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Abstract

High-entropy ceramics (HECs) exhibit important potential as functional materials due to their tunable
compositional variations and unique lattice distortions. However, conventional HECs synthesis requires
extreme temperatures, often leading to volatilization of low-melting-point elements and imprecise
composition control. Herein, we propose a Galinstan atomic solvent strategy for the synthesis of HECs by
rapidly altering the ceramics composition through the liquid metals (LMs) interface and the metal salt
solution interface reactions at low temperatures (60°C). LMs is used as a dynamic solvent to increase
configurational entropy and produce strong negative configurational entropy, providing a strong
thermodynamic driving force for uniformity and phase stability. In-situ liquid-cell transmission electron
microscopy observation directly captures the dynamic formation process, showing the elements'
absorption and mixed crystal coprecipitation. Thermodynamic theory and density functional theory
computations confirm that systems incorporating Galinstan exhibit a 1.61-fold enhancement in the
reduction of the Gibbs free energy of mixing. Notably, perovskite, rock-salt, and pyrite crystal structures
can be tuned through ion substitution, enabling tailored applications in electrocatalysis, ultra-high
temperature insulation, and thermoelectric sensors. Hence, the atomic solvent strategy provides a
generalizable platform for designing HECs, enabling the realization of tailored phases optimized for

specific applications.

1. Introduction

High-entropy ceramics (HECs) are single-phase materials formed by incorporating five or more elements

3

within a single crystalline lattice!™. The high configurational entropy arising from atomic-scale
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compositional disorder thermodynamically stabilizes phases otherwise inaccessible under equilibrium
conditions*>. These materials exhibit elemental synergy, tunable composition, and distinctive lattice

3,6

distortion, offering broad potential for applications in capacitors®®, aviation components’®, and energy

conversion’. Although recent researches suggest that entropy-driven synthesis!%!!

can produce HECs with
huge differences in atomic size, it requires extremely high temperatures to retain the high-entropy state
during quenching. This often leads to volatilization of low-melting-point elements, making it difficult to
synthesize HECs with controlled crystal structures and precise elemental compositions. Although wet

chemical methods'>"?

can synthesize HECs under mild temperatures, they are primarily suitable for
combinations of elements that are miscible, sharing similar atomic radii, oxidation states, and
electronegativities. Therefore, developing a mild synthesis strategy with broad elemental compatibility is
essential to produce tailored HECs.

The formation of phases in HECs is controlled by the mixing Gibbs free energy: AG iy = AHpix —
TAS,,ix, where AH,,;, is the configurational enthalpy, AS,,;, is the configurational entropy, and T is the

temperature. Recent synthesis strategies!' %!+

use equimolar compositions to emphasize the maximization
of entropy but ignore enthalpy contribution. Configurational enthalpy reflects the affinity between
elements, and lowering this enthalpy provides another important route to reduce Gibbs free energy.
Moreover, during the synthesis process, a liquid phase environment is generally regarded as ideal for the
synthesis of HECs. Nanodroplets of liquid metals (LMs) Galinstan (eutectic gallium-indium-tin alloy),
and ionic precursor solutions offer an ideal medium for HECs synthesis. Notably, the negative
configurational enthalpy between the LMs Galinstan and other metal elements enhances their mutual
affinity. This promotes the dynamic incorporation of diverse elements within the liquid phase medium,
facilitating the formation of HECs. Hence, LMs Galinstan can serve as an effective atomic solvent for
preparing HECs under mild conditions. Its ability to homogenize elements of differing atomic sizes in the
liquid phase makes it a promising medium for facilitating HECs synthesis.

In this work, we propose an atomic solvent strategy for synthesizing single-phase HECs under mild
conditions to prepare custom-structured HECs with special functionalities. Using LMs Galinstan as a
dynamic solvent, this proposed method increases the configurational entropy and endows the structure
with negative configurational enthalpy, providing the thermodynamic driving force for the formation of
homogeneous phases. In-situ liquid-cell transmission electron microscopy (TEM) observation directly
captures the dynamic formation process, showing the elements' absorption and mixed crystal

coprecipitation. Thermodynamic theory and density functional theory (DFT) calculations confirm the




mechanism, wherein Galinstan-containing HECs exhibit a 1.61-fold reduction in AG,,;, compared to
gallium (Ga)-containing HECs. This proposed method enables the synthesis of diverse HECs with
perovskite, rock-salt, and pyrite crystal structures. Perovskite HECs exhibit bifunctional electrocatalytic
activity in 1 M KOH, requiring overpotentials of 186 mV for oxygen evolution reaction (OER) and 31
mV for hydrogen evolution reaction (HER) at 10 mA-cm 2, with Tafel slopes of 39.7 mV-dec ! and 89.2
mV-dec!. Rock-salt and pyrite HECs demonstrate exceptional potential for high-strength thermal barrier
materials and thermoelectric sensing. Hence, this atomic solvent strategy establishes a generalizable

platform for designing application-specific HECs with tailored crystal structures.
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Fig. 1 | Schematic illustration of atomic solvent synthesis strategy for tailorable HECs. The electrocatalysis, high-

strength thermal barrier materials, and thermoelectric sensing applications are also exhibited.

2. Results

2.1. Principles of atomic solvent

In this work, the synthesis of functionalized HECs with diverse metallic compositions is achieved using
LMs as a reaction medium at 300°C. Fig. 1 shows the atomic solvent strategy for synthesizing HECs by
rapid compositional changes at mild temperatures. HECs form by a modified solvothermal self-assembly
method at 60°C, followed by calcination at 300°C to yield HECs with high crystallinity. In Step I, the

native Ga>Os3 layer on the LMs surface undergoes hydroxylation in a polar solvent mixture (ethylene




glycol/isopropanol), forming amphoteric Ga—OH groups'>!'®. Under mildly acidic conditions from NH4F
hydrolysis, these groups deprotonate (Ga — OH — Ga — 0~ + H*(aq)), imparting a net negative surface
charge'>. According to electric double-layer theory!”!®, the charged interface electrostatically attracts
metal cations (e.g., Fe?", Co?*, and Ni?"), enriching them at the interface between LMs and polar solvent.
This creates localized reaction zones where ion concentrations exceed bulk levels by orders of magnitude,
accelerating the subsequent reduction and coprecipitation kinetics.

In Step II, adsorbed metal cations (e.g., Fe*", Co?", Ni**) are reduced to zero valence by borohydride
(NaBH4). Within milliseconds, reduced metal atoms dissolve into LMs nanodroplets, achieving atomic-
scale homogeneity among Ga, In, Sn, and incorporated metals (e.g., Fe?*, Co?*, Ni*") by ultrafast diffusion.
This behavior of LMs dissolving metallic elements has been demonstrated in hydrogen-reduction powder
metallurgy'®. This forms a thermodynamically stabilized short-range ordered phase. Dissolution is
exothermic due to negative configurational enthalpies between reduced metals and LMs, increasing
system entropy. The coupled reduction-dissolution process proceeds spontaneously. Liquid phase atomic
diffusivity exceeds solid-phase values by >10'°-fold, enabling homogenization within seconds. With five
or more principal elements at near-equimolar ratios, configurational entropy (AS,,i,) 1S maximized.
According to the Gibbs free energy equation, AG,;y = AH i — TASix, @ sufficiently high AS,,;, can
dominate over a slightly positive AH,,;,, resulting in a negative AG,,;, and thus a thermodynamically
stable multi-element phase.

