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Transition-metal high-entropy oxides (HEOs) are promising electrode materials for lithium-ion batteries (LIBs)
due to their superior electrochemical properties and excellent long-term cycling stability. The performance of
HEOs for LIBs is highly correlated with their microstructures, especially their evolution during charging/dis-
charging. However, there is limited information regarding this topic in the literature. In this study, the unique
transition behavior of a spinel HEO, (CrMnFeCoNi)304, at various states of charge and cycle numbers is
examined in detail for the first time. Although the elemental segregation of lithiated HEO particles is observed,
the crystal structure remains spinel, leading to great cyclability. Mn nanocrystals form at 0.5 V lithiation and
metallic Cr, Fe, Ni, and Co particles form at 0.01 V lithiation. The spinel CryFe34O4 and LiNiyCo;.xO2 phases act
as seeds that grow by devouring surrounding metal nanoparticles during delithiation. The Mn can reversibly
move at least dozens of nanometers across the oxide during lithiation/delithiation. The detailed cycling mech-
anism is examined using electron energy-loss spectroscopy. The reversible valence state variations of the con-
stituent elements are observed. The results provide an in-depth understanding of the fundamental lithiation/
delithiation mechanism of HEO, which will facilitate the development of better multi-element HEOs for Li™
storage applications.
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1. Introduction high capacity, which results from multi-electron transfer redox reactions
[6-8]. Compared to the conventional graphite anode, a TMO-based

Lithium-ion batteries (LIBs) have attracted increasing attention for anode can operate at a higher potential, which improves safety [7,9].

application in the expanding market for electric vehicles and electronic
devices due to their excellent charge storage performance, such as long
cycle life, high energy and power capability, and low maintenance cost
[1-3]. Novel electrode materials are required to further increase the
energy density and long-term cycling stability of LIBs [4,5]. In recent
years, transition metal oxides (TMOs) have become one of the most
attractive electrode materials for next-generation LIBs owing to their

TMOs such as Co304 [10], Fe304 [11], FeoO3 [12], NiFey04 [13] and
CuyNbs4Og7 [14] are candidates for advanced LIBs. However, some is-
sues must still be overcome for TMOs. Unsatisfactory cyclability is the
major hurdle that restricts the application of traditional TMOs for LIBs
[15]. Structural destruction is the root cause of electrode performance
deterioration. Further material modifications of TMOs and an under-
standing of the underlying operation mechanism are essential and
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urgently needed.

Recently, high-entropy materials have drawn great interest owing to
their unique properties for a wide range of applications [16-18]. Their
high configurational entropy stabilizes the microstructure [17,19,20].
The concept of high entropy has been integrated with TMOs. Previous
studies have shown that the advantages of transition-metal high-entropy
oxides (TM-HEOs) are excellent cycling stability and rate capability for
application as anode materials for LIBs [7,21]. Owing to the high en-
tropy, the lattice structure could be maintained during cycling, which
contributed to the smaller volume variation than other transition metal
oxides. The higher structural stability would be beneficial for the long
cycling stability due to less damage caused by volume expansion. TM-
HEOs could be important anode materials for future LIBs. Apparent
electrochemical performance is derived from the microstructural evo-
lution of electrode materials during charging/discharging [10,22-26].
Unfortunately, there is limited fundamental research on TM-HEO
microstructure variation during energy storage reactions. Previous
studies have used X-ray diffraction (XRD) to examine the crystal struc-
tures of HEOs [7,17,19]. However, XRD has a relatively low spatial
resolution. Low-resolution microstructure analyses, such as those con-
ducted using XRD and conventional electron microscopy, do not provide
detailed mechanistic information. A more advanced technique is
required to gain an atomic-scale understanding of the microstructure
evolution of TM-HEOs under various degrees of lithiation/delithiation.

Transmission electron microscopy (TEM) is one of the most powerful
tools for examining material transformation behavior at the atomic scale
due to its high resolution [27,28]. The electrode charging/discharging
cycling is accompanied by material redox reactions. To precisely probe
the cycling mechanism, the identification of material valence states is
crucial [29,30]. Electron energy-loss spectroscopy (EELS) can provide
information on oxidation states [31,32] of electrode materials upon
lithiation/delithiation. Moreover, EELS can map the elemental distri-
bution at a high resolution. The combination of scanning transmission
electron microscopy (STEM) and EELS is particularly powerful [31]. The
present study uses TEM, STEM, and EELS to examine the microstructure
and valence state evolution of TM-HEOs for Li* storage.

