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Abstract: 

High-entropy alloy (HEA) nanoparticles are promising catalyst candidates for the acidic oxygen 

evolution reaction (OER). Herein, we report the synthesis of IrFeCoNiCu-HEA nanoparticles on 

carbon paper substrate via microwave-assisted shock synthesis method. Under OER conditions in 30 

0.1 M HClO4, the HEA nanoparticles exhibit excellent activity with an overpotential of ~302 mV 

measured at 10 mA cm−2 and improved stability over 12 hours of operation compared to the 

monometallic Ir counterpart. Importantly, an active Ir-rich shell layer with nano-domain features 

was observed to form on the surface of IrFeCoNiCu-HEA nanoparticles immediately after 

undergoing electrochemical activation, mainly due to the dissolution of the constituent 3d metals. 35 

The core of the particles was able to preserve the characteristic homogeneous single-phase HEA 

structure without significant phase separation or elemental segregation. This work illustrates that 

under operating acidic conditions, the near-surface structure of HEA nanoparticles is susceptible 

to a certain degree of structural dynamics. 

Keywords: High-entropy alloy; acidic OER; structural evolution; dissolution.  40 
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Main Text 

Electrochemical water splitting in acidic media realized using renewable electricity is an important 

pathway for the decarbonization of large-scale hydrogen (H2) production.[1–5] However, the oxygen 

evolution reaction (OER) as the anode half-cell reaction hampers the widespread use of efficient 

proton-exchange membrane water electrolyzers, mainly due to its sluggish kinetics and harsh 45 

reaction environment.[5–6] While IrO2 and RuO2 as state-of-the-art catalysts are active for acidic 

OER,[7–8] their long-term stability under OER is still insufficient due to the dissolution of Ir and 

Ru.[9–14] Therefore, there is a pressing need to develop an OER catalyst with improved activity and 

enhanced stability to achieve a more efficient water-splitting process. 

High-entropy alloy (HEA) nanoparticles are promising nanomaterials that provide 50 

tremendous opportunities for various fields, including catalysis.[15–18] The considerable 

configurational entropy generated by incorporating five or more elements into a single particle, in 

principle, can dominate the particle’s thermodynamic behavior, stabilize the alloyed structure, and 

even mitigate structural degradation under unrelenting conditions.[15] In addition, HEA manifests 

a mixing effect, resulting in synergistic responses from the mutual electronic interactions between 55 

its constituent elements.[16–18] The availability of multi-element active sites on the HEA 

nanoparticle surface also makes HEA suitable for catalytic reactions, including OER.[19–22] 

However, the exploration of HEA as a catalyst in acidic OER environments is relatively 

underexplored,[23–26] as most studies focus on alkaline electrolytes.[27–29] 

Our work focuses on developing Ir-based HEA nanoparticles as efficient catalysts for acidic 60 

OER. Using microwave-assisted shock synthesis, we successfully synthesized IrFeCoNiCu-HEA, 

which outperforms monometallic Ir and other Ir-based bimetallic alloys, such as IrFe, IrCo, and 

IrNi. Immediately upon OER electrochemical activation, the HEA undergoes a structural 

evolution, forming a relatively stable structure with an active Ir-rich shell layer on the nanoparticle 

surface, mainly due to the dissolution of the constituent 3d metals (Fe, Co, Ni, and Cu) under 65 

highly acidic and oxidative condition. Meanwhile, the nanoparticle’s core maintains a 

homogeneous elemental distribution characteristic of an HEA structure. Our results show that this 

evolved structure is stable during at least 12 hours of chronopotentiometry test without excessive 

activity degradation, demonstrating the prospect of Ir-based HEA nanoparticles as active and 

stable OER catalysts. 70 
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IrFeCoNiCu-HEA nanoparticles were prepared using a microwave-assisted shock synthesis 

method (for experimental details, see the Methods section in the Supporting Information (SI)). 

Rapid heating and rapid quenching from microwave irradiation are advantageous in synthesizing 

nanoscale single-phase alloyed structures.[30–32] IrFeCoNiCu-HEA nanoparticles can be dispersed 

on the carbon paper substrate with nanoparticles size distributed between 20 and 200 nm (Figures 75 

1a and S1). The vast particle size distribution is presumably caused by the inhomogeneity of the 

carbon paper substrate and different heating conditions delivered by the microwave setup for 

different batches of synthesis. High-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) and powder X-ray diffraction (XRD) studies were conducted to 

elucidate the structure of the synthesized HEA. HAADF-STEM image (Figure 1b) and the 80 

corresponding fast Fourier transform (FFT) analysis (inset on Figure 1b) show the {111} and 

