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Experimental method 

Chemicals and Materials. 

Pt(acac)2 (98%), Ru(acac)3 (99%), Ni(acac)2 (95%), Co(acac)3 (99%), Fe(acac)3 

(98%), MoO2(acac)2 (99%) and triethylene glycol (TEG, ≥ 99.5%) were purchased from 

Adamas. Ethanol (C2H6O, ≥ 95%) and cyclohexane (C6H12, ≥ 99.5%) were purchased from 

Sinopharm Chemical Reagent Co., Ltd. Other chemicals were bought from Sigma-Aldrich. 

All reagents were used directly without further purification. Ultrapure water (Millipore Milli-

Q grade) with a resistivity of 18.2 MΩ·cm was used in all experiments. 

Materials synthesis. 

In a typical synthesis of PtRuMoFeCoNi HEA-QDs, 40 mg Pt(acac)2, 40 mg Ru(acac)3, 

60 mg MoO2(acac)2, 60 mg Fe(acac)3, 60 mg Co(acac)3, and 40 mg Ni(acac)2 were 

dissolved in 50 mL TEG, followed by ultrasonication for 3 h and stirring at 60°C for 30min. 

The mixture was then rapidly heated in microwave reactor at 230 °C for 80 s. The cooled 

product was collected by centrifugation and washed six times with a cyclohexane/ethanol 

(v/v = 1:9) mixture. For the synthesis of PtNi, PtCo, PtRu, PtRuMo, PtCoNi, PtMoFeCoNi 

(Pt-HEA) and RuMoFeCoNi (Ru-HEA) NPs, all the conditions are similar to that of 

PtRuMoFeCoNi HEA-QDs except for the difference of acetylacetonate. 

Characterizations. 

The crystalline structure was determined by Bruker AXS D8 ADVANCE XRD with Cu 

Kα radiation (λ = 1.5418 Å). The morphologies of HEA-QDs were observed through TEM 

(JEM-2100F and Tecnai G2 F30 S-Twin, accelerating voltage: 200 kV). Atomic-scale 

structures and elements distribution were observed via AC-TEM (JEM ARM 200F, 

accelerating voltage: 200 kV). The metal contents of HEA-QDs were determined by ICP-

OES on Agilent ICP-OES 730, with a RF power of 1.0 kW and Ar as the carrier gas. The 

flow rates of plasma, auxiliary, and nebulizer gases were 15, 1.5, and 0.75 L min-1, 

respectively. The detection mode was axial, and the calibration type was linear. The 

dissolution amounts of metal elements during the stability testing were determined by 



Perkin Elmer NexION 300D ICP-MS, with a RF power of 1550 W. The flow rates of cooling, 

auxiliary, and carrier gases were 18, 1.2, and 1.08 L min-1, respectively. The vacuum 

chamber pressure, deflection voltage, and RF voltage of the mass spectrometer were 

6.58×10-6 Torr, -10 V, and 200 V, respectively. XPS spectra were recorded on Thermo-

scientific ESCALab 250Xi respectively. XAFS spectra (Ru K-edge and Pt L3-edge) were 

collected at BL14W1 station in Shanghai Synchrotron Radiation Facility (SSRF) operate at 

3.5 GeV with a maximum current of 250 mA. The data were carried out in transmission 

mode for all samples. Rapid microwave irradiation was conducted using an MCR-3 

microwave chemical reactor (900 W) at a stirring speed of 680 rpm. 

Electrochemical measurements in a standard three electrode system. 

The performance was measured by CHI 760E electrochemical station in a standard 

three electrode system, using a carbon rod as the counter electrode, a saturated 

Hg/Hg2SO4 electrode as the reference electrode and a glassy carbon electrode (Pine, 

diameter of 5 mm) as the working electrode. HER measurements were performed in 0.5 M 

H2SO4 solutions at 1600 rpm purged with N2. The HER polarization curves were collected 

by the sweep rate of 5 mV s-1 without iR compensation. All performance measurements 

control the precious metal loading to 20 μg cm-2. 

All the potentials were calibrated to reversible hydrogen electrode (RHE) according to 

the eq 1 below. 

