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Abstract

High-entropy ceramics (HEC) are an interesting class of high-entropy materials, showing remarkable
properties, allowing flexible ways to obtain a combination of properties in a single material which has
application in diverse fields. Synthesis of stable high entropy oxides was achieved in 2015 and other
classes were synthesized right after. A promising class of HECs that have gained attention recently is high-
entropy nitrides (HEN). As with high-entropy alloys (HEA), the primary challenge is the synthesis of stable
high entropy single-phase materials. In this work, some recent HECs are discussed along with the synthesis
procedures and novel applications. Furthermore, new synthesis routes are investigated for the formation
of a high-entropy nitride constituting late transition metals.
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Introduction

1. Introduction

The technology of ceramics has existed since ancient times. Evolution of this technology has been a
subject of great interest for materials scientists and engineers. Presently, a wide variety of ceramic class
of materials exist, and they are employed in daily-life technologies such as clay products, abrasives,
enamels etc., as well as advanced categories such as dielectrics, ferroelectrics, semi-conductors, ceramic
matrix composites, ceramic fibers etc. The research on optimizing already exiting synthesis and processing
techniques, and also novel approaches for new and advanced materials is ever-growing and serves as a
road to commercialization of new technologies.

One of such recent emerging topics has been High Entropy Ceramics (HECs), derived from the concept of
High Entropy Alloys (HEAs). This field of study first surfaced in 2004, and has recently been under focus,
employing the concepts of entropy of mixing, and entropy of configuration of materials [1].

HECs have exhibited exciting potential as candidates for important applications such as energy sector,
functional, and high-temperature performance etc. For instance, the system (MgCoNiCuZn)O has been
reported to be capable of superionic conductivity, making it a good candidate as anode material in
Lithium-ion batteries [2]. Another interesting capability of HECs is the thermochemical water-splitting,
and catalysis which can lead way to advancement in clean energy storage technologies [3]. Furthermore,
HECs, particularly high-entropy nitrides, have remarkable hardness and toughness and have immense
potential for applications requiring thermal and environmental protection [4, 5]. The very low thermal
conductivity makes HECs capable candidates as thermoelectric materials. [6]

The system of multicomponent cantor alloys is a well-known combination [7] and high-entropy oxides of
this compositional system have also gained a lot of attention recently [8]. In this work, an attempt to
synthesize high-entropy nitride of this compositional class has been done, utilizing novel synthesis
approaches, which are easily accessible and energy-efficient.

Two material systems have been worked on, in order to analyze the effect of the synthesis route on the
final ceramic product. Binary Fe2N system was investigated in order to evaluate whether the approach is
suitable for obtaining nitrides or not. The results of this system showed promising potential for synthesis
of nitrides. The other system targeted was five-component high-entropy nitride of Cobalt, Chromium,
Manganese, Iron, and Nickel.
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2. Fundamentals

Alloying has been used as a means for modifying properties of materials since early times. Conventional
alloying has consisted of inducing minute quantities of allying elements to a base element. Through this
traditional approach, not many elemental combinations are possible. Hence, the concept of high entropy
alloys is quite interesting. As opposed to the conventional alloying concept, this approach involves mixing
of several elements in equal ratios, or considerably higher amounts. Hence, high entropy materials have
recently gained significant attention. A lot of work is being done on high entropic alloys.

In this section, the fundamental concepts related to high-entropy alloys is briefly touched upon based on
the current advancements. Furthermore, High Entropy Ceramics (HECs) have also been introduced, and
the current synthesis approaches and advancements have been reviewed. The section concludes with the
current and possible future prospects of HEAs and HECs.

2.1. High-Entropy Alloys
The alloying mechanism involves mixing of the component elements, which can result in either a solid
solution, or intermetallic phases, depending on the relative Gibbs free energies of the phases [9].

If A and B are two components of a binary alloy,
A + B = AB (solid solution): AGix = AHpmix — TASmix (D
A+ B = AB (intermetallic phase): AG; = AHy — TASy (2)
Where

AG i, = Gibbs Free Energy of mixing,
ASyuix = Entropy of mixing,
AH,,i, = Enthalpy of mixing,

and,

AGy = Gibbs Free Energy of formation of intermetallic phase AB,
AS; = Entropy of formation of intermetallic phase AB,

AH; = Enthalpy of formation of intermetallic phase AB, and

T = Absolute Temperature.

For intermetallic phases other than composition AB, equations similar to equation (1) and (2), are
necessary for every composition. If the Gibbs free energy of mixing is lower than that of formation of
intermetallic compound, solid solution will be formed, and vice versa. However, it can also be possible
that several solid solutions with different compositions or structures form, instead of one [9]. Furthermore,
the entire formation of intermetallic phase is also not definite. It is also likely that precipitates of
intermetallic phases nucleate in certain regions which have higher concentrations of either of the
component. In such a situation, the free energy would correspond to the sum of 4Gy, and AGy. If the
number of constituent elements increase, the complexity of the system increases. This is because the
possibility and number of coexisting phases increases, as per the Gibbs phase rule [9].

For such multicomponent systems, each possible phase has a range of composition where it is stable. For
multicomponent phases, energy for formation of defects that make up for stoichiometric deviations, need
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to be compensated for. Hence, the increase in components leads to more complexity. Figure 2-1 shows
the probable transformations that could occur in a ternary system.

These complications in multicomponent systems had been a discouragement for researchers to pursue
this field. However, it was JW Yeh in Taiwan, who proposed that materials be categorized based on
configurational entropy. He suggested the term “high-entropy alloys” for alloys with five constituent
elements at minimum, with the content of each component being greater than 5 atomic percent, and the
configurational entropy be above 1.62R or 1.5R, where R refers to ideal gas constant [1].
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Figure 2-1 Possible transformations in a ternary system with corresponding free energy plots [9].

Yeh et. al considered an ideal solid solution and ordered intermetallic, in which case, the stability of solid
solution versus the intermetallic would only depend on — TAS,;, and 4Hf [10]. The ideal entropy of

mixing is,

ASmix = —R z X In X (3)
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Where

R = Ideal gas constant,
x; = mole fraction of i*" component.

In case of high entropy alloys, the ratios of constituent elements are equiatomic, and hence,
ASpix = Rlnn 4)

Where n is the number of constituent elements. If nis 4, AS,,;, is 1.39R. Forn =5, itis 1.61R and 1.79R
for 6 elements system.

The alloys are hence also classified on the basis of entropy. This classification stems from the entropy-
based definition of HEAs, i.e., the maximization the entropy of mixing in order to make the solid-solutions
stable.

Figure 2-2 Entropy-based classification of materials [11].

However, as the research on this class of materials continue, it is understood better that the stability of
HEAs is not entirely dependent on entropy measures. Recent developments have also attempted to define
stability criteria, taking into account, other factors such as the AH,,;, term, and the criteria defined by
the Hume-Rothery rules for the stability of the solid solution. Hume-Rothery or H-R rules define the
criteria for alloy formation in terms of the difference in atomic diameters of the constituent elements,
the crystal structures, electronegativity difference, and electron concentration ratio of the alloy [12].

Furthermore, if the aim is to obtain phase-pure alloy, it is of significance to consider high-
temperature stability of the alloys as well, as the advanced applications require high-performance
materials to be used at elevated temperature. One way to do so would be the application of
thermodynamic models to compute phase diagrams in order to predict stability conditions for the
alloy [13, 14].

2.1.1. Main characteristics of High Entropy Alloys

HEA systems are very interesting, as they have certain characteristics that distinguish them from
conventional alloys. These characteristics are responsible for the superior mechanical properties of the
HEAs [15]. Thermodynamics aspect: High-Entropy effect
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As suggested by the name of the class of alloys, this feature of HEAs is of high significance. As explained
in the previous section, this effect gives way to stability of solid solution by an increasing the number of
component elements, resulting in a high entropy of mixing, and consequently decreasing the free energy
for mixing.

2.1.1.1. Kinetics aspect: Sluggish diffusion effect

Tsai et al. studied the sluggish diffusion in the CoCrFeMnNi high entropy alloy, and it was concluded that
in HEAs, the self-diffusion coefficient of constituent elements is significantly lower as compared to
traditional alloys. This is because the diffusion mechanism in HEAs occur by through occupation of
vacancies. The melting points and bond energies are different for atoms, the atom with higher mobility is
likely to fill the vacancy. After the occupation of vacancy, if the energy decreases, the atom would not
easily escape the vacancy, and hence the diffusion would be hindered [16]. The lattice distortion also
affects the diffusion rate of atoms in the HEA. This effect can give way to superior desirable properties
like creep resistance in the material [17].

