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ABSTRACT 1 

Mesoporous high-entropy alloys (HEAs) represent a promising advancement in 2 

mesoporous metal, showing great potential for various applications. Their unique 3 

multimetallic uniformity, strong structural features, and high surface-active site exposure 4 

contribute to their practical catalytic ability. The catalytic efficiency of metal 5 

nanostructures depends on both their elemental compositions and crystallinity, with 6 

single-crystalline structures generally outperforming polycrystalline ones. However, 7 

synthesizing single-crystalline HEA nanostructures with defined mesoporosity remains 8 

challenging due to the complex fabrication process. This study introduces a block 9 

copolymer micelle-assisted soft-chemical strategy to create single-crystalline 10 

mesoporous HEAs (SCPHEAs). These structures feature uniformly sized mesopores that 11 

permeate throughout, maximizing the exposure of high-entropy alloy active sites, 12 

enhancing material utilization, and facilitating efficient mass and charge transport. The 13 

optimized SCPHEAs exhibit excellent electrocatalytic performance in methanol 14 

oxidation reactions, surpassing polycrystalline mesoporous HEAs, commercial Pt-C, and 15 

various recently reported precious metal-based HEAs and conventional alloy 16 

electrocatalysts. This superior performance is attributed to a synergistic effect that results 17 

from surface charge redistribution among different atomic entities, which enhances the 18 

adsorption of methanol and water molecules and mitigates intermediate CO poisoning. 19 

Our synthesis method enables the designing of a wide range of mesoporous HEAs with 20 

controllable morphology and crystallinity tailored for various catalytic applications and 21 

beyond. 22 

 23 
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Advancements in the design of porous materials have revolutionized the development of 1 

highly efficient nanomaterials for diverse applications, including biomedicine, photonics, 2 

sensing, catalysis, and energy storage/conversion. 1–8 The performance of these materials, 3 

especially in catalytic and electrocatalytic processes, is strongly influenced by their 4 

compositions. 9,10 Multimetallic systems, in particular, have been shown to outperform 5 

their monometallic counterparts in complex reactions involving multiple electron transfer 6 

steps and requiring various catalytically active sites. 10–16 High entropy alloys (HEAs), 7 

composed of five or more constituent elements, have garnered significant attention due 8 

to their vast compositional and configurational possibilities, 17–32 offering a wide range of 9 

catalytically active sites. 27,31 10 

Beyond elemental composition, nanomaterials' physical and chemical properties are 11 

profoundly affected by their crystalline nature. 32 Single-crystalline systems, in particular, 12 

often exhibit superior electrical, magnetic, mechanical, and optical properties compared 13 

to their polycrystalline counterparts. 33–39 In catalysis, the crystalline quality of the catalyst 14 

plays a critical role in exposing catalytically active sites and ensuring long-term stability. 15 

Previous studies have demonstrated the successful synthesis of single-crystalline 16 

nanomaterials, such as Ir-doped CuPd nanostructures for selective C–C bond cleavage in 17 

ethylene glycol oxidation, 4,40 and Pt nanostars with exceptional catalytic activity toward 18 

ferricyanide reduction. 41 Thus, developing synthesis protocols to engineer single-19 

crystalline HEA nanostructures holds great promise for unlocking the full potential of 20 

HEAs, giving new insights into the composition-function correlation in complex systems 21 

like HEAs. 22 

Despite advancements in HEA synthesis, most existing methods, including polymeric-23 

based soft templating techniques, have mainly produced polycrystalline HEA 24 
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nanostructures. 19,22,25,28,29,42 Achieving single-crystalline HEAs remains a significant 1 

challenge due to the complex involvement of five or more atomic species with different 2 

reduction kinetics. Incorporating mesoporosity into single-crystalline HEAs further 3 

complicates the design process. However, the benefits of mesoporous structures are 4 

remarkable. They provide increased exposure to active surface sites, enhance mass 5 

transport, and offer synergistic effects from crystallinity engineering, which can 6 

significantly enhance the overall performance of these advanced materials. Therefore, 7 

this work aims to address these challenges by introducing novel approaches for creating 8 

single-crystalline mesoporous HEAs. Specifically, we present an upgraded method of 9 

micelle-assisted, all-wet, soft-chemical synthesis for designing single-crystal high-10 

entropy alloys (SCHEAs) (see Figure 1) from the elemental combination of Pt, Pd, Ru, 11 

Ir, and Rh. Beyond the remarkable catalytic activity of platinum group metals, these 12 

elements are characterized by similar atomic radii and low heat of formation, possibly 13 

promoting the formation of a stable HEA structure. Additionally, their high standard 14 

electrode potentials potentially reduce the risk of oxidation, ensuring durability and 15 

stability for catalytic applications. 27 The resulting SCHEAs exhibit well-defined 16 

mesopores that permeate the entire structure, enhancing mass and charge transport, 17 

providing a highly active surface area, and ensuring the extensive exposure of high-18 

entropy electroactive sites. Through comprehensive experimentation with a careful 19 

selection of precursor compositions and optimization of experimental conditions 20 