𝐸(𝑉 𝑣𝑠. 𝑅𝐻𝐸) = 𝐸 (𝑉 𝑣𝑠.
𝐻𝑔

𝐻𝑔
2

𝑆𝑂4) + 0.700 𝑉 + 0.0592 × 𝑝𝐻                                                        (1) 

In the assessment of catalyst stability via chronoamperometry, a uniformly dispersed 

ink was dropped onto the pre-cut carbon paper substrates (MB30, total carbon paper area 

of 1×2 cm2, effectively coated area of 1×1 cm2), ensuring the noble metal loading of 20 μg 

cm-2 for all samples. The prepared electrode was then used as the working electrode in H-

type electrochemical cell. The cell used Nafion 115 membrane as separator, a Pt foil as 

counter electrode, and a Hg/Hg2SO4 electrode as reference electrode. The electrolyte was 

N2-saturated 0.5 M H2SO4, and all the experiments were conducted at a constant current 



density of 50 mA cm-2 at 25°C. 

The EIS evaluation was performed in a standard three-electrode system under the 

same conditions as the polarization curve measurements. The EIS measurements were 

conducted over a frequency range from 1×10⁶ Hz to 0.1 Hz with an amplitude of 5 mV. The 

applied potential corresponded to the potential required for the sample to reach 10 mA cm-

2. Based on the typical equivalent circuit models for HER half-cells (insert in Fig. S25a), 

the parameters such as solution resistance (Rs) and charge transfer resistance (Rct) were 

obtained by fitting the results using nonlinear least squares method.1 

For the CO stripping measurement, high-purity CO gas was bubbled into 0.5 M H2SO4 

solution for 30 min, followed by bubbling N2 for another 30 min to remove the residual CO. 

Two cycles were recorded to calculate CO stripping peak. The electrochemical accessible 

surface area of the active sites was obtained using eq 2 and eq 3 below.2 

𝑄𝐶𝑂−𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛(𝐶) =
∫ 𝑖 𝑑𝐸(𝑚𝐴 𝑉)

𝑣 (
𝑚𝑉

𝑠 )
⁄                                                                                          (2) 

𝐸𝐶𝑆𝐴 (
𝑚2

𝑔
) = [

𝑄𝐶𝑂−𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛(𝐶)
420(𝜇𝐶/𝑐𝑚2)𝑀𝑛𝑜𝑏𝑙𝑒 𝑚𝑒𝑡𝑎𝑙𝑠(𝑚𝑔)

⁄ ] × 105                              (3) 

The 𝑖0 at the equilibrium potential for Arrhenius and Eyring annalysis was calculated 

based on the eq 4, which is the limiting form of the Butler−Volmer equation at low 

overpotentials. 

𝑖 = 𝑖0 (
𝑛𝐹

𝑅𝑇
) 𝜂                                                                                                                                                    (4) 

For the Arrhenius analysis, rearranging the Arrhenius equation (eq 5) and the rate 

equation of electrochemical reactions (eq 6), eq 7 and its simplified form eq 8 can be 

derived. The 𝐸𝑎 values of HER can be calculated from the slopes of Arrhenius plot.  

𝑘 = 𝐴𝑓𝑒−
𝐸𝑎
𝑅𝑇                                                                                                                                                      (5) 

Here, 𝑘 represents the rate constant, 𝐴𝑓 is the collision factor or frequency factor 

and 𝐸𝑎 is the activation energy in the reaction. 

𝑘 =
𝑖

𝑛𝐹𝐴𝐶𝐻+
                                                                                                                                                    (6) 

Here, 𝑖  is the current, 𝑛  is the number of electrons transfer, F  is the Faraday 

constant (96 485 C mol−1), 𝐴  is the active area of the electrode, and C  is the 

concentration of the reactant (𝐶𝐻+   for HER). 

𝑙𝑜𝑔𝑖 = log(𝑛𝐹𝐴𝐶𝐻+𝐴𝑓) −
𝐸𝑎

2.303R
                                                                                                            (7) 

𝑙𝑜𝑔𝑖 = log(𝐾′) −
𝐸𝑎

2.303RT
                                                                                                                          (8) 



Where 𝐾′ represents the constant term containing 𝑛𝐹𝐴𝐶𝐻+𝐴𝑓. 

