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A B S T R A C T   

High-entropy metal disulfide (HES2) colloid clusters were synthesized through a two-step templated sol
vothermal method for used as anode materials for potassium-ion storage devices. HES2’s large configuration 
entropy stabilizes its crystal structure and promotes chemical diversity by introducing multiple cations, thus 
reducing the impact of the shuttle effect, retaining active materials and extending cycling life up to 1800 cycles. 
During cycling, crystalline-amorphous grain boundaries formed in situ enhance electrochemical reaction activ
ities and ensure the exposure of active sites. Elements with lower electronegativity allow S to bring more 
negative charges, improving the electrostatic force between S and K+ and enabling better anchoring of potassium 
polysulfide. Meanwhile, the retained close-packed cluster structure of HES2 provides a large contact area to 
accelerate the reduction reaction of the electrolyte in the sphere during the repeating K+ insertion/extraction. 
We further demonstrate the excellent performance of HES2 anodes on practical potassium-ion full battery and 
hybrid capacitor applications. The pioneering concept in atomic compositional engineering and structural design 
of transition metal sulfide electrodes presented in this work marks a significant step forward in the development 
of chalcogenide electrode systems for energy storage devices.   

1. Introduction 

Lithium-ion batteries (LIBs) are primarily used in electronic devices 
from their long cycle life, high energy density, and excellent rate per
formance [1–3]. However, with increasing demand for electric vehicles 
and energy storage grids, the scarcity (0.0017 %) and uneven distribu
tion of lithium metal (with 70 % in South America) has led to rising costs 
[4,5]. Potassium-ion batteries (PIBs) are considered a promising alter
native for their abundant and uniform distribution of potassium metal 
(1.5 %) in the earth’s crust [6]. The weaker Lewis acidity makes po
tassium ions with a smaller ionic radius after solvation, increasing their 
conductivity and transportation ability [7]. The lower desolvation en
ergy enhances the diffusion between the electrolyte and electrode 
interface [8,9]. PIBs electrode materials can be classified into interca
lation compounds, carbonaceous materials, alloy materials, and con
version materials based on K+ reaction behavior. However, the 
development of PIBs is hindered by its relatively large atomic radius of 
potassium ions (K+: 0.138 nm; Li+: 0.076 nm), causing severe volume 
expansion and decreasing storage capacity [10,11]. 

Transition metal sulfides (TMS) have been explored as potential 
conversion anodes for PIBs due to their ability to undergo a multiple 
electron transfer reaction by converting K2S. Each S2- can store two 
electrons to provide a high theoretical capacity. Additionally, K2S has a 
higher conductivity than K2O [12]. The weaker M− S bond in TMS 
compared to M− O results in a relatively kinetically favorable conversion 
reaction [13]. Despite having faster potassium ion reaction kinetics 
[14], current TMS anodes still face challenges. Polysulfides, such as K2S, 
K2S2, and K2S3, dissolve in the electrolyte causing the shuttle effect, and 
the structural instability caused by the conversion reaction leads to 
volume expansion and eventually causes deactivation. Recent studies 
have focused on addressing the challenges of ionic diffusion distance 
and volume expansion by constructing nanoscale structures [15,16]. For 
instance, FeS2@C with a core–shell structure is uniformly encapsulated 
in 3D hollow carbon spheres, with the graphene shell acting as a pocket 
to prevent polysulfides from losing during the redox process [17]. In the 
case of CoS2-CNs, each nanocarbon shell can confine a single nano
particle, preventing serious aggregation during the reaction [18]. 
Additionally, synthesizing different crystal structures of nickel sulfide 
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can relieve more stress due to its hexagonal structure [13]. The volume 
expansion of CuS is reduced by a protective shell layer, resulting in a 
more stable SEI layer [19]. However, problems such as structural 
degradation and the shuttle effect of polysulfides still need to be over
come to develop a high-performance and stable anode. 

High-entropy metal sulfides (HESs) are a class of high-entropy ma
terials (HEMs) that have been discovered in recent years [20]. The 
concept of high entropy involves introducing multiple major elements 
into single-phase lattices, as first proposed by Yeh [21]. High-entropy 
alloys have three key characteristics that are relevant to high-entropy 
metal sulfides (HESs): the high-entropy effect, the lattice distortion ef
fect, and the cocktail effect. The high-entropy effect pertains to the 
material’s stabilization ability in a single-lattice phase, while lattice 
distortion effects are caused by substituting various sizes of cations in a 
single lattice. Finally, the cocktail effect is to describe any unexpected 
properties that cannot be explained by any single element [22]. This 
effect has recently attracted the interest of catalysis researchers, as in the 
case of (CrMnFeCoNi)Sx solid solution nanoparticles, which show syn
ergy between metal atoms and are used in the oxygen evolution reaction 
(OER) [23–25]. Additionally, the lattice distortion effect has been 
observed in the thermoelectric material, such as the thermal conduc
tivity of Pb0.89Sb0.012Sn0.1Se0.5Te0.25S0.25 has been significantly reduced 
[26]. Despite these promising effects, high-entropy alloy sulfides are still 
infrequently used as materials for energy storage batteries. Recently, 
high-entropy MS2 prepared by the mechanical alloying method exhibi
ted better battery performance than low-entropy CoS2, suggesting the 
contribution of the cocktail effect [21]. Furthermore, the application of 
the Cu4MnFeSnGeS8 high-entropy configuration to Na-ion batteries 
represents an example of the high-entropy effect in action. This con
figuration’s mechanical stability effectively relieves the accumulated 
stress and inhibits the continuous rupture of the SEI film, leading to an 
improvement in cycle performance (5 A g− 1, 1200 cycles) [27]. 

Herein, TMS electrodes for potassium ion storage devices were 
introduced the design strategy of high entropy chalcogenides for the first 
time. We report a high-entropy transition metal disulfide (HES2) spheres 
composed of clusters obtained from sulfurization of a high-entropy 
glycerate sphere templates. As shown in Scheme 1, the clusters possess 
effective transport paths for potassium ions and a highly conductive 
network, making them more suitable for the insertion/extraction of K+

without losing inter-cluster contact, thereby enabling ultralong cycling 
performance. Additionally, the in-situ formation of numerous 

crystalline-amorphous grain boundaries promotes electrochemical re
action activities, ensuring the exposure of active sites. After potassiation, 
the formed high-entropy alloys exhibit a strong anchoring effect of 
polysulfides. The HES2 anode exhibits excellent electrochemical per
formance, maintaining exceptional stability at 348 mA h g− 1 after 1800 
cycles at a current density of 500 mA g− 1. Furthermore, for full cells and 
hybrid capacitors, it shows a capacity of 258.6 mA h g− 1 after 1000 
cycles and an energy density of 63.7 Wh kg− 1 after 6000 cycles, 
respectively. 