In Step 1, fluoride ions (F~) from NH4F and KF diffuse to the metal-enriched precursor interface.
F's high affinity for metals initiates an amorphous fluoride intermediate. A chemical potential gradient at
this interface drives crystallization. High configurational entropy suppresses nucleation of simple
binary/ternary phases (e.g., KFeF3, K(FeCo)F3), favoring entropy-stabilized nuclei that incorporate all
elements into a single crystal structure (e.g., perovskite KMF3;, M = Fe, Co, Ni, Mn, Ga, In, Sn). These
entropy-stabilized nuclei become the dominant phase. During crystallization, K" ions occupy the top
corner site of the perovskite cube, while the transition metals and LMs are randomly distributed at the
center sites of the cube. Lattice distortions are compensated by high configurational entropy, preventing

phase segregation. Calcination at 300°C yields highly crystalline HECs.

2.2. Phase selection via valence and coordination control
Perovskite, rock-salt, and pyrite HECs are synthesized by an atomic solvent strategy, with each phase

defined by the oxidation states of the cations and the coordination of the anions. In the




K(Feo.2Co0.2Nio2Mno2Gao.14In0.04Sno.02)F3 perovskite fluoride, transition metals and LMs maintain stable
oxidation states at the center sites (Fig. 2B), which yields a phase-pure perovskite structure. Its X-ray
diffraction (XRD) pattern exhibits a cubic perovskite structure (space group Pm3m, Powder Diffraction
File (PDF) #72-0110, Fig. 2A). The agreement between the experimental XRD pattern and the PDF data
confirms complete crystallization upon calcination. A uniform elemental distribution of K, Fe, Co, Ni,
Mn, Ga, In, Sn, and F elements in perovskite HECs is confirmed by high-resolution TEM (HRTEM) and
energy-dispersive X-ray spectroscopy (EDS) mapping, with an atomic ratio of 24.61 : 6.90 : 7.55: 7.29 :
6.92:6.35:2.82:1.64:35.92 (Fig. 2C, 2D, and Supplementary Fig. 1). Inductively coupled plasma-mass
spectrometry (ICP-MS) analysis further confirms that the composition deviates from the target value by
less than 0.8% (Supplementary Table 5). Quantitative analysis of the inverse fast Fourier transform (IFFT)
and selected-area electron diffraction (SAED) patterns confirms the single-crystalline nature. The
measured d-spacing of the (012) plane is 0.15 nm, which is consistent with the XRD-derived value (Fig.
2E-2G). Furthermore, this proposed method also works for HECs containing elements of very different
sizes. Although Hume—Rothery rules?® suggest that atoms with radius differences over 15% do not easily
form solid solutions, we synthesize perovskite HECs using elements like K (203 pm) and F (64 pm),
whose radius differences exceeding 217%. This outcome highlights LMs’ unusual ability to dissolve and
blend atoms that would not normally mix in solid/liquid-state processes.

In the rock-salt carbide HECs, the combination of early transition metals (Hf, Ta, Nb, Mo) in mixed
oxidation states (+2 to +4) with LMs stabilizes a single-phase cubic structure,
(Hfo.2Tao2Nbo.2Moo.2Gao.14In0.04Sne.02)C, where all cations occupy octahedral sites coordinated by carbon
anions (Extended Data Fig. 1B). Its XRD pattern matches the Fm3m rock-salt structure (PDF# 38-1364,
Extended Data Fig. 1A). Homogeneous elemental distribution is demonstrated by HRTEM and EDS
analysis (Extended Data Fig. 1C, 1D, and Supplementary Fig. 2). ICP-MS confirms that the actual
composition is within 0.6% of the theoretical value (Supplementary Table 6). Furthermore, electron
microscopy images reveal the high crystallinity of the material, and the corresponding SAED pattern
verifies its rock-salt crystal structure (Extended Data Fig. 1E-1QG).

For pyrite sulfide HECs, the strategy leverages the preference of mixed-valence transition metal 1ons
for octahedral coordination with disulfide (S»?") pairs. Many octahedra share edges to form a typical cubic
framework (Extended Data Fig. 2B). Synthesize high-entropy sulfides
(Feo.2C00.2Nio 2Cro2Gao.14In0.04Sno.02)S2 is formed in the pyrite structure (space group Pa3) and matches

the reference pattern PDF#83-1455 (Extended Data Fig 2A). ICP-MS chemical analysis shows that the




degree of deviation of the composition from the theoretical target is less than 0.55% (Supplementary Table
7). HRTEM imaging and EDS Mapping confirm the uniform element distribution of the particles at the
microstructural level (Extended Data Fig. 2C, 2D, and Supplementary Fig. 3). The HRTEM image shows
continuous lattice fringes. The SAED pattern again confirms the structure of single-phase pyrite, and the
deviation between the measured interplanar spacing and the X-ray diffraction result is within 0.7%
(Extended Data Fig. 2E-2G).

There is a common electronic stabilization mechanism?! in X-ray photoelectron spectroscopy (XPS)
in HECs. Metals (Fe, Co, Mn, Cr, Ta, Nb) have multiple oxidation states?? to dynamically compensate for
charges (Fig. 2H-20, Extended Data Fig. 1H-1M, Extended Data Fig. 2H-20, and Supplementary Figs.
4-6). For instance, Fe is present as both Fe?* and Fe**, and Co as both Co?" and Co®". This electronic
flexibility accommodates extreme compositional complexity without compromising single-phase

integrity.
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Fig. 2 | Structural and chemical characterization of perovskite HECs. A, XRD pattern confirming phase purity (cubic,
Pm3m). B, Schematic of the perovskite lattice. C, EDS elemental maps showing homogeneous distribution of all
constituent elements (K, Fe, Co, Ni, Mn, Ga, In, Sn, and F). D, TEM image. E, HRTEM image. F, IFFT lattice images
for perovskite HECs. G, SAED pattern along the (331) zone axis. H, XPS analysis of perovskite HECs. High-resolution
XPS spectra of (I) K 2p, (J) Fe 2p, (K) Co 2p, (L) Ni 2p, (M) Mn 3p, (N) Ga 3d, and (O) F 1s.

2.3. In situ TEM dynamics

To elucidate the real-time formation mechanism of HECs via the atomic solvent strategy, we perform in-
situ observations using an environmental aberration-corrected transmission electron microscope equipped
with a liquid-cell at 60°C. Our designed microfluidic liquid-cell contains the complete reaction mixture

(Galinstan nanodroplets, transition metal precursors, and fluoride sources in ethylene glycol/isopropanol




solvent). This setup enables real-time visualization of the transformation from liquid precursors to the
K(Feo.2Co0.2Nio2Mno2Gao.14In0.04Sn0.02)F3.

