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High-entropy oxides (HEOs) have been considered conspicuous battery materials due to their tunable properties
and stable crystal structure. In this work, several kinds of high entropy oxides (HEOs) are prepared by an ultra-
fast Joule heating method in several seconds. This simple and effective method enhances the efficiency of near
four orders of magnitude than that of the common sintering methods. As anode materials of lithium-ion batteries
(LIBs), they have considerable rate capacity and cycling stability. For example, quinary (MgCoNiCuZn)O HEO
delivers a high capacity of ~150 mAh g~! even at ultrahigh current density of 10 A g~! and cycle stability up to
2,600 cycles. By in-situ transmission electron microscopy, the full lithiation/de-lithiation process is tracked down
to the atomic scale in real time, observing the distinct reaction dynamics and structural evolutions in rock-salt-
type (MgCoNiCuZn)O during cycling. Conversion/alloying reaction kinetics are identified by the disappearance
of the original rock-salt phase and the formation of polyphase with the intercalation of lithium-ions. While upon
de-lithiation, the post-lithiation polyphase state can be recovered to the original rock-salt-structured (MgCoNi-
CuZn)O. Our work provides valuable guidelines to high-efficient synthesis and mathematical understanding of
lithium storage mechanisms of HEOs for next-generation long-life energy storage.

1. Introduction all HEMs [14-16]. The Sconfig can be calculated by the Boltzmann
equation:

Since the concept of “high entropy” was put forward, it has been

aroused wide attention in the academic community because of its unique
entropy stability. The first reported high entropy material (HEM) is high
entropy alloy (HEA), which has been intensively studied in the decades
since it was proposed in 2004 [1-3]. “High entropy” has been a hot area
of research for materials design with complex components [4]. Up to
now, various high-entropy materials have been proposed, such as high-
entropy oxides, high-entropy diborides, high-entropy nitrides, high-
entropy carbides, high-entropy fluorides, and high-entropy sulfides,
etc. [5-13]. Among these HEMs, high entropy oxides (HEOs) have
become a very notable HEM since it was proposed in 2015 [4]. As an
emerging oxide system, like most HEMs, HEOs also have five or more
different metal cations, whose molar ratios are close to each other. In
addition, HEO also has a high configurational entropy (Sconfig), which is
an important driving force for the formation of a stable single phase of

N N
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where x; and x; represent the mole fraction of elements present in the
cation and anion sites, respectively, and R is the gas constant. In effect,
in HEOs, there are only oxygen anions, while there are five or more
metal cations. Therefore, in the HEOs system, the entropy contribution
of oxygen ions is negligible. Accordingly, the original equation can be
reduced to the following form [17]:

N
Sconig = — R <Zi1xilmi> (2

cation—site

Generally, it is stipulated that when the configurational entropy is
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greater than or equal to 1.5R, the oxide can be called HEOs [18].

On this basis, the complex element composition of HEOs can open-up
huge possibilities as an excellent energy storage material. In the com-
mercial field, LIBs have unshakable position in the portable equipment
and electric vehicle industry [19-22]. In subsequent studies, HEOs, such
as (MgCoNiCuZn)O, have been found to have great potential for appli-
cations as lithium storage materials [23-25]. However, most of the
synthesis methods are time-consuming and energy-sucking. For
example, Rost et al. chose to sinter raw materials at 1000 °C as long as
12 h [5]. Therefore, the further development of HEO synthesis methods
has become an urgent issue. In this case, ultrafast high-temperature
sintering (UHS) technology was developed. This method was first pro-
posed by Wang et al. for the sintering of ceramics [26]. UHS is a sin-
tering technology based on Joule’s law. It uses the Joule thermal effect
of the material or the carrier itself to generate a great deal of heat in an
instant by applying a huge current in the conductor. Joule heating de-
vice can complete the heating behavior from room temperature to 3000
°C in a few seconds. The super rapid heating and super high-temperature
upper limit are the most advanced highlights of the Joule thermal
method, which reduces the preparation period of HEO from a dozen
hours to several seconds, which is undoubtedly an explosive preparation
process. Dong et al. first applied this method to synthesize (Mn, Fe, Co,
Ni, Cu, Zn)304_x HEO [27]. However, the crystal phase of the product is
not pure. They believed that some easily reduced elements (such as Cu)
in the raw material occurred in side reactions.

