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AuAgCu trimetallic nanoparticles based alloy: an
advanced electrocatalyst for hydrogen evolution
reaction in alkaline mediaf
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Hydrogen production via cost-effective electrochemical water splitting is one of the most promising
approaches to confront the energy crisis and to obtain clean fuels with high energy density. To address
this concern, herein, we developed a simple one-step synthesis method for creating an AuAgCu
trimetallic alloy using aspirin as a capping agent. This alloy shows potential for efficient electrocatalyst
for hydrogen evolution reaction. The trimetallic nanoparticles based alloy exhibit an equiaxed grain-like
morphology and a face-centred cubic phase. In HER experiments using a 1 M KOH electrolyte, the
AuAgCu alloy shows nearly negligible overpotential compared to mono- and bimetallic catalysts, and the

Tafel slope was 32.7 mV dec™?

, which is the lowest ever achieved for alloy-based electrocatalysts and
extremely close to a commercially available Pt/C with high stability for 21 days and no decrease in
current density in alkaline media. Besides, with excellent HER activity and stability, the trimetallic
AuAgCu-modified electrode possessed significant durability for over 1000 cycles in the selected range of
potential from 0.5 to 0.8 V at different scan rates from 1 to 100 mV s~ This simple, cost-effective and
environmentally friendly methodology can pave the way for the exploitation of mixed metal alloy-based

electrocatalysts not only for water splitting but also for other applications, such as fuel cells, lithium-ion

rsc.li/rsc-advances batteries and supercapacitors.

1. Introduction

To overcome energy problems, hydrogen is considered an ideal
replacement for fossil fuels owing to its extraordinary charac-
teristics, such as high efficiency, cleanliness, non-toxicity, and
eco-friendliness.’ Because of these properties, many scientists
have focused on hydrogen production. At the industrial level,
hydrogen is primarily produced through steam reforming of
methane, which yields hydrogen with low purity due to the
presence of carbon residues.*® Water splitting is an effective
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method for generating pure hydrogen, wherein water electro-
chemically splits into hydrogen and oxygen.>*° To facilitate the
hydrogen evolution reaction (HER), a catalyst is required to
initiate proton reduction and lower the activation energy or
overpotential.”® Effective electrocatalysts require a large active
surface area for electrode materials and high catalytic activity.®
The catalyst should also have a high exchange current density
and a small Tafel slope.’ Although Pt-based catalysts are
commonly used in hydrogen evolution reactions because of
their high catalytic activity and effectiveness,> the high cost and
limited natural abundance of platinum restrict their applica-
tions.»*'* Nowadays, nanotechnology plays a crucial role in
catalysts because, at the nanolevel, a decrease in the particle
size increases the surface-to-volume ratio and enhances cata-
Iytic properties.> By utilizing nanotechnology, we can develop
nanomaterial-based catalysts that are effective towards the HER
and affordable electrocatalysts that enable the commercial
production of hydrogen from various water sources.'>'*
Previous studies have reported many catalysts from earth-
abundant elements, such as Fe-doped Ni, Co-CC, Mo, W,
molybdenum sulfides, carbides, tungsten disulfide (WS,), and
pinewood-derived carbon (PC).***” Although these alternatives
are cheaper, some are corrosive under reaction conditions and
exhibit poor intrinsic activity and stability.”*'**° Metal oxides,
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such as NiOx, MnOx, Mg(OH),, and transition metal-doped
TiO,, are used as electrocatalysts for the HER, but they have
limited electronic conductivity.”>** In contrast, coinage metal
nanoparticles are notable for their excellent physicochemical
properties, including quantum confinement and surface
effects, making them ideal for catalysis.”® In nanoscience,
multimetallic nanoparticles, especially TMNPs, have received
great attention owing to their unique catalytic, electrical and
optical properties. They also have synergistic effects between
multiple metal elements, which are different from mono-
metallic.>* In previous studies, several methods have been
developed for the synthesis of TMNPs, including the microwave
(MW) irradiation method,* and microemulsion system,* and
in most methods, multiple steps are involved.”” To the best of
our knowledge, there is no report on the one-step synthesis of
trimetallic AuAgCu nanoparticles for water splitting. This first
report introduces efficient, low-cost electrocatalysts for rapid
and potential HER. Therefore, to increase the density of active
sites and electrical conductivity, we proposed the development
of a trimetallic AuAgCu alloy as a highly stable and efficient
electrocatalyst for HER in alkaline media. Herein, we report
a new combination of a trimetallic nanoparticle-based alloy as
a strong catalyst for HER in 1 M KOH at room temperature. The
electrocatalyst based on the AuAgCu alloy demonstrated effi-
cient HER activity due to a synergistic effect between the three
metals as a supporting co-catalyst material. This combination-
based electrode exhibits excellent performance for HER with
a Tafel slope of (32.7 mV dec '), which is very close to
commercial Pt/C (30 mV dec™ ') and compatible with practical
applications. We believe that the present study provides a safe
and clean route for synthesizing efficient electrocatalysts based
on mixed metal alloys for future renewable energy and energy
harvesting.