2. Results and discussion 

A simple solvothermal method was employed to prepare uniform 
high entropy glycerate (HEG) template spheres as precursors having an 
average diameter about 600 nm (Figure S1), which were then converted 
to colloidal HES2 clusters via a sulfidation process. The formation pro
cess was elucidated through the decomposition of thiourea at high 
temperature. The released sulfide (S2-) ions subsequently reacted with 
the metal oxides on the surface of HEG. This reaction can be described as 
an anion exchange reaction of HEG (Fig. 1a). In order to illustrate the 
formation mechanism of high entropy metal disulfide nanospheres, 
studies were performed using scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) to monitor the morphological 
evolution as a function of sulfurization time. The surface of HEG was 
observed to be smooth without visible pores (Fig. 1(b), (f) and Figure S2 
(a)). After sulfurization treatment at 160 ◦C for approximately 0.5 h, the 
color changed from a dark yellow to black color, indicating the forma
tion of metal sulfides. The product remained a solid sphere, but the 
surface became slightly rougher, owing to the sulfurization reaction on 
the surface. (Fig. 1(c), (g) and Figure S2(b). With an extended reaction 
time of 6 h, more cluster sulfides were formed and made the surface 
becomes rougher (Fig. 1(d), (h) and Figure S2(c)). The reaction time was 
further increased to 8 h to completely sulfurize the template into the 
colloidal HES2 (Fig. 1(e), (i) and Figure S2(d)), where these solid 
nanospheres were composed of stacked clusters. The SEM image in Fig. 1 
(j) shows multiple nanospheres. HRTEM images in Fig. 1(k) and (l) show 
lattice fringes of 0.319 nm correspond to the (111) plane of the 
CoS2(PDF#00–041-1471). The selected area electron diffraction (SAED) 
pattern (Fig. 1m) shows five ring patterns corresponding to (111), 
(200), (210), (220) and (311) crystal planes of cubic CoS2 with Pa-3 
space group, consistent with the XRD peaks located at 28◦, 32◦, 36◦, 

Scheme 1. High entropy clusters with ionic transfer channel and plenty grain boundaries have a strong affinity to polysulfides, inhibiting the shuttle effect.  
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45◦, 55◦. TEM-EDS indicates even elemental distribution at the nano
meter scale, without any obvious accumulation or segregation of indi
vidual elements. The content of each element roughly corresponded to 
the stoichiometric atom ratio, and is consistent with ICP- MS results. 
Additional detailed morphology and microstructural information for 
MES2 and CoS2 samples can be found in the supporting information 
Figure S3-S6. In the case of HES2 with graphite, XRD, SEM, TEM, Raman 
and BET were shown in Supporting Information Figure S7-11. Finally, 
the weight contents of HES2 were determined by thermogravimetric 
analysis (TGA), indicating a value of approximately 71 wt % (Figure S12 

Supporting Information). The XRD pattern of HES2 after TGA mea
surement is supplied in the supporting information (Figure S13). 

Fig. 2(a) displays the X-ray diffraction (XRD) patterns of four types of 
metal disulfides clusters through two-step solvothermal sulfurization. 
The XRD pattern of HEG was shown in Figure S14. All the samples 
possess a cubic pyrite metal sulfide structure (PDF#00-041-1471) with 
the space group Pa-3. The high entropy metal disulfide (FeCoNiCuCr)S2 
is labeled as HES2, while the medium entropy metal disulfide (FeCo
NiCu)S2 is referred to as MES2. The sample containing impurity phases 
(Cu7.2S4, (Fe0.11Co0.8Ni0.09)S2, (Co0.85Cr0.15)S2, Co3S4 and Ni3S2) is 

Fig. 1. (a) Schematic illustration of synthesis process of HES2. (b, f) High entropy glycerate spheres and products obtained after sulfurization of high entropy 
glycerate at 160 ◦C at different times: (c, g) 0.5 h; (d, h) 6 h; (e, i) 8 h. (j) SEM image of HES2. (k, l) high resolution TEM images. (m) SAED pattern. (n) EDS 
element mapping. 
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marked as multiphase. Normally, the only phase present in the sample is 
the cubic pyrite metal sulfide. The crystal structure and morphology 
have changed after sulfurization, the smooth surface of glycerate tem
plates becoming cluster sulfides (Figure S2(d)) (Supporting Informa
tion). Powder X-ray diffraction (XRD) analysis showed the formation of 
single-phase HES2 sample, and the main diffraction peaks were located 
at 28◦, 32◦, 36◦, 40◦, 45◦, and 55◦. The crystal structure of the HES2 
model was refined on powder X-ray diffraction (XRD), and the corre
sponding Rietveld refinement profiles were shown in Figure S15(a, b) 
(Supporting Information). The lattice parameters of three materials in 
the supporting information Table S1 showing the lattice has stretched 
caused by the introduction of multi-cations. The materials HES2 and 
MES2 underwent different degrees of stretching with HES2 having the 
highest degree at 1.3 %, followed by MES2 at 0.632 %, and both 
stretching more than CoS2.The experimental and simulated XRD pat
terns reach mutual corroboration verifies the successfully synthesis of 
HES2 and MES2 clusters. To determine the ratio of multi-cations in the 
individual samples, inductively coupled plasma-mass spectrometry 
(ICP-MS) are used and listed in Fig. 2(b). All samples have almost 
equimolar metals. The configurational of high entropy system (ΔSconf) 
was calculated to be 1.61R (Fig. 2(c)) by using the statistical thermo
dynamics derived from the definition of ΔSconf (equations (S1) and (S2)) 

