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to crystalline: a universal strategy
for structure regulation of high-entropy transition
metal oxides†

Dawei Lai,‡a Li Ling,‡a Mengfei Su,b Qiaoling Kang,bc Feng Gao *a

and Qingyi Lu *b

High-entropy materials (HEMs) exhibit extensive application potential owing to their unique structural

characteristics. Structure regulation is an effective strategy for enhancing material performance.

However, the fabrication of HEMs by integrating five metal elements into a single crystalline phase

remains a grand challenge, not to mention their structure regulation. Herein, an amorphous-to-

crystalline transformation route is proposed to simultaneously achieve the synthesis and structure

regulation of high-entropy metal oxides (HEMOs). Through a facile hydrothermal technique, five metal

sources are uniformly integrated into amorphous carbon spheres, which are transformed to crystalline

HEMOs after calcination. Importantly, by controlling ion diffusion and oxidation rates, HEMOs with

different structures can be controllably achieved. As an example, HEMO of the five first-row transition

metals CrMnFeCoNiO is synthesized through the amorphous-to-crystalline transformation route, and

structure regulation from solid spheres to core–shell spheres, and then to hollow spheres, is successfully

realized. Among the structures, the core–shell CrMnFeCoNiO exhibits enhanced lithium storage

performance due to the component and structural advantages. Our work expands the synthesis

methods for HEMs and provides a rational route for structure regulation, which brings them great

potential as high-performance materials in energy storage and conversion.
Introduction

Lithium-ion batteries (LIBs) have been widely used in the elds
of new-energy electric vehicles, portable electronic devices, and
short to mid-term stationary energy storage, occupying a great
share in the highly competitive battery market.1–4 A conven-
tional lithium-ion battery typically consists of a modied
carbon-based anode and a lithium transition metal oxide-based
cathode.5–7 In the face of rapid developments in science and
technology, these traditional LIB electrode materials are
increasingly unable to meet the demanding requirements for
capacity, energy density, safety, size and cost.8–10 Therefore, the
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exploration of new LIB electrodematerials and the realization of
their structure and composition design are highly desirable for
developing high-performance LIBs.11–14

High-entropy materials represent a new kind of material
consisting of at least ve metal elements in a near-equimolar
proportion, deliberately incorporated into a single crystalline
phase.15–17 They include high-entropy alloys (HEAs) and high-
entropy compounds and have attracted increasing interest in
recent years because the unconventional compositions and
crystalline structures hold promise for achieving unprece-
dented performance.18–20 In energy storage and conversion
elds, high-entropy material electrodes exhibit superior cell
activity with excellent stability.21,22 In comparison to the signif-
icant attention and research on HEAs, few reports on high-
entropy compounds have been documented, because it is
more difficult to form high-entropy compounds with a single
phase than high-entropy alloys, due to the incompatibility
among different metals and nonmetals.20–23 Additionally, the
current synthesis strategies for high-entropy compounds are
complicated, cumbersome, and costly.23,24

In 2015, Rost et al. rst explored and created an entropy-
stable oxide (ESO) that is thermodynamically similar to HEAs
but represents a new material, called high-entropy metal oxide
(HEMO).25 Different from HEAs formed by metal bond
connection, HEMOs contain covalent and ionic bonds. Though
Chem. Sci., 2023, 14, 1787–1796 | 1787
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View Article Online
the crystal structure stability of HEMOs is lower than that of
HEAs, the addition of anionic sublattice makes the crystal
structure wider and results in greater functional diversity. As
high-entropy compounds, HEMOs exhibit the properties of
both oxides and high entropy, features and characteristics that
perfectly meet the requirements for the structure and compo-
sition design of electrode materials for transition metal oxide
LIBs.26 Thus, researchers are increasingly active in the research
of high-entropy oxides for energy storage and conversion. To
date, many research groups have synthesized high-entropy
oxides as electrode materials for LIBs that show good perfor-
mance and great cycling stability, but the rigorous synthesis
conditions, high cost, and cumbersome process greatly hinder
their development and applications.27–29

