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SUMMARY

Searching for an efficient, durable, and low cost catalyst toward oxygen reduc-
tion reaction (ORR) is of paramount importance for the application of fuel cell
technology. Herein, PtFeCoNiCu high-entropy alloy nanoparticles (PFCNC-
HEA) is reported as electrocatalyst toward ORR. It shows remarkable ORR
catalytic mass activity of 1.738 A mg�1

Pt at 0.90 V, which is 15.8 times higher
than that of the state-of-art commercial Pt/C catalyst. It also exhibits outstanding
stability with negligible voltage decay (3 mV) after 10k cycles accelerated
durability test. High ORR activity is ascribed to the ligand effect caused by poly-
metallic elements, the optimization of the surface electronic structure, and the
formation of multiple active sites on the surface. In the proton exchange mem-
brane fuel cell setup, this cell delivers a power density of up to 1.380 W cm�2

with a cathodic Pt loading of 0.03 mgPt cm
�2, demonstrating a promising catalyst

design direction for highly efficient ORR.
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INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) convert chemical energy to electricity, which is considered

to be a promising sustainable energy system owing to its sufficient energy conversion efficiency and

environmentally friendly features.1–4 Nevertheless, the sluggish kinetics of the oxygen reduction reaction

(ORR) at the cathode hinder the application of PEMFCs.5–9 Currently, Pt is still the most practical catalyst

for the ORR, demonstrating promising activity.10,11 Considering the scarcity of natural reserves, high cost,

and poor electrochemical durability of Pt, the promotion of fuel cells remains challenging.6,12,13 To reduce

the use of Pt, considerable efforts have been contributed to enhancing the mass activity of Pt for the ORR.

Alloying Pt with other non-noble metals is one of the most promising approaches for adjusting the d-band

center of Pt to key intermediates to significantly promote the electrocatalytic performance of Pt-based

electrocatalysts.14,15 Although alloying technology has led to the design of ORR catalysts, the catalytic

performance, and stability of these alloys have been considerably degraded owing to the continuous

dissolution of the alloys during voltage cycling in acid.12,16,17

Recently, high-entropy alloys (HEAs) have emerged as promising multifunctional catalysts owing to the

multiple active sites caused by multiple components.18–22 By reasonably adjusting the composition and

geometry of HEAs, it can not only optimize the electronic structure to a great extent but also construct cat-

alysts with unexpected performance.23,24 The ‘‘high entropy effect’’ resulting from the enhanced mixed

configuration entropy of HEAs could improve the thermodynamic stability and corrosion properties of

the catalyst.25–30 Although HEA catalysts are promising, the exploration of HEA catalysts is still in its

infancy, especially as an ORR catalyst in acidic electrolytes. At present, HEAs are mainly prepared by

some complex, energy consuming, and time-consuming methods (such as carbon thermal shock method,

extended mechanical ball milling, liquid metal dealloying, pulsed laser ablation, rapid moving bed

paralysis, and so forth), which makes it urgent to develop simple and feasible preparation methods.31

Furthermore, the complex catalytic mechanism of HEAs has not been deeply studied. Therefore, it is

urgent to design more reasonable HEAs as a sufficiently advanced oxygen reduction catalyst, so as to

accelerate the research of HEA catalysts in the field of acid electrocatalysis.
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Figure 1. Morphology, structure, and composition characterization

(A) XRD pattern of PFCNC-HEAs.

(B) TEM image and (C) HR-TEM images of PFCNC-HEA nanoparticles.

(D and E) HAADF-STEM images of an individual PFCNC-HEA nanoparticle (F) Corresponding FFT pattern of (E).

