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Abstract

The creation of electrocatalysts with reduced concentrations of platinum-group metals remains a
critical challenge for electrochemical hydrogen production. High-entropy alloys (HEAs) offer a
distinct type of catalyst with tunable compositions and engineered surface activity, significantly
enhancing the hydrogen evolution reaction (HER). We present the synthesis of AuPdFeNiCo
HEA nanoparticles (NPs) using a wet impregnation method. The composition and structure of
the AuPdFeNiCo HEA NPs are characterized by X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and high-resolution transmission electron microscopy (HR-TEM). These
nanoparticles exhibit robust HER performance quantified over a broad pH range, with higher
activity than any of the unary metal counterparts in all pHs. In comparison to a commercial
10%Pt/C electrocatalyst, AuPdFeNiCo HEA NPs exhibit enhanced electrochemical activity in
both acidic and alkaline electrolytes at a current density of 10 mA/cm?. Additionally, these
nanoparticles achieve a current density of 100 mA/cm? at a voltage of 540 mV in neutral
electrolytes, outperforming Pt/C which requires 570 mV. These findings help enable broad use
of reduced precious metal electrocatalysts for water electrolysis in a variety of water and pH

conditions.
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Introduction

Nanoscale electrocatalysts are critical materials for efficient electrochemical water
splitting that can provide carbon-free generation of fuels and energy.! Presently, platinum-
group metals (PGMs) exhibit the highest efficiency in water splitting.*® Nonetheless, their
commercialization and growth are impeded by cost and durability concerns.’® Therefore, to
establish cost-effective electrolysis systems, developing highly active electrocatalysts with
reduced noble metal loadings is imperative, such as the alloy structure strategy recently reported
in studies.'®!! In the realm of water splitting, optimizing the interplay between electrocatalysts
and electrolytes remains pivotal to enhancing overall catalytic activity!>!3. While significant
breakthroughs have propelled innovations in acidic and alkaline electrolytes, understanding of
the water-splitting in neutral to near-neutral electrolytes remains comparatively nascent.! It also
remains challenging to identify electrocatalysts that will operate well over a range of pHs.

The use of Au in hydrogen electrocatalysis research is limited in part due to its low
intrinsic hydrogen evolution activity'*. However, Au generally has high quality electron
transport and is oxidatively and structurally stable, making it an attractive component for pH-
versatile electrocatalysts.!>~18 Several studies have reported the use of Au as an electrocatalyst in
universal-pH electrolytes, encompassing not only well-known acidic and alkaline conditions but
also neutral electrolytes!®2°, These distinct attributes have driven scientific exploration in this
field, resulting in reported research on various compositions involving Au-Pd, Au-Ni, Au-Cu and
others.!>1921-23 However, the extent of modification in the electronic properties is confined by
the range of compositional tunability, limiting the performance.?*

High-entropy alloys (HEAs) are compositionally complex solid solutions that contain

five or more elements; they provide an attractive approach to controlling composition in
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electrocatalysis.>>2° Specifically, the compositional complexity of HEAs, resulting from the
random distribution of atoms with different radii and its irregular surface which closely mimics
an almost continuous distribution, differentiates it from binary/ternary alloys. As such, HEAs
provide a wide diversity of electronic and physical structures with for electrochemical
reactions.’%32 Furthermore, adding more components to HEAs, compared to binary alloy
catalysts, significantly reduces the use of noble metals by dilution. In principle, these unique
attributes of HEAs have an opportunity to enhance the efficacy of electrochemical hydrogen
evolution reaction (HER) over a broad pH range due to their durability and versatile

morphologies.

Herein, we report the synthesis of AuPdFeNiCo HEA nanoparticles (NPs) using a wet
chemical impregnation method. Five-elements were chosen for alloying based on their known
properties in the unary phase: Au and Pd provide desirable mechanical properties, thermal
stability, and compatibility in alloy formation while the 3d metals Fe, Ni, and Co were chosen
due to their abundance and their reported desirable HER activity.’3** The as-prepared
AuPdFeNiCo HEA NPs have enhanced electrochemical HER activity in acidic, neutral, and
basic electrolytes, 0.5M H,SO4, 1M PBS, and 1M KOH, respectively. Particularly, HEA NPs
have favorable overpotential values of 45 (acidic) and 43 (alkaline) mV vs. reversible hydrogen
electrode (RHE) at 10 mA/cm?, these compare favorably to those measured for commercial Pt/C
10%, 53 and 43 mV respectively. Additionally, in neutral electrolytes, the AuPdFeNiCo HEA
NPs (132 mV/dec) demonstrated faster electron transfer capability than Pt (150 mV/dec),
suggesting desirable electrochemical properties for hydrogen evolution in the as-synthesized
AuPdFeNiCo HEA NPs. This work provides a comprehensive overview of the design of Au-