Herein, we seek to improve the synthesis of HEO by UHS technology
in several seconds. According to the Gibbs free energy formula (AG =
AH-TAS), the high temperature and high entropy allow the reactants to
obtain sufficient activation energy in a short time, which makes the
reactants crystallize faster and better, forming a stable crystalline phase.
The experimental results show that adjusting the calcination parameters
solves the side reactions that may occur in the process of UHS of easily
reduced elements. The as-prepared HEO, (MgCoNiCuZn)O, shows
remarkable capacity and cycle stability. A high reversible capacity of
~525 mAh g~ ! can be obtained at 50 mA g'. After 2,600 cycles at a
high current density of 1 A g~1, 80 % capacity retention is still achieved.
By constructing nanoscale solid-state lithium-ion batteries in a TEM
[28,29], we directly observed the structural and electrochemical reac-
tion behaviors of (MgCoNiCuZn)O HEO upon lithiation/de-lithiation.
We track conversion/alloying reaction upon the full lithiation, in
which initial rock-salt-structured (MgCoNiCuZn)O disappear and then is
converted to Co, Ni, Cu, MgO and Lip »2Zng g polycrystalline dispersed in
Li2O matrix. While during the subsequent de-lithiation process, the poly
crystalline phase can only be recovered to rock-salt-structured (MgCo-
NiCuZn)O, suggesting the symmetrical conversion reaction for the dis-
charge—charge cycle, which corroborate the merits of (MgCoNiCuZn)O
mentioned above. Importantly, this method is general, with which we
have also successfully produce a series of HEOs: (MgCoNiMnZn)O,

@ Traditional methods

"
A dozen hours

This work

e
A
..0. o. g
[

- J

Less than 20 s

Chemical Engineering Journal 479 (2024) 147896

(FeCoNiCrMn)304, (FeCoNiMnTi)304, (FeCoNiMnCu)304, (MgCoNi-
CuZn)Fep04, (MgCoNiMnZn)Fe;04, and so on.

2. Results and discussion

We used the first reported HEO, rock-salt (Mgg 2Cog 2Nip.2Cug 2Zng 2)
O (designated as (MgCoNiCuZn)O), as a model material to evaluate the
advanced nature of UHS and its anode application for lithium-ion bat-
teries (LIBs). Compared with a classical calcination method of (MgCo-
NiCuZn)O (Fig. 1a), in which a long heating process is required (usually
2-5 °C min 1) after intensive mixing to reach a relatively low-
temperature level (about 1000 °C) [30]. Meanwhile, the Joule heating
method in this work will reduce the reaction time to ~3 s. A critical
factor in reducing the length of the synthesis process is not only the
ultra-fast heating rate, but also the ultra-high temperature that can be
achieved. The recorded heating profile (temperature vs. time) of this
work is shown in Fig. 1b, which demonstrates the ultra-fast heating/
cooling rate and ultra-short sintering time. Fig. 1b also shows the rela-
tionship between temperature and time of UHS and conventional
calcination synthesis. Traditional synthesis will take up to a dozen
hours, whereas our method takes only 3 s, which shortens over 20,000
times. As mentioned above, explosive growth in synthesis efficiency is
the most significant advantage of UHS over traditional methods. Using
this advanced synthesis technology, we prepared a series of HEOs with
rock-salt and spinel structures in 3-10 s, including rock-salt (MgCoNi-
CuZn)O, rock-salt (MgCoNiMnZn)O, spinel (FeCoNiCrMn)304, spinel
(FeCoNiMnTi)304, spinel (FeCoNiMnCu)3O4, spinel (MgCoNiCuZn)
Feg04, spinel (MgCoNiMnZn)Fe204, and so on.