Moreover, it is known that material properties have a strong
structural dependence. Structure regulation is one of the most
effective means to construct more active sites to improve
properties and thus enhance performance. At present, it is still
a great challenge to realize the facile synthesis of high-entropy
compounds, not to mention structure regulation. So far, most
of the synthesized high-entropy compounds including HEMOs
are nanoparticles, which always suffer from disorderly aggre-
gations. Achieving structure regulation of high-entropy
compounds will further improve their performance and
expand their applications. Herein, an amorphous-to-crystalline
transformation strategy is proposed for the simultaneous
achievement of the synthesis of high-entropy transition metal
oxides and regulation of their structure. In this strategy, two
facile synthesis methods, hydrothermal technique and calcined
oxidation process, are combined. Through the former, amor-
phous carbon spheres incorporated with ve metal species are
acquired, which are oxidized and transformed to crystalline
HEMOs by the latter. Importantly, during the oxidation process,
the structure evolution of HEMOs from solid spheres (s-HEMO)
to core–shell spheres (c-HEMO), and then to hollow spheres (h-
HEMO) can be controllably achieved by adjusting the calcina-
tion temperature to vary the ion diffusion and oxidation rates.
This amorphous-to-crystalline transformation route is universal
for HEMOs, and CrMnFeCoNiO materials with the ve rst-row
transition metals are discussed in detail as an example. When
used as LIB anode, the core–shell high-entropy CrMnFeCoNiO
(c-CrMnFeCoNiO) exhibits the best lithium storage perfor-
mance, with a high specic capacity of 968.5 mA h g−1 and
outstanding cycling stability at 0.5 A g−1 due to the component
and structural advantages. Our work not only provides a facile
synthesis method for high-entropy compounds but also offers
a deliberate control strategy for the HEMO structure to improve
its performance, which will bring great potential for HEMOs as
high-performance materials in energy storage and conversion.

Results and discussion

The amorphous-to-crystalline strategy we propose to simulta-
neously realize the facile synthesis of high-entropy metal oxides
(HEMOs) and their structure regulation requires two steps:
a hydrothermal reaction for acquiring amorphous carbon
spheres loaded with ve metal species, and a calcination
1788 | Chem. Sci., 2023, 14, 1787–1796
oxidation process transforming the amorphous precursor into
crystalline high-entropy oxides with different structures. As
shown in Fig. 1a, the mixed solution of glucose and equimolar
amounts of ve metal salts can be transformed into the
spherical carbon precursor loaded with ve metal species under
hydrothermal conditions at 160 °C for 12 h. During the reaction,
glucose not only acts as the carbon source responsible for the
formation of amorphous carbon spheres when no metal salts
are used, as conrmed by the scanning electron microscopy
(SEM) image and X-ray diffraction (XRD) pattern in Fig. S1,† but
it also possesses powerful chelation capacity due to the abun-
dance of –OH functional groups to adsorb the various metallic
ions into carbon spheres. Aer that, the spherical amorphous
carbon precursors with ve metal species were transformed to
crystalline HEMOs through calcination at high temperatures in
air. By deliberately designing the heat treatment in the process
of calcination–oxidation, the HEMO structure transforms from
solid spheres to core–shell spheres, and then to hollow spheres
as the temperature increases to adjust the ion diffusion and
oxidation rates.

Due to the powerful chelation capacity of the –OH functional
groups, glucose can chelate many metal ions, which means that
hydrothermal treatment of the mixture of glucose and different
metal salts is a universal route for the formation of amorphous
carbon loaded with different metal species. Similarly, heat
treatment adjustment to vary the ion diffusion and oxidation
rates is also universally used to control the material struc-
ture.30,31 Thus, our amorphous-to-crystalline transformation
strategy presents a universal technique by which to achieve the
simultaneous realization of the facile synthesis and structure
regulation of HEMOs.