(G) The corresponding elemental mapping of PFCNC-HEA nanoparticles.

ll
OPEN ACCESS

iScience
Article
Here, we report a PtFeCoNiCu high-entropy alloy (denoted as PFCNC-HEA) used as an ORR catalyst via an

impregnation reduction method. The as-prepared PFCNC-HEA shows uniform dispersion and small parti-

cle size. It demonstrates outstanding ORR performance with mass activities of 1.738 A mg�1
Pt at 0.90 V vs.

reversible hydrogen electrode (RHE), which is 15.8 times higher than that of the commercial Pt/C catalyst. It

also exhibits superior cycling stability with negligible voltage decay (3mV) after 10k cycles accelerated dura-

bility test and up to 90.23%maintaining of the initial current, far surpassing 55.34%of commercial Pt/C, after

40000s chronoamperometric measurements. Furthermore, the full cell, using the PFCNC-HEA as a cathode

ORR catalyst, delivers amaximumpower density of 1.38Wcm�2 with a cathodic Pt loadingof 0.03mgPt cm
�2

in PEMFCs. The results of DFT demonstrate that multi-element alloying decreases the activation barriers for

the O-O bond scission and changes the binding energy of the *OOH intermediates to improve the reaction

rate by combining metals with different affinities toward oxygen. In addition, multi-element alloying also

promotes the formation ofmultipleORRactive sites to speedup the reaction rate. Thus, such a high-entropy

solid solution alloy approach could be a promising method for ORR catalyst design.

RESULTS AND DISCUSSION

The ratio of Pt/Cu/Ni/Co/Fe atoms was determined to be 1.0:2.4:1.9:1.8:2.0 with a loading of 2 wt % Pt in

PFCNC-HEA obtained by inductively coupled plasma-atomic emission spectroscopy (ICP-AES). The mixed

configuration entropy of PFCNC-HEA is calculated to be 1.576R by Equation 1, which refers to a HEA. Such

non-noble composition selection is based on the consideration of atomic radius, formation heat, and

reported oxygen reduction activity of each component, in order to obtain high entropy solid solution alloy

with high activity.32–35 Figure 1A shows the powder X-ray diffraction (PXRD) pattern of the PFCNC-HEA,
2 iScience 26, 105890, January 20, 2023



Figure 2. Characterization of electronic structure and coordination structure

L3-edge XANES spectra of (A) Pt, and K-edge XANES spectra of (B) Co and (C) Ni elements in PFCNC-HEA nanoparticles. FT-EXAFS spectra of (D) Pt, (E) Co,

and (F) Ni elements.
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which can be indexed to face-centered cubic (fcc) structure with space group Fm 3m (No. 225). The diffrac-

tion peaks shift to a high angle compared with that of pure Pt, Cu, and Fe, which is caused by multi-element

alloying.36 The typical transmission electron microscopy (TEM) image (Figure 1B) of PFCNC-HEA reveals

highly dispersed nanoparticles of less than 5 nm in size. High-resolution transmission electron microscopy

(HRTEM) images (Figure 1C) show a single-crystal structure with obvious lattice fringes. The lattice spacing

is measured as about 0.208 nm that corresponds to the (111) plane of the face-centered cubic (fcc) struc-

ture. Figure 1G-Fe, Co, Ni, Cu, Pt show the elemental maps of PFCNC-HEA. It can be found that the five

elements are evenly distributed in the nanoparticles of PFCNC-HEA, and no obvious segregation or phase

separation is observed. In addition, the TEM-EDSmeasurement results (Figure S1) show that the content of

each component is consistent with the range required by HEA. (that is, S R 1.5R, where S represents the

mixed configuration entropy and R is the molar gas constant).37

To further study the crystal structure of PFCNC-HEA, the high-angle annular dark-field scanning transmis-

sion electron microscopy (HAADF-STEM) images of individual nanoparticles are displayed in Figures 1D,

1E, and S2. The bright spots represent the atomic columns of the transition metal. Crystal layers with

surface spacings of 0.127 nm and 0.206 nm are clearly observed, corresponding to the (220) and (111) of

fcc structure, respectively. In addition, the same crystal plane can be observed in the corresponding fast

Fourier transform FFT diagram in Figure 1F, which shows the atomic arrangement view along the [1 1 0]

direction. The HAADF-STEM elemental maps of individual PFCNC-HEA nanoparticles (Figure S3) further

confirm the successful high-entropy alloying of PFCNC-HEA at the particle level (Figure S4). The EDX

line-scan profile of the PFCNC-HEA nanoparticle shows that each element uniformly distributes from the

inside to the outside without delamination or segregation (Figure S5).