As shown in Fig. 2a, X-ray diffraction (XRD) patterns demonstrate
the raw materials have successfully turned to (MgCoNiCuZn)O HEO
with high crystallinity in such a short sintering time (~3 s). The
diffraction peaks are typical rock-salt structure and agreed with previous
reports [15,31]. It should be noted that the impurity existed in previous
report (such as some easily reduced elements like Cu) is solved in such
ultra-fast preparation procedure. Fig. 1b shows the corresponding tem-
perature profile of the fast Joule-heating method, which features an
average holding temperature of ~1060 °C. As presented in Fig. S1, we
also collected the XRD data at others sintering temperature and sintering
time. It can be demonstrated that 1060 °C and 3 s are the optimal sin-
tering parameters. Scanning electron microscopy (SEM) image in Fig. 52
demonstrates that (MgCoNiCuZn)O HEO has an irregular particle
morphology with a size distribution in the nanometer and micron range.
The elemental energy-dispersive X-ray (EDX) spectroscopy mapping
using a SEM shows that the distribution of various elements including
Mg, Co, Ni, Cu, Zn, and O are uniform (Fig. 2b), which also demonstrates
the highly uniform elemental mixing in (MgCoNiCuZn)O. As presented
in Fig. 2c, the clear interplane spaces of 0.24 and 0.21 nm are the (111)
and (200) planes of rock-salt-type (MgCoNiCuZn)O, respectively.
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Fig. 1. Comparison between conventional syntheses and our approach. (a) The thumbnails of the conventional HEO synthetic process and our method. (b) Over-
whelming advantages of UHS in terms of time and temperature. Inset: the recorded temperature profile of this work.
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Fig. 2. The structure of (MgCoNiCuZn)O HEO. (a) XRD patterns of HEO and the corresponding raw materials. (b) SEM image and corresponding elemental mapping.

(c) HRTEM image. (d-h) High-resolution XPS spectra of metal cations.

Because of the same proportion of cations in HEO and the divalent metal
oxide in raw materials, the metal elements would, at first glance, appear
to be 2 + state. However, the X-ray photoelectron spectroscopy (XPS) in
Fig. 2d-h reveals that the valence states of the metals in the quinary HEO
(i.e., Mg, Co, Ni, Cu, and Zn) are different. Co and Ni have valence states
of both 2 + and 3+, partial Cu appear to be reduced to 1+, while Mg and
Zn maintain the 2 + state.

Subsequently, a series of electrochemical characterizations were
conducted to evaluate the potential application of (MgCoNiCuZn)O as
lithium storage material. Fig. S3 presents the CV curves of (MgCoNi-
CuZn)O in the first 5 cycles with a scan rate of 2mV s~ ' The first cycle is
significantly larger than that of the subsequent cycles and an irreversible
cathodic peak is detected around 0.4 V. This irreversible phenomenon
which only appears in the first cycle is caused by the formation of solid
electrolyte interphase (SEI) film. Fig. 3a depicts the galvanostatic
charge-discharge (GCD) curves of (MgCoNiCuZn)O HEO between 0.01
and 3.00 V (vs. Li*/Li, similarly hereinafter) at a current density of 50
mA g~ 1. The high reversible capacity of ~525 mAh g~! can be obtained
with a low initial Coulombic efficiency of 50.3 %. This is mainly due to
the capacity additionally contributed by the formation of SEI. However,
the high Coulombic efficiency over 97 % can be provided since the
second cycle. Notably, the GCD curves almost overlap from second to
fifth cycles, which hints the high electrochemical reversibility of
(MgCoNiCuZn)O HEO for lithium storage. The monotone GCD profiles
instead of multiple redox plateaus, although five metal elements in
(MgCoNiCuZn)O, connotes strong hybridization, perfect mixing, and