in the Supporting Information. Because the increase in the configuration 
entropy is greater than the enthalpy, the crystal structure can be stabi
lized. Compared with HES2, the ΔSconf of MES2 was decreased to 1.39R 
(0.25 mol each) after removing a cation [28]. X-ray photoelectron 
spectroscopy (XPS) was conducted to comprehend the valence states of 
the HES2 sample. Fig. 2(d) shows that in the Fe 2p spectrum, the peaks 
near 707.2 and 709.6 eV belong to Fe 2p3/2 (Fe2+) [29]. The peak 
around 723 eV is attributed to Fe 2p1/2 (Fe2+). Peaks near 711.6 eV (Fe 
2p3/2) and 724.4 (Fe 2p1/2) eV correspond to Fe3+. Three satellite peaks 
are seen 715.5, 718.3 and 730.2 eV. Notably, Ni LMM and Co LMM are 
overlapped with the Fe 2p spectrum, 713.0 eV and 716.0 eV, respec
tively [30,31]. In Ni 2p spectra, there are three peaks at 853.4 and 865.1 
eV (Ni 2p3/2) and 870.9 eV (Ni 2p1/2) of Ni2+. Peaks at 857.3 (Ni 2p3/2) 
and 875.2 eV (Ni 2p1/2) are attributed to Ni3+, while there are two 
satellite peaks near 862.7 and 881.5 eV [32]. In the Co 2p spectrum, Co 
2p3/2 (Co3+) are further deconvoluted into two peaks at 778.9 and 
781.3 eV. Two peaks located at 778.9 and 794.2 eV can be ascribed to Co 
2p1/2 (Co3+). The Co 2p3/2 (Co2+) and Co 2p1/2 (Co2+) peaks are found 
at 782.6 and 798.9 eV, respectively. The peaks at 786.9 and 803.6 eV are 
satellite peaks [33]. In the Cr 2p spectrum, two sharp peaks of the single 
valence state (Cr3+) were found, located at 577.8 and 587.4 eV, corre
sponding to Cr 2p3/2 and Cr 2p1/2, respectively [34]. In the high 

Fig. 2. (a) XRD patterns of HES2, MES2, CoS2 and multiphase. (b) Stoichiometry of HES2, MES2, CoS2 from ICP-MS analysis. (c) Dependence of configurational 
entropy on the number of elements. (d) High-resolution XPS spectra of Fe, Co, Ni, Cu, Cr, S. 

Y.-J. Liao et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 469 (2023) 143942

5

resolution XPS for Cu, there are two strong peaks, Cu 2p3/2 at 932.5 eV 
and Cu 2p1/2 at 952.2 eV, corresponding to Cu1+ [35]. It is worth noting 
that the S 2p peaks at 162.7 (S 2p3/2) and 163.9 eV (S 2p1/2) correspond 
to S2– of metal disulfides; the peak at 169.2 eV belongs to sulfate 
component (SO4

2–). The strong peak of SO4
2– supports the above 

mentioned of sulfate formation. These XPS result showing high consis
tence with Nguyen et al. reported on HES2, indicating the formation of 
HES2 [36]. 

After the successful introduction of high entropy configuration 
confirmed by structural and chemical characterizations, it is consider
able to study the relationship between electrochemical properties and 
high entropy configurations. To further investigate the evolution of 
cycling performance, the half cells of all samples were measured at a 
current density of 0.05 A g− 1 for the initial three cycles. The reaction 
plateaus of the discharge–charge curves of all samples were consistent 
with the corresponding CV curves (Fig. 3(a)-(d)). The HES2 electrode 
provided the discharge and charge capacity of 719.9 and 403.36 mA h 
g− 1 with 56.1 % initial coulombic efficiency (ICE). The CoS2 electrode 
provided the discharge/charge capacity of 598.8 and 442.3 mA h g− 1. 
(ICE of 73.7 %). The multiphase electrode provided the discharge/ 
charge capacity of 739.7 and 479.9 mA h g− 1 with an ICE of 64.8 %. The 
MES2 electrode provided the discharge/charge capacity of 839.2 and 
416.7 mA h g− 1 with an ICE of 49.7 %. The lower ICE indicates the SEI 
layer formed and irreversible potassium loss during the initial cycle. 
Subsequently, the discharge–charge curves of HES2 overlapped, indi
cating its high conversion consistency and reversibility. However, 
compared to other electrodes (MES2, CoS2, and multiphase), there is a 
capacity loss in the following cycles. At low current density of 0.05 A 
g− 1, the HES2 electrode maintained the discharge capacity of 474.2 mA 
h g− 1 for 350th cycle, representing an outstanding electrochemical 

cycling stability. (Fig. 3e) To further investigate the kinetics analysis of 
potassium ions, the rate capabilities of four sulfide electrodes were 
tested at various current densities ranging from 0.5 to 5 A g− 1. The HES2 
electrode exhibited almost the best discharge capabilities and the 
highest energy densities at all current densities (Fig. 3f, g). Specifically, 
it delivers 396.6, 334.7, 276, 237.3, 199.2, 162.3, 135.9, and 105.3 mA 
h g− 1 at increasing current densities from 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 3.0 
to 5.0 A g− 1, respectively (Fig. 3f). Notably, the initial capacity of MES2 
is due to unstable conversion reaction of polysulfides and the repeated 
SEI layer formation caused by the cracking of the MES2 electrode. 
Therefore, MES2 exhibited a higher capacity at the initial cycle number 
[37]. Such an outstanding rate capability indicates the superior kinetic 
movement of potassium ions in the high entropy configuration. In 
addition, the discharge capacity of HES2 can still be maintained at 457.7 
mA h g− 1 as return to 0.05 A g− 1, demonstrating its excellent structural 
and electrochemical stability after undergoing severe tests of high cur
rent densities. In contrast, other electrodes of non-high entropy config
urations show poor rate performances and stabilities due to structural 
disruption and degradation of reaction kinetics during repeated and fast 
(de)potassiation processes. The capacity of multiphase half-cell faded 
significantly after 150 cycles. The battery provided discharge and charge 
capacities of 42.16 and 41.6 mA h g− 1 at the 150th cycle, and finally 
returned to zero capacity at the 200th cycle. Interestingly, this issue was 
slowly suppressed with the increase of ΔSconf. For the CoS2 half-cell, the 
capacities also faded after 150 cycles. The battery provided discharge 
and charge capacities of 96.9 and 96.1 mA h g− 1 at 150 cycles, which is 
almost twice the capacity of the multiphase electrode. The battery 
finally had discharge and charge capacities of 86.2 and 85.6 mA h g− 1 at 
the 300th cycle. For the MES2 half-cell (ΔSconf = 1.39 R), the capacities 
faded slightly after 150 cycles. The battery provided discharge and 

