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ABSTRACT: A carbon-supported platinum-grafted thiolate-pro-
tected precision AuNi nanocluster (NC) (Pt-AuNi/C) is studied
for the hydrogen evolution reaction (HER) in acidic solution. The
AuNi/C is doped with platinum through an electroless process. The
HER performance is evaluated for AuNi/C and Pt-AuNi/C in a 0.1
M sulfuric acid solution. Typical HER behavior is noticed with the
noticeable reduction in overpotential by ca. 208 mVRHE @ 10 mA
cm−2 after platinum incorporation in the NCs. The HER curve on
pristine NCs exhibits a contrasting steady-state limiting behavior,
signaling a possible radial diffusion over the NCs. This result is
expected for a random array-like arrangement of NCs, and this is
witnessed as a changeover in steady-state limiting behavior to mass-
transport free characteristics with increased proton concentration. However, the steady-state limiting behavior is obscured by the
carbon support. Further, the Pt-AuNi/C is tested in a zero-gap cell, where cathodic current density of 2.3 A cm−2 was measured at
the overpotential of 0.5 VRHE, which is much better than that of the benchmark Pt/C.
KEYWORDS: Precision AuNi nanocluster, Pt grafting, Radial proton diffusion, Hydrogen evolution reaction, Zero-gap cell

1. INTRODUCTION
Besides the transformational changes brought by the industrial
revolution, the depletion of fossil fuels and environmental
degradation emphasizes the importance of developing a
sustainable energy source with zero carbon emission.1−3 The
electrochemical water splitting technologies using renewable
energy is a promising solution with the ease of access to water,
ecofriendly combustion, and potential storage of clean energy,
which, in turn, aids in the extensive implementation of
renewable energy technologies.4−6 The proton exchange
membrane water electrolyzer (PEMWE) stands out among
them for developing an energetically and environmentally
sustainable future owing to its high efficiency, lower ohmic
losses, fast response, safety, compact design, and gas purity.7−9

Nevertheless, large-scale water splitting remains limited by its
reliance on expensive and less-abundant Pt-, Ru-, and Ir-based
materials as electrocatalysts, that are implemented to improve
the hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) in PEMWE.10−15 This necessitates the
development of low-loading noble metal-based electrocatalysts.
The integration of nanomaterials with water electrolysis
technologies could help it to develop as a technologically
and economically competitive option by increasing the active
surface area, enhancing the mechanical strength, and
improving catalytic activity with the use of a minimum amount
of the catalyst. For unlocking the full potential of nano-

technology by bridging the stability and nanoparticle size
trade-off, noble metal nanoclusters (NCs) can be considered as
a promising class of materials due to their unique properties
including ultrasmall size, larger surface-to-volume ratio,
quantum confinement effect, and better stability.16−20

Generally, pristine Au NCs are passivated by ligands, and
their reactivity can be enhanced by atomic level modifications
like foreign atom doping, core size tuning, ligand engineering,
and ligand removal techniques.21−25 Particularly, multimetal
nanosystems have gained significant attention due to their
tunable synergistic effect arising from the interaction between
constituent elements.26,27 For instance, doping Au NCs with
foreign atoms such as Pt has been shown to enhance the
reactivity that effectively reduces the Pt loading without
compromising performance.28,29 Similarly, AuNi bimetallic
systems represent a versatile platform for electrocatalysis.
While Au contributes to the exceptional stability of the
nanoscale systems containing Au and Pt, Ni is an earth-
abundant metal and a cost effect option to lower the loading of
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Au and Pt. Also, Ni contributes to escalate the reactivity
through its ligand effect (electronic) with Pt and Au.30−33

Thus, the subnanometric integration of Au, Pt, and Ni in the
NC system could modulate the electronic structure, enhance
reactivity, and suppress the degradation of NCs. In this
context, we have chosen AuNi bimetallic NCs as a promising
platform for exploring next-generation electrocatalysts for the
HER.

