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We investigate the influence of configurational entropy on the cycling performance of 2D metal phosphorus
trichalcogenides (MPS3) when utilized as anodes in potassium-ion devices. High yield, two-dimensional high-
entropy CoVMnFeZnPS3; (HEPS3) with thickness ranging from 6 to 10 nm was synthesized via a vacuum solid-
state method. HEPS3 enables efficient potassium-ion transport and intercalation at the interface of electrodes,
thanks to the high-entropy effects arising from the interaction of various metal ions on the K binding energy.
HEPS3 potassium-ion anodes outperform their medium-entropy (CoMnFePS; (ME3PS3) and CoMnFeZnPS3
(ME4PS3)), CoFePSg (LE2PS3), and FePS3 (LEPS3) counterparts, exhibiting a high reversible capacity of 524 mAh
g1, impressive high-rate capability up to 10 A g1, and exceptional cycling stability over 1000 cycles. Our
findings indicate that the electrochemical reconstruction of HEPS3 during cycling is crucial for achieving high-
performance potassium-ion batteries. In situ-formed metal alloy layers act as catalysts, offering not only suitable
adsorption energy to prevent the shuttle effect but also promoting the complete conversion of polysulfides.
Furthermore, cations uniformly dispersed across the 2D plane create a "lattice distortion effect," imparting the
structure with high mechanical stability and allowing for even distribution of internal stress generated in the
electrode during the K" insertion/extraction process, which in turn suppresses electrode pulverization and
prevents the aggregation of MPChg layers. This work proposes a novel strategy for significantly enhancing
potassium-ion storage performance through the electrochemical activation of high-entropy layered metal
phosphides, thus opening a new horizon of 2D material design principle in energy storage devices.

and electron conduction, and enabling a reversible LiF reaction [13].
Consequently, development of suitable conversion-type anode materials

1. Introduction

Potassium-ion batteries (PIBs) are considered as a promising sub-
stitute for lithium-ion batteries in large-scale energy storage due to their
higher abundance [1], ionic conductivity, ion mobility, cell voltage, and
energy density [2-5]. However, the larger ionic radius of K' contributes
to irreversible electrode degradation during potassiation/depotassia-
tion, diminishing specific capacity and rate performance [6,7].
Conversion-type anodes, compared to intercalation-type and alloy-type
anodes [8-10], are more common, facilitating multiple redox processes
and higher theoretical capacity for rechargeable batteries [11]. Some
conversion-type anodes can form new structures during cycling,
reducing drastic volume changes and boosting electron and ion trans-
port for reversible ion storage [12]. For instance, FeFy forms a Fe
network during lithiation, enhancing material’s specific surface area
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that can reversibly accommodate large-sized K' is considered more
promising.

To achieve efficient K' storage, two-dimensional (2D) conversion-
type materials made up of layered compounds are the ideal choice.
The unique characteristics of 2D nanomaterials make them highly
suitable as advanced electrode materials for potassium-ion batteries.
First, their special two-dimensional structure allows for even distribu-
tion of internal stress generated during K" insertion/extraction, effec-
tively relieving accumulated mechanical stress, preventing electrode
pulverization, and further enhancing reversible potassium storage per-
formance. This, in turn, contributes to better long-term cycle perfor-
mance of the battery [14]. Second, 2D nanomaterials have tunable
interlayer spacing and high electrical conductivity, which helps provide
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fast ion transport channels and potential reaction sites, significantly
reducing the diffusion distance of K*, promoting ion intercalation and
electron transfer, and diffusion kinetic [15]. Third, the large surface area
of 2D materials ensures a larger contact area between the material and
electrolytes, allowing for better charge distribution. Additionally, the
highly exposed atoms on the surface endow the material with more
active sites for electrochemical reactions, which is beneficial for ion
adsorption and improving the storage capacity of capacitor-type elec-
trode materials [16]. 2D metal phosphorus trichalcogenides (MPChg,
where M = V, Mn, Fe, Co, Ni, Zn, etc., Ch = S, Se) are expected to
become a new generation of energy storage materials due to their unique
structure, tunable composition, high surface activity, and high mobility
[17]. In particular, the special structure of the metal layer surrounded by
sulfur and phosphorus facilitates the intercalation of alkali metal ions.
However, MPChs compounds for PIBg exhibit limited specific capacity
and cycle performance. One challenging is that, due to van der Waals
attraction, 2D nanosheets are prone to stack together, which reduces
surface area and restricts ion diffusion, ultimately hindering the rapid
transport of electrons and ions and seriously compromising the elec-
trochemical performance [18,19].

In recent years, high-entropy materials (HEMs) have emerged as a
new concept in the field of materials science and have found applica-
tions in various fields such as pharmaceuticals [20], catalytic systems
[21], thermoelectric applications [22], and electrochemical energy
storage [23]. Unlike traditional materials, high-entropy materials
possess four unique effects due to their composition of five or more kinds
of metals with similar atomic ratios: the high-entropy effect, sluggish
diffusion effect, lattice distortion effect, and "cocktail" effect. The
single-phase structure formed by the lattice distortion effect is particu-
larly beneficial to the catalysis of the energy conversion process due to
the strong synergistic effects among the individual elements, which can
form suitable reaction sites more supportive of gas absorption [24].
Recently, Wang et al. demonstrated that high-entropy metal phosphorus
trichalcogenides (such as Cog ¢(VMnNiZn)g 4PS3) with optimized S sites
on the edge and P sites on the basal plane provide more active sites than
ternary metal phosphorus trichalcogenides (such as CoPS3) [25].
High-entropy materials also exhibit attractive properties in the field of
electrochemical energy storage. It has been shown that increasing the
configurational entropy (compositional disorder) can positively affect
battery performance and stability. A unique entropy-stabilized conver-
sion mechanism for rock-salt high-entropy oxides (HEOs) as a lithium
storage anode is proposed, resulting in enhanced cycle stability and
Coulombic efficiency [26]. Additionally, Zhao et al. studied the
high-entropy material HE-CMFSGS with a tetragonal structure as a
conversion-type anode for sodium storage and confirmed that the
high-entropy configuration can effectively suppress the continuous ag-
gregation of Sn nanocrystalline and increase the interfacial contact be-
tween MC and Na,S, enabling highly reversible conversion reactions
[27]. Despite some challenges, high-entropy materials have shown great
potential for various applications, and further research in this field is
highly encouraged.

In this study, we present the concept of high entropy in two-
dimensional metal phosphorus trisulfide (MPS3) systems for use as
anode materials in potassium-ion storage devices. Through the high-
entropy effects generated by the interplay of multiple metal ions on
K" binding energy, the CoVMnFeZnPS; (HEPS3) system enables
potassium-ion transport and intercalation. Furthermore, we discover
that high-entropy materials undergo electrochemical reorganization
during cycling, leading to the formation of novel sheet-like structures
through metal alloy precipitation. These structures also serve as cata-
lysts, fostering the transformation of polysulfides and expediting elec-
tron transport. The inherent mechanical stability of these structures
effectively reduces the accumulated mechanical stress during the
continuous insertion/extraction of K', thereby preventing electrode
pulverization and ongoing disruption of the solid electrolyte interface
(SEI) film.
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2. Experimental section
2.1. Materials

The iron powder (98%) was purchased from J.T. Bakers. The red
phosphorus powder (97%), cobalt powder (99.999%), vanadium pow-
der (99.999%), zinc powder (99.999%), potassium metal (chunks in
mineral oil, 98%), dimethyl carbonate (DMC, anhydrous 99%), potas-
sium hexacyanoferrate(Il) trihydrate (K4Fe(CN)e-3H20, 99.5%), and
Sodium carboxymethyl cellulose (NaCMC, average M,,~700,000) were
purchased from Sigma-Aldrich. Manganese powder (99.3%) and sulfur
powder (>99% purities) were purchased from Alfa-Aesar. Coin-type cell
CR2032 and Super-P were purchased from shining energy. Potassium bis
(fluorosulfonyl)imide (KFSI, 97%) was purchased from Combi-Blocks.
Copper foil were purchased from Chang-Chun group. Glass fiber was
purchased from Advantec. All chemicals were of analytical grade and
were used as received without purification, unless otherwise specified.

