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1. Introduction

Multi-principal element alloys are solid solutions containing
multiple metallic species in their crystalline structure, mostly
in near equiatomic ratio between 5 and 35 at%. Yeh et al.[1] have
synthesized the multi-principal element alloy AlxCoCrFeCuNi,
and Cantor et al.[2] first reported multi-principal element alloys,
i.e., CoCrFeMnNi,[2] although later the term high entropy

materials were used frequently. The alloys
were classified based on their configuration
entropy ΔSmix ¼ �R

Pn
i¼1 xi ln xi into low-

entropy (ΔSmix ≤ 0.69R), medium-entropy
(0.69R ≤ ΔSmix ≤ 1.61R) and high-entropy
(ΔSmix ≥ 1.61R) formulations.[1] Typically,
the number of elements n is assumed to
be ≥5 to consider alloys as high-entropy
alloys. The mixing entropy calculations
were made on the assumption of complete
random mixing with no clustering; how-
ever, the value is lower than calculated
since the interactions between the constit-
uents are not ideal and constitute
short-range ordering.[3,4] Aside fromHume-
Rothery rules, configurational entropy is

one ofmany indicators that can be used to assess the high entropic
nature of multi-principal element alloys.[5] Also, other parameters,
such as the valence electronic concentration (VEC), were consid-
ered valuable descriptors to rationalize whether compositionally
complex alloys may form as single-phase compounds and whether
those alloys are stabilized solely based on (configurational)
entropy.[2,6]

As the concept was extended to ceramics, where the ceramics
consist of cationic and anionic sublattices occupied by metallic
cations and non-metallic anions, the increase in disorder in
either one or both of the sublattices increases the configurational
entropy of the ceramic, thus favoring the formation of single-
phase ceramic compounds. However, currently, the alloys and
ceramics are classified as medium entropy with R ≤ ΔSmix ≤
1.5R and high entropy with ΔSmix ≥ 1.5R and are being consid-
ered widely as the basis of classification.[4] Rost et al. successfully
synthesized a rock-salt type oxide (Mg0.2Ni0.2Co0.2Cu0.2Zn0.2)O
as a bulk sample, which was also entropy-stabilized.[7]

Subsequently, many other non-equimolar and equimolar
compositions such as Sr((Zr0.94Y0.06)0.2Sn0.2Ti0.2Hf0.2Mn0.2)O3�x,
(Ce0.2Zr0.2Hf0.2Sn0.2Ti0.2)O2, (V0.2Nb0.2Ta0.2Mo0.2W0.2)C were
observed to be entropy stabilized.[8–10] As many more ternary,
quaternary, and especially non-equimolar compositions were
found to have better properties, especially mechanical and thermal
properties, than the equimolar composition ceramics, such as hard-
ness, Young’s moduli of (Hf0.284Zr0.284Ce0.284Y0.074Yb0.074)O2�δ
was higher than that of its equimolar counterpart and such is
a case in (Zr0.225Hf0.225Ta0.225Mo0.225W0.1)B2 had hardness
better than (Zr0.2Hf0.2Ta0.2Mo0.2W0.2)B2,

[4] hence a collective term
compositional complex ceramics was used to group medium
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Compositionally complex transitional metal nitrides are possible candidates for
ultra-high temperature usage and are known for their superior properties due to
the high configuration entropy. It is often difficult to synthesize pure metal nitrides
in bulk, due to significant oxygen contamination; hence, they are synthesized
mainly as thin films through magnetron sputtering, chemical vapor deposition or
surface nitridation of high entropy alloys. The present article reports on a single-
phase compositionally complex ceramic, i.e., (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)NxC1�x,
that is synthesized for the first time by employing an organometallic precursor
route and using a double ammonolysis process. A multidisciplinary approach is
performed to study these compositionally complex nitride and carbonitride sys-
tems, including experimental and theoretical investigations.
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entropy, high entropy, non-equimolar compositionally
complex, and entropy stabilized ceramics.[4,11,12] As the synthesis
procedure developed, the research on the compositionally
complex ceramics skyrocketed. Currently, various carbides
such as (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)C, (V0.2Nb0.2Ta0.2Mo0.2W0.2)C,
(Hf0.2Nb0.2Ta0.2Ti0.2V0.2)C, (V0.2Nb0.2Ta0.2Ti0.2W0.2)C, etc.,[6,13]

