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A nanocrystalline high entropy oxide with near-equimolar composition consisting of 5 transition metal
cations and one alkali cation (Co,Cu,Mg,Na,Ni,Zn)O was synthesised by a reverse co-precipitation (RCP)
process and characterised by standard methods of X-ray diffraction (for crystallite size and phases), elec-
tron microscopy (for particle morphology and size distribution) and Fourier transform infra-red spec-
troscopy (for bond identification and bond lengths). Charge compensation in the lattice by the formation
of Co®" and/or Ni** (in order to offset the +1 oxidation state of Na) and the creation of oxygen vacancies
was quantified from X-ray photoelectron spectroscopy and Raman spectroscopy and further studied
using vibrating sample magnetometry (VSM). The influence of different transition metals in being able to
accommodate the larger and aliovalent sodium ion in a single phase-pure rocksalt lattice was investigated
and the criteria for element selection in such multicomponent systems for single-phase formation exam-
ined. Presence of multivalency/non-stoichiometry to accommodate a different-sized cation and main-
taining electroneutrality were identified as the critical criteria for single-phase formation in multicompo-
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nent systems and further confirmed through synthesis of various lower combination systems (by systema-
tic removal of one transition metal cation) and by addition of bivalent Ca as well as cations of higher
valencies. These criteria would aid in designing the compositions of high entropy oxides with aliovalent
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1 Introduction

The quest for new materials with improved and novel properties
has always been the greatest motivation for the development of
different classes of materials that include equimolar or near-
equimolar multicomponent systems. The precursor for such
systems were the high entropy alloys, where five or more
elements could be substituted into a single lattice to form solid
solutions." The basic criteria for the selection of these elements
were based on Hume-Rothery and Pauling’s rules, which include
nearby ionic radii, same co-ordination number for a specific
lattice structure and same oxidation state. Using these criteria,
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Rost et al.”> were the first to synthesise a phase-pure (Co,Cu,Mg,
Ni,Zn)O system with a rocksalt structure, opening up the field of
“high entropy oxides”. In their work at least one cation was
chosen such that it did not form a complete isomorphous solid
solution and ensured that it was not just isovalent substitution
and the involvement of high configurational entropy in
stabilizing the structure was demonstrated. Following this
pioneering effort other systems such as (Ceg,Lag,Pro,SmgYo.)
0,_5° and (Zr,,Sn,,Tig,Hfy,Ceo,)0 with fluorite structure,’
(Gdo.2Lag 2Ndo 2Smy 2Y.2)(C0g 2Cro 22Feo ,Mny 5 Nig )O3 and
(Sto.5Bay.5)(Zr 2SN 5 Tio ,Hfy ,Nbg )O3 with perovskite structure™®
and (Co,Cr,Fe,Mn,Ni);0, with spinel structure have been syn-
thesized.” However, in all the cases the criteria behind the selec-
tion of the cations have, more or less, remained the same, with
particular emphasis being placed on the cations having the
same stable oxidation state as well as similar sizes. The use of
an aliovalent cation with a totally different stable oxidation state
and a considerably different size in forming a single-phase struc-
ture in such equimolar multicomponent systems is yet to be
fully explored. In general, aliovalent cationic substitutions in
unary or binary oxides have been done to a limited quantity of
the aliovalent cation (such as doping) in order to obtain an
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improvement in the properties of the respective unary or binary
oxide.

Sodium has been doped in transition metal oxides such as
NiO, or CoO for thermoelectric applications, as it improves the
electrical conductivity and efficiency of the thermoelectric
material.>® Often a layered structure is formed when sodium
is added to transition metal oxides, and used for battery appli-
cations.'® Bérardan et al,'’ have carried out monovalent ion
doping such as Li and Na in a microcrystalline high entropy
(Co,Cu,Mg,Ni,Zn)O oxide and observed high room temperature
ionic conductivities of 8 x 107® and 6 x 107® S em™" respect-
ively for the Li and Na doped systems. High ionic conductivity
in such Na doped systems could find potential applications as
electrolytes in Na ion batteries, which are being considered as
future candidates for replacing the more expensive Li ion bat-
teries.”” In general, materials show increased ionic conduc-
tivity in the nanocrystalline form due to the larger proportion
of grain boundaries.""* Sarkar et al.'®> have reported the syn-
thesis of entropy stabilized (Co,Cu,Mg,Ni,Zn)O system in the
nanocrystalline form and it has been shown that (Co,Cu,Mg,
Ni,Zn)O can be used as a cathode in Li-ion batteries® with a
stability of more than 500 cycles while retaining the capacity.
Recent studies have also demonstrated the potential of such a
high entropy oxide as anode material for Li-ion batteries.'® In
this study nanocrystalline (Co,Cu,Mg,Na,Ni,Zn)O, termed Na-
TMO, was synthesised by a reverse co-precipitation process
and the “stable oxidation state” criterion used for cation selec-
tion for the formation of a phase-pure rock salt lattice exam-
ined. For the sake of comparison and improved understanding
a pure transition metal oxide based (Co,Cu,Mg,Ni,Zn)O
system, termed ME-TMO as well as the (Co,Cu,Mg,Na,Ni,Zn)O
system with one transition metal cation being systematically
removed in order to determine the influence of the particular
cation in stabilizing the structure were also synthesized.