For the Eyring analysis, rearranging the Eyring equation (eq 9) and the rate equation 

of electrochemical reactions (eq 6), we can obtain the eq 10 and its simplified form eq 11. 

The Gibbs activation free energy (𝜟𝑮𝟎) values of HER can be determined from the slopes 

of the Eyring plot. 

𝑘 = 𝜅
𝑘𝐵𝑇

ℎ
𝑒−

𝛥𝐺0

𝑅𝑇                                                                                                                                              (9) 

Here,𝜅  represents  the symmetry factor, 𝑘𝐵  is the boltzmann constant, ℎ  is the 

Planck constant and 𝛥𝐺0 is the Gibbs activation free energy in the reaction. 

𝑙𝑜𝑔
𝑖

𝑇
= log (𝑛𝐹𝐴𝐶𝐻+𝜅

𝑘𝐵𝑇

ℎ
) −

𝛥𝐺0

2.303RT
                                                                                             (10) 

𝑙𝑜𝑔
𝑖

𝑇
= log(𝐾′′) −

𝛥𝐺0

2.303RT
                                                                                                                    (11) 

Where 𝐾′′ represents the constant term containing 𝑛𝐹𝐴𝐶𝐻+𝜅
𝑘𝐵𝑇

ℎ
. 

For the measurement of Faradaic efficiency for H2 generation, H2 generated by 

PEWWE was recorded at 1 A cm-2 using drainage method. The theoretical amount of H2 

at 303K was calculated based on Faraday’s law and ideal gas law, assuming that 100% of 

the current was attributed to H2 production. The Faradaic efficiency of HEA-QDs/C was 

determined by calculating the ratio of the measured amount of H2 to the theoretically 

amount of H2. Faradaic efficiency was calculated via the eq12. 

𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑛𝑔𝑎𝑠(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

𝑛𝑔𝑎𝑠(𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙)
=

𝑉
𝑉𝑚

× 𝑛 × 𝐹

𝐼 × 𝑡
× 100%                                            (12) 

Where 𝑉 is the volume of collected H2, 𝑉𝑚 is the gas mole volume in 303K, n is the 

number of electrons transferred to evolve a molecule of the product (in this case, 2), F is 

Faradaic constant, I is a current, t is the reaction time. 

Electrochemical measurements in PEMWE. 

Prior to the fabrication of the catalysis coated membrane (CCM), the Nafion 115 

membrane was sequentially treated with H2O2, 0.5M H2SO4, and deionized water at 80 °C 

for 6h. Commercial IrO2 was used as an anode electrocatalyst and commercial Pt/C (20 

wt. %) or HEA-QDs/C was used as a cathode electrocatalyst. The catalyst ink was 

prepared by sonicating the mixture of catalyst (Pt/C, IrO2 or HEA-QDs/C), 5 wt.% Nafion 

D520 ionomer, deionized water and iso-propanol with a mass ratio of 1: 5: 16: 16. Then a 

certain quality of anode catalyst ink and cathode catalyst ink were sprayed onto the two 

sides of the Nafion 115 membrane, respectively, followed by hot-pressing at 135 °C (6 MPa, 

4 min). The loading of the anode was 1.5 mgIrO2 cm−2 and the cathode was 0.1 mgPtRu cm−2 



for HEA-QDs or 0.1 mgPt cm−2 for commercial Pt/C. The PEM electrolyzer with the active 

area of 4 cm2 was operated at 65 °C and the reactant was deionized water, which was 

circulated via a peristaltic pump. As shown in Fig. S30, the photographs depict present the 

membrane electrode assembly (MEA), porous transport layer (PTL), bipolar plate, end 

plate and gasket in PEM cell. PTL is the titanium felt with the thickness of 0.42 mm, and 

the length×width of 2.2×2.2 cm2. The bipolar plates used in this work are titanium plates 

with a thickness of 2 mm, the length×width of 6.0×6.0 cm2. The effective area of the flow 

channels on both anode and cathode sides is 2.0×2.0 cm2. The cathode features parallel 

flow channels, each with a depth of 0.5 mm and a width of 1 mm. The anode flow channel 

is a three-channel serpentine design, also with a depth of 0.5 mm and a width of 1 mm. 