nitrides such as (V0.2Cr0.2Nb0.2Mo0.2Zr0.2)N, (Ti0.2Zr0.2Hf0.2
Nb0.2Ta0.2)N,

[14,15] silicides, i.e., (V0.2Cr0.2Nb0.2Ta0.2W0.2)5Si3,
(Ti0.2Zr0.2Nb0.2Mo0.2Hf0.2)5Si3,

[16] borides especially diborides
such as (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2, (Hf0.2Zr0.2Ta0.2Mo0.2Ti0.2)B2,
(Hf0.2Zr0.2Mo0.2Nb0.2Ti0.2)B2, (Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2,
(Mo0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2, and (Hf0.2Zr0.2Ta0.2Cr0.2Ti0.2)B2,

[17]

carbonitrides with equal site occupanices in the anionic sublattice
(Ti0.33Zr0.33Hf0.33)(C0.5N0.5), (Ti0.25Zr0.25Hf0.25Nb0.25)(C0.5N0.5)
and (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)(C0.5N0.5),

[18,19] etc. were success-
fully synthesized by different methods such as carbo/borothermal
reductions,[8,13] spark plasma sintering (SPS),[5,8–10] magnetron
sputtering,[20–22] high-pressure synthesis,[23] etc. The composi-
tionally complex ceramics were investigated extensively and are
found to have improved properties such as hardness, fracture
toughness, oxidation resistance, irradiation resistance, and also
better elastic moduli as compared to those of the binary ceramics
due to 1) the cocktail effect; 2) the lattice distortion; as well as
3) the sluggish diffusion and high entropic effect.[1,8–11]

Although many compositions, such as oxides such as
(Mg0.2Ni0.2Co0.2Cu0.2Zn0.2)O,

[8] (Ce0.2Zr0.2Hf0.2Sn0.2Ti0.2)O2,
[9]

carbides such (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)C, (Hf0.2Nb0.2Ta0.2Ti0.2
V0.2)C, (Hf0.2Mo0.2Ta0.2W0.2Zr0.2)C, (V0.2Nb0.2Ta0.2Mo0.2W0.2)C

[6]

could be synthesized as bulk materials, metal nitrides were synthe-
sized mainly as thin films,[20–22] as they pose significant challenges
related to the synthesis procedures due to the high fugacity of nitro-
gen. Jin et al. synthesized (V0.2Cr0.2Nb0.2Mo0.2Zr0.2)N by ball
milling the respective chlorides with urea followed by
pyrolysis at 800 °C under N2.

[14] Moskovskikh et al. synthesized
(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)N by spark plasma sintering of
combustion synthesized ball-milled metal powders under N2.

[15]

The combustion synthesized ceramic consisted of multiple phases.
However, the adiabatic combustion temperature is around 2700 °C,
and the sintered samples showed oxide contaminations even after
exposure to 1800 °C, and the mechanical properties surpassed the
binary nitrides. Wen et al. synthesized (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)
C0.5N0.5 by hot-pressing the respective ball-milled binary carbides
and nitrides at 1800 °C. The prepared high-entropy carbonitride
had a higher hardness and elastic moduli than their analogous
high-entropy carbides and nitrides synthesized under similar
conditions.[19]

Dialkylamido-based organometallic compounds have been
used in chemical vapor deposition to obtain thin metal nitride
films for various applications such as gas sensors, dielectric
materials, and battery materials depending on the metal.[24–26]

This method requires relatively low temperatures and provides
nitride-based formulations with good crystallinity. The dialkyla-
mido metal complexes can modified by various amines, depend-
ing on the requirement for carbon (or its absence) in the final
nitride-based ceramic. A high N/M ratio in the case of the metal
dialkylamido complex results in a metal nitride with high nitro-
gen content during ammonolysis and tailorable carbon content.
In the present article, we report the synthesis of a composition-
ally complex nitride (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)NxC1�x via a

non-oxidic sol–gel method by employing transitional metal
dimethyl amido complexes and a double ammonolysis process.

