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Introduction

At present, lithium-ion batteries (LIBs) are commonly used in
our daily life activities due to their stable charge/discharge

Rapid in situ growth of high-entropy oxide
nanoparticles with reversible spinel structures for
efficient Li storagef

Siyu Zhu,? Wei Nong,+?° Lim Jun Ji Nicholas, ©2 Xun Cao, ©? Peilin Zhang, Yu Lu,?
Mingzhen Xiu, © 9 Kang Huang,® Gang Wu, ©° Shuo-Wang Yang, ©° Junsheng Wu,®
Zheng Liu, © 2 Madhavi Srinivasan,*® Kedar Hippalgaonkar & *2f

and Yizhong Huang @ *2

High-entropy oxides (HEOs) are considered promising electrode materials as they have great potential to
provide much higher energy density and cyclability than their conventional electrode counterparts such
as graphite. In the present work, nanostructured HEOs were fabricated on the surface of conductive
carbon black using irradiation, which generally implements the rapid bottom-up
carbothermal process. Furthermore, electrochemical performances of Co-free and Co-incorporated
HEO nanoparticles in comparison with bulk-HEO counterparts were investigated. In particular, the Co-
free (LiFeNiMnCuZn)sO,4 nanoparticle electrode showed the best capability presenting both the highest
cycling value of 866 mA h g~! (100% capacity retention) after 800 cycles at 0.5 A g~* and rate

laser beam

performances of 585 at 2.0 A g~* and 436 mA h g™t at 5.0 A g~* without decay. The long cycling
performance of Co-free HEOs could be derived from the reversible spinel structure, according to the in
situ X-ray diffraction (XRD) results, as well as the strong thermal stability of high-entropy mixing phases,
as indicated by a large positive decomposition enthalpy according to density functional theory (DFT)
calculations. Additionally, the assembled full cell (LiFeNiMNCuZn)sO4]|LiNigeC002MNng 0, delivered
a power density of 670 W h kg™ with a high discharge voltage around 3.7 V based on the 0.1C discharge
profile. As manifested by the DFT calculations, the low anode voltage of HEOs measured here is due to
the electron-sufficient Zn, which favors the Ni®*/Ni** redox couple. This work is expected to provide
a guideline for the development of advanced high-entropy nanostructured electrode materials for
efficient batteries.

capacity, long cycle life, and cost effectiveness.’® The tradi-
tional graphite anode plays an important role in the application
and research of LIBs. However, relatively low theoretical specific
capacity (372 mA h g '), sluggish Li-ion transport, and death-Li
metal deposition of graphite hamper the development of LIBs,
particularly in the field of fast-charge batteries.*® These short-
comings motivated researchers to search for more effective
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alternative electrode materials.

The emerging high-entropy materials (HEMs) are considered
potential candidates for use as electrodes in rechargeable
batteries.®® By the combination of over five transition metal
elements, this group of materials share unique properties such
as high-entropy stabilization and cocktail effect.®** Other than
these, HEOs can also be regarded as a type of transition metal
oxides (TMOs), which have already been proven as LIB anodes
with multi-electron transfer reactions."** This property confers
a higher theoretical capacity of over 1000 mA h g~'. The rela-
tively high electrochemical potential of this type of material may
provide less power but has less risk of forming metallic Li.
However, when applied in energy storage devices, TMOs might
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suffer from structural destruction due to their phase changes
during the charge/discharge processes.” In contrast, the
accommodation of five or more elements with different ion
volumes in HEOs causes the distortion of crystal structures that
may protect them from serious structural damage during lith-
iation and delithiation."™” Therefore, efforts have been made to
integrate HEOs into the LIBs in recent years. A
(FeCoNiCrMn);0, HEO material® was reported to exhibit
cycling stability and a reversible capacity of 596.5 mA h g~ with
a capacity retention of 86.2% after 1200 cycles at 2.0 Ag™". Some
researchers focused on removing Co elements. The single-phase
(CrNiMnFeCu);0, material without Co exhibited a rate capacity
of 480 mA h g ' when subjected to a current density of
2000 mA g~ '.* However, the absolute capacities reported in this
research cannot exceed the ones with cobalt.

When it comes to the electrode design of rechargeable
batteries, nanoparticles are one of the best choices, which can
improve the ion/electron transport. High-entropy materials in
combination with nanoparticles show high potential in battery
applications. However, the HEO nanoparticle electrodes for
LIBs reported in previous works were mostly prepared by ball
milling or hydrothermal methods.>®* The nanoparticle size
distributions by these traditional top-down methods can be
hardly minimized down below 100 nm. Moreover, the extra heat
produced during ball milling may undermine some potential
active structures.'® In contrast, laser and microwave were used
as effective approaches to fabricate high-entropy nanoparticles
known as the carbothermal methods.”> Among them, the laser-
based carbothermal method implements both rapid heating in
nanosecond shocking followed by fast quenching of the carbon
substrate with high thermal conductivity. It enables the
formation of single-phase high-entropy nanomaterials.*
Furthermore, the laser-based method only needs up to 30 min
for a batch of samples, while the traditional solid sintering
process needs up to 12 h in a high-temperature environment,
which costs more heat and time. However, the mass-loading
ratios of the prepared samples in previous studies were much
low (approximately 22 wt%),>*** which are insufficient for the
electrodes of LIBs. Therefore, this work is also aimed to increase
the concentration of nanostructured active materials to meet
the requirements of battery electrodes.

In the current study, we used a scaled-up (up to 51% mass
ratio) and bottom-up laser-based method to fabricate HEO
nanoparticles on a conductive carbon surface at high speed.
The carbon black substrate not only functions as the conductive
network in the electrode material but also provides favorable
conditions for rapid heating and cooling to synthesize nano-
particles. Based on the literature, we applied the advanced
carbothermal method using a laser to fabricate HEO nano-
particle composite electrodes in batteries at the very beginning.
Furthermore, the Co-free and Li-involved nanoparticle electrode
material (LiFeNiMnCuZn);0, (abbreviated as LFNM-CuZn) was
focused on. The chosen Li, Fe, Ni, Mn, Cu and Zn elements are
based on the principle of similar ionic radii to facilitate the
formation of HEOs. Among them, Li would improve the
compatibility with lithium ions. Fe, Ni and Mn are classic anode
elements, which can provide high specific capacity.>® Cu and Zn
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can not only provide capacity in anodes but also improve
material stability and reaction reversibility.>” To investigate the
influence of Co elements in HEO nanoparticle electrodes, two
other HEO nanoparticle anode materials were synthesized
using the same method. They were denoted as
(LiFeNiMnCoZn);0, (abbreviated as LFNM-CoZn) and
(LiFeNiMnCoCu);0, (abbreviated as LFNM-CoCu). Further-
more, a bulk-HEO sample was fabricated by annealing the
LFNM-CoZn sample to compare the electrochemical perfor-
mance between HEO nanoparticles and HEO blocks.

