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The design of efficient electrocatalysts for improving hydrogen evolution reaction (HER) performance

using atomically precise metal nanoclusters (NCs) is an emerging area of research. Here, we have studied

the HER electrocatalytic performance of monometallic Cu6 and Au6 nanoclusters and bimetallic Au4Cu2
nanoclusters. A bimetallic Au4Cu2/MoS2 composite exhibits excellent HER catalytic activity with an over-

potential (η10) of 155 mV vs. reversible hydrogen electrode observed at 10 mA cm−2 current density. The

improved HER performance in Au4Cu2 is due to the increased electrochemically active surface area

(ECSA), and Au4Cu2 NCs exhibits better stability than Cu6 and Au6 systems and bare MoS2. This augmen-

tation offers a greater number of active sites for the favorable adsorption of reaction intermediates.

Furthermore, by employing X-ray photoelectron spectroscopy (XPS) and Raman analysis, the kinetics of

HER in the Au4Cu2/MoS2 composite were elucidated, attributing the favorable performance to better

electronic interactions occurring at the interface between Au4Cu2 NCs and the MoS2 substrate.

Theoretical analysis reveals that the inherent catalytic enhancement in Au4Cu2/MoS2 is due to favorable H

atom adsorption over it and the smallest ΔGH* value. The downshift in the d-band of the Au4Cu2/MoS2
composite influences the binding energy of intermediate catalytic species. This new catalyst sheds light

on the structure–property relationship for improving electrocatalytic performance at the atomic level.

Introduction

The electrochemical process is an effective way to generate
green hydrogen, which is considered an excellent renewable
source of energy and alternative to fossil fuels.1–3 The major
challenge has been to replace e the best-known efficient plati-
num (Pt) electrocatalyst by developing efficient catalysts with a
lower hydrogen evolution reaction (HER) overpotential for
electrocatalytic applications.4–13 Significant attention has been
given to new strategies for improving the HER performance of
catalysts by controlling the charge transfer process and lower-

ing the H adsorption and desorption energies on the catalyst
surface.14 The free energy of H adsorption at the edges of
MoS2 is considered a viable HER catalyst to replace Pt. The
defect-rich ultrathin MoS2 nanosheets (NSs) are found to be an
exceptional electrocatalytic activity with a low onset
overpotential.15–17 Nonetheless, their catalytic efficacy is sig-
nificantly hampered by the restricted availability of catalyti-
cally active sites, primarily caused by the tendency for restack-
ing and insufficient vertical (i.e., perpendicular to the plane)
charge conductivity.18,19 Furthermore, it has been demon-
strated that enhancing the surface of MoS2 through nano-
particle decoration is an efficient method for augmenting
surface area and catalytically active sites, thus enhancing
intrinsic activity.20–22 However, the lack of atomic-level pre-
cision in the size and alloy composition of traditional nano-
particles shows the difficulties in establishing an accurate
relationship between structure and properties.14,23–25,26

Therefore, a defined structure of a catalyst would be
required to tune the catalytic property at the atomic level.27–29

As a result, significant attention has been directed towards
creating highly precise architectures and employing ligand-
protected metal nanoclusters with atomic-level precision.30–32
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Metal NCs, due to their ultrasmall small sizes of nearly 2 nm
with fascinating properties and atomic precision, have gained
significant attention towards their applications in
catalysis.33–36 Atomically precise gold nanoclusters offer
precise control over their geometric structure, electronic pro-
perties, and surface ligands, thus holding significant appeal as
catalysts for electrochemical reactions due to their ultrasmall
size and high surface-active sites.37–41 Zhao et al. investigated
the performance of Au25 nanoclusters on MoS2 for the hydro-
gen evolution reaction, achieving an overpotential of 280 mV.42

The study emphasizes the potential of NCs to enhance the per-
formance of HER via altering the interface of Au NCs with
MoS2 NSs. Gratious et al. reported the enhancement of the
HER activity by incorporating Au11 nanoclusters on MoS2 NSs,
leading to an overpotential of 292 mV, and verified the stability
of the H* intermediate using computational analysis.43

However, bimetallic nanoclusters could potentially offer
improved catalytic activity and selectivity compared to their
monometallic nanoclusters due to the synergistic effects of
heteroatoms.44 A few investigations have explored the use of
doped Au NCs with various dopants, including noble metals
Pt, Pd, Ru, and Ag.39,45 A few studies have been reported on
the doping of precious materials Pd and Pt into atomically
precise Au25 and Au26 NCs.46 Zhu et al. investigated Au2Pd6
NCs over MoS2 showing significantly improved HER catalytic
activity and achieved an overpotential of nearly 225 mV vs.
RHE at a current density of 10 mA cm−2.45 Tang et al. com-
pared the HER performance of two types of bimetallic
Au24Ag20 and Au22Ag20 NCs protected by alkynyl and halogen
groups with overpotentials of 260 mV and 335 mV, respect-
ively.47 Further, DFT reveals the enhancement in HER activity
based on the lower binding energy of hydrogen to form an H*
intermediate. However, the dopant including non-noble
metals Cu with Au NCs for electrocatalytic HER performance
has limited exploration.

