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Rational engineering of high-entropy oxides for Li-
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Abstract
High-entropy oxides (HEOs) are promising conversion-type anode materials for Li-ion batteries (LIBs) owing to their
excellent cycling stabilities and rate capabilities. However, the conventional syntheses and screening processes are
time-consuming and complex and require phase and interfacial segregation of individual elements. Herein, we report
a rational screening strategy for LIB anodes using precisely tunable HEOs fabricated by one-step combustion syntheses
with different fuel-to-oxidizer ratios (φ). A slightly lean fuel mixture (φ-0.95) enabled a suitable temperature and non-
reducing atmosphere for optimal HEO syntheses. This provided high crystallinity, perfectly homogeneous elemental
distributions, and adequate pore structures without selective precipitation, whereas lower or higher fuel-to-oxidizer
ratios resulted in excessively porous morphologies or elemental segregation. HEO-based anodes with φ-0.95 exhibited
outstanding specific capacities (1165 mAh g−1, 80.9% retention at 0.1 A g−1

, and 791 mAh g−1 even at 3 A g−1),
excellent rate capabilities, and stable cycling lifetimes (1252 mAh g−1, 80.9% retention after 100 cycles at 0.2 A g−1).
This design strategy will provide fascinating HEO electrodes that cannot be prepared with conventional fabrication
methods.

Introduction
Lithium-ion batteries (LIBs) have become increasingly

important for various small- to large-scale energy storage
systems, such as mobile phones, portable electronics, and
mobility platforms, including drones and electrical vehi-
cles1. LIBs enable long-term operation under dynamic
load conditions while packaged within restricted spaces.
Thus, the development of advanced electrodes to increase
LIB capacities has attracted considerable effort to reduce
the volumes and weights of energy storage cells2. In
particular, the low theoretical capacities (~372 mAh g−1)
of graphitic carbons, which are typically used as anode
materials, should be resolved to overcome the funda-
mental limits of LIB performance3,4.

As conversion-type anode materials, transition metal
oxides (TMOs), such as CuO, Fe2O3, Co3O4, Fe3O4, and
NiFe2O4, are promising candidates for achieving break-
throughs owing to their high specific capacities
(700–1200mAh g−1)5,6. However, the use of TMOs as
anode materials leads to severe capacity-fading problems7.
This critical feature results from mechanical degradation
of the electrodes associated with pulverization of the
active material and its detachment from binders due to
the volume changes occurring during lithiation/delithia-
tion cycling and the accumulation of an internal passi-
vation layer that serves as a kinetic barrier8. Furthermore,
because TMO-based anodes have intrinsically higher
operating voltages than graphitic carbon and a slanted
voltage curve, the capacities of TMOs must be high
enough to mitigate these challenges after multiple charge/
discharge cycles. Thus, achieving outstanding cyclic sta-
bility and rate capability in the electrochemical perfor-
mance of TMO-based anodes remains challenging.
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Transition metal-based high-entropy oxides (HEOs)
consisting of five or more cations have emerged as
remarkable anode materials through exploitation of the
advantages of their individual constituents, thereby
improving the electrochemical capabilities of LIBs9. A
HEO significantly improves the cycling stability and rate
capability of the LIB via entropy stabilization, which is
enabled by the high configurational entropy and syner-
gistic effects of the metal ions. For instance, ex situ ana-
lyses of HEO characteristics have revealed that entropic
stabilization for long-term cycling stability of HEO LIB
anodes could originate from the nearby neighbors and
metallic bonds for CoO, NiO, and CuO10. In addition, the
crystalline structures of HEOs could be entirely disrupted
during the conversion reaction of the first lithiation cycle,
while the initial random distribution of metal atoms
emerges as a primary factor influencing the capacity11.
HEOs with rock-salt structures comprising electro-
chemically inactive cations (e.g., Mg) that prevent aggre-
gation of the active materials, or Li, which increases the
number of oxygen vacancies, have been introduced to
obtain higher cycling stability and promote electronic and
ionic conductivity of the electrodes12,13. Furthermore,
HEOs with spinel structures could boost the reversible
capacity, as two different Wyckoff sites of the spinel
structure increased the range of valence states, unlike
rock-salt structures with only one Wyckoff site14–16. In
this respect, the potential of HEOs for use as LIB anode
materials has been demonstrated in terms of their struc-
tural and compositional characteristics and electro-
chemical performance.
The conventional synthetic approaches to HEOs require

complex procedures that incur high costs and require long
processing times17,18. They commonly involve demanding
operating conditions and pre- or posttreatments, which
are time-consuming and energy-intensive19. In particular,
conventional wet-chemistry syntheses limit the alloy
composition to less than three elements, result in phase
separation, and do not provide compositional and size
uniformity20. Inhomogeneous mixing or impregnation
during solution-based processing results in phase-
separated or nonuniform structures of the immiscible
elements of the HEO, which inhibits compositional flex-
ibility. They tend to exist in multiple phases in which solid
solutions are formed only between thermodynamically
miscible elements. In addition, long-term exposure to high
temperatures provides a favorable environment for nano-
particle agglomeration and species segregation, which
further inhibits the formation of a homogeneous solid
solution. The subsequent reduction procedures also result
in phase separation between multimetallic oxides and do
not provide structural complexity or flexibility. Although
relatively facile fabrication methods for HEOs have
recently been developed, including planetary ball milling,

hydrothermal methods, and solution combustion synth-
eses, they have intrinsic limits in achieving precisely tai-
lored HEOs because their products inevitably involve
various impurities due to a failure to suppress the mixing
enthalpy16. Moreover, additional processes, such as post-
heating treatments for 12–24 h with a high-temperature
furnace or bulky chamber, are required to compensate for
the mixing enthalpy of the constituents. Therefore, more
scalable yet precisely tunable fabrication routes for HEOs
are essential for facilitating rapid syntheses/screening21,
thereby achieving rational development of HEO anode
materials exhibiting optimal electrochemical performance.
Herein, we report the rational design of precisely