Results and discussion

In this research, the HEO electrode was prepared by a laser-based
carbothermal method, which enables the in situ growth of HEO
nanoparticles on the surface of conductive carbon subject to the
rapid heating and cooling processes under laser irradiation.'®?*3°
Carbon black was first acid-treated and mixed with a nitrate
solution prepared according to the molar ratio. The as-prepared
precursor was then sonicated and vacuum-dried in a tungsten
crucible. In the next step, HEO nanoparticles spontaneously grew
on the carbon substrate through laser radiation sintering within
a short time. Fig. 1 shows the schematic diagram illustrating the
synthesis process of the HEO nanoparticle electrode material,
where HEO nanoparticles are uniformly dispersed over the
surface of carbon black. A representative on-site photo is dis-
played in Fig. Slaf and a corresponding video was recorded,
showing the scanning processes of laser radiation (please refer to
the ESIf). During the process, the precursor became more
compact after the irradiation process.

Structure and morphology

The decoration of HEO spherical nanoparticles over the surface
of conductive carbon black is shown in Fig. 2a, a secondary
electron image acquired using a scanning electron microscope
(FESEM 7600F). Fig. 2b shows the corresponding bright-field
image of LFNM-CuZn acquired using a JEOL 2100F trans-
mission electron microscope (TEM). The particles were
measured to be around 13 nm from the size distribution in
Fig. 2c, analyzed from Fig. 2b. The uniform distribution of all
metal elements across the C substrate is verified by energy-
dispersive X-ray spectroscopy (EDX) mapping (Fig. 2d). The
TEM images of LFNM-CoCu and LFNM-CoZn are presented in
Fig. S2.f Fig. 2f presents the high-resolution transmission
electron microscopic (HRTEM) image of an HEO nanoparticle
with a diameter of approximately 10 nm taken along the [1 0 3]
zone axis. It was performed by indexing the FFT pattern (inset)
obtained from Fig. 2g, a magnified lattice structure of the
squared area (marked in Fig. 2f). The d-spacing of the (3—1—1)
lattice plane was calculated to be 2.62 A, which is consistent
with the XRD analysis.

XRD technique was used to reveal the phase structures of
HEOs. The obtained patterns of HEOs and their precursor are
shown in Fig. 2e. Among them, the XRD spectrum of the
precursor mainly consists of three peaks. Carbon black shows
an identical peak at 25.8°, ascribed to the (0 0 2) plane of

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic diagram of the as-prepared HEO nanoparticle electrode material.
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Fig.2 Micromorphology and crystal structure characterizations: (a) FESEM image, (b) TEM image and (c) size distribution of HEO nanoparticles
on the carbon black substrate. (d) STEM-EDX element mapping regarding Fe, Ni, Mn, Cu, Zn, transition metal (TM) mix, O and C elements of the
LFNM-CuZn high-entropy oxide (HEO) nanoparticle composite electrode material. (e) XRD patterns of LFNM-CuZn, LFNM-CoZn, LFNM-CoCu
samples and precursor. (f) HRTEM and (g) STEM image of HEO nanoparticles on the carbon black substrate and the corresponding FFT pattern
with the [1 0 3] axis.
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carbon, and metal nitrate peaks at 32.9° and 42.3°. After the
laser shock process in air, the peaks at 32.9° and 42.3° become
invisible, while five new diffraction peaks appear as marked in
red. They are indexed to be spinel characteristic peaks (refer to
PDF#04-023-5021) at around 30.0°, 35.3°, 36.8° and 43.1°
ascribed to the (2 2 0), (3 1 1), (2 2 2) and (4 0 0) planes of the
HEO crystal, respectively. These indicate the complete decom-
position of metal nitrates and the formation of spinel HEO
phases after laser irradiation. Meantime, the relatively broad
peaks in these spectra result from the fact that the HEOs are in
the form of nanoparticles.** In order to clarify the size effect of
HEOs on the properties, bulk-HEO counterparts were grown by
the aggregation of HEO nanoparticles during annealing at 800 ©
C. They were measured to be around 150 nm in diameter
(Fig. S31). In summary, the high-entropy nanoparticles were
successfully fabricated on the acid-treated carbon black with
the spinel structure.

Composition analysis

Inductively coupled plasma-mass spectroscopy (ICP-MS) was
used to investigate the elemental distribution of HEOs. The
pristine mass concentration data of HEOs acquired by the ICP-
MS method are listed in the Table S1.f In order to directly
present the elements’ amount of substance, the data are
normalized in Table S1.f Generally, the elemental contents of
Ni, Fe, Cu, Zn, Li, and Mn remain almost identical. The slight
reduction of Zn and Li elements may result from their evapo-
ration during the laser heating process due to their fairly low
boiling points of 907 °C and 1340 °C at standard pressure.**
As illustrated in Fig. 3a, the spinel oxide AB,0O, contains two
types of metal-oxygen (M-O) polyhedra, AO, tetrahedron and
BOg octahedron, forming two repeating layers along the [111]
direction. One repeating layer is constructed with pure edge-
sharing octahedral, while another one repeating layer with
octahedra and tetrahedra mixed. To model the HEOs, the

/
Li, Fe, Ni,

Energy (eV)
o

|
(&)

CuO,

-10
Zn04

Zn0,

LFNM-CuZn LFNM-CoZn

Fig. 3

View Article Online

Paper

composition of metals from ICP-MS measurements was fitted
into the spinel formula (Table S1+1), as follows: (Liy 4Mn, ;Cug 5)
[Mny »5Feq 372N 5Nig 25]04, (Lig.sMng 1C0g1ZNg 4)[MNg 25Fe 25
C0g.25Ni 25],04 and (Lip 4Mng ;CUg 5)[Mng »5F€g 25C00.25Nig 25]2-
0O, for LFNM-CuZn, LFNM-CoZn and LFNM-CoCu, respectively.
The configuration entropies of HEOs were estimated using eqn
(1) of ESL.T As listed in Table S2,T the entropy of LFNM-CoZn is
3.97 R/formula, where R is the gas constant, slightly higher than
those of LFNM-CoCu (3.71 R/formula) and LFNM-CuZn (3.70 R/
formula). This arises from one more metal element occupying
at the tetrahedral A site.