Here, we synthesized atomically precise bimetallic
Au4Cu2 NCs and monometallic Au6 and Cu6 NCs for hydro-
gen evolution reaction (HER) catalytic activity. A compre-
hensive analysis involving experimental and theoretical
approaches provides valuable insights into the mechanistic
aspects responsible for the improved HER catalytic activity
observed in the bimetallic Au4Cu2/MoS2 composite. XPS
studies confirm better charge transfer between Au4Cu2 NCs
and MoS2, indicating strong electronic interactions at their
interface. Theoretical analysis reveals that the intrinsic
catalytic improvement in the Au4Cu2/MoS2 composite is
due to its favorable H atom adsorption and the smallest
ΔGH* value.

Experimental details
Materials

Sodium molybdate dihydrate (Na2MoO4·2H2O, 99.99%),
thiourea (CH4N2S, 99%), tetrachloroauric acid trihydrate
(HAuCl4·3H2O), copper nitrate trihydrate (Cu(NO3)2·3H2O), tet-

rakis(hydroxymethyl)phosphonium chloride (THPC), 3-mer-
captopropionic acid (MPA), sodium hydroxide (NaOH), Nafion
(5 wt% in low aliphatic alcohols), Pt/C (20 wt% Pt loading on
Vulcan XC-72) were obtained from Sigma-Aldrich. Sulfuric acid
(H2SO4, 98%) was purchased from Thermo-Fisher Scientific
India Ltd. All the chemicals were purchased in ultrapure form;
therefore, no additional purification was required. The glass-
ware was thoroughly cleaned with aqua regia and rinsed with
ultrapure water and acetone before use.

Characterization

Scanning electron microscopy (SEM) images were obtained
using a JEOL, JSMIT-300. Transmission electron microscopy
(TEM) and high-resolution TEM images were taken using a
JEOL-JEM-F200 instrument. Powder X-ray diffraction (PXRD)
patterns were analyzed on a Bruker D8 ADVANCE powder diffr-
actometer with Cu Kα radiation. Raman spectra were recorded
in a WITEC Focus Innovations Alpha-300 Raman confocal
microscope using a 532 nm excitation laser. XPS measure-
ments were recorded using a Thermo-Fischer Scientific Kα
instrument. Waters Q-TOF mass spectrometer equipped with a
Z-spray source was used for the electrospray ionization (ESI)
mass spectrometry measurements. The mass of as-synthesized
NCs was examined using matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) mass spectrometry on a
Bruker Daltonics Autoflex II TOF/TOF system. Ultraviolet–
Visible (UV-Vis) absorption spectra were collected from a
UV-Vis spectrophotometer (Shimadzu). Fourier-transform
infrared (FTIR) spectra were performed in a PerkinElmer FTIR-
spectrometer using KBr pellets. The PL spectra were recorded
using a Fluorolog 3-221 (HORIBA Jobin Yvon) fluorimeter.
Inductively coupled plasma mass spectrometry (ICP-MS) ana-
lysis was performed using an Agilent 7900 instrument.

Synthesis of monometallic copper and gold nanoclusters

The synthesis of Cu NCs involves a one-pot strategy. In a
beaker, 10 mL of high performance liquid chromatography
(HPLC) water was mixed with 75 mL of 1 M NaOH and 3 µL of
THPC (80% in water), with vigorous stirring. Then, 100 µL of
copper salt was added, resulting in a color change to light
brown, indicating the reduction of copper salt. After
30 minutes of stirring, an MPA ligand was introduced, and the
reaction continued under stirring in the dark at room tempera-
ture. The change in the reaction mixture’s color after 24 hours
confirmed the formation of MPA-capped gold NCs. The syn-
thesis of gold nanoclusters follows the same one-pot strategy
by taking gold salt as a metal precursor in the case of Au NCs.

Synthesis of bimetallic copper doped gold nanoclusters

The synthesis of copper-doped gold nanoclusters was pre-
viously reported with the same methodology as for Au6 NCs
with minor modifications. In a one-pot synthesis, two metal
precursors (Au3+ and Cu2+) with a [Cu2+]/[Au3+] ratio of 0.047
were analyzed using ICP-MS. The as-synthesized Cu6, Au6, and
Au4Cu2 NCs were washed multiple times with HPLC water to
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eliminate excess ligands and centrifuged at 14 000 rpm for
further analysis.

Synthesis of MoS2 NSs

The synthesis involves previously reported procedures.
Initially, 800 mg of Na2MoO4·2H2O was dissolved in 10 mL of
distilled water with magnetic stirring to prepare 2D MoS2 NSs.
Separately, 1.65 mg of thiourea was mixed with 16.6 mL of dis-
tilled water. The colorless thiourea solution was slowly added
to Na2MoO4·2H2O solution until it became clear. The mixture
was then placed in a Teflon-lined stainless-steel autoclave and
heated at 200 °C for 24 hours. After cooling to room tempera-
ture, black residues were obtained by centrifuging the solution
at 12 000 rpm for 30 minutes. These residues were washed
with HPLC water and ethanol and dried at 60 °C in an air oven
for further analysis.

Preparation of Cu6 NCs, Au6 NCs and Au4Cu2 NCs composites
with MoS2 NSs

Initially, 2 mg of MoS2 was mixed well with 0.35 mL of water
through ultrasonication for 10 min. After that, different
amounts of Cu6 NCs, Au6 NCs, and Au4Cu2 NCs were added
into the above-dispersed mixture and were allowed to sonicate
for 30 min for better interaction between as-prepared NCs and
MoS2. The composites were then separated using centrifu-
gation to confirm the successful loading of each type of NCs
on MoS2, and the ICP-MS technique analyzed the loading of
NCs present in a given system.