2. Experimental
2.1 Materials

Hydrogen tetrachloroauratetrihydrate (HAuCl,-3H,0), silver
nitrate (AgNOj3), copper chloride pentahydrate (CuCl,-5H,0),
and aspirin (CoHgO,) were purchased from Sigma-Aldrich. All
chemicals were of analytical grade and used without further
purification.

2.2 Synthesis of Au, Ag, and Cu TMNPs

In this synthesis, 300 pL of aspirin solution (0.01 M) was added
to 5 mL of Milli-Q water. Then, 100 uL of each metal solution
(1:1:1), ie, Au, Ag, and Cu (0.01 M), was mixed into that
solution, and the volume was made up to 10 mL. The solution
was then heated and stirred for 1.5 hours. Over time, a light
purple color appeared, indicating the formation of nano-
particles, as shown in the UV-visible spectra in Fig. 1.

2.3 Characterization

The morphology of the trimetallic nanoparticles was evaluated
using a TEM-FEI Tecnai G2 TF20 UT equipped with a field
emission gun operating at 200 kV and a point resolution of 1.9
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Fig. 1 UV-visible spectra of trimetallic AuAgCu nanoparticles.

A, along with an energy-dispersive spectrometer (EDS). AFM
imaging of the TMNPs was performed using an Agilent 5500
atomic force microscope. The nanocrystalline structure was
investigated using X-ray diffraction (XRD) with a Philips PW
1729 diffractometer employing CuKo radiation. A Fourier
transform infrared (FTIR) technique was used to determine the
interaction between aspirin and trimetallic nanoparticles. The
UV-visible spectra were recorded using a Cary Series UV-visible
spectrophotometer (Cary 100 UV-vis).

2.4 Modification of glassy carbon electrode with synthesized
AuAgCu trimetallic alloy nanoparticles

All HER experiments were performed using a Solartron analyt-
ical potentiostat with a three-electrode system cell assembly in
a 1 M KOH solution with N, gas purging. The catalyst ink was
prepared by mixing 30 uL of the prepared nanocatalyst and 5 pL
of (0.5%) Nafion solution, and the mixture was sonicated in an
ultrasonic bath for 15 minutes to obtain the homogenous
catalytic ink. A glassy carbon electrode was used for the drop-
casting of the nanocatalyst and was used as a working elec-
trode. The modified working electrode was dried with a flow of
N, gas at room temperature. An Ag/AgCl with saturated KCl as
a reference electrode and platinum mesh was used as a counter
electrode. Linear sweep voltammetry was used at a scan rate of
1-100 mV s~ for HER characterization in alkaline media.

3. Results and discussion
3.1 Characterization of trimetallic AuAgCu nanoparticles

Fig. 2A-C displays TEM images revealing the unique shape of
trimetallic nanoparticles composed of gold (Au), silver (Ag), and
copper (Cu). The bright field TEM images showed that the
nanoparticles are mainly composed of equiaxed (spherical)
grains, with a smaller amount of elongated grains present. This
shape is important because it increases the surface area and
provides many active sites for reaction, which enhances cata-
Iytic performance. The spherical grains offer a high density of
reactive sites, while the elongated grains facilitate the

RSC Adv, 2024, 14, 27132-27140 | 27133
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Fig. 2

movement of reactants and improve mass transport. This
unique morphology has significant implications for catalytic
applications.