tunable HEO composites with superior electrochemical
characteristics, which were fabricated via facile one-step
combustion processes using optimized fuel-to-oxidizer
ratios and without any postprocessing, and their use in
high-performance HEO LIB anodes (Fig. 1). The pre-
cursors of five transition metal elements (Mn, Fe, Co,
Ni, and Cu) were merged into electrochemically active
HEOs via combustion with glycine, which served as a
fuel and chelating agent. Fuel-to-oxidizer ratios (φ) of
0.9, 0.95, 1.0, and 1.05 were used to control the major
features of the synthesized HEOs, such as the phases,
crystallinities, grain boundaries, configurational entro-
pies, and morphological characteristics. By screening
distinct phases, configuration entropies, and physico-
chemical characteristics, the HEOs were fabricated at
suitable temperatures and in reducing environments (φ-
0.95, a slightly lean fuel mixture) and exhibited ideal
properties for use as the active materials of LIB anodes,
such as high crystallinities, perfectly homogeneous ele-
mental distributions, and adequately porous backbone
structures. These optimal characteristics avoided size
variations and inhibited structural failures. Moreover,
the high proportion of the spinel phase without selective
precipitation of the metallic compounds could have
contributed to generation of the highest specific capa-
city. In contrast, lower or higher fuel to oxidizer ratios
(φ-0.9, φ-1.0 and φ-1.05) led to the formation of
excessively porous structures or segregation of the
specific elements that degraded the electrochemical
reactions. All HEO-based anodes exhibited excellent
specific capacities, and the entropy stabilization effect
contributed to their high cyclic stabilities. Among them,
HEO-based anodes (with φ-0.95) exhibited outstanding
specific capacities (1165 mAh g−1 at 0.1 A g−1 and
791 mAh g−1 even at 3 A g−1) and excellent rates, as well
as a stable cycling lifetimes (1252 mAh g−1 after 100
cycles at 0.2 A g−1). Comparisons with other HEO-based
anodes confirmed the high specific capacities and out-
standing rates for the rationally mixed metal elements
and combined structure during electrochemical pro-
cesses. The design strategy offers extremely rapid yet
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precisely controlled fabrication routes for sorting and
optimizing HEOs comprising multiple metal/metal
oxides within homogeneously mixed compositions. This
is potentially useful for a range of applications, such as
with electrodes, catalysts, thermal barrier coatings, and
thin-film transistors.

Materials and methods
Chemicals and materials
Iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O), man-

ganese(II) nitrate tetrahydrate (Mn(NO3)2·4H2O), nick-
el(II) nitrate hexahydrate (Ni(NO3)2·6H2O), copper(II)
nitrate trihydrate (Cu(NO3)2·H2O), and cobalt(II) nitrate
hexahydrate (Co(NO3)2·6H2O) were prepared as pre-
cursors for the syntheses of the HEOs, while glycine
served both as a fuel and a chelating agent. All chemicals
were purchased from Sigma‒Aldrich (USA) and were
used as received without further purification.

Tunable fabrication of HEO composites via combustion
syntheses
Nitrates with equimolar concentrations of 0.2M (Fe,

Mn, Ni, Cu, Co) and glycine with different fuel-to-
oxidizer ratios (φ-0.9, φ-0.95, φ-1.0, and φ-1.05) were
dissolved in 20ml of DI water and homogeneously mixed

under magnetic stirring for 1 h. The fuel-to-oxidizer ratios
were calculated with the following equation, while the
relative ratios of the reactants and products for each
condition were estimated from the chemical reaction
stoichiometries (Supplementary Information, Supple-
mentary Note 1).

Afterward, the resulting mixture was placed on a hot
plate and heated at 300 °C until the combustion process
was completed. The products were the HEO powders that
were used as the active materials for the anodes.

Characterization of the Materials
Two optical pyrometers (Raytek RAYMM2MLCF1L

and Raytek RAYMM1MHCF1L with temperature ranges
of 300 to 1100 °C and 540 to 3000 °C, respectively) were
used to measure the real-time temperatures during the
combustion syntheses. The first pyrometer with the lower
temperature range was used to measure the temperature
of φ-0.9, while the second pyrometer with the higher
temperature range was used for φ-0.95, φ-1.0 and φ-1.05.
The phases of the synthesized HEO products were char-
acterized by X-ray diffraction (XRD, Rigaku Smartlab)
using Cu Kα radiation (λ= 0.14512 nm) at 45 kV and
200mA. The HEO powders were scanned over a 2θ range

Fig. 1 Rational design of one-step combustion syntheses for precisely tunable HEO active materials for Li-ion battery anodes. The
adjustable fuel-to-oxidizer ratios provided transitions of the crystalline structures and configurational entropies of the five transition metal elements
(Mn, Fe, Co, Ni, Cu) to determine the optimal structures and phases of the HEO-based anodes.

φe ¼
P

Coefficient of reducing elements in specific formulað Þ � reducing valencyð Þ � ðmolar coefficientÞ
ð�1ÞP Coefficient of reducing elements in specific formulað Þ � oxidizing valencyð Þ � ðmolar coefficientÞ ð1Þ
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of 20°–90° at a scan rate of 1°/min. The morphologies and
structures of the as-prepared samples were investigated
with electron microscopy and EDS elemental mapping
with field-emission scanning electron microscopy (FE-
SEM, FEI Quanta 250 FEG) and transmission electron
microscopy (TEM, Tecnai F20 G2). The chemical com-
ponents and valences of the samples were examined with
X-ray photoelectron spectroscopy (XPS, Ulvac-phi X-
tool).

