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ABSTRACT: For millennia, humankind has discovered great benefits in alloying materials. Over the past 100
years, a renaissance in nanoscience has cemented the importance of nanoparticles in a variety of fields ranging
from energy storage and conversion to cell biology. While many synthetic strategies exist for nanoparticle and
alloy nanoparticle formation, new methods are necessary to create nanoparticles under unprecedented
conditions. Here, we demonstrate a simple technique to electrodeposit solid-solution alloy nanoparticles at
room temperature. When metal salts of platinum, gold, and palladium are confined to nanodroplets suspended
in oil, and then a nanodroplet collides with a sufficiently negative-biased electrode to reduce the metal salts at
the mass-transfer limitation, solid-solution alloy nanoparticles form. High-angle annular dark-field scanning
transmission electron microscopy and single atom energy dispersive X-ray spectroscopy confirm the solid-
solution microstructure of the nanoparticles. The results also confirm the nanodroplet’s ability to tune alloy
microstructures from amorphous to solid-solution. We further extend our technique by adding salts of silver,
which lead to the synthesis of polycrystalline medium-entropy alloys. Finally, we go on to show the application
of our midentropy alloys toward renewable and clean energy devices by highlighting their electrocatalytic
activity toward hydrogen evolution reaction. Our method is unrivaled in its simplicity and will find applications across various fields
of study.

■ INTRODUCTION
Metal alloys are materials with mixed properties, composed of
different elements.1 The mixing within the alloy can provide
enhancement of certain properties like higher heat resistance,
durability, stability, etc.2−4 Historically, alloys are materials that
contain more than one element in the material.5 Different
synthetic methods have been used to generate alloy materials,
including chemical synthesis,6 laser ablation,7 and thermal
syntheses.8,9

Alloy nanoparticles (NPs), especially those with metals that
are in equimolar ratios, are difficult to synthesize because of
the disposition of metals to phase separate.10,11 It must be such
that the NPs are kinetically trapped, preventing phase
separation. Hu and co-workers developed the carbothermal
shock synthesis method where evaporated metals are heated
and cooled within milliseconds, forming solid-solution high-
entropy alloy NPs.12 Our group previously introduced a
nanodroplet method that takes advantage of rapid mixing
within nanodroplets.13−16 A subfemtoliter droplet can be
completely electrolyzed on an electrode in tens of milli-
seconds.17 We showed that high-entropy metallic glass NPs
can be realized with this method.14 Several groups took
advantage of this method to generate medium- and high-
entropy NPs.18,19 Yet, the nanodroplet method previously
reported suffers from many limitations. This is because of the
requirement to maintain electroneutrality during the electro-
deposition process, and some metal salts would undergo phase-

transfer reactions and leave the nanodroplet. Moreover, in the
previous study, the potential was held negative enough to drive
the reduction of the water nanodroplet itself, causing the
precipitation of oxyhydroxides.14

Here, we extend our method to demonstrate that the
nanodroplet technique can produce solid-solution alloy NPs.
We previously showed that we could prevent the phase transfer
of complex anions like chloroaurate by a detailed under-
standing of ion transfer mechanisms during the NP deposition
process.20−22 Nanodroplets were filled with equimolar
amounts of chloroplatinate, chloroaurate, and chloropalladate.
Upon contact with the carbon electrode, biased sufficiently
negative to electroreduce each metal at the mass-transfer
limitation without electrolyzing water, solid-solution alloy NPs
form.
We further extended this method by adding silver nitrate

and lead sulfate to our previous alloy mixture. Hence, we go on
to form a polycrystalline midentropy alloy of AuPdPtAgPb.
Previously, in the literature, alloys have been classified
depending on the number of elements present in the material.
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These can be termed low (fewer than three metals), medium
(three to four metals), or high (five or more metals) entropy
alloys.1,23 Also, these alloys can be classified into different
groups using the following equation