Preparation of working electrode for HER

Typically, 2 mg of MoS2 NSs was suspended in a solution con-
taining a mixture of ethanol, water, and Nafion (in a ratio of
1 : 4 : 0.55) and sonicated to produce a well-dispersed suspen-
sion. Thereafter, 150 μL of NCs solution was added and soni-
cated for 30 minutes to obtain a homogeneous ink. 5 μL of ink
was drop-casted onto a 3 mm diameter glassy carbon rotating
disk electrode followed by drying under an IR lamp for
5 hours. The NCs loading on MoS2 NSs was regulated by
varying the amount of NCs in the dispersion of MoS2 NSs.
Similarly, a working electrode for bare MoS2 NSs was prepared
without NCs. The working electrode of commercial Pt/C was
fabricated by 50 μg cm−2 Pt loading on the electrode surface.

Electrochemical measurements

All electrochemical measurements were recorded using an
Autolab multichannel M204 PGSTAT (Metrohm) electro-
chemical station by taking 0.5 M H2SO4 aqueous solution at
25 °C. A conventional three-electrode system was used to
assess the performance of the HER. The working electrode was
a catalyst-coated glassy carbon RDE, a graphite rod served as a
counter electrode, and the reference electrode was a saturated
calomel electrode (SCE). The formula ERHE = ESCE + (0.241 +
0.059 pH) was used to convert all the potential values in the
study to the reversible hydrogen electrode (RHE) scale. HER
linear sweep voltammetry (LSV) curves were obtained at a scan
rate of 10 mV s−1. To calculate the double-layer capacitance,

cyclic voltammograms with scan rates ranging from 10 to
50 mV s−1 were acquired in the non-faradaic potential ranging
from 0.0 to 0.3 V vs. RHE (Cdl). The double-layer capacitance
was determined by plotting the difference between the anodic
and cathodic currents (ΔJ = Ja − Jc) at 0.15 V vs. RHE as a func-
tion of scan rate.48 The Cdl was measured using the formula:

Cdl ¼ dðΔJÞ
2dV

ð1Þ

The electrochemically active surface area (ECSA) can be
obtained by using the measured Cdl values of the samples,
from the formula: ECSA = Cdl/Cs, where Cs indicates the
specific capacitance of the flat standard electrode, i.e., Cs =
0.04 mF Cm−2.49 The electrochemical impedance spectra in
the 100 kHz to 0.1 Hz frequency range were determined using
an AC voltage having 10 mV amplitude. The measured impe-
dance spectra were then fitted into an appropriate equivalent
circuit model to ascertain the solution resistance and charge
transfer resistance. A long-term durability test was done by col-
lecting a chronoamperometric curve for 40 hours at a constant
potential to attain a current density of 10 mA cm−2 at 25 °C.
All the data are reported without iR-correction.

Computational details

The density functional theory (DFT) calculations were per-
formed using the projected augmented wave (PAW) method
implemented in the Vienna ab initio simulation package
(VASP).50,51 The generalized gradient approximation with
Perdew–Burke–Ernzerhof (GGA-PBE) was employed to describe
the exchange–correlation functionals.52 Plane-wave basis sets
were set at 550 eV to expand the electronic wave function. A Γ-
centre (1 × 1 × 1) k-points grid was considered for sampling
the Brillouin zone. A conjugate-gradient algorithm with an
energy convergence criterion of 10–4 eV and Hellmann–
Feynman force convergence criteria of <0.02 eV Å−1 was uti-
lized during optimization. The DFT-D3 method was used to
take into account the van der Waals interaction.52 The reaction
free energies (ΔG) were calculated by considering the following
equation:53,54

G ¼ ΔE þ ΔEZPE � TΔS ð2Þ

where ΔE is the hydrogen binding energy, ΔEZPE is the change
in zero-point energy, T is the temperature (300K), and ΔS is
the entropy change for the reaction. ΔEZPE and entropies were
calculated from the harmonic oscillator approximation.55 The
zero-point energy (EZPE) was calculated using the following
equation:

EZPE ¼
X 1

2
hv ð3Þ

where h is the Planck constant and v is the vibrational
frequency.
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Results and discussion