Fig. 1b–q display SEM images of the amorphous precursors
and their corresponding calcination crystalline products with
four different groups of ve metals: Cr–Mn–Fe–Co–Ni, Cr–Mn–
Fe–Ni–Cu, Cr–Mn–Fe–Ni–Zn and Cr–Mn–Co–Ni–Cu, which
clearly demonstrate the universality of the amorphous-to-
crystalline transformation strategy. To clearly show the struc-
tural evolution of the HEMOs, transmission electron micros-
copy (TEM) images of the corresponding four groups of HEMOs
are displayed in Fig. 2 and S2.† It is obvious that the precursors
are composed of solid spheres, and the structures of HEMOs
evolve from solid spherical structure to core–shell structure and
then to hollow structure with the increase of calcining
temperature. Here, the as-synthesized high-entropy CrMnFe-
CoNiO products are chosen as examples for detailed
discussions.

Fig. S1b† displays a SEM image of the CrMnFeCoNi@C
precursor, which is composed of microspheres with diameters
of 1–3 mm. Fig. 2a shows a TEM image and corresponding EDS
elemental mappings of the precursor. It can be clearly observed
that the precursor is solid carbon sphere with ve kinds of
metallic ions (Cr, Mn, Fe, Co and Ni) evenly distributed in the
entire sphere. Its XRD pattern in Fig. S1c† conrms its amor-
phous nature.

Aer the calcination-oxidation, amorphous carbon solid
spheres with ve metal species are successfully transformed to
crystalline HEMOs with different structures, including solid
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic illustrations of the synthesis process of HEMOs through the amorphous-to-crystalline transformation strategy; (b–q)
composition and structure regulation of HEMOs through the amorphous-to-crystalline transformation strategy.
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spherical structure, core–shell structure, and hollow structure,
by temperature control. Fig. S3† and 2b–d show SEM and TEM
images and the corresponding EDS elemental mappings of the
products prepared by calcining the amorphous carbon spheres
at 350 °C, 500 °C and 650 °C, respectively. From the SEM
images, all three products consist of spherical particles, similar
to the precursors. But from the TEM images in Fig. 2b–d, they
appear totally different. The product prepared at 350 °C has
solid spherical structure (s-CrMnFeCoNiO), at 500 °C core–shell
structure (c-CrMnFeCoNiO), while at 650 °C hollow structure (h-
CrMnFeCoNiO), demonstrating the successful structure regu-
lation on the HEMOs. The hollow structure has a thin layer of
HEMOs on the sphere's surface. The layers are very thin and
appear like wavy lm. Similar results can be also observed in the
© 2023 The Author(s). Published by the Royal Society of Chemistry
CrMnFeNiCuO, CrMnFeNiZnO and CrMnCoNiCuO hollow
structures shown in Fig. S2.† From the EDS elemental mapping
images, all the metal elements and oxygen are uniformly
distributed in the entire product, suggesting the homogeneous
nature of the HEMOs. ICP test of c-CrMnFeCoNiO also conrms
the coexistence of the ve metal elements with atom percent-
ages of 24.5%, 19.3%, 17.1%, 18.9% and 20.2%, respectively. It
can be also observed that with increased calcination tempera-
ture, the metal ions tend to diffuse outwards with different
diffusion rates, which corresponds to the structure transition
from solid to hollow structure.32 Compared with Cr and Mn
ions, the diffusion rates of Ni, Co and Fe are faster. However,
when the temperature is too high (such as 800 °C), the spherical
structure collapses and phase separation occurs in the nal
Chem. Sci., 2023, 14, 1787–1796 | 1789
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Fig. 2 TEM images and the corresponding element EDS mappings of (a) amorphous precursor, (b) solid CrMnFeCoNiO spheres, (c) core–shell
CrMnFeCoNiO spheres, and (d) hollow CrMnFeCoNiO spheres.
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product (Fig. S4a and b†). The structure evolution of the HEMO
spheres is summarized in Fig. 3a. At high calcination temper-
atures in air, the amorphous carbon is oxidized to carbon oxide,
Fig. 3 (a) Synthesis mechanism scheme; (b) Raman spectra and (c) XRD
CrMnFeCoNiO.

