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The drastic volume expansion of active materials and the shuttle effect of polychalcogenides hindered the
development of anode materials for potassium-ion batteries (PIBs). Thus, various strategies have been used to
overcome the negative effects associated with potassiation. Here, we propose a NaCl-type high-entropy metal
chalcogenide (HEMC) prepared using a simple melting method as an anode material for PIBs. Unlike traditional
high-entropy materials comprising inactive metals, NaCl-type HEMCs can realize the occupancy of cationic sites
by active metals. We show that AgSnSbSe; 5Te; 5, a HEMC, produces short-range tiny cells during phase-change
energy storage reactions, reconciling the participation of active and inactive metals to form various hetero-
interfaces and different functional metal nanoparticles. The kinetic and density functional theory analysis
showed that the formation of heterointerfaces decreased the diffusion energy barrier of K™ and the inactive metal
silver provided appropriate adsorption energy, suppressing the latent shuttle effect. The results show enhanced
electrochemical performance owing to the elemental composition of high-entropy materials and the formation of
tunable heterointerfaces and functional nanoparticles in electrochemical reactions, offering a new concept for

the design of PIB anode materials.

1. Introduction

Large-scale energy storage technologies mitigate the intermittency of
renewable energy sources and regulate grid systems’ safety, stability,
and reliability while avoiding the environmental problems caused by
fossil fuels [1-3]. Lithium-ion batteries (LIBs) dominate the commercial
market owing to their high energy density, high power, and low
self-discharge [4-6]. However, the increasing energy demand and un-
evenly distributed lithium sources (0.0017 wt%) lead to a shortage of Li
in the market [7]. In contrast, K is abundant in the earth’s crust (1.542
wt%), about 1000 times more abundant than Li, and is evenly distrib-
uted [8]. Furthermore, the standard redox potential of K"/Kis —2.93V
vs. the standard hydrogen electrode (SHE), which is approximately
similar to that of Li*/Li (—3.04 V vs. SHE), indicating that comparable
high energy and power densities can be achieved [9,10]. Meanwhile,
because Al is an inert material for PIBs, Al foil ($2042 per ton) can
replace the traditionally used Cu foil ($7951 per ton) [11,12]. Therefore,
PIBs are expected to be used in next-generation energy storage
technologies.

Nevertheless, PIBs lack suitable anode materials because the large
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ionic radius of K* (0.138 nm vs. 0.076 nm for Li*) causes huge me-
chanical stress and results in potential active materials (e.g., Si) not in
favor of K [13]. Graphite is one of the most common anode material
used for PIBs, providing a specific capacity of 279 mAh g (KGg)
[14-16]. However, the increasing energy demand necessitates the
development of high-capacity active materials for next-generation PIBs
[17,18]. Thus, alloying and conversion-type reactions facilitating mul-
tiple electron transfers with high energy storage have been considered
for anode materials [19-21]. The repeated insertion/extraction of K*
causes anode materials to face three to four times volume expansion
(K3Sb~400%) [22]. The huge volume expansion undoubtedly leads to
the pulverization of the material, breaking the solid electrolyte interface
(SEI). The repeated repair and breakage of the SEI eventually deactivate
the material. Moreover, the large size of K' hinders its diffusion in a
host, limiting the solubility of the K* intercalation compounds [23]. The
conversion reaction mainly occurs in metal chalcogenides, benefiting
from weak metal chalcogenide bonds, as K™ readily undergoes redox
reactions with chalcogenides [24-26]. However, polychalcogenides are
soluble in the electrolyte. When polychalcogenide anions are saturated,
they are likely to deposit on the anode surface, which is known as the
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shuttle effect [27]. Besides, the loss of active materials is attributed to
the high activity of polychalcogenides via nucleophilic addition or
substitution reactions with carbonate-based electrolytes to form thio-
carbonates [28].

Various strategies have been used to mitigate the adverse effects of
potassiation, such as the nanocrystalline and synergistic effects [29,30].
Ge et al. reported that a Sb nanocrystal confined in a carbon nanofiber
takes advantage of the nanocrystalline effect to reduce the active ma-
terial to the nanometer level. This not only provided increased contact
areas and alleviated the volume expansion caused by the insertion of K™
[31-34]. Moreover, Cao et al. proposed that a hierarchical MoS,/Sb
heterostructure in a graphene framework improved the electrochemical
performance. Besides, synergistic effect may not generate by hetero-
interface but stable intermediates phase. For example, Xiong et al. re-
ported that binary metal Bi-Sb alloy nanoparticle embedded in a porous
carbon matrix as PIBs anode material [35,36]. The reaction mechanism
through in-situ XRD technique show that Bi-Sb nanoparticle form the
stable intermediates phase of K(Bi, Sb) and finally convert to K3(Bi, Sb)
which having better electrochemical performance comparing the Bi and
Sb nanoparticles with intermediates phase of KBi and KSb [37]. This is
difficult to achieve with a single material as the synergistic effect relies
on the rational design of composite materials. However, combining
these two strategies for the development of superior anode materials has
not been demonstrated.

High-entropy materials have been studied in electrochemical energy
storage as they exhibit properties beyond those of their constituent el-
ements [38]. In disordered multicomponent systems, a large entropy
configuration is considered to stabilize the crystal structure (i.e.,
entropy-driven stabilization), providing multiple options for multi-
component systems and the potential to tailor functional properties
[39-41]. Moreover, the chemical energy storage behavior of
high-entropy anode materials produces a unique energy storage mech-
anism due to the influence of entropy. For example, Sarkar et al. re-
ported a transition-metal-based high-entropy oxide (HEO) as an anode
material for LIBs, indicating that the lithiated HEO forms short-range
tiny cells below the detection threshold of X-ray diffraction (XRD). Mg
enhanced the stability of the HEO rock-salt structure by acting as an
inactive barrier, improving the cycling performance [42]. In addition,
Zhao et al. reported a high-entropy sulfide as an anode material of
sodium-ion batteries, where inactive metal particles precipitated after
sodiation. Inactive metals act as barriers that isolate active material
nanoparticles, avoid agglomeration, and reduce particle size [43]. These
studies have shown that high-entropy materials have unique reaction
mechanisms during phase-change energy storage reactions, but they all
have two phenomena in common: (1) formation of short-range tiny cells
and (2) production of various conversion products. These results agree
with the goals of nanosize and synergistic effects, suggesting a unified
approach in the development of next-generation high-efficiency energy
storage anode materials.