2.2. Synthesis of bulk HEPS3

Bulk HEPS3; was prepared by traditional solid-state reaction with
their nominal composition powders (total mass of 200 mg). The
elemental powders were sealed into quartz tubes under a dynamic
vacuum of 3.5 x 1072 Pa. The sealed samples were heated in a muffle
furnace from room temperature to 610 °C with a heating rate of 1 °C
min!. After it was maintained at 610 °C for 48 h, the furnace was cooled
to room temperature naturally, and a series of bulk samples were
obtained.

2.3. Synthesis of MPCH3 NS with different entropy

The preparation of MPCH3 (ME4PS3, ME3PS3, LEoPS3 and LEPS3)
with different entropy is the same as mentioned above except the
amounts of metal powder used.

2.4. Synthesis of HEPS3@G composites

The HEPS3@G composites were synthesized via high energy me-
chanical milling (HEMM). HEPS3 and graphite (the mass ratio was 2:1)
were placed into a stainless-steel jar with stainless-steel balls and sealed
inside an argon-filled glovebox. The mass ratio of ball to powder is about
180:1. Finally, the mixture was ball milled for 24 h.

2.5. Synthesis of MPCHs@G composites with different entropy

The preparation of MPCH3@G (ME4PS3@G, ME3PS3@G, LEoPS3@G
and LEPS3;@G) with different entropy followed same protocols
mentioned above.

2.6. Synthesis of Prussian blue (PB)

In a typical synthesis process, 5 mmol of FeCly-4H,0 was dissolved in
100 ml of DI water to be solution A, while 5 mmol of K4Fe(CN)g-3H-0,
10 mmol potassium citrate, and excess potassium chloride were dis-
solved in DI water to form solution B. Then, solution A was slowly added
into solution B by precipitation method, and waited for a six-hour sus-
pension. After that, the product was centrifugated and washed for three
times with a mixture of DI water, and finally dried at 80 °C in a CVD for
2h.

2.7. Materials characterizations

The morphologies of the obtained samples were investigated using
scanning electron microscopy (SEM, Hitachi SU8010) equipped with
energy-dispersive X-ray spectroscopy (EDS) detector. Transmission
electron microscopy (TEM) (JEOL, JEM-ARM200FTH, serviced
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Fig. 1. (a) Calculated configurational entropy and (b-k) charge density differences of K adsorbed on HEPS3, ME4PS3, ME3PS3, LE,PS; and LEPS; for side view and
top view. (1) Scheme illustration of the transfer ability of two-dimensional metal phosphorus trichalcogenides with different configurational entropy.

provided by NTHU) with an accelerating voltage of 200 kV for investi- obtained from XPS analysis were first calibrated by referencing the
gating structural analysis including morphology, crystal lattice spacing, standard binding energy of C 1 s (284.8 eV), followed by the curve fitting
and selected-area electron diffraction (SAED). The structural evolution using the software of XPSPEAK VER. 4.1. Thermogravimetric analysis
and composition were identified using X-ray diffraction (Bruker, D8 was performed using a thermogravimetric analyzer (TA, Q50) in the
ADVANCE) with Cu-Ka radiation (A = 1.54 A) and the oxidation states of atmosphere with a temperature ramp rate of 10 °C min™! and a tem-
the samples were characterized by high-resolution Xray photoelectron perature range of 25-800 °C. Raman spectroscopy was performed using

spectrometer (XPS, ULVAC-PH, PHI Quanterall, NTHU). All the spectra a Micro Raman Identify Dual (MRID). TOF-SIMS data were collected on
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a TOF-SIMS V spectrometer (ION-TOF GmbH). 1 keV Cst (negative
mode) ion beam was used for the sputtering with a typical area of 120
um x 120 pm. AFM study was performed by BRUKER Dimension Icon.
UV-vis diffuse reflectance spectra were taken using a JASCO V-670
spectrophotometer equipped with an integrating sphere.

2.8. Electrochemical measurements

These electrodes were prepared by mixing the active material
(HEPS3@G 70%), super-P carbon black (20%), and NaCMC (10%) in DI
water to form a uniform slurry. The homogeneous slurry was coated
onto the copper foil and dried under vacuum at 80 °C for 1 h in a furnace
to remove the residual solvent. The mass loading of active material in
HEPS3@G are 0.7~1.0 mg cm 2. For electrochemical test, the half cells
were assembled with the potassium foil as the counter electrode, a so-
lution of 1 M potassium bis(fluorosulfonyl)imide (KFSI, Chemical Block,
97%) in dimethyl carbonate (DMC, anhydrous 99.5%) as electrolyte,
and glass fiber filters (Advantec.) as a separator. CR2032 coin cells were
assembled in an argon-filled glove box with both the moisture and the
oxygen content bellow 1 ppm (M. Braun UNILAB). Galvanostatic
charge/discharge tests were evaluated by NEWARE CT-4000 battery
measurement system from 0.01 to 3.0 V vs. K" /K. Galvanostatic inter-
mittent titration technique (GITT) were evaluated by Maccor Series
4000 battery test system. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) curves were obtained on Bio-Logic-
Science Instruments, VMP3 workstation.

2.9. Calculation details

All the spin-polarized density functional theory (DFT) calculations
were carried out using Vienna Ab-initio Simulation Package (VASP). The
exchange and correlation energies were determined with the Perdew,
Burke, and Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA). The electron-ion interactions were described by
using projector augmented wave (PAW) method. The DFT-D3 dispersion
correction with Becke-Jonson damping was used to consider the van der
Waals interaction. According to our careful convergence tests, the cutoff
energy of plane-wave basis was 400 eV. The self-consistence-field
convergence criterion was set to 107* eV, and the atomic positions
were optimized with the convergence criterion of 0.02 eV/A. The Bril-
louin zone was sampled by a Monkhorst-Pack K-point mesh with a grid
of 3 x 2 x 1. A thermal Gaussian smearing of 0.05 eV to the orbital
occupation was applied to speed up electronic convergence. The 2-layer
3 x 1 supercell of FePS; slab was used to build all the calculation
models, and an additional vacuum layer of 15 A was added to the model
to avoid the artificial interaction effect between the slab and their mirror
images. The corresponding proportion of Fe atoms were replaced by Co,
V, Mn, and Zn, respectively, to construct “high-entropy” models. The
geometry structures and charge density difference plots were illustrated
with VESTA software.

2.10. Potassium-ion full cell of HEPSs@G//PB

The CR2032 potassium-ion coin type full cell was assembled by
setting the cathode-to-anode overall surface charge ratio to be 1. Before
full cell assembly, both anode and cathode were preactivated for 23
cycles and discharge to 0.01 V followed by constant voltage process to
maintain the state of the electrodes. Then, 1 M KFSI in DMC was applied
as electrolyte and the working window of the full cell was set between 1
V~38V.

2.11. Potassium-ion hybrid capacitor of HEPS3@G//AC
The potassium-ion hybrid capacitor was assembled by using

HEPS3@G for anode and active carbon for cathode, with an overall mass
ratio to be 1. Before the hybrid capacitor assembly, the anode was
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preactivated for 23 cycles and discharge to 0.01 V. Afterwards, we used
1 M KFSI in DMC as the electrolyte and set the working window of the
hybrid capacitor between 0.01 V ~ 3.8 V.