To tap the potentiality of Pt and AuNi NCs, we
incorporated Pt into AuNi NCs and studied the HER
performance using both conventional three-electrode and
full-cell configurations. The Pt grafting on synthesized 2-
phenylethanethiol (PET)-protected AuNi NCs was performed
by an electroless method. The HER overpotential decreased by
ca. 208 mVRHE @ 10 mA cm−2 after platinum incorporation in
the AuNi/C in the half-cell study. Further, the carbon-
supported Pt-grafted NCs (10% NCs onto Vulcan carbon)
were used in a zero-gap cell with a Nafion 117 membrane for
evaluating HER performance. The cathodic current density of
2.3 A cm−2 was measured using 55 μg cm−2 of Pt-AuNi at an
overpotential of 0.5 VRHE, which is lower than that of the
benchmark Pt/C.

2. EXPERIMENTAL SECTION
Reagents and Materials. All chemicals and solvents are of

analytical grade and used without any further purification. Gold(III)
chloride trihydrate (HAuCl4·3H2O), nickel(II) nitrate hexahydrate
(Ni(NO3)2·6H2O), 2-phenylethanethiol (PET), triethylamine, Vulcan
carbon, Nafion ionomer (5 wt % in isopropyl alcohol), potassium
hydroxide (KOH), sulfuric acid (H2SO4), isopropyl alcohol (IPA),
methanol, acetone, dichloromethane (DCM), n-hexane, and acetoni-
trile (ACN) were purchased from Sigma-Aldrich. All of the
electrochemical measurements were performed using ultrapure
water (Milli-Q, 18.2 MΩ cm resistivity).

Synthesis of AuNi NCs. The AuNi-PET NCs was synthesized
and purified with some modifications to the reported synthesis
procedure.34 In brief, Ni(NO3)2·6H2O (23.3 mg) and HAuCl4·3H2O
(20 mg) were dissolved in 2 mL of ACN in a 10 mL vial. The mixture
was stirred vigorously for 20 min before the gradual addition of PET
(36 μL) followed by continued stirring for another 15 min.
Triethylamine (36 μL) was then introduced in a single dose, after
which the reaction mixture was stirred for an additional 3 h. The
supernatant containing the product was then collected by
centrifugation and evaporated to dryness. To remove unreacted
reactants and byproducts, the product was repeatedly washed with
water and methanol. Separation of the product was carried out by
preparative thin layer chromatography (PTLC) with 1:1 (v/v)
DCM:n-hexane as the eluent. The top layer, corresponding to the
required AuNi NCs, was extracted with DCM. The NCs were dried
under vacuum and stored at 4 °C for further use.

Modifications of AuNi NCs and Electrode Preparation. In the
initial set of experiments, the glassy carbon (GC) electrode was
employed as the cathode, with 2 μL of AuNi NCs (from 1 mg
dissolved in 500 μL of DCM) uniformly deposited via drop-casting.
To incorporate Pt, the drop-casted AuNi NCs were immersed in a 1
mM H2PtCl6.xH2O/water solution for 1 min. The modified GC
electrode (with Pt-AuNi) was then meticulously rinsed with ultrapure
water to remove any excess chloroplatinic acid, which was then used
for electrochemical measurements in a three-electrode setup.

The NCs were incorporated into Vulcan carbon for extensive
studies. To achieve this, 18 mg of Vulcan carbon was dispersed in 20
mL of DCM and sonicated for 30 min. Subsequently, 2 mg of AuNi
NCs dissolved in DCM was added to the carbon suspension. The
mixture was then subjected to magnetic stirring at room temperature
for an additional 30 min. The 10% AuNi/C was separated from the
solvent by centrifugation and dried under a vacuum. Afterward, 10 mg
of the 10% AuNi/C was dispersed in 10 mL of 1 mM H2PtCl6.xH2O

solution prepared in ultrapure water. The suspension was stirred at
room temperature for 30 min to facilitate Pt incorporation. The
reaction mixture was then centrifuged to collect the product, followed
by thorough washing with water for five times to remove any
adsorbed H2PtCl6.xH2O. Finally, AuNi/C and Pt-AuNi/C were dried
under vacuum and stored at 4 °C for further characterizations and
experimentation.

The electrochemical experiments were performed using a three-
electrode setup, where the modified GC electrode acted as a working
electrode with a Ag/AgCl (3 M KCl) electrode and Pt wire serving as
the reference and counter electrodes, respectively. Prior to use, the 3
mm diameter GC electrode was polished with 0.05 μm alumina
powder, rinsed thoroughly, and sonicated in Milli-Q water for 2 min.
To prepare electrode material, 1 mg of the AuNi/C or Pt-AuNi/C or
Pt/C was dispersed in a mixture of solvents containing 400 μL water,
70 μL IPA, and 30 μL Nafion, followed by 30 min of sonication to
achieve a homogeneous ink. A 5 μL aliquot of this ink was then drop-
cast onto the cleaned GC electrode and allowed to dry before being
used as the working electrode.