The rock-salt type and spinel type HEOs have been explored as
electrode materials for high-performance LIBs; however, rock-salt HEOs
faced the problem of in active oxides, which would not contribute to the
reversibly capacity [7,15,19]. The spinel structure is known to provide
effective Lit transport paths [9,33]. The oxygen vacancies induced by
the multiple valence states of cations in spinel HEO promote Li* con-
duction. In terms of the choice of the elements, the cations in
(CrMnFeCoNi)304 are because of their similar ionic radii, which results
in high-entropy-induced phase stabilization effects. Spinel HEO is a
promising electrode material for next-generation LIBs, and thus a
detailed atomic-level mechanistic investigation on its microstructure
transition during charging/discharging is important.

In this work, the phase conversion behavior of spinel HEO at the
atomic scale is explored for the first time. The atomic-level micro-
structures at various states of charge are identified using high-resolution
TEM (HRTEM). Moreover, the redox sequence and valence state varia-
tion of the constituent elements of HEO are examined via STEM/EELS.
The high reversibility of the structural evolution explains the great
cyclability of the HEO electrode. The combined microstructure and
valence state information allows an in-depth understanding of the HEO
charge-storage mechanism and will contribute to the design of better
HEOs for LIB applications.

2. Experimental section
2.1. Synthesis of spinel HEO powder
Cr(NO3)3'9H,0O (Alfa Aesar, 98.5%), Mn(NO3),-6H;0 (Alfa Aesar,

98.5%), Fe(NO3)3-9H50 (J.T. Baker, 99%), Co(NO3),'6H,0 (J.T. Baker,
99%), and Ni(NOs3)2'6H20 (Alfa Aesar, 98.5%) precursors with
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concentrations of 0.75, 2, 0.5, 2, and 1 mM, respectively, were used to
synthesize spinel HEO powder via a surfactant-assisted hydrothermal
method. (1-Hexadecyl)trimethylammonium bromide (CTAB, Alfa Aesar,
98.5%) was used as the surfactant. The precursors were dissolved in 40
ml of deionized water with 1.25 ml of CTAB. Then, urea was added to
the solution at a molar ratio of urea to total metal of 6:1. The resulting
solution was transferred into an autoclave and subjected to a hydro-
thermal treatment at 140 °C for 5 h. The precipitate was collected via
centrifugation. After washing with ethanol and deionized water, the
powder was dried at 80 °C for 12 h. Finally, the obtained powder was
heat-treated under air at 900 °C for 2 h at a heating rate of 10 °C/min.
The Fe, Cr, Co, Ni, and Mn content in the HEO, measured using induc-
tively coupled plasma-mass spectrometry, was 8.0%, 11.2%, 30.2%,
22.0%, and 28.6%, respectively. The configurational entropy of our
HEOs is 1.5 R where R is the gas constant.

2.2. Preparation of electrodes and cells

The spinel HEO powder, carbon black, and poly(vinylidene fluoride)
at a weight ratio of 7:2:1 were mixed in N-methyl-2-pyrrolidone solu-
tion, and the resulting mixture was pasted onto Cu foil and dried at
100 °C for 7 h. The electrode was then roll-pressed and punched to fit the
size of a CR2032 coin cell. A diethyl carbonate and ethylene carbonate
(1:1 by volume) mixed solvent with 1 M LiPF¢ was used as the electro-
lyte. The counter electrode and separator were Li foil and a glass fiber
membrane, respectively. The cell assembly was conducted in an Ar-filled
glove box (Innovation Technology Co. Ltd.) with moisture and oxygen
content levels below 0.3 ppm. The charge-discharge properties of the
cells were evaluated using a battery tester (Arbin BT-2043) under
various current densities.

2.3. Sample preparation for TEM, STEM, and EELS analyses

The pristine HEO powder was dispersed in anhydrous alcohol and
then dropped onto a Cu grid coated with lacey carbon film. The cycled
samples were scratched off the electrodes in the glove box, dispersed in
anhydrous alcohol, and then placed on TEM grids supported by lacey
carbon film. The grid was then mounted into the TEM holder and loaded
in a pumping station to allow anhydrous alcohol to evaporate, followed
by loading into the TEM chamber. The HRTEM analyses were performed
using a JEOL F200 electron microscope equipped with an X-ray energy-
dispersive spectroscopy (EDS) system. The valence states of the HEO
constituent elements at various states of charge were characterized
using EELS combined with Cs-corrected STEM (JEOL ARM 200F).

