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We report for the first time a simple, scalable approach for the synthesis of single-phase multi-component
fluorite oxide nanoparticle sols: Gd0_2Lao_gYoAszo_zzro_ZOZ (GLYHZ) and Gdo»zLao_zceoszfo_zzro_ZOZ
(GLCHZ) using chemical co-precipitation followed by peptization in acidic medium under mild

conditions (=80 °C). High resolution transmission electron microscopy (HRTEM) along with selected
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area electron diffraction (SAED) studies confirm fully crystalline single-phase cubic fluorite nanoparticles

having a particle size of about 2-3 nm with a narrow size distribution was obtained. The powder X-ray
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1. Introduction

The pursuit of novel materials is driven by a persistent need for
enhancement in the structural and functional properties of
materials used for advanced applications. In this regard, new
classes of complex multicomponent materials with high
configurational entropy, such as oxides, nitrides, and carbides,
have been reported."™ In particular, the properties of high-
entropy oxide systems seem quite promising. However, the re-
ported synthesis methods employed to obtain a single phase
material are tedious and energy intensive. Different synthesis
methods, such as ball milling,"”**** nebulized spray pyrol-
ysis,"™**  co-precipitation,’® reverse-co-precipitation,”” and
hydrothermal method,® were followed to obtain high-entropy
oxides. These processes typically involve a high temperature
heat treatment step to obtain a single phase solid solution.*>***°
Chen et al.*® reported the synthesis of high entropy transition
metal oxide systems by co-precipitation as well as mechanical
grinding. However, they obtained a single-phase solid solution
only after calcination at 900 °C. Gild et al.’” synthesized fluorite
oxides by ball milling followed by spark plasma sintering at
1500 °C to obtain a single phase material. Similarly, Djenadic
et al.'* synthesized single-phase rare-earth multicomponent
oxides using nebulized spray pyrolysis at 1150 °C. If single-
phase, high-entropy oxides can be obtained at room tempera-
ture without further heat treatment, then their production cost
and time can be reduced significantly. Moreover, the reported
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diffraction (XRD) and Rietveld refinement studies of samples calcined at 500 °C for 4 hours confirm
a single phase solid solution and a lack of secondary phases.

synthesis methods for high-entropy oxides typically yield
submicron-sized particles with non-uniform size distribution.*
For various applications, controlled particle size and powders in
non-agglomerated are essential. Bottom-up approaches to
obtain nanostructured materials such as templating techniques
or self-assembly processes also require nanoparticles in a stable
sol form.**

For applications, such as automotive exhaust catalysis (TWC)
and electrode materials for solid oxide fuel cells (SOFC), high
surface area and microstructural stability at elevated tempera-
tures are essential attributes.?*?* However, the conventional
ceramic materials used for TWC and SOFC applications
undergo rapid particle size growth at high temperatures,
decreasing effective surface area more quickly. Thus, limiting
their functional life for high temperature applications.”* The
approaches such as doping with one or more elements have
been used to restrict the crystallite growth to make them suit-
able for high temperature applications have met with limited
success.” In this regard, high entropy oxides can be considered
as a better alternative to conventional materials, since one of
the characteristic features of high entropy materials is that they
show restricted grain growth due to sluggish diffusion. Conse-
quently, the restricted grain growth can prevent loss of surface
area and provide extended functional life time. However, as
mentioned before, the reported methods for the synthesis of
high entropy oxide yield submicron-sized particles which makes
them unsuitable to obtain high surface area, porous materials.