Fig. 3. Electrochemical performances characterization: Discharge-charge profiles of (a) CoS2, (b) multiphase, (c) MES2, and (d) HES2 electrodes. (e) Cycling per
formances at 50 mA g− 1. (f) Rate capabilities and (g) Energy densities at different current densities of HES2, MES2, CoS2 and multiphase. (h)Long-term cycling 
stability of HES2, MES2, CoS2 and multiphase. (i) Comparison of cycling performance among the HES2 and other reported PIBs anodes. 
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charge capacities of 185.9 and 183.4 mA h g− 1 at the 150th cycle, which 
is almost twice of the capacities of the CoS2 electrode. The battery finally 
provided discharge and charge capacities of 87.9 and 87.7 mA h g− 1 

after 700th cycle. For the HES2 half-cell (ΔSconf = 1.61 R), the battery 
provided discharge and charge capacities of 289.4 and 287.6 mA h g− 1 

at 150th cycle. The capacity of the HES2 electrode exhibits a slightly 
increase after 100 cycles, which suggests the optimization and stabili
zation of the solid electrolyte interphase (SEI) layers [18]. Moreover, it 
maintained a highly reversible capacity of 348 mA h g− 1 with a CE 
closed to 99.5 % (Fig. 3h). Thus, there is no obvious capacity fading after 
1800 cycles, exhibiting the highest capacity and the best cycling stability 
among these materials. Only the HES2 electrode has an obvious plateau 
(Fig. 3d) at the 1800th cycle, indicating its excellent reversibility. A 
higher mass loading (1 mg) of HES2 electrode (Figure S16) also show 
similar cycling stability with 1200 cycles. The CV curves of the other 
sulfides were shown in Figure S17(b)~(d). The cycling performance of 
HES2 was shown in the Figure S18. Kinetic analysis of HES2, MES2 and 
CoS2 were shown in the Figure S19 ~ 21. In-situ EIS of HES2 was shown 
in the Figure S22. To gain a deeper understanding of the superior elec
trochemical performance of the HES2 electrode, we have provided EIS 
impedance spectra and SEM images after 150 cycles in Figures S23-25. 
Notably, the multiphase electrode exhibits the highest impedance 
among the four types of electrodes examined. In contrast, HES2 has the 
smallest impedance, signifying efficient electron transport. Further
more, surface cracks on the electrode can negatively affect electron 
transport and result in reduced K+ kinetics [37]. Upon examination of 
the images, it is evident that the surface of the HES2 electrode is virtually 
devoid of cracks, underlining its exceptional mechanical properties. 
Conversely, the multiphase electrode shows numerous surface cracks, 
which contribute to its inferior electrochemical performance. As shown 
in Fig. 3i, for transition metal sulfides of non-high entropy configura
tions, current densities higher than 500 mA g− 1 and capacities higher 
than 200 mA g− 1, such as FeS2@HCS [17], G@Y-S FeS2 [38], CoS2/ 
ZnS@rGO [39], Cu2S [40], FeS2@C [41], and CoS@G-25 [42], using 
structural treatments to an extend life cycle to 1000 cycles. As for 
increasing the active sites, CoS2-CNs [18] and CuS@GO [19] can only 
provide 800 cycles. FeS2@G@NS-3DHCs [17] and NiS2@C@C [43] with 
bifunctional carbons can also increase the lifespan to almost 1000 times. 
The nitrogen-doped Cu2S@NC [44] and CoS2/NC@VS4 [45], which can 
increase the cycling life to 1200 times. In summary, the method of 
prolonging the lifespan until now is 1200 cycles at maximum. The HES2 
in this work can significantly increase to 1800 cycles, providing a new 
way to construct a long-term cycling life for metal sulfides. 

In order to figure out the effect of the high entropy configuration on 
the rate performance and cycling performance, cyclic voltammetry (CV) 
curves of the initial five cycles of four sulfides were measured at a scan 
rate of 0.1 mV s− 1 between 0.01 and 3.0 V (V vs. K+/K), as shown in 
Fig. 4(a). During the first cathodic scan of HES2, the peak at 0.97 V 
corresponded to the formation of the solid electrolyte interface (SEI) and 
a new phase KxHES2 generated by intercalation of K+ into HES2 [38,46]. 
Furthermore, a broad peak at 0.53 V indicated the formation of poly
sulfides (K2S, K2S2, and K2S4). The high entropy alloy (HEA) generated 
during the discharge process wouldn’t react with any carbon matrix and 
alkaline ions. There were two peaks at 1.31 V and 2.11 V in the anodic 
scan corresponding to a gradual depotassiation process [17]. The 
KxHES2 became the final product at the end of the charge. After that, a 
reduction peak appeared at 1.37 V during the subsequent discharge 
process. In the following scan, the curves of the second and the third 
scan were well-overlapped, implying a high reversibility and stable ki
netics of potassium storage. The initial 5 cycles CV (Figure S17(b), (c)) of 
other electrodes (MES2 and CoS2) showed similar multi-step electro
chemical reactions. However, their poor degree of overlapping implies 
their instability in the electrochemical tests. The in-situ XRD pattern of 
HES2 with graphite was conducted to analyze the mechanism; however, 
the low-crystalline phase of KxHES2 cannot be detected through XRD 
analysis followed by the Scherrer’s equation (Figure S26). The 

electrochemical mechanism of K+ storage in the HES2 electrode was 
studied by ex-situ XPS (as shown in Fig. 4b) for the initial discharging/ 
charging process, including some key states of HRTEM images and SAED 
patterns. For the pristine sample, the cation valences were Fe2+/3+, 
Co2+/3+, Ni2+/3+, Cu1+ and Cr3+, respectively. After discharging to 0.01 
V, the spectra of Fe 2p, Co 2p, Ni 2p, Cu 2p, and Cr 2p showed the 
reduction reaction to form M0. Fe2+/3+ to Fe0 (710.3 and 721.2 eV) 
[27,47], Co2+/3+ to Co0 (778.4 and 794 eV) [48,49], Ni2+/3+ to Ni0 

