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ABSTRACT: The synthesis of high entropy oxide (HEO) nanoparticles
(NPs) possesses many challenges in terms of process complexity and cost,
scalability, tailoring nanoparticle morphology, and rapid synthesis. Herein, we
report the synthesis of novel single-phase solid solution (Mn, Fe, Ni, Cu,
Zn)3(O)4 quinary HEO NPs produced by a flame spray pyrolysis route. The
aberration-corrected scanning transmission electron microscopy (STEM)
technique is utilized to investigate the spinel crystal structure of synthesized
HEO NPs, and energy-dispersive X-ray spectroscopy analysis confirmed the
high entropy configuration of five metal elements in their oxide form within a
single HEO nanoparticle. Selected area electron diffraction, X-ray diffraction,
and Raman spectroscopy analysis results are in accordance with STEM
results, providing the key attributes of a spinel crystal structure of HEO NPs.
X-ray photoelectron spectroscopy results provide the insightful understanding
of chemical oxidation states of individual elements and their possible cation occupancy sites in the spinel-structured HEO NPs.

■ INTRODUCTION

Multicomponent metal nanoparticles (NPs) among the family
of advanced nanocrystals are of vast interest in biomedical,1,2

catalysis,3,4 and energy storage5,6 fields. Recently, high entropy
alloy (HEA) nanomaterials composed of five or more metals
have attracted tremendous attention considering their unique
and complex physicochemical properties derived from the high
configurational entropy of mixing and tunable elemental
compositional flexibility.7 Studies indicate that HEA nanoma-
terials possess superior properties including enhanced
corrosion and wear resistance, thermal stability, super-
paramagnetic, and mechanical properties.8−12 The increased
configurational entropy is proposed to be the main factor
contributing to the stability of solid solution in HEA.13,14 The
metal oxide NPs composed of multiple principal elements are
equally being explored as multifunctional alternatives for
antimicrobial, water purification, and catalytic applica-
tions.13,15,16

The well-established methods to synthesize phase-separated
and well-mixed alloyed multicomponent metal NPs include
microemulsion approach,17 microwave assisted approach,18

wet chemical synthesis approach,19 and microfluidic ap-
proach.20 Considering the slow reaction kinetics constraining
rapid heating and cooling rates, these techniques exhibit
limitations for synthesizing multielement metallic NPs exceed-
ing alloy composition more than three elements. Yao et al.21

showed a novel carbothermal shock approach capable of

synthesizing HEA metal NPs composed of more than five
traditionally immiscible elements by achieving rapid heating
and cooling rates. Although this work is considered to be the
pioneering work, the process is limited to only electrically
conductive substrates and hence limiting the yield of NPs. To
overcome the challenge of obtaining the high yield, Gao et al.7

showed a fast moving bed pyrolysis approach to synthesize
denary HEA NPs on graphene oxide support and reliability to
produce octonary HEA NPs. This synthesis method requires
specialized equipment to achieve the rapid heating and cooling
rates which can certainly lead to the high yield of HEA NPs.
Recently, Yang et al.22 showed the aerosol droplet-mediated
approach assisted by the rapid tube furnace heating and
quenching to achieve the scalable synthesis of HEA NPs. To
minimize the initial investment cost for the setup and to obtain
scalability for the probable industrial applications, herein we
demonstrate the applicability of the aerosol-mediated flame
spray pyrolysis (FSP) method to synthesize the single-phase
solid solution complex high entropy oxide (HEO) NPs in the
ambient environmental conditions.
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FSP is a well-established single-step aerosol-assisted rapid
technique to produce high yields of metal oxide NPs via rapid
vaporization and condensation of metal salt liquid precursors
in the high temperature flame.23,24 Previously, the FSP method
is utilized to synthesize MgAl2O4 (spinel),25 CuAl2/Cu−O
(inverted perovskite),26 NikMn1−kO (rock salt),27 and LiV3O8
(monoclinic)28 single-phase complex metal oxide alloys. In the
case of synthesizing multicomponent complex metal oxide NPs
by the FSP route, the homogeneous NPs can be produced by
increasing the gaseous fuel content to optimize the combustion
enthalpy density of the flame.29 Punginsang et al.30 showed the
importance of bismuth tungstate (Bi2WO6) NPs synthesized
by the FSP method that possess very high phase purity and
higher specific surface area in comparison with the NPs
synthesized by hydrothermal, co-precipitation, ultrasonic spray
pyrolysis, and sol−gel methods. Especially, single-phase solid
solution HEA NPs possess unique attributes in regard to the
superior phase stability against electron irradiation at elevated
temperatures.31 The single phase solid solution complex metal
oxides are of tremendous interest considering their superior
electrocatalytic, electrical and ionic conductivity, mechanical
and thermal stability, and electrochemical reactivity proper-
ties.32−34 Owing to the higher structural stability and elemental
composition-dependent intrinsic and extrinsic properties of
single phase HEO NPs, their facile and efficient synthesis is of
greater importance for the various industrial applications.
In the present work, we synthesize the novel single-phase

