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The rock-salt structure HEO Fep2C002Nio2Cu02Zn020 was ultrafast synthesized
by the Joule heating technique within 3 seconds and was applied to LIBs for the
first time as a conversion-type anode material. The material exhibits excellent

electrochemical performance and cycling stability.
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ABSTRACT

High-entropy oxides (HEOs) composed of multiple metal elements have garnered significant attention as anode materials for lithium-ion
batteries (LIBs), owing to their synergistic effects between constituent metal oxides and broad material design flexibility. However, the
advancement of HEOs in LIBs has been hindered by time-consuming synthesis methods, complex fabrication procedures, and an insufficient
understanding of their lithium storage mechanisms. In this study, a rock-salt structure HEO Feo2C00.2Nio2Cu02Zno20 was ultrafast
synthesized by the Joule heating technique within 3 seconds and was applied to LIBs for the first time as a conversion-type anode material.
The material exhibits not only excellent capacity retention but also remarkable structural reversibility. Specifically, the reversible capacity is
determined to be 1310 mAh g for 200 cycles at 0.1 A g', and 705 mAh g for 3000 cycles at 5 A g-'. Detailed mechanistic investigations
reveal that ZnO serves as an electrochemically inactive structural stabilizer that maintains the rock-salt framework, while Cu?* is difficult to
oxidize back to its original state once reduced to Cu®. This study provides critical insights into the composition-structure-property relationships

of HEOs, offering valuable guidance for designing high-performance LIBs anode materials through entropy engineering.
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1 Instruction

Lithium-ion batteries (LIBs) have emerged as one of the most
widely used energy storage solutions globally due to their
efficiency and reliability. They are extensively applied in electric
vehicles, energy storage systems, and portable electronic devices
[1-6]. However, the currently commercially used intercalation
anode materials, such as graphite and lithium titanate, have
relatively low energy densities, which do not meet the increasing
demand for higher energy density for energy storage [7-9].
Although silicon-based anode materials offer high energy densities,
they suffer significant volume expansion, which requires further
research and development to overcome [10-12]. Conversion-type
transition metal oxides (TMOs) not only exhibit higher theoretical
specific capacity compared to traditional graphite anode materials,
but also demonstrate smaller volume expansion and better cycling
stability than silicon anode materials. These advantages make them
a highly promising next generation anode materials for LIBs [13,
14]. However, TMOs also experience substantial volume
expansion and contraction during charging-discharging cycles,
causing electrode material cracking. This damage leads to the
detachment of active material from the current collector and
imposes stress on the solid electrolyte interphase (SEI), resulting in
continuous SEI growth and capacity degradation during cycling
[15-20]. To address these critical issues, it is necessary to develop
high-entropy oxides anode materials with better energy storage
performance.

By adjusting the stoichiometric ratios and types of doped cations,
high-entropy materials demonstrate exceptional compositional
flexibility, which typically endows them with novel and
unexpected physicochemical properties. Consequently, these
materials have found wide-ranging applications in numerous fields,
including superionic conductors, catalysts, thermoelectric materials,
and battery electrodes [21-24]. Recently, high-entropy oxides
(HEOs) inspired by the principle of high configurational entropy
stability have gained attention as promising anode materials for
LIBs [25-29]. HEOs are composed of five or more metal elements
(each with 5-35% molar concentration) to achieve high
configurational entropy (i.e., Sconig = 1.5 R) and are synthesized
into a single-phase crystalline structure. Compared to single TMOs,
HEOs exhibit highly uniform chemical composition and complex
crystal structures with excellent structural stability. The synergistic
effects among multiple elements further enhance the
electrochemical performance of the materials [30-34]. HEOs have
been studied by various scholars since the concept of
entropy-stabilized was first proposed by Rost et al. in 2015 [35-40].
From the Mgo.2Co00.2Nip2Cuo.2Zn020 rock-salt structure reported by
Sarkar et al. with a specific capacity of 600 mAh g' after 300
cycles at 0.2 A g! to the (FeCoNiCrMn);O4 spinel structure
reported by Liang's team with 611 mAh g after 800 cycles at 3 A
¢! [37, 41], further proving the exceptional cycling stability of
HEO. Despite these advances, the practical application of HEOs
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remains limited by high-energy synthesis methods and insufficient
mechanistic understanding of their lithium storage behavior,
highlighting the need for rapid synthesis methods and in-depth
electrochemical characterization [42-47].

In this work, we report the ultrafast synthesis [48] of
entropy-stabilized rock-salt structure Feo2C00.2Nio.2Cuo.2Zno20 via
Joule heating in just 3 seconds. The morphology, microstructure,
valence state, and electrochemical charge-discharge performance
of HEO have been systematically investigated, comparing its
electrochemical performance to TMOs. The reversible capacity is
1310 mAh g' for 200 cycles at 0.1 A g, and the capacity at a
relatively high current density of 5 A g! is also maintained at about
705 mAh g after 3000 cycles, with a capacity retention of 87.16%.
In-depth analysis using electrochemical in-situ X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), ex-situ and
in-situ transmission electron microscopy (TEM) revealed the
mechanisms of the reversible lithium storage performance in HEO.
It was found that for Feo2C002Nio2Cu02Zno.0, ZnO was
electrochemically inactive and acted as a structural pillar to
maintain the rock-salt structure in the form of Zn?* during cycling,
allowing for a highly reversible rock-salt structure. While Fe, Co,
and Ni serve as the primary contributors to the capacity.
Additionally, Cu, presenting as Cu® after initial cycling, enhances
electron conductivity and improves performance. The findings
from this study offer valuable insights into the structural and
compositional design of next generation HEOs electrode materials
for advanced LIBs.