2 Experimental details

Nickel(u) nitrate hexahydrate (99%, Alfa Aesar), cobalt(u) nitrate
hexahydrate (99%, Alfa Aesar), magnesium nitrate hexahydrate
(99%, Alfa Aesar), copper nitrate pentahydrate (99%, Alfa Aesar),
zinc nitrate hexahydrate (99%, Alfa Aesar), calcium nitrate tetra-
hydrate (99%, Alfa Asear), potassium nitrate (99%, Alfa Asear),
chromium nitrate nonahydrate (98.5%, Alfa Asear), manganese
nitrate hexahydrate, (98%, Alfa Asear), iron nitrate nonahydrate
(98%, Alfa Asear) and sodium nitrate (99%, Alfa Aesar) were
used as the individual precursors for the metal cations. The
requisite quantity of the metal nitrates (as per the stoichiometric
requirement for equimolar concentration) was dissolved in de-
ionised water to form a final precursor of 1 M concentration.
The precursor solution was added dropwise to ammonia solu-
tion (25%, Merck) in an ultrasonicated water bath with the pH
being maintained between 10.5 and 11. The high pH of the solu-
tion ensured that precipitation of all the cations occurred simul-
taneously thereby enhancing the formation of a single phase.
The precipitate consisting of a hydroxylated complex of the
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metal cations was dried in an air oven at 120 °C. The dried pre-
cipitate was then calcined in a furnace at 1000 °C for two hours
to form the multicomponent oxide.

3 Characterisation

Identification of the phases and analysis of the phase compo-
sition and crystallite size of the synthesized powders was carried
out using an X-ray diffractometer (Panalytical) in the 26 range of
10-90°, at a step size of 0.02°/20 s. with Cu Ko radiation
(1.5406 A). Rietveld refinement was done using the Fullprof soft-
ware suite® with a pseudo-Voigt model. The parameters refined
were scale factor, zero shift, background, lattice parameters,
FWHM parameters, shape parameter and oxygen occupancy.
Magnetic measurement was carried out with by vibrating sample
magnetometry (Lakeshore VSM 7410) at room temperature from
—1.5 T to 1.5 T. The particle sizes and morphology were deter-
mined using a scanning electron microscope (FEI, Quanta 400)
operating at 20 kV and a transmission electron microscope (FEI,
Technai 20G?) operating at 200 kV. Bond identification and ana-
lysis was done using a Fourier transform infrared spectrometer
(PerkinElmer, Spectrum 1) in the range of 400 cm™' to
3500 cm™'. Raman analysis was carried out by confocal Raman
spectroscopy (WITec alpha 300) equipped with an Nd:YAG laser
(532 nm) as the excitation source. X-ray photoelectron spec-
troscopy studies was done using a SPECS instrument with Al-Ka
as the X-ray source and PHOIBOS 100MCD as the analyzer under
ultrahigh vacuum (107'° mbar). The spectra were calibrated for
charging by fixing the carbon peak at 284.8 eV. Quantification of
the oxidation states of the cations has been carried out on the
inner shell 2p orbital for all the cations except sodium, where
the 1s orbital was used.

4 Results and discussion

4.1 Structure analysis through XRD and correlation with
magnetic behaviour

XRD pattern of the (Co,Cu,Mg,Na,Ni,Zn)O system (Fig. 1(a))
revealed a phase-pure product with rocksalt crystal structure in
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Fig. 1 (a) X-ray diffraction patterns of ME-TMO and Na-TMO (b) (220)
XRD peaks of ME-TMO and Na-TMO, show the decreased lattice para-
meter (from the right shift of the Na-TMO peak) and increased peak
broadening of Na-TMO shows decreased crystallite size.
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Fig. 2 M-H characteristics of ME-TMO and Na-TMO at room
temperature.