The end plate is made of polytetrafluoroethylene (PTFE). The thickness, length and width 

are 2, 6, 6 cm, respectively. Gasket is PTFE with the thickness of 0.42 mm and the 

length×width of 6.0×6.0 cm2. The ultra-pure water (18.2 MΩ cm) was introduced into the 

PEWME system through peristaltic pump with the flow rate of 17 ml min-1. The steady state 

polarization curve of the PEM electrolyzer was collected at the cell voltage of 1.4–2.0 V, 

and the stability was tested by chronopotentiometry at 1.0 A cm−1 for 1 000 h. 

For the PEMWE configuration, the EIS evaluation was also performed in a three-

electrode system. The wet H2-saturated cathode served as both the reference electrode 

and counter electrode while the anode acted as working electrode. EIS measurements 

were performed over a frequency range from 1×10⁶ Hz to 0.1 Hz with an amplitude of 10 

mV. The potentials applied to the working electrode were 1.4V, 1.5V, and 1.6V. Based on 

the typical equivalent circuit models for PEMWE (Fig. S40a), the parameters were 

obtained by fitting the results using nonlinear least squares method.3 

The calculation of hydrogen cost in PEMWE was based on eq 13 to eq 16 below. 

Mass of H2 =
j(current density)×A(electrolyzer area)×t(working time)×molar mass H2

2×F
 

=
1.0 A cm-2×4 cm2×1000 hours×3600 

s
hours

×2 g mol-1

2×96485 c mol-1
=149.24 g                                         (13) 

Volume of H2=
m

ρ
=

149.24 g

0.09 g L-1
=1658.28 L                                                                                              (14) 

Energy consumption=
1.65 V×4 A×1000 hours

0.1492 kg
=

44.236 kWh

kg H2
=

3.98 kWh

m3 H2
                              (15) 



Cost per kilogram of H2=energy consumption × electricity bill 

=
44.236 kWh

kg H2
×

US$ 0.02

kWh
=

US$ 0.88

kg H2
                                                                                                   (16) 

Computational methods. 

All DFT calculations were carried out using the Vienna ab initio simulation package 

(VASP).4 The Perdew-Burke-Ernzerhof (PBE) functional of generalized gradient 

approximation was used to treat the exchange-correlation interactions.5 The plane wave 

basis set with a kinetic energy cutoff of 400 eV and the energy convergence criterion of 10-

4 eV was used for structure relaxation. Projector augmented wave (PAW) pseudopotentials 

were used to describe the ionic cores. A vacuum region more than 12 Å along the c-axis 

was set to prevent the interaction between two adjacent periodic images. All surface 

calculations used a (2×2×1) Monkhorst-Pack k-point sampling. H2O and H2 were 

calculated in boxes of 15 Å×15 Å×15 Å, with the gamma point only. The free energy 

diagrams for HER were calculated with reference to the computational hydrogen electrode 

(CHE).6 The CHE model uses one half of the chemical potential of gaseous hydrogen 

(µ(H2)) as the chemical potential of the proton–electron pair (µ(H+/e-)). The free energy of 

each species can be obtained from the eq 17: 

∆𝐺 = ∆𝐸𝐷𝐹𝑇 + ∆𝑍𝑃𝐸 − 𝑇∆𝑆                                                                                                                     (17) 

Where ∆𝐸𝐷𝐹𝑇 is the electronic energy, T was set as 298.15 K. ZPE and TΔS are the 

change in the zeropoint energy and entropy at room temperature (T=298.15 K), which are 

obtained after frequency calculations. 