{200} lattice planes, respectively, viewed along the [110] zone axis. Based on the lattice structure 

analysis, the HEA is observed to assume a typical metallic FCC structure. The XRD pattern (Figure 

1c) also supports this crystal structure claim. The single set of FCC diffraction peaks indicates that 

IrFeCoNiCu-HEA nanoparticles have a dominant single-phase structure without any apparent 85 

additional phases. Compared to the XRD pattern of each component, the peaks of IrFeCoNiCu-

HEA do not belong to any of the monometallic elements, indicating a homogeneous mixing 

between all elements. The average lattice constant calculated from XRD measurements is 0.364 

nm. The atomic ratio at a whole sample level was measured using inductively coupled plasma 

optical emission spectroscopy (ICP-OES), as listed in Table S1. The measured Ir:Fe:Co:Ni:Cu 90 

atomic ratio (19:19:20:22:21) is observed to be near-equimolar and conforms well with the 

definition of an HEA at the bulk level.[33] With the experimentally measured ratio, the estimated 

lattice constant predicted using ideal Vegard’s law is 0.369 nm, consistent with the calculated 

value from XRD measurements. 

The single-phase solid solution alloy structure of IrFeCoNiCu-HEA is further confirmed by 95 

STEM energy dispersive spectroscopy (STEM-EDX) elemental mapping (Figures 1d and S2). The 

elemental distribution maps show a homogeneous distribution of each component without any 

significant phase separation or elemental segregation. From the STEM-EDX spectra of selected 

regions of interest, both at an ensemble (Figure S2) and at a single particle level (Figure S3), the 

typical atomic ratio between Ir:Fe:Co:Ni:Cu was calculated to be also near equimolar. In addition, 100 
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the random mixing of the elements can also be confirmed by the Z-contrast-based HAADF-STEM 

images of this nanoparticle at the atomic scale (Figures 1b and S4). 

After studying the structure and composition of the as-synthesized IrFeCoNiCu-HEA, we 

performed electrochemical OER measurements to evaluate its electrocatalytic activity and stability 

in acidic media. The measurements were carried out using a three-electrode system in an H-cell 105 

using 0.1 M HClO4 electrolyte. Figure 2a depicts the OER polarization curve of a blank carbon 

paper, monometallic Ir, IrM (M = Fe, Co, Ni) bimetallic alloys, and IrFeCoNiCu-HEA. 

IrFeCoNiCu-HEA exhibits an enhanced activity with an overpotential measured of about 302 mV 

at 10 mA cm−2, while the overpotential of pure Ir catalyst with similar Ir-mass loading (~288 μgIr 

cm−2
geo.) is about 352 mV. As an additional activity comparison, OER tests were also performed 110 

on IrFe, IrCo, and IrNi catalysts. These catalysts have been widely reported to exhibit excellent 

OER performance in acidic media compared to pure Ir and the state-of-the-art IrO2 catalyst.[34–40] 

These bimetallic catalysts were prepared in a similar fashion to that of IrFeCoNiCu-HEA with 

equal Ir-mass loading (Figure S5). Compared to these catalysts, IrFeCoNiCu-HEA also shows 

better OER activity, further signifying the excellent performance of this HEA. The OER kinetics 115 

on IrFeCoNiCu-HEA nanoparticles are also improved, showed by the Tafel slope of about 58.0 

mV dec−1 for the IrFeCoNiCu-HEA, which is lower than that of pure Ir (about 75.8 mV dec−1) and 

other IrM bimetallic systems, as presented in Figure 2b. 

The activity of IrFeCoNiCu-HEA and monometallic Ir was also compared by normalizing 

the current density with Ir-mass loading and electrochemically active surface area (ECSA) 120 

measured using the hydrogen underpotential deposition (HUPD) region. With similar Ir-mass 

loading, IrFeCoNiCu-HEA demonstrates a better Ir-mass-based activity compared to pure Ir 

catalyst (Figures 2c and S6). At 300 mV overpotential, the activity of IrFeCoNiCu-HEA (34.67 A 

g−1
Ir) is about 2.2 times better than that of pure Ir (15.76 A g−1

Ir). We then measured the ECSA for 

IrFeCoNiCu-HEA and pure Ir to be about 4.75 m2 g−1
Ir and 4.30 m2 g−1

Ir, respectively. When 125 

normalized to the ECSA, IrFeCoNiCu-HEA exhibits activity 1.9 times better than pure Ir catalyst 

at 300 mV overpotential (Figure S7). The OER stability of the catalysts was evaluated using 

chronopotentiometry tests at a constant current density of 10 mA cm−2 for up to 12 hours.[41–43] As 

indicated in Figure 2d, IrFeCoNiCu-HEA sustains better OER stability compared to pure Ir. After 

