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SCI

A trasonication-assisted wet chemistry method for preparing multi-component alloy
nanoparticlg$ including high-entropy alloys is reported. PtAuPdRhRu alloy (high-entropy alloy),
quaternary PtAuPdRh alloy and ternary PtAuPd alloy nanoparticles were produced with ~3 nm in
dia, king advantage of the acoustic cavitation phenomenon in ultrasonication process, noble
me recursors could be co-reduced by chemical reductants and transform to alloy structures under
operation at room conditions. The instantanecous massive energy (~5000 °C, 2000 atm) occurring in

3.3

mo imespans (< 10”7 s) contributes to the formation of multi-metallic mixed nanomaterials
driyen tropy maximization. Owing to strong synergistic effects, the catalysts with the high-

entropy-affoy nanoparticles supported on carbons exhibit prominent electrocatalytic activities for

d

lution reaction.

M

Compared to their single component analogues, alloy materials demonstrate diverse

mechanicahmical properties such as lattice distance and electron distribution.™? Because of

these feat Signing alloy structures with novel metallic combinations is a way to produce more
functional i@ls. Among various alloy materials, high-entropy alloys (HEAs), has attracted
increasi in many fields. Unlike common alloys not exceeding three elements, HEAs
consist Mnore metallic elements with equiatomic or near equiatomic concentration, and

these conmtoms are uniformly dsitributed in a single-phase solid solution.®* Owing to

strong s effects, HEAs illustrate excellent perfomances, such as mechnical hardness and
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catalytic performances.>® However, high temperature (> 900 °C) is usually required to generate
high-entropy structures (AG = AH — TAS). A widely reported approach for synthesizing multi-metallic

alloy matgia is to melt isolated single-metal solids into bulk alloys at high temperatures or

pressures. ict technical requirements in the synthetic process greatly limit the variety of
alloys that *!an € created. Moreover, the melting method can hardly control the morphology of the

products and megt the demand to bring these materials to nanoscale range. Consequently, alloying

G

multi-meta ents at the nanoscale is of critical importance, espically via the development of

technologi@allyfeaSible and facile methods.

S

Traditionalalloy nanoparticles (NPs) are derived from the co-redcution of metallic ions by

U

wet chemis ods,™** with help of chemical reductants and heating protocols at < 300 °C.™**

1

I The for f alloy nanoparticles is mainly driven by enthapy interactions among metalic

species, whlic hy most reported alloy NPs synthesized by traditional wet chemistry methods

d

have n three different metals. Several studies have emerged detailing the production of

NPs, especially high-entropy-alloy (HEA) NPs under high temperature conditions.
Notably, Yao et al. synthesized HEA-NPs (= 5 nm) by a two-step carbothermal shock method."*®! This
strategy ersloyed flash heating and cooling, where an extremely high temperature (~2000 K) was

applied for, entary timespan (~55 ms). They conclude that one determining condition for

forming HE s a sharp temperature ramp rate that maximizes the entropic factor in controlling

final prod&s.“sl
n

In &n ultrasound irradiation process, the acoustic cavitation phenomenon can generate
extremely high tefhperatures in localized microscopic regions at momentary timespans, thereby

meeting o e conditions presented by Yao et al."® The acoustic cavitation phenomenon can
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be described as the formation, successive growth and implosive collapse of microscopic bubbles. The
collapse of those bubbles generates pressure of ~2000 atm and temperatures of ~5000 °C in
Iocalizemm regions at a timescale of < 10°s.">?” This instantaneous release of massive
energy ca reactant molecules and drive product growth to entropy-maximized
states.[ﬁzmm help of ultasonication, it is possible to generate Fe/Co alloy NPs at room
temperatur*der a 40 kHz ultrasonic wave, ethylene glycol reduces Pd** and Au®" ions to PdAu
bimetallic u room temperature.?* Rationally, an ultrasonication-assisted wet chemistry
method is an strategy for producing HEA-NPs. In the absence of reported works, the studies
presented rify the feasibility of synthesizing multi-metallic alloy NPs via this method. Under
intense ul ation irradiation, Pt*, Au**, Pd*, Rh*" and Ru®' ions were co-reduced under
ambient cgditions in a few minutes with ethylene glycol functioning as both the reductant and
solvent. Umechnique, ternary PtAuPd, quaternary PtAuPdRh, and quinary PtAuPdRhRu alloy
)

NPs (HEA- e all successfully synthesized. More importantly, a very small particle size (~3 nm)

was achiev e rapid reduction process and absence of high-temperature reduction conditions.