Thermal stability and electronic properties

Thermogravimetric analysis-differential scanning calorimetry
(TGA-DSC) coupling technique was used to measure the mass
loading ratios of HEOs on the carbon black substrate as well as
the thermal stability. The experiments were performed from
30 °C to 800 °C under a synthetic air atmosphere (N, : O, = 80:
20) to remove the carbon content. All samples showed main
mass reduction around 400 °C due to the oxidation of carbon
black (Fig. S4at). The corresponding mass loadings of LFNM-
CuZn, LFNM-CoZn, and LFNM-CoCu are 51.38%, 39.23%, and
40.18% calculated from the TG results, indicating that the mass
loadings of some HEO nanoparticles can reach over 50% by the
advanced laser synthesis method. After the electrodes were
assembled, the active mass ratio was calculated to be approxi-
mately 46.24%, 35.31%, and 36.16%, respectively without
additional conductive carbon. These active mass ratio values are
closer to 0.6-0.7 in agreement with that reported in the litera-
ture.®® This allows carbothermal-made nanomaterials to be
used as electrodes in batteries. Moreover, all three TG curves are
very smooth above 400 °C, indicating the excellent thermal
stability of HEO samples (Fig. S4bt). The current density and
specific capacity used in the electrochemical experiments were
calculated based on the TG results.

— Total — Total — Total
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) — Fe3d — Fe3d
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Density of states (a.u.)

(a) Structure illustration of the spinel oxide (origin setting 1) in the standard orientation and the derived representative SQS cells for the

HEO ([111] is aligned along the vertical direction). Dashed lines denote the boundary of the unit cell. (b) Elemental orbit-projected density of states
(DOS) of HEOs from the DFT+U calculations. The Fermi level is set at 0 eV, and the energy window is showed from —12 to 12 eV.
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To determine the stabilization mechanism and electronic
properties of HEOs, extensive density functional theory (DFT)
calculations were performed (see Methodology for details).
Given the compositions as obtained from ICP-MS measure-
ments as well as the site occupations of each metal, the special
quasi-random structure (SQS)** was adopted to simulate the
disordering of HEOs. The representative SQS cells were gener-
ated and selected as described in Methodology (results illus-
trated in Fig. S51). The structures are demonstrated in Fig. 3a,
where the metal ions are dispersed randomly for the simulation
of the disordered cationic arrangement. The calculated equi-
librium lattice constants of LFNM-CoCu, LFNM-CuZn and
LFNM-CoZn are 8.20, 8.23 and 8.24 A, respectively (Table S31).
To determine the stabilization mechanism of the prepared
HEOs, the decomposition energies (enthalpies), AH4, were
calculated according to eqn (S2) and summarized in Table S4.F
The resulting AH4 values for LFNM-CuZn, LFNM-CoZn and
LFNM-CoCu, are all in positive 1.99, 1.10 and 0.33 eV/formula,
respectively. This indicates that HEOs are thermodynamically
(enthalpy) stable without the tendency to decomposing or
phase-separating into mono-oxides, well consistent with the
observed mixed elements in scanning transmission electron
microscopy (STEM)-EDX mappings (Fig. 2d). The stability of the
HEOs was also confirmed by DSC measurement, where no
decomposition of HEOs was observed up to 800 °C. Addition-
ally, the highest AHy value (thermal stability) of LFNM-CuZn
amongst the HEOs might facilitate the long cycling perfor-
mance during the charge-discharge process.

The battery performance is contributed by the intrinsic
electronic properties of electrode materials. Then, the density of
states (DOS) of HEOs were calculated at the DFT+U level, as
shown in Fig. 3b. Overall, all the DOS of HEOs are dominated by
the metal 3d and O 2p bands from —12 to 12 eV (vs. Fermi level).
For metal ions with U applied, their upper Hubbard band (UHB)
is well separated from the lower Hubbard band (LUB), as
illustrated in Fig. S6,7 which are similar to the cases in the
respective mono-metal oxides (Fig. S7t), whereas one can note
that the band widths and positions of Ni 3d UHB significantly
differ from one HEO to another (Fig. S61), and this key differ-
ence could have effect on the performance of HEO anodes.

To study the valence states of elements, X-ray photoelectron
spectroscopy (XPS) technique was performed against the LFNM-
CuZn sample. In the Li 1s spectra, the peak at 55.6 eV is
assigned to Li", which verifies the existence of Li (Fig. S8at), as
proven by ICP-MS results. There is only one Mn 2p;,, charac-
teristic peak at 641.8 eV in the Mn 2p spectra (Fig. S8b¥).
According to the XPS database, Mn*" is likely the valence here.*®
The Mn 2p,,, peak is positioned at 653.8 €V. Fe components are
separated into two valence states in the Fe 2p spectra (Fig. S8c¥).
The peaks at 710.6 and 713.5 eV are attributed to Fe®" and Fe®",
respectively.*® Their 2p,,, peaks are visible at 724.6 and 727.7 eV.
There are also two valence states in the Ni spectra. The Ni 2p;/,
characteristic peak is convoluted into the Ni** and Ni** peaks
located at 854.9 eV and 856.2 €V respectively (Fig. S8d+}).*” The
Ni 2p4/, spectra generate two peaks at 873.0 and 874.6 eV. Cu
and Zn in the LFNM-CuZn sample present single valences. Two
peaks of 934.0 and 954.0 eV are assigned as Cu 2pz/, and 2py,,

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry A

while 1021.6 and 1044.7 eV peaks are associated with Zn 2p;,
and 2p,, (Fig. S8e and S8ft).*®

Lithium storage and diffusion in half-cell batteries

In Fig. 4a, galvanostatic charge-discharge tests were conducted
to evaluate the Li" storage of the as-prepared samples. The
initial ~ discharge/charge of LFNM-CuZn 1217.5/
857.7 mA h g~ " at 0.1 A g7, delivering an initial coulombic
efficiency (ICE)® of 70.4%. At 0.5 A g~ ', the initial specific
capacity of LENM-CuZn electrode is 759 mA h g™, which then
slowly decays till 93 cycles followed by an increase. This
phenomenon is commonly agreed in the literature due to the
phase transformation.”®*® After charge/discharge of 800 cycles,
the capacity retention of the Co-free HEO electrode remains
100% and the reversible capacity reaches a value of
866 mA h g~ . This is the highest cycle specific capacity among
HEO anodes to our best knowledge®”*~*¢ with alkali metal and
Co-free HEOs, as shown in Table S5 and Fig. S9.1 Moreover, the
high-capacity retention of LFNM-CuZn after long charge-
discharge cycles might be associated with its materials’
stability, as indicated by the highest decomposition enthalpy
(Table S47) that could contribute to the phase stability of HEO.