12 hours, the overpotential increase measured from the chronopotentiometry test for IrFeCoNiCu-130 

HEA is less than 60 mV, while for pure Ir is up to 120 mV. In addition, a study conducted by Cai 
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et al. showed that the same elemental combination also exhibits improved OER activity in an 

alkaline environment.[27] 

It should be noted that during the synthesis process, we observed the existence of carbon 

layers encapsulating the HEA nanoparticles with a thickness of about 5 nm (Figures S9a and S9b). 135 

The encapsulating layers have been reported to be formed on typical processes that involve heat 

treatment of nanoparticles on different types of carbon substrates.[44] The presence of carbon layers 

has been widely debated for its effect in enhancing the activity and durability of Pt-based 

nanomaterials for oxygen reduction reaction (ORR) as it blocks the active Pt sites.[45] However, in 

the case of our synthesized IrFeCoNiCu-HEA, we observed that the carbon layers were 140 

delaminated after undergoing electrochemical activation (Figures S9c-S9f), indicating the 

negligible effects of carbon layers on the activity and stability of the catalyst. 

After evaluating the activity and stability of the catalysts, the structural evolution of 

IrFeCoNiCu-HEA before and after OER experiments were then analyzed. Investigation into the 

structural transformation of HEA catalysts is often neglected but instrumental in understanding the 145 

behavior of HEA catalysts under catalytic environments. Notably, in situ studies by Song et al. 

provide valuable insights into probing the behavior of HEA nanoparticles under air and hydrogen 

atmospheres.[46–47] Here, we show evidence of structural evolution in IrFeCoNiCu-HEA under 

acidic OER conditions. Figure 3a depicts the ex situ STEM-EDX maps of each element, a 

composite map between Ir and Ni, and the overlay map of all elements of different IrFeCoNiCu-150 

HEA samples collected after different treatments. The purpose of superimposing Ir and Ni 

elemental maps is to provide better color contrast. The top row lists the elemental maps of as-

synthesized IrFeCoNiCu-HEA before undergoing OER experiments. The middle row of Figure 3a 

shows the maps of an IrFeCoNiCu-HEA nanoparticle after undergoing initial cyclic voltammetry 

(CV) for electrochemical activation and linear-sweep voltammetry (LSV) for activity 155 

measurement. From the composite Ir + Ni and the overlay map, an Ir-rich shell layer was detected 

to form on the surface of the nanoparticles with a measured average thickness of about 2-6 nm. 

Meanwhile, the core of the nanoparticles was found to still preserve the characteristic 

homogeneous elemental distribution of the HEA without noticeable phase separation or elemental 

segregation. The average thickness of the Ir-rich shell is found to not increase significantly in 160 

samples collected after undergoing 4 hours (Figure S10a), 8 hours (Figure S10b), and 12 hours of 



7 

chronopotentiometry test at 10 mA cm−2 (bottom row of Figure 3a). This suggests that the evolved 

structure is relatively stable and does not undergo any further dramatic structural decay. 

To further elucidate the driving force of this structural evolution phenomenon, we measured 

the concentration of the dissolved metals in the electrolyte collected from different time points 165 

using ICP-OES through ex situ offline measurements (Figure S11).[48] The result indicates that the 

dissolution process had already taken place immediately after the electrochemical activation step. 

The dissolved 3d metals were detected to have a much higher concentration than Ir due to their 

lower oxidation potential. The 3d metals and a small portion of Ir atoms occupying near the surface 

of the nanoparticles were leached away into the electrolyte, thus forming the Ir-rich shell layer. 170 

Such a dissolution process is widely known in OER catalysts, including Ir-based materials.[12–14,49–

50] The concentration of the dissolved metals was found to not increase significantly after the initial 

dissolution process, as indicated by the similar concentration measured after 4 and 12 hours of 

chronopotentiometry measurement. This implies that the dissolution process occurs primarily 

during the electrochemical activation step. The dissolution during the stability test is relatively 175 

negligible. It also corroborates the finding that the average thickness of the Ir-rich shell layer does 

not increase significantly, even after 12 hours of the stability test. The presence of the Ir-rich shell 

layer might protect the core of the nanoparticle, thus lowering further dissolution of especially the 

3d metals. It has also been reported that 3d metals, such as Co, in low-Ir systems can exhibit 

improved corrosion resistance due to their electronic structure interplay.[51] 180 

