of 10 mT applied perpendicular to the film plane.
Both dependencies (Figure 1) had a qualitatively similar characteristic, which is typical for
a ferrimagnetic material with a magnetic compensation temperature. The temperature of
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magnetic compensation is a temperature that results the deep minimum of the magneti-
zation dependence below the Neel temperature. The absolute magnetization value is an
unimportant feature in finding the temperature of magnetic compensation. This allowed
us to ignore the normalization of the measured magnetic moment on the film volume and
to present magnetization in the arbitrary units.

 
(a) 

 
(b) 

Figure 1. Temperature dependences of magnetization. External magnetic field of 0.01 T directed
along film normal. The speed of temperature scanning was about 1 K/min. (a) (BiGd)3(FeGa)5O12,
(b) (BiYLu)3(FeGa)5O12.

The special measurements of the substrate magnetization indicate the absence of any
features that can affect the accuracy of finding the compensation temperature. The substrate
paramagnetic magnetization decreases 1/T as the temperature T grows, and paramagnetic
contribution is excluded from the samples’ magnetization in Figure 1. As a result, we found
a compensation temperature Tm = 346.5 K for the first type of sample (bismuth gadolinium
iron garnet having three magnetic sublattices) and Tm = 327.5 K for the second type of
sample (bismuth iron garnet having two magnetic sublattices).
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3. Experiment

The experimental method used in this study is based on the gradient in-plane method
proposed in [16,17] for observing phase transitions. In contrast to [16,17], we used a
temperature gradient instead of the gradient of the composition in the film plane. The
general scheme of the experiment is shown in Figure 2.

Figure 2. General scheme of the experiment. 1—unpolarized light source, 2—polarizer, 3—film
sample, 4—heating Peltier element, 5—cooling Peltier element, 6—temperature-controlled stage,
7—analyzer, and 8—camera and microscope at 550× magnification, B—magnetic field, ∇T—lateral
temperature gradient.

Polarized light was used to observe the magnetic phases. Passing through the magnetic
film of the sample, the polarized light entered the digital camera through the analyzer. The
angle between the polarizer and the analyzer was adjusted to achieve the maximum image.
This provided some middle intensity of light if polarization remained unchanged between
the polarizer and analyzer.

Due to the Faraday effect, polarization rotation is possible in magnetic materials that
influence the intensity of the light passing through a film. The Faraday rotation in our
samples provided the dominant contribution from the magnetic sublattice of the tetrahedral
iron ions. The diamagnetic bismuth ions only enhanced this effect. The contribution of the
octahedral sublattice was always less than that of the tetrahedral one. The angle of Faraday
rotation depends on the projection of the tetrahedral magnetization onto the direction of the
light beam and reaches the maximum value when magnetization is collinear to the beam,
while the orthogonal direction results in unchanged polarization. As a result, the sample
areas having different tetrahedral magnetization along the film normal should demonstrate
different brightness in the image obtained with the digital camera.

In the experiments, a digital video camera was used together with a 550× magnifica-
tion microscope. The observed area of the sample was a circle with a diameter of about
3 mm. A special holder made of non-magnetic materials was made for both the video
camera and the microscope.

To create a lateral temperature gradient ∇T in the sample plane, two Peltier elements
connected in opposite directions were used. Both Peltier elements, model TB–7–06–08
KryoTherm (St. Petersburg, Rusia) with a size of 4 × 4 mm, were located at the edges
of the observation area at a distance of 3 mm. A temperature-controlled sample holder
with Peltier elements was used to stabilize the temperature during measurements. The
sample temperature monitoring and control system also included service elements, such
as a temperature sensor and a differential thermocouple for monitoring the temperature
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gradient, not shown in Figure 2. The specially designed holder that held the optical
system together, described above, temperature control equipment, and the test sample
were placed in the working area of a superconducting magnet. The magnet provided a
field B up to 10 T directed along the normal to the film plane. The cryogenic system for
the superconducting magnet was a GFSG-510-2K-SCM10T-VTI29 (CryoTrade Engineering
LLC, Moscow, Russia).

To automate the experiment, a computer, a temperature control system, measuring
instruments, and a magnet power supply were networked. A computer managed the
network utilizing the specially developed software. The developed system automatically
stored into a file the measured values of magnetic field, temperature, and temperature
gradient and displayed them on a monitor.

The magnetization redistribution due to the changing magnetic field resulted in the
changing image registered with polarized light. The dynamically changing image together
with the above-mentioned parameters were recorded as a video file. The proposed optical
system along with the temperature and magnetic field management systems allowed the
visualization of the magnetization behavior during the temperature-phase transition in
high-quality, homogeneous films.

4. Results and Discussion

To identify the conditions for the existence of a non-collinear phase, measurements
were carried out in magnetic fields ranging from 0 to 10 T. The sample temperature was
maintained in the compensation temperature region.

Visually, both types of samples qualitatively demonstrated the same behavior, differing
only in numerical values. The images for the (BiYLu)3(FeGa)5O12 sample looked more
contrasted than those for the first type sample, because the concentration of Bi ions in the
second type of sample was significantly higher (Tables 1 and 2). The experimental results
for the second type of sample are given in Figures 3 and 4.

In the absence of an external magnetic field, a large-block domain structure was
observed at room temperature, and the temperature variations changed this structure. In
magnetic fields exceeding the coercivity threshold, the sample was in saturation, and a
monodomain state was observed.

To conduct experiments near the compensation point, we started from room tem-
perature and gradually heated the sample up to the compensation point. The rate of
temperature changes did not exceed 1 degree per minute.

Near the compensation temperature, the observed pattern consists of two areas of
different brightness when the magnetic field is below the first critical value Hc1 (Figure 3a).
We attribute these areas to collinear phases of different magnetization directions perpen-
dicular to the film plane. The observed behavior agreed with expectations because the
theoretical temperature range for the canted phase existence is sufficient in low fields [2,10].
The other argument is that the “easy-axis” magnetic anisotropy crushes the canted phase in
low fields. This anisotropy also responds to the temperature hysteresis in the magnetization
near the compensation point (Figure 1a). Similar hysteresis took place for the second type
of sample in the 1 mT field.

Let us note that the visualized magnetic phases differed from one other in the direction
of the magnetization of tetrahedral iron, while the direction of the total magnetization was
the same for both phases and laid along the magnetic field. A boundary between areas
of the different phases is the 180-degree compensation wall. This compensation wall is
similar to the compensation wall that has been reported in [17,18]. Unlike the temperature
gradient reported here, the authors of [17,18] used samples that had a compensation point
gradient due to the gradient of the chemical composition in a sample.

Starting from the first critical value Hc1, the field increase brought the extra features
into the observed pattern. A transition region of intermediate brightness appears between
regions that represent collinear phases (Figure 3b). The field growth up to the second
critical value Hc2 increased the width of the transition region.
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 3. Magneto-optical visualization of phase states in the (BiYLu)3(FeGa)5O12 sample at the tem-
perature T = 327.5 K (the region of magnetic compensation) in an external magnetic field B = 0.5 T (a),
B = 1.0 T (b), B = 1.03 T (c), B = 1.05 T (d), B = 1.1 T (e), and B = 1.2 T (f). (1), (2) Collinear phases of
opposite magnetization direction; (3) non-collinear (canted) magnetic phase.

  
(a) (b) 

Figure 4. The temperature gradient influence on the non-collinear phase in the (BiYLu)3(FeGa)5O12

sample. The lateral gradient for image (a) is approximately twice as small as that in image (b).

The new region appeared due to the canted phase, which gave a weaker Faraday
rotation. In reality, the directions of the sublattices magnetization do not match the ex-
ternal magnetic field in the non-collinear (canted) phase. At the temperature of magnetic
compensation, the sublattices’ magnetizations are practically orthogonal to the external
field and, as a result, provide a vanishingly small contribution to the Faraday rotation. The
temperature offset from the compensation point results in out-of-plane magnetization. The
angle between the magnetization and a perpendicular to the film plane should change
smoothly in the canted phase [2].
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This theoretical expectation contradicts the experimental results, which showed a
sharp boundary between the canted and collinear phases. However, the sharp boundary
occurred in the region of fields and temperatures where the coexistence of both collinear
and canted phases was possible. A similar pattern was observed by magneto-optical
method in experimental work [17].

With an increase in the magnetic field strength, the area corresponding to the non-
collinear phase initially increased, and then, starting from the second critical field Hc2,
it decreased. It can be seen that the canted phase region in the external field of 1.03 T
(Figure 3c) was smaller than in the field of 1.0 T (Figure 3b). At external magnetic field
strengths above a certain critical value, Hc3, the non-collinear phase completely disap-
peared, and two opposite collinear phases with maximum contrast were observed again
(Figure 3e). A further increase in the intensity of the external magnetic field did not change
anything in the observed picture (Figure 3f).

This experimental result conflicts with known theories [2,10]. According to theory, an
increase in a magnetic field should only increase the width of the temperature region where
a canted phase exists. The other problem relates to the maximum width of the temperature
range for the canted phase. This region is too small, contrary to expectations.

On the other hand, we obtained preliminary results in the scope of molecular field
theory. We found an extra magnetization in the collinear phase due to the paraprocess. This
can narrow the temperature region of the canted phase and contribute to a decrease in the
collinear phase energy in strong magnetic fields. As mentioned above, for a fixed magnetic
field, the magnetization direction depends on the temperature in the canted phase. The
temperature gradient induces an inhomogeneity in the magnetization direction for the
canted phase. As a result, this can contribute to an increase in canted phase energy. These
results will be discussed in detail in the next publication.

For the temperature gradient used for the magneto-optical visualization, we could tune
it in the range from 0 K per cm to 12 K per cm. The most effective influence on the magnetic
phase images was exerted by a temperature gradient in the range from 1.5 K per cm to
2.5 K per cm. Further gradient increases had little effect on the visualization quality but
had a general temperature effect on the sample, moving the phase boundary out of the
observation area. The data in Figure 4 demonstrate the influence of the lateral temperature
gradient. The lateral gradient for the image in Figure 4b is approximately twice as large as
that for the image in Figure 4a, while the sample temperature and external magnetic field
are approximately the same for both cases.

The experiments showed that the value of the third critical field HC3 = 3.2 T for a
three-sublattice bismuth gadolinium iron garnet having Neel temperature TN = 450 K was
almost three times higher than that for a two-sublattice (BiYLu)3(FeGa)5O12 garnet that
had a Neel temperature TN = 380 K and HC3 = 1.1 T.

Determined experimentally, phase diagrams in the coordinate system of magnetic
field vs. temperature for samples of both types are given in Figure 5 and Table 3. The
arrows (Figure 5) schematically represent the sublattices’ magnetizations.

Below the compensation temperature in the second type of sample (Figure 5b) dom-
inated the octahedral magnetization, and it was directed along the magnetic field in the
collinear phase. Above the compensation temperature, vice versa, it was dominated by
the tetrahedral sublattice. In the canted phase, the deviation from the antiparallel mag-
netization arrangement was small, in the order of several degrees (our estimations using
molecular field theory). A change in temperature primarily changed the angle between the
magnetizations and the field, so that the magnetizations remained almost antiparallel to
one other. Although the bismuth gadolinium garnet had three magnetic sublattices, the net
iron magnetization could be considered as a single one. As a result, we could consider the
first type of sample as a ferrimagnet of two magnetic sublattices, where one sublattice was
gadolinium, and the other sublattice was iron (Figure 5a).
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(a) 

 
(b) 

Figure 5. Phase diagrams in the vicinity of the compensation point in samples: (a) (BiGd)3(FeGa)5O12;
(b) (BiYLu)3(FeGa)5O12. Arrows schematically represent sublattices magnetizations for Gd, total (Fe),
octahedral (a-Fe), and tetrahedral (d-Fe) iron.

Table 3. Main characteristics of samples and their phase diagrams.

N Composition Tm, K TN, K Hc1, T Hc2, T Hc3, T dH, T dT, K

1 (BiGd)3(FeGa)5O12 346.5 450 0.5 1.5 3.2 2.7 0.6

2 (BiYLu)3(FeGa)5O12 327.5 380 0.65 0.95 1.1 0.45 0.4

It can be seen that the magnetic field interval dH = HC3 − HC1 and temperature interval
dT = Tmax − Tmin, that define the area of a non-collinear phase near the compensation point
had different values for the studied samples. The field interval dH1 = 3 T and temperature
range dT1 = 1 K for the three-sublattice garnets were visibly larger than dH2 = 0.5 T,
dT2 = 0.7 K for the two-sublattice garnet. The difference in behavior between the two types
of structures is related to the difference in exchange interactions between them, as well
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as to the possible influence of magnetic anisotropy, the role of which in the formation of
phase diagrams for iron garnet films near the compensation point requires more detailed
theoretical consideration.

5. Conclusions

We experimentally demonstrated that the lateral temperature gradient permits the
observation of three different magnetic phases (two collinear and one canted) in the same
sample in the same magnetic field. The result was achieved for the cation-substituted iron
garnet by means of the Faraday effect.

Phase T–H diagrams of the magnetic states in two- and three-sublattice ferrimagnetic
structures in the vicinity of the compensation point were experimentally determined using
magneto-optical methods. Below the critical field Hc1, two collinear magnetic phases
separated by a compensational domain boundary were observed. In addition to collinear
magnetic phases, a region of non-collinear magnetic phase was experimentally observed
above this value. Starting from a certain field Hc2, the temperature range of the existence
of the non-collinear phase decreased and, at Hc3, a phase transition to the collinear phase
occurred.

Further theoretical and experimental studies should clarify the features of the magnetic
phase T–H diagrams of rare-earth iron garnets near the spin-reorientation phase transition
point.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13091297/s1, Table S1. Main LPE growth parameters [19];
Table S2. Melt composition in molar percent [mol%]; Figure S1. Rocking curve of the (BiGd)3(FeGa)5O12
(888) peak.

Author Contributions: Conceptualization, P.M.V.; methodology, P.M.V. and S.N.P.; validation, S.N.P.
and V.N.B.; formal analysis, V.N.B.; investigation, D.A.S., P.M.V. and S.V.T.; resources, A.V.M.; data
curation, S.N.P.; writing—original draft preparation, D.A.S., P.M.V. and V.N.B.; writing—review and
editing, S.N.P.; visualization, D.A.S. and P.M.V.; supervision, V.G.S.; project administration, P.M.V. All
authors have read and agreed to the published version of the manuscript.