Time-resolved imaging sequences capture dynamic evolution in elemental absorption and mixed
crystal coprecipitation (Fig. 3A—3H). Att=0 s, isolated spherical Galinstan nanodroplets (with a diameter
of approximately 180 nanometers) are dispersed in a polar solvent mixture, presenting a high-contrast
black region relative to the light gray solution background (Fig. 2A). The initial state is consistent with
Step 1. The high hydroxylation of the natural Ga,Os layer generates amphoteric Ga—OH groups. This
produces a negatively charged interface, attracting metal cations (Fe**, Co?", Ni?*, Mn?"). Att=100s, the
liquid droplet density contrast increases, and aggregation and merging driven by surface tension begin,
forming larger aggregates of irregular shape (Fig. 2B). This fusion matches the rapid reduction and
dissolution kinetics of Step II. The adsorbed metal cations are reduced by NaBH4, and the zero-valent
metals enter the Galinstan matrix within milliseconds. The homogenization process in the liquid phase
occurs more than 100 times faster than in the solid phase through ultrafast diffusion. Electron energy loss
spectroscopy (EELS) analysis at 100 second show that K, Fe, Co, Ni, Mn, Ga, In, and Sn elements' signals
are concentrated in the black area (Supplementary Fig. 7). Metal elements are mixed at the atomic level
to form precursors of thermally stable short-range ordered solid solutions. At t =200 s, all coalesced liquid
droplets start nucleation, and uniform nanoscale precipitates within the droplets are confirmed (Fig. 3C).
In Step III, F~ from NH4F, and KF diffuses to the interface, and amorphous fluoride intermediates begin
to form. Chemical potential gradients promote crystallization, high configurational entropy suppresses the
nucleation of simple binary/ternary phases (such as KFeF3), and helps guide the direct generation of high-
entropy nuclei. EELS analysis at 200 second show the presence of F in the crystal, an element not detected
at 100 s, concurrently with signals from other metal elements (Supplementary Fig. 8). Starting from 300
s, the precipitation grows rapidly, forming a continuous crystal network in the solvent (Fig. 3D-3H). The
change in this microstructure indicates a transition from isolated particle growth to a diffusive collective
crystallization front.

Atomic-resolution HRTEM is used to verify the crystal structure of HECs. Imaging along the [421]
zone axis of the perovskite phase has obvious cubic symmetry (Fig. 31). The d-spacing is measured by
lattice fringes and agrees with the expected value of the Pm3m space group. The corresponding fast
Fourier transform (FFT) pattern shows sharp diffraction spots in a square grid, confirming the long-range
crystal order. Imaging along the [111] zone axis, the rock-salt structure has a hexagonal atomic row

arrangement of the face-centered cubic lattice (Figure 3J). Its FFT pattern has higher-order reflections




characteristic of the face-centered cubic lattice along the [111] zone axis, such as (022), (220), and (202).
The pyrite phase has a simple cubic symmetry with the Pa3 space group (Fig. 3K). The FFT pattern has
reflections such as (021), (020), and (001), which match the pyrite structure.

Dynamic cation exchange during LMs medium helps crystallization?* makes metal atoms uniformly
at the atomic level. In Fig. 3L, transition, alkaline earth, and post-transition elements are incorporated into
the fluoride lattice to construct a dynamic cation exchange environment. Taking metal cation vacancies
as exchange points promotes rapid lattice substitution and continuous atomic rearrangement. This
vacancy-mediated mechanism?* can achieve uniform element distribution at the atomic scale near room
temperature. The resulting high configurational entropy thermodynamically stabilizes these metastable
high-entropy phases, thereby circumventing the kinetic barriers inherent to conventional solid-state

synthesis.
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illustration depicting LMs facilitating the adaptive occupation of metal ions at cation sites.

10



2.4. Mechanism of liquid metals as atomic solvents

The thermodynamic theory for enhanced atomic-level mixing and suppressed phase separation in HECs
is governed by fundamental formation parameters. According to the Gibbs free energy equation, AG,,;,, =
AH,,;, — TAS,,;i,, thermodynamically stable multi-element phases form when a high AS,,,;, combines
with a negative AH,,;, to yield a negative AG,,;,. This work demonstrates that LMs, particularly eutectic
Galinstan, function as atomic solvents that favorably modulate both parameters, enabling single-phase
HECs formation at exceptionally low temperatures.

XRD analysis provides direct experimental evidence for this effect (Extended Data Fig. 3A-3C).
Crystalline perovskite fluorides, rock-salt carbides, and pyrite sulfides are obtained by Galinstan-assisted
synthesis at temperatures as low as 300°C. Similarly, synthesis using only Ga requires temperatures
around 450°C to achieve comparable crystallinity. This difference arises because Galinstan (melting point
—19°C) remains liquid at room temperature, whereas pure Ga (melting point 29.8°C?%) is solid under room
temperature. A single-phase (Hfo2Zro2Tag2Nbo2Tio2)C?® high-entropy carbide can only be obtained via
hot pressing at 1800°C when the LMs-free synthesis is employed. HECs containing Galinstan have clear
diffraction peaks and match the reference pattern completely. EDS, HRTEM, and SAED also confirm
long-range order and atomic-level uniformity (Fig. 2, Extended Data Fig. 1, and Extended Data Fig. 2).

These single-phase structural features are related to the reduction of the thermal barrier. The AH,,;,
of three systems is calculated using DFT, and the LMs make the AH,,; value more negative
(Supplementary Table 1). The AH,,;, of K(Feo2Co0.2Nip2Mng2Gao.14ln0.04Sno.02)F3 containing Galinstan
is —4.7 kJ-mol!. Similarly, the AH,,,;, of K(Feo2Coo2Nip2Mno2Gao2)Fs containing Ga is —4.8 kJ-mol .
Conversly, the AH,,;, of K(Fe1/4Co1/4Ni14Mn1/4)F3 without LMs is relatively larger, which is —0.8 kJ-mol~
!. This trend is present across all three structural categories, and the AH,,;,, of HECs containing Galinstan
is up to 500% higher than those without LMs. Besides, the binary interaction energy is used to clarify
atomic solvation. The pairwise energy between LMs Ga and other metals®’ is more negative than when
the other metals exist alone (Table 1). The strong interaction reduces the energy barrier of element
integration and promotes atomic-level mixing. The negative AH,,;, values for interactions between Ga,
In, Sn, and various metallic elements confirm thermodynamically favorable pairing (Supplementary

Tables 2—4), suggesting this synthesis strategy can be extended to other LMs with similar properties.
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Table 1 | Binary configurational enthalpies. Experimentally derived or DFT-calculated configurational enthalpies
(kJ-mol™") for element pairs relevant to HECs design. The strongly negative enthalpies between Ga and most metals

indicate a high chemical compatibility that drives spontaneous mixing.

Ga Fe Co Ni Mn K Hf Ta Nb Mo

Fe -2

Co -11 -1

Ni -15 -2 0
Mn -13 0 =5 -8

K 12 81 55 45 66

Hf -34 =21 =35 —42 -12 92

Ta -10 -15 —24 -29 -4 119 3
Nb -8 -16 =25 =30 -4 123 4 0
Mo -7 -2 =5 =7 5 120 —4 -5 -6

Cr -1 -1 -4 -7 2 91 -9 -7 -7 0

Concurrently, LMs' incorporation substantially increases the AS,,;, of the multicomponent systems.

The AS,,,;, is calculated for equimolar mixtures using the ideal solution model?®:
ASml-x = —R z xilnxi (1)
i=1

where AS,,; 1s the configurational entropy of HECs; R denotes the gas constant, usually taken as 8.314;
n denotes the number of elements; x; is the atomic percentage of the i-th component.