based HEA NPs and quantification of their potential at pH-versatile HER electrocatalysts.
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Experimental

Nanoparticle Synthesis

AuPdFeNiCo HEA NPs were synthesized from Au, Pd, Fe, Ni, and Co precursor salts via a wet-
chemical process. The precursors were prepared by dissolving 0.5 mmol of AuCl; (99.99%, Alfa
Aesar), 0.5 mmol of PdCl, (99.99%, Acros Organics), 5 mmol of FeCl,HgO4 (99%, Acros
Organics), 5 mmol of NiCl, (99.995%, Alfa Aesar), and 5 mmol of CoCl,H;,04 (99.998%, Alfa
Aesar) in 40 mL ultrapure water. Then, 0.1g of poly(N-vinyl-2-pyrrolidone) (PVP, M.W. 40,000,
Alfa Aesar) powder was added to the metal solution to prevent aggregation. The temperature of
the mixture solution was maintained at 230 °C under reflux for 1hr. After that, the temperature
was allowed to cool to room temperature. The black powder product was purified by
centrifugation and resuspension in a mixture of ethanol and water (equal ratio). Finally, the

AuPdFeNiCo powder was collected after centrifugation and dried under vacuum.

Characterization of materials

The morphology and structural analysis were recorded on a high-resolution/scanning
transmission electron microscope (HR-STEM, JEOL, JEM-2100Plus, 200 kV) and energy
dispersive X-ray spectroscopy (EDS) with elemental mapping feature. The crystal phase and
structure were characterized by X-ray diffraction (XRD, Rigaku Miniflex X-ray diffractometer,
CuKo, (L = 1.5406 A) and synchrotron wide-angle X-ray scattering (WAXS, NSLS-II, A =
0.1665 A) measurements. X-ray photoelectron spectroscopy (XPS) was performed on a PHI
Versaprobe II using an Al Ka X-ray radiation, and XPS peaks were calibrated to the C 1s peak at

284.8 eV. Inductively coupled plasma with an optical emission spectrometer (ICP-OES) was
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carried out on an Agilent 5110 using Agilent ICP Expert software.
Electrochemical hydrogen evolution reaction measurements
All electrochemical measurements were performed at ambient temperature (~25 °C) using an
electrochemical potentiostat (Pine research, Wavedriver 100) connected to a commercial three-
electrode system in various electrolytes: 0.5M H,SO,4, 1M PBS, and 1M KOH. A Pt mesh and
silver/silver chloride electrode (Ag/AgCl) were used as counter and reference electrodes,
respectively. For preparing the working electrode, an electrocatalyst ink was prepared by
sonicating a mixture solution containing 1 mg of AuPdFeNiCo nanoparticles, 3 mg of vulcanized
carbon (Carbon Black, XC-72, Fuel Cell Earth), 50 pL Nafion (5 wt.% of dispersion, Thermo
Scientific), and 300 pL isopropyl alcohol (IPA, Ricca). Then, 10 pL of ink solution was drop
cast onto a glassy carbon electrode (active area 0.07 cm?). To compare the HER activity of the
prepared working electrode, the commercial Pt/C (10%) and various bulk single metal foils such
as Au (25 pum, 99.95%, Sigma-Aldrich), Pd (25 pum, 99.9%, Thermo Scientific), Fe (100 um,
99.995%, Thermo Scientific), Ni (100 um, 99.994%, Thermo Scientific), and Co (100 um,
99.995%, Alfa Aesar) were respectively prepared for individual evaluation. All the potentials vs
Ag/AgCl reference values were converted to the reversible hydrogen electrode (RHE) using the
Nernst equation as below:

Erug = Eng/agal + (0.0591 X pH) + ER/agci
where Eppr 1s the converted potential of the vs. the reference electrode, Exgaqci is the

experimentally measured potential and Egg /agc 18 the standard potential of Ag/AgCl (0.197V @

25 °C). The HER activity of AuPdFeNiCo was quantified by linear sweep voltammetry (LSV),
Tafel slope analysis, cycle voltammetry (CV), double layer capacitance (Cq), and

electrochemical impedance spectroscopy (EIS). LSV test was obtained in the range of 0 V to -2.0
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V vs. RHE at a rate of 5 mV/s and converted to the Tafel slope using raw data after LSV testing.
CV was measured in each potential range based on electrolytes at varied scan rates (10-200

mV/s). The Cy of the catalysts was calculated from CV using the equation

Aj (ia _jc)
2v

Where j, and j. are different current densities between anodic and cathodic, v is the scan rate in
mV/s from CV. EIS measurements were performed using a Nyquist plot in the range of 100 kHz
to 0.1 Hz at 10 mA/cm?. The experimental data were fitted with the Pine-view software and

Origin software using appropriate equivalent circuits.

Results and Discussion

AuPdFeNiCo HEA nanoparticles (NPs) were synthesized via a wet-chemical reaction,
where five metal chloride precursors and poly(N-vinyl-2-pyrrolidone) (PVP, Mw = 40,000) were
mixed in ultrapure water at 230 °C (Scheme 1, see details in Experimental section). PVP

facilitates the formation of metal alloys by augmenting stability and preventing aggregation.?833

Metal precursors "

/ PVP, ultrapure waterl
- pH-Universal

Scheme 1. The synthesis method for AuPdFeNiCo HEA nanoparticles.
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Morphological, structural, and compositional analysis of AuPdFeNiCo HEA NPs was
conducted using high-resolution transmission electron microscopy (HR-TEM), scanning
transmission electron microscopy (STEM) with energy dispersive spectroscopy (EDS) mapping,
and powder X-ray diffraction (XRD). Examination of STEM and HR-TEM images revealed an
average particle size of ~13.45 nm (Fig. S1). Higher magnification imaging reveals a lattice
spacing of 2.40 A (Fig. 1 and Fig. S1). This spacing corresponds to the (111) plane, as
corroborated by fast Fourier transformation (FFT) (Fig. 1b) and XRD patterns (Fig. 2)
associated with HEA NPs. Additionally, the crystalline structure of AuPdFeNiCo HEA NPs
exhibits distinct diffraction peaks corresponding to the (111), (200), and (220) facets. Fig. 1c-
Fig. 1h and Fig. S3 show the EDS mapping and line scan profiles of the AuPdFeNiCo HEA NPs,
demonstrating a uniform dispersion of the five elements. One noteworthy aspect is the formation
of a seemingly Fe-rich shell (Fig. S2 and Fig. S3). This was verified through the edge FFT and
the distribution pattern observed in the low-magnification EDS Mapping. Fig. S2 shows the HR-
TEM image of AuPdFeNiCo HEA NPs and Fe NPs with an interplanar spacing of 2.4 A and
2.57 A, including different FFT images in the inserted images, respectively. These images appear
to depict iron or iron oxide nanoparticles formed either as side products or as nuclei during the
reaction. Additionally, to mitigate potential nanoparticle damage from prolonged exposure to the
electron beam during mapping characterization, the mapping duration was restricted to less than

10 min3®.
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Fig. 1 HR-TEM and STEM-EDS characterization of AuPdFeNiCo HEA NPs (a) Representative
HR-TEM image of AuPdFeNiCo HEA NPs and (b) zoomed in view of the HR-TEM image with
the insert shows the fast Fourier transformation (FFT). (c) STEM image of the corresponding
energy dispersive spectroscopy (EDS) elemental mapping of (d) Au, (e) Pd, (f) Fe, (g) Ni, and

(h) Co.
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XRD patterns show that the AuPdFeNiCo HEA NPs exhibit a fcc structure, with a lattice

constant of 4.15 A (Fig. 2). For comparison, Fig. 2 shows the XRD patterns of Au and Pd NPs,

exhibiting clearly defined crystalline phases of the (111), (200), and (220) planes. In contrast, the

diffraction pattern of AuPdFeNiCo HEA NPs is positioned between that of Au NPs and Pd NPs,

indicating crystalline phases at 38.3°, 44.5°, and 64.9°, which corresponds to the (111), (200),

and (220) planes, respectively. Moreover, we have validated the long-range order of the