Fig. 4b shows the comparison of the cycling performances of
the as-prepared electrodes before 200 cycles. The LIB half-cell
assembled with LFNM-CuZn provides the best cyclic charge/
discharge capacity and stability. Other HEO electrodes show
a relatively low initial capacity at 0.5 A g~*. They are 589, 700,
and 762 mA h g~* for LFNM-CoZn, LFNM-CoCu, and bulk-HEO,
respectively. The specific capacity values decline at around the
100th cycle and then continuously increase until the 200th
cycle. Afterwards, the capacities of three samples are stabilized
at 726, 623, and 713 mA h g™, respectively. In comparison with
the LFNM-CoZn nanoparticle electrode, the LIB assembled with
bulk-HEO presents a high initial capacity at 762 mA h g* but
subject to the fastest drop. The lowest value was down to
497 mA h g7, indicating a rapid phase transformation during
cycling. Concerning the utilization of acid for treating carbon
black, a cell with graphite and acid-treated carbon black
(abbreviated as graphite-acid-C) was assembled. During 200
cycles at 0.5 A g, the reference sample remains at a low
capacity around 390 mA h g~", which is close to the theoretical
capacity of graphite. The gravimetry capacity of graphites
theoretically is 372 mA h g~ *.#” The ratio of conductive carbon to
active material in HEO nanoparticle electrodes is nearly iden-
tical to that of the reference graphite electrodes with similar
mass loadings. It is believed that the conductive carbon in the
HEO electrodes contributes approximately 18 mA h g~ of
specific capacity (at 0.5 A g™ %).

To investigate the lithiation/delithiation capability of HEO
nanoparticle-based electrodes at different specific currents, rate
performance experiments were evaluated. The Co-free electrode
LFNM-CuZn delivers (Fig. 4c) capacities of 436 mA h g™ " at
5.0Ag 'and 342 mAhg "' at10.0 Ag™*, the highest among the
reported HEO anodes according to the literature. The highly
stable crystal structure of HEOs and the alternating structure of
active material nanoparticles with a conductive network

was
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-term cycling performance at 0.5 A g™t of the LFNM-CuZn sample. (b)

Comparison of the discharge capacities during the cycles of HEO nanoparticle, bulk-HEO, and graphite electrodes at 0.5 A g~* (c) rate capacity
results of HEO-based electrodes. (d) Charge and discharge curves of LFNM-CuZn electrodes at various rates. (e) Third CV curves at 0.2 mV s~* of
HEO nanoparticle electrodes. (f) EIS curves of HEO nanoparticle electrodes after 200 cycles. (g) Energy levels of redox couples in Li-poor and Li-
rich HEOs relative to Li/Li*, as observed from CV measurements. (h) Scheme of the relative positions of metal redox couple M*~V+/M** in the

HEOs (M denotes metal), which lead to the voltage limit of anodes (ua) vs.
3d from the Fermi level are denoted.

facilitate the efficient transportation of massive current.**** In
contrast, the LFNM-CoZn/LFNM-CoCu electrodes with cobalt
afford relatively low capacities, which are 418/344 and 275/
238 mAh g " at5.0 and 10.0 Ag™". In the previous works, cobalt
was considered as the key to improving the capacity of LIBs but
highly expensive and environmentally detrimental®® even in
HEO electrodes. Hereby, the results illustrate that cobalt is not
a compulsory part to boost the rate capacity among the HEO
nanoparticle electrodes, which is beneficial for its large-scale
applications. The bulky counterpart of HEO nanoparticles
shows shows the weakest in the comparisons of rate

M478 | J Mater. Chem. A, 2024, 12, 11473-11486

. Li/Li*. (i) Ni 3d projected DOS of HEOs. The band centers of UHB for Ni

performance as the unstable trends lasted over 0.5 A g~ " and the
capacity of only 91 mA h g~ ' delivered at 10 A g~ *. These results
indicate that HEO nanomaterial electrodes are obviously
advantageous in rate capacity over HEO bulk electrodes.

Fig. 4d shows the charge-discharge curve of LIBs assembled
with LFNM-CuZn nanoparticle electrodes at different rates. Due
to the kinetic limitation in electrochemical reactions,* the
specific capacities inevitably declined from 865 to 624/437/
342 mA h g, as the current rate rose from 0.1 A g " to a rela-
tively high rate of 2.0/5.0/10.0 A g~ *. Nonetheless, the attenua-
tion of capacity in the LFNM-CuZn-based electrode was not

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta08101j

Open Access Article. Published on 16 April 2024. Downloaded on 12/4/2025 9:53:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

large as the capacity retention maintained at outstanding levels
of 72.1%/50.5%/39.5%. Significantly, even at an ultrahigh rate
of 10.0 A g, the LFNM-CuZn high-entropy nanoparticle elec-
trode could deliver a considerable capacity of 342 mA h g/,
which can still meet the requirements of commercial cathodes.
The inclined discharge and charge platforms of HEO anodes are
at around 0.72 and 1.65 V. Among them, the plateau of the
LFNM-CuZn electrode was most stable and longest in the low
voltage area.

The cyclic voltammetry (CV) technique was used to better
understand the electrochemical properties of HEOs. In Fig. 4e,
reduction peaks in the negative scan at 0.729/0.715/0.763/
0.890 V for LFNM-CuZn/LFNM-CoZn/LFNM-CoCu/bulk-HEO
were evident, indicating the main discharge plateaus of
conversion reactions. In the following positive scan of CV, broad
peaks at 1.689/1.625/1.616/1.727 V were observed as the occur-
rence of a re-conversion reaction. The operating voltage
window®> widths are ranked as LFNM-CuZn > LFNM-CoZn >
LFNM-CoCu. This trend is also consistent with the stability
results presented in Table S47 calculated by DFT. These results
indicate that the Co-free sample is not only the most stable
material but also has the largest window between the Li-rich
and Li-poor area, which most probably leads to a higher
specific capacity.