3. Results and discussion

The high entropy engineering was introduced in two-dimensional
metal phosphorus trichalcogenide system, (MPChg, where M = V, Mn,
Fe, Co, Ni, Zn, etc., Ch = S, Se). To evaluate the influence of configu-
rational entropy to electrochemical performance, different entropy
materials were prepared by a vacuum solid-state method [28], including
LEPSg, LE2P53, COMHF6P53 (ME3P83), CoMnFeZnP83 (ME4P53) and
CoVMnFeZnPS; (HEPS3). There are two main definitions of
high-entropy alloys, namely, composition-based and
configuration-based entropy. In the former definition, high-entropy al-
loys refer to alloys containing at least 5 main elements and the atomic
percentage of each element is in the range of 5% to 35%. If there are
trace elements, the atomic percentage of each element should be less
than 5%. For the second definition, high-entropy alloys are defined as
alloys whose configuration entropy is greater than 1.5R in a random
state, whether single-phase or multi-phase at room temperature.
Therefore, materials with AS > 1.5 R are classified as high-entropy,
while materials with 1.0 R £ AS £ 1.5 R and AS <1.0 R are classified
as medium-entropy and low-entropy [24], respectively, calculated by
the formula of AS = — R ;x;lnx;, where R is the ideal gas constant,
and x; represents the mole fraction of the i th component. From the
above classification and calculation, it can be concluded that among the
five synthesized two-dimensional metal phosphorus trichalcogenides.
The configuration entropy of LEPS3 and LEyPSs are 0 R and 0.69 R
respectively, which are classified as low entropy; ME3PS3 and ME4PSg
with configurational entropy of 1.1R and 1.39R, respectively, which are
classified in the medium entropy. Finally, the calculated configurational
entropy of HEPS3 is 1.61 R, which is classified as high entropy. The right
side of Fig. 1b illustrate the sturcutue of high entropy metal phosphorus
trichalcogenides in the configuration entropy mainly contributed by Co,
V, Mn, Fe, and Zn rather than P and S. To further advance our under-
standing of the impact of configuration entropy, DFT calculations were
performed in VASP [29], in which 2 layers of 3 x 2 x 1 FePSg slab
supercells were used to construct all calculation models, and an addi-
tional 15 A vacuum layer to avoid artifactual interaction effects between
the slab and its mirror image. Corresponding proportions of Fe atoms
were replaced by Co, V, Mn and Zn, thereby constructing a "high en-
tropy" model. The calculation results are shown in Table S1 in the
supporting information. The binding energy of high-entropy materials to
K is the weakest (Fig. 1b), such weak binding energy is conducive to the
migration of K in high-entropy materials, making them uniformly
distributed inside the material. In addition, if the binding energy of the
material to K is relatively weak, it means that the potential well of K at
the current position is relatively shallow, which is more conducive to the
migration of K. It can be further regarded as an indirect evidence that
K" have the lowest diffusion energy barrier in high-entropy materials.
Since K™ must first leave the corresponding site during the diffusion
process, and then migrate to the adjacent position, the weaker the
binding energy is, the more conducive it is to diffuse, corresponding to a
lower diffusion energy barrier. Therefore, the high-entropy two-di-
mensional layered structure HEPS3 could be beneficial to the rapid
transfer of electrons and K [30]. Although the HEPS; electrode will not
return to the HEPS3 phase after the initial reaction, the rapid transfer of
K" in the initial reaction will facilitate the complete electrochemical
reconstruction reaction, so the diffusion behavior of K in the initial
reaction is emphasized. In short, we know that K migrate most easily in
the HEPS3 with the highest configurational entropy through theoretical
calculations, so we have follow-up experimental ideas. These findings
provide an avenue for designing high-performance K energy storage
systems based on high-entropy 2D materials.
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Fig. 2. (a) Crystal structure of HEPS3 nanoflakes. (b) XRD pattern of HEPS3 nanoflakes. (¢) Chemical composition of HEPS; nanoflakes from ICP-OES analysis. (d-e)
AFM images, (f) TEM image, and (g) HRTEM image of as-prepared HEPS; nanoflakes. Insets present the SAED pattern. (h) EDS mapping images of HEPS; and

corresponding elements of Co, V, Mn, Fe, Zn, P and S.

The preparation of HEPS3 was carried out using a conventional solid-
state method. Initially, high-purity elements of Co, V, Mn, Fe, Zn, P, and
S were sealed in a vacuum quartz tube. Subsequently, the tube was
placed in a furnace at 610 °C for 48 h with a heating rate of 1 °C per
minute, and the layered crystal product of HEPS3; was finally collected
(Fig. S1). The structure of the HEPS3 sample is depicted in Fig. 2a, where
metal atoms are sandwiched between two atomic layers of S and P. Co,
V, Mn, Fe, and Zn transition metal atoms share the same intermediate
metal position. The powder X-ray diffraction pattern (PXRD) of the
HEPS3 nanosheet is shown in Fig. 2b. The enthalpy of formation is much
lower than the configurational entropy in high-entropy MPChs. Hence,
the pure-phase monoclinic structure (C2/m) with high crystallinity
inherited from this component. The same situation can also be found at
other transition metal trichalcogenides with different configurational
entropy (Fig. S2). Taking HEPS3 and FePSg as representative examples,
all the diffraction peaks of HEPS; are well matched with monoclinic
FePS3 (JCPDS No. 04-005-1516), indicating that there is no impurity
phase (Fig. 2b). The main diffraction peaks at 14°, 28°, 30°, 35°, 49°, and
53° correspond to (001), (002), (130), (131), (202), and (060) crystal

faces, respectively. This result shows that HEPS3 sample is classified as a
single-phase monoclinic structure (C2/m), and there are no additional
diffraction peaks indicating that it is a pure phase rather than a mixture.
However, the composition ratio of the metal cations in the pure phase
cannot be known from the XRD pattern. Therefore, to determine the
composition of each transition metal atom in high-entropy transition
metal trichalcogenides nanosheets, inductively coupled plasma-optical
emission spectroscopy (ICP-OES) was performed, and the results are
shown in Fig. 2c. The weight percentage of Co atoms was the highest at
23.16 wt%, while V atoms had the least weight percentage of 16.91 wt
%. The proportions of the other metal atoms, such as Fe, Mn, and Zn, did
not differ much [31]. Thus, the ratio of the real composition of the five
metals was confirmed to be close to 1:1:1:1:1. Additionally, the atomic
ratios of other transition metal trichalcogenides with different configu-
rational entropy are also shown in Table S2. To determine the thickness
of HEPS3 nanoflakes, atomic force microscopy (AFM) was performed, as
shown in Fig. 2d. The prepared high-entropy nanosheets were uniformly
dispersed on the substrate, and the thickness ranges from 6 to 10 nm.
Fig. 2e is an AFM image of a single high-entropy nanosheet, showing
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that the thickness is about 7 nm. The scanning electron microscope
(SEM) image of the synthesized HEPS;3 clearly shows a typical layered
stacking morphology with a size of about 10 ym, and corresponding
elements (Co, V, Mn, Fe, Zn, P, and S) are evenly distributed in the
SEM-EDS mapping (Fig. S3) [32]. The TEM images provide valuable
insights into the layered morphology of the HEPSs nanosheets, which
measure approximately 500 nm in lateral size (Fig. 2f). Upon closer
inspection via HRTEM (Fig. 2g), the sample exhibits a lattice spacing of
0.304 and 0.294 nm, corresponding to the (—112) and (130) crystal
planes of the HEPS3 nanosheets, respectively [33,34]. Moreover, the
SAED pattern inset in Fig. 2g indicates an ordered and regular pattern of
spots, pointing towards the single-crystal structure of the high-entropy
nanosheets with good crystallinity. This observation aligns well with
the corresponding PXRD pattern. Finally, the TEM-EDS mapping of Co,
V, Mn, Fe, Zn, P, and S elements across the HEPS3 nanosheets (Fig. 2h)
shows a homogeneous spatial distribution of these elements, further
corroborating the absence of phase segregation. HEPS3 nanosheets were

mixed with graphite, namely, HEPSs@G, to improve its conductivity
and the detailed microstructureswere also explored by XRD (Fig. S8),
SEM (Fig. S11), thermogravimetric analysis (TGA) (Fig. S14), and
Raman spectroscopy (Fig. S15), which indicate that carbon is uniformly
distributed outside HEPS3.