Funding: The research was carried out with the support of the Russian Science Foundation, project
No. 22-22-00754.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Belov, K.P. Ferrimagnets with ‘weak’ magnetic sublattice. Physics–Uspekhi 1996, 6, 623–634. [CrossRef]
2. Clark, A.E.; Callen, E. Néel Ferrimagnets in Large Magnetic Fields. J. Appl. Phys. 1968, 39, 5972–5982. [CrossRef]
3. González, J.A.; Andrés, J.P.; Antón, R.L. Applied Trends in Magnetic Rare Earth/Transition Metal Alloys and Multilayers. Sensors

2021, 21, 5615. [CrossRef] [PubMed]
4. He, Y.; Lenne, S.; Gercsi, Z.; Atcheson, G.; O’Brien, J.; Fruchart, D.; Rode, K.; Coey, J.M.D. Noncollinear ferrimagnetism and

anomalous Hall effects in Mn4N thin films. Phys. Rev. B 2022, 106, L060409. [CrossRef]
5. Xu, C.; Weng, J.; Li, H.; Xiong, W. The study of ultrafast magnetization reversal across magnetization compensation temperature

in GdFeCo film induced by femtosecond laser pulses. J. Magn. Magn. Mater. 2014, 352, 25–29. [CrossRef]
6. Deb, M.; Molho, P.; Barbara, B.; Bigot, J.-Y. Controlling laser-induced magnetization reversal dynamics in a rare-earth iron garnet

across the magnetization compensation point. Phys. Rev. B 2018, 97, 134419. [CrossRef]
7. Mashkovich, E.A.; Grishunin, K.A.; Zvezdin, A.K.; Blank, T.G.H.; Zavyalov, A.G.; van Loosdrecht, P.H.M.; Kalashnikova, A.M.;

Kimel, A.V. Terahertz-driven magnetization dynamics of bismuth-substituted yttrium iron-gallium garnet thin film near a
compensation point. Phys. Rev. B 2022, 106, 184425. [CrossRef]

8. Logunov, M.; Safonov, S.; Fedorov, A.; Danilova, A.; Moiseev, N.; Safin, A.; Nikitov, S.; Kirilyuk, A. Domain Wall Motion Across
Magnetic and Spin Compensation Points in Magnetic Garnets. Phys. Rev. Appl. 2021, 15, 064024. [CrossRef]

9. Zvezdin, A.K.; Matveev, V.M. Some Features of the Physical Properties of Rare-Earth Iron Garnets Near the Compensation
Temperature. Sov. Phys. JETP 1971, 35, 140–145.

10. Bernasconi, J.; Kuse, D. Canted Spin Phase in Gadolinium Iron Garnet. Phys. Rev. B 1971, 3, 811–815. [CrossRef]

158



Crystals 2023, 13, 1297

11. Vetoshko, P.M.; Berzhansky, V.N.; Poluliach, S.N.; Suslov, D.A.; Mashirov, A.V.; Shavrov, V.G.; Pavliuk, E.V. Magneto-optical
visualization of magnetic phases in an epitaxial garnet ferrite film near the compensation point. In Proceedings of the ICEEE-2022,
RF, Alushta, Ukraine, 27 September–1 October 2022.

12. Prokopov, A.R.; Vetoshko, P.M.; Shumilov, A.G.; Shaposhnikov, A.N.; Kuz, A.N.; Koshlyakova, N.N.; Berzhansky, V.N.; Zvezdin,
A.K.; Belotelov, V.I. Epitaxial Bi-Gd-Sc iron-garnet films for magnetophotonic applications. J. Alloys Compd. 2016, 671, 403–407.
[CrossRef]

13. Zvezdin, A.K.; Kotov, V.A. Modern Magnetooptics and Magnetooptical Materials; CRC Press: Boca Raton, FL, USA, 1997; Volume 404,
ISBN 9780367579494.

14. Shaposhnikov, A.N.; Berzhansky, V.N.; Prokopov, A.R.; Milyukova, E.T.; Karavaynikov, A.V. Interface properties single crystal
films bismuth-constituted garnet—GGG substrate. Scientific Notes of Taurida V. I. Vernadsky Univ. Ser. Phys. 2009, 22, 127–141.

15. Hansen, P.; Röschmann, P.; Tolksdorf, W. Saturation magnetization of gallium-substituted yttrium iron garnet. J. Appl. Phys. 1974,
45, 2728–2732. [CrossRef]

16. Lisovskii, F.V.; Shapovalov, V.I. Noncollinearity of sublattices and existence of a domain structure in Dy3Fe5O12 near the
magnetic-compensation point in strong magnetization fields. JETP Lett. 1974, 20, 128–131.

17. Lisovskii, F.V.; Mansvetova, E.G.; Shapovalov, V.I. Phase diagram and domain-boundary structure in a uniaxial ferrimagnet near
the compensation point. Sov. Phys. JETP 1976, 44, 755–760.

18. Hansen, P.; Krumme, J.-P. The compensation wall. Philips Tech. Rev. 1974, 34, 96–102.
19. Blank, S.L.; Nielsen, J.W. The growth of magnetic garnets by liquid phase epitaxy. J. Cryst. Growth 1972, 17, 302–311. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

159



Citation: Zhang, L.; Li, Y.; Zhou, R.;

Wang, X.; Wang, Q.; Xie, L.; Li, Z.; Xu,

B. First-Principles Study of the Effect

of Sn Content on the Structural,

Elastic, and Electronic Properties of

Cu–Sn Alloys. Crystals 2023, 13, 1532.

https://doi.org/10.3390/

cryst13111532

Academic Editors: Khitouni

Mohamed and Joan-Josep Suñol

Received: 25 September 2023

Revised: 18 October 2023

Accepted: 19 October 2023

Published: 24 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

First-Principles Study of the Effect of Sn Content on the
Structural, Elastic, and Electronic Properties of Cu–Sn Alloys

Lingzhi Zhang 1, Yongkun Li 1,2,*, Rongfeng Zhou 1,2,*, Xiao Wang 1, Qiansi Wang 1, Lingzhi Xie 1, Zhaoqiang Li 1

and Bin Xu 3

1 Faculty of Material Science and Engineering, Kunming University of Science and Technology,
Kunming 650093, China; zlz2694@163.com (L.Z.); wang_xiao@kust.edu.cn (X.W.); wqs5248@163.com (Q.W.);
18315338611@163.com (L.X.); 18087147862@139.com (Z.L.)

2 City College, Kunming University of Science and Technology, Kunming 650093, China;
3 Chengdu Tonglin Casting Industrial Co., Ltd., Chengdu 610000, China; xubinyyy@126.com
* Correspondence: liyongkun@kust.edu.cn (Y.L.); zhourfchina@hotmail.com (R.Z.)

Abstract: In order to explore the mechanism of the influence of Sn contents on the relevant properties
of Cu–Sn alloys, the structure, elasticity, electronic, and thermal properties of Cu–Sn alloys doped
with different proportions of Sn (3.125 at%, 6.25 at%, and 9.375 at%) were established using the
first-principles calculation based on density functional theory. Firstly, their lattice constants and Sn
concentration comply with Vegard’s Law. From the mixing enthalpy, it can be seen that Sn atoms can
be firmly dissolved in the Cu matrix, and the structure is most stable when the Sn content is 3.125 at%.
In addition, the introduction of mismatch strain characterized their solid solution strengthening
effect. The elastic and electronic properties showed that when the Sn content is 6.25 at%, the Cu–Sn
alloy has the best plasticity and the highest elastic anisotropy; when the Sn content is 3.125 at%, the
Cu–Sn alloy is the most stable and has stronger bulk and shear modulus, which was mainly due to a
stronger Cu-Cu covalent bond. Finally, the Debye temperature, thermal conductivity, and melting
point were calculated. It is estimated that the thermal conductivity of Cu–Sn alloy is relatively good
when the Sn content is low.

Keywords: first-principles; Cu–Sn alloys; solution strengthening; elastic properties; electronic
properties

1. Introduction

As one of the important engineering structural materials, Cu–Sn (bronze) alloys have
important application values in the fields of aerospace, marine, electrical appliances, and
other fields due to their excellent wear resistance, corrosion resistance, thermal conductivity,
and electrical conductivity, as well as sufficient strength and ductility [1–4]. The mechanical
properties of Cu–Sn alloys are closely related to the content of the alloying element Sn.
Due to different phase compositions, Cu–Sn alloys with different Sn content have different
applications. When the Sn content is between 3 and 4 wt.%, it is mainly used for elastic
components, wear-resistant parts, and antimagnetic parts; when the Sn content is between
5 and 11 wt.%, it is mainly used for bearings, shaft sleeves, turbines, etc. [5]. Therefore, Sn
content is a key factor affecting the mechanical properties of Cu–Sn alloys.

In recent years, the first-principles calculations have become a powerful complement
to solve the difficulties in the production and preparation process of Cu alloys and conduct
extensive development and prediction of new Cu alloys, bridging the gap between theory
and experiment. Wen et al. [6] studied the energy, elasticity, and electronic properties
of Fe–Cu disordered solid solution alloys (Cu doping ratios of 25 at%, 37.5 at%, and
50 at%, respectively), and found that the elastic stability of Fe–Cu disordered solid solution
was positively correlated with the Cu content. Zhou et al. [7] calculated key physical
parameters such as elastic constants, bulk modulus, heat capacity, Debye temperature,
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and volumetric thermal expansion coefficient of Cu6Sn5 and Cu5Zn8 alloy phases. The
calculated results were in agreement with experimental data, indicating that both Cu6Sn5
and Cu5Zn8 alloy phases were elastic anisotropic, and that Cu6Sn5 had a low bulk modulus.
Rong et al. [8] calculated the elastic properties and anisotropy of Cu3Sn, indicating that in-
depth discussion of the anisotropy of intermetallic compounds with preferential growth and
large volume fraction in the joint will be of great significance for accurately characterizing
the mechanical behavior of the entire joint. In summary, the first-principles method can
accurately study and predict the mechanical properties of copper alloys. However, currently,
the calculation of Cu–Sn alloys mainly focuses on the specific phase structure of copper
alloys, and there are few studies on the effect of Sn content on the properties and properties
of copper alloy disordered solid solutions. Therefore, under the premise of ensuring the
basic stability of the fcc structure, it is necessary to establish a model of Cu–Sn disordered
solid solution to study the effect of tin solute on its related properties.

In this study, the phase stability, mechanical properties, and electronic properties of
Cu–Sn alloys with Sn content of 3.125 at%, 6.25 at%, and 9.375 at% have been systematically
studied using a first-principles calculation method. The lattice constant, mixing enthalpy,
yield stress, elastic constant, elastic modulus, density of state, differential charge density,
and Debye temperature were calculated. This provides a theoretical basis for the subsequent
research on Cu–Sn alloys and the design, development, and wide application of new copper
alloys. It is worth mentioning that, according to the Cu–Sn phase diagram, the solid solution
limit of Sn in Cu matrix is 15.8 wt.% (9.2 at%) [9]. When the Sn content is greater than
15.8 wt.%, in addition to solid solution, the δ-phase (Cu41Sn11) occurs, which adversely
affects the properties and applications of the material [10,11]. The generation of the δ-phase
should be avoided or reduced as much as possible in the practical production applications.
Therefore, the δ-phase was not discussed in this study.

2. Calculation Method and Details

The calculations were all performed using the CASTEP (Cambridge Serial Total-Energy
Package) [12–14] code, which is based on the first-principles plane-wave pseudopotential
method of density functional theory (DFT) [15] to perform quantum mechanical calcula-
tions. The ultrasoft pseudopotential (USPPs) was used to evaluate the interaction between
valence electrons and ions. In this case, the valence electron configurations of Cu and
Sn are 3p63d104s1 and 4d105s25p2, respectively. In addition, the generalized gradient
approximation (GGA) of Perdew–Burke–Ernzerhof (PBE) is used to approximate the ef-
fect of the exchange–correlation energy on the calculated results [16]. In this calculation,
2 × 2 × 2 supercells based on fcc structure were established by Perl Script enumeration of
alloy structures. According to the Lowest Energy Principle, the stability models (Cu31Sn,
Cu30Sn2, and Cu29Sn3) of Cu–Sn alloys with Sn contents of 3.125 at%, 6.250 at%, and
9.375 at% were screened out, respectively, as shown in Figure 1 and Table 1. The detailed
modelling methodology is shown in Appendix A.1.

Figure 1. Crystal structure of Cu–Sn alloys (a) Cu31Sn, (b) Cu30Sn2, and (c) Cu29Sn3.
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Table 1. Cu–Sn alloys’ model components.

Number of Sn Atoms Structure
Mass Ratio of Sn
Contents (wt.%)

Atomic Ratio of Sn
Contents (at%)

0 Cu 0 0
1 Cu31Sn 5.864 3.125
2 Cu30Sn2 11.075 6.250
3 Cu29Sn3 16.195 9.375

The BFGS (Broyden–Fletcher–Goldfarb–Shanno) [17] minimization algorithm was
then chosen to optimize these structures by full relaxation to bring the system to a more
stable state. Then, after convergence tests, the maximum truncation energy of the plane
wave basal energy was set to 450 eV, and the k-point sampling network in the Brillouin
zone was generated based on the Monkhorst–Pack scheme and set to 5 × 5 × 5. In the
geometric optimization and electronic property calculations, the convergence tolerances
for the total energy, maximum force, maximum stress, and maximum displacement were
set to 1 × 10−5 eV/atom, 0.03 eV/Å, 0.05 GPa, and 0.001 Å. For the calculation of elastic
properties, the convergence tolerances for total energy, maximum force, and maximum
displacement were set to 2 × 10−6 eV/atom, 0.006 eV/Å, and 2 × 10−4 Å, respectively, and
the number of steps and maximum strain amplitude for each strain were set to 4 and 0.003.

3. Results and Discussion

3.1. Lattice Constant

The lattice constant can reflect the structure of the crystal and its internal composition,
which is the basic parameter of the crystal structure and the basis for the study of the
material structure [18]. The optimized lattice constants of Cu, Cu31Sn, Cu30Sn2, and
Cu29Sn3 are shown in Table 2. To verify the accuracy of the calculation results, the lattice
constants of the pure copper model were compared with the experimental result [19]
reported in other literature, which showed a difference of 0.387%. In general, the difference
of the lattice constant is within 1%, which means that the obtained pseudopotential can be
considered as a good pseudopotential [20], thus indicating that the model, conditions, and
parameters are more reasonable. Figure 2 shows the calculated values of the lattice constant
as a function of solute concentration, which was fitted linearly to obtain the following
equation:

a (Å) = 3.629 + 1.144c with R = 0.99995 (1)

Table 2. Experimental and theoretical lattice parameters (a, b, c and α, β, γ), mixing enthalpy ΔH
(kJ/mol) for Cu–Sn alloys.

Structure Source a (Å) b (Å) c (Å) α (deg) β (deg) γ (deg) ΔH (kJ/mol)

Cu
Exp· at 25 ◦C 3.615 - - 90 - - [20]

Present 3.629 - - 90 - -
Error 0.387% - - - - -

Cu31Sn Present 3.664 - - 90 - - −3.25
Cu30Sn2 Present 3.700 - - 90 - - −2.69
Cu29Sn3 Present 3.736 - - 90 - - −1.79

The result from E. Sidot [21] is also reported in Figure 2, where the same linear
regression calculation was performed on these data. The relevant equation is as follows:

a (Å) = 3.615 + 1.054c with R = 0.9997 (2)

The results show that the lattice constants of Cu–Sn alloys are proportional to the
solute concentration, in full compliance with Vegard’s law. As can be seen from Figure 2,
the calculated data agreed well with the slope of the experimental data, although the
calculated results do not fully agree with the experimental results in terms of intercept
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(equal to the lattice constant of pure Cu). The focus of this study is on the trend of lattice
constant change, rather than the absolute value of lattice constant. The discrepancies
between the calculated and experimental values of the pure Cu lattice constant are mainly
due to thermal expansion and the limitations of the GGA [20]. Therefore, the optimized
lattice constants can be used for subsequent calculations.

 
Figure 2. Relationship between the lattice parameter and the atomic Sn concentration of Cu–Sn alloys.