Instrumentation and Characterization. UV−vis absorption
spectra were recorded by using a VARIAN Cary 500 Scan
spectrometer. An electrospray ionization mass spectrum was collected
from Waters SYNAPT XS high-definition mass spectrometer. High-
resolution-transmission electron microscopy images, along with
scanning transmission electron microscopy images, and elemental
mapping were obtained utilizing a FEI Talos F200S transmission
electron microscope operating at 200 kV. XPS spectra were collected
using a Thermo Scientific ESCALAB 250Xi instrument with an
XR6Microfocused Monochromator, utilizing Al Kα X-rays. All
electrochemical experiments (LSV, CV, and EIS) were executed
using a SP-200 BioLogic workstation. All zero-gap cell tests were
conducted at room temperature by using a high-current potentiostat
(VMP3, BioLogic SAS). The RDE and stability tests were conducted
by using Autolab with Nova 2.1 software. The electrochemical
measurements were corrected for the uncompensated resistance. A
compensation of 85% of the total iR drop was applied during
measurements. The water contact angles of the modified membranes
were measured using a goniometer (DataPhysics make).

Cataytic Activity Measurements. The HER performance was
evaluated by using a three-electrode configuration with linear sweep
voltammetry (LSV) in a deaerated 0.1 M H2SO4 solution.
Measurements were conducted in a potential range of 0.0 to −1.0
V vs Ag/AgCl at a scan rate of 5 mV s−1.

Electrochemical activation was performed in 1 M KOH using a
two-electrode system, where the modified GC electrode served as the
working electrode, and the graphite rod functioned as the counter
electrode. During electrochemical activation, a constant potential of
−2.5 V was applied for 5 s to promote the dethiolation of the NCs.
Following the activation, the GC electrode was rinsed gently with
methanol and water before the electrocatalytic study.

RHE Potential Measurement and Reference Potential
Correction. All experiments were conducted using a Ag/AgCl (3
M KCl) reference electrode, and the potentials were corrected to the
RHE scale. The RHE potential was measured with a platinum rotating
disc electrode (RDE) operating at 900 rpm in 0.1 M H2SO4 by
purging high-purity hydrogen.

EIS Measurements. Electrochemical impedance spectroscopy
(EIS) measurements were conducted at different overpotentials using
a conventional three electrode system in an inert atmosphere. A
sinusoidal potential with an amplitude of 5 mV was applied over the
DC potential, covering a frequency range of 100 kHz to 100 mHz
with 10 points per decade. Nyquist plot fitting and analysis were then
performed using ZSimp Win 3.21 software.

ECSA Measurements. The ECSA values of AuNi/C and Pt-
AuNi/C were calculated from double layer capacitance (Cdl). To
determine the Cdl, cyclic voltammograms are first recorded at various
scan rates within the nonfaradaic potential window (0.0 to 0.1 V vs
Ag/AgCl). These average capacitive current values are then plotted
against their corresponding scan rates. Under conditions where only
double-layer charging occurs, this plot yields a linear relationship and
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the slope of the line corresponds to the Cdl. Finally, the ECSA is
calculated by dividing the obtained capacitance by the specific
capacitance of a standard electrode material.

=ECSA
C
C

dl

s

On the other hand, the Pt/C catalysts were initially activated by
cycling between −0.2 to 1.2 V vs Ag/AgCl in N2-purged 0.1 M H2SO4
solution at 100 mV s−1, and ECSA was measured using CO-stripping
technique. During the process, high-purity CO gas was purged
through the solution for 9 min while maintaining the electrodes at
−0.2 V to allow complete CO adsorption at active sites. After
saturation, the electrolyte was bubbled with N2 under the same
conditions to remove excess/unadsorbed CO. Cyclic voltammetry
was then performed in the potential window of −0.2 to 0.9 V at 50
mV s−1. The total charge associated with the oxidative removal of
adsorbed CO is integrated from the CO stripping peak, and the ECSA
is calculated according to the equation:

=ECSA
Q

Q
c

s

Fabrication of Membrane Electrode Assembly (MEA). The
fabrication and testing of the MEA were conducted according to the
reported procedures.51 The cathode catalyst ink was prepared by
dispersing 5 mg of either 10% AuNi/C, 10% Pt-AuNi/C, or 10% Pt/
C in 100 μL of a water-IPA-Nafion (8:1:1) solution. Similarly, the
anode ink was formulated by mixing 50 mg of standard IrO2 in 100
μL of the same solution mixture. Both inks underwent ultrasonication
for 30 min, followed by magnetic stirring at 1000 rpm for an
additional 30 min to ensure a uniform mixture. The cathode ink was
brush coated on the carbon paper and incorporated onto the
pretreated Nafion 117 membrane (3 cm × 3 cm). The opposite side
of the membrane was then coated with IrO2 ink. Membrane electrode
assemblies were integrated into the electrolyzer cell. The polytetra-
fluoroethylene gaskets were then used to achieve compression, and
the cell was secured with four bolts and connected to an electrolyzer
testing system. Deionized water was supplied to the anode at a flow
rate of 5 mL min−1.

3. RESULTS AND DISCUSSION
3.1. Synthesis of AuNi NCs and Electroless Pt

Grafting. At first, the AuNi NCs were synthesized by the
chemical reduction method using triethylamine as the reducing
agent and 2-phenylethanethiol (PET) as the protecting ligand
(Figure S1).34 The electrospray ionization mass spectra (ESI-
MS) of the purified NCs confirmed the formation and
molecular composition of the NCs (Figure 1A), showing a
major fraction (5.2:1) of Au2Ni3(PET)8 along with
Au4Ni2(PET)8 that are denoted as AuNi NCs. The
experimental isotopic patterns of both NCs match well with
the theoretical patterns (inset in Figure 1A). The X-ray
photoelectron spectroscopic (XPS) study of the NCs showed
the presence of Au, Ni, and S in the NCs as evidenced from the
Survey spectrum (Figure S2). Au and Ni are in the Au+ (Figure
1B) and Ni2+ (Figure 1C) states with the binding energy values
of 84.74 eV (Au 4f 7/2) and 88.44 eV (Au 4f5/2), and 855.80 eV
(Ni 2p3/2) and 873.28 eV (Ni 2p1/2).

To incorporate Pt in the NCs, the glassy carbon (GC)
electrode coated with NCs was dipped in a H2PtCl6 solution
that resulted in the electroless incorporation of Pt(II) in the
NCs (Pt-AuNi). This is due to the reduction of Pt(IV) by the
size-dependent reactivity of the NCs.35,36 The absorption
spectra of the Pt-AuNi NCs showed similar absorption peaks at
320, 340, 428, and 540 nm as in the pristine NCs, revealing
that the core structure remained intact (Figure 1D).37 The
voltammetric behavior of the AuNi and Pt-AuNi NCs showed

primarily capacitive characteristics (Figure S3). Moreover, the
increase in the cathodic current density at a negative of 0.05 V
vs RHE indicates the promotion of HER by Pt-grafted NCs.
Further to monitor Pt incorporation, cyclic voltammogram
(CV) was performed in an inert atmosphere after exposure to
carbon monoxide (CO). The absence of the CO-stripping
peak reaffirms that the Pt is in the Pt(II) oxidation state
(Figure S4).

3.2. Evaluation of HER Performance of Pristine NCs.
The effect of Pt grafting on the water splitting reaction was
then monitored. The HER polarization curves of the AuNi and
Pt-AuNi modified GC electrode coated with 57 μg cm−2 of
NCs revealed a unique quasi-steady state behavior followed by
a steep increase in HER current at higher overpotentials in 0.1
M H2SO4 recorded at 5 mV s−1 (Figure 2A). A similar steady-
state behavior was reported prior to the main HER process on
the Au NCs, which was supposed to be due to the steady-state
desorption of hydrogen.38 However, the reason for the
reduction of proton at a low overpotential than the main
HER process was not provided. Since steady state can be
achieved due to confinement of fixed diffusion layer thickness,
we assumed a possible random-array like behavior.