High-resolution X-ray photoelectron spectroscopy (XPS) tests were
conducted on HEPS3 high-entropy nanosheets and corresponding tran-
sition metal trichalcogenides MPChs, including ME4PS3, ME3PS3,
LE,PS3, and LEPSs, with different configurational entropy. The spectra
of HEPS3 reveal the presence of seven main elements (Fig. 3a), including
cobalt (Co 2p), vanadium (V 2p), manganese (Mn 2p), iron (Fe 2p), zinc
(Zn 2p), phosphorus (P 2p), and sulfur (S 2p), which is consistent with
the mapping results of TEM-EDS and SEM-EDS. In Fig. 3b-d, Fe 2p, P 2p,
and S 2p spectra of metal trichalcogenides with different configurational
entropy are shown. In the Fe 2p spectrum (Fig. 3b), the Fe 2p3/, peak is
split into two sub-peaks (714.4 and 711.27 eV), corresponding to Fe>"
and Fe®*, respectively. In Fe 2p;,, two sub-peaks are observed at
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726.32 (Fe?*) and 730.3 eV (Fe*'), while the peaks at 718.42 and
723.05 eV are assigned to satellite peaks [26]. The P 2p XPS spectrum
(Fig. 3c) presents 2p3,» and 2p;,» peaks at 132.98 and 134.05 eV,
respectively, corresponding to the P-S bonds in the PS¢ unit. Notably,
except for ME4PS3, other samples show a peak about 131.5 eV attributed
to the P-P bond. In contrast to other samples with different configura-
tional entropy, the P 2p XPS spectrum of ME4PS3 displays a P-O oxida-
tion peak at about 140 eV, suggesting the slight reaction of the sample
with oxygen under ambient conditions [35]. The S 2p XPS spectrum
(Fig. 3d) shows that the peak at 169 eV corresponds to the S-O bond,
which is attributed to the oxidized -SOx- groups in samples. Meanwhile,
the first two peaks at 162.04 and 163.04 eV are respectively related to
2ps3/2 and 2py o from transition metal trichalcogenides, and the third
peak at 164.24 eV belongs to 2ps/2 of sulfur [36]. Fig. 3e displays two
spin-orbit doublets and two shakeup satellites in the Co XPS spectrum,
which include the Co®* doublet at 780.07 eV (Co 2ps/2) and 794.34 eV
(Co 2pj,2) as well as the Co®*t doublet at 783.72 eV (Co 2ps3/2) and
797.42 eV (Co 2pj/2). Similar to the XPS spectra of Fe and Co, Mn also
exhibits two satellite peaks (Fig. 3f) at 645.64 and 658.35 eV. Addi-
tionally, the Mn 2p3,5 and Mn 2p; /» orbital modes are situated at 640.95
and 652.86 eV, which can be separated into Mn%" (641.53/653.34 eV)
and Mn>* (643.21/655.66 eV), respectively. In contrast, Fig. 3g displays
the V 2p XPS spectrum of HEPS3 high-entropy nanosheets without a
shakeup satellite, in which the peak at 513.66 eV belongs to V 2ps/2
(V31) and the peak at 522.49 eV corresponds to V 2p; o (V31). The
neighboring modes at 517.48 eV (V 2ps/2) and 525.04 eV (V 2p; ) are
attributed to the presence of V4T, Finally, the Zn XPS spectrum (Fig. 3h)
only shows a pair of spin-orbit doublets at 1022.2 (2p3,2) and 1045.4
(2p1/2) €V, which are attributed to Zn*. It is worth mentioning that the
binding energies of Fe 2p, P 2p, S 2p, Co 2p, and Zn 2p in HEPS3
high-entropy nanosheets all shift to lower energy compared with other
metal trichalcogenides with different configurational entropy. However,
the binding energy of Mn 2p does not show a significant change. These
effects can be understood as an interatomic electron transfer between
the materials and relaxation effects caused by the screening of nuclear
pores around atoms. In this process, some atoms act as electron accep-
tors (negative shift) or electron donors (positive shift) to other metal
atoms [37].