We have synthesized Au6 NCs, Cu6 NCs, and Au4Cu2 NCs utiliz-
ing a one-pot synthesis method in an aqueous medium with
MPA as a capping ligand.56 The TEM images of as-prepared
Cu6 NCs and Au6 NCs depict the formation of ultrasmall nano-
clusters with spherical morphology and an acquired particle
size distribution indicating a size of nearly 2 nm (Fig. S1†).
The recorded TEM and HRTEM images of bimetallic Au4Cu2
NCs also depict the formation of ultrasmall nanoclusters with
an average size of 2.03 ± 0.3 nm (Fig. S2a and b†). The elemen-
tal mapping by TEM of bimetallic Au4Cu2 NCs shows clear evi-
dence of the presence of both Au and Cu in the prepared bi-
metallic NCs (Fig. S2c–f†). In-depth analysis through positive-
mode ESI-mass spectrometry provided insights into the com-
position of the synthesized NCs. For the as-prepared Cu NCs, a
prominent peak at m/z 903 Da corresponds to [Cu6(MPA)5 +
H+]+, while for the Au6 NCs, the molecular ion peak observed
at 1754 Da is attributed to [Au6(MPA)5 + 2Na+ − H+]+ (Fig. 1a
and b). The additional peaks in mass spectrometry are attribu-
ted to the loss of fragments from the molecular ion.57 Notably,
an additional peak at a separation of m/z 146 (marked with an
asterisk) in the case of Au NCs is due to [Au6(MPA)4 + H+]+,
suggesting the detachment of an MPA ligand fragment from
Au6(MPA)5. This interpretation is supported by a close match
between the isotopic experimental pattern and the simulated
pattern, as depicted in Fig. S3.† Furthermore, in the case of
the bimetallic AuCu NCs, the observed m/z peak at 1552 Da
corresponds to the composition [Au4Cu2(MPA)5 + 5Na+ − 4H+]+

(Fig. 1c). Thus, the inclusion of Cu in Au NCs results in the re-
placement of a few Au atoms by Cu atoms. The assigned com-
positions in all as-prepared NCs are substantiated by the close
match between the isotope distributions of the simulated and
observed spectra, as seen in Fig. 1(i, ii, iii). The composition of
as-prepared NCs was further confirmed with MALDI-MS ana-

lysis (Fig. S4†). The MALDI-MS analysis of Au NCs exhibits a
molecular ion peak at m/z 1729 Da attributed to [Au6(MPA)5 +
Na+], and other peaks at (a) m/z 1497 Da and (b) m/z 1207 Da
can be assigned to [Au6(MPA)3 + H+] and [Au4(MPA)4 + H+],
respectively, arising from the decomposition of (MPA)2 and
Au2(MPA) fragments from Au6(MPA)5. Further, the MALDI-MS
analysis of AuCu NCs includes a molecular ion peak at m/z
1507 Da that can be attributed to [Au4Cu2(MPA)5 + 3Na+], and
other peaks at (a) m/z 1297 Da and (b) m/z 1073 Da can be
assigned to [Au4Cu2(MPA)3 + 3Na+] and [Au4Cu2(MPA)2 + H+],
respectively, arising from the fragmentation of (MPA)2 and
(MPA)3 ligands from Au4Cu2(MPA)5. Investigation into the
ligand binding characteristics of the NCs was conducted using
FTIR spectra analysis (Fig. S5†). In the FTIR spectra of the
MPA ligand, a peak is evident at 2567 cm−1, representing the
S–H thiol group. However, upon the formation of as-prepared
Cu6 NCs, Au6 NCs, and Au4Cu2 NCs, this peak disappears, pro-
viding evidence for the formation of covalent Au–S and Cu–S
bonds in the NCs. The as-prepared NCs exhibit tunability in
photophysical properties. The UV-Vis absorption spectra of the
as-prepared NCs exhibit no SPR bands at 520 nm or 650 nm
due to Au NPs or Cu NPs, suggesting no formation of
nanoparticles.58,59 Interestingly, the UV-Vis absorption spectra
of Cu6 NCs, Au6 NCs, and Au4Cu2 NCs exhibit prominent
differences, as seen in Fig. 1d. The absorption peaks for mono-
metallic Cu6 NCs and Au6 NCs were observed at 346 nm and
380 nm. After the inclusion of copper in Au6 NCs, the UV-Vis
peak red-shifted to 420 nm in the case of Au4Cu2 NCs, reveal-
ing perturbation in the electronic structure of the Au6 NCs
after Cu substitution. Similarly, the prepared NCs exhibit
different photoluminescence (PL) properties. The Cu6 NCs are
non-luminescent while Au6 NCs exhibit an emission peak at
520 nm which is red-shifted to 620 nm in the case of Au4Cu2
NCs, due to the tunability of the HOMO–LUMO gap after the
inclusion of Cu atoms in Au NCs.56 Moreover, the recorded

Fig. 1 ESI-mass spectra and corresponding isotopic patterns of (a) Cu6 NCs, (b)Au6 NCs, and (c) Au4Cu2NCs. (d) The corresponding UV-vis absorp-
tion and photoluminescence spectra. (Insets show the color of the NCs under visible and UV-light (λex = −365 nm).).
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excitation spectra of as-prepared NCs can be seen in Fig. S6.†
To explore the potential of as-prepared NCs in enhancing the
electrocatalytic HER, we loaded them on MoS2, as seen in
Fig. 2a. The MoS2 NSs were prepared by a previously reported
strategy.60 The observed PXRD pattern of MoS2 exhibits dis-
tinctive peaks corresponding to planes (002), (100), (103), and
(110), closely matching the MoS2 hexagonal structure
(Fig. S7†).60