2 Material and Methods

2.1 Material synthesis

First, equimolar proportions of Fe3sO4 (Mreda, 99%), CoO (Aladdin,
99.9%), NiO (Aladdin, 99.9%), CuO (Meryer, 99.5%) and ZnO
(Aladdin, 99.8%) were added to a zirconia mixing vessel and
mixed with stainless steel pellets in a ball mill at 400 revolutions
per minute (rpm) for 4 hours. Then, the mixed powders were
divided into portions of 0.35 grams each and compressed into
small discs with a diameter of 1.5 cm under a pressure of 8 MPa
using a hydraulic press. Graphite flakes were used as a support and
conductor during the Joule sintering process to ensure uniform
heating. A layered assembly was constructed by sandwiching the
precursor pellet between two alumina flakes, which was then
positioned centrally within a graphite flake stack and capped with
an additional graphite flake. The samples were then rapidly heated
to 1350 K for 3 seconds in an argon atmosphere heating chamber,
followed by rapid cooling to room temperature. The entire process
was completed within 10 seconds. Finally, the sintered HEO was
pulverized in a quartz crucible to reduce particle size, preparing it
for the subsequent cell electrodes preparation.

2.2 Material Characterizations

The crystal structure of the samples was characterized using XRD
(Bruker D8 Advance with Cu Ko X-ray source) at 40 kV and 40
mA, over a 20 range of 20° to 80°. The constituents of the samples
were quantified by inductively coupled plasma optical emission
spectroscopy (ICP-OES, PE Optima 8000). Microstructural
analysis was conducted using transmission electron microscope
(TEM, JEM-2100F with 200 kV acceleration voltage) and
scanning electron microscope (SEM, Nova 200 Nano SEM with 15

kV acceleration voltage). The SEM samples were prepared by
drying and dispersing on silicon wafers, while TEM samples were
prepared by ultrasonic drying and dispersing on molybdenum grids.
Energy-dispersive X-ray spectroscopy (EDS) and selected-area
electron diffraction (SAED) were used to investigate the
microstructure, chemical composition, and crystal structure of the
materials. Additionally, X-ray photoelectron spectroscopy (XPS,
PHI5000 VP III, K-alpha) was employed to analyze the valence
states of the samples, with all spectra calibrated using the C 1s
peak (C-C bond) at 284.8 eV as a reference.

2.3 Electrochemical Measurements

The electrochemical performance of the HEO anode was evaluated
using CR2032 button half-cells. To prepare the electrode slurry the
synthesized HEO powder, Ketjen Black conductive carbon, and
sodium alginate binder were mixed in deionized water at a weight
ratio of 7:2:1, followed by ball milling at 2000 rpm for 10 minutes.
The resulting homogeneous slurry was uniformly coated onto a
copper foil current collector and dried at 80°C for 12 hours in a
vacuum oven. The dried electrodes were punched into 12 mm
diameter discs, with an active material mass loading of
approximately 1.0 mg cm, as measured by an analytical balance.
The electrolyte consisted of 1 M LiPFs dissolved in a 1:1:1 (v/v)
mixture of ethylene carbonate (EC), dimethyl carbonate (DMC),
and diethyl carbonate (DEC). 75 puL of the electrolyte volume was
used in each cell. A Whatman GF/D glass fiber separator was
employed in the cell assembly, which was conducted in an
argon-filled glove box (Mikrouna Super 1200, H,O/O> < 0.1 ppm).
For construction of a HEO//LiNipsCo.1Mno 0, full cell, an
anode-to-cathode capacity ratio of 1.12 was used. The HEO anode
was preconditioned and lithiated in a half cell prior to the full cell
assembly. Cyclic voltammetry (CV) measurements were performed
on a CHI 760E electrochemical workstation within a voltage
window of 0.01-3.00 V (vs. Li"/Li). Galvanostatic
charge-discharge cycling and rate capability tests were carried out
using a Neware CT-4008 battery tester over the voltage range of
0.01-3.00 V (vs. Li*/Li). For post-cycling characterization, the
cycled cells were disassembled in the glove box, followed by
rinsing the electrodes with DMC to remove residual electrolyte.
The cleaned electrodes were then dried under an inert atmosphere
for 24 hours before further analysis.