The electrochemical performance of HEPS3@G and other metal
phosphorus trichalcogenides with varying configuration entropy was
evaluated. The specific capacity is a direct reflection of the utilization
efficiency of the conversion products, such as KoS and K4P3, and is
calculated based on the active materials, namely metal phosphorus tri-
chalcogenides and graphite. Fig. S16 depicts the cycling performance of
the pure HEPS; electrode, which lacks carbon coating. On comparing the
electrochemical performance of HEPS3@G and the pure HEPS3 elec-
trode, it’s apparent that the capacity of the pure HEPS3 electrode sur-
passes that of the HEPS3@G electrode at lower current densities. This is
attributed to the lower capacity of graphite. However, similar capacity
contributions are observed from both electrodes at higher current den-
sities, implying an increase in conductivity. Of particular note is the
exceptional stability demonstrated by the HEPS3@G electrode. There-
fore, we confirm that the addition of graphite enhances the performance
of the HEPS3 electrode. Initially, CV curves were displayed for
HEPSg@G, ME4P53@G, ME3PS3@G, LE2P53@G, and LEPSg@G elec-
trodes to reveal their electrochemical properties. The obtained curves,
which were for three cycles, had multiple anodic and cathodic peaks
associated with the K+ adsorption/desorption of metal phosphorus tri-
chalcogenides electrodes with varying configurational entropy, as
shown in Fig. 4a-e. In the first cycle for all electrodes with differing
configurational entropy, a large cathodic peak was observed at around
0.5V, which disappeared in subsequent cycles. This peak was attributed
to the irreversible conversion reaction of metal phosphorus trichalco-
genides with K™ and the solid electrolyte interface (SEI) formed by the
decomposition of KFSI. In subsequent cycles, the curves for the
HEPS3@G electrode (Fig. 4a) overlapped significantly at 0.7 V,
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suggesting that the first conversion reaction occurred at this potential,
which may be the conversion of HEPS3@G to some potassium poly-
sulfides. During the depotassiation process, all electrodes with varying
configurational entropy display a prominent anodic peak at 0.33 V, and
two other anodic peaks around 1.5 V and 2.2 V. The reactions at 0.33 V
and 1.5 V represent carbon intercalation and phosphorus conversion
reactions [38], respectively, while the 2.2 V peak corresponds to the
sulfur conversion reaction. These three reactions are all reversible.
Notably, the cathodic and anodic curves of the HEPS3@G electrode
(Fig. 4a) from the second cycle exhibit greater overlap than other elec-
trodes, suggesting that the potassiumation/depotassiation reaction of
the HEPS3@G electrode has excellent electrochemical reversibility and
high stability [39]. Due to the cocktail effect of multiple elements, the
HEPS3@G electrode displays broader peaks and shifted reaction po-
tentials compared to others different configurational entropy electrode
[40]. Fig. 4f-j presents the GCD curves of various electrodes with
different configurational entropy at a current density of 50 mA g~ ' and a
working window of 0.01 - 3.00 V. The initial Coulombic efficiencies
(ICE) of the HEPS3@G, ME4PS3@G, ME3P53@G, LE2P83@G, and
LEPS3@G electrodes are 68.7%, 67.7%, 66.8%, 68.0%, and 60.5%,
respectively, such irreversible specific capacity loss is caused by the
formation of the SEI layer [41]. Besides, the discussion about the
improvement of the ICE was shown in Fig. S17. Fig. S17a and Fig. S17b
show the GCD curves using DMC-based electrolyte and DME-based
electrolyte respectively. The results show that the introduction of
DME-based electrolyte achieves high ICE (73.28%), which is higher than
68.7% of DMC-based electrolyte. Higher ICE indicating a stable and
superior SEI with an integral surface has been formed on the HEPS3@G
electrodes in DME-based electrolyte, which can more effectively inhibit
the continuous electrolyte decomposition and contribute to the utiliza-
tion of the material in batteries. In contrast, the electrolytes of EC/DEC
(1:1) showed lower ICE, 25.97% and 19.71%, respectively (Fig. S17c
and Fig. S17d). Since the poor ICE originates from the rough surface and
cracked interface of EC/DEC(1:1)-induced SEI, the electrolyte will be
continuously consumed to grow fresh SEI, leading to rapid capacity
fading [42]. Except for the first cycle, the GCD curves are overlapped in
following cycles, consistent with the results of the CV curve. Essentially,
the loss of initial Coulombic efficiency is lower with larger configura-
tional entropy, which is related to material agglomeration, with mate-
rials having lower configurational entropy (such as LEPS3;@G)
experiencing more severe agglomeration, further reducing electrical
activity. It is hypothesized that some potassiated parts of LEPS3@G may
not be depotassiated successfully, meaning some K" ions are irreversibly
trapped, resulting in a lower initial Coulombic efficiency compared to
other electrode materials, align with the simulated data. The cycling
performance of HEPS;@G at a low current density of 50 mA g~ dem-
onstrates a high reversible capacity of about 500 mAh g ! and a capacity
retention of 94.1% after 150 cycles (Fig. 4k). In contrast, the capacities
of ME4PS3@G, ME3PS3@G, and LE;PS3@G electrodes begin to decline
slowly after 30 cycles and then stabilize at 345 mAh g™}, 338 mAh g},
and 283 mAh g ! after 60 cycles, respectively. The LEPSs@G electrode
has an initial high capacity of 550 mAh g~!, but its capacity drops
sharply after 30 cycles. After the 45th cycle, the decreasing trend slows
down, and the capacity stabilizes at around 50 mAh g~!. Interestingly,
all samples exhibit an initial drop in capacity followed by an increase.
This is because the HEPS3@G electrode contains unmodified graphite,
which typically shows poor K storage behavior. As a result, during the
initial cycling process, the capacity contribution of the graphite gradu-
ally diminishes, leading to a decreased initial capacity. In subsequent
cycles, the capacity shows an upward trend, attributable to the activa-
tion of phosphorus and the optimization of the solid electrolyte inter-
phase (SEI) layer. Given phosphorus’s poor conductivity and the
insignificant enhancement in conductivity provided by the alloy layer, a
larger number of cycling cycles is required to fully activate the phos-
phorus. Additionally, the capacity increase is partly due to the optimi-
zation of the SEI layer, facilitated by electrochemical reconstruction. To
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further evaluate the beneficial impact of the high-entropy effect on the
electrochemical performance during charge/discharge, the rate perfor-
mance of different kinds of entropy materials was investigated. All
anode materials were tested under a condition of continuously varying
current density, ranging from 0.1 A g~ to 10 A g~! (Fig. 4I). From the
rate performance results, it can be observed that as the current density
increases, the performance gap between HEPS3 and the different entropy

samples continues to narrow. There is no significant difference observed
at current densities higher than 5 A g~'. This phenomenon can be
attributed to the low conductivity contribution of alloy layer, rendering
it indistinguishable from other samples at high rate performance. The
composition of multiple elements induces a lattice distortion effect,
which in turn increases the scattering of propagating electrons and
phonons. This is not favorable for enhancing electrical conductivity,
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resulting in no conspicuous difference in high-rate performance. How- 99.2%, 69.1%, 66.9%, 73.2% and 37.6%, respectively. It can be seen
ever, the lattice distortion effect improves the mechanical strength of the that HEPS3@G has better capacity retention than other materials with
material. After exposure to high current densities, when the system different configuration entropy, while the capacity retention of
returns to a lower current density, the HEPS3 electrode can effectively ME4PS3@G, ME3PS3@G and LE;PS3@G is about the same level, and
recover to its capacity prior to the high-current exposure, demonstrating finally LEPS3@G has the worst capacity retention. The similar situation
good mechanical strength. Therefore, the absence of a significant is also observed at lower rate current densities (such as 0.2, 0.3, and 0.5
advantage at high rate performance is primarily because the alloy layer A g~1), demonstrating the advantage of the high-entropy configuration.
contributes more to improving mechanical strength than it does to The HEPS3@G electrode demonstrates higher specific capacities at
enhancing conductivity. different current densities and shows remarkable long-term cycling

Fig. 4m summarizes the specific capacities of electrodes with stability even at a high rate of 500 mA g~! (Fig. 4n). After 1000 cycles,
different configurational entropy from 10 A g~! back to 0.1 A gL the HEPS3@G electrode still provides a reversible capacity of about 340

Basically, as the configuration entropy increases, the specific capacity of mA h g ! and an average Coulombic efficiency of 99.95%. This high
the electrode is higher. At lower current densities, the specific capacity Coulombic efficiency is attributed to the surface treatment of the
gap between high-entropy electrodes and other electrodes is particularly structure and uniform contact with the electrolyte. The excellent cycling
pronounced. Compared with ME4PS3@G, ME3PS3@G, and LE;PS3@G, performance and rate capability of HEPS3@G are supported in these
HEPS;@G has a higher reversible capacity of about 100 mAh g™! at a results. Finally, metal phosphorus trichalcogenides anodes with various
current density of 1 A g~1. When the electrode returns to the current configurational entropy were compared in the radar diagram of Fig. 4g

density of 0.1 A g™, the gap of specific capacity is higher than 200 mAh [43], considering five aspects: initial Coulombic efficiency (ICE),
g1, comparing with LEPS3@G is even higher than 300 mAh g~'. The low-rate specific capacity at 50 mA g~! (SCL), high-rate specific capacity
inserted column graph in Fig. 4m shows the relationship between the at 500 mA g~ (SCH), cycle number, and capacity retention (CR). The
capacity retention of different entropy electrodes and various current irreversible reactions in the initial cycle led to initial Coulombic effi-
densities. At a current density of 0.1 A g™, the capacity retention of ciencies of less than 70% for all materials due to the inevitable capacity

HEPS3@G, ME4PS3@G, ME3PS3@G, LE;PS3@G and LEPS3;@G were loss of the conversion reaction. The HEPS3@G electrode not only
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exhibits significant specific capacity at both low and high current rates
but also achieves a cycle capability of up to 1000 cycles, thanks to the
unique lattice distortion effect of high-entropy materials.