Figures 2A–2C, S6A, and S6B show the normalized Pt L3-edge, Co, Ni, Cu, Fe K-edge X-ray absorption near

edge structure (XANES) spectra in PFCNC-HEA and relevant control samples. The "white line" (WL) inten-

sity of XANES arises from the different electron occupancies of the d orbitals of the metal corresponding to

the 2p/ nd electronic transition. It can be found that theWL intensity of the absorption edge of Pt, Co, Ni,

Fe, and Cu spectra in PFCNC-HEA are remarkably lower than that of PtO2,CoO, NiO, FeO, and CuO,

respectively, while the Pt, Co, Ni, Fe, and Cu spectra in PFCNC are almost the same as that of its
iScience 26, 105890, January 20, 2023 3



Figure 3. Electrocatalytic performance

(A) ORR polarization curves of the PFCNC-HEA and commercial Pt/C catalysts recorded in O2-saturated 0.1 M HClO4 solution at room temperature at a scan

rate of 10 mV s�1 and a rotation rate of 1600 rpm.

(B) Mass activities at 0.9 V vs RHE and (C) Tafel plots. (D) ORR polarization curves of the PFCNC-HEA at different rotation rates and (E) the corresponding

Koutecky-Levich plots. ORR polarization curves for (F) the PFCNC-HEA and (G) Pt/C before and after 10,000 cycles.

(H) Normalized chronoamperometric curves of the PFCNC-HEA and Pt/C catalysts at a constant potential at 0.7 V.
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corresponding pure metal foil. That is to say, Pt, Co, Ni, Fe, Cu in PFCNC-HEA exhibit a metallic state. The

slight deviation of spectra may be caused by the ligand effect, in which the electrons of non-noble metals

shift to more electronegative Pt.38,39 Figures 2D–2F, S6C, and S6D show Fourier transform extended X-ray

absorption spectroscopy fine structure (FT-EXAFS) spectra of Pt, Co, Ni, Cu, and Fe, respectively, to further

determine the coordination structure of these five metallic elements in PFCNC-HEA and relevant control

samples. The experimental k2-weighted EXAFS oscillations of Pt, Co, Ni, Fe, and Cu K-edge are

shown in Figure S7 The distance of the first shells (Pt-Pt) in PFCNC-HEA is a little shorter than that of its

element metals, attributed to the smaller coordinated transition metal atomic radius. The distance and

amplitude are almost identical for the Pt, Co, Ni, Fe, and Cu, indicating Pt, Co, Ni, Fe, and Cu have an

identical local atomic structure and coordinated enviroment in PFCNC-HEA. Hence the EXAFS analysis

suggests that Pt, Co, Ni, Fe, and Cu in PFCNC-HEA form a solid-solution phase structure without elemental

segregation.

X-ray photoelectron spectroscopy (XPS) measurements were used to detect the chemical states.

Figures S8A–S8E display the XPS spectra of Ni 2p, Co 2p, Cu 2p, Fe 2p, and Pt 4f, respectively, for the

PFCNC-HEA sample. Although there are slight shifts of peaks, the Pt 4f7/2 peak at 71.8 eV, Ni 2p3/2 peak

at 853.7 eV, Co 2p3/2 peak at 779.5 eV, Cu 2p3/2 peak at 932.3 eV, and Fe2p3/2 peak at 710.0 eV, can be

attributed the metal Pt0, Ni0, Co0, Cu0, and Fe0, respectively, which is consistent with the results of

XANES measurements.4,40,41 In addition, the core energy level of Pt in PFCNC-HEA shifts to lower binding

energy compared with that of Pt/C. It can be deduced to be the electron donation from non-noble metals

to Pt caused by the ligand effect. The ligand effect can downshift the d-band center of Pt to some suitable

extent, thus tuning the affinity between Pt and oxygen intermediates, which is beneficial for the

enhancement of ORR activity.39,42,43

The electrocatalytic activity of the PFCNC-HEA toward ORR was investigated using a three-electrode

system in 0.1 M HClO4 electrolyte at room temperature. As a reference, the 20 wt % commercial Pt/C

was also measured under the same measurement conditions. Figure 3A shows the ORR polarization curves

of the PFCNC-HEA and Pt/C. The half-wave potential (E1/2) of PFCNC-HEA is 0.88 V, which is higher than

that of Pt/C (0.85 V). The kinetic currents at 0.9 V vs RHE on the polarization curve were normalized by Pt

loading and ECSA to obtain the mass activities (Figure 3B) and specific activities (Figure S10), respectively.