3 Results and Discussion

Figure 1(a) illustrates the temperature profile of the Joule-heating
ultrafast synthesis for HEO. The sample achieved rapid heating to
1350 K within 3 seconds followed by immediate cooling to room
temperature, demonstrating exceptional process efficiency.
Pre-sintering measurements revealed a sample diameter of 1.5 cm,
which contracted to 1.3 cm after sintering, confirming enhanced
material densification during thermal processing. Structural
characterization of the synthesized material was subsequently
conducted. The XRD pattern in Fig. 1(b) exhibits distinct
diffraction peaks at 20 = 36.59°, 42.50°, 61.67°, 73.89° and 77.78°,
corresponding to the (111), (200), (220), (311), and (222)
crystallographic planes of a cubic rock-salt structure, respectively.
Calculated lattice spacings for these planes are 0.245 nm, 0.213 nm,
0.150 nm, 0.128 nm, and 0.122 nm, consistent with the Fm 3 m
space group (PDF#74-2392). As illustrated in the inset of Fig. 1(b),
the ball-and-stick model depicts the atomic configuration of the



HEO, where oxygen anions (red spheres) occupy fixed lattice sites,
while five metal cations (green spheres) randomly distribute across
cation sites with equal probability. This atomic disorder generates a
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high configurational entropy (Sconfig) of 1.61 R, calculated via Eq.
(S1) in the ESM. According to high-entropy design criteria (Sconfig
> 1.5 R), this material qualifies as a high-entropy oxide [35].
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Figure 1 Structural characterization of HEO material. (a) Synthesis of rock-salt HEO by Joule heating. (b) XRD pattern of HEO and crystal
model of rock-salt structure. The red spheres represent anion sites occupied by oxygen ions and the green spheres represent cation sites
randomly occupied by five metal cations with equal probability. (c) TEM image and (d) HRTEM image of HEO. (¢) SAED pattern of the
polycrystalline structure of HEO. (f) HAADF image and EDS elemental mappings of HEO.

The structural characteristics of the HEO were systematically
investigated through multi-scale electron microscopy analysis. The
scanning electron microscope (SEM) image of HEO (Fig. S1 in the
ESM) reveals a granular morphology with an average particle size
of 143.13 nm. The TEM image observations in Fig. 1(c)
demonstrate that larger HEO particles comprise randomly oriented
sub-micron crystallites, as evidenced by distinct diffraction
contrast variations. High-resolution TEM (HRTEM) image (Fig.
1(d)) resolves atomic lattice fringes with spacings of 0.246 nm,
0.216 nm, and 0.151 nm, corresponding to the (111), (200), and
(220) planes of the rock-salt structure, respectively. By analyzing
the selected-area electron diffraction (SAED) pattern of HEO (Fig.

1(e)), more profound comprehension of its crystal structure has
been obtained. As shown in the figure, the distinct diffraction rings
of HEO indicate a well-defined crystalline structure. The
concentric diffraction rings correspond to eight crystallographic
planes: d(i11) = 0.246 nm, dooy = 0.216 nm, d20) = 0.151 nm, di)
=0.128 nm, d222) = 0.123 nm, d400) = 0.106 nm, d331) = 0.098 nm,
and du22) = 0.087 nm. Furthermore, elemental analyses of HEO
particles are performed using transmission electron microscopy
(TEM) combined with energy-dispersive X-ray spectroscopy
(EDS). The high-angle annular dark field (HAADF) image as well
as the EDS elemental mappings show a homogeneous distribution
of the elements Fe, Co, Ni, Cu, Zn, and O without any observable
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elemental segregation in Fig. 1(f). Quantitative analysis via
inductively coupled plasma optical emission spectrometer
(ICP-OES) and EDS (Table Sland Fig. S2 in the ESM) confirms
near equal-molar metal ratios. The atomic ratios of Fe, Co, Ni, Cu,
and Zn are close to 1:1:1:1:1. The amalgamation of the
aforementioned analyses indicates the successful preparation of
Fe02C00.2Ni02Cu02Zno20 HEO material
rock-salt structure.

The electrochemical performance of the rock-salt structure
Fe02C00.2Ni02Cu0.2Zno20 HEO was evaluated in CR2032 button
cells with lithium metal as the counter electrode. Figure 2(a)
presents the first three cyclic voltammetry (CV) cycles of the HEO
anode with a scan rate of 0.1 mV s' and a voltage window of
0.01-3.0 V (vs. Li*/Li). During the initial cathodic scan (lithiation),
three distinct reduction peaks are observed at = 1.51, 1.07, and 0.76
V, corresponding to the multi-step lithiation process of transition
metal oxides. The subsequent anodic scan (delithiation) reveals
two oxidation peaks at 1.67 V and 2.33 V, indicating metal
nanoparticle (NP) re-oxidation. Notably, the near-perfect overlap of
the second and third CV cycles demonstrates exceptional