AuPdFeNiCo HEA NPs using high-resolution synchrotron wide-angle X-ray scattering (WAXS),

which showcases analogous results to XRD but with additional high quality diffraction orders

(Fig. S4).
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Fig. 2 X-ray diffraction (XRD) characterization of AuPdFeNiCo HEA NPs (a) XRD patterns of

Au NPs, Pd NPs and AuPdFeNiCo HEA NPs with JCPDS data (Au: 04-0748, Pd: 46-1043), (b)

XRD patterns of (111) fcc peak.

To understand the electronic structure and chemical state of the AuPdFeNiCo HEA NPs,
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X-ray photoelectron spectroscopy (XPS) was performed. Fig. 3a shows XPS survey spectra for
AuPdFeNiCo HEA NPs in the range of 0—1,100 eV, revealing the presence of each constituent
element state. A high resolution scan of the Au 4f region (Fig. 3b) shows well-resolved peaks
with binding energies (BEs) of 83.8 eV and 87.4 eV, which can be assigned to metallic gold (Au®
417, and Au® 4fs),). Similarly, the corresponding Pd 3d peaks were located at 335.2 eV and 340.5
eV, which can be indicated with metallic palladium (Pd°® 3ds/, and Pd° 3ds),) (Fig. 3¢)?!37-38, Fig.
3d shows the resolved peaks in the Fe 2p region with BEs of 707.3 eV, 710.6 eV, and 713.2 eV,
which correspond with metallic iron, Fe?*, and Fe3" 343940 In the Co 2p region (Fig. 3e), the
spectrum has a broad feature that can be deconvoluted into peaks at 780.7 eV (Co°) and 784.0 eV
(Co%%).3441 For the Ni 2p region (Fig. 3f), the presence of metallic nickel and nickel oxides as

Ni® and Ni?" are attributed to BEs at 854.5 ¢V and 856.7 eV?7.

o

=1
=
o

Intensity (cps) D
Intensity (cps)
Intensity (cps) N

1000 800 600 400 200 0 90 88 86 84 82 80 348 344 340 336 32
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Q.
(0]
-t

2p,, Fe” 2p,,|

Intensity (cps)
Intensity (cps)
Intensity (cps)

Satellite

p \
/3 . R W

. " " N A n L n . n n n " A A s " "
735 730 725 720 715 710 705 805 800 795 790 785 780 775 880 875 870 865 860 855
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 3 X-ray photoelectron spectroscopy (XPS) characterization (a) XPS survey spectrum of the
synthesized AuPdFeNiCo HEA NPs. High-resolution XPS spectra of (b) Au 4f, (c) Pd 3d, (d) Fe

2p, (e) Co 2p, and (f) Ni 2p.
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Interestingly, the BEs of each metal exhibited noticeable shifts in the AuPdFeNiCo HEA
NPs compared to the bulk (Table 1). Specifically, there are lower shifts observed in the BEs of
metallic gold and palladium. Conversely, the core levels of metallic iron, cobalt, and nickel
showed a higher shift compared to their respective bulk metal values. These core level shifts of
each element indicate the electron charge transfer between elements within the HEA. This
phenomenon confirms that electron redistribution reduces atom size disparity, suggesting local
lattice distortion, and indicating diverse chemical environments for each element. Taken together,
HR-TEM/STEM, XRD, and XPS results strongly demonstrate the morphology, crystalline,
electronic structure, and chemical BEs from Au, Pd, Fe, Co, and Ni core levels in HEAs that

reflect the formation of HEAs.