If the mass transport is enhanced, the steady-state current
would enhance, or mass-transport free current would be
flowing. Thus, we enhanced the concentration of the H2SO4
from 0.1 to 0.5 M, where a quasi-steady state behavior was
witnessed. With further increase in proton concentration to 1.0
M H2SO4, a significant increase in HER current was achieved
at low overpotentials, and the steady-state behavior was almost
lost (Figure 2B). Typically, steady-state limiting behavior is
achieved under hydrodynamic conditions and on the surface of
ultramicroelectrodes. For HER, mass-transport limited proton
reduction has been shown to occur in mildly acidic solutions
prior to the water reduction under hydrodynamic conditions,
where mass transport can be enhanced by increasing the
rotation rate (thinner Nernst diffusion layer thickness).39,40 To
further understand the quasi-steady state HER behavior of Pt-
AuNi NCs, HER polarization curves were recorded in 0.1 M

Figure 1. (A) ESI-MS spectra of the synthesized NCs showing the
experimental and theoretical isotopic patterns of (A1) Au2Ni3(PET)8
and (A2) Au4Ni2(PET)8. (B) XPS spectra corresponding to (B) Au 4f
and (C) Ni 2p in the pristine AuNi NCs. (D) UV−vis absorption
spectra of the NCs (a) before and (b) after electroless Pt grafting.
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H2SO4 by using a rotating disk electrode (RDE) at varying
rotation rates (Figure S5). As the rotation rate increased from
100 to 2500 rpm, the HER current density increased that also
exhibited the quasi-steady state behavior. At 100 rpm, the
quasi-steady state is prominent. As the rotation rate is
increased, the quasi-steady state behavior was suppressed
since the flux of the protons to the electrode increased. The
effect of increasing H2SO4 concentration and the RDE results
suggest that mass transport is the limiting factor. This is
possible due to the arrangement of the NCs as a random array
of tiny electrodes,41−44 driven by their intrinsic self-assembling
characteristics. To support this idea, we calculated the diffusion
layer thickness (δ) for the array of micro/nano electrode with
respect to time using the following equation.45

Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ

=
+

W

0.97 1.10exp1 9.90
ln(12.37 )

where = Dt
W2 and D is the diffusion coefficient. The value for

W (width of the nanoelectrode) was measured from the high-
resolution transmission electron microscopy (HRTEM) image
of the Pt-AuNi/C as 0.5 nm (size of the NC). From Figure 2D,
the diffusion layer thickness was calculated as 2.8 nm on the
surface of 0.5 nm NCs. On the other hand, the histogram
(inset of Figure 2C) showed the average interparticle distance
of the NCs as measured from Figure 3D. Assuming that the
interparticle distance is larger in pristine NCs, the calculated
diffusion layer thickness suggests the confinement of diffusion
field at the NCs surface and facilitates the radial diffusion of
proton resulting in mass-transport limited proton reduction.
This is viewed as a consequence of the random arrangement of
NCs, where partial overlap of diffusion field (mixed diffusional
field) is expected after t > 0 that would result in quasi-steady
state limiting behavior. As the overpotential increases, the
quasi-steady state behavior is changed to a steep HER response
due to complete overlap of diffusion fields resulting in planar
diffusion field. However, the origin of a quasi-steady state in
highly acidic solution is puzzling, where mass transport of
proton is not a problem. Based on these observations, we
suggest the extent of hydrophilic surface sites and hydrophobic
ligands of the NCs that would play a role in controlling the
wettability46 at the monatomic surface sites and aid the H3O+

transport toward the active sites.47 The contact angle data
(vide infra) support these arguments, where the AuNi/C is
relatively more hydrophobic than the Pt-AuNi/C.

3.3. Electrocatalytic HER Performance of Pt-AuNi/C in
Half-Cell. The NCs were then introduced into the Vulcan
carbon support (10 wt % AuNi/C). The AuNi/C was then
stirred with a 1 mM H2PtCl6 solution for 30 min to
incorporate the Pt into the NCs (Pt-AuNi/C). During the
comparison of XPS spectra of Au 4f, we observed a change in
peak position for Pt-AuNi/C [84.59 eV (Au 4f 7/2) and 88.28
eV (Au 4f5/2); Figure 3A1] from AuNi/C [84.85 eV (Au 4f 7/2)
and 88.54 eV (Au 4f5/2); Figure 3A2]. The peak shift of 0.26

Figure 2. (A) HER polarization curve of pristine AuNi and Pt-AuNi
NCs in 0.1 M H2SO4 at 5 mV s−1. (B) HER polarization curves of Pt-
AuNi NCs at different molar concentrations of H2SO4 at 5 mV s−1.
(C) Theoretical curve of diffusion layer thickness over the NCs with
the core size of 0.5 nm. The inset shows the histogram of interparticle
distance as measured from Figure 3D. (D1, D2) Schematic showing
the random NCs array and NC-confined diffusion fields.