Electrochemical water splitting is an emerging technology for energy conversion, which is
broken dos into the cathodic hydrogen evolution reaction (HER) and the anodic oxygen evolution
revolution (OER).*?®1 As discussed in recent papers, the HER catalytic activity in alkaline
solutions is difficult than in acidic solution, which is ascribed to weaker H/OH-binding and a
higher en£y barrier for water dissociation on the catalyst surface.”’?®) Modulating the electronic
and geMuctures of the catalysts is a workable strategy to enhance HER catalytic

perfomance, as sin from the results of various shape-controlled bimetallic nanocatalysts.?*3¥ The

synergistic effectof the different metals in multi-metallic catalysts generally exhibit enhanced
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performance than monometallic materials in electrocatalytic reactions. The electrocatalytic activities

of as-synthesized alloy materials were tested and presented satisfactory results for HER.

{

For, izing the HEA quinary NPs, equimolar amounts of K,PdCl,;, HAuCl,, H,PtCls, RuCl;
and RhCl; ed in ethylene glycol followed by adding a calculated amount of X-72 carbon
I

support foR@ total noble metallic weight loading of 10 %. As presented in Scheme 1, the mixture was
placed in ultf@sonication processor and exposed to intense radiation. A cylindrical tip was

introduced into_the liquid to perform ultrasonication working at 750 watts and 20 kHz at ambient

SG

conditions inutes. Subsequently, the amorphous HEA-NPs supported on carbon structures

were obtained thBough filtration. To obtain stable HEA-NPs/carbon nanocatalysts, the resulting

Ul

solids were under N, at 500 or 700 °C for 2h. Both PtAuPd ternary and PtAuPdRh quaternary

't

structures thesized through a similar process.

5

tion (XRD) patterns of a series of as-synthesized alloy materials are presented in

Figure 19 -NPs/carbon produced from 10 min of the ultrasonication-assisted wet chemistry

metho e 1a) displays an additional set of FCC diffraction patterns. This phenomenon

M

demonstrates a two-phase microstructure.”™ As presented in Figures 1b and 1c, the shoulder peaks

1

decrease fi Ps/carbon-500 °C and disappear totally for HEA-NPs/carbon-700 °C. The XRD

patterns o Ps/carbon-700 °C exhibit only one set of diffraction peaks for FCC structure.

Combining Its with STEM mapping in Figure 2, the alloy structures of HEA-NPs/carbon-700

N

°C are Consequently, calcination at high temperature would maturate the alloy

|

structures.®Through the ultrasonication-assisted wet chemistry method, ternary and quaternary

multi-metal-allo Ps were also produced. XRD patterns for PtAuPdRh/carbon-700 °C and

J

PtAuPd/car °C are shown in Figure 1d and 1le. Interestingly, ternary NPs still display an

A
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additional FCC phase after calcination, while quaternary NPs present a tiny additional phase. As
reported, the higher entropy of elements in nanoscale systems contribute to increased tendency of
accelerate

uniform pis:;!! '!5] Therefore, it is reasonable to posit that increasing the variety of different metals

process to a certain extent.