the space group of fin3m. The observed minor asymmetries
present in the X-ray diffraction peaks (Fig. 1(b)) were attributed
to distortions in the lattice. Similar observations have been
reported in the case of NiO below the Néel temperature where
the structure is either a distorted rock salt or monoclinic in
nature and was accounted for in terms of exchange-striction
causing a change in the lattice parameter and symmetry in
order to reduce the exchange interaction energy.'” The M-H
characteristics of the Na-TMO and ME-TMO systems are
shown in Fig. 2 where it is seen that the magnetisation of Na-
TMO is higher compared to the ME-TMO system, implying a
higher J interaction (as J is directly proportional to the magne-
tisation).'® Space group of the distorted structure was analysed
to be monoclinic with the space group of (C 1 2/m 1). Rietveld
refinement was carried out with the monoclinic structure and
the cell volume of Na-TMO was found to be 0.22% higher com-
pared to the ideal cubic structure, while that of the ME-TMO
was only 0.10% higher. This showed that the distortion was
higher in the Na-TMO indicating greater exchange-striction in
the system when compared to the ME-TMO. Lattice parameters
of both the compositions in the distorted rocksalt (monocli-
nic) form are listed in Table 1 and it can be seen that the
lattice parameter of Na-TMO (ideal cubic lattice) is lesser than
that of the ME-TMO (and explained in detail in section 4.7).
The Rietveld refined patterns are shown in Fig. 3(a) and (b).

4.2 Crystallite size analysis through XRD

The crystallite sizes for the Na-TMO and ME-TMO systems were
calculated using the Scherrer formula. It was seen that the crys-
tallite size of the Na-TMO (30 nm) was less than that of the
ME-TMO (81 nm). Such a decrease in the crystallite size on
doping or alloying with a heterostructure cation has been
reported earlier’® and can be explained in the terms of the
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Fig. 3 (a) Rietveld refinement of ME-TMO (b) Rietveld refinement of
Na-TMO, (hkl plane and d-spacing and 2-theta angle of the refined
pattern is given in the Table S11 and occupancy of the cations are given
in Table S2+).

growth mechanism. Typically, oxide formation during synthesis
has two stages: homogeneous nucleation of monomers with
critical size, followed by polynuclear growth. During the growth
process ions diffuse into the nuclei to form a solid solution
and for this diffusion to take place the ion has to bind itself to
the nuclei for a specific residence time which depends on the
binding energy.*° In case of atoms/oxides of the same type, the
binding energy of the atoms would be nearly uniform and the
residence time required for diffusion would be less. On the
other hand, as the larger, aliovalent Na has an antiflourite
parent lattice in the oxide form, it can be expected that Na
would require a higher residence time for diffusion into the
nuclei. This would hinder the growth of the nuclei causing the
number of nuclei being produced higher compared to the
growth, thereby resulting in a lower crystallite size of the
product compared to ME-TMO. Further, with Na'" would
require only a single electron transfer for an octet electronic
configuration and so, bond termination would take place easily
when Na ion is present, resulting in a smaller crystallite size.

4.3 Electron microscopy analysis

SEM observations revealed that the particles of Na-TMO had
formed agglomerates of polyhedra, but the actual morphology
could not be discerned. On the other hand, in case of the
ME-TMO particles no defined shape could be discerned as
irregular hollow flakes with a lower degree of agglomeration
were observed. Since sodium has high electron affinity, it
could have increased the surface charge and hence, resulted in
the particles being more agglomerated when compared to
ME-TMO. The SEM micrographs of Na-TMO and ME-TMO are
shown in Fig. 4. The composition, analysed by energy disper-

Table 1 Rietveld refinement parameters of cubic and monoclinic (distorted rocksalt) structure and other parameters obtained from X-ray diffraction

data

Cubic Monoclinic lattice parameters
Composition a(A) Ve a(A) b (A) c () £ (°) Volume (A%) 7 Crystallite size (nm) Strain (%)
Na-TMO 4.235 1.56 5.198 2.998 2.990 125.273 38.063 1.52 30 0.09
ME-TMO 4.237 1.66 5.191 2.993 2.996 125.206 38.070 2.00 81 0.01
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Fig. 4 (a) and (b) are SEM micrographs of Na-TMO, (c) and (d) show the
SEM micrographs of ME-TMO and (e) shows the TEM micrograph of Na-
TMO with the respective particle size distribution shown in (f).

sive spectroscopy (EDS), showed that both ME-TMO and Na-
TMO had equimolar compositions (within +3% variation from
the equimolar proportion and well-within the limits of experi-
mental error) confirming the dissolution/accommodation of
sodium and other cations in the rocksalt lattice. Atomic per-
centage of each element is listed in the Table S3.7

The soft agglomerates of the Na-TMO powder were dis-
persed by ultrasonication and studied using a TEM wherein
the individual particles could be seen. The particle size distri-
bution obtained from the TEM image is shown in Fig. 4. The
mean particle size was found to be 32 nm with a standard devi-
ation of 13 nm indicating a reasonably narrow distribution.
The number density curve follows a Gaussian distribution.