To elucidate the impact of structural evolution and the relatively
high-entropy configuration at the interface, we conducted a compre-
hensive investigation into the electrochemical mechanism of K storage
in the HEPS; electrode during the initial discharge/charge process. This
was accomplished through ex situ X-ray diffraction (XRD) and ex situ X-
ray photoelectron spectroscopy (XPS) analyses [44]. Ex situ XRD anal-
ysis was employed to measure the discharge/charge of the battery
within a voltage range of 0.01 V to 3.00 V, as depicted in Fig. 5a and 5b.
At the initial open circuit voltage (OCV, approximately 2.7 V vs K /K),
the diffraction peaks corresponding to the (002), (131), (202), and (060)
planes were clearly observed at 27.8°, 35.5°, 49.4°, and 57.2°, respec-
tively. No significant peak changes were detected when the cell was
discharged to 2.5 V and 2.0 V, suggesting that K" ions intercalate into
the material, forming KyHEPS3. As the cell discharged further, the
diffraction peaks of KyHEPS3 gradually vanished, and new peaks
emerged at 20.8°, 22.5°, 25.8°, 28.6°, 30.9°, 42.1°, 43.6°, and 47.4°
Specifically, the peaks at 20.8° and 22.5° were associated with the
generation of sulfur, while those at 25.8° and 28.6° corresponded to the
formation of KP. The peaks at 30.9° and 42.1° represented the K4P3 and
metallic vanadium (V) phases, respectively. Lastly, the peaks at 43.6°
and 47.4° indicated the reduction of high-entropy alloys from HEPS;3
during the potassiation process. When the cell discharged to 0.5 V, the
diffraction peak attributed to sulfur weakened, and a new peak for K,S
appeared at 28.1°, signifying the occurrence of a sulfur conversion re-
action [45]. As the cell continued to discharge to 0.01 V, the KsS, KP,
and K4P3 phases intensified, indicating that the conversion reaction had
fully completed. During the subsequent charging process, the diffraction
peaks for KS and KP gradually disappeared, and the signal intensities of
KP and K4P3 diminished. However, the diffraction peaks of KP and K4P3
are still exist. As a result, KP and K4P3 partially converse to amorphous P
during the charging process. Conversely, the diffraction peaks of sulfur
re-emerged. Therefore, the HEPS3 electrode’s reaction mechanism dur-
ing the potassiation/depotassiation processes can be described as
follows:

Discharge

Stage I: CoVMnFeZnPS3 + K + e~ — K,CoVMnFeZnPS3 (OCP to 2.0
V)

Stage II: CoVMnFeZnPS3 + K + e~ — V + (CoMnFeZn)alloy + K4P3
+ KP +S(~1.5V)

Stage II: S + K + e~ — KyS (~ 0.01 V)

Charge

Stage IV: K4P3 + KP — Amorphous P 4+ K4P3 + KP + K* + e~ (limited
reactivity during depotassiation process)

Stage V: KoS —» S+ K™ + e (~2.0V)

Subsequent cycle

Stage VI: Amorphous P + S + K" + e « KP + K4P3 + KoS

Furthermore, ex situ XPS analysis was performed after the first
discharge and charge (Fig. 5c-g) to better understand the role of each
metal component in HEPS3. As expected, the cation valences were Co?™
3+ Fe2t/3+ MnZ*3*, V34 and Zn?* for the initial state samples,
respectively. Once discharged to 0.01 V, the Co 2p, Fe 2p, and Mn 2p
spectra showed reduction of Co®*/3* to Co°® (780.94 and 793.4 eV),
Fe?™3" to Fe® (712.19 and 724.41 eV), Mn>*>* to Mn® (641.46 and
649.47 eV) and Zn?* to Zn® (1044.9 and 1021.9 eV) [46], indicating that
all multivalent cations in the HEPS; lattice were reduced to M®. When
the cell charged to 3.0 V, the binding energy of all transition metals were
the same as discharging to 0.01 V, indicating that the irreversible
structural transformation of transition metals occurred after the initial
discharge process, and all transition metals were remained in the M°
state. It’s worth mentioning that although the V spectra does not have
the trend of a M° peak as other transition metals during the charge/di-
scharge process, the metal V always exists after discharging to 1.5 V in
the first cycle by observing the ex situ XRD patterns (Fig. 5b). Finally, we
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demonstrate the crystal structures of the corresponding phases change
during charge/discharge process as shown in Fig. Sh. We refer that
HEPS;3 generates a sheet-like architecture made up of transition metal
alloys, metallic vanadium, and amorphous phosphorus following the
initial discharge. Simultaneously, K, S, and sections of the amorphous
phosphorus partake in a reversible conversion reaction occurring amidst
the sheets. Notably, the verification of the sheet-like morphology and its
composition will lately be confirmed by observing the ex situ TEM im-
ages and HRTEM images respectively at different potentials in Fig. 6.
We investigated the morphology and crystallography of the cycled
HEPS3 anode using ex situ TEM and HRTEM. Fig. 6a, te, 6i, and 6m
display TEM images of the HEPS; electrode at various stages of dis-
charging and charging (0.5 V, 0.01 V, 2.5V, and 3.0 V, respectively),
revealing a consistent sheet-like morphology throughout the cycling
process. Ex situ HRTEM and SAED analysis were conducted to examine
the HEPS3 electrode at different charge and discharge states during the
first cycle. For the cell discharged to 0.5 V, the HRTEM image in Fig. 6b
clearly shows several calculated lattice spacings of 0.192, 0.201, 0.21,
0.291, 0.341, and 0.315 nm. The lattice spacings of 0.192 and 0.201 nm
correspond to the (101) and (411) crystal planes of the alloy, while the
spacings of 0.21 and 0.291 nm can be indexed as (110) and (114) crystal
planes of metallic vanadium and K4P3, respectively. Lastly, the lattice
spacings of 0.341 and 0.315 nm represent the (112) and (201) crystal
planes of KP. The SAED pattern in Fig. 6¢, discharged to 0.5 V, aligns
with ex situ XRD and XPS results and includes the (101) crystal plane of
the alloy, the (110) crystal plane of metallic vanadium, the (112) crystal
plane of KP, and the (111) and (220) crystal planes of K5S. Furthermore,
the EDS mapping in Fig. 6d demonstrates a uniform elemental distri-
bution, which supports the formation of high-entropy alloys and K*
intercalation. When the battery is discharged to 0.01 V, the HRTEM
image (Fig. 6f) exhibits the same lattice spacings as the one discharged
to 0.5 V. However, an additional lattice spacing of 0.218 nm, corre-
sponding to the (222) crystal plane of K3S, is observed. Additionally, the
(130) crystal plane of K4P3 is evident in the SAED pattern at 0.01 V
discharge (Fig. 6g). The EDS mapping results in Fig. 6h reveal stronger
intensity for K" and other transition metals, indicating the completion of
K" reactions and the formation of high-entropy alloys, which exhibit
sheet-like morphology and even elemental distribution. During the
charging process, the poor reversibility of P results in the presence of
0.315 nm and 0.29 nm lattice spacings, formed by the (201) crystal
plane of KP and (114) crystal plane of K4P3, in the HRTEM images
(Fig. 6j, n). The (110) crystal plane of metallic vanadium and the (411)
and (101) crystal planes of the high-entropy alloy remain a stable state
during cycling processes, as confirmed by ex situ XRD. This indicates the
formation of an irreversible high-entropy alloy layered structure due to
the effective (de)intercalation of K ions into the host structure during
the charge/discharge process. The SAED patterns at two charging po-
tentials (Fig. 6k, o) further reveal the formation of high-entropy alloys
through irreversible reactions and the creation of S via reversible con-
version reactions. The ring patterns in Fig. 6k and 6o indicates metallic
V, Alloy, and elemental S corresponded to crystal planes of (110), (101)/
(411), and (317)/(026) which are in line with the findings from the ex
situ analysis. Lastly, Fig. 6i and 6p display the EDS mapping results for
the battery charged to 2.5 V and 3.0 V, respectively, revealing the
presence of distinct elements without any apparent phase separation.
Fig. 7a illustrates the effect of HEPS3@G, ME4PS3@G, ME3PS3@G,
LE2PS3@G, and LEPS3@G composites on potassium polysulfides [47]. In
the experiment, 30 mg of K,S was added to 5 ml of DMC solution to
create a saturated solution. Once fully dispersed, 5 ml of the clear upper
liquid was extracted using a needle, and then 5 mg of five distinct
high-entropy metal phosphorus trichalcogenides compounds were
added separately. After 20 min in suspension, the five solutions gradu-
ally transitioned from light yellow to transparent, with the HEPS3@G
compound solution being the closest to complete transparency. As the
configurational entropy decreases, the color of solution becomes more
yellow, indicating a reduced ability of the compounds to capture K3S
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Fig. 8. SEM images of electrode surface. (a-e) Top view of HEPS3@G, ME4PS;@G, ME3PS;@G, LE,PS;@G and LEPS;@G electrodes (a-e) before cycling and after

cycling: (f-) 50 cycle (k-0) 100" cycle.