(852.1 and 870 eV) [47,50], Cu1+ to Cu0 (932.4 and 952.1 eV) [27] and 
Cr3+ to Cr0 (574.8 and 583.5 eV) [51]. For the anion S2–, the spectrum 
showed that it changed from S2– to K2S (161.3 eV) [52]. When charged 
to 3 V, the binding energy could not be recovered to the initial state, 
indicating an irreversible structural transformation of HES2. The ex-situ 
HRTEM images and SAED patterns of the HES2 electrode at different 
(discharging) charging states during the first cycle was also evaluated, as 
presented in Fig. 4(b)~(i). For the HES2 electrode discharged to 1.37 V 
(D1.37 V), the lattice fringes of 0.2618, 0.313, and 0.203 nm can be 
observed in the HRTEM images, indexed to (220), (111) and (111) 
crystal planes of K2S, KxHES2 and HEA, respectively (Fig. 4b). At the 
same time, the ring patterns of SAED of K2S, KxHES2, and HEA phases 
were detected (Fig. 4f), confirming a conversion reaction between HES2 
and intercalated K+. With fully discharged to 0.01 V, the lattice fringes 
of 0.26 and 0.205 nm were well associated with (220) of K2S and (111) 
of HEA, respectively (as presented in Fig. 4c). A lot of grain boundaries 
formed interconnected network, enabling fast potassium ion and elec
tron transport to achieve high-rate capability. Besides, the correspond
ing SAED pattern confirmed that the coexistence of K2S and HEA 
(Fig. 4g). When charged to 2.0 V (C2.0 V), some K2S and HEA trans
formed into KxHES2 with corresponding lattice fringes (110), as shown 
(Fig. 4d). Eventually, when charged to 3.0 V (C3.0 V), KxHES2 (200) 
could be clearly observed in Fig. 4e. The ex-situ TEM and ex-situ XPS of 
HES2, MES2 and CoS2 were supplied in the supporting information. 
(Figure S27 ~ S34) Based on these results, the reaction mechanism of 
HES2 during potassiation and depotassiation is shown in Fig. 4j. In the 
initial potassiation process, HES2 reacted with K+ to form HEA + K2S. In 
the depotassiation process, HEA was converted to KxHES2 as the final 
product. 

The reaction formula was as follows: 

HES2 + xK+ + xe− →HEA+K2S ↔ KxHES2 

We executed a chemical adsorption test to observe the adsorption 
effect. Taking HES2, MES2 and CoS2 as the adsorbent to catch the po
tassium polysulfides. The experiments were performed by adding 5 mg 
of K2S to 5 mL DMC solution. After full dissolution, 5 mg of the above 
adsorbents were added and aged for 3 h (Fig. 5a). Obviously, the solu
tion’s color became clearer since most of the polysulfides were adsorbed 
by HES2. For the one with MES2, its color was slightly changed to 
translucent. The color remained unchanged as it contains CoS2. There
fore, the results indicated that HES2 having a stronger interaction with 
potassium polysulfide. In order to visualize the shuttle effect of potas
sium polysulfide more clearly, we conducted a “transparent” cell [53]. 
The transparent cell was assembled with potassium metal as the counter 
electrode, the above three materials as the working electrodes, and 1 M 
KFSI-in-DMC as the electrolyte as shown in Fig. 5b [54]. There is no 
difference in the color of the electrolyte in the CoS2 cell when discharged 
to 0.5 V. Upon further discharge to 0.01 V, the color of it gradually 
turned white, confirming the dissolution of potassium polysulfide and 
the shuttle effect. The white color slightly faded but still existed 
throughout the subsequent charging process. In contrast, the electrolyte 
color in the HES2 cell remained pure after discharging to 0.01 V, 
implying that HEA could effectively adsorb polysulfides. In addition, the 
appearance of the yellow color on the separator surface after 20 cycles of 
CoS2 and MES2, while HES2 was in the opposite condition from its strong 
inhibition of the shuttle effect (Figure S35). To compare the activity 
differences among the individual materials, linear cyclic voltammetry 
(LSV) was used, as shown in Fig. 5c. The HES2 cell exhibited an early and 
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Fig. 4. Reaction mechanism of HES2. (a) Cyclic voltammetry (CV) curves of initial five cycles of HES2 (b) Ex situ XPS analysis of HES2 electrodes before/after cycling. 
Comparison of the Fe 2p, Co 2p, Ni 2p, Cu 2p, and Cr 2p for the material in the pristine, fully discharged (D0.01 V) and fully charged (C3.0 V) states. Ex situ TEM and 
SAED patterns at discharging states of (c, g) 1.37 V and (d, h) 0.01 V and charging states of (e, i) 2.0 V and (f, j) 3.0 V. (k) Schematic illustration of the reaction 
mechanism of HES2. 

Y.-J. Liao et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 469 (2023) 143942

8

broad peak during the cathodic scan, whereas the MES2 and CoS2 cells 
did not show any reduction peak. The HES2 cell showed a much higher 
oxidation peak (2.5 V) and a weaker oxidation peak in the MES2 cell, and 
there was no peak in the CoS2 cell (Fig. 5d) [55]. In order to get into the 

adsorption ability of each material for potassium polysulfide, TOF-SIMS 
analysis was also conducted. TOF-SIMS analysis was a powerful tech
nique for probing molecular information, demonstrating the adsorption 
status of each material for potassium polysulfide. Fig. 5 showed the 