S R x xln
k

N

k k
1

=
= (1)

where ΔS is the entropy of mixing, R is the universal gas
constant, and xk is the mole fraction of the particular metal in
the alloy. If ΔS ≤ 0.69 R, it is a low-entropy alloy, if 1.61 R≥
ΔS ≥ 0.69 R, it is a medium-entropy alloy, and if ΔS ≥ 1.61 R,
it is a high-entropy alloy. Thus, by using this information, we
find out which group our AuPdPtAgPb alloy falls in.24 We
found it to be a midentropy system, and we evaluated its
electrochemical behavior by performing a hydrogen evolution
reaction (HER). HER is at the center of multiple energy
storage and conservation systems and is believed to be the
future of renewable energy.25 Therefore, we go on to show that
not only is our electrochemical-shock synthesis effective in
producing solid-solution alloys at room temperature but also
finds several applications.
The uniqueness of this work is seen in the production of

polycrystalline solid-solution alloys at room temperature.
Generally, most techniques to synthesize polycrystalline alloy
NPs include high temperature. Methods like thermal
reduction,26 sol−gel,27 chemical vapor deposition,28 and
physical vapor deposition29 to generate polycrystalline alloy
NPs have all used significantly higher temperatures than room
temperature. Here, using nanodroplet-mediated electrodeposi-
tion, we generated polycrystalline solid-solution alloys at room
temperature.
The significance of nanodroplet-mediated electrodeposition

is seen from these results. Using the advantage of its fast mass
transfer (the contents in a femtoliter droplet could be
electrolyzed in a few milliseconds),15 we were not only able
to get alloys, which were homogeneous (solid-solution) but
also showed a polycrystalline microstructure at room temper-
ature. This is also a clear distinction from previous work done
by Glasscott14 using nanodroplets, where they were able to
achieve only amorphous alloys.
Moreover, we go on to show the significance of these alloys

in the field of catalysis by demonstrating the HER. All of the
elements in the alloy were chosen based on their individual
previous performance to HER. As we generate a polycrystalline
solid-solution alloy of all of them together, we see a statistically
significant response to HER as that of only Pt NPs, but via
using only 1/5th the amount of Pt. Thus, bringing down the
cost of the catalyst significantly. Therefore, our study not only
shows the power of nanodroplet-mediated electrodeposition in
generating polycrystalline solid-solution alloys at room
temperature but also its significant use in the field of catalysis.

■ EXPERIMENTAL PROCEDURES
Materials. The chemicals gold chloride(III) hydrate (auric acid;

99.995% trace metal basis), lithium perchlorate (battery grade,
99.99% trace metal basis), potassium tetrachloropalladate (98%),
hexachloroplatinic acid (8% w/v stock solution), lead sulfate (98%),
and silver nitrate (99.99% trace metal basis) were obtained from
Sigma-Aldrich. The organic phase 1,2-dichloroethane (99.8%) was
obtained from Sigma-Aldrich. Sulfuric acid (92.25%) was purchased
from Fisher Scientific. A highly oriented pyrolytic graphite (HOPG)
substrate was obtained from Momentive Performance Materials
Quartz, Inc. The cleaning process of the HOPG consisted of using

adhesive tape to remove individual layers for exposing new, cleaner
layers between different experiments. A 10 μm diameter Pt
ultramicroelectrode and Ag/AgCl reference electrodes were pur-
chased from CH Instruments, Austin, Texas. A glassy carbon rod was
used as the counter electrode.

Preparation of Solutions. An aqueous solution of 20 mM gold
chloride(III) hydrate, 20 mM tetrachloropalladate, 20 mM hexa-
chloroplatinic acid, and 0.25 M LiClO4 in water was prepared. Water-
in-oil emulsions were prepared by adding 25 μL of the aqueous
solution to 5 mL of 1,2-dichloroethane in a 10 mL fluorinated
ethylene propylene tube. The fluorinated ethylene propylene tube was
purchased from Oak Ridge Centrifuge Tube from Thermo Scientific.
The water used was nanopure water (18.2 MΩ·cm).