3. Results and discussion

The microstructural identification of the pristine spinel HEO is
shown in Fig. 1. The dark-field STEM image reveals that the HEO par-
ticles consisted of multiple grains. Fig. 1b shows the lattice image of a
grain along its [3 3 2] zone. The grain size is larger than that of the rock-
salt HEO reported in the literature [19]. According to the EDS mapping
data (Fig. 1c-h), Fe, Cr, Co, Ni, Mn, and O are uniformly distributed over
the oxide particle. The XRD pattern (Fig. 1i) confirms that the synthe-
sized powder is single-phase spinel HEO. The detail Rietveld analysis is
shown in Table S1 and Figure S1. The HRSTEM image and the atomic
EELS mapping were shown in Figure S2. It demonstrated that the actual
atomic position and the elemental distribution of multi atoms, indi-
cating that each column of atoms contained all kinds of metal atoms.

To reveal the detailed microstructure evolution during lithiation/
delithiation, samples with various degrees of charge were selected for
TEM analyses. According to the charge-discharge curves shown in
Fig. 2a, the lithiation process at the first cycle consists of two steps. The
first step finishes at approximately 0.5 V versus Li*/Li and then further
lithiation takes place until the cut-off potential of 0.01 V. Accordingly,
0.5 and 0.01 V were chosen as the potentials of interest for the
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Fig. 1. Structure identification and elemental distribution of pristine HEO. (a) Dark-field STEM image of HEO particle. (b) HRTEM image of HEO. EDS mapping
results showing uniform elemental distribution of (c) Fe, (d) Cr, (e) Co, (f) Ni, (g) Mn, and (h) O. (i) XRD pattern of HEO.
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Fig. 2. Electrochemical Li* storage properties of spinel HEO electrode. (a) Initial charge-discharge curves recorded at 20 mA g~. (b) Electrode rate capability
evaluated at various specific currents. (c) Cycling stability of electrode measured at 500 mA g .

microstructure analyses. A specimen that was fully lithiated and then
delithiated up to 3 V was also examined. As shown in Fig. 2a, the
charge-discharge curves almost overlap from the second cycle onward.
To study the structural evolution reversibility of the HEO, specimens
obtained after the second lithiation and delithiation were also analyzed.
Fig. 2b shows the charge-discharge curves of the HEO electrode
measured at various current densities. The measured reversible capac-
ities are 1225, 1170, 1090, 990, 825, 725, 655, and 485 mAh g~ at 20,
50, 100, 200, 500, 800, 1000, and 2000 mA g’l, respectively. The
theoretical capacity is 965.62 (mAh/g), meaning that the measured
capacities at the low rates contained an extra capacities. The reason for

the extra capacity is owing to the magnetic metal atoms after lithiation.
Previous study reported that the lithiated magnetic metal atoms (such as
Fe, Co and Ni) would store a large number of spin-polarized electrons
during discharging at low potentials, which caused the extra capacity
[8]. The mechanism during cycling was clarified as: Fe + 3LiF = FeF3 +
3Li" + 3e” [34]. Fig. 2c shows the cycling stability of the HEO electrode
measured at 500 mA g~!. After 200 charge-discharge cycles, the elec-
trode showed a capacity retention ratio of ~ 91% with a Coulombic
efficiency value of more than 99%. This remarkable cyclability is
explained later from a microstructure point of view. Compared to the
equimolar high-entropy (CrMnFeCoNi)304 [7], the performance in our
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study (non-equimolar) is better. The multi-valence nature of the con-
stituent elements in the high entropy oxide regulates the formation of
oxygen vacancies, which are known to be favorable for Li* transport and
thus give high-rate charge-discharge capability [21]. Based on the
definition of high entropy materials (contained five or more elements
and the concentration of each of the element ranges from 5 to 35% or
S>1.5R) [35], the non-equimolar HEO in this study maintain the char-
acteristics of high entropy materials and provided the better perfor-
mance. Higher configurational entropy of equimolar HEO resulted in
better phase stabilization effect, which might be a factor restrict the
redox reaction during cycling and performances.