and a higher concentration of KS remaining in the solution. Conse-
quently, the solution containing LEPS3@G exhibits the most intense
yellow color, indicating its inferior ability to capture KyS. Conversely,
the color of solution becomes more transparent with increasing config-
urational entropy, implying an enhanced ability to capture KoS. Addi-
tionally, we conducted LSV to examine the sulfur oxidation behavior of
various compound materials, as shown in Fig. 7b. An anodic peak
associated with the oxidation of K;S to elemental S is observed.
Compared to the ME4PS3@G, ME3PS3@G, and LE;PS3@G electrodes,
the HEPS3@G and LEPS3@G electrodes display smaller polarization and
higher redox peaks, suggesting improved redox kinetics. Moreover,
considering the larger oxidation peak area and lower peak potential, the
HEPS3@G and LEPS;@G electrodes actively catalyze the conversion of
K5S to elemental S. Notably, the ME4PS3@G electrode exhibits a lower
peak potential than the ME3PS3@G and LE;PS3@G electrodes [48].
Therefore, the catalytic activity for the oxidation of K»S can be expressed
in the order of HEPS;@G = LEPS;@G > ME4PS3@G > ME3PS;@G >
LEoPS3@G [49].

Moreover, we carried out time-of-flight secondary ion mass spec-
trometry (TOF-SIMS) tests on the electrode surfaces of HEPS3;@G,
ME4PS3@G, ME3PS3@G, LE;PS3@G, and LEPS3;@G after 20 cycles
(Fig. 7c). The results reveal distinct differences among these five elec-
trode materials. As the configurational entropy of material increases, the
concentration of KyS at 2000 s is higher, indicating more K5S is trapped
within the material. Consequently, the HEPS3@G electrode exhibits the
strongest ability to capture K3S. Additionally, the concentration of K»S
on the LEPS3@G electrode surface is initially the highest but decrease
after 700 s, suggesting that KyS dissolves into the electrolyte during
cycling. These findings are consistent with the chemical adsorption ex-
periments in Fig. 7a. To visualize the effect of high-entropy materials on
K8, we fabricated "transparent" cells (Fig. 7d, e). In this experiment, we
extracted 1 ml of electrolyte from each potential (0.1 V, 0.5V, and 0.01
V during discharge and 2.5 V and 3.0 V during charge) into a small
sample bottle to observe the color change [50]. We found that when the
LEPS3@G electrode was discharged to 0.5 V, the electrolyte began to
exhibit slight white turbidity, attributed to the formation of K,S and its
subsequent dissolution into the solution. As further discharging to 0.01
V, electrolyte become to more evident white turbidity, indicating the
complete conversion of sulfur in the material into K»S. While charging
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the electrode to 2.5 V and 3.0 V, the white-and-turbid electrolyte implies
poor reversibility of K»S. In contrast, the HEPS3@G electrode displayed
transparent and clear electrolyte at different potentials, indicating no
significant polysulfide shuttle effect and a strong ability to capture KyS.
This result is consistent with the previous experimental findings and the
long-term cycling performance of the battery. Subsequently, we per-
formed ultraviolet-visible (UV-Vis) tests on the electrolyte extracted
from the "transparent" battery at different potentials (Fig. 7f, g). The
electrolyte of the LEPS3@G electrode exhibited two peaks at 274 nm and
343 nm, corresponding to S~ and SZ~, respectively. During the char-
ge/discharge process, the concentration of both sulfide ions increased,
indicating an intensifying shuttle effect. In contrast, the electrolytes of
the HEPS;@G electrode displayed only the peak of S*~. The concen-
tration of $% is peaked when the battery was discharged to 0.01 V, then
decreased with charging, indicating no significant polysulfide shuttle
effect [51]. Raman spectra of the LEPS3@G and HEPS3@G electrodes at
different potentials are shown in Fig. 7h and 7i, respectively. For the
LEPS3@G electrode, the appearance of K3Sg, K2S, and K3S3 peaks during
discharge and charge indicated the presence of potassium polysulfides
existed in electrolyte and surface of electrode surface due to irreversible
reactions [52]. In contrast, the HEPS3@G electrode displayed peaks
corresponding to KsS; and KyS during discharge, but no potassium
polysulfide peaks at fully charge state. This observation indicates the
absence of dissolved potassium polysulfides in the electrolyte and their
absence on the electrode surface during charge (Fig. 7i), showing that
the HEPS3@G electrode demonstrates effective catalytic activity for KoS
[53,54]. The low overpotential and robust capture ability for K»S not
only suppress the shuttle effect but also promote polysulfides revers-
ibility in electrochemical reactions.

The mechanical stability of transition metal phosphorus trichalco-
genide electrodes with varying configurational entropies were examined
by the SEM images of each electrode under different cycle numbers [55].
Pristine electrodes of HEPS3@G, ME4PSs@G, ME3PS3@G, LE;PS3@G,
and LEPS3@G (Fig. 8a-e) revealed smooth surfaces devoid of fine cracks
or voids [56], as they had not yet undergone K insertion or extraction,
and thus, no volume changes occurred [57]. We cycled these five elec-
trodes 50 times at 1C (500 mA g_l) (Fig. 8f-j). The surfaces of HEPS3@G
and ME4PS3@G remained smooth and flat, similar to their pre-cycle
states. However, noticeable cracks emerged on the lower
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Fig. 9. Schematic diagram of the electrochemical reconstruction process and dual properties of the HEPS3; nanosheet electrode, which are beneficial for producing
the non-cracked electrode due to lattice distortion effect and can inhibit the shuttle effect.

configurational entropy materials ME3PS3@G, LEPS3@G, and
LEPS;@G, with fragmentation severity increasing as configurational
entropy decreased [58]. These cracks primarily resulted from aniso-
tropic volume changes in randomly oriented primary gains, leading to
extended K diffusion paths, non-uniform K concentrations within the
electrode material, additional stress, and ultimately, surface cracking
[59]. Higher configurational entropy materials (HEPSs@G and
ME4PS3@G) exhibited greater compositional disorder, promoting
elemental mixing and stable solid solution phases, as opposed to more
brittle materials. The inclusion of atoms of varying sizes in HEPS3@G
caused lattice distortion, which enhanced properties such as hardness
and strength, mitigating volume changes during charge and discharge
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processes. After 100 cycles (Fig. 8k-0), the HEPS3@G electrode surface
remained smooth, while the ME4PS3s@G surface displayed shallow
micro-scratches. The ME3PS3@G electrode exhibited increased surface
cracking compared to its 50-cycle state [60]. Severe and deep internal
cracks were observed on LE;PS3@G and LEPS3@G surfaces (Fig. 8n, o),
attributable to substantial, non-uniform internal stress generated during
cycling. In summary, increased configurational entropy corresponded to
reduced surface fragmentation, with the HEPS3@G electrode demon-
strating the strongest ability to resist electrode stress changes and alle-
viate internal stress due to its highest configurational entropy. These
results align with long-term electrochemical performance, further vali-
dating the superior cycle stability of the HEPS3@G electrode compared
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to other materials.