Instrumentation. A Pt ultramicroelectrode was used as the
working electrode for the collision experiments. A polytetrafluoro-
ethylene cell was used as the electrochemical cell and as the setup for
the working electrode. The working electrode was HOPG. A 2 mm
diameter Viton O-ring was used to expose the 2 mm diameter of the
HOPG working electrode. A Ag/AgCl, which was stored in a solution
of 1 M KCl with a salt bridge, was used as the reference electrode. A
glassy carbon rod was used as the counter electrode. A Q500
ultrasonic processor (500 W; Qsonica, Newtown, CT) with a
microtip probe was used to prepare the water-in-oil emulsions. By
applying an amplitude of 40% with a turn on and off for 5 s each for a
total of 1 min. The electrochemical technique, chronoamperometry,
was used to electrodeposit the NPs with a CHI model 601D
potentiostat (CH Instruments, Austin, Texas), where the polaro-
graphic convention (Texas) was used. FEI Quanta 3D FEG Dual
Beam scanning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDX) were used to obtain images of the samples
and to confirm the elements present. The voltages used during SEM
and EDX were 5 and 10 keV, respectively. A FEI Tecnai G2 20
transmission electron Microscope (TEM) at 200 keV was used to
obtain the diffraction pattern of single NPs by using selected area
diffraction. A Thermo Scientific Themis Z Double Aberration
Corrected S/TEM instrument was used to obtain the dark field
images and the EDX mapping of the S/TEM samples. A Pine
Research rotating disk electrode (1600 rpm) was used to account for
the electrocatalytic behavior of the deposited sample for the HER.

Electrode Preparation. NPs were deposited via amperometry
using a PTFE cell with a 2 mm diameter Viton O-ring, where the
HOPG had an exposed diameter of 2 mm. The HOPG surface was
exfoliated between experiments using adhesive tape to take out
individual layers for exposing new cleaner layers. The glassy carbon
macroelectrode (not the HOPG) was polished using three different
polishing cloths containing 1 μm alumina powder (CH Instruments),
0.3 μm alumina powder (CH Instruments), and a polishing cloth with
MQ water, respectively. Commercial Pt microelectrodes were bought
from CH Instruments.

Preparation of TEM Samples. To prepare the TEM samples,
solutions similar to those mentioned were prepared; however, the
working electrode was the TEM grid. To make the electrical
connection for the TEM grid, a reverse tweezer was used. The tweezer
was used to hold the TEM grid. Then, the working electrode clamp
was connected directly to the reverse tweezer. The reverse tweezer tip
(with the TEM grid) was submerged into the emulsion for the
electrodeposition of the NPs to proceed. After the electrodeposition,
the TEM grid was rinsed with MQ water for 1 min and then with
acetone for another minute to remove any salt. PELCO TEM grid
with support film of carbon on 200 mesh Mo grid was bought from
TED PELLA.

Electrocatalytic Properties. To measure the electrocatalytic
properties of our synthesized AuPdPtAgPb alloy, we first calculated
the electrochemically active surface area (ECSA). We can calculate
the ECSA by the following formula: ECSA = Cdl/Cs, where Cdl is the
double layer capacitance and Cs is the specific capacitance of the
material. The calculation of Cdl can be found in Figure S13. We used 1
M H2SO4 to measure the HER activity. Cs obtained from the
literature was 0.000035 F/cm2. Subsequently, ECSA was calculated
for our synthesized midentropy alloys, Pt NPs, and our glassy carbon
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electrode as our control. The calculated ECSA was 0.06249, 0.06206,
and 0.09154 cm2 for our synthesized Pt, midentropy, and glassy
carbon electrodes, respectively. These ECSA values were used to
calculate the current density. Current density vs potential (at 0.01 V/
s) was plotted to estimate the overpotential values.

■ RESULTS AND DISCUSSION
Schematic of Electrodeposition Process and Droplet

Size Analysis. A water-in-oil emulsion was used for the
electrodeposition of the NPs. Figure 1 shows a schematic

representing the synthesis of the alloy nanomaterials. Each
droplet was filled with a 60 mM total metal salt concentration
(20 mM HAuCl4, 20 mM PdCl4, and 20 mM H2PtCl6) with
0.25 M LiClO4. The water droplets containing the metal salts
were suspended in 1,2-dichloroethane. With time, droplets
stochastically collide with the surface of the electrode. Once a
negative potential higher than that of each metals' formal
potential is applied, reduction occurs and NPs are formed.
During this process, the charge balance must be maintained.
Therefore, ClO4