The top panel of Fig. 3 shows results for an HEO sample subjected to
the first 0.5-V lithiation. The dark-field STEM image (Fig. 3a) shows that
many nanograins formed in the HEO particle, which is quite different
from the initial large grains shown in Fig. 1a. In contrast to the uniform
elemental distribution of the pristine HEO particles, the STEM EELS
mapping data (Fig. 3b-g) reveal that the elements became segregated
upon lithiation. The EELS mapping results reveal several aspects. First,
the distributions of Fe and Cr almost overlap, indicating that Cr and Fe
are present in the same regions. Second, Co and Ni are coherent but
separate from the Fe/Cr-rich domains, whereas the O signals are uni-
formly distributed across the sample. Finally, the distribution of Mn is
distinct from those of the other elements. Fig. 3h shows a TEM image of
the orange square region in Fig. 3a. The blue line represents the
boundary between the Fe/Cr-rich and Co/Ni-rich domains. The HRTEM
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images and the corresponding fast Fourier transform (FFT) patterns
reveal that the crystal structures of both domains remain spinel (Fig. 3i-
j), the same as that of the pristine HEO. The Fe/Cr-rich domain was
identified as a spinel CryFe3 4xO4 phase. The domain containing Co and Ni
was identified as spinel LiNi,Co;.xO2, a phase that has also been found
for layered Li-Ni-Co oxide after excessive delithiation [36]. The com-
bination of EELS mapping and HRTEM techniques clearly differentiates
the HEO, CryFe3 04, and LiNiyCo;xO2 phases, which have the same
crystal structure and similar lattice constants. In the pristine spinel HEO,
the metal lattice points were randomly occupied by Fe, Cr, Co, Ni, and
Mn atoms [37]. At 0.5-V lithiation, phase segregation into two new
spinel phases, namely CryFe34O4 and LiNiyCo;.4O, occurred. Fig. 3k
shows that the Mn-rich area contains metallic Mn nanocrystals.

The HEO sample subjected to further lithiation (down to 0.01 V) is
shown in the bottom panel of Fig. 3. The nanogranular microstructure
was retained. As shown in Fig. 3m-r, the elemental distributions are very
similar to those found for 0.5 V (i.e., Cr/Fe-rich and Co/Ni-rich domains
separate from the metallic Mn region). However, as confirmed by the
HRTEM images and corresponding FFT patterns in Figure S3, the 0.01-V-
lithiated sample retained the spinel matrix, which is composed of CryFes.
xO4 and LiNiyCo; 4O phases. We also found that all metals except for the
Mn nanocrystals were reduced in this step. Because the d spacing values
of the metals are very similar, we measured the spacing by adopting
multiple planes and calculating the average d distance. The included
angles between two crystal planes and the chemical composition

Spinel :
, LiNi,Co,,0,

Fig. 3. Structure identification and elemental distribution of HEO particles lithiated at 0.5 and 0.01 V. (a) Dark-field STEM image of HEO particle lithiated at
0.5 V. EELS mapping results showing elemental distribution of (b) Fe, (c) Cr, (d) Co, (e) Ni, (f) Mn, and (g) O at 0.5 V. (h) HRTEM image of orange square region in
(a). The yellow dashed lines mark nanograins formed after lithiation and the blue dashed line indicates the boundary between Fe/Cr-rich and Co/Ni-rich domains.
HRTEM images of (i) CryFe34O4, (j) LiNiyCo;.4xOo, and (k) Mn phases. (1) Dark-field STEM image of HEO particle lithiated at 0.01 V. EELS mapping results showing
elemental distribution of (m) Fe, (n) Cr, (o) Co, (p) Ni, (q) Mn, and (r) O at 0.01 V. HRTEM images of metallic (s) Fe/Cr, (t) Co, (u) Ni, and (v) Mn.
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information were also taken into account. Metallic Cr and Fe both have a
body-centered cubic structure and have similar lattice constants.
Therefore, it is difficult to exactly differentiate the Cr and Fe HRTEM
lattice images, as shown in Fig. 3s. Nevertheless, based on the chemical
composition analysis results, we believe that both Fe and Cr metal
particles were present. In the Co/Ni-rich domain, the hexagonal close-
packed nanocrystals with an average d spacing of 0.217 nm refer to
metallic Co (Fig. 3t) and the face-centered-cubic nanocrystals with an
average d spacing of 0.199 nm refer to metallic Ni (Fig. 3u). The STEM
EELS mapping results in Fig. 3m-p suggest that the metallic Cr and Fe
nanocrystals precipitated around the CryFe3 O, grains and that the
metallic Co and Ni nanocrystals precipitated around the LiNiyCo;.xO2
grains because the Cr/Fe and Co/Ni elemental distributions are well
separated. Fig. 3v confirms the existence of Mn metal nanoparticles. This
is the first work to thoroughly examine the formation and distribution of
various metallic nanocrystals produced after the lithiation of HEO. Due
to the low quantity and tiny size of the metallic particles, it is difficult to
characterize them using regular XRD and even traditional TEM tech-
niques. Moreover, the very similar d spacing values of the constituent
metals make distinguishing nanocrystals with various elements difficult.
Here, we provide a methodology with an atomic-scale resolution for
probing the detailed HEO microstructure evolution at various degrees of
electrochemical lithiation.