Herein, we propose a NaCl-type high-entropy metal chalcogenide
(HEMC) anode material. Active and inactive elements were configured
via tunable anion and cation sites. We observed the electrochemical
performance of five rock-salt solid solutions with different entropy
configurations and found that an increase in entropy promoted the
electrochemical performance. Operando X-ray absorption spectroscopy
(XAS) was used to investigate the valence changes of each element
during the potassiation of the HEMC to clarify the reasons for such
improvement. Furthermore, we found that short-range tiny cells
construct numerous heterointerfaces in the full potassiation/depot-
assiation state. Meanwhile, the density functional theory (DFT) clarified
that various heterointerface formations reduce the diffusion barrier of
K" in the electrode and that the exsolution of the inactive Ag metal
exhibits a strong adsorption energy for polyselenium and polytelluride,
inhibiting the shuttle effect [44]. We believe that the numerous heter-
ointerfaces coupled with the strong adsorption of Ag are responsible for
the enhanced electrochemical performance of HEMCs, providing unique
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insights into the “cocktail effect” in high-entropy materials.
2. Results and discussion
2.1. Feasibility of NaCl-type rock-salt structure

The single-phase high-entropy NaCl-type rock-salt structure has
compositional flexibility and can avoid the reliance of the industry on a
single metal source. Therefore, the elemental composition of NaCl-type
rock-salt structures is discussed. The rock-salt structure has adjustable
anion and cation sites so that appropriate elements can be accommo-
dated for various application requirements [45]. Here, the MSeg sTeg 5
system (M = Ag, Bi, Co, Cu, Fe, Ge, Mn, Nb, Sb, and Sn) was selected to
evaluate the possibility of using potential metal elements for PIB anodes
(Fig. S1). Because the NaCl-type rock-salt structure has anion and cation
sites (Fig. 1a), the entropy calculation must be separated as follows [46]:

S = R[([le:x[lnx,) + </2N;x_/-lnxj>:| (€8]

where i is the cation site, j is the anion site, and R is the gas constant. The
anion-site entropy of the MSeq sTe 5 system is 0.61R, and the cation site
comprising more than three metal elements (1.09R) satisfies the mini-
mum entropy required for high-entropy materials (AS > 1.61R) [47].
Fig. 1b presents the redox suitability among 14 metal ions on a loga-
rithmic basis (base 10). All the pair correlations were obtained from a
previous report [48]. The positive values indicate a tendency to sub-
stitute, whereas the negative values indicate no substitution tendency.
Late transition metals such as Fe?*, Co?*, and Mn?' have a strong
substitution tendency owing to the charge effect and similar ionic radii.
Meanwhile, the nontransition metals Bi>* and Sb>* suggest that greater
electron delocalization generates a strong substitution tendency [49].
These trends can be used to evaluate chemical compatibility between
different candidates in the MSe sTeq 5 system. We calculated the energy
difference between the metal M randomly distributed in the MSe( sTeg 5
rock-salt structure and the competing phases using DFT to estimate the
mixing temperature of the MSeysTeps system (Table S1). A lower
mixing temperature offers enhanced feasibility because less thermal
energy is required to mix the metal ions. However, it is not the absolute
temperature of synthesis and can only be regarded as a numerical dif-
ference in the feasibility of synthesis [50,51]. The mixing temperature
distribution diagram of 10 metal elements in the MSeg sTeq 5 rock-salt
structure is shown in Fig. 1c. Metals with a low mixing temperature
(Ag, Cu, Mn, and Sb) more likely produced a single-phase high-entropy
rock-salt structure. Meanwhile, based on the Hume-Rothery rule, the
bond length of metal cations and chalcogenides is related to the degree
of crystal strain, where small strains are conducive to the stability of
single-phase crystal structures [52]. The bond length compared with
those in the International Center for Diffraction Data (ICDD) and bond
valence model (BVM) is shown in Fig. 1d, and the calculation detail of
the BVM model is listed in Table S2. Co?" and Sb®* ions showed large
bond length variations, indicating that these ions are softer, benefiting
from the reduced local stress and promoting the formation of
single-phase high-entropy rock-salt structures [53,54]. Fig. le presents
the structure optimization result of 10 metal ions in the rock-salt
structure. Ag, Co, Cu, Fe, Mn, and Sn generally maintained the
rock-salt structure, indicating that they are more suitable for the
rock-salt structure without considering the competing phase. Based on
the redox suitability, mixing temperature, and bond length of metal ions
in this high-entropy system, we selected the inactive metal Ag, which
provides a strong adsorption energy for inhibiting the potential shuttle
effect caused by polychalcogenides. Furthermore, Sb, Sn, Se, and Te act
as active materials and ensure the generation of various hetero-
interfaces, utilizing the advantage of the high-entropy configuration.
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Fig. 1. Compatibility of the MSeq sTeg 5 structure. (a) Schematic illustration of the high-entropy disorder NaCl-rock-salt structure. (b) Pair correlation for each ion
couple with logarithm (10 base). (c) Distribution of the mixing temperature for each metal cation. (d) Comparison of the bond length from the ICDD and BVM model.