Thus, in order to fulfill the requirements for TWC and SOFC
applications, we demonstrate for the first time, a simple and
scalable method to synthesize single phase, high entropy fluo-
rite oxide nanoparticles sols (Gdy,Lag Yo .Hfy,Zr,,0, and
Gd,Lag ,Ceg,Hf ,Zry,0,). The amounts of constituent
elements in both the compositions are equimolar because, for
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a multicomponent system, maximum configurational entropy is
attained when the system possess equimolar composition as
per the following equation

N
Sconﬁg =-R < Z X In )C,->
i=1

where x; denotes the mole fractions of ions and R is the gas
constant (8.314 J per K per mole).>* The individual metal oxides
in both these compositions are known for their application in
catalysis, solid oxide fuel cells and thermal barrier coat-
ings.”**%° The synthesis was carried at low temperature by co-
precipitation followed by re-dispersion in acidic medium by
ultrasonication. The obtained nanoparticles were fully crystal-
line, single phase fluorite oxides with particle size in the range
of 2-3 nm. The structural and morphological studies of both
Gdy.;Lag.2Yo.2Hfp 221020, and Gdg2Lag.,Ceg o Hf 5210 50,
systems were carried out which will be discussed below.

2. Experimental

2.1 Synthesis

The Gdg,Lag,Yo2Hf2Zr020, and Gd,Lag CeoHfp 2Zr.,0,
sols were synthesized based on process reported earlier by
Deshpande et al.>* For a typical synthesis, 0.001 moles each of
cerium ammonium nitrate (Ce(NH,),(NO3)s, Sigma-Aldrich,
98.5%), yttrium nitrate hexahydrate (Y(NOs);-6H,O, Sigma-
Aldrich, 99.8%), zirconyl chloride octahydrate (ZrOCl,-8H,O0,
Sigma-Aldrich, 98%), lanthanum nitrate hexahydrate
(La(NO3)3-6H,0, Alfa Aesar, 99.9%), gadolinium nitrate hydrate
(Gd(NO3);-H,0, Alfa Aesar, 99.9%), and hafnium chloride
(CLHf, Alfa Aesar, 98%) were dissolved together in 30 ml
deionized (DI) water and required amount of ammonia solution
(NH,OH, Merck, 25%) was added to this mixed solution to
increase the pH above 12. The obtained precipitate was quickly
centrifuged and washed with DI water multiple times until pH
of 7 was achieved. If the precipitates are allowed to age, the
process of peptization does not yield transparent sols. There-
fore, immediately after washing step (i.e. after reaching a pH of
7), 5 ml of DI water and calculated amount of nitric acid (HNOs3,
Merck, 69%) (1 : 1.5 metal ion to HNOj; ratio) were added to the
washed precipitate and shaken vigorously. The resultant
suspension was sonicated using a probe sonicator equipped
with in-built temperature sensor (Sonics Vibra-Cell VCX 750,
750 watts, 20 kHz). The sonication was carried out with an
amplitude of 60% of power. During sonication, a temperature
cut off of 80 °C was set to prevent solvent evaporation. Thus
sonication stopped automatically when the temperature
reached 80 °C and started again when temperature went below
80 °C. This intermittent sonication was continued for about 1.5
hours until the formation of transparent sol. For XRD studies,
the obtained transparent sols were dried in an oven at 110 °C for
24 hours. After drying, samples were washed with ethanol and
dried at 100 °C for 12 hours. Additionally, the dried powders
were calcined in a muffle furnace (static air) at 500 °C for 4
hours. The samples were labeled as GLCHZ-RT and GLYHZ-RT
for as-synthesized, oven dried Gd,,La,.Ceq,Hfj2Zr0,0, and
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Gdy,Lag Yo .Hfy 2Zry .0, powdered samples respectively. And
GLCHZ-500 and GLYHZ-500 for powdered samples calcined at
500 °C for 4 hours respectively.