As depicted in eq 18, the electrode potential is determined by referring the system's work 

function (Φ) to the experimental work function of the standard hydrogen electrode (SHE)7, 

and Φ𝑆𝐻𝐸 has been determined experimentally to be ∼4.4 eV.8, 9 

𝑈𝑆𝐻𝐸 = (Φ − Φ𝑆𝐻𝐸)/𝑒                                                                                                                                (18) 

 

 

 

 

 

 



Supplementary Figure 1. (a-f) TEM images of HEA-QDs at different scales. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 2. The lattice distances of HEA-QDs (111) and other pure metals 

including Pt (111), Mo (110), Ru (101), Fe (110), Co (111) and Ni (111). Inset image is the 

HAADF-STEM image of HEA-QDs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 3. (a-d) HADDF-STEM images of HEA-QDs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 4. The atomic ratios of different metals in HEA-QDs obtained from 

XPS, EDS and ICP-OES. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Supplementary Figure 5. (a) HAADF-STEM image of HEA-QDs and corresponding (b) 

line scan profile and (c) EDS elemental mappings.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 6. (a-c) XRD patterns and (d-f) TEM images of the products with 

the same reaction conditions as those of HEA-QDs except (a, d) using EG instead of TEG; 

(b, e) using chlorine salt instead of acetylacetone salt; (c, f) using spray reduction instead 

of microwave reduction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 7. (a) XRD pattern of PtNi, PtCo and PtRu. (b, c, d) HADDF-STEM 

images and corresponding EDS elemental mappings of PtNi, PtCo and PtRu, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 8. (a) XRD pattern of PtRuMo, PtCoNi and PtRuMoFeCoNi. (b, c, 

d) HADDF-STEM images and corresponding EDS elemental mappings of PtRuMo, PtCoNi 

and PtRuMoFeCoNi, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Supplementary Figure 9. XPS spectra of (a) Fe 2p, (b) Mo 3d, (c) Ni 2p and (d) Co 2p in 

HEA-QDs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 10. XPS spectra at different depths of (a) Pt 4f, (b) Ru 3p, (c) Mo 

3d, (d) Fe 2p, (e) Co 2p and (f) Ni 2p in HEA-QDs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 11. The atomic radio of Pt, Ru, Mo, Fe, Co and Ni at different 

depths in HEA-QDs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 12. (a) The CO stripping curves of HEA-QDs/C, Pt/C, Ru/C and 

PtRu/C. (b) The peak positions of CO stripping for HEA-QDs/C, Pt/C, Ru/C and PtRu/C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 13. (a) XRD pattern of HEA-QDs and HEA-QDs/C. (b-d) TEM 

images of HEA-QDs/C at different scales.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 14. XRD pattern of commercial Pt/C, Ru/C, PtRu/C and HEA-

QDs/C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 15. Tafel plots of commercial Pt/C, commercial Ru/C and HEA-

QDs/C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1. Comparison between HEA-QDs/C and other reported catalysts for acidic HER. 

Catalysts Electrolyte 
η10 

 (mV) 

Tafel slope 

(mv dec-1) 
Ref. 

HEA-QDs/C 0.5 M H2SO4 11 28.7 This work 

PtRu/CC1500 0.5 M H2SO4 8 25 10 

Ru@GnP  0.5 M H2SO4 23 30 11 

Pt-AC/DG 0.5 M H2SO4 21 27.5 12 

Ru@C2N 0.5 M H2SO4 22 30 13 

Pt/Ni-PCNFs-50 0.5 M H2SO4 20 30.9 14 

Pt1Ru1/NMHCS-A 0.5 M H2SO4 22 38 15 

Ru@NC 0.5 M H2SO4 62 40 16 

Pt0.47-Ru/Acet 0.5 M H2SO4 28 33.3 17 

Pt-TiO2-N-rGO 0.5 M H2SO4 40 32 18 

HP-Ru/C 0.5 M H2SO4 38 39 19 

Ni@Ni2P–Ru 0.5 M H2SO4 51 35 20 

Ru/HMCs-500 0.5 M H2SO4 48 40.4 21 

Ru/D-NPC 0.5 M H2SO4 68 41.7 22 

MoS2/CoSe2 0.5 M H2SO4 68 36 23 

A-Ni–C 0.5 M H2SO4 34 31 24 

WO2.9 0.5 M H2SO4 70 50 25 

NiRuPt/Activated 

XC-72 
0.5 M H2SO4 22.4 23.9 26 

m-Pt@MoS2 0.5 M H2SO4 47 32 27 

Ru−Mo2C/C 0.5 M H2SO4 18 32 28 

Ru2@MoS2-

85%/CFP 
0.5 M H2SO4 54 49 29 

RuSA@NiFe PPc 0.5 M H2SO4 40 31 30 

Ru-VO2 0.5 M H2SO4 46 27.7 31 

 