(e) MSeo sTeg s structure with different metal cations after geometric optimization.

2.2. Structural characterization

Five rock-salt-type materials were prepared by sealing quartz tubes
in an environment under 10~ torr with melting-state reactions at 1173
K. With the increase in metal cation amounts, the amounts of Se and Te
also increase owing to the charge compensation mechanism, which
balances the positive charge added due to the metal cation, thus
enhancing the feasibility of the high-entropy system (Fig. 2a). The
powder XRD pattern of each material is shown in Fig. S2. The observed
XRD pattern showed only the low entropy metal chalcogenide (LEMC)
with an orthorhombic structure (space group Pnma, JCPDS 48-1224).
With the increase in entropy, all the other four materials showed a rock-
salt cubic structure (space group Fm3m, JCPDS 65-6604) without any
impurities. Notably, the (200) facet of the cubic rock-salt structure
slightly shifted toward a smaller angle, indicating that larger-atom al-
loys induced lattice expansion. The corresponding Rietveld refinements
of the XRD patterns are shown in Fig. 2b and Figs. S3-S6, and the HEMC
showed the lattice parameters of Fm3m [a = b = ¢ = 5.9959 A]. X-ray
photoelectron spectroscopy (XPS) was used to confirm the valence states

of the elements in the HEMC. The full survey is shown in Fig. S7; the fine
scan of each element is shown in Fig. 2c. Two strong peaks of 374.0 eV
(Ag3ds/2) and 368.0 eV (Ag3ds,2) were observed in the Ag 3d spectrum.
The binding energy comprised AgzSe (Ag3ds 2, 373.9 eV; Ag3ds,s,
368.1 eV) [55]. In the Sn 3d spectrum, two doublet peaks at 494.9 eV (Sn
3ds/5) and 486.5 eV (Sn 3ds/y) indicating Sn*"and slight surface
oxidation, respectively, were obtained [56]. In the Sb 3d spectrum,
539.6 eV (Sb 3ds,2) and 530.3 eV (Sb 3ds,2) belonged to Sb3+, accom-
panied by O 1 s surface oxidation at 532.7 eV. Meanwhile, the Se 3d
spectrum was divided into two subpeaks at 54.4 eV (Se 3ds,2) and 53.5
eV (Se 3ds/2), which belonged to Se’” and Te 3dsz/2. Te 3ds,, can be
assigned to the peak at 586.6 eV, whereas the 576.2-eV peak belongs to
Te4’; the 582.7 eV (Te 3ds,2) and 572.3 eV (Te 3ds,3) peaks were
assigned to Te?~, representing the bond between Te and metal cations.
Graphite was added to the ball milling procedure to reduce the di-
mensions and protect the materials. After ball milling, the particle size of
all materials was reduced to <5 pym (Fig. S8). The materials had similar
sizes without phase transformation (Fig. S9), providing a unified stan-
dard for subsequent electrochemical measurements to discuss the
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Fig. 2. Morphology and structure characterization. (a) Configuration entropy depending on the number of cations. (b) Rietveld refinement plot of HEMC. (c) High-
resolution XPS survey of Ag, Sn, Sb, Se, and Te, respectively. (d) Crystal structure of NaCl-type HEMC. (e) TEM image, (f) HRTEM image, (g) HAADF image, and (h)

SAED pattern and the corresponding EDS elemental mapping of HEMC@C.

influence of entropy. As examined using thermogravimetric analysis, the
carbon content was identified as 33.1% (Fig. S10). The Raman spectra of
HEMC and HEMC@C were collected (Fig. S11). With graphite addition,
two peaks were detected at approximately 1343 and 1584 cm™! corre-
sponding to the D and G bands, respectively [57]. The Bru-
nauer-Emmett-Teller surface area of HEMC@C was evaluated using
nitrogen adsorption/desorption isotherms (Fig. S12). The HEMC@C had
a surface area of 176.4 m? g''; a typical nonporous isotherm curve was
obtained [58]. The local fine structure of HEMC@C was confirmed using
TEM, as shown in Fig. 2¢, and a few layers of graphene were attached to
the HEMC (Fig. S13). A (200) facet belonging to the rock-salt structure
can be observed from the high-resolution TEM (HRTEM) image
(Fig. 2d), whereas HEMC particles encapsulated with graphite can be
observed from the high-angle annular dark field (HAADF) image
(Fig. 2e). The p-spacing of the HEMC from the selected area electron
diffraction (SAED) pattern (Fig. 2f) corresponds to the Rietveld refine-
ment result shown in Fig. 2b. Figs. 2g-k show the energy-dispersive
X-ray spectroscopy (EDS) element mapping images. Ag, Sn, Sb, Se,
and Te were evenly distributed in the HEMC particles. Further, scanning
electron microscopy coupled with EDS showed the stoichiometric

element ratios (Fig. S14).
2.3. Electrochemical performance

The electrochemical performance of different entropy configurations
was evaluated in a CR-2032 coin cell using 1 M KFSI in DMC as the
electrolyte and hand-made K foil as the counter electrode. Figs. 3a—e
show the initial three-cycle cyclic voltammetry (CV) curves with
different entropy configurations. The scan rate and working window
were 0.01 mV s and 0.01-3.00 V (vs. K"/K), respectively. All the en-
tropy configuration materials showed a significantly larger scanning
area in the first cycle than those in the subsequent cycles, which was
caused by the irreversible side reaction and the formation of the SEI
layer on the surface of the material [59]. In the second and third CV
curves, the higher coincidence represents the better reversibility of the
material. For quantifying the coincidence, we define the area difference
(Agir) as

Az — Agng

Agr = x 100% 2

2nd
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Fig. 3. Electrochemical performance of different entropy electrodes. First three-cycle CV profiles and corresponding area differences of (a) LEMC@C, (b) MEMC-
2@C, (c) MEMC-3@C, (d) MEMC-4@C, and (e) HEMC@C. (f) Cycling stabilities, (g) cycling performances, and (h) rate capabilities of LEMC@C, MEMC-2@C,
MEMC-3@C, MEMC-4@C, and HEMC@C. (i) Normalized QV profile and (j) overpotential analysis of different entropy electrodes. (k) Comparison of specific ca-
pacity at high and low current densities (SCH and SCL), cycle number, retention, ICE, CV area difference, and overpotential of different entropy electrodes.

