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ABSTRACT
The design of an efficient cost-effective electrocatalyst that facilitates oxygen evolution reactions (OERs) in alkaline media is vital for present
and future generations, with the durability and stability of the catalyst being of paramount importance. Such electrocatalysts are in high demand
for renewable technologies, such as solar fuel development and fuel cells, as well as energy storage devices and lithium ion batteries. Herein, we
present a simple wet chemical method for synthesizing trimetallic (AuAg/Cu) nanoparticles that can be utilized as an efficient electrocatalyst for
OER. The prepared nanocomposite material delivers effective water splitting at a low overpotentials. The OER kinetics of the trimetallic composite material were analyzed experimentally in 1.0 M KOH electrolyte, revealing a Tafel slope of 82 mV/dec corresponding to an overpotential
of 300 mV and a resistance of 177.9 Ω. These values provides the functional material for OER activity and can be used for electrochemical water
splitting properties due to synergetic effects produced for the development of other functional materials composite material exhibiting excellent
stability and durability over the 40 hours test duration. Therefore, this study demonstrates a safe and clean route toward fabricating efficient
electrocatalysts comprising mixed-metal alloys that are suitable for renewable energy applications. The proposed synthesis method protocol is
cost-effective and simple, and opens a new pathway for the preparation of efficient electrocatalysts.
Keywords: AuAg/Cu, Trimetallic alloy, Hydrogen evolution reaction, Kinetics, Oxygen evolution reactions

1. Introduction
Exacerbated by climate change and other environmental issues, the
global energy crisis is one of the greatest challenges facing humanity. One promising and eco-friendly strategy to help resolve this challenge is the development of renewable hydrogen energy technology
[1–3]. As such, many scientists have directed their attention to the
production of hydrogen and oxygen. In industry, hydrogen is produced mostly via steam reforming of methane. However, hydrogen
produced via this process has low purity owing to the presence of
carbon residues; therefore, efficient water electrocatalysis has the potential to become a key technology in the future [4, 5]. Water splitting is an effective method of generating pure hydrogen, where water is split electrochemically into hydrogen and oxygen [2, 3, 6]. Instigating an oxygen evolution reaction (OER) requires a large overpotential, which, in turn, requires a catalyst that initiates proton reduction and lowers the activation energy or overpotential [7, 8]. The
frequent use of electrocatalysts necessitates electrode materials with
a large active surface area and high catalytic activity [9]. In addition, the catalyst must exhibit an elevated exchange current density
and a small Tafel slope [10]. Metal-based compounds, such as RuO2
and IrO2 , are considered the most effective catalysts and, therefore,
widely used in OERs [2]. Moreover, oble metal catalysts like Ru/Ir
based materials are the state-of-art of catalysts for OER but they are
very much costly and rare in nature andhave received close attention
owing to their significant catalytic activity in basic media; unfortunately, their high cost and natural paucity have limited their appli-