2.1.1.2. Structural aspect: Severe Lattice distortion

In equimolar HEAs, the solute atoms have varying atomic sizes, which causes severe lattice distortion.
Larger atoms push against neighboring atoms, and smaller atoms are surrounded by free volume. This
causes the lattice to be highly strained and as a result, total free energy of the HEA increases. This effect
can have a notable impact on the properties of the HEA, such as increase of hardness due to solid solution-
hardening mechanism. Lattice distortion also impacts thermal conductivity and x-ray diffuse scattering
[17, 18].

2.1.1.3. Cocktail effect

The cocktail effect, first coined by Ranganatha [19], refers to the interaction between different constituent
elements of the high-entropy alloy, giving rise to a composite effect. Through the utilization of this effect,
the alloy systems can have a wider range, and minute elemental additions can be made to enhance the
properties and modify the microstructure. For instance, in a work of Tong et al., different fractions of
Aluminum were added to the 5-component system CoCrCuFeNi to enhance hardness of the material
and result in different phases [20].

2.1.2. Important High-Entropy Alloy systems

Presently, HEAs are categorized as 1t generation and 2" generation, based on the timeline of their
discovery, as well as their phase composition. The entropy-based definition of alloys is the basis of the 1
generation HEAs, that are solid solutions having 5 or more components in equal concentration. Recent
advancements have lifted the restrictions that were imposed on HEAs because of the entropy-based
definition. The 2" generation comprises HEAs having four or more elements and are multiphasic.
However, the 1°* generation alloys are more relevant to the focus of this work. Till now, FCC, BCC, HCP,
and orthorhombic structures have been investigated [9]. Some of these systems have been discussed
below.

2.1.2.1. FCC CrMnFeCoNi Alloy

This system is one of the earliest FCC structured HEAs to have been synthesized and has been the most
investigated HEA. This system is named Cantor alloy, after the name of the researcher that worked on the
system. Cantor initiated his investigation regarding multicomponent systems in 1981 and discovered that
C050CryoFe,oMnyoNiyg is capable of having one phase, i.e., FCC dendritic structure [21]. The properties



Fundamentals

of this system have only been investigated recently. It has some unique characteristics, that are different
from conventional FCC metallic structures. Although the yield strength of the alloy has been reported to
change with temperature, but strain-rate and strength do not exhibit significant dependency on
temperature [15]. Initial researches have indicated the cause to be high work-hardenability of the
HEA, that could have a link to nano-twins due to deformation. These defects are likely to improve

resistance of material to necking [22].

Hence, this class of materials is remarkably damage resistant and suitable for use as high-
performance construction materials. Cantor alloy has a random distribution of constituent

elements, and there is no order.

Figure 2-3 shows fracture toughness vs yield strength diagram of different classes of materials. It
shows the Cantor alloy and its derivative CrCoNi alloy to be on the top-right position of the plot,
having rather high fracture toughness, but not very high yield strength. The trend observed in

BCC structure is the opposite, they usually have very high yield strength [22].
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Figure 2-3 Ashby plot of strength versus fracture toughness [9].

2.1.2.2. BCCTiZrHf NbTa Alloy

Being among the first and a hot topic since their invention in 2004, FCC Cantor alloy and its derivates have
undergone thorough research. But the same cannot be said about BCC HEAs. This is largely because of
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their very high melting points and brittleness, complicating removing cast defects or modify their
microstructures to achieve microstructure stability and homogeneity. [23]. However, following Oleg
Senkov’s success at synthesis of the BCC Senkov alloy TiZrHfNbTa in 2015, BCC HEAs have garnered
interest, particularly for their potential as refractory HEAs. This has led to BCC HEAs being commonly
referred to as Refractory HEAs.

Senkov found initial success in the synthesis of equiatomic BCC TiZrHf NbTa (Senkov) HEA in 2011 using
arc melting. After hot isostatic pressing, it exhibited a dendritic microstructure 72. The Senkov Alloy has
exhibited ductility at room temperature while several of its derivatives have also shown adequate low
temperature ductility [24, 25].

The BCC Senkov HEA has also demonstrated metastability at intermediate temperatures, similar to the
FCC Cantor allow. Senkov et al. successfully cold rolled the BCC TiZrHfNbTa alloy into a thin sheet,
followed by annealing at 800°C, 1000°C, and 1200°C. The 800°C sample resulted in two BCC phases and
were notably more brittle compared to the samples annealed at 1000°C and 1200°C, both of which
resulted in a single BCC phase [23]. While metastable structures find their applications in low temperature
systems, long-term kinetic stability can be questionable.

2.1.3.Applications of High Entropy Alloys

2" generation HEAs have significant potential as superalloys, for applications for performance under
harsh conditions, such as turbine blades, nuclear reactors, aerospace materials, oil and gas industries etc.
[5] A recent development is the novel non-equimolar Al,Co, sCrFeNi, 5 Tiys_, alloy systems having y
FCC matrix with L1, y’ precipitates as the dispersive phase. [26]. The synthesis of these materials is
carried out based on the HEA, hence, the term High-Entropy Superalloys (HESA) has been used to refer to
these systems [26].

HEAs also have the potential to exceed the high-temperature capabilities of conventional superalloys,
such HEAs are referred to as high-entropy refractory alloys. Initially, BCC MoNbTaW and MoNbTaVW
refractory HEAs were reported and found to have retained yield strengths of 405 and 477 MPa at 1600°C,
respectively. [23] Later, Senkov alloys were also synthesized and investigated. [27]

Because suitable alloy design of HEAs has been proven to give promising properties, such as high hardness,
softening resistance at high temperature, wear resistance, and corrosion resistance, some of them have
been identified as good candidates for binders in cemented carbides and cements to improve properties
and reduce cost. Among these candidates, Al sCoCrCuFeNi HEA with an FCC structure has recently
been reported to be a promising binder for wetting tungsten carbide and hindering its coarsening [28]

HEAs have also been reported to have potential as protective hard coatings, due to their excellent
mechanical and wear-resistant properties. [5] HEAs are also relevant for diffusion barrier applications. [5]
HEAs also offer advancements in applications such as irradiation-resistant materials for nuclear reactors.
HEAs have been reported to also have high stresses at atomic scale due to the solid solution of elements
with different sizes. [29] Due to these stresses, amorphization occurs in HEAs when they are irradiated.
The thermal spikes cause localized melting and recrystallization, leading to lesser defects in HEAs, in
comparison with traditional alloys, making them suitable for use in nuclear facilities [30].
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2.2. High-Entropy Ceramics

Ceramics are a diverse class of inorganic, non-metallic materials made up of metallic and/or non-metallic
components, known for their desirable properties such as thermal, electrical and corrosion resistance,
hardness, and strength [31]. The term ceramic comes from the Greek word kepauikdc (keramikos),
derived from képapog (keramos), which means “pottery clay”. In some publications, the word kepautkoc
(keramikos) is also translated as “burnt stuff”, which is noted to indicate the heat treatment processes
often involved in the synthesis of ceramics [31].

While humans have been making and working with ceramics for at least 26,000 years [32], until recently,
this class of materials comprised of what is now referred to as traditional ceramics. This is a very diverse
class of materials including clay products (e.g., earthenware, stoneware, porcelain), refractories, glasses,
abrasives, cements and so on [31], with a wide range of applications such as pottery, sculpting,
construction, thermal and electrical insulation, vision correction and so on.

Over the last century or so, however, thanks to advancement in large-scale synthesis techniques, a new
generation of ceramics, often termed as advanced ceramics, has been developed [33]. This new class of
materials has seen rapid advancements in terms of material design and synthesis, offering an even wider
range of properties and applications and allowing us to develop materials with very desirable combination
of properties and leading to greater and greater advances in technology [34]. The applications of these
advanced ceramics materials include automotive, semiconductors, microfabrication [35], electronics,
optical fibers, medicine and implants, engineering, industrial manufacturing and processing, and even
space technology.

The chemical bonds in ceramics can be covalent, ionic, or polar covalent, depending on the composition.
lonic ceramics are typically composed of a metal and a non-metal part while ceramics that are formed
between a metalloid and a non-metal part are primarily covalent. Save for glasses, which are amorphous
solids, most ceramics observe a highly crystalline structure [36].