Additionally, the uniform distribution of metals, confirmed
by EDS, supports synergistic interactions among Au, Ag, and Cu,
further boosting catalytic activity, stability, and selectivity.
These structural features and metal distribution combinations
make the nanoparticles highly effective for various catalytic
processes. EDS also reveals that the former grains consist of Ag
with a few Cu (Au free), while the elongated one contains Au and
a few % Ag and Cu. Therefore, the sample should be called
a nanocomposite of Ag (Cu) binary alloy + Au (Ag, Cu) ternary
alloy, as shown in Fig. 2D. XRD study carried out to explore the
crystalline nature of nanoparticles. The XRD diffractogram of
aspirin-capped trimetallic nanoparticles is shown in ESI S1.f
The XRD pattern of the AuAgCu trimetallic nanoparticles shows
peaks at 36.40°, 42.44°, 44.26° and 63.5°, which are indexed to
the (111), (200), (220) and (311) crystal planes of the centred
face-centred cubic structure. Peaks appear at (111), (200), (220)
and (311), corresponding to the AuAg component. Other peaks
at (111), (200) and (220) show the presence of copper (CuO). All
peak positions are intermediate to those of AuAg and Cu. The
XRD study reveals that the prepared sample of trimetallic
nanoparticles does not contain any impurity of Cu,O or CuO.
The XRD results fully agree with the TEM measurements. Fig. 3
shows the AFM image of the trimetallic nanoparticles, which
are spherical and uniformly distributed, with an average
diameter of 26-35 nm. This morphology, which is coherent with
the TEM results, offers a high surface area and prevents clus-
tering, thereby enhancing the availability of active sites for
catalytic reactions. The uniform size and distribution
contribute to efficient adsorption, interaction with reactants,
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(A—C) TEM and HR-TEM images of trimetallic nanoparticles, (D) EDS analysis of trimetallic AuAgCu nanoparticles.

and consistent catalytic performance, making these nano-
particles promising for various catalytic applications.

3.2 FT-IR analysis

Fourier transform infrared spectroscopy (FTIR) characterization
is a convenient and sensitive method for detecting the inter-
action between two species. In ESI S2-A,1 the FT-IR spectra of
aspirin are shown, highlighting three main stretchings. The
peak appearing at 2500-3000 cm 'corresponds to the OH
group, while the band at 1689-1750 cm ' shows a carbon-
oxygen double bond (C=0) and a carbon-oxygen single bond
(C-O) confirmed by the appearance of a peak at 1091-
1304 cm™". In addition, image S2-Bf shows aspirin-capped Au-
Ag-Cu TMNPs due to the interaction of aspirin with TMNPs,
and the stretching band for carbonyl (C=O0) disappears and
shifts towards a lower frequency value. This shift confirms the
interaction of aspirin with nanoparticles.

3.3 EIS analysis

Electrochemical impedance spectroscopy (EIS), another prom-
inent electrochemical technique, verified the conductive and
resistive properties of electrodes. EIS typically generates semi-
circular peaks in the Nyquist plot, with narrower semicircles
indicating higher conductivity and vice versa. The EIS study was
conducted under optimized conditions, including a quieting
time of 2 s, a high frequency of up to 10000 Hz and a low
frequency of 1 Hz at an initial potential of 1.4 V. All the EIS
Nyquist plots were circuit fitted, as shown in Fig. 4A and B. In
the present study, the AuAgCu/GCE exhibited a narrower
semicircle curve than the bimetallic nanoparticles, indicating
its exceptional conductive nature and electron transfer from the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 AFM image of trimetallic AuUAgCu nanoparticles.

surface. Overall, the EIS analyses unequivocally demonstrated
the excellent conductivity of the AuAgCu trimetallic alloy,
making it a promising candidate for utilization as an electro-
catalyst for HER reactions.

3.4 Electrocatalyst performance of AuAgCu nanoalloy for
HER activity

Trimetallic nanoparticles (AuAgCu) were selected as electro-
catalysts for the hydrogen evolution reaction (HER). The tri-
metallic nanoparticles were used for the surface modification of
the glassy carbon electrode. The electrode contained a greater
contact area between the electrocatalyst materials and sensing
species, which enhanced the transport and capture of the target
molecules in the electrode and promoted the electron transfer
rate. The polarization curves (LSV) for bare glassy carbon elec-
trodes and modified electrodes with trimetallic nanoparticles
for measuring HER activity in a 1 M KOH solution are shown in
Fig. 5A and B. An AuAgCu catalyst shows nearly negligible
overpotential and potential HER activity of these nanoparticles
compared to mono and bimetallic nanoparticles.