Electrochemical measurements and characterization
An HEO anode was prepared by mixing the HEO active

materials synthesized as described above, carbon black,
and a CMC/SBR binder to form a slurry. The weight
ratios of the slurries for all prepared anodes were 7:2:1 for
the active materials, carbon black, and the CMC/SBR
binder. After casting onto a copper foil using a doctor
blade, the slurry was dried in a vacuum oven at 60 °C for
more than 12 h to completely remove any moisture from
the electrode. The loading density of the active material in
the dried electrode was approximately 1 mg/cm2. There-
after, a circular disc with a diameter of 15 mm was pun-
ched out to form the dried electrode. The cut electrodes
were assembled into CR2032 coin cells with lithium chips
(~16 mm in diameter) and 25-µm thick Celgard PE
separators in a glove box with an H2O content < 0.1 ppm
and an O2 content < 0.1 ppm. In the coin cells, 1 M LiPF6
EC:DEC:DMC (v:v 1:1:1) was used as the electrolyte. The
assembled coin cells were tested with a WBCS3000 bat-
tery tester (WonATech). To determine the redox
mechanisms of the HEO electrodes synthesized with dif-
ferent fuel-to-oxidizer ratios, 3 charging and discharging
cycles were applied within a voltage window of 0.01 to
3.0 V at a scan rate of 0.1 mV/s. In comparing the rate
capabilities, galvanostatic charge‒discharge tests were
conducted after every 5 cycles with current densities of
0.1, 0.2, 0.5, 1.0, 2.0, 3.0, and 0.1 A g−1 within the voltage
window 0.01 to 3.0 V. The long term cycling stability was
investigated with a current density of 0.2 A g−1 in the
0.01–3 V range. Electrochemical impedance spectroscopy
(EIS) was performed in the frequency range of 106–0.1 Hz
with an amplitude of 10 mV using a Zive MP1 system
(WonA Tech).

Results and discussion
Tunable combustion syntheses for screening the HEOs
The elements Mn, Fe, Co, Ni, and Cu were selected as

HEO substrates because of their similar atomic radii and
good solubilities, and the resulting HEOs exhibited stable
structures and excellent stabilities during charge‒dis-
charge cycling due to entropy stabilization. The HEO
composites comprising Mn, Fe, Co, Ni, and Cu were
fabricated through combustion syntheses by employing
different stoichiometric ratios, thereby precisely adjusting

the physicochemical characteristics (Fig. 1). Screening of
the transition metal elements considered the electro-
chemical and thermodynamic properties, such as capacity
and entropy stabilization. Homogeneous precursor solu-
tions were prepared by mixing the selected metal nitrates
and glycine with different fuel-to-oxidizer ratios (φ-0.9, φ-
0.95, φ-1.0, and φ-1.05) and magnetically stirring the
constituents in DI water. Afterward, facile yet effective
solution combustion syntheses led to the HEO powders in
one step and without any posttreatment. As the precursor
solution became viscous and black during stirring and
heating at 300 °C, self-propagating combustion occurred
instantly, resulting in the formation of black fluffy HEO
powder. During this exothermic chemical reaction, gly-
cine served as both a fuel and a chelating agent owing to
its carboxylic acid and amino groups. Thus, it prevented
selective precipitation and provided a homogeneous dis-
tribution of the five elements in the precursor solution.

Physical and chemical characterization of the HEO
composites
The HEO composites were produced with precise

control of the different fuel-to-oxidizer ratios, and their
crystalline structures were elucidated with X-ray diffrac-
tion (XRD, Fig. 2a). First, the fuel-lean ratios of 0.9 and
0.95 resulted in a background peak at 22°, indicating
amorphous carbon produced by incomplete combustion.
As the φ values exceeded 1, the carbon peak disappeared
because of the stoichiometric composition reaction.
Additionally, the remaining HEO composites exhibited
peaks for the spinel (JCPDS # 00-001-1110, NiMn2O4)
and rock-salt (JCPDS #47-1049, NiO) phases. More spe-
cifically, when combustion syntheses were implemented
with φ values below 0.9, the peaks for the spinel phase
were dominant, and the rock-salt phase was a secondary
phase. A low combustion temperature for the φ-0.9
mixture inhibited the growth of crystalline grains, thereby
resulting in a broad XRD peak indicating a poorly crys-
talline material. As the fuel-to-oxidizer ratios were
increased, elevated temperatures were used for the HEO
syntheses, and relatively sharper XRD peaks were
obtained. For instance, the additional diffraction peaks
seen at 43.63° and 50.83° for the φ-1.05 mixture corre-
sponded to Cu0.81Ni0.19 (JCPDS # 00-047-1406). Increas-
ing the fuel-to-oxidizer ratio enabled the use of a more
reducing ambient environment (CO and H2) and resulted
in a decrease in the partial pressure of O2 needed for
combustion. These analyses indicated that some of the
copper oxide and nickel oxide were reduced, thereby
resulting in the presence of a copper-nickel alloy22. Fur-
ther analyses of the XRD patterns were performed after
Rietveld refinement (Supplementary Fig. S2) of the dataset
and were focused on the phase volume fractions, cell
parameters, and grain sizes (Supplementary Table S1). As
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the fuel-to-oxidizer ratio was increased, the proportion of
the spinel phase decreased. Consumption of the oxygen
species induced by the reducing atmosphere caused an
instant reduction in the spinel to rock-salt, monoclinic,
and metal phases23. Additionally, the diffraction peaks for
the (311), (222), (400), and (440) planes of the main spinel
lattices and the (111), (200), and (220) planes of the main
cubic rock-salt metal-oxide peaks shifted to the left with
increased φ value of 0.95 and 1.0, respectively, indicating
increases in the d spacings (Fig. 2b). Moreover, the rock-
salt peaks shifted to the left for the φ-1.05 mixture, in
contrast to the spinel peaks. The changes in the cell
parameters confirmed that particular cations, such as
Cu2+ and Ni2+, in the spinel or rock-salt structures were
replaced by other ions with larger sizes and that they were
separated into monoclinic CuO or Cu-Ni metal phases
under the stronger reducing atmospheres (φ-1.0 and φ-
1.05). Therefore, the secondary rock-salt phase appeared