It should be noted that the sizes obtained from SEM and
TEM analysis refer to the particles which are composed of crystal-
lites whose sizes were determined from the XRD patterns using
the Scherrer formula. However, the fact that the average particle
size obtained from TEM was close to the crystallite size in case of
the Na-TMO indicated that the particles were either composed of
a single crystal or had a very low degree of hard agglomeration.

4.4 Bond analysis with FTIR

According to the group factor analysis theory, a rocksalt lattice
with O} symmetry has two Fyy IR active modes. The rocksalt
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Fig. 5 FTIR spectra of Na-TMO and ME-TMO systems.

lattice has 4 equivalents points for the cation and the anion
with each set of equivalents points giving rise to F;y peaks,
one being acoustic and the other optical.>* The FTIR spectra of
Na-TMO and ME-TMO are shown in Fig. 5. The observed
broadening of the peaks at 469 cm ' and 514 cm™' for
ME-TMO and Na-TMO respectively were attributed to the pres-
ence of different cations in the lattice as each would result in a
different relaxation behaviour. When the structure symmetry is
preserved, the peaks produced would be extremely close, but
even a little shift would result in a broadened peak, as is
observed when substitutional doping is done in the lattice.
Pure Na,O exhibits a peak at 1110 cm™' which was not
observed in the FTIR spectra, hence ruling out the possibility
of Na,O being present as a minor second phase and confirm-
ing that the synthesised compound was phase-pure rocksalt.
The vibrations pertaining to the major constituents were
further analysed. The transverse optical (T-O) frequency was
used for calculating the force constant of the lattice using the

relation eqn (1),
1 k 1/2
=—(= 1
¢ 2nc <;4) @)

where @ is the wavenumber of the T-O vibration, k is the force
constant and y was calculated from (eqn (2)), given as:

> (x X Mc) X Mo

H =S (e x Mo) + Mo @)
where M is the atomic mass of each cation in the lattice, x is
the mole fraction of the respective cation and M, is the atomic
mass of oxygen. The bond length, b was determined for each
cation-oxygen bond from the force constant (k) calculated for
the respective cation, using (eqn (3)).>*>**

, 17

b* = ? (3)

The obtained bond lengths from FTIR for Na-TMO and
ME-TMO were 2.080 A and 2.193 A respectively. Table 2 lists
the calculated force constants and the bond lengths which are
in reasonable agreement with those determined from Rietveld
refinement. It can also be seen that the bond length in case of
the Na-TMO was less than that of ME-TMO due to the lower
ionic radii of Co®" and Ni*" ions, resulting in the peak shift of

This journal is © The Royal Society of Chemistry 2020
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Table 2 Force constant and bond length analysis from FTIR
spectroscopy

Composition Na-TMO ME-TMO
Force constant (N em™) 1.887 1.610
Bond length (A) (from FTIR) 2.080 2.193
Bond length (A) (from Rietveld) 2.118 2.119

the T-O vibration. The reduction in the intensity of the T-O
mode and its broadening in the FT-IR spectrum of Na-TMO
when compared to that of ME-TMO was attributed to the
smaller crystallite size of the Na-TMO powders. Peaks at 1650
and 3450 cm™' in both the systems were attributed to the
bending mode of water molecule.

4.5 Structure distortion and defect analysis with Raman
spectroscopy

Raman spectra of Na-TMO and ME-TMO are shown in Fig. 6.
An ideal cubic rocksalt structure should not have any first
order Raman active modes. The peaks at 557 cm ™" in Na-TMO
and at 542 cm~" in ME-TMO were asymmetric and could be
deconvoluted into two peaks at 470 and 550 cm™" for Na-TMO
and 479 and 542 cm~' for ME-TMO respectively. These two
peaks were attributed to 1P TO and 1P LO modes respectively.
1P peaks are typically absent in a perfect cubic lattice due to
the high symmetry, but the presence of a peak in the Raman
spectra of the present two systems that could further be decon-
voluted into the transverse optical and longitudinal optical
peaks was a clear evidence of distortion in the cubic lattice.
Since the vibration modes are related to the site symmetry of
the lattice, substitution of different cations in the equivalent
lattice point would lead to a lowering of the local translation
symmetry. Apart from this, presence of defects and crystallite
sizes being in the nano regime etc. would also cause the trans-
lation symmetry to be broken leading to the presence of 1P LO
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Fig. 6 Raman spectra of ME-TMO and Na-TMO powder.
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mode. Further, the lower intensity of the 1P LO mode was due
to the Na-TMO having a smaller crystallite size. The peak at
1090 cm™" was attributed to the 2P LO peak of Na-TMO. The
increase in the sharpness of the 2P LO peak can be attributed
to the Frohlich interaction of 2P LO with the free carriers
resulting in a resonated peak.>* The defect concentration was
further analysed by quantifying the phonon lifetime with the
uncertainty equation (eqn (4)).

