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ABSTRACT: High-entropy alloy (HEA) nanoparticles (NPs) have been emerging with 

superior compositional tunability and multi-elemental synergy, presenting a unique 

platform for material discovery and performance optimization. Here we report a 

synthetic approach utilizing hollow-carbon confinement in the ordinary furnace 
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annealing to achieve the non-equilibrium HEA-NPs such as 

Pt0.45Fe0.18Co0.12Ni0.15Mn0.10 with uniform size ~5.9 nm. The facile temperature control 

allows us not only to reveal the detailed reaction pathway through ex situ 

characterization, but also to tailor the HEA-NP structure from the crystalline solid 

solution to intermetallic. The pre-confinement of metal precursors is the key to ensure 

the uniform distribution of metal nanoparticles with confined volume, which is essential 

to prevent the thermodynamically favored phase separation even during the ordinary 

furnace annealing. Besides, the synthesized HEA-NPs exhibits remarkable activity and 

stability in oxygen reduction catalysis. The demonstrated synthetic approach may 

significantly expand the scope of HEA-NPs with uncharted composition and 

performance. 
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High entropy alloys (HEAs), typically containing multiple elements randomly 

intermixed to possess high configuration entropy, represent one of the most complex 

materials with extraordinary functionalities exceeding conventional alloys1-4. With the 

reduced dimension to nanoscale, HEA nanoparticles (HEA-NPs) have drawn 

significant attention for their widely tunable compositions and properties, promising 

for various catalysis, energy3, 5-7, environmental8 and biomedical applications9. For 

example, the enormous diversity in the adsorption sites of HEA-NP surfaces gives rise 



to broadened and nearly continuous adsorption energy levels, which is particularly 

beneficial for multistep reactions involving adsorption of various intermediates10, 11. 

Combining with their enhanced structural stability, HEA-NPs have been used as high-

performance catalysts for energy- and environment-relevant reactions including oxygen 

reduction reaction (ORR)5, ammonia oxidation12 and decomposition13. Manufacturing 

HEA-NPs, however, remains a grand challenge owing to the fundamental conflict 

between high-temperature synthesis required for multi-element intermixing and NP 

aggregation at high temperature.12-20 HEA-NPs are initially obtained by thermal-shock-

based methods12-15, which requires rapid quench with carefully chosen rates to control 

kinetics just right for the non-equilibrium HEA: Too rapid cooling can cause structure 

amorphization with degraded crystallinity, while too slow cooling leads to 

thermodynamic-driven phase separation and nanoparticle aggregation12. The ordinary 

furnace annealing has been considered to be too slow to avoid phase separation, and 

thus incapable of achieving single-phase HEA-NPs. Even though thermal conversion 

of core@shell NPs to HEA-NPs has been recently demonstrated with slow annealing, 

so far it can only make fully intermixed solid-solution NPs but is incapable of achieving 

intermetallic HEA NPs.19,20 Solution-based methods such as solvothermal synthesis and 

low-temperature co-reduction have also been established,16-18 but are normally limited 

to metals with low melting points and high reduction potentials (Bi, Sn and Rh et al.). 

Their application on high-melting-point metals may be inhibited by their slow atomic 

diffusion at low temperature. 



In this work, we demonstrate a novel approach utilizing volume confinement to 

stabilize the non-equilibrium HEA-NPs, enabling their synthesis even using the 

ordinary furnace annealing without any special control over kinetics. As a proof of 

concept, we have synthesized Pt0.45Fe0.18Co0.12Ni0.15Mn0.10 HEA-NPs with uniform size 

~5.9 nm using carbon-confinement furnace annealing. Through tuning the annealing 

temperature, HEA-NPs with the structure of both crystalline solid solution and 

intermetallic can be achieved in the single phase without elemental segregation or phase 

separation. The resultant hollow-carbon support further ensures sufficient exposed 

surface, enabling exceptional activity and stability of the synthesized HEA-NPs in ORR 

catalysis. The critical role of volume confinement on HEA-NP formation will also be 

discussed, which represents a promising strategy to further expand the scope of 

achievable HEA-NPs. 



 

Figure 1. (a) Schematic diagram of the hollow-carbon confinement furnace annealing 

to form HEA-NPs with various structures. (b-k) STEM images of precursors treated at 

different temperatures, with the structure models shown in the insets.  



 

Figure 2. (a) Pt L3-edge XANES spectra of precursors treated at different temperatures, 

and (b) corresponding fitting results of coordination numbers. (c) Fe K-edge XANES 

spectra of precursors treated at different temperatures, and (d) corresponding fitting 



results of coordination numbers. (e) XRD patterns (standard PtFe intermetallic (PDF 

card #03-065-1051) is used as reference) and (f) Pt 4f XPS spectra of precursors treated 

at different temperatures. 