for φ-1.0 and φ-1.05 because the separation and reduction
of copper and nickel led to the formation of additional
phases via thermal reoxidation. The larger grain sizes
obtained with the higher temperatures used for combus-
tion with higher fuel-to-oxidizer ratios were identified
with the aid of the Rietveld refinements.
The morphological transitions seen for different fuel-to-

oxidizer ratios were investigated with scanning electron
microscopy (SEM) (Fig. 3). The nano/microstructures
synthesized in the one-step combustion process showed
that the constituent nanoparticles were uniformly spread
and agglomerated, thereby completing the porous fra-
mework. During the exothermic reaction occurring dur-
ing the combustion process, the large amounts of gas
liberated during nucleation of the oxides prevented the
growth of crystals and produced the porous structures. In
detail, the low fuel-to-oxidizer ratio (φ-0.9) resulted in the
smallest particle dimensions without significant

Fig. 3 Morphological transitions of the HEO composites enabled by tunable combustion syntheses. Scanning electron microscopy (SEM)
images of the HEO composites fabricated with different fuel-to-oxidizer ratios of (a–c) φ-0.9, (d–f) φ-0.95, (g–i) φ-1.0, and (j–l) φ-1.05. The
magnification varied between 10,000 and ×100,000.

Fig. 2 XRD patterns of the HEO composites fabricated by combustion syntheses. XRD profiles of (a) HEO powders synthesized with different
fuel-to-oxidizer ratios (φ-0.9, φ-0.95, φ-1, and φ-1.05) and (b) peak shifts for the spinel and rock-salt phases according to the φ value.

Shin et al. NPG Asia Materials (2023) 15:54 Page 5 of 14



aggregation, while large pores appeared in the structures
(Fig. 3a–c). In the combustion process with a fuel-to-
oxidizer ratio of φ-0.95, agglomerated nanoparticles
(<100 nm) appeared on the porous backbone with smaller
pore sizes in comparison with those of the φ-0.9 mixture
(Fig. 3d–f). Furthermore, as the stoichiometric ratio was
increased to φ-1.0, the porosity obviously decreased, and
the nanoparticles were enlarged by agglomeration (Fig.
3g–i). The average diameters of the spherical nano-
particles fabricated with φ-0.9, φ-0.95, and φ-1.0 were
approximately 61 nm, 110 nm, and 203 nm, respectively,
and all of the particles were anchored to the porous
backbones without interfacial boundaries. Additionally,
the nanostructures fabricated in the combustion synthesis
with φ-1.05 revealed a distinct transition, which was
classified with other fuel-to-oxidizer ratios (Fig. 3j–l). The
spherical particles gradually protruded from the exposed
surfaces of the porous backbones, and the growth of
nanorods with spherical particles on the tops was
observed.
Energy dispersive spectrometry (EDS) and areal map-

ping of the synthesized materials indicated the homo-
geneities of the transition metal cations and the cation-to-
oxygen ratio (Figs. S3, S4). The slightly higher manganese
atomic ratio was attributed to variations in the sample
topography, resulting in different signal intensities for the
elements during EDS signal acquisition. The cation
compositions and distributions were nearly identical in all
cases, thereby implying the presence of homogeneously
mixed HEOs, whereas the relative proportion of oxygen
decreased as the fuel-to-oxidizer ratio (φ) was increased.
Because the excess fuel consumed more oxygen during
the combustion process, it led to the separation of the
copper and reduction of the copper oxides. Point EDS
maps of the spherical nanoparticles and nanorods syn-
thesized during the combustion syntheses with φ-0.95, φ-
1.0, and φ-1.05 were used to analyze the specific elemental
distributions (Supplementary Fig. S5). The atomic ratio of
copper was higher in all spherical particles than those of
the other constituent metals, and the ratios increased with
higher φ values (Supplementary Fig. S5a–c). These EDS
maps indicated that copper was partially reduced from a
higher oxidation state (spinel and rock salt) to a lower
oxidation state (rock salt, monoclinic, metal). Moreover,
the copper proportions in the spherical structures on top
of the nanorods formed with φ-1.05 accounted for 26.24%
of all elements, including oxygen, whereas the elemental
proportions of copper in the nanorod structures were only
approximately 5.63% (Supplementary Fig. S5c, d). Dual
confirmation with the EDS compositions and the copper
XRD peaks for the φ-1.05 mixture indicated that the
metallic Cu formed clusters that provided higher Cu
proportions at the tops of the nanorods. Among the metal
elements used for the HEO syntheses, copper was

preferentially segregated and formed clusters, and this
trend was explained by the Jahn-Teller behavior and size-
related effects24. The segregated copper metal served as a
catalyst reducing the oxygen atmosphere to O2- with
gaseous CuO, which generated the high-entropy rock-salt
nanorods25. The configurational entropy was determined
to be approximately 1.6R. This analysis confirmed that the
combustion synthesis resulted in a tunable high-
configurational entropy oxide based on optimization of
the fuel-to-oxidizer ratio, although copper separation
occurred for the high φ cases (1.0 and 1.05). EDS maps of
the porous backbones that were not covered with sphe-
rical particles clearly elucidated the elemental distribu-
tions in the local areas (Supplementary Fig. S6). Slightly
higher copper atomic ratios were observed for the com-
posites fabricated with φ-0.9, and the other composites
presented lower proportions of copper owing to segre-
gation and transfer of the copper from the bulk metal
oxide to the spherical surface particles. The configura-
tional entropy was greater than 1.567R, indicating that all
composites fabricated with the combustion synthesis were
sufficiently mixed. Only the spherical particles in the
composite with φ-1.05 had a low entropy of 1.428R, which
was induced by the extruded copper metal species.
Specific characteristics of the fabricated HEOs were