Entering the HER process, the HER kinetics can be evaluated
from the linear region of the Tafel plot by fitting the LSV curve
with the Tafel equation as follows:

5.0
B. Bimetallic nanoparticles
-4.0
— A. Trimetallic nanoparticles
£ -3.0 9
£
)
& 2.0
i 2
4.0 1 (w)e
0.0
0 4 6 8 2 16 2
Z' k(ohm)
Fig. 4 (A and B) EIS analysis of trimetallic and bimetallic nanoparticles.
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n = blog(j) + a (1)

where a is related to the exchange current density (j,) and
b represents the Tafel slope. Under alkaline conditions, HER
kinetics most likely occur via the formation of hydrogen-
adsorbed intermediates (H,qs). The formation of H,qgs involves
electron transfer via the discharge of water through the
following Volmer step:

HZO +e +M — MHads + OH (2)

Generally, the HER mechanism occurs in three steps: (1)
adsorption (Volmer step) (2) desorption (Heyrovsky step), and
(3) Tafel slope. All these three steps determine the general rate
of reaction.”® In the first step, hydrogen ions are adsorbed to the
surface of the nanoparticles in the second step, hydrogen ions
gain electrons to produce hydrogen gas and are discharged
from the electrode surface, as shown in the following equa-
tions.”” The HER mechanism on AuAgCu trimetallic alloys is
shown in Fig. 6.

MHads + H20 +e — H2 +OH + M (3)

MH o H, + M (4)

Through alkaline water electrolysis, pure hydrogen can be
produced, and no emission of carbon residue occurs. The HER
Tafel slope is an important step; through this, we determine the
reaction mechanism of the catalyst. When the Tafel slope value
is high, i.e. 116 mV dec™?, the discharge step is supposed to be
the rate-determining step, and if the Tafel slope value is 40 mV
dec™, then the desorption (Volmer-Heyrovsky) is the rate-
determining step, or the value of Tafel slope 30 mV dec™*
indicating the Tafel recombination step (Volmer-Tafel) is the
rate-determining step.**** Usually, the small Tafel slopes are
useful for practical purposes, as the prepared AuAgCu electro-
catalyst exhibits good catalytic activity with a Tafel slope of

RSC Adv, 2024, 14, 27132-27140 | 27135
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Fig. 5

32.7 mV dec™ !, which is comparable to that of platinum. Fig. 7
shows the Tafel rate-determining step.

3.5 Stability of the electrode

An additional key factor is the electrode material's stability. The
trimetallic AuAgCu-modified electrode exhibited outstanding
HER activity and demonstrated remarkable durability for over
1000 cycles within the selected potential range of 0.5-0.8 V, at
various scan rates ranging from 1 to 100 mV s~ . As depicted in
Fig. 8, a small activity is lost and disappears after 1000 cycles.

b Hydrogen Gas “)Nanopartides
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(A) Linear sweep voltammetry HER polarization curve in N,-saturated 1 M KOH at 25 °C of AuAgCu trimetallic nanoparticles, (B)
comparison of HER activity of mono-, bi- and trimetallic nanoparticles.

3.6 Reproducibility of the electrode

To investigate the reproducibility of AuAgCu trimetallic nano-
alloys, five independent electrodes were modified under similar
conditions for measuring HER activity in a 1 M KOH solution, as
depicted in Fig. 9. The relative standard deviation of the five
modified electrodes was found to be less than 5%, showing
acceptable reproducibility. The modified electrodes were kept at
room temperature when not in use. After 21 days, no significant
change in HER activity was observed, indicating the good
chemical and structural stability of the modified electrodes.

Fig. 6 HER mechanism for water splitting via trimetallic AuAgCu nanoparticles.
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Fig. 8 Stability of the AuAgCu nanoparticle-modified electrode after
1000 cycles.

3.7 Discussion

In comparison to AuAgCu metal nanoparticles alloy, very little
hydrogen gas was generated at a greater negative overpotential
when the HER activity of Au, Ag, and Cu nanoparticles was
observed independently. These findings demonstrated the
synergistic effect of Ag and Cu in addition to Au, which
enhanced the electrochemical evolution of hydrogen. Conse-
quently, the composition of the resulting trimetallic alloy
comprises a low quantity of Au with the addition of Ag and Cu.
The developed trimetallic alloy performs comparably to Pt/C
electrocatalysts sold in stores for the HER. Essential elements
of an energetic and catalysis process are the straightforward
splitting of reactants to create reaction intermediates and the
spontaneous collection of these intermediates. To expose the Ag
and Cu features simultaneously, information about the AuAgCu

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Reproducibility of synthesized AuAgCu electrodes.