The Au4Cu2 NCs/MoS2 composites were obtained by mixing
as-prepared Au4Cu2 NCs in well-dispersed MoS2 NSs in an
aqueous medium followed by 30 minutes of ultrasonication.
To study the formation of Au4Cu2NCs/MoS2, further character-
izations were performed involving SEM, TEM, and HRTEM.
The SEM image of MoS2 clearly shows the sheet-like mor-
phology, which is entangled to form a two-dimensional sheet-
like configuration with many edges and corners (Fig. 2b).
Further, the elemental mapping confirms the uniform distri-
bution of Mo and S in MoS2 (Fig. S8†). The TEM images
confirm the development of a sheet-like structure, aligning
with the SEM analysis (Fig. S9†). Moreover, HRTEM images
exhibit discernible lattice-fringes with spacings of 0.63 nm
corresponding to the (002) plane of the MoS2 structure
(Fig. 2c). Noticeably, TEM images of the composite reveal that
the MoS2 surface is decorated by spherical Au4Cu2 NCs, and
the NCs are uniformly encapsulated on the surface of MoS2

NSs (Fig. 2d–e†). The obtained EDX spectrum and elemental
mapping confirm the presence and uniform distribution of
Mo, S, Au, and Cu in the Au4Cu2/MoS2 heterostructure
(Fig. S10,† Fig. 2f–j). The EDX spectrum quantifies the atomic
ratio of Au/Cu of nearly 1.78, which is almost the same as that
in Au4Cu2 NCs (inset to Fig. S10†). Thereafter, the TEM images
of the Au6/MoS2 and Cu6/MoS2 composites show encapsulated
NCs on the MoS2 NSs. Additionally, the elemental mapping
suggests the presence of the considered NCs on MoS2 NSs
(Fig. S11–12†).

We carried out XPS and Raman investigations to look into
the interactions between NCs and MoS2 NSs and study the
inherent causes of the improvement in catalytic activity. The
XPS survey spectra recorded for all considered catalysts can be
seen in Fig. S13.† The Mo 3d XPS spectra of MoS2, Cu6/MoS2,
Au6/MoS2, and Au4Cu2 /MoS2 are given in Fig. 3a. The peaks
that appeared at 228.6 eV and 231.8 eV can be attributed to Mo
3d5/2 and Mo 3d3/2, respectively. Interestingly, Mo 3d in
Au4Cu2/MoS2 nanocomposites shows a larger negative shift of
0.6 eV in binding energy (B.E) than that in Au6 NCs/MoS2 (0.3
eV) or Cu6 NCs/MoS2 (0.3 eV), in comparison with pristine
MoS2, indicating better electronic interactions in case of bi-
metallic Au4Cu2NCs with MoS2. Similarly pronounced negative
shifts (0.4 eV) are seen in the binding energies of S 2p in
Au4Cu2/MoS2 compared to the other considered systems or

Fig. 2 (a) Schematic illustration of the synthesis of MoS2 and Au4Cu2/MoS2 heterostructures. (b) SEM and (c) HRTEM image of MoS2 NSs. (d) and (e)
TEM and HRTEM images of Au4Cu2/MoS2. (f ) STEM image of Au4Cu2/MoS2 with the corresponding elemental mappings of (g) Mo, (h) S, (i) Au, and
( j) Cu.
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bare MoS2 (Fig. 3b). Au 4f exhibits twin peaks between 80 and
90 eV for all considered catalysts, corresponding to Au 4f7/2
and Au 4f5/2.

61 Further analysis involved the splitting of these
two peaks revealing the presence of both Au(0) and Au(I)
valence states, and these mixed oxidation states were well-
matched with previous findings.62 Interestingly, the (B.E) of Au
4f in Au6NCs and Au4Cu2NCs shows positive shifts of 0.3 eV
and 0.6 eV, respectively, with their heterostructures compared
to bare Au6NCs and Au4Cu2NCs, which corroborates the effect
of deposited NCs on the electronic properties of MoS2 (Fig. 3c–
d). A similar kind of positive shift of 0.2 eV was observed in
the Cu 2p of the pure nanocluster compared to its Cu6/MoS2
composite (Fig. S14†).63 These findings imply the considerable
transfer of electron density between deposited NCs and the
MoS2 interface. The Raman spectrum corresponding to MoS2
can be seen in Fig. S15.† The Raman peaks at 378 cm−1 and
405 cm−1 correspond to typical E2g

1 and A1g
1 vibration modes,

respectively.64 Here the creation of multilayered MoS2 is indi-
cated by the frequency difference (Δk ∼ 27 cm−1) between the
phonon modes, E2g

1 and A1g
1. However, after Au4Cu2 NCs were

encapsulated on MoS2, the in-plane E2g
1 vibration frequency

mode was shifted towards a higher wavenumber due to struc-
tural changes brought on by stacking or interfacial van der
Waals interactions due to substantial electron density transfer
between Au4Cu2 NCs and MoS2 NSs.