High-Entropy Ceramics, or HECs, are a novel class of ceramics with at least four different cations or anions.
They are based on the entropy-stabilized single-phase concept developed by Yeh et al. in 2004 for HEAs
[10]. As such, they share similarities with HEAs in terms of contribution of high configurational entropy to
their formation as well as some properties. However, being a fundamentally different class of materials,
they have structurally different from HEAs, offering significantly different properties and applications [37].
Furthermore, HECs offer better structural diversity as well as a huge potential for property tuning through
band tuning and phonon engineering [10, 37]. As of this report, synthesis of HECs in at least eight different
crystal structures has been published and are illustrated in Figure 2-4 .
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Figure 2-4 Crystal structure diversity of the HEC family, based on successfully fabricated HECs. The central image
depicts a supercell of a rock salt HEC with anions in dark grey and randomly distributed cations [37].

Similar to HEAs, the prediction of accessible stable-phase HECs is a topic of great importance.
Thermodynamically, Gibbs free energy can be used to determine the phase stability of HECs. Analogous
to HEAs, the Gibbs free energy for HECs is defined as

AGpix = AHpixy — TASiix (5)
Where
AG,;x = Gibbs Free Energy of mixing,

AH,,;,, = Enthalpy of mixing, and
AS,ix = Entropy of mixing, which can be expressed as

AScons = —R z <xi Z ¢jln cj> (6)

Xi n
Where

AScons = Configurational entropy (which is analogous to ASy,;y),
R = Ideal gas constant,

x; = Fraction of the sublattice i,

n = Number of components, and

¢j = Atomic fraction of component j.
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As with all high-entropy materials, higher values of configurational entropy result in lower Gibbs free
energy, which in turn points towards phase stability [10]. However, due to much higher degree of
combinational complexity in HECs compared to HEAs, the construction of prediction models for phase
stability of HECs is not as straightforward with just this approach. As of this writing, there are few works
that have demonstrated the use of Gibbs free energy calculations for the prediction of HEC phase stability.
Most published work on HECs simply relies on the intuitive approach of choosing a group of elements
from the periodic table that lie close together. A few papers have, however, been published regarding the
design of HEC materials by relying on descriptor-based approach for the construction of their prediction
models [37].

For such models, the choice of descriptors is very important, as the use of descriptor assumes that there
are common patterns in the desired materials which is accurately described by them. A very successful
descriptor has been developed by Sarker et al. [10] called the Entropy Forming Ability (EFA), defined as

-1

EFA = \] ?:1(Hi - Hmix)z (7)

(Z?:l gl) -1
Where

n = Total number of sampled geometrical configurations,
g; = Degeneracy of it" configuration,

H; = Enthalpy of i*" configuration, and

H,.i» = Mixed-phase enthalpy, which is approximated by

n
Hoo = i=19iH;

mix — n
i=1gi

(8)
Large values of the EFA descriptor favor larger entropy values. Sarker et al. generated a total of 56 high-
entropy carbides in their simulations and successfully synthesized 9 of them as well out of which 6 were
single-phase HECs [38].

Liu et al. [39] formulated another useful descriptor §, called the solubility parameter. For a binary solid
solution, § is defined as

RF(ARY)?
_RAR)” -

6
Z

9
Where

R* = Average effective lattice constant,

AR* = Difference in effective lattice constant,
G = Average shear modulus, and

Z = Number of formula units per unit cell.

When the number of components is greater than two, the average atomic solubility § can be determined
by averaging the § for all the separate binary solutions [39]. A low value of § indicates a high atomic
solubility and hence, low internal strain energy. Liu et al. conclude this descriptor to be a high throughput
screening method for high-entropy candidates.

10
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Besides these, many other parameters such as the oxidization state and atomic size difference of the
elements [40] have been observed to play a significant role in stabilization of single-phase high-entropy
materials and can be very useful in the construction of a prediction model for phase-stability of HECs. A
promising trend in the construction of these models is to use the results of empirical and Gibbs free energy
calculations for combined models. Furthermore, computational modelling employing a range of
methodologies including Density Function Theory (DFT), Calculation of Phase Diagrams (CALPHAD), Monte
Carlo (MC) simulations, and Molecular Dynamic (MD) simulations to construct surrogate models using
Machine Learning (ML) techniques [3]. Figure 2-5 illustrates a pipeline of material design for high-entropy
materials.
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Figure 2-5 A pipeline of material design [3].

2.2.1. Important High-Entropy Ceramic systems

Although the development of HECs is still in its infant stages compared to HEAs, there are some very
interesting systems that have been successfully synthesized and have demonstrated extraordinary
properties. Some of these systems are highlighted below.

2.2.1.1. Spinel (Co,Cr,Fe, Mn, Ni)30,

First synthesized by Dgbrowa et al. in 2018, the spinel [Fd-3m] (Co, Cr, Fe, Mn, Ni)50, high entropy oxide
is the first HEC with a spinel structure. It was synthesized through solid state synthesis technique where
equimolar oxide precursors were formed into 9 X 1.5 mm pellets under 200 MPa pressure. The precursor
pellets were then free-sintered for 20 hours at 1050°C before being air quenched. Cooled sheets of
aluminum were used to accelerate the process [41].

11
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Grzesik et al. studied the defect structure and the chemical diffusion in the spinel (Co, Cr, Fe, Mn, Ni)30,
high-entropy oxide and also characterized excellent thermal stability up to 1000°C. Successful synthesis
of single-phase spinel (Co, Cr, Fe, Mn, Ni)30, was achieved through solid state synthesis. Furthermore,
partial oxygen pressure was also observed to have interesting effects on the defect structure and the
chemical diffusion [8].

In this work, the precursors obtained from solvent deficient method resulted spinel oxides, although not
phase-pure. However, a colleague (Jan Bernauer) worked on the synthesis of this oxide via solvent
deficient method and was able to obtain this composition via calcination of the solvent deficient
precursors in air.

2.2.1.2. Rock salt (MgCoCuNiZn)O

One of the earliest and most well-known HECs is the rock salt (MgCoCuNiZn)O0 high-entropy oxide. This
HEC system has been synthesized by Nebulized Spray Pyrolysis (NSP), a technique that is known to yield
high-entropy oxides with very good crystallinity, using nitrate hydrates of transition metals as precursors
and an aqueous solvent [42]. The development of this HEC system ignited great interest in the topic,
especially for high-entropy oxides, followed by the successful synthesis of many derivative systems as well
as completely different high-entropy oxides and other HEC classes [43].

Among other interesting characteristics, the rock salt (MgCoCuNiZn)O high-entropy oxide and its
derivates have demonstrated lithium superionic conductivity at room temperature, indicating great
potential for reversible energy storage [2, 44].

2.2.1.3. Rock salt (Hf ZrTaNbTi)Nx

Contrary to other classes of HECs such as the high-entropy borides and high-entropy carbides, the bulk
synthesis of high-entropy nitrides has been a difficult task and they’ve mostly been synthesized as only
thin-films. Moskovskikh et al., however, successfully managed the bulk synthesis of the rock salt
(HfyaNby,Tag,Tig,Z192)N in 2020. Furthermore, they reported a three-step process for the bulk
fabrication, which shows great promise for synthesizing bulk high-entropy nitrides. The steps of the
process are: (i) high-energy ball milling (HEBM) of metal powders to produce reactive nanostructured
mixture; (ii) combustion synthesis (CS) in a nitrogen atmosphere; and finally, (iii) spark plasma sintering
(SPS) of the combustion products in a nitrogen environment for consolidation of the bulk high-entropy
nitride systems [4].

Dippo et al. also reported bulk synthesis of high-entropy nitrides and carbonitrides, independent from
Moskovskikh et al., including the synthesis of rock salt (Hf ZrTaNbTi)N, system. In their method, the
powders of individual binary nitride precursors are first hand-mixed to achieve an equiatomic mixture,
followed by conventional ball milling of the mixture and finally, SPS under vacuum [45].

Moskovskikh et al. reported hardness (up to 33 GPa) and fracture toughness (up to 5.2 MPa.m%/?)
demonstrated by the rock salt (Hfy,Nby,Tag,Tiy2Z792)N system, which is remarkably higher than
estimations and the values reported for other binary or ternary nitrides, as well as all other HECs so far.
This is a very interesting combination of properties which makes high-entropy nitrides very promising
candidates for diverse practical applications that require special mechanical properties and is presumed
to be a result of entropy stabilization and valence electron concentration optimization of the high-entropy
nitride phase.

12
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2.3. Synthesis of High-Entropy Ceramics

With the tremendous advantages that HECs have to offer comes the challenges related to their synthesis
and processing. To ensure homogenous distribution of constituents within the high-entropy structure,
several methods have been investigated and successfully applied. One of such methods that is frequently
applied to obtain HECs is the solid-state reaction [37]. Other than that, wet chemical methods,
solidification, field-assisted method, and epitaxial growth have also been investigated [3].