(temperature and time), we demonstrate precise tuning of the crystallinity of PtPdRuIrRh 21 

HEAs. The optimized SC-HEA achieves a mass activity of 2.7 A/mgPt and exceptional 22 

stability (~93% activity retention after 2500 cycles), outperforming its polycrystalline 23 

porous HEA counterpart (1.6 A/mgPt), commercially available Pt-C (0.6 A/mgPt), and 24 
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several recently reported Pt-based alloys and HEAs in methanol electro-oxidation 1 

reactions. This work provides a robust platform for crystallinity engineering, 2 

underscoring the significant potential of single-crystal HEA systems. It also offers a 3 

critical foundation for advancing future mesoporous single-crystal metals, including 4 

HEAs with more than five constituent elements, for diverse applications beyond 5 

(electro)catalysis. 6 

RESULTS AND DISCUSSION 7 

Structural Studies of Porous HEA Nanostructures 8 

 9 

Figure 1. Schematic representation of synthesis methodology used for designing single 10 

crystal porous high entropy PtPdRuIrRh nanoalloys. 11 

 12 

Figure 1 illustrates the synthetic process for SC-HEAs composed of PtPdRuIrRh. Initially, 13 

a diblock copolymer, polystyrene-block-polyethylene oxide (PS-b-PEO), was dissolved 14 

into N,N-dimethylformamide (DMF) to form a transparent solution. Aqueous metal salt 15 

solutions containing ion precursors were then gently introduced, prompting the 16 
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micellization of PS-b-PEO. In this process, the hydrophobic PS forms the core, while the 1 

hydrophilic PEO constitutes the exterior. Micelle formation was confirmed through the 2 

Tyndall effect (Figure S1). 43 The hydrophilic PEO exterior of the micelles provides a 3 

tailored microenvironment for metal ion complexation via electrostatic interactions or 4 

hydrogen bonding, depending on the coordination sphere of the metal ions. 14,44–46 These 5 

interactions significantly reduce ion mobility, thereby decoupling their reduction 6 

behavior from standard electrochemical potentials resulting in redox kinetics governed 7 

by the local chemical environment. Consequently, the choice of copolymer is crucial This 8 

interaction was further validated by UV-visible (UV-Vis) absorption spectra, showing a 9 

hyperchromic effect—an upward shift in absorbance—without altering peak positions 10 

compared to metal ion solutions in the absence of micelles (Figure S2). 14 Sulfuric acid 11 

(H2SO4) was used to modulate the reducing strength of the reducing agent during the 12 

synthesis. 13,43 The reaction mixture was then heated in a preheated oil bath at 40 °C for 13 

varying reaction durations. Following synthesis, the PtPdRuIrRh HEAs were collected 14 

via centrifugation, and the polymeric micelles were carefully removed through multiple 15 

washing steps. The single-crystalline mesoporous HEA and polycrystalline mesoporous 16 

HEA were designated as SCPHEAt and PCPHEAt, respectively, where t denotes the 17 

reaction time (in hours). 18 

Representative scanning electron microscopic (SEM) images (Figure 2a, b) exhibit rich 19 

mesoporous features in SCPHEA4. This mesoporous structure is further evident in bright 20 

field transmission electron microscopic (TEM) images (Figure 2c) and high-angle annular 21 

dark-field scanning TEM (HAADF-STEM) images (Figure 2d). The three-dimensional 22 

(3D) tomography study reveals that these mesopores run throughout the body of the 23 

particle (Supporting video). Based on tomographic observation, the 3D reconstructed 24 
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image of single particles along their different cross-sections (Figure 2e-h) reveals that the 1 

mesoporous network is continuously distributed throughout the entire particle. This 2 

benefits mass and charge transportation and ensures the exposure and accessibility of 3 

numerous high-entropy active sites. Surprisingly, the selected area diffraction patterns 4 

(SAED, inset of Figure 2d and Figure S3) of the SCPHEA4 particle consist of clear and 5 

intense bright spots without any randomization of the diffraction spots, indicating the 6 

single-crystalline nature.32,47 The formation of single crystals suggests that all five 7 

elements are uniformly distributed and crystallized in a single phase. From a theoretical 8 

standpoint, this is facilitated by the small difference in the atomic radii (δ = 2.6%) of the 9 

constituent elements, which minimizes lattice strain and promotes solid-solution 10 

formation with homogeneous distribution. In this system, the configurational mixing 11 

entropy (ΔSmixTm) significantly outweighs the mixing enthalpy (ΔHmix) (i.e., Ω = 1.88, 12 

where Ω ~ ΔSmixTm/ΔHmix), fostering a stable, well-mixed solid solution. Under suitably 13 

controlled conditions, Pt atoms became rich in content owing to their favorable redox 14 

potential and can act as primary nucleation sites to favor the growth of a single dominant 15 

face-centered cubic (fcc) or body-centered cubic (bcc) crystal rather than multiple grains. 16 