It is remarkable that the elements segregated after the lithiation
process. Previous study reported that the element separation commonly
occurred in the system of transition metal oxides during cycling, which
is related to the corrosion phenomenon caused by the electrolyte[38]. It
was suggested that the corrosion phenomenon had a promoting effect on
the element segregation, resulting in Mn being separated with other
elements. Additionally, according to the table of binary spinel oxides
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formation energy shown in Table S2 [39,40], the formation energy of
CryFe3 404 is the lowest. Forming CryFes xO4 would make the Gibbs free
energy smaller and the reaction would tend to form it. The separated Co
and Ni became the phase found in the system of Li-Ni-Co oxide after
cycling, LiNi,Co;.xO2 [36].

To study the HEO structural reversibility, a sample subjected to
lithiation (until 0.01 V) and then delithiation (up to 3 V) was examined.
The obtained data are shown in Fig. 4. As shown in Fig. 4b, the sample
contains many spinel nanograins; however, their lattice parameters are
different from those of the pristine HEO, indicating that the HEO crystals
did not fully recover. The chemical composition mapping results in
Fig. 4c-h reveal the segregation between the Fe/Cr and Ni/Co domains.
It was confirmed that the Fe/Cr-rich region is composed of the CryFes.
xO4 phase (Fig. 4i), whereas the Ni/Co-rich region is composed of the
LiNiyCo;.xO2 phase (Fig. 4j). Interestingly, it was found that the distri-
bution of Mn overlapped with that of Fe/Cr. Presumably, during deli-
thiation, the Mn oxidized and became integrated with the spinel CryFes.
x04 phase (i.e., forming Mn,CryFe3x.y04). There were no metallic
nanocrystals observed at this stage.

EELS analyses were performed to further examine the reaction
mechanism. The white-line intensity ratio between L3 and Ly is
commonly utilized to define the valence states of elements. Moreover,
an EELS peak shift can indicate oxidation/reduction processes [31].
Fig. 5 shows the EELS spectra of all elements at various states of charge.
From the pristine state to the 0.5-V lithiation, the Cr and Mn peaks
shifted to lower energy levels. According to the white-line intensity ra-
tios, the valence state of Cr transformed from + 3 to + 2 [41], and that of
Mn transformed from the mixed + 2/+3 to 0 [31]. In contrast, Fe, Co,
and Ni did not show a significant valence change in this step. Further
lithiation (to 0.01 V) caused the L3 peaks of Cr, Fe, Co, and Ni to shift

» - §pine|
LiNixcol_x02

Fig. 4. Structure identification and elemental distribution of HEO particles after first delithiation. (a) TEM image of HEO particle after first delithiation. (b)
HRTEM image showing spinel nanograins (marked by yellow dashed lines). EDS mapping results showing elemental distribution of (c) Fe, (d) Cr, (e) Co, (f) Ni, (g)
Mn, and (h) O in red square region of (a). HRTEM images of (i) CryFe31O4 and (j) LiNi,Co;.4O, phases.
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variations of constituent elements of HEO.

toward lower energy. Cr was further reduced from + 2 to mixed 0/+2
[13,41]. Both Fe and Co were identified as mixed + 2/+3 in the pristine
state and the 0.5-V lithiated state according to their white-line ratios
[42]. They transformed to mixed 0/+2/+-3 at 0.01 V. For Ni, the pristine
valence was + 2 in the HEO [13,41] and reduced to 0/+42 after 0.01-V
lithiation. Upon delithiation, the metallic Mn oxidized, transforming
to + 2/+3 valence. Except for Mn, the valence states of the elements
switched back to those of the 0.5 V lithiated state, as shown in Fig. 5f.
The EELS analysis results well agree with the TEM microstructure
observations.