2.3.1. Solid State Reaction

In general, in the solid-state reaction approach, initially the precursor powders are ground and mixed,
followed by subsequent heating at intermediate range of temperatures, typically 350°C — 450°C [46].
Afterwards, the powders can be ground or milled again in order to attain improved homogeneity. Lastly,
the high-temperature sintering of these pre-milled/ground powders is done to obtain consolidated HECs
[37]. The solid-state reaction occurs due to diffusion facilitated by pressure and elevated temperature.
This method has been found to be suitable for synthesis of diverse HEC systems, such as, oxides, silicates,
borides, carbides, nitrides, silicide, carbides etc. [37]. Synthesis of bulk high-entropy carbo-nitrides have
also been reported via this route. One interesting example of novel solid-state synthesis approach is the
formation of single-phase carbide high entropy ceramic (Hfy, Tags Tigs Nbyo Mog /21y, )C via self-
propagating high-temperature synthesis (SHS), via mechanical activation (MA) of powder mixtures and
mechanical synthesized (MS) materials. It was also reported that using this approach, achievement of
higher densities and improved fracture toughness is possible by utilizing higher sintering temperatures
[47].
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Figure 2-6 Schematic of processing ceramics by the solid-state reaction method [48].

2.3.2. Wet Chemical Methods

Wet chemical methods include the various synthesis routes where a liquid phase is always involved. These
methods have been reported to be suitable for synthesis of different classes of high-entropy oxide
ceramics. Some of the notable methods are namely co-precipitation, sol-gel synthesis, hydrothermal and
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solvothermal methods, nebulized spray pyrolysis and flame spray pyrolysis. These methods enable better
crystallinity and narrow particle size distribution to be accessible [37]. Hydrothermal method is also used
in this work, to investigate formation of high-entropy nitrides and is discussed in detail in the next section.
Nebulized spray pyrolysis utilizes principle of aerosol technology. The elevated temperatures assist the
formation of product phases from the precursor solution. This method is also mostly known for synthesis

of oxides. For instance, the formation of high entropy oxide systems based on rare-earths and transition
metals have been reported [49-51].
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Figure 2-7 Schematic of Nebulized Spray Pyrolysis for synthesis of HECs [3].

2.3.3. Pulsed Laser Deposition

The synthesis of HECs via epitaxial growth has been known to utilize Pulsed Laser Deposition (PLD)
technology for synthesis of high-entropy oxide systems. This method is quite useful for the growth of
single crystals. More advantages include achievement of accurate compositional ratios, and avoidance of
grain boundary segregation [37]. Contrary to other methods mentioned previously, this technique is
capable of producing unique hetero-structures and super-lattices [52].

14



Fundamentals

% Lens

f— Laser
/

— Window for Laser

Substrate

Target Heater

;

Power

supply
to heater

Plume

Vacuum Chamber

§

Figure 2-8 Schematic of Pulsed Laser Deposition (PLD) [53].

2.4.Solvent-Deficient Method

This technique has been fairly recent, first used by Smith et al [54]. In this method, hydrated metal nitrates
or chlorides are ground together with ammonium hydrogen carbonate for up to 30 minutes. The reaction
is initialized by applying pressure through the pestle and solid reactants turn into a slurry, following
bubbling being observed in the slurry. When the bubbling has completely stopped, it indicates that the
reaction is complete. The precursor obtained is then subjected to a heat treatment.

Grind Rinse Heat
MSalt,, - xH,0 + yNH,HC O35y — Precursor(s) — Rinsed Precursor(s) — nano M, 0

This technique shares some resemblance with co-precipitation, but it doesn’t involve addition of solvents,
hence the term “solvent deficient”. As a result, some useful features such as better crystallinity, and
mesoporous morphology due to formation of agglomerates is in store. [55]

Smith et. al used this method to synthesize a variety of binary oxide nanoparticles. Since then, the
technique has also proven to be quite useful for the synthesis of more systems like hydroxides and
compositionally complex oxides such as perovskite BiFeO3; and Bay5S7155C00gFeg,03 and spinel
structure NiFe,0, [56-59]

This work also aims to explore whether this technique is suitable also for the synthesis of metal nitrides,
by subjecting the precursors to heat treatment under ammonia flow.

Below, each step of this process is listed and explained further.

Step 1: Grinding of Metal Salts with Ammonium Hydrogen Carbonate
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At this stage, hydrated metal salts (in this work, salt = NOj3') are ground with ammonium carbonate to
obtain the precursor. The molar ratios are of significance here. The moles of bicarbonate are equivalent
to the oxidation number of metal cation. This step is shown in Figure 2-9, for the preparation of precursor
for the multicomponent nitride investigated in this work. At the beginning, the reagents are put together
Figure 2-9 , after the grinding process starts, the components become a slurry and bubbling starts,
indicating reaction initiation Figure 2-9 . The process of grinding continues until the bubbling is not
observed anymore Figure 2-9 Afterwards, the product is dried in an oven (60°C) for 2 hours and is further
ground to obtain the precursor as fine powder Figure 2-9 .

Metal Nitrate Hydrates Bubbling indicating Paste precursor after Dried powder
& reaction initiation reaction completion precursor
Ammoniumbicarbonate

(a) (b) (c) (d)

Figure 2-9 Synthesis of 5-component precursor via solvent-deficient method.

The hydration level of the metal salts used is of high significance here. Smith et. al found the minimum
required hydrated salts to be hexahydrates, so that the enough water is released during the grinding to
make the dissolution of the components possible. Higher hydration level gives shorter reaction times. If
the hydrates do not have enough moles of water, a few drops of water can be added externally.
As the reaction proceeds, the dissolved ions, depending on the metal salts, would result into products
such as metal hydroxides, metal oxide hydroxides, hydroxide metal nitrates or carbonates, and metal
carbonates. etc.

Possible reactions that could occur (smith et.al) [54]

My + yOH™ — M(OH)ys)

M3** + 20H- + H,0 - MOOH() + H; 0%

M?** + OH™ 4+ NO3 — M(OH)(NO3)(s

M3* + OH™ 4+ HCO3 + H,0 - M(OH)(COs)(s) + H30*

M?* + €03~ + H,0 » M(CO3)(
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M** + 40H™ + 4H,0 > MO, + 4H50%

After the reaction is complete and excess water dries up, ammonium salts are formed. This agglomeration
can lead to useful properties such as mesoporous morphology after heat treatment.

NH;(aq_) + NO3 (gq) = NH4NOs s
NH;(aq_) + Cligg) = NH,Cl
Step 2: Rinsing

This rinsing step is usually only important when the metal salts used are chlorides. In this case, even after
the thermal treatment, chloride impurities may remain in the product. These impurities occur, if NH,Cl
is present in the precursor. It decomposes at around 350°C, dissociating in ammonia and HCI which can
react with metal ions.

NH,Cl - NH;+ HCI

Whereas, if nitrates are used, NH,NO5 is formed during grinding, which decomposes at about 170°C,
resulting in N, O and moisture.

NH4_N03 i 2H20 + N20
At even higher temperature, it may also convert to ammonia and nitric acid [37].

The rinsing step could also be useful to obtain smaller crystallite size. Decomposition of NH,NO5 is
exothermic, and results in a significant release of energy (> 0.4 uV mg~1), which causes grain growth
[54]. Hence, removal of NH,NO; before thermal treatment may prevent that.
In case the targeted material is oxides, rinsing may also prevent unwanted oxidation or reduction
reactions during heat treatment in air.

In this work, the rinsing step was not carried out, since the salts used were hydrated metal nitrates, and
the crystallite size was not a primary focus. Also, the heat treatment is carried out in ammonia, and not
in air as the targeted compounds are nitrides.

The excess or unreacted ammonium hydrogen carbonate in the precursor is also not a problem. It
dissociates into water, carbon dioxide, and ammonia at about 60°C [60]

NH,HCO; — CO, + H,0 + NH;
Step 3: Thermal treatment

The thermal treatment is quite important, and is needed to synthesize the targeted metal oxides, and in
this case, nitrides. The by products are degraded, and the reaction is carried out in air to obtain oxides. In
this work, however, the focus has been to obtain nitrides, by thermal treatment under ammonia
atmosphere. If the starting material has hydroxides, it would lose water, and if it has carbonates or nitrates,
the thermal degradation would lead to the removal of CO, or NO, gases, respectively. In this work, the
thermal treatment is carried out in ammonia flow, so investigate whether this approach is suitable to
obtain multiple component nitrides.
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2.5. Urea and Glycine assisted Hydrothermal Method

Synthesis of compounds via wet chemical methods is known to be a very suitable approach for achieving
homogenous compounds. Hydrothermal method is one of such techniques and is a well-known method
for obtaining fine powder particles. Compared to solid-state methods, this approach is much more
efficient and convenient for synthesis of powder particles, and it is quite economical and scalable process.
Through this approach, the resultant product is obtained through formation of precipitates of the
hydrolyzed ions in saturated solution. Furthermore, another important advantage to this process is
improved crystallinity [61].