Our first-principles calculations also predict a preference for fcc phase formation over 17 

bcc, with a lattice constant of 0.390 nm (Fig. S4). Indeed, all experimental probing 18 

methods from elemental dispersive spectroscopy (EDS) in HAADF-STEM mode (Figure 19 

2i-n), line scans (Figure S5, S6) to inductively coupled plasma optical emission 20 

spectrometry (ICP-OES, Table S1) studies confirm that Pt, Pd, Ru, Ir, and Rh are 21 

uniformly distributed throughout the SCPHEA4 nanostructure. The atomic ratio of 22 

Pt/Pd/Rh/Ru/Ir in SCPHEA4 was determined to be 63/23/9.8/1.8/2.4 by ICP-OES (Table 23 

S1) corresponding to a mixing configuration entropy value ΔSmix ~1.01R suggesting 24 
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entropy entropy-stabilized system.48  1 

 2 

Figure 2. Electron microscopic and spectroscopic analyses of SCPHEA4. The 3 

representative (a,b) SEM, (c) TEM, and (d) HAADF-STEM images of SCPHEA4. The 4 

inset shows the SAED pattern of SCPHEA4. STEM tomography of a single SCPHEA4 5 

nanoparticle, (e) rending of the entire particle and (f-h) different cross-sections of the 6 

nanoparticle, (i) HAADF-STEM image of SCPHEA4 nanoparticle subjected to EDS 7 

mapping, (j-n) corresponding elemental distribution patterns of Pt, Pd, Ru Ir, and Rh, 8 

respectively. (o) The valance band spectra of SCPHEA4 and Pt. (p,q) XRD and SAXS 9 

patterns of SCPHEA4 nanostructures. The scattering vector for SAXS is given by q = 4π 10 

sinθ/λ, where λ is the wavelength of X-ray radiation used. 11 
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X-ray photoelectron spectroscopy (XPS) was employed to probe the surface chemical 1 

state of SCPHEA4. Several intense peaks of Pt, Pd, Ru, Ir, and Rh indicate the multi-2 

elemental character (Figure S7). A negative shift of approximately 0.5 eV in the Pt core 3 

spectrum for SCPHEA4, compared to the monometallic Pt system (Figure S7), is 4 

attributed to the interatomic interaction of Pt with neighboring heteroatoms (Pd, Ru, Ir, 5 

and Rh), 28,49,50 resulting in effective electron transfer to the Pt centers. The negative shift 6 

in the Pt spectrum can be ascribed to the high electronegativity of Pt, which drives the 7 

inherent electron-withdrawing tendency of Pt during interatomic interactions with 8 

neighboring atoms in systems like HEAs. 51 The increase in electron density may result 9 

in a downward shift in the d-band center, effectively regulating the adsorption/desorption 10 

energies of reactant and intermediate species and making Pt-based HEA systems more 11 

effective for multi-electron transfer reactions and intermediate steps like the methanol 12 

oxidation reaction (MOR). 17,28,52,53 Hard X-ray photoelectron spectroscopy (HAXPES, 13 

Cr Kα source) was employed to unveil the electronic structure modification of the 14 

SCPHEA4 exterior (Figure 2o). The featureless valence band (VB) spectrum in 15 

SCPHEA4, a common feature in HEA systems, contrasts with that of monometallic Pt 16 

systems, which exhibit distinct peaks. This reflects the overall electronic structure 17 

modification arising from complex interatomic interactions and orbital hybridization in 18 

HEAs. 49,54 The presence of characteristic peaks in the powder X-ray diffraction (XRD) 19 

pattern is identical to that of Pt (JCPDS card No. 03-065-2868), indicating that SCPHEA4 20 

indeed crystallizes in the fcc crystal system (Figure 2p). The lattice constant deduced from 21 

the XRD pattern for SCPHEA4 was found to be 0.392 nm, consistent with our previous 22 

theoretical prediction. This larger lattice constant compared to the individual constituent 23 

elements Rh (0.380 nm), Ir (0.383 nm), Ru (0.271 nm), Pd (0.385 nm), and Pt (0.391 nm) 24 
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can be attributed to lattice distortion due to entropy-driven phase purity, where multiple 1 

atomic species with differing sizes reside in one unit cell. 17,28 Small-angle X-ray 2 

scattering (SAXS) pattern was recorded to probe the pore periodicity in the mesoporous 3 