with a single-phase

electrochemical reversibility after solid electrolyte interphase (SEI)
stabilization. A characteristic cathodic peak shift from 0.76 V (first
cycle) to 0.95 V (subsequent cycles) is attributed to irreversible
SEI formation and electrolyte decomposition during initial
activation, consistent with prior reports on conversion-type anodes
[49, 50]. To further elucidate the reaction kinetics, the capacitive
contribution to the total capacity was quantified through Trasatti
analysis of CV data acquired at different scan rates (0.1-1.0 mV s,
Fig. S3 in the ESM). The theoretical capacity of this HEO,
calculated using Eq. (S2) in the ESM, is 737.9 mAh g'!. The actual
capacity of this anode material in LIBs exceeds the theoretical
capacity because the specific capacity of HEO originates from both
capacitive-controlled  contribution and  diffusion-controlled
contribution. The pseudocapacitance performance ratio of HEO in
LIBs is shown in Fig. S3 in the ESM. The high specific capacity of
HEO is partly attributed to pseudocapacitance performance
(capacitive-controlled contribution) as the surface or near-surface
regions of HEO can adsorb ions, thereby enabling significantly
enhanced capacitive performance. Therefore, the HEO exhibits an
exceptionally high specific capacity in LIBs.
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Figure 2 Energy storage performance of HEO anode characterized in half-cells. (a) The CV curves of HEO at 0.1 mV s in the voltage
range of 0.01-3.00 V. (b) Charge-discharge curves for the first 5 cycles at 0.1 A g!. (c) Rate performance at various current densities from
0.1 to 5 A g. (d) Cycling stability of HEO at 0.1 A g''. (¢) Performance comparison between HEO and TMOs at 3 A g’ (f) Long-term
cycling performance of HEO at 5 A g''. (g) Electrochemical performance comparison of HEO with other reported HEO-based anodes.

Galvanostatic charge-discharge cycling was performed to
evaluate the lithium storage performance of the HEO anode. As

shown in Fig. 2(b), the first five cycles at 100 mA g' exhibit
voltage plateaus aligning with CV-derived redox potentials (Fig.



2(a)). The initial discharge-charge capacities reached 1759 mAh g!
and 1010 mAh g, respectively, yielding the initial Coulombic
efficiency (ICE) of 57.42%. This phenomenon is primarily
attributed to the irreversible reactions of the electrode materials,
the decomposition of the electrolyte, and the formation of the SEIL
However, the discharge-charge performance becomes stable after
the first cycle, further reflecting its good electrode reaction
reversibility. To assess the performance of HEO at different
discharge-charge rates, rate capability tests were conducted, as
shown in Fig. 2(c). Specific capacities of 960, 894, 820, 755, 704,
667, and 606 mAh g are maintained at progressively increased
current densities of 0.1, 0.2, 0.5, 1, 2, 3, and 5 A g, respectively.
Rate capability tests reveal exceptional current tolerance of
Fe0.2C002Ni0.2Cuo2Zno 0. Notably, the HEO anode exhibits a
unique capacity activation behavior, with gradual capacity increase
during prolonged cycling. This trend is further corroborated by
long-term cycling tests (Fig. 2(d)), where the capacity rises to 1315
mAh g! after 200 cycles at 0.1 A g! with 98.55% CE,
demonstrating a long activation process and excellent capacity
retention. The extra capacity beyond the redox reaction may arise
from interfacial charge storage derived from the large active
surface and surface defects, and/or the reversible conversion of the
electrolyte surface layer catalyzed by the nanometallic particles
[51].

To investigate whether the prolonged activation behavior
observed in the HEO represents a universal characteristic of TMOs,
comparative electrochemical evaluations were performed on five
individual TMOs (CoO, CuO, NiO, ZnO, Fe3;04) and the HEO at 3
A g'. As shown in Fig. 2(e), traditional TMOs exhibit
monotonically decaying capacity profiles, which stand in sharp
contrast to the unique three-stage behavior of the HEO.
Quantitative analysis after 1000 cycles reveals remarkable
electrochemical performance of the HEO, delivering 947 mAh g!
compared to 324 (Co0), 237 (CuO), 170 (NiO), 54 (ZnO), and 137
mAh g!' (Fe304). Specific data can be found in Fig. S4 in the ESM.
Particle size analysis of the six materials (Fig. S1 in the ESM)
reveals that the average particle size of HEO is comparable to that
of the TMOs. Thus, eliminating particle size effects as a
performance determinant. Then, electrochemical impedance
spectroscopy (EIS) analysis revealed that the HEO exhibits
superior conductivity compared to TMOs (Fig. S5 in the ESM).
Furthermore, galvanostatic intermittent titration technique (GITT)
measurements comparing HEO with CoO (the best performing of
the five TMOs) showed that HEO has a higher Li* diffusion
coefficient (Fig. S6 in the ESM). Collectively, these properties
contribute to the enhanced battery performance of HEO. As the
cycle proceeds, the nanocrystals transform from large particles to
clusters composed of smaller particles, generating abundant
electrochemically active interfaces (Fig. S7 in the ESM). This
structural transformation, coupled with the high-entropy “cocktail
effect” (synergistic interactions between multimetallic constituents)
collaboratively enhances both redox activity and structural integrity.
The dual mechanisms explain the exceptional capacity retention
and rate capability of the HEO. Furthermore, compared to the
conventional time-consuming tube furnace synthesis method, the
ultrafast synthesis approach is not only dramatically more time and
labor efficient but also delivers significantly enhanced
electrochemical performance (Fig. S8 in the ESM).

To further assess the ultra-long cycling stability of the HEO
anode, cycling was performed at an ultrahigh current density of 5 A

Nano Res.

g1 for 3000 cycles. As shown in Fig. 2(f), the HEO electrode
delivers an exceptional reversible capacity of 705.6 mAh g with
near-ideal CE (99.8%). Excluding the initial five activation cycles
at lower current density, the electrode demonstrates an outstanding
capacity retention of 87.16%, which is better than most reported
HEOs under comparable testing conditions. Compared with the
results in previous reports, the HEO anode has a competitive
electrochemical performance (Fig. 2(g)). Specific data can be
found in Table S2 in the ESM [29, 36, 37, 49, 51-61]. This
breakthrough performance originates from the synergistic interplay
between entropy-stabilized structural integrity and nanoscale
interfacial engineering, as elaborated in subsequent mechanistic
analyses.