− will leave the droplet-based on the Gibbs
free energy of the anion.21 Other ions are unlikely and
unfavorable to transfer under the experimental conditions
because they are more hydrophilic. Previous experiments have
shown almost no transfer of these ions.20,21 This technique of
nanodroplet-mediated electrodeposition offers several advan-
tages, including fast electrosynthesis, homogeneity of metals in
a single NP, and organized crystal structure.
Figure 2 shows representative chronoamperograms, shown

in blue, at 0.3 V versus Ag/AgCl to allow for the complete
electrolysis of all the metals. The control experiment, shown in
black, shows no reactions happening in the background.
Therefore, the collision events observed are due to the
reduction of metal salts in the water droplet. For this
experiment, an ultramicroelectrode is used since macro-
electrodes have a higher capacitance that will not permit the
detection of these single individual droplets. During this
experiment, a spike response can be observed. Each spike
represents a droplet diffusing and colliding with the surface of
the electrode, resulting in the species inside the droplets being

electrolyzed. The initial increase in current and exponential
decay is due to the electrolysis of the metals in the
nanodroplet. Using Faraday’s Law, the droplet size can be
calculated

r
Q0.75

nFCdroplet 3=
(2)

Equation 2 relates the charge passed during a collision event
with the concentration of the redox molecules, the number of
electrons transferred, and other constant variables to calculate
the radius of a single droplet. Q is the charge integrated under
an individual spike, n is the number of electrons transferred, F
is Faraday’s constant, and C is the total concentration of metal
salts. The average radius of water droplets was 580 ± 140 nm.
It should be noted from these chronoamperograms that to
obtain a single NP it only takes 10 s of milliseconds, and this is
where we define the name electrochemical-shock. Not only
does this show that a metal NP can be synthesized in less than
a second, but it also shows that even a small amount of
supporting electrolyte in the water phase enables the electron
transfer between the electrode-water interface.

AuPdPt Alloy Nanoparticle Characterization. Electro-
deposition of the NPs was done on a HOPG macroelectrode
by using chronoamperometry (Figure S1) at -0.4 V vs Ag/
AgCl for 240 s. The reason behind performing these
experiments for 240 s was to let enough droplets collide
with the surface of the electrode. It is important to note that it
takes only milliseconds to obtain single NPs; however, droplets
collide stochastically, so a time longer than milliseconds is
needed to obtain a higher surface coverage. The average size
(diameter) distribution of the NPs was 218 nm (Figure S2).
The structure of NPs can be observed in Figure 3a, where

particles look spherical, as was previously explained.21 More
particles can be observed in Figure S3, showing that on
average, the NPs are spherical. Additionally, EDX was
performed, confirming the presence of Au, Pd, and Pt in
each NP (Figure S3). On top of that, EDX mapping (Figure
3b) shows a homogeneous distribution of the metals across the

Figure 1. Schematic representation of water droplets suspended in
1,2-dichloroethane. Droplets collide stochastically with the surface of
the carbon electrode. After applying a negative potential, metal salts
will start to be reduced to generate the AuPdPt solid-solution alloy.
To maintain charge balance, ClO4

− will transfer from the water phase
into the 1,2-dichloroethane phase. Inside the water droplets, there are
20 mM HAuCl4, 20 mM K2PdCl4, 20 mM H2PtCl6, and 0.25 M
LiClO4.

Figure 2. Representative collision experiments of water droplets
suspended in 1,2-dichloroethane using a Pt ultramicroelectrode as the
working electrode. Water droplets are filled with 20 mM HAuCl4, 20
mM PdCl4, 20 mM H2PtCl6, and 0.25 M LiClO4. Chronoampero-
gram of the control experiment (shown in black) shows water
droplets suspended in 1,2-dichloroethane using a Pt ultramicroelec-
trode. Here, water droplets are filled with HCl and 0.25 M LiClO4.
HCl was added accordingly to account for the pH in the droplets
containing the metal salt. Applied potential was -0.3 V vs Ag/AgCl.
Polarographic convention is used so that the cathodic current is
positive.
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NP. A plot of the ratio of metals in each NP is observed in
Figure S4. The calculated entropy number was 0.66 R, which is
below 0.69 R. This indicates that the synthesized solid-solution
NPs are low-entropy alloys. Moreover, the difference in the
ratio can be explained based on the kinetics of the
electroreduction of the metals. The reduction of gold is
more favorable than Pd and Pt.30 Therefore, applying -0.4 V vs
Ag/AgCl results in more favorable electrodeposition of gold
over the other metals, which results in lowering the kinetics for
the other metal electrodeposition.31−34 To study the
crystallinity of NPs, SEM alone cannot be used. Therefore,
we decided to use TEM to study the crystal structure of single
NPs (Figure 4).