The calculated AS,,;, values are 14.71 J/mol-K for HECs containing Galinstan, 13.38 J/mol-K for
HECs containing Ga, and 11.53 J/mol-K for HECs without LMs. This AS,,;, enhancement, combined
with the favorable enthalpy, yields a significant reduction in the AG,,;,. To further investigate the effect
of LMs on AG,,;,, we calculated this energy for three different systems. Extended Data Fig. 3D shows the
difference in AG,,,;, between perovskite HECs synthesized with and without LMs. A more negative AG
difference indicates that the HECs are easier to form. The results for perovskite, rock salt, and pyrite HECs
all demonstrate that samples containing LMs are more readily synthesized than those without LMs
(Extended Data Fig. 3D—3F). Furthermore, compared to using Ga, the addition of Galinstan reduces the
AGy,;, more significantly, by almost 1.61 times.

Electronic structure analyses further elucidate the role of LMs as atomic solvents. Band structure
calculations show that the introduction of Ga/Galinstan makes the band convergence denser and the
overlap increases, which indicates stronger orbital hybridization and enhanced electron delocalization

(Fig. 4B, 4F, and 4J). Moreover, the HECs containing Galinstan have higher and denser band convergence

12



than those containing Ga, which is consistent with the thermal calculation results. Moreover, the total
density of states shows that the overall electronic topology has no considerable change, confirming that
LMs do not induce phase transitions (Fig. 4C, 4G, and 4K). After adding LMs, the peaks in the high-
energy region become sharper, and the conduction band becomes flat, which indicates that the bonding
between atoms is stronger. Furthermore, in the charge density map, the overlap of electron clouds
increases from value d (without LMs) to 1.6d (with Ga) and then to 4.1d (with Galinstan) (Fig. 4D, 4H,
and 4L). The LMs solvent makes the covalent properties stronger, and the interaction between atoms also

improved?’.
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Fig. 4 | Electronic structure evolution mediated by liquid-metal incorporation. (A) The crystal structure, (B) the
calculated band structure, (C) the total and partial density of states, and (D) the charge density distribution of the
(Fe14Co1/4Ni1/4Cr14)F3 fluoride without LMs. (E) The crystal structure, (F) the calculated band structure, (G) the total
and partial density of states, and (H) the charge density distribution of the (Hfy2Tag2Nbo:Moo2Gao2)F3 HECs
incorporating Ga. (I) The crystal structure, (J) the calculated band structure, (K) the total and partial density of states,
and (L) the charge density distribution of the K(Feo2Coo.2Nig2Mno2Gao.14lng.04Sn0.02)F3 HECs incorporating Galinstan.
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2.5. Application of HECs

2.5.1. Oxygen and Hydrogen Evolution Reaction

Electrocatalytic water splitting to produce renewable hydrogen is the best alternative to non-renewable
fuels*®. However, the sluggish kinetics of the OER and HER remain a bottleneck in sustainable hydrogen
production’!. High-entropy materials, with their inherent atomic-scale homogeneity, high configurational
entropy, and tunable electronic structures, offer a powerful strategy to tailor active sites and enhance
catalytic performance®?. Based on the well-established activity of Fe, Co, Ni, and Mn in both OER3>33
and HER?*, these elements are incorporated into the composition of the HECs. Herein, the electrochemical
evaluation of K(Fe0.2C002Nio2Mno2Gao.14lno.04Sno.02)Fs  (denoted as K(FecoNiMnGalnSn)Fs),
K(Feo2Co02Nip2Mno2Gao2)F3 (denoted as K(FecoNiMnGa)F3), binary fluorides, and benchmark
catalysts in 1 M KOH.

For the OER, linear sweep voltammetry (LSV) shows that perovskite HECs demonstrates superior
OER activity compare to the counterparts (KCoF3, KNiF3, and KFeF3) and the commercial catalyst IrO;
(Fig. 5A). At 10 mA-cm 2, K(FecoNiMnGalnSn)F3 only requires an overpotential (77) of 186 mV,
substantially lower than K(FecoNiMnGa)F3 (252 mV), IrO2 (281 mV), KCoF3 (313 mV), KNiF3 (377
mV), and KFeF; (452 mV) (Fig. 5B). Tafel analysis confirms the enhanced catalytic activity of
K(FecoNiMnGalnSn)F3, evidenced by a low Tafel slope of 39.7 mV-dec! (Fig. 5C), which is markedly
lower than values observed for other samples, indicating accelerated reaction kinetics*>®. Moreover, the
charge transfer resistance (R ) of K(FecoNiMnGalnSn)F; measured by electrochemical impedance
spectroscopy (EIS) is the lowest, so its interface electron transport efficiency is higher (Fig. 5D). Calculate
the electrochemically active surface area (ECSA) of samples using double-layer capacitance (Cq1) obtained
from cyclic voltammetry (CV) curves (Supplementary Fig. 9) to identify differences in activity. The Ca
of K(FecoNiMnGalnSn)F3 is 1.78 times that of commercial catalyst IrO». The enhanced Cg4 performance,
which represents a larger ECSA, is helpful for mass transport and interface reaction kinetics in
electrocatalysis®’. Furthermore, long-term stability is the key to the application of electrocatalysts.
K(FecoNiMnGalnSn)F3 maintains stable performance over 200 hours at 10 mA-cm 2 with a minimal
potential increase of 5 mV, demonstrating exceptional durability (Fig. 5F). On the contrary, commercial
IrO; exhibits a substantial potential increase of 206 mV. CV at varied scan rates reveals minimal changes
in peak morphology and position, further confirming structural integrity and resistance to degradation

during extended cycling (Supplementary Fig. 9).
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Fig. 5 | Outstanding OER activity and durability of perovskite HECs. A, LSV curves. B, n required to reach 10
mA-cm 2. C, Corresponding Tafel plots. D, Nyquist plots from EIS for the HECs, commercial RuO,, and other fluorides.
E, Ca values derived from cyclic voltammetry. F, Chronopotentiometric stability test at a fixed current density of 10
mA -cm~? comparing the HECs catalyst with commercial RuO». Electrocatalytic performance of perovskite HECs in 1 M

KOH.

K(FecoNiMnGalnSn)F; also exhibits exceptional HER activity. The LSV curve shows an
exceptionally low overpotential of 31 mV at 10 mA-cm 2, outperforming the K(FeCoNiMnGa)F; (54 mV),
binary fluorides KCoF3 (92 mV), KNiF3 (116 mV) and KFeF; (184 mV), as well as the commercial Pt/C
(64 mV) (Extended Data Fig. 4A and 4B). LSV analysis shows that K(FecoNiMnGalnSn)F3 (89.2
mV-dec!) exhibits a reduced Tafel slope compared to Pt/C (142.2 mV-dec!) and binary fluorides
catalysts, indicating accelerated reaction kinetics (Extended Data Fig. 4C). In addition, the R ; of
K(FecoNiMnGalnSn) F; measured by EIS is the lowest, facilitating rapid electron transfer kinetics
(Extended Data Fig. 4D). The Cai of 7.33 mF-cm indicates a substantial ECSA, contributing to the high
catalytic efficiency (Extended Data Fig. 4E). Long-term stability testing demonstrates that
K(FecoNiMnGalnSn)F3 maintains performance for 50 hours at 100 mA-cm 2 with a minimal potential
drift of 7 mV, while commercial Pt/C exhibits a drift of 343 mV (Extended Data Fig. 4F). CV tests show
that the redox reactions in the cycle are consistent, which proves the structural stability of
K(FecoNiMnGalnSn)F3 under dynamic conditions (Supplementary Fig. 10 and Supplementary Fig. 11).