structure of SCPHEA4, although the mesopore size is uniform, their arrangement is 4 

random. Unlike ordered mesoporous materials, such as those with a 2D hexagonal 5 

structure, the peak in this study is indicative of the pore-to-pore distance since uniformly 6 

sized mesopores are closely packed with each other. For SCPHEA4, the peak observed 7 

in SAXS pattern at q = 0.366 nm−1 (Figure 2q), corresponding to an average pore-to-pore 8 

distance of approximately 17 nm. The overall morphological and structural studies 9 

support a successful soft-templating method in which the micelles create a single-crystal 10 

mesoporous architecture consisting of Pt, Pd, Ru, Ir, and Rh elements.  11 

Morphological and Structural Optimization Studies 12 

To examine the effects of precursor materials and reaction conditions on the structural-13 

morphological evolution and final crystallinity of PtPdRuIrRh HEA nanostructures, a 14 

series of controlled experiments were conducted. By systematically varying 15 

the temperature (Figure S8), type of copolymers (Figure S9), and type of acid (H2SO4 or 16 

HCl, Figure S10) used to regulate the reducing power of formic acid during synthesis, we 17 

identified the optimal conditions for synthesizing single-crystal porous HEA 18 

nanostructures. The PS5k-b-PEO2.5k copolymers, H2SO4 acid, and a reaction temperature 19 

of 40 °C were found to be particularly effective in achieving the desired single-crystal 20 

porous HEA nanostructures of PtPdRuIrRh (details in SI). 21 

Subsequently, a time-dependent study for SCPHEAt (t = 1, 2, and 6 hours) was employed 22 

to monitor the overall structure evolution/growth (Figure 3). Figures 3a and b present 23 
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representative SEM and HHADF-STEM images of the porous single crystal HEA 1 

nanostructures of PtPdRuIrRh for a reaction time of 1 hour (SCPHEA1, avg. size ~ 40 ± 2 

5 nm). The formation of single crystal can be understood by the virtue that upon mixing 3 

and initiating the reduction, the metal-ion-loaded micelles undergo aggregation, leading 4 

to localized regions of high metal ion concentration. Creating confined, chemically 5 

distinct microenvironments that promote co-reduction and discourage phase separation. 6 

This spatial constraint, combined with the influence of coordination environments, 7 

surface energies, and organic additives,13 facilitates non-equilibrium mixing and 8 

kinetically bypasses miscibility limitations. The resulting entropy-stabilized alloy 9 

formation is evidenced by the featureless valence band spectrum indicating a 10 

homogeneous distribution of elements and single-phase stabilization (Figures S11 and 11 

S12).  The SAED pattern (Figure 3c) comprised well-defined, intense bright spots without 12 

azimuthal randomization, indicative of the characteristic single crystalline nature.47 This 13 

is further evident in high-resolution TEM (HRTEM) images (Figure 3d and Figure S11) 14 

of SCPHEA1 nanostructure, which shows the seamless crystalline porous nanostructure 15 

comprised of (111) set of planes with an interplanar spacing of 0.22 nm (Figure 3e). EDS 16 

in HAADF-STEM mode for elemental portioning of SCPHEA1 shows a uniform 17 

distribution of elements Pt/Pd/Ru/Ir/Rh (Figure 3f) throughout the nanostructure. This is 18 

further evident from the elemental distribution profile deduced from EDS elemental 19 

portioning (Figure S12). As the reaction time increased to 2 and 4 hours, the overall size 20 

of the nanostructures grew to 60 ± 5 and ~90 ± 5 nm, respectively, as evidenced by SEM 21 

and HAADF-STEM images (Figure 3g, h, Figure S13 (HRTEM) and Figure 2). Notably, 22 

the single-crystalline nature and elemental composition of SCPHEA2 (Figure 3g-I, Figure 23 
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S13) and SCPHEA4 (Figure 2) remained consistent with SCPHEA1 (Figure 3a-f). The 1 

atomic content of the constituting elements remains nearly constant (Table S1).   2 

 3 

Figure 3. Time-dependent electron microscopic analyses. The representative SEM (a, g, 4 

m), HAADF-STEM (b, h, n) images, SAED pattern (c, i, o), TEM image (d, j, p), and 5 

concomitant crystal planes (e, k, q) for SCPHEA1, SCPHEA2, PCPHEA6 nanostructure, 6 

respectively. (f, l, r) HAADF-STEM images of SCPHEA1, SCPHEA2, and PCPHEA6 7 
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were subjected to EDS mapping and corresponding elemental distribution patterns of Pt, 1 

Pd, Ru Ir, and Rh, respectively.  2 

Following the observed growth trend, the overall size of the mesoporous HEA particles 3 

further increases to 100 ± 10 nm after a 6-hour reaction (PCPHEA6, Figure 3m, n). 4 