The process of hollow-carbon confinement furnace annealing is illustrated in 

Figure 1a using Pt0.45Fe0.18Co0.12Ni0.15Mn0.10 HEA-NPs as an example. First, the metal 

precursors (H2PtCl6, FeCl2, CoCl2, NiCl2 and MnCl2) are mixed in the tris-HCl 

buffering solution, with polystyrene (PS) nanospheres added. After fully intermixing, 

the dopamine polymer is then introduced and polymerized to form polydopamine layers 

via oxidative polymerization. Benefiting from the abundant functional groups (catechol, 

amine and imine), polydopamine can easily functionalize various substrates (even the 

low energy surface, e.g. PS). These functional groups provide rich anchoring sites to 

chelate with the metal ions, which effectively confine metal atoms on the surface of PS 

spheres (denoted as PS@DPA-Mn+)21. The core-shell structure is confirmed by the 

electron energy-loss spectroscopy (EELS) on scanning transmission electron 

microscopy (STEM) shown in Figure S1. Besides, the formed polydopamine-Mn+ layer 

is revealed by the STEM imaging (Figure 1b-c) and energy dispersive spectroscopy 

(EDS) mapping (Figure S2a-f). 

The PS@DPA-Mn+ precursors can be collected after centrifugation and drying, in 

which the metal elements are in the form of single atoms, as revealed by STEM imaging 

(Figure 1b-c). X-ray absorption near edge structure (XANES) of X-ray absorption 

spectroscopy (XAS) unveils high oxidation states for metals (Figure 2a and c). 

Together with the negative shifts of N 1s and O 1s binding energies detected by X-ray 



photoemission spectroscopy (XPS, Figure S3a-b), it indicates that the single metal 

atoms are anchored on the hydroxy and amino groups of dopamine as illustrated in 

Figure S3c. This is verified explicitly by the extended X-ray absorption fine structure 

(EXAFS) analysis, which reveals dominant metal-N/O bonding in PS@DPA-Mn+ 

(Figure S4). X-ray diffraction (XRD) only detects a broad peak corresponding to the 

amorphous phase in PS nanospheres and polydopamine (Figure 2e), consistent with 

the single-atom state of metal elements. EDS mapping further shows the uniform 

distribution of all metal elements (Figure S2a-f), which is ideal for the subsequent heat 

treatment.  

By heating PS@DPA-Mn+ based on furnace annealing in N2/H2 atmosphere, the 

polydopamine layer can be carbonized to form carbon shells, while the metal atoms are 

released gradually to form the carbon-confined nanoparticles. The slow heating rate 

(~5 °C/min) of furnace annealing allows us to suspend at intermediate temperatures and 

to pinpoint the reaction products using TEM/STEM, XRD, XPS, and XAS in the ex situ 

manner. As shown in Figure 1d-e, Figure S5 and Figure S6a, heating at 300 °C gives 

rise to many high entropy nanoclusters formed by the released metal atoms, coexisting 

with the remaining anchored single metal atoms. Such nanoclusters cannot be detected 

by XRD (Figure 2e). XPS identifies the Pt valence to be +2 and +4 (Figure 2f and 

Figure S6b-c), indicating that most Pt atoms are still bonded to N/O atoms in 

polydopamine and the valence reduction at this low temperature is still limited. 

When heating samples to 500 °C, PS nanospheres decompose and create the 

hollow structure with the carbon shells only (Figure 1f). Meanwhile, plenty of metal 



atoms are released for nanoclusters to grow into nanoparticles ~4.6 nm in size (Figure 

1g and Figure S7). XANES detects the reduction of Pt and Fe based on their lower 

white-line intensity compared to PS@DPA-Mn+ at room temperature (Figure 2a and 

2c). EXAFS further reveals a decrease of Pt-N/O and Fe-N/O bonds accompanied by 

an increase of Pt-Pt and Pt-3d Transition metal (TM3d) bonds (Figure 2b and 2d, with 

relevant fitting parameters shown in Table S1-2). XRD is still insensitive to detect such 

nanoparticles (Figure 2e), possibly owing to their ultrasmall size as well as low 

crystallinity and high defect density.  

 



Figure 3. (a-c) HAADF-STEM images and (d) EDS elemental maps of HEA solid-

solution NPs. (e-g) HAADF-STEM images and (h) EDS elemental maps of HEA 

intermetallic NPs. 