To explain the mechanism of this special catalytic activity and stability, TEM and XPS analyses are

performed on K(FecoNiMnGalnSn)F; after long-term electrolysis. The morphology of
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K(FecoNiMnGalnSn)F3 after electrochemical testing shows that the sample particle edges have a
nanosheet structure (Extended Data Fig. 5A). Recent studies show that oxygen vacancy defects are
chemically absorbed by H20, which then combine with metal elements in the catalyst to form a nanolayer
MOOH?%* (MOOH, where M is metals such as K, Fe, Co, Ni, Mn, Ga, In, and Sn). The EDS mapping
confirms that all constituent elements (K, Fe, Co, Ni, Mn, Ga, In, Sn, and F) are still evenly distributed
after electrocatalysis, indicating a strong ability to resist element segregation, which contributes to the
long-term stability of HECs (Extended Data Fig. 5B). XPS testing further explains this high catalytic
activity and stability. An overview of XPS spectra reveals characteristic signals of elements such as K,
Fe, Co, Ni, Mn, Ga, In, Sn, F, and O (Extended Data Fig. 5C). After the electrocatalytic test, the intensity
of the oxygen peak increases, which is associated with the formation of MOOH species observed in TEM
analysis. Notably, after the electrocatalytic test, the binding energy of the core level is shifted. The 2p3.
of K moves 0.2 eV to the direction of higher binding energy, the 2p3, of Fe moves 0.4 eV to the direction
of higher binding energy, the 2p3» of Co moves 0.2 eV to the direction of higher binding energy, and the
2p32 of Ni moves 0.3 eV to the direction of higher binding energy (Extended Data Fig. 5D-5J, and
Supplementary Fig. 12). Besides, the area of Fe** in the Fe 2ps/, spectrum after testing increased by 4.2%,
and the area of Fe?* decreased by 4.2%, which confirms that Fe?* is oxidized to Fe** (Extended Data Fig.
5E). Similar oxidation situations also occur for other metals, and the proportion of Co** increased by 5%.
The proportion in the Co 2ps» spectrum is 9%, and the proportion of Ni** in the Ni 2ps» spectrum has
increased by 4.5%. In conclusion, the synergistic effect of multi-oxidation-state metal cations in
perovskite HECs promotes the dynamic generation of catalytically active sites, and thus the

electrocatalytic performance of the material is improved.

2.5.2. ultra-high temperature porous ceramic thermal insulator

Porous ultra-high temperature ceramics, with their low bulk density, high surface area, and high melting
point, have excellent value in the field of ultra-high temperature insulation, such as scramjet engines and
high-temperature solar absorbers*’. Recent studies show that high entropy materials cause local strain
fields due to their unique lattice distortions, leading to phonon scattering and thus reducing thermal
conductivity*'*?. However, traditional high-entropy materials and commercial porous insulation materials
have the disadvantage of low strength. Refractory metals such as Hf, Ta, Nb, and C possess strong
chemical bonds*, which contribute to the high Vickers hardness in rock-salt HECs, and their

comprehensive strength and thermal insulation properties are superior to those of other materials.
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Supplementary Fig. 13 shows scanning electron micrograph (SEM) images of porous rock-salt HECs.
All the samples have a pore network with uniform isotropy and interconnected pores. The pore sizes are
4510 76 um, 69 to 161 um, 87 to 206 um, and 83 to 308 pum, respectively, and the corresponding porosities
of the samples are 80.3%, 85.1%, 90.7%, 95.8% respectively. Extended Data Fig. 6A shows an HRTEM
image and the corresponding EDS mappings of element distributions of Hf, Ta, Nb, Mo, Ga, In, Sn, and
C. The EDS mappings show that the element distribution is uniform, confirming that sintering does not
affect rock-salt HECs powder (Experimental details refer to Preparation of porous rock-salt HECs).

Compressive strength and thermal conductivity are the key properties of porous thermal insulators.
Inevitably, porosity can affect mechanical strength and thermal conductivity. When the porosity increases
from 80.3% to 95.8%, the compressive strength decreases from 40.60 MPa to 0.97 MPa (Extended Data
Fig. 6B, blue spheres). Because higher porosity is related to large pores and thin cell walls, the load-
bearing capacity and mechanical strength decrease. However, compared with traditional porous materials,
when the porosity of rock-salt HECs is 95.8%, the compressive strength is 0.97 MPa, which is 2.5 times
stronger than that of Al,Os with similar porosity** (Extended Data Fig. 6B). Similarly, under the same
porosity, the compressive strength of rock-salt HECs is higher than that of other porous oxides**’ or
carbides*!. The high strength can be attributed to the higher intrinsic Vickers hardness of the constituent
elements in rock-salt HECs compared to other ceramics (Extended Data Fig. 6D, blue column).

At room temperature, thermal conductivity in porous ceramics depends primarily on heat conduction
through the solid skeleton. As porosity increases from 80.3% to 95.8%, the solid skeleton fraction
decreases, reducing room temperature thermal conductivity from 0.242 to 0.139 W/(m-K) (Extended Data
Fig. 6F, green column). Notably, the thermal insulation performance of porous rock-salt HECs is superior

to traditional carbides**!

, mullite*®, and oxides*****’. For example, the thermal conductivity of rock-salt
HECs with a porosity of 85.1% is 0.218 W/(m-K), which is much lower than ZrC with a similar porosity
of 0.94 W/(m-K). Moreover, the thermal conductivity of porous rock-salt HECs increases with
temperature, which is consistent with the trend of ZrC* (Extended Data Fig. 6C). The thermal
conductivity of rock-salt HECs with 90.7% porosity increases from 0.161 W/(m-K) at room temperature
to 0.378 W/(m-K) at 1500°C. Samples with higher porosity exhibit lower thermal conductivity than less
porous counterparts across all measured temperatures. At 300°C, thermal conductivity ranges from 0.327
to 0.568 W/(m-K) as porosity increases from 80.3% to 95.8%. Similarly, from room temperature to 300°C,
the thermal conductivity of ZrC increases from 0.94 to 1.35 W/(m-K)*, a larger relative change than the

increase from 0.242 to 0.297 W/(m-K) observed in porous rock-salt HECs with 80.3% porosity. These
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results demonstrate superior mechanical and thermal properties compared to previously reported

49-51 44,4547

carbides and conventional oxides

The low thermal conductivity of porous rock-salt HECs results from synergistic phonon scattering
mechanisms operating across multiple length scales. At the microstructural level, the pore network creates
numerous interfaces where phonons undergo scattering (Extended Data Fig. 6I). The solid framework
serves as the main pathway for heat conduction, facilitating phonon propagation. Each interface at the
pore walls induces phonon deflection and facilitates energy dissipation®2. Such a configuration effectively
shortens the phonon mean free path, thereby restricting heat transfer within the solid matrix. Moreover,
on an atomic level, rock-salt high-entropy carbides display significant lattice distortions stemming from
variations in atomic size and mass among their constituent elements (Extended Data Fig. 6H and 6J).
These size discrepancies lead to lattice deformations, creating localized strain fields that scatter phonons>>.
The mass differences among the atoms modify their vibrational frequencies, enhancing energy dissipation

via phonon scattering®®. This two-tiered mechanism, integrating structural interfaces and lattice

irregularities, acts to impede thermal transport throughout the phonon.