investigated with transmission electron microscopy
(TEM), EDS, and selected area electron diffraction
(SAED) analyses. In the TEM images of all samples, small
grains and many grain boundaries appeared for the φ-0.9
composite (Fig. 4a), yet the grains gradually grew in all
composites, including those synthesized with φ-0.95, φ-
1.0 and φ-1.05 (Fig. 4b–d). A more intriguing feature was
that a thin amorphous carbon layer covered the entire
surfaces of the nanoparticles. Oxygen deficiencies at the
interfaces between the particles and the ambient atmo-
sphere led to incomplete combustion, thereby retaining
some carbon species26. The presence of the spinel and
rock-salt phases was confirmed by measuring the lattice
fringe spacing and selected area electron diffraction
(SAED) patterns. First, lattice fringe spacings of 0.253 nm
and 0.242 nm, which corresponded to the (311) planes of
the spinel phase and the (111) planes of the rock-salt
phase, were observed for all HEO composites (Fig. 4e–h).
Furthermore, the detected diffraction rings in the SAED
patterns showed spinel phases for all cases (Fig. 4i–l). In
particular, the diffraction patterns of the HEOs fabricated
with φ-0.9 presented broad rings with some dots, indi-
cating that this phase comprised the amorphous spinel
with some polycrystalline areas (Fig. 4i). However, the
rock salt diffraction dots, which are classified as spinel
diffraction dots, gradually appeared in the HEO compo-
sites with φ-0.95, φ-1.0, and φ-1.05 (Fig. 4j–l). As the fuel-
to-oxidizer ratio (φ) was increased, the combustion
reactions became more active, which increased the
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Fig. 4 (See legend on next page.)
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reaction temperature and consumed more oxygen. This
synthetic environment resulted in the production of a
highly crystalline metal oxide and a low oxygen compo-
sition. The compositional homogeneity resulting from the
synthetic conditions was confirmed with the EDS maps
(Fig. 4m, Supplementary Fig. S7).
All of the fuel-to-oxidizer ratios used in the syntheses of

the HEO composites resulted in five homogeneously
distributed metal elements, although partial separation of
the Cu was observed for the φ-0.9, φ-1.0 and φ-1.05
mixtures (Supplementary Fig. S7). In the φ-0.9 case,
thermal reduction and reoxidation of copper, subjected to
the surrounding carbon shells, might have produced the
monoclinic CuO peaks seen in the XRD dataset (Fig. 2).
Meanwhile, the homogeneous distributions of multiple
atoms in the inner particles indicated that low φ values led
to the coexistence of amorphous and low-crystalline spi-
nel and rock-salt HEO phases involving thin CuO shells
formed via modulated combustion. As the fuel-to-

oxidizer ratio was changed to φ-0.95, the elevated com-
bustion temperature increased the thermal entropy (T4
Sthermal) and generated a negative Gibbs free energy for
the transition, thereby resulting in crystallization of the
stable HEO phases (Fig. 4m). When the higher φ values
(φ-1.0 and φ-1.05) generated reducing environments in
the syntheses, more separated Cu appeared in the EDS
mapping data (Supplementary Fig. S7). This trend was
consistent with the results of the XRD and SEM/EDS
analyses. In particular, the Cu fraction that generated the
rock-salt nanorods (Fig. 3l) was completely reduced to the
metal for φ-1.05.
X-ray photoelectron spectroscopy (XPS) was used to

investigate the valences and components of the HEO
composites made with different fuel-to-oxidizer ratios for
the combustion syntheses (Fig. 5). The core Mn 2p, Fe 2p,
Co 2p, Cu 2p, Ni 2p, and O 1s XPS data obtained for the
different φ values (0.9, 0.95, 1.0, 1.05) clarified the specific
characteristics of the constituent elements in the HEO

(see figure on previous page)
Fig. 4 Phase transitions of the HEO composites enabled by the tunable combustion synthesis. High-resolution transmission electron
microscopy (TEM) images of HEO composites fabricated with different fuel-to-oxidizer ratios of (a) φ-0.9, (b) φ-0.95, (c) φ-1.0, and (d) φ-1.05. Magnified
inset images of the TEM images show the fringes of the HEO composites fabricated with (e) φ-0.9, (f) φ-0.95, (g) φ-1.0, and (h) φ-1.05. SAED patterns
of HEO composites indicating spinel and rock-salt mixed phases fabricated with different fuel-to-oxidizer ratios of (i) φ-0.9, (j) φ-0.95, (k) φ-1.0, and (l)
φ-1.05. (m) EDS mapping images of the HEO composite fabricated with φ-0.95. Homogeneously distributed metal and oxygen elements are
observed, while a partial separation of Cu occurred.

Fig. 5 Valence and component transitions of the HEO composites prepared with tunable combustion syntheses. (a) Mn 2p, (b) Fe 2p, (c) Co
2p, (d) Cu 2p, (e) Ni 2p, and (f) O 1s XPS data for HEO composites fabricated with different fuel-to-oxidizer ratios (φ-0.9, φ-0.95, φ-1.0, and φ-1.05).
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composites, with precisely tuned phases corresponding to
the synthetic conditions. The Mn 2p spectra were
deconvoluted to give Mn2+ (641.0 and 652.6 eV) and
Mn3+ (642.5 and 654.0 eV) peaks (Fig. 5a)27. Fading of the
Mn3+ peak area in the XPS data showed that Mn favored
the formation of a rock-salt phase at higher φ. The NiLMM

auger spectra overlapped with the satellite peaks for Mn28.
Meanwhile, the Fe 2p spectra were deconvoluted into
Fe2+ peaks at 709.9 and 722.5 eV and Fe3+ peaks at 712.4
and 725.0 eV (Fig. 5b)29–31. The CoLMM auger peak at
716.6 eV overlapped with the satellite peaks for Fe2+ and
Fe3+. The Co 2p spectra were deconvoluted into a Co2+

peak at 779.5 and a Co3+ peak at 780.8 (Fig. 5c)32. Because
the specific areas of the Co3+ and Fe3+ peaks decreased as
the fuel-to-oxidizer ratio was increased, reduction from
the spinel to the rock-salt phase was confirmed by these
analyses. Meanwhile, the Cu XPS data revealed distinct
features indicating copper oxide separation (Fig. 5d). The
two main Cu 2p3/2 peaks were located at approximately
933.1 eV and 934.1 eV for all HEO composites. The first
was assigned to CuO and Cu2+ in the octahedral sites
(CuB