internal redox among the quinary cations. During GCD cycles, the ho-
mogeneity of the quinary metal-ions in HEO anode was retained without
phase separation. In addition, the (MgCoNiCuZn)O HEO also has a high-
rate capacity. As shown in Fig. 3b and 3c, a respectable capacity of
~150 mAh g~ can be provided at ultrahigh current density of 10 A g~ L.
After rate testing from 0.05 to 10 A g, the senary HEO recovers its high
capacity at a low current density of 0.05 and 0.1 A g~1. At the same time,
to evaluate the cycle performance, we have carried out a long cycle
charge-discharge test at a current density of 1 A g~! (Fig. 3d). After
2,600 cycles, 80 % capacity retention is still achieved, which is an
overwhelming majority of those have been reported metal oxides and
HEO anode materials [25,32-34]. Notably, the morphology and struc-
ture of the HEO electrode did not change significantly after 200 cycles
without cracks (Fig. S4). This can be explained by the ultra-high
configurational entropy of HEO, which plays a crucial role in the
structural stability during the long-term charge—discharge process [35].
Slight undulation occurs during the cycling test which is due to the
changes in the ambient temperature. It is worth pointing out that we
observed that, during the first several hundred cycles, the (MgCoNi-
CuZn)O electrode showed a trend of increasing specific capacity, which
may be caused by the activation process during the charging and dis-
charging process. This activation phenomenon can be demonstrated by
electrochemical impedance spectroscopy (EIS). As shown in Fig. 3e,
compared with the as-prepared electrode (Fig. 3e, black), a smaller
semicircle can be found in the EIS spectra after 390 cycles (Fig. 3e, red).
It confirms the enhanced conductivity (reduced charge transfer
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Fig. 3. Electrochemical performance of (MgCoNiCuZn)O HEO. (a) The first five galvanostatic charge-discharge curves at a current density of 50 mA g~*. (b) Rate
performance. (c) Typical charge-discharge curves from 0.05 to 10 A g~ . (d) Long-term cycling test at 1 A g~ . (e) EIS under the open circuit potential at the initial

state and after 390 cycles.

impedance) during the first several hundred cycles. Notably, the addi-
tional semicircle in the high frequency region represents the impedance
of the SEI film. We also test the cycling performance at a low current
density of 0.1 A g~*, which show stable cycling for 30 cycles without
obvious capacity fading (Fig. S5).

To further describing the lithium storage behavior of (MgCoNiCuZn)
0, we conduct more in-depth kinetic tests. Fig. 4a is the cyclic voltam-
metry (CV) curves of (MgCoNiCuZn)O at different scan rates, and we set

the interval at 0.2-8 mV s~ 1. It is universally acknowledged that a closed
CV curve with a linear relationship between the area covered and the
actual lithium storage capacity of the active material. Therefore, ac-
cording to the content of the existing empirical formula, the peak cur-
rent (i) and scan rate (v) conform to a power function [36-38]:

i=a 3)

Among them, parameters a and b are adjustable, and the value range
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Fig. 4. Kinetic analysis of (MgCoNiCuZn)O HEO. (a) Cyclic voltammetry curves at different scan rates. (b) Linear fitting relationship between peak current and scan
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corresponding diffusion coefficient.

of capacitance at different scan rates. (e) The first two GITT curves and (f) the
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of b is 0.5-1. When b is 0.5, it indicates that the electrochemical process
is diffusion controlled. Conversely, when b converges to 1, the main
contribution to capacity is surface storage driven by non-diffusive
capacitance. In this work, the b values of (MgCoNiCuZn)O are 0.74
and 0.73 (Fig. 4b) under the oxidation and reduction peaks, respec-
tively, indicating that the charge storage is formed under the combi-
nation of diffusion control and non-diffusion control. Moreover, the
capacity contribution rate of diffusion/non-diffusion can be roughly
calculated by the following formula:

i =k + kv “

where k; and k; are the contribution rates of capacitance and diffusion,
respectively. As shown in Fig. 4c and Fig. S6, we plot the detailed
contribution region of capacitance behavior of (MgCoNiCuZn)O. It is
obvious that the proportion of capacitance behavior increases signifi-
cantly (from 29.6 % to 71.4 %) with the increase of scan rates from 0.2 to
8 mV s ! (Fig. 4d). This indicates that the effect of capacitance behavior
on the total capacity is strengthened at high scan rates. Furthermore, the
diffusion kinetics was explored by galvanostatic intermittent titration
technique (GITT). As presented in Fig. 4e, 4f and S7, the diffusion
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coefficient (Dy;) values are between the orders of 10 and 107! cm?