Figure 4a shows a TEM image of a single metal alloy.
Previously, we electrodeposited high-entropy metallic glass
NPs.14 Percival successfully synthesized crystalline NPs, but
the group did not perform the whole experiment at room
temperature.18 They electrodeposited high-entropy alloys via
nanodroplet-mediated electrodeposition, which resulted in
amorphous NPs. To obtain crystalline materials, they thermally
treated the material, resulting in crystalline materials with
phase separation. To study crystallinity, the direction of the
lattices in a single NP can be observed (Figure 4c).
Furthermore, the fast Fourier transform was performed (Figure
4b). The pattern showed clear rings with several bright spots
indicating the polycrystallinity of the NP. Therefore, by
selecting the appropriate metals and potentials, one can
generate NPs with an organized crystal structure.
To confirm the alloys are solid-solutions, high-angle annular

dark field scanning TEM was performed (HAADF-STEM) as
well as single atom EDX. Previously, several groups have
shown single-atom EDX, which exhibits a high resolution

toward identifying single atoms with STEM images.35 Here, we
show the use of single-atom EDX to determine the presence of
solid-solution alloys (Figure 5b). It can be observed that there
is a homogeneous distribution, and no obvious segregation is
observed, indicating that the elements are mixed and not phase
separated (Figure 5b). Furthermore, a line scan EDX of one of
the lines (white line in Figure 5c) was performed. For the line
scan, only Pd and gold were compared due to the difficulty
when analyzing gold and Pt since the EDX spectra peaks
overlap. Figure 5d shows a black curve in which each peak
represents the location of the atoms in the line selected with
the line scan (Figure 5c). It can be observed that several of the
peaks for Pd (red) and gold (green color) match the peaks in
the black curve (Figure 5d), an indication that the elements are
not phase separated but they are mixed, indicating solid-
solution alloys.

Synthesis of Medium-Entropy Alloys. In our previous
discussion, we successfully electrodeposited a AuPdPt solid-
solution alloy from aqueous nanodroplets. Previous literature
has reported on the advantages of alloying for various
applications,2−4,36 especially in the field of catalysis.37,38 We
thus extend the same water-in-oil emulsion system to
electrodeposit AuPdPtAgPb alloy and evaluate its electro-
catalytic activity toward the HER. Pb and Ag have both been
reported previously for their application toward HER.39−42

The electrodeposition process is similar to that shown in
Figure 1. Here, each droplet was filled with a 3 mM
concentration of each metal salt (3 mM HAuCl4, 3 mM
PdCl2, 3 mM H2PtCl6, 3 mM AgNO3, and 3 mM PbSO4) and
0.25 M LiClO4. These droplets were suspended in 1,2-
dichloroethane. Collision experiments were performed (Figure
S5) to calculate the size of the droplets using eq 2. The size of
the droplets was calculated to be 800 ± 200 nm. As time
proceeds, the droplets collide with the glassy carbon electrode
biased at a negative potential, which drives the reduction of
metal salts and the subsequent formation of the NPs. The
electrodeposition process was carried out at -0.6 V vs Ag/AgCl
for 240 s by using chronoamperometry (Figure S6).
Figure 6a,b shows the SEM and TEM images of the

electrodeposited NPs, respectively. As seen from the micro-
graphs, the particles are spherical in shape. The average size of
the NPs was calculated to be 230 nm (Figure S7). EDX was
performed, showing the presence of Au, Pd, Pt, Ag, and Pb in
the NPs (Figures S8 and S9). Note should be taken that the
EDX spectra peaks for Au and Pt overlap with one another.
Additionally, Figure 6c shows a HAADF-STEM image of the
AuPdPtAgPb alloy with accompanying high-resolution EDX
images showing the elemental distribution of the metals and an
EDX overlay of all of the metals. The configurational entropy
presented in eq 1 can be calculated by using the fraction of

Figure 3. (a) SEM Image of representative nanoparticle (NP) morphology. (b) EDX mapping of each metal is shown (representative scale bar of
100 nm).