2.2 Characterization

For as-synthesized powders, the crystallinity of the samples was
studied using XRD (Rigaku Ultima IV, Rigaku) with Cu-K,
radiation (A = 1.54 A) with a scan speed of 0.16° per min and
0.08° per min respectively for GLCHZ-RT and GLYHZ-RT in the
range of 20-80°. The crystallinity of calcined samples was
studied using XRD (Discover D8, Bruker) with Cu-K, radiation (A
=1.54 13) with a step size of 0.01° and an exposure time of 11
seconds per step from 20-80°. Rietveld refinement was done
using Fullprof program for both as-synthesized and calcined
samples.** Refinement parameters include; sample displace-
ment, background correction, scale factor, half-width parame-
ters, lattice parameters, atomic fractional position coordinates,
and thermal parameters. Williamson-Hall (W-H) analysis was
done to assess the contribution of crystallite size and the
microstrain in XRD peak broadening.** HRTEM images were
captured using JEOL (JEOL JEM-2100, JEOL) microscope oper-
ated at a potential of 200 kV. For HRTEM imaging of as-
synthesized samples, the sols were diluted with DI water (1 ml
sol : 9 ml DI water), drop-casted over TEM grid and dried at
room temperature. For HRTEM imaging of calcined samples,
powdered samples were ultrasonically dispersed in DI water,
drop-casted on TEM grid and dried at room temperature.
Similarly, elemental quantification was done using inductively
coupled plasma-optical emission spectrometer (ICP-OES, ICP-
OES 720, Agilent) as well as by energy-dispersive X-ray spec-
troscopy (EDS) equipped with field emission scanning electron
microscopy (FESEM) (JEOL ]JSM 7800F, JEOL). Fourier-
transform infrared spectroscopy (FTIR) studies were per-
formed on nano powders using Bruker Tensor 37 (Bruker).
Sample preparation involved preparation of pellet by mixing
nanopowder and KBr (1 : 200 weight ratio). Data was collected

in transmittance mode from 400-4000 cm™*.

3. Results and discussion

In the present work, we would like to highlight a low tempera-
ture synthesis protocol (<80 °C) where we were able to design
a simplistic approach to obtain a single phase high entropy
oxide composition. For both the compositions (Gdy,Lag Yoo
Hf, 71,0, and Gd, ,La, ,Cey ,Hf, »,Z1 ,0,), the solubility of all
individual metal hydroxides is quite negligible. Therefore, we
used ammonium hydroxide as a precipitating agent to effect co-
precipitation of mixed metal hydroxides. The peptization was
brought about by the addition of nitric acid. The addition of
nitric acid coupled with sonication not only results in peptiza-
tion but also leads to crystallization of mixed metal oxides via
dissolution and recrystallization process.*

Fig. 1 shows the XRD patterns of as-synthesized powders of
Gdo.,Lag.,Cep ,Hfg 2210 ,0, and Gd, ;Lao 2Yo.,Hfy ,Z10.,0, nano-
particles. The patterns are quite similar to that of oxides with
a cubic fluorite structure. The obtained pattern was compared

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 X-ray diffraction pattern of as-synthesized and calcined (a)
Gdo.olag2Ce2Hfp2Zr0 20,  and (b))  Gdozlap2Yo2Hfo 2210202
nanoparticles.

with standard CeO, because the crystal structure of CeO, is
cubic fluorite throughout the temperature range studied here.
However, the peak positions are shifted at higher angles indi-
cating a unique set of lattice parameters smaller than that of
standard CeO,. The decrease in lattice parameter in our system
may be attributed to the variation in ionic radii, valence, elec-
tronegativity, and metal oxygen bond strength of the five
constituent cations, which in turn may be responsible for large
lattice strain and smaller lattice parameter compared to stan-
dard CeO,. Existence of broad reflections indicate small crys-
tallite size as well as micro strain. Absence of any other peaks
indicate that single phase solid solution is obtained at mild
temperature. Additionally, Rietveld refinement was carried out
in order to confirm single phase nature of as-synthesized
samples. Fig. S11 shows a good fit with the experimental data
and the corresponding lattice parameter obtained is 5.343 A
and 5.340 A for GLYHZ-RT and GLCHZ-RT samples,
respectively.