Notably, while the SAED pattern still exhibits intense bright spots, it now shows a random 5 

arrangement too (Figure 3o, Figure S14), indicating a polycrystalline nature, unlike 6 

SCPHEA1, 2, and 4. This transition is further supported by HRTEM images of PCHEA6 7 

(Figure 3o, Figure S15), which no longer reveal the seamless, grain-free single structure 8 

seen at earlier time points. These results suggest that after 4 hours, growth proceeds via 9 

the aggregation of smaller nanoparticles around the larger nanostructure framework, 10 

stabilizing surface energy (Figure 3p, q, Figure S15). EDS analysis in HAADF-STEM 11 

mode confirms the uniform distribution of Pt/Pd/Ru/Ir/Rh elements (Figure 3r). Overall, 12 

the data strongly indicates that reaction time plays a critical role in determining the 13 

crystallinity of complex multimetallic nanostructures like HEAs. 14 

Electro-oxidation of Methanol 15 

To evaluate the electrochemical efficacy of single-crystal porous PtPdRuIrRh HEA 16 

nanostructures, the methanol electro-oxidation reaction (MOR), an inherently complex 17 

process involving 6e− transfer and multiple intermediate species, including CO moiety, 18 

was employed as a model reaction (Figure 4).55 While Pt-based systems are considered 19 

to be the choice of electrocatalysts for MOR, they suffer from CO poisoning, which 20 

blocks active sites and severely reduces the overall activity.55–59 Here, we performed a 21 

comparative study between four different catalysts: the single-crystal porous HEA 22 

nanostructure (SCPHEA4), the polycrystalline porous HEA nanostructure (PCPHEA6), 23 
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commercially available Pt-C (20 wt. % Pt loading), and a non-porous HEA nanostructure 1 

(NPHEA4). The latter was prepared without copolymer micelles under similar 2 

experimental conditions used for SCPHEA4, serving as a control to evaluate the effect of 3 

porosity.  4 

Prior to the MOR study, the electrochemically active surface area (ECSA) of 5 

electrocatalysts was evaluated by employing hydrogen underpotential deposition 6 

(HUPD) measurement (Table S2 and Figure S16). It is shown that SCPHEA4 (37.68 7 

m2/g) and PCPHEA6 (32.72 m2/g) exhibited superior ECSA compared to NPHEA4 8 

(27.74 m2/g). The results clearly demonstrate the advantage of our copolymer approach 9 

in increasing the effective surface area in complex systems like HEA. A similar trend was 10 

observed when impedance spectroscopy (EIS, Figure S17, Table S3) and rate-dependent 11 

cyclic voltammetry (CV, Figure S18, Table S4) in non-Faradic regions were employed to 12 

estimate the double-layer capacitance (Cdl), a quantity directly proportional to ECSA of 13 

the catalyst.31 During MOR, all electrocatalysts display anodic peaks corresponding to 14 

the oxidation of methanol and intermediates (Figure 4a).58,60,61 SCPHEA4 demonstrated 15 

higher MOR areal specific current density (~ 0.61 mA/cm2) compared to PCPHEA6 (0.52 16 

mA/cm2) and NPHEA4 (0.25 mA/cm2) under similar experimental conditions. The higher 17 

Jf/Jb ratio (Jf and Jb are the forward and backward peak current density, respectively) for 18 

SCPHEA4 (8.1) compared to PCPHEA6 (3.2) and NPHEA4 (2.5) implies effective 19 

electro-oxidation of methanol on SCPHEA4 during the forward potential scan (Figure 20 

4d). SCPHEA4 produces fewer intermediate species and seems to show higher tolerance 21 

to poisoning of electroactive sites by intermediates such as CO.58–62 SCPHEA4 achieves 22 

a mass-specific activity of ~2.7 A mgPt−1, which is nearly 1.6 and 4.5 times higher than 23 

PCPHEA6 (~1.6 A mgPt−1) and commercial Pt-C (~0.6 A mgPt−1) electrocatalysts, 24 
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respectively (Figure 4b). Furthermore, the lower onset potential for MOR on SCPHEA4 1 

(~0.510 V) compared to Pt-C (~0.540 V) and PCPHEA6 (~0.545 V, Figure 4c) suggests 2 

higher adsorption and activation ability of SCPHEA4 towards methanol molecules.61 3 

Noticeably, SCPHEA4 exhibits a lower MOR peak potential (Ef ~ 0.820 V at Jf) and a 4 

smaller potential separation between forward and backward anodic peaks (Ef – Eb ~ 130 5 

mV) compared to Pt-C (Ef ~ 1.010 V and Ef – Eb ~ 260 mV) (Figure 4b, d). These 6 

observations indicate that the MOR is kinetically more favorable on SCPHEA4.55,57,62–64. 7 