 



 

Supplementary Figure 16. (a) Calculated ECSA based the results of CO stripping, (b) 

calculated SA and (c) MA of Pt/C, Ru/C, PtRu/C and HEA-QDs/C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 17. The XRD patterns of Pt-HEA, Ru-HEA and HEA-QDs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 18. The TEM images and corresponding EDS mappings of (a) Pt-

HEA and (b) Ru-HEA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 19. (a) The polarization curves, (b) overpotential at 10/100 mA cm-

2, XPS spectra of (c) Pt and (d) Ru of Pt-HEA/C, Ru-HEA/C and HEA-QDs/C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 20. (a) Polarization curves of PtCo/C, PtNi/C and PtRu/C. (b) 

Polarization curves of PtCoNi/C, PtRuMo/C and PtRuMoFeCoNi/C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 21. Time-dependent metal cations’ concentration in electrolyte. 
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Supplementary Figure 22. XRD pattern of HEA-QDs before and after ADT test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Supplementary Figure 23. TEM images of HEA-QDs before (a, b, c) and after (d, e, f) 

ADT test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 24. XPS spectra of HEA-QDs before (a, b, c) and after (d, e, f) 

ADT test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 25. (a) Electrochemical Impedance Spectroscopy (EIS) Nyquist 

plots of commercial Pt/C, Ru/C, PtRu/C and HEA-QDs/C at the current density of 10 

mA/cm2. (b) The calculated Rs and Rct according to the Nyquist plots. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure 26. Polarization curves of (a) Ru/C, (b) Pt/C, (c) PtRu/C and (d) 

HEA-QDs/C in the micro-polarization region in hydrogen-saturated 0.05 M H2SO4 at a 

temperature range of 295–335 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 27. (a) CV curves, (b) polarization curves, (c) Tafel slope values 

and the overpotential at 10 mA cm-2, and (d) Tafel slope values vs. the potential (Tafel slope 

obtained over 10 mV intervals) of HEA-QDs/C with different loadings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Supplementary Figure 28. The various model structures of HEA-QDs with different 

perspectives for (a) Model 1, (b) Model 2 and (c) Model 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 29. The calculated total energy various model structures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 30. (a) Charge difference density plots of HEA-QDs with *H 

adsorbed on the top of the Pt atom when 0.7371e- is added (difference between potentials 

of -0.1 V vs SHE and 0 V vs SHE). (b) Charge difference density plots of HEA-QDs with 

*H adsorbed on the top of the Ru atom when 1.07e- is added (difference between potentials 

of -0.1 V vs SHE and 0 V vs SHE). The electron accumulation and depletion are 

represented with cyan and yellow contours, with iso-surfaces being 0.0003 e/Å3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 31. Charge difference density plots of adsorption of *H onto the 

top of the (a) Pt atom and (b) Ru atom in the surface of HEA-QDs under a potential of -0.1 

V vs SHE. The electron accumulation and depletion are represented with cyan and yellow 

contours, with iso-surfaces being 0.002 e/Å3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Supplementary Figure 32. The atomic structure mode of pure Pt, pure Ru and PtRu. 
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Supplementary Figure 33. Calculated hydrogen-adsorption free energy (ΔGH*) profiles 

for Pt and Ru sites on PtRu. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2. The Decomposition of the Tafel activation barriers of H*+H*→H2 on HEA-

QDs (111), Pt (111) and Ru (001). 

H*+H*→H2 EH*1 (eV) EH*2 (eV) Eg (eV) Ee (eV) ETS (eV) 

Pt site on HEA-QDs 0.60 0.62 1.22 -0.42 0.80 

Ru site on HEA-QDs 0.24 0.29 0.53 -0.11 0.42 

Pt site on Pt (111) 0.28 0.53 0.81 0.03 0.84 

Ru site on Ru (001) 0.35 0.45 0.79 -0.26 0.53 

Where Eg and Ee represent the contribution of geometrical effects and local electronic 

effect to the activation energy, respectively. 