3.2. Enthalpy of Mixing

From the energy point of view, the mixing enthalpy ΔHmixing is usually introduced
to describe the dissolution of the solute atom Sn in the Cu matrix, which expresses the
relationship between the energies of two binary alloys with the same structure. However,
the most stable structure of the element Sn in the ground state is not the fcc structure.
The Birch–Murnaghan equation reveals the internal structure and properties of solids by
investigating their rate of change of volume and modulus of elasticity at different pressures.
The energy–volume (E-V) curve can be obtained by fitting this equation to obtain the total
static energy of the pure element, which can then be substituted to obtain the enthalpy
of mixing. In this calculation, in order to obtain the equilibrium volume V0 and the static
energy E0 of the element Sn in the fcc structure, the energy–volume (E-V) curve in the
ground state was fitted by the Birch–Murnaghan equation of state with the following
empirical equation [22]:

E(V) = E0 +
9V0B0

16

⎧⎨
⎩
[(

V0

V

) 2
3 − 1

]3

B′
0 +

[(
V0

V

) 2
3 − 1

]2[
6 − 4

(
V0

V

) 2
3
]⎫⎬
⎭ (3)

where E0 and V0 are the static energy and equilibrium volume of each atom at steady state,
respectively, while B0 and B′

0 are the first-order derivatives of the bulk modulus and bulk
modulus with respect to the pressure, respectively.

The enthalpy of mixing can then be calculated by the following equation:

ΔHmixing
(
CuxSny

)
=

Etotal
(
CuxSny

)− xEatom(Cu)− yEatom(Sn)
x + y

(4)

where ΔHmixing
(
CuxSny

)
, Etotal

(
CuxSny

)
, Eatom(Cu), and Eatom(Sn) represent the mixing

enthalpy, the static total energy of the Cu–Sn alloy, the static total energy of pure Cu and
solute atom Sn, respectively, and x and y are the quantities of pure Cu and solute atom Sn,
respectively.
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Some scholars [23] pointed out that when evaluating the solid solubility of elements
from the mixing enthalpy, if the contribution of entropy after heating is considered, there
may be an uncertainty of approximately 0.05 eV/atom. It is shown that when the difference
in radius between solute and solvent atoms |ΔR| < 15%, a solid solution with larger solid
solution will be formed when other conditions are similar; conversely, when |ΔR| 15%,
the larger the |ΔR|, and the smaller the solid solution. As for the electronegativity, if the
difference in electronegativity between the group elements is small, a larger solid solution
degree will be formed; if the difference is large, it is easier to form stable intermetallic
compounds, and even if a solid solution can be formed, its solid solution degree is not
large. In this study, the radius difference |ΔR| between Cu and Sn is about 23.44%, which
indicates a small solid solubility, while the electronegativity difference between the two
is 0.06, indicating a large solid solubility. Therefore, the magnitude of solid solubility
should be the result of a combination of multiple factors, which is related to the crystal
structure, electron concentration, and temperature, in addition to the atomic size and
electronegativity [24]. The more negative the mixing enthalpy, the stronger the chemical
bond and the better the stability. As can be seen from Table 2, the mixing enthalpies
of Cu31Sn, Cu30Sn2, and Cu29Sn3 are all negative, and the negative value of the mixing
enthalpy of Cu31Sn is the largest, which is −3.25 kJ/mol, indicating that 3.125 at%, 6.25 at%,
and 9.375 at% Sn atoms can be solid-soluble in the Cu matrix, and Cu31Sn (3.125 at%) has
the strongest chemical bond and the most stable structure.

3.3. Solid Solution Strengthening

Substitution of some atoms in the copper-based solid solutions by solute atoms will
cause lattice distortion. At this point, a strain field is formed around the solute atoms, which
hinders the movement of dislocations, leading to solid solution strengthening [18]. Several
mechanisms have been proposed to describe the interaction between mobile dislocations
and solute atoms, including the size effect [25], modulus effect [26], Suzuki effect [27],
and electrostatic interaction [28]. Among them, the size effect and the modulus effect are
of more importance since the effect of solid solution strengthening of copper substrates
is difficult to present in a quantitative form using conventional experimental methods.
Therefore, in this study, based on first principles, we introduce the parameter mismatch
strain, which is the local lattice distortion around the solute atom and the size effect
mentioned earlier, as a measure of the strength of the solute atom strengthening by the
characteristic strain generated by the size difference between some solute atoms represented
by elastic inclusions and the pores of the host material in an elastic continuous medium
model. The mismatch strain is defined as follows:

ε =
d − d0

d0
(5)

where d is the distance between the host atom (Cu) and the first nearest neighbor of the
solute atom (Sn), and d0 is the distance between the host atom (Cu) and the host atom
(Cu). At zero pressure, the lattice constant is optimized to a0, when the atomic positions
are relaxed, and the distance d within the cell is measured. Then, the lattice constant is
fixed to a0, the atomic positions are fixed to the ideal fcc lattice position, and the distance
d0 within the cell is measured. For the first nearest neighbor solvent atom, the relationship
between d0 and the lattice constant is d0 = a0/

√
2. The mismatch strain ε for the first

nearest neighbor in the Cu–Sn alloys is shown in Table 3. This parameter is determined
based on the average value of the distance between the first nearest neighbor atoms in
Cu31Sn, Cu30Sn2, and Cu29Sn3 [20]. According to the Cottrell model [25], the maximum
interaction force Fm between solute atoms and edge dislocations is:

Fm =

√
3

2

(
1 + ν

1 − ν

)
Gb2|ε| (6)
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where v is the Poisson’s ratio, G is the shear modulus, b is the Burns vector, and ε is the
mismatch strain. In Friedel’s theory [29], the interaction forces between atoms generate a
critical decomposition shear stress Δτs, which is defined as

Δτs =

√
2Fm

3/2

b3

√
c
G

(7)

where c is the concentration of solute atoms. Substituting Fm in Equation (6) into Equation (7)
and then using the Taylor factor M, one obtains the yield stress Δσs increased by solid
solution strengthening of the polycrystalline alloy with the following relation:

Δσs = M
3

3
4

2

(
1 + v
1 − v

)3/2
G|ε|3/2√c (8)

In Cu–Sn alloys, the value of M is 3.06 [30]. Table 3 summarizes the misfit strain ε
induced by solid solution of Sn atom into the Cu matrix and the contribution of solid
solution strengthening to the yield stress of Cu–Sn alloys. The Poisson’s ratio v and shear
modulus G in Equation (8) are obtained from Table 4; Table 5 below.

Figure 3 shows the relationship between the Sn content and the yield stress values
in Cu–Sn alloys, comparing the calculated results with the analytical results of some
experimental results [31–33]. The experimental values are distributed on both sides of
the calculated results. In fact, the yield stress values depend on two major factors. On
the one hand, it depends on the intrinsic factors of the material, including the bonding
bonds and the influence of the microstructure dominated by four major strengthening
mechanisms: solid solution strengthening, strain strengthening, dispersion strengthening,
and grain size strengthening; on the other hand, the yield stress values are also affected by
some extrinsic factors such as the temperature, the strain rate, and the state of stress [31].
As shown in Table 3, different processing methods and heat treatment conditions lead to
different yield stress results when the solute atomic concentration is the same. The first-
principles calculations used in this study simulate the relevant properties of the material at
a nearly ideal 0 K condition, which differs from the experimental conditions. Hence, the
yield strength values are somewhat deviated, but observing the overall trend in Figure 3,
the yield stress values of the Cu–Sn alloys increase with the increase of the Sn content.
The mismatch strain data obtained from this calculation, to a certain extent, can provide
theoretical guidance for the solid solution strengthening effect of Cu–Sn alloys, which is of
reference value for the development of new copper alloys with very high yield strength.

 

Figure 3. The relationship between the Sn content and the yield stress values in Cu–Sn alloys. This
includes calculation results and experimental results [31–33].
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Table 3. Theoretical results of mismatch strain caused by Sn atoms in Cu and the contribution
of solution strengthening to the yield stress of Cu–Sn alloys. It also includes some solid solution
strengthening experimental values.

c (at%) ε (%) Δσs(MPa) Notes

Present
3.125

1.97
233.52

6.25 330.24
9.375 404.46

Exp.

2.753 68.5 ± 4.8 As-cast [31]

5.639
133.4 ± 3.5 As-cast [31]

458 SLM [32]

8.668
139.2 ± 16.6 As-cast [31]

436 ± 3 SLM [33]
328 ± 4 SLM + annealing [33]

3.4. Elastic Properties

The elastic constants of metallic materials usually express their mechanical properties,
especially the stability and stiffness of the material [8]. They express the stress condition
required to maintain a certain deformation.

In this study, the elastic constants will be obtained by the “stress-strain” method [34],
and for cubic crystal, the system has three independent elastic constants: C11, C12, and
C44 [35].

Table 4 summarizes the elastic constants obtained from this calculation and compares
the single-crystal elastic constants Cij of pure Cu with the experimentally reported and
previously calculated values. As can be seen from Table 4, the Cij of Cu31Sn, Cu30Sn2,
and Cu29Sn3 do not satisfy the cubic crystal structure relationship because the number
of independent elastic constants will increase after geometric optimization of the model
obtained with supercell disordered modeling, whose crystal structure symmetry is slightly
broken due to the quasi-random distribution of solute atoms. Therefore, in the present
study, we used the symmetry-based projection (SBP) technique [36,37] to correct the elastic
tensor of Cu31Sn, Cu30Sn2, and Cu29Sn3. We usually take the average of the relevant elastic
parameters to obtain the elastic constants of these quasi-random systems [35]. The relation
is as follows:

C11 =
(C11 + C22 + C33)

3
(9)

C12 =
(C12 + C13 + C23)

3
(10)

C44 =
(C44 + C55 + C66)

3
(11)

The average values of the relevant elastic parameters calculated for Cu31Sn, Cu30Sn2,
and Cu29Sn3 are shown in Table 4.

For stable structures, the elastic constants Cij should satisfy the corresponding Born
stability criterion [38]. For the cubic crystal system, the elastic constants should satisfy the
following criteria: C11 − C12 > 0, C11 + 2 C12 > 0 and C44 > 0. Observing Table 4, it can
be found that the calculated elastic constants of the alloys satisfy the stability criterion,
indicating that the Cu–Sn alloys are stable at 0 K. These results are consistent with the
actual situation and correspond to the previously calculated mixing enthalpy results.

From the elastic constants, the corresponding bulk modulus B, shear modulus G,
Young’s modulus E, and Poisson’s ratio υ can be obtained using the Voigt–Reuss–Hill
approximation [39]. The Voigt, Reuss, and Hill approximations of the elastic modulus are
denoted by the subscripts V, R, and H, respectively. For cubic structures, the modulus of
elasticity can be defined as:

BV = BR = (C11 + 2C12)/3 (12)
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GV = (C11 − C12 + 3C44)/5 (13)

GR = 5(C11 − C12)C44/[4C44 + 3(C11 − C12)] (14)

In the V-R-H model, B and G in the Hill model are obtained by taking the average of B
or G in the Voigt and Reuss models,

BH =
1
2
(BV + BR) (15)

GH =
1
2
(GV + GR) (16)

Meanwhile, the relationship between Young’s modulus E and Poisson’s ratio υ can be
obtained,

E =
9BG

3B + G
(17)

υ =
3B − 2G
6B + 2G

(18)

Calculated values of elastic parameters for Cu and Cu–Sn alloys (Cu31Sn, Cu30Sn2, and
Cu29Sn3) are presented in Table 5. In order to verify the reliability of the calculated results,
the calculated values of the elastic parameters for copper in Table 4; Table 5 were compared
with the previously reported experimental values [40–42] and theoretical values [43,44].
The elastic parameters obtained in this study are in better agreement with the reference
values, indicating that the calculated parameters and method have high reliability and
certain reference values.

Table 4. Elastic constants Cij of Cu–Sn alloys. The present calculation results are compared with
experimentally reported and other theoretical values.

Structure Source
Elastic Constants of Crystals (GPa)

C11 C12 C13 C22 C23 C33 C44 C55 C66

Cu Present 184.5 116.7 77.1
Exp.at 4.2 K a 176.2 124.9 81.8
Exp.at RT b 170 122.5 75.8
Exp.at RT c 168.1 121.5 75.1

Cal. d 176 118.2 81.9
Cal. e 183.5 125.9 80.9

Cu31Sn Present
Present (SBP)

182.98
182.93

109.79
109.73 109.69 183.01 109.71 182.80 78.13

78.13 78.13 78.13

Cu30Sn2
Present

Present (SBP)
158.44
158.27

130.77
129.82 128.96 159.97 129.74 156.39 61.33

61.34 61.35 61.35

Cu29Sn3
Present

Present (SBP)
160.51
160.69

107.29
106.89 106.40 161.68 106.97 159.88 75.63

75.62 75.62 75.62

a Experimental data reported in Ref. [40]. b Experimental data reported in Ref. [41]. c Experimental data reported
in Ref. [42]. d Calculated data reported in Ref. [43]. e Calculated data reported in Ref. [44].

Figure 4a shows the changes in BH, GH, and E of Cu, Cu31Sn, Cu30Sn2, and Cu29Sn3
as the content of Sn increases. In general, the bulk modulus BH is used to characterize
the incompressibility of a material. The higher the BH value, the less likely the material
is to compress under external forces. The shear modulus GH is defined as the ability of a
material to resist shear deformation. If the shear modulus GH is larger, it indicates that
the directional bonding between atoms is more significant. The Young’s modulus E is a
physical quantity used to describe the stiffness of a material. As the Young’s modulus E
increases, the hardness of the material also increases.
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Table 5. The calculated bulk modulus BH (GPa), shear modulus GH (GPa), Young’s modulus E (GPa),
Poisson’s ratio υ, Pugh’s ratio GH/BH, Cauchy pressure C12-C44, dislocation strain energy W, and
universal elastic anisotropy AU for Cu–Sn alloys. The present calculation results are compared with
experimentally reported and previously computed values.

Structure Source Modulus υ GH/BH C12-C44 W/J·m−1 AU

BH (GPa) GH (GPa) E (GPa)

Cu Present 139.7 55.7 147.5 0.32 0.40 39.6 0.367 0.83
Exp.at 4.2 K 142 51.5 137.8 0.34 0.36 1.80 [40]
Exp.at RT 138.3 47.7 128.3 0.35 0.35 1.81 [41]
Exp.at RT 137.0 47.1 126.7 0.35 0.34 1.84 [42]

Cal. 137.4 54.0 143.3 0.33 0.39 1.42 [43]
Cal. 145.1 53.5 142.9 0.34 0.37 1.40 [44]

Cu31Sn Present 134.13 57.63 151.23 0.31 0.43 31.60 0.387 0.72
Cu30Sn2 Present 139.01 34.43 95.42 0.39 0.25 68.48 0.236 3.06
Cu29Sn3 Present 124.81 49.99 132.31 0.32 0.40 31.27 0.349 1.40

Figure 4. Variations in BH, GH, E, and W (a), υ, GH/BH, and C12-C44 (b) for Cu–Sn alloys.

As can be seen from Figure 5a, the order of values for GH and E is: Cu31Sn > Cu >
Cu29Sn3 > Cu30Sn2. Cu31Sn has the highest GH value (57.63 GPa) and the highest E value
(151.23 GPa), while Cu30Sn2 has the lowest GH value (34.43 GPa) and the lowest E value
(95.42 GPa), indicating that among these Cu–Sn alloys, Cu31Sn has the most significant
directional bonding, the strongest shear deformation resistance, and the highest hardness.
On the contrary, Cu30Sn2 has the weakest shear deformation resistance and the highest
plasticity. In addition, in Cu–Sn alloys, the bulk modulus presents a “downward-upward-
downward” trend with the increase of Sn content. Compared with pure Cu, an increase in
Sn content will reduce its incompressibility.