2. Experimental Section

2.1. Materials Synthesis

2.1.1. Synthesis of Metal Dimethylamino Complexes

Chlorides of titanium, zirconium, hafnium, niobium, and tanta-
lum, as well as lithium dimethylamide and n-hexane (anhydrous,
95%), were purchased from Merck (Germany) and stored in the
glove box for further usage. All glassware used for the different
steps of the synthesis procedure, including low-temperature
ammonolysis, were oven dried at 120 °C at least a day to remove
the adsorbed moisture. A suspended solution of 12.346 g
(241mmol) lithium dimethylamide in 60mL hexane was pre-
pared inside the glove box. Subsequently, 2.702 g (10mmol)
of niobium(V) chloride and 3.582 g (10mmol) of tantalum(V)
chloride were directly added into the suspension according to
the procedure reported by Bradley et al.[27] The solution was
stirred for 30min until the color changed to brown. Then, it
was connected to a Schlenk line and cooled to �10 °C. 2.33 g
(10mmol) zirconium(IV) chloride and 3.203 g (10mmol)
hafnium(IV) chloride were added dropwise under argon protec-
tion to prevent contact with air. Finally, a solution of 1.92 g
(10.12mmol) titanium(IV) chloride in 40mL of hexane was
added dropwise to the suspension under vigorous stirring.
The reaction mixture was allowed to warm up to room tempera-
ture and was refluxed for 5 h in an argon atmosphere to ensure a
complete reaction between the reagents and to avoid the formation
of chlorinated metal nitrides during the ammonolysis step.[28]

Following refluxing, the resulting reddish-orange solution was
cooled to room temperature, and the precipitated by-product
(i.e., LiCl) was removed using filtration under argon.

2.1.2. Non-Oxidic Sol–Gel Process

The filtered (Ti,Zr,Hf,Nb,Ta)[N(CH3)2]x solution was cooled
to �72 °C and subsequently, gaseous NH3 (Air-Liquide,
O2< 200 ppm) was introduced into the reaction vessel contain-
ing the solution (see in Figure 1).[29,30]

The reaction solution was treated with NH3 for 5min, result-
ing in a change from reddish-orange to yellowish-orange, and
was eventually warmed up to room temperature. Subsequently,
the solvent was removed under vacuum to obtain a slightly
yellowish-brownish xerogel, which was stored in the glove box
for further usage. The xerogel was observed to be pyrophoric
under an ambient atmosphere.

2.1.3. Ammonolysis and High-Temperature Annealing

The obtained xerogel was placed in a quartz crucible coated with
a thin layer of h-BN (to prevent its reaction with the xerogel),
which in turn was placed in a quartz tube. The xerogel was
ammonolysed at 1000 and 1100 °C for 3 h using a flow rate of
0.3 Lmin�1 and a heating and cooling rate of 100 °Cmin�1.
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The ceramic powder was then placed in a graphite crucible
and annealed independently at two selected temperatures,
1500 and 1700 °C, for 3 h with a heating rate of 15 °Cmin�1

and a cooling rate of 20 °Cmin�1 under N2. The flow rate was
maintained at 1.2 Lmin�1 for the whole duration of the thermal
treatment process.