h
=% (4)
where 7 is the phonon lifetime, 4 is Plancks constant = 5.3 x
107" em™ s, and AE is FWHM of the 1 LO peak from the
Raman spectra. In a defect-free crystal, the lattice oscillations
are continuous and hence, the phonon lifetime will be longer
compared to a crystal with defects. Lifetime of the LO mode
was 0.061 ps and 0.065 ps for the Na-TMO and ME-TMO
systems respectively. The shorter LO phonon lifetime of the
Na-TMO system confirmed that it had a greater number of
defect states compared to ME-TMO. The shorter LO phonon
lifetime of the Na-TMO system was attributed to the combined
effect of increased defect states and the presence of Na as an
additional cation. The phonon lifetime also has a contribution
from the anharmonicity of the crystal caused due to the
phonon decay into other Brillouin zones and from entities
breaking the translation symmetry such as point defects.>”

4.6 Oxidation states and defect analysis with X-ray
photoelectron spectroscopy

The XPS survey spectrum and high resolution spectra of Na-
TMO for cations with multiple oxidation states as well as
oxygen are shown in Fig. 7. The main and satellite peaks of
each of the oxidation states of every cation in the high resolu-
tion XPS (HR-XPS) scan was identified and the position of
each peak is given in Table S4.f The assignment of the peaks
to the various oxidation states for each cation was based on
the binding energy values reported in literature and are given
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Fig. 7 HR-XPS spectra of (a) O (b) Ni (c) Co and (d) Cu in the Na-TMO
system.
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Table 3 Quantification of each ion at various oxidation states and the charge contribution

Co Cu Ni
Element Mg Zn Na (¢}
Oxidation state +2 +3 +1 +2 +2 0 +2 +3 +2 +1 -2 Sum of the total charge
Cations (%) 141 4.51 298 146  6.68 094 393 080 5.82 719  35.30

Normalized charge  2.82 13.54 2.98 2.92 13.36 0

in Tables S5-S11.1 The percentages of the cations in each of
the oxidation states are listed in Table 3. Defect concentration
of the system was calculated from the XPS spectra by consider-
ing that electroneutrality of the structure had to be main-
tained. The charges on each cation was calculated by subtract-
ing the percentage of covalency in each bond. O 1s peaks
could be deconvoluted into three peaks (530.97 eV, 531.97 eV
and 536.04 eV). The peak at 530.97 eV pertained to the lattice
oxygen peak, arising from the ionic metal-oxygen bond. The
high binding energy peak at 531.97 eV arose from oxygen with
the lesser co-ordination number, while the peak at 536.08 eV
was due to OH bond resulting from adsorbed moisture in the
material. The percentage of covalency in the oxygen bond was
estimated from the O 1s peaks using the method given by Wu
et al.®>® Covalency percentage of each cation was calculated
from the satellite peak, as satellite peaks are produced due to
the final state effect and sensitive to the bond with oxygen,
using the relation (eqn (5)).

L_g§
Covalency % = 2 5 (5)

where I is the intensity ratio of the satellite peak to the main
peak, and n and S are constants whose values were taken from
literature.?” For the cations which do not have a satellite peak,
the percentage of covalent bonding was taken from reports of
studies on the individual (unary) oxides.*® The covalent per-
centage of the bond was eliminated while calculating the
defect concentration, as it does not contribute to the off-stoi-
chiometry in the lattice. From Table 3 it can be seen that if all
the positive charge units can be summed up by considering
the oxidation states of the all the cations and their corres-
ponding percentage, a total of 64.70 positive charge units can
be arrived at and 70.53 units of negative charge was present in
the ionic oxygen bond of the Na-TMO lattice and so, in order
to ensure charge neutrality the excess negative charge of 5.83
would be compensated by the creation of 2.91% oxygen
vacancies in the lattice. This figure also agreed well with the
quantification obtained from Rietveld analysis. A small frac-
tion of Ni was found to be in the metallic (0 oxidation) state,
attributed to the presence of oxygen vacancies in the surround-
ing and were bonded to the lattice by sharing degenerate
electrons.