Electrochemical impedance spectroscopy (EIS) was con-
ducted to investigate the resistance in LIBs. Fig. 4f shows the
EIS spectra of HEO nanoparticle electrodes after 200 cycles.
After fitting through the equivalent circuit, the Ry, Rs; and R
values of HEO nanoparticles are presented in Table S6.1
Among them, Ry indicates the ohmic impedance by the elec-
trode itself and the electrolyte. Ry.; denotes the impedance by
the solid electrolyte interphase (SEI). R, stands for the charge-
transfer resistance in the battery. Besides, the W values of
three electrodes are almost the same as they represent for the
concentration polarization impedance. Compared to the bulk
sample, there were inevitable increases in Ry; of HEO nano-
particle electrodes, on the one hand, due to the generation of
more SEI layer.>* On the other hand, this indicates that nano-
materials have a larger electric double layer effect area, which is
similar to a supercapacitor and therefore evidently conducive to
high-rate charge and discharge.* In addition, the LFNM-CuZn
electrode shows the lowest R . value of 17.8 Q. This indicated
the best charge transfer property at the electrode interface
among all the as-prepared samples. Since R.. and Dy;- values are
strongly related to the high-rate performance of the oxide
electrodes."*® This result may also provide the evidence why the
LFNM-CuZn electrode can produce the outstanding specific
capacities in rate performance experiments.

The morphology of the HEO nanoparticle electrodes after
cycling for 200 cycles in 0.8 V was investigated by field emission
scanning electron microscopy (FESEM). Interestingly, the
surface of the materials turned into relatively uniform micro-
flakes instead of accumulating in the form of spheres after
lithiation process. As shown in Fig. S10a,T some of the regions
in the deeper part circled in yellow remained in the pristine
state, which is the proof that most part of the electrodes
changed. EDX analysis results are shown in Fig. S10b.t It is
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worth noting that this conversion of morphology brought about
tremendous volume change. During the long-term charge and
discharge process, a detrimental impact on the performance of
the bulk electrode would take place as the expansion inten-
sifies,”” while the design of nanoparticle electrodes will be more
conducive to resisting this structural change.

The energy levels of redox peaks vs. Li/Li" are depicted in
Fig. 4g, illustrating the lithiation/de-lithiation process between
Li-poor and Li-rich HEOs. The values are consistent with the
results obtained by charge and discharge curves. Notably, the
nanoparticle samples with Zn show a lower voltage during the
reduction reaction while bulk-HEO always the highest. This may
be because the presence of Cu and Zn provides additional
valence electrons, which stabilizes the lattice structure and
enhances the anti-bonding state.”®*” Furthermore, the injection
of Zn into the anti-bonding orbitals of the spinel structure
provides more electrons, thus reducing the energy level of the
anti-bonding orbitals.®® These factors thereby reduce the
discharge voltage. Moreover, bulk samples exhibit more pseu-
docapacitive properties, as they only featured higher currents in
the redox peaks.”* On the contrary, the HEO nanoparticle
samples also have higher current values at the lowest voltage
(0.01 V) of discharge and the highest voltage (3.0 V) of charge,
indicating a stronger double layer effect in the nanoparticle
electrodes.®® This may explain why nanomaterials have better
performance at higher currents.

The open circuit voltage of a battery is determined by the
difference in electrochemical potential (u) between the anode
(ua) and the cathode; therefore, in a battery where the cathode is
fixed, a u, as close as possible to that of Li metal is preferred.
The electrochemical potential of electrode materials are deter-
mined by many factors, and one critical is the relative position
of the metal redox couple.®® The CV measurements shows
a trend of reduction (lithiation) peaks for HEOs, e.g., LFNM-
CoCu > LFNM-CuZn > LFNM-CoZn (Fig. 4f), indicating that
for Li-rich anodes, the energy levels of redox couples in Zn-
containing HEOs could have been closer to Li/Li" than in
LFNM-CoCu (Fig. 4h). The discrepancy of electrochemical
potentials among the three HEO nanoparticles as observed in
CV measurement could originate from the difference in Ni 3d
Hubbard bands, as discussed previously (Fig. S6t). It is prob-
able that many metal ion species are involved in the redox
process of HEOs, while they would be dominated by the Ni**/
Ni** couple. As indicated in Fig. 4i, the UHB center of Ni 3d were
evaluated. One can note that the Ni 3d UHBs in LFNM-CuZn
and LFNM-CoZn are far closer to the Fermi level than in the
case of LFNM-CoCu, which follows LFNM-CoZn < LFNM-CuZn <
LFNM-CoCu. The position of the Ni**/Ni*" couple could be
associated with the UHB center (conduction band), for the UHB
center from the Fermi level gives the position of the corre-
sponding redox couple relative to the bottom of conduction
band, which determines the intrinsic voltage limit vs. Li/Li" of
the anode.®® The calculated UHB centers of the HEOs follow the
voltage limit trend of the anode HEOs, as observed from CV
measurements (Fig. 4g).

Moreover, the two zincous HEOs (LFNM-CuZn and -CoZn)
show lower UHB centers of Ni 3d than that of the Zn-free HEO

J. Mater. Chem. A, 2024, 12, 11473-11486 | 11479


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta08101j

Open Access Article. Published on 16 April 2024. Downloaded on 12/4/2025 9:53:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

(LFNM-CoCu), consistent with the experimental results of
voltage limits, indicating that the Zn element has an effect on
the anode voltage through the compositional and electronic
interplay with the rest of the metals, particularly with Ni. This
interplay is highly beneficial for the specific capacity of the two
zincous HEOs, even if the anode is Co-free. This can be clearly
observed from the rate capacity results shown in Fig. 4c; the
capacity for the zincous, Co-free LFNM-CuZn and the zincous
LFNM-CoZn far outperform the cobaltic but Zn-free LFNM-
CoCu anode. Yet, for the long cycling performance of the
anode that requires a favorable material stability, the zincous,
Co-free LFNM-CuZn is more prominent than the other two
HEOs, as shown in Fig. 4b. This originates from its highest
thermal stability as revealed by its decomposition energy (Table
S4¥).