Fig. 5. (a) Polysulfides adsorption experiment of HES2, MES2 and CoS2. (b) Transparent batteries of HES2 and CoS2 visualize the dissolution and shuttle effect 
behaviors of the polysulfides during the discharging/charging process. LSV of HES2, MES2 and CoS2 in discharging state (c) and charging state (d). (e) TOF-SIMS 
depth profile of HES2, MES2 and CoS2 for K2S. UV–visible spectra at discharge voltages of 0.5 V (black), 0.01 V (red), and charge voltages of 2.0 V (blue), 3.0 V 
(pink) (f) for HES2, (g) for MES2 and (h) for CoS2. Raman spectra at different voltages of 0.5 V (black), 0.01 V (red), and charge voltages of 2.0 V (blue), 2.5 V (pink) 
(i) for HES2, (j) for MES2 and (k) for CoS2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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relative mass intensities at the electrode surfaces of HES2, MES2 and 
CoS2 after 20 cycles. At the beginning of beam sputtering, the difference 
between them can be clearly observed. The intensity of K2S at the 
electrode surface of CoS2 is higher than that of MES2, and even much 
higher than that of HES2. Such results were consistent with the experi
ments in Fig. 5, b. To get into the polysulfide concentration changes of 
these three electrode materials during charging/discharging process, ex- 
situ UV–vis spectroscopy was used, as shown in Fig. 5, g, h. At charging 
(2.0 V, blue curve), the absorbance intensities of HES2, MES2 and CoS2 
electrodes were very high (CoS2 > MES2 > HES2). It is worth mentioning 
that the absorbance intensity of the CoS2 electrode was higher when 
discharged (0.01 V, red curve), but others were not. The increase in 
absorbance intensity indicates the increase in the concentration of K2S in 
the electrolyte, confirming that HEA has excellent adsorption ability to 
potassium polysulfides [56,57]. To illustrate the adsorption of HES2 to 
polysulfides during charging and discharging, the in-situ Raman was 
conducted (Figure S36). Throughout the potassiation process, the K2S2 
peak emerges between 0.7 V and 0.01 V, indicating polysulfide forma
tion. In the following depotassiation process, the K2S2 peak diminishes 
gradually and disappears at 2.4 V, indicating polysulfide adsorption. 
Moreover, ex-situ Raman analysis (as shown in Fig. 5i, j, k) also used. 
The band at 452 cm− 1 could be identified as K2S2 [58,59]. The in
tensities of them were not obvious when discharged to 0.5 V and 0.01 V 
(black curve, red curve). When charged to 2.0 V (blue curve), both MES2 
and CoS2 have a strong peak at 452 cm− 1, while HES2 has a weaker peak 
intensity. When charged to 2.5 V (pink curve), the peak at 452 cm− 1 

disappeared, indicating the reaction was reversible. The above result is 
also the same as Fig. 5(a), (b), (e), (f), (g) and (h). In conclusion, HES2 
has a more excellent adsorption ability than MES2 and CoS2. 

We conducted DFT calculations to further investigate the catalytic 
effects of different alloys (metals) produced discharged to 0.01 V. We 
present the density of states (DOS) of three metals: HEA, MEA (FeCo
NiCu) and pure Co metal. Pure Co metal demonstrated the highest d- 
band center (-2.44 eV) due to its free electrons and similar atomic 
properties, which allow for metal bonding. While most of chemical 
bonds of HEA and MEA have mostly metal bonds, some electrons are 
localized between atoms, forming covalent bonds. Thus, HEA and MEA 
possess lower d-band centers (HEA:-2.69 eV, MEA:-2.77 eV). Moreover, 
HEA has stronger interatomic forces compared to MEA, showing that 
high entropy is beneficial to stabilize the crystal structure. Fig. 6b 
summarized the comparison of adsorption energy Ead for K2S. Wider 
surface d-bands can push more states to higher energies, leading to 

higher energy adsorption-antibonding states and stronger adsorption 
bonding. Our calculations show that HEA exhibits the most remarkable 
Ead (-2.97 eV), corresponding to the calculated DOS in Fig. 5a, followed 
by MEA (-2.21 eV), and pure Co metal (-2.14 eV) was the worst. Fig. 6c 
illustrates the electron aggregation and depletion regions in yellow and 
blue, respectively. The two-dimensional electron density difference di
agram enables the visualization of the ability of elements to gain and 
lose electrons. As depicted in Fig. 6d, introducing elements with lower 
electronegativity (such as Fe (1.83) and Cr (1.66)) reduce the valence 
state of S, allowing it to carry more negative charges. Consequently, this 
enhances the electrostatic interaction with K+ and improve the 
adsorption of K2S. HEA contains Fe and Cr proving the best adsorption 
energy, while lacking Cr makes MEA has weaker adsorption energy. 
Pure Co metal has neither element, exhibiting the weakest adsorption 
energy. Notably, the adsorption energy of MEA still surpasses that of 
pure Co, indicating that the introduction of Fe benefits the adsorption of 
polysulfides. Furthermore, other metal elements (Ni, Cu, and Co) are 
beneficial to multi-electron reactions from their ability to charge 
regulation. 

Using the exceptional cycling performance of HES2 in half cells, as 
well as its high entropy configuration which improves the shuttle effect 
commonly found in chalcogenide electrodes, we have combined HES2 
with materials typically used in the positive electrode of potassium ion 
batteries to create potassium ion full cells. However, due to the high 
oxidation potential of polysulfide K2S, certain cathode materials such as 
PTCDA [60] and KVPO4F cannot meet the required high working 
voltage of over 3.5 V, so the Prussian analogues with high working 
voltage were utilized [61–63]. Fig. 7a shows a schematic diagram 
illustrating the reaction of the full cell in charging state, referred to as 
HES2//PB, with HES2 serving as the negative electrode, PB as the pos
itive electrode, and 1 M KFSI DMC as the electrolyte. The PB positive 
electrode was synthesized via a co-precipitation method [64], resulting 
in a stable structure capable of receiving potassium ions transported 
from the negative electrode. The XRD pattern of PB was shown in the 
Figure S37. According to the charging/discharging curve presented in 
Figure S38, the PB half-cell delivered a capacity of 63 mA h g− 1 when the 
working window ranged from 2 to 4 V. We also tested the CV curves of 
PB at different scan rates (Figure S39). Before assembling the full cell, it 
was necessary to balance the charge by adjusting the mass ratio of the 
negative electrode to the positive electrode (N:P = 1:6). HES2//PB was 
cycled at 60 mA g− 1 in the working window ranging from 1 V to 3.8 V, 
ultimately obtaining a discharge voltage of 3.25 V. In Fig. 7(b), the green 

Fig. 6. (a)The DOS of HEA, MEA and Co metal. (b) Comparison of adsorption ability of HEA, MEA and Co metal for K2S. (c) Differential charge density diagrams of 
K2S on the (111) surface of HEA, MEA and Co metal. (d) 2D electron density differences of HEA. 
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curve exhibits two significant plateaus, namely the 3.25 V discharging 
plateau and the 3.72 V charging plateau. Meanwhile, Fig. 7(c) illustrates 
the cyclic voltammogram (CV) curves of HES2//PB at a scan rate of 1.0 
mV s− 1, where the high reversibility and cycling stability of HES2//PB 
are evident from the well-overlapped curves. Furthermore, the rate 
performance of HES2//PB was tested at various current densities of 100, 
250, 500, 750, and 1000 mA g− 1, as shown in Fig. 7(e), with corre
sponding discharge capacities of 326, 292, 253, 225, and 201 mA h g− 1 

based on the anode’s mass. It is worth noting that there was a loss of 
discharge capacity of approximately 10–15 % in each interval. Even 
when the current density returned to 100 mA g− 1, HES2//PB still 
exhibited a discharge capacity of 306 mA g− 1. At high current densities, 
there was a slight overpotential, resulting in a plateau shift, but HES2// 
PB still maintained an excellent energy density. Additionally, the plotted 
GCD curves in Fig. 7(d) correspond to the tested rate performance at 
various current densities. The full cell’s cycling capability was tested at a 
low current density of 50 mA g− 1, as shown in Fig. 7(f), while Fig. 7(g) 
demonstrated the long-term cycling stability of the full cell, which 
maintained an excellent capacity retention of 83.1 % after 1000 cycles at 
a current density of 250 mA g− 1 with an average CE of about 99.4 %. 