To elucidate the structural origin of the exceptional cycling
stability in HEO anode, in-situ XRD analysis was performed
during initial cycle. Figure 3 shows the in-situ XRD pattern of
HEO, the HEO electrode maintains three characteristic rock-salt
structure peaks corresponding to (111), (200), and (220) planes at
36.6° 42.5° and 61.7°, respectively. Notably, while these primary
diffraction peaks experience significant intensity attenuation during
lithiation, they persist throughout the electrochemical process. This
behavior is  consistent with the rock-salt structure
Mgo.2C00.2Nio2Cu0.2Zno 20 reported previously [61]. Based on this,
we speculate that in HEO, there are also some metal elements with
lower electrochemical activity. These metal elements play an
important role in maintaining the stability of the main framework.
However, since the long-range lattice ordering of HEO is destroyed
during the lithiation process, only short-range lattice ordering is
left in the structure [37, 49, 62]. Due to the limitations of XRD
characterization technique for amorphous structure analysis,
subsequent nanoscale characterization was performed. We further
conducted post-cycled TEM analysis on electrodes at fully
lithiation (0.01 V vs. Li*/Li) and delithiation (3.0 V) states.

The structural evolution of HEO after initial lithiation was
investigated by TEM analysis, as shown in Figs. 4(a)-(e). Figure
4(a) shows the SAED pattern in which the diffraction intensities of
the (111), (200), (220), (222), and (400) crystal planes of the
original rock-salt structure was substantially weakened but not
completely disappeared. While different diffraction rings were
observed to be generated, distinct from those of the original
rock-salt structure. Subsequently, the newly formed structures were
preliminarily identified as metallic phases through HRTEM (Fig.
4(b)) and the corresponding fast Fourier transform (FFT). Figure
4(c) is an enlarged image of area [ in Fig. 4(b), corresponding to
the retention of the retained rock-salt structure and Fig. 4(d) is an
enlarged image of area II in Fig. 4(b), corresponding to the
formation of new phase metallic elemental structures. However,
since the crystal spacing corresponding to the (111), (200) and (220)
crystal planes of the Fe, Co, Ni and Cu metallic phases are between
0.203-0.211 nm, 0.174-0.183 nm and 0.123-0.129 nm, the lattice
spacing of different elemental substances corresponding to the
similar crystal plane results in difficulty in accurately determining
which oxides have been reduced to metallic elements. Because the
(111) and (200) crystal planes of Zn corresponding to 0.227 and
0.196 nm are not observed in SAED and HRTEM, the newly
formed red diffraction rings after initial lithiation correspond to the
phases of Fe/Co/Ni/Cu. The EDS elemental mappings (Fig. 4(e))
demonstrate homogeneous distribution of Fe, Co, Ni, Cu, Zn, and
O without phase segregation. Quantitative EDS analysis (Fig. S9 in
the ESM) confirms preserved near equal-molar metal ratios
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(Fe:Co:Ni:Cu:Zn = 1:1:1:1:1), indicating structural integrity of the enhance the exceptional cycling stability observed in
high-entropy  configuration after initial discharge. This electrochemical tests.
atomic-scale homogeneity and dual-phase structural buffering
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Figure 3 Electrochemical in-situ XRD patterns obtained during the discharge-charge process, with the corresponding potential curves
shown on the left. The green triangles correspond to the characteristic diffraction peaks of HEO, while the other diffraction peaks are Be
and BeO.
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Figure 4 Reversible structure of HEO anode upon cycling. (a) SAED pattern of the first electrochemical lithiation. The rock-salt structure
and new formed diffraction rings coexist in HEO after initial lithiation. (b) HRTEM image showing coexisting rock-salt structure and new
phases in HEO after lithiation. (c) Enlarged HRTEM image of area | in Fig. 4(b) and corresponding FFT pattern of the retained rock-salt
structure. (d) Enlarged HRTEM of area II in Fig. 4(b) and corresponding FFT pattern of metallic phase. (¢) EDS elemental mappings of
HEO anode after initial lithiation. (f) TEM image and (g) corresponding SAED pattern of HEO anode after initial cycle. (h-j) HRTEM
images, corresponding FFT pattern and EDS elemental mappings after initial cycle.

To evaluate the structural reversibility of the HEO anode during
electrochemical cycling, TEM characterization was performed
(Figs. 4(f)-()). The SAED pattern and HRTEM images reveal
well-defined lattice spacings of 0.244 nm, 0.216 nm, 0.150 nm, and
0.128 nm, confirming that the structure of the HEO is well
recovered to the rock-salt structure after charge process. The EDS
elemental mappings show that all elements show a homogeneous

distribution, without detectable elemental segregation phenomenon.

Quantitative elemental analysis provided in Fig. S10 in the ESM.
The highly reversible crystal structure and excellent preservation of
the uniform distribution of elements provide stable cycling
performance for HEO anode.

