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S1. Determination of electrochemical active surface area and turnover frequency

The electrochemical active surface area (ECSA) of electrocatalysts plays a
crucial role in enhancing catalytic performance, as it directly correlates with the
number of accessible active sites. These sites facilitate the adsorption of reaction
intermediates, a key step in hydrogen evolution. Therefore, determining ECSA
provides valuable insight into the electrocatalytic efficiency, with higher ECSA
values typically associated with improved activity. ECSA was determined from the
ratio of the double layer capacitance (Cq) derived from cyclic voltammetry
measurements at different scan rates in the non-Faradaic region and the specific

capacitance of the electrode (Cs), as presented below:

Cdl
ECSA = —
C

s
The CV curves recorded at various scan rates for Pdg o IrSnZnMo, Pdg pIrSnZnMo,
Pdy ¢;IrSnZnMo, and Pdj o4IrSnZnMo HEAs in the non-Faradaic region (from —0.1 to
—0.2 V vs. SCE) are shown in Fig. S1(a-d). In contrast, for the Pdj osIrSnZnMo HEA
catalyst, CV curves were performed in the potential window from 0 to -0.1 V vs. SCE
(Fig. S1(e)). The adjustment was necessary because a rapid reduction reaction

occurred beyond -0.1 V, making the region unstable for ECSA analysis.
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Figure. Sl(a-d) CV curves recorded at different scan rates in the non-Faradaic
potential region (from -0.1 to -0.2 V vs. SCE) for Pdy;IrSnZnMo, Pd ¢,IrSnZnMo,
Pdy3IrSnZnMo, and PdjglrSnZnMo HEAs, (e) CV curves recorded for
Pdy ¢sIrSnZnMo HEA in the non-Faradaic potential region (from 0 to -0.1 V vs. SCE),
(f) linear fit of the difference between anodic and cathodic current densities at -0.15 V
vs. SCE as a function of scan rate, and (g) corresponding linear plot for the

Pdy ¢sIrSnZnMo electrocatalyst.
The slope obtained from the linear plots of current density vs. scan rate (Fig.
S1(f)) for PdjgIrSnZnMo, PdgpIrSnZnMo, Pd¢;IrSnZnMo, and PdIrSnZnMo
HEA catalysts corresponds to twice the double-layer capacitance (2Cq). The Cg value
was assumed to be 40 mF/cm?, as reported in the literature [23]. The relative ECSA
values for Pdgo;IrSnZnMo, PdggIrSnZnMo, Pdg o3IrSnZnMo, Pdg o4lrSnZnMo, and
Pdg osIrSnZnMo HEAs are summarized in Table. S1. Among them, Pd ¢sIrSnZnMo
exhibited the highest ECSA of 4.42 cm?, significantly larger than those of the other
catalysts. This high ECSA indicates a larger number of active sites, which facilitates

reaction kinetics by lowering the energy barrier. The roughness factor (R¢), another



important parameter characterizing electrocatalytic activity, was calculated as a ratio

of ECSA to the geometric area of the electrode (1 cm?). Accordingly, the Ry values

were equivalent to the ECSA values and are also listed in Table. S1.

Table S1. Calculated values of C g4, ECSA, Rrand TOF.

Electrocatalysts | Cq (mF/cm?) | ECSA (cm?) R¢ TOF (% 104/s)
Pd g;IrSnZnMo 0.44 1.10 1.10 7.69
Pdg 02IrSnZnMo 0.77 1.93 1.93 8.02
Pdy g3IrSnZnMo 1.175 291 291 8.36
Pdy g4IrSnZnMo 1.275 3.18 3.18 8.69
Pdg ¢sIrSnZnMo 1.77 4.42 4.42 9.02

S2. XPS survey spectra
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Figure. S2 XPS survey spectra of Pdy ¢, [rSnZnMo, Pd o, IrSnZnMo, Pdy o;IrSnZnMo,
Pdy g4IrSnZnMo, and Pd, osIrSnZnMo HEAs.

The XPS survey spectra of all HEAs (Fig. S2) confirmed the presence of the

200

o

constituent elements. This validates the successful alloy formation, with strong




bonding among the metallic components leading to a high entropy stabilized single-

phase structure.

S3. Elemental analysis

The EDS spectra obtained during HRTEM and FESEM analyses are presented in

Fig. S3(a) and (b), respectively. Both spectra confirm the presence of all constituent

elements of the PdIrSnZnMo HEA, with no impurities detected. The Cu signal

originates from the Cu grid used for sample loading during TEM analysis.
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Figure. S3(a) EDS spectrum of Pdg¢sIrSnZnMo HEA recorded using STEM, (b)

EDS spectrum of Pdg ¢sIrSnZnMo HEA recorded during FESEM analysis.