A lot of parameters, such as solvent type, temperature, reaction time, PH etc. influence the precipitate
growth of the product. Depending on what parameters need to be controlled and what conditions need
to be maintained in the hydrothermal reaction, the reagents are chosen. For instance, a reducing agent is
added if the goal is to avoid oxidation of ions[61].

In this work, metal nitrate hydrate salts have been dissolved in deionized water, and urea and glycine have
been added to assist the hydrothermal synthesis.

The hydrothermal method involves placing the hydrothermal fluids in Teflon lined containers, which are
enclosed in high-pressure steel vessels. These autoclaves are then subjected to high temperature, and the
solvent inside generates pressure, and reaction proceeds under high pressure and temperature
conditions. Under hydrothermal conditions, urea decomposes around 120°C, resulting in ammonium
hydroxide and carbon-dioxide gas [62]. The reaction that occurs is stated below.

(NH2)2CO0aq) + 3Ha0(y = 2NH,OH(gqy + €O (4

The partial pressure inside the vessel elevates rapidly and the gas is dissolved in the reaction medium.
Urea may also provide carbonate (C03?) ions, which can promote a reducing environment in the reactor
as well [61]. For the five-component precursor synthesized via hydrothermal approach in this work, this
was likely the case, as the XRD results showed indication of formation of metal carbides.

The hydrolysis of urea, along with release of carbon-dioxide gas, which is responsible for escalated
pressure, promotes reaction between precursors, resulting in anisotropic crystal growth and oxide
crystallization as well, requiring minimal temperature and reaction times [63].

Even though Urea may also be a source of ammonia, it is not very common, and may take relatively long
reaction times. Although it has been reported to be useful regarding synthesis of iron(lll) phosphates and
also in the formation of other interesting compounds such as Fe(NH3),PO0, [64].

In this work, although the use of urea was based on the goal of achieving some nitrogen incorporation
into the precursors, however, the XRD results did not indicate any nitrogen incorporation into the
precursors.

Glycine assisted hydrothermal approach is also a well-investigated route [65, 66].

Metal salts can be hydrolyzed in agueous solution to obtain hydroxides, along with release of protons. It
is likely that the protons interact with NH, group of glycine to give NH3 with counter NO3 or Cl~ ions,
based on whether the metal salts used were nitrates or chlorides.
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This approach has been reported to be suitable for synthesis and controlled growth of Fe,0;
nanoparticles [67].

In this work, the precursor prepared for binary reference material system Fe,N resulted in Fe,0;
particles as well, and the initial metal salt used was iron nitrate nona-hydrate. Based on the literature, the
following reactions can be predicted to have occurred [67].

ield
Fe(NO3); + NH,CHCOOH = Fe(OH)s + NH,NO5; + CHCOOH

yields yields
Fe(OH); —— FeO(OH) —— Fe,04

Glycine, after incorporating the proton, links with Fe(OH); through electrostatic interactions and
hydrogen bonding, and hence, enables control over particle size [67].

The metal salt to glycine ratio employed in this work was 1:4, in order to obtain a greater surface-area to
volume ratio of precursor particles, so that the exposure to ammonia is maximum during the subsequent
thermal ammonolysis step.
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3. Synthesis and Characterization Techniques

This section discusses the particulars of synthesis methods employed in this work, and the
characterization methods used to analyze the resultant materials.

3.1. Synthesis

3.1.1. Chemicals

The reagents used were hydrates of Iron (lll)
Nitrate, Cobalt (Il) Nitrate, Chromium (lll)
Nitrate, Manganese (IlI) Nitrate, and Nickel (Il)
Nitrate. Additionally, Urea, Glycine, and
Ammonium Hydrogen Carbonate were also used.
All these chemicals were purchased from Sigma
Aldrich.

3.1.2. Solvent-Deficient Method

The precursors for two material systems were
synthesized via this method by following the
instructions from Section 2.4. Table 3-1 and
Table 3-2 give molar ratios and quantities of the
reagents used for precursors 1 and 4,
respectively. The hydrates of metal nitrates were
ground together with ammonium bicarbonate
for 20 minutes, and then air-dried in an oven at
60°C for 2 hours.

o ")‘xn

Cr(N0). 9H,0

A
5

B

Fe(NO),.9H,0

Co(N03),.6H,0

5

Mn(N0s),.9H,0

.

Ni(N03),.9H,0

Figure 3-1 Hydrates of transition metal nitrates used

Reagents Molar Ratios Mass (g)
Fe(NO3)3.9H,0 1 1.616
NH,HCO, 3 0.949
Table 3-1 Molar ratios of reagents in Precursor 1.
Reagents Molar ratio (Metal Nitrate: | Mass (g)
Ammonium Bicarbonate)
Cr(N03)3.9H,0 1:3 0.40015
Co(NOs),.6H,0 1:2 0.29103
Mn(NO3),.H,0 1:2 0.19695
Fe(NO3)3.9H,0 1:3 0.40400
Ni(NO3),.6H,0 1:2 0.29083

Table 3-2 Molar ratios of reagents in Precursor 4.
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3.1.3. Urea and Glycine Assisted Hydrothermal Method

The precursors for the two material systems studied
were also prepared via hydrothermal synthesis.
Table 3-3 and Table 3-4 gives molar ratios used for
precursors 2 and 3, respectively. The metal nitrates
were first dissolved in deionized water, and
afterwards urea and glycine were added to the
solution. This solution was stirred for 30 minutes.
Afterwards, the Teflon liners of hydrothermal
reactors were filled with the solution up to 1/3™ of
the available volume inside the Teflon liners (6 ml).
The autoclaves were closed and tightened
thoroughly, and then exposed to 170°C for 24 hrs.
The schematic diagram of a typical hydrothermal
reactor is shown in Figure 3-2 .

Cone Seat Closure

T — Casing

40¢m

Figure 3-2 Schematic of a typical hydrothermal reactor.

Reagents Molar Ratios Mass (g)
Fe(NO3)3.9H,0 1 1.616
CO(NH,), 0.2 0.048
C,H5NO, 4 1.201
Table 3-3 Molar ratios of reagents in Precursor 2.
Reagents Molar ratio Mass (g)
Cr(N0O3)3.9H,0 0.2 0.800
Co(NO3),.6H,0 0.2 0.582
Mn(NO3),.H,0 0.2 0.394
Fe(NO3)3.9H,0 0.2 0.808
Ni(NO3),.6H,0 0.2 0.581
CO(NH,), 0.2 0.120
C,HsNO, 4 3.003

Table 3-4 Molar ratios of reagents in Precursor 3.
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3.1.4. Thermal Ammonolysis

The ammonolysis of precursors was done
at different target temperatures,
however the Ammonia gas flow rate, and
heating and cooling rates of the furnace
were kept the same for all reactions. The
ramp rate of 100°C was used for all
experiments, and the gas flowrate was
50 ml/min. For each experiment, the
tube was vacuumed 3 times, and purged
with Argon between each cycle, before Figure 3-3 Typical setup for Ammonolysis; on the left is the furnace, and the

proceeding with the ammonolysis. sample is put inside a Schlenk tube, which is sealed and connected to gas
inlet and outlet, for constant ammonia flow during the heating cycle.
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Figure 3-4 Left: A magnified view of the Schlenk tube shows signs of sublimation after ammonolysis of 5-component solvent-
deficient precursor; Right: Thermal profile for Ammonolysis reaction at 900°C for 2 hours.

3.1.5. Thermal Annealing

Some of the products obtained after
ammonolysis of precursors synthesized via 1400
solvent-deficient method were subjected 1200
to thermal annealing at 1250°C for 3
hours. Alumina furnace was used for this
treatment, and the samples were placed in
silicon carbide crucibles, which were then
placed in the furnace and subjected to
thermal annealing in Argon atmosphere.
For this treatment as well, the furnace
chamber was vacuumed and purged with
argon three times alternately. Thermal 0

profile of this treatment is shown in Figure 6 s 1 15 20 5
3-5. Time (hr)

1000
800

600

Temperature (OC)

400

200 4

Figure 3-5 Thermal profile for high-temperature annealing.
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3.2. Characterization Techniques

3.2.1. X-Ray Diffraction (XRD)

X-Ray Diffraction, or XRD, is a powerful nondestructive technique
for characterizing crystalline materials. It provides information on
structures, phases, preferred crystal orientations (texture), and
other structural parameters, such as average grain size,
crystallinity, strain, and crystal defects. X-ray diffraction peaks are
produced by constructive interference of a monochromatic beam
of X-rays scattered at specific angles from each set of lattice
planes in a sample. Figure 3-6 shows set up that was used to take
measurements for this project.