Figure 3. XPS spectra corresponding to (A) Au 4f of (A1) Pt-AuNi/C, (A2) AuNi/C, and (B) Pt 4f of Pt-AuNi/C. HAADF-STEM image of (C)
AuNi/C and (D) Pt-AuNi/C along with the size distribution histograms. (E) Elemental maps for Pt-AuNi/C (elements are denoted in each
image).
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eV to a lower BE indicates a decrease in the electropositive
character of Au 4f. On the other hand, as shown in Figure 3B,
new Pt 4f peaks appeared corresponding to both Pt(II) (Pt
4f 7/2 at 73.03 eV; Pt 4f5/2 at 76.30 eV) and Pt(IV) (Pt 4f 7/2 at
74.71 eV; Pt 4f5/2 at 77.81 eV). These data further confirmed
the existence of Pt(II) in the NCs. The corresponding
HRTEM images of AuNi and Pt-AuNi on Vulcan carbon are
displayed in Figure S6. Also, the high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
images clearly showed the presence of ca. 0.5 nm AuNi (Figure
3C) and Pt-AuNi NCs (Figure 3D) on Vulcan carbon, which
was not resolved earlier due to the lack of contrast without
carbon. The inset showing the size distribution histogram
indicated that the mean particle size of the NCs after Pt
decoration is not altered appreciably. Further, the elemental
maps of AuNi/C (Figure S7) confirmed the presence of Au,
Ni, S, and C. After Pt grafting, Pt was also detected in the
elemental maps of Pt-AuNi/C (Figure 3E). The energy-
dispersive X-ray spectra (EDS) obtained from HR-TEM
analysis were recorded for both AuNi/C and Pt-AuNi/C
(Figure S8). The atomic fractions determined for the Pt-AuNi/
C were ca. 0.11 for Au, 0.10 for Pt, and 0.12 for Ni.

The half-cell HER studies were conducted for AuNi/C and
Pt-AuNi/C, and the performance was compared with the
standard Pt/C catalyst. The geometrical surface area
normalized iR-corrected HER polarization curves showed
that the Pt-AuNi/C outperformed the AuNi/C (Figure 4A).
The enhancement can be attributed to the synergistic
interactions among Au, Pt, and Ni ions. Also, the Pt
incorporation induced significant modification in the electronic
structure of the NCs, as evidenced by XPS. The observed
binding energy shift for Au 4f after Pt(II) grafting indicates the
change in electronic environment of Au. Furthermore, the
steady-state limiting behavior is partially obscured in the
presence of carbon, although a mild inflection signaling the
limitation is noticed (Figure S9). At 5 mA cm−2, the electroless
Pt decoration into the AuNi/C resulted in an overpotential
change from 365 mV to 189 mV vs RHE (Figure 4B).
Additionally, the electrochemical cathodization of Pt-AuNi/C
by applying a potential of −2.5 V vs ag/AgCl for 5 s resulted in
a further decrease in overpotential to 99 mV (Figure S10).