2.2. Characterization Techniques

The metal amido complexes and lithium dimethylamide were
analyzed by using a Fourier transformed infra-red spectrometer
(FTIR) in attenuated total reflection (ATR) under argon atmo-
sphere with VARIAN-670 (Agilent Technologies) in the range
of 400 to 4000 cm�1 with automatic baseline and background
corrections. The Raman spectra of the ceramics were measured
with a Horiba Jobin Yvon HR800 spectrometer with the blue
laser of wavelength 488 nm with Si as calibration standard, for
10 cycles with an acquisition time of 10 s for each cycle from
the range of 0–1500 cm�1 with 1800 grating. The spectra were
recorded in triplicate. The thermo gravimetric analysis (TGA)
was obtained from Netzsch STA 449F2 under ammonia atmo-
sphere with a heating rate of 5 °Cmin�1 until 1200 °C. The crys-
tal structure and the phase composition details were obtained
from XRD patterns recorded with a Huber Guinier Camera
670-360 powder XRD machine (HUBER Diffraktionstechnik
GmbH, Germany) equipped with a Germanium(220) monochro-
mator, resulting Mo-Kα radiation(λ= 0.70932 Å) in the range of
4°–100° with a step size of 0.025° and total acquisition time of

180min to obtain high SNR. The diffractogram was analyzed
with the help of MATCH! Software(Crystal Impact GmbH,
Germany) and the Rietveld refinements were performed using
FULLPROFF[31] with Thompson Cox Hasting with Axial
Divergence function until a scattering angle of 55° except for
sample ammonolysed at 1100 °C. The average Biso was assumed
to be isotropic. The morphology studies were performed using a
Scanning ElectronMicroscope Philips XL30 FEG high-resolution
scanning electron microscope (FEI Company, Hillsboro,
Oregon, USA), coupled with an energy-dispersive X-ray (EDX)
spectroscope (Mahwah, New Jersey, USA). Transmission elec-
tron microscopy (TEM) studies were performed on the powder
sample calcined at 1000 °C, mildly coated with carbon to mini-
mize electrostatic charging under the incident electron beam.
Bright-field TEM (BF-TEM) as well as selected area electron
diffraction (SAED) and, in addition, dark-field scanning TEM
(DF-STEM) in conjunction with energy-dispersive X-ray spectros-
copy (EDS) mapping for local chemical analysis, were recorded
with a JEOL JEM-2100F (JEOL, Tokyo, Japan) microscope oper-
ating at 200 kV, being equipped with a CCD camera and a JEOL
Be double-tilt holder for sample orientation. At the same time,
EDS spectra were acquired in triplicate using an Oxford XMAX
80 detector (Oxford Instruments Nano Analysis, Wiesbaden,
Germany). The elemental (C, N, O) analysis of the ceramics
was performed using an LECO analyzer (LECO Corporation,
St. Joseph, Michigan, USA).

2.3. Theoretical Investigations

The envisaged multi-component high-entropy carbonitride sys-
tem (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)C1�xNx was investigated using a
multimethodological approach.[32–34] Structure candidates were
explored using the primitive cell approach for atom exchange
(PCAE) method,[35] the supercell approach,[33,36] special quasi-
random structures (SQS),[37,38] and data mining (DM) meth-
ods.[32,39] Full structural optimizations of the models generated
using supercell and SQS methods were done on the ab initio
level using density functional theory (DFT) calculations within
the Quantum Espresso (QE)[40] software package. Structure can-
didates generated using PCAE and DMmethods were carried out
using CRYSTAL17 code.[41] All DFT Calculations were utilized
using the generalized gradient approximation (GGA) with the
Perdew, Burke, and Ernzerhof (PBE) functional.[42]

QE is a code that uses plane-wave DFT, for which a 50 Ry
kinetic energy cutoff for wavefunctions was used in the present
investigations. In particular, the QE pseudopotentials used in this
study are the following: Hf.pbe-spn-kjpaw_psl.1.0.0.UPF, Zr.pbe-
spn-kjpaw_psl.1.0.0.UPF, Ti.pbe-spn-kjpaw_psl.1.0.0.UPF, Ta.pbe-
spfn-kjpaw_psl.1.0.0.UPF, Nb.pbe-spn-kjpaw_psl.1.0.0.UPF,
N.pbe-n-kjpaw_psl.1.0.0.UPF, C.pbe-n-kjpaw_psl.1.0.0.UPF, for
Hf, Zr, Ti, Ta, Nb, N, and C, respectively.[43] A convergence
tolerance of 10�8 for the structure relaxation was chosen.