cation [2, 6, 11]. Consequently, the development of affordable alternatives to RuO2 and IrO2 is vital [11]. Alternative catalysts involving first row transition metal oxides perform poorly, highlighting the
need for further studies of the OER kinetics of transition metal oxidebased materials at the nanoscale because, as particles decrease in size,
their surface to volume ratio and catalytic properties increase [12].
By using nanotechnology, we can develop cheap electrocatalysts that
enable the commercial production of oxygen from any source of water [13]. Although nanomaterial-based catalysts boost the efficiency
of OERs, the scalability of the materials involved is also an important
factor [14]. Previous studies have investigated electrocatalysts produced from earth-abundant elements including Fe, Ni, Co, Mo, and
W, as well as compounds such as molybdenum sulfides and carbides,
and tungsten disulfide. Oxides comprising these elements offer several advantages; they are cheap, highly active, and exhibit a synergetic
effect and fast charge transport toward OER kinetics in alkaline electrolytes [7, 8, 15–17]. Metal oxides, such as NiOx , MnOx , and transition metal-doped TiO2 , have also been used as electrocatalysts for
hydrogen and oxygen evolution reactions because of their electronic
conductivity [18]. Furthermore, metal nanoparticles have been explored owing to their excellent physicochemical properties, such as
quantum confinement, strong surface effects, and charge transport
at the electrolyte-electrode interface, which indicate their suitability
for catalysis [19]. Specifically, multi-metallic nanoparticles (TMNPs)
have received great interest as a result of their unique catalytic, electrical, and optical properties among composite materials. In addition, the synergistic effects between nanoparticles comprising multiple
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metals are different from monometallic nanoparticles and make them
excellent alternative electrocatalysts for water splitting [20]. In previous studies, different methods have been proposed for synthesizing
TMNP-based nanocomposite materials, including microwave (MW)
irradiation [21] and microemulsion systems [22]. In general, reducing
the overpotential for OERs is a multi-stage process [23]. Nevertheless,
the synthesis of AuAg/Cu nanoparticles for use in water splitting is yet
to be reported. This is a simple approach, which can be applied at low
temperatures via the aqueous chemical growth method. To enhance
OER activity kinetics, we used temperature annealing in air, which
has never been reported previously for AuAg/Cu nanoparticles. The
fabricated AuAg/Cu particles possess increased conductivity and surface area. Furthermore, they deliver improved catalytic performance,
thereby facilitating increased OER activity. Further advantages include excellent stability and the lowest Tafel slope value reported for
an electrocatalyst in alkaline media to date.
Here, we report the fabrication of hetero-structured materials via
a simple wet chemical method and an easy stepwise procedure for the
synthesis of trimetallic alloy composites. The synthesized trimetallic
nanoparticles show impressive catalytic activity with respect to OERs
in basic media, demonstrating that this new pathway for fabricating
electro-catalysts may be applied across diverse energy sectors.

2. Experimental details
2.1. Materials
Hydrogen tetrachloroauratetrihydrate (HAuCl4 ⋅ 3H2 O), silver nitrate (AgNO3 ), copper acetate monohydrate Cu(CH3 COO)2 , and hexamethyl tetra amine (HMT) (C6 H12 N4 ) were used directly without
further purification. All glassware were cleaned with aqua regia and
then rinsed with distilled water.
2.2. Synthesis of Au, Ag, and Cu nanostructured composite
Step-1: CuO nanostructures were grown at a very low temperature
via an aqueous chemical growth method. First, 0.1 M of copper acetate
monohydrate, 1.6 g of hexamethylenetetramine, and 10 mL of ammonia were dissolved in 90 mL of distilled water. The homogeneous solution was covered with aluminum foil at 90 ∘ C in an electric oven for
5 h. The resulting obtained material of copper hydroxide nanostructure was collected and left to air for 12 h. for properly draying Then,
the CuO nanostructure was functionalized with Au and Ag via the wet
chemical method.
Step-2: AuAg/Cu nanocomposites were prepared using the hydrothermal method. A solution comprising gold chloride (0.34 g), silver
nitrate (0.22 mg), HMT (1.6 g), and hydrochloric acid (5 mL) added
to 70 ml of deionized water was prepared and divided between two
beakers, to which 0.1 (sample S1) and 0.2 g (sample S2) of CuO were
added; both mixtures were stirred for 1 h. The trimetric mixtures were
transferred into a 100 mL Teflon-lined stainless-steel autoclave at a
temperature of 250 ∘ C for 12 h and cooled at room temperature (the
emergence of a light purple color indicates the formation of particles).
The precipitates of the nanocomposite were collected and washed several times with deionized water and alcohol separetely. The nanocomposite material was dried at 70 ∘ C overnight. The Pristine (AuAg)
composite material was prepared via the same procedure without the
addition of the CuO material.
2.3. Modification of glassy carbon electrode with synthesized AuAg/Cu trimetallic composite alloy
To optimize the trimetallic system for water splitting and verify
the stability of OERs in the nanocomposite system, the functional results of the electrocatalysts were confirmed. First, an electrode was
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cleaned with alumina powder before being washed with ethanol and
water by sonication. Then, the electrode was dried and modified. To
modify the glassy carbon electrode, 15 mL of the prepared nanoparticles was dropped on the glassy carbon electrode surface using the
drop-casting method. After drying at room temperature, 5 mL of
Nafion solution (0.5%) was dropped onto the composite material as
a binder. The oxygen evolution activity of the electrodes modified
by the AuAg/Cu nanoparticles composite alloy was measured using
an electrochemical approach in which platinum wire was used as the
auxiliary electrode and a calomel electrode was used as a reference
electrode in alkaline media. Electrochemical experiments were conducted over a frequency range spanning 100 kHz, with an amplitude
of 10 mV at a applied potential of 1.53 V. The nanostructure composite
material exhibiting the best OER kinetic activity was identified and all
the experiments were repeated 6 times. Consequently, electrochemical impedance spectroscopy (EIS) results obtained using Z-view software and the fitted electrolysis results at a static overpotential of 1.23
V are presented, confirming the material results.
2.4. Experimental conditions for structural characterization
A transmission electron microscope (TEM) equipped with a field
emission gun was used to acquire TEM images. It was operated at 200
kV with a point resolution of 1.9 Å and used in conjunction with an
energy-dispersive spectrometer (EDS). The nanocrystalline structure
of the samples was investigated using X-ray diffraction (XRD; Philips
PW 1729), while Fourier transform infrared spectroscopy (FTIR) was
used to identify the interaction between aspirin and the trimetallic
nanoparticles. UV-visible spectra (Cary 100 UV-Vis) were also recorded.