XRD’s mechanism is based on the principle of diffraction angle
measurement when x-rays leave the sample that make certain
pattern of peaks which are further evaluated by Bragg’s law.
William Lawrence Bragg introduced a law defining the space
between atoms in a crystal to the angle at which x-rays are
scattered by striking the crystal. Mathematical form of Bragg’s
law is:

ndl = 2dsin@
Where;

A = wavelength of x-ray beam
d = spacing between crystal planes
6 = angle of x-rays scattering

Figure 3-6 The XRD setup used in this this work.

Gebeugter Strahl Einfallender Strahl
Detektor Quelle

Schematische Darstellung der Bragg'schen Gleiche, welche die Grundlage der Rontgendiffraktometrie bildet.

Figure 3-7 Left: Schematic for the X-Ray Diffraction principle; Right: Schematic showing the measurement mechanism (The
diagram has been taken from the website of Materialwissenschaftliches Labor Dr. Paul Rossi).

23



Synthesis and Characterization Techniques

3.2.1.1. Sample Preparation

Samples were prepared for measurement by placing a transparent
foil on the sample holders. The powder was then placed on the foil,
and a few drops of XRD glue were added to make the powder
particles stick firmly to the foil. The samples with glue were then
cured under a lightbulb for 10 minutes to evaporate the XRD glue
and make the sample dry. Another foil is then placed over the
powder, and the metal ring is then screwed over the holder.

E— el

Figure 3-8 Preparation of the samples
under the lightbulb.

Figure 3-9 Some of the XRD samples from this work.

3.2.2. Raman spectroscopy

This technique is based on the Raman effect, according to which when incident light excites molecules,
the molecules will reflect light in a different wavelength, that is, inelastic scattering of monochromatic
laser light. An energy deviation due to the interaction of phonons and laser light gives information about
the phonon modes of the material. The wavelength of the reflected light has information about the
chemical components and allows the detection of compounds. This technique is based on the inelastic
scattering process and detects vibrations related to change in polarizability [68]. For the spectroscopic
measurements in this work, a green laser source i.e., a wavelength of 514 nm was used.
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Figure 3-10 Working Principle of Raman Spectroscopy [69].

3.2.3. Thermo-gravimetric Analysis (TGA)

TGA is a very useful technique for analyzing thermal stability of materials. The technique is based on the
working principle that the mass changes in the sample are recorded as it is heated to elevated
temperatures. The set-up requires a sensitive mass balance to record mass changes and a programmable
furnace to regulate the temperature of the specimen. It has a micro-furnace, the temperature of which
can be brought down quickly. The heating element is usually platinum that allows temperatures up to
1000°C. The modern set-up also includes a computer which computes the percent weight loss, and the
heating rate can be varied from 0.1 — 200°C/min [70]. It can also be coupled with infrared spectroscopy
and mass spectrometry to obtain information about the decomposition products.

The TGA measurements done in this work were done using the heating rate 10°C /min, under Ammonia
atmosphere.

3.2.4. Differential Thermal Analysis (DTA)

The working principle of this technique is such that the temperature difference of sample and a reference
is recorded, and the thermo-gram is generated, which is a plot of the temperature difference. It gives
information about the possible exothermic or endothermic reactions that the specimen would undergo.
The temperatures for changes such as phase transitions, melting or decomposition, crystallization etc. can
be determined. The usual heating rates are 10°C or 20°C /min. This technique is particularly more
relevant in characterizing mixtures of polymers [70].

In this work, the DTA measurement is done using heating rate of 10°C/min under ammonia atmosphere
up to 1000°C for precursors synthesized via solvent-deficient approach.
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4. Results and Discussion

4.1.Precursors
4.1.1. Precursor 1

The precursor prepared via solvent deficient method in the work of Smith et. al. results in NH,NO; +
FeOOH - 0.4H, 0, if the precursor is only dried and not rinsed, as was the case for the experiments in this

work [54].

The Raman spectrum of this precursor

is shown in Figure 4-1. The peak positions at 1049 cm™ and 1320

cm™ correspond to Raman vibrational modes of NH,NO5 [71]. The signals between 150 cm™ and 707 cm"
1 are possibly due to FeOOH and the broad peak around the region 3150 cm™?indicates O — H stretching

[72].

60

| —— Fe2N (NH4HCO3 method) Precursor

50
213
40 -
- 275
30

150
20 4 707

Intensity (a. u.)

1049

3150
1320

[

Figure 4-1 Raman Spectrum of Precursor 1.

Figure 4-2 shows TGA plot for precurs

I ! | ! I ! I
1000 2000 3000 4000

Wavenumber (cm’1)

or 1 heated at the rate 10°C/minute up to 1000°C in Ammonia

atmosphere. Below 200°C, a total of negative mass change is -5.2% accompanied by two endothermal

signals in DTA thermos-gram. This is po

ssibly due to release of water of crystallization.
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yields
MX.H,0 — MX + H,0
Afterwards, there is a major weight-loss indication at about 300°C, i.e -60.3% and -9.8%. These mass
changes give two exothermal signals in DTA plot.

Ammonium nitrate has been reported to decompose at about 210°C [73] so the weight-loss indication
can be attributed to the decomposition of ammonium nitrate, and other nitrate containing materials.

yields
NH,NO; — N,0 + 2H,0

Since ammonia atmosphere provides reducing as well as nitriding potential [74], hydroxides can convert
to oxides, and following reactions have possibility to occur,

yields 1

NH; + Fe;0; — - FeyN +3 Hy0 + =N,

yields
Fe,N 4+ 2NH; — Fe + N, + H,

Elemental iron can convert to FesN;4, or { — Fe,N under decomposition of ammonia [75]. This is
confirmed by the XRD results of ammonolyzed samples.

TG /% DTA /(uV/mg)

| exo
Mass Change: -3.25 %
————ass Change: -1.94 %

100 1

' 0.4
90 1 Peak: 124.6 °C
| ) - 0.2
801 | Peak: 164.3°

701 ass Change: -60.28 %

60 1

Mass Change: -0.39 %
50 1 ¢

Peak: 229.2 °C

40 - vy
Peak: 201.9 °C

ass Change: -9.76 %

30 1

Mass Change: -0.08 %

100 200 300 400 500 600 700 800 900 1000
Temperature /°C

20 -

Figure 4-2 TGA and DTA plot of precursor 1.

4.1.2. Precursor 2
The XRD pattern in Figure 4-3 confirms the formation of phase pure hematite Fe, 05 as the precursor
synthesized by hydrothermal method. The pattern was matched with that of Fe, 03, based on reference
[76], and also using the database ICSD, MaterialsProject, COD, and the data matched exactly with the
Fe,05 (R3c) entries.

27



Results and Discussion

1
40000 —
1 1
Fe203
30000 —
5 ] .
S
2 20000 4
‘»
cC 1
i) 4
£
10000 —
1 U 1| 1
04
T T T T T T T T
0 10 20 30 40

2theta (°)

Figure 4-3 X-Ray Diffraction Pattern of Precursor 2.

50

The Figure 4-4 shows Raman spectrum of precursor 2. The Raman shifts at 205 cm™, 268 cm™, 484 cm™,

613 cm™, and 1279 cm™ can be attributed to hematite. [77]
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Figure 4-4 Raman spectrum of precursor 2.

4.1.3. Precursor 3
The XRD pattern (Figure 4-5 ) of this precursor indicates that the constituent elements have formed

carbonate phase, a the pattern strongly matches carbonates of Iron and Manganese belonging to space
group R3c [78] [79], and other transition metals present are likely also incorporated.
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Figure 4-5 XRD pattern of precursor 3.

Figure 4-6 shows Raman spectrum of precursor 3, and the peak positions 191 cm™, 290 cm™, 500 cm?,
and 870 cm™ can be attributed to siderite FeC05, according to standard reference spectrum RRUFF ID:
R040034. The broad peaks at 1360 cm™ and 1530 cm™ indicate D and G bands, characteristic to carbon-
containing materials. The D band relates to the degree of structural defects in carbon, and G band is due
to the Raman-active modes of sp? carbon atoms [80]. The region around 2800 cm™ is the 2D or G’ region
due to carbon [81]. The positions at 191 cm™, 290 cm™ and 663 cm, are also characteristic to transitional
lattice mode (T), liberational lattice mode (L), and v4 of MnCO5 respectively [82].
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Figure 4-6 Raman spectrum of precursor 3.