Figure S4 shows the microstructure of a sample after the second-
cycle lithiation (0.01 V). Besides the spinel nano-domains, metallic Fe,
Cr, Co, Ni, and Mn nanoparticles were observed. The obtained micro-
structures and crystallinity are similar to those found after the first
lithiation (bottom panel of Fig. 3), indicating great structural revers-
ibility. Figure S5a shows the large-area diffraction patterns of the sam-
ples after lithiation and delithiation at the first and second cycles.
Diffraction rings attributed to the spinel structure are consistently pre-
sent. Figure S5b reveals that the produced spinel CryFesyOs and
LiNi,Co1.xO2 phases have d spacing values similar to those of the pristine
spinel HEO. This stable CryFes 04/LiNixCo0;.xO2 spinel framework is
thought to be responsible for the great cyclability of the HEO electrode

shown in Fig. 2c. For traditional (i.e., low-entropy) spinel oxides, such as
Co304 and NiFeyO4, the spinel crystal structures are completely
destroyed after the first lithiation [10,13]. High-entropy-induced phase
stabilization effects were observed for our HEO. It is also noted that, as
shown in Figure S5a, the Li3O signal always appeared, suggesting that
the spinel nanograins and metallic nanocrystals were surrounded by a
Li;O phase. The Cr, Mn, Fe, Co, and Ni EELS spectra obtained upon
cycling are shown in Fig. 5. The spectra obtained at the first and second
lithiation steps are similar. The spectra acquired after the first deli-
thiation step are similar to those acquired after the second delithiation
step. These results indicate high reversibility in terms of the valence
state variation of the HEO electrode. As shown in Fig. 5f, the Mn valence
cycled between O (under lithiation) and + 2/+3 (under delithiation).
The valence states of Cr and Ni cycled between 0/+2 and + 2 and those
of Fe and Co cycled between 0/+2/+3 and + 2/+3. According to the
EELS results, all elements’ valences switched back to pristine state after
total delithiation except for Cr. The reason we supposed for the valences
of Cr switch only back to + 2 was related to the lithiated products. In the
lithiated spinel oxides of Cr,Fe3.4O4, the energy for Cr?* oxidizing Cr>*
is + 0.42 eV. However, the energy for Fe?* oxidizing Fe>' is —0.77 eV,
which is lower than Cr?* [43]. From this viewpoint, oxidizing Fe would
reach lower Gibbs free energy.
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Figure S6 showed the XRD patterns at different states, which dis-
played the crystallinity at macro scale. The spinel phase intensity
gradually decreased upon cycling, indicating that the long-range crys-
tallinity of the spinel structure diminished. However, the short-range
ordered nanocrystals which firstly detailed discussed in this study still
preserved, as confirmed by the atomic-scale TEM analyses.

Because the amount of the residual spinel oxides could not be pre-
cisely identified, the stoichiometric detailed electrochemical reaction
equations would not be defined. This is a common problem in the HEO
systems [7,15]. Instead, the electrochemical reaction equations could be
described by the species, which also reported in the previous HEO study.
The reaction equation of species could be described as:

First lithiation:

Spinel-HEO(M) + 2Li — Spinel (CrFe)304 + Spinel Li(CoNi)Og + M
+ LiO

Delithiation/ lithiation cycling:

Spinel (CrFe)304 + Spinel Li(CoNi)O, + M + Li;O = Spinel
(CrFe)304 + Spinel Li(CoNi)O5 + 2Li

where M includes Cr, Mn, Fe, Co and Ni.