solid solution quinary HEO NPs composed of conventionally
immiscible copper (Cu), manganese (Mn), iron (Fe), nickel
(Ni), and zinc (Zn) elements in their oxide forms by using the
FSP method. Briefly, the HEO NPs are synthesized by ultrafast
quenching of the aerosol droplets (consisting of metal salts
precursors dissolved in the ethanol solvent) directed through
the high temperature (∼1900 °C) flame zone. The synthesized
(Mn, Fe, Ni, Cu, Zn)3O4 NPs are systematically analyzed to
investigate their microstructure and elemental composition by

using advanced transmission electron microscopy and conven-
tional bulk characterization techniques. Additionally, chemical
analysis of as-synthesized HEO NPs is performed by using an
X-ray photoelectron spectroscopy (XPS) technique to obtain
insights on oxidation state of individual elements integrated
within high mixing entropy configuration. Results indicate that
the synthesized (Mn, Fe, Ni, Cu, Zn)3O4 NPs have a single-
phase spinel crystal structure with high mixing entropy
configuration.

■ RESULTS AND DISCUSSION
Figure 1 illustrates the key attributes of the HEO NPs
synthesized by the FSP technique. The representative
schematic ascribing to the overall synthesis theme of the
present study can be observed in the Figure 1a. Figure 1b
shows the low magnification scanning electron microscopy
(SEM) micrograph of agglomerated HEO NPs, indicating the
three-dimensional morphology of the synthesized NPs. The
digital photograph (Figure 1c) of the as-synthesized (Mn, Fe,
Ni, Cu, Zn)3(O)4 HEO NPs indicates the potential of
substrate-free bulk synthesis of HEO NPs, which shows their
suitability for the various industrial applications. Figure 1d
shows the elemental composition of single HEO NP
synthesized by the FSP route, highlighting the miscibility of
all five metal elements. Briefly, precursor solutions containing
ethanol and metal chloride salt of each element were used for
synthesizing HEO NPs. The equimolar concentration 0.01 M
of metal chloride salts for iron, nickel, manganese, zinc, and
copper elements was dissolved in an ethanol solvent to obtain
the precursor solution. The crystal structure analysis and
elemental composition evaluation of the as-synthesized HEO
NPs are performed by using conventional bulk nanomaterial
characterization and advanced scanning transmission electron
microscopy (STEM) techniques.
Figure 2 illustrates the microstructural analysis of synthe-

sized HEO NPs, which provides the valuable information of

Figure 1. HEO NPs synthesis by the FSP technique. (a) Schematic representation of HEO NPs synthesis by the FSP route. (b) SEM micrograph
of the synthesized HEO NPs (scale bar represents 250 nm). (c) Digital photograph of as-synthesized ([Mn0.18Fe0.16Ni0.18Cu0.28Zn0.19]3[O]4) HEO
NPs. (d) STEM-EDS mapping of single HEO nanoparticle (scale bar represents 10 nm).