Asng and Az correspond to the area of the second and third cycles,
respectively. This area difference represents the deviation ratio between
the scanning area of the third cycle and the area of the second cycle,
which can be used as a qualitative measure of reversibility. According to
the calculated results, the Ay values of LEMC@C, MEMC-2@C, MEMC-
3@C, MEMC-4@C, and HEMC@C were 4.8%, 6.4%, 4.0%, 3.6%, and
0.7%, respectively. The Ay had an increasing tendency with a higher
entropy configuration. In other words, the increase in entropy configu-
ration had an impact on the cycle stability of the battery. According to
the reaction mechanism (discussed in detail later), various hetero-
interfaces were composed of short-range tiny cell formations, boosting
the redox reaction. The cycling performance (Fig. 3f) of the LEMC@C
began to show a downward trend after 80 cycles, and MEMC-2@C and
MEMC-3@C showed a capacity decline at 400 and 600 cycles, respec-
tively. Notably, the HEMC@C and MEMC-3@C exhibited satisfactory
stability and maintained a relatively stable capacity for 800 cycles. The
specific capacity fluctuated upon increasing the cycle number, which
can be explained as follows. First, the materials were prepared by the
melting method, and low-energy ball milling (200 rpm) was conducted
with graphite. The particle size was larger than 200 nm, which led to the
uneven potassiation rate of these particles. This phenomenon slightly
increased the specific capacity before 100 cycles. Notably, the rising
amplitude of the specific capacity is due to the entropy increase because
an increased number of tiny cells and heterointerfaces was formed as the
entropy increased. Second, after 100 cycles, the electrochemical per-
formance of different anode materials became steady owing to the
construction of tiny cells and heterointerfaces, demonstrating the ad-
vantages of the nanocrystalline and synergistic effects. Finally, after 500
cycles, the specific capacity gradually decreased as the graphite was
coated by low-energy condition and provided basal protection only,
leading to partial active material deactivation. The cycling performance
of different entropy electrode without carbon coating was shown is
Fig. S15, the capacity fading rapidly because the larger particles size and

lack protection. The current density cycling performances of electrodes
are shown in Fig. 3g. At a low current density of 100 mA g, LEMC@C,
MEMC-2@C, MEMC-3@C, MEMC-4@C, and HEMC@C had reversible
specific capacity of 224, 313, 306, 419, and 351 mAh g’l, respectively.
Take advantage of multielectron transfer, all anode materials except the
LEMC@C exhibited higher specific capacity than graphite anode mate-
rials. Further, Fig. 3h compares the rate capability of each entropy
configuration electrode. At a high current density of 5000 Ma g,
LEMC@C, MEMC-2@C, MEMC-3@C, MEMC-4@C, and HEMC@C pro-
vided reversible capacity of 4, 7, 69, 127, and 103 mA g'l, respectively,
revealing that MEMC-4@C and HEMC@C exhibited significantly
improved rate performances compared with the other electrodes.
Moreover, when the current density gradually returned from 5000 to 50
mA g'l, MEMC-3@C, MEMC-4@C, and HEMC@C returned to the spe-
cific capacity of the initial current density of 50 mA g, whereas
LEMC@C and MEMC-2@C did not maintain the original specific ca-
pacity at a low current density. These results indicate that K™ has fast
and stable redox kinetics in electrodes with high-entropy configuration.
Fig. 3i shows the QV curves of electrodes with various entropy config-
urations after 100 cycles, which can accurately reflect the total resis-
tance of redox reactions. However, the different specific capacity led to
the distortion of the comparison. Hence, the specific capacity was
normalized and divided into charging/discharging parts, as shown in
Fig. 3j. Moreover, Se was the intersection of the five entropy configu-
ration materials; thus, we used the redox potential of Se (approximately
1.78 and 0.95 V for the cathodic and anodic reactions, respectively) as a
benchmark to clarify the influence of entropy configuration on the
overpotential. The upper part of Fig. 3j shows that the HEMC@C had the
smallest Se reduction overpotential, whereas the overpotentials of
LEMC@C, MEMC-2@C, MEMC-3@C, and MEMC-4@C increased by
267, 100, 46, and 23 mV, respectively. The lower part of Fig. 3j also
shows that the HEMC@C had the highest oxidation overpotential,
whereas those of LEMC@C, MEMC-2@C, MEMC-3@C, and MEMC-4@C
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were reduced by 371, 311, 213, and 185 Mv, respectively. These results
show that the high-entropy configuration contributes to the reduction of
the overpotential through the gradual increase in the entropy configu-
ration, increasing heterointerfaces. The synergistic effect between
multicomponent heterogeneous interfaces contributes to the stable
redox reaction of anions and cations [60]. Electrode surfaces after the
50th and 100th cycles are shown in Fig. S16. At the 50th cycle,
LEMC@C, MEMC-2@C, and MEMC-3@C showed noticeable cracks,
whereas MEMC-4@C and HEMC@C maintained intact electrode sur-
faces. When the cycle number was increased to 100, the cracks in
LEMC@C, MEMC-2@C, and MEMC-3@C became large and even prop-
agated to the current collector. In the meantime, MEMC-4@C and
HEMC@C maintained crack-free surfaces. Fig. 3k shows the perfor-
mance comparisons of electrodes with various entropy configurations,
where the relationship between the performance indicators and entropy
is revealed. The capacity retention, reversibility, cycle number, specific
capacity at high rates (SCH), and overpotential demonstrated positive
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correlations with the increase in the entropy configuration. In contrast,
the low-rate performance (SCL) and the initial Coulombic efficiency
(ICE) were not relevant to the entropy configuration. The low-rate
performance occurred because the theoretical capacity of the five en-
tropy configurations did not remarkably differ (Table S3). The capacity
contribution of graphite can be neglected since there is nearly no ca-
pacity at a high current density (Fig. S17). The ICE mainly represented
an irreversible oxidation reaction on the surface of the material and the
formation of the SEI layer. Therefore, for the full-cell system, which did
not have a sufficient Ksource, the ICE became a critical issue for
high-energy-density full cells [61]. All entropy materials had an
appropriate ICE of around 60% except the LEMC@C, providing great
potential in full-cell systems.