Based on the above analysis results, the microstructure evolution and
reaction mechanism of the HEO toward Li" storage are schemed in Fig. 6
and Figure S7. At the macroscale (Figure S7), the pristine HEO turns into
the spinel CryFe3 O4 and LiNiyCo;.4O5 phases together with dispersed
Mn nanocrystals at shallow lithiation. Further lithiation leads to the
formation of metallic Cr, Fe, Co, and Ni nanoparticles. The two spinel
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Fig. 6. Schematic illustration of atomic-scale microstructure evolution of
HEO during lithiation/delithiation cycling. (a) Cr, Fe, Co, Ni, and Mn atoms
are randomly distributed in HEO metal lattice. (b) HEO segregates into CryFes.
x04, LiNiyCo;.4,O», and metallic Mn, which are embedded in (c) Li,O matrix. (d,
e) Fe and Cr metal nanoparticles precipitate around CryFe3 04 and Co and Ni
metal nanoparticles precipitate around CryFez ,O4. (f,g) Metallic nanoparticles
dissolve back into the spinel grains. The segregated Mn atoms move toward and
become integrated with the CryFes 04 phase. The microstructure reversibly
cycles between (e) and (h) during repeated charging/discharging.
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phases and various metal particles are embedded in a Li,O matrix, which
forms during the first lithiation and acts as a buffer layer that accom-
modates the volume variation of the electroactive species during sub-
sequent redox cycles. At the atomic scale (Fig. 6), the pristine HEO has a
spinel structure, whose metal lattice points are randomly occupied by
Fe, Cr, Co, Ni, and Mn atoms (Fig. 6a). Upon lithiation to 0.5 V, the
original metal — O bonding begins to be rearranged (Fig. 6b), and the
pristine large-grain HEO segregates into two new spinel phases (i.e.,
CryFe3 xO4 and LiNiyCo;.4xO2) with nanograins and Mn nanoparticles
(Fig. 6¢). The pristine HEO, CryFes 4xO4, and LiNiyCo1.xO- all have similar
lattice parameters. The phase segregation was for the first time revealed
here using a combination of HRTEM, STEM, and EELS techniques.
Continued lithiation to 0.01 V leads to precipitation of metallic Fe and Cr
nanocrystals from CryFe3 4O4 and the precipitation of metallic Ni and Co
nanocrystals from LiNiyCo;.xO2, while the spinel-structure framework is
preserved (Fig. 6d,e). During delithiation (Fig. 6f,g), the residual spinel
oxides act as seeds that grow by devouring surrounding metal nano-
particles. It was found that the separated metallic Mn during lithiation
can move toward and then become integrated with the CryFes yO4 phase.
The Mn can reversibly move at least dozens of nanometers across the
oxide during lithiation/delithiation. Due to the small size of CryFe3404
and Mn grains and ample free volume/vacancies, the oxygen sublattice
may gain mobility upon delithiation and envelop the Mn atoms or the
Mn atoms may diffuse into the oxide lattice [44,45]. In cases of tradi-
tional transition metal oxides, the lattice structure of as-synthesized
electrode materials could not be maintained after cycling. This lead to
the understanding for traditional transition metal oxides during cycling
only focused on the diffusion of lithium ions. However, spinel-HEOs in
this study remained the microstructure of spinel with similar lattice
constant, which provided high structural stability. The reactions out-
lined differ from the traditional understanding for classic conversion
anodes that only Li*T ions diffuse in and out, contributing to the
reversible capacity. The oxygen mobility and/or transition metal
mobility in HEO could be utilized to achieve highly reversible trans-
formation. The EELS spectrum demonstrated that the valence state of
Mn would change at this step, which also contributing to the reversible
capacity. In other words, it indicated that the oxygen mobility and/or
transition metal mobility would be also contributing to the reversible
capacity, which differed from the classic conversion anodes. The next
lithiation cycle again reduces the spinel phases and leads to the forma-
tion of various metallic nanocrystals (Fig. 6h,e). The microstructure
reversibly cycles between the structures shown in Fig. 6e and Fig. 6h
during repeated charging/discharging. The reason we supposed for the
reaction stopping at spinel oxides (CryFe3xO4 and LiNiyCop.xO3) is
owing to the high-entropy stabilization effect of HEOs, which was also
discovered in previous studies [17,19]. The high configurational en-
tropy is helpful for maintaining the lattice structure, leading to high
structural stability.

Figure S8 shows SEM images of the HEO electrodes before and after
100 charge-discharge cycles (terminated at the lithiation step). Unlike
conventional low-entropy transition metal oxides [7], neither significant
agglomeration nor cracks were observed. The diameter expansion of the
HEO particles was estimated and compared to values reported in the
literature [4,5], as shown in Figure S9. The constrained volume change
can be attributed to the two new spinel phases having lattice constants
similar to that of the pristine HEO and being always present during
charging/discharging, functioning as a dimensional stabilizer. The
unique mechanism combined the structural stability and the reversibly
capacities of spinel HEOs, which contributed to the good cycle stability.
Moreover, the precipitated metallic nanoparticles were well dispersed
around the spinel grains, which were together wrapped by Li»O. Thus,
electrode integrity was maintained after cycling. To fully verify the
applications value of the HEOs anode materials, the full battery test
constructed by the cathode materials and the designed method in pre-
vious study was conducted [46]. The obtained charge-discharge curves
are shown in Figure S10. The results reveal great performance of the full
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battery.
4. Conclusions