In order to explore the local structure, HRTEM was per-
formed on as-synthesized powders. Fig. 2 shows the HRTEM
images of as-synthesized nanoparticles of GLCHZ-RT and
GLYHZ-RT. The size of individual particles was measured
manually by random selection. Based on 50 measurements, the
particle size distribution was found to be narrow and the
average particle size for both GLCHZ-RT and GLYHZ-RT
samples were in the range of 2.5 nm (Fig. 2(d) and (h)) match-
ing well with that of values obtained through W-H plot (Fig. S5
and Table S4%). The individual particles show well-defined
lattice fringes, indicating that the nanoparticles are very well
crystallized. As seen from Fig. 2(c) and (g), the SAED patterns for

This journal is © The Royal Society of Chemistry 2019
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both samples show diffused ring pattern owing to random
orientation of nanosized particles. Based on the interplanar
spacing (d spacing) calculated from SAED pattern (Table S1t),
the individual rings can be indexed to (111), (200), (220), and
(311) planes of cubic fluorite structure similar to cubic ceria or
cubic yttria stabilized zirconia. The difference in d spacing for
GLCHZ-RT and GLYHZ-RT and that observed for standard cubic
fluorite oxides is due to the difference in ionic radii of indi-
vidual metal ions as well as their oxidation states. Moreover, no
other additional spots or rings can be observed in SAED pattern
indicating single phase nature of nanoparticles without any
microphase separation. Fig. 2(b) and (f) show individual nano-
particles of GLCHZ-RT and GLYHZ-RT respectively. The d values
calculated from the spacing between well-defined lattice fringes
of these particles was 0.32 nm and 0.30 nm for GLCHZ-RT and
GLYHZ-RT respectively. These values match with d spacing
corresponding to (111) planes calculated from the correspond-
ing SAED pattern. From the HRTEM images, we can conclude
that well crystallized, single phase oxides with controlled size
can easily be synthesized at temperature below 80 °C through
simple co-precipitation-peptization method. In order to check
the chemical composition of as-synthesized powders, SEM-EDS
and ICP-OES spectroscopy analysis were carried out. Table S27
shows the chemical composition of as-synthesized powders
using SEM-EDS and ICP-OES. The values showed a nearly
equimolar concentration of all cations. A small deviation from
equimolar stoichiometry values may be due to difference in
chemical purity of as-received metal salt precursors used in the
synthesis. Based on the ICP-OES analysis, the stoichiometry of
GLYHZ-RT and GLCHZ-RT will be Gdg_1sLao22Y0 24Hfo 18ZF0 18-
O,6s and  Gdg7Lag22Ceq24Hf) 10710150151  Tespectively
assuming ceria exists in 4+ oxidation state.

It is known that nanoparticles of oxide systems consisting of
two or more components prepared by co-precipitation method
often show stabilization of metastable phases due to small
particle size and micro strain.”* However, upon heat treatment,
these systems show phase transformation or phase separation.
Thus to assess the phase stability of our oxides, the as-
synthesized powders were calcined at 500 °C for 4 hours.
Fig. 1(a) and (b) shows the XRD patterns of GLCHZ-500 and
GLYHZ-500 samples with the diffraction pattern indexed to
a cubic fluorite structure. Absence of any other peaks indicate
that these samples remain single phase even after calcination.
In addition to that, the peaks were still sufficiently broad which
may be due to microstrain present in the system as a result of
different sized cation occupying different lattice sites. Similarly,
FTIR spectra (Fig. S3 and Table S3t) show the presence of
nitrates in the as-synthesized powders as nitric acid was used as
peptizating agent during the synthesis process. These vibra-
tions disappear for calcined samples indicating decomposition
of nitrates during heat treatment. From the FTIR spectra, we
confirm that no organics were present in the as-synthesized
GLCHZ and GLHZ powders.