Electrocatalytic water reduction performance

The electrocatalytic HER activity of bare MoS2 and considered
nanocomposites was analyzed using a typical three-electrode
system taking 0.5 M H2SO4 as an electrolyte. Commercial Pt/C
was used as a benchmark catalyst using a metal loading of
50 μg cm−2 on the glassy carbon electrode. Pt/C displays the
lowest overpotential of 13 mV vs. RHE (reversible hydrogen
electrode) and a very high current density of nearly 500 mA
cm−2 at a comparatively low overpotential, both of which high-
light the catalyst’s exceptional performance (Fig. S16†). Bare

MoS2 shows a current density of 55 mA cm−2 at a potential of
−0.4 V (Fig. 4a). The HER catalytic performance was found to
depend on the different concentrations of NCs. For compari-
son, we investigated the best HER catalytic activity of all con-
sidered catalysts, such as Cu6/MoS2, Au6/MoS2, and Au4Cu2/
MoS2, by taking different loading amounts of as-prepared NCs
on the base material MoS2 (Fig. S17a–c†). The compared HER
polarization curves show that the best HER activity is exhibited
by a 2 wt% Au4Cu2/MoS2 nanocomposite, whereas the activity
of 3 wt% Au6/MoS2 and 2 wt% Cu6/MoS2 composites is com-
parable to that of MoS2. Au4Cu2/MoS2 exhibits a prominent
activity of 130 mA cm−2 which is 1.41, 1.91, and 2.36 times
higher than that of Au6/MoS2, Cu6/MoS2, and bare MoS2,
respectively (Fig. 4a). This implies that introducing Cu dopant
into Au NCs can significantly enhance electrocatalytic perform-
ance. Fig. S18† emphasizes the charge transport region,
wherein the current is governed by the rate of charge transfer
at the electrode surface. Herein, the Au4Cu2/MoS2 catalyst
shows an overpotential of 155 mV at a current density of
10 mA cm−2, which is notably lower than that of the other con-
sidered catalysts or bare MoS2 (Fig. 4b). Furthermore, other
HER electrocatalytic factors, such as Tafel slope, charge-trans-
fer resistance, and electric double-layer capacitance, were
examined by varying the loading amounts of Au4Cu2 NCs on
MoS2. The findings also indicate the most favorable outcomes
with a loading of 2 wt% Au4Cu2 NCs on MoS2 (Fig. S19a–c†).
The double-layer capacitance corresponding to variable load-
ings of Au4Cu2/MoS2 was analyzed by recording cyclic voltam-
mograms at various scan rates (Fig. S20a–e†). The overall
electrocatalytic parameters for Au4Cu2/MoS2 are tabulated in
Table S1.† After that, to better comprehend the considered
systems, Tafel slope analysis of various considered catalysts
was used to determine the rate of electron transport at the
electrode–electrolyte interface, as shown in Fig. 4c, of MoS2,
Cu6/MoS2, Au6/MoS2, Au4Cu2/MoS2, and commercial Pt/C,
created from the HER polarization curves. Commercial Pt/C

Fig. 3 XPS analysis of MoS2, Cu6/MoS2, Au6/MoS2, and Au4Cu2NCs/MoS2: (a) Mo 3d, (b) S 2p, (c) XPS spectra of Au 4f in Au6 NCs and Au6/MoS2, and
(d) XPS spectra of Au 4f in Au4Cu2 NCs and Au4Cu2/MoS2.
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exhibits the lowest Tafel slope of 39 mV dec−1, as reported in
the literature.65 Furthermore, the Tafel slope of Au4Cu2/MoS2
is much smaller in comparison to the other considered cata-
lysts, as seen in Fig. 4c. The Tafel slope obtained for the
Au4Cu2/MoS2 bimetallic composite is 78 mV dec−1, which is
considerably less than for the other considered catalysts Cu6/
MoS2 (97 mV dec−1), Au6/MoS2 (87 mV dec−1), and bare MoS2
(116 mV dec−1), indicating greater enhancement in the HER
kinetics of MoS2 in the presence of Au4Cu2 NCs. Moreover, the
measured Tafel slope of 78 mV dec−1 for Au4Cu2/MoS2
suggests that HER may occur via a coupled Volmer–Heyrovsky-
type mechanism, with the electrochemical adsorption–desorp-
tion process serving as the rate-limiting step.66 Further in-
depth investigation of the electrochemically active surface area
(ECSA) and charge transfer properties helped to clarify the
cause of the increased electrocatalytic activity for Au4Cu2/MoS2
heterostructures. ECSA is also crucial because it influences the
rate at which charge transfer reactions occur at the electrode–
electrolyte interface. Fig. 4d shows a comparison plot of
double layer capacitance (Cdl) as a function of scan rate. The
Cdl, which directly affects the ECSA, was calculated using the
cyclic voltammograms of MoS2 and other considered catalysts
at various scan rates, as shown in Fig. S21.†67 The calculated

Cdl for the Au4Cu2/MoS2 heterostructure is 10.2 mF cm−2,
which is 2.0, 3.1, and 4.2 times higher than the estimated Cdl

for Au6/MoS2, Cu6/MoS2, and bare MoS2. This suggests that the
former has more active sites and ECSA due to the creation of
an interfacial structure. The charge transfer kinetics at the
electrode surface during the HER process were investigated
using electrochemical impedance spectroscopy (EIS). The
charge transfer process is represented by a semicircle at high
frequencies, and the diameter of the semicircle equals the
charge transfer resistance (Rct).