CV measurements were performed at different scan rates ranging
from 0.1 to 0.9 mV s™! to further understand how the increase in entropy
composition affects the electrochemical performance of the electrode.
The peak current (i) and the scan rate (v) of the power law formula were
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used to calculate the reaction behavior (Eq. (3)) [62]:
i=a’ 3

when I is linearly related to v, that is, b = 1, it indicates that the elec-
trochemical reaction is dominated by the surface control mechanism.
When i is related to the square root of v (b = 0.5), the reaction is
controlled by diffusion. For a typical electric double-layer capacitor
(EDLQ), no redox reaction occurs, and only the adsorption reaction takes
place [63]. This material type usually has a huge specific surface area.
Compared with that synthesized using the melting method, the HEMC
exhibits relatively large particle size without pores, resulting in a small
specific surface area. Moreover, because of the formation of the SEI film,
the adsorption activity of the EDLC is reduced, demonstrating that the
contribution of the EDLC can be excluded, and the measured linear
relationship is caused by surface heteroatom moieties [64]. Figs. 4a—d
show the CV curves of MEMC-2@C, MEMC-3@C, MEMC-4@C, and
HEMC@C at different scan rates. As the scan rate increased, a gradually
increasing response current was observed. Notably, the response current
of LEMC@C did not increase as the scan rate increased, indicating poor
cycle stability (Fig. S18). According to the fitting results, the b values of
the anode and cathode current peaks of MEMC-2@C, MEMC-3@C,
MEMC-4@C, and HEMC@C (Figs. 4e-h) were 0.44, 0.79, 0.91, and 0.87
(anodic), and 0.49, 0.84, 0.84, and 0.83, respectively (cathodic), illus-
trating that the HEMC@C was mainly under surface control. The specific
pseudocapacitance contribution at different scan rates can be further
obtained using Eq. (4) [65]:

i=kv+ kzv% (€))

In the above equation, k;v and koV® represent the control of pseu-
docapacitance and diffusion behavior, respectively. By calculating the
value of k;, the contribution value of pseudocapacitance and diffusion
behavior control can be quantified. Figs. 4i-1 show the capacitive
contribution increases of different entropy configuration electrodes with
sweep rates from 0.1 to 0.9 mV s, The capacitive contribution values of
MEMC-2@C, MEMC-3@C, MEMC-4@C, and HEMC@C were 34%, 58%,
81%, and 72%, indicating that the capacitive contribution does not
absolutely increase with the growth of entropy configuration, but it
more likely increases with the composition of surface heteroatoms. The
QV curves and the corresponding diffusion coefficients are plotted in
Figs. 4m-p. Using the galvanostatic intermittent titration technique
(GITT), the potassium-ion diffusion coefficient Dx- can be calculated
based on Fick’s second law using Eq. (5):

4 (myVi\’ (AE®
Pre = E( M,S ) (m:;) ®
where my, Vi, My, S, and 1 represent the active material mass, molar
volume, molar mass, surface area, and relaxation time of the electrode,
respectively. AE; is the voltage difference between the steady states,
whereas AE; is the voltage difference during the pulse process
(Fig. S19). Based on Eq. (5), Dg+ corresponding to various entropy
configurations ranged from 10~° to 10~ !! ecm? s™. Notably, HEMC@C
had about four to five times higher Dx+ than the other entropy config-
urations. This possibly benefited from the formation of numerous het-
erointerfaces, which reduced the diffusion barrier of K™ and effectively
promoted the alloying and conversion reactions of K*. Fig. 4q integrates
the b value, capacitive contribution, and D+ of each entropy configu-
ration electrode. Notably, the Dg-, b value, and capacitive contribution
did not absolutely increase with the growth of the entropy configura-
tion. This behavior illustrated that the elemental composition is a key

factor that affects the dynamics of K* because different heterointerfaces
influence the electrochemical performance differently.
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2.4. Mechanism derivation

Operando XAS was introduced to detect the average valence state of
each element in the HEMC@C to infer the reaction mechanism (Fig. 5a).
The K edge absorption spectra of Ag, Sn, Sb, Se, and Te were measured in
fluorescence mode at a current density of 100 mA g*, as shown in
Figs. 5b—f. The selected open circuit potentials (OCPs) (0.01 and 3.00 V)
of the XAS spectra are plotted in Figs. 5g-k, and waterfall patterns are
plotted in Fig. S20 to easily understand the energy change during
potassiation/depotassiation. Herein, 60% of the edge jump height was
used as the indicator of the valence state to evaluate the valence vari-
ations of HEMC@C during the potassiation/depotassiation process. The
energy shift of the X-ray absorption near-edge structures (XANES) was
obtained as follows:

AE = E(0.6) — E(0.6) (6)