Figure 3b displays a magnified view of the Ir-rich shell layer from a sample taken after 

undergoing 4 hours of chronopotentiometry test. From the individual elemental map, the shell 

layer is not completely absent from the existence of the 3d metals. The elemental distribution of Ir 

remains homogeneous, both in the core and near the surface of the nanoparticle. However, the 

elemental distribution for the 3d metals is seen to be more diffuse approaching the surface of the 185 

nanoparticle (illustrated by the dashed lines), implying that the core and the near-surface structure 

have different elemental compositions. Using this map, we further resolved the composition of the 

Ir-rich shell layer at different regions of interest through STEM-EDX elemental analysis (Figures 

S12 and S13, Table S2). At the level of the whole region, Ir largely dominates the overall 

composition (~31.9 at.%), surmounting the other 3d metals due to their dissolution after 190 

undergoing electrochemical activation. The core composition of Ir and other 3d metals is 

consistent with the typical atomic ratio of IrFeCoNiCu-HEA as previously described, suggesting 
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that the core still assumes the original HEA structure. On the shell layer region, the composition 

of Ir was measured to reach a staggering 65-75 at.%, while the rest of the composition is divided 

unevenly between the 3d metals. This denotes that the near-surface layers have lost the ability to 195 

retain the typical HEA structure with homogeneous elemental distribution when exposed to harsh 

acidic OER conditions. The XRD pattern of an IrFeCoNiCu-HEA sample after enduring the OER 

experiment is then compared to that of the as-synthesized fresh sample (Figures 3c and S14). From 

a more detailed inspection, the peak of the post-electrolysis sample shifts to a lower diffraction 

angle corresponding to a larger lattice constant. This is primarily caused by the depletion of the 3d 200 

metals and leaving Ir, having the largest lattice constant, to dominate the composition of the 

nanoparticle. 

Using aberration-corrected HAADF-STEM, we resolved the morphology of the near-surface 

structure for samples after the electrochemical activation treatment (Figures 3d and S15). The 

distinction between the HEA core and the shell layer can be clearly seen here. In certain particles, 205 

the thickness of the Ir-rich shell varies from one region to another, implying that the dissolution of 

the metals at different parts of the nanoparticle might occur at different rates. The dissolution rate 

in one particle might also be different from other particles due to the particle size effect. Recalling 

that the synthesized IrFeCoNiCu-HEA has a broad particle size distribution, smaller-sized 

particles may undergo a faster surface dissolution rate due to the larger exposed surface.[52] The 210 

core of the nanoparticle is observed to still preserve the metallic HEA structure. In the shell layer, 

the lattice fringes can be easily recognized, indicating that this layer has a crystalline structure 

instead of amorphous structures. Additionally, a thin oxide layer with an average thickness of 

about 1 nm is detected to form on the surface of the nanoparticles, as designated by the white 

arrows (Figure 3d). The composition of the oxide layer has not yet been fully characterized but 215 

includes the possibility of IrOx or a multimetallic oxide. [40,49–50,53–55] The oxide layer is found to 

be unevenly distributed throughout the surface of the evolved nanoparticle. STEM-EDX analysis 

near the surface of a nanoparticle (Figure S16a) shows the elemental distribution, including the O 

K-edge. From the line scan profile (Figure S16b), the measured average thickness of this oxide 

layer is about 1 nm and is consistent with the observation from the HAADF-STEM image. Electron 220 

energy-loss spectroscopy (EELS) maps and analysis (Figure S17) confirm the presence of oxygen 

at an appreciable concentration near the surface of the nanoparticle. However, oxygen is not only 

detected on the surface but also in the Ir-rich shell layer. This implies that we cannot rule out the 
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presence of a trace amount of oxide structures that might also form in the shell layer. Further 

investigation of the near-surface structure (Figures 3e and S18) demonstrates the presence of nano-225 

domains with the crystal structure of Ir populating the shell layer and surface of the evolved 

nanoparticles. Figures 3f and 3g show the Ir domains having different in-plane orientations located 

near the surface of the nanoparticle. FFT analysis of the corresponding images confirms that these 

structures are mainly metallic Ir domains.  

To probe the oxidation state of the near-surface structure, we performed X-ray photoelectron 230 

spectroscopy (XPS) analysis for as-synthesized and post-electrolysis IrFeCoNiCu-HEA samples. 