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c01105
Langmuir 2021, 37, 9059−9068

9060

https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01105?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01105?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01105?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01105?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c01105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2. Crystal structure analysis of the synthesized HEO NPs. (a) Low-magnification TEM micrograph (scale bar represents 10 nm). (b)
Statistical size distribution analysis of synthesized HEO NPs (mean average diameter of 17.13 ± 3.78 nm). The inset represents the simulated
spinel crystal structure, where red atoms represent oxygen sites and yellow atoms represent metal cations sites. (c) LAADF-STEM image of HEO
NP (scale bar represents 2 nm). (d) Atomic resolution HAADF-STEM image of HEO NP (scale bar represents 1 nm). (e) IFFT image of
HAADF-STEM image indicating the atomic planes and revealing the spinel crystal structure (scale bar represents 1 nm). The inset represents the
simulated image with the best match to the magnified experimental image confirming the spinel crystal structure. (f) FFT analysis of HEO
nanoparticle indicating lattice planes in the reciprocal space along the [110] zone axis. (g) SAED analysis of HEO NPs confirming the spinel crystal
structure. (h) XRD pattern analysis of HEO NPs along with the Rietveld refinement confirming the spinel phase. (i) Raman spectroscopy analysis
of HEO NPs indicating a deconvoluted Raman spectrum with the A1g, A1g*, and F2g Raman active modes attributed to the spinel crystal structure.
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the complex crystal structure of multielement metal oxides.
Figure 2a shows the low-magnification TEM micrograph of
HEO NPs to gain understanding of the overall size distribution
of the synthesized NPs. The statistical mean diameter
distribution analysis of HEO NPs was calculated over 30
NPs as shown in Figure 2b, confirming the mean average
diameter as 17.13 nm ± 3.78 nm. Figure 2c shows the low
angle annular dark field (LAADF-STEM) image of HEO NP
obtained at 12 Mx magnification indicating the presence of
facets (002), (11̅1) and (1̅11) for the synthesized NPs. Figure
2d shows the atomic resolution HAADF-STEM image of the

same HEO NPs at 25 Mx magnification. Figure 2e shows a
simulated inverse-fast Fourier transform (IFFT) HAADF-
STEM image obtained from Figure 2d, where lattice plane
directions can be clearly observed along the zone axis [110].
Additionally, the spinel metal oxide cubic crystal structure can
be visualized. Figure 2f shows the fast Fourier transform (FFT)
analysis. The FFT consists of bright diffraction spots rendering
d-spacings of 4.132, 4.97, and 2.936 Å associated with three
lattice planes (002), (11̅1), and (22̅0) respectively, suggesting
that the HEO nanoparticle is compatible with spinel cubic
metal oxide crystal structure with the presence of octahedral

Figure 3. STEM-EDS analysis of HEO NPs synthesized by the FSP technique. (a) Low-magnification EDS overlap mapping of HEO NPs (scalebar
represents 500 nm). (b) EDS spectrum of HEO NPs corresponding to the low-magnification bulk region. (c) Elemental composition of HEO NPs
calculated from the 15 different bulk regions attributed to the spinel crystal structure [Mn0.18Fe0.16Ni0.18Cu0.28Zn0.19]3O4. (d) EDS mapping of
individual elements constituting HEO NPs in the bulk region. All scalebars represent 500 nm. (e) EDS mapping of single HEO nanoparticle
(scalebar represents 5 nm). (f) EDS elemental mapping of all five individual elements present within the same quinary HEO nanoparticle indicating
the high mixing entropy.
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and tetrahedral sites (lattice constant 8.39 Å). The
corresponding parallel crystal planes can also be observed in
the FFT diffraction pattern. To confirm the crystal structure
from the large region of HEO NPs, a selected area electron
diffraction (SAED) pattern is obtained as shown in Figure 2g.
It can be observed that seven major diffraction rings indexed as
(111), (200), (220), (222), (400), (331), and (224) lattice
planes correspond to the spinel crystal structure.35 The
obtained X-ray diffraction (XRD) spectrum of HEO NPs
(Figure 2h) supports the results of SAED pattern analysis. In
total, nine peaks affiliated (111), (220), (113), (222), (400),
(331), (224), (333), and (404) crystal lattice planes
corresponding to the spinel cubic crystal structure can be
observed in Figure 2h.36 The experimental XRD spectrum
qualitative analysis with the Rietveld refinement method clearly
represents the perfect overlap of experimental and computa-
tional major (high intensity) characteristic peaks of the spinel
phase. Results also indicate that there are two features in the
XRD spectrum; one peak with a low intensity (331) plane and
one additional XRD peak (labeled as “a”) are offset from the
computational standard spinel phase XRD spectrum. Studies
indicate that for HEO or multielement NPs, the XRD peak
intensities can be lower as compared to those of conventional
monometallic NPs having the same crystal structure. The
respective effect of reduced intensity of Bragg’s diffraction is
due to atoms deviating from the lattice sites attributed to their