1790 | Chem. Sci., 2023, 14, 1787–1796
and only the metallic skeleton can be preserved. The metals
react with oxygen to form crystalline HEMOs. During this
amorphous-to-crystalline process, oxygen diffuses inwards and
patterns of the precursor, s-CrMnFeCoNiO, c-CrMnFeCoNiO and h-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the metal species outwards to react with each other, and the
diffusion rate at different temperatures determines the nal
structure of the HEMOs. When the temperature is low, the
diffusion rate of the metallic species is too low to diffuse
outwards, resulting in the formation of solid spheres. With the
temperature increasing, the diffusion rate increases, making
the structure transform from solid spherical structure to core–
shell structure to hollow structure.

The elimination of amorphous carbon is demonstrated by
the Raman spectra in Fig. 3b. In the Raman spectrum of the
precursor, there are two peaks at 1383 cm−1 and 1592 cm−1

corresponding to the D and G bands of carbon, respectively,
conrming the existence of carbon in the precursor. Aer
calcination, no peaks can be observed in the Raman spectra of
all three CrMnFeCoNiO products, demonstrating that the
amorphous carbon has been completely removed, leaving only
the oxide skeleton aer the oxidation reactions. The single-
phase nature of the obtained HEMOs was further investigated
by XRD. Fig. 3c shows the XRD patterns of the s-CrMnFeCoNiO,
c-CrMnFeCoNiO and h-CrMnFeCoNiO samples, revealing that
all the products have the same cubic phase, consistent with
JCPDS No. 85-0730. Specically, the diffraction peaks at around
24.5°, 33.6°, 36.2°, 41.5°, 50.2°, 54.5°, 63.4° and 65.1° of c-
CrMnFeCoNiO can be indexed to (110), (121), (−110), (120),
(220), (231), (130) and (−211), and no other diffraction peaks
arising from other oxides or impurities can be detected,
demonstrating that no phase separation occurs in the product,
which is consistent with the results of EDS elemental mappings.
Fig. S5† displays TEM and HRTEM images of a single core–shell
sphere. The HRTEM images in different regions in Fig. S5b and
c† clearly reveal that the structure is composed of a lot of crys-
talline nanoparticles. These crystalline nanoparticles exhibit
lattice fringes in different directions with spacings of 0.363 nm
or 0.266 nm, corresponding to (110) or (121) of cubic oxide
phase (JCPDS No. 85-0730). This result further demonstrates
that through the amorphous-to-crystalline strategy, the amor-
phous precursor was successfully transformed to HEMOs with
high crystallinity. In addition, the XRD patterns of other
HEMOs, including CrMnFeNiCuO, CrMnFeNiZnO, CrMnCoNi-
CuO and CrMnCoNiZnO, through the amorphous-to-crystalline
strategy in Fig. S6,† all show a similar pattern to JCPDS No. 85-
0730, demonstrating the formation of high-entropy oxides and
the universality of the strategy. Moreover, in order to further
prove the universality of this method, four other kinds of
transition metal oxides, including monometallic oxide (CrO),
bimetallic oxide (CrMnO), trimetallic oxide (CrMnFeO) and
tetrametallic oxide (CrMnFeCoO), have also been prepared
through a similar procedure, and they all have the same phase
structure as the CrMnFeCoNiO with similar morphologies
(Fig. S7†).