2+) of the spinel phase and the second to Cu2+ in the
tetrahedral sites (CuA

2+) of the spinel phase33,34. The
significant feature was that the ratio of the peak areas
(CuA

2+/CuB
2+) decreased with increases in the fuel-to-

oxidizer ratios because the strong reducing atmosphere
led to CuO formation. In the Ni 2p XPS data, the 2p3/2
peaks centered at 854.4 eV and 856 eV were assigned to
Ni2+ and Ni3+, respectively (Fig. 5e)14. The Ni3+ peak
showed a decreased peak area due to reduction as the

fuel-to-oxidizer ratio was increased. Last, there were three
O 1 s peaks located at 529.3 eV, 530.6 eV, and 531.6 eV,
which represented lattice oxygens, chemisorbed oxygen
and oxygen vacancies, respectively (Fig. 5f)27. Based on a
precise investigation of the dataset, the proportions of
oxygen vacancies were lower in the larger particles pro-
duced with higher φ values; the OV/OL ratios for the φ-
1.05 and φ-0.9 mixtures were 22/78 and 32/68, respec-
tively. They were typically formed on the surfaces of the
smaller nanoparticles, which were produced with the
lower φ values.
The precisely tuned HEO composites manufactured

with different fuel-to-oxidizer ratios (φ) offered a rational
design strategy resulting in the desired structures and
phase compositions for the five cation precursors (Fig. 6).
The lean fuel mixtures (φ-0.9 and φ-0.95) resulted in
relatively porous structures with small particles and grain
sizes, and the resulting HEO exhibited mixed spinel and
rock-salt phases. With a lean fuel mixture (φ-0.9), a small
amount of copper was reduced by the carbon residue
from incomplete combustion, and the reduced Cu was
reoxidized, resulting in CuO segregation on the surface.
Additionally, with moderately lean fuel mixtures (φ-0.95),
the elevated combustion temperature provided enough
thermal entropy (TΔSthermal) to achieve entropic stabili-
zation and a mean optimized φ for the HEO synthesis.
Furthermore, the higher fuel-to-oxidizer ratios (φ-1 and
φ-1.05) resulted in agglomeration, thereby leading to
lower porosities and larger particles. Additionally, because
the excessively reducing atmosphere (φ-1.05) produced

Fig. 6 Transition mechanisms of HEO composites. Schematic images of transition mechanisms of HEO composites according to varying fuel-to-
oxidizer ratios (φ-0.9, φ-0.95, φ-1.0, and φ-1.05).
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more Cu separation and even dispersed the Ni during
combustion, the highest proportion of the monoclinic
CuO phase, 7.53%, was observed for the stoichiometric
fuel-to-oxidizer ratio (φ-1), as calculated with the Rietveld
refinement (Supplementary Table S1). The separation of
copper led to the formation of a secondary rock-salt phase
that contained more copper and nickel than other cations.
Finally, because the metallic Cu produced with the high
fuel-to-oxidizer ratio of φ-1.05 served as an oxygen-
reducing catalyst promoting nanorod growth, the rock-
salt nanorods with Cu-metal nanoparticles were formed.

Electrochemical capabilities of the tunable HEO-based LIB
anodes
The HEO composites synthesized with the different

fuel-to-oxidizer ratios were used as the active materials in
the HEO anodes with carbon black and the CMC/SBR
binder. Afterward, the fabricated HEO anodes were
evaluated in half-cells with Li-metal counter electrodes.
The cyclic voltammograms (CV) generated with scan
rates of 0.1 mVs−1 over the potential range 0.01 to 3 V
showed the electrochemical features resulting from
changes in the structures and phases of the HEO anodes
(Fig. 7). Distinct cathodic peaks between 0.34 and 0.51 V
in the first charge‒discharge cycle indicate conversions of
the metal oxides into metallic Mn, Fe, Co, Ni, Cu and a

Li2O matrix, as well as the formation of an SEI layer (Fig.
7a–d)12,35. The shifts of the cathodic peaks from 0.51 V to
0.34 V resulted from reductions of the metal oxides after
transition from the spinel phase to the rock-salt phase and
reduction of the monoclinic metal oxides to the cubic
metal phases with the higher fuel-to-oxidizer ratios.
Irreversible CV curves were observed in the first charge‒
discharge cycle, which is typical of HEO anodes and
results from the initial lithiation process13,36. Meanwhile,
the broad anodic peak seen between 1.7 and 2 V in the
first anodic scan indicated oxidation of the metallic Mn,
Fe, Co, Ni, and Cu37. After the first charge‒discharge
cycle, all of the CV curves for the HEO anodes synthe-
sized with various fuel-to-oxidizer ratios showed out-
standing electrochemical reversibility, as demonstrated by
the overlapping curves.
The electrochemical capabilities of the HEO anodes

were determined from the reaction rates. Electrochemical
impedance spectroscopy was applied after the rate test,
followed by the determination of long-term charge‒dis-
charge retention (Fig. 8). First, the charge‒discharge vol-
tage profiles determined at 0.2 A g−1 for φ-0.9, φ-0.95, φ-
1.0, and φ-1.05 in the first cycle exhibited voltage plateaus
near 0.7 V in the discharge curves, which indicated the
formation of an SEI film and a conversion reaction (Fig.
8a). This was consistent with the typical phenomena