However, the reactivity is comparatively lower than the
conventional Pt/C catalyst, which showed an overpotential
of 45 mV at 5 mA cm−2. This can be attributed to the very low
loading of Pt. To investigate the intrinsic performance of the
electrocatalysts, we calculated the electrochemical surface area
(ECSA; Figure S11) by measuring the double layer
capacitance. The results showed that the ECSA increases
from 0.110 to 0.163 cm2 after incorporation of Pt into the NCs
framework (Figure 4C). The ECSA-normalized HER polar-
ization curves also displayed a similar trend in performance as
AuNi/C < Pt-AuNi/C < Pt/C (Figure S12). The correspond-
ing comparison of overpotentials at 5 mA cm−2 are shown in
the bar diagram, denoting a lowering of overpotential after Pt
incorporation (Figure 4D). The roughness factors of the
electrocatalysts were then measured from the ECSA values and
compared (Figure S13). The Pt-AuNi/C exhibited higher
roughness factor than AuNi/C. However, it is lower than that
of Pt/C, which is attributed to the higher number of active Pt
sites in Pt/C. The Tafel plots derived from the ECSA-
normalized HER polarization curve showed the slopes of
AuNi/C, Pt-AuNi/C, and Pt/C as 80.7, 63.45, and 32.70 mV
dec−1, respectively (Figure 4E). These Tafel slope values
represent intrinsic reaction kinetics of the catalyst, where lower
slopes indicate faster HER kinetics. The commercial Pt/C
catalyst exhibited a lower Tafel slope closer to the reported
values, emphasizing the Volmer−Tafel mechanism and
validating the precision of the measurements. Upon Pt grafting
onto AuNi/C, a reduction in Tafel slope from 80.7 to 63.45
mV dec−1 was observed, indicating a faster reaction rate. It
signifies the efficiency of modification in facilitating enhanced
HER performance. For Au NCs and Pt-grafted Au NCs, the
Volmer−Heyrovsky mechanism was attributed, and we suggest
that a similar mechanism is operative in our NCs. By
extrapolating the Tafel slopes to zero overpotential, exchange
current densities were calculated (Figure S14A), where Pt-
AuNi/C was showing a better value of 0.045 mA cm−2 than
that of AuNi/C (0.019 mA cm−2). The higher value of
exchange current density implies better inherent electron
transfer kinetics. These values were optimized with respect to
the exchange current density of Pt/C (≈ 0.221 mA cm−2). The
specific activity of the Pt-AuNi/C (0.787 mA cm−2) was

Figure 4. (A) HER polarization curves of AuNi/C, Pt-AuNi/C, and Pt/C in 0.1 M H2SO4 at 5 mV s−1 and (B) comparison of HER overpotentials
at different current densities. (C) Comparison of calculated ECSA of the electrocatalysts and (D) comparison of overpotentials of both geometrical
and ECSA-normalized plots at 5 mA cm−2. (E) iR-corrected Tafel plots from ECSA-normalized curves. (F) Comparison of Nyquist plots of AuNi/
C and Pt-AuNi/C at an overpotential of −0.35 V vs Ag/AgCl along with the corresponding Randles equivalent circuit (Rs - solution resistance; Rct -
charge transfer resistance; CPE - constant phase element).
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further obtained at 0.1 V that was ∼3 times larger than that of
the AuNi/C (0.243 mA cm−2; Figure S14B). To further
investigate the enhanced HER activity, the charge transfer
resistance of the systems was compared at an overpotential of
−0.35 V vs Ag/AgCl using electrochemical impedance
spectroscopy (EIS). The Nyquist plots with the corresponding
Randles equivalent circuit are displayed in Figure 4F. Here, the
Pt-AuNi/C showed a smaller semicircle with Rct value of 10
kΩ, appreciably lower than that of AuNi/C (200 kΩ). The
lower Rct for Pt-AuNi/C indicates faster interfacial charge
transfer and better catalytic performance. It can be attributed
to the change in electronic structure of the AuNi NCs after Pt
grafting that facilitates electron transfer. The Nyquist plots for
AuNi/C and Pt-AuNi/C at different overpotentials are
displayed in Figure S15A and B, respectively, indicating
reduced Rct on increasing overpotential.

The long-term electrochemical stabilities of both AuNi/C
and Pt-AuNi/C catalysts were then evaluated by chronopo-
tentiometry at 10 mA cm−2 of HER over 24 h (Figure S16A).
To ensure consistent mass transport and remove the bubbles
formed, the stability measurements were conducted using RDE
at a constant speed of 900 rpm. Although overpotential
increased initially, it got stabilized for the initial few hours
followed by decrease in overpotential signaling the possible
removal of impurities and consequent activation of the surface
sites. The HER polarization curves of Pt-AuNi/C recorded
before and after the stability test (Figure S16B) exhibited
negligible shift in overpotential, highlighting the retention of
catalytic performance over long-term run. Furthermore, post-
mortem surface analysis of the Pt-AuNi/C was conducted
using XPS (Figure S17) that showed that Pt(II) was not
reduced during the reaction. The retention of Pt in the +2
oxidation state indicates its stable incorporation within the
NCs framework, minimizing the possibilities of leaching under
electrochemical conditions and emphasizing the long-term
stability of the system.