2.5.3. Thermoelectric sensor

Thermoelectric sensors are important in energy harvesting applications in industrial process control®,
wearable electronic devices®, and aerospace systems®’. However, the traditional sensitive components of
thermoelectric sensors use unstable, toxic, and inefficient Bi-Te or Pb compounds above 500K>%°
Previous studies show that high-entropy materials have lattice and chemical disorder, which can increase

phonon scattering*!?

, thereby reducing thermal conductivity and maintaining good electrical
performance. This work finds that pyrite high-entropy sulfides (Feo.2Co0.2Nio.2Cro.2Gao.14In0.04Sn0.02)S2 can
be used as sensitive components for thermoelectric sensors at high temperatures, with good energy

conversion performance.

We prepare a thermal sensor based on the pyrite high-entropy sulfides, which realizes thermoelectric
conversion at 825K, and the figure of merit (zT) value reaches 1.89. The sensor structure consists of a
ceramic shell, a metal sheet, an n-type semiconductor (pyrite HECs), a p-type semiconductor (Half-
Heusler NbCoSn), and electrodes (Extended Data Figure 7A). The bulk pyrite HECs sensing element
(0.5x0.5%0.7 mm) is fabricated using hot pressing at 400°C and 70 MPa (Experimental details refer to

Preparation of pyrite HECs thermoelectric devices). The ceramic shells provide mechanical support and
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electrical insulation while facilitating heat conduction. The metal sheets conduct heat and electricity
between components. Thermoelectric sensors utilize the Seebeck effect, wherein a temperature gradient

across junctions between n-type and p-type semiconductors generates a voltage.

The thermoelectric zT of thermoelectric materials is mainly determined by the power factor (PF =

S20) and K y¢q; Of the pyrite HECs®:

PF
zT = T (2)

Ktotal

where T is the absolute temperature, S is the Seebeck coefficient, o is the electrical conductivity, and

Keotar 18 the total thermal conductivity.

We measure electrical conductivity (o), Seebeck coefficient (S), and total thermal conductivity
(Ktorar) of the pyrite HECs sensor from 300K to 825K to assess thermoelectric performance. Unlike
Ag13Pb13Bii3Se®!, which exhibits fluctuating electrical conductivity, the variation trend of pyrite HECs's
o is similar to that of Ago2sPbo.s0Bio25S040Se0.50Teo.10%, both of which decrease linearly with increasing
temperature (Extended Data Fig. 7B). When the temperature is 725K, the ¢ of pyrite HECs is 1.83 S-cm™
!, which is 316% and 146% times that of AgisPbisBiisSe and Ago2s5PbosoBio25S040Se0.50Teo. 10,
respectively, indicating pyrite HECs exhibit stable charge transport at high temperatures. Unlike electrical
conductivity, the S follows a similar trend to the reference material®'%>. The S becomes increasingly
negative with temperature, reaching —244 pV-K! at 825 K, confirming n-type conduction (Extended Data
Fig. 7C). Total thermal conductivity remains low throughout the measurement range, decreasing from
0.55 Wm 'K at 300 K to 0.43 W-m 'K at 825 K (Extended Data Fig. 7D). Compared to
Ag13Pb13Bi13Se, the pyrite HECs shows a 17% reduction in k4.4, at 825 K. Similarly, the pyrite HECs
exhibits K;orq; 23% lower than Ago2sPbo.soBio2sSo.40S€0.50Teo.10 at 725 K. This reduction results from

enhanced phonon scattering due to lattice distortions and atomic-scale heterogeneity”>>>.

The above parameters collectively affect the PF and zT of the pyrite HECs. Extended Data Fig. 7E
shows the temperature dependence of PF. PF increases with temperature, reaching a maximum value of
9.85 uW-cm K2 at 825 K. The pyrite HECs exhibit PF values more than twice those of reference
materials throughout the measured temperature range. Extended Data Fig. 7F shows the temperature
dependence of zT values. A zT value of 1.89 is obtained at 825 K. The pyrite HECs exhibit higher zT

60—-64

values than reference materials across the entire measurement range.
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The thermoelectric performance of (Feo2Co0.2Nio2Cro.2Gao.14In0.04Sn0.02)S2 pyrite HECs arises from
its electronic and thermal transport properties. In thermoelectric circuits, the n-type pyrite HECs display
a negative Seebeck coefficient due to electron-dominated transport. Under a temperature gradient,
electrons migrate toward the cold end, creating a lower electric potential at the cold terminal relative to
the hot terminal (Extended Data Fig. 7G). Conversely, the p-type material has a positive Seebeck
coefficient because hole-dominated transport. In the case of a temperature gradient, holes diffuse from the
high-temperature region to the low-temperature region, and the cold end has a higher potential. This

complementary behavior constitutes the basis of the thermoelectric circuit function.

To verify the hypothesis, DFT is used to simulate and calculate the band structures of low-entropy
and high-entropy sulfides. Different from low-entropy sulfides, there are multiple conduction band
convergences near the Fermi level (Ef) in high-entropy sulfides (Extended Data Fig. 7H, 7I, and
Supplementary Fig. 14). Among pyrite HECs, the band convergence is due to enhanced disorder and
orbital hybridization. This makes the density of states near the Ef stronger, and the degeneracy of charge
carriers increased. The entropy-driven band convergence increases the Seebeck coefficient while
maintaining electrical conductivity, thereby improving the PF . In addition, the distortion of the
component lattices in pyrite HECs generates fluctuating potentials, and these potentials scatter the heat-
carrying phonons®>*®, The scattering mechanism leads to a decrease in the lattice thermal conductivity.
The total thermal conductivity of this material is as low as 0.43 W-m™!-K™! at 825K, which is 17% lower
than that of the reference material Agi;3Pbi3B113Se under the same conditions. This phenomenon is

consistent with the phonon liquid-electron crystal model® 7.

3. Conclusions

In summary, we propose a LMs Galinstan atomic solvent strategy for synthesizing HECs. This proposed
method uses LMs as thermal catalysts and can synthesize single-phase high-entropy fluorides, carbides,
and sulfides at 300°C. LMs provide high configurational entropy and negative configurational enthalpy,
providing strong thermodynamic driving forces for element mixing and phase stabilization. In-situ liquid-
cell TEM directly observes the homogenization process at the nanoscale and finds that LMs contribute to
rapid elements' absorption and mixed crystal coprecipitation, forming entropy-stable crystal phases
without intermediate phase separation. Thermodynamic theory and DFT calculations confirm the

mechanism, wherein Galinstan-containing HECs exhibit a 1.61-fold reduction in AG,,;, compared to Ga-
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containing HECs. Besides, the structure of HECs can be tailored by adjusting their elemental composition,
enabling the synthesis of perovskite, rock-salt, and pyrite-structured variants. The synthesized perovskite
HECs exhibit enhanced OER and HER activities in 1 M KOH electrolyte. Similarly, rock-salt and pyrite
HECs show promising properties for thermal barrier materials and thermoelectric sensing, respectively.
Hence, the atomic solvent strategy provides a generalizable platform for designing HECs with application-

specific optimization.