variation in the atomic radii in the complex HEO NPs.37 In the
XRD spectrum of HEO NPs, the presence of asymmetric peaks
can appear due to stacking defects or distribution of atoms of
different elements at the lattice sites.38 Additionally, as an
effect of increasing principal elements in the HEO crystal
structure, the XRD peak intensities decrease.39 The size of NPs
affects the XRD peak characteristics, as upon decreasing the
NP size, the peaks possess a tendency to broaden.38 The lattice
distortion in HEO NPs can cause the positive or negative
paradigm shift of XRD peaks.40 In the obtained experimental
XRD data (Figure 2h), for plane (331), the slight positive shift
by 1.35° 2θ diffraction angle is observed as compared with the
standard Fe3O4 computed XRD pattern. It indicates that the
lattice distortion was induced in the synthesized HEO NPs.
Also, in the experimental XRD pattern, one extra peak located
at 38.75° 2θ diffraction angle is observed, which is not a
characteristic peak of the standard spinel crystal structure. The
occurrence of an extra XRD peak in the case of HEO NPs is
possibly due to the lattice distortion established by charge
density accumulation.41 Ślebarski et al.42 with the help of
density functional theory (DFT) calculations have proven that
the generation of charge wave that occurred due to the loss and
accumulation of spatial charge of individual elements in high
entropy configuration results in the strong covalent bonding
between specific elements and hence promotes the lattice
distortion. The evidence of the single-phase solid solution

Figure 4. XPS analysis of HEO NPs. (a) Manganese 2p XPS spectrum of the HEO NPs confirming the presence of Mn2+ and Mn4+ oxidation
states. (b) Iron 2p XPS spectrum of the HEO NPs confirming the presence of Fe2+ and Fe3+ oxidation states. (c) Nickel 2p XPS spectrum of the
HEO NPs confirming the presence of Ni2+ and Ni3+ oxidation states. (d) Copper 2p XPS spectrum of the HEO NPs confirming the presence of
Cu+ and Cu2+ oxidation states. (e) Zinc 2p XPS spectrum of the HEO NPs confirming the presence Zn2+ oxidation states. (f) Oxygen 1 s XPS
spectrum of the HEO NPs indicating presence of metal−oxygen bonding sites and defect sites in the spinel crystal structure.
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spinel crystal structure as obtained from the SAED pattern and
XRD spectrum bulk quantity of nanomaterials analysis results
is supplemented with the Raman spectroscopy measurements.
Figure 2i shows the obtained Raman spectrum (350−950
cm−1) acquired from the HEO NPs indicating the Raman
active modes A1g, A1g* , and F2g.

43 The Raman fingerprints of a
spinel crystal structure shows that the metal cations with +2
oxidation state (M2+) favorably occupy tetrahedral sites and
those with the +3 oxidation state (M3+) are likely to occupy
octahedral sites.44 A1g characteristic Raman mode at the 811.31
cm−1 wavenumber corresponds to the divalent metal cation−
oxygen (M2+−O) stretching vibration occupied at the
tetrahedral site in the spinel crystal structure.43 A1g* Raman
mode at the 750.09 cm−1 wavenumber appears due to
completely random cation occupancy at tetrahedral sites
experiencing M2+−O stretching vibration, which confirms the
disordered occupancy of different cations at tetrahedral and
octahedral sites in the spinel crystal structure of synthesized
(Mn, Fe, Ni, Cu, Zn)3(O)4 HEO NPs.43 A1g mode occurrence
at lower wavenumbers can be due to the presence of heavier
cations in the spinel crystal structure.43,44 At the 498.74 cm−1