As for the Crystal17 code, based on the linear combination of
atomic orbitals, for calculations with 8� 8� 8 K-point mesh
using the Monkhorst–Pack scheme, various basis sets (BS) were
used: BS for zirconium denoted as Zr ECP HAYWSC 311d31G
dovesi 1998,[44,45] BS for hafnium Hf ECP Stevens 411d31G
munoz 2007,[45,46] BS for titanium labeled Ti_86–51(3d)

Figure 1. Schematics of low-temperature ammonolysis.
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G_muscat_1999,[46] BS for niobium Nb_SC_HAYWSC-31(31d)
G_baranek_2013,[47] for tantalum Ta_ECP60MDF-31(51df )G_
baranek_2013,[48] for carbon C_6-21G*_catti_1993[49] and a
modified BS for nitrogen N_6-31d1G_gatti_1994.[50]

The symmetry of computed and predicted models was
analyzed using the SFND algorithm[51] and RGS algorithm[52]

implemented in the KPLOT software,[53] while structures were
visualized using the VESTA code.[54]

3. Results and Discussion

3.1. Synthesis of Multimetal Dimethylamido Complexes

The (Ti,Zr,Hf,Nb,Ta) dimethylamide precursor was synthesized
as yellowish-orange xerogel. The FTIR data of the xerogel are
shown in Figure 2.

The IR bands in the range of 3100–3600 cm�1 correspond to
the N─H vibrations along with the deformation bands of N─H
between 1500 to 1575 cm�1.[55,56] The bands with minima posi-
tioned around 2900 cm�1 are allocated to the C─H stretching,
and C─H deformation bands were located in the range of
1230–1489 cm�1.[56,57] Metal imido vibrations were assigned to
the bands in the range of 1100 till 1300 and 1000–1150 cm�1

to metal non-bridging nitrogen, suggesting that the obtained
xerogel consists of M─N, N─H, N(CH3) bonds, with the possi-
bility of xerogel being an oligomer.[30]

The TGA results of the xerogel performed under ammonia
consist of a plateau region from 400 to 500 °C (see Figure 3).
The considerable mass loss of 14.5% corresponds to the evolu-
tion of N(CH3)2H, NH3, and N2, as shown for similar xerogels
based on transitional metal amido complexes exposed to thermal
ammonolysis conditions.[30,56] The additional mass loss of ≈12%
up to 1100 °C corresponds to the decomposition of nitrogen-rich
phase(s) into mono-nitride phase.[56]

3.2. Ammonolysis and High-Temperature Annealing

Figure 4 shows the XRD pattern of the ammonolysed xerogel at
1000 °C. The obtained ceramic is crystalline, showing
(TiZrHfNbTa)N with a rock salt structure (Fm-3m) as main
phase and two minor phases, which were assigned to zirconium
oxides with monoclinic (P21/c), i.e., Baddeleyite and tetragonal
(P42/nmc) structures along with Ta3N5 orthorhombic (Cmcm)
structure.