4. Materials and methods

Materials

The chemical products have analytical grade and were used without further purification. Potassium
fluoride, iron nitrate nonahydrate, cobalt nitrate hexahydrate, nickel sulfate hexahydrate, nickel chloride,
manganese nitrate tetrahydrate, hafnium dichloride oxide octahydrate, tantalum chloride anhydrous,
niobium chloride, molybdenum pentachloride, iron sulfate heptahydrate, cobalt sulfate heptahydrate,
nickel sulfate hexahydrate, chromium sulfate, ethylene glycol, isopropanol, sodium citrate, sodium
borohydride, ammonium fluoride, glucose, thioacetamide ethanol, silicon carbide, ammonium citrate,
gelatin and sodium dodecyl sulfate were obtained from Shanghai Aladdin Biochemical Technology Co.,
Ltd (Shanghai, China). Ga and Galinstan were obtained from Wuhan Tuocai Technology Co., Ltd (Wuhan,

China). The water used was ultrapure water.

Preparation of LMs particles

LMs particles were synthesized via ultrasonic processing. Briefly, LMs (0.5 g) was added to ethanol (100
mL) and sonicated at 40°C for 1 hour using an ultrasonic homogenizer (OYA-1012S, Suzhou Eurasia
Ultrasonic Equipment Co., Ltd, China; Power 600W, amplitude 80%) to obtain a suspension of LMs
microspheres. The resulting suspension was then centrifuged (Avanti J-HC, Beckman Coulter
International Trading Co., Ltd, USA) at 8000 rpm for 10 minutes. Finally, the collected product was dried
in an oven (PN60, Fulde Instrument Equipment Co., Ltd, Germany) at 60°C for 6 hours, yielding the final
LMs particles (Supplementary Fig. 15).

Preparation of perovskite HECs
Perovskite HECs were synthesized via a modified solvothermal self-assembly method followed by

calcination. Firstly, a precursor solution was prepared by dissolving stoichiometric amounts of metal salts
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(K, Fe, Co, Ni, Mn, and LMs in a molar ratioof 1 : 0.2:0.2:0.2: 0.2 : 0.2) in a 20 mL mixed solvent of
ethylene glycol and isopropanol (volume ratio 12 : 1). Similarly, an ammonium fluoride solution was
prepared in 30 mL of the same mixed solvent, with a molar ratio of fluoride ion to total metal ions set at
3 : 2. A solution containing the reducing agent, sodium borohydride, was prepared in 40 mL of the same
mixed solvent with a borohydride to total metal molar ratio of 2 : 1. Secondly, these three solutions were
combined and magnetically stirred (IKA myPlate, Aika Instrument Equipment Co., Ltd, Germany) at 200
rpm for 30 minutes under a nitrogen atmosphere, with nitrogen bubbling employed for the first 15 minutes
to remove dissolved oxygen. Thirdly, the mixed solution was transferred to a three-neck round-bottom
flask and subjected to a solvothermal self-assembly reaction in an oil bath (DF-101S, Shanghai Lichen
Instrument Technology Co., Ltd, China) at 60°C for 5 hours under continuous nitrogen flow. After the
reaction, the precipitate was collected by centrifugation (Avanti J-HC, Beckman Coulter International
Trading Co., Ltd, USA), washed repeatedly three times with ultrapure water and anhydrous ethanol to
remove residual organics and free ions, and then dried in an oven at 60°C for 12 hours. Finally, the dried
powder was calcined (LD-3-12C, Shandong Leiente Intelligent Technology Co., Ltd, China) at 300°C for
6 hours with a heating rate of 2°C min'. Rock-salt and pyrite HECs were prepared by similar methods.

Rock-salt and pyrite HECs were synthesized using the same method (Supplementary text).

Preparation of porous rock-salt HECs

Pre-synthesized rock-salt HECs powders were used as the starting material. All samples contained 2 wt.%
SiC as a sintering aid. Porous samples were prepared by a foam-gelation freeze-casting route. The rock-
salt HECs powders and 1 wt.% ammonium citrate (dispersant) were mixed in ultrapure water at solid
loadings of 7, 10, 15, and 20 vol.% using a magnetic stirrer (IKA myPlate, Aika Instrument Equipment
Co., Ltd, Germany). After stirring for 2 h, 1 wt.% sodium dodecyl sulfate was added under vigorous
mechanical agitation to foam the suspension, followed by heating on a hot plate (LY-DB-6, Qingdao
Luyang Environmental Protection Technology Co., Ltd, China) to 40°C. Gelatin (5 wt.%) was dissolved
into the foam, which was then cast into a mold, frozen in a freezer at —20°C, and lyophilized in a freeze
dryer (ZLGJ-18, Zhengzhou Huachen Instrument Co., Ltd, China). The obtained green bodies were pre-
sintered in a tube furnace (LD-3-12C, Shandong Leiente Intelligent Technology Co., Ltd, China) at 1500°C
for 2 h under flowing argon and finally sintered in a vacuum graphite furnace (EMZM-65-16, Zhengzhou
Ermo New Material Technology Co., Ltd, China) at 2000°C for 2 h.
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Preparation of pyrite HECs thermoelectric devices

Synthesized pyrite HECs powders were used as the starting material. To fabricate dense pyrite HECs, the
powder was first uniaxially pressed in a hydraulic press (YHA8-250T, Dongguan Yihui Hydraulic
Machinery Co., Ltd, China) at 50 MPa. Densification was then achieved by hot pressing (A6-3000T,
Dongguan Yihui Hydraulic Machinery Co., Ltd, China) at 400°C for 30 min under a uniaxial pressure of

70 MPa in an argon atmosphere, followed by furnace cooling.

Characterization of HECs

We characterized the chemical composition and crystallinity of HECs using X-ray diffraction (Empyrean,
PANalytical, Netherlands) and X-ray photoelectron spectroscopy (ESCALAB250Xi, Thermo Fisher
Scientific, USA). The range of scan in XRD analysis was from 26 =20° to 80° with a scan rate of 2° min~
1 .

The element contents of HECs were analyzed by inductively coupled plasma mass spectroscopy (NexION

5000, PerkinElmer, USA). The solutions were prepared by digesting the samples in aqua regia, followed
by dilution with 2% hydrochloric acid. The resultant solutions were analyzed by ICP-MS.

The microstructure and morphology of HECs were observed by a SEM (SU8600, Hitachi, Japan) and
transmission electron microscopes (Talos F200S, Thermo Fisher Scientific, USA). An Oxford Xmax

100TLE windowless X-ray detector was used to collect the energy-dispersive spectra.

In-situ solvothermal self-assembly experiment of precursor

To explain the LMs-enabled atomic solvent mechanism in the liquid phase environment, we used an
environmental aberration corrected transmission electron microscope (Titan ETEM G2, Thermo Fisher
Scientific, USA) with a silicon nitride liquid cell. Firstly, 0.2 pL of the homogeneous reaction solution
was dispensed onto the center of the viewing window of the bottom liquid-cell chip using a micropipette.
Secondly, the top chip was aligned and sealed against the bottom chip, forming a hermetic liquid-cell that
encapsulated the solution layer. The assembled liquid cell was immediately transferred to the in situ liquid
holder. The holder was rapidly inserted into the specimen stage of an environmental transmission electron
microscope. Thirdly, the conversion process from precursors to HECs within the liquid environment was

recorded in real time using a high-speed, direct electron detection camera. To minimize beam-induced
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effects on the dynamic reaction process, a low accelerating voltage (80 kV) and a controlled electron beam

current density (1.6x10* A-m2) were used.