It can be found that the mass activity of PFCNC-HEA reaches 1.73 A mg�1
Pt, which is 15.8 times higher than
4 iScience 26, 105890, January 20, 2023
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that of the state-of-art Pt/C (0.116 A mg�1
Pt). In addition, its initial potential is about 40 mV higher than that

of Pt/C, indicating better intrinsic activity. The specific activity of PFCNC-HEA is up to 2.7 mA cm�1. The

Tafel plots of PFCNC-HEA and Pt/C in Figure 3C exhibit a lower Tafel slope (68 mV dec�1) for PFCNC-

HEA than that (73 mV dec�1) of Pt/C, indicating that the PFCNC-HEA exhibits more outstanding ORR

kinetics. The rotation rate-dependent current-potential curves of PFCNC-HEA are displayed in Figure 3D,

and the corresponding Koutecky-Levich plots are shown in Figure 3E. The polarization curves at different

rotation speeds under the same potential show a good linear relationship, and the fitting lines are basically

parallel. The number of electrons transferred (n) was determined to be approximately 4, demonstrating

that the PFCNC-HEA conducts an efficient four-electron mechanism and O2 is almost completely reduced

to H2O on the surface (Figure S11).

To evaluate the electrochemical stability of the PFCNC-HEA, an accelerated durability test (ADT) was

carried out in the range of 0.6 and 1.1 V (vs. RHE) in O2 saturated 0.1 M HClO4 electrolyte at room

temperature. Figures 3F and 3G show the ORR polarization curves after 10k cycles of ADT for PFCNC-

HEA and Pt/C, respectively. The PFCNC-HEA catalyst shows a slight decrease in diffusion-limited current,

and the E1/2 only decays by 3 mV after the ADT test. For commercial Pt/C catalysts, the E1/2 attenuation was

as high as 33 mV. The mass activity of PFCNC-HEA remains 92% (1.64 A mg�1
Pt) after 10k cycles of ADT,

much higher than that of Pt/C (76% of initial, Figure S12). Compared with the recent noble metal-based

catalysts, it has obvious advantages. Furthermore, chronoamperometric measurements were also used

to further study the stability of these catalysts at 0.7 V with 1600 rpm (Figure 3H). After 40,000 s of

continuous oxygen reduction, it maintains up to 90.23% of the initial current, far surpassing 55.34% of

commercial Pt/C. Meanwhile, the ECSA of Pt/C shows a rapid decline after the ADT test (From

68.7 m2 g�1 to 28.3 m2 g�1), as shown in Figure S14. Nevertheless, the ECSA of the PFCNC-HEA catalyst

exhibits no substantial attenuation (Figure S13) The results indicate that the PFCNC-HEA catalyst pos-

sesses higher stability in an acidic electrolyte compared to commercial Pt/C catalysts. Figure S15 shows

the XPS spectra of PFCNC-HEA nanoparticles after ADT. The peak positions of the five elements are basi-

cally consistent with those of the pristine samples of the corresponding elements. The morphology and

composition of PFCNC-HEA were investigated to account for the durability of the PFCNC-HEA catalyst

(Figure S20). The PFCNC-HEA catalyst shows no obvious aggregation and uniform element distribution

with the atomic ratio of HEAs after the ADT test. It could be deduced that the high entropy effect of the

HEA catalyst is responsible for the highest catalytic durability of PFCNC-HEA. In addition, the structure

and electrochemical properties synthesized at different temperatures were explored (Figures S16 and

S17). It was found that the phase of the particles was the purest and the performance was the best at

the reduction temperature of 700 �C. Meanwhile, Pt-based binary, ternary and quaternary alloys of corre-

sponding elements were successfully prepared as reference samples, as shown in Figure S18. It can be seen

that these non-noble metals can be well alloyed with Pt without obvious phase separation. Nevertheless,

their E1/2 and peak starting potential are lower than those of PFCNC-HEA samples, which further indicates

that the high entropy effect is helpful to improve the ORR catalytic activity of Pt-based catalysts

(Figure S19).