Rietveld refinements of GLCHZ and GLYHZ samples
calcined at 500 °C using a fluorite structure model clearly show
excellent fit with the experimental data (Fig. S2 and Table S47).
Thus, we confirm that the high entropy system remains single

RSC Adv., 2019, 9, 26825-26830 | 26827
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(a) and (e) HRTEM image, (b) and (f) isolated particle, (c) and (g) SAED pattern, (d) and (h) particle size distribution of GLCHZ-RT and

GLYHZ-RT respectively (scale bar in image (b) and (f) corresponds to 2 nm).

phase after heat treatment without any structural distortions or
phase separation. Table S4f shows that the calculated lattice
parameter for GLCHZ-500 and GLYHZ-500 are 5.346 A and 5.338
A respectively. The calculated crystallite sizes for GLCHZ-500
and GLYHZ-500 were 3.1 nm and 5.5 nm with corresponding
microstrain of 0.2% and 2.98% respectively (calculated from
W-H plots as shown in Fig. S6t). Therefore, larger peak width
observed in XRD pattern of GLYHZ-500 as compared to GLCHZ-
500 can be attributed to the difference in microstrain observed
for both the samples. The large amount of microstrain may be
responsible for restricted crystallite growth upon heat treat-
ment for both the samples.

Fig. 3 shows the HRTEM images of GLCHZ-500 and GLYHZ-
500 powders. The measured particle size for both GLCHZ-500
and GLYHZ-500 samples were in the range of 4-5 nm. The
SAED patterns showed a diffused ring pattern similar to that of
as synthesized nanoparticles. Absence of additional spots or
rings confirms that nanoparticles of both the samples retain
single phase cubic fluorite structure upon calcination. Thus,
from the comparison of XRD and SAED data, it is clear that heat
treatment at 500 °C does not lead to destabilization of single
phase cubic fluorite structure. The d-spacing calculated from
SAED patterns are 0.32 nm and 0.31 nm respectively for GLCHZ-
500 and GLYHZ-500. These values match with d spacing corre-
sponding to (111) planes calculated from XRD pattern. Based on
the results discussed, the obtained nanoparticles upon heat
treatment tend to grow in a sluggish manner which is a char-
acteristics of high entropy system. To further assess the phase
stability of the multicomponent oxides, we calcined GLCHZ

26828 | RSC Aadv., 2019, 9, 26825-26830

sample at 750 °C for 4 hours and 1000 °C for 4 hours. The XRD
patterns (Fig. S47) clearly show retention of single phase cubic
fluorite structure. The broad peaks also indicate that the crys-
tallite size increase upon higher temperature calcination was
still not very significant when compared with crystallite sizes
observed for as-synthesized and 500 °C calcined samples (Table
S41). The Rietveld refinement analysis of these XRD patterns
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Fig. 3 HRTEM images of (a) GLCHZ and (b) GLYHZ calcined at 500 °C
for 4 h and its corresponding SAED patterns (c and d).
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also show excellent fit with cubic fluorite geometry indicating
phase pure nature of GLCHZ. Further studies to assess phase
and microstructural stability upon prolonged heat treatment at
higher temperatures (=1000 °C) is currently underway and will
be reported separately.

4. Conclusions

In summary, we have successfully demonstrated the synthesis
of single phase multicomponent fluorite oxide nanoparticle sols
by co-precipitation-peptization method under mild conditions
(=80 °C). The HRTEM and XRD results confirm that both
GLCHZ and GLYHZ compositions crystallize in single phase
cubic fluorite structure having a particle size of 2.5 nm. Calci-
nation at 500 °C of both GLCHZ and GLYHZ still yielded single
phase materials with the retention of cubic fluorite structure.
Rietveld refinement of XRD data of both as-synthesized and
calcined samples show excellent fit with experimental data
confirming that both GLCHZ and GLYHZ compositions show
formation of single phase high entropy oxides with cubic fluo-
rite structure. The GLCHZ sample heat treated at 750 °C and
1000 °C also showed excellent phase stability and restricted
grain growth. Overall, the method reported here is quite
advantageous for the synthesis of high entropy oxides when
compared to other reported synthesis methods such as ball
milling, spray pyrolysis in terms of ease of preparation, cost
effectiveness and scalability. In addition, well dispersed nano-
particles in solvent medium make them useful for bottom-up
approaches such as self-assembly or templating techniques to
obtain nanostructured high entropy oxide materials. The small
particle size, restricted crystallite growth and excellent phase
stability observed for our system will be highly advantageous for
applications such as solid oxide fuel cells, catalysis and thermal
barrier coatings.
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