Fig. 5b shows the Te K edge XANES spectrum of the first cycle. The
initial absorption peak was at 31,814.8 eV. As the degree of potassiation
deepens, the Te K edge gradually moved to higher energy, and the white
line moved downward until the end of discharge (EOD). The edge energy
was located at 31,816.0 eV (+1.2 eV), indicating that the formation of
the K-Te intermediate phase involved KsTe, KoTes, and KsTes. More-
over, the decrease in the white line can be attributed to the screening
effect between K and Te. During depotassiation, the Te K edge gradually
moved to low energy, and the white line gradually increased until the
end of the charging process. The edge energy was 31,814.5 eV (—1.5
eV), which was close to the edge energy of the OCP state, possibly due to
the recombination with metal cations. Fig. 5¢c shows the Ag K edge
XANES spectrum collected in the first cycle. The K edge absorption en-
ergy of Ag under the OCP was 25,515.9 eV. Upon potassiation, the K
edge absorption energy of Ag gradually shifted toward high energy, and
the white line increased. At the EOD position, the edge energy was
25,516.6 eV (+0.7 eV). The similar energy and oscillation tendency with
those of the metal Ag indicate that Ag is an inactive metal, consistent
with a previous report [66]. Upon further performance of the charging
process, the Ag K edge absorption energy shifted toward the initial state
(25,515.9 eV (—0.7 eV)), and the white line gradually decreased, indi-
cating recombination with anions. The in situ EIS of HEMC@C also
supported the result of Ag exsolution and recombination (Fig. S21).
Fig. 5d shows the Sn K edge XANES spectrum. The initial edge energy
was 29,198.6 eV. Upon potassiation, the Sn K edge moved to higher
energy with decreased white line, and the edge energy of the EOD state
was 29,199.3 eV (+0.7 eV). In theory, as K* is more electropositive than
Sn, lower edge energy must be obtained during Sn potassiation. How-
ever, the results showed that Sn moved to higher energy, as shown in the
XANES results of LIBs [67]. It is considered that an alloy reaction be-
tween two different metals with dissimilar natures promotes charge
transfer and superimposes a new covalent bond on the metal bond be-
tween Sn and K. Thus, delocalized electrons can freely slide between
each other to minimize electrostatic energy [68]. In addition, the shift of
the white line was not the same as that of Ag, indicating that charge
transfer occurred between Sn and K, resulting in the reduction of 5p
holes for Sn [69]. The above results support the production of KSn in
complete potassiation. During the charging process, the Sn K edge still
shifted to high energy, and the final edge energy was 29,200.5 eV (+1.2
eV), consisting of the metallic state of Sn (29,200.4 eV). The product
after depotassiation is inferred to be metal Sn. Fig. 5e shows the XANES
spectrum of the Se K edge. The initial edge energy at the OCP was 12,
657.7 eV. The Se K edge moved to higher energy, and the white line
gradually decreased during potassiation and finally achieved an edge
energy of 12,658.5 eV (+0.8 eV), indicating the formation of potassium
polyselenide (KsSe, KoSes, KoSes, and KySez) [70]. During depot-
assiation, the Se K edge moved to lower energy, and the final edge en-
ergy was 12,657.8 eV (—0.7 eV), which was close to the initial edge
energy, similar to the condition of Te. However, the white line continued
to decrease, representing the holes in the Se 4p decrease, which may
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Fig. 5. Operando fluorescence XAS. (a) Schematic illustration of the electrochemical setup of operando fluorescence XAS. Evolution of operando (b) Te-K edge, (c)
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in HEMC@C.

have been caused by the influence of the heterogeneous interface be-
tween Se and Te. Fig. 5f shows the Sb K edge XANES spectrum. The
initial edge energy was 30,495.0 eV. During potassiation, the Sb K edge
moved toward higher energy, and the white line gradually decreased.
The final edge energy was 30,497.0 eV (+2 eV). These results were
similar to those obtained for Sn, indicating similar charge transfer be-
haviors. Notably, the edge energy changed more than that of Sn because
of the greater charge transfer (KSn, 1e~; K3Sb, 3e™). During the charging
process, the Sb K edge moved to a lower energy of 30,496.6 eV (—0.4
eV), implying the deinsertion of K*. Fig. S22 shows the ex situ XPS
spectrum of HEMC@C with various potentials. The Ag 3d ex situ XPS
spectrum of HEMC@C is shown in Fig. S22a. The characteristic peaks of
374.6 and 368.6 eV were observed at the OCP corresponding to the
characteristic peaks of the initial material of the HEMC@C. During the
discharge process, an additional peak was observed at 377.3 eV, indi-
cating Kys characteristic peaks. Meanwhile, the peaks of Ag 3ds5/, and
3ds,2 shifted to 373.7 and 366.9 eV at 0.01 V, respectively, representing
the exsolution of metallic silver. The characteristic peaks of Ag 3ds/» and
3ds,» shifted to higher binding energies at 374.3 and 368.3 eV, which