The xerogel was also ammonolyzed at 1100 °C to observe the
stability of the minor secondary phases. It was observed that the
Ta3N5-based Cmcm phase had disappeared, but the oxide impu-
rities were stable in a P21/c-based monoclinic structure. The
Rietveld analysis of the XRD pattern in Figure 5 resulted in a
lattice parameter of 4.28 Å with ≈10 wt% of oxide impurity for
the sample ammonolyzed at 1100 °C, compared to the lattice
parameter 4.26 Å of the nitride phase obtained at 1000 °C
(Figure 6).
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Figure 2. a) FTIR of xerogel (Ti,Zr,Hf,Nb,Ta)[(μ-NH)x(NH2)y(N(CH3)2)z].
Plot in b) represents the magnified spectrum in the region from 900 to
1800 cm�1.
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Figure 3. TGA data of (Ti,Zr,Hf,Nb,Ta)[(μ-NH)x(NH2)y(N(CH3)2)z mea-
sured up to 1200 °C under NH3.
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However, in the case of the sample annealed at 1500 °C, there
were no reflections corresponding to oxides (see Figure 4a).
Interestingly, the reflections corresponding to the rock salt-type
nitride phase were considerably shifted toward lower diffraction
angles. Moreover, two sets of reflections corresponding to rock
salt structure have been detected (see Figure 4b). From these
observations, it is concluded that carbon diffusion into the
high-entropy metal nitride structure may have occurred
upon annealing at 1500 °C due to the graphite crucible acting
as a carbon source. Consequently, the minor oxide phases are
also expected to be converted into a compositionally complex
carbonitride. Moreover, spinodal decomposition may be possi-
ble, with both rock-salt-type phases being either nitride or
carbonitride with different cationic and anionic sublattice occu-
pancies.[58] Additionally, the dissolution of the oxygen into the
compositionally complex (carbo)nitrides cannot be excluded as

the native oxide cannot be reduced entirely by carbothermal
reductions.[59–61]

The Rietveld analysis of the 1500 °C annealed ceramic
(see Figure 7) revealed the lattice parameters of the two phases
to be 4.37 Å for phase Fm-3m #1 and 4.32 Å for phase Fm-3m #2.
The phases were present with a molar ratio of 3:1.

3.3. Phase Evolution upon Annealing at 1700 °C under N2

As the annealing temperature was increased to 1700 °C, a
single-phase ceramic (Ti,Zr,Hf,Nb,Ta)NxC1�x was obtained.
This ceramic showed a considerable shift in the lattice parameter
as compared to the two rock-salt phases observed in the ceramic

(a)

(b)

Figure 4. a) XRD patterns of (Ti,Zr,Hf,Nb,Ta)NxC1�x prepared via
ammonolysis at 1000 °C (bottom) and subsequently annealed in nitrogen
atmosphere at 1500 °C (top). In b), the 2theta region from 25° to 35° of the
diffractogram of the sample prepared at 1500 °C is shown. (Peaks labeled
with *correspond to instrumental artifacts).
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Figure 5. Rietveld of (Ti,Zr,Hf,Nb,Ta,)N obtained after ammonolysis at
1100 °C.
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Figure 6. Rietveld of (Ti,Zr,Hf,Nb,Ta)N obtained after ammonolysis at
1000 °C.
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annealed at 1500 °C, suggesting that carbon has been incorpo-
rated into the structure.

The Rietveld refinement of the XRD pattern obtained from the
single-phase (Ti,Zr,Hf,Nb,Ta)NxC1�x annealed at 1700 °C indi-
cated a lattice parameter of 4.39 Å (Figure 8).

Depending on the carbon and nitrogen contents, the synthe-
sized ceramics are expected to have slightly smaller lattice param-
eters than the stoichiometric compositions.[62,63]

3.4. Chemical Composition of the Ceramics

The elemental analysis of the sample ammonolyzed at 1000 °C
indicated a carbon-free composition with a nitrogen content of
≈8.6 wt%; while the oxygen content was ≈2.1 wt%, suggesting
the presence minor amount of oxide phase(s) in the main phase,
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Figure 7. Rietveld refinement of (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)NxC1�x annealed
at 1500 °C using linear interpolation as background.

10 15 20 25 30 35 40 45 50 55

In
te

ns
ity

 (a
.u

)

Yobs
Ycalc
Yobs-Ycalc
 (Ti,Zr,Hf,Nb,Ta)NxC1-x

Figure 8. Rietveld profile of (Ti,Zr,Hf,Nb,Ta,)NxC1�x annealed at 1700 °C.
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Figure 9. The carbon, nitrogen, and oxygen content of ceramic prepared at
1000 °C, including the samples, annealed at 1500 and 1700 °C under N2.