Finally at 700 °C HEA-NPs form with the size ~4.9 nm (Figure 1h, Figure 3a, 

and Figure S8). They possess the fcc structure with random intermixing of all elements, 

as evidenced by both XRD (Figure 2e), STEM imaging and elemental mapping 

(Figure 1i and Figure 3b-d), which is referred to as the HEA solid solution. XPS also 

unveils the reduction of Pt ions to the near metallic state (Figure 2f), indicating the 

release of most metal atoms at this temperature. Moreover, further raising temperature 

to 1000 °C induces disorder-to-order transition that transforms the HEA solid solution 

to L10 intermetallic, as evidenced by the 100 and 110 diffraction peaks in XRD (Figure 

2e) that should be extinct for the fcc structure22. The Z-contrast in the high angle annular 

dark-field (HAADF) STEM image clearly unveils two sublattices of the L10 structure, 

with the bright atomic columns corresponding to pure Pt and the dark columns 

corresponding to the intermixed TM3d (Figure 3f-g), in stark contrast to the solid-

solution structure. EDS mapping shows uniform elemental distribution of all TM3d and 

Pt (Figure 3h), confirming their intermixed state. For EXAFS analysis (Figure S4a), 

the peak assigned to Pt-N/O completely disappears and the peak at higher bond length. 

The same peak is observed on Fe EXAFS, and thus should correspond to Pt-TM3d. The 

dominance of Pt-TM3d compared to Pt-Pt and TM3d-TM3d bonding (Figure 2b and 2d) 

is consistent with the L10 structure in which every TM3d atoms are surrounded by eight 

nearest-neighbor Pt atoms and vice versa, which also distinguish it from the HEA solid 



solution. The average atomic ratio of Pt/Fe/Co/Ni/Mn is estimated to be 45/18/12/15/10 

as confirmed by EDS (Figure S9). 

Utilizing the surface sensitivity of back scattered electron (BSE) imaging in STEM, 

a comparison of simultaneously acquired HAADF and BSE images evinces that most 

nanoparticles are confined within the carbon shells rather than supported on the surface 

(Figure S10a-b). Such carbon confinement helps to stabilize the ultrasmall 

nanoparticles with an average size of ~5.9 nm without particle aggregation (Figure 

S10c). Even prolonged heating up to 4 hours at 1000 °C causes no obvious particle 

growth and the intermetallic structure can be well-maintained (Figure S11), 

demonstrating unusual thermal stability especially for such ultrasmall nanoparticles. 

The detailed carbon-confinement annealing process to form HEA-NPs, as unraveled 

from the above ex situ characterization, is summarized in Figure 1a. 

To prove the versatility of the carbon-confinement synthesis, we further make 

binary (PtMn), ternary (PtFe0.5Mn0.5, PtFe0.5Co0.5), and quaternary (PtFe1/3Co1/3Mn1/3, 

PtFe1/3Co1/3Ni1/3) NPs using the same approach (see Figure S12-16 for details). All 

NPs after 1000 °C annealing possess the ordered L10 intermetallic structure with 

uniform dispersion and without detectable phase separation. We note that HEA 

intermetallic NPs have so far only been achieved using two-step joule heating, with the 

first heating to generate HEA alloys and the second to induce disorder-to-order 

transition13. Our carbon-confinement annealing thus represents the first one-step 

furnace heating to make HEA intermetallic NPs. 



It is widely acknowledged that the major challenge to synthesize HEA-NPs is to 

achieve the proper kinetics that is slow enough to form sufficient crystallinity, but fast 

enough to avoid thermodynamic-driven phase separation12. Then how can carbon 

confinement prevent phase separation even during the slow furnace annealing? To 

address this question, we have carried out a control experiment and prepared metal 

precursors on carbon black support (Vulcan XC-72) without confinement (see Figure 

S17 for details). As expected, furnace annealing leads to preferential crystallization of 

Pt (Figure S18-19) at low temperature (300 °C), owing to the lower reduction potential 

of Pt compared to other TM3d. Further raising temperature leads to considerable phase 

separation (Figure S20-21) and wider size distribution (Figure S22). Detailed 

comparison further unravels the essential role of carbon confinement in making single-

phase HEA-NPs, with the following identified merits:  

i) It enables the uniform distribution of metal atoms in the single-atom states 

anchored on the hydroxy and amino groups of dopamine. This is analogous to the 

catalytic-driven particle dispersion on the surface defect sites as proposed by Yao 

et al. for their carbothermal shock synthesis12. Such uniform dispersion is critical 

to prevent inhomogeneous nucleation of metals and the resultant phase separation 

in the following heat treatment. 

ii) The disparate reduction potential for various metal precursors can also cause 

inhomogeneous nucleation, as reflected by the preferential Pt nucleation at 300 °C 

in the control experiment. Such preferential nucleation has been substantially 

restrained by carbon confinement, suggesting that the anchoring effect from the 



hydroxy and amino groups of dopamine can stabilize the dispersed metal ions in 

such a way that different metals are reduced in a nearly synchronized way to form 

HEA-NPs without phase separation. This is also conceptually similar to the 

polymer nanoreactor-mediated synthesis which preconfines precursor in a 

nanoreactor to form alloyed nanoparticles, avoiding the issues of disparate 

reduction potentials and elemental-specific nucleation 23 24. 

iii) It inhibits NP growth and agglomeration during high-temperature annealing, 

offering exceptional high thermal stability. Such volume confinement also helps 

to prohibit phase separation: with such a small volume, the energy decrease from 

the thermodynamic-driven phase separation is relatively small, which mitigates 

the driving force. This is the reason that many metastable structures can be 

stabilized at the ultrasmall dimension25. As for HEA-NPs, a correlation between 

phase separation and nanoparticle volume increase has been reported14, both 

occurring at slow heating/cooling rates12, which further validates our consideration. 