4.1.4. Precursor 4

The composition of this precursor is not simple to determine, as five metal nitrates were used, however,
an estimate can be done by comparison with precursors prepared by single metal salt. Considering the
work of Smith et. al., the Table 4-1 gives the composition each metal nitrate would individually give.

Metal Nitrate Resultant Precursor after Drying

Fe3* (nitrate) NH,NO; + FeOOH - 0.4H,0

Co?* (nitrate) NH,NO5; + Co(OH), + Co,(OH)3(NO3) +
Co(OH)(NO3) - H,0

Ni?* (nitrate) NH,NO; + Ni(OH), + Niz(OH),(NOs3),

Table 4-1 Precursor composition.

The ions M?2*, M3*, NO3, NH** , HCO3, OH™ are formed, and react to produce products such as
carbonates, hydroxyl-carbonates, hydroxides etc. It can be assumed that similar products are formed via
nitrates of chromium and manganese. Figure 4-7 shows Raman spectrum of the multicomponent
precursor. It confirms the presence of NH,NO5 corresponding to positions 1049 cm™, 1304 cm™ and 1662
cm™ [71]. The shifts at 136 cm™ and 707 cm™® can be attributed to CoOOH and FeOOH [83]. The peaks
706 cm™, 1121 cm™, 1390 cm™ correspond to Raman modes of Mn(C0)5 [84]. The peak positions 1390
cm? and 3142 cm™ is due to water of crystallization. [85] To sum up, the presence of hydroxides of
transition metal oxides, and metal carbonates can be concluded.
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Figure 4-7 Raman spectrum of Precursor 4.

Figure 4-8 shows TGA plot for precursor 1 heated at the rate 10°C/minute up to 1000°C in Ammonia
atmosphere. A mass change of -3.13% is observed at 123.7°C and 147.4°C, accompanied by endothermic
signals in DTA, which is likely due to release of bound water. Afterwards, there is massive weight-loss of -
61.76% at 218.7°C, indicating exothermic signal in DTA thermos-gram. At about 500°C, there is another
mass change -8.01%, which is also an exothermic reaction. After this, the mass remains approximately
unchanged.

The TGA plot is quite similar to the one for precursor 1, and similar reactions can be attributed to the
weight-loss profile. However, the XRD results show tendencies of oxide formation, and alloy formation
over nitrides. Compared to the TGA plot of precursor 1, there is an additional signal of weight-loss of -
8.1% at around 500°C. The work of Smith et al. indicates that salts of manganese can give carbonate
precursor via solvent deficient method. Hence, this weight-loss signal can possibly be due to thermal
decomposition of MnC 05 [86].
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Figure 4-8 TGA and DTA thermogram of precursor 4.
4.2. Experiments
Starting Material Ammonolysis Thermal Annealing in Argon
Temp (°C), Time (h) Temp (°C), Time (h)
Precursor 1 900°C, 2h
Precursor 2 900°C, 2h
600°C, 2h
Precursor 3 900°C, 2h
500°C, 2h
Precursor 4 900°C, 2h 1250°C, 3h
500°C, 2h 1250°C, 3h
500°C, 5h
200°C, 5h

Table 4-2 Summary of the experiments performed in this work.

4.2.1. Experiment 1 a: Precursor 1 Ammonolyzed at 900°C for 2h

The XRD pattern for this system is presented in Figure 4-9. The strong reflections indicate presence of
Fe,N [87, 88]. The possibility of incorporation of Fe3N cannot be ruled out, as the patterns for Fe, N and
FesN are very similar, while Fe, N has an extra reflection at 26 value of 45°C. The shoulder at the peak
indicates possibility of phases with two different nitrogen concentrations. This could be due to formation
of N-rich areas at the surface, and N-deficient areas in the core of the powder particles. Longer reaction
times may be necessary to incorporate more nitrogen to the cores. The reflections with relatively small
reflections are likely an indication of Fe, N, as compared with the standard pattern in ICSD[89]. However,
the concentration of this phase is very small, as compared to Fe,N.
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Figure 4-9 XRD pattern of Fe, N system by solvent-deficient approach.

50

Figure 4-10 shows Raman spectrum of this sample. The shifts observed at 214 cm™, 274 cm™, 385 cm?

and 581 cm™ correspond to Fe, N, and are in line with the XRD result [90, 91].
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Figure 4-10 Raman spectrum of reference material system F e, N- solvent-deficient method ammonolyzed at 900°C for

2 hours.

4.2.2. Experiment 2 a: Precursor 2 Ammonolyzed at 900°C for 2h
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This approach seems promising in order to obtain nitrides, as the XRD pattern in Figure 4-11 confirms

formation of Fe, N. However, an oxide phase i.e., magnetite is also present.
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Figure 4-11 XRD Pattern of reference material system Fe, N — Solvent-deficient method ammonolyzed at 900°C for

2 hours.

The Raman spectrum of this sample (Figure 4-12 ) indicates strong signals at 503 cm™ and 672 cm™?, which

are characteristic of y — Fe30,[92], and the shoulder below 503 cm-1 is likely due to iron nitride.
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Figure 4-12 Raman spectrum of reference material system Fe, N — Solvent-deficient method ammonolyzed at 900°C
for 2 hours.

4.2.3. Experiment 2 b: Precursor 2 Ammonolyzed at 600°C for 2h

The XRD pattern of this sample (Figure 4-13 ) confirms the formation of nitride phases. There is Fe, N
present, which may also incorporate Fe;N. There is also an indication of minute amount of secondary
FeN phase as matched with the standard patterni.e., ICSD ID 26116. As compared to the sample that was
ammonolyzed at 900°C, this sample, ammonolyzed at a lower temperature i.e., 600°C, does not have
any oxide phases. Although it still has secondary phase, but both phases are nitrogen-based.
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Figure 4-13 XRD Pattern of reference material system Fe,N- hydrothermal method ammonolyzed at 600°C for 2 hours.

Figure 4-14 shows Raman spectrum of the sample. This sample indicated signals at 218 cm™, 290 cm?,
392 cm™ due to presence of Fe, N, along with D, G and 2D bands of carbon, that has a significant presence
due to the use of glycine, which is the source of carbon present in the sample.
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Figure 4-14 Raman spectrum of reference material system Fe, N- hydrothermal method ammonolyzed at 600°C for 2 hours.

4.2.4. Experiment 3 a: Precursor 3 ammonolyzed at 900°C for 2h

For this sample, The XRD pattern is shown in Figure 4-15. There is a strong indication of presence of
chromium nitride (CrN cubic Fm3m) [93, 94]. The reflections that are identified as FegsMng ,Nig 3
()[93] and Cogg27F e 283Nig g9 according to reference pattern from crystallography open
database entry 9000089 [95]. Indicate a high entropy alloy phase. This reflection pattern is also
very similar to the high entropy cantor alloy, and its formation can be concluded [96]. However,
the system has a secondary nitride phase as well.

39



Results and Discussion

exp 3a M1|
2
100000 —
| 1- Feor,sl\J’InoeriUV3
80000 - _
] 2- Coo_orz?Feo_zsleo_esg
= 60000 - 3-CrN
S
42‘ i
‘»
S 40000 -
€
20000 7
0 ]
L) 'I L) I T I L) I L)
0 10 20 30 40 50

2theta (°)

Figure 4-15 XRD pattern of material system (Coy,Crg,Feq,Mny,Nig,),N synthesized by hydrothermal method, ammonolyzed
at 900°C for 2 hours.

The Raman spectrum for this sample (Figure 4-16 ) is quite similar to figure (4-12), it strongly indicates the
presence of carbon, and the spectrum between 200 cm™ and 800 cm™ indicates CrN and Fe, N [90, 97,
98].

40



Results and Discussion

80

1 542 1370
70 - 1600

60
. 182

50 - 305
34

40 -

30

Intensity (a. u.)

275
20 0

10 A

T T T

T T T T
0 1000 2000 3000 4000

Wavenumber (cm™)

Figure 4-16 Raman spectrum of material system (Coy,Crg2Feq,Mny,Nig,),N synthesized by hydrothermal
method, ammonolyzed at 900°C for 2 hours.

4.2.5. Experiment 3 b: Precursor 3 ammonolyzed 500°C for 2h

The phase composition of this sample seems to be similar to the one ammonolyzed at 900°C, but the
difference is that the secondary nitride phase is more prominent, as seen in the diffraction pattern (Figure
4-17 ). This shows that this approach is promising for the formation of high-entropy nitrides, however,
temperature 900°C is too high for the high-entropy nitride phase to be stable. At 500°C still, the primary
phase is the possibly high-entropy metallic alloy.
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Figure 4-17 XRD pattern of material system (Cog,Cry,Feq,Mng,Nigy,),N synthesized by hydrothermal method, ammonolyzed
at 500°C for 2 hours.