Figure 4A shows themetal dissolution energy of the PFCNC-HEA and the corresponding puremetal. As we

have known, some alloy catalysts, especially those containing iron, have good electrocatalytic activity

toward ORR in half-cell, but their electrochemical performance in the practical cell is not satisfactory

due to the dissolution of the secondary components.44 The dissolution energy of Fe in PFCNC-HEA

become positive (1.54 eV), in great contrast to the negative value (�0.465 eV) of that in pure Fe metal,

demonstrating that the auto-dissolution of Fe is effectively inhibited through the high entropy effect of

PFCNC-HEA. Furthermore, the dissolution energies of all the elements in PFCNC-HEA are positive

(>1 eV), which further confirms the excellent stability of PFCNC-HEA. ICP-AES also did not detect transition

metal ions in the electrolyte of the electrolytic cell.

The electron amount of surface atoms in the PFCNC-HEA and the corresponding puremetal obtained from

Bader charge analysis is depicted in Figure 4B. It can be found that the electron amount of Fe, Co, and Ni in

PFCNC-HEA is a little lower than that of corresponding pure metals, while the electron amount of Cu in

PFCNC-HEA is a little higher than that of its pure metal, especially for Pt, which is consistent with the results

of XPS and XANES measurements. The change of the electron amount of surface atoms results from the

ligand effect and electronegativity of different atoms (Pt:2.2, Cu:1.9, Ni:1.88, Co:1.80, Fe:1.83), which will

lead to the change in the electronic structure, affect the electrocatalytic activity of the catalyst and the
iScience 26, 105890, January 20, 2023 5



Figure 4. Theoretical calculation of reaction path

(A) The metal dissolution energy of the PFCNC-HEA and the corresponding pure metal.

(B) Electron amount of corresponding surface atoms in the PFCNC-HEA and the corresponding pure metal obtained from Bader charge analysis.

(C) Projected electronic density of states of the d-band for the surface Pt atoms in the pure Pt (111) and PFCNC-HEA (111) surface systems. The free energies

of intermediates for the ORR steps of PFCNC-HEA (111) at (D) route 1 and (E) route 2.

(F) The free energies of intermediates for Pt (111). Differential charge density (Dr= r*OOH – r*� rOOH) of OOH adsorbed system at (G) Pt (111), (H) route 1 and

(I) route 2 of PFCNC-HEA (111) with the same isosurface level of 0.0027 e/Bohr3 isosurface. (green:Pt, blackish green:Fe, pink:Cu, orange:Cu, blue:Co).
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stability of catalyst.45,46 Therefore, projected electronic density of state of the d-band for the surface Pt

atoms in the PFCNC-HEA (111) surface system was calculated by density functional theory (DFT). As

depicted in Figure 4C, the d-band center of PFCNC-HEA (111) moves to negative energy by 0.36 eV relative

to that of pure Pt (111) due to the ligand effect. According toNorskov’s work,47,48 the catalysis activity for the

ORR at 0.9 V reaches the maximum when the d-band center position downshifts by about 0.3 eV relative to

pure Pt. Therefore, the decrease in the d-band center will alleviate the excessive combination of surface ox-

ygen, move the oxygen chemisorption energy, DEO, to the optimal value and enhance the catalysis activity

of PFCNC-HEA.

Further insights into the ORR mechanism, the free energy profiles of PFCNC-HEA and pure Pt were calcu-

lated. The reaction intermediates *O2, *OOH, *O, and *OH are involved in the four-electron associative

mechanism. There are many surface sites in high entropy alloys, we select typical sites to study their

reaction paths in detail. After comparing the adsorption energies of different adsorption configurations,

Pt -M and M-M sites bridge absorption (M: transition metals) are set as route 1 (Figure 4D) and route 2 (Fig-

ure 4E), respectively. According to previous work, the corresponding O coverage of Pt surface at 1.23 V in
6 iScience 26, 105890, January 20, 2023