X-ray photoelectron spectroscopy (XPS) was further per-
formed to study the valence states and surface chemical
compositions of the HEMOs. Fig. 4 displays the high-resolution
XPS spectra for Cr, Mn, Fe, Co, Ni, and O in the obtained c-
CrMnFeCoNiO. In the Cr 2p spectrum (Fig. 4a), the peaks of
Cr 2p3/2 and Cr 2p1/2 can be divided into four specic peaks; the
peaks at 576.4 eV and 585.8 eV correspond to Cr(III), while the
© 2023 The Author(s). Published by the Royal Society of Chemistry
peaks at 578.7 eV and 587.5 eV correspond to Cr(VI).33,34 The Mn
2p spectrum in Fig. 4b exhibits four peaks deconvoluted to
Mn(III) and Mn(IV) at 2p1/2 of 656.4 eV and 654.2 eV and at 2p3/2
of 644.3 eV and 641.7 eV, respectively.35 The two peaks in the Fe
2p spectrum (Fig. 4c) can be assigned to Fe(III) 2p1/2 (725.7 eV)
and Fe(III) 2p3/2 (711.3 eV).36 The Co 2p spectrum in Fig. 4d
displays the existence of metallic Co at 792.9 eV and 772.9 eV.
Peaks at 798.2 eV and 781.7 eV, along with two satellite peaks at
805.5 eV and 788.3 eV, are tted with Co 2p1/2 and Co 2p3/2 of
the oxidized Co species, respectively.37 There are two peaks at
864.9 eV and 851.7 eV in the Ni 2p spectrum (Fig. 4e), which can
be assigned to Ni 2p1/2 and Ni 2p3/2, respectively, while the other
peaks are attributed to the satellite and the oxidized Ni species
on the sample surface.38–40 In Fig. 4f, the O 1s spectrum is
deconvoluted into three peaks at 533.2 eV, 531.8 eV, and
530.1 eV. The main peak at 530.1 eV can be attributed to metal
oxides (M-O), while the other two are assigned to the C–O and
C]O environment.41 All the XPS results manifest the co-
existence of the ve metal elements and oxygen in the nal
product, well consistent with the EDS elemental mappings and
demonstrating once again the formation of the HEMO.
Furthermore, in order to observe the difference caused by the
structure change, the XPS spectra of c-CrMnFeCoNiO are
compared with s-CrMnFeCoNiO and h-CrMnFeCoNiO. As
shown in Fig. S8,† the peaks of most metal elements in c-
CrMnFeCoNiO shi to higher binding energies, implying that
they are in higher valence state and can provide higher capacity
in the redox reaction of the electrode materials. Meanwhile, the
change of binding energy affects the electronic structure
between metals, increasing the number of active sites and
boosting the synergistic effect between metals, which would be
benecial for electrocatalytic LIB performance.

Core–shell structures with nanoscale hollow interiors and
functional shells have great technological signicance in energy
storage and conversion, including LIBs.42,43 In this study, the
obtained high-entropy CrMnFeCoNiO materials were applied as
anode for LIBs. Cyclic voltammetry (CV) was performed to
investigate the electrochemical redox reactions of the
CrMnFeCoNiO anodes. As shown in Fig. 5a, because of the
insertion and extraction of Li+, there are several anodic and
cathodic peaks in the curves. During the rst cycle discharge,
a strong reduction peak is observed at 0.5 V, originating from
the reduction reaction of Cr, Mn, Fe, Co, Ni ions and the
formation of solid electrolyte interphase (SEI) lm on the elec-
trode surface, which is the main cause of irreversible capacity
loss in discharge process. In this process, the high-entropy
transition metal oxides are reduced to simple metals, and
amorphous Li2O is formed. In the rst positive (lithiation) scan,
a wide oxidation peak appears near 1.5–1.8 V, corresponding to
the oxidation process of the metals. As the cycling proceeds, the
peak intensity of the cathode peak and anode peak decreases
due to the irreversible reaction of the electrode in the charge
and discharge process. The CV curves of the c-CrMnFeCoNiO
anode overlap from the second to the h turn, indicating
that the material has good reversibility in the electrochemical
reaction process. Fig. 5b displays the charge–discharge curve of
the c-CrMnFeCoNiO anode at the voltage range of 0.01–3 V and
Chem. Sci., 2023, 14, 1787–1796 | 1791
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Fig. 4 High-resolution XPS spectra of c-CrMnFeCoNiO: (a) Cr 2p; (b) Mn 2p; (c) Fe 2p; (d) Co 2p; (e) Ni 2p and (f) O 1s.
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the current density of 0.5 A g−1. Its initial discharge capacity and
initial charge capacity are 1415.6 mA h g−1 and 1041.2 mA h g−1,
respectively, and the coulombic efficiency can reach 73.6%.