alloy that is directly related does not need to be optimised.
Thus, further investigation of the HER efficiency of trimetallic
AuAgCu electrocatalyst is more likely associated with multi-
functional aspects, as the edge of Ag permits the splitting of
water and the generation of hydrogen intermediates that can be
adsorbed close to the surface of Au and recombine into
diatomic hydrogen. Moreover, Cu atoms have the tendency to
lower the energy barrier needed to build hydrogen intermedi-
ates, which makes it easier for them to desorb from their
surface and speeds up the rate at which electrons transfer with
significantly improved hydrogen evolution performance. The
electronic structure of the Au-rich surface in the trimetallic
AuAgCu alloy, which prevents transition metal solubility and
generates additional surface activities, is one possible reason
for the increased HER activity. The decrease in Au 4f binding
energies can be attributed to inadequate oxygen binding
strength, which is supported by the greatly improved electron
coupling interaction between Au, Ag, and Cu. Overall, it was
determined that the inner contact of the trimetallic alloys
between the Au, Ag, and Cu sections greatly speeds up the
reclaim of Au sites for possible electrochemical activity towards
HER performance.’®?® As shown in Table 1, the outcomes
produced with these trimetallic alloys are outstanding and
comparable to those of the commercial Pt/C catalyst.

3.8 Comparative study

This study compared the efficiency of various nanoparticles in
alkaline media for hydrogen evolution reactions (HER). The
findings are summarized in Table 1. Among the catalysts
studied in alkaline media, CuTi (110 mV dec™ ' in 0.1 M KOH),**
Cu,Ni,_,SBi (84 mV dec™ ' in 1 M KOH),* ReS, (170 mV dec™ " in
1 M KOH)* and Mn-Ni;Se, (167 mV dec ' in 1 M KOH)*
demonstrate reduced efficiency with high Tafel slopes. Addi-
tionally, NiP (122 mV dec™ " in 3 M KOH),*” Cu,CoSnS, (110 mV
dec™" in 1 M KOH),*® and CuS/NiO (119 mV dec™ " in 1 M KOH)*
show slower reaction kinetics and less favourable performance
under basic conditions. The commercial Pt/C catalyst exhibits

RSC Adv, 2024, 14, 27132-27140 | 27137
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Tablel Comparative study of the Tafel slope for various nanoparticles

Different metal Tafel plot

combinations (mV dec™) Electrolyte Ref.
CuTi 110 0.1 M KOH 33
Cu,Ni; ,S. Bi 84 1 M KOH 34
ReS, 170 1 KOH 35
NiP 122 3 M KOH 37
Cu,CoSnS, 110 1 M KOH 38
CuS/NiO 119 1 M KOH 39
Mn-NisSe, 167 1 M KOH 36
Pt/C 30 1 M KOH 11
AuAgCu 32.7 1 M KOH This work

a low Tafel slope of 30 mV dec™" in 1 M KOH, highlighting its
high catalytic activity under alkaline conditions but empha-
sizing the challenges of its cost and scarcity for large-scale
applications. The synthesized AuAgCu nanoparticles stand out
with a Tafel slope of 32.7 mV dec™" in 1 M KOH, demonstrating
great efficiency in alkaline media, which potentially offers
a more cost-effective alternative to the commercial Pt/C catalyst.
The low Tafel slope of AuAgCu nanoparticles indicates their
ability to facilitate rapid reaction kinetics and efficient electron
transfer in basic environments. The trimetallic composition of
Au, Ag, and Cu likely contributes to a synergistic effect,
enhancing both catalytic activity and stability. This break-
through underscores the potential of AuAgCu nanoparticles as
highly efficient and economical alternatives to platinum-based
catalysts, demonstrating the innovative and impactful nature
of the current research.

4. Conclusion

In summary, the AuAgCu alloy is synthesized using the wet
chemical method in one step. The as-obtained trimetallic
nonprecious alloy catalyst exhibited potential HER activity with
negligible overpotential and a Tafel slope of 32.7 mV dec ™" in
a 1 M KOH solution. The efficient catalytic activity can be
attributed to the mixed metal alloy AuAgCu, in which different
elemental constituents could work due to the synergic effect. It
can be assumed that the trimetallic alloy would be of great
interest as a catalyst in the field of energy harvesting and
renewable energy. In addition, the composition of the prepared
trimetallic alloy as a favourable material for HER opens a new
avenue for the engineering of cost-effective and potential
electrocatalysts.

Data availability

Data supporting the findings of this study are available in this
article and its ESI materials.} Additional datasets used and/or
analyzed in this study are available from the corresponding
author upon reasonable request.
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