Figure 5. Kinetic study of O-O bond scission

The activation barriers for the O-O bond scission of *O2 at (A) Pt (111) surface, PFCNC-HEA surface (111) for (B) route 1 and (C) route 2. The activation barriers

for the O-O bond scission of *OOH at (D) Pt (111) surface, PFCNC-HEA surface for (E) route 1, and (F) for route 2.
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the acid environment is about 1/2monolayer. Thus, about 1/2monolayer O coverage was considered in our

calculations.49 At equilibrium potential (1.23 V vs. RHE) with 1/2 monolayer O coverage, it shows that the

formation of *OOH is the rate-limiting step, regardless of PFCNC-HEA (111) or Pt (111) surface. Both of

the formation of *OOH on the PFCNC-HEA (111) surface for route 1 and route 2 are endothermic with

DG = 0.369 eV and 0.428 V, respectively, which are much lower than that on the Pt (111) surface

(0.657 eV, Figure 4F). The result demonstrates a more thermodynamically favorable process and multiple

ORR active sites exist on the PFCNC-HEA (111) surface.

Since the formation of *OOH is the rate-limiting step, the interaction between OOH and the surface

was investigated to further reveal the mechanism of the thermodynamically favorable process of

PFCNC-HEA (111). Figures 4H and 4I show the charge transfer between PFCNC-HEA(111) and OOH in

the way of route 1 and route 2, respectively, where the isosurface in yellow and blue represent the charge

accumulation and depletion, respectively, compared with the system before adsorption. The charge trans-

fer for OOH at PFCNC-HEA (111) surface is more obvious than that at Pt (111) surface (Figure 4G), indicating

stranger interaction between PFCNC-HEA (111) and OOH. Thus, the energy of the *OOH state in the

PFCNC-HEA (111) case is lower than that in Pt (111) case, resulting in a smaller DG value associated with

the formation of *OOH. Moreover, as for the Pt (111) surface, charge transfer only can be observed on

one Pt atom closest to the adsorbate. In contrast, several transition metal atoms at PFCNC-HEA (111)

surface are involved in the charge transfer, indicating a synergistic effect among several transition metal

elements (Pt, Fe, Co, Ni, Cu) in the adsorption of OOH at PFCNC-HEA (111) surface.

Additionally, the dynamic processes of O-O bond scission are also investigated. Since the O-O bond

nonelectrochemical scission is not potential dependent, the activation barrier reflects the intrinsic reaction

efficiency.50 The activation barriers for O-O bond scission of *O2 and *OOH at Pt (111) surface with 1/16 O

coverage are 0.658 (Figure S22A) and 0.592 eV (Figure S22B), respectively. As the O coverage rises to 1/2,

the activation barriers for the O-O bond scission of *O2 and *OOH at Pt (111) surface are 0.950 eV (Fig-

ure 5A) and 0.717 eV (Figure 5D), respectively. However, the activation barriers for the O-O bond scission

of *O2 at PFCNC-HEA (111) surface with 1/2 O coverage range are only 0.448 eV for route 1 (Figure 5B) and

0.359 eV for route 2 (Figure 5C). Additionally, the activation barriers for the O-O bond scission of *OOH at
iScience 26, 105890, January 20, 2023 7



Figure 6. Fuel cell applications

The H2-O2 fuel cell i-V polarization and power density of (A) commercial Pt/C and (B) PFCNC-HEA.
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PFCNC-HEA (111) also down to 0.326 eV for route 1 (Figure 5E) and 0.291 eV for route 2 (Figure 5F). Easier

O-O scission dynamic processes contribute to the efficient ORR activity.51

To further corroborate its significant ORR activity, the PFCNC-HEA catalyst incorporated the membrane

electrode assembly (MEA) as a cathode and tested its practical H2-O2 fuel-cell performance in PFMFC.