3. Results and discussion
3.1. Characterization of trimetallic AuAg/Cu nanoparticles
Figure 1(a) and 1(b) show the EDS-TEM and TEM images, respectively, of the trimetallic composite, with the EDS result showing the
distributions of Au, Ag, and Cu. The TEM images indicate that the
metallic composite is involved in the alloy formation, as evidenced
by Fig. 1(b). The TEM images confirm that the average size of the
trimetallic nanoparticles ranges from 30–50 nm.
The crystalline nature of the nanoparticles was investigated using
XRD, with Fig. 1(c) showing the XRD pattern for the aspirin-capped
trimetallic nanoparticles. The XRD pattern in Fig. 1(c) shows peaks
at 36.40∘ , 42.44∘ , 44.26∘ , and 63.5∘ , which represent the (111), (200),
(220), and (311) crystal planes of the face-centered cubic structure
of the nanocomposite material; these peaks are compatible with the
AuAg component of the structure. Further peaks represent the reflections from the (111), (200), and (220) planes in Cu. All peak positions
are intermediate to those of AuAg and Cu. The diffraction patterns
obtained in the XRD experiment provide conclusive evidence for the
formation of AuAg/Cu alloys. Additionally, the XRD reveals that the
prepared trimetallic nanoparticles samples do not contain any Cu2 O
or CuO impurities. The XRD results agree fully with measurements
made from the TEM images. Next, Fig. 1(d) shows the surface plasmon resonance band of spherical the AuAg/Cu nanoparticles. The
peak indicating maximum absorption is located at 571 nm, as shown in
Fig. 1(d). Figure 2 presents an atomic force microscopy (AFM) image
that describes the surface morphology of the trimetallic nanoparticles.
The AFM analysis reveals that trimetallic nanoparticles are spherical
and distributed uniformly. Furthermore, the presence of cluster or aggregate formation can be observed. The trimetallic nanoparticles have
an average diameter ranging from 26–35 nm, showing further agreement with TEM observations. In addition, the UV spectra show the

ASCT Vol. 30 No. 2 (2021); https://doi.org/10.5757/ASCT.2021.30.2.65

Applied Science and Convergence Technology

http://www.e-asct.org

Figure 2. AFM image of the trimetallic AuAg/Cu nanoparticles.