Consequently, SCPHEA4 offers superior MOR mass activity compared to recently 8 

reported precious metal-based HEA and traditional alloy electrocatalysts (Figure 4e, 9 

Table S5). Although higher alkaline concentrations typically enhance methanol oxidation 10 

reaction activity,65–67 the single-crystal high-entropy alloy system SCPHEA4 exhibits 11 

comparatively superior MOR performance even in a relatively dilute alkaline solution 12 

(0.1 M KOH electrolyte). This outperforms several previously reported systems operating 13 

in more concentrated alkaline solutions (1.0 M KOH electrolyte, Table S5), indicating the  14 

inherently facile methanol oxidation capability of single-crystal HEA systems.65 Figures 15 

4a and 4b further provide valuable insight into the role of mesoporosity and crystallinity 16 

on the enhanced MOR performance of SCPHEA4. The porous SCPHEA4 (~0.61 17 

mA/cm²) demonstrates MOR activity nearly 2.5 times larger than that of the nonporous 18 

NPHEA4 (~0.25 mA/cm², Figure 4a), which can be attributed to the significantly 19 

improved diffusion coefficient in the porous structure. Randles–Sevcik analysis (Figure 20 

S19) reveals that the diffusion coefficient for porous SCPHEA4 system (5.7 x 10-8 cm2/s) 21 

is an order of magnitude greater than that of NPHEA4 (9.4 x 10-9 cm2/s), underscoring 22 

the critical role of mesoporosity in promoting deeper methanol oxidation.68 Furthermore, 23 

among porous systems, single-crystalline SCPHEA4 exhibits superior charge transfer 24 
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properties, as indicated by Nyquist plots showing a markedly lower charge transfer 1 

resistance throughout the MOR potential window (Figure S20). 2 

 3 

 4 

Figure 4. Electrochemical characterization of SCPHEA4. (a) CV curves for NPHEA4, 5 

PCPHEA6, and SCPHEA4 were obtained in 0.1 M KOH + 0.5 M methanol aqueous 6 

solution. (b) Comparative MOR mass activity of Pt-C, PCPHEA6, and SCPHEA4. (c) 7 

CV profiles of forward scan in the potential window of 0.28 to 0.7 V, (d) Jf/Jb, and Epeak 8 

for Pt-C, PCPHEA6, and SCPHEA4. (e) The mass activity of SCPHEA4 and PCPHEA6 9 

compared to some recently reported multimetallic HEA, and platinum group metals-10 

based electrocatalysts (tabulated in Table S5). (f) Cyclic stability test on SCPHEA4. (g) 11 
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Variation profiles of Jf/Jb and Ef – Eb, with the number of cycles on SCPHEA4 during the 1 

cyclic stability test. h) Cyclic stability test on Pt-C. The inset (Figure f) shows changes in 2 

mass activity during cyclic stability. The scan speed used for MOR was 50 mV/s.  3 

 4 

To further elucidate the role of mesoporous structure, crystallinity (single crystal vs. 5 

polycrystal), and high-entropy alloying features, we also evaluated the long-term 6 

operational stability of several samples, including non-porous/NPHEA4, single-7 

crystal/SCPHEA4, polycrystalline/PCPHEA6, and commercial Pt-C electrocatalysts. 8 

Among them, SCPHEA4 exhibited exceptional durability, retaining approximately 93% 9 

of its maximum MOR current density after 2500 cycles (Figure 4f and Figure S21) while 10 

maintaining a stable Jf/Jb ratio and a nearly constant Ef – Eb value (Figure 4g). These 11 

results indicate SCPHEA4’s inherent ability to sustain efficient methanol electro-12 

oxidation by effectively handling reaction intermediates over extended periods.56,59,60,63 13 

This outstanding performance is attributed to a combination of entropy-stabilized, robust 14 

structural features (Figure 5a–c), the presence of a wide range of active sites in the HEA 15 

system (Figure 2o and Figure 6), and the efficient charge transfer enabled by its single-16 

crystalline nature (Figure S20). In contrast, the commercial Pt-C electrocatalyst suffered 17 

a rapid decline in MOR activity, losing approximately 60% of its maximum current 18 

density under identical reaction conditions (Figure 4h and Figure S21). This degradation 19 

is primarily due to intermediate-induced blocking of active sites and structural instability 20 

under aggressive operating conditions (Figure 5d–f).55,59 Similarly, the non-porous 21 

NPHEA4 and polycrystalline PCPHEA6 also experienced significant performance losses, 22 

with ~31% and ~70% reductions in current density, respectively (Figure S21) post 2500 23 

cycles elucidating the role of single crystal systems for sustained MOR performance. 24 
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These findings collectively demonstrate that achieving both high activity and long-term 1 

stability in methanol oxidation requires the synergistic integration of single crystallinity, 2 

mesoporous structure, and high-entropy alloy composition.  3 

 4 

 5 

Figure 5. Electron microscopic observations. (a,b) SEM and (c) HAADF-STEM images 6 

of SCPHEA4 post-MOR cyclic studies. TEM images of commercial Pt-C electrocatalyst 7 