The lattice distortion will occur when Sn is solidly dissolved into the Cu matrix. The
elastic stress field caused by this deformation increases the crystal energy, which is defined
as the strain energy of the dislocation [45],

W ≈ Gb2 (19)

where G is the shear modulus and b is the Burgers vector. For fcc crystals, b2 = 0.5a2.
The greater the dislocation strain energy, the poorer its plastic deformation ability, and
the higher its tensile strength. The dislocation strain energy of Cu–Sn alloys is shown in
Figure 4. With the increase of Sn content, the dislocation strain energy presents a trend of
first increasing, then decreasing, and then increasing, indicating that its plastic deformation
ability first decreases, then increases, and then decreases. This trend is the same as that
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of shear modulus G and Young’s modulus E, which can be explained by the dislocation
motion theory.

Figure 5. Three-dimensional surfaces (a–c) and planar projections (d–f) of the Young’s modulus E for
Cu–Sn alloys.

Elastic modulus and Poisson’s ratio are important indicators that can reflect the me-
chanical properties of materials to a certain extent. However, to have a better understanding
of their mechanical properties, in any service environment, it is also necessary to associate
their bonding properties with toughness. Poisson’s ratio υ, GH/BH [46], and Cauchy enact
pressure on C12-C44 [47] to evaluate the ductility trend of the material. According to Pettifor
and Pugh criteria, ductile materials should meet: υ > 0.26, GH/BH < 0.57, C12-C44 > 0; con-
versely, brittle materials: υ < 0.26, GH/BH > 0.57, C12-C44 < 0. From Table 5 and Figure 4b,
these Cu–Sn alloys meet the toughness criteria and have ductility. With the increase of
Sn content, the ductility presents a “downward-upward-downward” trend, with Cu30Sn2
having the largest υ (0.39), C12-C44 maximum (68.48), GH/BH minimum (0.25), indicating
that Cu30Sn2 has the best ductility.
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It is well known that elastic anisotropy is one of the causes that induce microcrack-
ing in materials [1]. Therefore, it is necessary to study its elastic anisotropy to evaluate
the mechanical durability of Cu–Sn alloys. Among others, Ranganathan and Ostoja-
Starzewski [48] improved the concept of the universal anisotropy index (AU) to study the
degree of anisotropy in different directions of bonding between atoms in different crystal
planes, which can be expressed as

AU = 5
GV
GR

+
BV
BR

− 6 (20)

AU takes into account the contributions of both shear and bulk modulus, where the
deviation of AU from 0 determines the degree of crystal anisotropy, and as can be seen
from Table 5, Cu30Sn2 exhibits a higher degree of anisotropy compared to Cu, Cu31Sn, and
Cu29Sn3. Furthermore, this degree of anisotropy can be visually represented, as it is in
Figure 5.

The Young’s modulus E is not only color-coded in all directions by Elastic POST [49],
but also its specific magnitude is shown in a two-dimensional plot. The Cu–Sn alloys
examined in this study belong to the cubic crystal system, and the directional dependence
of its Young’s modulus can be obtained from the calculated flexibility constant [50], which
can be expressed as

1
E
= S11 − (2S11 − 2S12 − S44)

(
l2
1 l2

2 + l2
2 l2

3 + l2
3 l2

1

)
(21)

where E is the Young’s modulus, Sij is the elastic flexibility coefficient, and l1,l2, and l3 are
the directional cosines.

Observing the three-dimensional diagram of Young’s modulus anisotropy of Cu–Sn
alloys in Figure 5a–c, the degree of elastic anisotropy of Cu30Sn2 can be described in more
detail using the ratio of directional elastic modulus in Planar Projection, Figure 5d–f. The
greater the deviation of this ratio from 1, the higher the elastic anisotropy of the surface [48].
For cubic crystal systems, the directional elastic modulus satisfies the following conditions:
[100] = [010] = [001] 	= [110]. E (100)/E (110) represents the directional Young’s modulus
elastic anisotropy in the (110) plane. According to Figure 5d–f, the Young’s moduli of
Cu31Sn, Cu30Sn2, and Cu29Sn3 in the <100> direction are 120 GPa, 50 GPa, and 85 GPa,
respectively; the Young’s moduli in the <110> direction are 205 GPa, 175 GPa, and 190 GPa,
respectively. The deviation between E (100)/ E (110) and 1 for Cu30Sn2 is the largest (0.714),
followed by the deviation between E (100)/E (110) and 1 for Cu29Sn3 (0.553), and the deviation
between E (100)/ E (110) and 1 for Cu31Sn (0.415) is the smallest. This indicates that the
Young’s modulus anisotropy of Cu–Sn alloys satisfies the following requirements: Cu30Sn2
> Cu29Sn3 > Cu31Sn, which is the same as the order of AU .

3.5. Electronic Properties

The electronic structure can explain the source of mechanical properties at a micro-
scopic level. To further grasp the phase stability and bonding characteristics of the Cu–Sn
alloys, the relevant electronic properties of the solid solution were investigated based on
structural optimization. Figure 6 shows the total density of states (TDOS) and the partial
density of stats (PDOS) of the Cu–Sn alloys in the energy range of −12 eV to 6 eV. From
Figure 6, it can be seen visually that the distribution of density of states and their trends are
relatively similar for the Cu–Sn alloys. First, the TDOS below the Fermi energy level (0 eV)
is contributed mainly by the Cu-3d states, with partial contributions from the Sn-5s and
Sn-5p states, while the TDOS above the Fermi energy level mainly originates from the Sn-5s
and Sn-5p states, while partly from the Cu-3p states. It is well known that the DOS values
(N(EF))) at the Fermi energy level are related to the phase stability, where the smaller the
N(EF), the more stable the corresponding phase is [51]. The N(EF) values of Cu31Sn, Cu30Sn2,
and Cu29Sn3 are 7.0843, 9.1978, and 8.6509 electrons/(eV·f.u.), respectively. The order of
N(EF) values is Cu31Sn < Cu29Sn3 < Cu30Sn2. As discussed earlier, the enthalpy of mixing
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indicates that Cu31Sn is the most stable. Second, all Cu–Sn alloys have non-zero TDOS
values at the Fermi energy level, which indicates the metallic character of these Cu–Sn
alloys. Thirdly, the peak values of the Cu-3d state undergo splitting at −4 eV to −2 eV. As
the Sn content increases, the three peaks gradually change from uniform to non-uniform in
Cu31Sn, Cu30Sn2, and Cu29Sn3, with a decrease at −4 eV and an increase at −2 eV. This
is mainly attributed to the characteristics of the crystal structure and the symmetry of
coordination, resulting in the crossing or overlapping of energy levels, which in turn affects
the state and degree of peaks in DOS.

 

Figure 6. Total and partial electronic densities of states (TDOS and PDOS) near Fermi level of Cu–Sn
alloys (a) Cu31Sn, (b) Cu30Sn2, and (c) Cu29Sn3. The red dotted line indicates the Fermi level, and 1,
2, and 3 indicate the peak splitting of the Cu-3d state.

The differential charge density can directly characterize the nature of chemical bonding
between different atoms and the electron gain and loss. Figure 7 shows the differential
charge density diagram for Cu–Sn alloys in the range of −0.250 to 0.047 e/Å3, where the red
region indicates the accumulation of electrons and the blue region indicates the depletion
of electrons. As shown in Figure 7, in the Cu–Sn alloys, a large number of electrons gather
between the Cu and Sn atoms, and the Cu atoms have a significant loss of charge in the
outer layers, which can be clearly observed as a “sea of electrons” phenomenon, thus
indicating the existence of metallic bonds [52]. As shown in Figure 7, the distribution of
electron clouds around Cu atoms is in the shape of petal, with directionality. The petal
distributions are closely related to the shapes of d orbitals [53]. Moreover, the electron cloud
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is in the shape of petal, indicating that polarization is relatively severe, resulting in uneven
distribution of electrons. It is speculated that there may be other bonds in the Cu matrix
besides metal bonds. In addition, some electrons accumulate between Cu and adjacent
Cu atoms, which indicates the presence of metallic bonds and Cu-Cu covalent bonds in
Cu–Sn alloys. Among them, compared with Cu and adjacent Cu atoms, Cu and adjacent Sn
atoms direction, the blue area around Cu is larger and dense, indicating a serious electron
loss and the formation of stronger Cu–Sn covalent bonds. By the non-uniformity of the
charge causes anisotropy in the relevant properties of the material (e.g., elastic properties).
Observing Figure 7, it is found that the blue area around Cu in Cu30Sn2 is large and dense
compared to Cu31Sn and Cu29Sn3, and the non-uniformity of the charge is more significant,
thus its elastic anisotropy is the highest, reflecting the highest Young’s modulus elastic
anisotropy of Cu30Sn2 discussed earlier. With the addition of the alloying element Sn, the
distribution of electron clouds around the atoms changes subsequently, and the electron
cloud of the Sn element has a red sphere shape, indicating the accumulation of electrons in
the alloying element.

Figure 7. Charge density differences for Cu–Sn solid solutions (a) Cu31Sn, (b) Cu30Sn2 and
(c) Cu29Sn3.

On the other hand, the atomic Mulliken charge (AMC) can adequately describe the
charge transfer between Cu and Sn atoms. If the atom has a negative AMC, it indicates that
this atom gains charge; otherwise, this atom loses charge. In Cu29Sn3 and Cu31Sn, most
of the Cu atoms gain charge from Sn atoms or other Cu atoms, and some lose charge. In
Cu30Sn2, most of the Cu atoms gain charge from Sn atoms or other Cu atoms, and a few
have no gain or loss of electrons. Bond population (BP) and the bond length L are also
important parameters to assess the bonding properties. In general, the shorter the bond
length L and the larger bond population (BP), the stronger the bond, and a bond with a BP
value of zero is a perfect ionic bond; otherwise, it is a covalent bond. A larger absolute BP
value indicates a stronger covalent bond. Positive and negative BP values indicate bonding
interactions and antibonding interactions in the bond, respectively [54,55]. As shown in
Table 6, the BP values of Cu–Sn bonds and Cu-Cu bonds in these Cu–Sn alloys are much
larger than zero, thus indicating the presence of Cu–Sn covalent bonds and Cu-Cu covalent
bonds. Furthermore, it can be found that Sn-Sn bonds do not exist in these Cu–Sn alloys.
Therefore, Sn atoms are prone to displacement and will first form vacancies at Sn sites [47].
It was shown that bond population (BP) is also an important indicator of the mechanical
properties of the material. In general, the phase stability, shear modulus and hardness
of Cu–Sn alloys are positively correlated with the strength of the covalent bond, and this
relationship can be obtained by bond population (BP), and the stronger the covalent bond,
the larger bond population (BP). The strong phase stability, shear modulus and hardness
of Cu31Sn obtained in this study can be attributed to the formation of a stronger Cu-Cu
covalent bond.
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Table 6. Atomic Mulliken charge (AMC), bond population (BP) analysis and mean bond length
(Å) for Cu–Sn alloys. The numbers in brackets for the atom represent the number of Cu or Sn ions,
whereas the number in brackets for the bond represents the number of Cu–Cu and Cu–Sn bonds.

Species Atom Charge Number AMC Bond BP Length (Å)

s p d Total

Cu31Sn Cu(1) 0.51 0.77 9.72 11.01 −0.01 Cu-Cu(12) 0.27 2.50443
Cu(12) 0.51 0.78 9.72 11.01 −0.01 Cu-Cu(48) 0.23 2.5588
Cu(3) 0.51 0.81 9.72 11.03 −0.03 Cu-Cu(12) 0.2 2.57028
Cu(12) 0.53 0.81 9.73 11.06 −0.06 Cu-Cu(24) 0.21 2.57028
Cu(3) 0.51 0.74 9.73 10.98 0.02 Cu-Cu(24) 0.19 2.59082
Sn(1) 0.65 2.42 0 3.08 0.92 Cu-Cu(24) 0.21 2.59218

Cu-Cu(12) 0.19 2.61121
Cu-Cu(24) 0.16 2.67706
Cu–Sn(12) 0.17 2.67706

Cu30sn2 Cu(24) 0.53 0.82 9.73 11.07 −0.07 Cu-Cu(8) 0.26 2.54638
Cu(6) 0.51 0.77 9.73 11 0 Cu-Cu(16) 0.26 2.54639
Sn(2) 0.71 2.42 0 3.13 0.87 Cu-Cu(44) 0.26 2.54828

Cu-Cu(26) 0.2 2.61677
Cu-Cu(22) 0.2 2.61678
Cu–Sn(8) 0.18 2.68531

Cu-Cu(45) 0.16 2.68531
Cu-Cu(12) 0.18 2.68532
Cu-Cu(4) 0.16 2.68532
Cu–Sn(3) 0.18 2.68533

Cu29sn3 Cu(12) 0.54 0.85 9.74 11.13 −0.13 Cu-Cu(12) 0.24 2.56039
Cu(10) 0.52 0.82 9.73 11.07 −0.07 Cu-Cu(24) 0.26 2.56039
Cu(3) 0.5 0.71 9.74 10.96 0.04 Cu-Cu(12) 0.23 2.62491
Cu(1) 0.5 0.66 9.75 10.92 0.08 Cu-Cu(59) 0.21 2.64287
Sn(3) 0.79 2.46 0 3.25 0.75 Cu-Cu(48) 0.19 2.67471

Cu–Sn(12) 0.14 2.72284

3.6. Debye Temperature

The Debye temperature (θD) is an important parameter of crystalline materials. On
the one hand, it can reflect the thermal properties of the material, and on the other hand,
it can be used as a link between the thermal and mechanical properties of the material.
At low temperatures, the acoustic vibration is the only factor that triggers the vibration
excitation, so at low temperatures, the Debye temperature calculated by the elastic constant
is equivalent to the Debye temperature determined by the specific heat measurement. Thus,
it can be calculated by the following equation [56,57],

θD =
h
k

[
3n
4π

(
NAρ

M

)] 1
3
νm (22)

where h, k, and NA are Planck’s constant, Boltzmann’s constant, and Avogadro’s constant,
respectively, n is the total number of atoms per unit cell, ρ is the density, M is the molecular
weight, and νm is the average speed of sound, which can be defined as [57,58],

νm =

[
1
3

(
2

νt3 +
1

νl
3

)]− 1
3

(23)

where νl and νt are the longitudinal and transverse sound velocities, respectively, and can
be obtained from the shear modulus G, the bulk modulus B, and the density ρ, which are
related as follows,

νl =

(
B + 4

3 G
ρ

) 1
2

(24)
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νt =

(
G
ρ

) 1
2

(25)

The calculated Debye temperatures, sound velocities and densities of pure Cu, and Cu–
Sn alloys are shown in Table 7, which shows that the calculated sound velocities and Debye
temperatures of Cu are in good agreement with the experimental values and previous
calculations by scholars. In general, the higher the Debye temperature, the higher the
melting point of the corresponding crystal and the stronger the covalent bond, the more
stable the structure. As shown in Table 7 and Figure 8, among the Cu–Sn alloys, the Debye
temperature of Cu31Sn is the highest, the corresponding covalent bond strength is the
strongest, and the stability is the best, which is exactly in line with the results discussed in
Table 2 and Figure 4a.

 
Figure 8. Variations in the sound velocity and Debye temperature for Cu–Sn alloys.

In addition, the lattice thermal conductivity κph is also one of the most fundamental
physical properties of the material, which characterizes the thermal conductivity of the
material and is of great significance for exploring the application of the material at high tem-
peratures. In general, we consider the minimum value of the lattice thermal conductivity
kmin [59], which is related by the equation,

kmin =
kB

2.48
n

2
3 (2νt + νl) (26)

where kB is the Boltzmann constant, n is the number of atoms per unit volume, and vl and
vt are the longitudinal and transverse velocities of sound, respectively.