wavenumber, the F2g Raman band appears, which can be
associated with asymmetric stretching between the metal
cation and oxygen bond at tetrahedral sites.43 Raman
spectroscopy results show the evidence of the disordered
occupancy of multiple cations attributed to the configurational
mixing entropy in the synthesized HEO NPs.
The elemental composition of synthesized HEO NPs is

evaluated by using an energy-dispersive X-ray spectroscopy
(EDS) technique.22 Figure 3 shows the EDS analysis of
synthesized HEO NPs obtained in the STEM mode. Figure 3a
shows the low-magnification EDS mapping of synthesized
HEO NPs and the corresponding EDS spectrum, confirming
the presence of all five elements that can be observed in Figure
3b. Figure 3c represents elemental composition analysis
averaged over the 15 large regions of synthesized HEO NPs,
where atomic percentage of each individual element can be
observed. The final elemental composition of the synthesized
HEO NPs of (Mn0.18Fe0.16Ni0.18Cu0.28Zn0.19)3O4 is evaluated
from the atomic percentages of individual elements Mn (7.63
± 2.03)%, Fe (6.93 ± 1.18)%, Ni (7.67 ± 1.49)%, Cu (12.28
± 4.43)%, Zn (8.21 ± 1.99)%, and O (57.82 ± 6.89)%, which
also comprehends the spinel crystal structure with the metal to
oxygen ratio to be 3/4.45 The homogeneous distribution of
individual elements in the synthesized HEO NPs can be
observed over a large region in Figure 3d. Further, to confirm
the well mixing entropy of elements within a single HEO
nanoparticle, EDS mapping of a nanoparticle with a 18.4 nm
diameter is performed (Figure 3e). The corresponding
elemental distribution map for each element is shown in
Figure 3f, which confirms the homogeneous and consistent
presence of all (Mn, Fe, Ni, Cu, Zn, and O) elements within a
single quinary HEO nanoparticle.
Figure 4 shows the qualitative XPS analysis of as-synthesized

HEO NPs. High-resolution deconvoluted XPS spectra for
individual elements present within HEO NPs are shown in
Figure 4a−f. The fine scan 2p core-state XPS spectra of Mn
and the corresponding deconvoluted oxidation peak intensities
are shown in Figure 4a. For manganese, 2p3/2 and 2p1/2 core
states that occurred due to spin orbit splitting are located at
641.75 and 653.42 eV, respectively, with an energy splitting of
11.67 eV, which is in accordance with the previously reported
studies attributed to the Mn3O4 spinel crystal structure.

46 The

Mn 2p3/2 peak comprises two components with the binding
energies of 640.96 and 642.41 eV, which are attributed to Mn2+

and Mn4+ oxidation states.47 The theoretical Mn3O4
manganese oxide structure is composed of MnO2−2MnO
with the ratio of Mn2+/Mn4+ of 1:2.46,47 The evaluated
intensity ratio for Mn2+/Mn4+ oxidation states deconvoluted
from the 2p3/2 peak is 1:2.034 which is in good agreement with
the respective theoretical value. The presence of Mn2+ and
Mn4+ oxidation states also indicates that manganese species in
the synthesized HEO NPs spinel crystal structure can occupy
both tetrahedral and octahedral sites. Figure 4b shows the 2p
core-state XPS spectra of Fe as 2p3/2 and 2p1/2 located at
710.46 and 723.85 eV with an energy splitting of 13.39 eV.
The deconvoluted 2p3/2, 2p1/2, and satellite peaks confirm the
presence of Fe2+ and Fe3+ oxidation states attributed to the
Fe3O4 (alternatively expressed as FeO·Fe2O3) phase.48