Table. S2 Composition of elements (at.%) from ICP-MS analysis.

Elements 0.01 M 0.02 M 0.03M 0.04 M 0.05M
Ir 9.0 7.2 6.05 5.03 5.0
Pd 9.6 18.3 20.4 25.1 32.9
Mo 31.6 32.0 34.05 31.08 27.0
Sn 43.8 37.0 34.4 333 30.2
Zn 6.0 5.50 5.10 5.54 5.10




S4. DFT calculations
Table. S3 HOMO-LUMO energy gaps and redox potentials for five distinct
PdIrSnZnMo conformations optimized at the BALYP/LANL2DZ level of theory.

(Energy Redox
Conformers (Hi)elz/][)() s (Ll(Jel\‘/g)O s gap), (Hgl;//I)O)s (Lzl\\/})() )s (aEl)le;‘eg\y/) Potential
(V) i V)

A -3.927 -2.067 1.860 -4.043 -2.118 1.925 -0.582
B -4.906 -3.145 1.761 -3.634 -1.705 1.929 0.342
C -4.799 -2.895 1.904 -3.326 -1.757 1.568 0.478
D -4.799 -2.894 1.905 -3.494 -1.913 1.582 0.484
E -4.933 -2.995 1.938 -3.933 -1.654 2.279 0.299

Table. S4 Total energy, Gibbs free energy, and solvation free energy for five distinct

conformations optimized at the BALYP/LANL2DZ level of theory.

(HF energy), (Gibbs free (HF energy), (Gibbs free Solvation free
Conformers (a.u) energy), (a.u) (a.u) energy); (a.u) energy
) 8 ) ST (kcal/mol)
A -367.926 -367.965 -367.945 -367.985 -12.502
B -367.941 -367.980 -368.004 -368.046 -41.309
C -367.955 -367.993 -368.000 -368.039 -28.650
D -367.955 -367.993 -368.000 -368.040 -29.565
E -367.942 -367.983 -368.014 -368.053 -44.125




Table. S5 Comparison of catalytic performance of outperformed Pd,osIrSnZnMo
HEA with the existing high entropy stabilized Pd-based electrocatalysts in acidic

medium.
Catalyst Current Overpotential Tafel Electrolyte | References
density (mV) slope
(mA/cm?) (mV/dec)
PdPtCuNiP high -10 32 and 62 47.4 (1.0 1.0 M KOH (1]
entropy metallic M KOH) and 0.5 M
glass (HEMG) and 44.6 H,SO4
0.5M
H,S0y)
IrPdPtRhRu -10 33.0/17.0 - 0.05M [2]
HEA NPs (acidic/alkaline) H,SO04
and 1M
KOH
Al, Ag, Au, Co, -10 32 30.1 0.5 M H,SO, [3]
Cu, Fe, Ir, Mo,
Ni, Pd, Pt, Rh,
Ru, and Ti
PdMoGalnNi -10 13 -179.8 0.5 M H,SO, [4]
HEA
PtCuPdAgFe -10 24 29 0.5 M H,SO4 [5]
high-entropy
intermetallic
(PCPAF-HEI)
NPs
PtPdRhIrNi -10 22 21.6 0.5 M H,SO,4 [6]
(nanoporous
nanowires)
NPNWs
Quinary -10 58 42 1 M H;PO, [7]
RhRuPtPdIr and
HEA thin film 0.5 M H,SO,
AuPdFeNiCo -10 45 (0.5 M 32 (acidic | 0.5 M H,SO, [8]
HEA H,SO,) and 43 medium), and | M
(1 M KOH) 55 KOH
(alkaline
medium)
IrPdPtRhRu -10 16, 28, and 12 31 (1.0M | 1.0 M KOH, [9]
HEA mV in 1.0 M KOH) 1.0 M KOH
KOH, 1.0 M +05M
KOH+0.5M NaCl, 0.5 M
NaCl, and 0.5 M H,SO,
H,SO,
respectively
(Ce)-tailored -10 12.8 30.4 0.5 M H,SO, [10]
PdCeMoCuRu
HEA
high-entropy -10 35.4 342 0.5 M H,SOq4 [11]
MG PdPtCuNiP
Pdy osIrSnZnMo -10 17 52.7 0.5 M H,SO;4 This work

HEA
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