To explore the impact of structural differences, the cycling
performances of the three high-entropy transition metal oxides
were investigated and are shown in Fig. 5c. It can be seen that
the coulombic efficiencies of s-CrMnFeCoNiO, c-CrMnFeCoNiO
and h-CrMnFeCoNiO are all close to 100% aer 100 cycles.
Among the three HEMOs with different structures, c-
Fig. 5 (a) CV curves and (b) initial galvanostatic charge–discharge curve
rate capability; (e) electrochemical impedance spectroscopy of s-CrMnF
comparison of c-CrMnFeCoNiO with recently reported LIB anodes.

1792 | Chem. Sci., 2023, 14, 1787–1796
CrMnFeCoNiO has the highest specic capacity. It delivers
a high specic discharge capacity of 1415.6 mA h g−1 in the rst
cycle, which decreases during the rst several cycles, attributed
to SEI formation and Li+ trapping in the oxide framework. It
remains stable and then increases due to an activation process
by releasing the trapped Li+, and then reaches a specic capacity
of 968.5 mA h g−1 at the 100th cycle, which manifests the great
recyclability of the core–shell structure. In order to delve deeper
into performance discrepancies, the galvanostatic rate
s at 0.5 A g−1 of c-CrMnFeCoNiO; (c) cycling performance curves; (d)
eCoNiO, c-CrMnFeCoNiO, and h-CrMnFeCoNiO; (f) LIB performance

© 2023 The Author(s). Published by the Royal Society of Chemistry
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capability performances of the different HEMOs at different
currents are presented in Fig. 5d. The c-CrMnFeCoNiO delivers
the largest specic capacity at any current density. It is
demonstrated that the product with core–shell structure has the
best charge–discharge performance in comparison to the solid
and the hollow spherical structure, which conrms again the
signicance of structure regulation on the high-entropy
compounds. When the current density returns to the initial
value, the specic capacities of the batteries assembled with the
three HEMOs return to the initial level or even better, which
further conrms that our electrode materials are basically
unaffected by external conditions such as charge and discharge
current density, and have practical application value. Electro-
chemical impedance spectroscopy (EIS; Fig. 5e) tests indicate
that the c-CrMnFeCoNirO electrode has the minimum electro-
chemical impedance and best conductivity, which is consistent
with the previous test results and further reveals the advantage
of the core–shell structure.