Figure 1. (a,b) TEM images of trimetallic nanoparticles. (c) XRD pattern. (d) UVvisible spectrum.

optical characteristics of each metal component in the nanocomposite
material. Peaks are observed at 560, 400, and 600 nm, corresponding
to Au, Ag, and Cu, respectively [24–26].
As shown in Fig. 3, the elemental analysis performed via EDS confirms the presence of the three metals, i.e., Au, Ag, and Cu, in the
nanostructured composite material. The EDS also provides the percentage of each element in the composite material, which is 56.45%
Au, 23.79% Ag, and 19.76% Cu.
3.2. Electrocatalyst performance of AuAg/Cu nanoal-loy for OER activity
The electrochemical water splitting proved that the composite material have low charge transfer resistance, which confirms the excellent
connection between the composite electrodes and electrolyte. These
composite electrodes exhibit externally and further increase the excellent outperforming for OER due to surface active sites, which enhance
the Tafel slope comparable, or even lower than commercial Ru-based
electrodes, which is unprecedented for non-noble electrocatalysts at
the acceptable onset potential.
The nanocomposite is used to modify the glassy surface of the carbon electrode, thereby providing the electrode with greater contact
area between the electrocatalyst materials that enhance the transport
and capture of target molecules in the area of the electrode and promote the electron transfer rate. To modify the glass carbon electrode, 5
mg of the composite material was dispersed in 3 mL of deionized water
and 15 𝜇L of freshly prepared catalyst ink. The polarization curves for
pristine AuAg and the electrode modified with trimetallic nanoparticles are shown in Fig. 4. The AuAg/Cu catalyst shows nearly negligible
overpotential and potential OER activity for the trimetallic nanoparticles compared to the mono and bimetallic nanoparticles. The polarization curves show the excellent oxygen evolution properties of
the composite catalysts (Fig. 4), with the OER mechanism involving
three steps: (i) adsorption (Volmer step), (ii) desorption (Heyrovsky
step), and (iii) Tafel slope. Each of these steps helps to determine the
general rate of reaction (1). In step (i), hydrogen ions are adsorbed
to the composite surface, while in step (ii), hydrogen ions gain electrons, produce hydrogen gas, and are discharged from the surface of
the modified electrode. The specifics of the water splitting process using the newly synthesized composite electrocatalyst are shown by the
following reactions:
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Figure 3. EDS spectrum of the trimetallic nanocomposite material.

2H2 O + 2𝑒− + 2M → 2MH(ads) + 2OH,
2MH(ads) + 2H2 O + 2𝑒− → 2H2 + 2OH + 2M,
2MH ↔ H2 + 2M.

(1)
(2)
(3)

Through alkaline water electrolysis, pure hydrogen gas can be produced without emitting carbon residues. For the hydrogen evolution
reaction (HER), the Tafel slope is an important step, through which
the reaction mechanism of the catalyst is determined. If the Tafel
slope value is 82 mV/decade, then desorption (Volmer-Heyrovsky)
is the rate-determining step, otherwise the Tafel recombination step
(Volmer-Tafel) is the rate-determining step. Tafel slopes serve a practical purpose as the prepared AuAg/Cu electrocatalyst exhibits good
catalytic activity and shows a comparable Tafel slope, as shown in Fig.
4(b). Upon inspection of the OER activity of the glassy carbon electrode for the electrocatalyst, we observe the generation of oxygen gas
at more positive overpotentials compared to the AuAg/Cu trimetallic
nanoparticle alloys. Thus, these results highlight the synergic role of
Ag, while the addition of Au to Cu lowers the overpotential barrier
owing to its outburst catalytic property. However, Cu enhances the
electrical conductivity and improves the surface area for the materials, resulting in unique OER activity that demonstrates the promise
of this electrocatalyst. To explore the outstanding properties of this
material in greater depth, it is important to study the elementary reactions steps in the OER process. The OER kinetics are governed by
the Tafel slope. The OER kinetics of the prepared trimetallic alloy outperform electrocatalysts reported previously. The simple splitting of
the reactants to produce reaction intermediates and the spontaneous
collection of these intermediates are crucial parameters in achieving
an energetic and specific catalysis process. The addition of CuO to Ag
and Au in the formation of the AuAg/Cu alloy does not require optimization in order to expose the features of Ag and Cu simultaneously.
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Table 1. Ans: The fitted values for equivalent circuit of elements.