Melting point is also an important parameter of the material and is currently a hot
issue of research, playing a crucial role in predicting new intermetallic compounds for
high-temperature applications. It can be obtained by the following empirical equation [60],

Tm = 354 + 4.5
2C11 + C33

3
(27)

In addition to the speed of sound (νl , νt, νm) and Debye temperature θD, the density
ρ, the minimum value of lattice thermal conductivity kmin, and the melting point Tm of
the Cu–Sn alloys are included in Table 7. It can be found that the minimum value of
lattice thermal conductivity and melting point of Cu–Sn alloys follow the following pattern:
Cu31Sn > Cu29Sn3 > Cu30Sn2. The above calculation results indicate that Cu–Sn alloys
are good thermally conductive materials, and it is tentatively predicted that the thermal
conductivity of Cu–Sn alloy is relatively good when the Sn content is low. However, there
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are few reports on the experimental Debye temperature and other thermal properties of
Cu–Sn alloys. Therefore, it is hoped that the results of the present calculations can provide
a reference value for subsequent studies of Cu–Sn alloys.

Table 7. The calculated and experimental results of density (ρ), transverse, longitudinal, average
sound velocity (νt, νl , νm in m/s), Debye temperatures (θD, K), the minimum thermal conductivity
(kmin in Wm−1K−1) and melting point (Tm in K) of Cu–Sn alloys.

Structure Source ρ νt νl νm θD κmin Tm Refs.

Cu Present 8.828 2512 4923 2815 367 1.06 1184
Exp. 8.937 1353 [61]
Exp. 343 [62]
Cal. 9.353 2639 5209 2958 391 1.16 1330 [63]
Cal. 8.930 2277 4723 2560 335 [47]

Cu31Sn Present 8.815 2557 4892 2861 369 1.19 1177
Cu30Sn2 Present 8.787 1980 4587 2237 286 0.88 1066
Cu29Sn3 Present 8.754 2390 4677 2678 339 0.96 1077

4. Conclusions

The lattice constants, phase stability, solution strengthening, elastic properties, elec-
tronic properties, and Debye temperature of Cu–Sn alloys with different Sn contents
(Cu31Sn, Cu30Sn2, Cu29Sn3) were studied by first principles. The relevant conclusions are
as follows.

The calculated lattice constants are proportional to the solute concentration, consistent
with the Vegard’s law, and have a linear relationship across the entire Cu–Sn solid solution
region; the Sn atoms of 3.125 at%, 6.25 at%, and 9.375 at% can be solidly dissolved in the Cu
matrix. The negative mixing enthalpy of Cu31Sn (3.125 at%) is the largest, indicating that its
chemical bond is the strongest and its structure is the most stable. In the aspect of solution
strengthening, the mismatch strain parameter is introduced to quantify the effect of solution
strengthening. The calculated values can be used to predict the solution strengthening
effect of Cu-based solid solutions, and are of great significance for developing copper alloys
with ultra-high yield strength.

In Cu–Sn alloys, Cu30Sn2 has the smallest shear modulus and Young’s modulus. Its
variation trend is the same as that of dislocation strain energy (Cu30Sn2 has a minimum
dislocation strain energy of 0.236 Jm−1), indicating that when the Sn content is 6.25 at%,
the plasticity of Cu–Sn alloys is the largest. In addition, Cu30Sn2 has the highest Young’s
modulus and elastic anisotropy.

The electronic structure and bonding properties of the Cu–Sn alloys have been calcu-
lated, and their relationship with the stability and mechanical properties of the alloys is
analyzed and discussed. Three types of bonding existed in Cu–Sn alloys: Cu-Cu covalent
bonds, Cu-Cu metallic bonds, and Cu–Sn covalent bonds, of which Cu31Sn had the best
stability and the highest shear modulus, which depended to a certain extent on the fact that
it had stronger Cu-Cu covalent bonds.

The Debye temperature of the Cu–Sn alloys, the minimum lattice thermal conductivity,
and the melting point all decrease sequentially along the order of Cu31Sn, Cu29Sn3, and
Cu30Sn2. This indicates that Cu–Sn alloys are good thermal conductivity materials. Addi-
tionally, it is tentatively predicted that the thermal conductivity of Cu–Sn alloy is relatively
good when Sn content is low.
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Appendix A

Appendix A.1 Modeling Method:Script

1:
use strict;use Getopt::Long;
use MaterialsScript qw(:all);
my $disorderedStructure = $Documents{“Cu31Sn.xsd”};
my $results = Tools->Disorder->StatisticalDisorder->GenerateSuperCells
($disorderedStructure,2,2,2);
my $table = $results->StudyTable;
print “Number of disorder configurations generated:”.$results->NumIrreducibleConfigurations.
“\n”;

2:
use strict;
use Getopt::Long;
use MaterialsScript qw(:all);
my $disorderedStructure = $Documents{“Cu30Sn2.xsd”};
my $results = Tools->Disorder->StatisticalDisorder->GenerateSuperCells
($disorderedStructure,2,2,2);
my $table = $results->StudyTable;
print “Number of disorder configurations generated:”.$results->NumIrreducibleConfigurations.
“\n”;

3:
use strict;
use Getopt::Long;
use MaterialsScript qw(:all);
my $disorderedStructure = $Documents{“Cu29Sn3.xsd”};
my $results = Tools->Disorder->StatisticalDisorder->GenerateSuperCells
($disorderedStructure,2,2,2);
my $table = $results->StudyTable;
print “Number of disorder configurations generated:”.$results->NumIrreducibleConfigurations.
“\n”;

Note:
This script references the content of the following web site: https://zhuanlan.zhihu.com/
p/50322042.

176



Crystals 2023, 13, 1532

Table A1. Structures.

Structures Weighting Configuration E (eV/atom)

Cu31Sn 1 32 baaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa −45,867.723

Cu30Sn2

1 192 baaaaaaaaaaabaaaaaaaaaaaaaaaaaaa −44,485.574
2 192 baaaaaaabaaaaaaaaaaaaaaaaaaaaaaa −44,484.631
3 16 baaaaaabaaaaaaaaaaaaaaaaaaaaaaaa −44,485.663
4 48 baabaaaaaaaaaaaaaaaaaaaaaaaaaaaa −44,485.603
5 48 bbaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa −44,485.427

Cu29Sn3

1 256 baaaaaaaaaaabaaaaaabaaaaaaaaaaaa −43,103.560
2 768 baaaaaaabaaaaaaaaaabaaaaaaaaaaaa −43,102.542
3 768 baaaaaaabaaaaaaaabaaaaaaaaaaaaaa −43,101.536
4 256 baaaaaaabaaaaaaabaaaaaaaaaaaaaaa −43,100.554
5 384 baaaaaabbaaaaaaaaaaaaaaaaaaaaaaa −43,102.624
6 768 baabaaaaaaaaaaaabaaaaaaaaaaaaaaa −43,102.558
7 192 baabaaaaaaaabaaaaaaaaaaaaaaaaaaa −43,103.594
8 192 baabaaaabaaaaaaaaaaaaaaaaaaaaaaa −43,101.576
9 32 baababaaaaaaaaaaaaaaaaaaaaaaaaaa −43,103.623
10 384 bbaaaaaaaaaaaaaaaaaaaaaabaaaaaaa −43,102.360
11 384 bbaaaaaaaaaabaaaaaaaaaaaaaaaaaaa −43,103.366
12 384 bbaaaaaabaaaaaaaaaaaaaaaaaaaaaaa −43,101.419
13 96 bbaaaabaaaaaaaaaaaaaaaaaaaaaaaaa −43,103.483
14 96 bbbaaaaaaaaaaaaaaaaaaaaaaaaaaaaa −43,103.230

Appendix A.2

Figure A1. E-V fitting curves of pure elements (a) Cu, (b) Sn.

Appendix A.3

Table A2. Equilibrium volume V0 (Å3/atom), bulk modulus B0 (GPa), first-order derivative of bulk
modulus with respect to pressure B0

′ and static energy E0 (eV/atom) of Cu and Sn.

Element
Pure

V0 (Å3/atom) B0 (GPa) B0
′ E0 (eV/atom)

Cu 12.04 128.16 4.33 −1476.515
Sn 27.29 54.47 4.40 −95.480
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Appendix A.4

Table A3. Volume V (Å3/atom) and total energy E (eV/atom) of the Cu–Sn alloys.

Structure V (Å3/atom) E (eV/atom)

Cu31Sn 393.47 −45,868.47
Cu30Sn2 405.02 −44,487.20
Cu29Sn3 417.17 −43,105.81
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Abstract: In the present study, three chemical compounds, Li2WO4, Li0.5Na1.5WO4, and Li1.5Na0.5WO4,
are produced using the solid–solid method. Unlike the compound Li0.5Na1.5WO4, which crystallizes in
the orthorhombic system with the space group Pmmm, both compounds Li2WO4 and Li1.5Na0.5WO4

crystallize in the monoclinic system with the space group P2/m. A morphological analysis reveals that
all three compounds have a compact structure with some porosity present. An EDX analysis confirms
the chemical composition of the three samples. The optical measurements provide information on the
optical gaps and Urbach energies of the materials under consideration. Their dielectric characteristics
are investigated in a frequency range of 100–106 Hz and at temperatures ranging from 300 to 600 K.
Moreover, this research enables us to determine the ferroelectric transition as well as the type of
dielectric material. In this study, an investigation of electrical conductivity was conducted for well-
defined temperature and frequency values; which provided us with information about the mechanism
of conduction and charge carrier transport models.

Keywords: tungsten-based materials; physical chemistry; optical properties; electrical conductivity;
mechanism of conduction

1. Introduction

In an effort to find new materials with a wide range of commercial uses, several ceram-
ics, single crystals, and thin films of various structural families have been synthesized and
described during the past few years, utilizing a variety of experimental techniques [1–24].
In this regard, research projects carried out in the last several years have shown a great deal
of interest in tungsten-based materials [3–6]. There is constant innovation in this subject
because tungsten has so many attractive characteristics. In fact, the use of tungsten-based
materials is popular in a variety of fields, including photoluminescence [1,2], magnetic
characteristics [3], supercapacitors [4,5], laser hosts [6,7], gas sensing [8,9], catalysts [10,11],
photocatalysts [12–14], scintillator materials [15,16], humidity sensors [17,18], microwave
applications [19,20], fiber optics [21,22], lithium batteries [23,24], etc. Because of their high
specific capacity, good operating voltage, large reserves, and environmental friendliness,
these materials have proven beneficial for electrochemical energy storage. With a melt-
ing temperature of roughly 3380 ◦C and a boiling point of roughly 5900 ◦C, tungsten is
a thermally stable substance. Furthermore, because of its excellent coloration efficiency,
strong reversibility ratio, rapid colorization bleaching speed, and lengthy cyclic stability, it
is recyclable and not considered a health hazard [25,26]. These characteristics help explain
tungsten’s remarkable success in a variety of applications. In fact, the literature mentions
a number of tungsten-based compounds such as ABWO4 and A2WO4 (A, B = Li, Na, K,
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etc.), which were discovered to have a variety of structures [27,28], substantial phase transi-
tions [29,30], and considerable electrical [31,32] and ferroelectric properties [33]. Li2WO4
and Na2WO4 compounds, for instance, have been the topic of numerous prior investiga-
tions employing various techniques of production. Both compounds show a ferroelectric
transition, at Tc = 278 K for Li2WO4 and at Tc = 300 K for Na2WO4 [5,6]. Ferroelectric and
ferroelastic transitions are mainly found in tungsten forms containing either a monovalent
element alone or a monovalent element coupled with a bivalent element. Moreover, the
samples containing mainly bivalent elements are unlikely to exhibit ferroelectric transitions.
The XRD, EDF, and SEM analyses of Li2-xNaxWO4 (x = 0, 0.5, and 1.5), which have been
realized and published by Krimi et al. confirm the purity and the stoichiometry of these
materials [6,34,35]. The samples Li2WO4 and Li1.5Na0.5WO4 crystallize in the monoclinic
system (space group: P2/m), while the other compounds, Na2WO4 and Li0.5Na1.5WO4,
crystallize in the orthorhombic system (space groups: Pbca for Na2WO4 and Pmmm for
Li0.5Na1.5WO4) [6,34,35]. In fact, a simple comparison of the obtained results leads us to
the conclusion that a rise in the sodium rate is accompanied by an increase in the volume
of the unit cell, which is expected given that the radius of the sodium atom is larger than
that of the lithium atom.

The purpose of the present research is to examine the thermal, optical, and electrical
characteristics of the compound Li2−xNaxWO4, as well as the effect of substituting lithium
for sodium. Such findings are evaluated in light of the parent chemicals’ characteristics.

2. Materials and Methods

2.1. Synthesis

The solid–solid method was used to synthesize three compounds: Li2WO4, Li0.5Na1.5WO4,
and Li1.5Na0.5WO4. For this, well-calculated stoichiometric quantities of the precursors Li2CO3,
Na2CO3, and WO3 were mixed and then pulverized. They were initially annealed at 723 K
to ensure the discharge of undesired chemicals, particularly carbon. They were then ground
again, pelletized, and reheated at 823 K to ensure the compactness of the precursors and
reduce the size of the grains.

2.2. Equipment

The purity of the samples was determined using the X-ray diffraction powder “Siemens
D5000” with CuKα radiation (λ = 1.5406 Å). The powder morphology was examined using
scanning electron microscopy (SEM) in secondary-electron mode at a voltage of 15 kV, the
microscope used was the DSM960A ZEISS type (Zeiss, Oberkochen, Germany). The SEM
was coupled with a Vega&Tescan energy dispersive X-ray spectrometry (EDS) analyzer
(Zeiss, Oberkochen, Germany).

To determine the optical band gap and Urbach energy, a UV-Vis measurement was made
at room temperature using a spectrophotometer (Shimadzu, Kyoto, Japan, UV-3101PC), while
an electric measurement was carried out as a function of frequency in the 10–160 kHz range
at temperatures ranging from 458 K to 623 K using a TEGAM 3550 impedance analyzer
driven by a microcomputer.

The phase transition in different samples was first detected using a calorimetric study.
This was later carried out in a Mettler–Toledo DSC822 apparatus under an Argon atmo-
sphere, at temperatures ranging from 300 to 450 K and at a heating rate of 10 K/min. The
annealing of different samples was also performed in the DSC under a 20 mL/min Ar flow.

3. Results

3.1. Structural and Morphological Studies

Figure 1 depicts the XRD patterns of the synthesized compounds: Li0.5Na1.5WO4,
Li1.5Na0.5WO4, and Li2WO4. Each diffractogram shows the following: the experimental
points (black circles), the calculated curve (red line), the difference between the experimental
and calculated profiles (blue line), and the Bragg positions (green line). We have been
careful to follow the known sequence of steps in order to release different crystallographic
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parameters during the structural refining process of the three samples [36]. This confirms
the refinement’s stability when all the parameters become available. As shown, there is a
good level of agreement between the calculated and experimental diagrams. The structural
study demonstrates that the compound Li0.5Na1.5WO4 crystallizes in the orthorhombic
system with the space group Pmmm (a = 22.42 Å, b = 15.21 Å, c = 7.18 Å) [35]. As long as
the compounds Li1.5Na0.5WO4 and Li2WO4 crystallize in the monoclinic system with the
space group P2/m, the lattice parameters of the compound Li1.5Na0.5WO4 are as follows:
a = 15.92 Å, b = 7.19 Å, c = 7.18 Å, α = γ = 90◦, and β = 114.31◦, while those of the compound
Li2WO4 are a = 7.49 Å, b = 8.31 Å, c = 5.92 Å, α = γ = 90◦, and β = 96.81◦ [6,34]. It may be
observed that the volume of the elementary unit of the crystal lattice increases as the Na
proportion rises.