Figure 4. TEM images of a single AuPdPt alloy NP. (a) Shows a
bright field image and (b) shows the fast Fourier transform of the
TEM bright field image of AuPdPt alloy NP. (c) Shows a close-up of
the bright field TEM indicating representative lattice orientation.
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each element. The calculated entropy number was 1.42 R,
which is above 0.69 R and below 1.61 R indicating that the
synthesized NPs are midentropy alloys.23 The entropy of both
AuPdPt and AuPdPtAgPb alloys was calculated from their
datasets of elemental composition, and it was found out to be
0.66 R ± 0.02 and 1.42 R ± 0.03 R, respectively. Multiple
SEM−EDX datasets of both AuPdPt and AuAgPdPbPt were

taken to get an estimate of each element present in the alloy.
SEM−EDX data with their elemental composition is provided
in Figures S10 and S11.
Figure 7a (inset) shows the TEM image of a single metal

alloy. The close-up picture shows the direction of the lattices.
The different directions of the lattices in the single NP indicate
the polycrystallinity of the material. In Figure 7b, the fast

Figure 5. STEM of solid-solution alloys. (a) High-angle annular dark field image of an AuPdPt alloy showing individual atoms in the particle. (b)
EDX of the particle showing a homogeneous distribution of the metals in the alloy NP. (c) EDX mapping overlay of gold and palladium. (d) EDX
line scan showing the location of the metal atoms in a selected part of the particle. White line in c is where the EDX line scan was performed.

Figure 6. (a) SEM image of deposited AuPdPtAgPb alloy NPs. (b) TEM image (bright field) of deposited alloy NPs. (c)STEM of our deposited
alloy NPs. (i)STEM-HAADF image of alloy NPs. (ii−vi) Represent the EDX mapping of Pt, Au, Pd, Ag, and Pb, respectively. (vii) Represents an
overlay of all the elements. Scale bar is 10 nm for all the images shown in (c).
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Fourier transform was performed using selected area electron
diffraction (SAED), and rings with many bright spots were
seen, indicating the polycrystallinity of the NP. These data
show the polycrystalline nature of our synthesized medium-
entropy alloys.
Here, it is also important to note how different parameters

affect the electrodeposition of the alloys and how the size,
composition, and shape of the NP be tuned. The size of the
NPs formed is related to the size of the droplets, as pointed out
by Glasscott.43 The sizes of AuPdPt alloys are smaller than
those of AuPdPtAgPb alloy. This is possible due to the higher
size of droplets observed in the case for AuPdPtAgPb
compared to that of AuPdPt. As upon collision with the
electrode, AuPdPtAgPb droplets get a higher contact surface
area to deposit, and due to the fast mass transfer process, a
larger size of the NP alloy is observed.
The composition of the alloys formed is directly related to

the potential applied. The onset deposition potentials for
different elements are different, which inherently affects the
composition of the alloys formed. Also, a higher precursor
concentration of an element would result in more coverage of
that element in the alloy.
The shape of the electrodeposited NP can also be tuned in

different ways. Previous reports have shown how changing the
electrolyte (from TBAP to LiClO4) can result in different
shapes.21 Along with that, using a surfactant or changing the
concentration of the precursor element can also result in the
change of its shape (from uniform to more dendritic).43,44

Application to the Hydrogen Evolution Reaction. As
discussed previously, HER is at the center of renewable and
clean energy devices.45 Various metals, including Au, Ag, Pb,
and Pd, have been the subject of prior investigations regarding
their involvement in HER.46−49 Nonetheless, Pt remains the
preeminent catalyst for HER,39 despite its considerable market
cost. In light of this, our research aims to discern the
electrocatalytic efficacy of our synthesized midentropy alloy,
AuPdPtAgPb, in comparison to Pt NPs with respect to HER.
We chose to evaluate our midentropy electrocatalyst for

HER in 1 M H2SO4. We deposited our midentropy alloy
system of AuPdPtAgPb on a glassy carbon rotating disc
electrode. We then determined the ECSA of our deposited
sample to calculate the current density. To do this, we
calculated the double-layer capacitance of our catalyst in a
nonfaradaic region (Figure S13). This double-layer capacitance
can be correlated with the ECSA by using the specific
capacitance of the material; details of this process are given in
the Experimental Procedures section.