For comparison, the Pt/C catalyst was also tested at the same condition. The MEA was tested at different

partial pressures with a cathodic Pt loading of 0.03 mgPt cm
�2. As shown in Figure 6A, the maximum power

densities of the H2-O2 fuel cell for Pt/C are 0.66, 0.78, and 0.99 W cm�2 with the partial pressure at 0.5, 1.0,

and 2.0 bar, respectively. However, the maximum power densities of PFCNC-HEA are up to 0.94, 1.14, and

1.38 W cm�2 at 0.5, 1.0, and 2.0 bar, respectively (Figure 6B). Furthermore, the open-cell voltage of the

PFCNC-HEA is up to 0.95 V, demonstrating a high intrinsic ORR catalytic activity. PFCNC-HEA shows a cur-

rent density of 1.85 A/cm�2 at 0.6 V, much higher than that of Pt/C (1.0 A/cm�2 at 0.6 V). The above results

show that PFCNC-HEA shows excellent practical fuel cell performance.

Conclusions

In summary, uniform and small-sized PFCNC-HEA nanoparticles were prepared via an impregnation

reduction method. X-ray-based techniques and electron microscopy studies confirmed the high-entropy

solid solution PFCNC-HEA nanoparticles have a homogeneous element distribution. The as-obtained

PFCNC-HEA exhibits significantly better mass activity and durability than the state-of-art commercial Pt/

C catalyst. The excellent durability is attributed to the high entropy effect caused by the increased number

of components. Meanwhile, the optimization of the surface electronic structure downshifts the d-band cen-

ter to enhance the ORR activity. The optimized surface electronic structure decreased the activation bar-

riers for the O-O bond scission to significantly increased the reaction rate of the ORR process and pro-

moted the formation of multiple ORR active sites. Additionally, PFCNC-HEA delivers a maximum power

density of 1.38 W cm�2 at 2.0 bar in acidic PEMFCs. Therefore, this research demonstrates the great poten-

tial of HEAs in the field of electrocatalysis.

Limitations of the study

This synthesis method can only be biased toward the preparation of a low loading catalyst. When the metal

load is increased, the particle size will grow significantly.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

H2PtCl6$6H2O Aladdin Co., Ltd 18497-13-7

Cobalt(II) acetylacetonate Aladdin Co., Ltd 14024-48-7

Iron(III) acetylacetonate Aladdin Co., Ltd 14024-18-1

Nickel acetylacetonate Aladdin Co., Ltd 3264-82-2

Copper acetylacetonate Aladdin Co., Ltd 13395-16-9

Commercial 20%Pt/C Johnson Matthey Fuel Cells Cat#S128513

Perchloric acid (71 wt.%) Tianjin Zhengcheng 7601-90-3

Nafion Solution (5%) Macklin 31175-20-9

XC-72 Macklin 1333-86-4
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Dingguo Xia (dgxia@pku.edu.cn).
Materials availability

This study did not generate new unique reagents. All chemicals were obtained from commercial resources

and used as received.

Data and code availability

The published article includes all datasets generated or analyzed during this study.

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.
METHOD DETAILS

Synthesis of PFCNC-HEA

An impregnation reduction strategy is conduced to synthesize PFCNC-HEA nanoparticles supported on

Vulcan XC-72 carbon support. In detail, 4.23 mg Co(acac)2, 5.9 mg (Fe(acac)3), 4.36 mg (Ni(acac)2),

4.3 mg (Cu(acac)2) and 0.77 mL of 10 mM H2PtCl6$6H2O were first dissolved in 20 mL mixture of water

and alcohol. Then, 50 mg Vulcan XC-72 carbon support was dispersed in the solution and ultrasoniced

for half an hour. The suspension was heated at 70 �C with magnetic stirring to evaporate solvent. The

obtained thick slurry was then transferred into an oven to dry overnight to guarantee a completely drying.

After grounding in an agate mortar, the powder was annealed and alloyed at 700 �C for half hour under

flowing H2/Ar. After treatment with 0.1M HClO4 solution for half an hour, centrifuge and dry overnight.

The as-prepared reference samples with different atomic ratios were synthesized in the same procedure.