Figure 1. XRD patterns and Rietveld refinements for samples of Li0.5Na1.5WO4, Li1.5Na0.5WO4, and
Li2WO4 [6,34,35].

On the other hand, several methods have been developed to separate the microstruc-
tural parameters including the Williamson–Hall [37] and Halder–Wagner [38] methods.
Crystallite size and lattice distortions yield to line broadening. Thus, the total line broaden-
ing β can be expressed as [39]

β =
kλ

D
1

cosθ
+ 4εtanθ (1)

where D is the crystallite size and ε is the lattice strain. The first term in the right-hand part
of Equation (1) is the size contribution and the second term is the lattice distortion. If the
peak broadening is due solely to a finite crystallite size, it is assumed that β = kλ/(<D>cosθ),
where k is close to 1 [40]; this is known as the Scherrer equation [41].

Using the model of Equation (1), the average crystallite size for each studied sample
was determined in the current study. This model contains a distinct component for pre-
dicting peak broadening related to the crystallite microstrain and uses diffraction peak
broadening from at least four diffraction peaks as a foundation for calculating the crystallite
size. Equation (1) is a linear equation that considers the isotropic character of the crystals.
The inverse of the average crystallite size <D> can be found from the intercept, and the
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lattice microstrain (ε) can be found from the slope straight line of the plot made with (4.sinθ)
along the x-axis and (β.cos θ) along the y-axis for the three samples. The average particle
sizes for Li0.5Na1.5WO4, Li1.5Na0.5WO4, and Li2WO4 samples were found to be approx-
imately 200, 150, and 100 nm, respectively. The size of a crystallite, which is not always
the same as the particle size, is thought to be the size of a coherently diffracting domain.
The samples Li0.5Na1.5WO4, Li1.5Na0.5WO4, and Li2WO4 are expected to have lattice strain
values of approximately 0.017, 0.035, and 0.043%, respectively. The lattice contraction or
expansion in the crystallites, which is the source of the lattice microstrain, is mostly caused
by the arrangement of atoms within the crystal lattice. On the other hand, many structural
defects (point defects like vacancies, stacking faults, grain boundaries, etc.) are also created
in the lattice structure as a result of size refinement and internal–external stresses that
result in lattice strain [42,43]. The theoretical estimations of crystallite size derived from
the Rietveld refinement for the samples Li0.5Na1.5WO4, Li1.5Na0.5WO4, and Li2WO4 were
roughly 27% less than the estimated average crystallite size for the three samples.

Figure 2 gives the SEM images, with resolutions of 9 μm and 40 μm, and the EDX
spectra of the three studied compounds. We were able to verify the presence of Na, O, and
W elements, as indicated in the EDX spectra. Lithium is the only component that is lacking,
and this is because of its low Z = 1 value, which prevents it from emitting X-ray radiation.
The SEM images clearly show that the three compounds have a compact structure with
just a few pores and a tendency for clustering together because of the humid environment
that lithium creates. Also, these images demonstrate a homogeneous distribution of grains
with sizes around 5 [36], 2.6, and 4 μm [35] for the three compositions Li0.5Na1.5WO4,
Li1.5Na0.5WO4, and Li2WO4, respectively.

Figure 2. SEM micrographs for the studied samples: (a1,a2) Li0.5Na1.5WO4, (b1,b2) Li1.5Na0.5WO4,
and (c1,c2) Li2WO4, and the corresponding EDX spectra.

3.2. Optical Characterization

Considering the significance of optical characteristics in establishing light efficiency,
the gap energy was examined using UV-Vis spectroscopy. The gap energy (Eg) is a crucial
parameter for the description of materials in the solid state because it links disordered
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materials to either a direct or indirect transition through an optical forbidden band and
the absorption coefficient (α). It takes note of the presence of broad bands rather than
peaks in the spectrum. This demonstrates that these molecules contain energetically
realized transitions. The investigation of such a spectrum leads to the calculation of
the greatest absorption, and thus, based on the literature, the attribution of these bands
can be determined. In the spectra presented in Figure 3, one can observe a broad band
around 244 nm for the molecule Li2WO4 and a broad band around 246 nm for the complex
Li1.5Na0.5WO4. These bands are attributed to the electronic transition from the 2p state of
oxygen to the 5d state of tungsten in the (WO)−2 group [8]. The compound Li0.5Na1.5WO4
shows a similar transition at a wavelength of roughly 300 nm. It can be seen that the
structural change reported for this molecule may be the cause of the wavelength change.
Indeed, a change in symmetry (from monoclinic to orthorhombic) results in a shift in the
atoms’ locations and sites.

Figure 3. Absorbance spectra for the studied compounds.

The Kubelka–Munk method is used to calculate the Eg on the basis of Equation (1) [44,45]:

F(R)
e

=
(1 − R)2

2R
(2)

where e is the compound’s thickness (e = 1 mm), R is its reflectance, and (F(R))/e is pro-
portional to the absorption coefficient (α). Thus, a modified Kubelka–Munk equation was
employed to determine the Eg by multiplying F(R) by hν and applying the corresponding
coefficient (n), which is linked to an electronic transition, as shown by [46]

(
F(R)

e
hν
)n

= f (hν) (3)

in which n = 1/2 represents a direct permitted transition (plotted as α(hν)2 versus E) and
n = 2 represents an indirect permitted transition (plotted as α(hν)1/2 versus E).

For our compound, the Eg was calculated for both types of transitions (Figure 4). To
determine the band gap (shown by the red line), we actually extrapolate the curves in the
linear section to zero. The band gap values for both the directly permitted transition and
the indirectly permitted transition are shown in Table 1. These values clearly show that
increased Li levels are associated with rising direct and indirect Eg, given the variations in
the absorption band wavelength and symmetry.
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Figure 4. Direct and indirect band gaps for the studied compounds.

Table 1. Calculated values of gap energies for the studied compounds.

Sample Direct Gap (eV) Indirect Gap (eV)

Li2WO4 4.1 3.5

Li1.5Na0.5WO4 3.71 3.4

Li0.5Na1.5WO4 2.6 2.1

Thus, in order to further investigate this pattern, we computed the Urbach Eu energy,
which is associated with the changes from the valence band’s stretched states to the conduc-
tion band’s restricted states. On the other hand, the Urbach Eu energy causes the formation
of localized states at the tail of the band, near the forbidden band’s limits, bounded by the
valence and conduction bands. It also describes the compound’s disorder [47]. Then, the
following empirical formula [46] expresses the relationship between the Urbach energy
and the disorder:

α = α0e
hγ
Eu (4)

Furthermore, when plotting the variation in ln(α) as a function of energy (hν), we
notice that the following expression governs this curve:

ln(α) = ln(α0) +
hγ

Eu
(5)

where α0 is a constant and Eu is the Urbach energy, which is equal to 0.9 eV, 1.36 eV, and
0.35 eV for the Li2WO4, Li1.5Na0.5WO4, and Li0.5Na1.5WO4 compounds, respectively. In
fact, as shown in Figure 5, these values are actually determined by taking the inverse of the
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curves’ slopes. Then, Table 2 shows the computed Urbach energy values. Therefore, based
on the above-mentioned results, we can conclude that the compound Li1.5Na0.5WO4 is the
most disordered of the tested compounds. Moreover, an examination of the values of the
Urbach energy in relation to the gap one revealed the existence of a harmony in variation,
which indicates that the larger the disorder, the wider the gap will be. This suggests that
the latter is affected by disorder in our materials.

Figure 5. Urbach energy for the three compounds.

Table 2. Densities of localized states and the values of Urbach energy for the studied compounds.

Sample Li0.5Na1.5WO4 Li1.5Na0.5WO4 Li2WO4

Density of localized states 0.6 × 1020–6 × 1020 1.1022–2.1024 1.1022–9.1023

Value of Urbach energy 0.35 (eV) 1.36 (eV) 0.9 (eV)

3.3. Thermal Analysis

A differential scanning calorimetric analysis is commonly used to analyze a material’s
thermal change, such as melting, glass transition, crystallization, and so on. Therefore, to
avoid reactivity with the atmosphere, this analysis was carried out in the presence of an
argon atmosphere. The thermal investigations were carried out in a temperature range of
ambient temperature to 450 K with a scan rate of 5 C◦/min. The obtained thermograms are
shown in Figure 6. As shown, the compound Li1.5Na0.5WO4 has three endothermic peaks,
at T = 365 K, T = 379 K, and T = 397 K (Figure 6a) [6], whereas Li0.5Na1.5WO4 has just two
endothermic peaks, at T = 379 K and T = 397 K (Figure 6b) [35].

187



Crystals 2023, 13, 1649

Figure 6. Differential scanning calorimetric of (a) Li1.5Na0.5WO4 and (b) Li0.5Na1.5WO4 [36,38].

The thermal examination of the parent compounds Li2WO4 and Na2WO4 revealed the
presence of a peak at 373 K, which was attributed to the ferroelectric/paraelectric transition
and confirmed by the dielectric research [5,6]. The broad peak at 365 K may be due to
the progressive release of H2O absorbed by the material at ambient temperature, which
shows that this material has a hydroscopic character. Based on Ref. [6] and the impact of
the composition difference, we can credit the peak found at T = 397 K for both compounds
to the ferroelectric–paraelectric transition. In addition, to verify this result we investigated
the dielectric characteristics of the compounds Li1.5Na0.5WO4 and Li0.5Na1.5WO4.

3.4. Dielectric Studies

Figures 7 and 8 show the temperature dependency of the dielectric constant for the
compounds Li0.5Na1.5WO4 and Li1.5Na0.5WO4. The study of dielectric characteristics is,
therefore, essential in order to detect the changes in the phases, the properties, and the
behavior of the examined substance when an electric field is applied. This investigation
is undertaken in the present case as a function of temperature in the range of 300–650 K,
and in a frequency range of 100 Hz to 1 MHz. In fact, Figures 7a,b and 8a,b show the
temperature dependence of the relative dielectric constant with a fixed frequency for the
compounds Li0.5Na1.5WO4 and Li1.5Na0.5WO4 [34], respectively.

(a) (b)

Figure 7. Variation in ε′ as a function of temperature for Li1.5Na0.5WO4 ((a) frequency from 100 Hz
to 10,000 Hz and (b) frequency from 100.000 to 1000,000 Hz) [36].
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(a) (b)

Figure 8. Variation in ε′ as function temperature of Li0.5Na1.5WO4 ((a) frequency from 100 Hz to
10,000 Hz and (b) frequency from 100.000 to 1000,000 Hz).

We can see a dielectric relaxation of about 421 K for the compound Li1.5Na0.5WO4 and
418 K for the compound Li1.5Na0.5WO4. Therefore, a para–ferroelectric phase transition
may be related to this large dielectric peak at Tc. Its maximum does not change (Tc remains
constant at different frequencies), but its magnitude diminishes as the frequency increases.
This relaxation is also observed for the parent molecule at about 373 K [5,6]. This shift
in transition temperature could be attributed to a change in symmetry caused by the
composition change. Actually, a qualitative study of these curves revealed that Tc remained
constant when the frequency was varied, confirming the examined compound’s traditional
characteristic [48]. Hence, in order to verify the nature of classic or relaxer ferroelectrics,
Uchino and Nomura [49] proposed a more general expression of the Curie–Weiss law by
introducing the degree of relaxation γ:

1
ε’ −

1
ε’

max
=

(T − Tc)
γ

C
(6)

where C is the Curie–Weiss constant, ε′max is the real dielectric constant at T = TC, and γ
(1 < γ< 2) denotes the degree of relaxation. The diffuse nature of the transition is translated
by the component γ. However, the γ value is close to 1 for classical ferroelectrics and
should equal 2 for perfect relaxer ferroelectrics [50,51].

Figures 9 and 10 illustrate the logarithmic charts of Equation (5) at various frequencies
(the curve fitted to the modified Curie–Weiss law is indicated by the solid red lines).

The obtained values for the Li1.5Na0.5WO4 and Li0.5Na1.5WO4 compounds are around
1.3 [34] and 1.5, respectively. This finding demonstrates that our sample is a typical
ferroelectric compound. The dielectric measurements in the paraelectric state match the
Curie–Weiss law rather well, as stated by the following relation:

ε’ =
C

T − T0
(7)

where C and T0 are the Curie–Weiss constant and temperature, respectively.
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Figure 9. ln
(

1
ε’ − 1

ε’
max

)
as function of ln(T − Tc) for different frequencies for Li1.5Na0.5WO4 compound.

Figure 10. ln
(

1
ε’ − 1

ε’
max

)
as function of ln(T − Tc) for different frequency for Li0.5Na1.5WO4 compound.

Figure 11 depicts the temperature dependency of the dielectric reciprocal (1/ε′) at
500 Hz. Indeed, for Li0.5Na1.5WO4 and Li1.5Na0.5WO4, these plots display straight lines,
with the x-axis intercepts at T0 = 418 K and 421 K [34]. In classical ferroelectrics, the value
of T0 indicates the order of the para–ferroelectric phase transition. In the case of T0 	= TC,
the phase transition is first order. If T0 = TC, then this transition is of second order [52].
According to our observations, the value of T0 is comparable to TC, suggesting that this
transition is of second order [53]. Beginning with the concept of ε′, which is connected to
capacitance and the alignment of the dipole that is observed, we may deduce that a rise in
frequency corresponds to an increase in disorder, which causes ε′ to drop. It is evident from
comparing the ε′ values of the studied compounds that Li0.5Na1.5WO4 has higher values
than Li1.5Na0.5WO4. We could, therefore, conclude that the latter is the most disordered.
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Figure 11. Temperature variation in (1/ε′) at 500 Hz.

3.5. Conductivity Analysis

For the three compounds under investigation, we have calculated the conductivity
fluctuation as a function of the frequency of the various temperature values [6,34,35]. We
also observed that the experimental variation in conductivity is described by Jonscher’s
universal law. The experimental results were adopted using the equation

σAC(W) = σdC + AωS (8)

In fact, as shown in Figure 12, and based on this adjustment, we have plotted the
curves Ln(σ dC) = f

(
1000

T

)
which are adjusted by the following expression:

σdC = σ0exp
(−Ea

KBT

)
(9)

where σ0 is the pre-exponential factor given by the following expression:

σ0 =

(
e2

aa2
hγ0

6k

)
N(T)exp

(
Sμ

k

)
(10)

Figure 12. Variation in conductivity for the three studied compounds.
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The number of charge carriers that contribute to the conduction N and the entropy S
are both proportional to this factor. Since the activation energies of the three materials are
of the same order of magnitude, the high conductivity of the Li1.5Na0.5WO4 combination
can be explained by other factors (Table 2). Moreover, given that the number of charge
carriers is related to the density of the localized states (N = kTN (EF)) [54], the number in
Li1.5Na0.5WO4 is greater than those in Li2WO4 and Li0.5Na1.5WO4. The enormous value of
the Urbach energy for the composite Li1.5Na0.5WO4 compared to the other two compounds
indicates that the disorder (translated by the entropy S) in this material is more important,
and thus: S(x = 0.5) > S(x = 1) > S(x = 1.5). Actually, a comparative study revealed that
the conductivity of the compound Li1.5Na0.5WO4 is greater than that of the other two
compounds, which can be explained by the fact that the disorder (entropy represented
by the Urbach energy) and the number of charge carriers (represented by the number of
localized states) is greater for this compound than for the other two.