Deconvoluted two 2p spectral bands appearing at 711.97 eV
(2p3/2) and 725.11 (2p1/2) eV are the characteristic peaks of
Fe3+ species, and those appearing at 709.86 eV (2p3/2) and
723.17 eV (2p1/2) belong to Fe2+ species.48 Additionally,
satellite peaks occurring due to the ionization of atomic inner
shells are located at 719.09 and 732.49 eV, which confirm the
successful formation of the Fe3O4 spinel phase.48 In the
synthesized HEO NPs, iron species can occupy both
tetrahedral (favorably Fe2+) and octahedral (favorably Fe3+)
crystal sites.49 In Figure 4c, XPS spectra of Ni represent the 2p
core energy states for Ni. As an effect of spin orbit, splitting
2p3/2 and 2p1/2 energy states appear at 854.66 and 872.56 eV,
respectively, with an energy splitting of 17.9 eV. The satellite
peaks appearing at 863.07 and 880.9 eV indicate the presence
of mixed valence oxidation states of Ni. The deconvoluted
spectra show the presence of the Ni2+ oxidation state at 854.66
eV (2p3/2) and 872.56 eV (2p1/2) and that of the associated
Ni3+ oxidation state at 856.98 eV (2p3/2) and 874.71 eV
(2p1/2).

50 Results indicate that nickel species can occupy both
tetrahedral (favorably Ni2+) and octahedral (favorably Ni3+)
crystal sites in the synthesized HEO NPs. The deconvolution
of the 2p3/2 core state into Ni2+ and Ni3+ species and their
respective intensity ratio of 3.14/1 for Ni2+/Ni3+ indicate that
the dominance of the Ni2+ oxidation state existence occupying
mainly tetrahedral sites in the spinel phase. The XPS fine
spectra of the Cu 2p energy state are shown in Figure 4d. Due
to the split spinning orbital, the Cu 2p3/2 band center appears
at 935.60 eV and the Cu 2p1/2 band center appears at 956.14
eV, where splitting energy difference is 20.54 eV.51 The
deconvoluted XPS Cu 2p spectra show the presence of the
Cu2+ oxidation state at 936.24 eV for 2p3/2 and at 956.48 eV
for 2p1/2. Moreover, the presence of the Cu+ oxidation state
can be confirmed with deconvoluted XPS spectra band centers
at 933.66 eV for 2p3/2 and 953.74 eV for 2p1/2. It needs to be
highlighted that the presence of a shakeup satellite peak at
944.28 eV confirms the presence of a dominant Cu2+ oxidation
state, occupying mainly tetrahedral sites in the synthesized
HEO NPs spinel crystal structure.50 Further, the dominant
presence of the Cu2+ oxidation state over the Cu1 oxidation
state can also be evaluated from the deconvoluted intensity
ratio to be 3.29:1 at the 2p3/2 energy state. The XPS 2p spectra
of Zn integrated within HEO NPs is shown in Figure 4e, where
Zn 2p3/2 and 2p1/2 core energy states are located at 1025.66
and 1049.34 eV, respectively, with the binding energy
difference of 23.68 eV. The separation of 2p3/2 and 2p1/2
peaks ∼23 eV is attributed to the characteristic Zn2+ species.52

In the synthesized HEO NPs, it is indicated that all the Zn
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species (with the +2 oxidation state) can occupy dominantly
tetrahedral sites in the spinel crystal structure. Figure 4f shows
the O 1 s orbital characteristic features. The oxygen 1 s peak
located at 529 eV binding energy is deconvoluted systemati-
cally, and the corresponding O1 and O2 two peaks are
indicated at 528.92 and 530.57 eV, respectively. The
deconvoluted intense peak at 528.92 eV represents respective
oxygen−metal bonds, and the deconvoluted lower intensity
peak at 530.57 eV represents the defect sites with a low-oxygen
coordination number within synthesized HEO NPs.50 Even
though XPS is a very well-known method to evaluate the
oxidation states of individual elements composed within
multimetallic and HEA nanostructures, there exist handful of
reports which focus on the chemical shifts occurring during the
XPS characterization.53 It is important to note that in the
quinary HEO NPs, few metal species can act as electron
acceptors, causing negative chemical shift from the character-
istic binding energy, while the remaining metal species can
behave as electron donors, causing a positive chemical shift.
The molar configurational entropy for the metal oxide alloys

can be calculated by using the equation54,55
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where xi and xj represent the mole fraction of elements present
in the cation and anion sites, respectively, and R represents the
universal gas constant. The synthesized metal oxide alloy
[(Mn,Fe,Ni,Cu,Zn)3O4 spinel structure] configures the mixing
entropy of 1.57 R confirming the HEA category, attributed to
its calculated theoretical value as >1.50 R.54 The atomic size
polydispersity (δ) is an accepted indicator to be δ < 6 to
confirm the presence of a single phase solid solution in the
HEA configuration.56 The synthesized HEO NPs display the
characteristics of single phase solid solution with the δ value as