Fig. 7 Electrochemical characteristics of HEO-based LIB electrodes during initial cycles. Cyclic voltammetry curves for electrodes fabricated
from HEO composites with different fuel-to-oxidizer ratios of (a) φ-0.9, (b) φ-0.95, (c) φ-1.0, and (d) φ-1.05 at a scan rate of 0.1 mV s−1 in the voltage
range 0.01–3.00 V.
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observed with CV curves (Fig. 7). In the voltage drop
region, the completely reduced metal particles were
involved in the lithium storage process, which resulted in
additional capacity beyond the theoretical limit for the
transition metal-oxide anodes38. The initial discharge
capacities were 1354, 1549, 1227, and 1055mAh g−1 for
the φ-0.9, φ-0.95, φ-1.0, and φ-1.05 samples, respectively,
and the initial Coulombic efficiencies (ICEs) were 76.1,
75.4, 73.9, and 76.0%, respectively. The conversion-type
metal-oxide anode materials were lithiated according to
the following electrochemical redox processes:

M3O4 þ 8Liþ þ 8e� ! 4Li2Oþ 3M ð2Þ
Spinel phases

MOþ 2Liþ þ 2e� ! Li2OþM ð3Þ
Rock salt, monoclinic CuO phase (M = Fe, Mn, Co, Ni,
Cu; transition metals)

Metal oxides with higher oxidation states store more
lithium ions in the Li2O phase through multiple redox
reactions. Consequently, the HEO anode synthesized with
φ-0.95, which had the highest proportion of the spinel
phase, exhibited the highest capacity because of its higher
oxidation states and higher metal-oxide entropy. Forma-
tion of the SEI and electrolyte degradation were primarily
responsible for the irreversible capacity loss of the first

charge‒discharge cycle. SEI formation was inhibited when
a higher fuel-to-oxidizer ratio was used in the synthetic
process to give larger HEO particles. In contrast, the Cu
oxide nanorods grown in the HEO anodes (φ-1.05)
enhanced SEI formation because of the extended active
surface area resulting from the one-dimensional
nanostructures.
The capacities and rates of the HEO anodes were

investigated as a function of the fuel-to-oxidizer ratios
with different current densities ranging from 0.1 to
3 A g−1 (Fig. 8b). The HEO anodes based on the φ-0.9, φ-
0.95, φ-1.0, and φ-1.05 mixtures showed reversible capa-
cities of 1062, 1165, 795 and 770 mAh g−1 for the first 5
cycles, respectively, at a rate of 0.1 A g−1.
The rate capabilities were calculated from the discharge

capacity measured with a current density of 3 A g−1 after
the 30th cycle and compared with the discharge capacity
seen for a current density of 0.1 A g−1 after the 5th cycle.
These were 39.5%, 67.8%, 59.1%, and 54.5%, for the φ-0.9,
φ-0.95, φ-1.0, and φ-1.05 samples, respectively, and the
lowest rate was seen for the φ-0.9 ratio. The charge
transfer resistance of the grain boundaries could have
increased at φ-0.9 because the grains were too small and
porous, which was supported by the EIS results (Fig. 8c).
Additionally, as shown by the EIS results, the φ-1.0 and φ-
1.05 samples exhibited lower rates than the φ-0.95 sample
because more aggregates were formed at the high

Fig. 8 Electrochemical properties of HEO-based LIB electrodes fabricated via tunable combustion syntheses. a Discharge‒charge voltage
profiles for the first cycle, (b) rate capability tests performed at several current densities (0.1, 0.2, 0.5, 1, 2, 3, 0.1 A g−1), c EIS analyses performed after
the rate capability tests, and (d) long-term charge‒discharge stabilities at a current density of 0.2 A g−1 over 100 cycles for electrodes employing HEO
composites fabricated with different fuel-to-oxidizer ratios (φ-0.9, φ-0.95, φ-1.0, and φ-1.05).
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temperatures of the combustion processes, resulting in
slight increases in the charge transfer resistances.
Although the spinel and rock-salt phases appeared in the
HEO composites fabricated with φ-0.9, capacity degra-
dation was observed. This occurred because the highly
porous structures with small particle dimensions and
weak connections between the constituents did not
withstand the structural damage caused by the uneven
forces exerted during rapid conversion of the lithium ions
and primary nanoparticles, which had large surface
activities (Fig. 3a). In contrast, the HEO composites pre-
pared with the optimal fuel-to-oxidizer ratio (φ-0.95)
exhibited the highest specific capacities and rates owing to
the continuously connected backbone networks and
moderately porous structures that inhibited structural
damage and volume expansion. Furthermore, the homo-
geneously mixed HEO phases exhibited an entropy sta-
bilization effect. Meanwhile, when the fuel-to-oxidizer
ratios were φ-1.0 and φ-1.05, connected backbones and
outstanding rate capabilities were obtained (Fig. 3c, d and
Fig. 8b). However, the HEO anodes fabricated with the
stoichiometric and excess fuel-to-oxidizer ratios revealed
lower capacities than those fabricated with the optimal
fuel-to-oxidizer ratio (φ-0.95) because of the highly
reduced and separated copper-nickel species with low
oxidation states and configurational entropies. When the
HEO anodes were subjected to 50 cycles, including an
additional 20 cycles, at a rate of 0.1 A g−1, the capacities
for the φ-0.9, φ-0.95, φ-1.0, and φ-1.05 ratios were 754,
1151, 839 and 790mAh g−1, respectively. The best per-
formance was still that of the φ-0.95 anode, although it
underwent a rapid decay in capacity from 1062mAh g−1