4. Conclusions

The obtained results allow us to deduce that the compounds Li2WO4 and Li1.5Na0.5WO4
crystallize in the monoclinic system while the compound Li0.5Na1.5WO4 crystallizes in the
orthorhombic system. The values obtained from the estimation of the crystallite sizes of
these compounds range between 0.2 and 0.1 μm, which is smaller than the grain sizes that
were determined from the SEM images, which range from 3 to 5 μm. The SEM images
clearly show that the compounds’ structures are compact, with a small number of pores
resulting from the compounds’ tendency to form agglomerations. The EDX analysis verifies
that the chemical elements are present in the compositions of the samples. Additionally,
we can state that the optical analysis carried out with a UV-Vis spectrophotometer showed
that the two compounds Li1.5Na0.5WO4 and Li2WO4 each had a single absorption band
present at 245 nm, while Li0.5Na1.5WO4 had a single absorption band at 300 nm. In
fact, this difference could be explained by the shift in symmetry from orthorhombic to
monoclinic. Then, the optical gap energy was calculated using the Kubelka–Munk equation.
In addition, the Urbach energy calculation revealed that the compound Li1.5Na0.5WO4 is the
most disordered of the three investigated. The dielectric studies of the two compounds also
revealed the presence of ferro–paraelectric transitions at 421 K and 418 K for Li0.5Na1.5WO4
and Li1.5Na0.5WO4. Thermal research detected this transition (DSC), which occurs in the
parent compounds at about 373 K; where the temperature offset may be due to symmetry
differences. Moreover, a comparison study revealed that the conductivity of the compound
Li1.5Na0.5WO4 is greater than that of the other two compounds, which may be due to the
fact that the disorder and the charge number are higher in the case of Li1.5Na0.5WO4.
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Abstract: The structural, dynamical, electrical, magnetic, and thermoelectric properties of CoMRhSi
(M = Cr, Mn) quaternary Heusler alloys (QHAs) were investigated using density functional theory
(DFT). The Y-type-II crystal structure was found to be the most stable configuration for these QHAs.
Both CoCrRhSi and CoMnRhSi alloys possess a half-metallic behavior with a 100% spin-polarization
as the majority spin channel is metallic. On the other hand, the minority spin channel is semicon-
ducting with narrow indirect band gaps of 0.54 eV and 0.57 eV, respectively, along the Γ − X high
symmetry line. In addition, both CoCrRhSi and CoMnRhSi alloys possess a ferromagnetic structure
with total magnetic moments of 4 μB, and 5 μB, respectively, which are prominent for spintronics
applications. The thermoelectric properties of the subject QHAs were calculated by using Boltzmann
transport theory within the constant relaxation time approximation. The lattice thermal conductiv-
ities were also evaluated by Slack’s equation. The predicted values of the figure-of-merit (ZT) for
CoCrRhSi and CoMnRhSi were found to be 0.84 and 2.04 at 800 K, respectively, making them ideal
candidates for thermoelectric applications.

Keywords: ab initio investigations; quaternary Heusler; transport coefficients; Slack’s equation;
ferromagnetic; half-metallic

1. Introduction

The shortage of fossil fuels and increased global warming have created a demand for
renewable energy sources. Thermoelectric materials, which directly convert waste heat or
temperature gradient into electricity, have garnered a great deal of attention in recent years.
Based on the range of temperature of operation, conventional thermoelectric materials
are classified into three categories: (1) Bi2Te3 compounds with for T < 150 ◦C, (2) TAGS
[(AgSbTe2)1–x(GeTe)x] and PbTe-based compounds for 150 ◦C < T < 500 ◦C, and (3) SiGe
for T > 500 ◦C [1]. Over time, half-Heusler alloys have also been investigated for their
thermoelectric applications [2]. At the other end of the spectrum, Heusler alloys have also
found wide applications in spintronics, a branch of nanoelectronics that relies on the spin
of an electron rather than its charge. These devices operate on the principle of quantum
tunneling and spin-transfer torque for MRAM applications [3]. Hence, Heusler alloys
represent an important class of material for thermoelectric and spintronics applications.

Half-metallic ferromagnetic materials have attracted considerable attention in the
last few years owing to their unique physical characteristics. These materials display a
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metallic behavior near the Fermi energy surface in one spin channel and a semiconducting
behavior near the Fermi energy level in the other spin channel, which yields a perfect
spin polarization of 100% [4]. As a result, these materials could produce highly spin-
polarized currents that could potentially improve the efficiency of spintronics devices.
Numerous materials, for instance Heusler alloys, perovskites, and chalcogenides, have
been reported to have a half-metallic behavior [5–8]. Several Heusler alloys (HAs) have
been investigated theoretically for their half-metallicity and high Curie temperatures [9–11]
that were further confirmed experimentally [12,13]. There are three groups of HAs that can
be classified based on their chemical structures: full-Heusler alloys (FHAs), half-Heusler
alloys (HHAs), and quaternary-Heusler alloys (QHAs). The FHAs have a space group of
Fm3m with prototype structure, such as Cu2MnAl, and four interpenetrating cubic lattices.
The chemical formula of these alloys is X2YZ, where X and Y correspond to transition metal
atoms and Z refers to an s-p atom [14]. The structure of HHAs is similar to that of FHAs,
except for a missing an X atom that leads to a C1b structure with an XYZ chemical formula
and an F43m space group [15]. The chemical formula of the QHAs is XX′YZ with a Y-type
structure (LiMgPdSb prototype structure) and a space group of F43m (no. 216) [16,17]. The
QHAs have applications in spin-dependent electronics, including spin filters, spin valves,
and thermoelectric devices [18,19].

Several studies have indicated that QHAs possess significant thermoelectric properties,
such as high transport coefficients (Seebeck coefficient and electrical conductivity), variable
lattice thermal conductivity, and a good thermoelectric performance [20–24]. This leads to
promising figure of merit (ZT) values where ZT is defined as follows [25]:

ZT =
S2σT

(κe + κL)
. (1)

In this equation, S, σ, T, κe, and κL refer to the Seebeck coefficient, electrical conductiv-
ity, absolute temperature, electronic thermal conductivity, and lattice thermal conductivity,
respectively. To obtain a high value of figure of merit ZT, alloys should have a high S and σ
values, whereas κL should be as low as possible [26].

There are several studies on the subject of the thermoelectric properties of QHAs. For
instance, Alqurashi and Hamad predicted ZT values of 1.13, 0.62, and 0.92 for VTiRhSi,
VTiRhGe, and VTiRhSn alloys, respectively, at 800 K [24]. Previous computations predicted
maximum S values of 44.3 and 53.44 μV/K for CoRuMnAs and CoRhMnAs alloys, respec-
tively [11]. Promising power factor values of 07.56 × 10−5 and 21.05 × 10−5 Wm−1K−2s−1

at 300 K were predicted for LaCoCrAl and LaCoCrGa QHAs, respectively [27]. Other calcu-
lations predicted ZT values of 0.61 and 0.71 for CoFeTiGe and CoFeCrGe, respectively [28].
Furthermore, the PdZrTiAl alloy was found to be a half-metallic ferromagnet with a 100%
spin polarization and a 3 μB total magnetic moment [29]. Alqurashi et al. [30] predicted a
similar half-metallic ferromagnetic behavior for VTiRhGa and VTiRhIn QHAs with a 100%
spin polarization and a 3 μB total magnetic moment.

In this work, we report on ab initio investigations based on DFT to calculate the struc-
tural, dynamical, electronic, magnetic, and thermoelectric properties of novel CoMRhSi
(M = Cr, Mn) quaternary Heusler alloys. To the best of our knowledge, this study investi-
gates and reports the formation of these alloys along with spintronic and thermoelectric
properties for the first time. The paper is organized as follows: in Section 2 the compu-
tational methodology is described, Section 3 presents the results and discussions, and
Section 4 is devoted to the conclusions.

2. Computational Methodology

The structural optimization and energetic calculations are performed using the DFT
method as implemented in VASP code [31]. The cut-off energy is selected to be 520 eV, while
the total energy tolerance is 10−8 eV. The total energy calculations are performed using a
22 × 22 × 22 k-mesh. The formation energy is calculated based on the results of the total
energy. The phonon calculations using the Phonopy package are considered to investigate
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the dynamical stability of the QHAs [32]. For these calculations, a supercell of 4 × 4 × 4 is
used with a 4 × 4 × 4 k-mesh and cut-off energy of 500 eV. The supercell of QHAs unit-cell
contains 256 atoms. The electronic and magnetic properties were computed within the
full-potential linearized augmented plane wave (FP-LAPW) method as implemented in
WIEN2k code [33]. The generalized gradient approximation (GGA) within Perdew–Burke–
Ernzerhof (PBE) formalism was utilized to treat the exchange–correlation potential [34].
The Kmax × RMT value was selected to be 9, where Kmax is the highest reciprocal lattice
vector of the plane wave expansion and RMT is the smallest atomic muffin tin radius. The
RMT values were selected as 2.3, 2.2, 2.1 and 1.8 atomic units (a.u.) for Co, M (M = Cr, Mn),
Rh, and Si atoms, respectively. The total energy and force tolerances were set to 10−4 Ry
and 1 mRy/au, respectively. We adopted the VASP pseudopotential code for the structural
optimization and WIEN2K full-potential code for the electronic and magnetic properties.
For instance, in the case of structural optimization, VASP uses a smaller basis set which
leads to faster calculations [35]; whereas, for electronic and magnetic properties, all electron
calculations (WIEN2k) give more precise results [36].

The transport coefficients are considered by applying the Boltzmann transport theory
as implemented in BoltzTraP code [37,38]. The S, σ, and κe parameters are estimated using
the following equations [24,39]:

Sαβ(T, μ) =
1

eTΩσαβ (T, μ)

∫
σαβ (ε)(ε − μ)

[
−∂ f0(T, ε, μ)

∂ε

]
dε (2)

σαβ(T, μ) =
1
Ω

∫
σαβ(ε)

[
−∂ f0(T, ε, μ)

∂ε

]
dε (3)

κ0
αβ(T, μ) =

1
e2TΩ

∫
σαβ(ε)(ε − μ)2

[
−∂ f0(T, ε, μ)

∂ε

]
dε (4)

Here α and β are tensor indices; μ, Ω, and f0 are the chemical potential, unit cell vol-
ume, and the Fermi–Dirac distribution function, respectively. The thermoelectric properties
are calculated by using 36 × 36 × 36 centered k-mesh. The σ and κe were computed within
the constant relaxation time (τ) approximation, which was selected to be 0.5 × 10−15 s.
This value was utilized for comparable structures for instance VTiRhZ (Z = Si, Sn, In) and
FeRhCrZ (Z = Si, Ge) [24,40]. Slack’s formula was used to compute the lattice thermal
conductivity (κl) as follows [41–43]:

κl = A
MΘ3

DV1/3

γ2n2/3T
, (5)

where, A = 2.43×10−6

1− 0.514
γ + 0.228

γ2
, and M, ΘD, V, γ, n, and T are the average atomic mass, Debye

temperature, volume per atom, Grüneisen parameter, number of atoms in the primitive
unit cell, and temperature, respectively. The ΘD and γ are estimated by calculating
the elastic constants of CoMRhSi (M = Cr, Mn) QHAs. It is important to note that the
Debye temperature can also be calculated from the vibrational density of states spectra,
which could lead to a different value of ΘD. However, there are reports as presented in
reference [44] that the results of these two methods give a comparable output.

To compute the elastic constant, the IBRON was selected to be 6 in order to calculate
the fourth-order elastic moduli tensor. The above IBRON number uses finite differences
to calculate second derivatives of the Hessian matrix (second order derivative of energy
with respect to atomic positions) by performing a total of six distortions to the crystal
structure. The shear (G) and bulk (B) moduli were calculated based on the Voigt–Reuss–Hill
approximations [45,46] that are defined as
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Voigt average:

GV =
1
5
[(C11 − C12) + 3C44], and BV =

1
3
(C11 + 2C12), (6)

Reuss average:

GR =
5C44(C11 − C12)

3(C11 − C12) + 4C44
, and BR =

(C11 + C12)C11 − 2C2
12

3(C11 − C12)
, (7)

Hill average:

G =
1
2
(GV + GR), and B =

1
2
(BV + BR), (8)

Using G and B from Equation (8), Young’s modulus (E) and Poisson’s ratio (v) are
calculated by [45,46] such that

E = (
9BG

3B + G
), (9)

v = (
3B − 2G

2(3B + G)
), (10)

Moreover, the ΘD and (γ) are estimated as follows [45,46]:

ΘD =
h

kB

(
3nρNA
4πM

)1/3
vm, (11)

γ =
9 − 12(vt/vl)

2

2 + 4(vt/vl)
2 . (12)

The parameters h, ρ, NA, kB, and M refer to the Planck constant, density, Avogadro’s
number, the Boltzmann constant, and the molecular weight, respectively. In addition, vm,
vl and vt are the average, transverse, and longitudinal sound velocities, which are given
by [47,48] as follows:

vt =

√
G
ρ

(13)

vl =

√
Y(1 − v)

ρ(1 + v)(1 − 2v)
(14)

va =

[
1
3

(
2
v3

t
+

1
v3

l

)]− 1
3

(15)

The lattice thermal conductivity (κl) values are computed by substituting ΘD and γ
values into Equation (5).

3. Results and Discussions

3.1. Structural Properties

The CoMRhSi (M = Cr, Mn) QHAs have a face-centered cubic LiMgPdSn (Y-type)
configuration with (1:1:1:1) stoichiometry and a space group of F43m (no. 216). Figure 1
illustrates the atomic configurations of these QHAs structures, Y-type-I, Y-type-II, and
Y-type-III. The Wyckoff positions of the atoms in the three types are 4a (0,0,0), 4c (1/4, 1/4,
1/4), 4b (1/2, 1/2, 1/2), and 4d (3/4, 3/4, 3/4), see Table 1. The values of convex hull
for both compounds, as predicted using OQMD, are −1.864 eV/f.u. for CoCrRhSi and
−2.08 eV/f.u. for CoMnRhSi. The total energy calculations were performed for both QHAs
in their three configuration types. These calculations predicted the Y-type-II configuration
as the most stable structure of CoMRhSi (M = Cr, Mn) QHAs, see Table 2. These findings
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are consistent with prior calculations [49]. To determine if these QHAs can be synthesized
experimentally and to confirm their thermodynamical stability, the formation enthalpy per
formula unit is calculated using the following equation [50]:

Ef orm = Etot −
(

Ebulk
Co + Ebulk

Rh + Ebulk
Mn,Cr + Ebulk

Si

)
, (16)

where Etot is the equilibrium total energy per formula unit of the CoCrRhSi and CoMnRhSi
alloys, and Ebulk

Co , Ebulk
Rh , Ebulk

Y , and Ebulk
Z = Si are the total energies per atom in the bulk struc-

ture. In general, the negative value of the formation enthalpy indicates the feasibility of
synthesizing the QHAs. The formation enthalpies of the CoCrRhSi and CoMnRhSi alloys
are −1.32 and −1.91 eV/f.u., as shown in Table 3. These values agree with other previ-
ous calculations of similar structures such as CoNbMnSi (−1.74 eV/f.u.) and CoMoMnSi
(−1.90 eV/f.u.) [48]. Moreover, the lattice parameters are found to be 5.78 Å and 5.83 Å for
CoCrRhSi and CoMnRhSi as indicated in Table 3. These findings are in good agreement
with the previously reported theoretical calculations [51,52].