Table 1. The binding energy of the metallic core level peaks for each element in the
AuPdFeNiCo HEA NPs with the corresponding shifts using the bulk metal as a reference!%1422-26,

Au 4f(eV) Pd3d(eV) Fe2p(eV) Ni2p(eV) Co2p(eV)

Bulk metal 4.2 336.0 706.6 852.6 778.1
AuPdFeNiCo HEA NPs 83.8 335.2 707.7 854.5 780.7
Core level shift from bulk -04 -0.8 1.1 1.9 2.6

For investigation as HER electrocatalysts, AuPdFeNiCo HEA NPs were stabilized on
glassy carbon (GC). Working electrodes were prepared for quantification in alkaline, neutral, and

acid pH electrolytes in a three-electrode cell. Their activity was compared with the intrinsic
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activity of each pure metal foil. Compared with the HER activity of bulk single metals, the linear
sweep voltammetry (LSV) polarization curve of AuPdFeNiCo HEA NPs showed superior

activity toward HER with an overpotential (n) of ~45 mV, 279 mV, and 43 mV at a geometric

current density of 10 mA/cm? in 0.5M H,SO,4, 1M PBS, and 1M KOH, respectively (Fig. 4). The
individual metals exhibit lower HER activity compared to AuPdFeNiCo HEA NPs in all pH
electrolytes, with Au notably displaying the lowest HER activity.!”-!°. The activity sequentially
increases from Au < Ni < Fe < Co < Pd < HEA in 0.5M H,SO,). The superior HER activity of
AuPdFeNiCo HEA NPs over bulk single metal foils is attributed to inducing favorable energy
binding of hydrogen formed on the uneven surface during the HER process, such as the
ensemble effect, thereby requiring lower overpotentials.

For a direct comparison of activity with a known electrocatalyst, HER activity was
compared with a commercial 10% Pt/C. As shown in Fig. 4, Pt/C requires higher overpotentials
compared to AuPdFeNiCo HEA NPs to produce a current density of 10 mA/cm? in acidic and
alkaline electrolytes (Fig. S5), indicating greater HER activity for AuPdFeNiCo HEA NPs. The
electrocatalytic activity and mechanism aspects of HER are further supported by Tafel slope
quantification (Fig. S6). The Tafel slope of AuPdFeNiCo HEA NPs exhibited the lowest values
of 32, 132, and 55 mV dec-1 under acidic, neutral, and alkaline conditions, respectively. Among
these, the low Tafel slope of AuPdFeNiCo HEA NPs (32 and 55 mV dec!) suggests the Volmer-
Heyrovsky mechanism under acidic and alkaline electrolytes®*?. However, under neutral
conditions, HER necessitates a higher overpotential compared to acidic and alkaline electrolytes.
This heightened requirement can be attributed to the inherent complexity of the reaction
mechanism in neutral or near-neutral conditions, which contrasts with the relatively

straightforward processes observed in acidic or alkaline environments*. Unlike the conventional
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single-step reduction (Volmer reaction) predominant in acidic or alkaline electrolytes, HER in

neutral or near-neutral electrolytes entails a multifaceted two-step reduction process,

characterized by the involvement of both water molecules and dissociated H;O" ions!#4.

Current density (mA.’cmz}

Current density (mAlcmZ)

o

R
o

A
o

1
(-2}
o

1l
o«
o

'
N
o

!bo

o

o

'
n
o

A
=

1
-]
(=]

— AU
Co
. Fe
e N
Pd
| = Pt/C
AuPdFeNiCo

|

-1.5

-1.0

-0.5

Potential (V vs RHE)

—Au
—Co
. ——Fe
= Ni
Pd
. —Pt/C
—— AuPdFeNiCo

EN
o
=]

1l

©

o
T

)
o

-1.5

-1.0

-0.5

Potential (V vs RHE)

Current density (mAlcmz)

(=]

'
n
o

A
=

.
[-1]
(=]

'
@
o

A
o

!-\'Q

o

Au
Co
3 Fe
e N
Pd
. ——Pt/C
—— AuPdFeNiCo

0.0

'}
-1.5

Il
-1.0

'l
-0.5

Potential (V vs RHE)

0.0

Resistance

overpotential

better

@ 50mA/cm?

——AuPdFeNiCo "O"*¢

Tafel slope

overpotential
@ 10mA/cm®

better

overpotential
@ 50mA/em’

e Fe

N

Pd
= AuPdFeNiCo

Resistance Tafel slope

waorse

Resistance

overpotential
@ 10mA/cm®

better

@ 50mA/ecm?