Static
resistance
(Ω)
Pristine Composite
Sample S1
Sample S2

Figure 4. (a) LSV polarization curves of pristine cobalt oxide, S1 and S2 at scan
rate of 1 mV/s in 1 M KOH, (b) Tafel plots from linear region of polarization curves,
(c) LSV polarization curves of stability for S2, and (d) chronopotentiometry experiment for 40 h durability response at 10 mAcm2 .

Therefore, the efficiency of the OER for the trimetallic AuAg/Cu electrocatalyst is most likely associated with multifunctional aspects. For
example, the edges of Ag permit the splitting of water and the generation of hydrogen and oxygen intermediates, which can be adsorbed
by the surface of Au and recombined to form diatomic hydrogen or
oxygen [6]. In addition, Cu atoms tend to reduce the energy barrier
required to produce hydrogen intermediates and, subsequently, facilitate desorption from the surface of Cu atoms, while accelerating the
electron transfer rate [7] and enhancing the oxygen evolution performance. The improved HER kinetics can be attributed to the electronic
structure of the AuAg-rich surface in the trimetallic AuAg/Cu alloy
that not only hinders the possibility of transition metal solubility but
also generates additional surface activity. The improved electron coupling interaction between Au, Ag, and Cu endorses the lower exposure
of reduced intermediates due to poor oxygen-binding strength, which
arises following the decrease of 4f binding energies in Au. In summary, we conclude that the inner contact between the Au, Ag, and Cu
areas in the trimetallic alloy significantly accelerates the reclamation
of Au sites that contribute to the electrochemical activity, which enhances the OER performance [8–17]. The performance of these nonprecious trimetallic alloys is excellent relative to the alternative materials that have been reported in literature. Stability and durability
are key factors in determining the practical applications of electrocatalysts. In addition to having excellent OER activity, the trimetallic
AuAg/Cu modified electrode also exhibits high durability, showing
little sign of degradation over 1000 cycles in the selected range over
a period of 40 h [see Fig. 4(d)] durability response at 10 mAcm2 as
shown in Fig. 4(d). Composite nanostructures are used as potential
candidates in diverse applications, is excellent and it revealed the potential capability of S2 to retain the OER activity for long period. The
low Tafel value for noble metal free catalyst in OER is clear evidence
for its promising practical applications in alkaline media and can be
capitalized for industrial purposes. Also, this study provides a solid
platform for the strengthening of oxygen economy using metals alloys as a gate way. To demonstrate the robust overall water splitting
composite is strongly regarding OER activities using electrochemical
approach lowers the barrier of high overpotentials by the mixed metal
oxide and composite phase-in achieving the low Tafel slope values and
huge current density in basic media. Thus demonstrating the long-
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8.65
8.61
8.58