Moreover, in order to demonstrate the advantage of high-
entropy effect on LIB performance, ternary and quaternary
transition metal oxides c-CrMnFeO, c-CrFeCoNiO, c-
CrMnCoNiO, c-CrMnFeNiO and c-CrMnFeCoO were also
synthesized by the amorphous-to-crystalline transformation
process. Fig. 6a and b display their galvanostatic rate capability
performance and electrochemical impedance spectroscopy test
along with those of the high-entropy c-CrMnFeCoNiO, clearly
revealing that the increase of element types can greatly improve
Fig. 6 (a) Rate capability and (b) electrochemical impedance spectrosco
cycling stability of the c-CrMnFeCoNiO anode.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the high-entropy effect and activity of the material, and thus
enhance the lithium electrochemical properties. The capacities
of c-CrMnFeCoNiO during charging and discharging were also
tested under high current densities. Fig. S9† displays the rate
capacities of c-CrMnFeCoNiO under the high current densities
of 1, 2, 5, 10 and even up to 20 A g−1 in comparison with several
quaternary transition metal oxides. c-CrMnFeCoNiO can deliver
the specic capacities of 510.9 mA h g−1, 364.9 mA h g−1 and
228.3 mA h g−1 at 5, 10 and 20 A g−1, respectively, much higher
than those of the quaternary transition metal oxides. When the
current density returns to 1 A g−1 aer charging and discharg-
ing at the current densities of 1, 2, 5, 10 and 20 A g−1, the
specic capacity is restored to approximatively the initial level,
conrming that c-CrMnFeCoNiO also has great rate capability
under high current densities. Fig. S9† also displays the rate
capacities of the quaternary transition metal oxides for
comparison. It can be observed that the capacities of these
quaternary transition metal oxides at different current densities
are similar to each other, but much smaller than those of the
HEMOs (c-CrMnFeCoNiO), which clearly reveals that the
increase of element species can greatly enhance the lithium
storage properties. Finally, the long-term cycling stability of the
c-CrMnFeCoNiO electrode was evaluated, and the data obtained
at a charge–discharge rate of 0.5 A g−1 for 300 cycles are shown
in Fig. 6c. Aer a series of high-rate charge–discharge cycling
processes, the inside of the HEMO structure realizes complete
penetration of the electrolyte, and the capacity increases. The
py of c-CrMnFeO, c-CrMnFeCoO and c-CrMnFeCoNiO; (c) long-term

Chem. Sci., 2023, 14, 1787–1796 | 1793
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increase of capacity illustrates the excellence of the core–shell
structure. Furthermore, the charge and discharge capacities
increase greatly aer 150 cycles, which might be attributed to
the pseudo-capacitive interfacial storage. As reported, the
decomposition products of the electrolyte (1.0 M LiPF6 in EC :
DMC : EMC = 1 : 1 : 1 vol%) grow on the surface of active
materials, forming polymeric/gel-like lms.44,45 The core–shell
structure makes the decomposition products easily accumulate
on the active materials, providing the extra capacity as cycling
goes on until coulombic efficiency is obviously higher than
100% aer 250 cycles. In general, all the high-entropy
CrMnFeCoNiO transition metal oxides synthesized in this
study have excellent LIB performances. Among them, the core–
shell HEMOs structure has the most active sites, best battery
activity and stability due to its structural advantages and is
superior to many reported oxide and high-entropy oxide lithium
electrode materials (Fig. 5f and Table S1†). Because of its
universal fabrication and excellent performance, the high-
entropy core–shell c-CrMnFeCoNiO structure would have great
application potential to serve as a promising electrode material
for future high-performance LIBs.

Conclusions

In summary, a general amorphous-to-crystalline transformation
route is proposed to simultaneously achieve the synthesis of
high-entropy transition metal oxides and regulate their struc-
ture. During the formation of amorphous carbon spheres from
glucose under hydrothermal conditions, various metal ions can
be homogeneously loaded due to the powerful chelation
capacity of the many –OH functional groups in glucose. The
subsequent calcination and oxidation treatment of the amor-
phous precursor leads to the transformation of the amorphous
spheres to crystalline HEMOs. More importantly, with the
increase of calcination temperature, the HEMOs' structure
evolves from solid spherical structure to core–shell structure
and then to hollow structure due to the different ion diffusion
and oxidation rates at different temperatures. Furthermore, this
strategy can be extended to the preparation of various oxides,
including different high-entropy oxides of various components.
As an example, due to the component and structural advan-
tages, the core–shell high-entropy CrMnFeCoNiO exhibits
excellent lithium storage performance with high specic
capacity, low electrochemical impedance and fast Li+ conduc-
tivity. This study not only provides a low-cost and efficient
synthesis route for high-entropy compounds, but also presents
a rational concept for their difficult structure regulation, giving
HEMOs great potential as high-performance materials in energy
storage and conversion.