In conclusion, the battery assembled with LFNM-CuZn
shows the excellent overall performances in terms of high
specific capacity, good rate performance, improved capacity
retention, low ion transportation resistance, and large voltage
window according to the electrochemical experimental data.
Those high-performance features resulted from the material
stability, unique electronic properties, and low ion transport
resistance it exhibits.

In order to investigate the Li ion diffusion in the LIBs with
HEO nanoparticle electrodes, galvanostatic intermittent titra-
tion technique (GITT)** was performed using battery test
equipment between 0.01 V and 3.0 V. The lithium-ion diffusion
coefficient Dy;+ during lithiation/delithiation processes of the
batteries was calculated using eqn (1) and plotted against the
potentials. The D;;+ values were pre-converted into logD for
easier observation and comparison in Fig. 5a-d. Then, local
minimum/maximum data points near the redox voltage
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(marked by color blocks) were focused on because they repre-
sent the coefficients near the main discharge (0.73 V) and
charge (1.69 V) plateaus. LFNM-CuZn and LFNM-CoZn share
a similar trend regarding Dy ;- versus potential during discharg-
ing. Their relative minimum Dy;+ values in the low-voltage
region were witnessed at around 0.78 V, which are 7.53 x
107" and 2.38 x 10" em” s, higher than the records of
approximately 5 x 10~"> cm® s in previous works.*>®* During
the charge process, the maximum Dy;+ data are at approximately
1.60 V which are 1.07 x 107** and 2.59 x 107'° em? s,
respectively. Specifically, the efficient lithium-ion diffusion
performances of LFNM-CuZn and LFNM-CoZn electrodes
illustrate the rapid lithium-ion migration process during the
charge/discharge processes in these electrodes.®® In contrast,
bulk-HEO and LFNM-CoCu though show similar trends of Dy;+
versus potential but lower local maximum/minimum Dy,
indicating less efficient charge/discharge procedures. These
experiment results illustrate that a smaller particle size is very
significant for the improvement of lithium-ion transport effi-
ciency, and Zn maybe more important for the improvement of
HEO nanoparticle electrode performances than Cu and Co.

4 (mgVu\>/AE\?
mr \ MpS | \AE,

For better understanding on the Li diffusion, the energy
barriers (E,) in the Li-poor HEOs were calculated by the
climbing image nudged elastic band (CI-NEB) method.®” The
calculated E;, corresponds to the activation energy of the
temperature (7) dependence of the diffusion coefficient Dy;+ =
D, exp(—Ep/kgT), where D, is a material- and diffusion
mechanism-dependent pre-exponential factor and kg is the
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(aand b) GITT curves and (c and d) calculated log D versus potential curves of HEO nanoparticle electrodes. (e) DFT+U calculated energy

barriers of Li diffusion through the 8a—-16c—-8a pathway along the spinel [111] direction of Li-poor HEOs.
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Boltzmann constant. Previous experiments and calculations
established that the Li ions hop between 8a sites through the
16¢ void (8a-16c-8a pathway) along the [111] direction in the
spinel crystal.®*”> Hence, the diffusion mechanism in our
calculations is selected to be the same. As depicted in Fig. 5e,
the transition states (TS) for Li diffusion were found located
exactly at 16c¢ sites, resulting in energy barriers of 0.49, 0.42 and
0.46 eV for LFNM-CuZn, LFNM-CoZn and LFNM-CoCu,
respectively. The results reveal the Li* diffusion coefficients
Dy;: LFNM-CoZn > LFNM-CoCu > LFNM-CuZn, giving the
discrepancy from GITT-derived results for Li-poor anodes
during the charge process (Fig. 5d), where the delithiation
peaks occur at different potentials (varying from 1.52 to 1.57 V
for GITT curves). The potential difference (vs. Li/Li*) implies
that HEOs have various Li contents that differ from the very
initial Li-poor anodes (molar content of 0.4 per spinel formula
as obtained from the ICP-MS measurements). The various Li
contents may lead to D, varying slightly from one HEO to
another, deviating the measured Li diffusion coefficients Dy
However, the calculated energy barriers are still valid for the Li-
poor cases with the same low Li content of same discharge
potential at ~1.7 V. As demonstrated in Fig. 5d, when Dy;- in
LFNM-CoCu near the charge potential of 1.7 V exceeds that of
LFNM-CuZn, leading to the Li diffusion coefficients follow
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LFNM-CoZn > LFNM-CoCu > LFNM-CuZn at 1.7 V. This is well
consistent with the calculated CINEB results.

In situ structural transition

Operando XRD analysis was performed to reveal the phase
transition of the LFNM-CuZn electrode during the first
lithiation/delithiation process in an in situ cell. Fig. 6 shows the
raw XRD patterns and their corresponding heatmaps generated
from three reflected lattice planes. Polyimide (PI) windows at
32.1° and 39.4° along with other background peaks are indexed
in the figure. With the decrease in voltage from 3 V to 0 V during
the discharging process, intensities of spinel characteristic
peaks at 30.5°, 35.8° and 37.2° are seen to be sequentially
declined. All the peaks, in particular at around 0.33 V to 0.16 V,
fall down to the lowest intensities, suggesting the weakening of
the long-range spinel periodic lattice order. It is the intercala-
tion of lithium in the spinel structure that may be responsible
for the long-range order reduction of spinel phases. However,
the spinel peaks are still visible, and no new characteristic
peaks are detected at 0 V. During the subsequent charging
process, all intensities of peaks remain almost the same initially
followed by ramping up in the intensity of spinel structure at
a high voltage from 2.32 V to 3 V. This indicates the reversibility
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In situ XRD patterns of the LFNM-CuZn electrode recorded during a discharge—charge cycle.
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of the lattice structure to the long-range ordered spinel phase.
Overall, the weakened spinel lattice of the HEO nanoparticle
electrode at low voltages can partially recover through the
deintercalation of lithium during the whole discharge/charge
process. The previous operando XRD experiments'®" only
recorded the diminished peak of the spinal structure after the
intercalation process. In the present work, perhaps due to the
nanoparticle morphology of LFNM-CuZn which can directly
display microscopic changes in unit crystals, this reversible
phenomenon of spinel phase can be vividly interpreted.