—— AuPdFeNiCo "°"*¢

Tafel slope

Fig. 4 HER electrocatalysis in acidic, neutral, and alkaline electrolyte. HER polarization

curves of Au, Pd, Fe, Ni, Co, AuPdFeNiCo, and Pt/C in (a) 0.5M H,SOy, (c) 1M PBS, (e) IM

KOH,

corresponding radar chart comparison of the potential characteristics

of the

electrocatalysts in(b) 0.5M H,SO,, (d) IM PBS, and (f) IM KOH.

The electrical double-layer capacitance (Cq4) was quantified by cyclic voltammetry (CV)
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to estimate the surface area of the AuPdFeNiCo HEA NPs. Furthermore, we determined the
electrocatalytic specific activity, electrochemical surface area, and resistance by analyzing the
Nyquist plots obtained using electrochemical impedance spectroscopy (EIS). Fig. S7 shows the
CV and Cy values for AuPdFeNiCo HEA NPs were 25.6 mF/cm2, 25.5 mF/cm2, and 55.81
mF/cm based on different scan rates as 10-200 mV/s and different pH electrolytes. The Nyquist
plot was utilized to assess the charge transfer resistance of AuPdFeNiCo HEA NPs, indicating
values of 1.65 Q in 0.5M H,S0,, 2.4 Q in IM PBS, and 2.4 Q in 1M KOH at an overpotential of
10 mA/cm?, respectively (Fig. S8). These results support the trend in electrochemical reactions,
indicating that AuPdFeNiCo HEA NPs demonstrate higher HER activity compared to other
single metals. In addition, the HER stability of AuPdFeNiCo HEA NPs was evaluated using
XRD analysis after chronopotentiometry studies in all pH-electrolytes at the fixed current
densities of 50 mA/cm? and all results showed no significant change during 12 hrs in all
electrolyte conditions (Fig. S9 and Fig. S10).

All experimental results regarding the electrochemical HER activity were summarized to
compare the key quantitative performance parameters in radar charts as shown in Fig. 4b, Fig.
4d, and Fig. 4f, where AuPdFeNiCo HEA NPs exhibit desirable HER properties in all pHs
compared to their constituent metals, as observed by the breadth across the radar. Therefore, the
superior electrochemical activity compared to single metal catalysts confirms that AuPdFeNiCo
HEA NPs serve as an efficient pH-universal HER electrocatalyst.

Above all, reducing the quantity of precious metal catalysts is crucial to producing cost-
effective and efficient HER catalysts for practical use. In this context, the gold and palladium
content determined by ICP-OES is 1.5 wt% and 2.4 wt%, respectively, significantly lower than

that of commercial Pt/C (10 wt%) as shown in Table S1. Even more intriguingly, despite the
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generally recognized low HER activity of Au, to our knowledge, HEAs designs based on Au
have exhibited exceptional electrocatalytic performance compared with existing reports of their
HER activity, suggesting the potential for achieving commercially viable electrocatalyst

performance levels'”!°.

Conclusion

We have synthesized AuPdFeNiCo HEA nanoparticles (NPs) by a facile wet
impregnation method. Based on transmission electron microscopy, X-ray photoelectron
spectroscopy, and electrochemical analysis, a combined approach was employed to characterize
and reveal the properties of AuPdFeNiCo HEA NPs, suggesting its potential application for pH-
universal hydrogen evolution. The AuPdFeNiCo HEA NPs showed notably high HER activity
compared with bulk single metals and were comparable with commercial Pt/C catalysts across a
wide range of pH 0 to pH 14 electrolytes, which can be an approach to enable straightforward
modification of alternative electrocatalysts for the electrochemical HER.

Based on this universal synthesis strategy, the exploration will expand to encompass
additional combinations with various other metal elements to enhance energy production.
Additionally, future research will focus on investigating the mechanisms involving structural
interactions among these elements or the interfaces within unique metal structures to
comprehend their impact. We will delve into researching an intriguing approach to multi-
component material design by actively controlling the atomic charge transfer, short-range
distortions, chemical bonding properties, and other functional characteristics within high
entropy-stabilized alloy structures. We believe this work will not only position the HEA

electrocatalyst group as a strong competitor in entering the hydrogen production market but also
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provide the impetus for a deeper understanding of their fundamentals.
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