I
Figlres 2 and S2 display the particle morphologies and elemental distributions of HEA-

NPs/carbod®700 nd HEA-NPs/carbon materials. The uniform distribution of Pt, Au, Pd, Rh and Ru
in the nanospheres certify the formation of an alloy structure directly. Energy dispersive X-ray
spectrosco data additionally corroborates this assertion with the signal intensity for all
elements p@ in Figure S1. The elemental distribution of HEA-NPs/carbon in Figure S2 shows

that none ttals are preferentially situated in different particles before calcination, they are

present th these nanoparticles further corroborating the formation of an alloy structure

using the mation-assisted wet chemistry method. Comparing the elemental distribution of

the HE n before and after calcination further strengthens the assertion that the

calcination pr generates an alloy structure supported over the carbon. Figure 3 shows the

elemental distribution on the ternary and quaternary NPs after calcination in the PtAuPdRh/carbon-

700 °C an! PtAuPd/carbon-700 °C, respectively. The results are analogous to those for HEA-

NPs/carbo : all metallic elements distribute uniformly within the nanosphere (~3 nm),
@

indicating structure. This demonstrates that the ultrasonication-assisted wet chemistry

method is! feasible and universal way to synthesize various proportions of multi-metal-alloy NPs.
AdditioMrphology of the materials does not change significantly after calcination. Figure

2a and 2b sEow 5e average particle size distribution for both the uncalcined HEA-NPs/carbon and

HEA-NPs/carbon-fO °C. Their average diameters are 2.8 + 0.3 nm and 2.6 + 0.3 nm respectively.
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These results demonstrate that calcination under an N, atmosphere matures the alloy structures but

does not appreciably enlarge their size, from which we can infer that these HEA structures have

t

superior stdbility at high temperatures.

Th lytic HER performances of as-synthesized multi-metallic-alloy nanocatalysts
|

were asses§ed in a three-electrode system using an aqueous 1.0 M KOH solution as the electrolyte.

Polarizatio@’curvés, for HER and Tafel plots of HEA-NPs/carbon-700 °C, PtAuPdRh/carbon-700 °C,

C

PtAuPd/carbon- °C and commercial Pt/C (Pt weight loading - 20%) catalysts are presented in

S

Figure 4. afi¢l plots of potential — log |current density| show a single slope line that can be

attributed to the Well-known two-step Volmer-Tafel mechanism for HER.®® Accordingly, the HER

b

kinetics in solutions for the Volmer-Tafel mechanism involves two steps: an electron-

N

coupled sociation forming adsorbed hydrogen (Volmer step); and the subsequent

combinatiadh o adsorbed hydrogen into H, (Tafel step). In alkaline solutions, lower HER activities

d

m the sluggish Volmer step.®”! The value of the Tafel slope reflects the kinetic

general

mechanism fo . Smaller Tafel slopes demonstrated a lower energy barrier of Volmer step and an

M

accelerated Volmer step for HER.®® Thermogravimetric analysis measurement (Figure $3) was

exerted tofestimate the loading amount of active metal on carbon support, as discussed in Sl

[

(Electrocat R performance test). Owing to metallic ions reduced totally, the loading weight of

O

whole nobl s was estimated to 10 % wt and the loading amount of total noble metal on the

electrode i§0.03 mg cm™ depending on the presursors amount.

th

As Shown in Figure 4a, these multi-metallic catalysts all perform well for the HER, while HEA-

J

NPs/carbon-700 °@displays excellent electrocatalytic activity. For HEA-NPs/carbon-700 °C, the onset

potential o is —=0.025 V vs. RHE and the current density reach 30 mA cm™ at a potential of —

A
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0.19 V vs. RHE. PtAuPdRh/carbon-700 °C and PtAuPd/carbon-700 °C present similar onset potentials

near 0 V vs. RHE but reach current densities of 30 mA cm™ at —0.26 V vs. RHE and —0.6 V vs. RHE,

respectivelu. der the same test conditions, the commercial Pt/C catalyst shows reduced
electrocat mance relative to HEA-NPs/carbon-700 °C, but similar to quaternary