The reference samples of different synthetic temperatures are also synthesized in the same procedure but

except for changing the final calcination temperature. The mixed configuration entropy of HEAs is able to

be depicted by the following equation:

S = �
X

xilnðxiÞ (Equation 1)

where R is the molar gas constant, and xi represents the mole fraction of the elemental component.
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Characterization

XRD patterns were recorded on an Bruker D8 Focus XRD at a scan rate of 1� min�1 with Cu K radiation. TEM

test was carried out using a JEOL 2010F microscope operated at 200 kV. The high-resolution STEM images,

STEM-EDX mapping, and line-scan were carried out under a Cs-corrected STEM (FEI Titan Themis Z) oper-

ated at 300 kV with a convergence semi-angle of 25 mrad, which was corrected by probe SCOR spherical

aberration corrector. ICP-MS was measured on a PerkinElmer NexION 300D ICP-MS. XPS was performed

using a VG ESCALAB MKII instrument, which uses Mg Ka X-ray source. The Fe, Co, Ni and Cu K-edge

spectra and Pt L3-edge were collected at in the fluorescence mode at beamline 1W2B with a Si (111)

double-crystal monochromator at the Beijing Synchrotron Radiation Facility (BSRF). ATHENA software

package was used to analyse the XANES and extended X-ray absorption fine-structure data.
Electrochemical measurements

Electrochemical experiments were tested in a three-electrode cell using a CHI 760E. Glassy carbon rotating

disk electrode was served as the working electrode. A Hg/HgSO4 electrode was used as the reference elec-

trode, and Pt wire were used as the counter electrode. 2mg carbon-supported catalyst was dispersed in the

mixture of 490 mL isopropanol, 490 mL deionized water and 20 mL Nafion (5%). Themixture was sonicated for

30 min to obtain a homogeneous catalyst ink. Finally, 2 mL catalyst ink cast onto glassy carbon rotating disk

electrode with 4mm diameter and dry naturally. CV curves were conducted in N2-saturated 0.1 M HClO4

with a sweep rate 50 mV s�1. The ORR polarization curves were tested in O2-saturated 0.1 M HClO4 at a

scanning rate of 10 mV s�1 with iR drop correction. The accelerated durability test (ADT) was performed

at by potential sweeps between 0.6 and 1.1 V for 10000 cycles with 100 mV s�1. And the HER test was

conducted at 0.5 M H2SO4 with a scan rate of 2 mV s�1.
Computational details

All the first-principles calculations in this work were performed in the Vienna ab initio simulation package

(VASP) 5.4.4. The generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) ex-

change correlation functional and a 520 eV cutoff energy for the plane-wave basis set were employed.

For all theoretical models, the convergence threshold was set as 10-5 eV in energy and 0.01 eV/Å in force.

For the slab models of Pt (111), 4 3 4 repeated unit cell with four atom layers, was used (Figure S21B). The

slab model of PFCNC-HEA (111) is obtained by replacing Pt atoms in Pt (111) slab model (Figure S21A). The

atomic ratio within the HEA (111) slab model is Fe: Co: Ni: Cu: Pt = 2.0: 2.0: 2.0: 2.0: 1.14, which is basically in

accordance with the ICP results. The free energy change of reaction was defined by DG= DE + DZPE – TDS.

Herein, DE is the change of electronic energy obtained from DFT calculations, DZPE is the change of zero-

point energy, and DS is the entropy difference. And the free energy change with an applied potential was

defined by DG(U) = DG + eU.
Single fuel cell preparation and test

Catalyst ink for 30% nafion electrodes was made by ultrasonically mixing the catalyst, deionized water,

isopropanol, and 5wt% Nafion ionomer solution for 1h. Then the catalyst slurry was applied to the carbon

paper by spraying to form the cathode catalyst layer with loading of 0.03 mgPt cm
�2. As for anode, t/C

(20 wt. % of Pt, JM Hispec3000) was used with loading of 0.1 mgPt cm
�2. The prepared cathode and anode

were pressed onto the two sides of a Nafion 211 membrane (DuPont) at 120 �C to obtain the membrane

electrode assembly. The geometric area of the MEA was 12.25 cm2. The fuel cell performance was

measured with 850e Fuel Cell Test Station. The gases were humidified at 80 �C with the flow rate of

0.6 L min-1 for H2 and 2.6 L min-1 for O2. The absolute pressure was 1.0 bar for H2 and 0.5–2 bar for O2.
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