Figure 1. The three different types of the quaternary Heusler alloy primitive cells.

Table 1. The Wyckoff positions (4a, 4c, 4b, and 4d) of the elements in CoMRhSi (M = Cr, Mn) QHAs
for three types of configurations.

Y
4a

(0,0,0)
4b

(1/2, 1/2, 1/2)
4c

(1/4, 1/4, 1/4)
4d

(3/4, 3/4, 3/4)

Type-I Co Rh Y Z
Type-II Co Y Rh Z
Type-III Rh Co Y Z

Table 2. The total energy in eV of CoMRhSi (M = Cr, Mn) QHAs in the three types of configurations.

Alloys Type-I Type-II Type-III

CoCrRhSi −29.719 −30.633 −30.145
CoMnRhSi −29.187 −30.749 −29.918
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Table 3. The formation energy Ef orm(eV/f.u.), lattice constant a (Å), elastic constants Cij (GPa), bulk
modulus B (GPa), Young’s modulus E (GPa), isotropic shear modulus G (GPa), anisotropy factor A,
Pugh’s ratio B/G, Cauchy pressure Cp (GPa), anisotropy factor A, and the melting temperature Tmelt

(K) of CoMRhSi (M = Mn, Cr) QHAs.

Physical Parameter CoCrRhSi CoMnRhSi

Ef orm −1.32 −1.91
a 5.78 5.83

C11 335.89 334.40
C12 145.23 141.94
C44 58.91 72.14

B
216.88

211.45238.85 a)

E 185.23 216.13
G 68.35 81.29

Table 3. Cont.

Physical Parameter CoCrRhSi CoMnRhSi

B/G
3.17

2.603.39 a)

Cp 86.31 69.05
A 0.61 0.74

Tmelt 2624 2574
a) Ref [43].

3.2. Phonon Calculation

The analysis of the dynamical phonon properties of the CoMRhSi (M = Cr, Mn) alloys
is presented here. The phonon dispersion curves (PDCs) provide information about the
dynamical stability of the system. These phonon dispersion curves show only positive
frequencies, indicating that both alloys are dynamically stable as indicated in Figure 2. The
phonon dispersion curves of CoMRhSi (M = Mn, Cr) alloys exhibit twelve phonon branches
since the primitive cell consists of four atoms. There are three acoustic phonon modes
(one longitudinal (LA) and two transversal acoustic (TA)), and nine optical branches (three
longitudinal (LO) and six transverse optical (TO)). These results are in good agreement
with previous investigations on CoFeCrGe and CoFeTiGe QHAs [28].

Figure 2. Phonon dispersion relation of (a) CoRhCrSi and (b) CoRhMnSi QHAs.
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3.3. Mechanical Properties

The mechanical properties of CoMRhSi (M = Mn, Cr) alloys are presented by investi-
gating the mechanical stability for the cubic configuration that is achieved by fulfilling the
Born–Huang criteria [50] as follows:

C44 > 0, (C11 − C12) > 0, (C11 + 2C12) > 0, and C12 < B < C11, (17)

where the three independent elastic constants (C11), (C12), and (C44) are referred to longitu-
dinal compression, transverse expansion, and the share modulus predictor, and B refers to
the Bulk modulus. The inequality conditions that are shown in Equation (17) are fulfilled
for these alloys and thus the mechanical stability is confirmed. The results are summarized
in Table 3. The B values were predicted to be 216.88 and 211.45 GPa for CoRhCrSi and
CoRhMnSi alloys.

The three independent elastic constants were used to calculate the shear modulus
(G), Young’s modulus (E), Cauchy pressure (Cp), Poisson’s ratio (ν), and the anisotropy
factor (A). The results of these calculations are shown in Table 3. The above G, Cp, and A
parameters are defined as follows [50–52]:

G = (G V + GR)/2 (18)

Cp = C12 − C44 (19)

A = 2C44/(C11 − C12) (20)

GR and GV in Equation (18) are the shear moduli of Reuss, and Voigt. The E (G) values
were calculated as 185.23 GPa (68.35 GPa) and 216.13 GPa (81.29 GPa) for CoRhCrSi and
CoRhMnSi alloys. The large positive E and G values indicate that these alloys are rigid.
These findings are consistent with prior predictions for CoCrScAl, CoCrScSi, CoCrScGe,
and CoCrScGa alloys [53]. The Pugh’s ratio (B/G) values of CoCrRhSi and CoMnRhSi
alloys are 3.17 and 2.60, which are more than the standard value (B/G > 1.75 [54]). These
results indicate that the alloys have a ductile nature behavior, and are in good agreement
with prior calculations [28,50]. Moreover, the Cauchy pressure is calculated to explain the
bonding of the alloys. If the Cauchy pressure is negative, the material is classified to have a
covalent bonding. For metallic bonding, the Cauchy pressure is positive [50]. According to
the present results, the Cp values of the CoCrRhSi and CoMnRhSi alloys were calculated
as 86.31 and 69.05 GPa, which indicates a metallic bonding behavior for these alloys. In
addition, the anisotropy factor, A, is calculated to test the anisotropy of the materials. If A
values are different than unity, the materials are anisotropic [55]. The present calculation
for A was found to be less than unity, which indicates the alloys are anisotropic materials.
These results agree with previously reported calculations for ZrTiRhGe and ZrTiRhSn [56].

In order to provide an understanding of the heat resistance of the material, the melting
point (Tmelt) is calculated using the following formula [29,54,57]:

Tmelt =

[
553 K +

(
5.91 K
GPa

)
C11

]
± 300 K. (21)

This formula shows that the melting temperature depends on the longitudinal com-
pression (C11) of the alloys. As a result, the alloy with the larger longitudinal compression
has a higher melting temperature. In this case, the CoCrRhSi alloy possesses a higher
melting temperature as indicated in Table 3. The values of Tmelt are found to be 2624
and 2547 K for CoCrRhSi and CoMnRhSi alloys, which are in good agreement with those
obtained previously for CoFeCrGe (2584 K) and CoFeTiGe (2484 K) [28].
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3.4. Electronic and Magnetic Properties

The band structure, total density of states (TDOS), and magnetic properties of CoMRhSi
(M = Mn, Cr) QHAs are investigated as shown in Figure 3 for the CoMRhSi (M = Mn, Cr)
alloys. The results presented in this figure show that the electronic bands of the majority
spin channel overlap with the Fermi level, which indicates a metallic behavior. However,
the minority spin channel shows a semiconducting behavior with an indirect band gap
between the Γ and X high-symmetry points at the valence band maximum (VBM) and the
conduction band minimum (CBM), respectively. The band gap values in the minority spin
channels were found to be 0.54 eV and 0.57 eV for CoCrRhSi and CoMnRhSi. These results
are in agreement with other calculations [48,56–61]. The spin polarization of QHAs can be
determined using the following relationship [62,63]:

P =
ρ↑(Ef )− ρ↓(Ef )

ρ↑(Ef ) + ρ↓(Ef )
× 100, (22)

where ρ↑(Ef ) and ρ↓(Ef ) are the majority and minority spin densities of states at the Fermi
level (Ef ). Thus, both the CoCrRhSi and CoMnRhSi alloys were found to have a 100%
spin polarization due to the absence of the states at the minority spin channel. This is not
the case for the majority spin channel, as indicated in Figure 3. The present results for the
above alloys are in good agreement the results obtained for CoRhMnSi by Ghosh et al. [63].
This indicates that these alloys may demonstrate potential applications in spintronics.

 

Figure 3. The electronic band structures and total density of states (TDOS) of (a) CoCrRhSi
and (b) CoMnRhSi QHAs. The solid and dotted lines represent the majority and minority spin
channels, respectively.

The magnetic structure of the QHAs was tested for three states: ferromagnetic, an-
tiferromagnetic, and paramagnetic. The results show that the ferromagnetic state was
found to be the most stable for these alloys. Table 4 presents the total and local magnetic
moments of the CoMRhSi QHAs. Both the CoCrRhSi and CoMnRhSi alloys exhibit integer
values of 4 μB and 5 μB. A similar value of the net magnetic moment of 5 μB for CoRhMnSi
was obtained by Ghosh et al. [64]. These values are found to follow the Slater–Pauling
rule for half-metallicity that is described as: Mtot = (Ztot − 24) μB, where Mtot and Ztot
refer to the total magnetic moment and the number of the total valence electrons. The
significant contribution of the total magnetic moment of 2.41 and 3.31 μB for the CoCrRhSi
and CoMnRhSi alloys comes from the Cr and Mn atoms. The Co, Rh, and M (M = Cr, and
Mn) atoms have a ferromagnetic coupling between their local magnetic moments in the
two QHAs.
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Table 4. The calculated band gap values Eg (eV), spin polarization P (%), total magnetic moment
mtotal (μB), local magnetic moments per atom mi (μB) (i = Co, Cr, Mn Rh, Z) for the CoRhMSi (M = Cr,
Mn) alloys.

Compound Eg (eV) P (%)
mCo
[μB]

mRh
[μB]

mY
[μB]

mSi
[μB]

mtotal
[μB]

CoCrRhSi
0.54

(minority) 100 1.15 0.36 2.41 −0.02
4.00

4.00 a)

CoMnRhSi 0.57
(minority) 100 1.25 0.44 3.31 −0.02 5.00

a) Ref [43].

The linear relationship between the Curie temperature (TC) and the total magnetic
moment is one of the methods that can be used to calculate TC as follows [65–67]:

TC = 23 + 181Mtot, (23)

where, Mtot is the total magnetic moment. Based on this equation, the TC values of
the CoCrRhSi and CoMnRhSi alloys are found to be 747 and 928 K, which means the
ferromagnetic structure is retained for temperatures much higher than room temperature.
However, it is important to note that this is just one of the methods to estimate the TC and,
very often, the results deviate from the experimental output. Hence, these values just serve
as an estimate of the actual values of the transition temperature.

3.5. Transport Properties and ZT

The transport properties were calculated for the CoMRhSi (M = Mn, Cr) QHAs’ stable
structures. The calculations were performed using Boltzmann transport theory with a
constant relaxation time approximation [38]. The total S and σ of the majority and minority
spin channels are calculated by using the two-current model as [27]:

S =
S↑ σ↑ + S↓ σ↓

σ↑ + σ↓
. (24)

Here S↑
(
S↓
)

and σ↑ (σ ↓
)

represent the Seebeck coefficient and electrical conductivity
for the majority (minority) spin channels.

The results of the total Seebeck coefficient are shown in Figure 4a,b as a function of the
chemical potential (E-Ef) at 300 and 800 K. The figure shows that the total S values of these
alloys increase by increasing the temperature. The CoMnRhSi alloy has higher values of the
total S than those of the CoCrRhSi alloy. The values of the total electrical conductivity (σ)
as a function of (E-Ef) at 300 and 800 K are depicted in Figure 4c,d. As seen in the figures,
the n-type doping level shows higher σ values than those of the p-type. Moreover, the
temperature effect on σ values appear to be minimal. Figure 4e,f exhibit the power factor
(PF) as a function of (E-Ef) at 300 and 800 K. The PF values are found to be higher as the
temperature increases with maximum values of 20.2 × 1011 and 31.1 × 1011 (W/m K2 s)
for the CoCrRhSi and CoMnRhSi alloys at 800 K.

203



Crystals 2024, 14, 33

Figure 4. (a,b) The Seebeck coefficient (S), (c,d) electrical conductivity (σ), and (e,f) power factor (S2σ)
as a function of the chemical potential at temperatures of 300 K, 800 K for the CoRhMSi (M = Mn,
Cr) QHAs.

Figure 5a,b present the electronic thermal conductivity (κe) of CoMRhSi (M = Mn, Cr)
QHAs as a function of (E-Ef) at 300 and 800 K. From these figures, one can notice that the κe
values of the CoMnRhSi alloy are higher than those of the CoCrRhSi alloy. The values of the
lattice thermal conductivity (κl) of CoMRhSi (M = Mn, Cr) QHAs are calculated based on
the Slack equation. The computed parameters ΘD, γ, vm, vt, and vl are presented in Table 5.
The ΘD (γ) values of the CoCrRhSi and CoMnRhSi alloys are found to be 420.78 (2.19) and
454.28 K (1.97). These results are in good agreement with the previous calculation [46].
Figure 5c presents κl as a function of temperature. The κl values are found to be 1.10 and
0.69 W/m·K at 800 K for the CoCrRhSi and CoMnRhSi alloys, which are significantly low
as compared to those of other QHAs such as CoFeCrGe (11.01 W/m·K and CoFeTiGe
(12.26 W/m·K) [28]. Figure 6 show the figure of merit ZT values as a function of (E-Ef) at
300 K and 800 K. The CoRhMSi (M = Mn, Cr) alloys have higher ZT values at 800 than
those at 300 K. The highest ZT values at 800 K are the n-type 0.84 and the p-type 2.04 for
CoCrRhSi and CoMnRhSi, respectively.
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Figure 5. (a,b) The electronic thermal conductivity (κe) as a function of the temperature for CoRhMSi
(M = Mn, Cr) as a function of the chemical potential at 300 K and 800 K, respectively. (c) The lattice
thermal conductivity (κl) as a function of temperature for the CoRhMSi (M = Mn, Cr) alloys.

Table 5. The Debye temperature ΘD (K), average sound velocity vm (m/s), transverse sound velocity
vt (m/s), longitudinal sound velocity vl (m/s), density ρ (kg/m3), and Grüneisen parameter γ for
CoRhMSi (M = Mn, Cr) QHAs.

Alloys ΘD vm vt vl ρ γ

CoCrRhSi 420.78 3274.84 2909.84 6176.90 8186.08 2.19
CoMnRhSi 454.28 3533.46 3151.32 6250.75 8073.10 1.97

Figure 6. Calculated figure of merit (ZT) as a function of the chemical potential at (300 K, 800 K) for
the CoRhMSi (M = Mn, Cr) alloys.

4. Conclusions

Density functional theory calculations were performed to investigate the structural,
thermodynamic, dynamical, mechanical, electronic, magnetic, and thermoelectric properties
of CoRhMSi (M = Mn, Cr) QHAs. Based on the total energy, phonon and elastic constant
calculations, the Y-Type-II structure of CoRhMSi (M = Mn, Cr) QHAs was found to be
the most stable configuration. Both CoCrRhSi and CoMnRhSi QHAs are predicted to be
half-metallic with indirect band gaps of 0.542 and 0.576 eV in the minority spin channel,
which yields a 100% spin polarization. The total magnetic moment of the CoCrRhSi and
CoMnRhSi alloys was found to be 4.00 and 5.00 μB. In addition, the Curie temperatures of the
CoCrRhSi and CoMnRhSi alloys were calculated to be 747 and 928 K. The half metallicity and
the ferromagnetic structure with Curie temperatures higher than the room temperatures of
CoRhMSi (M = Mn, Cr) QHAs appear to be promising for spintronic applications.

The thermoelectric properties for CoMRhSi (M = Mn, Cr) QHAs were obtained using
the semi-classical Boltzmann transport theory. The maximum power factor values for
CoCrRhSi and CoMnRhSi QHAs at 800 K are 20.2 × 1011 and 31.1 × 1011 (W/m K2 s). The
highest ZT values of the CoMnRhSi and CoCrRhSi alloys were also found to be 2.04 and
0.84 at 800 K. As a result, these alloys have the potential to be utilized in high-temperature
thermoelectric applications.
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