were close to the initial characteristic peaks. Fig. S22b shows three
peaks at 497.4, 495.8, and 487.3 eV corresponding to the oxidation peak
of Sn and the characteristic peak of the HEMC@C. At the EOD, the three
characteristic peaks at 493.0, 484.6, and 483.1 eV accompanied by
oxidation peaks were observed because of the potassiation product
formation [71]. When the voltage returned to 3.00 V, the two peaks
were at 459.3 and 486.9 eV, representing the reduction of Sn. Fig. S22¢
shows that the two peaks of the HEMC@C shifted toward lower energy.
The characteristic peak of Sb? was generated at 529.3 eV. The typical
dealloying peaks of Sb and K at 531.4 eV corresponded to Sb3* [72].
Fig. S22d shows two HEMC@C peaks, which shifted to lower energy
during potassiation. Upon depotassiation, the peaks went back to high
energy, revealing the conversion reaction between Se and K [73]. In
Fig. S22e, the peaks at 576.8 and 573.4 Ev were observed under the
OCP, contributed by the surface oxidized TeOyx and HEMC@C. At a po-
tential of 1.00 V, the HEMC@C characteristic peak disappeared, and
new peaks appeared at 571.9 and 570.3 eV, which corresponded to K Te
(0 < x < 2) [74]. The characteristic peak at 569.5 eV was observed at
0.01 V, which corresponded to the generation of KyTe. Further into the
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depotassiation process, the characteristic peak of 570.7 eV was observed
at 3.00 V, indicating that the product would not return to the initial
HEMC@C structure after depotassiation. Fig. 5] summarizes the valence
and edge energy shift during fully charge/discharge states, enabling the
identification of the potassiation/depotassiation product. When the
HEMC@C with a rock-salt structure reacts with K, the crystal lattice
expands until it cannot withstand the expansion and then cracks into
tiny unit cells and does not return to the original high-entropy rock-salt
structure after depotassiation. The diffraction peaks were collected at a
constant voltage, and a strong peak of HEMC@C was observed around
29.8° at OCP. As the voltage dropped to 1.00 V, the diffraction peak of
HEMC@C shifted to a small angle, indicating that the crystal lattice
expanded, caused by the insertion of K* into the cation sites of the
rock-salt structure (Fig. S23). The subsequent potassiation process
showed that the diffraction peak of HEMC@C gradually weakened,
illustrating that the rock-salt structure could not withstand the lattice

Energy Storage Materials 59 (2023) 102770

expansion and produced short-range tiny crystallites lower than the
detection limit of the instrument [75]. To confirm the formation of
heterointerfaces between the tiny unit cells after potassiation, ex situ
TEM images were collected in the full potassiation/depotassiation state.
In the low-magnification TEM image at 0.01 V (Fig. S24) and 3.00 V
(Fig. S25), huge micron-sized particles were transformed into fine
nanoparticles with a size range of 5-10 nm, confirming the
high-entropy-induced nanocrystalline effect.

Figs. 6a-i show the HRTEM, fast Fourier transform (FFT), and inverse
FFT (IFFT) images of various heterointerfaces. According to the valence
change results obtained in Operando XAS, the possible potassiation
products of each element in the HEMC@C included Ag, KyTe, KsSe,
K3Sb, and KSn [76]. The diffraction peaks of KSn and KySe could be
observed in the FFT image, and the IFFT pattern corresponded to the
(321) plane of KSn and the (311) plane of K5Se. Fig. 6b shows the het-
erointerface image of K3Sb and KyTe. The diffraction peaks of K3Sb and
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KyTe could be observed in the FFT image, and the IFFT pattern corre-
sponded to the (220) plane of K3Sb and (311) plane of KyTe. The Ag and
KSn heterointerface is shown in Fig. 6¢; the calculated p-spacings cor-
responded to Ag and KSn. Figs. 6e, f show the images of the hetero-
junction interfaces between Ag/KoTe and Ag/KySe. The (200) plane of
Ag, (311) plane of KyTe, and (311) plane KoSe with the corresponding
p-spacing could be observed in the FFT and IFFT images. Fig. 6f shows
the boundary, FFT, and the FFT images of the heterojunction interface
between K3Sb and KoTe. During depotassiation, possible depotassiation
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products included Ag,Se, AgoTe, Sn, Sb, KySes, and KyTes, and the
heterojunction interface between Sb and Sn with the corresponding FFT
and IFFT images are shown in Fig. 6g. Furthermore, Fig. 6h shows the
image of the heterojunction interface between Ag,Te and KySes. In the
FFT image, the diffraction points of Ag;Te and K;Ses could be observed,
and the (110) plane of Ag,Te and the (040) plane of K»Ses were obtained
from the IFFT image. Fig. 6i shows the image of the heterojunction
interface between Ag,Se and KyTes. In the FFT image, the diffraction
points of Ag,Se and K,Te3 could be observed, which corresponded to the
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(110) plane of AgsSe and the (040) plane of KoTeg in the IFFT pattern.
Fig. 6j illustrates the process of the in situ formation of tiny cells with
various heterointerfaces. The HEMC rock-salt structure could not with-
stand the volume expansion caused by the K" migration, resulting in the
formation of many tiny cells. The synergistic effect of the increased
heterostructures between these tiny cells provide rapid and stable K*
storage through the built-in electric field. We selected the unique KyTe
and KsSe heterostructures of the HEMC@C to calculate the diffusion
barrier of K using DFT to clarify why HEMC@C has a superior ion
diffusion coefficient.

2.5. DFT calculation

The rate performance of PIB electrode materials is related to the
mobility of K" in the lattice. Thus, the nudged elastic band (CI-NEB)
method (see the experimental part for details) was used to calculate K™
diffusion barriers in KsSe, KsTe, and KySe/K,;Te heterointerfaces to
verify the influence of heterointerfaces on K* diffusion. First, the min-
imum energy paths of three materials were selected and plotted sepa-
rately, as shown in Figs. 7a-c. According to the calculated results
(Fig. 7d), the maximum K diffusion barriers in KySe and K,Te lattices
were 0.27 and 0.29 eV, respectively. Meanwhile, the KoSe/K,Te heter-
ointerface had a minimum diffusion barrier of 0.24 eV, which may be
attributed to KySe. The ideal coupling of the interface with KyTe pro-
duces a large number of charge interactions, thereby generating an in-
ternal electric field to promote the rapid diffusion of K* [77]. According
to the Arrhenius equation [78],