4.55, which is in accordance with the obtained microstructural
and elemental analysis of synthesized HEO NPs.
The FSP process comprises the interplay between the local

high flame temperature and large temperature gradient along
the flame axis. In this process, the local high temperature
promotes the formation of highly crystalline and homogeneous
NPs and their growth by sintering and coalescence events.57

The large temperature gradients and short resident times (in
milliseconds) maintain the nanoscale characteristics of the
particles.57,58 The possible stages of HEO NP formation via an
FSP route are depicted in Figure 5. Briefly, the gaseous phase
to particle generation mechanism is considered.59 The aerosol
spray-containing microdroplets of the metal salt precursor
present in an ethanol solvent were generated with the spray
nozzle at room temperature under atmospheric environmental
conditions. Upon entering the flame zone, instantaneous
solvent vaporization and metal precursor evaporation could
take place during the initial stage of pyrolysis.59,60 Vaporized
metal can instantaneously react with the oxygen available in
the environment to form the respective gaseous metal
oxides.61,62 The corresponding gas phase metal precursor to
oxide formation chemical reactions can be represented as
follows62

M Cl M Cl(g) (g) 2(g)− → + (1)

M O M O(g) 2(g) (g)+ → − (2)

In the case of HEO NPs, a multiple metal salt precursor can
possibly vaporize simultaneously into the gaseous phase by
considering the FSP setup flame temperature (∼1900 °C).
Evaporation of solvent can cause supersaturation of gaseous
phase metal oxides within the microdroplet. The metal oxide
vapor species can lead to the nucleation of solid metal oxide
NPs.63 The intermediate steps are likely to include the
formation of clusters considering the homogeneous nucleation.
The clusters which can form nanosized particles can continue
to grow by coagulation and sintering.58,64 As the synthesized
HEO NPs were dense and crystalline, the solvent evaporation
rate was more likely to be slower than the solute diffusion rate
during the formation process.65

Figure 5. Proposed mechanism for the formation of HEO NPs via the FSP route.
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■ CONCLUSIONS
In summary, we synthesized novel (Mn, Fe, Ni, Cu, Zn)3O4
HEO NPs by the FSP method. STEM analysis shows that the
synthesized HEO NPs are single phase solid solution spinel-
structured with the lattice constant of 8.39 Å. SAED and XRD
characterization results are in good agreement with STEM
atomic resolution results, which confirms the microstructure of
HEO NPs over the bulk region to be spinel-structured. XRD
results also indicate the presence of lattice distortions in the
synthesized HEO NPs. Raman spectroscopy modes A1g, F2g,
and A1g* corresponding to divalent metal cation−oxygen (M2+−
O) stretching vibrations indicate the evidence of spinel crystal
structure fingerprints. EDS results provide the evidence of a
high entropy configuration of five metal elements in their oxide
form within a single HEO NP. XPS analysis of HEO NPs
shows the 2p spin orbital splitting (2p3/2) and (2p1/2)
characteristics of each element. XPS results confirm that the
oxidation states for the each of five elements varies, considering
their respective coordination with oxygen elements or possibly
with the neighboring metal cations. Moreover, XPS results
provide key insights of individual metal cation occupancy at
the tetrahedral and octahedral sites in the spinel-structured
HEO NPs.