Figure S19 shows the high-resolution spectra of all the elements. Ir is found to be mainly in the 

metallic state with peaks at around 61.5 eV for Ir0 4f7/2 and 65.2 eV for Ir0 4f5/2.
 The weaker peaks 

at 62.7 eV and 65.6 eV can be assigned to Ir4+ 4f7/2 and Ir4+ 4f5/2, respectively.[40,56] Most of the 3d 

metals are found to be in their oxidized states, presumably due to their higher chemical 235 

activity.[46,56] After undergoing electrochemical activation, the Ir 4f spectra show a slight shift 

towards higher binding energy, indicating slight surface oxidation of Ir. The rest of the 3d metals 

were also observed to be mostly in their oxidized state. High-valence Ir and IrOx have been 

suggested widely as the most active site in facilitating OER, which is also reasonable in the studied 

system since the surface structure of the evolved IrFeCoNiCu-HEA nanoparticles is mainly 240 

composed of the Ir-rich shell layer.[10,40,50,53,54] However, the contribution of the 3d metals near the 

surface of the nanoparticle in optimizing the electronic structure of the Ir site cannot be 

underestimated since they are observed to be not completely depleted.[40,50] Further rigorous 

studies are necessary to understand the active sites on such chemically complex materials, as well 

as the corresponding reaction mechanism. A typical four-step reaction model involving *OH, *O, 245 

and *OOH intermediates is commonly adopted for IrOx and Ir-based multimetallic 

systems.[1,40,50,54,55] 

Through this work, we have demonstrated the successful synthesis of IrFeCoNiCu-HEA 

nanoparticle catalysts via the microwave-assisted shock-synthesis method. IrFeCoNiCu-HEA 

exhibited an enhanced OER activity and stability compared to the monometallic Ir counterpart and 250 

other more active Ir-based bimetallic alloys. The structural evolution of IrFeCoNiCu-HEA under 

acidic OER operating conditions was studied. Figure 4 summarizes the general picture of the 

structural evolution illustrating the delamination of the encapsulating carbon layers and the 

dissolution of the constituent 3d metal atoms (Fe, Co, Ni, and Cu) from the surface of the 
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nanoparticle, leaving an Ir-rich shell layer, while the core maintained the homogeneous single-255 

phase HEA structure. From this study, we suggest that high-entropy alloy nanoparticles are also 

susceptible to surface structural change after being exposed to harsh electrocatalytic environments 

(i.e., highly oxidative and acidic conditions). The entropic stabilization effect near the surface of 

the HEA catalysts is not dominant enough to overcome the influence of electrochemical redox that 

occurs on the surface leading to a certain degree of surface reconstruction. 260 
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Figure 1. (a) Low-resolution HAADF-STEM image of IrFeCoNiCu-HEA dispersed on carbon paper 

substrate (scale bar, 500 nm). (b) High-resolution HAADF-STEM image (scale bar, 2 nm) and inset of the 

corresponding FFT showing a typical FCC structure. (c) XRD pattern of IrFeCoNiCu-HEA showing the 460 

single-phase FCC structure. (d) Homogeneous elemental distribution of IrFeCoNiCu-HEA showed by 

individual and overlay STEM-EDX maps (scale bar, 50 nm). 
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Figure 2. (a) OER polarization curves in 0.1 M HClO4 electrolyte (scan rate, 5 mV s−1). (b) Corresponding 465 

Tafel slope. (c) Ir-mass-based activity measured at different overpotentials. (d) Chronopotentiometry 

measurement at a constant current density of 10 mA cm−2. 
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Figure 3. (a) STEM-EDX maps showing the elemental distribution of IrFeCoNiCu-HEA at different time 470 

points of the OER stability test (all scale bar, 20 nm). (b) STEM-EDX maps showing the Ir-rich shell layer 

near the surface of the nanoparticle, as highlighted by the dashed lines (scale bar, 10 nm). (c) Comparison 

of the (111) peaks from powder XRD measurement between as-synthesized and post-electrocatalysis 

samples showing a slight peak shift. (d) Near-surface structure of the nanoparticle showing the HEA core, 

polycrystalline alloy shell layer (~2-6 nm), and surface oxide (indicated by white arrows) after 475 

electrochemical activation. (e) HAADF-STEM image of IrFeCoNiCu-HEA near the surface showing the 

Ir-rich nano-domains (scale bar, 2 nm). (f-g) Ir domains populate the shell layer and surface of the 

nanoparticle, having different in-plane rotational angles (all scale bar, 1 nm). 
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Figure 4. Illustration of the structural evolution of IrFeCoNiCu-HEA nanoparticle under acidic OER 480 

conditions. The electrocatalytic condition induces delamination of the encapsulating carbon layers and 

dissolution of mostly the 3d metals, leaving an Ir-rich shell layer on the surface of the nanoparticle. 
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