We anticipate that the above three merits of carbon confinement effectively 

suppress thermodynamic-driven phase separation and enable HEA-NPs synthesis with 

slow furnace annealing.  

Electrochemical oxygen reduction reaction performance 



 

Figure 4. (a) LSV and (b) Tafel curves of both carbon-confined HEA intermetallic NPs 

and conventional Pt/C. (c) LSV curves of carbon-confined HEA intermetallic NPs at 

different potential cycles. (d) Comparison of MAs of carbon-confined HEA 

intermetallic NPs and Pt/C at 0.9 V before and after 10,000 and 30,000 potential cycles. 

With a majority of HEA-NPs embedded in the carbon shells, it immediately raises 

the question whether such carbon confinement may block the surface metal sites and 

compromise the catalytic performance. We then tested the carbon-confined HEA 

intermetallic Pt0.45Fe0.18Co0.12Ni0.15Mn0.10 in ORR catalysis. Both the linear sweep 

voltammetry (LSV, Figure 4a) and the Tafel plot (Figure 4b) show significantly 

enhanced ORR kinetics of HEA-NPs compared to Pt/C, evidencing sufficient active 

sites available to catalyze ORR. The special hollow structure of the carbon support 



should help to maximize the exposed active sites. The electron transfer number is 

calculated to be ~4 based on Koutecky–Levich plots (Figure S23), suggesting the 4e- 

pathway dominated electrocatalytic ORR26. The CO stripping test further reveals the 

weakened adsorption of oxygen species from the negative shift of CO oxidation peak 

(Figure S24, 0.767 V for HEA-NPs and 0.809 V for Pt/C), reflecting the unique surface 

active sites from the high-entropy configuration of HEA-NP22. 

 

Figure 5. (a,b) Identical-location TEM images and (c) size distribution of HEA 

intermetallic before and after stability test. (d) Size distribution of Pt/C before and after 

stability test. (e,f) HAADF-STEM images of a HEA intermetallic NP. (g-l) HAADF-

STEM image and corresponding EDS maps of a HEA intermetallic NP after 30,000 

potential cycles. 



Besides the enhanced activity as can be expected from the high-entropy 

configuration and ultrasmall size, HEA-NPs also exhibit superior electrochemical 

stability even in the harsh acid environment of proton exchange membrane fuel cells: 

After 30,000 cycles, there is nearly no attenuation in the half-wave potential of the LSV 

curves (Figure 4c), and only 20% decrease in the calculated mass activity (MA) at 0.9 

V (Figure 4d), which is far beyond the 2025 DOE target (<40% loss). CO stripping 

voltammetry only shows a positive shift of 21 mV after cycling (Figure S25), 

indicating little change on the surface structure. The electrochemical stability of HEA-

NPs has been validated explicitly by identical-location TEM (see supporting 

information for detail), which can track the morphology and structure evolution at the 

identical place before and after cycling. As shown in Figure 5a-b, only slight particles 

movement can be observed after stability test with negligible particle growth (Figure 

4c). The L10 structure is also well maintained (Figure 5e-f) after cycling with uniform 

elemental distribution and no phase separation (Figure 5g-l and Figure S26). In 

contrast, Pt/C experiences serious dissolution-deposition (red cycles) and particle 

migration (Figure S27), with severe particle growth and broadened size distribution 

(Figure 5d)    

In summary, a hollow-carbon confinement strategy is developed to achieve HEA-

NPs from crystalline solid solution to intermetallic even with the slow furnace 

annealing. The easy temperature control enables us to unveil the detailed formation 

process using various ex situ characterizations. During this process, the pre-

confinement of metal precursor is key to ensure the uniform dispersion of each metal 



atom. The strong anchoring effect also helps release different atoms slowly, benefiting 

the formation of small nuclei that grow into HEA-NPs. Together with carbon 

confinement, particle growth and aggregation can be inhibited, greatly avoiding the 

unwanted thermodynamic-driven phase separation process. The resultant hollow-

carbon support further ensures sufficient exposed surface, giving rise to superior ORR 

performance in terms of both activity and stability. Overall, our hollow-carbon 

confinement furnace annealing provides an alternative synthetic approach that is 

expected to be broadly applicable, promising for further expanding the scope of 

achievable HEA-NPs for various applications. 
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