The formation of metallic Ni has been reported from
theoretical studies by modelling clusters of NiO as well as by
doping with lower oxidation state cations.>**° From the XPS
spectra, it can be seen that 10.17% out the maximum 50%
cations were in the +1 oxidation state (Na'" and Cu'"). This
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7.85 2.40 11.65 7.19 —70.53 —5.83

could be charge compensated for electrical neutrality either by
oxygen vacancies or by some cations (specifically Ni and Co)
taking higher oxidation states. From the estimated value of
2.91% oxygen vacancies, it is clear that oxygen vacancies alone
were not sufficient and so, cations like Ni and Co had to take
higher oxidation states. By quantification from the HR-XPS
spectrum for Ni it can be seen that the higher oxidation states
of Ni could compensate for only 0.80% and the balance 3.55%
could be offset only by Co taking up higher oxidation states.
Therefore, to maintain charge neutrality in the lattice, the
presence of Co became essential. This was experimentally con-
firmed from the fact that the (Cu,Na,Ni,Mg,Zn)O system was
not phase-pure and had minor amount of secondary phases,
further explained in section 4.9.

4.7 Effect of oxygen vacancies on the lattice parameter

The lattice parameter of Na-TMO obtained from Rietveld
refinement (while considering the structure to be cubic,
shown in Table 1) was found to be less than that of the
“parent” ME-TMO. On the other hand, according to Vegard’s
law,*" it is expected that the lattice parameter would increase
in the presence of Na due to its larger ionic radius (102 pm).
In the case of sodium doping in NiO, not much change in the
lattice parameter has been reported, although there should
have been an increase due to the presence of Na.® One factor
for lattice contraction in Na-TMO could be due to the creation
of oxygen vacancies that are needed to maintain charge neu-
trality when Na is doped in the system, resulting in a decrease
in the lattice parameter of the system. Park et al.** have shown
through DFT calculations that when an oxygen vacancy forms
in the NiO lattice, the Ni atoms relax inwards reducing the
lattice parameter. Similar observation of lattice contraction
due to oxygen vacancy formation has been observed in ZnO
also.>® A lattice contraction could, therefore, imply the pres-
ence of oxygen vacancies in the lattice. Further, Rietveld ana-
lysis showed that there was 6.8% oxygen vacancy present in the
anion lattice, which was also supported from the XPS results
shown in section 4.6 and that indicated the presence of 5.83%
oxygen vacancy (out of 100). A second reason for lattice con-
traction could be due to Co (or Ni)taking a higher oxidation
state in order to maintain charge neutrality in the structure.
The ionic radii of both cobalt and nickel in the +3 oxidation
states with high spin having a 6-fold co-ordination number is
lesser than the respective ionic radii of Co and Ni in the +2 oxi-
dation states. The presence of oxygen vacancies as well as Ni
and Co cations in higher oxidation states was evident from
XPS studies (as seen in section 4.6). The additive effect of
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these two factors would have caused the lattice parameter to
decrease.

Change in the oxidation states of cobalt and nickel and the
formation of oxygen vacancies was further confirmed from
magnetic characterization studies. Magnetic susceptibility of
the system, calculated from the slope of the M-H curves
(Fig. 2) at high field, revealed that Na-TMO had a higher sus-
ceptibility value compared to ME-TMO. As Na,O is only a dia-
magnetic constituent,*® the increase in the magnetic moment
could not result directly from the presence of the Na ion.
However, due to the presence of the Na ion in the lattice, cre-
ation of oxygen vacancies and formation of Co®>" and Ni** have
taken place. Both Co®" and Ni** have higher magnetic
moments in the high spin state, which has resulted in an
increase in the overall magnetic moment of the Na-TMO.
Further, due to the oxygen vacancies, the formation of a
bound magnetic polaron (BMP) would be possible leading to a
ferromagnetic or antiferromagnetic interaction in the presence
of localised carriers, thereby increasing the magnetic suscepti-
bility. Hence, the M-H characteristics of the Na-TMO clearly
provide the proof that oxygen vacancies as well as Co** and
Ni*" had formed due to the presence of Na in the distorted
rocksalt lattice of the “parent” ME-TMO.

4.8 Effect of ionic radii in phase formation

Ionic radii of the constituent cations in the various possible
oxidation states, coordination number and the percentage
ionic radii difference from the (reference) smallest cation
(Ni**) are listed in Table $12.1 Sodium ion has the largest radii
with a size difference of 47.8% compared to the smallest Ni**
ion in the synthesized system. Till date, the selection of
cations in multicomponent oxides has been based predomi-
nantly on the assumption that the cations should have nearby
ionic radii (limited to a difference of about 15% as given by
the Hume-Rothery/Pauling’s rule for single-phase formation).
However, the fact that Na could still form a single-phase in the
present Na-TMO system despite the large size difference
clearly showed that in this particular case Hume Rothery/
Pauling’s rule is not an essential criterion. It is noteworthy
that the ratio of cation radius (R.) to anion radius (R,) allows a
sodium ion to be in an octahedral coordination within the
fm3m space group of the stable structure of sodium oxide and
hence, the present structure could accommodate the sodium
ions with slight distortion in the lattice. The ideal intensity
ratio of the (200):(111) XRD peaks is 1.66. However, the
ME-TMO by itself deviated from this ratio and had a value of
1.57 which Bérardan et al.*®> had attributed to the Jahn-Teller
effect due to the presence of the copper in the lattice. This
structure is not very different from the Na-TMO rocksalt lattice
in terms of symmetry. The Na-TMO, on the other hand, had a
ratio of 1.83 showing a much higher deviation, implying that
substitution by sodium atoms had taken place in the lattice
with some further distortion.