To elucidate the lithium storage mechanism and identify the
chemical state of formed metallic phases during cycling, X-ray
photoelectron spectroscopy (XPS) was employed to analyze the
valence state evolution of HEO in pristine, lithiation, and
delithiation states. The XPS spectra of HEO, as shown in Fig. S11
in the ESM, clearly display the variation of characteristic peaks in
different states. Specifically, in the Fe 2p spectra (Fig. 5(a)), HEO
exhibits characteristic Fe 2ps» peaks at 710.65 eV (Fe?") and
712.53 eV (Fe*") in the pristine state, with corresponding Fe 2pi»

peaks at 723.46 eV and 725.69 eV, respectively. The ratio of
Fe?/Fe3* is 63.35: 36.65. After discharging, Fe*" is reduced to Fe?*
and Fe’, the new peaks at 706.57 and 719.75 eV are related to Fe
2p3» and Fe 2pi,2 of Fe’, with the ratio of Fe**/Fe’ = 69.63: 30.37.
After charging, Fe® is well restored to Fe*" and Fe3* with the ratio
of Fe?*/Fe** = 72.54: 27.46. In the Co 2p spectra (Fig. 5(b)), Co
exists as Co?" in the pristine state, with characteristic Co 2ps,» and
Co 2pin peaks at 780.71 eV and 796.75 eV, respectively. New
peaks at 778.18 eV and 793.3 eV corresponding to Co 2p3» and Co
2pi2 peaks of Co® are observed after discharging, Co?" is partially
reduced to Co® with the ratio of Co?*/Co® = 47.73: 52.27. Co could
be fully restored to Co?* after charging. In the Ni 2p spectra (Fig.
5(c)), Ni exists as Ni** in both pristine and delithiation states. The
peak at 853.69 eV belongs to Ni 2ps» and the peak at 871.25 eV is
attributed to Ni 2p1. After discharging, Ni** is completely reduced
to Ni’, as evidenced by the presence of Ni 2ps.» and Ni 2pi» peaks
at 852.55 eV and 869.91 eV. From Fig. 5(d), peaks at 934.51 eV
and 954.24 eV correspond to Cu 2ps; and Cu 2pi» for Cu?*. Cu
exists as Cu?" in the initial state. But in the discharged and charged
states, only peaks at 932.60 eV and 952.57 eV are observed, which
belong to Cu 2ps» and Cu 2pi. peaks of Cu’. Cu element exists as
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Cu? during cycling and is difficult to recover to Cu?". In the Zn 2p
spectra (Fig. 5(e)), Zn persists as Zn>* across all states, confirmed
by photoelectron peaks at 1021.3 eV and 1044.55 eV and Auger
peaks at 989.2 eV. The O 1s spectra in Fig. 5(f) is divided into
three Gaussian peaks, namely lattice oxygen (OL), oxygen vacancy
(Ov), and surface chemisorbed oxygen (Oc) [63]. The Or:Ov:Oc
ratios evolve from 30.28: 39.84: 29.88 (pristine) to 28.36: 35.27:
36.37 (lithiation) and 25.12: 48.31: 26.57 (delithiation). The

presence of Ov in electrode materials can significantly accelerate
electron transport. They achieve this by reducing the charge
transfer resistance and providing additional delocalized electrons,
thereby increasing the density and mobility of charge carriers. This
acceleration of electron transport, combined with the enhancement
of configurational entropy, results in improved performance of the
electrode materials in electrochemical reactions [64, 65].
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Figure 5 Chemical evolution of HEO in pristine, lithiation and delithiation states. XPS spectra of (a) Fe 2p, (b) Co 2p, (c) Ni 2p, (d) Cu 2p,

(e) Zn 2p and Auger peaks, (f) O 1s.

XPS analysis reveals that the excellent structural reversibility of
the HEO anode originates from two complementary mechanisms:
structural stabilization by inactive components and kinetic
enhancement through metallic conductivity pathways. Firstly, the
electrochemical inactivity of ZnO, combined with the partial FeO
and CoO, preserves the rock-salt framework throughout cycling.
ZnO without participating in redox reactions, serving as a
structural stabilizer that maintains long-range crystallographic
order. This stabilization effect is further enhanced by FeO and CoO,
which exhibit reversible phase transitions between their oxide and
metallic states while retaining partial oxide character. Secondly,
consistent with previous reports, CuO undergoes irreversible
reduction to Cu® during the initial lithiation cycle. These metallic
Cu domains form an interconnected conductive network that
significantly enhances electron transport Kkinetics, creating
“electron highways” throughout the electrode matrix. This
conductive framework facilitates rapid lithium-ion storage kinetics
while mitigating polarization losses during high-rate cycling [61,

65].