s7L

In the follow-up work, we also carried out the ex-situ XRD test to
monitor the structural changes of HEO during lithium storage (Fig. S8).
The results demonstrate that the diffraction peak of the original halite
crystal phase of (MgCoNiCuZn)O gradually weakens and disappears
later during the first lithiation process, and does not reappear in the
subsequent de-lithiation and after 390 GCD cycles. To further explore
the structure and phase evolution of (MgCoNiCuZn)O HEO during
lithiation and de-lithiation, the all-solid-state nanosized LIBs that en-
ables the in-situ electrochemical experiments was constructed in trans-
mission electron microscopy (TEM, Titan 80-300) with PicoFemto STM-
TEM holder, as schematically shown in Fig. 5a [39-42]. Once the Li;O/
Li electrode was in contact with the (MgCoNiCuZn)O HEO, the elec-
trochemical lithiation process was initiated by applying a constant bias
of — 10.0 V with respect to the Li;O/Li electrode. Fig. 5b presents the
panoramic TEM image of a single (MgCoNiCuZn)O nanoparticle before
lithiation, which is directly attached to Li source. Upon applying a bias
to the nanoparticle, the lithiation of (MgCoNiCuZn)O was immediately
triggered from the point of contact with the Li source, accompanied by
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Fig. 5. In-situ TEM characterization of (MgCoNiCuZn)O HEO. (a) Schematic diagram of in-situ TEM setup. (b, ¢) HRTEM of pristine and after lithiation. (d-g) The
morphological evolution during lithiation. (h-k) The morphological evolution during de-lithiation. HRTEM and ED for materials of the (i, o) pristine, (m, p) lithiation
and (n, q) de-lithiation. (r) Schematic diagram of the structural transition of the lithiation/de-lithiation.
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an obvious expansion along the x axes (247 to 266 nm) and y axes (249
to 264 nm) by ~7.7 % and ~6.0 %, respectively (Fig. 5b and 5c), which
is a great improvement over the common metal oxide anodes (the vol-
ume expansion usually exceeds 100 %) [43-47]. The whole morphology
evolution process of lithiation and de-lithiation was recorded as a series
of TEM images, as shown in Fig. 5 (d-k). In addition to the volume
expansion caused by lithiation, the extraction of lithium ions leads to the
slight shrink along the x axes (266 nm to 252 nm) and y axes (264 nm to
251 nm) by ~5.3 % and ~4.9 %, respectively (Fig. 5h and 5 k). Notably,
no visible crack or fracture is observed, indicating the reliable me-
chanical toughness during the whole lithiation/de-lithiation process.
High-resolution TEM (HRTEM) images and electron diffraction (ED)
patterns are used to identify the phase changes throughout the entire
lithiation/de-lithiation process. As shown in Fig. 5l, the lattice spacings
are measured to be 0.241 nm, 0.210 nm, corresponding to the rock-salt-
structured (111) and (200) planes, respectively. Furthermore, the ED
pattern corresponding to Fig. 51 is shown in Fig. 50, which can be well
indexed to different polycrystalline diffraction rings with (111), (200),
(220), (311), (222), (400), (331) and (420) planes of rock-salt-
structured (MgCoNiCuZn)O. As lithiation proceeded, the grains of Cu,
Ni, Co, MgO, Lig2Zng g and Li3O are formed, as evidenced by HRTEM
image in Fig. 5m, in which the lattice distances of 0.209, 0.217, 0.227,
0.240, 0.267 and 0.305 nm can match well with the (111) plane of Cu
(ICSD PDF #70-3038), the (1 00) plane of Co (ICSD PDF #89-7094), the
(200) plane of Ni (ICSD PDF #89-7129), the (100) plane of Lip2Zng g
(ICDD PDF#04-011-9312), the (220) plane of LiO (ICSD PDF
#73-0593) and MgO (ICSD PDF #30-0794). Meanwhile, the emerging
diffraction rings of Cu, Ni, Co, MgO, Lip2Zngg and LipO prove the
occurrence of conversion/alloying reactions, as shown in Fig. 5p. With
the complete extraction of Li™ ions, the (MgCoNiCuZn)O can recover to
initial morphology and phase, as demonstrate in Fig. 5n and 5q, which is
also believed to be the reason for the excellent cyclic stability of
(MgCoNiCuZn)O. The pattern in the center comes from (11 0) plane of C
(ICSD PDF#22-1069), which is an essential part of the electrode.
Comparing the characterization results of ex-situ XRD, we found that the
more accurate HRTEM and ED detected the rock-salt phase that
remained intact after the electrochemical reaction. Based on the above
characterization results, a schematic of the reaction mechanism is
illustrated in Fig. 5r. In the pristine state, (MgCoNiCuZn)O has a long-
range ordered rock-salt phase. During the process of lithiation, the
entry of Li induces some transition metal conversion reactions (e. g.
CoZ*3+ NiZ*/3+, cu?t/1F, Zn?"), while the other element (Mg?") that is
inactive in this potential range plays a pivotal role in maintaining the
stable matrix of the rock-salt structure. The HRTEM results visually
show us that this conversion reaction occurs on a much smaller length
scale (usually several nanometers). Naturally, after the end of de-
lithiation, the previously reduced elements were refilled with the
rock-salt matrix, completely restoring the structure. Moreover, the
(MgCoNiCuZn)O electrode maintains the original rock-salt phase after
50 GCD cycles can be manifested by the corresponding HRTEM image
and ED pattern in Fig. S9. In addition, we observed that SEI film
(thickness of ~5 nm) was formed on the surface of (MgCoNiCuZn)O in
the ex-situ TEM (Fig. S10), which further proved the reason for the low
initial coulombic efficiency. Based on the analysis above, the redox re-
action equation for charge and discharge should be as follows (Fig. 5r):