The electron energy loss spectroscopy of the HECs was acquired using an electron energy loss

spectrometer (GIF Continuum ER, Gatan, USA).

Electrochemical OER/HER Measurements of perovskite HECs

All electrochemical measurements were performed using a three-electrode configuration on an Autolab
PGSTAT204 workstation (Metrohm, Switzerland) controlled by NOV A 2.1 software. For electrochemical
activation, a working electrode was prepared by dispersing 5 mg of the synthesized perovskite HECs in 1
mL of ethanol, drop-casting the ink onto pre-cleaned carbon paper (1 cm x 1 cm), and drying it. The
activation was carried out in a three-electrode system with 1 M KOH electrolyte, using a Pt wire counter
electrode and an Ag/AgCl reference electrode. For the preparation of working electrodes used in
OER/HER tests, a catalyst ink was formulated by dispersing 2 mg of the perovskite HECs in 1 mL of
ethanol containing 20 pL of Nafion solution (5 wt.%). Then, 500 uL of this ink was drop-cast onto pre-
cleaned carbon paper (1 cm x 1 cm) and dried, yielding a catalyst loading of 1 mg-cm 2. These electrodes
served as the working electrodes in subsequent tests. Long-term stability was assessed via
chronopotentiometry or chronoamperometry over 200 hours. For HER stability tests, a graphite rod was
used instead of a Pt counter electrode to avoid potential Pt dissolution and migration. All measured
potentials versus the Ag/AgCl reference electrode were converted to the reversible hydrogen electrode
(RHE) scale using the Nernst equation:Egpg = Egg/agci + 0.0591 X PH + 0.098. The Tafel slopes were
calculated from the linear region of the LSV polarization curve according to the equation: n = a +
b x logj, where 7 is the overpotential, a is the constant, b is the Tafel slope, and j is the current density.
The EIS was performed at open circuit potential (1.5 V) to evaluate the charge transfer resistance. CV
scans in a non-Faradic region estimated the electrochemical double-layer capacitance (Cq1) at various scan

rates from 20 to 120 mV-s™!. All experiments were performed at room temperature.

Mechanical and thermal properties testing of rock-salt HECs

The apparent density of both porous and fully dense rock-salt HECs was measured by the Archimedes
method, following American Society for Testing and Materials B962 methods. The porosity (P) of the
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porous HECs monoliths was calculated as P = (1 — pﬂ) X 100%, where p is the measured apparent
t

density of the rock-salt HECs and p; is the theoretical density of the rock-salt HECs. Here, p; was
considered as a fully dense hot-pressed bulk with a measured density (6.52 g-cm™) and a relative density
of 97.6%. Compressive strength tests were conducted on a universal testing machine (CMT4000, Metes
Industrial Systems Co., Ltd, USA) at a loading speed of 0.5 mm-min~!. For each porosity level, five
cylindrical samples (nominal dimensions: @ 20 mm % 20 mm) were tested. Thermal conductivity was
measured from room temperature to 1500°C using a commercial analyzer based on the guarded heat-flow
method (TC2000, Shanghai Pujian Instrument Co., Ltd, China). For these measurements, samples were

prepared as discs with dimensions of @ 50.5 mm % 2.5 mm.

Thermal and electrical performance testing of pyrite HECs

The o and S were simultaneously measured from room temperature to 923 K using a four-probe method
under a helium atmosphere in a Seebeck coefficient tester (HC-RD-1100, Beijing Huace Testing
Instrument Co., Ltd, China). The k.4 Was calculated from the formula k;4¢q; = DC,p, where D is the
thermal diffusivity, C,, is the specific heat capacity, and p is the sample density. D was measured over the
same temperature range (300-923 K) by the thermal conductivity tester (LFA L52, Linsaisi Scientific

Instrument Co., Ltd, Germany). The C,, was calculated using the Dulong-Petit law, C,, = %, where n is

the number of atoms per formula unit (taken as 3), R is the gas constant (8.314 J-mol !-K™!), and M is the
molar mass of pyrite HECs (126 g-mol™"). The density of the pyrite HECs were estimated from their
weight and size. The relative density of the pyrite HECs was 97.2%.

Density functional theory calculations

First-principles DFT calculations using the Materials Studio 20.1 software package to investigate
electronic structure and stability. The exchange-correlation interactions were treated within the
generalized gradient approximation using the Perdew-Burke-Ernzerhof functional. To model disordered
HECs, the special quasirandom structure algorithm was employed. The optimized structures of the
perovskite, rock-salt, and pyrite phases are all cubic, with lattice constants of 8.24 A, 8.086 A, and 8.148
A, respectively. A plane-wave energy cutoff of 450 eV was used. The Brillouin zone was sampled with a

I'-centered k-point grid having a spacing of 0.2 A~!. The convergence thresholds were set to 10~ eV for
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energy and 0.01 eV-A™! for atomic forces during ionic relaxation. These settings ensured that all

configurations were optimized to local energy minima.
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Extended Data Fig. 2 | Structural and chemical characterization of pyrite HECs. A, XRD pattern confirming phase
purity (cubic, Pa3). B, Schematic of the pyrite lattice. C, EDS elemental maps showing homogeneous distribution of all
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Extended Data Fig. 4 | HER performance of perovskite HECs in 1 M KOH. A, Polarization curves from LSV. B, n
required to achieve a current density of 10 mA cm. C, Corresponding Tafel plots. D, Nyquist plots from EIS comparing
the HECs to commercial Pt/C and other fluorides. E, Ca values derived from cyclic voltammetry. F,
Chronopotentiometric stability test at a fixed current density of 10 mA cm™, comparing the HECs catalyst with

commercial Pt/C.
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Extended Data Fig. 5 | Morphology and chemical composition of perovskite HECs after electrocatalytic testing. A,
TEM image. B, elemental mappings of K, Fe, Co, Ni, Mn, Ga, In, and Sn elements. C, XPS analysis of perovskite HECs
before and after electrocatalysis. XPS spectra of (D) K 2p, (E) Fe 2p, (F) Co 2p, (G) Ni 2p, (H) Mn 3p, (I) Ga 3d, and
J)F 1s.
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Extended Data Fig. 6 | Structure and properties of porous high-entropy carbide. A, elemental mappings of Hf, Ta,
Nb, Mo, Ga, In, Sn, and C elements. B, Compressive strength and thermal conductivity of HECs and other thermal
insulation materials with different porosities at room temperature. C, Temperature-dependent thermal conductivity of
HECs with varying porosity. D, Vickers hardness, atomic radius, and atomic mass of high-entropy carbide elements. (E)

Pore interfaces, (F) atomic mass and size differences induce phonon scattering, suppressing thermal transport.
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Extended Data Fig. 7 | Thermoelectric performance of the high-entropy sulfide. Temperature dependence of the (A)
electrical conductivity and (B) Seebeck coefficient, (C) thermal conductivity, and (D) power factor of high-entropy
sulfide and other materials. F, zT as a function of temperature for the high-entropy sulfide, alongside reported values for
conventional materials. G, Schematic diagrams of charge carrier transport in p-type and n-type thermoelectric

semiconductors. The band structures of (H) low-entropy sulfides and (I) high-entropy sulfides.
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