PtAuPdH‘n roon-700 °C. In Figure 4b, HEA-NPs/carbon-700 °C exhibits a Tafel slope value of 62 mV
dec., whichgs sgaller than commercial Pt/C (77 mV dec.™), PtAuPdRh/carbon-700 °C (91 mV dec.™)
and PtAuP -700 °C (177 mV dec.™). With less than 0.03 mg cm™loading of active metal, the
operating wl —-0.37 V to deliver 100 mA cm™ is better than several noble metallic
electrocat reported.B>*! As compared, Pt catalysts are measured with a Tafel slope of 116
mV dec.? i e solution (0.1 M NaOH).?? Ru nanomaterials presents a Tafel slope of 118 mV
dec.tin O.!M KOH.®®¥ The small slope of 62 mV dec.™ demonstrates small energy barrier of Volmer
step and a | step-determined HER process. To test the stability of the as-synthesized HEA-
NPs/carbon70 catalysts, chronopotentiometry curve at 100 mA cm™ was obtained (Figure S4).
The HEA- on-700 °C shows stable electrocatalytic performance over an 8 h period. The
superio lytic performance of HEA-NPs/carbon-700 °C is ascribed to strong synergistic
effects resulting from different metallic atoms."**Y) With different element adding comes with
improved of the alloy system. An entropy-maximized alloy system would demonstrate

ic effects, hence improves catalytic performance.*?

Unlike traditional wet chemistry methods, this work takes advantage of ultrasonication to

e

produc llic alloy NPs with diameters of less than 3 nm. The acoustic cavitation generated

{

during the ultrasomication process has the potentials of generating instantaneously massive energy

Ul

in momentary ti pans, which can be used to facilitate the formation of alloyed products. Through

A
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this ultrasonication-assisted wet chemistry method, quinary PtAuPdRhRu-NPs (HEA-NPs),
quarternary PtAuPdRh-NPs and ternary PtAuPd-NPs were produced and suppored on XC-72 carbon
ina onthss. For HER, HEA-NPs/carbon materials present prominent onset potential at —
0.025 V v a remarkable Tafel slope in alkaline environment. Enhanced elctrocatalytic
activitie? aqiiascned to high-entropy at nanoscale and strong synergistic effects between active

metals. Thiss aatechnologically feasible and facile strategy for producing HEA-NPs that does not
ascribe to i

ations in metal selection that other wet chemistry methods suffer from and, as

such, is higwwve for creating a significantly wider variety of alloy nanoparticles.

Supporting Infor5tion

Supporting&tion is available from the Wiley Online Library or from the author.
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Scheme 1. ! chematic illustration of synthesis of HEA-NPs/carbon (PtAuPdRhRu supported on XC-72

carbon) catalfand their application in hydrogen evolution reactions.
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Figure } lRB patterns of HEA-NPs/carbon synthesized from (a) ultrasonication-assisted wet
chemistry od) followed by calcination under N, at (b) 500 °C and (c) 700 °C for 2h, (d)
PtAuPdRh/Cashoagand. (e) PtAuPd/carbon synthesized from ultrasonication-assisted wet chemistry

methodinWtion under N, at 700 °C for 2h.
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Figure 2. STEM image of (a) HEA-NPs/carbon and (b) HEA-NPs/carbon-700 °C. HAADF image and EDS
elemental maps of mixed (c), Pt (d), Au (e), Pd (f), Rh (g), and Ru (h) for HEA-NPs/carbon-700 °C
(selected area in Fjgure 2b inset). Particle size analyses of HEA-NPs/carbon (inset in a) and HEA-
W(inset in b).

NPs/car
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Figure 3. Hle! Image and EDS elemental maps of a-e) for PtAuPdRh-NPs/carbon-700 °C and f-g) for
PtAuPd-NPg/carbdm-700 °C.
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Figure 4. (a) Polarization curves and (b) Tafel plots of HEA-NPs/carbon-700 °C, PtAuPdRh/carbon-700
°C, PtAuPd/carbon-700 °C and commercial Pt/C (Pt loading — 20 wt%) catalysts in 1.0 M KOH.
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Taking advantages of the acoustic cavitation phenomenon in ultrasonic irraditions process, an
uItrasthed wet chemistry method is designed to alloy multimetallic elements in
inary PtAuPdRhRu (High-entropy-alloy), quaternary PtAuPdRh and ternary PtAuPd
& synthesized with diameters of ~3 nm and supported on carbon in one step. The

nanoscales. Q

nanopartidle

as-synthes tropy-alloy materials present excellent electrocatalytic performance for

Cr
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