HEO +;—(3)Li<—>éC0° +éCu0 +§Ni° +%Mg0+%LiZn4 +§Li20 (5)

Importantly, we have also successfully synthesized a series of HEOs
using UHS technology within 3 to 10 s (Fig. S11 and S12) including rock-
salt structure (MgCoNiMnZn)O, and spinel structure (FeCoNiCrMn)304,
(FeCoNiMnTi)304, (FeCoNiMnCu)304, (MgCoNiCuZn)Fe3O4, and
(MgCoNiMnZn)Fe;04. The detailed synthesis parameters can be found
in Table S1. As shown in Fig. S13-S18, these HEOs possess considerable
capacity, rate performance and cycling stability.
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3. Conclusion

In summary, a series of HEOs with rock-salt and spinel structure were
successfully synthesized by the UHS method. UHS has decisive advan-
tages that other classical synthesis methods cannot achieve. We have
reduced the synthesis time of HEOs from several hours to several sec-
onds, which is certainly a significant leap. As an anode material for
lithium storage, (MgCoNiCuZn)O HEO delivered high reversible ca-
pacity of 525 mAh g~! and long cycle stability over 2,600 times.
Through in-situ TEM observations including real-time HRTEM, ED
tracking, we unveiled the conversion/alloying reaction mechanism
during lithiation of (MgCoNiCuZn)O. It is unraveled that Co, Ni, Cu,
MgO and Lip2Zng g poly crystalline have been ascertained as the final
lithiation products and can be transformed back to the original rock-salt-
structured (MgCoNiCuZn)O. The economical and effective preparation
method and in-depth understanding of lithiation/de-lithiation process
provide valuable guidelines of HEMs applications for next-generation
high-performance batteries.
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