Using the above process, we also evaluated the HER
electrocatalytic behavior for a glassy carbon electrode with Pt
NPs. We electrodeposited Pt NPs on the glassy carbon
electrode using the same water-in-oil emulsion system, as
discussed in Figure 1. We used the same solution (1 M
H2SO4) to see its electrocatalytic behavior and to calculate its
ECSA and current density in the same process as that
discussed above. The SEM and EDX of the deposited Pt NPs
were done and are provided in Figure S12. The average size of
the NPs was found to be around 298 nm.
The ECSA of Pt and AuPdPtAgPb alloys was calculated to

be 0.06249 and 0.06206 cm2. Thus, they were found to be
close to each other. Also, the final current was normalized with
respect to the ECSA to get the current density. The
overpotential is measured as the potential at which the current
density reaches 10 mA/cm2. This technique of evaluating the
catalytic property has been benchmarked by Jaramillo and
group.50 This whole process of calculating ECSA via
calculating Cs (specific capacitance) and Cdl (double layer
capacitance) is given in the Experimental Procedures and
Supporting Information.
Figure 8 shows the electrocatalytic activity of our

synthesized midentropy alloys (blue), Pt NPs (black), and

bare glassy carbon electrode as a control (red). Ten mA/cm2 is
the standard benchmark to calculate overpotential and
comment on the electrocatalytic behavior of the material.51

For HER, the thermodynamic potential is 0 V vs RHE.15 The
calculated overpotential from Figure 8 for Pt NPs was 0.27 V,
and for the midentropy alloys, it was 0.28 V. Therefore,
midentropy alloys showed no statistical difference in catalytic
ability when compared to Pt NPs while using only 1/5th of the
Pt that was used to synthesize the Pt NPs. Figure S14 goes on
to show the stability of our synthesized midentropy alloy
system at hydrogen evolution potential (−0.28 V vs SHE) as
our synthesized midentropy alloys maintain constant current
for over two hours without any appreciable decay. This goes
on to show our synthesized midentropy AuPdPtAgPb alloy is
long-lasting and able to preserve its electrochemical behavior
throughout the HER.45

The consistent behavior of the stability curve (Figure S14)
for around 2 h hints at the fact that the morphology and the

Figure 7. TEM images of a single AuPdPtAgPb alloy NP. (a) Depicts
a dark field image and an inset demonstrating different lattice
directions. (b) SAED of our deposited NPs.

Figure 8. Electrocatalytic activity of AuPdPtAgPb alloy NPs toward
HER. Current density vs potential plot for Pt NPs (Pt NPs),
midentropy alloy NPs, and bare glassy carbon electrode. (“NPs” in the
figure stand for nanoparticles.)
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composition of the alloy remained stable over time, as a change
in the composition or morphology should affect its catalytic
behavior as well. Depending on the potential applied and the
precursor concentration of the elements taken, the composi-
tion of the alloy may vary, which may also affect the catalytic
performance of the alloy. The AuPdPt alloy should also show
commendable catalytic property; however, we extended our
system to the AuPdPtAgPb alloy in order to have similar
catalytic property but in turn use a much lower amount of Pt
and thereby reduce the cost of the material significantly.

■ CONCLUSIONS
Nanodroplet-mediated electrodeposition has been shown to be
a versatile technique to generate metal NPs. Here, we show the
synthesis of solid-solution alloys at room temperature. STEM
with EDX mapping of individual atoms showed a homoge-
neous distribution of elements in the NP, confirming the
synthesis of solid-solution alloys. Moreover, TEM showed the
organization of the atoms, resulting in polycrystalline NPs.
With the results presented, it is shown that solid-solution
nanomaterials can be generated in a simple way at room
temperature. Additionally, we go on to show the electro-
catalytic activity of our synthesized polycrystalline midentropy
alloy by demonstrating the HER. Its electrocatalytic activity is
comparable to Pt NPs while using only 1/5th of the Pt. Not
only is our method cost-effective, but it also goes on to show
its applications in energy storage and clean energy devices.
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