Experimental
Materials

All the reagents used were of analytical grade and used as
received. Nickel chloride (NiCl2$6H2O), cobalt chloride (CoCl2-
$6H2O), ferric chloride (FeCl3), manganese chloride (MnCl2-
$4H2O), chromium chloride (CrCl3$6H2O), and glucose
1794 | Chem. Sci., 2023, 14, 1787–1796
(C6H12O6) were purchased from Sinopharm Chemical Reagent
Co. Ltd.

Synthesis of precursor spheres

In a typical procedure, 1.8 g of C6H12O6 was added to 30 mL of
deionized water. Aer 10 minutes of magnetic stirring,
0.165 mmol of NiCl2$6H2O, 0.165 mmol of CoCl2$6H2O,
0.165 mmol of FeCl3, 0.165 mmol of MnCl2$4H2O and
0.165 mmol of CrCl3$6H2O were added to form a uniform
solution. The resulting solution was then transferred into
a Teon-lined stainless steel autoclave and kept at 160 °C for
12 h. Aer cooling to room temperature, the precipitate was
collected and washed with deionized water and absolute
ethanol three times, respectively. Finally, the product was dried
overnight at 80 °C, and the precursor spheres were obtained.

Synthesis of high-entropy metal oxides (CrMnFeCoNiO) with
different structures

The obtained precursor spheres were heated in air with a 3 °
C min−1 ramping rate in a muffle furnace and kept at 350 °C for
2 h to transform to the solid s-CrMnFeCoNiO spherical struc-
ture. The core–shell c-CrMnFeCoNiO and hollow h-
CrMnFeCoNiO structures were synthesized at 500 °C and
650 °C for 2 h in a muffle furnace, respectively.

Synthesis of c-CrO, c-CrMnO, c-CrMnFeO and c-CrMnFeCoO

These samples were synthesized through the same procedure as
HEMO c-CrMnFeCoNiO spheres with the addition of the cor-
responding metal sources.

Characterization

X-ray diffraction (XRD) patterns of the materials were collected
on a Shimadzu XRD-6000 powder X-ray diffractometer with Cu
Ka radiation. Transmission electron microscopy (TEM), high-
resolution TEM (HRTEM) images and energy-dispersive X-ray
spectroscope (EDS) elemental mappings of the samples were
obtained on a JEOL JEM-2800 transmission electron micro-
scope. Scanning electron microscopy (SEM) images of the
products were acquired on a scanning electron microscope. X-
ray photoelectron (XPS) spectra were detected with a PHI-5000
Versa Probe X-ray photoelectron spectrometer using an Al Ka

X-ray source.

Electrochemical measurements

All of the working electrodes consisted of active materials
(40%), a few layers of graphene (40%), super P (10%) and PVDF
(10%) as a binder, which were painted on a Cu current collector
dried at 60 °C for 12 h under vacuum. The mass loading of the
active material is about 0.083 mg cm−2. The coin-type cells (CR
2032) were assembled in an Ar-lled glove box where O2 and
H2O concentrations were <1 ppm. Li-metal wafers served as
a positive electrode, 1.0 M LiPF6 in EC : DMC : EMC = 1 : 1 :
1 vol% was used as an electrolyte, and a porous polypropylene
paper (PP, Celgard 2400) as a separator. The discharge–charge
measurements, including cycling performance and rate
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04900g


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 9

:1
7:

54
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
stability, were carried out on a battery testing system (Land,
Wuhan, China) in a voltage range of 0.01–3.0 V. Cyclic voltam-
metry measurements were performed at various scan rates with
a voltage window from 0.01–3.0 V vs. Li/Li+ on an electro-
chemical CHI760D workstation (Chenhua, Shanghai, China).
EIS measurements were carried out on CHI760D with a 5 mV
amplitude of the AC signal at a frequency range of 100 kHz to
0.01 Hz.
Data availability
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