Our findings reveal that the HEPS3@G anode exhibits a dual effect on
PIBs by simultaneously inhibiting the polysulfide shuttle effect and
alleviating mechanical stress accumulated by K during repeated
insertion/extraction processes (Fig. 9). After the initial reaction, HEPS3
forms an alloy layer composed of four elements, and this alloy layer is
influenced by lattice distortion, resulting in increased scattering of
electron and phonon propagation. While this may enhance the mate-
rial’s mechanical strength, it hinders electrode conductivity. Addition-
ally, the potassiation process gradually progresses from the exterior to
the interior of the material, indicating that the alloy layer will first form
on the outer surface, impeding the electrochemical reconstruction
within the material. Therefore, having excellent K diffusion perfor-
mance from the beginning is beneficial for the complete progress of the
electrochemical reconstruction reaction. Since this reaction is irrevers-
ible and does not revert to the HEPS3 phase, our initial simulations are
not applicable for subsequent cycles. Thus, GITT curves of the HEPS3
electrode at first and second cycle were provided (Fig. S34). There is no
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significant difference in the average diffusion coefficient of potassiation
process between the first and the second cycle, indicating that the alloy
layer has no obvious influence on the ability of K transfer. This struc-
ture has been experimentally demonstrated, through chemical adsorp-
tion experiments, SIMS, LSV, and "visualization" batteries, to effectively
capture polysulfides and catalyze their conversion, accelerating electron
transport and contributing to the high reversible capacity observed in
electrochemical performance. Moreover, the sheet-like alloy material,
formed via electrochemical restructuring, exhibits a unique "lattice
distortion effect" due to its high configurational entropy, which en-
hances the mechanical stability and structural stability of the material.
Consequently, the electrode is less prone to cracking during potassia-
tion/depotassiation processes, consistent with our observation of an
uncracked HEPS3@G electrode surface after potassiation/depot-
assiation. Therefore, the HEPS3@G electrode represents a promising
advancement in electrode material design by combining the high-
entropy material cocktail effect with the tunable interlayer spacing of
2D nanomaterials.
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Our subsequent studies demonstrate the practical application of PIBs
and PIHCs employing HEPS3@G as an anode. Prussian blue (PB) was
selected as the cathode because it has a high operating voltage that can
accommodate the high oxidation potential of the conversion product
K»S. The half-cell assembly of PB has a stable capacity of 63 mAh g}
(Fig. $36). The schematic diagram of the K™ full battery system is shown
in Fig. 10a. The CV curve of the HEPS3@G//PB full battery (Fig. 10b)
shows an anode peak at 3.65 V in the first charging cycle, indicating an
oxidation reaction and the formation of a SEI film. The CV curves are
well-overlapped after the second cycle, indicating high reversibility of
the chemical reaction. Two pairs of redox peaks can be identified at 2.5/
3.14 and 3.11/3.38 V. Fig. 10c shows the typical GCD profiles of the
HEPS3@G half-cell, PB half-cell, and HEPS3@G//PB full cell at a current
density of 50 mA g~. The initial charge and discharge capacities of the
full cell are 373.55 mAh g~ ' and 353.55 mAh g}, respectively, and the
plateaus are consistent with the CV curve results. Fig. 10d shows the
GCD curves at various current densities, and the HEPS3@G//PB full cell
still exhibits excellent rate performance despite a slight overpotential
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shift at high current densities. Long-term cycle tests at current densities
of 50 mA g~! (Fig. 10e) and 300 mA g~! (Fig. 10g) show that the
HEPS;@G//PB full cell can deliver reversible capacity of 450 mAh g!
for 50 cycles. The full cell of PIBs maintain a reversible capacity of 300
mAh g~ for 300 cycles, which is similar to that of the HEPSs@G half
cell.

Furthermore, we assembled a PIHC asymmetric device (HEPS3@G//
AC), which consists of a HEPS3@G anode and a commercial activated
carbon (AC) cathode, to demonstrate the advantages of high-entropy
materials in terms of electron and K transfer. Due to the fast diffu-
sion ability and excellent kinetic properties of K' in the metal phos-
phorus trichalcogendies nanosheets with high entropy, FSI ions in the
electrolyte can pass through the EDLC on the surface of the anode by
adsorption and desorption, leading to high energy density [61]. The
working voltage was set in the range of 0.01 V-3.8 V to achieve high
energy and high power density. The schematic diagram of the K hybrid
capacitor system is shown in Fig. 11a. The CV curves of the successfully
assembled PIHCs exhibit typical capacitive behavior (Fig. 11b), which
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proves that the HEPS3@G//AC hybrid capacitor has no side reactions in
this voltage range. Fig. 11c shows the CV curves measured at different
scan rates of 1.0, 5.0, 10, 20, and 50 mV s~ . The kinetic analysis of the
CV curves at high rates reveals that the proportional increase in peak
capacitance has no apparent overpotential shift, indicating that pseu-
docapacitance is highly dominant in the PIHC device. The corresponding
GCD curve with a straight line (Fig. 11d) is also provided and is typical
of hybrid capacitor behavior, contributing to good rate performance.
Fig. 11e shows the rate capability of the HEPS3@G//AC based on the
total mass of HEPS3@G and AC, achieving energy densities of 187.53,
136.98, 104.49, 72.86, and 36.18 Wh Kg’1 at current densities of 50,
200, 500, 1000, and 2000 mA g’l, respectively. When the current
density was restored to 200 mA g}, the energy density still reached
127.09 WhKg ™!, demonstrating its exceptional reversibility. Notably,
the GCD curves of the HEPS3@G//AC at various current densities
(Fig. 11f) show that the high energy density of 187.53 Wh Kg~! can be
maintained at a current density of 50 mA g~! for over 140 s, significantly
higher than most reported K+ hybrid capacitors.

The advantages of the novel capacitor were evaluated by plotting the
energy and power densities of sulfur and phosphorus compounds in the
Ragone diagram (Fig. 11g). The HEPS3@G//AC PIHC outperforms other
materials, including CugPS4//AC [62], MoP@NC//AC [63], CosP@r-
GO//AC [64], and CuSbSy//AC [65], in terms of energy and power
density. Importantly, the long-term cycling performance of the PIHC
achieved an energy density of 100 Wh Kg~! at a high current density of
500 mA gfl (Fig. 11g) and still maintained a retention rate of 74.6%
after 2000 cycles. The excellent performance of the HEPS3@G//AC
hybrid capacitor is attributed to the sufficient active sites in the HEPSs3,
proper adsorption, and high reversible capacity in the faradaic process.

4. Conclusion

In summary, the concepts of high entropy and two-dimensional
materials have been integrated in the application of potassium-ion
storage devices, where doped elements are uniformly distributed at
the nano and micron scale to facilitate efficient potassium-ion transport.
A comparison of five MPCHs-type systems with different configurational
entropies reveals the sources of their performance enhancements related
to the high-entropy effect. The unique plate-like structural features
composed of in situ formed alloy not only promote enhanced conversion
of polysulfides but also strongly capture KyS to suppress the common
"shuttle effect" in sulfide materials. Furthermore, the "lattice distortion
effect" in high-entropy materials evenly disperses the internal stress
generated in the electrode during the K" insertion/extraction process,
thereby inhibiting electrode pulverization and improving reversible
potassium storage performance. Due to these advantages, the prepared
potassium-ion battery with HEPS3@G anode exhibits a remarkable high
reversible capacity of 524 mAh g~! and rate performance (10 A g™1).
This high-entropy design strategy, combining unique structural benefits
and a harmony of various metal structures, provides a solution to the
reversibility and cycling challenges faced by conversion-type sulfide
anode materials and demonstrates the immense potential for practical
potassium-ion battery applications.
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