D = Dyexp — ORT @
where Dy is a pre-exponential constant, Q is the activation energy, T is
the absolute temperature, and R is the gas constant. Using Eq. (7), the
diffusion energy barrier difference of 0.03 eV at room temperature
promoted the K" diffusion rate 3.5 times, corresponding to the diffusion
coefficient calculated using GITT, where HEMC@C has a higher diffu-
sion coefficient. Next, the vertical diffusion paths of K™ are plotted in
Figs. 7e-g. Fig. 7h shows the diffusion energy barriers of K»Se, KoTe, and
KoSe/KyTe heterointerfaces as 0.33, 0.35, and 0.36 eV, respectively,
indicating that the diffusion K in the heterointerface tends to be more
horizontal. The PDOS cubic K;Se/KsTe heterointerfaces are shown in
Fig. 7m. During heterointerface formation, the downshifting of the band
gap to near Fermi levels compared with individual KoSe and KyTe
(Fig. S26) connoted optimized electrical conductivity. Furthermore, in
the presence of inert Ag, the adsorption energies of metallic Ag for po-
tassium polyselenide and polytelluride are plotted in Figs. 7i-1. The in-
teractions between metals and polyselenides and polytellurides followed
the Lewis acid principle, and Se and Te atoms tended to bond with
metals to form Ag-Se and Ag-Te bonds [79]. In the adsorption energy
calculation, a vacuum height of 20 A along the vertical direction was
selected to avoid unwanted interactions between the slab and its period
images. The adsorption energies of metal Ag with KsSe, KsSes, KoTe, and
K;Te; were —3.82, —3.49, —3.95, and —3.85 eV, respectively, indicating
good anchoring ability. The adsorption energies of potassium poly-
selenium and polytelluride were comparable with those considered to
have strong adsorption ability (Fig. 7m) [60,80-83]. From these results,
we deduce that the cocktail effect influences the synergistic effect for the
conversion and alloy-type high-entropy materials, whether the metals
are active or not.

2.6. Coin/pouch-type full-cell performance

A coin-type full cell with the HEMC@C as the anode and Prussian
blue (PB) as the cathode was constructed to evaluate the feasibility of
the HEMC@C. PB nanoparticles were prepared using the coprecipitation
method. All the diffraction peaks in the XRD pattern (Fig. S27a) index
were face-centered cubic Fe4[Fe(CN)gls (JCPDS-52-1907). The
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electrochemical performance of the PB half cell is presented in Fig. S27b.
A specific capacity of approximately 67 mAh g was obtained at the
current density of 100 mA g! with a working window of 2.00-4.00 V.
Therefore, the working window of the HEMC@C| |PB full cells was set to
1.00-3.80 V to ensure full utilization of the anode and avoid electrolyte
decomposition. Fig. 8a presents the working principle of HEMC@C||PB
full cells. PB as a cathode undergoes alloying reactions, whereas the
HEMC@C anode undergoes alloying and conversion reactions. Fig. 8b
shows the CV curves of the HEMC@C]| |PB full cells. Characteristic redox
peaks of the HEMC@C and PB were observed; the curves highly over-
lapped, indicating good cycling performance. Fig. 8c shows a typical QV
diagram of the HEMC@C]||PB full cells and the corresponding half cell,
and an obvious specific capacity difference was observed. Therefore, the
mass ratio of the anode and cathode active materials was set to 1:6.
Figs. 8d, e show the rate performance of the HEMC@C||PB full cells,
exhibiting specific capacities of 364, 330, 299, 264, 199, and 141 mAh g
! at current densities of 100, 200, 300, 500, 1000, and 2000 mA g,
respectively. Notably, when the current density was back to 100 mA g,
the specific capacity returned to 347 mAh g'!, demonstrating satisfac-
tory stability in high-rate conditions. Fig. 8f shows the energy density
and corresponding power density at different current densities. The
HEMC@C||PB full cells achieved a maximum energy density and power
density of 200.4 Wh kg ! and 8022.4 W kg !, respectively. HEMC@C| |
PB exhibited a specific capacity of 340 mAh g after 250 cycles at a
current density of 300 mA g (Fig. 8g); the retention relative 10th cycle
was 99%. A pouch-type battery was assembled to demonstrate whether
it can be commercialized. Fig. 8h shows the structure of the pouch-type
battery, where the cathode and anode were pre-potassiated before as-
sembly. As shown in Fig. 8i, the HEMC@C||PB pouch-type battery can
easily light up many light-emitting diodes (LEDs), and the GCD curves
and cycling stability are shown in Fig. S28, demonstrating its consid-
erable application prospects in energy storage devices.

3. Conclusion

The NaCl-type rock-salt-structure material prepared using a one-step
melting method had adjustable anion and cation sites. The mixing
temperature, redox compatibility, bond softness, and geometric opti-
mization were considered to elucidate the possibility of cations in the
rock-salt structure. We confirmed that the NaCl-type rock-salt structure
introduced by high-entropy engineering can significantly improve the
K" storage ability and cycling stability with the increase in entropy.
Moreover, the reaction mechanism of HEMC@C was proposed to further
analyze the relationship between entropy and electrochemical perfor-
mance. The significantly improved HEMC@C performance was due to
the in-situ-formed tiny unit cells and various heterogeneous interfaces
during the phase-change energy storage reaction, resulting in the
redistribution of electrons, which promoted charge transfer and ion
diffusion. The results of the kinetic analysis and theoretical calculations
support the following conclusions: (i) the heterointerface between the
potassiation products can effectively reduce the diffusion barrier of K™
and (ii) inactive metal silver provides excellent adsorption energy for
polyselenides and polytellurides. The rational design of active and
inactive metals and entropy configurations can enhance the reversible
cycling ability of conversion and alloy reactions. This work provides a
new strategy for designing and developing secondary battery anode
materials considering entropy configuration and element coordination.
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