To determine the upper limit of the ionic radii which can
be dissolved into the ME-TMO lattice, potassium ions which
are nearly twice as large as Ni*" ions, were added in equimolar
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proportion to the ME-TMO system (K-TMO). This resulted in
the formation of the rocksalt phase along with secondary
phases such as copper oxide as well as metallic nickel and
copper. Clearly, there appears to be a limitation in the ionic
radii up to which a substitution in the lattice is possible. It is
interesting to note the formation of Ni and Cu, which was
possibly due to the reduction of NiO and CuO by potassium.
As K,O decomposes at 800 °C and the calcination was carried
out at 1000 °C, there was no residual potassium oxide present.
In a separate experiment, calcium which has a slightly smaller
ionic radius (1.0 A) compared to sodium ion (1.02 A) but is
44.9% larger compared to the smallest ion in the lattice (Ni**),
was added to the “parent” ME-TMO system (Ca-TMO) to check
the solubility. Rietveld refinement of Ca-TMO is shown in the
Fig. S1.1 It was observed that Ca dissolved partially into the
lattice which was evident from the increased lattice parameter
of Ca-TMO but 7.72% CaO formed as a second phase. Hence,
it is evident that although Na-TMO exhibited a single phase, it
is not enough that the addition of a cation with ionic radii less
than that of Na would result in a single phase formation, even
though Ca has the same oxidation state (+2) as the stable form
of the other transition metal cations.

This further indicated that if a cation with significantly
higher ionic radii compared to the other transition metal
cations in the ME-TMO lattice has to be incorporated in equi-
molar proportion to form a single phase, it should be able to
induce non-stoichiometry in the lattice, which would allow the
accommodation of the larger ion in the lattice. Fig. 8 shows
the X-ray diffraction patterns of K-TMO and Ca-TMO.

4.9 Effect of oxidation state and individual cations on phase
formation

To further analyse the factors enabling the accommodation of
sodium in the parent ME-TMO rocksalt structure, five com-
ponent systems with one transition metal element being sys-
tematically removed were synthesised under the same con-
ditions as the (Co,Cu,Mg,Na,Ni,Zn)O system. XRD patterns of
the synthesised systems are shown in Fig. 9. Removing one of
the cations such as Ni, Mg, Cu or Zn did not affect the solid
solution formation and the structure remained phase-pure
rocksalt. Only on the extraction of cobalt, minor secondary

R - Rocksalt
M - Monociinic
Cu-FCC

Ni - FCC
Ca-Cal

Intensity (arb. units)

(Cu,Co. K. Ma,NiZ0

30 40 50 60 70 80 90

Angle 26 (%)

10 20

Fig. 8 X-ray diffraction patterns of K-TMO and Ca-TMO exhibiting
second phase formation.
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Fig. 9 X-ray diffraction patterns of Na-TMO compositions with lower
order combinations by systematically extracting one or more of the tran-
sition metal cations.

phases were produced in the (Cu,Mg,Na,Ni,Zn)O system with
the major phase still being rocksalt. From this, it is evident
that cobalt is an essential candidate for single-phase formation
by maintaining the charge neutrality and hence, the structural
stability of the lattice. However, as the major phase formed
was still rocksalt and as the relative proportions of the second-
ary phases were very low, it was assumed that Ni also favoured
sodium dissolution into the lattice although not as effectively
as Co. To further confirm this hypothesis, a four-component
system was synthesised without Ni and Co and it was seen that
the secondary-phase fractions increased substantially. The
major phases formed were rocksalt - 52%, monoclinic - 26%,
hexagonal - 20.17% with some minor amounts of Na,Cu,0,
prototype (Orthorhombic) and NaCuO prototype (tetragonal)
phases. Rietveld refinement of the X-ray diffraction pattern is
shown in Fig. S2.7 Hence it is clear, Ni and Co played major
roles in forming a single-phase structure.