(5th cycle).
Electrochemical impedance spectroscopy (EIS) was used

after 50 cycles to determine the rate capabilities in the
discharged state and elucidate the electrochemical fea-
tures of the HEO anodes (Fig. 8c). An equivalent circuit
comprising RS, RSEI, RCT, CPESEI, CPEDiff, and CPEDL was
applied to the EIS data to represent the solution resis-
tance, SEI resistance, charge transfer resistance, and
constant phase elements for the SEI, lithium-ion diffusion,
and electrical double-layer capacitance, respectively
(Supplementary Fig. S8). Based on the fitted components
of the equivalent circuit, the RSEI clarified the capacities
seen for the different fuel-to-oxidizer ratios. The highest
RSEI value was seen for the φ-0.9-based HEO anode,
which indicated that the excess SEI caused a rapid loss of
capacity during the rate capability measurement. Con-
siderable SEI formation was attributed to the large surface
areas of the porous structures formed with the smallest
nanoparticles, which enabled continuous infiltration of
the electrolyte into the pores. In contrast, the extracted
RSEI values decreased as the fuel-to-oxidizer ratio (φ) was
increased because the proper dimensions of the

nanoparticles and a moderate level of structural agglom-
eration suppressed SEI formation. Additionally, the HEO
anodes with the φ-0.95 and φ-1.0 ratios presented low
RCT values of 11.5 and 9.8 Ω, respectively, which con-
tributed to their high rates. The excess SEI served as a
barrier inhibiting Li+ transfer between the electrolyte and
the anode, and aggregation of the active material inhibited
charge transport with a small interfacial area, as shown by
the large RCT values for the φ-0.9 and φ-1.05 ratios.
The long-term cycling performance of the HEO anodes

over 100 cycles with a rate of 0.2 A g−1 indicated a cor-
relation between the synthetic conditions (φ-0.9, 0.95, 1.0,
and 1.05) and the electrochemical stabilities of the
resulting anodes (Fig. 8d). All of the HEO composites
manufactured with the different fuel-to-oxidizer ratios
exhibited outstanding cycling stability over 100 cycles. In
particular, for the HEO with the φ-0.95 ratio, the highest
discharge capacity of 1252mAh g−1 was obtained for 100
cycles, compared with discharge capacities of 1040, 1184,
and 972 mAh g−1 for the φ-0.9, φ-1.0, and φ-1.05 ratios,
respectively; this resulted from the high oxidation state,
superior structural stability and low RCT value of the φ-
0.95 system. The increasing trends seen for the capacity
curves in some cycles were attributed to activation
induced by electrolyte infiltration into the pores. Mean-
while, the rapid decay of the specific capacity seen during
the initial 50 cycles for the HEO anode made with the φ-
0.9 ratio was attributed to the low structural stability and
excess SEI formation resulting from the highly porous and
weakly connected backbone, as well as permanent con-
version of the CuO into metallic Cu on the surfaces of the
HEO particles10. Although the φ-0.9-based electrode
exhibited severe capacity fading in the early stages, the
rationally designed HEO electrodes with the optimal fuel-
to-oxidizer ratios exhibit remarkable cycling stabilities
over 100 cycles, which significantly exceeded those of
conventional conversion-type anodes39. These outcomes
confirmed that the entropy stabilization effect of the
developed HEO materials facilitated stable conversion
reactions. Finally, the Coulombic efficiencies of all HEO
electrodes were maintained above approximately 98%
over 100 cycles, thereby indicating very little loss in the
Coulombic efficiencies due to activation processes.
Compared to the electrochemical capabilities of other

HEO-based electrodes, the (FeCoNiCrMn)3O4 material
with a spinel structure, which was prepared by D. Wang
et al., delivered a specific capacity of 586mAh g−1 at
0.1 A g−1. HEOs with identical elements were prepared by
Xiao et al. and Nguyen et al. and delivered specific
capacities of 625 mAh g−1 and 649mAh g−1 at 1 A g−1,
respectively. The HEO electrodes developed with the
optimized φ-0.95 ratio exhibited substantially higher
specific capacities of 1165mAh g−1 at 0.1 A g−1 and
1015 mAh g−1 at 1 A g−1 in the rate capability tests14,15. In
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terms of scalability, the previous methods used to prepare
HEO electrodes inevitably involved multistep and time-
consuming synthetic processes. For instance, although the
high-entropy spinel oxide synthesized by Huang et al.
showed a good reversible capacity of 1170mAh g−1 at
0.1 A g−1, long-term processes and postheat treatment at
a high temperature (~900 °C) were required to fabricate
the HEO active materials40. In this respect, the facile
development of HEO-based electrodes via combustion
syntheses with controllable fuel-to-oxidizer ratios offers
precisely tunable methods to secure both superior elec-
trochemical performance and scalable fabrication
strategies.

Conclusion
We developed a rational strategy for fabricating tunable

HEO materials for highly stable conversion-type LIB
anodes via a one-step combustion synthesis. Four differ-
ent HEO products with specific phases and configura-
tional entropies were synthesized with precisely
controllable combustion processes and adjusted fuel-to-
oxidizer ratios (φ-0.9, 0.95, 1.0, and 1.05). The crystalline
structures exhibited the spinel and rock-salt phases, which
provided entropy stabilization during the conversion
reactions, and the transitions between phases and the
porosities were tuned with the fuel-to-oxidizer ratios.
Among the fabricated HEO composites, the φ-0.95-based
LIB anode exhibited the best electrochemical perfor-
mance due to the optimized porosity, particle dimensions,
and crystallinity of the HEO active materials and the
highly oxidized and electrochemically inactive metal-free
phases. The resulting anode exhibited the highest initial
discharge/charge specific capacity of 1549mAh g−1 and
an excellent rate capability of 67.8% at current densities of
0.1–3 A g−1. Furthermore, superior cycling stability was
observed at 1252mAh g−1 after 100 cycles at 0.2 A g−1.
Precisely tunable HEOs synthesized by combustion
syntheses enabled efficient screening of the optimal pha-
ses, structures, and configurational entropies of high-
performance LIB electrodes. Furthermore, this facile yet
scalable fabrication strategy for HEO materials will pro-
vide fascinating hybrid electrodes and catalysts that can-
not be prepared with conventional fabrication methods.
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