68,69 The Nyquist curve pre-
sented in the inset of Fig. 4e shows faster charge transfer kine-
tics of the Au4Cu2/MoS2 composite as it exhibits the smallest
diameter for the semicircle in comparison to the other cata-
lysts and bare MoS2, due to the synergistic interaction between
Au4Cu2 NCs and MoS2. This indicates a rapid electron transfer
rate at the catalyst–electrolyte interface, leading to remarkable
hydrogen evolution activity. The electrochemical performance
of all the catalysts is shown in Table 1. Long-term durability is
a crucial consideration when evaluating an electrocatalyst for
improving catalytic performance. To examine the stability of
the electrocatalyst, chronoamperometry measurements of
MoS2, Cu6/MoS2, Au6/MoS2, and Au4Cu2/MoS2 were performed
at a fixed potential to achieve an initial current density of

Fig. 4 (a) Polarization curves of MoS2, NC-encapsulated MoS2, and Pt/C towards HER recorded at a scan rate of 10 mV s−1. (b) comparison of the
current density at −0.4 V vs. RHE (blue columns) and overpotential at a current density of 10 mA cm−2 (pink columns). (c) Corresponding Tafel
slopes obtained from the low-current density region. (d) Corresponding Cdl plot. (e) Nyquist plots of various catalysts. (f ) Chronoamperometry plot
of Au4Cu2/MoS2 (inset shows the HER polarization curve before and after catalysis). (g) Nyquist plot and (h) relative Cdl plot as a function of scan rate
for Au4Cu2/MoS2 before and after catalysis. (i) Overpotential at a current density of 10 mA cm−2 of Au4Cu2/MoS2 in comparison with the overpoten-
tial of previously reported catalysts.
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10 mA cm−2. The Cu6/MoS2 and Au6/MoS2 composites demon-
strate initial current density stabilities of 55% and 60%,
respectively, indicating slightly improved stability compared to
bare MoS2 (52%) (Fig. S22†). However, the Au4Cu2/MoS2 com-
posite shows better stability by maintaining nearly 94% of its
initial current density even after 75 000 seconds of stability
testing. The inset of Fig. 4f shows the HER catalytic activity
acquired before and after the chronoamperometry testing of
Au4Cu2/MoS2, which demonstrates an increase in η10 of only
17 mV and a decrease in current density of 7 mA cm−2 after
the stability test.

Bare MoS2 shows a greater increase in η10 by 47 mV and a
decrease in current density of nearly 2 times (Fig. S23a and
b†). Moreover, the recorded EIS spectra before and after the
durability test depict a greater increase in charge transfer resis-
tance for bare MoS2 NSs in comparison to Au4Cu2/MoS2
(Fig. 4g). The Cdl of Au4Cu2/MoS2 is still three times greater
than the original Cdl value of MoS2, indicating that the active
sites are intact even after catalysis (Fig. 4h, Fig. S24†). We eval-
uated the stability of Au4Cu2/MoS2 by analyzing LSV for 2000
cycles at a scan rate of 50 mV s−1 to assess the change in over-
potential at a constant current density. After the LSV cycling
stability test, there is a decrease in overpotential by 9 mV at
10 mA cm−2 current density, which reveals the excellent stabi-
lity of Au4Cu2/MoS2 (Fig. S25†). The findings imply that the
loading of Au4Cu2 NCs enhances the stability of MoS2 by pro-
tecting the catalytically active sites during catalysis as a result
of the robust electronic interactions between the two materials.

There is no doubt that these results are better than previous
findings so far (Fig. 4i and Table S2†). The nanosheet mor-
phology of the catalyst (Au4Cu2/MoS2) remains unscratched
after the stability test, as seen from its recorded TEM images
(Fig. S26†).

Theoretical approach

As we do not have the crystal structures of the nanoclusters, we
modelled these clusters by considering a neutral ligand based
on previous experimental and theoretical reports.56,70 We also
followed a previous theoretical report where MPA is considered
as a neutral ligand and the calculated results were very much
in agreement with the experimental trend.56 On the other
hand, the number of possible arrangements would be very
large if we considered the possible oxidation states of the
metal. Therefore, we modelled the clusters by considering the
neutral ligand. DFT calculations were carried out to unveil the
influence of pristine MoS2, Au6(MPA)5/MoS2, Cu6(MPA)5/MoS2,
and Au4Cu2(MPA)5/MoS2 clusters on the HER. To mimic the
experimentally synthesized cluster on an MoS2 support, initial
optimization was performed for the Au6(MPA)5 and Cu6(MPA)5
clusters.55 In the Au6(MPA)5 cluster, two Au atoms were
replaced with Cu atoms in all possible positions (A12, A13,
A14, and A13′), as shown in Fig. S27.† Subsequently,
Au6(MPA)5, Cu6(MPA)5, and Au4Cu2(MPA)5 clusters were de-
posited onto the MoS2 support, considering various possible
orientations (Fig. S28–S30†). The final configuration with the
most stable positions is shown in Fig. 5A.

Table 1 Summary of HER overpotential, Tafel slope, double-layer capacitance, electrochemically active surface area, and charge-transfer resistance
of MoS2, Cu6/MoS2, Au6/MoS2, Au4Cu2/MoS2, and commercial Pt/C

Catalyst
Overpotential at
10 mA cm−2 (mV vs. RHE)

Tafel slope
(mV dec−1)

Double-layer capacitance
Cdl (mF cm−2)

Electrochemically active
surface area ECSA (cm2)

Charge-transfer
resistance Rct (Ohm)

MoS2 252 116 2.4 60 210
Cu6/MoS2 240 99 3.2 80 197
Au6/MoS2 215 87 4.9 123 162
Au4Cu2/MoS2 155 78 10.2 255 39
Pt/C 13 39 — — —