(d,e) fresh and (f) post-MOR cyclic studies. (CB- Carbon Black nanoparticles were used 8 

during catalytic ink preparation). 9 

 10 

Chronoamperometric studies conducted at 0.675 V further demonstrate that SCPHEA4 11 

exhibits a lower current decay compared to both PCPHEA6 and NPHEA4 (Figure S22), 12 

indicating greater tolerance toward and more efficient management of the reaction 13 

intermediates generated during MOR.61 This observation is consistent with the CV results 14 

presented in Figures 4a, 4f, and S21. Collectively, the CA studies support that SCPHEA4 15 
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nanostructures comparatively offer both enhanced and stable performance for MOR. In 1 

conclusion, the MOR electrochemical screening indicates that our single-crystal porous 2 

PtPdRuIrRh HEA nanostructures provide high areal and mass-specific activities, effective 3 

overall electro-oxidation, and excellent current retention ability. All these advantages are 4 

likely related to their ability to suppress poisoning caused by reaction intermediates. 5 

 6 

Computational Insights 7 

 8 

 9 

Figure 6. Computational insights of MOR process on PtPdRuIrRh HEA systems. Top 10 

views of (a) optimized HEA surface (where the grey, cyan, green, yellow, and magenta 11 

balls represent Pt, Pd, Rh, Ir, and Ru atoms, respectively) and (b) charge density 12 

distribution on the HEA surface (green: gaining electron region, purple: losing electron 13 

region). (c) The MOR mechanism on metal surfaces with different intermediates, where 14 
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* indicates adsorbed species. The energy landscape perspective of CH3OH molecule on 1 

(d) PtPdRhIrRu HEA and (e) Pt. (f) The total DOS and partial DOSs of Pt-5d, Pd-4d, Rh-2 

4d, Ru-4d, and Ir-5d orbitals in HEA. The Fermi level eF is referred to at 0 eV, and ed is 3 

the d-band center position. (g) The change of the d-band center of elements in mono, 4 

binary (PtPd), ternary (PtPdIr), quaternary (PtPdIrRh), and HEA (PtPdIrRhRu) alloys. (h-5 

q) Stable adsorption configurations of intermediates for optimal MOR pathways on HEA 6 

surface from a top view including (h) *CH3OH, (i) *CH2OH, (j) *CH3O, (k) *CH2O, (l) 7 

*CHOH, (m) *CHO, (n) *COH, (o) *CO, (p) *CO-*OH, (q) *COOH. (r,s) Free-energy 8 

diagrams of optimal reaction pathways for the MOR at 0.6 V versus RHE on HEA and Pt 9 

catalysts. 10 

To understand the mechanism and explain the enhancement of MOR performance on 11 

SCPHEA, density functional theory (DFT) calculations were performed on the (111) facet 12 

of HEA PtPdIrRhRu compared with five Pt-based catalysts including Pt, binary PtPd, 13 

ternary PtPdIr, quaternary PtPdIrRh, and quaternary PtPdIrRu alloys (Figure 6and Figure 14 

S23). The DFT calculations reveal that the HEA surface, alongside other surfaces, is 15 

pretty stable regarding its structural integrity, which is mainly attributed to the Pt richness 16 

(Figure 6a, b, and Figure S23). Regarding electronic structure, the differences in the 17 

electronegativity of the elements led to a redistribution of charges on the surfaces (Figure 18 

6a and b). Particularly, valence electrons of non-Pt-atoms tend to be transferred to 19 

neighboring Pt atoms due to the higher electronegativity (2.98) as compared to Ir (2.79), 20 

Pd (2.70), Ru (2.68), and Rh (2.65).51 This charge transfer results in the formation of 21 

electron-deficient regions (Figure 6b) around non-Pt atoms (see also Table S6 for the 22 

Bader charge analysis). As a result, this depletion of electrons may influence how the 23 

surface interacts with methanol and MOR reaction intermediates. For instance, CH3OH 24 
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tends to bind to non-Pt centers (particularly on Ru, Rh, or Ir), as illustrated in the potential 1 

energy landscape for CH3OH adsorption on HEA (Figure 6d).55 The adsorption energies 2 

of CH3OH on these sites are 0.2–0.3 eV more stable than on the pure Pt surface (Figure 3 