Furthermore, we constructed potassium-ion hybrid capacitors 

(PIHCs) using capacitive electrodes as cathodes and battery-type elec
trodes as anodes, taking advantage of the high reaction kinetics and 
potassium storage capacity of HES2 [65,66] Specifically, we used HES2 
with graphite as a high-power anode, and a commercially available 
activated carbon (AC) as a high-energy cathode [67]. Prior to assem
bling the PIHCs, we pre-activated the anode of HES2 with graphite for 20 
cycles to activate the electrode and minimize the irreversible capacity 
loss of the initial cycle. To prevent electrolyte decomposition, the 
working voltage was limited to 0.5–3.8 V. The mass ratio of HES2 and AC 
was the best mass ratio of 1:1 to maximize output power. We further 
investigated the electrochemical performance of HES2//AC, and the 
typical CV curves of the successfully assembled PIHCs are presented in 
Fig. 8(a). The charge–discharge curves of the HES2//potassium half-cell, 
AC//potassium half-cell, and HES2//AC full-cell are shown in Fig. 8(b), 
exhibiting typical capacitor behavior with approximately linear charge/ 
discharge curves. The AC//potassium half-cell was also tested with CV 
at different scan rates (Fig. 8c). The GCD curves of HES2//AC at different 
current densities was measured (Fig. 8d), and a small charge–discharge 
slope was observed due to the mechanism of Faradaic and non-Faradaic 
reactions in the anode and cathode. In addition, we tested the energy 
density of HES2//AC at different current densities based on the total 

Fig. 7. (a) Schematic diagram of a HES2@G//PB full cell. (b) Discharge/charge curves of PB and HES2@G half cells and a HES2@G//PB full cell. (c) The CV profiles 
of a HES2@G//PB full cell at a scan rate of 1.0 mV s− 1. (d, e) Rate capability when the current densities are ranging from 0.1 to 1.0 mA g− 1. (f) Cycling performance 
of a HES2@G//PB full cell at 50 mA g− 1. (g) Long-term cycling performance of a HES2@G//PB full cell at 250 mA g− 1. 

Y.-J. Liao et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 469 (2023) 143942

11

weight of HES2 with graphite and activated carbon (Fig. 8e). Even at 
high current densities of 0.05, 0.1, 0.25, 0.5, and 1.0 A g− 1, HES2//AC 
still produced energy densities of 75, 71, 66, 60, and 52 Wh kg− 1. The 
energy power density of HES2//AC PIHCs is presented in the Ragone 
diagram of Fig. 8f, demonstrating a high energy density of 77.5 Wh kg− 1 

and a power density of 1890.5 W kg− 1. Notably, HES2//AC exhibited 
ultra-long cycling performance, maintaining 71.5 % of its initial ca
pacity after 6000 cycles at a high current density of 1000 mA g− 1 

(Fig. 8g). 

3. Conclusion 

We propose a high entropy template composed of five cations (Fe, 
Co, Ni, Cu, Cr) uniformly distributed, which is then solvothermally 
sulfurized into sphere composed of aggregated HES2 clusters to serve as 
anodes materials for potassium ion storage devices. The HES2 nanoscale 
materials are beneficial in shortening the diffusion path of potassium 
ions. During the charging/discharging process, the materials disperse 
into uniformly distributed heterogeneous grains, increasing the reactive 

area and improving chemical kinetics to achieve high performance. Our 
experiments, coupled with DFT simulations, the adsorption ability in
creases with the configurational entropy from gradually metal- 
introducing process. Due to the effective inhibition of the shuttle ef
fect, the HES2 anodes in both full cells and PIHCs demonstrate high 
feasibility and cyclability, thus providing a reliable idea for designing 
chalcogenide electrode systems. We believe this work can promote the 
development of chalcogenides in the field of materials science and 
electrochemical reactions for next-generation storage systems and have 
a pioneering impact. 

4. Experimental section 

4.1. Materials 

Co(NO3)2⋅6H2O (Alfa Aesar, 99 %), Cr(NO3)2⋅9H2O (Alfa Aesar, 
98.5 %), Fe(NO3)3⋅9H2O (J.T. Baker, 99 %), Ni(NO3)3⋅6H2O (Alfa Aesar, 
98.5 %), Cu(NO3)2⋅2.5H2O (Sigma-Aldrich, 98.5 %), glycerol (Honey
well, 99 %), and thiourea (Sigma-Aldrich, 99 %) were used as the 

Fig. 8. (a) CV curves of the AC half cell, HES2@G half cell and the HES2@G//AC PIHCs. (b) Normalized GCD curves of the AC half cell, HES2@G half cell and the 
HES2@G//AC PIHCs. (c) AC half cell CV profiles at different scan rate ranging from 1.0 mV s− 1 to 50 mV s− 1. (d) Normalized GCD curves plotted corresponded to rate 
capability and (e) Rate capability performance. (f) Ragone plot of the HES2@G//AC PIHCs. (g) Long-term cycling performance of the HES2@G//AC PIHCs at 1.0 
A g− 1. 
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precursors. Isopropanol (J.T. Baker, 99.5 %) and ethanol (99.9 %) were 
used as the solvents. Sodium carboxymethyl cellulose (NaCMC, average 
Mw ~ 700,000), dimethyl carbonate (DMC, anhydrous 99 %), 1-Methyl- 
2-pyrrolidinone(NMP, anhydrous, 99.5 %) and potassium metal (chunks 
in mineral oil, 98 %) were purchased from Sigma-Aldrich. Potassium bis 
(fluorosulfonyl)imide (KFSI, 97 %) was purchased from Combi-Blocks. 
Super-P, and coin-type cell CR2032 were purchased from shining en
ergy. Glass fiber was purchased from Advantec. Copper foil were pur
chased from Chang-Chun group. All the chemicals were used without 
purification. 