Fig. 5 (a) The top and side views of the most stable H-adsorption sites on the most stable orientation of clusters on the MoS2 support: Cu6(MPA)5/
MoS2, Au6(MPA)5/MoS2, and Au4Cu2(MPA)5/MoS2. (b) Free energy diagrams of pristine MoS2, Cu6(MPA)5/MoS2, Au6(MPA)5/MoS2, and Au4Cu2(MPA)5/
MoS2 for HER.
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Here, all the possible sites in all the clusters deposited on
the MoS2 surface for H adsorption are considered, as shown in
Fig. 5a and Fig. S31–S34.† The Au–Au bridge, Cu–Cu bridge,
Au–Cu bridge, on top of Au and top of S are found to be the

most stable sites for H adsorption on Au6(MPA)5/MoS2,
Cu6(MPA)5/MoS2, Au4Cu2(MPA)5/MoS2 and pristine MoS2
surface, respectively. It is the cooperative effect of Au–Cu that
helped the better adsorption of H on the most active

Fig. 6 Partial density of states (PDOS) of the 1s orbital of H in green and 4d orbitals of (a) Mo (blue) and S (purple), (b) Cu (cyan), (c) Au (red), and (d)
Au and Cu after H adsorption.

Fig. 7 Partial density of states (PDOS) of (a) pristine MoS2, (b) Cu6(MPA)5/MoS2, (c) Au6(MPA)5/MoS2, and (d) Au4Cu2(MPA)5/MoS2 before H
adsorption.
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Au4Cu2(MPA)5/MoS2 catalyst. For the HER, an ideal catalyst
would exhibit a nearly zero Gibbs free energy change (ΔG).71

Calculated ΔG values for all the considered catalysts are shown
in Fig. 5b. Au4Cu2(MPA)5/MoS2 with a ΔG value of −0.19 eV is
calculated to be the most efficient catalyst for HER, followed
by Au6(MPA)5/MoS2 (−0.23 eV), Cu6(MPA)5/MoS2 (−0.51 eV),
and MoS2 (1.54 eV), respectively. These findings are in excel-
lent agreement with the experimental results. We further cal-
culated the d-band center values for all the considered systems
to understand their activity.72,73 The calculated d-band center
values of Au4Cu2(MPA)5/MoS2, Au6(MPA)5/MoS2, Cu6(MPA)5/
MoS2, and MoS2 with respect to the Fermi level (Ef ) are −2.70,
−1.81, −1.77, and −1.44 eV, respectively. These values illustrate
that the Au4Cu2(MPA)5/MoS2 d-band center value is far from
the Ef, followed by Au6(MPA)5/MoS2, Cu6(MPA)5/MoS2, and
MoS2, respectively. The closer (farther) the d-band center value
is to Ef, the stronger (weaker) the H bonding with the metal.
Therefore, the d-band center values of the clusters follow the
same trend in HER activity: Au4Cu2(MPA)5/MoS2 > Au6(MPA)5/
MoS2 > Cu6(MPA)5/MoS2 > MoS2.

PDOS analysis of the H-adsorbed clusters (Fig. 6) reflects
the interactions of H with different elements. The H states
appear close to the Fermi level in the case of pure MoS2
surface and there is strong overlap with the Mo/S states,
which could be due to strong interaction with the pure MoS2
surface. Similarly, the adsorbed H is found to be interacting
with the Au/Cu, Au, and Cu states of Au4Cu2(MPA)5/MoS2,
Au6(MPA)5/MoS2, and Cu6(MPA)5/MoS2 clusters, respectively.
However, there is not much difference in the overlap
between Au/Cu and H states in these clusters. Additionally,
the Au6(MPA)5/MoS2 and MoS2 show metallic behavior after
H adsorption. On the other hand, there is a shift in the
valence band edge of Au6(MPA)5/MoS2 and Au4Cu2(MPA)5/
MoS2 in the presence of an H atom (Fig. 6 and 7). This
suggests that there is a strong interaction between the H
atom and clusters and that the transition is maximum for
MoS2, which is very much in agreement with the change in
the Gibbs free energy.

Conclusions

In summary, Cu and Au are known to be poor HER catalysts,
but here we found that combining them as bimetallic Au4Cu2
NCs over MoS2 made the combination more effective for
electrocatalytic water splitting in comparison to monometallic
Au6 NC and Cu6 NC composites with MoS2. The bimetallic
Au4Cu2/MoS2 composite exhibits excellent current density at
minimal overpotential among the other considered catalysts.
Moreover, Au4Cu2/MoS2 shows a decrease in Tafel slope of
31 mV dec−1 and 4 times enhancement in Cdl in comparison
to bare MoS2, indicating strong electronic interaction between
the Au4Cu2 NCs and the MoS2 interface, as confirmed by XPS
studies. Furthermore, due to the precisely structured Au4Cu2
NCs, theoretical calculations unveiled the better adsorption
characteristics of H atoms in the Au4Cu2/MoS2 catalyst,

leading to enhanced HER performance. These results further
corroborated the observed downshift in the d-band of the
Au4Cu2/MoS2 composite, directly impacting the binding
energy of intermediate species. Hence, bimetallic nanoclusters
are found to be promising for effective electrocatalytic water
splitting in comparison to monometallic Au6 NC and Cu6 NC
composites with MoS2.
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