Full-cell batteries

To verify the feasibility of HEOs in practical LIBs, the LFNM-
CuZn||LiNig ¢C0g ,-Mn, ,0, full cell was assembled and evalu-
ated by electrochemical methods.” The rate capacities and
charge-discharge curves measured at different C-rates (1C =
275 mA h g~ " based on the cathode mass) are shown in Fig. 7a
and b. The specific capacities calculated based on the mass of
cathode active materials are 242, 180, 125, 98, and 80 mA h g *
at 0.1, 0.2, 0.5, 1, and 2C, respectively. There was no decay trend
after 20 more cycles at 0.1C. Moreover, the capacity releases of
discharge profiles are concentrated at approximately 3.7 V
plateau, indicating stable and uniform discharge processes at
the high voltage. With the mass ratio of anode to cathode
materials to be only 1 to 3.7, the energy density of the full cell
was calculated to be about 670 W h kg™* according to the 0.1C
discharge profile (based on the total mass of anode and cathode
active materials). It is worth noting that the relatively high
voltage of around 0.72 V in half cells does not reduce the
practical high voltage of 3.7 V in the LIB full cell since the
cathode is probably charged to a higher delithiation state. It
may lead to irreversible phase change of cathode material,” but
there was no capacity decay after 20 more cycles at 0.1C in this

1482 | J Mater. Chem. A, 2024, 12, 11473-11486

work. Fig. 7d shows the example of a full cell, which is con-
nected to a LED light with a nominal voltage of 3.7 V, and
delivers the significant illumination. Therefore, the potential
application of HEO nanoparticle electrodes in commercial LIBs
is feasible.

Conclusions

HEO nanoparticles decorated on the conductive carbon surface
were grown by a laser-irradiation method. The laser shocking
approach enables the fabrication of uniform Li-containing HEO
nanoparticles that present both of more efficient electron
conductivity and improved lithium storage capacity in
comparison with the bulky counterpart. First, the Co-free HEO
nanoparticle sample LFNM-CuZn was assessed to exhibit better
capacity, particularly at a higher rate in this system. Second, the
long cycling performance with a capacity retention of 100%
after 800 cycles at 0.1 Ag~ " of Co-free HEO indicates the thermal
stability of the high-entropy phase, as revealed by the DFT+U
calculations. The operando XRD experiment demonstrates
a partially reversible spinel phase transition process during the
lithiation/delithiation process of the LFNM-CuZn electrode.
Moreover, a full cell formed by LFNM-CuZn (anode) and
LiNij 6C0,Mny ,0, (cathode) displays an exciting high voltage
plateau at about 3.7 V almost identical to the half-cell of the
positive electrode material. The low anode voltage of zincous
HEOs is benefitted from the electron-sufficient Zn, which favors
the Ni*>*/Ni*" redox couple as evidenced by the DFT+U calcula-
tions. Finally, coupled with the high material stability, the
zincous, Co-free HEO nanoparticle anode (LFNM-CuZn)
performs with high specific capacity as well as long-term
cycling. This preparation
strategy of high-entropy nanostructures subject to laser

advanced bottom-up material
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irradiation can shed light on the relationship of the LIB
performances with HEO nanoparticle electrode materials.

Methodology
Synthesis of HEO nanoparticles

In a typical synthesis process, Fe(NO3);-9H,0, Ni(NO3),6H,0,
Mn(NO;),-4H,0 and LiNO; (purchased from Sigma-Aldrich)
were dissolved in 99.8% ethanol with the same molar concen-
tration (100 mmol L™') as solution S1. Cu(NO;),-3H,0,
ZnNO;-6H,0, or Co(NOj),-6H,0O according to the diverse
energy storage systems were dissolved in ethanol or deionized
water (100 mmol L"), respectively as solution S2. Then,
a mixture of S1 and S2 was prepared according to the calcula-
tion of the targeted mass loading (50%) of metal elements as
solution S3.

The commercial super C65 carbon black for Li-ion batteries
(from TIMCAL) was chosen to serve as the substrate material.
Before use, the carbon black was milled and sour-boiled in
concentrated nitric acid (70%) for 8 h. This meant producing
plenty of hydrophilic groups on the surface to anchor metal ions
by hydrogen bonds in larger quantities. During preparation, the
acid-treated carbon black with a certain quality was mixed with
S3, stirred and then sonicated for 2 h. The obtained slurry was
dropped into a tungsten crucible and vacuum-dried overnight.
Then, the precursors were irradiated under a commercial laser
source (JPT-M7-100W). The parameters used in the laser source
are as follows: 900 kHz frequency, 20 ns pulse width, 1064 nm
wavelength, 2 W power, laser spot diameter, 30 um line space,
and 40 mm s~ ' movement speed. The duration of the laser spot
on a point of the sample is approximately 0.75 ms. With less
duration time but a smaller energy focus, the central tempera-
ture can reach above 1600 K according to our previous work.*
The laser spot size was determined by using photosensitive
paper (JPT Electronics). After the laser shock, the samples were
washed in ethanol, dried before characterization and assem-
bled in the batteries. The bulk-HEO sample for comparison was
fabricated by further annealing in air at 800 °C for 1 h.

Material characterization methods

FESEM images were acquired using a JEOL JSM-7600F. XRD
spectra were recorded using XRD Shimadzu Powder equipment
with a Cu Ko source (40 kV 30 mA, and 0.154 nm wavelength).
XPS spectrum was recorded using a Kratos AXIS Supra spec-
trometer. TEM, HRTEM and STEM with EDX images were
acquired using a JEOL 2100F-A. C¢-corrected annular bright-
field (ABF) images were acquired using a JEOL ARM-200F CF
with a spherical aberration corrector. TG-DSC curves were
collected using a STA Netzsch STA44.