The conversion behavior of spinel HEO during charge-discharge
cycles was investigated at the atomic scale for the first time. The phase
segregation of pristine HEO into two new spinel phases, namely CryFes
xO4 and LiNi,Coq.xO2, upon 0.5-V lithiation was confirmed. These pha-
ses were always present during lithiation/delithiation cycles, acting as a
structural stabilizer and being responsible for the great electrode
cyclability. The high-resolution analyses in this study identified the
formation of Mn nanocrystals at 0.5-V lithiation. Fe, Cr, Co, and Ni
metallic particles were observed upon further lithiation to 0.01 V. At
delithiation, all the precipitated metal particles dissolved back into the
spinel grains. The valence state variations of the elements were exam-
ined in detail using the EELS technique. Clear chemical shifts were
observed. These shifts provide information on the reaction mechanism
and chemical reversibility. It was confirmed that all the constituent el-
ements of the HEO were actively involved in the highly reversible redox
transition during Li* uptake/release. We demonstrated a powerful
methodology for understanding the microstructure evolution at the
atomic level during lithiation/delithiation of the spinel HEO electrode.
The results of this study will facilitate the development of better elec-
trode materials for energy-storage applications.
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Phase Spinel

R-Bragg 2.2 %

Space-group Fd-3m

Crystallite size (nm) 14.7(4)

Lattice parameter (A) 8.346(2)

Label Wyckoff X y z Atom Occupation

site

Anion 32e 0.2467(7) = = 0] 1

Oct. 16¢ 0 0 0 Fe 0.08
Cr 0.112
Mn 0.286
Ni 0.22
Co 0.302

Tetr. 8b 3/8 3/8 3/8 Cr 0.112
Ni 0.22
Co 0.302
Mn 0.286
Fe 0.08




Table S2. The formation energy of binary spinel oxides.

Oxide system | Formation energy(eV) | Reference
Cr,Fe; O, -15.13 39
Ni,Cr;., O, -14.21 39
Ni,Fe; 04 -10.48 39
Co,Fe; O, +0.59 40
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Figure S1. XRD patterns of HEO and the corresponding Rietveld fitting. Rietveld analysis
has been done using program TOPAS 6 on the raw data in an angular range between 10° to
70° 20. The pattern has been fitted with a single cubic spinel phase (Fd-3m). Due to the
indistinguishability of the different transition metals, their site occupancies were taken as
determined from ICP analysis, without considering the possibility for site ordering for the
tetrahedrally and octahedrally coordinated sites. A Voigt function with cos™(8) angular
dependence was used to model the intensity distribution of the reflections, and the
crystallite size was determined from the integral breadth of the reflections.

Figure S2. Identification of multi-cations atomic positions. (a) HRSTEM image of pristine



HEO in zone of [110]. (b) Enlarged HRSTEM image to show the occupying sites in HEO.
(c-h) EELS mapping analysis of Cr, Mn, Fe, Co, Ni and O, respectively.

Z.A.=[110]

Figure S3. Structure identification of HEO particles after 0.01-V lithiation. (a) TEM
image of lithiated HEO particles. (b) HRTEM image and (c) corresponding FFT pattern of

spinel oxide nanograins. (d) HRTEM image and (e) corresponding FFT pattern of a single

spinel nanograin.
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Figure S4. Structure identification of HEO particles after second lithiation. (a) TEM
image of HEO particles after second lithiation. HRTEM images of (b) Mn, (c) Ni, (d) Co,

and (e) Cr/Fe nanocrystals.
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Figure S5. Electron diffraction patterns during charging-discharging cycles. (a)
Diffraction patterns of HEO samples after lithiation and delithiation at the first and second
cycles. (b) Lattice constants and d spacing values of pristine spinel HEO, CrFe;,O4, and

LiNi«Co1.xO2 phases.
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Figure S6. The XRD patterns of different states to show the macro-scale crystallinity.
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Figure S7. Schematic illustration of macroscale structural transition of HEO during



lithiation.

Figure S8. Morphology change of HEO particles after cycling. SEM images of HEO
electrodes (a) before and (b) after 100 charge-discharge cycles (terminated at lithiation

step).






(c Pristine Cycled nce |
‘ (a) Average=74.2 nm (b) Average=84.7 nm

idy

Intensity (%)
Intensity (%)

0 100 200 0 100 200
Particle size (nm) Particle size (nm)

Figure S9. Diameter expansion of HEO particles after lithiation. Particle size
distribution of (a) pristine particles and (b) particles after 100 cycles (terminated at
lithiation step). (c) Diameter expansion comparison between our HEO and conventional

transition metal oxides reported in the literature.
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Figure S10. The full battery test. (a) The charge-discharge curves of full cell at various
current densities. (b) The chart of the capacities measured in (a).
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