6e). This observation agrees with the experimental findings where the SCPHEA4 4 

exhibited a comparatively lower onset potential (Figure 4c), indicating stronger methanol 5 

adsorption and activation ability towards MOR.61 This tendency is also observed in the 6 

cases of binary, ternary, and quaternary alloys (Figure S24). It appears that with an 7 

increase in alloying metals, more favorable active sites emerge. The detailed electronic 8 

structure, shown by the partial density of states (DOS) of HEA, further supports this 9 

finding (Figure 6f,g). In particular, the d-band centers of Ru, Rh, Ir, or Pd atoms were 10 

closer to the Fermi level than that of Pt atoms. The higher d-states of these atoms may 11 

disclose more empty antibonding states at the Fermi level, leading to stronger binding to 12 

adsorbates than Pt sites. In conclusion, based on CH3OH adsorption, we can rank the 13 

efficiency of surfaces as PtPdIrRhRu (HEA) > PtPdIrRu > PtPdIrRh > PtPdIr > PtPd > 14 

Pt. 15 

The MOR mechanism on the HEA surface was compared with other Pt-based alloys to 16 

explain HEA’s superior catalytic activity (Figures S24, S25). The most stable adsorption 17 

configurations of eight key reaction intermediates on HEA are depicted in Figure 6h-q, 18 

where different intermediates favor different active sites. For example, CH3OH and CH3O 19 

adsorb at Ru top sites, whereas CH2OH, CH2O, CHO, and COOH prefer to bridge 20 

between Ru-Ir sites. This diversity of active sites could ensure the superior MOR 21 

performance of the HEA surface compared to other Pt-alloyed surfaces. In Figure 6r, s, 22 

and Figure S25, we present the free-energy diagrams for optimal MOR pathways of the 23 

six Pt-based catalysts, calculated at an electrode potential of 0.6 V versus RHE (see also 24 
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Table S6- S14). The reaction pathways are generally downhill in energy. Here, we looked 1 

closely into CO poisoning since it is believed to affect the overall MOR performance 2 

significantly.55,56,58,59 To overcome CO poisoning, two strategies could be employed: (i) 3 

weakening CO adsorption and (ii) enhancing water dissociation to produce hydroxyl 4 

species that oxidize CO to CO2.56 We observed that the Pt monometallic system is 5 

relatively inefficient at dissociating water. The water dissociation free energy (on a CO-6 

poisoned Pt surface) *CO + H2O → *CO-*OH + (H+ + e−) is endergonic by 0.44 eV. This 7 

explains why the Pt monometallic system is highly susceptible to CO poisoning, as 8 

reflected in the experimental Pt-C MOR study (Figure 4b-f,h). On the other hand, alloying 9 

Pt with other metals could enhance water dissociation, with the reaction becoming less 10 

endergonic from binary PtPd to ternary PtPdIr and quaternary PtPdIrRh alloys. Notably, 11 

we found that the reaction free energy on PtPdIrRu becomes negative (i.e., exergonic) 12 

while reaching the most negative value (i.e., −0.13 eV) on PtPdIrRhRu. This suggests that 13 

the MOR activities on the HEA and quaternary PtPdIrRu alloys should be competitive 14 

but surpass those of the remaining Pt-based alloys. The excellent ability of HEA to 15 

dissociate water is expected to increase *OH production, thereby promoting the CO 16 

depoisoning process. This was experimentally observed on SCPHEA4: (i) the Jf/Jb ratio 17 

was higher than the other electrocatalysts (Figure 4a,b,d), and (ii) this ratio remained 18 

stable during the cyclic study (Figure 4 f-h). 19 

 20 

CONCLUSIONS 21 

In summary, this study demonstrates the block copolymer micelle-assisted synthesis of 22 

mesoporous single-crystal high-entropy alloys (HEAs) composed of PtPdRuIrRh via an 23 
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all-wet-chemical reduction approach. The systematic investigation underscores the 1 

crucial roles of block polymers, chemical conditions, temperature, and reaction time in 2 

controlling the crystallinity and morphology of the HEA nanostructures. The optimized 3 

single-crystal mesoporous HEA features uniformly sized mesopores that permeate the 4 

entire structure, ensuring exposure to high-entropy electroactive sites and enhancing 5 

charge and mass transport. For MOR catalysis, the optimized single-crystal mesoporous 6 

HEA exhibits superior catalytic activity, with the lowest onset and peak potentials, 7 

compared to polycrystalline counterparts, commercial Pt-C electrocatalysts, recently 8 

reported precious metal-based HEAs, and traditional alloys. Combining experimental 9 

observations with computational calculations, the study reveals that mesoporous single-10 

crystal HEA systems effectively mitigate CO poisoning during MOR by enhancing water 11 

dissociation, resulting in extended cyclic stability. Overall, this work provides a soft-12 

chemical design strategy for creating multimetallic porous single-crystal HEA systems 13 

with mesoporous architectures, applicable to fundamental research and applications 14 

beyond electrocatalysis. 15 
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