Electrochemical experiments

The lithium storage behaviors of the as-prepared samples were
measured by assembling CR2016-type half-cells in a glove box
filled with Ar. Herein, 90 wt% HEO-based electrode composite
material (including HEO nanoparticles and the carbon black
substrate) and 10 wt% polyvinylidene fluoride (PVDF) binder
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were mixed and stirred with NMP for 5 h and then evenly
painted on the current collector (copper foil). After heated at
70 °C overnight under vacuum, the coating electrode was
tailored into round pieces with a diameter of 12 mm and
a loading weight of = 0.53 mg cm > (according to the HEO
mass). In order to assemble the LIB half-cell, lithium metal and
Celgard 2400 were selected as the counter electrode and sepa-
rator. Between them, the electrolyte contained 1.0 m LiPFg in
ethylene carbonate (EC) and dimethyl carbonate (DMC) in
a volume ratio of 1/1 with 5.0 wt% fluoroethylene carbonate
(FEC). Moreover, the LIB full cell of LFNM-CuZn versus LiNig ¢-
Coy,Mn,,0, was also assembled. The fabrication of the
LiNiy ¢C0o,Mng ,0, cathode was similar to the half-cell elec-
trodes except the fact that the mass ratio of active material/
Super C65/PVDF was 7/2/1 on aluminum foil as the current
collector. The mass loadings of the anode and cathode are 0.568
and 2.084 mg cm 2. The N/P ratio was calculated to be 1.24. The
assembled half-cells and full-cells were tested in the NEWARE
battery testing system according to the regular procedures of
galvanostatic charge/discharge (GCD), rate performance and
GITT. The GCD and rate performance experiments were con-
ducted in the potential range between 0.01 and 3.0 V at the
required currents. The specific capacity was calculated by the
measured charge/discharge capacity divided by the mass of the
HEO nanomaterial in electrodes, and the C rates of LFNM-
CuZn, LFNM-CoZn, and LFNM-CoCu at 0.5 A g’1 were 0.421C,
0.428C, and 0.428C respectively. GITT was tested at a discharg-
ing/charging current density of 50 mA g~ for 25/20 min, fol-
lowed by a relaxation process of 2 h. The CV and EIS were
measured using an electrochemical workstation (Metrohm
Autolab). Operando XRD experiments were conducted using an
XRD Rigaku SmartLab with 9 kW power between 0.01 and 3.00 V
(vs. Li/Li"). To investigate the relationship between phase tran-
sitions and voltage variations, the chronopotentiometry method
was performed to control the voltage within a specific range
(~0.16 V) through pulsed charge/discharge cycles, for example,
3.00 V-2.84 V. The in situ XRD curves were collected every time
after stabilizing the voltage within the set range for 2 minutes.

Density functional theory (DFT) calculations

The spin-polarized DFT calculations were performed using the
Vienna Ab initio Simulation Package (VASP.5.4) with the plane-
wave basis set.”” The electron-ion interaction is described by
the projector augmented wave (PAW) pseudo-potentials.” The
exchange-correlation of valence electrons was treated by the
Perdew-Burke-Ernzerhof (PBE) functional within the general-
ized gradient approximation (GGA).”” The valence configura-
tions of Li: 2s*, O: 2s* 2p*, Mn: 3p°® 3d° 4s?, Fe: 3d’ 4s', Co: 3d®
4s", Ni: 3d° 45", Cu: 3d"° 4s’, and Zn: 3d"° 4s® were adopted, and
the electrons in transition metals were initialized in ferromag-
netic high-spin configurations. An energy cutoff of 520 eV for
the plane wave basis set was used. The simplified (effective)
DFT+U approach’™ was employed to describe the strongly
correlated d electrons of Co (U=3.32 eV), Fe (U= 5.3 eV), Mn (U
= 3.9 eV), and Ni (U = 6.2 eV). The U values in the Materials
Project are referenced.”®' The tetrahedron method with Bléchl
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corrections was employed for orbital occupancy.®” The I'-
centered Monkhorst-Pack scheme was used to sample k-points
in the Brillouin zone,** and the spacing between k-points was set
as 0.35 A~ for structure relaxations, 0.3 A~* for self-consistent
field calculations, and 0.2 A~* for non-self-consistent calcula-
tions. The convergence threshold for force per atom and total
energy were set as 0.05 eV A~' and 107 eV, respectively. The
atomic positions were relaxed by the conjugate gradient
algorithm.

Disordered structure modeling and lithium diffusion

The disordered arrangement of metals in spinel HEOs is rep-
resented by SQS.** A cubic normal spinel AB,O, (Fd3m, No. 227)
was used as the prototype for SQS generation. There are two
equivalent sets of Wyckoff positions for the spinel:* A at 8a (0, 0,
0), Bat 16d (5/8, 5/8, 5/8) for the origin at —43 m (setting 1), or A
at 8b (3/8, 3/8, 3/8), B at 16¢ (0, 0, 0) for the origin at —3 m
(setting 2), and O at 32e (x, x, x), x = 0.111. The SQS was
generated using the ICET python package,® with which the
simulated annealing from 1, 000 K to 300 K with 120, 000 Monte
Carlo steps was performed. The cutoff for pair, triplet and
quadruplet cluster correlations was chosen as 1.6, 0.8 and 0.4
times of the spinel lattice constant, respectively, resulting in
298, 650 and 15 correlations for pair, triplet and quadruplet
clusters. The object cluster functions were then minimized to be
as close as that of fully disordered structures. The lattice vectors
of the SQS unit cell (asqs, bsqs, €sqs) Was obtained by the
following transformation based on the lattice vectors of spinel

(aspinely bspinelr cspinel):

asqQs -1 1 Aspinel
bSQS = 1 0 1 .P. bspinel
€sQs 0 2 - Cspinel
1 0 0 Aspinel
=112 1 1/2 | «] bpinel
1/2 —1 /2 1 Cspinel
0 1/2 1/2
whereP = | 1/2 0 1/2 | isthe transform matrix from the
1/2 1/2 0

conventional face-centered cubic cell to the corresponding
primitive cell. The transformation gives a volume for SQS with
five-fourth times that of the conventional cell of spinel, or five
times that of the primitive cell. The derived SQS has 5/4 x (8 +
16 + 32) = 70 atoms per cell. For each HEO we initiated four
candidates (SQS1-4), and then their atomic positions and cell
volumes are relaxed, however, with the cell shape fixed for
symmetry preservation. The equilibrium lattice constant was
found when the lowest total energy was reached. The lowest-
energy SQS cell in each HEO set was employed as the repre-
sentative structure for subsequent calculations (the corre-
sponding atomic coordinates of input structures can be found
in the Appendix of ESIf). To explore the lithium diffusion
mechanism in the HEO, a vacancy was introduced into the
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representative SQS cell on the 8a site (as the initial diffusion
state), and then an adjacent lithium metal was moved to occupy
the 8a vacancy (as the final state). The CI-NEB method®” was
used to find the minimum energy path and transition state for
lithium diffusion. Vibrational analysis was performed to
confirm the TS with only a single imaginary frequency.
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