Figure 10. a) BF-TEM image of the ceramic prepared upon ammonolysis
at 1000 °C. In the inset, the relative contents of the metallic elements are
indicated; those were determined by energy-dispersive X-ray spectroscopy
(EDS); b) EDS maps (DF-STEM, corresponding to area (b) in (a) showing
the homogeneous distribution of the five transitional metals within an
individual grain.
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i.e., compositionally complex metal nitride. Annealing in nitro-
gen atmosphere at 1500 and 1700 °C leads to a decrease of the
oxygen content to ≈1 and 0.3 wt%, respectively; whereas the
exposure to high temperatures induced the diffusion of carbon
into the structure of the metal nitride, leading to carbon contents
of 2.4 and 6.2 wt% upon annealing to 1500 and 1700 °C, respec-
tively. As the same time, the nitrogen content in the samples
annealed at 1500 and 1700 °C decreased to 6.6 and 4.8 wt%,
respectively (Figure 9).

Using the aforementioned data as well as the metal contents
determined by means of EDS (see Figure 10a), the composition
of the ceramic samples prepared at 1000, 1500, and 1700 °C were
calculated as (Ti0.31Zr0.19Hf0.16Nb0.17Ta0.17)(N0.74O0.18), (Ti0.31
Zr0.19Hf0.16Nb0.17Ta0.17)(N0.56C0.2O0.09) and (Ti0.31Zr0.19 Hf0.16
Nb0.17Ta0.17)(N0.42C0.54O0.03), respectively.

In order to rationalize the reliability of the elemental compo-
sition of the prepared (carbo)nitrides, three additional successive
batches of carbonitride were prepared at 1700 °C. The elemental
composition of the three batches was determined by EDS
(10 measurements per batch) and resulted in an average
elemental composition of (Ti0.18�0.072Zr0.20�0.024Hf0.20�0.01

Nb0.22�0.03Ta0.20�0.016)(N0.40�0.016C0.51�0.02O0.06�0.01).
While the carbon, nitrogen, and oxygen content of the differ-

ent synthesized batches were very consistent, showing only low
fluctuation, the elemental composition of the metals seems to
exhibit higher fluctuation. For instance, the scattering of the
atomic fraction of Ti seems to be correlated to the stronger vari-
ation in its content among the different synthesized batches

(i.e., compare the composition Ti0.31Zr0.19Hf0.16Nb0.17Ta0.17
from the first batch with the average composition
Ti0.18�0.072Zr0.20�0.024Hf0.20�0.01Nb0.22�0.03Ta0.20�0.016 from the
subsequent three batches). This aspect has been currently under
investigation.

3.5. Theoretical Study of the HEA Carbonitride Systems

A large number of supercell and SQS structures were generated
to investigate the stable phases of high-entropy nitride and car-
bonitride structures. The most promising candidates are shown
in Figure 11a–c. The most stable phase appears in the rock-salt
type of structure with cubic symmetry (Fm-3m space group) in
both compositionally complex nitride (HEN) and high-entropy
carbonitride (HECN) depicted in Figure 11a. This is in agree-
ment with our experimental observation where several cubic
(Fm-3m space group) have been observed. The origin of the rock
salt HEN/HECN structure can be derived from the TaN proto-
type B1 structure.[64] Present GGA-PBE calculations on the
SQS cubic HEN model results in a= 4.445 Å (compared to
the experimental value of both cubic rock-salt phases 1#
a= 4.3698 Å and #2 a= 4.3334 Å at 1500 °C) and for the SQS
cubic HECN model results in a= 4.490 Å (compared to the
experimental value of a= 4.39 Å at 1700 °C), which is in an excel-
lent agreement with experimental XRD results.