3.4. Performance of Pt-AuNi/C in Zero-Gap Cell. Since
the reactivity of the Pt-AuNi/C is impressive for HER, we
witnessed the mass-transport limitation that hampers the
current density. High current density can be realized if a high
concentration of protons is ensured at the surface of the NCs.
In a practical sense, high proton concentration can be realized
in a zero-gap cell, where high current density on Pt-AuNi/C

may be achieved. The schematic describing the zero-gap cell
configuration is provided in Figure 5A. Hence, we recorded
and compared the HER polarization curves from a zero-gap
cell at 25 °C, using 10% AuNi/C, 10% Pt-AuNi/C, and 10%
Pt/C as cathode catalyst in the membrane electrode assembly
with IrO2 as anode catalyst (Figure 5B). At low current
densities, Pt/C exhibited better performance; however, at
moderate current densities, both Pt/C and Pt-AuNi/C
exhibited similar efficacies. Interestingly, at higher current
densities, Pt-AuNi/C exhibited an extraordinary performance
with the overpotential of 0.5 V at 2.3 A cm−2, which is 0.3 V
lower in comparison to Pt/C (Figure 5C). This observation
highlights the suitability of precision NC-based HER electro-
catalysts as they achieve the benchmark current density for
commercial applications (>2 mA cm−2). Notably, only 0.55 mg
cm−2 Pt-AuNi/C or 55 μg cm−2 ligand-protected NCs were
used during cell fabrication, indicating exceptionally low
catalyst loading. Out of this 55 μg cm−2, the atomic fractions
of active metals were very low, as evidenced in the EDS
analysis. This result demonstrates that the intrinsic reactivity of
the NCs is higher, and the enhanced supply of protons assured
higher current density. The contact angle measurements
further proved the versatility of the material, as evidenced by
the comparatively lower contact angle (122.8°) of the Pt-
AuNi/C coated membrane, indicating the better wettability of
the electrocatalyst and improved bubble removal kinetics that
would reduce the activation/concentration overpotentials
(Figure 5E).48−51 Lower contact angle and improved bubble
removal kinetics of Pt-AuNi/C are in good agreement with the
observed better performance of the same at higher current
densities. Whereas for Pt/C, higher bubble coverage due to the
vigorous reaction would block the active sites.

Besides, facile bubble removal from the NCs could be linked
to the modified hydrogen evolution mechanism.37,38 Specifi-
cally, this modified Volmer−Heyrovsky mechanism involves
the formation of adsorbed molecular hydrogen on the catalyst
surface, which subsequently undergoes slow desorption and
acts as a rate-determining step in Au NCs. This pathway
facilitates the formation of smaller hydrogen bubbles that
detach from the surface sites easily. The facile removal of
bubbles prevents the growth of larger bubbles and ensures the
continuous exposure of the active sites to obtain stable and
efficient performance.

Figure 5. (A) Schematic showing the zero-gap cell configuration. (B) HER polarization curves as observed in the zero-gap cell and (C)
corresponding bar diagram showing comparison of overpotentials. Contact angles measured with a water droplet on the PEM modified with (D1)
AuNi/C, (D2) Pt-AuNi/C, and (D3) Pt/C.
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4. CONCLUSIONS
In conclusion, the carbon-supported Pt-AuNi NC electro-
catalyst exhibited a more enhanced reactivity of the hydrogen
evolution reaction (HER) than that of AuNi NCs. The origin
of the enhanced reactivity might stem from the possible
confinement of the diffusion field at the level of NCs as
witnessed in the unusual quasi steady-state limiting behavior of
current−potential characteristics. This was interpreted as an
effect of a random array-like arrangement of NCs. The
transition from quasi-steady-state limiting behavior to mass-
transport effect free current−potential characteristics explains
the overlap of diffusion fields at t > 0 due to randomness of the
NCs arrangements. The catalyst was also tested in a zero-gap
cell to assess the hydrogen evolution characteristics of the Pt-
AuNi NCs. The lower HER overpotential measured on Pt-
AuNi/C than that of Pt/C at ca. 2 A cm−2 in a zero-gap cell
highlights the suitability of NCs for practical application to
generate green hydrogen.
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