Unfortunately for this sample, good quality Raman spectrum was not obtained. However, as seen in the
Figure 4-18 , the small shifts observed are similar to the ones observed in previous spectra for metal
nitrides.
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Figure 4-18 Raman spectrum of material system (Cog,Cry,Feq,Mng,Nig,),N synthesized by hydrothermal method,
ammonolyzed at 500°C for 2 hours.

4.2.6. Experiment 4 a: Precursor 4 ammonolyzed at 900°C for 2h

The XRD pattern of this sample shows indication of binary nitrides of iron and chromium as secondary
minute phases (Figure 4-19 ). However, the primary phase is likely to be a high-entropy oxide phase, as
the diffraction pattern matches quite well with spinel-type Cr, Mn0, belonging to space group Fd3m.

The obtained product was then annealed at 1250°C under Argon atmosphere. The Figure 4-20 shows XRD
pattern of the resultant product. It shows that most of the oxide phase has been reduced, and a medium

or high-entropy alloy seems to be the primary phase. The assignment of the peaks in both diffraction
patterns is based on references [87, 94, 99].
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Figure 4-19 XRD pattern of material system (Coy,Cry,Feq,Mng,Nig,),N synthesized by solvent-deficient method,

ammonolyzed at 900°C for 2 hours.
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Figure 4-20 XRD pattern of material system (Coy,Cry,Feq,Mng,Nig,),N synthesized by solvent-deficient method,
ammonolyzed at 900°C for 2 hours, Annealed in Argon at 1250°C for 3 hours.

The Figure 4-21 shows Raman spectra for the ammonolyzed sample before and after annealing, and the
shifts are observed at exactly the same position. The peak positions 188 cm™, 503 cm™, and 672 cm™ which
has been reported to be typical for spinel oxides [100, 101]. This is in agreement with the XRD data.
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Figure 4-21 XRD pattern of material system (Cog,Cry,Feq,Mng,Nig,),N synthesized by solvent-deficient method.

4.2.7. Experiment 4 b: Precursor 4 ammonolyzed at 500°C for 2h

The XRD pattern of this sample in Figure 4-22 shows biphasic system. One phase is likely to be a high-
entropy oxide, and the other more abundant phase is possibly high-entropy cantor alloy, as the pattern
for the alloy is similar to the Cantor alloy, as well as the standard patterns for Cr, Co, Mn, Fe, and Ni in
ICSD. The analysis is based on the references [96, 99, 102, 103]
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Figure 4-22 XRD pattern of material system (Cog,Cry,Feq,Mng,Nig,),N synthesized by solvent-deficient
method, ammonolyzed at 500°C.

4.2.8. Experiment 4 c: Precursor 4 ammonolyzed at 500°C for 5h

The multicomponent precursor prepared by solvent deficient method was also ammonolyzed at 500°C
for 5 hours. The resultant product Figure 4-23 had almost exactly the same XRD pattern as Figure 4-22 for
the sample ammonolyzed at 500°C for 2 hours, and there is no indication on Nitrogen containing phase.

4.2.9. Experiment 4 d: Precursor 4 ammonolyzed at 500°C for 2h — Annealed 1250°C for 3h in
Argon

The sample that was obtained after ammonolysis at 500°C for 2 hours was also thermally treated at

1250°C under Argon flow for 3 hours in order to obtain a single-phase high-entropy alloy. However, there

was still some oxide phase left that had not been completely reduced. However, thermal treatment

resulted in significant improvement of crystallinity and reduction of the oxide phase, as can be observed

in Figure 4-23 .
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Figure 4-23 XRD pattern of material system (Cog,Cry,Feq,Mng,Nig,),N synthesized by solvent-deficient method.

The Raman spectra of these samples below (Figure 4-24 ) also indicate the shifts, at similar positions as in
Figure 4-21 due to spinel oxides.
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Figure 4-24 Raman spectra of material system (Coy,Cro,Feq,Mny,Niy,),N synthesized by solvent-deficient method.

4.2.10. Experiment 4 e: Precursor 4 ammonolyzed at 200°C for 5h

The 5-component solvent-deficient precursor was also ammonolyzed at 200°C for 5 hours, however the
ceramization probably did not occur, as indicated by TGA results. The XRD pattern didn’t give any useful
information, as the sample has very poor crystallinity Figure 4-25 .
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Figure 4-25 XRD pattern of material system (Cog,Cr,Feq,Mngy,Niy,),N synthesized by solvent-deficient
method, ammonolyzed at 200°C for 5 hours.
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5. Conclusion and Outlook

In this work, an attempt to synthesize a high-entropy nitride system consisting of five transition metals
has been done, using urea and glycine assisted hydrothermal synthesis, and solvent-deficient method.
Both these routes are rather new and innovative approaches for synthesis of high-entropy materials and
show potential as routes for convenient accessibility of high-entropy materials. A brief overview of the
experimental aspect of this work has been presented in Table 5-1.

Starting Material Ammonolysis Thermal Annealing | Phases
Temp (°C), Time (h) in Argon
Temp (°C), Time (h)
Precursor 1 900°C, 2h Fe;N (P-3m 1),
(1-component solvent- Fe,N
deficient synthesis)
Precursor 2 900°C, 2h Fe,N,
(1-component Fe30,
hydrothermal synthesis) | 600°C, 2h Fe,N,
FeN
Precursor 3 900°C, 2h FeMnNiCoCr HEA,
(5-component CrN
hydrothermal synthesis) | 500°C, 2h Fe,N,
CryN,
FCC Cantor HEA
Precursor 4 900°C, 2h 1250°C, 3h Before thermal annealing:
(5-component solvent- Fe,N,
deficient synthesis) CrN,
HE Oxide
After thermal annealing:
Spinel HE oxide,
FCC Cantor HEA
500°C, 2h 1250°C, 3h Spinel HE Oxide,
FCC Cantor HEA
500°C, 5h Spinel HE Oxide,
FCC Cantor HEA
200°C, 5h No ceramization

Table 5-1 Summary of experiments and resultant phases

It can be concluded from the reference system based on Fe, N, that both the synthesis routes selected
are suitable for formation of nitrogen containing compounds. Although single-phase composition was not
obtained for the selected set of conditions, still there were not too many phases in the resultant products.
Even though for single-component reference system, the solvent-deficient approach resulted in all nitride
composition after ammonolysis at 900°C for 2 hours, and hydrothermal approach resulted in entirely
nitride products after ammonolysis at 600°C for 2 hours, however, single-phase nitrides for 5-component
system were not achieved under the same conditions. Ammonolysis of precursor 2 at 600°C for 2 hours
resulted in coexisting FeN and Fe, N phases. This could probably be due to the effect of crystallite size,
and nitriding potential of the gas flow, as theoretical studies have pointed out that active surface area of
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the crystallite undergoing phase transition is linearly proportional to nitride potential for phase transition,
for both reducing and nitriding reaction [74].

Interestingly, XRD patterns provided suitable evidenced towards formation of high-entropy alloy
compositions. 5-component solvent deficient precursors leaned towards high-entropy oxide formation,
rather than nitride, along with significant quantity of alloy phase. Exposing these products to further
higher temperature (1250°C) under inert atmosphere for 3 hours resulted in significant reduction of the
oxide phase, and formation of high-entropy alloy as the primary phase. It can be concluded that slightly
higher temperature or longer annealing times can yield phase-pure high-entropy alloy. It had already been
concluded in the thesis work of a senior colleague that the solvent-deficient approach is quite suitable for
high-entropy oxide formation by thermal treatment in air. However, it also has strong tendency for oxide
formation even in ammonia atmosphere. There was only one case where some nitride formation was
observed for this precursor, and that was the ammonolysis at 900°C for 2 hours. Further thermal
annealing of this product completely eliminated the nitride phase. The hydrothermal approach may be
more promising in obtaining the high-entropy nitride, as the XRD results show no indication of presence
of oxides, and relatively stronger indication of nitride-based phase.

In conclusion, both the synthesis routes investigated showed good potential for synthesis of high-entropy
materials with good crystallinity. For successful synthesis of single-phase nitrides, the reaction conditions
need to be further optimized. Longer hydrothermal reaction times and higher temperatures may assist in
incorporation of nitrogen already in the precursor phase. Furthermore, more advanced characterization
techniques should be used to gather more information about the phases formed and the exact reaction
mechanisms involved, in order to better optimize the process to increase the possibility of formation of
single-phase high-entropy materials.
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