In addition, we predict two novel SQS supercell models in
compositionally complex carbonitride computed using DFT.
Figure 11b shows a hexagonal-1 phase with space group

Figure 11. Picture of the energetically most favorable found SQS supercell structures of the high-entropy (carbo)nitride with the: a) cubic rock-salt type
(Fm-3m space group) phase of the HE nitride, b) hexagonal-1 (P-62m) phase of the HE carbonitrides, c) hexagonal-2 (P63mc) phase of the HECN, shown
with coordination polyhedra around the metal atoms. Green balls correspond to Zr atoms, light brown correspond to Ta atoms, blue correspond to Ti
atoms, yellow correspond to Nb atoms, purple correspond to Hf atoms, grey balls correspond to nitrogen atoms, and dark brown balls correspond to
carbon atoms, respectively.
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P-62m in the HECN system, originating from the distorted hex-
agonal TaN prototype.[65] The hexagonal-2 modification also with
the HECN composition is presented in Figure 11c. The predicted
hexagonal-2 phase appears in space group P63mc originating
from the distorted hexagonal MoN prototype.[66] We note that
the hexagonal 1 modification is more stable in HEN compared
to the second phase, while it is vice-versa in the case of the HECN
composition.

One should not rely on randomly populating a supercell with
the alloyed elements since there is a number of possible permu-
tations in a high entropy material that can be feasibly modeled
using DFT.[67] Figure 12 shows the most stable HEN/HECN pre-
dicted structures generated from the data mining and PCAE
method. The layered HEN appears in the trigonal-rhombohedral
(R3m) space group of the HEN generated using the PCAE
method and it could be an interesting candidate between cubic
and hexagonal predicted and observed phases in the composi-
tionally complex carbonitrides. Figure 12b shows the mono
HEN phase appearing as a distorted rock-salt in the Cm mono-
clinic space group. This was one of the most stable modifications
in the HEN system originating from the PdD prototype.[68]

Similarly, the monoHECNmodification with the Cmmonoclinic

symmetry appears in the HECN chemical system (Figure 12c),
originating from the distorted NiGa modification.[69] Both mono-
clinic predicted compositionally complex (carbo)nitride struc-
tures might be also interesting from the experimental point of
view, since in the present study monoclinic metal oxide struc-
tures have been found as minor phases.

4. Conclusion

In the current work, a straightforward method to achieve com-
positionally complex (carbo)nitrides was employed for the first
time through non-oxidic sol–gel of multiple metal dimethyla-
mino complexes. The ammonolysis of the xerogel at 1000 °C
resulted in a single-phase compositionally complex nitride with
minor amounts of oxide phases and further led to the formation
of carbon-rich (carbo)nitride upon annealing at higher temper-
atures, with a gradual change in carbon oxygen and nitrogen con-
tents, which were thoroughly characterized structurally by XRD
chemically and morphologically through SEM. The carbon-rich
carbonitride obtained via annealing at 1700 °C was phase pure
with a nearly homogenous composition of the transitional

Figure 12. Picture of the most favorable structures found using data mining and PCAE method of the high-entropy (carbo)nitride with the: a) layered
HEN, trigonal-rhombohedral (R3m space group) phase of the nitride, b) mono HEN (Cm) monoclinic phase of the high-entropy nitride, c) mono HECN
(Cm) phase of the HE carbonitrides, shown with coordination polyhedra around the metal atoms.
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elements with anion sublattice occupancy of less than 1.
Theoretical investigations were performed using the multi-
methodological approach involving several computational meth-
ods. Structures were generated using the PCAE, supercell, SQS,
and data mining approaches, and the ab initio DFT-PBE
structure optimization results are in good agreement with exper-
imentally obtained XRD data. Thus, the multi-methodological
approach employed to model compositionally complex ceramics
can be utilized to screen the formability of novel compositionally
complex ceramic compositions.
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J. Erčić, O. Hanzel, R. Sedlák, M. Lisnichuk, P. Tatarko, Boletín La
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Crystallogr. Sect. B 2018, 74, 628.

[36] D. Zagorac, K. Doll, J. C. Schön, M. Jansen, Chem.: A Eur. J. 2012, 18,
10929.

[37] S.-H. Wei, L. G. Ferreira, J. E. Bernard, A. Zunger, Phys. Rev. B. 1990,
42, 9622.

[38] A. Zunger, S.-H. Wei, L. G. Ferreira, J. E. Bernard, Phys. Rev. Lett.
1990, 65, 353.
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