It is noteworthy that the major elements of the ME-TMO
system such as Ni and Co tend to take higher oxidations states
in their intrinsic unary oxides. Therefore, it could be specu-
lated that the ME-TMO would also have metal cations in
higher oxidation states and to compensate for that, some
metal vacancies would be present. As seen from the XPS
studies, due to the presence of cations in the +3 oxidation
states, incorporation of +1 oxidation elements was possible in
the ME-TMO system. This is also supported by the fact that Li
could be accommodated in the ME-TMO lattice up to equi-
molar percentage and K up to 5%."" However, when Cr, Mn
and Fe (all of which exhibit stable +3 oxidation states) were, in
turn, added to the ME-TMO system in equimolar proportion, it
was found that the ME-TMO lattice was unable to accommo-
date the +3 oxidation state elements (Cr, Mn or Fe), as it would
require either the formation of additional metal vacancies or
the cations would have to take lower oxidation states. As the
ME-TMO lattice already has metal vacancies due to the pres-
ence of Co and Ni in higher oxidation states, the generation of
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additional metal vacancies to maintain charge neutrality
would become extremely difficult and the formation of second-
ary phases would take place. The XRD patterns of the parent
ME-TMO with Cr, Mn and Fe individually added (shown in
Fig. 10) revealed the presence of second phases. It is worth
pointing out in this context that Bérardan et al.>® had reported
that addition of +3 elements such as Ga resulted in multiple
phase formation.

This conclusively showed that the ME-TMO systems have
metal cations in higher oxidation states enabling the accom-
modation of cations with +1 oxidation state and thus, main-
tain charge neutrality. No such possibility existed for the
accommodation of cations with +3 oxidation states as the cre-
ation of more metal vacancies in the single-phase structure
was not energetically favoured.

4.10 Effect of high entropy

Rost et al.” have clearly established that the ME-TMO is an
entropy stabilised oxide as the Gibbs free energy, AG = AH,x
— TASnix would be negative since the AS,;x component, which
arose from the configurational entropy of the system was large
due to the presence of a multiple number of cations in equi-
molar proportion. The configuration entropy, given by Scontig =

n
—R (Z (x;In xi)> was 1.61R for the 5 component system and
i=1
sufficient to offset the enthalpy penalty. Addition of a 6th com-
ponent would have increased the configurational entropy to
1.79R, thereby further aiding the stabilisation of the single
phase, provided no formation of microstates or ordering of
any kind took place (which would decrease the AS,; of the
system) and issues of creating more defect states to accommo-
date larger-sized or aliovalent cations or generating vacancies
in order to maintain electroneutrality of the structure
remained energetically favourable. This was the reason why
addition of Fe, Mn, Cr, Ca or K at equimolar proportions did
not lead to stabilisation of the rocksalt phase despite the
increase in configurational entropy. On the other hand, the
addition of Na did notpose these problems and hence, the
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— "“w —n Sl =
21 = 895l 2«3 288
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Fig. 10 X-ray diffraction patterns of the ME-TMO system with systema-
tic additions of +3 oxidation state cations.

This journal is © The Royal Society of Chemistry 2020



Published on 04 May 2020. Downloaded by Uppsala University on 5/16/2020 2:41:48 AM.

Dalton Transactions

stable phase-pure rocksalt structure was maintained. Further,
Sarkar et al.’” have reported that the ME-TMO derivatives with
small additions of Na, K, Li etc. are entropy stabilised systems
with a phase-pure rocksalt structure, showing phase reversion
during cyclic heat treatment. Therefore, it can be conclusively
stated that the present Na-TMO system is a high entropy oxide.

5 Conclusions

A single-phase, multicomponent, equimolar oxide system with
5 transition metal cations and one alkali cation, (Co,Cu,Mg,
Na,Ni,Zn)O called Na-TMO, having a phase-pure rocksalt struc-
ture was successfully synthesised and characterised. For the
sake of comparison a multicomponent equimolar transition
metal oxide, ME-TMO (Co,Cu,Mg,Ni,Zn)O, was also syn-
thesised. Systematic extraction of a transition metal cation
from the Na-TMO revealed the importance of maintaining
electroneutrality in the structure for the formation of a single
phase and implied the need for multivalent cations in order to
enable the system to accommodate cations of varied ionic
radii. Infra-red spectroscopy, Raman spectroscopy, vibrating
sample magnetometry and X-ray photoemission spectroscopy
confirmed that accommodation of sodium in the rocksalt
lattice was possible through the formation of defect states and
by the conversion of cobalt and nickel to higher oxidation
states. Second phase formation on Ca addition showed that
the presence of non-stiochiometry was essential to accommo-
date large-sized cations and form a phase-pure structure.
Incorporation of cations with stable +3 oxidation states (Cr, Fe
or Mn) in equimolar proportions to form a phase-pure rocksalt
structure was not possible due to unfavourable energetics.
Thus, it was concluded that the Hume-Rothery/Pauling’s rules
regarding size limitation and same oxidation states of the
cations were not necessarily essential criteria for the formation
of a phase-pure crystal structure.
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