4.2. Material characterization 

All materials were characterized by using scanning electron micro
scopy (SEM, HITACHI-SU8010), X-ray photoelectron spectroscopy (XPS, 
ULVAC-PHI, PHI Quantera II) transmission electron microscopy (TEM, 
JEOL, JEM-ARM200FTH) and X-ray diffraction (XRD, Bruker D8 
ADVANCE). To obtain HRSEM images of materials, a HITACHI-SU8010 
field-emission SEM with 10 kV accelerating voltage and 8 mm working 
distance were utilized. The TEM samples were prepared by drop-casting 
the composite from ethanol dispersions onto 200-mesh lacey carbon- 
coated copper grids and gold grids (Electron Microscope Sciences) 
following dried at 45℃ with argon atmosphere for 14hrs. Meanwhile, 
XRD patterns were obtained by a Bruker D8 ADVANCE diffractometer 
equipped with Cu Kα radiation. 

4.3. Synthesis of HES2 

High entropy glycerate templates were first synthesized using a facile 
solvothermal process as reported previously. In brief, Fe(NO3)3⋅9H2O 
(0.2 g), Ni(NO3)3⋅6H2O(0.1454 g), Co(NO3)2⋅6H2O (0.1455 g), Cr 
(NO3)2⋅9H2O (0.2 g), and Cu(NO3)2⋅2.5H2O (0.11628 g) were dissolved 
in 34 mL isopropanol, followed by the addition 6 mL of glycerol. Ho
mogeneously mixed solution was transferred to a 100 mL Teflon-lined 
stainless-steel autoclave for solvothermal reaction at 150 ◦C for 10 
hrs. The resulting powders were collected and used as the templates for 
the metal sulfides synthesis. To prepare the HES2 nanoclusters, 100 mg 
of the as-synthesized metal glycerate was dispersed in 50 mL of absolute 
ethanol, followed by the addition of 380 mg of thiourea. The mixture 
was then cooling stirred for 30 min before transferring to a 100 mL 
Teflon-lined stainless-steel autoclave. The temperature and time for the 
solvothermal synthesis were 160 ◦C and 8 h, respectively. The product 
was centrifuged and washed three times with absolute ethanol and then 
dried at 60 ◦C for 24 h in a vacuum oven. Controlling samples of single 
metal sulfides (CoSx), quinary metal sulfides (FeNiCoCuS2) were pre
pared using the same method using the corresponding as-synthesized 
metal glycerate templates. 

4.4. Synthesis of HES2 with graphite composite 

60 mg of as-prepared HES2 and 30 mg of graphite were put into a 
stainless-steel milling jar (12 mL) with stainless steel balls (10 mm in 
diameter), the weight ratio of ball to powder was about 178:1. and 
sealed the jar in an Ar-filled glove box. By high-energy mechanical ball- 
milling method at 200 rpm for 24 h, HES2 with graphite composite was 
obtained. 

4.5. Synthesis of Prussian blue (PB) 

0.005 mol of FeCl2⋅4H2O (Sigma Aldrich, 98 %) dissolved in 0.05 L of 
DI water as solution A. 0.005 mol of K4Fe(CN)6⋅3H2O (Sigma Aldrich, 
99.5 %), 0.01 mol of potassium citrate, 0.2 mol of KCl (PubChem, 99 %) 
and 0.003 mol of ascorbic acid (Sigma Aldrich, > 99 %) were dissolved 
in 0.1 L of DI water as solution B. Solution A was slowly added into 
solution B. The dark blue solid product was centrifuged and washed 
three times with DI water, and finally dried at 100 ◦C in a vacuum 

furnace for 16 hrs. 

4.6. Electrochemical measurement 

The anode electrode was prepared by mixing active material (HES2/ 
graphite with the ratio of 2:1), super P, NaCMC, PAA in the ratio of 
7:2:0.5:0.5 in distilled water and absolute ethanol to form a homoge
neous slurry. The slurry was coated on the copper foil by doctor blade 
and dried at 80℃ under argon atmosphere. The mass loading of anode 
was roughly 0.6 ~ 1.0 mg cm− 2. The mass loading of electrode was 
measured by microbalance with 0.1 μg resolution (Sartorius SE2). The 
cyclic voltammetry (CV) was collected by multi-channel electrochemical 
analyzer (Bio-Logic-science Instruments, VMP3). Generally, graphite is 
considered to has some specific capacity contribution, so the specific 
capacity calculation of HES2 electrode is based on total mass of graphite 
and HES2. The coin-type half-cell (CR2032) was assembled in an argon 
filled glovebox (H2O and O2 ≦0.1 ppm) using homemade K metal foil as 
a counter electrode. The electrolyte composed of 1 M KFSI in DMC was 
added to infiltrate the anode electrode and glass fiber separator was 
added, followed by the K foil. After crimping, the battery was taken out 
from glovebox and tested the electrochemical performance by the 
Maccor Series 4000 battery test system with the voltage ranging from 
0.01 V to 3.0 V. 

4.7. Computational section 

All the first-principle density functional theory (DFT) calculations 
were performed by Vienna Ab-initio Simulation Package (VASP). The 
Perdew-Burke-Ernzerh (PBE) in the generalized gradient approximation 
(GGA) was applied to describe the exchange–correlation function. Based 
on the plane wave method, the projector augmented-wave (PAW) 
method with an energy cutoff of 400 eV was implemented for the 
electron–ion interactions. All structures were fully relaxed until the 
electronic energy and force acting on atom were smaller than 10-4 eV 
and 0.02 eV⋅Å− 1, respectively. The Brillouin-zone sampling were con
ducted using Monkhorst-Pack (MP) grids of special points with the 
separation of 0.04 Å− 1. A Gaussian smearing of 0.05 eV was applied to 
speed up self-consistent field iteration. Based on the bulk Co cell, the 
corresponding partial Co atoms were randomly replaced by Fe, Co, Ni, 
Cu, and Cr to build the HEA models. The 4-layer 4 × 4 supercell of Co 
(111), CoFeNiCu(111), and CoFeNiCoCr(111) slab were used to build 
the K2S adsorption calculation models. The optimized structures and 
charge density difference distribution were illustrated with VESTA 
software. 
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