 

 

 

 

 



 
Supplementary Figure 34. Schematic diagrams of H*1 and H*2 in initial states and 

transition states of (a) Pt sites on HEA-QDs, (b) Ru sites on HEA-QDs, (c) Pt sites on Pt 

(111) and (d) Ru sites on Ru (001). 

 

 

 

 

 

 

 

 

 



Supplementary Figure 35. Photographs of the PEM electrolyzer at different perspectives. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 36. The applied current density as a function of time in the testing 

of steady-state polarization curve for PEMWEs. 

The PEMWE polarization curves were evaluated under steady-state conditions. As 

shown in Fig. S36, the cell was stabilized for 120 seconds at each current density from 

0.01 to 2.0 A cm-2, and the corresponding voltage was recorded. Between each current 

density measurement, the cell was allowed to rest for 30 seconds to eliminate any transient 

effects. The voltage at the end of each stabilization period was recorded as the steady-

state voltage for that current density, and these values were used to plot the polarization 

curves. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 37. Polarization curves of PEMWEs at 65°C with the cathode 

catalysts of PtRu/C and HEA-QDs/C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3. The comparison of PEMWE performance in this work with other recent 

works. 

Cathode  

catalyst 

Cathode 

loading 

(mgPGM cm-2) 

Anode 

catalyst 

Anode 

loading 

(mgPGM cm-2) 

PEM Temperature 

(℃) 

Performance Ref. 

HEA-QDs/C 0.1 IrO2 1.5 N115 65 1.65 V@1 A cm-2 This work 

20% Pt/C 0.1 IrO2 1.5 N115 65 1.71 V@1 A cm-2 This work 

20% Pt/C 0.3 IrO2 1.5 N115 65 1.64 V@1 A cm-2 This work 

Pt-NCS-2 0.1 IrO2 0.1 N117 60 2.1 V@0.435 A cm-2 32 

PtNW 0.1 Ir0.7Ru0.3Ox 3 N115 80 1.69 V@1 A cm-2 33 

D-PtCu/CF 0.1 IrO2 NA NA 60 1.75 V@1 A cm-2 34 

MLG/Dend-Pt NPs 0.025 Ir black 2 N117 40 1.70 V@0.5 A cm-2 35 

Pt0.25/Co 0.5 IrO2 2 N117 50 1.69 V@1 A cm-2 36 

Pt,Ru,Rh,Pd,Re-MoSe2 NA IrO2 NA NA 80 1.82 V@1 A cm-2 37 

PtSA, P/np-MoS2 NA IrO2 NA N117 60 1.67 V@1 A cm-2 38 

Alloyed Pt SA 0.02 IrO2 NA N117 80 1.82 V@1 A cm-2 39 

Pt SLP 0.015 IrO2 1 N115 90 1.71 V@1 A cm-2 40 

Ru-NPs/OPC-1.9 nm 0.05 IrO2 1.5 N115 65 1.77 V@1 A cm-2 41 

Mo@Ru-3 4.5 IrO2 2.5 N212 80 1.95 V@1 A cm-2 42 

Ru@NPCS 0.017 IrO2 NA NA 80 1.73 V@1 A cm-2 43 

Ru−Mo2C/C 0.15 IrO2 1.5 80μm 80 1.58 V@1 A cm-2 44 

RuSA@NiFe PPc NA IrO2 NA N117 80 2.27 V@2 A cm-2 30 

RuS2@MoS2 NA NA NA NA 80 1.67 V@1 A cm-2 45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 38. The amount of H2 theoretically calculated and experimentally 

measured in HEA-QDs/C cathode cell versus time at a current density of 1 A cm-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 39. Polarization curves of PEMWEs with various IrO2 loadings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Supplementary Figure 40. (a) Typical equivalent electrical circuit model and (b) The 

resistance of Rs, Rca and Raa in PEMWE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 41. The contribution of kinetic, ohmic and mass transport to the 

polarization curve of (a) the HEA-QDs/C cathode cell and (b) the Pt/C cathode cell. 
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