To verify that the Feo2Co0.2Nio.2Cuo.2Zno 0 HEO not only has an
excellent specific capacity but also achieves high reversibility of
the rock-salt structure, TEM characterization was conducted on the
sample after 1000 cycles. As shown in Fig. 6(a), the HEO particles
maintain structural integrity without detectable crack and
pulverization, as corroborated by SEM images during different
cycles (Fig. S7 in the ESM). As shown in Figs. 6(b) and 6(c), the
HRTEM and SAED results confirm the existence of rock-salt
structure. The lattice spacings of 0.246, 0.21 and 0.15 nm are
observed, which are attributed to (111), (200), and (220) diffraction
rings of the rock-salt structure, respectively. The EDS elemental
mappings (Fig. 6(d)) show a homogeneous distribution of the
elements Fe, Co, Ni, Cu, Zn, and O without any observable
elemental segregation, with near equal-molar metal ratios
(1:1:1:1:1) quantified in Fig. S12 in the ESM. To further evaluate
the stability of the HEO anode during multiple lithiation and
delithiation cycles, we supplemented the study with in-situ TEM



observations of initial three cycles lithiation and delithiation of the
HEO. Figure S13 in the ESM displays the morphological changes
of a single HEO NP over the initial three cycles, extracted from
Movie S1 in the ESM. By alternately applying positive and
negative bias to this NP with respect to the Li metal, the expansion
and contraction processes of its projected area could be observed in
real time. After the first full lithiation, the projected area of the NP
increased by = 36%. Following the first full delithiation, the

Nano Res.

projected area of the HEO decreased by =~ 14% compared to the
lithiated state,yet it still retained an expansion of = 22% relative to
its pristine state. This level of expansion is significantly lower than
that observed in conventional TMOs [29, 61]. After three cycles,
no obvious cracks or pulverization were observed in the NP,
demonstrating that the HEO NP maintains excellent structural
stability.

Pristine Lithiation

Delithiation 1000 Cycles

——
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— |_jthiation

Delithiation

P

0.20
d (nm)

Figure 6 Stabilized structure of cycled HEO anode. (a-c) TEM, HRTEM and corresponding SAED results of HEO after 1000 cycles. The
HEO particles maintain structural integrity without detectable crack and pulverization. (d) EDS elemental mappings of HEO after 1000
cycles. Scale bar, 300 nm. (e) The radially integrated intensity that corresponds to the SAED patterns exhibited in the four states. After
discharging, the initial rock-salt structure is partially maintained, accompanied by emerged characteristic peaks of metallic Fe, Co, Ni, and
Cu phases. After charging, the rock-salt structure is mostly recovered.

0.24

0.28

To demonstrate the highly reversible structure of HEO during
cycling, radial intensity profiles were created from the SAED

patterns of in the pristine, initial lithiation (0.01 V vs. Li*/Li),

initial delithiation (3.0 V vs. Li*/Li), and after 1000 cycles (Charge
to 3.0 V vs. Li*/Li), as shown in Fig. 6(e). Notably, the presence of
Zn® is not observed in any of the four states, indicating that zinc
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persists exclusively as Zn?* throughout cycling and stabilizes the
rock-salt framework. This functional element, including
electrochemically inactive Zn, reversible Fe/Co/Ni and conductive
Cu® provide a structural buffer and enhance electron/ion transport
pathways during cycling. Together with the entropy-driven
elemental homogeneity, the synergistic effect of these mechanisms
provides outstanding electrochemical performance of HEO as an

(a) Discharge —£,. & Charge (b) 4.5

!

W LiNiy zCo,Mn, 4,0,
1 M LiPF4{/EC:DEC+FEC
" HEO

Cell voltage (V)

anode material in LIBs.

To evaluate the viability of HEO electrodes for practical battery
applications, a HEO//LiNio.sC00.1Mno.1O2 full cell was assembled
(Fig. 7(a)). The charge-discharge profiles at various rates are
shown in Fig. 7(b) (1 C = 275 mAh g for the cathode). The HEO
anode delivers a discharge specific capacity of 175 mAh g'at 0.1 C,
which indicates that this HEO has great potential for use in LIBs.

B
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Figure 7 (a) Scheme of LIBs full cell with HEO anode and LiNipgCo00.1Mno.1O> cathode. (b) Charge-discharge profiles of

HEO//LiNio sC00.1Mno 1O full cell measured at various rates.

4 Conclusion

In summary, the rock-salt structure Feo2Co00.2Nio2Cuo2Zne20
HEO was successfully synthesized using ultrafast Joule heating
technique within just 3 seconds and was applied to LIBs for the
first time. The synthesized HEO demonstrated outstanding
electrochemical performance, achieving a reversible capacity of
1310 mAh g! for 200 cycles at 0.1 A g! and 705 mAh g for 3000
cycles at 5 A g!. The remarkable electrochemical performance is
attributed to the excellent structural reversibility of the
single-phase HEO achieved by this ultrafast synthesis method.
Unlike conventionally synthesized HEOs, which often exhibit
elemental phase segregation, this approach ensures atomic-scale
elemental homogeneity. During cycling, the electrochemically
inactive ZnO, along with partially FeO and CoO, helps preserve
the rock-salt framework. This stabilization effect is further
enhanced by the reversible phase transitions of FeO and CoO
between their oxide and metallic states while retaining partial
oxide character. Moreover, the irreversible reduction of Cu?' to
metallic Cu’ establishes conductive network that facilitates rapid
lithium-ion storage kinetics while mitigating polarization losses
during high-rate cycling. The synergistic effect of these
mechanisms contributes to the exceptional -electrochemical
performance of the HEO as an anode material in LIBs. This study
provides valuable insight into the structural and compositional
design of high-entropy materials and offers essential guidance for
the development of new, general-purpose HEOs electrode materials

11

in next generation long-life secondary batteries. The relevant
details are shown below.