Charge
transfer
resistance
(Ω)
1879
339.8
177.9

Doublelayer
capacitance (F)
168.51
122.20
232.66

term stability and scalability of the newly developed OER catalyst. The
durability of the AuAg/Cu composite was tested via chronopotentiometry using current densities of 10 and 20 mA/cm2 . Moreover, stability
and durability studies were also conducted for sample S2 to ensure its
application potential. The Tafel slopes and polarization curves support
the kinetics of the OER at the electrode–electrolyte interface. Electrochemical impedance spectroscopy was also performed for the frequency range from 100 kHz to 0.1 Hz at the amplitude of 10 mV and
an onset potential of 1.53 V vs reversible oxygen electrodes (RHE) in
1.0 M KOH electrolyte. At the high-frequency semicircle, an arc is
indexed to the charge transfer resistance, which is related to the exchange current density. Electrochemical impedance spectroscopy was
utilized to evaluate the kinetics of the OER in catalysts, as shown in Fig.
4(c). The elements were modelled by two RC components in the unified equivalent circuit, which was developed for an electrode protected
by a damaged coating [18,19,25], while we also utilized the fitting values of the catalyst spectra of the modified electrode. The lack of layer
smoothness in the proper pattern is attributed to the improved surface
roughness with anodization time; analyzing the modified electrode
via the impedance response is complex, with the element phase circulated with a circuit model featuring constant phase elements rather
than pure capacitors. The constant phase element (equivalent circuit)
providing the finest fit consists of the electrolytic solution resistance
R𝑠 and two joint R-CPE units (I and II). The charge transfer resistance for pristine AuAg is 1879 Ω, with samples S1 and S2 having
charge transfer resistances of 339.8 and 177.9 Ω, respectively. The
fitted values for the composite nanostructure and the pristine AuAg
are shown in Table 1 alongside their equivalent circuit values. The
impedance frequency values range from 100 kHz to 0.1 Hz. The real
and imaginary values of the spectra indicate a significantly better fit.
The charge transfer resistance estimated for sample S2 (177.9 Ω) was
less than that for sample S1 (339.8 Ω), while the rest of the fitting parameters revealed only minor changes. This illustrates that the OER
occurs faster on the nanostructured sample S2, with the higher capacitance, than on sample S1, indicating the improved capability of
sample S2 to transfer ionic charge between the electrolyte and electrode, as shown in Fig. 4(a). The surface area of the nanocomposite
material was assessed by cyclic voltammetry against Ag/AgCl by considering a non-faradaic part, as shown Fig. 5. This result can be attributed to the porous structure of cobalt oxide nanowires, which result from the self-assembly of nanoparticles of cobalt oxide, as can be
seen from low-resolution TEM studies. The OER polarization curves
and Tafel slopes at the electrode–electrolyte interface were studied in
greater detail via an electrochemical impedance experiment. Owing
to the configuration of this catalyst, the low frequency linear region
is devoted to the high-frequency semicircle arc, which is indexed for
the charge transfer resistance. A significant change in the OER activity was observed, which indicates good chemical and structural stability. As mentioned previously, these are attractive and unique functional properties, which significantly enhance water splitting in alkaline media. The cyclic voltammetry analysis revealed the active surface area properties of the nanocomposite material at different scan
rates, thereby confirming material stability. The chronopotentiometry test demonstrated the durability of the nanocomposite over a 40
h period. EIS was used to study the electrochemical impedance of
the composite material, revealing a small charge transfer resistance of
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References

Figure 5. Electrochemical impedance spectroscopy experiment for the frequency
range 100 kHz to 0.1 Hz, at amplitude of 10 mV and onset potential of 1.53 V vs
RHE in 1 M KOH, (a,b) Bode plots and (c) Nyquist plots

177.9 Ω and a higher capacitance value. We demonstrated the fabrication of a trimetallic (AuAg/Cu) nanocomposite material, which
represents a promising alternative eco-friendly OER catalyst for water
oxidation and other numerous energy conversion and storage applications. This is the first report that presents a low-cost electrocatalyst
for rapid OERs. Therefore, the proposed trimetallic alloy should be
of great interest as a catalyst in the fields of energy harvesting and
renewable energy. In addition, the impressive performance of this
nonprecious trimetallic alloy opens a new avenue in the engineering
of cost-effective electrocatalysts and provides a solid platform for the
strengthening of hydrogen-based technologies. To date, no attention
has been paid to the excellent features achievable by coupling trimetallic oxides with stannous compounds using an Au element to achieve
an active OER.

4. Conclusions
In summary, we synthesized an AuAg/Cu alloy via a wet chemical method to produce an electrocatalyst for OER in alkaline media.
The resulting trimetallic nonprecious alloy catalyst delivers high OER
activity with negligible overpotential and a small Tafel slope. Experiments were performed in alkaline media at a current density of 10
mA/cm2 and a potential of less than 300 mV. These findings provide a simple and cost-effective electrocatalyst that delivers a superb
OER performance. These impressive properties are attributed to the
AuAg/Cu mixed-metal alloy in which the interplay between the different elemental constituents creates a synergic effect. The low overpotential, small Tafel slope, and low charge transfer resistance are the attractive features of the sample S2 as compare to precious metal (RuO)
catalyst in the OER is clear evidence for its applicability in alkaline
media, which is immensely promising for industrial purposes. As
such, this study provides a platform for the development of inexpensive, environmentally benign, and efficient electrocatalysts that can
strengthen the oxygen economy, with the AuAg/Cu nanocomposite
serving as a gateway for the development of the next generation of
electrocatalysts and energy conversion technologies.
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