■ MATERIALS AND METHODS
Synthesis. HEO NPs were synthesized by a one-step and ultrafast

aerosol-mediated FSP technique. Manganese chloride tetrahydrate
(MnCl2·4H2O, Fisher Scientific), iron(III) chloride (FeCl3, Sigma-
Aldrich), nickel(II) chloride hexahydrate (NiCl2·6H2O, Sigma-
Aldrich), copper(II) chloride dihydrate (CuCl2·2H2O, Sigma-
Aldrich), and zinc chloride (ZnCl2, Sigma-Aldrich) were utilized as
received for preparing the metal salt precursor solution. Absolute
ethanol (200 Proof, Fisher Scientific) was used as the solvent.
Ethanol, also being an economical choice, can homogeneously
dissolve hydrated metal chloride salt precursors due to its polar
hydroxyl end present in its chemical chain. Metal salt precursor
solution was prepared by dissolving equimolar (0.01 M) metal salt
concentrations of manganese, iron, nickel, copper, and zinc elements
in the ethanol solution. To achieve the homogeneously mixed
precursor solution, the solution was continuously stirred for 3 h at 700
rpm, and successive 20 min of ultrasonication was used. The twin-
fluid nozzle (0.5 mm internal diameter) with air-assisted external
mixing capability was utilized to generate the aerosol droplets. The
compressed air was used as the atomizing gas. The precursor solution
flow rate was 5 mL/min. The precursor solution aerosol droplets were
directed through the propane torch flame (∼1900 °C). The flame
conditions were kept consistent throughout the synthesis process. The
flow rate for propane fuel gas was 4.2 L/min, and the (air/propane
gas) ratio was maintained (24/1). The synthesized HEO NPs from
the flame were collected in the liquid bath via a quartz tube connected
with the vacuum pump. The obtained yield of HEO NPs with the
consideration of system losses was about 68%.
Characterization. SEM analysis was performed to assess the

three-dimensional morphology of synthesized HEO NPs. For SEM
analysis, a Hitachi S-3000N microscope was used. The synthesized
HEO NPs dispersed in iso-propyl alcohol sample were drop-cast on a
silicon wafer. The operating parameters of an accelerating voltage of
8.0 kV and working distance of 5.5 mm were utilized to obtain the
SEM micrographs.
To evaluate the mean average diameter of synthesized HEO NPs,

low magnification TEM analysis was performed. A JEOL JEM-3010
transmission electron microscope operated at 300 keV was utilized to
obtain low-magnification TEM micrographs. SAED analysis of HEO
NPs is performed with the same microscope by using the TEM
diffraction mode. The camera length of 20 cm was utilized.
HEO NPs Raman spectroscopy analysis was performed on a

Renishaw inVia Reflex with a green 532 nm laser with a 20 s exposure

time with 3 times accumulation. A long distance optical objective lens
(50×) was used to acquire Raman spectra within the range 200−1000
cm−1.

The XRD analysis of HEO NPs was performed by using a Bruker
nano-Discover 8 instrument. The XRD scan was acquired in the 15
and 65° range of 2θ diffraction angles with 2025 W power, 1 s time
step, and at 0.02θ resolution. To confirm the presence of single-phase
solid solution spinel phase in the XRD spectrum, the standard
magnetite (Fe3O4) spinel crystal structure CIF file (1011032) with a
Fd3̅m space group was utilized to perform the Rietveld refinement
method. The Rietveld refinement was performed by using “Material
Analysis Using Diffraction” (MAUD) software.

To analyze the crystal structure of the synthesized HEO NP,
aberration-corrected JEOL ARM200CF TEM with a cold field
emission gun operated at 200 kV and with a 22 mrad convergence
angle was utilized in the STEM mode. High-angle annular dark field
(HAADF) images were acquired with an Orius CCD camera with 512
× 512 scanning resolution.

To perform the quantitative elemental analysis of the synthesized
HEO NPs, STEM-EDS was performed by using aberration-corrected
JEOL ARM200CF TEM. The elemental spectra were obtained and
mapping was carried out by using the Oxford EDS system by utilizing
the drift corrector and the acquisition time of 7.5 min.

The qualitative chemical analysis of HEO NPs was performed with
the help of XPS characterization. XPS analysis was performed using a
Thermo Scientific ESCALAB 250Xi instrument. The source gun type
Al K-alpha at 500 μm spot size in the standard mode was utilized to
acquire XPS spectra for individual (Mn, Fe, Ni, Cu, Zn, O) elements
with 0.1 eV energy step resolution.
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