The optimization of next-generation HEOs materials can be
achieved through element selection and compositional design.
Utilizing electrochemically inert ZnO as a stable structural
framework, leveraging the conductive network formed upon CuO
reduction to metallic Cu, and incrementally increasing the
proportion of active elements (Fe3Os, NiO, CoO, Cr30s4, etc.) via
gradient doping can collectively enhance the electrochemical
performance of HEOs in LIBs while maintaining structural stability.
To address the issue of low ICE of the HEO, we plan to implement
the following strategies to enhance ICE of HEOs electrode
materials in future work: (1) future efforts could focus on
applying surface coatings to HEOs to further enhance lithium-ion
diffusion coefficients and electrical conductivity, which would
improve ICE, (II) designing HEOs as a core-shell structure with
an electrochemically inert outer shell may reduce contact between
active material and electrolyte, thereby suppressing interfacial side
reactions to enhance ICE, and (IIl) tailoring the electrolyte
composition by introducing advanced film-forming additives is
expected to suppress electrolyte decomposition, thereby enhancing
the ICE of HEOs electrode materials.

Electronic Supplementary Material: Supplementary material
(additional testing and computational details, CV curves at various
scan rates, Cycle performance of HEO and TMOs, EIS spectra of
different electrodes, in-situ TEM of the HEO, XPS spectra and
ICP-OES measured elemental ratios in HEO).
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1. Supplementary Equations

Equation S1 Formula for calculating the entropy of a configuration, where x; and x; are the mole
fractions of the elements present in the cation and anion sites respectively, and R is the universal gas

constant. N and M are the number of anions and cations, respectively.

— N M
S$=-R [(Zizl % In Xi)cation—site + (Zizl % In Xj)anion—site] (SD)

Equation S2 Formula for calculating theoretical capacity, where n is the number of electrons
transferred per molecule of active material, F is the Faraday constant, M is the molar mass of the active

material, and 3.6 is the unit conversion factor.

nF
3.6M

C =

(82)
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Figure S1 SEM image of (a) HEO. TEM images of (b) CoO. (c) CuO. (d) NiO. (e) ZnO and (f) Fe3Os.
(g) The particle size distributions of HEO, CoO, CuO, NiO, ZnO and Fe30s..
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Figure S2 The intensity line plot and elemental scale analysis in STEM-EDS of initial HEO.
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Figure S4 Cycle performance of (a) HEO. (b) CoO. (c) CuO. (d) NiO. (e) ZnO and (f) Fe3O4 at 1000

mA g! current, first activated at 100 mA g! current for five cycles.
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Figure S6 (a) GITT curves of HEO and CoO. (b) The calculated Li* diffusion coefficients of HEO and
CoO.



Figure S7 SEM images at different cycles. (a) 1 cycle. (b) 50 cycles. (c) 150 cycles. (d) 400 cycles. (e)
1000 cycles.
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Figure S8 The electrochemical performance of ultrafast synthesized HEO and time-consuming

synthesized HEO (TC-HEQ) was compared at a current density of 3000 mA g-!.
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Figure S9 The intensity line plot and elemental scale analysis in STEM-EDS of HEO after lithiation.
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Figure S10 The intensity line plot and elemental scale analysis in STEM-EDS of HEO after

delithiation.
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Figure S11 HEO XPS full spectra in different states.
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Figure S12 The intensity line plot and elemental scale analysis in STEM-EDS of HEO after 1000

cycles.
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Figure S13 In-situ TEM observation of the initial three lithiation and delithiation cycles of the HEO.
(a-g) Morphological changes of a single NP during its initial three lithiation and delithiation cycles. (h)

In in-situ TEM images, the changes in projected area and area expansion rate of HEO particles during

(de)lithiation.



3. Supplementary Tables

Table S1 Results of ICP-OES measured elemental ratios in HEO.

Relative atomic
mass (g/mol)

58.933 55.845 58.693 63.546 65.38

Ppm (mg/L) 3.149 2.468 3.058 3.105 4.145

Atomic (%) 20.40 16.87 19.89 18.65 24.19




Table S2 Compare the electrochemical performance of previously reported HEO anodes with this work.

(FeCoNiCuZn)O 1000 3000 This work
(FeNiCrMnCu)3;04 480 400 2000 1
(FeNiCrMnZn);0; 680 200 500 2
(MgCoNiCuZn)O 390 300 500 3
(CoMnVFeZn)304 500 2000 3000 4
(CoFeNiMnZn)O 770 200 100 5
(FeNiCrMnCu)3;04 660 150 500 6
(CoCuMgNiZn)O 600 300 200 7
(FeNiCrMnCo)3;0; 597 1200 2000 8
(FeNiCrMnCo)30;4 500 40 2000 9
(FeNiCrMnCo)30; 751 200 500 10
(FeNiMnCuCoZn)304 628 100 200 11
(FeNiCuCoMg)304 907 300 2000 12
(LiFeNiMnCoZn)3;04 725 35 3000 13
(MgCoNiCuZn)O 417 300 1000 14

(MgCoNiCuZn)O 296 25 2000 15
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